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Abstract
Prepulse inhibition (PPI) is a measure of sensorimotor gating, a pre-attentional inhibitory brain
mechanism that filters extraneous stimuli. PPI is correlated with measures of cognition and
executive functioning, and is considered an endophenotype of schizophrenia and other psychiatric
illnesses in which patients demonstrate PPI impairments. As a first step towards identifying genes
that regulate PPI, we performed a quantitative trait locus (QTL) screen of PPI phenotypes in a
panel of mouse chromosome substitution strains (CSS). We identified five CSSs with altered PPI
compared to the host C57BL/6J strain: CSS-4 exhibited decreased PPI, whereas CSS-10, -11, -16,
and -Y exhibited higher PPI compared to C57BL/6J. These data indicate that A/J chromosomes 4,
10, 11, 16, and Y harbor at least one QTL region that modulates PPI in these CSSs. QTLs for the
acoustic startle response were identified on seven chromosomes. Like PPI, habituation of the
startle response is also disrupted in schizophrenia, and in the present study CSS-7 and -8 exhibited
deficits in startle habituation. Linkage analysis of an F2 intercross identified a highly significant
QTL for PPI on chromosome 11 between positions 101.5Mb – 114.4Mb (peak LOD = 4.54).
Future studies will map the specific genes contributing to these QTLs using congenic strains and
other genomic approaches. Identification of genes that modulate PPI will provide insight into the
neural mechanisms underlying sensorimotor gating, as well as the psychopathology of disorders
characterized by gating deficits.
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Introduction
Sensorimotor gating is a pre-attentional inhibitory brain mechanism that filters extraneous
stimuli. Sensorimotor gating can be measured with prepulse inhibition (PPI) (Geyer et al.
2001), a phenomenon in which the startle response induced by a forceful stimulus is reduced
by prior presentation of a weak stimulus (prepulse).

PPI is strongly interconnected with psychopathology and cognitive deficits. Decreased PPI
has been documented in individuals with a range of psychiatric and neurological disorders
(Braff et al. 2001). Although most evidence exists for schizophrenia (Swerdlow et al. 2008),
PPI deficits are also reported in schizotypal personality disorder (Cadenhead et al. 1993;
Cadenhead et al. 2002), bipolar disorder (Giakoumaki et al. 2007; Perry et al. 2001), and
obsessive-compulsive disorder (Hoenig et al. 2005; Swerdlow et al. 1993), among others.
Nearly all of these gating disorders also show impaired higher order cognition (Channon et
al. 2003; Greisberg & McKay 2003; Kerns et al. 2008; Robinson et al. 2006). Furthermore,
PPI deficits are strongly correlated with measures of cognition and executive function in
healthy individuals and those with schizophrenia (Bitsios & Giakoumaki 2005; Bitsios et al.
2006; Giakoumaki et al. 2006; Greenwood et al. 2007; Karper et al. 1996; Perry et al. 1999).
Habituation of the startle response is also disrupted in schizophrenia (Cadenhead et al. 1999)
and may also be related to the observed cognitive deficits.

PPI has a substantial genetic basis, with 32-58% estimated heritability in humans (Anokhin
et al. 2003; Greenwood et al. 2007) and 23-48% in inbred mouse strains (Joober et al. 2002;
Willott et al. 2003). Numerous quantitative trait loci (QTLs) for PPI have been identified in
rodents over the past decade (Hitzemann et al. 2001, 2008; Joober et al. 2003; Liu et al.
2003; Palmer et al. 2003; Petryshen et al. 2005; Watanabe et al. 2007). In recent years, QTL
detection in mice has significantly improved due to new analytical methods, genomic
resources, and mouse genetic mapping panels (Flint et al. 2005). These include mouse
chromosome substitution strains (CSS), utilized in the present study, which offer many
advantages over traditional genetic mapping strategies (Belknap 2003). The CSS panel we
examined was created from a host C57BL/6J (B6) strain and a donor A/J strain, such that
each CSS has a uniform B6 genetic background with the exception of one chromosome pair
substituted from A/J (Nadeau et al. 2000). We and others have used the CSSs to identify
QTLs for PPI (Petryshen et al. 2005), anxiety (Singer et al. 2005), fear conditioning (Ponder
et al. 2007), motivational behaviors (Laarakker et al. 2008), and other complex traits
(Buchner et al. 2008; Hoover-Plow et al. 2006; Nathan et al. 2006; Prows et al. 2007; Singer
et al. 2004).

We performed a screen of PPI in the C57BL/6J-ChrA/J CSS panel as a starting point from
which to identify PPI QTLs. Identification of genes that regulate PPI will improve
knowledge of neural circuits involved in sensorimotor gating and higher cognitive
functioning, as well as help delineate the genetic contribution to susceptibility of gating
disorders.

