Schizophrenia risk polymorphisms in the TCF4 gene
interact with smoking in the modulation of auditory

sensory gating

Boris B. Quednow®"'2, Jiirgen Brinkmeyer“®'!, Arian Mobascher“®¢, Michael Nothnagel’, Francesco Musso,
Gerhard Griinder?, Noah Savary?, Nadine Petrovsky®, Ingo Frommann®, Leonhard Lennertz®, Katja N. Spreckelmeyer?,

Thomas F. Wienker

h Norbert Dahmen®, Norbert Thuerauf', Marion Clepce!, Falk Kiefer), Tomislav Majic¥,

Rainald Méssner®, Wolfgang Maier®), Jiirgen Gallinat*, Amalia Diaz-Lacava™, Mohammad R. Toliat™, Holger Thiele™,

Peter Niirnberg™, Michael Wagner®!, and Georg Wintere

I,.d,m

Experlmental and Clinical Pharmacopsychology, Clinic for Affective Disorders and General Psychiatry, Unlver5|ty Hospital of Psychiatry Zurich, 8032 Zurich,
Switzerland; ®Department of Psychiatry and Psychotherapy, University of Bonn, 53105 Bonn, Germany; “Department of Psychiatry, Heinrich-Heine
University Dusseldorf, 40629 Dusseldorf, Germany; YInstitute of Neurosciences and Medlcme Helmholtz Research Center Juelich, 52428 Julich, Germany;
¢Department of Psychiatry, Johannes Gutenberg University Mainz, 55131 Mainz, Germany; finstitute of Medical Informatics and Statistics, Christian-Albrechts
University Kiel, 24105 Klel Germany; 9Department of Psychiatry and Psychotherapy, Rheinisch-Westfalische Technische Hochschule Aachen University,
52062 Aachen, Germany; Minstitute of Medical Biometry, Informatics and Epidemiology, University of Bonn, 53105 Bonn, Germany; ‘Department of Psychiatry,
Friedrich-Alexander University Erlangen-Nuernberg, 91054 Erlangen, Germany; 'Department of Addictive Behavior and Addictive Medicine, Central
Institute of Mental Health, 68159 Mannheim, Germany; “Department of Psychiatry, Charité University Hospital, Campus Mitte, 10117 Berlin, Germany;
'German Center for Neurodegenerative Diseases, 53105 Bonn, Germany; and ™Cologne Center for Genomics, Cologne University, 50931 Cologne, Germany

Edited by Leslie Lars Iversen, University of Oxford, Oxford, United Kingdom, and approved February 17, 2012 (received for review November 3, 2011)

Several polymorphisms of the transcription factor 4 (TCF4) have
been shown to increase the risk for schizophrenia, particularly
TCF4 rs9960767. This polymorphism is associated with impaired
sensorimotor gating measured by prepulse inhibition—an estab-
lished endophenotype of schizophrenia. We therefore investigated
whether TCF4 polymorphisms also affect another proposed endo-
phenotype of schizophrenia, namely sensory gating assessed by
P50 suppression of the auditory evoked potential. Although sen-
sorimotor gating and sensory gating are not identical, recent data
suggest that they share genetic fundamentals. In a multicenter
study at six academic institutions throughout Germany, we applied
an auditory P50 suppression paradigm to 1,821 subjects (1,023
never-smokers, 798 smokers) randomly selected from the general
population. Samples were genotyped for 21 TCF4 polymorphisms.
Given that smoking is highly prevalent in schizophrenia and af-
fects sensory gating, we also assessed smoking behavior, cotinine
plasma concentrations, exhaled carbon monoxide, and the Fager-
strom Test (FTND). P50 suppression was significantly decreased in
carriers of schizophrenia risk alleles of the TCF4 polymorphisms
rs9960767, rs10401120rs, rs17597926, and 17512836 (P < 0.0002-
0.00005). These gene effects were modulated by smoking behavior
as indicated by significant interactions of TCF4 genotype and
smoking status; heavy smokers (FTND score >4) showed stronger
gene effects on P50 suppression than light smokers and never-
smokers. Our finding suggests that sensory gating is modulated
by an interaction of TCF4 genotype with smoking, and both factors
may play a role in early information processing deficits also in
schizophrenia. Consequently, considering smoking behavior may
facilitate the search for genetic risk factors for schizophrenia.

single nucleotide polymorphism | intermediate phenotype | nicotine |
gene-environment interaction

Recent large genomewide association studies (GWAS) iden-
tified and consistently confirmed that common variants of
the transcription factor 4 (TCF4) gene contribute to the risk of
schizophrenia (1-3). In these analyses, two single nucleotide
polymorphisms (SNPs) located in the intron of the TCF4 gene on
chromosome 18q21.1 (rs9960767, rs17512836) and an intragenic
SNP near the TCF4 gene (rs4309482) have shown the strongest
association with the disease (1-3). TCF4 is a class I basic helix—
loop-helix (bHLH) protein involved in the control of neuronal
and glial progenitor cells, which are important for the devel-
opment of the mammalian central nervous system (CNS) (4, 5).

www.pnas.org/cgi/doi/10.1073/pnas.1118051109

The exact role of TCF4 in the brain and the functional activity
of these nonsynonymous TCF4 variants on the level of gene ex-
pression are not yet fully understood (4, 6). A recent postmortem
study suggested that the rs9960767 SNP is neither functional nor
affects mRNA expression in the adult human brain, indicating
that TCF4 mutations may exert their effects on expression through
posttranscriptional effects or exclusively in a developmental con-
text (e.g., by gene—environment interactions) (7).

In a translational animal study, it was initially shown that
transgenic mice moderately overexpressing TCF4 in the post-
natal brain display profound reductions in sensorimotor gating
as measured by prepulse inhibition (PPI) of the acoustic startle
response (8), which is an established translational endopheno-
type of schizophrenia (9). Consequently, we recently investigated
the impact of the TCF4 1s9960767 SNP on PPI in humans and
found that the schizophrenia risk allele C of this SNP was
strongly associated with reduced PPI in two independent samples
of healthy volunteers and schizophrenia spectrum patients (10).

