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Abstract
Sensorimotor gating, or the ability of a sensory event to suppress a motor response, can be
measured operationally via prepulse inhibition (PPI) of the startle response. PPI is deficient in
schizophrenia patients as well as other neuropsychiatric disorders, can be measured across species,
and has been used widely as a translational tool in preclinical neuropharmacological and genetic
research. First developed to assess drug effects in pharmacological and developmental models,
PPI has become one of the standard behavioral measures in genetic models of schizophrenia and
other neuropsychiatric disorders that exhibit PPI deficits. In this chapter we review the literature
on genetic models of sensorimotor gating and discuss the utility of PPI as a tool in phenotyping
mutant mouse models. We highlight the approaches to genetic mouse models of neuropsychiatric
disease, discuss some of the important caveats to these approaches, and provide a comprehensive
table covering the more recent genetic models that have evaluated PPI.
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1 Introduction: Definitions and Measures of Sensorimotor Gating
Sensorimotor gating refers to the regulation of sensory information as it is transmitted to
motor output systems. When sensory information is processed centrally, it requires some
degree of filtering or “gating” prior to accessing and impinging upon motor output. While
this process has long been observed at multiple levels of biology, the synaptic and cellular
mechanism of sensorimotor gating (Frost et al. 2003; Nusbaum and Contreras 2004; Rose
and Scott 2003) as well as the functional implications (Braff 2010, 2011; Swerdlow et al.
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2008) are starting to be elucidated. One form of sensorimotor gating that is widely studied in
humans and animals is prepulse inhibition (PPI) of startle. PPI is a form of startle plasticity
in which presentation of a weak stimulus (prepulse) preceding an intense startling stimulus
(pulse) by 30–500 ms inhibits the startle response (Graham 1975; Hoffman and Ison 1980).
The fundamental mechanism underlying this inhibition is thought to resemble the normal
process of filtering incoming sensory stimuli (Geyer and Braff 1987). PPI levels may
indicate the current integrity of sensorimotor gating mechanisms, providing an operational
measure of sensorimotor gating. In humans, startle is measured from the eye blink response
through electromyographic recordings of the orbicularis oculi muscle (Fridlund and
Cacioppo 1986) and typically involves startle to acoustic stimuli, although tactile stimuli
have been used as well (Braff et al. 1992; Kumari et al. 2003; Neuner et al. 2010; Swerdlow
et al. 2001b). PPI deficits are observed in schizophrenia patients [for review see (Braff et al.
2001; Swerdlow et al. 2008)], their unaffected first degree relatives (Cadenhead et al. 2000),
and patients with schizotypal personality disorder (Cadenhead et al. 1993). Additionally,
several other neuropsychiatric disorders are associated with decreased PPI, including
Obsessive–Compulsive Disorder (Swerdlow et al. 1993), Tourette’s syndrome (Swerdlow et
al. 2001b), Huntington’s disease (Swerdlow et al. 1995), manic bipolar patients (Perry et al.
2001), Panic Disorder (Ludewig et al. 2002), Fragile X syndrome (Frankland et al. 2004;
Hessl et al. 2009), and adults with autism (Perry et al. 2007). Although the core symptoms
of these disorders are diverse, a feature common to all of them is deficient gating, with a
gating deficit predominating in the cognitive sphere in some disorders and in the sensory or
motor domains in others. Thus, deficient gating has been reported across a variety of
neuropsychiatric disorders, with PPI deficits in schizophrenia patients being the best
characterized and the most widely replicated (Braff et al. 2001; Kumari et al. 2008; Ludewig
et al. 2003; Mackeprang et al. 2002; Swerdlow et al. 2008).

Sensorimotor gating abnormalities, as measured by PPI, are being used as an endophenotype
in genetic studies of schizophrenia (Braff et al. 2007; Greenwood et al. 2011), and meet the
criteria outlined for a viable endophenotype (Turetsky et al. 2007). With an increased focus
on observable and measurable behaviors as rational approaches to genetic studies of
heterogeneous neuropsychiatric diseases such as schizophrenia (Gottesman and Gould
2003), large-scale genetic studies are examining neurophysiological measures such as PPI,
P50 auditory evoked suppression, antisaccade eye movement, mismatch negativity, and
P300 event-related potential (Turetsky et al. 2007). Recent studies suggest that PPI is
heritable (Hasenkamp et al. 2010) and associated with polymorphisms in the CHRNA3 gene
(Petrovsky et al. 2010), neuregulin 1 (Roussos et al. 2011), and COMT (Giakoumaki et al.
2008; Quednow et al. 2008; Roussos et al. 2008). The use of PPI as an endophenotype in
genetic studies of schizophrenia, combined with the observation that PPI has a strong
genetic component in mice (Francis et al. 2003), indicates that PPI may be a useful
behavioral phenotype to consider in genetic mouse models related to neuropsychiatric
disease, particularly schizophrenia. While there are certainly many other symptoms,
behavioral traits, and neurophysiological deficits observed across the heterogeneous group
of patients with schizophrenia, PPI appears to be a viable endophenotype for human genetic
studies and thus a reasonable approach to investigate in genetic animal models.
Additionally, considering that PPI measures a fundamental component of information
processing and is observable across many species, it is a useful endpoint with which to
understand the more general impact of specific genes on neurobehavioral function and on
the neural substrates underlying this function.

