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ABSTRACT 

Prepulse inhibition (PPI) of acoustic startle is a genetically complex quantitative phenotype of 

considerable medical interest due to its impairment in psychiatric disorders such as 

schizophrenia. To identify quantitative trait loci (QTLs) involved in mouse PPI, we studied 

mouse chromosome substitution strains (CSS) that each carry a homologous chromosome pair 

from the A/J inbred strain on a host C57BL/6J inbred strain background. We determined that the 

chromosome 16 substitution strain has elevated PPI compared to C57BL/6J (P = 1.6x10-11), 

indicating that chromosome 16 carries one or more PPI genes. QTL mapping using 87 F2 

intercross progeny identified two significant chromosome 16 loci with LODs = 3.9 and 4.7 

(significance threshold LOD = 2.3). The QTLs were each highly significant independently, and 

do not appear to interact. Sequence variation between B6 and A/J was used to identify strong 

candidate genes in the QTL regions, some of which have known neuronal functions. In 

conclusion, we used mouse CSS to rapidly and efficiently identify two significant QTLs for PPI 

on mouse chromosome 16. The regions contain a limited number of strong biological candidate 

genes that are potential risk genes for psychiatric disorders in which patients have PPI 

impairments.   
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INTRODUCTION 

Sensorimotor gating is an inhibitory brain mechanism that filters extraneous stimuli to 

allow cognitive centers and motor output pathways to attend to relevant stimuli. Sensorimotor 

gating is thought to be governed by mechanisms that influence cognition, thus robust gating is an 

indication of integrity of higher cognitive processes (PERRY and BRAFF 1994). Gating of the 

startle reflex (a primitive brainstem reflex circuit) can be measured by prepulse inhibition (PPI) 

(GEYER et al. 2001), a phenomenon in which a weak auditory or tactile prestimulus reduces the 

startle response to a subsequent startling stimulus. PPI is mediated by midbrain structures (FENDT 

et al. 2001) and is regulated by forebrain processes (SWERDLOW et al. 2001a) that together extend 

through a cortico-striato-pallido-pontine (CSPP) neural circuit. This forebrain regulation occurs 

via dopaminergic, cholinergic and glutamatergic processes (SWERDLOW et al. 2001a), and 

pharmacological compounds that are known to influence these processes result in modulation of 

PPI (GEYER et al. 2001). In both rodents and humans, PPI of acoustic startle is not learned (it 

occurs on the first trial), is stable over time, and exhibits good test-retest reliability (KOCH 1999; 

LUDEWIG et al. 2002), hence PPI appears to be a reliable neurophysiological marker of 

sensorimotor gating.  

Many studies have documented PPI impairments in schizophrenia patients (BOLINO et al. 

1994; BRAFF et al. 1978; BRAFF et al. 2001; BRAFF et al. 1992; BRAFF et al. 1999; KUMARI et al. 

2000; KUMARI et al. 1999; LUDEWIG et al. 2002; WEIKE et al. 2000). Nearly half of non-

schizophrenic relatives of patients demonstrate reduced PPI, with only 20% of control 

individuals showing reduced PPI (CADENHEAD et al. 2000), suggesting that the deficits are 

hereditary. PPI deficits correlate with clinical severity (BRAFF et al. 1999; LIGHT and BRAFF 

1999; WEIKE et al. 2000), cognitive symptoms such as thought disorder (PERRY et al. 1999), and 
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early age of onset of schizophrenia (KUMARI et al. 2000), suggesting a strong relationship 

between disease symptoms and PPI impairment. PPI deficits have also been reported in other 

disorders that appear to have a common characteristic of loss of gating in sensory, motor, or 

cognitive domains, notably obsessive compulsive disorder (SWERDLOW et al. 1993), attention 

deficit hyperactivity disorder (ADHD) (HAWK et al. 2003), Tourette syndrome (SWERDLOW et 

al. 2001b), comorbid Tourette syndrome and ADHD (CASTELLANOS et al. 1996), Huntington’s 

disease (SWERDLOW et al. 1995), bipolar disorder with acute psychotic mania (PERRY et al. 

2001), comorbid ADHD and nocturnal enuresis (ORNITZ et al. 1999), blepharospasm (GOMEZ-

WONG et al. 1998), non-epileptic seizures (POURETEMAD et al. 1998), and post-traumatic stress 

disorder (GRILLON et al. 1996).  

The above findings provide evidence that PPI may be an endophenotype (intermediate 

trait) of these psychiatric disorders, particularly schizophrenia for which PPI deficits are the most 

consistently and extensively documented. While the term “endophenotype” has various 

meanings, in terms of genetic analysis, endophenotypes are heritable traits associated with a 

disorder that may have a less complex genetic basis (GOTTESMAN and GOULD 2003). As a result, 

they may be more amenable to genetic mapping studies than the disorder itself, for several 

possible reasons including reduced genetic complexity, more accurate and objective quantitative 

measurement, and reduced influence of environmental factors. Thus, identification of the genes 

involved in PPI regulation would not only shed light on brain circuits involved in sensorimotor 

gating and perhaps higher cognitive functioning, but may also identify genes that contribute to 

risk of the above disorders. 

Inbred mouse strains demonstrate considerable strain variation in PPI of acoustic and 

tactile startle (BULLOCK et al. 1997; LOGUE et al. 1997; PAYLOR and CRAWLEY 1997; RALPH et 
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al. 2001; VARTY et al. 2001; WILLOTT et al. 2003), suggesting that the forebrain processes that 

regulate PPI vary across inbred strains and are genetically determined. The heritability of PPI of 

acoustic startle has been estimated to range from h2 = 23-67% in inbred mouse strains (JOOBER 

et al. 2002; WILLOTT et al. 2003), indicating that mapping genes underlying PPI regulation is 

feasible. Nearly 20 quantitative trait loci (QTLs) for PPI have been implicated in mice 

(HITZEMANN 2001; JOOBER et al. 2002; MCCAUGHRAN et al. 1999), and two PPI loci have been 

reported in rats (PALMER et al. 2003). However, only two murine QTLs have been replicated in 

different studies, and no genes have yet been identified, no doubt due to the unmanageable size 

of the mapped regions (up to 30 cM).  

Mouse chromosome substitution strains (CSS), also known as consomic strains, have 

been developed to hasten genetic mapping of heritable traits. The mouse CSS were created from 

a host C57BL/6J (“B6”) strain and a donor A/J inbred strain, such that each CSS is homosomic 

for a particular donor A/J chromosome but otherwise has a B6 background (NADEAU et al. 

2000).  As detailed elsewhere (BELKNAP 2003; NADEAU et al. 2000; SINGER et al. 2004), the 

CSS panel can be screened for phenotypic differences from the host B6 strain to rapidly focus on 

chromosomes containing candidate loci, after which a limited number of backcrosses or 

intercrosses between the relevant CSS and B6 can be performed to identify the locus on the 

corresponding chromosome. In these crosses, the ability to detect and resolve even modest QTLs 

is greatly enhanced, since all other chromosomes are fixed B6 and, therefore, the variance due to 

segregating QTLs on other chromosomes is no longer present. The CSS approach has been used to 

identify QTLs for several complex traits, including anxiety (SINGER et al. 2004; SINGER et al. 2005), 

diet-induced obesity (SINGER et al. 2004), serum levels of sterols and amino acids (SINGER et al. 
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2004), testicular cancer (MATIN et al. 1999; YOUNGREN et al. 2003), pubertal timing (KREWSON 

et al. 2004), and airway hyperresponsiveness (ACKERMAN et al. 2005). 

 In the current study, we sought to identify a QTL for PPI using mouse chromosome 

substitution strains. In comparison to the host B6 strain, we detected significantly elevated PPI in 

the chromosome 16 substitution (“CSS-16”) strain. This observation indicates that mouse 

chromosome 16 harbors one or more PPI genes. We performed genetic intercross mapping and 

identified two significant PPI regions on chromosome 16, one of which overlaps a previously 

reported QTL region. These results were obtained using vastly fewer mice and chromosomal 

markers than traditional genetic mapping, thereby supporting the use of mouse CSS as a 

powerful and rapid approach to map QTLs for complex behavioral traits. We refined the list of 

most probable candidate genes in the QTL regions by identifying genes that have sequence 

variation between the B6 and CSS-16 strains. 