Auditory sensory gating, i.c., P50 suppression of the auditory
evoked potential (AEP) is another measure of gating function.
P50 gating is regarded as a useful endophenotype of schizophre-
nia and is conceptually related to, albeit not equivalent with,
sensorimotor gating as measured by PPI (9). In the classical au-
ditory conditioning-testing P50 paradigm (11), pairs of identical
auditory stimuli (conditioning stimulus S1 and test stimulus S2)
are presented at an interstimulus interval (ISI) of 500 ms, whereas
the cortical response to these stimuli is assessed via electroen-
cephalography (EEG). Normal subjects usually have a suppressed
P50 response to the second stimulus. Source localization studies
and intracerebral electrophysiological recordings suggest that
the generators of sensory gating are in the hippocampus, insula,
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lateral temporal, temporo-parietal, and prefrontal cortex (PFC)
(12-14). Auditory sensory gating has been conceptualized as an
important preattentive filter function that protects cognitive pro-
cesses from potentially interfering and irrelevant information (15).
Accordingly, P50 suppression has been related to attentional
performance, working memory, and behavioral inhibition (16-19).

Schizophrenia patients display diminished P50 suppression (20—
25), even if some studies failed to find differences between patients
and controls (26-29). However, meta-analyses confirmed moderate
to large effects of sensory gating deficits in schizophrenia across
studies (30-32). The P50 suppression was suggested as an endo-
phenotype of schizophrenia (9) because it is heritable (33-35), it
is reduced in subjects with schizotypal personality disorder and
in unaffected relatives of schizophrenia patients (36-38), and
decreased P50 suppression levels are present in early stages of
schizophrenia (39, 40). Moreover, P50 suppression deficits have
been repeatedly associated to SNPs of the o7 nicotinic acetyl-
choline receptor subunit gene (CHRNA7) (41), whereas the ini-
tially reported impact of catechol-O-methyltransferase (COMT)
gene variations on P50 suppression (42) was not replicated in three
following studies (43-45). Despite the fact that schizophrenia
patients display both sensorimotor and sensory gating abnormal-
ities, and although both measures are procedurally similar, they
are usually not correlated and might be regulated by distinct
neuronal pathways (46—49). However, a recent analysis from the
Consortium on the Genetics of Schizophrenia (COGS) suggested
that both gating measures likely share some genetic basis: PPI and
P50 suppression were both influenced by variations in CHRNA?7,
the neuregulin-1 (NRG1) gene, and the ionotropic glutamate re-
ceptor 62-subunit gene (GRID2) (45, 50, 51). In the COGS study,
the TCF4 gene was not investigated and, thus, the impact of the
TCF4 SNPs on schizophrenia risk and sensorimotor gating (PPI)
warrants also an investigation of its influence on P50 suppression.

Because recent GWAS findings identified several TCF4 poly-
morphisms as genetic risk factors for schizophrenia (1-3), human
carriers of the TCF4 1s9960767 risk allele C showed reduced
gating abilities in the PPI paradigm (10), and auditory sensory
gating is an established endophenotype of schizophrenia (9), we
hypothesized that healthy carriers of TCF4 schizophrenia risk
polymorphisms would also display reduced auditory sensory gat-
ing as reflected in a decreased P50 suppression. Given that risk
gene variants for schizophrenia (including those identified in
TCF4) are common in the general population and because heri-
table variation of endophenotype measures is also present in
subjects not affected with schizophrenia (33-35), one can study
the possible association of risk variants with putative endophe-
notypes in healthy subjects. This approach offers a number of
advantages over classical case-control studies: (i) confounding
effects of illness and treatment are ruled out, (i) larger samples
stratified for the presence or absence of possible environmental
moderators can be studied in a limited time, and (iii) indepen-
dence of conventional, phenotypic diagnostic criteria. Thus, pos-
itive findings for single gene variants in healthy controls can help
to discover biologically valid knowledge about previously un-
known mechanisms linked to this gene (52). To test our hypoth-
esis, we assessed a large and genetically homogeneous sample of
1,821 volunteers exclusively of German ancestry with an estab-
lished auditory sensory gating paradigm in the frame of a multi-
center study at six academic institutions throughout Germany. All
participants were genotyped for the 20 most significant TCF4
SNPs from the recent GWAS of Ripke et al. (ref. 1; http://www.
broadinstitute.org/mpg/ricopili/; window 1.5Mb, threshold P <
1.0 x 107*) and for the most significant TCF4 SNP 19960767
reported by Stefansson et al. (2) and Steinberg et al. (3). Given
that smoking is a critical confounding factor with regard to the
P50 suppression (53) and because schizophrenia patients are
frequently heavy smokers (54), we additionally investigated the
impact of smoking severity as a possible mediating factor on TCF4
gene effects on P50 suppression.
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Results

One of the 21 TCF4 SNPs was monomorphic (rs17509991) and,
therefore, excluded from further analyses. All other SNPs were
in Hardy—Weinberg equilibrium (HWE) (Table S1) and partly in
strong linkage disequilibrium (LD) (Fig. S1).

