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Prepulse inhibition (PPI) of the acoustic startle response 
(ASR) is a form of sensorimotor gating, defined as an 
inhibition of the startle response when a low intensity 
stimulus, the prepulse, precedes the startling stimulus. 
Deficits in PPI have been reported in schizophrenia and 
other psychiatric/neurological disorders, and correlate with 
symptom severity in schizophrenia, suggesting that 
deficient PPI per se or abnormalities in neural circuits 
regulating PPI may cause some symptoms of schizophrenia. 
If so, then genes conferring reduced PPI may contribute 
toward genetic vulnerability to schizophrenia. Studies with 
selectively bred rodent strains indicate that PPI is under 
genetic control; however, the identity of the relevant genes 
is unknown. The current study used recombinant congenic 
mouse strains derived from C57BL/6J and A/J parents to 
assess genetic variability in PPI and in ASR and to identify 
provisional quantitative trait loci (QTLs) modulating these 
phenotypes. Significant between-strain differences in ASR 

and in PPI at each of several prepulse intensities (75, 80, 
85, 90, 95 dB) were found. Correlations between PPI at the 
various prepulse intensities were highly significant, 
suggesting appreciable overlap in genetic regulation of PPI 
across prepulse intensities. Five QTLs (chromosomes 3, 5, 
7, 16) associated with PPI across all prepulse intensities, 
but not with ASR, were identified. Two additional QTLs 
(chromosomes 2, 11) associated with both PPI and ASR 
were found. Fifteen QTLs were associated with ASR alone. 
Data on genotypes of informative congenic strains were 
used to support probable involvement of loci modulating 
PPI and to narrow the probable chromosomal location of 
QTLs. If confirmed, these QTLs may suggest candidate 
genes directing novel mechanisms for regulation of PPI
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There is strong evidence that several genes with additive
or interactive effects, together with environmental fac-
tors, contribute to confer susceptibility to schizophrenia
(Carlson and Willott 1996). Given this complexity, one
approach to uncover genetic susceptibility factors in
schizophrenia has been to search for genes regulating
specific endophenotypes within schizophrenia. Prepulse
inhibition (PPI) of the startle response is a candidate phe-
notype which may be relevant to such a strategy.
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The acoustic startle response (ASR) consists of a strong
activation of antagonistic muscle groups throughout the
body in response to a sudden, relatively intense acoustic
stimulus. Prepulse inhibition refers to an inhibition of the
startle response when a low intensity stimulus, the
prepulse, precedes the startling stimulus. PPI is a form of
sensorimotor gating that is conserved across species, and
can be measured under nearly identical conditions in hu-
mans and experimental animals (Swerdlow et al. 1999).

Deficits in PPI in schizophrenic compared with control
subjects have been reproducibly observed in numerous
studies (Braff et al. 1978, 1999; Grillon et al. 1992; Caden-
head et al. 2000; Kumari et al. 2000; Parwani et al. 2000;
Swerdlow and Geyer 1998). Importantly, decreased PPI
appears to be a familial trait and not a secondary conse-
quence of the gross behavioral impairment accompany-
ing schizophrenia, as PPI deficits are also observed in
non-affected relatives of schizophrenic subjects and in
non-medicated persons with schizotypal personality dis-
order (Cadenhead et al. 1993, 2000). In schizophrenia, PPI
deficits have been reported to correlate with core cogni-
tive symptoms such as thought disorder (Perry and Braff
1994; Perry et al. 1999), with abnormalities on neuropsy-
chological testing (Butler et al. 1992) and with clinical
measures of illness severity (Braff et al. 1999; Light and
Braff, 1999; Weike et al. 2000). Thus it has been hypothe-
sized that some symptoms of schizophrenia related to in-
formation processing may be caused by abnormalities ei-
ther in PPI or in the neural circuits that regulate PPI
(Swerdlow and Geyer 1998). This idea is strengthened by
the fact that brain regions known to modulate PPI (e.g.
hippocampus, prefrontal cortex, nucleus accumbens/stri-
atum, globus pallidus, thalamus) are also areas reported
to be affected in schizophrenia and other disorders char-
acterized by reduced PPI (Swerdlow and Geyer 1998;
Swerdlow et al. 1999). As well, neurotransmitter systems
exerting important modulation of PPI (e.g. dopamine,
glutamate, serotonin) can also modulate psychotic symp-
toms (Swerdlow and Geyer 1998). If, as is postulated, def-
icits in the same neural circuitry contribute to decreased
PPI and symptoms of schizophrenia, then genes confer-
ring reduced PPI may contribute toward a constitutional
vulnerability to the disorder.

Although most repeatedly reported in schizophrenia,
deficits in PPI have been reported in other disorders
such as obsessive compulsive disorder (Swerdlow et al.
1993, 1994), Tourette’s syndrome (Swerdlow et al. 2001;
Castellanos et al. 1996) and Huntington’s disease (Swer-
dlow et al. 1995) suggesting that PPI deficits may play a
role in several disorders with abnormalities in shared
components of the specific neural circuitry regulating
PPI (Swerdlow and Geyer 1998). It is therefore possible
that the identification of genes involved in the modula-
tion of PPI may also be relevant to these disorders.

Previous studies on selectively bred, inbred, and re-
combinant inbred mouse and rat strains have demon-

 

strated wide strain variation in startle responses to both
acoustic and tactile stimuli and PPI of these responses
(Marks et al. 1989; Ellenbroek et al. 1995; Bullock et al.
1997; Logue et al. 1997; Paylor and Crawley 1997; Mc-
Caughran et al. 1999; Palmer et al. 2000). This variation
indicates that ASR and PPI are, in fact, under genetic
control. However, genes regulating PPI have not yet
been identified. Quantitative trait locus (QTL) analysis
attempts to map genes involved in a trait by detecting
significant associations between the phenotype of inter-
est and multiple chromosomal markers. The current
study used a series of recombinant congenic strains
(RCS) of mice to perform such QTL analysis. RCSs were
obtained through two rounds of backcrossing of F1
progeny with either of two parental strains (C57BL/6J
and A/J), followed by eighteen to thirty rounds of in-
breeding, leading to inbred strains in each of which a
small proportion (13.25%) of the genome of one paren-
tal strain has been introduced on the other parental ge-
nome background and vice versa (Fortin et al. 2001).
Thus the RCS system transforms a multigenic trait into
a series of single gene traits, where each gene contribut-
ing to the multigenic control of the phenotype can be
mapped and studied separately (Demant and Hart
1986). RCSs have the potential to detect QTLs even if
parental strains do not show phenotypic differences,
because genes interacting in the parental strain may be
separated in the RCSs. In addition, RCSs are advanta-
geous for correlative phenotypic studies because each
mouse in a particular strain represents an inbred “per-
manent” replica of the appropriate chromosomal re-
combination producing the informative phenotype (De-
mant and Hart 1986).

The main aims of the current study were: (1) to de-
termine variability in ASR, and in PPI of acoustic star-
tle, among the RCSs generated from C57BL/6J and A/J
mice; (2) to determine genetic correlations between PPI
at a range of prepulse intensities and between ASR and
PPI; and (3) to identify provisional QTLs modulating ei-
ther ASR or PPI or both.

 

MATERIALS AND METHODS

Animals

 

The mice used in this study were provided by Xenon
Genetics Research Inc. (Montreal, Quebec) and were
born and raised at the animal care facility of the Mon-
treal General Hospital Research Institute. Recombinant
congenic strains (RCSs) were generated from A/J and
C57BL/6J progenitors by two rounds of backcrossing of
F1 progeny with either of the two parental strains, fol-
lowed by 18–30 rounds of inbreeding to fix allelic com-
binations. This procedure yielded 15 C57BL/6J 

 

→

 

 A/J
(primarily A/J background, AcB strains heretofore la-
beled A) and 22 A/J 

 

→

 

 C57BL/6J (primarily C57BL/6J
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background, BcA strains heretofore labeled B) RC
strains, covering the differences in the two progenitor
strains across the entire genome (Fortin et al. 2001). The
degree of homozygosity of introduced genes, estimated
from genotyping data on the RCSs, is greater than 99%.
In the AcB set, approximately 79% of the C57BL/6J ge-
nome has been transferred in independent strains,
while in the BcA set, approximately 84% of the A/J ge-
nome is represented in the various strains with the
C57BL/6J background.