 

MATERIALS AND METHODS 

Mice: Generation of the mouse CSS panel has been described previously (NADEAU et al. 2000; 

SINGER et al. 2004). Briefly, each strain in the panel has a chromosome pair substituted from the 

A/J strain onto a host C57BL/6J background. The panel nomenclature is C57BL/6J-#A/Na, where 

# refers to the substituted chromosome. For simplicity, however, the strains are referred to as 

CSS-# in this report. CSS lines were obtained by embryo transfer from Case Western Reserve 

University and bred for approximately six generations in the Whitehead Institute for Biomedical 

Research (WIBR) vivarium prior to the start of experiments. C57BL/6J mating pairs were 

purchased from Jackson Laboratory and bred in the WIBR vivarium. Mice were weaned between 

3-4 weeks of age and housed maximum 5 per cage of the same sex. Mice were maintained on a 
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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 6-9 week old mice were tested between 10am and 6pm using a startle 

monitor system (Hamilton-Kinder, San Diego, CA). 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 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. Since the 

startle reflex exhibits habituation and may alter PPI across a session (BLUMENTHAL 1997), four 

pulse-alone trials of a 120 dB 40 millisecond (msec) white noise burst were presented at the 

beginning and end of the session to stabilize the startle magnitude. These trials were not used for 

any analyses. Mice were exposed to six replicate blocks of trials in pseudo-random order. Each 

block consisted of one pulse-alone trial, 3 trials in which the pulse was preceded by 100 msec by 

a non-startling 20 msec prepulse of 70 dB, 75 dB, or 80 dB intensities, and one null trial (no 

stimulus presented). The inter-trial interval ranged from 6-8 seconds in pseudo-random order. 

The maximum response within a 65 msec record window was used as the startle amplitude. The 

acoustic startle response (ASR) was defined as the mean startle amplitude of the six pulse-alone 

trials. For each prepulse intensity, the mean startle amplitude across the six replicate trials was 

calculated. We defined PPI 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]). Activity in the startle monitors was assessed by the null trials and was similar among all 

mice; therefore there were no effects of activity level on PPI. 
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The 70 - 80 dB prepulse intensities used for our PPI test protocol were chosen to cover a 

range of intensities, including louder prepulses that have been found to elicit higher PPI levels 

(SWERDLOW et al. 1993). However, louder prepulse intensities have been found by one study to 

elicit a startle response that may affect PPI measurements (DAHMEN and CORR 2004). Therefore, 

we measured the startle threshold of B6 (N = 12) and CSS-16 (N = 8) male mice at increasing 

decibel levels to determine whether our prepulse intensities elicited a startle response. Startle 

threshold test sessions were similar to the PPI test protocol described above, except that each 

block of trials consisted of one trial each of 70 – 120 db 20 msec white noise bursts at 5 db 

increments, one trial of a 20 pounds per square inch (psi) 40 msec air puff, and one null trial, 

with a 15 second inter-trial interval.  

Identification of CSS lines with PPI Variation: PPI measures of each strain were determined 

at three prepulse intensities (70, 75, and 80 dB). CSS mice and B6 mice were tested during the 

same sessions to allow for accurate comparison of their PPI measures. We tested 25 CSS-2 mice 

versus 18 B6 mice, 12 CSS-16 mice versus 22 B6 mice, and 18 CSS-18 mice versus 11 B6 mice. 

For each strain, a main effect of strain on PPI was tested by a two-factor unbalanced analysis of 

variance (ANOVA) as implemented in R (CHAMBERS et al. 1991). We applied a nominal 

significance level that corresponded to an overall 5% false positive rate adjusted for the three 

strains tested, which was P = 0.015. For those strains that had a significant main effect, Student’s 

t-tests were performed to test for significant differences in PPI levels at each prepulse intensity 

between the CSS and B6 strains. A nominal significance threshold of P ≤ 0.05 was applied. 

QTL Mapping: F2 intercross mice were generated by mating female CSS-16 mice to male B6 

mice to generate F1 progeny that were heterosomic B6 and A/J for chromosome 16, followed by 
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brother-sister intercrossing. A total of 87 male F2 intercross mice were generated, all of which 

were tested for PPI and genotyped for linkage analyses.  

Genomic DNA from F2 intercross mice and two each of B6 and CSS-16 mice was isolated 

from tail tips using established methods (LAIRD et al. 1991). DNA was genotyped for a total of 47 

chromosome 16 SNPs (~1 cM density) selected from the Celera database 

(http://www.celeradiscoverysystem.com/). Genotyping was performed using the Sequenom 

MassArray mass spectrometry system as described previously (SKLAR et al. 2002). Genotype data 

from each SNP was only included if it met the following quality control criteria: 1) duplicate 

samples had identical genotypes; 2) SNPs were polymorphic in the F2 intercross progeny; and 3) 

>85% of genotypes were obtained. Of the 47 SNPs, two SNPs did not meet the >85% genotyping 

threshold, and two telomeric SNPS were monomorphic in that all intercross mice had only the B6 

allele and not the A/J allele, presumably because the telomere of chromosome 16 in CSS-16 is of 

B6 origin (chromosomes were not genotyped completely to the telomeres during CSS panel 

construction (SINGER et al. 2004)).  

PPI measures of the F2 intercross mice were inspected prior to linkage analyses to select the 

optimal measure. The skewness and kurtosis of each measure was calculated using 

MAPMAKER/QTL (LANDER et al. 1987) to determine whether the measures were normally 

distributed, hence parametric linkage analyses were valid. The genetic variance of each PPI 

measure was estimated by determining the excess phenotypic variance in the F2 intercross mice 

(due to genes) compared to the phenotypic variance in the B6 strain (due to noise), as described by 

Lander and Botstein (LANDER and BOTSTEIN 1989). Linkage analyses were performed using the 80 

dB prepulse PPI measure due to its nearly normal distribution (skewness = 0.04, kurtosis = -0.22) 
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and high estimated genetic variance (56%). Since only one measure was utilized for parametric 

linkage analyses, correction of significance levels to adjust for multiple testing was not required.  

 Parametric linkage analysis was performed using MAPMAKER/QTL (LANDER et al. 

1987). Genetic distances between SNPs were estimated from the intercross mouse genotype data. 

Additive, dominant, and recessive models are tested by MAPMAKER/QTL, where the phenotype 

of an individual F2 intercross mouse “i” is given by: Phenotypei = mean + (Weight x Number of 

A/J alleles) + (Dominance x Heti) + Noise, where Weight is the additive component (the amount 

by which an A/J allele affects the phenotype), Dominance is the dominance component, and Heti 

= 1 if individual “i” is a heterozygote, otherwise Heti = 0. Since two linked QTLs were detected 

on chromosome 16, thereby violating the assumption in the linkage analysis of a single QTL, 

fixed QTL analysis was also performed to fit a two-locus model to the data. In this analysis, one 

putative QTL was fixed at the location of one of the detected linkage peaks, and a linkage scan 

was performed to search for a second QTL given the presence of the first QTL (LANDER and 

BOTSTEIN 1989). A second QTL is likely to be present if the LOD score is substantially higher at 

the second QTL than the fixed QTL. The two-locus analyses tested all possible combinations of 

additive, dominant, and recessive effects at each QTL. To investigate whether epistatic 

interactions exist between the two loci, we used a general epistatic model as follows: for locus i, 

additive and dominance main effects were coded Ai = [-1, 0, 1] and Di = [0, 1, 0], respectively, 

for genotypes [A/J, Het, B6]. In addition, four crossproduct terms were calculated: additive x 

additive epistatic effects, additive x dominance and dominance x additive effects, and dominance 

x dominance effects. Wald tests were performed to determine the significance of each epistatic 

term, and a likelihood ratio test was performed to jointly test all four epistatic terms. A nominal 

significance threshold of P ≤ 0.05 was applied to the epistatic model tests. 
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 We determined the chromosome-wide empirical significance threshold for 

chromosome 16 as follows. Single locus parametric linkage analysis of the 80 dB prepulse PPI 

measure was performed 10,000 times, each time randomly assigning the observed PPI measures 

of the intercross mice. The maximum LOD score obtained from each of the 10,000 permuted 

analyses was noted, and the LOD score surpassed by 5% of the permuted analyses (LOD = 2.3) 

was taken as the chromosome-wide significance threshold, corresponding to a chromosome-wide 

P ≤ 0.05. We utilized a 1-LOD confidence interval to define the boundaries of each QTL region 

detected by the fixed QTL analyses.   

