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Abstract

Neural sensorimotor gating mechanisms prevent the interruption of ongoing information processing routines by ensuing stimuli
to permit mental integration and adaptive behavior. Prepulse inhibition (PPI), an operational measure of sensorimotor gating, is
now being investigated using murine models to exploit transgenic and “knockout” technology. The present studies were undertaken
to evaluate potential murine strain differences in the effects of serotonergic drugs on PPI and habituation. Two strains used most
often as a genetic background for transgenic or knockout manipulations, C57BL/6 and 129Sv, and the outbred ICR strain were
used. We assessed the effects of the 5-HT1A/1B agonist 5-methoxy-3(1,2,3,6)tetrahydropyridin-4-yl-1H-indole (RU24969), the 5-
HT1A agonist 8-hydroxy-2(di-n-propylamino)tetralin (8-OH-DPAT), the 5-HT2A/2C agonist (±)2,5-dimethoxy-4-methylamphetamine
(DOM), and the serotonin releaser (+)3,4-methylenedioxy-N-methylamphetamine (MDMA) on PPI and habituation of acoustic
startle in the three strains. C57BL/6 mice exhibited lower baseline PPI levels than 129Sv and ICR mice, and 129Sv mice habituated
less than C57BL/6 and ICR mice. MDMA decreased PPI in C57BL/6 and ICR, but not 129Sv mice, and RU24969 disrupted
habituation in C57BL/6 and 129Sv, but not ICR mice. Lastly, RU24969 decreased and 8-OH-DPAT increased PPI across all
strains, although qualitative differences were observed. Thus, both baseline and serotonergic drug-induced effects on murine PPI
and habituation are strain-dependent. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sensorimotor gating is a neural mechanism that
inhibits extraneous sensory, cognitive, and motor infor-
mation to permit mental integration and adaptive
behavior. Prepulse inhibition (PPI), an operational meas-
ure of sensorimotor gating, is the normal reduction in
the magnitude of the startle response that occurs when
a weak prestimulus or “prepulse” precedes the startling
stimulus by 30–500 ms (Graham, 1975). PPI levels indi-
cate the current integrity of sensorimotor gating mech-
anisms by measuring the extent to which current infor-
mation processing routines elicited by the prepulse are
interrupted by the subsequent startling stimulus.
Reduced levels of PPI have been reported in patients
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with several neuropsychiatric disorders, including
schizophrenia (Braff et al. 1978, 1992), obsessive-com-
pulsive disorder (OCD) (Swerdlow et al., 1993), Touret-
te’s syndrome (Castellanos et al., 1996), and Hunt-
ington’s disease (Swerdlow et al., 1995). Startle
habituation is also deficient in schizophrenia patients,
and refers to the decrement in responding to repeated
presentations of an initially novel and intense stimulus
(Braff et al., 1992; Geyer and Braff, 1982). Although the
core symptoms of these disorders are diverse, a feature
common to all of them is deficient sensorimotor gating,
with a gating deficit predominating in the cognitive
sphere in some disorders, and in the sensory or motor
domains in others.

The serotonergic system modulates both PPI and
habituation. Most murine studies that have identified
some of the receptors involved have used the 129Sv
strain. For example, serotonin1A (5-HT1A) receptor agon-
ists increase PPI in 129Sv mice (Dulawa et al. 1997,
2000), although they decrease PPI in rats (Rigdon and
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Weatherspoon, 1992; Sipes and Geyer, 1995a). 5-HT1B

agonists decrease PPI in 129Sv mice (Dulawa et al.
1997, 2000), as in rats (Sipes and Geyer, 1994). Sero-
tonin releasing compounds such as (+)3,4-methylene-
dioxy-N-methylamphetamine (MDMA) decrease PPI
and habituation in rats (Kehne et al., 1992; Mansbach et
al., 1989; Martinez and Geyer, 1997) and some sub-
strains of 129Sv mice (Dulawa and Geyer, 1996), but
not in others (Dulawa et al., 1998). The effects of
serotonin2A/2C receptor agonists on PPI and habituation
in mice are largely unknown, although in rats they
decrease PPI and habituation (Geyer and Tapson, 1988;
Sipes and Geyer, 1995b). Characterization of the effects
of these compounds in other mouse strains will help to
elucidate the genes involved in these drug responses
using transgenic or “knockout” technology.

The combination of pharmacological and gene knock-
out technology has led to novel findings regarding the
neural substrates modulating PPI. For instance, the
report that the 5-HT1A/1B agonist RU24969 decreases PPI
in wild-type, but not 5-HT1B knockout mice showed that
the activation of 5-HT1B, and not 5-HT1A receptors
decreases PPI before selective 5-HT1B ligands were
available (Dulawa et al., 1997). Furthermore, the report
that amphetamine disrupts PPI in dopamine4 (D4) and
D3, but not D2, knockout mice suggests that D2, but not
D3 or D4, receptor activation disrupts PPI (Ralph et al.,
1999). Studies using pharmacological and molecular
genetic techniques will undoubtedly continue to reveal
important insights into the neural substrates of PPI.