Methods
Mice

Generation of the mouse CSS panel has been described previously (Nadeau et al. 2000;
Singer et al. 2004). Each CSS line is essentially an inbred strain and was therefore
maintained with brother-sister matings. CSSs were obtained by embryo transfer from Case
Western Reserve University, with the exception of CSS-1, -4, -5, -7, -10, and -mt
(mitochondria), which were purchased from the Jackson Laboratory. The B6 strain was also
purchased from the Jackson Laboratory. All mice used for behavioral testing were bred in-
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house. Mice were weaned between 3-4 weeks of age and housed 2-5 per cage of the same
sex. Mice were maintained on a 12 hour light:dark cycle (lights on at 0700 hours) with food
and water ad libitum, except during behavioral testing. All experiments were performed in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publication no. 86-23, 1996) and were approved by the Massachusetts
Institute of Technology Committee on Animal Care.

Behavioral Testing
Male mice, 7-9 weeks old, were tested between 10am and 6pm using a startle monitor
system (Hamilton-Kinder, San Diego, CA). CSS and B6 mice were tested during the same
sessions to allow for within-session comparison of PPI levels. Due to poor breeding, CSS-13
was unavailable for study. A total of 12-25 mice per CSS were tested over multiple test
sessions (average 5.3 sessions for each CSS), and 115 B6 mice were tested across all
sessions. Mice were habituated to the startle monitor on the two days prior to PPI testing by
being placed in the monitor for 3 minutes with a constant 65 decibel (dB) white noise
background. PPI testing sessions began with a 3 minute acclimatization period using a 65 dB
background white noise that was maintained throughout the session. Mice were exposed to
six replicate blocks of trials in pseudo-random order. Each block consisted of one pulse-
alone trial of a 120 dB 40 millisecond (msec) white noise burst, 3 trials in which the pulse
was preceded by 100 msec by a non-startling 20 msec prepulse of 70 dB, 75 dB, 80 dB or 85
dB intensities, and one null trial (no stimulus presented). We determined that these prepulse
intensities do not themselves elicit a startle response in B6 mice (<2% of the startle elicited
by a 120 dB pulse, data not shown). The inter-trial interval ranged from 6-8 seconds in
pseudo-random order. The maximum response in Newtons (N) within a 65 msec record
window was used as the startle amplitude. The startle reflex exhibits habituation
(Blumenthal 1997), which was assessed by comparing the magnitude of four 120 dB pulse-
alone trials presented at the beginning and end of the session, which were not utilized in PPI
calculations. Following examples from the literature (Varty et al. 2000; Martinez et al.
1999), the percent habituation was calculated as 100 – ([mean startle block 2/mean startle
block 1] × 100), where block 1 was the first four and block 2 was the last four pulse-alone
trials. A subset of the current data (PPI for CSS-2, -16, and -18) has been previously
reported (Petryshen et al. 2005).

The acoustic startle response (ASR) was defined as the mean startle amplitude of the six
pulse-alone trials. Mice with negative PPI (i.e., higher startle following prepulse) at three or
more prepulse intensities were excluded from the analyses. The total number of mice
removed prior to analysis represented less than 1% of our total sample (3 out of 595 mice).
For each prepulse intensity, the mean startle amplitude across the six replicate trials was
calculated. PPI was defined as the percent reduction in the ASR when preceded by the
prepulse compared to the ASR alone using the formula 100 * (1 – [mean startle amplitude
with prepulse/ASR]). Higher PPI therefore corresponds to greater reduction of the ASR by
the prepulse. PPI measures of each strain were determined for each of the four prepulse
intensities (70, 75, 80, and 85 dB). Activity within the startle monitors was assessed by the
null trials and was similar among all mice, indicating there were no effects of activity level
on PPI.

Identification of CSS lines with ASR, habituation, and PPI variation
All statistical analyses were performed using SPSS 12.0. Comparison of CSS and B6 strains
was performed using standard guidelines (Belknap 2003). The donor A/J strain was not
tested, as comparison of CSSs to A/J is not informative for identifying chromosomes
harboring QTLs, as each CSS differs from A/J at all but one chromosome. For all CSSs and
B6, a main effect of strain on ASR was tested by one-way ANOVA, and on PPI by a
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repeated measures ANOVA using the PPI data at the four prepulse intensities. Posthoc
analyses were performed to identify specific CSS with PPI differences compared to B6
using Dunnett's method. For the present study of 21 CSS (average of 22.7 mice per CSS)
compared to 115 B6 mice (∼4.5:1 ratio of B6 to CSS), the genome-wide significance
threshold was p = 0.003 and suggestive threshold was p = 0.05 (Belknap 2003). The same
significance thresholds were applied in the posthoc analyses. Percent habituation of the ASR
was analyzed by one-way ANOVA, and specific CSSs that differed from B6 were identified
using Dunnett's posthoc comparisons.

Each CSS and B6 comparison provided 50% power to detect a QTL that contributes 18% of
the trait variance (i.e., proportion of trait variance due to the QTL, v2) and 80% power to
detect a QTL that contributes 26% variance, at the genome-wide significance threshold
(Belknap 2003). As QTLs have larger effect sizes in a CSS versus B6 comparison than in
traditional approaches, the above variances are equivalent to 6% and 9% variance,
respectively, of a trait with a heritability of 0.4 and no dominance in an F2 cross of two
inbred strains (Belknap 2003).

