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Abstract
Schizophrenia is one of the most common psychiatric disorders, but despite progress in identifying
the genetic factors implicated in its development, the mechanisms underlying its etiology and
pathogenesis remain poorly understood. Development of mouse models is critical for expanding
our understanding of the causes of schizophrenia. However, translation of disease pathology into
mouse models has proven to be challenging, primarily due to the complex genetic architecture of
schizophrenia and the difficulties in the recreation of susceptibility alleles in the mouse genome.
In this review we highlight current research on models of major susceptibility loci and the
information accrued from their analysis. We describe and compare the different approaches that
are necessitated by diverse susceptibility alleles, and discuss their advantage and drawbacks.
Finally, we discuss emerging mouse models, such as second-generation pathophysiology models
based on innovative approaches that are facilitated by the information gathered from the current
genetic mouse models.
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I. Schizophrenia
Schizophrenia (SCZ) is a debilitating mental disorder that affects nearly 1% of the world’s
population. Onset of behavioral symptoms occurs in the late teens and early twenties for
most patients. These are defined as positive symptoms (hallucinations, delusions, disordered
thoughts and behaviors), negative symptoms (flattened affect, asociality, avolition) and
cognitive deficits such as impaired working memory (WM) and executive function. There
are also structural brain abnormalities, which have been identified in patients who suffer
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from SCZ, such as enlargement of the ventricles and a reduction in cortical gray matter
(Tandon et al., 2008). However, SCZ is a heterogeneous disease with no single defining
symptom or any consistent diagnostic biological marker. Pharmacological interventions
have limited effectiveness in the treatment of negative symptoms and cognitive deficits, and
this poor response is further complicated by the wide array of side effects associated with
antipsychotics and the need for a chronic course of treatment (Webber and Marder, 2008).
Results from twin and family studies show that SCZ has a high degree of heritability at
around 80% (Sullivan et al., 2003). However, identical twins are only about 50% concordant
for the disease suggesting that epigenetic, environmental and very likely stochastic factors
also likely play a substantial role.

II. Mouse Models of SCZ
To date, a number of animal models of psychiatric diseases have been developed to address
the different aspects of these disorders (Arguello and Gogos, 2006; Nestler and Hyman,
2010). The most proximal brain dysfunction representing the clinically observed
psychopathology has been recapitulated through pathophysiology models. These include
primarily models that test the hypothesis that because psychoactive drugs produce a
psychopathology similar to that seen in individuals with a certain psychiatric disease, the
neurotransmitter system affected by the drug is dysfunctional in the disorder (Svenningsson
et al., 2003). Examples of these include models of dopaminergic and glutamatergic
dysregulation that can be modeled through pharmacological (Dawe et al., 2009) and genetic
interventions (Mohn et al., 1999; Kellendonk et al., 2006). Models that attempt to
recapitulate the processes that lead to the pathophysiology of a disorder are models of
pathogenesis (Weinberger, 1995). In this paradigm, prenatal or postnatal perturbations that
interfere with normal brain maturation are assessed for their capacity to produce the
pathophysiological deficits later in development. Examples are hippocampal lesion models
(Lipska and Weinberger, 2000) or exposure to a methylating agent that introduces various
neuroanatomical and behavioral abnormalities (Moore et al., 2006). There are a number of
challenges for interpreting such pathophysiology and pathogenesis-oriented approaches in
the absence of accompanying human genetic evidence, and the question whether they
represent legitimate disease models remains a matter of debate (Nestler and Hyman, 2010).
Finally, models designed on experimentally proven risk factors or casuative agents of human
disease are referred to as etiological models. This review will exclusively focus on this last
approach, exemplified by specific genetic mouse models. In the last section of this paper we
will also discuss the potential of generating novel pathophysiology models based on
knowledge accrued by analysis of genetic models.

III. Genetic Architecture of SCZ
Two principle theories have been proposed to explain the genetic etiology of the disorder.
The common disease/common allele (CDCA) hypothesis (Pritchard and Cox, 2002)
proposes that the presence of common mutations with low penetrance in many genes acting
in concert leads to the disease. Conversely, the common disease/rare allele (CDRA)
hypothesis assumes an association with rare, but highly penetrant mutations that increase
vulnerability for the disease (Cirulli and Goldstein, 2010). Evidence suggests that with SCZ,
as with many other diseases, these scenarios are not mutually exclusive and that both
common and rare mutations are likely involved in the etiology of the disease.

Genetic association studies provide a powerful approach for identifying risk genes in
feasible sample sizes. These studies are based primarily on the CDCA hypothesis and
typically examine if common genetic variants are associated with a certain trait or disorder.
The simplest design compares the frequencies of genetic variants between groups of non-
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related cases and controls. Family-based studies that compare the frequencies of the
transmitted alleles to non-transmitted alleles from parents to affected offspring are also used
to examine the relationship of genetic variants to the disease. Candidate genes in this type of
studies are typically identified based on a priori evidence, by focusing on candidates derived
from neurobiological hypotheses (functional candidate genes) or by attempting to identify
positional candidate genes either through systematic follow-up of linkage signals or based
on possible biological functions (Gogos and Gerber, 2006). More recently, genome-wide
association studies (GWAS) have allowed for an unbiased investigation of polymorphisms
throughout the entire genome (Owen et al., 2010). GWAS have opened a window into the
biology of common complex diseases and yielded several genes of small effect showing
strong association with a number of complex diseases or traits (McCarthy et al., 2008).
Results from GWAS in SCZ have been promising but remain controversial (McClellan and
King, 2010). Moreover, support for all previously identified top candidate genes has not
been found in such agnostic GWAS (Sanders et al., 2008). Overall, although common
variants of small effect almost certainly contribute to the genetic risk of psychiatric
disorders, genetic association studies have had only limited success so far in identifying
them in an unequivocal manner. This is likely due to the complexity of the affected organ
(the brain) as well as a number of technical confounds that limit the power of such assays. In
that respect, it is worth noting that the Schizophrenia Research Forum (szgene.org) (Allen et
al., 2008) lists 1008 susceptibility genes and 8788 polymorphisms as genetic risk loci
identified primarily by candidate genetic association studies. Many of these are considered
strong susceptibility genes, but none have unequivocal support.

One interesting irony of recent psychiatric genetics is that when these large GWAS data sets,
collected initially to test the CDCA hypothesis, were used to determine the prevalence of
large structural variations (chromosomal microdeletions and microduplications, also named
copy number variations or CNVs) in the genome, new evidence emerged demonstrating the
importance of rare large-effect variants in the genetic etiology of the disease in both familial
and sporadic cases (Sebat et al., 2009). Specifically, several studies found an enrichment of
CNVs in patients with SCZ (Xu et al., 2008; International Schizophrenia Consortium, 2008;
Walsh et al., 2008; Stefansson et al., 2008), providing strong empirical evidence supporting
the notion that multiple rare genetic variants contribute to the genetic risk of the disease.
Notably, several rare variants with large effects on the development of SCZ have been
known for a long time. In particular, the association between recurrent 22q11.2
microdeletions and SCZ, described over fifteen years ago (Karayiorgou et al., 1995),
represented a shift in our understanding of the genetic architecture of SCZ, highlighting the
role that rare and highly penetrant mutations play in the disease risk. This view is further
strengthened by the recent identification of a widespread role of CNVs in determining
susceptibility to SCZ as well as other psychiatric and neurodevelopmental disorder.

A number of bioinformatics approaches have been employed to test whether the various
genes identified via GWAS or disrupted by CNVs found in patients converge to a relatively
small number of affected genetic pathways (Xu et al., 2008; Glessner et al., 2010;
O’Dushlaine et al., 2011; Walsh et al., 2008). Suggestive evidence has been provided for
processes ranging from neurodevelopment, neurotransmission, and cell adhesion, to RNA
processing. Additional approaches tested for affected functional modules, focusing on
identifying among SCZ candidate genes ones displaying primate-accelerated evolution and
their functional interactions (Loe-Mie et al., 2010; Bayes et al., 2011). Such approaches, as
well as additional sophisticated network-based analyses (Gilman et al., 2011), can in
principle provide insights into affected molecular pathways and inspire pathway-based
modeling strategies. However, it remains unclear, at this point, whether functional
convergence should be expected at the level of genes and molecular pathways or, rather, at
the level of synapses and neural circuits affected by the SCZ susceptibility genes. This is an
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important issue that will influence interpretation of findings emerging from investigation of
existing mouse lines and which will facilitate the design of second generation mouse
models, which will be discussed in more detail below.

IV. Genetic Mouse Models of SCZ
Modeling susceptibility alleles in mice holds tremendous promise for uncovering the
function of a gene and its contribution to the pathophysiology of the associated disease or
disease-related endophenotypes (i.e., heritable disease-related traits found not only in
patients but also in unaffected relatives) (Arguello and Gogos, 2006). Genetic mouse models
are indispensable for analysis of the effects of disease-associated mutations on neural
circuits and behaviors as well as the underlying molecular and cellular pathways. In
addition, they offer a unique opportunity to examine early mutational effects and their
developmental progression as well as allowing a thorough investigation of interactions
among susceptibility genes and between genes and environmental factors.