Unless otherwise stated, we compared SNP risk allele carriers
against noncarriers throughout (10). Percent P50 suppression
was significantly affected by 4 of the 20 TCF4 SNPs (Bonferroni-
corrected threshold P < 0.0024 for 21 markers) and smoking
status, whereas there was also a significant genotype—smoking
interaction in each marker (Table 1). Given that the rs17597926
and the rs17512836 SNP showed almost perfect linkage dis-
equilibrium (LD, * = 0.99), only data of the rs17597926 SNP are
further presented. Remaining pairwise relationships showed
moderate LD between SNPs (Fig. 1). In each of the significant
SNPs, carriers of the respective schizophrenia risk alleles dis-
played reduced auditory sensory gating (Fig. 24). The significant
interactions of the factors genotype and smoking status indicated
that the genotype effects were different among never, light, and
heavy smokers (Fig. 2B). Heavy smokers [Fagerstrom Test of
Nicotine Dependence (FTND) score > 4] consistently showed
stronger TCF4 gene effects on P50 suppression (Cohen’s d =
0.63-1.04) than light smokers (d = 0.27-0.43) and never-smokers
(d = —0.04 to 0.06]. Bonferroni post hoc tests of the main effect
of smoking status replicated the finding shown in an overlapping
sample of the present population (53): In all tests, heavy smokers
displayed lower P50 suppression levels than light smokers (P =
0.014-0.006; d = 0.34-0.59) and never-smokers (P = 4.4 x 10>
t05.5x107% d = 0.55-0.76), whereas light smokers and never-
smokers did not significantly differ (P = 0.070-0.482; d = 0.17-
0.21). The effect for the repeated factor electrode position alone
was not significant (all tests: F < 1.2), but it interacted with ge-
notype in the analyses of rs9960767 [F(1,1812) = 7.10; P = 0.008;
1> = 0.004] and rs10401120 [F 1 1799, = 6.94; P = 0.008; 11,> =
0.004], indicating that the TCF4 genotype effect was more evi-
dent at the frontal electrode (Fz) (Fig. S2). Further interactions
between factors and covariates were not significant. Finally,
the covariate age (P = 4.1 x 107'* to 7.7 x 107", n,> = 0.033-
0.035) revealed a significant effect, whereas the impact of sex,
study center, cotinine plasma level, and longitude/latitude of
study center was not significant (all tests: F < 1.25). As shown
before (53), sensory gating increases with age (see also correla-
tion analyses in SI Discussion). Longitude and latitude were in-
cluded in the analysis to control for subtle population differences
between the sampling sites. Because only SNP rs9960767 presents
a reasonable number of rare homozygotes (n > 10), the analysis
of this marker was repeated in a threefold genotype factor design.
However, the genotype effects and genotype-smoking interac-
tions remained largely the same (Fig. S3).

The genotype groups of the significant SNPs did not differ re-
garding any demographic data, smoking parameters, or psycho-
metric scales (Table S2). Thus, the effects observed because of
risk allele carrier-ship could not be explained by demographical
stratification effects.

As shown in Table S3, the four TCF4 SNPs showing significant
association with P50 suppression did not significantly affect the
amplitude of the P50 AEP neither on the response to the first
click (S1) nor to the second click (S2). Analyses of the difference
and the ratio of P50 amplitudes as further measures of auditory
sensory gating revealed the same effects as in the analysis of
percent P50 suppression. Again, the TCF4 genotype effect on
P50 suppression was most pronounced at the Fz electrode.
Correlations of P50 parameters with demographic and smoking
variables are shown in SI Discussion and Table S4.

To assess the association between the reduced levels of P50
suppression and TCF4 risk allele carrier-ship, odds ratios (OR)
were calculated. If clinical criteria of one and two SDs were
applied to define low P50 suppression phenotypes, all of these
phenotypes showed significant associations with the respective
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Table 1.
potential (averaged across electrode positions Fz and Cz)

The effects of TCF4 SNP risk allele carrier-ship and smoking status on percent P50 suppression of the auditory evoked

Effect on P50 suppression

Allele frequency number, % Interaction
Position on Factor Factor smoking—
TCF4 chromosome Common Rare Total Schizohrenia Genetic genotype Smoking genotype
genotype 18921.1 homocygotes Heterozygotes homocygeotes n risk allele* model” df=1) (df = 2) (df = 2)
rs9960767* Intron AA 1,610, AC 199, CC12, 1,821 C AAvs. AC+CC  F=16.7; F=117; F=7.1;
53155002 88.4% 10.9% 0.7% P=45x10"% P=87x10"% P=0.001;
1p,°= 0.010 np°=0.013 np°= 0.008
rs10401120 Intron CC 1,647, CT 156, TT9, 1,812 T CCyvs. CT+TT F=15.9; F=10.9; F=5.8;
53192498 90.9% 8.6% 0.5% P=69x%x10"% P=19x10"% P=0.003;
np°= 0.009 np°=0.013 np°= 0.007
rs17597926° Intron GG 1,723, GA 95, AA 3, 1,821 A GG vs. GA+AA  F=145; F=29.5; F=49;
53205938 94.6% 5.2% 0.2% P=14x10"% P=7.9x10"% P=0.008;
n5°= 0.008 n57= 0.011 n5°= 0.006
rs17512836" Intron TT 1,721, TC 95, CC3, 1,819 C TT vs. TC+CC F=13.9; F=9.2; F=44
53194961 94.6% 5.2% 0.2% P=20x10"% P=11x10"% P=0.013;
np°= 0.008 np°= 0.011 np°= 0.005

*According to Ripke et al. (1) and Stefansson et al. (2).

TANCOVA with genotype (twofold), and smoking status (threefold) as fixed factors, electrode position (twofold) as repeated factor, and age, sex, study cite,
cotinine plasma level, and longitude and latitude of the study centers as covariates.

*Most significant TCF4 SNP in the schizophrenia GWAS of Stefansson et al. (2).

Ssecond most significant TCF4 SNP in the schizophrenia GWAS of Ripke et al. (2).

IMost significant TCF4 SNP in the schizophrenia GWAS of Ripke et al. (1).

four TCF4 risk-alleles within the total sample (range OR = 1.81-
2.58) and within heavy smokers (range OR = 3.21-7.60) but not
within the never-smokers (range OR = 1.23-1.75) (Table S5). At
each criterion, the odds ratios were highest in heavy smokers and
lowest in never-smokers, whereas light smokers were interme-
diate (range OR = 2.44-2.78). Moreover, there was no associ-
ation of the four significant TCF4 SNPs with the smoking
phenotype (Table S6).