B6 mice used for comparison to the CSS were phenotyped throughout the study to enable
examination of technical or environmental changes, as well as phenotypic drift. A main
effect of test session on ASR and PPI was tested by ANOVA (p = 0.05). Additional tests for
phenotypic drift in ASR and PPI were performed by ANOVA using B6 mice generated from
breeding pairs purchased at the end of the study and compared to B6 mice tested throughout
the study.

QTL mapping
Identification of PPI QTL on chromosome 11 was performed using MAPMAKER/QTL
(Lander et al. 1987) similar to our previous study (Petryshen et al. 2005). Briefly, F2
intercross mice were generated by mating female CSS-11 mice to male B6 mice to generate
F1 progeny that were heterosomic B6 and A/J for chromosome 11, followed by brother-
sister intercrossing. A total of 129 male F2 intercross mice were tested for PPI at 70- to 85
dB prepulse intensities using the same behavioral protocol for PPI as stated above. The
sample had 100% power to detect the chromosome 11 PPI QTL (alpha = 0.05 one-tailed),
which was estimated to explain 28% of the variance in the CSS-11 80 dB prepulse PPI
phenotype, using the methods of Belknap (2003). In each test session, B6 mice and CSS-11
mice were also tested to confirm the PPI phenotype of CSS-11 observed in our original
sample. Mice were genotyped for 49 chromosome 11 SNPs (∼ 0.5 cM density) selected
from the NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/). Genotyping was
performed using the Sequenom MassArray mass spectrometry system as described
previously (Sklar et al. 2002). Genotype data from 43 SNPs met the following quality
control criteria and were utilized for QTL analyses: (1) duplicate samples had identical
genotypes, (2) SNPs were polymorphic in the F2 intercross, and (3) >85% of genotypes were
obtained (note that MAPMAKER/QTL imputes missing genotype data by maximum
likelihood estimation). Marker genetic distances were estimated from the intercross data and
spanned a 91cM region. Additive, dominant, and recessive parametric models were tested.
The chromosome-wide empirical significance threshold was determined by permutations (N
= 10,000) of parametric linkage analyses using the observed PPI measures randomly
assigned to the intercross mice, with the LOD score surpassed by 5% of the permuted
analyses (LOD = 2.8) taken as the chromosome-wide threshold corresponding to a
chromosome-wide p ≤ 0.05.
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Results
CSSs with Significantly Altered ASR

Mean ASR was calculated for each CSS and compared to the mean ASR of B6 (Table 1 and
Figure 1). ANOVA detected a significant effect of strain [F(21,570) = 9.864, p < 0.001].
Posthoc analyses comparing each CSS to B6 detected significant or suggestive evidence for
QTLs responsible for elevated ASR in CSS-4 and -7 and for decreased ASR in CSS-5, -10,
-11, -17, and -19.

CSSs with Significantly Altered Habituation
B6 mice exhibited significant habituation of startle reactivity as assessed by two
independent blocks of four 120 dB pulse-alone trials presented at the beginning and end of
PPI testing (mean startle amplitude ± SEM was 1.51N ± 0.05 for block 1, and 1.28N ± 0.05
for block 2; percent habituation = 10.92 ± 3.1). Analysis of the B6 and CSS strains revealed
a significant difference in percent habituation between strains [F(21, 539) = 2.775, p <
0.001]. Posthoc analyses revealed that only CSS-7 (percent habituation = -15.38 ± 7.5; p <
0.01) and CSS-8 (percent habituation = -13.69 ± 7.6; p < 0.02) significantly differed from
B6 in that they did not exhibit habituation of startle between blocks 1 and 2.

CSSs with Significantly Altered PPI
Analyses of PPI of all CSSs and B6 using the data from the four prepulse levels tested (70,
75, 80, and 85 dB) detected a genome-wide significant effect of strain [F(63,1707) = 2.828,
p < 0.001]. Posthoc analyses comparing each CSS to B6 across all PPI levels detected
significant evidence for QTLs responsible for elevated PPI in CSS-10, -11, -16, and -Y (p <
0.003) and suggestive evidence for decreased PPI in CSS-4 (p < 0.05; Table 1 and Figure 2).