To fully exploit these advantages, the design and analysis of mouse models needs to be
carefully considered. Modeling psychiatric disorders presents a unique set of challenges,
primarily stemming from the need to translate specific phenotypic traits relevant for the
disease and often associated with distinctly “human” processes, into etiologically valid
paradigms in the mouse where the molecular-, synaptic, cellular, and circuit-level
consequences of a given mutation can be analyzed with a high degree of confidence. The
difficulty of this task is further complicated by the complex nature of susceptibility alleles
that may be difficult to model and often have unknown or unexpected functional outcomes.
Within this context, the most important consideration in developing genetic mouse models
has to do with the nature of the disease-associated genetic variants. The feasibility to
translate genetic findings varies greatly between highly penetrant rare alleles and for
common alleles of small effect. Common alleles are generally considered more difficult to
model. One reason is that, with possibly few exceptions, studies have not uncovered
common genetic variants with a clear effect on gene expression or its function. Common
alleles usually have no obvious effect on protein structure (Rebbeck et al., 2004), and in
some cases may only serve as proxies for physically linked, true risk variants residing within
the identified gene or a nearby gene (Newton-Cheh and Hirschhorn, 2005). An additional
consideration when modeling common alleles is the degree of gene sequence conservation
between species which dictates the ability to model small genetic changes in mouse
orthologues of human genes. Consequently, modeling approaches for these types of genetic
lesions typically aim at approximating the predicted effects of the mutation, rather than
attempting to faithfully reproduce the risk allele. Therefore, several interesting candidate
genes have been modeled, primarily through constitutive or conditional knockout
approaches or generation of dominant-negative transgenic mice. These models have proved
indispensable in deciphering the functions of candidate genes and the molecular pathways
they participate in, as well as in generating initial hypotheses on how their disruption
contributes to disease risk. However, it is important to keep in mind that such approaches are
typically not able to convey the complexities of the original mutations. In particular, the
effects of the subtle variations in patient’s risk alleles cannot be easily compared to the
consequences of the typically robust lesions introduced by, for example, gene knockout
technologies. Examples that demonstrate the complexities pertaining to models of
polymorphisms come from recent studies of autism, cognition and epilepsy associated
alleles. Point mutations in neuroligin-3 resulting in amino acid substitutions were associated
with autism-spectrum disorder in humans, and modeled by a knock-in approach in the
endogenous mouse orthologue of the gene (Tabuchi et al., 2007). Introduction of such a
mutation in mice resulted in several behavioral changes considered as models of autistic
behavior in mice, accompanied by an increase in inhibitory synaptic transmission. In
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contrast, a complete knockout of neuroligin-3 did not cause such changes, indicating a gain-
of-function mutation that cannot be modeled by traditional knockout approaches. A similar
approach was used to explore the Met/Val polymorphism in the BDNF gene sequence that
has been associated with various cognitive deficits in humans. In contrast to the neuroligin-3
study, the functional effects of the polymorphism (which affects activity-dependent BDNF
secretion) on certain behavioral and cellular phenotypes was also observed in heterozygous
Bdnf knockout mice (Cao et al., 2007; Chen et al., 2006). However whether this will be true
for a wider spectrum of behavioral and cellular phenotypes remains to be determined.
Finally even for alleles with well-established loss-of-function properties heterozygous and
homozygous mice may have qualitatively different phenotypes. Since many risk alleles are
heterozygous, phenotypes of homozygous mice may be poor predictors of the disease
pathophysiology. An epilepsy-related sodium channel gene, SCN1A, which is expressed in
both hippocampal pyramidal cells and interneurons, provides an instructive example given
that heterozygous loss-of-function reduces sodium currents only in interneurons (Yu et al.,
2006).

Studies based on the CDRA hypothesis have been more fruitful in identifying well-defined
genetic lesions with clear effects on gene function or expression (Stefansson et al., 2008;
Vacic et al., 2011; International Schizophrenia Consortium, 2008; Xu et al., 2008). This
significantly facilitated modeling efforts, especially with highly penetrant loss or gain-of-
function alleles that can be faithfully modeled by appropriate genetic manipulations. Indeed,
this potential for an accurate reproduction of the disease allele is a particular advantage of
this approach because it is more likely to recapitulate the physiological effects relevant to
disease pathogenesis. Thus, despite their rarity and apparent heterogeneity, such mutations
may be helpful in identifying cellular pathways and neural circuits affected in SCZ.
Moreover, it is expected that the rapidly increasing number of models based on such lesions
will facilitate uncovering convergent signaling pathways and neural circuits affected in
mental disorders and thus provide downstream targets for drug discovery (Kvajo et al.,
2010).

When modeling psychiatric disorders, in addition to generating a valid construct that mimics
the genetic mutation in humans, it is equally important to carefully choose an appropriate
phenotyping strategy. SCZ, in particular, is a complex disorder with some uniquely human
traits, thus only certain aspects of its pathology can be faithfully modeled in mice (Arguello
and Gogos, 2006; Arguello and Gogos, 2010). For instance, auditory hallucinations and
delusions accompanying psychosis may be impossible to measure in mouse models.
However, the basic foundations of perception, attention and memory are present and these
can be readily assessed through objective behavioral tests. In this context, it is important to
emphasize here that the etiological validity of a mouse model should be dissociated from its
behavioral phenotype, simply because, with the exception of cognitive symptoms, most of
the cardinal symptoms of SCZ cannot be reliably modeled in mice. Given that there are no
cognitive symptoms that are specific to SCZ, behavioral assays should rather be viewed as
tools that can be used to pinpoint brain areas and neural circuits affected by the engineered
bona fide mutation. This realization highlights the importance of choosing phenotyping
approaches based on well-established behavioral paradigms whose neural underpinnings are
well characterized.

IVa. Mouse Models Based on the Rare Variant Hypothesis
The finding that a significant fraction of individuals with SCZ carry rare mutations represent
a genuine paradigm shift and a decisive step towards understanding the pathogenesis and
pathophysiology of the disease via the development of mouse models. In this section we
summarize findings from animal models of two rare mutations that have been the most
extensively characterized to date. These structural mutations arguably represent the tip of the
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iceberg and results from additional genetic models of psychosis based on newly identified
CNVs, such as deletions in the CNTNAP2 locus (Friedman et al., 2008) or 16p.11.2
duplications (McCarthy et al., 2009) are expected to appear shortly in the literature.

1. Mouse Models of the 22q11.2 SCZ Susceptibility Locus—Occurring
predominantly de novo, chromosomal microdeletions of the 22q11.2 locus are among the
most common chromosomal abnormalities, with a frequency of 1 in every 4000 live births,
and the cause of the 22q11.2 deletion syndrome (22q11.2DS). The phenotype of this
syndrome is highly variable and can affect multiple organs and tissues. Common physical
manifestations of the disorder include craniofacial and cardiovascular anomalies,
immunodeficiency, short stature and hypocalcanemia (Karayiorgou et al., 2010). Individuals
with 22q11.2DS also have cognitive and behavioral impairments, with a high risk for
developing SCZ; long-term medical care and prenatal screening are increasingly being
directed towards the early recognition and treatment of these symptoms. More specifically,
individuals with the 22q11.2 microdeletion exhibit a spectrum of deficits in cognitive
abilities linked to activity in the hippocampus and prefrontal cortex, such as measures of
attention, WM, executive function and short-term verbal memory (Sobin et al., 2005a;
Woodin et al., 2001; Bearden et al., 2001). Moreover, 22q11.2 microdeletion carriers display
a range of subtle neuroanatomical deficits, including reductions in the volume of cortical
and subcortical structures, enlarged lateral ventricles, and decreased cortical complexity and
disorganization of the white matter (Barnea-Goraly et al., 2003; Bearden et al., 2009; Eliez
et al., 2001). Up to one third of children with the microdeletion develop SCZ or
schizoaffective disorder in adolescence or early adulthood (Murphy et al., 1999; Pulver et
al., 1994; Chow et al., 2006). Indeed, these microdeletions account for up to 1–2% of
sporadic SCZ cases in Caucasian populations (Xu et al., 2008, Karayiorgou et al., 2010).
Although atypical microdeletions have been described, most of the microdeletions found in
patients with SCZ are either 3 megabases (Mb) in size (including approximately 60 known
genes) or 1.5 Mb in size (including approximately 35 known genes). Most of the genes
affected by the 1.5 Mb deletion are expressed in the brain and it has been suggested that this
region contains all key genes responsible for the increased risk of psychiatric illness
(Karayiorgou et al., 1995).