Mutant mouse models related to schizophrenia have been based primarily on the
pathophysiology of schizophrenia, the known effects of antipsychotic drugs, and candidate
genes for schizophrenia. In this review, we provide an overview of PPI in genetic mouse
models, concentrating on the time period since the Swerdlow et al. (2008) review. We
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discuss the contribution and usefulness of PPI as a phenotype in the context of genetic
mouse models and speculate about the significance of PPI deficits and future directions for
the field. There have been previous reviews on candidate genes for schizophrenia (Arguello
and Gogos 2010; O’Tuathaigh et al. 2007), and reviews focusing specifically on PPI, which
summarized studies of strain differences, genetic mutants, and the pharmacology of PPI in
mice (Geyer et al. 2002; Powell et al. 2009; Swerdlow et al. 2008). In this review, we
highlight the approaches to genetic mouse models of neuropsychiatric disease, discuss some
of the important caveats to these approaches, and provide a comprehensive table covering
the genetic models that have evaluated PPI since the Swerdlow et al. (2008) review. To that
end, we discuss PPI as a phenotype in genetic mouse models generated to address
hypotheses regarding the pathophysiology of neuropsychiatric disease, candidate genes, and
basic proteins involved in neural development or synaptic function. We also discuss the
usefulness of PPI in phenotype-driven approaches in which a PPI phenotype could lead to
“bottom up” approaches of identifying novel genes of relevance to PPI and/or
neuropsychiatric disease [i.e. hypothesis-generating; or phenotype-genotype approaches
(Jacobson and Cryan 2010)].

2 Utility of Prepulse Inhibition Measures in Genetic Models of
Schizophrenia

Mutant mouse models of neuropsychiatric disease have targeted genes involved in the
pathophysiology of the disease, candidate or susceptibility genes thought to be involved in
the etiology of the disease, or genes involved in basic physiological processes. Because
many of the target genes overlap at the functional level across different disorders (e.g.
proteins involved in basic processes of neurodevelopment), manipulation of these genes may
have relevance to many neuropsychiatric disorders. Thus, it is important to determine the
relevant behavioral tests to best understand the underlying brain abnormalities resulting
from genetic alterations of proteins. Second, it is critical to develop animal models to screen
novel therapeutics for specific domains of function. In this context, PPI has emerged as a
useful behavior with which to assess the integrity of basic neural circuits in genetic mouse
models and to screen for pharmacological agents, particularly in the context of identifying
treatments for schizophrenia.

2.1 Relationship of PPI to Psychiatric Symptoms, Neurocognitive Measures, and Overall
Function

Attempts to relate PPI deficits to the positive, negative, and cognitive symptoms of
schizophrenia have yielded mixed results (Thaker 2007). PPI negatively correlates with
thought disorder (Meincke et al. 2004; Perry and Braff 1994; Perry et al. 1999) and
distractibility (Karper et al. 1996) in schizophrenia. PPI increases S. B. Powell et al.
observed with risperidone treatment correlated with improvements in PANSS general
psychopathology subscale scores (Martinez-Gras et al. 2009) in schizophrenia patients. In a
well-powered study with over 300 subjects, PPI did not correlate with cognitive measures
using traditional “pen and paper” tests [i.e. Wisconsin card sorting task (WCST), California
verbal learning task, etc.], but did correlate positively with global assessment of function
(GAF) and Independent Living scales (Swerdlow et al. 2006). There have been some studies
demonstrating a relationship between cognitive constructs and PPI levels. For example,
converging evidence indicates that PPI is correlated with strategy formation and execution
time in the Cambridge Neuropsychological Test Automated Battery (CANTAB) in healthy
controls (Bitsios et al. 2006; Csomor et al. 2008; Giakoumaki et al. 2006), a finding that
should be examined further in patient populations. The cognitive neuroscience treatment
research to improve cognition in Schizophrenia (CNTRICS) program funded by the National
institute of mental health considered PPI to provide a measure of the cognitive construct of
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“gain control” as a specific aspect of the perceptual abnormalities seen in patients with
schizophrenia (Green et al. 2009). The series of CNTRICS workshops concluded that PPI
may have utility as a biomarker for use in proof of concept studies of potential treatments
for the cognitive deficits in schizophrenia that are not ameliorated by existing antipsychotic
drugs. For the purpose of evaluating genetic mouse models of neuropsychiatric disease, the
more useful comparison to make is not between PPI and specific symptoms of
schizophrenia, but rather the relationship between a gene and the observable dependent
measure, i.e. PPI. The approach of using endophenotypes in genetic studies has greatly
strengthened the ability to conduct cross-species translational studies by providing specific
observables for study in experimental animals [reviewed in (Geyer and Markou 2002; Gould
and Gottesman 2006) Waddington, chapter in this book]. Useful endophenotypes in this
context are measures that are observed in humans and can be measured in animals.

2.2 PPI as an Indicator of Neural Processes and a Pharmacological Screen
A PPI deficit in a genetic mutant could indicate that the gene may be involved in the neural
circuitry known to modulate PPI [e.g. cortical, limbic, striatal (Swerdlow et al. 2001a)]; in
other words it could function as a “surrogate measure for neural processes” as Swerdlow et
al. (2008) suggest. While a PPI deficit per se is not indicative of altered striatal or limbic
circuitry, the presence of the deficit may suggest that these brain regions are affected by the
genetic manipulation and provide a reasonable starting place for further hypothesis testing
regarding the neurobiological implications of the genetic manipulation. Additionally, mutant
mouse models offer the opportunity to screen putative antipsychotics that may involve a
novel target and avoid the problems of receptor tautology inherent in many pharmacological
studies [e.g. dopamine agonist-induced disruption blocked by a dopamine antagonist; as
discussed in Powell et al. (2009). Using mutant mice to screen for putative antipsychotics
may provide a means to develop novel drug targets not achieved with current
pharmacological disruptions of PPI (see Table 1 for examples).