Relationship between ASR and PPI
Pearson's correlations were calculated between ASR and PPI at each prepulse intensity for
the B6 strain (Table 2). PPI levels were highly correlated across all prepulse intensities (r2 =
0.678 to 0.830, p < 0.001). ASR was negatively associated with PPI at moderate levels (r2 =
−0.164 to −0.358 across the four PPI prepulse intensities). Both of these findings are
consistent with previous reports (Csomor et al. 2008; Joober et al. 2002; Paylor & Crawley
1997). The correlations between ASR and PPI in the CSSs as a group were nearly identical
to B6 mice (r2 = −0.167 to −0.344, p < 0.01; Supplementary Table 1). As the CSSs vary
genetically, these data suggest that ASR and PPI do not share a strong genetic component, in
which case the correlations would be expected to be greater than in B6 mice. This is
supported by comparison of the ASR and PPI results for the CSS panel (Figure 4) suggest
that ASR and PPI are relatively independent traits. Of those CSSs that significantly differ
from B6, the CSSs are mostly evenly distributed between those that differ in ASR (either
lower or higher than B6) but not PPI, those that differ in PPI but not ASR, and those that
differ in both traits. However, there was considerable variation in the ASR-PPI correlations
within individual CSSs. Only CSS-1, -5, -7, -9, -11, and –mt exhibited significant negative
correlations between ASR and PPI for at least one prepulse level (p < 0.05), whereas the
remaining CSSs did not show significant ASR-PPI correlations (Supplementary Table 1).

Longitudinal Analyses
Analysis of B6 data collected throughout the study did not detect a significant effect of test
session on ASR [F(4,95) < 1.0] or PPI [F(5,110) < 1.0], indicating that there were no
substantiated technical or environmental changes, or no significant phenotypic drift in the
colony, during the course of the study. Lack of phenotypic drift was confirmed by
comparison of a random subset of B6 mice tested throughout the study (N = 35) to an
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independent set of B6 mice (N = 33) bred within our colony from mice obtained from The
Jackson Laboratory at the end of the study. No significant difference in PPI was detected
between the two sets of mice [F(3,198) = 1.430, p > 0.1]. A trend towards lower ASR was
found in the group tested at the study end (B6 throughout study ASR=1.48 ± 0.07; B6 at end
of study ASR = 1.29 ± 0.07; F(1,66) = 3.786, p = 0.056).

QTL mapping identifies a significant PPI locus on chromosome 11
We performed genetic F2 intercross mapping to identify the PPI locus on chromosome 11
indicated by our finding of significantly elevated PPI in CSS-11 compared to B6 (Table 1
and Figure 2). Analysis of CSS-11 and B6 detected a highly significant effect of strain on
PPI across all four prepulse intensities (CSS-11, N = 53; B6, N = 57; F(3,3.961), p = 0.009).
Post hoc analyses indicated that the result was driven by the 75dB prepulse data (B6 mean =
27.5 ± 1.8; CSS-11 mean = 33.5 ± 2.1; ANOVA p = 0.031) and the 80dB prepulse data (B6
mean = 41.0 ± 2.1; CSS-11 mean = 48.1 ± 2.2; ANOVA p = 0.023). For this reason, and
because the 80dB PPI data had the most normal distribution and thus was most suitable for
parametric testing, we selected the 80dB PPI data for our initial linkage analysis. Single
locus parametric analysis of the F2 intercross mice using 43 chromosome 11 SNPs identified
a highly significant QTL (peak LOD = 4.54 at rs29424603, Figure 3) that surpassed the
chromosome-wide significance threshold (LOD = 2.8). According to the recommendations
of Manichaikul et al. (2006), we utilized a 1.8-LOD support interval to define the QTL
region between markers rs29462862 and rs27044905 from chr11:101,475,308 –
114,442,851 (NCBI Build 37 genome assembly). Subsequent analyses of the 70, 75, and
85dB prepulse intensity PPI data supported linkage to the same chromosome 11 interval
(peak LODs = 2.0, 4.9, and 4.3, respectively, at rs29424603). QTL analysis of the ASR
phenotype did not detect significant linkage to chromosome 11 (peak LOD = 1.44 at
rs27021015).

Analyses of the PPI data at all four prepulse intensities indicated that the PPI QTL fit a
recessive inheritance model in which A/J harbored the high PPI allele. This was apparent in
comparison of the 80 dB PPI phenotype of F2 mice grouped according to genotype at the
peak marker rs29424603, which differed significantly between genotypes [F(2,117) = 11.11,
p < 0.001]. Posthoc analyses indicated that the AB heterozygote mice did not significantly
differ from B6 allele homozygotes (mean PPI = 37.9 ± 1.9 and 33.9 ± 3.0, respectively; p >
0.1), whereas A/J allele homozygotes had significantly higher PPI than either group (mean
PPI = 54.1 ± 3.7; p < 0.001 versus AB or B6).

Discussion
We performed a genetic screen in the C57BL/6J-ChrA/J CSS mouse panel as a starting point
to identify genes that control sensorimotor gating. QTLs regulating PPI, ASR, or startle
habituation were detected on numerous chromosomes. An advantage of the CSS approach is
that effect sizes are typically larger in a CSS versus host strain comparison than in inbred F2
crosses, thereby greatly enhancing QTL detection (Belknap 2003; Shao et al. 2008).