There are a number of issues pertaining to the behavioral and psychiatric phenotypes
associated with the 22q11.2 microdeletions, which clearly demonstrate the validity of using
the 22q11.2DS as a model for SCZ and impinge upon interpretation of results obtained by
relevant mouse models (for a more detailed account of these issues see a review by
Karayiorgou et al., 2010). First, the core symptoms of the disease in 22q11.2 carriers are
indistinguishable from other patients with non-22q11.2-associated SCZ or schizoaffective
disorder. Second, earlier claims that bipolar disorder is also prevalent among 22q11.2
carriers have been safely dismissed by subsequent studies. Third, more recent claims,
coinciding with emerging interest in autism genetics, that 22q11.2 microdeletions are
associated with high rates of autism or autism spectrum disorders (ASDs), are highly
controversial. It has been argued that diagnoses of autism or autism spectrum disorders,
which are normally made at an age well before the first manifestations of SCZ, may simply
reflect misdiagnosis of social impairments associated with premorbid phases of SCZ.
Importantly, no significant enrichment of 22q11.2 deletions have been identified among
individuals with either ASD or bipolar disorder from the general population in large
genome-wide studies, further arguing against a genuine association between these disorders
and 22q11.2 microdeletions. Fourth, claims that 22q11.2DS-associated psychiatric
phenotypes can be confounded by the presence of mental retardation also seem unjustified.
While most school-aged children with 22q11.2DS have lower than typical full scale IQ (as is
also the case with many patients with SCZ), a very small percentage of children fall into the
low average intelligence range. Furthermore, the pattern of cognitive dysfunction is
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relatively specific with most children with 22q11.2DS achieving higher scores in verbal
tasks than in nonverbal tasks. Indeed, due to high phenotypic variability, many individuals
with 22q11.2DS who develop SCZ have no serious intellectual disability or any of the
congenital malformation abnormalities that are associated with the syndrome. Even if
congenital malformations (such as facial dysmorphisms) are present, they are typically
subtle and easily missed on evaluation, making these individuals clinically indistinguishable
from other SCZ patients. As a result, individuals with 22q11.2 microdeletions and SCZ have
been consistently recruited into research samples (including the large-scale patient cohorts
used in recent GWAS), despite intensive prescreening. Overall, while carriers of the 22q11.2
microdeletion have high rates of certain behavioral disorders during childhood similar to
children with other developmental disabilities, in late adolescence and early adulthood the
picture changes and settles into a very specific pattern where up to one-third of all patients
carrying this deletion ultimately develop psychotic symptoms that consistently meet the
diagnostic criteria for SCZ or schizoaffective disorder (Gothelf et al., 2007; Murphy et al.,
1999; Pulver et al., 1994). This inordinately high risk of developing SCZ is not associated
with any other neurogenetic syndrome and indicates a strong etiological validity of relevant
mouse models.

The 22q11.2 region is syntenic with a region of mouse chromosome 16. The mouse
equivalent of the human 1.5 Mb 22q11.2 locus harbours orthologues of all the human
functional genes except clathrin heavy polypeptide-like 1 (CLTCL1). Another difference is
that humans (but not mice) carry two functional genes (DiGeorge syndrome critical region 6
(DGCR6) and DGCR6-like (DGCR6L)) in the deleted locus as a result of intralocus
duplication. Overall, there is a high degree of conservation within the 22q11.2 region, and
this provides a unique opportunity to generate mouse models with strong etiological validity
(Drew et al., 2010; Karayiorgou et al., 2010). Accordingly, the 22q11.2 microdeletion has
been modeled through long-range deletions encompassing the whole locus, as well through
knockouts of individual genes located within the 22q11.2 region (Table 1, Table 2, Table 3
and Figure 1). These two approaches are complementary: long-range deletions recapitulate
the complexity of the human lesion and capture interactions between genes in the region,
while analysis of the individual gene knockouts provides information about their individual
contributions to the molecular, synaptic, and cellular pathways involved in the syndrome.

Two of the long-range deletion models (the Df(16)A+/− model (Stark et al., 2008) and the
LgDel/+ model (Merscher et al., 2001), lack the entire 1.5 Mb region on one chromosome
and thus most closely mimic human 22q11.2 microdeletion. These and other models have
been subjected to extensive assessments of behavioral performance in an attempt to discern
and compare the psychiatric endophenotypes associated with the loss of the genes in this
region (Table 1). Due to the nature of the neuroanatomical and behavioral deficits in human
carriers, these studies focused primarily on hippocampal- and prefrontal cortex- dependent
behavioral functions. Assessment of these domains showed a number of behavioral
abnormalities (Stark et al., 2008; Earls et al., 2010; Paylor et al., 2006). Some of the
behavioral alterations, such as impairments in WM and prepulse inhibition (PPI), correspond
with the neuropsychiatric phenotype seen in individuals with the 22q11.2DS.

WM refers to the short-term retention of information aiming at planning and organizing a
forthcoming action that can be delayed. Impairments in WM have become increasingly
recognized as a key deficit in SCZ (Green et al., 2000), and deficits in spatial WM tasks
have been found in children and adolescents with the 22q11.2 microdeletion (Kates et al.,
2007). Such WM abnormalities may reflect a more general disruption of the dynamics of
neural networks that play a role sensory perception and cognition. Df(16)A+/− mice show a
deficit in acquiring a WM -dependent task (the T-maze delayed non-match to place task) the
successful execution of which depends on the frontal regions of the mouse neocortex and
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their interaction with the hippocampus. Interestingly, the Df(16)A+/− mice show normal
spatial reference memory as assayed by the Morris Water Maze (MWM) test (Drew et al.,
2011) As discussed below, this specific profile of cognitive deficits is also observed in other
mouse models of rare mutations and may point to common affected neural circuits and
synaptic processes. It should be noted that Earls et al. (2010) reported that another 22q11.2
deletion mouse model (Paylor et al., 2001) that carries a smaller size deletion, shows
impaired performance in a MWM assay (Earls et al., 2010). The reasons for this discrepancy
between these two strains (which appears to also extend to other physiological alterations)
are unclear. They may be related to procedural differences or, more likely, they may reflect
an important role of one or more of the differentially targeted genes. Specifically, the model
analyzed by Earls et al., (2010) has 5 fewer genes (Dgcr2, Stk22a, Stk22b, Mrpl40 and Hira)
deleted than the Df(16)A+/− mice and the typical human 1.5Mb 22q11.2 deletion
(Karayiorgou et al., 1995; Karayiorgou et al., 2010) and one of them (Dgcr2) has recently
emerged as a potential key factor underlying the high risk for SCZ associated with this locus
(Xu et al., 2011).

PPI refers to a reduction in the magnitude of the startle reflex that occurs when an organism
is presented with a non-startling stimulus (a prepulse) before being presented with the
startling stimulus (Braff et al., 2001). It is considered a measure of sensorimotor gating and
reflects the ability to inhibit the processing of irrelevant sensory information. Deficits in PPI
have been observed in patients with SCZ as well as in patients with other psychiatric and
neurological disorders (Braff et al., 2001). PPI deficits have also been reported in children
with the 22q11.2 microdeletion (Sobin et al., 2005b). The fact that core behavioral features
of the phenotype described in humans with 22q11.2DS-associated SCZ (such as deficits in
PPI or WM) can be recapitulated in mutant mice supports the view that 22q11.2 mouse
models can be used to dissect the underlying abnormalities on a molecular-, synaptic-,
cellular- and neural circuitry-level.

Interestingly, in addition to deficits in WM and PPI, mice with a hemizygous deletion
spanning all of the orthologous genes in the 1.5 Mb region exhibit robust deficits in both
cued and contextual fear memory (Stark et al., 2008). The observation of deficits in fear
memory indicates a previously largely unappreciated amygdala circuit dysfunction in
22q11.2DS, which may have a crucial role in the pathophysiology of 22q11.2-associated
anxiety symptoms. However, the relation of this finding to increased SCZ risk remains
unknown.

The notion that behavioral deficits can help guide us to identify and dissect relevant neural
circuits affected by the pathogenic mutations is further supported by a recent analysis of the
contribution of aberrant neural synchrony to spatial WM deficits in the Df(16)A+/− model.
This work, capitalizing on the observation of impaired WM performance in 22q11.2 animal
models, has helped to provide important new insights into the nature of altered brain
connectivity that emerges as a result of the 22q11.2 microdeletion. Sigurdsson et al. (2010)
assessed connectivity by measuring synchrony in neuronal firing between the dorsal
hippocampus and medial prefrontal cortex (mPFC) during learning and execution of a WM
task, and found a reduction in phase-locking of PFC neuron spiking to the theta rhythm in
the dorsal hippocampus in Df(16)A+/− mice (Sigurdsson et al., 2010). Moreover, there was
a correlation between the degree of synchrony and the time it took mutant mice to learn the
WM task, suggesting that the impaired connectivity in the mutant mice hampers the flow of
spatial information from HPC to mPFC during spatial WM-dependent tasks. Interestingly,
parallel analysis of the CA1 region of the hippocampus of the Df(16)A+/− mice revealed
only modest deficits in local physiology, more prominent among them a reduction in the
level of inhibition of CA1 pyramidal neurons, implying a decrease in interneuron activity.
Notably, induction of c-Fos expression by exploration of a novel environment confirmed a
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relative sparing of CA1 but showed a robust decrease in the number of activated CA3
pyramidal neurons (Drew et al., 2011).