Animals were generated using routine breeding
practices and were weaned and identified by ear
punching at 3 weeks of age. Mice of a single strain and
gender were housed together in groups of five per cage,
at an ambient temperature of 22 

 

�

 

 1

 

�

 

C, with lights on at
6 

 

A

 

.

 

M

 

. and off at 6 

 

P

 

.

 

M

 

., and with access to standard
mouse chow and water ad libitum.

Only male mice at 9–10 weeks of age were used for
behavioral testing. At 8–9 weeks of age mice were
transferred from the Montreal General Hospital to the
Douglas Hospital Research Center, where behavioral
testing took place. Animals were allowed a minimum
of five days to acclimatize to the new facility before be-
havioral testing.

All procedures with animals were performed in ac-
cordance with guidelines from the Canadian Council
on Animal Care and were approved by the McGill Uni-
versity Animal Care Committee.

 

Behavioral Testing.

 

Startle reactivity was measured
using two SR-LAB startle response chambers (San Di-
ego Instruments, San Diego, CA). Each sound-attenu-
ated and ventilated chamber contained a Plexiglass cyl-
inder of inner diameter 3.7 cm and length 6.7 cm. The
cylinder was mounted atop a piezoelectric transducer,
which detected vibrations caused by movement of the
animal. An SR-LAB calibration unit was used to pro-
duce consistent response sensitivity between chambers
and across days of testing. Background noise and all
acoustic stimuli were generated by an SR-Lab sound
generating system and consisted of white noise. Sound
intensity within the chambers was calibrated using a
Radio Shack digital sound level meter (A scale). A mi-
crocomputer control unit digitized and stored startle re-
sponses and also controlled timing and presentation of
acoustic stimuli. Startle amplitude was defined as the
average of 65 readings taken at 1 msec intervals, begin-
ning at stimulus onset.

Startle testing took place between 9 

 

A

 

.

 

M

 

. and 5 

 

P

 

.

 

M

 

.
The startle session began with a 5-min acclimatization
period in the presence of 70 dB background noise,
which continued throughout the session. After this ha-
bituation period, the animals were presented with one
orienting pulse-alone trial (120 dB (i.e., 50 dB above
background) for 30 msec); data from this trial were dis-
carded. Next, six blocks of trials were delivered. Each of

these blocks consisted of the following eight trials: two
pulse-alone trials, five prepulse trials and one null (no
stimulus) trial, in pseudo-random order. The pulse-
alone trial consisted of a 120 dB pulse for 30 msec. The
five prepulse trials consisted of a 30 msec prepulse at
75, 80, 85, 90 or 95 dB (i.e., 5, 10, 15, 20 or 25 dB above
background) followed by a 70 msec delay and then a
startle pulse (120 dB, 30 msec). The inter-trial interval
was averaged 17 s (range 9–29 s).

For each animal, background startle was defined as
the mean startle amplitude from the six null trials; this
background value was subtracted from the startle am-
plitudes for each pulse-alone trial and for each prepulse
trial, before any further calculations were performed.
ASR was then defined as the mean startle amplitude
averaged from the 12 pulse-alone trials. %PPI was de-
fined as (1

 

�

 

 (mean startle amplitude on prepulse trial) /
ASR)) 

 

�

 

 100. For each prepulse intensity, %PPI for the
six replicate prepulse trials was averaged and this mean
was used as the value for the individual animal.

Behavioral testing was completed and data are in-
cluded for the two parental strains, for 14 of the 15 A
strains and for all 22 of the B strains. The A strain that
was excluded was one in which poor breeding limited
availability of the animals. A total of 448 mice were
tested from February to October, 2000, with 90% of the
mice being tested by the end of May. Each week a mix
of animals from the various strains was tested, depend-
ing on availability of the particular strains. Routinely,
only two or three animals for a particular strain were
available each week; thus animals from each strain
were derived from several litters and were tested at a
variety of times within the 9 

 

A

 

.

 

M

 

.–5 

 

P

 

.

 

M

 

. test period.
Weiss et al. (1999) have reported that, at least in rats,
there is no effect of circadian time on prepulse inhibi-
tion of acoustic startle). Animals from the progenitor
strains were included in testing from February until the
end of May. Data for both ASR and PPI are from an n of
10–15 animals/strain.

 

Genotyping Procedures.

 

Genomic DNA was prepared
and purified from tail biopsies obtained from two ani-
mals per strain, and genotyping was performed by
PCR-based typing of oligonucleotide primer pairs de-
fining selected microsatellite markers, as previously de-
scribed in detail (Fortin et al. 2001). Strains were geno-
typed for 625 microsatellite markers informative for
C57BL/6J and A/J, spaced with an average coverage of
2.6 cM throughout the entire genome.

 

Data Analysis.

 

Mean ASR for the total sample of 448
animals was calculated and PPI data was discarded for
any animal whose ASR was below 1.5 SD of the mean.
This was done because inhibition of ASR by a prepulse
becomes unreliable if the baseline ASR is too low. This
criterion caused PPI data to be discarded for two ani-
mals from strain A58 and one animal from each of
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strains A62, A57 and B72, for a total of five animals or
1.1% of the total sample. Data for all 448 animals tested
were included in the tabulation of mean ASR values
(i.e. no data were discarded for ASR).

To assess reliability of phenotypic data, animals in
each strain were sequentially numbered across the test-
ing period and means for the group of odd numbered
animals compared with the even numbered. Also, to as-
sess the consistency of phenotypic data across the test
period, means for the half of the animals in each strain
tested earlier were compared with means for the half
tested at a later date. Neither of these split halves analy-
ses revealed any within strain differences in means for
either ASR or PPI.

The Kolmogorov-Smirnov 1-sample D statistic was
computed for the PPI distributions at each of the five
prepulse intensities and for the distribution of ASR in
each of the RCLs. None of the distributions was found to
deviate significantly from the normal distribution, except
for the PPI distribution at 85 dB prepulse intensity in
strain A58 (less than 0.5% of the distributions). Between-
strain differences in ASR and PPI at different prepulse
intensities were assessed using 1-way analyses of vari-
ance with mouse strain as grouping factor and ASR and
PPI as dependent variables. Post-hoc comparisons of the
mean values for the parental strains with the mean value
for the corresponding congenic strains were performed
using 

 

t

 

-tests. Although ANOVA is known to be robust
with regard to deviation from the assumption of normal-
ity and only a very small fraction of the studied distri-
butions deviated significantly from normality (

 

�

 

0.5%),
we conducted a non-parametric analysis of variance
(Kruskall-Wallis) to compare the different strains to their
parental strain with regard to their PPI at the different
prepulse intensities and ASR. The conclusions derived
from this non-parametric analysis remained the same as
those derived from the ANOVA analyses.

To estimate the broad-sense heritability (the propor-
tion of phenotypic variance accounted for by additive
genetic variance, h

 

2

 

) of ASR and PPI at different prepulse
intensities, we used the formula h

 

2

 

 

 

�

 

 V

 

A

 

/(V

 

A

 

 

 

�

 

 V

 

E

 

),
where V

 

A

 

 is the additive genetic variance estimated from
half of the variance of the RCS strain means (Falconer
1989; DeFries et al. 1989) and V

 

E

 

 is the residual variance
estimated from the pooled within strain variance. The
minimum number of effective factors (e) was estimated
for each group of RCSs with a common genetic back-
ground according to the formula e 

 

�

 

 ln (1
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p

 

(r 

 

	

 

 1))/ln
(1

 

�

 

0.5

 

k

 

�

 

1

 

) (Mulitze and Baker 1985a,b), where 

 

p

 

(r 

 

	

 

 1) is
the probability that a RCS contains at least one gene
(from the donor parental strain) with a significant effect
on the phenotype of that RCS compared with its paren-
tal background phenotype, ln is the natural logarithm
and k is the number of times the donor parental strain
was backcrossed to the recurrent parental strain to gen-
erate the RCSs (here, k 

 

�

 

 2). 

