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S
chizophrenia (SZ) is a complex
disorder that results from the
interplay of genetic and environ-
mental risk factors. It is character-

ized by the presence of delusions and
hallucinations (positive symptoms), apathy
and social withdrawal (negative symp-
toms), and stable impairments in specific
domains of cognitive function. Over
the past decade, significant progress in
understanding SZ has been made by
establishing consortia that conduct very
large genome-wide association studies
(GWASs). The GWAS design provides
high-throughput SNP genotyping, follow-
ing an “agnostic” approach that lacks
subjective assumptions concerning gene
candidacy. The report by Quednow et al.
(1) in PNAS focuses on SZ risk poly-
morphisms in the transcription factor 4
(TCF4) gene, a locus that has been iden-
tified as a significant genetic risk factor for
SZ in recent GWASs (2, 3). The authors
examined whether any of the TCF4 risk
alleles affect sensory gating, as measured
by the P50 suppression of the auditory
evoked potential. As initially hypothe-
sized, P50 suppression was significantly
decreased in carriers of four TCF4
risk alleles.
Interestingly, the impact of one of the

TCF4 polymorphisms (rs9960767) on the
prepulse inhibition (PPI) of the acoustic
startle response, a measurement of sen-
sorimotor gating, was recently examined
by the same investigators in two inde-
pendent cohorts. Similar to the current
findings, the TCF4 risk allele significantly
reduced PPI (4). Although it is widely ac-
cepted that suppression of both PPI and
P50 examines different gating measure-
ments and is partially regulated by distinct
neuronal mechanisms (5), there is growing
evidence supporting the notion that both
paradigms share some common genetic
pathways (4, 6, 7). In addition, suppression
of both PPI and P50 is significantly heri-
table and is disrupted in both patients with
SZ and their healthy first-degree relatives,
consistent with the endophenotype criteria
(5, 8). Thus, both paradigms are consid-
ered to be highly informative SZ-related
intermediate phenotypes, and they sup-
port the role of the TCF4 gene as an im-
portant determinant of the sensory and
sensorimotor gating.
What is the importance of such sensory

and sensorimotor gating mechanisms? The

nervous system is constantly receiving in-
coming sensory information, and it is
necessary to filter out distracting sensory
information during the early stages of
processing so that attention can be focused
on more salient features of the environ-
ment. The initial screening during the
preattentive stages of information pro-
cessing occurs by gating of the redundant
stimuli. Patients with SZ demonstrate sig-
nificant abnormalities in gating mecha-
nisms as tested by certain paradigms, such
as P50 suppression and PPI, and these

Quednow et al. examine

whether an interaction

between SNPs and

smoking may affect the

suppression of P50.

deficits are stable traits that are inde-
pendent of medication status or clinical
state (5). It has been speculated that fail-
ure to filter out overwhelming sensory in-
formation in early stages of processing
leads to sensory overload and a low signal-
to-noise ratio, resulting in psychotic
symptoms and cognitive deficits.
According to the neurodevelopmental

hypothesis, SZ is associated with abnor-
malities of early brain development that
are caused by a combination of genetic
and early environmental factors. These
factors eventually interact with normal
maturational processes of the brain, thus
increasing the risk for the subsequent
emergence of clinical symptoms. The
product of the TCF4 gene has a critical
role during development, which is sup-
ported by findings in animal and human
studies. The Tcf4 KO mice demonstrate
significant abnormalities in the pontine
nucleus development and die prematurely
(9). Transgenic mice that overexpress Tcf4
displayed profound deficits in fear condi-
tioning and sensorimotor gating (10). In
humans, TCF4 haploinsufficiency leads to
neurodevelopmental disorders, such as the
Pitt–Hopkins syndrome, which is charac-
terized by severe cognitive deficit, micro-
cephaly, disrupted motor development,
and hyperventilation (11, 12). The above
findings in both animals and humans pro-

vide compelling evidence for the signifi-
cance of TCF4 during early development,
and raise the possibility that TCF4 genetic
perturbations may affect early brain de-
velopment and increase the risk for SZ
during adulthood.
The report by Quednow et al. (1) ad-