Candidate Gene Selection: Each chromosome 16 PPI QTL region was manually annotated 

using information from the UCSC Genome Bioinformatics website (http://genome.ucsc.edu). 

Specifically, we used evidence from the following tracks to annotate transcripts: RefSeq Genes, 

MGC Genes, mouse mRNAs, mouse ESTs, spliced ESTs, and CpG islands.  

 Transcripts in the QTL regions that were polymorphic between B6 and A/J were 

identified by investigating SNPs located within 10kb of each transcript from the Celera database 

(http://www.celeradiscoverysystem.com/) that met the following criteria: 1) genotyped in at least 

four inbred strains (A/J, B6, DBA/2J, and 129S1/SvImJ or 129X1/SvJ); 2) homozygous in each 

strain; and 3) each allele was observed at least twice in the chromosomes analyzed. A transcript 

was considered to have sequence variation between B6 and A/J if at least 90% of SNPs had 

different alleles in the two strains. This criterion was applied to allow for the possibility of a 

small proportion of SNPs being artifactual (due to sequencing errors) and not be polymorphic 

between the two strains. In this way, artifactual SNPs did not influence the selection of strong 

candidate genes with sequence diversity between B6 and A/J. Whole-genome shotgun reads 

from the Mouse Genome Sequencing Consortium (http://www.broad.mit.edu/mouse/) that were 
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uniquely placed on the mouse genome, but which did not identify any polymorphisms, were used 

to confirm that transcripts in the QTL regions that did not have SNPs in the Celera database were 

not due to lack of sequence coverage, but indeed lacked sequence diversity between the strains. 

Genomic locations of SNPs from the Celera and WIBR databases were determined by aligning 

SNP flanking sequences to the National Center for Biotechnology Information (NCBI) Build 33 

mouse genome assembly (http://www.ncbi.nlm.nih.gov/genome/guide/mouse/) using the 

Sequence Search and Alignment by Hashing Algorithm implementation for SNPs (ssahaSNP) 

(NING et al. 2001). 

 To identify strong biological candidate genes in the PPI QTL regions, we queried the 

following public databases for biological and tissue expression information on the putative 

candidate genes: NCBI Entrez Gene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene), 

NCBI PubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed), and Mouse 

Genome Informatics (http://www.informatics.jax.org/). 

 

RESULTS 

PPI is elevated in CSS-16 compared to the B6 host strain: Due to the logistics of behavioral 

testing, we have initially focused our PPI studies on three substitution strains, CSS-2, CSS-16, 

and CSS-18. These strains carry donor A/J chromosomes (chromosomes 2, 16, and 18, 

respectively) that have previously been suggested to harbor PPI QTLs (HITZEMANN 2001; 

JOOBER et al. 2002; MCCAUGHRAN et al. 1999). PPI studies of the other substitution strains are 

being performed as time and resources permit. Individual male mice from each CSS and B6 were 

tested for PPI at 70 - 80 dB prepulse intensities at 5 dB increments with a 120 dB startle pulse, 

against a constant 65 dB background. A very significant main effect of strain on PPI level was 
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detected for CSS-16 (N = 12 mice) compared to the B6 host strain (N = 22 mice) (ANOVA P = 

1.6x10-11). This finding indicates that at least one QTL for PPI resides on chromosome 16. No 

significant effect of strain on PPI was detected for CSS-2 (N = 25) compared to B6 (N = 18), or 

for CSS-18 (N = 18) compared to B6 (N = 11) (ANOVA P = 0.77 and P = 0.85, respectively). As 

shown in Figure 1, the mean PPI levels at the 70 – 80 dB prepulse intensities of the CSS-16 

strain were significantly elevated compared to the B6 strain (t-test P = 6.0x10-3 – 2.0x10-4). The 

acoustic startle response to the pulse alone was not significantly different between CSS-16 and 

B6 (t-test P = 0.26). Assessment of the startle threshold in CSS-16 and B6 determined that the 70 

- 80 dB intensities did not evoke a substantial startle response (<2% of the response elicited by 

the 120 dB pulse), indicating that the PPI differences between CSS-16 and B6 are associated 

with processing of the prepulse and not the brainstem startle reflex.  

QTL mapping identifies two significant PPI loci on chromosome 16: We performed genetic 

intercross mapping to identify the PPI locus on chromosome 16. A total of 87 male F2 intercross 

progeny were generated and tested for PPI at 70 - 80 dB prepulse intensities. In each test session, 

B6 mice and CSS-16 mice were also tested with the F2 intercross progeny. This enabled us to 

confirm the significantly elevated PPI of CSS-16 compared to B6 observed in our original 

sample in an independent, larger group of mice (CSS-16, N = 54; B6, N = 65). A highly 

significant effect of strain on PPI was detected (ANOVA P = 2.2x10-16), and PPI levels at the 70 

- 80 dB prepulse intensities were significantly different between the two strains (t-test one-tailed 

P = 9.3x10-4 – 3.7x10-9). 

 In order to maximize power to detect linkage, we selected the 80 dB prepulse PPI 

measure for analyses due to its high estimated genetic variance (56%) and normal trait 

distribution. Single-locus parametric linkage analysis of the 87 F2 intercross mice using 23 SNPs 
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on chromosome 16 identified two PPI QTLs. As shown in Figure 2 (solid line), fine-mapping with 

18 additional SNPs, for a total of 41 chromosome 16 SNPs, resulted in linkage peaks with LOD = 

3.9 at markers mCV23978154 - mCV22294752 and with LOD = 4.7 at markers mCV22580863 - 

mCV24712486. Both QTLs far exceeded the chromosome 16-wide empirical significance 

threshold of LOD = 2.3. The QTL with LOD = 3.9 had an empirical P = 2.5 x 10-3  (25 out of 

10,000 permutations of the linkage data resulted in maximum LOD scores > 3.9) and the QTL 

with LOD = 4.7 had an empirical P = 2.0 x 10-4 (2 out of 10,000 permutations had maximum 

LOD scores > 4.7). 

To confirm that the two PPI QTLs were separate loci, we further characterized each QTL 

by performing fixed QTL analyses using MAPMAKER/QTL to fit a two-locus model to the data. 

In these analyses, we fixed the existence and location of one QTL while parametric analyses were 

performed to scan for linkage to a second locus with an independent effect (LANDER and 

BOTSTEIN 1989). Fixed QTL analyses detected a two locus maximum LOD = 8.6 when either the 

QTL more proximal to the centromere was fixed (Figure 2 cross-hatched line) or the QTL more 

distal to the centromere was fixed (Figure 2 ticked line). The maximum likelihood two-locus 

model was a significantly better fit (LOD > 3.8) than either single locus model, indicating that 

both QTLs represent two independently statistically significant linkages. Using the 1-LOD 

confidence intervals to define approximate locus boundaries, the two-locus analysis refined the 

QTL more proximal to the centromere to a 3.0 cM (11.5 Mb) region from mCV25289014 – 

mCV24635563 (Figure 2 left box) located from 40.0 - 51.5 Mb (NCBI mouse genome Build 33) 

spanning chromosome 16qB4-qB5. The QTL more distal to the centromere was refined to a 4.2 

cM (5.3 Mb) region from mCV22630500 – mCV24119361 (Figure 2 right box), located from 

78.6 - 83.9 Mb spanning chromosome 16qC3.1-qC3.3.  
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Since the two QTLs were genetically linked, the appropriate mode of inheritance of each 

could only be revealed by the two-locus model. In contrast, in the single locus scans, the 

perceived mode of inheritance at any location on the chromosome is influenced by both loci.  