2.3 PPI as a Tool to Evaluate Gene–Environment Interactions
Studies of gene–environment interactions may be particularly informative for
neuropsychiatric diseases, most of which likely involve a genetic susceptibility combined
with environmental factors (e.g. stress) to observe the full manifestation of the disease
(Gottesman 1991) (see also Sen and Karg, Gross and Carola chapters in this book). Three
ways in which genetics and environmental manipulations have been utilized in genetic
mouse models are: (1) using a mutant [e.g. knockout (KO)] to delineate the physiological
mechanism of an environmental manipulation; (2) rescuing a phenotype in a mutant with an
environmental manipulation; or (3) potentiating or unmasking a phenotype in a genetic
mutant with an environmental manipulation. There are a few examples in which PPI has
been a useful endpoint with which to assess gene–environment interactions in mouse
models. For example, PPI deficits associated with maternal immune activation (MIA) with
PolyI:C during mid-gestation, which typically leads to deficits in PPI in adult offspring
(Meyer et al. 2005; Shi et al. 2003), are blocked in interleukin (IL)-6 KO dams (Smith et al.
2007). Thus, PPI in a genetic mutant (IL-6 KO mice) was used to determine the mechanism
for the effects of an environmental manipulation (immune activation) on brain development.
An example of a PPI phenotype being “rescued” in a KO mouse comes from studies in
Phospholipase C –β 1 KO mice, in which PPI deficits and locomotor hyperactivity were
attenuated in KO mice by environmental enrichment or clozapine (McOmish et al. 2008)
(Table 1). More recently, and perhaps most important to etiological models of
neuropsychiatric disease, there have been several studies examining the “two-hit” approach
(Eells et al. 2006; Ibi et al. 2010). For example, nuclear receptor null Nurr1 heterozygous
mice, which display reduced mesocortical and mesolimbic dopamine (Eells et al. 2002),
showed reduced PPI after postnatal isolation rearing, an effect that was not observed with
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either isolation rearing or genotype alone (Eells et al. 2006). This study provides a good
example of the utility of PPI in gene–environment models relevant to schizophrenia,
specifically those designed to test the “two-hit” hypothesis for the etiology of schizophrenia.
It should be kept in mind, however, that many studies assessing gene–environment effects
are evaluating additive effects of two manipulations and must be interpreted with caution.

2.4 Evaluating the Role of a Susceptibility Gene in Pathology
When evaluating the role of a susceptibility gene implicated in any neuropsychiatric disease,
it is important to consider what criteria should be placed on a genetic/etiological model. In
the present context, it is relevant to consider whether or not deficient PPI is a necessary
phenotype with which to evaluate the usefulness of a targeted gene deletion of potential
relevance to the given neuropsychiatric condition under study (e.g. schizophrenia). Using
schizophrenia as an example, the failure to see a PPI deficit in a mouse model may indicate
a “false negative” particularly if other key behaviors relevant to schizophrenia are observed
(e.g. deficient social interaction, disruptions in attentional set shifting). The lack of a PPI
deficit in this case does not indicate that the genetic model is not of relevance to
schizophrenia. There are several examples provided in Table 1 in which a PPI deficit was
not present in a mutant mouse but other behavioral differences such as deficits in memory,
social interaction, or set shifting were apparent in the mice. The likelihood of being able to
reproduce all aspects of a heterogeneous disease in another species with a genetic mutation
(most often a single gene deletion) is very rare if not impossible (see Jones et al. (2008);
Powell et al. (2009) for discussion). For that matter, it is not the case that all aspects of
schizophrenia are observed in each patient carrying the diagnosis. Rather, support for a
model should be based on the convergence of data from multiple sources [e.g. many animal
models, human genetic studies, etc. (Jones et al. 2008)]. Thus, no one phenotype should be
considered as being either necessary or sufficient to support a model for a neuropsychiatric
disease, particularly since the distributions of the behavioral measure often overlap between
healthy volunteers and patients, as is the case with PPI and schizophrenia (Swerdlow et al.
2008). Thus an animal model should not be rejected based on “normal” PPI. For example,
GLAST KO mice lacking the glutamate and aspartate transporter do not show any deficits in
PPI but do show deficits in social approach, nest building, and pairwise discrimination
learning (Karlsson et al. 2009). Along the same lines, there is the possibility that a PPI
deficit in a mutant mouse model could represent a “false positive”, in which a PPI
phenotype may be suggestive of an association between that gene or pathway and disease
and no such association is found. As we have argued previously, the PPI phenotype should
be interpreted as meaning that the given genetic manipulation may be involved in the
regulation of PPI expression and caution that PPI phenotypes should not be automatically
associated with a specific disease, e.g. schizophrenia (Powell et al. 2009). Interestingly,
there are a few examples where KO or transgenic mice actually had increased PPI relative to
wild-type controls. One such example is the FMR1 KO mice (Paylor et al. 2008; Thomas et
al. 2011a, b; but see de Vrij et al. 2008; Table 2). It remains unclear how such findings
should be interpreted, but the possibility that the loss of the gene may lead to gain of
function should be considered.