Discussion

In an endophenotype-based association study approach, we in-
vestigated the impact of TCF4 schizophrenia risk SNPs on an
established psychophysiological endophenotype of schizophrenia.
We could demonstrate that carrier-ship of risk alleles at four
TCF4 SNPs (159960767, 117512836, rs17597926, and rs10401120)
were significantly associated with reduced auditory sensory gat-
ing as measured by P50 suppression of the AEP. Noteworthy,
two of these SNPs (rs9960767, rs17512836) were among the top
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Fig. 1. Pairwise linkage disequilibrium (LD), as measured by r?, of four TCF4
SNPs that were significantly associated with percent P50 suppression.
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markers associated with schizophrenia with genomewide signifi-
cance in recent large GWAS meta-analyses (1, 2), whereas SNP
1517597926 was the marker in the TCF4 gene showing the second
smallest P value in one of these studies (1). Markers rs17512836
and 1517597926 were in strong LD (* = 0.99), thus representing
essentially the same association signal. Further pairwise LD
relationships were moderate (* = 0.38-0.64). Interestingly, the
genotypic effects of each SNP were strongly modulated by
smoking behavior with only smokers showing reliable TCF4-P50
suppression associations, whereas the genetic effect was small or
not present in never-smokers. Moreover, genotype—smoking in-
teractions were dose-related because 7CF4 SNP genotype effects
amplified with increasing smoking severity.

TCF4 belongs to a subfamily of bHLH transcriptional regu-
lators that recognizes the Ephrussi-box (E-box) binding site on
the DNA that usually lies upstream of a gene in a promoter region
(55). At early developmental stages, E-box transcription factors
such as TCFE2a, TCF12, and TCF4 show widespread expression
throughout the brain, but only 7CF4 displays sustained expres-
sion in the adult brain of mice, which is most prominent in the
cerebellum, hippocampus, and cortex (8, 56). TCF4-null knock-
out mice die in the first 24 h after birth and display brain-
stem abnormalities (4, 57). Haploinsufficiency of the TCF4 gene
in humans causes the Pitt-Hopkins syndrome—an autosomal-
dominant neurodevelopmental disorder characterized by severe
mental and motor retardation, microcephaly, epilepsy, facial
dysmorphisms, and intermittent hyperventilation—reflecting that
TCF4 is critical for the development of the mammalian CNS
(6, 55). Thus, the respective TCF4 polymorphisms might have a
subtle impact on brain development that contributes to gating
abnormalities and that increases the risk for schizophrenia.

The present results are in line with our previous findings that
the schizophrenia risk allele C of the TCF4 159960767 SNP is
associated with diminished sensorimotor gating as measured by
PPI (8, 10). Although PPI and P50 suppression are not correlated
and might be regulated—at least in part—by distinct neuronal
mechanisms (46—49), recent work suggests that they nevertheless
might share some common genetic pathways (41, 45, 50, 51).
However, the modifying influence of smoking on the effect of
TCF4 shown here was not present in our previous investigation

PNAS | April 17,2012 | vol. 109 | no.16 | 6273
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Fig. 2. The effects of three TCF4 SNPs (rs9960767, rs10401120, and rs17597926,
which was in almost complete linkage disequilibrium with rs17512836) on
percent P50 suppression of the auditory evoked potential (means and SEM;
adjusted for age, sex, study site, cotinine plasma level, and longitude and
latitude of the study center) averaged across the electrode positions Fz and Cz
(A), and stratified according to smoking behavior (never-smokers: n = 1,023,
light smokers: n = 466, and heavy smokers n = 332) (B). ***P < 2.0 x 107

on TCF4 gene effects on PPI (10). The previously investigated
samples may have been too small and underpowered to reliably
examine the effects of smoking as a mediating factor on the
TCF4 gene effects on PPI. The potentially modifying effect of
smoking on TCF4 gene effects on PPI (and other schizophrenia
endophenotypes) should therefore be investigated in larger
samples. Finally, the TCF4 159960767 genotypic effect on PPI
displayed a much stronger effect size (Cohen’s d = 0.90) than the
mean effect on P50 suppression (d = 0.18-0.20). This difference
may be explained either by the “winner’s curse”—which means
that estimations of the genetic effect based on novel association
findings tend to be upwardly biased (58)—by the fact that P50
suppression usually displays a less beneficial retest reliability
compared with PPI (21, 59), or by a differential impact of TCF4
on the underlying neural systems (or a mixture of these factors).

Interestingly, TCF4 genotype effects on P50 suppression were
more evident at the Fz than on the vertex electrode (Cz). Pre-
vious studies reported that the PFC substantially contributes
either to the sensory gating process per se (13) or at least to the
generation of the P50 amplitude (14). Additionally, data from
a recent EEG source localization study suggest that the sensory
gating deficit of schizophrenia patients could be explained by
dysfunction of the dorsolateral PFC (60). Thus, TCF4 mutations

6274 | www.pnas.org/cgi/doi/10.1073/pnas.1118051109

(in combination with smoking) might have a specific impact on
PFC function in schizophrenia.

How can the unexpected smoking—genotype interaction re-
garding P50 suppression be elucidated? There are at least two
possible scenarios: The first is a hidden gene—gene interaction: In
this model, TCF4 SNPs interact with a hidden gene (or genes) so
that only the presence of two or more risk alleles is associated
with both smoking severity and P50 suppression, whereas the
TCF4 SNPs were exclusively associated with P50 suppression but
not with smoking. Promising candidates for the “hidden” SNPs
may lie in the CHRNA3-CHRNAS5-CHRNB4 gene cluster coding
for a3, a5, and P4 nicotinic acetylcholine receptor (nAChR)
subtypes. SNPs from this gene cluster were reliably associated
with smoking behavior (61-63), and also with sensorimotor
gating (PPI) (64) and cognitive performance (65). SNPs of the
CHRNA7 would also be interesting candidates because of the
reported associations with P50 suppression and smoking behav-
ior (41, 66, 67).