 

p

 

(r 

 

	

 

 1) was estimated as

the ratio of strains with mean PPI significantly different
from the mean PPI of the recurrent parental strain.

For the QTL analysis, data from all animals, regard-
less of their genetic background, were entered into a 1-way
analysis of variance (ANOVA), where the genotype
(A/J homozygous coded 1 and C57BL/6J coded 2) was
considered as the grouping factor and ASR or PPI at dif-
ferent prepulse intensities was the dependent variable.
The Bonferroni correction was used to control for the
risk of increased type 1 error, due to multiple testing.
The accepted critical value of 

 

p

 

 for identification of sig-
nificant associations was set at 0.00001. This value was
obtained by dividing 0.05 by the number of markers
(n 

 

�

 

 625) and by the number of phenotypes tested (n 

 

�

 

6), i.e. (0.05/(625 

 

�

 

 6) 

 

�

 

 0.000013). Because of linkage
disequilibrium, the actual number of tests is less than
the number of markers evaluated (625), thus this level of
significance is stringent. While QTLs so identified must
be considered provisional until confirmed by further
testing, it should also be noted that 

 

p

 

 

 

�

 

 .00001 is a highly
conservative threshold, in comparison to 

 

p

 

 values con-
sidered acceptable, in, for example, QTL analyses using
recombinant inbred mouse strains (Crawley et al. 1997;
Neumann and Collins 1992; Alexander et al. 1996; Kanes
et al. 1996; Phillips et al. 1998). Once a significant associ-
ation was detected at a given marker by analysis of data
from the entire sample of animals, as described above, a
secondary ANOVA was conducted separately on ani-
mals belonging to either one of the genetic backgrounds,
in order to determine the effect of donor genes on a
given genetic background. In these secondary analyses,
the critical 

 

p

 

 value was set at .001, because a priori evi-
dence for the linkage of the marker with the phenotype
under consideration had already been provided.

Between-genotype differences in PPI at specific
markers that were significantly associated with either
increased or decreased PPI were analyzed using anal-
yses of variance with genotype as the grouping vari-
able and PPI at each prepulse intensity as the outcome
variable.

For each locus showing unique contribution in the
modulation of PPI across at least four prepulse intensi-
ties, we reanalyzed the data using non-parametric
Kruskal-Wallis analysis of variance with genotype as
the independent variable and PPI at different prepulse
intensities as the dependent variables. The results of
this analysis were unchanged compared with the para-
metric analysis of variance.

The corrected regression R-square derived from a re-
gression analysis, where the independent variables
were the linked markers and the dependent variables
were the PPIs at prepulse intensity of 85 dB in the ani-
mals from different strains, was used to estimate the
proportion of variance explained by each locus show-
ing unique contribution in the modulation of PPI across
at least four prepulse intensities. In this analysis, we se-
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Figure 1. Mean prepulse inhibition (PPI) of acoustic startle responses in recombinant congenic mice separated according to geno-
type at markers significantly associated with PPI. Markers shown were associated with decreased (panels a, b, c) or increased
(panel d) PPI when the A/J gene segregated onto the C57BL/6J genetic background, or with increased PPI when the C57BL/6J
gene segregated onto the A/J genetic background (panel e). Comparison is made between the PPI data for the group of recombi-
nant congenic mice carrying A/J versus C57BL/6J alleles at the markers indicated. PPI data for the parental strains, C57BL/6J
(C57) and A/J, are also shown for comparison. In panels a, b, and d, categories on the X axis represent groups of mice homozygous
for the A/J allele (A) or for the C57BL/6J allele (B). In panel c, where animals were grouped according to their genotypes at two
markers, D3Mit189 and D7Mit77, A/A � mice homozygous for the A/J allele at both markers D3Mit189 and D7Mit77, A/B �
mice homozygous for the A/J allele at D3Mit189 and for the C57BL/6J allele at D7Mit77, B/B � mice homozygous for the C57BL/
6J allele at both markers, and similarly for panel e. Values are means � SEM. Asterisks indicate values significantly different from
B in panels a, b and d, from B/B in panel c and from A/A in panel e, at *p � .05, **p � .01, ***p � .001, ****p � .0001, *****p � .00001.
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lected PPI at a prepulse intensity of 85 dB because it
was the modality that showed the highest heritability.

 

RESULTS

Phenotypic Data: ASR and PPI

 

Figure 1 shows mean ASR and mean % PPI at pre-pulse
intensities of 75, 80, 85, 90 and 95 dB (hereafter identi-
fied as PPI75, PPI80, PPI85, PPI90 and PPI95, respec-
tively), for the two parental strains and 36 RCSs. Al-
though mean ASR did not differ between the two
parental strains (F

 

1,22

 

 

 

�

 

 0.35, 

 

p

 

 

 

�

 

 .55), there were signifi-

cant differences in mean ASR among the 38 strains (F

 

37,410

 

�

 

 6.28, 

 

p

 

 

 

�

 

 .000001; Figure 1, panel a). All RCSs that devi-
ated significantly from their parental ASR phenotype
showed increased ASR, irrespective of whether the strains
derived from A/J or C57BL/6J parents. The strain distri-
bution pattern of ASR (with strains arranged according to
increasing ASR) was continuous, with none of the strains
having a mean ASR orders of magnitude higher than
other strains. However, several RCSs showed two to three
fold increases in ASR compared with their parental
strains (Figure 1, panel a). This pattern of distribution is
consistent with the existence of an important genetic con-
trol of the ASR phenotype and also suggests that no genes

 

Figure 2.

 

Mean acoustic startle responses (ASR) to white
noise at 120 dB (a) and prepulse inhibition (PPI) of acous-
tic startle responses using prepulses of 75 dB (b), 80 dB
(c), 85 dB (d), 90 dB (e) and 95 dB (f), in recombinant con-
genic strains of mice. Values shown are mean � SEM. In
(e), note that a mean value of PPI greater than 100% was
calculated for line B67, since startle responses during
prepulse trials were slightly lower than the mean null
response for some animals. Asterisks indicate strains
with values significantly different from that of the paren-
tal strain with the same genetic background (i.e. different
from A/J for strains labeled A and different from C57BL/
6J for strains labeled B) at *p � .05, **p � .01, ***p � .001,
****p � .0001, *****p � .00001.
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with major effect are involved in controlling ASR. The
broad sense heritability of ASR was 20.7%. There were no
between-strain differences in mean null responses, among
the 38 strains (F37,410 � 1.36, p � .07, data not shown).

The A/J and C57BL/6J parental strains showed sig-
nificant (p � .05) differences in PPI magnitude at all
prepulse intensities, except for PPI95 (Figure 1, panels
b–g). Significant between-strain differences in mean %
PPI were found among the 38 strains, at each prepulse
intensity (75 dB: F37,405 � 3.99, p � .000001; 80 dB: F37,405 �
5.46, p � .000001; 85 dB: F37,405 � 6.74, p � .000001; 90
dB: F37,45 � 5.19, p � .000001; 95 dB: F37,405 � 3.84, p �
.000001). These between-strain differences were most
numerous for PPI80 and PPI85 suggesting a greater de-
gree of genetic control of PPI at these intensities. This
was reflected in higher estimates of the broad sense her-
itabilities at these two intensities (19.6%, 23.4%, respec-
tively) compared with heritabilities for PPI75, PPI90
and PPI95 (15.1%, 18.8% and 15.1% respectively). All
RCSs with A/J background, whose PPI was signifi-
cantly different from that of the parental A/J strain,
showed an increase in this trait, irrespective of the in-
tensity of the prepulse used. Conversely, almost all the
strains with C57BL/6J background, whose PPI deviated
significantly from their parental phenotype, showed a
decrease in this trait. These observations indicate that
alleles responsible for increased PPI in the C57BL/6J
parental strain (compared with the A/J strain) have
segregated in some RCSs with A/J background to in-
crease their PPI compared with the parental phenotype
and, conversely, alleles responsible for decreased PPI in
the A/J inbred strain have segregated in some of the

strains with the C57BL/6J background to decrease their
PPI. At the higher prepulse intensities (85–95 dB), intro-
duction of A/J genomic segments onto the C57BL/6J
background paradoxically increased PPI, relative to the
parental C57BL/6J strain, in two RCSs (B75 and B67).
As was the case for ASR, the strain distribution patterns
for PPI were continuous at each prepulse intensity, sug-
gesting no major gene effect.