Significant evidence was found for PPI QTLs on chromosomes 10, 11, 16, and Y in which
the A/J allele increases PPI on the B6 background. Chromosome 4 had suggestive evidence
for a QTL in which the A/J allele reduced PPI. The four autosomal PPI QTLs are supported
by independent studies, suggesting that our loci represent bona fide genes that regulate
gating. Several PPI QTLs are reported on chromosome 11 from crosses derived from B6 and
either the A/J (Joober et al. 2003), C3H/He (Watanabe et al. 2007), or DBA/2J strains
(Hitzemann et al. 2001, 2008). These include a QTL located ∼2Mb centromeric to our locus
in which the A/J allele elevates PPI over B6 (Joober et al. 2003), as for our QTL, suggesting
the two loci represent the same gene. We previously mapped two PPI QTLs on chromosome
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16, Eppiq1 and Eppiq2 (Mouse Genome Database; http://www.informatics.jax.org/), using
the same CSS linkage approach as this study (Petryshen et al. 2005). Support for these QTLs
comes from selectively bred PPI mouse lines (Hitzemann et al. 2008) and a B6.A
recombinant congenic panel (Joober et al. 2003). QTLs reported on chromosomes 4 and 10
(Hitzemann 2001; Watanabe et al. 2007) may or may not correspond to the loci we detected,
as we have not mapped the intervals. PPI QTLs have been reported on other rodent
chromosomes (Hitzemann et al. 2001, 2008; Joober et al. 2003; Liu et al. 2003; Palmer et al.
2003; Watanabe et al. 2007; Webb et al. 2009), suggesting that our QTLs are a subset of
numerous loci controlling sensorimotor gating.

We also identified QTLs for ASR on chromosomes 4 and 7 (increased ASR versus B6) and
on chromosomes 5, 10, 11 (suggestive), 17, and 19 (decreased ASR). The chromosomes 5,
10, 11, and 19 loci are supported by other studies (Hitzemann 2001; Liu et al. 2003). The
lower response to acoustic startle of CSS-10 may be due to the age-related hearing loss loci
ahl1/mdfw or ahl4 on chromosome 10, in which the A/J alleles are associated with hearing
impairment (Noben-Trauth et al. 1997; Zheng et al. 2008). The Deafness dn locus on
chromosome 19 (Keats et al. 1995) is probably not responsible for the lower startle of
CSS-19, as hearing loss was not detected in this strain (Feng et al. 2000). Genes and QTLs
affecting hearing exist on other chromosomes where we found ASR QTLs (http://
www.informatics.jax.org/searches/allele_report.cgi?phenotypes=“age+related+hearing
+loss”+OR+deafness), however it is unknown whether the A/J or B6 stains carry alleles
associated with hearing loss.

QTLs for both PPI and ASR were found on chromosomes 4, 10 and 11, suggesting there
may be genes regulating a neural mechanism common to both traits. Alternatively, separate
genetic factors may be responsible, as suggested by the relatively low correlations between
ASR and PPI in our and previous studies (Logue et al. 1997; McCaughran et al. 1999;
Paylor & Crawley 1997). Furthermore, rodent and human studies have established that PPI
is regulated by dopaminergic, serotonergic, cholinergic and glutamatergic forebrain
processes, including the medial prefrontal cortex, hippocampus, striatum, thalamus, and
basolateral amygdala (Geyer et al. 2001; Swerdlow et al. 2001). In contrast, the ASR neural
circuitry is considerably less complex, consisting of a few synaptic connections linking the
auditory nerve, cochlear nuclei, caudal pontine reticular nucleus, and motor neurons
mediating motor output (Davis et al. 1982; Koch & Schnitzler 1997). The minor overlap
between ASR and PPI neural circuits suggests that these processes are primarily governed
by independent factors. Future linkage analyses are required to determine whether the PPI
and ASR QTLs common to chromosomes 4, 10, or 11 represent the same or autonomous
loci.

We also investigated habituation of the startle response, which like PPI is disrupted in
individuals with schizophrenia (Cadenhead et al. 1999). CSS-7 and -8 exhibited significant
habituation deficits compared to B6, suggesting that genes modulating habituation exist on
the corresponding chromosomes. Genes contributing to habituation appear to be dissociable
from those relevant to ASR and PPI, as the majority of CSSs with ASR and/or PPI
phenotypes had normal startle habituation.

Many CSSs exhibited significantly lower or higher PPI levels than B6. As PPI is reported to
be similar in the A/J and B6 strains (Bullock et al. 1997; Logue et al. 1997; Willott et al.
2003), our data suggest that A/J alleles of PPI genes operate differently when introgressed
into the B6 background. Such transgressive effects have been previously documented for
PPI (Hitzemann 2001) and other complex traits (Ponder et al. 2007; Shockley & Churchill
2006; Singer et al. 2004). These findings support the CSS approach as a feasible method to
map complex traits that do not substantially differ between the parental strains. In other
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words, it is not critical to observe marked phenotypic differences between the parental
strains in order to detect QTLs in a CSS panel.