The second, and maybe more appealing, explanation for the
present result pattern could be a gene-environment interaction,
in which smoking represents a long-lasting and ongoing envi-
ronmental influence. This interpretation would be in line with
the suggestion of Williams et al. (7) that the TCF4 schizophrenia
risk alleles may exert their effects on expression exclusively in a
developmental context because postmortem data of this study
suggested that SNP rs9960767 is neither functional nor affects
mRNA expression in the adult human brain. Furthermore, evi-
dence accumulates that risk SNPs might have significant ex-
pression effects on other genes but not on the one in which they
are located (68). However, at this point, we can only hypothesize
which neurobiological mechanisms might underlie this smoking—
TCF4 interaction on P50 suppression: (i) Smoking-induced plas-
ticity of brainstem nAChR (69-72) in concert with subtle neuro-
developmental changes in pontine nuclei induced by TCF4 gene
variations (4) may affect P50 suppression. (ii) TCF4-induced
changes in the noradrenaline system (6, 55) might interact with
nicotine-induced changes of a7 nAChR function (73) when mod-
ulating P50 suppression. (iif) Nicotine may be involved in the meth-
ylation of DNA sequences leading to an epigenetic change of the
expression of the TCF4 gene (or other genes interacting with
TCF4) with functional consequences on early information pro-
cessing (74, 75).

Several studies have demonstrated that CHRNA7 promoter
variations are associated with schizophrenia and affect P50
suppression (41). The present study adds TCF4 mutations as
complementary genetic factors (or more exactly a TCF4—smok-
ing interaction) to the population variation in P50 suppression
and it has been shown that also TCF4 gene variations increase
the risk for schizophrenia (1-3). However, it should be noticed
that the explained variances of P50 suppression by the factors
TCF4 genotype (0.8-1.0%), smoking (1.1-1.3%), and age (3.3
3.5%) as well as of the TCF4-smoking interaction (0.07-0.08%)
were rather small, reflecting that either many other genetic
factors might be involved or that P50 suppression may also have
a strong state-dependent part as it was suggested (33).

The question arises whether effects of population stratification
might have influenced our results because we have not typed a
standard panel of ancestry-informative SNPs to control for strat-
ification effects. However, we aimed to build a genetically highly
homogeneous sample of subjects with an ancestry exclusively
from Germany, and we randomly selected our participants from
the general population to avoid possible stratification effects. Ad-
ditionally, the European autosomal gene pool was recently found
to be rather small, especially in northern and middle Europe
subpopulations (76). Nevertheless, this study has shown a conti-
nent-wide correlation between geographic and genetic distance
along the north-south axis and, to a lesser extent, also along the
east-west axis (76). Therefore, we included longitude and latitude
of the study centers as covariates in our analyses to control for

Quednow et al.


www.pnas.org/cgi/doi/10.1073/pnas.1118051109

even subtle population stratification, which did not change our
results. We also explored regional differences in TCF4 SNP ge-
notype frequencies between study centers located in three areas of
Germany (North, Midwest, and South), but we found no signifi-
cant differences between these regions (Fig. S4). Lastly, the TCF4
SNP allele frequencies of the present sample fitted with the fre-
quencies of the European HapMap data (CEU), and none of the
investigated SNPs deviated from the HWE. Thus, the strong as-
sociation of TCF4 with auditory sensory gating is likely not ex-
plainable by population stratification effects.

In conclusion, our results suggest that the schizophrenia risk
alleles of TCF4 variants interact with smoking behavior with
regard to auditory sensory gating, which is an established endo-
phenotype of schizophrenia. We hypothesized that this finding
could be interpreted as a gene—environment interaction with
plausible neurobiological explanations. If smoking behavior
strongly modulates the TCF4 SNP effects on a proposed endo-
phenotype of schizophrenia, it might also modulate the risk for
schizophrenia itself. We therefore suggest the investigation of
potential moderating effects of dimensional and binary measures
of smoking behavior on genetic risk factors of schizophrenia. In
case-control association studies, stratification for smoking be-
havior may add power to yield stronger gene effects. Moreover,
it should be further explored whether nicotine use itself might
enhance the risk for schizophrenia as indicated by longitudinal
studies showing that beyond cannabis and alcohol use, early
consumption of tobacco increases the risk for psychosis (77, 78).
Finally, an extended endophenotype including electrophysio-
logical gating measures such as PPI or P50 suppression, smoking
behavior, and risk genes such as TCF4 may be suitable as an early
indicator for a developing psychosis.

Materials and Methods

Participants. The study was carried out in the framework of the German
multicenter study: Nicotine: Physiological and Molecular Effect in the CNS
(53, 79). All subjects were randomly selected from the local general pop-
ulation of seven cities across Germany (Aachen, Berlin, Bonn, Dusseldorf,
Erlangen, Mainz, and Mannheim) via official residents’ registers and con-
tacted by letter with an invitation to participate in the study. Overall, n =
56,350 subjects were contacted, of whom n = 4,760 responded by phone and
completed an initial prescreening interview. Healthy subjects of German
origin who met the inclusion/exclusion criteria (S/ Discussion) were invited
for a final screening investigation, which included a lifetime smoking history
assessment, a medical examination, a standardized psychiatric interview
(SCID-I), a drug urine screening, exhaled carbon-monoxide (COHb) mea-
surement, and blood for routine clinical laboratory tests and genotyping. n =
2,442 subjects were finally included in the study. Across study sites, n = 468
subjects had either no electroencephalography (EEG) assessment (e.g., the
Mannheim center did not apply EEG) or displayed an insufficient EEG data
quality, whereas n = 238 subjects either did not provide blood samples, their
DNA was not recoverable, or the genotyping failed, leaving a final sample
of n = 1,821 participants (Table S2). The sample consisted of 1,023 never-
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smokers (lifetime smoking <20 cigarettes), 466 light smokers FTND score <4),
and 332 heavy smokers (FTND >4).

The study was approved by the ethics committees of each study site’s
local university and was conducted according to the declaration of Helsinki.
Written informed consent was obtained from all subjects.