The maximum likelihood two-locus model determined that the proximal locus (at 40.0-51.5 Mb) 

fit an over-dominance model, in that heterozygosity at the proximal QTL was associated with 

elevated PPI. The proximal QTL explained 19% of the variance in the F2 intercross progeny 

(Table 1). The maximum likelihood two-locus model determined that the distal QTL (at 78.6-

83.9 Mb) fit a recessive model, in that homozygosity for the A/J (CSS-16) allele was related to 

elevated PPI, and accounted for 23% of the variance (Table 1). The two PPI loci therefore 

together explained most of the estimated 56% genetic variance of the 80 db prepulse PPI 

measure utilized for these analyses.  

The recessive effect of the distal QTL to increasing PPI, as indicated by the maximum 

likelihood two-locus model, was supported by the mean PPI levels of the intercross mice 

grouped according to the nine genotype combinations at the two QTL peaks (Table 2 and 

Figure 3). Mice that were homozygous for the A/J allele at the distal QTL peak had elevated 

PPI (51-58% PPI; Figure 3 right) compared to mice that were heterozygous (29-42% PPI; 

Figure 3 center) or homozygous B6 (24-43% PPI; Figure 3 left). Thus, the recessive effect of 

the distal QTL in increasing PPI was regardless of the genotype at the proximal QTL. 

Similarly, the over-dominance inheritance model of the proximal QTL was supported by the 

mean PPI levels of the intercross genotype classes. When mice that were homozygous A/J at 

the distal QTL were excluded (in order to remove its unique contribution to increasing PPI), 

mice that were heterozygous at the proximal QTL had elevated PPI (44% PPI; Figure 3 short 

dashed line) compared to B6 or A/J homozygous mice (24-36% PPI; Figure 3 solid line or long 
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dashed line, respectively), thereby supporting the “heterozygote only” effect of the proximal 

locus. However, caution is warranted when interpreting the data in Figure 3, since some 

genotype classes had only one or two mice due to few recombination events between the two 

linked QTL regions in the intercross progeny (Table 2). 

No evidence for epistatic interactions between the PPI loci: We tested for interaction 

between the two chromosome 16 PPI QTLs by performing linear regression analyses with a 

general epistatic model. The model included additive and dominance main effects at each locus, 

and the four possible epistatic effects (additive x additive, additive x dominance, dominance x 

additive, and dominance x dominance effects). None of the epistatic terms were significant 

(Wald tests P = 0.31, P = 0.86, P = 0.48, P = 0.51, respectively). Similarly, a joint likelihood 

ratio test of all four epistatic terms was not significant (chi-square = 1.826, df = 4, P = 0.77).  

Candidate genes in the chromosome 16 PPI loci: Manual annotation of the chromosome 16 

PPI QTL regions identified 75 transcripts (including 35 known genes) in the proximal QTL 

region and 11 transcripts (including 6 known genes) in the distal QTL region. We sought to 

identify strong candidate genes in the QTL regions by investigating polymorphisms between the 

B6 and A/J (thus CSS-16) strains. Since most inbred mouse strains, including B6 and A/J, were 

derived from a single mixed but limited founder population (BECK et al. 2000; SILVER 1995), 

comparison of their genomes results in a mosaic of segments of very low sequence diversity (i.e., 

few SNPs) due to shared recent ancestry in the founder population, or of very high diversity (i.e., 

many SNPs) due to ancestry from different subspecies in the founder population (FRAZER et al. 

2004; LINDBLAD-TOH et al. 2000; WADE et al. 2002). Therefore, the most probable location of 

the PPI gene underlying each of the chromosome 16 PPI QTLs is in a segment of high sequence 

diversity between the B6 and A/J strains. Similar rationale been used to identify candidate genes 
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for several other complex traits (GRUPE et al. 2001; PLETCHER et al. 2004; YALCIN et al. 2004). 

A total of 33 transcripts (18 known genes) in the proximal QTL region and 9 transcripts (6 

known genes) in the distal QTL region had high sequence diversity between the B6 and A/J 

strains, with a large proportion of  SNPs (>90%) having different alleles in the two strains. These 

transcripts were consequently deemed strong PPI candidate genes.  

 

DISCUSSION 

We have identified two significant QTLs for prepulse inhibition of the startle response (PPI) on 

mouse chromosome 16 using chromosome substitution strains. The QTLs were identified using 

only 87 F2 intercross mice and 41 SNPs, vastly fewer progeny and markers than utilized for 

traditional mapping methods using inbred, recombinant inbred, and outbred strains (BELKNAP 

2003; DARVASI 1998; MOTT and FLINT 2002). Thus, as our study and others (ACKERMAN et al. 

2005; KREWSON et al. 2004; MATIN et al. 1999; SINGER et al. 2004; SINGER et al. 2005; 

YOUNGREN et al. 2003) have demonstrated, QTL mapping using chromosome substitution 

strains is an efficient approach to identify loci for complex genetic traits. 

Our two-locus linkage analyses indicated that the proximal PPI QTL on chromosome 16 

had an over-dominance effect, in that heterozygous mice had higher PPI levels compared to 

homozygotes of either parental genotype. In contrast, the distal PPI QTL on chromosome 16 

appeared to have a recessive effect and, furthermore, homozygosity for the A/J (CSS-16) allele 

was sufficient for higher PPI regardless of the genotype at the proximal QTL. However, since the 

two QTLs were linked, we could not conclusively determine the effect of each locus independent 

of the other in the intercross progeny. Therefore, we are currently performing backcrosses of 

informative recombinant intercross mice that segregate only one of the QTLs. By comparing the 
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PPI levels of recombinant and non-recombinant backcross progeny, we will be able to resolve the 

mode of inheritance of each QTL, as well as more precisely refine the QTL region boundaries. 

It is possible that the two PPI QTLs interact epistatically, which will become apparent 

when analyzing the backcross PPI data, in that significant deviation from simple additive genetics 

effects would suggest interaction. Interactions are unexpected, however, given that we did not 

find significant evidence for epistasis under a general epistatic model, the inheritance models of 

each QTL indicated by the maximum likelihood two-locus model were different, and the genetic 

variance remaining after accounting for both QTLs was small (36% of 56% genetic variance 

accounted for).  

To identify strong candidate genes in the chromosome 16 PPI QTL regions, we identified 

genes known to have sequence differences between the B6 and A/J inbred strains, presumably 

due to different ancestry from the founder population from which the strains were derived. There 

are several interesting biological candidate genes with sequence diversity in the proximal PPI 

QTL. Drd3 is the most intriguing candidate gene based on numerous reports of PPI alterations in 

response to dopamine agonists and antagonists in mice, rats, and humans (BRAFF et al. 2001; 

RALPH-WILLIAMS et al. 2003; RALPH-WILLIAMS et al. 2002; SWERDLOW et al. 2001a), and 

pharmacological evidence for D3 receptor involvement in rat PPI (BRISTOW et al. 1996; CAINE et 

al. 1995; VARTY and HIGGINS 1998). Other strong biological candidate genes in the proximal 

QTL region include Lsamp which mediates neuronal growth and axon targeting (PIMENTA et al. 

1995), Gap43 which is involved in axonal outgrowth and regeneration (BENOWITZ and 

ROUTTENBERG 1997), Zbtb20 which is implicated in hippocampal neurogenesis (MITCHELMORE 

et al. 2002), and Tagln3 which is selectively expressed in neuronal subpopulations (REN et al. 

1994) and is implicated in actin filament assembly (MORI et al. 2004). There is only one strong 
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biological candidate gene with sequence differences between B6 and A/J in the distal PPI QTL 

region, Btg3, which is implicated in neurogenesis based on high expression in the ventricular 

zone of the developing central nervous system (YOSHIDA et al. 1998). Of course, it is possible 

that other genes with sequence diversity in the QTL regions that have either known or unknown 

function may be responsible for the QTLs. It is also feasible that the PPI gene in each QTL has 

low sequence diversity between B6 and A/J, and thus did not meet our criteria for selection as a 

strong candidate gene. This latter scenario could occur if the PPI gene has different ancestry in 

the two strains despite the lack of sequence variation, or if the causative sequence variant(s) in 

the gene arose since the divergence of the two strains from a common founder during their 

breeding history, for example.  