There has been a great deal of interest for the development of structural and imaging
techniques that would allow a direct comparison of the neuroanatomical changes reported in
human carriers with the mouse models and possibly provide insights on the neural substrates
underlying the observed behavioral and functional connectivity alterations. While no results
from such studies are yet available, a considerable effort to examine the developmental
processes thought to underlie such changes is under way (Table 2). Indeed, subtle but
significant deficits in the process of corticogenesis resulting in decreased layer II-III
pyramidal neuron density and misplaced interneurons were found in in LgDel/+ mice
(Meechan et al., 2009). Moreover, in vivo and in vitro analysis in the Df(16)A+/− model
showed a decrease in dendritic complexity and the number of spines and excitatory synapses
in the hippocampal pyramidal cells of mutant mice (Mukai et al., 2008). Thus, it is tempting
to speculate that such changes may at least in part account for the reduction in cortical
thickness or regional decreases in grey matter volumes observed in some individuals with
22q11.2, and that this may be also relevant to similar phenotypes in patients with
non-22q11.2DS-associated SCZ (Ide and Lewis, 2010).

The contributions of individual genes to the psychiatric aspects of the 22q11.2 syndrome
have been studied in a number of mouse models (Table 3). Among them, PRODH is a
leading candidate gene (Li et al., 2008; Jacquet et al., 2005; Bender et al., 2005), which
encodes a mitochondrial enzyme that metabolizes L-proline, a putative neuromodulator of
glutamateric and GABAergic transmission. A Prodh knock-down mouse strain (Gogos et al.,
1999; Paterlini et al., 2005) showed deficits in PPI and fear memory, as well as
hypersensitivity to the locomotor effects of amphetamine. The increased sensitivity to
amphetamine was also reflected in increased cortical dopamine efflux in the mutant mice
following acute, systemic amphetamine administration. Transcriptional profiling in the
prefrontal cortex of Prodh-deficient mice revealed an upregulation in COMT, an enzyme
involved in degradation of dopamine and encoded by a SCZ candidate gene (Gothelf et al.,
2005) also located within the 22q11.2 microdeletion locus. There is strong evidence that
COMT modulates clearance of extracellular dopamine in the prefrontal cortex (Yavich et al.,
2007), suggesting that the increase in Comt expression in Prodh-deficient mice may be a
homeostatic response to buffer excessive dopamine signaling in the frontal cortex. This was
confirmed by experiments showing that pharmacological inhibition of Comt activity
potentiated the effect of amphetamine on locomotor activity, exaggerated deficits in PPI and
induced deficits in a WM dependent task in Prodh-deficient mice (Paterlini et al., 2005).
Thus, this animal model revealed a genetic feedback loop that involves two interacting
22q11.2 genes, which in turn affect both dopaminergic transmission and modulate the risk of
SCZ associated with this locus. Notably, these animal-model based predictions found
support in recent studies of individuals with 22q11.2 microdeletion (Raux et al., 2007).

The structural changes observed in the long-range deletion models appear to be contributed
by several distinct candidate genes. In mice lacking the gene for the palmitoyltransferase
Zdhhc8, behavioral deficits in PPI and exploratory activity were coupled with decreased
dendritic growth and formation of excitatory spines (Mukai et al., 2004; Mukai et al., 2008).
Zdhhc8 is required for the process of palmitoylation, a reversible post-translational protein
modification critical for protein trafficking and the functional modulation of diverse
membrane and cytosolic proteins (Resh, 1999). Changes in the palmitoylation of PSD95, a
key postsynaptic protein, were observed in both Zdhhc8 deficient mice and deletion mutants
(Ho et al., 2011; Mukai et al., 2008), suggesting that such deficits may underlie at least some
of the morphological changes, although additional substrates remain to be identified (El-
Husseini and Bredt, 2002). By contrast, analysis of heterozygous knockout mice of Nogo
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Receptor 1 (Hsu et al., 2007), revealed no major behavioral or structural deficits suggesting
that this gene is not a major contributor to the syndrome, but may modulate the risk
conferred by other genes in the region.

Finally, TBX1, GNB1L and Septin 5 are additional genes located at the minimal critical
regions that have been implicated in some of the behavioral deficits found in the 22q11.2DS
through studies of animal models (Paylor et al., 2006; Suzuki et al., 2009). Tbx1 is a
transcription factor and its mutation is sufficient to cause most of the physical features of the
syndrome (Lindsay et al., 2001; Jerome and Papaioannou, 2001; Merscher et al., 2001).
Heterozygous deletions of Gnb1l and Tbx1 result in PPI deficits in mice, while homozygous
deficiency in Septin 5 has been shown to enhance PPI as well as modulate affective
behaviors and cognitive performance.

Possibly the most striking and unexpected finding from the analysis of mouse models of
individual genes is the demonstration that the 22q11.2 microdeletion results in dysregulation
in the level of miRNAs (Stark et al., 2008), a class of small, non-coding RNAs that regulate
the stability and translation of mRNA. This is due to the fact that the deleted region of
human chromosome 22 and mouse chromosome 16 contains Dgcr8, a key component of the
“microprocessor” complex essential for miRNA production. The Dgcr8 gene is
haploinsufficient and an approximate halving of its expression results in the down-regulation
(by ~20–80%) of a specific subset of mature brain miRNAs that may account for a portion
of the transcript mis-regulation observed in the brain of Df(16)A+/− mice. As mentioned
above, Df(16)A+/− mice show a deficit in acquiring a WM-dependent task. Interestingly, it
was determined that this deficit arises, in part, due to deficiency of Dcgr8 and miRNA
biogenesis, since heterozygous deficiency of Dgcr8 alone affects acquisition of the task,
without affecting associative memory. Morphological analysis of the prefrontal cortex in
Dgcr8+/− mutant mice revealed subtle changes in neuronal density stemming from impaired
corticogenesis, as well as a modest decrease in the size of dendritic spines of pyramidal
neurons (Fenelon et al., 2011). Electrophysiological analysis of these neurons revealed
normal intrinsic membrane properties and basal synaptic transmission, but increased short-
term synaptic depression and less potentiation following sustained high frequency
stimulation within a physiologically-relevant range. The basis for these neurophysiological
phenotypes are not known, but they are predicted to be presynaptic in nature (Fenelon et al.,
2011). It is widely hypothesized that sustained activity of PFC neurons, during a delay
period between the presentation of a brief, informative cue and the generation of a
behavioral response, underlies the transient retention of information in WM tasks. In this
respect, the finding that Dgcr8 mutants display increased synaptic depression upon sustained
activation of afferent fibers in the PFC suggests that similar changes would occur during
persistent bursts of synaptic inputs in vivo during WM tasks and may contribute to the
deficits in WM performance observed in Dgcr8+/− and Df(16)A+/− mutant mice.
Interestingly, the CA1/CA3 synapse in the hippocampus displayed normal basic synaptic
transmission and synaptic plasticity. Thus, it appears that miRNA dysregulation contributes
to the cognitive impairments observed in mouse models of 22q11.2DS and in patients with
the 22q11.2 microdeletion. Alterations in miRNA biogenesis are expected to have
considerable impact on transcript stability, but it remains unknown at this point how many
genes are affected. Finding the targets of the dysregulated miRNAs will uncover additional
mechanisms contributing to the SCZ endophenotypes and explain how impaired miRNA
formation alters the structure and function of neural circuits thought to underlie
susceptibility to SCZ and other psychiatric disorders.

Taken together, studies in the 22q11.2 microdeletion models and individual candidate genes
from this region suggest that deficits associated with the mutation result from the combined
effects of genes acting both individually as well as interactively. Future research aims at
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uncovering additional gene contributions and establishing how changes in circuit formation,
excitatory and inhibitory transmission, and neuromodulation by dopamine and L-proline
(Paterlini et al., 2005; Mukai et al., 2008; Stark et al., 2008) all translate into behavioral
changes in mice and SCZ in humans.

2. Mouse Models of Disrupted in Schizophrenia-1 (DISC1)—A mutation in DISC1
was first discovered in a large Scottish family with a history of psychiatric disorders
including SCZ, bipolar disease, major depression, and anxiety disorders (St Clair D. et al.,
1990). A balanced chromosomal translocation t(1;11) (q42;q14) segregating with the
disorders was found to disrupt two genes named Disrupted in Schizophrenia 1 (DISC1) and
Disrupted in Schizophrenia 2 (DISC2) (Millar et al., 2000). While DISC1 has become one of
the most promising and certainly most studied SCZ susceptibility genes, DISC2 transcript is
a non-coding RNA antisense to DISC1 and its function is currently unknown.

Unlike the 22q11.2 deletion, which is recurrent in the general population, the truncating
lesion in DISC1 has been so far identified only in the Scottish family. Moreover, no
additional rare mutations in DISC1 have been found by either GWAS of common variants
or CNV scans. Linkage and association studies linked common variants in the DISC1 locus
with psychiatric disorders in karyotypically normal patient populations (Allen et al., 2008),
but the possibility that these results are merely due to chance cannot be excluded. Several
studies also provide suggestive evidence that healthy subjects and patients with SCZ
carrying DISC1 variants display changes in gray matter volume in the hippocampus,
prefrontal cortex and other brain regions (Callicott et al., 2005; Cannon et al., 2005; Di
Giorgio A. et al., 2008; Szeszko et al., 2008), as well as deficits in working, short-term, and
long-term memory (Burdick et al., 2005; Cannon et al., 2005; Hennah et al., 2005), attention
(Hennah et al., 2005; Liu et al., 2006) and hippocampal and prefrontal cortical activation
(Callicott et al., 2005; Prata et al., 2008). It should be noted that like other associations
studies, these studies of DISC1 have not produced any statistically unequivocal results, and
there have been multiple studies which have found no association between DISC1 and SCZ
or other mental diseases (Devon et al., 2001; Chen et al., 2007; Kim et al., 2008; Sanders et
al., 2008; Hayesmoore et al., 2008; Lim et al., 2009; Zhang et al., 2005).

