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Schizophrenia is a multi-factorial disease characterized by a high
heritability and environmental risk factors (e.g., social stress and
cannabis use). It is the combined action of multiple genes of small
effect size (Owen et al., 2005) and a number of environmental
risk factors (McGrath et al., 2004), which causes the develop-
ment of this mental disorder (Mackay-Sim et al., 2004). This is
conceptualized in the “Two-Hit Hypothesis” of schizophrenia,
which predicts that genetic and environmental risk factors inter-
actively (GxE interaction) cause the development of the disorder
(Bayer et al., 1999; Caspi and Moffitt, 2006). GxE interactions
occur when the expression of an individual’s genetic predispo-
sition is dependent on the environment they are living in or
when environmental influences on a trait differ according to an
individual’s genome (Tsuang et al., 2004). Human studies have
confirmed that nature and nurture are both important in the
development of schizophrenia: the concordance rate in monozy-
gotic twins is only around 50% (Tsuang et al., 2001) and genome
wide association studies fail to identify major genetic candidates
for schizophrenia (Sanders et al., 2008) suggesting an important
role of environmental factors in the development of this disorder.

Research into GxE is starting to produce valuable new animal
models and has revealed novel insights into the pathophysiology
of schizophrenia. This work will help advance our understand-
ing of the molecular pathways involved in this mental disorder
and will lead to more specific treatment avenues. Furthermore,
understanding GxE interactions will guide the development of
new preventative measures (i.e., people genetically predisposed to
schizophrenia will be able to minimize exposure to critical envi-
ronmental risk factors). However, these outcomes are a long way
ahead and the complexity of this multi-factorial line of research
has also caused difficulties in data interpretation and compar-
ison. Thus, this research topic is intended to cover past and
current directions in research dedicated to the understanding
of GxE interactions in schizophrenia, the molecular, neurobio-
logical, and behavioral consequences of these interactions, and
potential mechanisms involved.

Animal models can incorporate highly standardized genetic
and environmental risk factors at critical stages of brain devel-
opment. These models thereby attempt to mimic the etiology of
schizophrenia and help elucidate relevant interactions between

GxE and the underlying mechanisms. In this Research Topic,
Cash-Padgett and Jaaro-Peled outline how either early immune
activation (i.e., PolyI:C treatment) or forms of social stress (i.e.,
social isolation, chronic social defeat) influence the development
of schizophrenia-relevant phenotypes in a number of genetic
mouse models for the schizophrenia susceptibility gene Disrupted
in schizophrenia-1 (DISC1). Their review concludes that animal
models can be instrumental in linking the relevance of GxE inter-
actions to a particular neuropsychiatric disorder. Furthermore,
“environmental interaction profiles” can be developed for major
risk genes such as DISC1 (Cash-Padgett and Jaaro-Peled, 2013).
Karl as well as Chohan and co-workers focus on the role the
schizophrenia susceptibility gene neuregulin 1 (NRG1) might play
in the context of GxE interactions. Karl’s review overviews a raft
of evidence supporting Nrg1 as a key player in the vulnerability
of mice to environmental (risk) factors such as stress, cannabis
abuse and housing conditions (Karl, 2013). Following on from
recent published work (Chohan et al., 2014a), Chohan et al.
describes research in which partial genetic deletion of Nrg1 mod-
ulates the effects of adolescent stress on N-methyl-d-aspartate
receptors (NMDAR), with the Nrg1-stress interaction tending
to decrease NMDAR binding in the medial prefrontal cortex
(Chohan et al., 2014b). This is significant as NMDAR is decreased
in brains of schizophrenia patients and implicated in the patho-
physiology of the disorder. In another research paper, Klug and
van den Buuse investigate the effects of young-adult cannabi-
noid exposure on BDNF deficient mice and find no interaction
in this GxE model on learning and memory later in life. Their
research highlights that not all GxE models produce interactive
effects and that the role of BDNF in conferring vulnerability to
the actions of cannabis may be sex-dependent and only evident
after pre-exposure to the drug (Klug and van den Buuse, 2013).