2.5 Methodological Considerations with Specific Relevance to Genetic Models of
Sensorimotor Gating

For a detailed description of the methods of acoustic startle and PPI in mice see Geyer and
Dulawa (2003). When conducting an initial analysis of startle and PPI in a genetic mutant,
several considerations should be made when evaluating PPI. Typically, startle sessions
involve variable prepulse intensities (e.g. 3, 6, 12 dB above background), which should
produce an incremental increase in PPI with increasing prepulse intensities. Of course any
evaluation of a PPI phenotype should be considered in the context of a thorough assessment
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of physical and sensory abnormalities (e.g. hearing loss), as pointed out in Geyer et al.
(2002). In a study examining strain differences in hearing and PPI, Willot et al. (1994)
showed a relationship between PPI levels and hearing impairments. Hearing loss is also
exacerbated by age, particularly in specific strains of mice such as C57s, which experience
high frequency hearing loss with age (Willott et al. 1994). One way to avoid relying solely
on auditory processing is to assess multimodal PPI using light as a prepulse and/or airpuffs
as a startling stimulus (Brody et al. 2004; Young et al. 2010). This multisensory approach
can avoid potential confounds of hearing loss and still enable the evaluation of PPI. It should
be noted, however, that some degree of noise is often produced with the delivery of airpuff
stimuli, therefore, data on airpuff-tactile startle should be interpreted with this consideration
in mind. Other tactile stimuli, such as mild footshock could provide an alternative approach
to this issue. Another way to provide a gross measure of hearing in genetic mutants is to
incorporate a “startle threshold” block into the session, in which increasing decibels of
acoustic stimuli are presented to measure startle magnitude across these intensities (Brody et
al. 2004). The threshold at which the mouse begins to startle can then be evaluated.
Additionally, differences in baseline startle magnitude can confound effects on PPI.
Although dissociations between startle and PPI have been reported in mice (Brody et al.
2004) and rats (Sipes and Geyer 1994), large differences in baseline startle magnitude can
complicate interpretations of changes in PPI. If large differences in baseline startle are
observed, startle magnitude can be “matched” either by using a range of startle stimuli (e.g.
110, 120 dB) paired with the prepulse stimuli or doing a post hoc analysis of only those
animals across genotypes that have comparable levels of startle. We have included results on
startle magnitude [pulse alone (PA)] in Tables 1–5 when the data were provided and
indicated studies that did not report data on startle magnitude. A good example of testing
over a wide range of startle amplitudes can be found in Savonenko et al. (2009) in their
studies of EP2 KO mice. The background strain on which genetic mutants are made should
be considered as well. For a discussion of the issue surrounding background strain the reader
is referred to Crawley (2007) and Geyer et al. (2002).

3 Approaches to Genetic Models of Sensorimotor Gating
3.1 Overview of Molecular Genetic Techniques

Broadly defined, behavioral genetic approaches can be divided into two main approaches
either beginning with the gene of interest or the behavior of interest (Jacobson and Cryan
2010). Gene-based or “reverse genetics” approaches begin with the targeted gene being
manipulated in the animal and the resultant behavior evaluated. Phenotype-based or
“forward genetics” approaches begin with the targeted behavioral phenotype (trait) and then
involve subsequent genetic analysis of the trait. Most genetic studies of sensorimotor gating
have focused on genebased approaches, and as such, these approaches are discussed in more
detail than phenotype-based approaches, which are discussed more extensively in Tarantino
and Eisener-Doman (2011). The goals for any genetic approach can be very different—
some approaches seek to understand the more global role of a specific gene in a particular
phenotype related to a disease, while others may be designed to elucidate the role of a
particular gene in a cellular process, in neural circuit abnormalities, or in brain development.
Studies representing all of these goals are well represented in the literature on genetic
models of sensorimotor gating (see Tables 1–5). The techniques used to generate molecular
genetic models using the gene-based (reverse genetic) approach include constitutive gene
deletion (knockout), insertion of exogenous DNA into the genome (transgenic), and
insertion of gene at a particular locus via homologous recombination (knockin) [reviewed in
(Crawley 2007; Tecott and Wehner 2001)]. Conditional genetic manipulations, which
restrict the expression of a targeted gene either temporally or regionally, are useful in
avoiding complications of in utero lethality or compensatory brain changes, or when specific
hypotheses exist regarding the developmental expression of a gene or the specific
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neuroanatomical function of the gene. Examples of conditional genetic manipulations
include the Cre-LoxP system in which the targeted gene is floxed with lox-p sites. When
combined with Cre recombinase, the floxed gene is expressed, giving regional, cell-specific,
or temporal control over expression or deletion of targeted gene (van der Neut 1997; Wang
2009). Restriction to specific brain regions can be achieved through the use of specific
promoters used to drive expression. For example, the CaMKIIα promoter restricts
expression of a genetic mutation to the forebrain (Mayford et al. 1996). Additional examples
of tools to achieve temporal control over gene function involve the Tet-On and Tet-Off
systems. With these systems, the target gene is linked to either the tetracycline-controlled
transactivator (tTA) or the reverse tTA (rtTA) and can be either turned “on” with
doxycycline administered (tTA; Tet-On) or turned “off” in the presence of doxycycline
(rtTA; Tet-Off) (Mansuy and Bujard 2000). Thus, by combining some of these approaches,
conditional and inducible gene expression in mouse brain can be achieved. Additionally,
insertion of large segments of DNA into the genome can be achieved through the use of
bacterial artificial chromosomes (BAC transgenics) (Heintz 2001). The BAC transgenic
technique is a useful approach when a large segment of DNA has been implicated in a
disease (e.g. 22q11.2 microdeletion or microduplications). For example, BAC transgenic
technology was used to generate two lines of transgenic mice expressing different genes
located on the 22q11.2 segment of the chromosome. Interestingly, mice overexpressing
Prodh and Vpreb2 showed increased PPI, while mice overexpressing Zdhhc8, Ranbp1,
Htf9c, T10, Arvcf, COMT showed no differences in PPI (Stark et al. 2009). More recent
techniques, such as in utero gene transfer, are being developed to modulate the expression of
genes during specific stages of embryonic development (Niwa et al. 2010).