In an initial correlational analysis, correlations among
ASR and PPI at various prepulses were calculated using
mean values for ASR and PPI, from all the RCSs of both
parental backgrounds (Table 1, panel a). Correlations
between PPI at the various prepulse intensities were all
highly significant, and there were no significant correla-
tions between ASR and PPI at any prepulse intensity. In
subsequent analyses, correlations were calculated sepa-
rately for the 14 RCSs with A/J background and for the
22 RCSs with C57BL/6J background, using ASR and PPI
data for individual animals to increase the power of the
analysis (Table 1, panels b, c). These analyses also re-
vealed highly significant correlations between PPI at the
various prepulse intensities, among RCSs of either pa-
rental background. For RCSs with the A/J background,
ASR was not significantly correlated with PPI, except at
PPI75. However, for RCSs with the C57BL/6J back-
ground, a significant negative correlation was observed
between ASR and PPI at each prepulse intensity.

QTL Analysis

Results of the QTL analysis are shown in Tables 2-4.
Identified QTLs could be categorized as those signifi-

Table 1. Correlations among ASR and PPI at various prepulse intensities

ASR PPI 75 PPI 80 PPI 85 PPI 90 PPI 95

(a) All RCSs, correlations calculated using means for each strain
ASR – �0.067 �0.135 �0.089 �0.108 �0.192
PPI 75 – – 0.875 **** 0.861 **** 0.822 **** 0.813 ****
PPI 80 – – – 0.904 **** 0.842 **** 0.821 ****
PPI 85 – – – – 0.874 **** 0.826 ****
PPI 90 – – – – – 0.942 ****

(b) RCSs with A/J background, correlations calculated using data for individual animals
ASR – 0.196 ** 0.031 �0.028 �0.004 �0.017
PPI 75 – – 0.541 **** 0.546 **** 0.546 **** 0.485 ****
PPI 80 – – – 0.685 **** 0.702 **** 0.582 ****
PPI 85 – – – – 0.685 **** 0.505 ****
PPI 90 – –– – – 0.762 ****

(c) RCSs with C57BL/6J background, correlations calculated using data for individual animals
ASR – �0.126 * �0.271 **** �0.224 **** �0.202 *** �0.177 **
PPI 75 – – 0.604 **** 0.511 **** 0.520 **** 0.446 ****
PPI 80 – – – 0.629 **** 0.673 **** 0.612 ****
PPI 85 – – – – 0.497 **** 0.333 ****
PPI 90 – – – – – 0.818 ****

For (a), Pearson’s r correlations were calculated using mean values for acoustic startle responses (ASR) and prepulse inhibition (PPI) for each of the
36 recombinant congenic strains (RCSs; i.e., 14 RCSs with A/J background plus 22 RCSs with C57BL/6J background). For (b) and (c), Pearson’s r cor-
relations were calculated using ASR and PPI data for individual animals for the 14 RCSs with A/J background in (b) and for the 22 RCSs with
C57BL/6J background in (c). * � p � .05, ** � p � .01, *** � p � .001, **** � p � .0001.
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cantly associated with PPI but not with ASR (Table 2),
with ASR but not PPI (Table 3) or with both PPI and
ASR (Table 4). Five QTLs associated with PPI across all
five prepulse intensities, but not with ASR, were identi-
fied; these included a single QTL on each of chromo-
somes (chr) 3, 5, and 7 and two QTLs on chr 16 (Table 2).
Additional QTLs for PPI only at certain prepulse inten-
sities were also detected; these include QTLs for PPI80
and PPI85 (chr 14, 15), for PPI85 (chr 6, 18) and for PPI90
(chr 1, 2, 17, 19). Several QTLs were associated with ASR
alone (chr 1, 3, 8, 9, 12, 14, 15, 18, 19), but not with PPI
(Table 3). Finally, two QTLs for both PPI and ASR were
found; one of these (chr 2) was associated with PPI at all
five prepulse intensities as well as ASR, while the sec-
ond (chr 11) was associated with PPI at the four highest
prepulse intensities and with ASR (Table 4). The associa-
tions of these chr 2 and 11 markers with PPI remained
highly significant even when effects of ASR were con-
trolled for using analysis of covariance, with the mark-
ers as grouping factor, PPI at different prepulse intensi-
ties as outcome variable and ASR as covariate. In
comparison to the above observed findings, the calcu-
lated minimum numbers of effective factors (rounded to
the closest integer) on A/J and C57BL/6J genetic back-
grounds were estimated to be 7 and 4 for ASR, 1 and 1
for PPI75, 4 and 4 for PPI80, 7 and 3 for PPI85, 2 and 1
for PPI90, and 0 and 1 for PPI95, respectively.

We focused further analyses only on markers signifi-
cant for PPI across at least four prepulse intensities,
with the rationale that these would be the most likely to
have important effects on the phenomenon of PPI glo-
bally and independent of possible strain variability in
auditory function. Table 5 lists the genotypes for all of
the mouse strains at the seven QTLs associated with
PPI across four or five prepulse intensities. Of these
QTLs, four (chr 2, 3, 7, and the proximal QTL on chr 16)
appear to be associated with a decrease in PPI in ani-
mals with the C57BL/6J genetic background, one (chr
11) with an increase in PPI in animals with the C57BL/
6J background and two (chr 5 and distal chr 16) with an
increase in PPI in animals with the A/J background.

Inspection of informative RCSs in Table 5 indicates
several features of the four loci (chr 2, 3, 7, proximal 16)
putatively mediating decreased PPI in animals with the
C57BL/6J background. It can be deduced that segrega-
tion of A/J alleles at the locus on chr 2 contributed
uniquely to the decrease in PPI in strains B82 and B76,
because none of the other six loci with significant effect
on PPI at most prepulse intensities contained A/J geno-
types in these strains. In addition, because strain B83
segregated the A/J genomic locus flanked by markers
D2Mit340 and D2Mit493 and did not show significant
differences in PPI compared with the C57BL/6J paren-
tal strain, it is possible the chr 2 QTL is distal to marker
D2Mit493. The proportion of variance in PPI explained
by this locus (marker D2Mit113) in animals with the

C57BL/6J genetic background was estimated to be 10.7%.
Similarly, the locus on chr 3 contributed uniquely to the
decreased PPI in strain B73. In addition, strain B70,
which segregated the A/J genotype in markers D3Mit106
and D3Mit266, showed no significant change in PPI at
any prepulse intensity compared with C57BL/6J, sug-
gesting that the QTL on chr 3 may be in the vicinity of
D3Mit189. The proportion of variance in PPI explained
by this locus (marker D3Mit189) in animals with the
C57BL/6J genetic background was estimated to be
11.5%. Figure 2, panels a and b, shows that animals
with the C57BL/6J genetic background, which segre-
gated the A/J allele at either the chr 2 (B82, B76 and
B78, n � 33) or chr 3 (B73 and B87, n � 24) locus, have
mean PPI significantly lower at all prepulse intensities
compared with strains that retained C57BL/6J alleles at
these loci (chr 2: F1,260 ratios 
 12.25, p levels � .0006;
chr 3: F1,260 ratios 
 9.2, p levels � .003) and compared
with the C57BL/6J parental strain at PPI75, PPI80,
PPI85, PPI90 (chr 2: F1,41 ratios 
 5.1, p levels � .03; chr
3: F1,32 ratios 
 4.2, p levels � .05). Figure 2, panels a
and b, also shows that animals with the C57BL/6J ge-
netic background, which segregated A/J alleles at ei-
ther the chr 2 or chr 3 locus, do not differ from the A/J
parental strain with regard to their mean PPI.