Study Procedures. Across all study sites, the study was performed on the day of
study inclusion according to the same standard operating procedure in-
cluding regular monitoring with strict adherence to a fixed time table. After
inclusion, subjects provided extensive demographical and smoking-related
information and answered a battery of questionnaires on smoking-related
behavior (for details, see S/ Discussion), drug/alcohol consumption habits,
and personality (79). Afterward, a neuropsychological test battery and an
EEG investigation were performed (79). The EEG was obtained between 1:30
AM and 2:30 PM in all subjects. Subsequently, venous blood was obtained to
determine cotinine plasma levels and for genotyping. In smoking subjects,
the EEG was recorded between 1 and 3 h after the last cigarette smoked ad
libitum. Genotyping information is given in the S/ Discussion.

P50 Auditory Double Click Paradigm. Subjects were instructed to keep their
eyes closed throughout the EEG experiment. Five minutes of continuous
resting EEG was recorded before the P50 auditory double-click paradigm,
which was based on the work of Adler et al. (80). One hundred pairs of two
250 sinus tones (clicks) of 2,000 Hz (50-ms duration including rise and fall
time) were administered binaurally via headphone at a 50-dB sound pres-
sure level. A fixed ISI of 500 ms was chosen between paired clicks S1 and S2.
Between pairs of clicks, the intervals were (pseudo)randomized varying
between 5 and 9 s (mean 7 s). Subjects were instructed to stay awake and to
listen to the tones. EEG data acquisition and analysis is described in S/ Dis-
cussion. The amplitudes of the event-related P50 potential (filtered at 10-45
Hz, 12 dB) were calculated across electrodes by automatically locating the
most positive peak in the respective time window. The P50 response was the
most positive peak between 48 and 68 ms after stimulus onset (both after S1
and S2) (24). The P50 amplitude was measured relative to the preceding
negativity. For the analysis of P50 suppression, the percent P50 suppression
([1 — S2/S1] x 100), the difference of P50 amplitudes (S1 — S2), and the ratio
of P50 amplitudes (52/51) was used. Low value of the percent and the dif-
ference suppression as well as high values of the ratio indicate weak in-
hibition of the second click (i.e., no gating or filtering) or low P50 amplitude
after the first click. Fz and Cz electrodes were analyzed because previous
studies have shown that P50 suppression measured at these electrodes dis-
criminate best between schizophrenia patients and controls (23, 24, 81).
Details of the statistical analysis are given in the S/ Discussion.

ACKNOWLEDGMENTS. The present work was funded within the framework
of the German Research Foundation (Deutsche Forschungsgemeinschaft;
DFG) national priority Program SPP1226 Nicotine: Physiological and Molecu-
lar Effect in the CNS (Wi1316/6-1 and Wi1316/9-1) coordinated by G.W. B.B.Q.
is supported by Swiss National Science Foundation Grant PPOOP1_123516.
M.W. is supported by German Research Foundation Grant WA 737/7. W.M.
and R.M. are supported by European Union Grant FP7-Health-F4-2009-
242257-ADAMS and by Bundesministeriums fur Bildung und Forschung
(BMBF) Grants Psychotherapie von Positivsymptomatik psychotischer Stérun-
gen (POSITIVE) 01GV0907 and NGFN+ MooDs PNM-01GS08146-3. M.N. is
supported by the German Federal Ministry for Education and Research
through National Genome Research Network Grant 01GS0809.

8. Brzozka MM, Radyushkin K, Wichert SP, Ehrenreich H, Rossner MJ (2010) Cognitive
and sensorimotor gating impairments in transgenic mice overexpressing the schizo-
phrenia susceptibility gene Tcf4 in the brain. Biol Psychiatry 68:33-40.

9. Gottesman Il, Gould TD (2003) The endophenotype concept in psychiatry: Etymology
and strategic intentions. Am J Psychiatry 160:636-645.

10. Quednow BB, et al. (2011) The schizophrenia risk allele C of the TCF4 rs9960767
polymorphism disrupts sensorimotor gating in schizophrenia spectrum and healthy
volunteers. J Neurosci 31:6684-6691.

11. Freedman R, Adler LE, Waldo MC, Pachtman E, Franks RD (1983) Neurophysiological
evidence for a defect in inhibitory pathways in schizophrenia: Comparison of medi-
cated and drug-free patients. Biol Psychiatry 18:537-551.

12. Grunwald T, et al. (2003) Neuronal substrates of sensory gating within the human
brain. Biol Psychiatry 53:511-519.

13. Korzyukov O, et al. (2007) Generators of the intracranial P50 response in auditory
sensory gating. Neuroimage 35:814-826.

14. Bak N, Glenthoj BY, Rostrup E, Larsson HB, Oranje B (2011) Source localization of sensory
gating: A combined EEG and fMRI study in healthy volunteers. Neuroimage 54:2711-2718.

15. Braff DL, Light GA (2004) Preattentional and attentional cognitive deficits as targets
for treating schizophrenia. Psychopharmacology (Berl) 174:75-85.

PNAS | April 17,2012 | vol. 109 | no.16 | 6275

>
-
=
=
e}
=
=
[=]
o
w
i}
w

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118051109/-/DCSupplemental/pnas.201118051SI.pdf?targetid=nameddest=STXT

20.

2

=

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

=

42.

43.

44,

45.

46.

47.

48.

49.

. Lijffijt M, et al. (2009) P50, N100, and P200 sensory gating: Relationships with

behavioral inhibition, attention, and working memory. Psychophysiology 46:
1059-1068.

. Wan L, Friedman BH, Boutros NN, Crawford HJ (2008) P50 sensory gating and at-

tentional performance. Int J Psychophysiol 67:91-100.

. Yadon CA, Bugg JM, Kisley MA, Davalos DB (2009) P50 sensory gating is related to

performance on select tasks of cognitive inhibition. Cogn Affect Behav Neurosci 9:
448-458.

. Thomas C, et al. (2010) P50 gating deficit in Alzheimer dementia correlates to frontal

neuropsychological function. Neurobiol Aging 31:416-424.
Adler LE, et al. (1982) Neurophysiological evidence for a defect in neuronal mecha-
nisms involved in sensory gating in schizophrenia. Biol Psychiatry 17:639-654.