“Phenotype-based” approaches to behavioral genetics include “forward genetic screens”
such as mutagenesis via radiation or chemical means [e.g. ENU mutagenesis; (Tarantino and
Bucan 2000) and quantitative trait loci (QTL) studies on crosses of inbred mouse strains
with distinct phenotypes or on mice or rats selectively bred for PPI levels (Hitzemann et al.
2008; Tarantino and Eisener-Doman 2011). Thus far, most of the PPI mutants identified
through ENU mutagenesis screens have had some amount of hearing loss, and thus the
specificity of the PPI “phenotype” was most likely confounded by deafness (Lisa Tarantino,
personal communication). Other molecular genetic tools such as siRNA, in which double
stranded RNA homologous to the targeted gene is made and then inserted into the cell to
block expression of that gene, and viral transfection, in which genes are inserted into viral
vectors and injected into the nucleus of cells, are additional techniques used in neuroscience
research assessing sensorimotor gating, but will not be discussed in this chapter. Due to the
increasingly large number of genetic models generated in which PPI was evaluated, we will
provide some examples in the text of different genetic approaches undertaken to study
sensorimotor gating, but the reader is referred to Tables 1–5 for a comprehensive review of
the recent genetic models assessing PPI.

3.2 Models Based on Hypotheses Regarding the Pathophysiology of Disease
Genetic models of sensorimotor gating deficits were based initially on the hypothesized
pathophysiology of schizophrenia or the known mechanism of action of both antipsychotic
and psychotomimetic drugs [e.g. amphetamine, PCP]. Thus, early genetic mutants focused
primarily on dopamine (Ralph et al. 2001) and glutamate (Brody and Geyer 2004; Duncan et
al. 2004) neurotransmitters and receptors (e.g. dopamine-related genes, glutamate-related
genes). Many of these observed effects [e.g. PPI deficits in dopamine transporter KO mice
(Ralph et al. 2001)] were not surprising based on the extensive pharmacology of PPI deficits
in rodents, but nevertheless the genetic models provided proof of concept that constitutive
gene deletion could produce dramatic functional effects on sensorimotor gating in adult
animals. PPI deficits in dopamine transporter knockout mice strengthened the converging
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evidence that dopamine hyperfunction played an important role in sensorimotor gating and
potentially the pathophysiology of schizophrenia. Similarly, PPI deficits in metabotropic
glutamate mutants (Brody et al. 2003; Brody and Geyer 2004; Gray et al. 2009; Kinney et al.
2003) have stimulated interest in these receptors as targets for drug development (Cleva and
Olive 2011). Genetic approaches to pathophysiology of neuropsychiatric disease are
becoming increasingly sophisticated and many of these models incorporate assessments of
PPI as a relevant behavioral phenotype (Tables 3, 4). Jumping off from the original
observation that N-methyl-D-aspartate (NMDA) NR1 hypomorphs show PPI deficits in
addition to other behavioral abnormalities (Duncan et al. 2004), several genetic mutants
have been made based on reduced NMDA receptor expression, including NMDA subtype-
specific mutants (reviewed in Powell et al. (2009)) and downstream signaling proteins
(Table 3).

The converging GABA-glutamate theory of schizophrenia stems from two lines of evidence
(Coyle 2004). First, the glutamate hypothesis of schizophrenia is derived from evidence that
acute administration of phencyclidine (PCP), a noncompetitive NMDA antagonist, produces
schizophrenia-like symptoms in healthy humans (Javitt 2004; Javitt and Zukin 1991).
Extending such observations, several experimental studies have utilized another NMDA
antagonist, ketamine, to induce a model psychosis in normal volunteers (Abel et al. 2003;
Krystal et al. 1994; Oranje et al. 2002; van Berckel et al. 1998) and to exacerbate symptoms
in patients with schizophrenia (Malhotra et al. 1997a, b; Krystal et al. 1994, 2003).
Additionally, studies on postmortem brain tissue from schizophrenia patients show altered
GABAergic interneuron function, particularly in parvalbumin (PV) interneurons (Benes and
Berretta 2001; Lewis et al. 2005). Evidence that NMDA hypofunction specifically on
GABA interneurons plays a role in the pathogenesis of schizophrenia comes from several
lines of preclinical research. First, NMDA antagonists increase the firing rate of pyramidal
cells and increase prefrontal glutamate release (Jackson et al. 2004; Moghaddam et al.
1997), suggesting that NMDA antagonists are preferentially blocking inhibitory
interneurons. Second, preclinical studies suggest that GABA interneurons are more sensitive
to NMDA antagonists than other neuronal subtypes such as pyramidal neurons (Grunze et
al. 1996). Third, repeated exposure to NMDA antagonists such as ketamine decreases PV
and GAD67 expression (Behrens et al. 2007). Based on these converging lines of evidence,
Belforte et al. (2010) used the Cre-LoxP system to engineer mice with deletion of NR1
specifically in GABAergic interneurons (Table 1). Their elegant set of studies showed that
reduction in NR1 early in postnatal development produced deficits in PPI, but that adult
NR1 reduction had no effect on PPI. These studies corroborate previous studies reporting
PPI deficits with constitutive NR1 reduction throughout the brain (Duncan et al. 2004).
There have been several other genetic mutants created to test hypotheses regarding
glutamate signaling (see Table 4). For example, mice with pre-adolescent forebrain-specific
deletions of the vesicular glutamate transporter VGLUT2f/f;CKII/Cre show PPI deficits, which
are attenuated with the antipsychotic drug aripiprazole (Wallén-Mackenzie et al. 2009).
Genetic mutants of specific proteins involved in NMDA receptor signaling such as mice
heterozygous for SynGAP gene deletion also show PPI deficits in addition to other
behavioral abnormalities (Guo et al. 2009). For a review of other neurotransmitter-related
genetic mutants [e.g. acetylcholine, serotonin, dopamine (see Table 4)].