dresses a very important challenge that we
have to deal with in the post-GWAS era:
How do we move from a statistically
significant association of a genetic poly-
morphism to understanding of the
mechanism and etiopathogenesis of SZ?
Molecular and cognitive traits controlled
by genetic loci associated with disease can
be treated as intermediate phenotypes of
disease (Fig. 1A). This can aid in the in-
terpretation of GWAS data by identifying
how the genetic variability affects in-
termediate phenotypes at different levels
(e.g., molecular, cognitive), leading to the
development of disease, as defined based
on the clinical criteria. At a cognitive level,
intermediate phenotypes, such as PPI and
P50 suppression, carry the potential to
provide a way forward for parsing out
complex, heterogeneous disease pheno-
types like SZ. It has been suggested that
SZ-related intermediate phenotypes are
more proximal to the genetic variability
driving the disease effects compared with
the current nosological framework repre-
sented by the Diagnostic and Statistical
Manual of Mental Disorders, fourth edi-
tion and International Classification of
Diseases, 10th revision (8). Thus, in-
tegrating multiple intermediate pheno-
types will increase our understanding of
the mechanism by which genetic variation
leads to the disease.
Another critical challenge of the post-

GWAS era is to understand how multiple,
modestly associated genes interact with
other genes (epistatic interactions) or
nongenetic factors (environmental inter-
actions) to influence a phenotype. Very
limited progress has been made in this
direction. Based on the higher prevalence
of smoking in patients who have SZ as well
as its effect on sensory gating, Quednow
et al. (1) examine whether an interaction
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between SNPs and smoking may affect the
suppression of P50. The TCF4 gene effect
on P50 suppression was more prominent
in the heavy smokers compared with light
smokers or those who never smoked, in-
dicating a possible gene-by-environment
interaction. Although such interaction is
plausible, a definite conclusion about the
influence of smoking behavior cannot be
reached with high confidence. Another
possible explanation is that the TCF4 ge-
netic variation interacts with other genetic
or unknown environmental factors, lead-
ing to significant deficits in sensory gating,
and that increased smoking behavior acts
as a compensatory mechanism to restore
such deficits. In that case, a significant
gene-by-environment interaction would be
observed; however, the environmental
factor would be an epiphenomenon rather
than a true causal factor that drives
the disease.
Because of genetic and phenotypic het-

erogeneity, epistatic interactions, and

environmental and epigenetic factors,
reductionist studies of genetic variants
and specific molecular pathways in SZ
will only provide limited insight into the
pathophysiology of the disease. One of
the major challenges that we have to
encounter in the post-GWAS era is how
to integrate multiple layers of data on
a genome-wide scale using a holistic ap-
proach. The large-scale application of ge-
nomic, transcriptomic, and proteomic
high-throughput technologies has led to
the accumulation of molecular in-
termediate phenotypes on a genome-wide
scale (“omics” data). Integration of mo-
lecular intermediate phenotypes con-
trolled by genetic loci associated with
SZ will further help us to interpret the
GWAS data, as well as to infer causal
relationships between molecular traits
and disease states (13). This will provide
an excellent opportunity to uncover mo-
lecular drivers of SZ. However, to un-
derstand the behavior of any single gene

in the context of complex disorders like
SZ, individual genes must be understood
in the context of molecular networks
that define the disease states. Network
analysis provides a systems level under-
standing of how genetic and environ-
mental perturbations affect the tran-
scriptomic and proteomic organization
that leads to alterations in the higher
order cognitive functions, which, in turn,
affect disease risk (Fig. 1B). Importantly,
integration of molecular intermediate
phenotypes with cognitive, neuroimaging,
and clinical data will help us to distinguish
the biological pathways and environmen-
tal risk factors that are upstream and
primary causes of SZ from those that are
downstream or homeostatic consequences
of the disease. The identification of up-
stream networks and driver genes has
the potential to lead to previously un-
described targets for development of
unique treatments.
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Fig. 1. Importance of intermediate phenotypes in SZ research. (A) Single genetic perturbation approach: SZ risk genetic variants lead to changes in molecular
traits that affect higher order cognitive functions, and subsequently increase the risk for developing the disease. (B) Multiple perturbations approach: Con-
stellations of multiple genetic and environmental perturbations affect molecular states of gene coexpression and protein-protein interaction networks that, in
turn, affect higher order cognitive functions and disease risk.
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