It should be noted that we have observed very low ASR in A/J mice (data not shown) that is
unlikely due to impaired hearing of the acoustic stimulus, as the mice also had reduced
startle to a tactile air puff stimulus. Low ASR in A/J has been documented by other
researchers (Varty et al. 2001), although not consistently (Logue et al. 1997; Paylor &
Crawley 1997; Willott et al. 2003). It is therefore possible that a new mutation has arisen in
some A/J populations. The potential impact on our results is unknown, however, as we do
not know whether the donor A/J mice of the CSSs had the low startle phenotype.

Our finding of elevated PPI in the CSS-Y strain compared to B6 is intriguing. Several Y
chromosome genes are expressed in mouse and human brain (Vawter et al. 2004; Xu et al.
2002). These include Usp9y and Ube1y, which function in ubiquitin-proteasome
degradation that is causal in several neurological disorders (Jiang & Beaudet 2004), and
Smcy/Jarid1d, whose X chromosome homolog Smcx functions in neuronal survival and
dendritic development (Iwase et al. 2007). It is unknown whether these genes regulate
sensorimotor gating, although their neural functions are in line with such a hypothesis.
While only male mice were included in the present study, the Y chromosome gene
implicated by our data could contribute to the observed sex differences in PPI, in addition to
female sex hormones that are reported to have a role (Ison & Allen 2007; Kumari et al.
2008; Swerdlow et al. 1993).

QTL mapping identified a highly significant locus on chromosome 11 that is specific for PPI
and not ASR. The QTL interval is over 10Mb in size and contains over 100 genes, including
many with biological functions or phenotypes that make them strong candidates for the PPI
gene (or genes) in this QTL. For example, reduced angiotensin converting enzyme (Ace)
levels in mice causes resistance to dopamine-mediated disruption of PPI (van den Buuse et
al. 2005). Also, transgenic mice carrying a coding mutation in the microtubule-associated
protein tau (Mapt) gene have impaired PPI (Taniguchi et al. 2005). According to the Mouse
Phenome Database (http://www.jax.org/phenome), 21 genes in the interval contain
potentially functional non-synonymous coding SNPs between the B6 and A/J strains. These
include regulator of G-protein signaling 9 (Rgs9) that functions in dopaminergic signaling
and is enriched in striatum (Kovoor et al. 2005), the membrane protein palmitoylated 3
(Mpp3) MAGUK-like protein that regulates the serotonin 5HT2C receptor calcium response
(Gavarini et al. 2006), granulin (Grn) which is implicated in neuronal survival (Baker et al.
2006, Cruts et al. 2006), the neurofilament glial fibrillary acidic protein (Gfap) that
functions in myelination (Liedtke et al. 1996), and sidekick homolog 2 (Sdk2) which
mediates synaptic connectivity of developing neurons (Yamagata et al. 2002). Clearly,
refinement of the chromosome 11 QTL interval is required before initiating functional
studies of positional candidate genes. Indeed, a key advantage of the CSS approach is that it
facilitates QTL fine-mapping because congenic strain generation requires few crosses due to
the homogeneous B6 background, in contrast to the numerous crosses required for
traditional inbred strain QTL mapping.

The PPI deficits documented in psychiatric disorders provide impetus to identify genes that
control sensorimotor gating, as they may also contribute to disease risk and pathology. Our
study identified several mouse chromosomes containing PPI QTLs that provide a foundation
for selecting candidate genes for functional studies to determine their roles in gating.
Furthermore, CSSs with altered PPI can be assessed for cognition and other behavioral
phenotypes commonly found in psychiatric illnesses where PPI deficits exist. Thus, the
present results will facilitate delineation of the specific genetic contributions to sensorimotor
gating, and the role of these genes in other phenotypes associated with psychiatric disease.
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Figure 1.
Acoustic startle response (ASR) of B6 and CSS strains. Mean (+SEM) ASR in Newtons to a
120-db white noise burst. Several CSSs exhibited higher (CSS-4 and -7) or lower (CSS-5,
-10, -11, -17, -19) ASR when compared to B6. Significance levels: *p< 0.05, **p< 0.003.
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Figure 2.
Prepulse inhibition (PPI) of B6 and CSS strains. Mean (+SEM) PPI calculated as the percent
reduction in the ASR by the: a) 70 dB prepulse, b) 75 dB prepulse, c) 80 dB prepulse, and d)
85 dB prepulse. Higher PPI corresponds to greater reduction in the ASR. Across all prepulse
levels, CSS-4 exhibited lower (suggestive) PPI than B6, and CSS-10, -11, -16, and -Y
exhibited significantly higher PPI than B6. Significance levels are presented based on post-
hoc comparisons of B6 and CSSs at each prepulse level: *p< 0.05, **p< 0.003.
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Figure 3.
Chromosome 11 F2 intercross parametric linkage analysis results. Chromosome 11 SNPs (N
= 43) were tested for linkage with PPI at the 80 dB prepulse intensity in 129 F2 intercross
mice. The single locus model multipoint LOD curve is indicated by the solid line. The 1-
LOD confidence interval of the QTL is indicated by the boxed region. The chromosome-
wide significance threshold (LOD = 2.8) is indicated by the dotted line. The most significant
SNP (peak LOD = 4.54) is indicated by an asterisk.
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Figure 4.
Summary of ASR and PPI results in the CSS panel. The CSSs are categorized into those that
had significantly lower or higher ASR, or no significant difference (same ASR) compared to
B6, as well as significantly lower or higher PPI, or no significant difference (same PPI)
compared to B6.