In addition to classic neurotransmitters, the important role of neuropeptides in
neuropsychiatric disease is becoming more widely appreciated. PPI has been assessed in
genetic mutants for many neuropeptides including angiotensin, neurotensin, corticotropin
releasing factor (CRF) overexpression, oxytocin, arginine vasopressin, neuropeptide Y,
PACAP, and Relaxin-3 (Table 4). Stress physiology, particularly CRF and glucocorticoids,
has been implicated in neuropsychiatric disease. Mice overexpressing a CRF transgene
exhibit deficits in PPI (at low prepulse intensities), which are normalized by CRF1
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antagonists, whereas glucocorticoid receptor antagonists did not reverse the PPI deficit
(Groenink et al. 2008). Moreover, several genetic mutants have been created to determine
the role of specific proteins in brain processes, including second messenger signaling,
synaptic proteins, synaptic vesicles, protein kinases, etc. (Table 3). While the direct link for
many of these proteins has not necessarily been established for specific neuropsychiatric
diseases, a thorough behavioral evaluation of these mice including an assessment of PPI can
help elucidate the functional implications of the target protein. For example, gene deletion of
PDE4B, which catalyzes the degradation of cAMP and is widely expressed in brain, is
associated with PPI deficits (Siuciak et al. 2008). Decreased presynaptic proteins such as
synaptophysin, SNAP-25, and complexin II have been observed in postmortem brains of
schizophrenia patients (Harrison and Weinberger 2005). These data, combined with
evidence of problems with neuronal migration and abnormal neuronal processes, have led
investigators to conceptualize schizophrenia as a disease of functional “dysconnectivity”
(Friston and Frith 1995; McGlashan and Hoffman 2000; Weinberger et al. 1992) or a
“disorder of the synapse” (Frankle et al. 2003; Mirnics et al. 2001) reviewed in (Harrison
and Weinberger 2005). Thus many genetic mutants have been created for specific synaptic
proteins (Table 3). For example, SYNII, a vesicle-linked phosphoprotein that plays a role in
neuronal development and neurotransmitter release (Cesca et al. 2010), is genetically
associated with schizophrenia, decreased in brain of schizophrenia patients, and increased
with chronic antipsychotic drug treatment (Chen et al. 2004; Chong et al. 2002). SYNII KO
mice exhibit decreased PPI, providing more evidence for the essential role of SYNII in
synaptic function and behavior (Dyck et al. 2007, 2009). Similarly, a mutation of SNAP-25,
a SNARE protein that is integral to synaptic function and neurotransmitter release, is
associated with PPI deficits (Oliver and Davies 2009).

3.3 Genetic Mouse Models as Pharmacological Tools
Because many of the early molecular genetic approaches focused on neurotransmitter
receptor genes, several of these mutants have also been used to delineate the receptor
mechanisms of drugs that disrupt PPI in order to expand our understanding of the
neurotransmitter systems and neural circuitry underlying deficient PPI (Doherty et al. 2008;
Dulawa et al. 1997; Ralph et al. 1999; van den Buuse et al. 2011a) (Table 4). Since most of
these genetic mutants were built on rat pharmacology, we must keep in mind several
important species differences between the pharmacology of mouse versus rat PPI (e.g.
differential effects of dopamine D1 and D2 receptors, 5-HT agonists, etc.; Powell et al.
2009). Pharmacological disruptions of PPI and their reversal with antipsychotics have been
better characterized in rats than in mice, although the literature on PPI pharmacology in
mice is rapidly increasing (Swerdlow et al. 2008). In order to use mutant mouse models to
examine the receptor mechanisms for alterations in PPI, more complete dose response
studies are warranted in mice. Nevertheless, drugs that both impair and improve PPI
continue to be investigated in genetic mutants. This approach is particularly useful in
determining the functional role of a receptor (e.g. does the gene deletion alter the response to
a psychotomimetic drug) and in determining the receptor mechanisms for a drug effect when
either receptor-selective drugs are not available or when novel drugs are being evaluated.
For example, amphetamine disrupts PPI in WT mice, but not in mice with gene deletions of
DDO, an enzyme that degrades D-aspartate (Errico et al. 2008), suggesting a functional role
of DDO in PPI disruptions. Interestingly, oxytocin KO mice show an increased sensitivity to
the PPI-disruptive effects of PCP (Caldwell et al. 2009), suggesting that endogenous
oxytocin may protect against PCP-induced disruptions of PPI, a finding that supports the
clinical data showing putative antipsychotic properties of oxytocin (Feifel et al. 2010a). A
similar approach was used to show protective properties of nNOS, which synthesizes NO
from L-arginine, against PPI-induced disruptions with the dopamine D1 agonist SKF81297
(Tanda et al. 2009).
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3.4 Genetic Models of Candidate Genes for Neuropsychiatric Diseases
As the field of neuropsychiatric genetics has grown, several gene targets have been
identified consistently for particular disorders and have thus been modified in mouse models
through gene deletion, the addition of a transgene, etc. When evaluating candidate genes for
mouse models, one should consider that many single nucleotide polymorphisms (SNPs)
identified in genetic screens for neuropsychiatric disease involve mutations in introns of
genes. Thus, it is very important to consider (1) whether or not functional mutations in the
gene have been identified before embarking on mutant mouse models, and (2) the impact of
species–specific alterations in gene function in the mutant mouse (Low and Hardy 2007).
Table 1 summarizes genetic mouse models of vulnerability genes for schizophrenia, and
Table 2 summarizes genetic models of other neuropsychiatric disorders in which PPI deficits
have been observed. Two approaches in human studies have increased our understanding of
the genetics of sensorimotor gating (1) assessing the relationship between polymorphisms in
a target gene (e.g. NRG1, COMT) and PPI levels in healthy volunteers and (2)
endophenotype-based genetic studies of schizophrenia (e.g. Consortium on the Genetics of
Schizophrenia; COGS). For example, recent studies suggest that PPI is associated with
polymorphisms in CHRNA3 (Petrovsky et al. 2010), neuregulin 1 (Roussos et al. 2011), and
COMT (Giakoumaki et al. 2008; Quednow et al. 2008; Roussos et al. 2008) genes. Some of
these same genes (e.g. NRG1, COMT) are also associated with prepulse inhibition in the
COGS data set (Greenwood et al. 2011).