We plan to pursue an integrated strategy to refine each of the chromosome 16 PPI regions 

and identify the underlying PPI genes. Candidate genes in the QTL regions will be sequenced in 

A/J and B6 to identify potential functional sequence variants between the strains. Candidate 

genes will be prioritized for further study by performing mRNA expression profiling of brain 

regions in the CSPP circuit that regulates and mediates PPI (FENDT et al. 2001; SWERDLOW et al. 

2001a), on the basis that PPI genes must be expressed in at least one of these brain regions. 

Ultimately, to “prove” that a candidate gene is in fact the PPI gene, functional studies must be 

performed to characterize the role of sequence variants in PPI.   

We observed a significant elevation of PPI in the CSS-16 line, which is homosomic A/J 

for chromosome 16, compared to B6. In contrast, previous reports have demonstrated that the 

A/J and B6 strains have similar PPI levels (BULLOCK et al. 1997; JOOBER et al. 2002; LOGUE et 

al. 1997; PAYLOR and CRAWLEY 1997; WILLOTT et al. 2003). This apparent discrepancy can be 

explained by the fact that the CSS panel focuses on only one or a few PPI genes present on a 
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particular chromosome, out of the many genes that influence PPI. The chromosome 16 PPI genes 

appear to greatly enhance PPI, whereas the summation of the effects of all the PPI genes in A/J 

results in similar PPI levels compared to B6.  Similarly, significantly elevated PPI compared to 

B6 has been reported in recombinant inbred strains derived from B6 and either A/J (JOOBER et 

al. 2002) or DBA/2J (HITZEMANN 2001). Although the latter two inbred strains had lower PPI 

than B6 in these studies, the strains apparently contributed one or more alleles that increased PPI 

relative to B6 in a proportion of the recombinant inbred strains.  

Our distal PPI region is within a previously reported PPI region detected in a panel of 

recombinant congenic strains derived from the B6 and A/J strains (JOOBER et al. 2002). 

However, the effect of the QTL in our and the previous study appeared to differ. In our study, the 

QTL was associated with increased PPI in mice that were homozygous for the A/J (CSS-16) 

alleles across the QTL region. In contrast, in the previous report, the QTL mediated increased 

PPI in mice that were homozygous for the B6 alleles across the QTL region. It is possible that 

interactions with other PPI QTLs that differed between the CSS-16 and B6 strains used in our 

study, and the recombinant congenic strains used in the previous study, could explain the 

disparate PPI effects.  

The documented PPI deficits in patients with schizophrenia (BOLINO et al. 1994; BRAFF 

et al. 1978; BRAFF et al. 2001; BRAFF et al. 1992; BRAFF et al. 1999; KUMARI et al. 2000; 

KUMARI et al. 1999; LUDEWIG et al. 2002; WEIKE et al. 2000), obsessive compulsive disorder 

(SWERDLOW et al. 1993), ADHD (CASTELLANOS et al. 1996; HAWK et al. 2003), acute manic 

bipolar disorder (PERRY et al. 2001), and other neurological and psychiatric disorders (GOMEZ-

WONG et al. 1998; GRILLON et al. 1996; ORNITZ et al. 1999; POURETEMAD et al. 1998; 

SWERDLOW et al. 2001b; SWERDLOW et al. 1995) provide impetus to investigate the human 
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syntenic loci of rodent PPI QTLs for risk genes for these illnesses. Our proximal chromosome 16 

PPI region is syntenic with human 3q13.12-q13.31, where an ADHD linkage peak has been 

implicated (BAKKER et al. 2003). Furthermore, the DRD3 gene in this region was associated with 

impulsivity in one study (RETZ et al. 2003), although association with ADHD per se has not 

been detected (BARR et al. 2000; MUGLIA et al. 2002; PAYTON et al. 2001). Our distal 

chromosome 16 PPI region is syntenic with human 21q21.1, where a locus for bipolar disorder 

has been reported (DETERA-WADLEIGH et al. 1996), although subsequent bipolar disorder studies 

have reported linkage peaks more telomeric (DETERA-WADLEIGH et al. 1997; KELSOE et al. 

2001). Patient association studies of the human orthologs of candidate genes from each of the 

mouse PPI loci will be the focus of future studies by our group.  

In conclusion, we have rapidly identified two highly significant QTLs for prepulse 

inhibition of the startle response on mouse chromosome 16 using chromosome substitution 

strains. Furthermore, we have identified a small number of strong biological candidate genes in 

the loci that are feasible candidates for association studies in patients with PPI deficits.  



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

23 

ACKNOWLEDGEMENTS 

We thank Sinead O’Leary and Graham Rockwell for informatics support, and Kimberly 

Aldinger, Skye Waggoner, and Kerry Culm for technical assistance. Supported by National 

Institutes of Mental Health grant MH066954 (R.P.H), National Institutes of Health National 

Center for Research Resources grant RR12305 (J.H.N.), a National Alliance for Research on 

Schizophrenia and Depression Young Investigator Award (T.L.P.), and a Canadian Institutes of 

Health Research Postdoctoral Fellowship (T.L.P.). T.L.P. was a 2003/2004 Southwest Florida 

Investigator. M.J.D. was a Pfizer Fellow in Computational Biology. 

 

LITERATURE CITED 

ACCILI, D., C. S. FISHBURN, J. DRAGO, H. STEINER, J. E. LACHOWICZ et al., 1996 A targeted 
mutation of the D3 dopamine receptor gene is associated with hyperactivity in mice. 
PNAS 93: 1945-1949. 

ACKERMAN, K. G., H. HUANG, H. GRASEMANN, C. PUMA, J. B. SINGER et al., 2005 Interacting 
Genetic Loci Cause Airway Hyperresponsiveness. Physiol Genomics. 

BAKKER, S. C., E. M. VAN DER MEULEN, J. K. BUITELAAR, L. A. SANDKUIJL, D. L. PAULS et al., 
2003 A whole-genome scan in 164 Dutch sib pairs with attention-deficit/hyperactivity 
disorder: suggestive evidence for linkage on chromosomes 7p and 15q. Am J Hum Genet 
72: 1251-1260. 

BARR, C. L., K. G. WIGG, J. WU, C. ZAI, S. BLOOM et al., 2000 Linkage study of two 
polymorphisms at the dopamine D3 receptor gene and attention-deficit hyperactivity 
disorder. Am J Med Genet 96: 114-117. 

BECK, J. A., S. LLOYD, M. HAFEZPARAST, M. LENNON-PIERCE, J. T. EPPIG et al., 2000 
Genealogies of mouse inbred strains. Nat Genet 24: 23-25. 

BELKNAP, J. K., 2003 Chromosome substitution strains: some quantitative considerations for 
genome scans and fine mapping. Mamm Genome 14: 723-732. 

BENOWITZ, L. I., and A. ROUTTENBERG, 1997 GAP-43: an intrinsic determinant of neuronal 
development and plasticity. Trends Neurosci 20: 84-91. 

BLUMENTHAL, T. D., 1997 Prepulse inhibition decreases as startle reactivity habituates. 
Psychophysiology 34: 446-450. 

BOLINO, F., V. DI MICHELE, L. DI CICCO, V. MANNA, E. DANELUZZO et al., 1994 Sensorimotor 
gating and habituation evoked by electro-cutaneous stimulation in schizophrenia. Biol 
Psychiatry 36: 670-679. 

BRAFF, D., C. STONE, E. CALLAWAY, M. GEYER, I. GLICK et al., 1978 Prestimulus effects on 
human startle reflex in normals and schizophrenics. Psychophysiology 15: 339-343. 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

24 

BRAFF, D. L., M. A. GEYER and N. R. SWERDLOW, 2001 Human studies of prepulse inhibition of 
startle: normal subjects, patient groups, and pharmacological studies. 
Psychopharmacology (Berl) 156: 234-258. 

BRAFF, D. L., C. GRILLON and M. A. GEYER, 1992 Gating and habituation of the startle reflex in 
schizophrenic patients. Arch Gen Psychiatry 49: 206-215. 

BRAFF, D. L., N. R. SWERDLOW and M. A. GEYER, 1999 Symptom correlates of prepulse 
inhibition deficits in male schizophrenic patients. Am J Psychiatry 156: 596-602. 