An impediment to the study of DISC1-associated pathogenesis is that, aside from the
associated psychiatric phenotypes, the effects of the Scottish mutation on brain function or
structure in patients are completely unknown. Moreover, little is known about the impact of
this mutation on DISC1 expression and protein production. The splicing of DISC1 results in
numerous isoforms (Nakata et al., 2009), thus the mutation is predicted to have complex
functional outcomes. The chromosomal translocation affects the C-terminal of the three
major isoforms, but leaves intact many of the shorter ones (Millar et al., 2000). It is
unknown if the C-terminally truncated proteins are expressed in the Scottish family;
however, it has been postulated that they could act as a dominant negative, and thus have an
affect beyond loss of function. While the evidence for such a scenario is currently lacking,
many of the early in vitro studies investigated the effects of C-terminally truncated Disc1
and indeed found that their expression likely acts in a dominant negative fashion and affects
the outgrowth of neurites as well as the localization of the endogenous Disc1 protein and its
putative binding partners (Chubb et al., 2008). These findings strongly influenced the
development of several mouse models expressing various truncated versions of Disc1,
which are described in more detail below.

The DISC1 gene has no sequence homology to other genes, thus exhaustive in vitro and in
vivo efforts to uncover its functions are currently taking place. So far, suggestive but still
uncertain evidence has been offered implicating the Disc1 gene in a number of roles,
including centrosomal and mitochondrial functions, neuronal outgrowth and migration, and
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regulation of several intracellular signaling cascades including cAMP and GSK3β signaling
(Kvajo et al., 2010; Chubb et al., 2008). The Disc1 expression pattern is developmentally
regulated with the highest levels occurring in the hippocampus, thalamus and cortex during
embryonic and early postnatal periods (Austin et al., 2004). However, Disc1 expression
quickly decreases in most areas of the brain, and during adulthood is highly expressed
primarily in the hippocampus, specifically the dentate gyrus, with lower expression levels in
the cortex. In vivo approaches have primarily focused on elucidating the roles of Disc1 in
these structures. Several high profile studies utilized RNA interference to transiently knock
down Disc1 in individual neurons. Knockdown of Disc1 in the embryonic cortex leads to
extensive disruption of migration and mispositioning of neurons and affects the localization
of proteins such as NudEL and Lis1 at the centrosome (Kamiya et al., 2005). Using the same
technique, Mao et al. (2009) found that Disc1 knockdown decreases progenitor cell
proliferation and also affects neuronal distribution in the developing cortex and adult
hippocampus through the Wnt/β catenin/GSK3β pathways. Interestingly, alterations in cell
positioning in this model are thought to arise not from a migration deficit, but from
premature exit from the mitotic cycle, which in turn results in more neurons in layers 2/3 at
expense of the progenitor cell population (Mao et al., 2009). This illustrates how differences
in experimental designs, neither one of which models the actual susceptibility allele, can
lead to conflicting results. A set of studies also looked at the effect of Disc1 knockdown in
adult born cells in the mature dentate gyrus, and found that decreased Disc1 led to enhanced
migration, exuberant overgrowth of dendrites and axons, and a generally faster maturation
of adult born cells (Duan et al., 2007; Faulkner et al., 2008). Surprisingly, the pattern of
enhanced migration was found only in adult born neurons; knockdown in developing
granule cells during late embryonic stages resulted in fewer cells migrating into the granule
cell layer (Meyer and Morris, 2009). While the reasons for these differences are not known,
the effect of Disc1 knockdown in adult born neurons was tentatively attributed to its
interaction with Girdin/KIAA1212 and subsequent alteration of Akt signaling (Kim et al.,
2009; Enomoto et al., 2009).

Interestingly, and as described in more detail below, the prominent effects of shRNA-
mediated knockdown on neuronal migration and maturation were not found in mice
modeling the Disc1 allele found in the Scottish family (Kvajo et al., 2008) nor in any
transgenic models (Clapcote et al., 2007; Ayhan et al., 2011; Pletnikov et al., 2008a; Hikida
et al., 2007; Pletnikov et al., 2008b; Shen et al., 2008), raising an important general issue
pertaining to the information obtained by models based on shRNA-mediated approaches as
opposed to models based on germ-line genetic lesions. Discrepant findings from such
models are not surprising and are well established in the literature (see for example the work
of Khelfaoui et al., 2007; Govek et al., 2004) where transient suppression of oligophrenin-1
in neurons using RNAi and antisense RNA produces phenotypes that are distinct from those
induced by a germ-line mutation of this gene). While shRNA-mediated approaches may
provide valuable information about cell-autonomous functions, they have significant
limitations when utilized to model in vivo effects of a gene disruption. Targeting of a small
portion of cells within the brain cannot reproduce the timing and magnitude of a germ-line
genetic disruption, and may result in unpredictable interactions with the “wild-type” context
surrounding them. However, in the case of Disc1, results from studies utilizing RNA
interference techniques may need to be reconsidered in light of a recent report showing that
mouse strains carrying an intragenic 25 bp deletion of Disc1, leading to a premature stop
codon and abolishing multiple Disc1 isoforms (Koike et al., 2006), show neuronal migration
deficits when treated with a shRNA targeting these abolished isoforms (Kubo et al., 2010).
The authors appear to rationalize these finding by referring to putative splicing isoforms
postulated in a previous study by the same group (Ishizuka et al., 2007). Inherent in this later
study was the assumption that Disc1 isoforms exist that have identical sizes but a
sufficiently divergent sequence, so that they are not recognized by antibodies sharing the
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same epitopes. However, this scenario is not only biologically implausible, it is also not
supported by existing data from the various Disc1 isoforms identified the last five years
(Nakata et al., 2009). The most logical and parsimonious view is that the study from Kubo et
al. (2010) indicates the existence of off-target effects for at least some of the shRNA
sequences that have been previously utilized, thus raising concerns about this approach in
general. This, together with the fact that many of the commercially available anti-Disc1
antibodies appear to be non-specific (Kvajo et al., 2008), argues for carefully designed
mouse model-based analysis and emphasizes the necessity for etiologically valid approaches
to uncover which of the many postulated cellular roles attributed to Disc1 play a role in the
disease pathogenesis.

Mouse Models Expressing Truncated Disc1: As previously mentioned, a number of
transgenic mouse models have been created with the aim of investigating the effects of the
truncated Disc1 protein. These include mouse lines are overexpressing a truncated N-
terminal sequence of the human DISC1 under the control of the αCAMKII promoter (named
DN-DISC1) (Hikida et al., 2007) or the αCAMKII promoter and a TET-off design that
allows for inducible expression of the protein (named inducible hDISC1) (Ayhan et al.,
2011; Pletnikov et al., 2008b; Pletnikov et al., 2008a). A third mouse model carries a
bacterial artificial chromosome with the first eight exons of the mouse Disc1 sequence
(named Disc1tr) (Shen et al., 2008). All three models displayed a range of behavioral
abnormalities. However, a comparison of phenotypes is somewhat limited, not only because
of differences in their design, but also because of the diverse and non-overlapping battery of
behaviors that each has been tested for (Table 4). DN-DISC1 mice are hyperactive and have
deficits in PPI and olfaction (Hikida et al., 2007). They also have a depression-like
phenotype in the forced swim test but normal social interaction. However, cognitive
function was intact with normal spatial and WM. Conversely, the inducible model
overexpressing truncated hDISC1 throughout development and adulthood (Pletnikov et al.,
2008a) displayed normal PPI and olfaction, with sexually dimorphic deficits in spatial
memory and locomotion. Moreover, these mice have increased aggressive behavior in social
interactions. In a follow up study using the same mouse line, Ayhan et al. examined the
effect of truncated DISC1 overexpression during distinct developmental stages (Ayhan et
al., 2011). Overexpression during the pre- and postnatal period resulted in depression-like
phenotype in the tail suspension test, increased locomotor response to MK801 or D-
amphetamine and alterations in social interaction. If hDISC1 was expressed only during the
prenatal period, there were no alterations in behavior. Expression restricted to the postnatal
period increased immobility in the forced swim test and decreased social interactions.
Disc1tr mice also showed changes in latent inhibition as well as depression-associated
phenotypes in the forced swim and tail suspension tests, but their social behaviors have not
been examined (Shen et al., 2008). Morphological analysis revealed some overlapping
structural changes in the three mouse lines, primarily enlarged ventricles (Hikida et al.,
2007; Shen et al., 2008; Pletnikov et al., 2008b), as well as decreased numbers of
interneurons in the cortex (Hikida et al., 2007; Shen et al., 2008) and hippocampus (Shen et
al., 2008). Additionally, thinning of the cortex and the corpus callosum, along with an
accompanying decrease in neurogenesis were reported in the Disc1tr mice (Shen et al., 2008)
(Table 5).