The proximal locus on chr 16 (D16Mit57 and D16Mit110)
did not contribute uniquely to decrease PPI in any of the
B strains and it is therefore difficult to assess its specific
role. Strain B78 segregated A/J alleles at both the chr 2
and chr 16 loci, while strain B87 segregated A/J alleles at
the chr 3, 7 and 16 loci. However, it is of note that strain
B77, which segregated A/J genes only at the proximal
chr 16 locus (and at one chr 2 marker), did not show sig-
nificant differences in PPI compared with its background
parental strain, suggesting that the proximal chr 16 locus
is not a real QTL. It seems likely that the apparent effect
of the proximal chr 16 locus (D16Mit57 and D16Mit110)
may be largely driven by strain B87, which segregated
A/J genotypes at three loci. Consistent with this hypoth-
esis, when strain B87 was excluded from the analysis of
variance, the effect of markers D16Mit57 and D16Mit110
was observed only at PPI80 and 85.

The effect of the chr 7 locus on decreasing PPI is also
difficult to assess, because the B strain (B87) with de-
creased PPI carrying A/J alleles at this locus also segre-
gated A/J alleles at the chr 3 and proximal chr 16 loci.
However, if a role for the proximal chr 16 QTL is ruled
out, as argued above, the effect of the chr 7 QTL re-
mains mainly difficult to disentangle from that of the
chr 3 QTL. Animals with the C57BL/6J background,
that segregated A/J genes at the chr 3, 7, and proximal
16 loci (strain B87, n � 13), showed significantly decreased
PPI compared with strains with the C57BL/6J genetic
background that did not segregate A/J genes at the chr
3 and 7 loci (F1,249 ratios 
 10.5, p levels � .001) and
compared with the C57BL/6J parental strain at all
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Table 2. Genetic Markers Significantly Associated with PPI (but not ASR)

PPI75 PPI80 PPI85 PPI90 PPI95 Position (cM)

Chr 1 [D1Mit211] b 15.00
[D1Mit156] b 32.80
[D1Mit303] b 34.80
[D1Mit178] b 34.80

D1Mit155 a 112.00
Chr 2 D2Mit370 a 27.30

D2Mit458 b 31.70
D2Mit156 b 32.00

D2Mit271 a D2Mit271 a 42.70
D2Mit37 a D2Mit37 a 45.00

Chr 3 D3Mit335 b 29.50
D3Mit137 b 35.20
D3Mit339 b 38.30
D3Mit174 b 39.70
D3Mit189 b D3Mit189 b D3Mit189 b D3Mit189 b 49.70

D3Mit266 b D3Mit266 b D3Mit266 b D3Mit266 b D3Mit266 b 51.10
D3Mit106 b D3Mit106 b D3Mit106 b D3Mit106 b D3Mit106 b 55.00

D3Mit349 a 66.20
D3Mit351 a 68.50
D3Mit258 a 70.30
D3Mit292 a, b 72.90
D3Mit18 a, b 76.20
D3Mit44 a, b 78.50
D3Mit147 a, b 79.40
D3Mit128 a, b 83.50
D3Mit323 a, b 84.90
D3Mit19 a, b 87.60

Chr 4 D4Mit178 b 35.50
D4Mit226 b D4Mit226 b 78.50
D4Mit344 b D4Mit344 b 81.70

Chr 5 D5Mit182 a D5Mit182 a 24.00
D5Mit81 a D5Mit81 a 28.00
D5Mit312 a D5Mit312 a D5Mit312 a D5Mit312 a D5Mit312 a 45.00
D5Mit91 a D5Mit91 a D5Mit91 a D5Mit91 a D5Mit91 a 53.00
D5Mit208 a D5Mit208 a D5Mit208 a D5Mit208 a D5Mit208 a 54.00
D5Mit403 a D5Mit403 a D5Mit403 a D5Mit403 a D5Mit403 a 56.00
D5Mit157 a D5Mit157 a D5Mit157 a D5Mit157 a D5Mit157 a 57.00
D5Mit338 a D5Mit338 a D5Mit338 a D5Mit338 a D5Mit338 a 59.00

D5Mit366 a D5Mit366 a D5Mit366 a D5Mit366 a 60.00
D5Mit241 a D5Mit241 a D5Mit241 a D5Mit241 a 61.00
D5Mit158 a D5Mit158 a D5Mit158 a D5Mit158 a 62.00

D5Mit188 a D5Mit188 a D5Mit188 a D5Mit188 a D5Mit188 a 64.00
D5Mit242 a D5Mit242 a D5Mit242 a D5Mit242 a D5Mit242 a 66.00
D5Mit409 a D5Mit409 a 84.00
D5Mit287 a D5Mit287 a 86.00

Chr 6 D6Mit188 a 32.50
D6Mit280 a 33.50
D6Mit69 a 35.15
D6Mit391 a 35.30
D6Mit9 a 36.50
D6Mit226 a 37.00
D6Mit284 a 37.50
D6Mit178 a 38.50
D6Mit230 a 43.00
D6Mit254 a 60.55

Chr 7 D7Mit77 b D7Mit77 b D7Mit77 b D7Mit77 b 9.40
D7Mit117 b D7Mit117 b D7Mit117 b D7Mit117 b 11.00
D7Mit155 b D7Mit155 b D7Mit155 b D7Mit155 b 15.00

(continued)
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Table 2. (continued)

PPI75 PPI80 PPI85 PPI90 PPI95 Position (cM)

D7Mit247 b D7Mit247 b D7Mit247 b D7Mit247 b 16.00
D7Mit270 b D7Mit270 b D7Mit270 b D7Mit270 b 18.00
D7Mit228 b D7Mit228 b D7Mit228 b D7Mit228 b 18.00
D7Mit130 a 51.55
D7Mit369 a 52.00
D7Mit66 b D7Mit66 b D7Mit66 b 57.50

Chr 8 D8Mit124 b D8Mit124 b 6.00
D8Mit4 a D8Mit4 a 14.00

Chr 13 D13Mit59 b 16.00
D13Mit266 b 16.00
D13Mit117 b 19.00

D13Mit88 a D13Mit88 a 21.00
D13Mit63 a D13Mit63 a 26.00
D13Mit91 a D13Mit91 a 30.00

D13Mit193 b 43.00
D13Mit126 b 45.00
D13Mit314 b 45.00
D13Mit106 b 51.00

Chr 14 D14Mit140 b D14Mit140 b 14.50
D14Mit141 b D14Mit141 b 15.00
D14Mit257 b D14Mit257 b 16.50
D14Mit101 b D14Mit101 b 17.00
D14Mit62 b D14Mit62 b 18.50
D14Mit233 b D14Mit233 b 19.50
D14Mit155 b D14Mit155 b 25.00
D14Mit37 b D14Mit37 b 27.50
D14Mit262 b D14Mit262 b 28.40
D14Mit114 b D14Mit114 b 30.00

Chr 15 D15Mit28 b D15Mit28 b 43.70
 D15Mit171 a 54.50

D15Mit108 a 55.60
D15Mit243 a 56.70
D15Mit245 a 58.9

Chr 16 D16Mit131 b 4.30
D16Mit28 b 13.22

D16Mit57 b D16Mit57 b D16Mit57 b D16Mit57 b D16Mit57 b 21.51
D16Mit110 b D16Mit110 b D16Mit110 b D16Mit110 b D16Mit110 b 22.10

D16Mit211 b 23.30
D16Mit13 b 27.60
D16Mit125 b 29.00
D16Mit84 b 34.20
D16Mit171 a 36.00
D16Mit5 a 38.00
D16Mit216 a 43.00
D16Mit117 a 46.30

D16Mit188 a, b D16Mit188 a D16Mit188 a D16Mit188 a D16Mit188 a 52.50
D16Mit49 a 53.00