Several different mutants for neuregulin 1 isoforms have been created with varying effects
on behavior and neuroanatomy (reviewed in Duffy et al. 2008; O’Tuathaigh et al. 2007).
Overall, the PPI phenotype in NRG1 mutants has been inconsistent (O’Tuathaigh et al.
2011, 2009). The Type III NRG1 heterozygote mouse has shown abnormalities in multiple
neuroanatomical and behavioral endpoints relevant to schizophrenia, including PPI deficits
that are improved with chronic nicotine administration (Chen et al. 2008). CNS-specific
ERBB2/B4 KO mice exhibit PPI deficits, which are attenuated by the antipsychotic drug
clozapine (Barros et al. 2009). Conditional knockouts with better temporal and regional
specificity have allowed for evaluation of more specific roles of NRG1 and its receptors. For
example, deletion of ErbB4 selectively in PV interneurons produces PPI deficits, suggesting
a functional interaction between NRG1 and the integrity of PV interneurons (Wen et al.
2010).

The COMT Val allele is associated with reduced P300 and P50 ERPs (Gallinat et al. 2003;
Golimbet et al. 2006; Lu et al. 2007) and reduced PPI (Quednow et al. 2008; Roussos et al.
2008), presumably due to decreased dopamine function in the prefrontal cortex. There have
been several mice created to examine the effects of COMT gene on schizophrenia relevant
phenotypes, COMT KO mice (Gogos et al. 1998; Papaleo et al. 2008; Yavich et al. 2007),
COMT Tg mice that overexpress the human COMT-Val polymorphism (Papaleo et al.
2008), and S-COMT isoform KO (Tammimäki et al. 2010) Thus far, none of the COMT
mouse models have shown robust deficits in PPI (Table 1), although other behaviors probing
prefrontal cortex such as the attentional set shifting task (ASST) are altered in the COMT-
Val TG mice (Papaleo et al. 2008).

The disrupted in Schizophrenia 1 (DISC1) gene has shown association with schizophrenia
and behavioral and neuroanatomical biomarkers for schizophrenia (for review see Mackie et
al. 2007; Porteous et al. 2006). DISC1 is associated with schizophrenia neuropathology
(Cannon et al. 2005; Callicott et al. 2005), abnormal P300 ERP (Blackwood et al. 2001), and
neurocognitive function (e.g. learning and memory; Burdick et al. 2005; Cannon et al. 2005;
Hennah et al. 2005). The data on the dominant negative DISC1 models have reported both
decreased PPI (Hikida et al. 2007) and no change in PPI (Ibi et al. 2010); whereas, the
DISC1L100P mutations have shown more consistent decreases in PPI (Lipina et al. 2011;
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Lipina et al. 2010). The new technology of in utero gene transfer, allows for the knockdown
of DISC1 into the mouse brain during early embryonic development. Mice with in utero
knockdown of DISC1 show reduced PPI when tested in adulthood (Niwa et al. 2010). As we
have discussed previously, modeling the human DISC1 mutation in mice is difficult because
most of the models have assumed that the mutation in neuropsychiatric disease is due to the
formation of a truncated DISC1 protein (Powell et al. 2009). Another gene, Boymaw, is also
disrupted on chromosome 11 in the Scottish family. Two fusion transcripts are generated
between DISC1 and Boymaw genes in the translocation carriers in the Scottish
schizophrenia family (Zhou et al. 2008). Thus, expressing the two fusion transcripts may be
a better strategy for creating mutant DISC1 mice for the study of neuropsychiatric disorders.
The increasing identification of copy number variants (CNVs) associated with schizophrenia
and large-scale GWAS studies identifying novel candidate genes will lead to even greater
potential to create new mouse models (see Tables for examples). Additionally, PPI is being
used more widely to characterize mutant mouse models of candidate genes for other
neuropsychiatric disorders such as autism and Huntington’s Disease (Table 2).

3.5 Phenotype-Based Models Revealing the Function of Genes
PPI deficits have also been used in phenotype-to-genotype approaches, or “forward genetic”
screens such as ENU mutagenesis, QTL on strain crosses, and QTL with selective breeding.
For example, using F2 mice from a C57BL/6 × C3h/HE cross, QTL identified 6 loci for PPI,
including the gene FABP7, which has been linked to NMDA receptor function (Watanabe et
al. 2007). In a study comparing A/J, C57Bl6/J, and congenic crosses thereof (recombinant
congenic mouse strains) (Torkamanzehi et al. 2008) found some common markers for startle
but not PPI compared to previous studies (Joober et al. 2002). Selective breeding for high
and low levels of PPI has identified QTLs on chromosomes 11 and 16 in low PPI versus
high PPI mouse lines (Hitzemann et al. 2008; Schwabe et al. 2007). An ENU mutagenesis
screen produced 2 PPI mutants (Cook et al. 2007). One major problem with these
approaches is that many of the PPI mutants, particularly with ENU mutagenesis, will likely
be deaf or have some degree of hearing loss. In the (Torkamanzehi et al. 2008) study on
crosses of A/J, C57Bl6/J and congenic crosses, light prepulses and tactile startle pulses were
used to measure PPI to avoid this potential confound (but airpuff startle also has an acoustic
component to it).