Another mouse model used the αCAMKII promoter to express a C-terminal fragment of the
human DISC1 gene in an inducible and reversible fashion (Li et al., 2007). This modeling
strategy aims at disrupting the putative protein-protein interactions mediated by the C-
terminal part of the DISC1 protein. While the relevance of this genetic model to human
pathology is limited, the mice displayed some psychiatric disease-related phenotypes,
including deficits in WM and social interaction, as well as depression-like phenotypes.
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Interestingly, these phenotypes were only seen when C terminal DISC1 expression was
induced during development, and not during adulthood.

ENU-induced Disc1 Mutant Mice: Two mutant mouse strains produced by N-ethyl-N-
nitrosourea-mediated mutagenesis were recently described, carrying point mutations in the
Disc1 sequence resulting in Q31L and L100P amino acid substitutions (Clapcote et al.,
2007). No point mutations in DISC1 have been found in human populations, thus their
relevance for modeling SCZ pathology is not clear. Interestingly, these mouse lines show
distinct clusters of behavioral phenotypes representing depression- and SCZ-like deficits.
The Q31L mouse has a depression-like phenotype with increased immobility in the forced
swim test, decreased motivation in the sucrose reward task, and decreased social interaction,
which could be reversed by bupropion, an antidepressant. The L100P mice are hyperactive
and both the Q31L and the L100P mice showed decreases in paired pulse inhibition and
latent inhibition as well as deficits in spatial WM during the delayed non-match to place
task. Moreover, the reductions in PPI and LI were partially alleviated in L100P but not
Q31L mice when they were treated with an antipsychotic drug. At least some of these
phenotypes have been attributed to impaired interaction of Disc1 with phosphodiasterase 4b
(PDE4b) (Millar et al., 2005), the enzyme critical for the degradation of cAMP in the brain.
A recent follow up study investigating the cortical development of these mice (Lee et al.,
2011) found an alteration in the formation of cortical layers resulting from decreased
progenitor proliferation and impaired neuronal migration. Moreover, the dendritic
complexity of cortical, but not hippocampal neurons, was also decreased.

Mouse Model of the Scottish Pedigree Mutation: A disease-oriented approach was used
to generate mutant mice carrying a truncating lesion in the endogenous Disc1 mouse gene,
modeling the mutation found in the Scottish family (Koike et al., 2006). This approach
preserves the endogenous spatial and temporal expression pattern of the allele, thus
recapitulating the effects of the human lesion without introduction of potential transgene
artifacts. This mutant mouse strain carries a Disc1 allele (Disc1Tm1Kara) with two
termination codons (in exons 7 and 8) and a premature polyadenylation site in intron 8.
Western blot analysis of brain extracts revealed the elimination of the two major Disc1
isoforms, and the retention of the short N-terminal isoforms, thus recapitulating the
predicted effects of the Scottish mutation (Kvajo et al., 2008; Koike et al., 2006).

Behavioral characterization of these mice revealed no change in PPI and normal cognitive
performance in a battery of tests, except for a robust and highly specific deficit in WM
observed in two independent assays (Table 4) (Koike et al., 2006; Kvajo et al., 2008).
Importantly, the behavioral deficits were present in the same magnitude in both homozygous
and heterozygous mice. The Scottish allele in humans is a heterozygous mutation, and
although gene dosage correlations may not be evolutionary conserved, alterations found in
heterozygous mutant mice may be particularly useful in determining the phenotypes more
relevant for the pathology. These behavioral deficits point to a hippocampal and/or
prefrontal cortex impairment, and thus a comprehensive investigation of these structures was
performed (Table 5) (Kvajo et al., 2008). While the gross brain morphology appeared
normal, analysis at a cellular level has shown variations in a number of hippocampal and a
few prefrontal cortex parameters. Analysis of adult neurogenesis in the dentate gyrus
revealed a decrease in the proliferation of neuronal precursors and a slightly enhanced
migration of adult born neurons, as well as an alteration in the alignment of the cells. Mature
granule cells also displayed this misalignment, as well as a decrease in dendritic complexity
and the number of dendritic spines. Interestingly, these morphological deficits appear to be
largely confined to the dentate gyrus, as analysis of the CA1 region of the hippocampus
revealed no changes in the morphology of pyramidal cells. However, electrophysiological
recordings of the CA3/CA1 synapse showed alterations in short-term plasticity, while long-
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term potentiation and release probability were unaffected. Pyramidal neurons in the
prefrontal cortex displayed normal dendritic complexity; however, a 10% decrease in the
length of the apical dendrites was found, coupled with a small decrease in the overall
volume of the prefrontal cortex. Quantification of the number of interneurons revealed no
changes in this structure. Overall, analysis in these mice suggests that modest yet
widespread alterations in structure and short-term plasticity could underlie the development
of SCZ in the Scottish family.

IVb. Mouse Models Based on the Common Allele Hypothesis
In light of the inordinate number of candidate SCZ susceptibility genes identified by genetic
association studies using common variants and the serious shortcomings of such approaches,
we will focus here on a limited number of relevant models included within the “Top 30”
candidates genes of the SchizophreniaGene database (http://www.szgene.org) (Table 6).
This is an unbiased database of candidate risk genes compiled through meta-analyses of
genetic association studies. The list is by no means definitive and is constantly evolving with
the ranking of individual genes fluctuating over time. As such, this list may not represent an
accurate indicator of relevance for each candidate susceptibility gene and we use it only to
avoid a biased representation of genes. Table 6 summarizes the behavioral and structural
brain-related phenotypes found in available mouse models of these genes. As previously
discussed, these mouse models (primarily knockouts and overexpressors) do not recapitulate
the polymorphisms associated with the risk of SCZ, and their phenotypes primarily act as a
general guidance in identifying the processes regulated by these genes. In addition, as an
example of a strong positional candidate gene within the “Top 30” list, we will discuss in
some detail the results of mouse models addressing the contributions of Neuregulin 1
(NRG1), highlighting a number of shortcomings in the interpretation of the results from
such models. It should be noted that while NRG1 received a lot of attention in the past,
recent agnostic GWA studies do not demonstrate this gene in their top results (Purcell et al.,
2009).

Mouse Models of Neuregulin 1—Neuregulin 1 (NRG1), and to a lesser extend its
receptors ErbB2 and ErbB4, are among the leading candidate susceptibility genes for SCZ
(Stefansson et al., 2002; Law et al., 2007). NRG1 is a pleitropic gene which regulates
diverse biological functions including neuronal migration, neurite outgrowth, synaptic
transmission, glial cell proliferation, myelination, as well as both glutamatergic and
GABAergic signaling (Corfas et al., 2004). A number of polymorphisms in NRG1, ErbB2
and ErbB4 have been associated with SCZ as well as with variations in cognitive functions
and sensorimotor gating in normal populations (Silberberg et al., 2006; Hong et al., 2004;
Roussos et al., 2011) even though the possibility that these results are merely due to chance
cannot be excluded. The majority of these polymorphisms are located in the intronic parts of
the gene, thereby not directly affecting the properties of the protein product. It has been
hypothesized that they may alter NRG1 expression, which is supported by some studies
suggesting both increased and decreased NRG1 expression in the presence of certain
polymorphisms (Law et al., 2006; Nicodemus et al., 2009). Analysis of NRG1 expression in
patient populations has presented a similarly mixed picture, with both reductions and
increases in protein and mRNA having been reported (Hashimoto et al., 2004; Chong et al.,
2008; Bertram et al., 2007; Law et al., 2006; Silberberg et al., 2006; Law et al., 2007). Most
recently, a single rare deletion in ErbB4 has been found in a whole genome scan for CNVs
(Walsh et al., 2008), but this association did not reach genome-wide significance and its
effects on neuregulin signaling as well as its relevance for the disease are presently
unknown.
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The lack of a consistent effect of polymorphisms on NRG1 expression or function makes
their modeling a challenging task. So far, the majority of approaches focused on examining
the effects of altered Nrg1/ErbB signaling by either knockdown or overexpression of the
target genes. These models typically generate a significant amount of information on the
cellular, structural and behavioral deficits induced by impaired Nrg1 function. However, the
value of these models for studying the underlying pathology of SCZ is limited due to the
disproportionate magnitude of these genetic lesions when compared to the NRG1 and ErbB-
associated polymorphisms. Mice with targeted deletions of Nrg1 and ErbB4 die during
embryogenesis (Gassmann and Lemke, 1997; Meyer and Birchmeier, 1995). Thus, Nrg1 and
ErbB4 heterozygous mice as well as Nrg1 hypomorphic mice lacking various domains of the
gene have been used to study the effects of decreased Nrg1 levels. Nrg1 deficient mice show
largely normal brain morphology, but display deficits in several neurotransmitter systems,
including glutamate signaling through NMDA receptors, as well as serotonin signaling
(Stefansson et al., 2002). Behavioral analyses revealed deficits in PPI and latent inhibition,
alterations in locomotor motor activity and anxiety. Nrg1 mutants also showed disrupted
social interactions, altered behavioral responses to NMDA receptor antagonists, and deficits
in contextual fear conditioning but normal spatial learning and WM (Ehrlichman et al.,
2009; Karl et al., 2007; O’Tuathaigh et al., 2006; O’Tuathaigh et al., 2007; O’Tuathaigh et
al., 2008; O’Tuathaigh et al., 2010; Dean et al., 2008; Rimer et al., 2005). Interestingly,
ErbB4 heterozygous mice displayed only some of the neuregulin-associated behavioral
phenotypes. For instance, they were found to have increased locomotor activity, but no
alterations in PPI (Stefansson et al., 2002).