BRISTOW, L. J., G. P. COOK, J. C. GAY, J. J. KULAGOWSKI, L. LANDON et al., 1996 The 
behavioural and neurochemical profile of the putative dopamine D3 receptor agonist, (+)-
PD 128907, in the rat. Neuropharmacology 35: 285-294. 

BULLOCK, A. E., B. S. SLOBE, V. VAZQUEZ and A. C. COLLINS, 1997 Inbred mouse strains differ 
in the regulation of startle and prepulse inhibition of the startle response. Behav Neurosci 
111: 1353-1360. 

CADENHEAD, K. S., N. R. SWERDLOW, K. M. SHAFER, M. DIAZ and D. L. BRAFF, 2000 
Modulation of the startle response and startle laterality in relatives of schizophrenic 
patients and in subjects with schizotypal personality disorder: evidence of inhibitory 
deficits. Am J Psychiatry 157: 1660-1668. 

CAINE, S. B., M. A. GEYER and N. R. SWERDLOW, 1995 Effects of D3/D2 dopamine receptor 
agonists and antagonists on prepulse inhibition of acoustic startle in the rat. 
Neuropsychopharmacology 12: 139-145. 

CASTELLANOS, F. X., E. J. FINE, D. KAYSEN, W. L. MARSH, J. L. RAPOPORT et al., 1996 
Sensorimotor gating in boys with Tourette's syndrome and ADHD: preliminary results. 
Biol Psychiatry 39: 33-41. 

CHAMBERS, J. M., A. E. FREENY and R. M. HEIBERGER, 1991 Analysis of Variance; Designed 
Experiments, pp. 624 in Statistical Models in S, edited by J. M. CHAMBERS and T. J. 
HASTIE. Chapman & Hall/CRC, Boca Raton, FL. 

DAHMEN, J. C., and P. J. CORR, 2004 Prepulse-elicited startle in prepulse inhibition. Biol 
Psychiatry 55: 98-101. 

DARVASI, A., 1998 Experimental strategies for the genetic dissection of complex traits in animal 
models. Nat Genet 18: 19-24. 

DETERA-WADLEIGH, S. D., J. A. BADNER, L. R. GOLDIN, W. H. BERRETTINI, A. R. SANDERS et 
al., 1996 Affected-sib-pair analyses reveal support of prior evidence for a susceptibility 
locus for bipolar disorder, on 21q. Am J Hum Genet 58: 1279-1285. 

DETERA-WADLEIGH, S. D., J. A. BADNER, T. YOSHIKAWA, A. R. SANDERS, L. R. GOLDIN et al., 
1997 Initial genome scan of the NIMH genetics initiative bipolar pedigrees: 
chromosomes 4, 7, 9, 18, 19, 20, and 21q. Am J Med Genet 74: 254-262. 

FENDT, M., L. LI and J. S. YEOMANS, 2001 Brain stem circuits mediating prepulse inhibition of 
the startle reflex. Psychopharmacology (Berl) 156: 216-224. 

FRAZER, K. A., C. M. WADE, D. A. HINDS, N. PATIL, D. R. COX et al., 2004 Segmental 
phylogenetic relationships of inbred mouse strains revealed by fine scale analysis of 
sequence variation in 4.6 Mb of DNA. Genome Res 14: 1493-1500. 

GEYER, M. A., K. KREBS-THOMSON, D. L. BRAFF and N. R. SWERDLOW, 2001 Pharmacological 
studies of prepulse inhibition models of sensorimotor gating deficits in schizophrenia: a 
decade in review. Psychopharmacology (Berl) 156: 117-154. 

GOMEZ-WONG, E., M. J. MARTI, E. TOLOSA and J. VALLS-SOLE, 1998 Sensory modulation of the 
blink reflex in patients with blepharospasm. Arch Neurol 55: 1233-1237. 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

25 

GOTTESMAN, II, and T. D. GOULD, 2003 The endophenotype concept in psychiatry: etymology 
and strategic intentions. Am J Psychiatry 160: 636-645. 

GRILLON, C., C. A. MORGAN, S. M. SOUTHWICK, M. DAVIS and D. S. CHARNEY, 1996 Baseline 
startle amplitude and prepulse inhibition in Vietnam veterans with posttraumatic stress 
disorder. Psychiatry Res 64: 169-178. 

GRUPE, A., S. GERMER, J. USUKA, D. AUD, J. K. BELKNAP et al., 2001 In Silico Mapping of 
Complex Disease-Related Traits in Mice. Science 292: 1915-1918. 

HAWK, L. W., JR., A. R. YARTZ, W. E. PELHAM, JR. and T. M. LOCK, 2003 The effects of 
methylphenidate on prepulse inhibition during attended and ignored prestimuli among 
boys with attention-deficit hyperactivity disorder. Psychopharmacology (Berl) 165: 118-
127. 

HITZEMANN, R. J., BELL, J., RASMUSSEN, E., MCCAUGHRAN, J., 2001 Mapping the genes for the 
acoustic startle response (ASR) and prepulse inhibition of the ASR in the BXD 
recombinant inbred series: effect of high-frequency hearing loss and cochlear pathology., 
pp. 441-455 in Handbook of mouse auditory research: from behavior to molecular 
biology., edited by W. F. CRC Press, Boca Raton. 

JOOBER, R., J. M. ZARATE, G. A. ROULEAU, E. SKAMENE and P. BOKSA, 2002 Provisional 
mapping of quantitative trait loci modulating the acoustic startle response and prepulse 
inhibition of acoustic startle. Neuropsychopharmacology 27: 765-781. 

JOSEPH, J. D., Y.-M. WANG, P. R. MILES, E. A. BUDYGIN, R. PICETTI et al., 2002 Dopamine 
autoreceptor regulation of release and uptake in mouse brain slices in the absence of D3 
receptors. Neuroscience 112: 39-49. 

JUNG, M.-Y., B. V. SKRYABIN, M. ARAI, S. ABBONDANZO, D. FU et al., 1999 Potentiation of the 
D2 mutant motor phenotype in mice lacking dopamine D2 and D3 receptors. 
Neuroscience 91: 911-924. 

KELSOE, J. R., M. A. SPENCE, E. LOETSCHER, M. FOGUET, A. D. SADOVNICK et al., 2001 A 
genome survey indicates a possible susceptibility locus for bipolar disorder on 
chromosome 22. Proc Natl Acad Sci U S A 98: 585-590. 

KOCH, M., 1999 The neurobiology of startle. Prog Neurobiol 59: 107-128. 
KREWSON, T. D., P. J. SUPELAK, A. E. HILL, J. B. SINGER, E. S. LANDER et al., 2004 

Chromosomes 6 and 13 harbor genes that regulate pubertal timing in mouse chromosome 
substitution strains. Endocrinology 145: 4447-4451. 

KUMARI, V., W. SONI, V. M. MATHEW and T. SHARMA, 2000 Prepulse inhibition of the startle 
response in men with schizophrenia: effects of age of onset of illness, symptoms, and 
medication. Arch Gen Psychiatry 57: 609-614. 

KUMARI, V., W. SONI and T. SHARMA, 1999 Normalization of information processing deficits in 
schizophrenia with clozapine. Am J Psychiatry 156: 1046-1051. 

LAIRD, P. W., A. ZIJDERVELD, K. LINDERS, M. A. RUDNICKI, R. JAENISCH et al., 1991 Simplified 
mammalian DNA isolation procedure. Nucleic Acids Res 19: 4293. 

LANDER, E., and L. KRUGLYAK, 1995 Genetic dissection of complex traits: guidelines for 
interpreting and reporting linkage results. Nat Genet 11: 241-247. 

LANDER, E. S., and D. BOTSTEIN, 1989 Mapping Mendelian Factors Underlying Quantitative 
Traits Using RFLP Linkage Maps. Genetics 121: 185-199. 

LANDER, E. S., P. GREEN, J. ABRAHAMSON, A. BARLOW, M. J. DALY et al., 1987 MAPMAKER: 
an interactive computer package for constructing primary genetic linkage maps of 
experimental and natural populations. Genomics 1: 174-181. 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

26 

LIGHT, G. A., and D. L. BRAFF, 1999 Human and animal studies of schizophrenia-related gating 
deficits. Curr Psychiatry Rep 1: 31-40. 