D16Mit158 a, b D16Mit158a D16Mit158 a D16Mit158 a D16Mit158 a 54.50
D16Mit152 a, b D16Mit152 a D16Mit152 a D16Mit152 a D16Mit152 a 57.00
D16Mit70 a, b D16Mit70 a, b D16Mit70 a D16Mit70 a D16Mit70 a 57.00
D16Mit86 a, b D16Mit86 a, b D16Mit86 a D16Mit86 a D16Mit86 a 66.00

Chr 17 [D17Mit142] b 47.40
[D17Mit208] b 48.50
[D17Mit2] b 49.70

Chr 18 D18Mit186 a 45.00
D18Mit189 a 48.00

(continued)
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Table 2. (continued)

PPI75 PPI80 PPI85 PPI90 PPI95 Position (cM)

Chr 19 [D19Mit86] b 20.00
[D19Mit106] b 22.00
[D19Mit46] b 24.00
[D19Mit63] b 24.00

Chr X [DXMit210] b 29.50

Initial QTL analysis was performed using acoustic startle response (ASR) and prepulse inhibition (PPI)
data for all 36 recombinant congenic strains (RCSs); secondary analyses were performed on data from RCSs
separated according to genetic background (i.e., using data from the 14 RCSs with A/J background or from
the 22 RCSs with C57BL/6J background). Markers listed are significant both at p � .00001 using data for all
RCSs and at p � .001 for at least one background group. Also listed in brackets [ ] are markers that are NOT
significant at p � .00001 using data from all RCSs, but are significant at p � .00001 for at least one background
group. a � significant for the group of RCSs with A/J background; b � significant for the group of RCSs with
C57BL/6J background. The chromosomal position (in centi-Morgans, cM) of each marker is indicated in the
last column.

Non-contiguous markers on the same chromosome are separated by a dashed line. Note that the next
marker ([D3Mit216]a) distal to D3Mit106 was associated with ASR.

prepulse intensities (F1,21 ratios 
 6.8, p levels � .01)
(Figure 2, panel c). Figure 2, panel c, also shows that an-
imals segregating A/J genes at the chr 3 locus but re-
taining C57BL/6J genes at the chr 7 locus (strain B73, n �
11) have significantly decreased PPI compared with
strains with C57BL/6J genetic background (F1,247 ratios 

5.7, p levels � .02) and to the C57BL/6J parental strain
(F1,19 ratios 
 7.3, p levels � .02) only at PPI80 and 85.
Although none of the strains segregated C57BL/6J
genes at the chr 3 locus together with A/J genes at the
chr 7 locus, precluding a formal 2-way analysis of vari-

ance to test for interaction between these two loci, the
data in Figure 2, panel c, suggest that the chr 7 locus
may have an effect in reducing PPI in animals with the
C57BL/6J background, either additively or in interac-
tion with chr 3. The location of the QTL on chr 7 is likely
to be proximal to marker D7Mit247 because strain B69
contained A/J genes at the three markers distal to
D7Mit247 and did not show significantly decreased PPI.

The locus on chr 11 is the only one where the A/J
genotype was associated with an increased PPI on the
C57BL/6J genetic background. This locus contributed

Table 3. Genetic Markers Significantly Associated with ASR (but not PPI)

Chr 1 [D1Mit282] a, [D1Mit532] a, [D1Mit23] a,, [D1Mit7] a, [D1Mit181] a, [D1Mit46] a, 
[D1Mit215] a, [D1Mit253] a 

[D1Mit360] a, [D1Mit291] a

Chr 3 [D3Mit199]a

[D3Mit216]a

Chr 8 [D8Mit342] a, D8Mit249 a, b, D8Mit78 a, b, D8Mit45 a, b

D8Mit164 b, D8Mit242 a, b, D8Mit211 a, b, D8Mit113 a, b, D8Mit271 a, D8Mit200 a , D8Mit186 a, 
D8Mit14 a, D8Mit42a, D8Mit280 a , D8Mit156 a

Chr 9 [D9Mit67] b, [D9Mit247] b

[D9Mit254] b

Chr 12 [D12Mit14 ] b

D12Mit233 a, b, [D12Mit79] b, [D12Mit280] b, [D12Mit133] b, [D12Mit196] b, [D12Mit8] b, 
[D12Mit134] b

Chr 14 [D14Mit37] a, [D14Mit262] a , [D14Mit114] a, [D14Mit34] a, [D14Mit239] a

Chr 15 [D15Mit68] b, [D15Mit214] b

[D15Mit239] b, [D15Mit189] b, [D15Mit107] b

Chr 18 [D18Mit184] b ,[D18Mit185] b, [D18Mit186] b, [D18Mit189] b

Chr 19 [D19Mit123] b 

Markers listed are significant both at p � .00001 using acoustic startle response (ASR) and pinhibition (PPI) data
for all recombinant congenic strains (RCSs) and at p � .001 for at least one background group (i.e., RCSs with A/J
or with C57BL/6J background). Also listed in brackets [ ] are markers that are NOT significant at p � .00001 using
data from all RCSs, but are significant at p � .00001 for at least one background group. a � significant for the group
of RCSs with A/J background; b � significant for the group of RCSs with C57BL/6J background.

Non-contiguous markers on the same chromosome are separated by a dashed line. Note that D1Mit415b,
the next marker distal to D1Mit253 was significant for both PPI90 and PPI95. Note also that marker
[D8Mit342]b and one marker proximal to it, [D8Mit131]b, were significant for PPI90.
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uniquely to increase PPI in strains B67 and B75. Figure
2, panel d, indicates that B strains segregating A/J
genes at the chr 11 locus (B85, B67, B75, n � 39) had
mean PPI significantly higher than that of strains re-
taining C57BL/6J genes at this locus (F1,260 ratios 
 9.4,
p levels � .003). Although the mean PPI in the B strains
segregating A/J genes at chr 11 also tended to be higher
than PPI in the C57BL/6J parental strain at all prepulse
intensities, these differences did not reach statistical sig-
nificance. The proportion of variance in PPI explained
by this locus (marker D11Mit67) in animals with the
C57BL/6J genetic background was estimated to be 6.2%.

Of the two QTLs (chr 5 and distal chr 16) that ap-
peared to be associated with increasing PPI in animals
with the A/J genetic background, the locus on chr 5 con-
tributed uniquely to decrease PPI in strain A62. Two re-
combination events flanking marker D5Mit338 (one in
strain A52 and the other in strain A62) restrict the most
likely position of the QTL on chr 5 to the vicinity of
marker D5Mit338. The proportion of variance in PPI ex-
plained by this locus (marker D5Mit338) in animals with
the A/J genetic background was estimated to be 6.4%.

Of the informative RCSs with A/J background
showing increased PPI relative to the parental A/J

Table 4. Genetic Markers Significantly Associated with both PPI and ASR

PPI75 PPI80 PPI85 PPI90 PPI95 ASR Position (cM)

Chr 2 D2Mit340 b D2Mit340 b D2Mit340 b D2Mit340 b D2Mit340 b 68.90
D2Mit309 b D2Mit309 a, b D2Mit309 b D2Mit309 b D2Mit309 b [D2Mit309] b 71.00
D2Mit493 b D2Mit493 a, b D2Mit493 b D2Mit493 b D2Mit493 b [D2Mit493] b 72.10
D2Mit310 b D2Mit310 b D2Mit310 b D2Mit310 b D2Mit310 b 77.60
D2Mit452 b D2Mit452 b D2Mit452 b D2Mit452 b D2Mit452 b 78.70
D2Mit401 b D2Mit401 b D2Mit401 b D2Mit401 b D2Mit401 b [D2Mit401] b 79.70
D2Mit280 b D2Mit280 b D2Mit280 b D2Mit280 b D2Mit280 b [D2Mit280] b 81.70
D2Mit311 b D2Mit311 b D2Mit311 b D2Mit311 b D2Mit311 b 83.10

D2Mit500 b D2Mit500 b D2Mit500 b D2Mit500 b 85.20
D2Mit456 b D2Mit456 b D2Mit456 b D2Mit456 b D2Mit456 b 86.30
D2Mit286 b D2Mit286 a, b D2Mit286 b D2Mit286 b D2Mit286 b [D2Mit286] b 87.00