The roles of Nrg1 signaling in specific cell populations have been examined in mouse
strains with conditionally inactivated ErbB receptor signaling. While these models
uncovered cell-specific functions of Nrg1, they do not represent valid disease models,
because cell-specific contributions of neuregulin to disease phenotypes have not been
described. Barros et al. (2009) deleted ErbB2/ErbB4 specifically in neuronal progenitors,
which was predicted to abolish all neuregulin-dependent signaling in developing neurons
(Barros et al., 2009). Unexpectedly, these mice showed normal development of cortical and
hippocampal layers, challenging the proposed role of Nrg1 in neuronal migration. However,
they had prominent deficits in spine maturation, which is in line with in vitro data
suggesting a role for Nrg1 in synaptic stabilization (Huang et al., 2000). Similar to some
Nrg1 hypomorphs, these mutant mice displayed reduced PPI and increased aggression. Both
morphological and behavioral defects could be rescued by treatment with the antipsychotic
clozapine. It should be noted, however, that the outcome of pharmacological treatments
cannot be used to either infer underlying disease mechanisms or ascribe etiological validity
in a mouse model of SCZ.

Nrg1 is prominently expressed by oligodendrocytes and its signaling is thought to be critical
for their development (Nave and Salzer, 2006). This led researchers to examine the role of
Nrg1 by oligodendrocyte-specific expression of a dominant–negative form of ErbB4. These
mice displayed changes in oligodendrocyte number and morphology, reduced myelin
thickness, and slower conduction velocity in CNS axons, as well as increased levels of
dopamine receptors and transporters (Roy et al., 2007). The mutation also led to behavioral
deficits, including increased anxiety and impaired social behaviors. Behavioral phenotypes
such as hyperactivity, deficits in prepulse inhibition, and impaired contextual and WM were
also found in mice modeling a disruption of neuregulin signaling in inhibitory interneurons
(Wen et al., 2010). Some of these phenotypes could be ameliorated by the GABA enhancer
diazepam, suggesting that neuregulin-mediated disruption of inhibitory circuits directly
contributed to their development. The relationship of these phenotypes to SCZ is uncertain:
while changes in inhibitory neurons have been reported in schizophrenic patients
(Daskalakis et al., 2007), they have been also associated with neurodevelopmental disorders
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such as autism (Tabuchi et al., 2007) and Rett syndrome (Chao et al., 2010). A few studies
examined the effects of increased Nrg1 expression using transgenic approaches. These
models have the most obvious drawbacks, stemming primarily from the non-physiological
spatial and temporal expression of Nrg1. Kato et al. (2010) reported that mice
overexpressing Nrg1 in all tissues displayed increased locomotor activity, decreased
context-dependent fear conditioning, and impaired social interaction (Kato et al., 2010).
Moreover, they also showed increases in parvalbumin interneuron and myelination markers
in the prefrontal cortex as well as marked decreases in tyrosine hydroxylase levels and
dopamine content in the hippocampus. Mice overexpressing Nrg1 in postmitotic neurons
displayed a myelination phenotype affecting their motor performance and possible changes
in PPI (Deakin et al., 2009).

Recently, a missense mutation in the transmembrane part of Nrg1 has been associated with
SCZ (Walss-Bass et al., 2006). This mutation was subsequently implicated in deficient
proteolytic processing of neuregulin by the BACE1 protease as well as with impaired
dendritic growth in cultured neurons (Chen et al., 2010). Possible changes in processing of
Nrg1 precursors have also been found in schizophrenic patients (Barakat et al., 2010).
BACE1 deficient mice displayed altered Nrg1 proteolysis and downstream ErbB signaling
(Savonenko et al., 2008) as well defects in prepulse inhibition, cognitive impairments and
social recognition, and reduced spine density in the hippocampus. However, the
contributions of neuregulin to these phenotypes are difficult to dissect out because BACE1
has numerous other physiological targets and has been implicated in non-psychiatric brain
pathologies such as Alzheimer’s disease (Vassar et al., 2009).

The studies summarized above provide initial insight into the basic function of NRG1 and
have uncovered cell-specific contributions to its function. However, whether such models
can recapitulate the relevant clinical aspects of common alleles is a matter of debate. While
dysregulation of neuregulin signaling appears to result in a relatively coherent set of
behavioral abnormalities, their relevance for the development of SCZ is uncertain, and,
provided that the association between Nrg1 and SCZ is indeed a true finding, a more
disease-focused approach is necessary to identify those changes that are most relevant for
the expression of the pathology in humans.

V. Common Themes Emerging From Current Genetic Mouse Models
The rapidly expanding number of genetic mouse models of SCZ has led to an increase in
expectations of finding shared phenotypes and points of conversion that will ultimately help
uncover the cellular pathways and aberrant neurocircuitry underlying the disorder. This view
is pertinent for efforts to integrate findings from various models of the same gene, as with
the various Disc1 or neuregulin models summarized above. However, it became even more
urgent with the advent of human genetic studies, which exposed the large functional
diversity of susceptibility genes carrying rare mutations (Xu et al., 2008; Xu et al., 2009; Xu
et al., 2011). Despite these expectations, the knowledge so far accrued does not appear to
support the idea of phenotypic convergence and only few common themes emerge from
comparison of existing mouse models.

There are several possible reasons for such an outcome. First, as previously discussed,
robust genetic findings are critical for the creation of reliable mouse models. So far there
have been few alleles, especially among the common variants, that were consistently
associated with SCZ in multiple studies. Larger GWAS for common and rare variants as
well as deep sequencing studies that are under way are expected to provide more reliable
information and stronger candidates for modeling, at least for rare mutations. Next, the
design of animal models critically impacts the results obtained from these studies. “Generic”
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models built by conventional transgenic approaches which do not reproduce the bona fide
risk allele are typically associated with a spectrum of phenotypes, many of which are only
tangentially relevant for the disease. Indeed, a deletion of a given gene will typically affect
multiple processes, making it necessary to dissect out the specific processes pertinent for the
pathology. Similarly, overexpression of a dominant negative form of a protein may result in
non-specific cellular toxicity which will generate deficits that may have nothing to do with
how that gene contributes to the disease. Finally, introduction of mutations that have not
been well characterized functionally and have not been associated with the disease will
result in yet more inconclusive phenotypes. It is becoming increasingly apparent from the
diverse sets of phenotypes elicited by various modeling approaches that carefully designed,
etiologically valid models are best positioned to uncover the unique and specific
contributions of susceptibility alleles. Attempts to integrate findings from several types of
models (even those not relevant for the disorder) in order to reach a consensus, are likely to
be counterproductive. Overall, emphasis should be placed on a few well-designed models of
robust and well-understood genetic lesions that will provide information pertinent to the
disease pathology.

However, it should be noted that even the most carefully designed mouse models have
limitations when recreating a complex disorder such as SCZ. Due to the genetic architecture
of SCZ, a mutation in a single candidate gene may convey only a particular aspect of the
disorder. Similarly, it has been proposed that certain aspects of the disease may stem from
interplay with environmental factors (Meyer and Feldon, 2010), thus necessitating additional
efforts to model such interactions. Finally, emergence of efficient compensatory responses
such as changes in activity and expression of other genes (Anholt et al., 2003) may suppress
some phenotypes, requiring additional genetic, pharmacological, or environmental
manipulations for them to become fully penetrant at the behavioral level.