LINDBLAD-TOH, K., E. WINCHESTER, M. J. DALY, D. G. WANG, J. N. HIRSCHHORN et al., 2000 
Large-scale discovery and genotyping of single-nucleotide polymorphisms in the mouse. 
Nat Genet 24: 381-386. 

LOGUE, S. F., E. H. OWEN, D. L. RASMUSSEN and J. M. WEHNER, 1997 Assessment of locomotor 
activity, acoustic and tactile startle, and prepulse inhibition of startle in inbred mouse 
strains and F1 hybrids: implications of genetic background for single gene and 
quantitative trait loci analyses. Neuroscience 80: 1075-1086. 

LUDEWIG, K., M. A. GEYER, M. ETZENSBERGER and F. X. VOLLENWEIDER, 2002 Stability of the 
acoustic startle reflex, prepulse inhibition, and habituation in schizophrenia. Schizophr 
Res 55: 129-137. 

MATIN, A., G. B. COLLIN, Y. ASADA, D. VARNUM and J. H. NADEAU, 1999 Susceptibility to 
testicular germ-cell tumours in a 129.MOLF-Chr 19 chromosome substitution strain. Nat 
Genet 23: 237-240. 

MCCAUGHRAN, J., JR., J. BELL and R. HITZEMANN, 1999 On the relationships of high-frequency 
hearing loss and cochlear pathology to the acoustic startle response (ASR) and prepulse 
inhibition of the ASR in the BXD recombinant inbred series. Behav Genet 29: 21-30. 

MITCHELMORE, C., K. M. KJAERULFF, H. C. PEDERSEN, J. V. NIELSEN, T. E. RASMUSSEN et al., 
2002 Characterization of two novel nuclear BTB/POZ domain zinc finger isoforms. 
Association with differentiation of hippocampal neurons, cerebellar granule cells, and 
macroglia. J Biol Chem 277: 7598-7609. 

MORI, K., Y. MUTO, J. KOKUZAWA, T. YOSHIOKA, S. YOSHIMURA et al., 2004 Neuronal protein 
NP25 interacts with F-actin. Neurosci Res 48: 439-446. 

MOTT, R., and J. FLINT, 2002 Simultaneous Detection and Fine Mapping of Quantitative Trait 
Loci in Mice Using Heterogeneous Stocks. Genetics 160: 1609-1618. 

MUGLIA, P., U. JAIN and J. L. KENNEDY, 2002 A transmission disequilibrium test of the 
Ser9/Gly dopamine D3 receptor gene polymorphism in adult attention-deficit 
hyperactivity disorder. Behavioural Brain Research 130: 91-95. 

NADEAU, J. H., J. B. SINGER, A. MATIN and E. S. LANDER, 2000 Analysing complex genetic 
traits with chromosome substitution strains. Nat Genet 24: 221-225. 

NING, Z., A. J. COX and J. C. MULLIKIN, 2001 SSAHA: a fast search method for large DNA 
databases. Genome Res 11: 1725-1729. 

ORNITZ, E. M., A. T. RUSSELL, G. L. HANNA, P. GABIKIAN, J. G. GEHRICKE et al., 1999 Prepulse 
inhibition of startle and the neurobiology of primary nocturnal enuresis. Biol Psychiatry 
45: 1455-1466. 

PALMER, A. A., L. L. BREEN, P. FLODMAN, L. H. CONTI, M. A. SPENCE et al., 2003 
Identification of quantitative trait loci for prepulse inhibition in rats. 
Psychopharmacology (Berl) 165: 270-279. 

PAYLOR, R., and J. N. CRAWLEY, 1997 Inbred strain differences in prepulse inhibition of the 
mouse startle response. Psychopharmacology (Berl) 132: 169-180. 

PAYTON, A., J. HOLMES, J. H. BARRETT, T. HEVER, H. FITZPATRICK et al., 2001 Examining for 
association between candidate gene polymorphisms in the dopamine pathway and 
attention-deficit hyperactivity disorder: a family-based study. Am J Med Genet 105: 464-
470. 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

27 

PERRY, W., and D. L. BRAFF, 1994 Information-processing deficits and thought disorder in 
schizophrenia. Am J Psychiatry 151: 363-367. 

PERRY, W., M. A. GEYER and D. L. BRAFF, 1999 Sensorimotor gating and thought disturbance 
measured in close temporal proximity in schizophrenic patients. Arch Gen Psychiatry 56: 
277-281. 

PERRY, W., A. MINASSIAN, D. FEIFEL and D. L. BRAFF, 2001 Sensorimotor gating deficits in 
bipolar disorder patients with acute psychotic mania. Biol Psychiatry 50: 418-424. 

PIMENTA, A. F., V. ZHUKAREVA, M. F. BARBE, B. S. REINOSO, C. GRIMLEY et al., 1995 The 
limbic system-associated membrane protein is an Ig superfamily member that mediates 
selective neuronal growth and axon targeting. Neuron 15: 287-297. 

PLETCHER, M. T., P. MCCLURG, S. BATALOV, A. I. SU, S. W. BARNES et al., 2004 Use of a 
Dense Single Nucleotide Polymorphism Map for In Silico Mapping in the Mouse. PLoS 
Biology 2: e393. 

POURETEMAD, H. R., P. J. THOMPSON and P. B. FENWICK, 1998 Impaired sensorimotor gating in 
patients with non-epileptic seizures. Epilepsy Res 31: 1-12. 

RALPH-WILLIAMS, R. J., V. LEHMANN-MASTEN and M. A. GEYER, 2003 Dopamine D1 rather 
than D2 receptor agonists disrupt prepulse inhibition of startle in mice. 
Neuropsychopharmacology 28: 108-118. 

RALPH-WILLIAMS, R. J., V. LEHMANN-MASTEN, V. OTERO-CORCHON, M. J. LOW and M. A. 
GEYER, 2002 Differential effects of direct and indirect dopamine agonists on prepulse 
inhibition: a study in D1 and D2 receptor knock-out mice. J Neurosci 22: 9604-9611. 

RALPH, R. J., and S. B. CAINE, 2005 Dopamine D1 and D2 agonist effects on prepulse inhibition 
and locomotion: comparison of Sprague-Dawley rats to Swiss-Webster, 129X1/SvJ, 
C57BL/6J, and DBA/2J mice. J Pharmacol Exp Ther 312: 733-741. 

RALPH, R. J., M. P. PAULUS and M. A. GEYER, 2001 Strain-Specific Effects of Amphetamine on 
Prepulse Inhibition and Patterns of Locomotor Behavior in Mice. J Pharmacol Exp Ther 
298: 148-155. 

RALPH, R. J., G. B. VARTY, M. A. KELLY, Y. M. WANG, M. G. CARON et al., 1999 The 
dopamine D2, but not D3 or D4, receptor subtype is essential for the disruption of 
prepulse inhibition produced by amphetamine in mice. J Neurosci 19: 4627-4633. 

REN, W. Z., G. Y. NG, R. X. WANG, P. H. WU, B. F. O'DOWD et al., 1994 The identification of 
NP25: a novel protein that is differentially expressed by neuronal subpopulations. Brain 
Res Mol Brain Res 22: 173-185. 

RETZ, W., M. ROSLER, T. SUPPRIAN, P. RETZ-JUNGINGER and J. THOME, 2003 Dopamine D3 
receptor gene polymorphism and violent behavior: relation to impulsiveness and ADHD-
related psychopathology. J Neural Transm 110: 561-572. 

SILVER, L. M., 1995 Mouse Genetics. Oxford University Press, New York. 
SINGER, J. B., A. E. HILL, L. C. BURRAGE, K. R. OLSZENS, J. SONG et al., 2004 Genetic 

dissection of complex traits with chromosome substitution strains of mice. Science 304: 
445-448. 

SINGER, J. B., A. E. HILL, J. H. NADEAU and E. S. LANDER, 2005 Mapping quantitative trait loci 
for anxiety in chromosome substitution strains of mice. Genetics 169: 855-862. 