D2Mit345 b D2Mit345 b D2Mit345 b D2Mit345 b D2Mit345 b 91.80
D2Mit51 b D2Mit51 b D2Mit51 b D2Mit51 b D2Mit51 b 95.50
D2Mit226 b D2Mit226 b D2Mit226 b D2Mit226 b D2Mit226 b 96.00

D2Mit113 b D2Mit113 b D2Mit113 b D2Mit113 b D2Mit113 b 103.00
Chr 11 [D11Mit54] b [D11Mit54] b [D11Mit54] b [D11Mit54] b [D11Mit54] b 56.00

[D11Mit67] b [D11Mit67] b [D11Mit67] b [D11Mit67] b [D11Mit67] b 57.00
[D11Mit132] b [D11Mit132] b [D11Mit132] b [D11Mit132] b [D11Mit132] b 58.00

[D11Mit332] b 62.00
[D11Mit258] b 65.00
[D11Mit333] b 66.00
[D11Mit100] b 68.00
[D11Mit336] b 75.00

Markers listed are significant both at p � .00001 using acoustic startle response (ASR) and prepulse inhibition (PPI) data for all recombinant congenic
strains (RCSs) and at p � .001 for at least one background group (i.e., RCSs with A/J or with C57BL/6J background). Also listed in brackets [ ] are
markers that are NOT significant at p � .00001 using data from all RCSs, but are significant at p � .00001 for at least one background group. a � signif-
icant for the group of RCSs with A/J background; b � significant for the group of RCSs with C57BL/6J background. Non-contiguous markers on the
same chromosome are separated by a dashed line. The chromosomal position (in centi-Morgans, cM) of each marker is indicated in the last column.

Legend for Table 5: The first column lists recombinant congenic strains (RCS) of mice sorted according to their parental genetic backgrounds
(strains labeled A51 to A65 � A/J background, strains labeled B66 to B87 � C57BL/6J background) and also according to their mean prepulse inhibi-
tion (PPI) at 85 dB from lowest to highest values. Parental strains are also included. Columns 2 to 7 indicate the level of significance (1, 2, 3, 4, 5 indi-
cate p � .05, 0.01, .001, .0001, .00001, respectively) of the difference between the mean PPI (or acoustic startle response -ASR-, column 7) for each strain
compared to its parental strain, at different prepulse intensities from 75 to 95 dB (taken from Fig. 2). In subsequent columns, for each of the two
parental strains and the derived RCSs, the genotype at different markers (indicated in the first row) is denoted by letter A or B; A � homozygous for
A/J allele and B � homozygous for C57BL/6J allele. Genotypes of parental strains are in bold. The first row lists all the genetic markers significantly
associated with PPI across at least 4 prepulse intensities (taken from Tables 2 and 4). All markers listed, with the exception of those on chr 11, are sig-
nificant at p � .00001 using PPI data for all RCSs (with both A/J and C57BL/6J backgrounds) combined. Markers indexed with the letter “a” (or “b”)
also have a significant (p � .001) effect on the A/J (or C57BL/6J) genetic background, when data for RCSs from each of the two backgrounds are sub-
sequently analyzed separately. Markers listed for chr 11 are not significant at p � .00001 using data from all RCSs, but are significant at p � .00001 an-
alyzing data from RCSs with the C57BL/6J background only. The chromosomal position (in centi-Morgans -cM-) of each marker is indicated in row
2. For each marker, the symbol “X” in rows 3 to 8 denotes that the marker is significantly associated with PPI at the indicated prepulse intensity (or
with ASR for row 8). Shaded areas indicate the location of the donor genome that is potentially responsible for the phenotypic differences observed
between strains. Right downward striped shading indicates loci from the A/J genome that are putatively implicated in reducing PPI in strains with
the C57BL/6J background. Left downward striped shading indicates loci from the C57BL/6J genome that are putatively implicated in increasing PPI
in strains with the A/J background. Gray shading indicates loci from the A/J genome that are putatively implicated in increasing PPI in strains with
the C57BL/6J background. 
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strain, all strains that segregated C57BL/6J alleles at the
distal chr 16 locus also segregated C57BL/6J alleles at
locus 5 (strains A53, A63, A60), making the role of the
distal chr 16 locus difficult to assess. Figure 2, panel e,
shows mean PPI in animals with the A/J genetic back-
ground and C57BL/6J alleles at markers D5Mit338 and
D16Mit70. Animals with C57BL/6J alleles at both of
these loci (A63, A53, and A60; n � 38) showed signifi-
cantly increased PPI compared with animals which did
not segregate C57BL/6J alleles at either one of these loci
(F1,155 ratios 
 13.3, p levels � .0004) and compared with
the A/J parental strain (F1,50 ratios 
 4.3, p levels � .05)
at all prepulse intensities. Also, strains with A/J genetic
background, that retained A/J alleles at both the chr 5
and distal chr 16 loci, have mean PPI that is not statisti-
cally different from that of the A/J parental strain.
Strains with the A/J genetic background which segre-
gated C57BL/6J alleles at the chr 5 locus but retained
A/J alleles at the distal chr 16 locus (A52 and A62; n �
24) have significantly increased PPI at all prepulse in-
tensities (except PPI95) compared with strains that re-
tained A/J genes at both of these loci (F1,141 ratios �
4.13, p levels � .05). Although animals with C57BL/6J
alleles at both loci showed higher PPI compared with
animals with C57BL/6J alleles only at the chr 5 locus,
none of these differences were statistically significant.
Here again, a formal 2-way analysis of variance could
not be performed because no strains with the A/J back-
ground segregated C75Bl/6J genes at the distal chr 16
locus while retaining A/J genes at the chr 5 locus. How-
ever, these results suggest that the distal chr 16 QTL
may have effects in addition to or in interaction with
the chr 5 locus (Figure 1, panel e).

DISCUSSION

Overall, our results indicate that ASR and PPI, particu-
larly at prepulse intensities of 80 and 85 dB, are con-
trolled at least in part by genetic factors in A/J and
C57BL/6J mice. The observed strain distribution pat-
terns indicate that no major genes are responsible for
this genetic control, but, as with most behaviors, these
phenotypes are each determined by several genes,
termed QTLs. Our provisional mapping indicates that
the QTLs involved in PPI are distributed on several
chromosomes and some of them may have epistatic in-
teractions. The use of RCS series, in which unlinked
genes contributing to a complex trait become separated
and fixed in unique haplotype combinations in differ-
ent strains, can sometimes allow such interacting genes
to be studied separately. Indeed, the fact that chr 11
QTL alleles from A/J, the parental strain with low PPI,
induced a significant increase in PPI when introduced
onto C57BL/6J, the parental strain with high PPI, may
indicate that this locus interacts epistatically with other

loci (although an additive effect cannot be excluded).
The PPI increasing propensity of the chr 11 A/J alleles
is either inhibited by interactions with other loci on the
A/J background or permitted expression by interac-
tions when introduced on the C57BL/6J background.
The presence of such epistatic interactions may indicate
that the amount of genetic control estimated on the ba-
sis of linear models, such as the one used to estimate
heritability in this paper, are, in fact, substantially un-
derestimating the real genetic contribution to this trait.

The highly significant correlations between PPI at
various prepulse intensities for the RCSs suggest that
there is appreciable overlap in the genetic regulation of
PPI across prepulse intensities. This is supported by the
observation that several identified QTLs were signifi-
cant for PPI across all prepulse intensities (Tables 2 and
4). The observation that ASR is correlated with PPI in
RCSs with the C57BL/6J (but not the A/J) background
is consistent with the identification of some genetic loci
associated with both ASR and PPI, and with the obser-
vation that such associations are significant almost ex-
clusively in RCSs with the C57BL/6J background (Ta-
ble 4). ASR and PPI have been reported to exhibit no
significant correlation in studies using strain mean data
from series of inbred mouse strains and their F1 and F2
progeny (Logue et al. 1997; McCaughran et al. 1997,
1999; Paylor and Crawley 1997). In the present study,
the observation that ASR is correlated with PPI in RCSs
with C57BL/6J but not A/J background suggests that
genes concurrently regulating both phenotypes may be
expressed in some strains but not in others. Alterna-
tively, the observed correlation between PPI and ASR
in strains with the C57BL/6J genetic background may
be due to separate, but linked and cosegregating, genes
controlling ASR and PPI at either or both of the chr 2
and 11 loci.