Leussis et al. Page 17

Genes Brain Behav. Author manuscript; available in PMC 2013 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leussis et al. Page 18

Ta
bl

e 
1

A
SR

 a
nd

 P
PI

 f
or

 e
ac

h 
ch

ro
m

os
om

e 
su

bs
tit

ut
io

n 
st

ra
in

 a
nd

 th
e 

ho
st

 B
6 

st
ra

in
.

St
ra

in
A

SR
70

 d
B

 P
P

I
75

 d
b 

P
P

I
80

 d
b 

P
P

I
85

 d
b 

P
P

I
N

B
6

1.
55

 ±
 0

.0
4

13
.6

 ±
 1

.3
24

.1
 ±

 1
.2

34
.6

 ±
 1

.3
39

.6
 ±

 1
.3

11
5

C
SS

-1
1.

35
 ±

 0
.0

8
10

.4
 ±

 2
.1

25
.1

 ±
 2

.6
38

.3
 ±

 2
.7

43
.6

 ±
 2

.6
25

C
SS

-2
1.

44
 ±

 0
.1

3
10

.0
 ±

 2
.2

20
.2

 ±
 2

.3
30

.2
 ±

 2
.2

35
.6

 ±
 2

.8
24

C
SS

-3
1.

43
 ±

 0
.1

0
11

.4
 ±

 1
.8

22
.0

 ±
 2

.0
30

.7
 ±

 2
.3

33
.2

 ±
 2

.1
25

C
SS

-4
2.

07
 ±

 0
.0

8*
**

9.
8 

± 
1.

8
17

.6
 ±

 1
.9

26
.0

 ±
 2

.1
27

.3
 ±

 2
.6

25

C
SS

-5
1.

10
 ±

 0
.0

7*
**

11
.9

 ±
 2

.1
24

.4
 ±

 2
.8

38
.0

 ±
 3

.0
40

.8
 ±

 2
.5

25

C
SS

-6
1.

25
 ±

 0
.1

0
14

.7
 ±

 2
.1

28
.2

 ±
 2

.4
37

.4
 ±

 2
.7

36
.8

 ±
 3

.2
25

C
SS

-7
1.

98
 ±

 0
.0

7*
**

15
.6

 ±
 2

.5
28

.9
 ±

 2
.8

37
.2

 ±
 2

.8
41

.6
 ±

 3
.0

25

C
SS

-8
1.

74
 ±

 0
.0

7
10

.7
 ±

 2
.0

20
.9

 ±
 2

.6
31

.5
 ±

 2
.7

35
.6

 ±
 2

.7
25

C
SS

-9
1.

35
 ±

 0
.0

8
16

.6
 ±

 2
.7

29
.1

 ±
 2

.3
41

.7
 ±

 2
.7

44
.9

 ±
 2

.2
25

C
SS

-1
0

0.
90

 ±
 0

.0
6*

**
24

.0
 ±

 2
.6

42
.0

 ±
 2

.7
51

.5
 ±

 2
.8

48
.3

 ±
 3

.0
25

C
SS

-1
1

1.
19

 ±
 0

.1
0*

*
21

.8
 ±

 2
.6

40
.8

 ±
 3

.1
58

.7
 ±

 3
.6

56
.6

 ±
 3

.8
25

C
SS

-1
2

1.
75

 ±
 0

.0
9

13
.4

 ±
 2

.2
26

.0
 ±

 2
.5

37
.0

 ±
 2

.8
43

.8
 ±

 3
.0

25

C
SS

-1
4

1.
34

 ±
 0

.0
9

10
.6

 ±
 4

.0
20

.7
 ±

 3
.5

29
.7

 ±
 2

.4
36

.7
 ±

 3
.6

20

C
SS

-1
5

1.
51

 ±
 0

.0
8

12
.9

 ±
 1

.7
22

.6
 ±

 2
.1

32
.2

 ±
 2

.2
37

.2
 ±

 2
.0

25

C
SS

-1
6

1.
44

 ±
 0

.1
7

24
.0

 ±
 3

.1
35

.4
 ±

 4
.0

52
.7

 ±
 4

.4
57

.2
 ±

 2
.7

12

C
SS

-1
7

0.
99

 ±
 0

.1
0*

**
12

.5
 ±

 3
.4

29
.3

 ±
 4

.5
44

.1
 ±

 3
.4

40
.9

 ±
 3

.9
17

C
SS

-1
8

1.
39

 ±
 0

.1
3

12
.8

 ±
 1

.8
22

.5
 ±

 2
.0

32
.4

 ±
 2

.0
38

.1
 ±

 2
.4

18

C
SS

-1
9

1.
11

 ±
 0

.1
3*

*
13

.3
 ±

 2
.7

25
.3

 ±
 2

.3
35

.0
 ±

 2
.9

39
.6

 ±
 3

.3
18

C
SS

-X
1.