. Clementz BA, Geyer MA, Braff DL (1997) P50 suppression among schizophrenia and

normal comparison subjects: A methodological analysis. Biol Psychiatry 41:1035-1044.
Erwin RJ, Turetsky BI, Moberg P, Gur RC, Gur RE (1998) P50 abnormalities in schizo-
phrenia: Relationship to clinical and neuropsychological indices of attention. Schiz-
ophr Res 33:157-167.

Judd LL, McAdams L, Budnick B, Braff DL (1992) Sensory gating deficits in schizo-
phrenia: New results. Am J Psychiatry 149:488-493.

Nagamoto HT, Adler LE, Waldo MC, Griffith J, Freedman R (1991) Gating of auditory
response in schizophrenics and normal controls. Effects of recording site and stimu-
lation interval on the P50 wave. Schizophr Res 4:31-40.

Yee CM, Nuechterlein KH, Morris SE, White PM (1998) P50 suppression in recent-onset
schizophrenia: Clinical correlates and risperidone effects. J Abnorm Psychol 107:691-698.
Arnfred SM, Chen AC, Glenthgj BY, Hemmingsen RP (2003) Normal p50 gating in
unmedicated schizophrenia outpatients. Am J Psychiatry 160:2236-2238.

Guterman Y, Josiassen RC (1994) Sensory gating deviance in schizophrenia in the
context of task related effects. Int J Psychophysiol 18:1-12.

Jin'Y, et al. (1998) Is P50 suppression a measure of sensory gating in schizophrenia?
Biol Psychiatry 43:873-878.

Kathmann N, Engel RR (1990) Sensory gating in normals and schizophrenics: A failure
to find strong P50 suppression in normals. Biol Psychiatry 27:1216-1226.

Bramon E, Rabe-Hesketh S, Sham P, Murray RM, Frangou S (2004) Meta-analysis of the
P300 and P50 waveforms in schizophrenia. Schizophr Res 70:315-329.

. de Wilde OM, Bour LJ, Dingemans PM, Koelman JH, Linszen DH (2007) A meta-

analysis of P50 studies in patients with schizophrenia and relatives: Differences in
methodology between research groups. Schizophr Res 97:137-151.

Patterson JV, et al. (2008) P50 sensory gating ratios in schizophrenics and controls: A
review and data analysis. Psychiatry Res 158:226-247.

Anokhin AP, Vedeniapin AB, Heath AC, Korzyukov O, Boutros NN (2007) Genetic and
environmental influences on sensory gating of mid-latency auditory evoked re-
sponses: A twin study. Schizophr Res 89:312-319.

Greenwood TA, et al. (2007) Initial heritability analyses of endophenotypic measures
for schizophrenia: The consortium on the genetics of schizophrenia. Arch Gen Psy-
chiatry 64:1242-1250.

Young DA, Waldo M, Rutledge JH, 3rd, Freedman R (1996) Heritability of inhibitory
gating of the P50 auditory-evoked potential in monozygotic and dizygotic twins.
Neuropsychobiology 33:113-117.

Clementz BA, Geyer MA, Braff DL (1998) Poor P50 suppression among schizophrenia
patients and their first-degree biological relatives. Am J Psychiatry 155:1691-1694.
Siegel C, Waldo M, Mizner G, Adler LE, Freedman R (1984) Deficits in sensory gating in
schizophrenic patients and their relatives. Evidence obtained with auditory evoked
responses. Arch Gen Psychiatry 41:607-612.

Cadenhead KS, Light GA, Geyer MA, Braff DL (2000) Sensory gating deficits assessed
by the P50 event-related potential in subjects with schizotypal personality disorder.
Am J Psychiatry 157:55-59.

Brockhaus-Dumke A, et al. (2008) Sensory gating in schizophrenia: P50 and N100
gating in antipsychotic-free subjects at risk, first-episode, and chronic patients. Bio/
Psychiatry 64:376-384.

Cadenhead KS, Light GA, Shafer KM, Braff DL (2005) P50 suppression in individuals at
risk for schizophrenia: The convergence of clinical, familial, and vulnerability marker
risk assessment. Biol Psychiatry 57:1504-1509.

Freedman R, et al. (2003) The genetics of sensory gating deficits in schizophrenia. Curr
Psychiatry Rep 5:155-161.

Lu BY, et al. (2007) Effect of catechol O-methyltransferase val(158)met polymorphism
on the p50 gating endophenotype in schizophrenia. Biol Psychiatry 62:822-825.
Majic T, et al. (2011) COMT Val108/158Met genotype modulates human sensory
gating. Neuroimage 55:818-824.

Shaikh M, et al. (2011) Do COMT, BDNF and NRG1 polymorphisms influence P50
sensory gating in psychosis? Psychol Med 41:263-276.

Greenwood TA, et al. (2011) Analysis of 94 candidate genes and 12 endophenotypes
for schizophrenia from the Consortium on the Genetics of Schizophrenia. Am J Psy-
chiatry 168:930-946.

Braff DL (2011) Gating in schizophrenia: From genes to cognition (to real world
function?). Biol Psychiatry 69:395-396.

Braff DL, Light GA, Swerdlow NR (2007) Prepulse inhibition and P50 suppression are
both deficient but not correlated in schizophrenia patients. Biol Psychiatry 61:
1204-1207.

Oranje B, Geyer MA, Bocker KB, Leon Kenemans J, Verbaten MN (2006) Prepulse inhibition
and P50 suppression: Commonalities and dissociations. Psychiatry Res 143:147-158.
Schwarzkopf SB, Lamberti JS, Smith DA (1993) Concurrent assessment of acoustic
startle and auditory P50 evoked potential measures of sensory inhibition. Biol Psy-
chiatry 33:815-828.

6276 | www.pnas.org/cgi/doi/10.1073/pnas.1118051109

50.

5

52.

53.

54.

5

vl

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

=

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Hong LE, Wonodi I, Stine OC, Mitchell BD, Thaker GK (2008) Evidence of missense
mutations on the neuregulin 1 gene affecting function of prepulse inhibition. Bio/
Psychiatry 63:17-23.