The ASR is the product of a reflex pathway involving
the cochlear nucleus, ventrolateral pons, reticular for-
mation and spinal motor neurons (Yeomans and Frank-
land 1995). Consistent with the minimum number of ef-
fective factors estimated to modulate ASR (7 and 4 on
A/J and C57BL/6J backgrounds, respectively), we
identified seven provisional QTLs increasing ASR on
the A/J background and eight on the C57BL/6J. LeRoy
et al. (1999) have reported on three provisional QTLs
modulating acoustic startle in chromosomal mapping
studies with preweanling C57Bl/6By and NZB/B1NJ
inbred mice and their F1s and F2s. These QTLs do not
overlap with QTLs identified in the present study, pos-
sibly due to age differences in experimental animals. In
studies with human populations, monozygotic twins
have been reported to exhibit a greater degree of simi-
larity in ASR than do dizygotic twins (Carlson et al.
1997), supporting the idea that ASR is under partial ge-
netic control in humans. One gene modulating startle
has been identified in humans, the � 1 subunit gene of
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the inhibitory glycine receptor, mutation in which is re-
sponsible for startle disease or hereditary hyperek-
plexia (Shiang et al. 1993; Andrew and Owen 1997). The
chr 11 QTL for ASR in our study (56.00–58.00 cM) is dis-
tal to the mouse gene for the glycine receptor � 1 sub-
unit (chr 11, 30.00 cM). However, a QTL for ASR on chr
3 (D3Mit199, 33.7 cM) maps closely to the mouse gly-
cine receptor � subunit gene (chr 3, 36.00 cM), muta-
tions in which have been reported to enhance startle in
mouse mutants, suggesting a role in human hyperek-
plexia (Koch et al. 1996; Becker et al. 2000).

We identified five putative QTLs affecting PPI on the
C57BL/6J genetic background. This number is consis-
tent with the estimate of the minimum number of effec-
tive factors at PPI80 and PPI85 (4 and 3, respectively)
for the C57BL/6J background. In contrast, only two
QTLs increasing PPI at most prepulse intensities were
identified in strains with the A/J background; this is
less than the estimate of effective factors at PPI80 and
PPI85 (4 and 7, respectively) for the A/J background.
At least two explanations may account for this possible
lack of detection of other QTLs on the A/J background.
First, the strains with A/J background were less numer-
ous, resulting in reduced power to identify a significant
effect of C57BL/6J genes on the A/J background. Sec-
ond, it is possible that C57BL/6J genes have an effect on
PPI restricted to some prepulse intensities. Consistent
with the latter hypothesis, loci on chr 6 (D6Mit188 to
D6Mit230), chr 15 (D15Mit171 to D15Mit243) and chr 18
(D18Mit186 to D18Mit189) contributed to significantly
increase PPI85 on the A/J background. Further studies
of these loci affecting PPI at specific prepulse intensities
are therefore warranted. In the current study, the esti-
mate of heritability was highest for PPI at prepulse in-
tensities of 80 and 85 dB. This might be because
prepulse inhibition is better elicited at these prepulse
intensities than at the two extremes of prepulse intensi-
ties. Indeed, 75 dB, being near background intensity,
elicits less PPI than do the higher prepulse intensities
(see Figure 2), while 95 dB may be too high an intensity
to be distinguished from the pulse itself. If this is the
case, then the measurement of the phenotype will be
more robust in the 80–85 dB range than at the extreme
prepulses.

QTL mapping using RCSs of mice has not been used
previously to map genes involved in behavioral traits
and this is the first report identifying provisional QTLs
for PPI of the startle response. Although we show here
that the RCS system may be very effective for mapping
QTLs and revealing potential interactions between
them, the fact that all animals are homozygous pre-
cludes estimating the relative effect of each QTL on the
phenotypic variability and identifying dominance ef-
fects. Further experiments, now in progress, with infor-
mative test-crosses (F2 derived from backcrossing infor-
mative strains to their recurrent parents) will allow for

confirmation of currently identified provisional QTLs,
give an estimate of their relative effects on phenotypic
variability and demonstrate potential dominance. Other
experimental approaches, such as the combination of
these data and data derived from chromosome substi-
tution mouse strains (Nadeau et al. 2000) may also help
to confirm these results and to clarify the role of QTLs
that did not contribute uniquely to affect PPI in any of
the recombinant congenic strains (e.g. QTL on chr 7).

Examination of genes in the vicinity of the provi-
sional QTLs for PPI reveal several potential candidates
of interest, should these QTLs be confirmed. These in-
clude genes regulating neurodevelopment such as ephrins
A1, A3, and A4, platelet-activating factor acetylhydro-
lase Ib, integrin �3 and neural cell adhesion molecule 2,
genes involved in presynaptic neuronal function such
as SNAP-25 and genes involved in regulation of neu-
rotransmission such as G-protein coupled receptor ki-
nase 3 and GABA transporter 1.

An important consideration in assessing acoustic
startle responses in mice is the fact that many mouse
strains, including C57BL/6J and A/J, suffer from age-
related high frequency hearing loss. Using CBA/CaJ as
a reference for normal hearing, (Zheng et al. 1999) re-
ported normal auditory brainstem thresholds for
C57BL/6J mice until eight months of age, with A/J
showing a mild impairment, at higher frequencies, at 8–
10 weeks. When compared with their own performance
at one month of age, C57BL/6J mice also show a mild
high frequency hearing loss by two months of age,
which becomes more pronounced by six or seven
months (Willott 1986; Li and Borg 1991). However re-
cent studies (McCaughran et al. 1999) indicate that such
high frequency hearing deficits do not affect ASR and
PPI, if white noise is used as the acoustic stimulus, as in
the present study. McCaughran et al. (1999) separated the
BXD recombinant inbred series derived from C57BL/6J
and DBA/2J parental strains into groups with adult or
juvenile (marked loss at � 6 weeks) onset high fre-
quency hearing loss. With white noise as the acoustic
stimulus, PPI of acoustic startle was not affected in the
juvenile compared with the adult onset group across a
range of prepulse intensities, in animals tested at 6–8
weeks of age. Similarly ASR to a 110 dB white noise burst
was unaffected by juvenile onset hearing loss. The DBA/
2J strain, which demonstrated normal PPI and ASR re-
sponses to white noise in the McCaughran et al. (1999)
studies, suffers from greater high frequency hearing
loss at 8–10 weeks than does the A/J (Zheng et al. 1999)
used in the current study. Thus, although some of the
QTLs identified in the current study may be related to
auditory mechanisms, available evidence strongly sug-
gests that high frequency hearing loss is not an impor-
tant confound. In this context, (Paylor and Crawley
1997) have reported a significant positive correlation
between PPI of responses to acoustic and tactile stimuli
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in inbred mouse strains, suggesting that at least some
genetic substrates regulating these two forms of PPI are
similar and independent of hearing ability.

In conclusion, several loci, with possible additive
and/or epistatic interactions, are involved in the con-
trol of PPI in mice. With rapid progress in the mouse
genome project (Nadeau et al. 2001) and knowledge of
the neuropharmacology of PPI (Swerdlow et al. 1998),
this mapping information in mice may help to identify
candidate genes that can be tested for their role in mod-
ulating PPI. In addition, human genes homologous to
these mouse candidates, especially those human ho-
mologs mapping to loci previously linked to schizo-
phrenia, may be tested in schizophrenic patients as can-
didates for increasing susceptibility to this disease. This
approach may help in resolving part of the difficulties
encountered in genetic studies of schizophrenia.
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