SKLAR, P., S. B. GABRIEL, M. G. MCINNIS, P. BENNETT, Y. M. LIM et al., 2002 Family-based 
association study of 76 candidate genes in bipolar disorder: BDNF is a potential risk 
locus. Brain-derived neutrophic factor. Mol Psychiatry 7: 579-593. 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

28 

SWERDLOW, N. R., C. H. BENBOW, S. ZISOOK, M. A. GEYER and D. L. BRAFF, 1993 A 
preliminary assessment of sensorimotor gating in patients with obsessive compulsive 
disorder. Biol Psychiatry 33: 298-301. 

SWERDLOW, N. R., M. A. GEYER and D. L. BRAFF, 2001a Neural circuit regulation of prepulse 
inhibition of startle in the rat: current knowledge and future challenges. 
Psychopharmacology (Berl) 156: 194-215. 

SWERDLOW, N. R., B. KARBAN, Y. PLOUM, R. SHARP, M. A. GEYER et al., 2001b Tactile prepuff 
inhibition of startle in children with Tourette's syndrome: in search of an "fMRI-friendly" 
startle paradigm. Biol Psychiatry 50: 578-585. 

SWERDLOW, N. R., J. PAULSEN, D. L. BRAFF, N. BUTTERS, M. A. GEYER et al., 1995 Impaired 
prepulse inhibition of acoustic and tactile startle response in patients with Huntington's 
disease. J Neurol Neurosurg Psychiatry 58: 192-200. 

VARTY, G. B., and G. A. HIGGINS, 1998 Dopamine agonist-induced hypothermia and disruption 
of prepulse inhibition: evidence for a role of D3 receptors? Behav Pharmacol 9: 445-455. 

VARTY, G. B., N. WALTERS, M. COHEN-WILLIAMS and G. J. CAREY, 2001 Comparison of 
apomorphine, amphetamine and dizocilpine disruptions of prepulse inhibition in inbred 
and outbred mice strains. European Journal of Pharmacology 424: 27-36. 

WADE, C. M., E. J. KULBOKAS, 3RD, A. W. KIRBY, M. C. ZODY, J. C. MULLIKIN et al., 2002 The 
mosaic structure of variation in the laboratory mouse genome. Nature 420: 574-578. 

WEIKE, A. I., U. BAUER and A. O. HAMM, 2000 Effective neuroleptic medication removes 
prepulse inhibition deficits in schizophrenia patients. Biol Psychiatry 47: 61-70. 

WILLOTT, J. F., L. TANNER, J. O'STEEN, K. R. JOHNSON, M. A. BOGUE et al., 2003 Acoustic 
startle and prepulse inhibition in 40 inbred strains of mice. Behav Neurosci 117: 716-727. 

WILTSHIRE, T., M. T. PLETCHER, S. BATALOV, S. W. BARNES, L. M. TARANTINO et al., 2003 
Genome-wide single-nucleotide polymorphism analysis defines haplotype patterns in 
mouse. Proc Natl Acad Sci U S A 100: 3380-3385. 

XU, M., T. E. KOELTZOW, G. T. SANTIAGO, R. MORATALLA, D. C. COOPER et al., 1997 
Dopamine D3 Receptor Mutant Mice Exhibit Increased Behavioral Sensitivity to 
Concurrent Stimulation of D1 and D2 Receptors. Neuron 19: 837-848. 

YALCIN, B., S. A. WILLIS-OWEN, J. FULLERTON, A. MEESAQ, R. M. DEACON et al., 2004 Genetic 
dissection of a behavioral quantitative trait locus shows that Rgs2 modulates anxiety in 
mice. Nat Genet 36: 1197-1202. 

YOSHIDA, Y., S. MATSUDA, N. IKEMATSU, J. KAWAMURA-TSUZUKU, J. INAZAWA et al., 1998 
ANA, a novel member of Tob/BTG1 family, is expressed in the ventricular zone of the 
developing central nervous system. Oncogene 16: 2687-2693. 

YOUNGREN, K. K., J. H. NADEAU and A. MATIN, 2003 Testicular cancer susceptibility in the 
129.MOLF-Chr19 mouse strain: additive effects, gene interactions and epigenetic 
modifications. Hum Mol Genet 12: 389-398. 

 
 



Two PPI QTLs on mouse chromosome 16                                                                  Petryshen et al. 

29 

TABLE 1.  Maximum likelihood two-locus model from parametric linkage analysis of the 

chromosome 16 F2 intercross 

 Position 

(cM) 

Weight Dominance Variance 

explained 

Genetic effect of A/J allele 

Proximal QTL 22.0 1.61 13.63 19% Over-dominance; elevated PPI 

Distal QTL 37.0 10.88 -9.82 23% Recessive; elevated PPI 

 

Weight (additive component) and dominance (dominance component) of the QTL A/J allele (i.e., 

CSS-16 allele) effect in the following genetic model: Phenotypei = mean + (Weight x Number of 

A/J alleles) + (Dominance x Heti) + Noise, where Heti = 1 if individual “i” is a heterozygote, 

otherwise Heti = 0. 
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TABLE 2.  PPI levels of F2 intercross mice classified by genotypes at the chromosome 16 

proximal and distal PPI QTL peaks 

Genotype   

F2 intercross progeny:  PPI (%) 

Proximal QTL  Distal QTL N Mean Variance 

B6  B6 10 24.3 109.9 

B6  Het 6 29.5 21.7 

B6   A/J 1 58.6 NA 

Het   B6 6 43.7 56.8 

Het   Het 37 43.4 165.2 

Het   A/J 2 59.9 16.6 

A/J B6 1 37.2 NA 

A/J Het 6 30.1 216.9 

A/J A/J 16 52.6 281.2 

Parental strains:    

B6  65 34.3 105.1 

CSS-16  54 48.9 202.1 

Mean percent PPI at an 80 dB prepulse intensity and variance of F2 intercross mice utilized for 

linkage analyses. Intercross mice are grouped according to the nine genotype combinations of the 

markers at the peak of the proximal and distal chromosome 16 QTLs, where “A/J” indicates 

homozygosity for A/J (CSS-16) alleles, “B6” indicates homozygosity for B6 alleles, and “Het” 

indicates heterozygosity. PPI data is omitted for two intercross mice that had missing genotypes 
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for the marker at the distal QTL peak. For comparison, mean percent PPI is shown for the B6 

and CSS-16 parental mice tested during the same PPI test sessions at the intercross mice.  

 

FIGURE LEGENDS 

FIGURE 1. Mean (±SEM) percent PPI in the CSS-16 substitution strain compared to the 

B6 host strain. Significantly elevated PPI (i.e., greater inhibition of the startle response) was 

observed in CSS-16 (N = 12) compared to B6 (N = 22) at 70-80 dB prepulse intensities. 

Asterisks indicate t-test significance levels in comparison to B6 at *P < 0.01 and **P < 0.001. 

 

FIGURE 2. Chromosome 16 F2 intercross parametric linkage analysis results. Chromosome 

16 SNPs (N = 41) were tested for linkage with PPI levels at an 80 dB prepulse intensity in 87 F2 

intercross mice. The single-locus model multipoint LOD curve is indicated by the solid line. 

Also shown are the results of two-locus fixed QTL analyses in which the proximal QTL peak 

(mCV23978154 – mCV22294752; cross-hatched curve) or distal QTL peak (mCV24118360; 

ticked curve) was held constant. The 1-LOD confidence intervals of the proximal QTL and the 

distal QTL are indicated by the left and the right boxed regions, respectively. The chromosome-

16 wide significance threshold (LOD = 2.3) is indicated by the dotted line. 

 

FIGURE 3.  Mean (±SEM) percent PPI of F2 intercross mice grouped according to 

genotypes at the chromosome 16 proximal and distal PPI QTL peaks. Genotypes at the distal 

QTL peak (mCV24118360) are plotted along the x-axis. Mean (± SEM) percent PPI at an 80 dB 

prepulse intensity is plotted along the y-axis. Genotypes at the proximal QTL peak 

(mCV23978154 – mCV22294752) are plotted on the graph and connected by lines 
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corresponding to genotype. “A/J” indicates homozygosity for A/J (CSS-16) alleles, “B6” 

indicates homozygosity for B6 alleles, and “Het” indicates heterozygosity.  