. Roussos P, Giakoumaki SG, Adamaki E, Bitsios P (2011) The influence of schizophrenia-

related neuregulin-1 polymorphisms on sensorimotor gating in healthy males. Bio/
Psychiatry 69:479-486.

Meyer-Lindenberg A, Weinberger DR (2006) Intermediate phenotypes and genetic
mechanisms of psychiatric disorders. Nat Rev Neurosci 7:818-827.

Brinkmeyer J, et al. (2011) P50 sensory gating and smoking in the general population.
Addict Biol 16:485-498.

Dalack GW, Healy DJ, Meador-Woodruff JH (1998) Nicotine dependence in schizo-
phrenia: Clinical phenomena and laboratory findings. Am J Psychiatry 155:1490-1501.

. Zweier C, et al. (2007) Haploinsufficiency of TCF4 causes syndromal mental re-

tardation with intermittent hyperventilation (Pitt-Hopkins syndrome). Am J Hum
Genet 80:994-1001.

Uittenbogaard M, Chiaramello A (2000) Differential expression patterns of the basic
helix-loop-helix transcription factors during aging of the murine brain. Neurosci Lett
280:95-98.

Zhuang Y, Cheng P, Weintraub H (1996) B-lymphocyte development is regulated by
the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB. Mol
Cell Biol 16:2898-2905.

Xiao R, Boehnke M (2009) Quantifying and correcting for the winner’s curse in ge-
netic association studies. Genet Epidemiol 33:453-462.

Quednow BB, et al. (2006) Attenuation of the prepulse inhibition of the acoustic
startle response within and between sessions. Biol Psychol 71:256-263.

Williams TJ, Nuechterlein KH, Subotnik KL, Yee CM (2011) Distinct neural generators
of sensory gating in schizophrenia. Psychophysiology 48:470-478.

Bierut LJ, et al. (2008) Variants in nicotinic receptors and risk for nicotine dependence.
Am J Psychiatry 165:1163-1171.

Berrettini W, et al. (2008) Alpha-5/alpha-3 nicotinic receptor subunit alleles increase
risk for heavy smoking. Mol Psychiatry 13:368-373.

Liu JZ, et al.; Wellcome Trust Case Control Consortium (2010) Meta-analysis and im-
putation refines the association of 15925 with smoking quantity. Nat Genet 42:436-440.
Petrovsky N, et al. (2010) Sensorimotor gating is associated with CHRNA3 poly-
morphisms in schizophrenia and healthy volunteers. Neuropsychopharmacology 35:
1429-1439.

Winterer G, et al. (2010) Risk gene variants for nicotine dependence in the CHRNA5-
CHRNA3-CHRNB4 cluster are associated with cognitive performance. Am J Med Genet
B Neuropsychiatr Genet 153B:1448-1458.

Greenbaum L, et al. (2006) Why do young women smoke? |. Direct and interactive
effects of environment, psychological characteristics and nicotinic cholinergic re-
ceptor genes. Mol Psychiatry 11:312-322.

Saccone NL, et al. (2010) Multiple cholinergic nicotinic receptor genes affect nicotine
dependence risk in African and European Americans. Genes Brain Behav 9:741-750.
Schadt EE, et al. (2008) Mapping the genetic architecture of gene expression in
human liver. PLoS Biol 6:e107.

Alkondon M, Pereira EF, Almeida LE, Randall WR, Albuquerque EX (2000) Nicotine at
concentrations found in cigarette smokers activates and desensitizes nicotinic ace-
tylcholine receptors in CA1 interneurons of rat hippocampus. Neuropharmacology 39:
2726-2739.

Besson M, et al. (2007) Long-term effects of chronic nicotine exposure on brain nic-
otinic receptors. Proc Natl Acad Sci USA 104:8155-8160.

. Breese CR, et al. (2000) Abnormal regulation of high affinity nicotinic receptors in

subjects with schizophrenia. Neuropsychopharmacology 23:351-364.

Picciotto MR, et al. (2001) Neuronal nicotinic acetylcholine receptor subunit knockout
mice: Physiological and behavioral phenotypes and possible clinical implications.
Pharmacol Ther 92:89-108.

Barik J, Wonnacott S (2006) Indirect modulation by alpha7 nicotinic acetylcholine re-
ceptors of noradrenaline release in rat hippocampal slices: Interaction with glutamate
and GABA systems and effect of nicotine withdrawal. Mol Pharmacol 69:618-628.
Satta R, et al. (2008) Nicotine decreases DNA methyltransferase 1 expression and
glutamic acid decarboxylase 67 promoter methylation in GABAergic interneurons.
Proc Natl Acad Sci USA 105:16356-16361.

Philibert RA, et al. (2010) The effect of smoking on MAOA promoter methylation in
DNA prepared from lymphoblasts and whole blood. Am J Med Genet B Neuro-
psychiatr Genet 153:619-628.

Lao O, et al. (2008) Correlation between genetic and geographic structure in Europe.
Curr Biol 18:1241-1248.

Rossler W, Hengartner MP, Angst J, Ajdacic-Gross V (2012) Linking substance use with
symptoms of sub-clinical psychosis in a community cohort over 30 years. Addiction, in
press.

Weiser M, et al. (2004) Higher rates of cigarette smoking in male adolescents before
the onset of schizophrenia: A historical-prospective cohort study. Am J Psychiatry 161:
1219-1223.

Lindenberg A, et al. (2011) The German multi-centre study on smoking-related
behavior-description of a population-based case-control study. Addlict Biol 16:638-653.
Adler LE, et al. (1998) Schizophrenia, sensory gating, and nicotinic receptors. Schiz-
ophr Bull 24:189-202.

Clementz BA, Geyer MA, Braff DL (1998) Multiple site evaluation of P50 suppression
among schizophrenia and normal comparison subjects. Schizophr Res 30:71-80.

Quednow et al.


www.pnas.org/cgi/doi/10.1073/pnas.1118051109