Despite these problems, some themes are beginning to emerge, primarily through
comparison of etiologically designed models. While analysis of molecular, cellular and
synaptic alterations is only now beginning, comprehensive behavioral surveys have amassed
enough information to allow a dissection of common behavioral traits. In this regard, the
highly specific profile of cognitive deficits in the Disc1 mouse model of the Scottish
mutation, with a robust impairment in spatial WM in the absence of equally robust changes
in short-term-, associative-, reference- and recognition memory is particularly valuable,
pointing to a single affected cognitive domain with well defined anatomical substrates. A
similar pattern of deficits (impaired WM but normal spatial reference memory) were found
in the Df(16)A+/− mouse model of the 22q11.2 microdeletion, despite the fact that it
displays a broader pattern of behavioral alterations (Table 1). This observation suggested
that common deficits in Disc1 and 22q11.2 mouse models may reside in the prefrontal
cortex-hippocampal circuit, which is thought to modulate spatial WM. Follow-up work
showed that spatial WM deficits in the 22q11 mice may be due to alterations in intrinsic
prefrontal cortex circuits (Fenelon et al., 2011) as well as in the communication between the
prefrontal cortex and the hippocampus (Sigurdsson et al., 2010). Within the prefrontal
cortex, aberrant short-term plasticity was identified as a candidate synaptic mechanism
(Fenelon et al., 2011) and it was suggested that similar alterations in short-term dynamics
may underlie some of the SCZ-associated deficits, including dysconnectivity, cognitive
dysfunction, and inability to accurately interpret and integrate sensory information.
Moreover, the same processes underlying these quantifiable deficits may be also contribute
to symptoms such as hallucinations and delusions, which are currently out of reach for
modeling efforts. Interestingly, deficits in short term plasticity and/or WM are also shared
by several mouse models of prominent candidate genes including neurogranin, dysbindin,
Akt1 and calcineurin (Table 6), supporting the notion that impaired modulation of these
processes may be at the core of SCZ susceptibility.
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In addition to possible convergence at the level of neural circuitry and behavior, it is worth
noting that a number of common themes emerge at the level of intracellular signaling
pathways (Kvajo et al., 2010). Within the “Top 30” genes three common pathways stand
out: cAMP-dependent signaling, which has been associated with PDE4b (Siuciak et al.,
2008), Disc1 (Clapcote et al., 2007), DRD4 (Blasi and Bertolino, 2006), neurogranin (Wu et
al., 2002), and GABA receptor function (Chalifoux and Carter, 2010); Akt1- dependent
signaling which is downstream of Akt1, Disc1 (Enomoto et al., 2009), DRD2 (Beaulieu et
al., 2007), Nrg1 (Flores et al., 2000) and GABA receptor signaling (Wang et al., 2003), and
calcineurin signaling which is downstream of calcineurin, GABAR (Greengard et al., 1998),
Nrg1 (Kao et al., 2009) and neurogranin (Diez-Guerra, 2010).

Although it is still early for definitive conclusions, analysis of existing mouse models
suggests that despite of the underlying genetic complexity, SCZ pathology may stem from
alterations in a relatively small number of neural processes and signaling pathways. It also
further emphasizes the importance of avoiding a heavy handed approach in the design of
animal models, and the need to faithfully replicate the allele-specific phenotypes in order to
be able to integrate in a more efficient and definitive way results from multiple mouse
models of susceptibility alleles.

VI. Emerging Models
During the past few years the field of psychiatric genetics has witnessed both a renewed
interest in rare SCZ risk alleles (especially rare pathogenic CNVs) as well as some
unexpected difficulties in establishing genetic causality in psychiatric disorders via genetic
association studies based on common variants. The finding that a significant fraction of
individuals with SCZ carry pathogenic CNVs could represent a decisive step towards
understanding the pathogenesis of the disease. Arguably, the identified structural mutations
represent the tip of the iceberg, and more mutations are expected to be found by carrying out
deep sequencing studies (Xu et al., 2011). These efforts promise to reveal deleterious rare
point mutation and genetic truncations of current candidate genes, as well as previously
unsuspected novel genes, providing a unique opportunity for engineering genetically faithful
and thus etiologically valid animal and cellular models (Arguello & Gogos, 2006).

Considering the great functional variety among the alleles uncovered by recent screens,
choosing the best candidates will be a demanding task. The primary criteria for the
identification of these alleles need to involve strong statistical support, preferably from
multiple, well-designed studies. In addition, finding candidates that are good
pharmacological targets will be particularly helpful for moving towards development of new
treatments for psychosis. An example of such a candidate allele are the recently uncovered
SCZ-associated duplications in the VIPR2 locus (Vacic et al., 2011). VIPR2 encodes the
vasoactive intestinal peptide (VIP) receptor VPAC2, a G-protein-coupled receptor that is
expressed in a variety of tissues including the suprachiasmatic nucleus, hippocampus,
amygdala and hypothalamus (Dickson and Finlayson, 2009). VPAC2 binds VIP and
activates cyclic AMP signaling and downstream PKA-dependent processes. While very little
is known about the specific roles of this receptor in the brain, genetic studies in mice showed
its importance in sustaining normal circadian oscillations in the suprachiasmatic nucleus
(Cutler et al., 2003; Harmar et al., 2002). VIPR2 is a novel candidate gene and the
robustness and consistency of the association between the described CNVs and SCZ make it
a forerunner for future modeling attempts. Moreover, the well-described downstream effects
of the mutation, resulting in increased cAMP levels, make it a particularly attractive
candidate for pharmacological interventions. In fact, VPAC2-mediated signaling has been
already targeted in non-neurobiological pathologies, including COPD (Groneberg et al.,
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2006) and diabetes (Tsutsumi et al., 2002), making the transition to psychiatric
pharmacology less arduous.

Another avenue to be explored by emerging genetic models will deal with the compound
effects of genetic mutations. It has been generally accepted that susceptibility to SCZ is
likely conveyed by a combination of multiple genetic lesions, and as discussed above, this
represents one of the limitations of the “single allele” mouse models. Thus, models
addressing the interactions of structural variants with each other or with environmental
factors will bridge these limitations and provide a more complete picture of the complex
interplay among the susceptibility factors.

Yet another important category of emerging SCZ models will be novel models of
pathophysiology. It has been argued that the most proximal cause of SCZ symptoms are
abnormalities in neuronal circuits rather than genetic alterations. Therefore, modeling
disruptions in circuits, instead of focusing efforts in susceptibility alleles, may ultimately be
a more productive approach towards understanding the structural alterations leading to
pathology. Although this is a valid argument, until recently this strategy has been hampered
by our rudimentary understanding of the anatomical framework of SCZ. Focusing on
neuronal circuits based on largely unfounded hypotheses and without evidence for robust
and consistent SCZ-associated structural and functional abnormalities are likely to be
counterproductive. On the other hand it is becoming increasingly clear that the complexity
of the neural substrates affected in SCZ offers a large mutational target comprised of
possibly hundreds genes (which along with the relatively high rate of protein-altering new
mutations, provides a plausible explanation for both the high global incidence and the
persistence of SCZ) (Xu et al., 2011). The size of the mutational target implies that it may be
equally counterproductive to generate and analyze genetic models for each one these culprit
genes. Recent advances using genetic mouse models highlighted several affected circuits
and synaptic processes, suggesting that focusing into a small number of valid and robust
genetic models may be sufficient, at least initially, to generate the type of convergent data
necessary to pave the way towards efficient second-generation pathophysiology models.
Production of such models is facilitated by the recent development of powerful tools, which
allow modeling of the structural and functional alterations implicated in circuit dysfunction.
The emerging field of optogenetics, for example, which combines optical and genetic
techniques to probe and modulate neural circuits within intact animals, has been successfully
used to dissect circuits involved in neurological disorders such as Parkinson’s disease
(Gradinaru et al., 2009) and behaviors that may be related to psychiatric disorders (Tye et
al., 2011). Such approaches can be used, for intance, to model the prefrontal-cortical and
hippocampal contributions (Sigurdsson et al., 2010; Fenelon et al., 2011) to the spatial WM
deficits in the 22q11.2 mouse model by modulating the activity of hippocampal/prefrontal
cortex circuits. They may also be used to model specific deficits in hippocampal circuits
revealed by analysis of the etiologically valid mouse model of the DISC1 mutation. As
mentioned above, recent studies showed that Disc1 deficiency as well as the 22q11.2
microdeletion impact on the function of dentate gyrus and/or the CA3 region. These are
structures of interest for the pathogenesis of mental disorders (Tamminga et al., 2010) that
modulate cognitive processes such as WM and pattern separation, both of which have been
proposed as potential mechanisms for the development of psychotic thought content. These
hypotheses can be tested by using optogenetic approaches to mimic the alterations in activity
of individual segments of the DG/CA3/CA1 circuit that are observed in animal models and
thus provide a more complete picture of the contributions of multiple circuits to SCZ-
associated deficits.

In summary, the recent advancements in the genetics of SCZ have opened new avenues for
the development of etiologically valid mouse models. A complementation of the knowledge
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generated from genetic mouse models with the exploration of the underlying circuit
alterations will allow a more stringent parsing of the current ideas about the neurobiology of
SCZ, and help the development of new innovative diagnostic tools and therapies.
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Highlights

• We review the progress in the development of mouse models of schizophrenia

• Current models of susceptibility genes are described and their advantages and
disadvantages are discussed

• We describe emerging mouse models which are based on novel findings and
technologies
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Figure 1.
The chromosomal location and genetic organization of the 22q11.2 locus in humans (A) and
the syntenic mouse region (B). Almost all of the functional human genes in this segment are
represented in the mouse, organized in a different order. The minimal 1.5 Mb deletion is
mediated by the low copy repeat sequences, illustrated as black boxes in the human
chromosome. PRODH-P and DGCR6L indicate pseudogenes. Black lines above the mouse
region denote the extent of the deletions in mouse models discussed in the text and
summarized in Table 1. Single-gene deletion models that are discussed in the text are
indicated in bold.
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