The field of molecular genetics continues to produce new mutant mouse models with
unknown effects on the central nervous system. Many of these mutants have behavioral
abnormalities that have been observed anecdotally. Phenotypic characterization of mice with
mutations of genes heretofore not known to be relevant to CNS disease (some examples
found in Tables 1–5) may reveal novel genes for further study of neuropsychiatric genetics.
Although these approaches were gene-based, some have the capacity to identify novel genes
for a particular disease, which is why we have included these examples here. Two examples
of the way a novel gene of relevance to psychiatric conditions can be discovered through the
creation of a mutant mouse are the SP4 and the SREB2 genes. SP4 is a member of the Sp1
family of transcription factors. Hypomorphic Sp4 mice showed vacuolization in the
hippocampus, age-dependent decrease in neurotrophin-3 expression in the dentate granule
cells, and robust deficits in both PPI and contextual memory (Zhou et al. 2004). These
studies revealed a novel Sp4 pathway that is important for hippocampal development and
essential to many behaviors, including PPI, relevant to schizophrenia (Zhou et al. 2004).
Zhou et al. (2009) have gone on to examine the role of the human SP4 gene in schizophrenia
and bipolar disorder. Several SNPs from the human SP4 gene are found to associate with
both bipolar disorder and schizophrenia in both Caucasian and Chinese samples. This work
represents an example in which a PPI phenotype, in combination with other behavioral
abnormalities, suggested the association of this gene with neuropsychiatric disorders. A
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similar finding was also observed with SREB2 Tg mice, which display PPI deficits. Follow-
up genetic studies in schizophrenia found a genetic association between SREB2 and
schizophrenia (Matsumoto et al. 2008).

4 Discussion
Mutant mouse models of schizophrenia provide a unique way to assess the function of a
susceptibility gene, test hypotheses about the pathophysiology of disease, address receptor
mechanisms of drugs, and generate hypotheses about the function of relatively unknown
genes. In this review, we provided a comprehensive overview of PPI deficits in genetic
models since July, 2007 and elaborate on specific examples where appropriate. As
illustrated in Tables 1–5, perhaps the most notable advances in genetic approaches to
sensorimotor gating over the last few years have come from candidate genes for
schizophrenia and other neuropsychiatric diseases exhibiting PPI deficits, genes involved in
basic synaptic processes and receptor signaling, and conditional genetic approaches that help
in understanding the dynamic function of specific genes both regionally and temporally. In
particular, since our last reviews (Powell et al. 2009; Swerdlow et al. 2008), many genetic
mutants of proteins involved in synaptic plasticity, second messenger systems, calcium
signaling, etc. have been developed. In this case, PPI is used as a functional measure of
sensorimotor processing in models of basic brain development. Whether or not these cellular
processes turn out to be relevant for a specific disease such as schizophrenia remains to be
determined. Thus far, most models are still in the “characterization” phase—testing multiple
behavioral/cognitive constructs that are deficient across neuropsychiatric disorders (e.g.
sensorimotor gating, attention, social interaction, learning, and memory, etc.). Few models,
however, have shown any predictive power for drug development. Perhaps this new wave of
mutants based on susceptibility genes, synaptic function, or brain development, as opposed
to genetic manipulation based on mechanism of action of antipsychotics or
psychotomimetics, will be better models to lead the field forward in medication
development for mental illness. As Moore (2010) argues, too many models that are not
based on either “etiologic or pathogenic” theories, may result in too many “false positives”
in drug screens. Rather, refined models that more closely mimic the etiological risk factors
and/or neuropathology of disease (e.g. schizophrenia) may generate more predictive models
for drug development (Moore 2010). While this approach might be very useful if the goal is
to use the mutant mice for drug development, we have illustrated the benefits of careful
behavioral characterization in genetic models of basic brain processes as well. As mentioned
above, it is unlikely that all aspects of a heterogeneous disease will be recapitulated in
another species with a genetic mutation. Investigators must rely on convergence of
behavioral and neuroanatomical or neurochemical data in a given mutant mouse to support
clinical data on the link between the candidate gene and disease. No single phenotype such
as PPI should be considered as being either necessary or sufficient to substantiate a model as
having relevance to neuropsychiatric disease.

Animal studies addressing neuropsychiatric disease would benefit greatly from more
neurobiologically based biomarkers for these disorders. Such an approach has been taken in
the CNTRICS initiative, in an explicit attempt to incorporate more cognitive neuroscience-
based testing into treatment trials of putative cognitive therapies for schizophrenia. Along
the same lines, genetic studies of schizophrenia have focused on psychophysiological
endophenotypes such as PPI instead of the broader, more heterogeneous diagnosis of
schizophrenia. In fact, many laboratories are now using PPI as an endophenotype in genetic
studies of schizophrenia (Braff et al. 2007; Greenwood et al. 2007; Greenwood et al. 2011;
Hokyo et al. 2010). Some of these genetic studies have generated further support for a
genetic contribution to PPI (Greenwood et al. 2007, 2011), and other studies have suggested
that genetic variants in COMT (Quednow et al. 2008; Roussos et al. 2008), CHRNA3
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(Petrovsky et al. 2010), and neuregulin 1 (Roussos et al. 2011) directly affect PPI levels (as
reviewed above). Thus, as human studies materialize with more neurobiologically defined
behavioral measures, the ability to translate these measures or “endophenotypes” into animal
models should improve dramatically. PPI in genetic models offers a behavioral endpoint that
has shown predictive validity in rat pharmacological models, cross-species homology with
the same measure in humans, and alterations in response to genetic manipulations implicated
in the pathogenesis of schizophrenia. While these mutant mouse models are not without
shortcomings, they offer some of the best attempts at etiological models that are possible in
rodents. Merging the genetic etiological models with a second hit approach may strengthen
some of the mutant mouse models. Hence, consideration for other factors, such as the
importance of environmental risk factors (e.g. prenatal infection) and the role of epigenetics
(e.g. DNA methylation) in the etiology of schizophrenia, should also be incorporated with
genetic models.
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