Jiang and coworkers provide an excellent review outlining the
potential mechanisms behind established GxE interactions using
mice with conditional knock down of NMDAR in cortical and
hippocampal interneurons during early postnatal development.
They suggest that NMDAR hypofunction and social isolation
stress interact to disturb parvalbumin-positive (PV) interneu-
rons via oxidative stress mediated by the transcriptional coac-
tivator peroxisome proliferator activated receptor γ coactivator
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1α (PGC-1α) (Jiang et al., 2013). Reductions in PV expres-
sion have been noted in schizophrenia brain and may help
explain asynchrony of neuronal networks (Lewis and Gonzalez-
Burgos, 2006). Showing that oxidative stress is responsible for
PV interneuron dysfunction resonates with the recent interest in
antioxidants such as fish oil as new treatments for mental disor-
der, particularly prior to disease onset. Extending on the idea of
early intervention treatments as the key to treating schizophrenia
is the research paper of Van Vugt and colleagues who show that
a lack of early maternal care exacerbated schizophrenia-relevant
phenotypes in a pharmacological model of the disorder (Van Vugt
et al., 2014).

Girardi and coworkers also utilize maternal deprivation to
investigate another aspect of the “Two-Hit Hypothesis” of
schizophrenia, namely, environment x environment interactions
(ExE). They report that maternally deprived rats are vulnera-
ble to the effects of a very mild stress procedure (i.e., saline
injection) on corticosterone levels and social behaviors (Girardi
et al., 2014). This study is important for studies into GxE
interactions, as researchers must be aware that even a rela-
tively minor intervention such as an i.p. injection can modify
the stress response in an established environmental model of
schizophrenia. Thus, ExE (as well as GxExE) interactions exist
and could have a significant impact on established GxE model
systems. Within this context, Turner and Burne point out that
housing conditions and genetic background both impact on
cognitive behaviors of rodents. As cognition is an important
domain for the evaluation of face validity of rodent models
for schizophrenia, rodent strain and housing conditions must
carefully be considered when developing novel model systems
for GxE (Turner and Burne, 2013). The last two studies are
in line with what is discussed by Burrows and Hannan. Their
opinion paper outlines the need for more accurate and sophis-
ticated GxE animal models of schizophrenia and the impact
“unexpected” housing conditions can have on genetic mouse
models. Environmental factors with clinical relevance should
be manipulated to broaden the relevance of preclinical research
beyond “standard laboratory housing” and to understand how
a decanalized brain produces suboptimal phenotypes’ (Burrows
and Hannan, 2013).

Godar and Bortolato review evidence suggesting that gene x
sex interactions (GxS) are also evident in schizophrenia. They
outline that genes encoding enzymes that regulate dopamine
levels, such as catechol-O-methyl transferase (COMT) and
monoamine oxidase, are sexually dimorphic and the impact of sex
hormones on their regulation may play a significant role in shap-
ing the course of schizophrenia (Godar and Bortolato, 2014). This
is particularly relevant seeing males tend to manifest the disorder
earlier than females. Sexual dimorphism also influences GxE as
highlighted above in the work of Klug and co-workers (Klug and
van den Buuse, 2013) and as noted in various studies reviewed
by Karl (2013) in this Research Topic. Importantly, COMT has
been shown to be a good candidate for GxE interactions as the
gene interacts with adolescent cannabis abuse (Caspi and Moffitt,
2006). Finally, Miller assessed the impact of photic cues on the
development of schizophrenia. Her argument for a role for photic
cues in the disorder is made more compelling given that single

nucleotide polymorphisms have been found in genes relevant to
schizophrenia, which are modulated by photoperiod and sunlight
intensity (Miller, 2013).

GxE interactions appear to be complex and sensitive to a num-
ber of subtle variables, but do exist and justify the need for future
research in this area (Van Os et al., 2010). Animal researchers
should focus on models with significant relevance to schizophre-
nia such as cannabis abuse, maternal immunization, or early
life stress and consider a number of genetic candidates for GxE
interactions. Importantly, some of the articles of this topic sug-
gest that valid GxE animal models will be very sensitive to the
laboratory environment, which demands a high level of trans-
parency and standardization of test conditions as well as thor-
ough consideration of housing conditions across research sites.
Furthermore, it should be mentioned that there are discussions
about the appropriate statistical modeling of GxE interactions,
which influence both animal and human research (Zammit et al.,
2010).

To conclude, animal models have provided compelling evi-
dence for GxE in schizophrenia based on the greater experimental
control possible and the ability to manipulate specific genes and
environmental factors. While such studies cannot reproduce the
entire complexity of schizophrenia, they do provide simplified
multifactorial models of aspects of the condition. These, in turn,
allow new molecular and neurobiological insights to be gained
and novel drug targets to be discovered.
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