31
 ±

 0
.1

2
14

.3
 ±

 1
.7

25
.1

 ±
 2

.3
36

.5
 ±

 2
.4

42
.9

 ±
 2

.9
20

C
SS

-Y
1.

33
 ±

 0
.0

8
17

.6
 ±

 2
.5

32
.6

 ±
 3

.1
47

.7
 ±

 2
.5

53
.4

 ±
 2

.7
25

C
SS

-m
t

1.
31

 ±
 0

.1
0

12
.9

 ±
 2

.4
28

.3
 ±

 3
.0

40
.9

 ±
 3

.1
41

.8
 ±

 2
.5

23

A
co

us
tic

 s
ta

rt
le

 r
es

po
ns

e 
(A

SR
, N

ew
to

ns
) 

an
d 

pr
ep

ul
se

 in
hi

bi
tio

n 
(P

PI
, p

er
ce

nt
) 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
+

/−
 S

E
M

 f
or

 e
ac

h 
st

ra
in

. C
SS

s 
th

at
 d

if
fe

re
d 

fr
om

 B
6 

in
 A

SR
 a

re
 in

di
ca

te
d 

by
 a

st
er

is
ks

 d
en

ot
in

g
si

gn
if

ic
an

ce
 le

ve
ls

:

* p 
<

 0
.0

5,

**
p 

<
 0

.0
1,

Genes Brain Behav. Author manuscript; available in PMC 2013 August 18.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leussis et al. Page 19
**

* p 
<

 0
.0

03
.

C
SS

s 
th

at
 d

if
fe

re
d 

fr
om

 B
6 

in
 r

ep
ea

te
d 

m
ea

su
re

s 
A

N
O

V
A

 o
f 

th
e 

PP
I 

da
ta

 a
t t

he
 f

ou
r 

pr
ep

ul
se

 in
te

ns
iti

es
 a

re
 h

ig
hl

ig
ht

ed
 in

 b
ol

d 
te

xt
. C

SS
-1

0,
 1

1,
 1

6 
an

d 
Y

 e
xh

ib
ite

d 
si

gn
if

ic
an

tly
 h

ig
he

r 
PP

I 
th

an
 B

6 
(p

<
0.

00
3)

. C
SS

-4
 e

xh
ib

ite
d 

lo
w

er
 P

PI
 th

an
 B

6 
at

 a
 s

ta
tis

tic
al

ly
 s

ug
ge

st
iv

e 
le

ve
l (

p 
<

 0
.0

5)
. T

he
 s

am
pl

e 
si

ze
 (

N
) 

fo
r 

ea
ch

 s
tr

ai
n 

is
 a

ls
o 

pr
es

en
te

d.

Genes Brain Behav. Author manuscript; available in PMC 2013 August 18.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Leussis et al. Page 20

Ta
bl

e 
2

C
or

re
la

tio
ns

 a
m

on
g 

A
SR

 a
nd

 P
PI

 a
t v

ar
io

us
 p

re
pu

ls
e 

in
te

ns
iti

es
 in

 th
e 

B
6 

st
ra

in
.

A
SR

70
 d

B
 P

P
I

75
 d

B
 P

P
I

80
 d

B
 P

P
I

85
 d

B
 P

P
I

A
SR

-
−

0.
16

4
−

0.
23

2*
−

0.
35

8*
**

−
0.

26
8*

*

70
 d

B
 P

P
I

-
-

0.
67

8*
**

0.
68

5*
**

0.
69

9*
**

75
 d

B
 P

P
I

-
-

-
0.

71
7*

**
0.

74
6*

**

80
 d

B
 P

P
I

-
-

-
-

0.
83

0*
**

85
 d

B
 P

P
I

-
-

-
-

-

Pe
ar

so
n'

s 
co

rr
el

at
io

ns
 w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 m
ea

n 
va

lu
es

 f
or

 a
co

us
tic

 s
ta

rt
le

 r
es

po
ns

e 
(A

SR
) 

an
d 

pr
ep

ul
se

 in
hi

bi
tio

n 
(P

PI
) 

at
 7

0,
 7

5,
 8

0,
 a

nd
 8

5 
dB

 p
re

pu
ls

e 
in

te
ns

iti
es

 f
or

 B
6 

m
ic

e 
on

ly
. S

ig
ni

fi
ca

nc
e 

le
ve

ls
:

* p<
0.

05
,

**
p<

0.
01

,

**
* p<

0.
00

1.

Genes Brain Behav. Author manuscript; available in PMC 2013 August 18.