Many murine strain differences in the effects of drugs
on behavior have been reported, including cocaine-
induced stereotypy, (Schlussman et al., 1998) and self-
administration (Deroche et al., 1997), imipramine-
induced immobility (Vaugeois et al., 1997), nicotine-
induced seizures and oral self-selection (Robinson et al.,
1996), MK-801-induced “popping” behavior (Deutsch et
al., 1997), and alcohol-, cocaine-, amphetamine-, and
PCP-induced locomotion (Alexander et al., 1996; Phil-
lips et al., 1995; Schlussman et al., 1998). Although few
reports exist regarding murine strain differences in drug
effects on PPI or habituation (McCaughran et al., 1997),
many differences likely exist. A knowledge of these
strain differences will allow the selection of an appropri-
ate background strain for the study of a particular drug
effect. Furthermore, few studies have assessed murine
strain differences in startle habituation or outbred
strains.

We examined the effects of serotonergic drugs on PPI
and habituation in the two most commonly used back-
ground strains for knockouts, the inbred C57BL/6J and
129Sv strains, and the outbred ICR strain (Dulawa and
Geyer, 1998). We assessed the effects of the direct 5-
HT1A agonist 8-OH-DPAT, the direct 5-HT1A/1B agonist
RU24969, which binds preferentially to 5-HT1B sites
(Doods et al., 1985; Sills et al., 1984), the hallucinogenic

direct 5-HT2A/2C agonist DOM, and the serotonin releas-
ing agent MDMA.

2. Methods

2.1. Animals

Female mice of seven to nine weeks of age and weigh-
ing 20–35 g were subjects. 129SvEms-+Ter?/J and
C57BL/6J mice were obtained from Jackson Labs (Bar
Harbor, Maine), and ICR mice from Harlan Labs (San
Diego, CA). Animals were housed in groups of four,
with food and water provided ad libitum. Animals were
maintained on a reversed 12 L: 12 D schedule and were
tested during the dark phase between 08.00 and 18.00
h. Animals were naive to experimentation, except for
129Sv mice treated with RU24969, which were tested
for PPI one week prior with two of the following:
vehicle, 1 mg/kg 8-OH-DPAT, or 2 mg/kg WAY
100,635. In the present experiments, animals were tested
only once. Animal testing was conducted in accord with
the “Principles of Laboratory Animal Care” NIH guide-
lines and with local animal care committee guidelines.

2.2. Drugs

(+)3,4-methylenedioxy-N-methylamphetamine
(MDMA) (National Institute on Drug Abuse, Bethesda,
MD) and 5-methoxy-3(1,2,3,6)tetrahydropyridin-4-yl-
1H-indole (RU24969) (Roussel UCLAF, Romainville,
France) were injected intraperitoneally (i.p.). 8-hydroxy-
2(di-n-propylamino)tetralin (8-OH-DPAT) (Research
Biochemicals Inc., Natick, MA) and (±)2,5-dimethoxy-
4-methylamphetamine (DOM) (National Institute on
Drug Abuse, Bethesda, MD) were injected subcutane-
ously (s.c.). All drugs were dissolved in 0.9% saline and
were made fresh daily. Injections were given with 0.5 ml
insulin syringes and 28-gauge needles. Solutions were
prepared at a volume of 5 ml/kg body weight.

2.3. Apparatus

Startle chambers (SR-LAB, San Diego Instruments,
San Diego, CA) consisted of nonrestrictive Plexiglas
cylinders 5 cm in diameter resting on a Plexiglas plat-
form in a ventilated and well-lit chamber. High-fre-
quency speakers mounted 33 cm above the cylinders
produced all acoustic stimuli. Piezoelectric acceler-
ometers mounted under the cylinders detected and trans-
duced animal movements. Animal movements were digi-
tized and stored by a computer and interface assembly.
Beginning at startling stimulus onset, 65 consecutive 1-
ms readings were recorded to obtain the amplitude of
the animals’ startle response to each stimulus presented
as arbitrary units. A dynamic calibration system was
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used to ensure comparable sensitivities across chambers.
Sound levels were measured as described elsewhere
(Mansbach et al., 1988) using the A weighting scale in
units of dB(A) SPL.

2.4. Behavioral testing

Twelve studies were conducted using separate groups
of animals and between subject designs. Before each
experiment, animals were evaluated in a 10 min baseline
session and assigned to matched groups with respect to
startle magnitude and PPI. Thirty-two 129Sv mice, 36
C57BL/6 mice, and 37 ICR mice received i.p. injections
of 0, 5, 10, or 20 mg/kg MDMA and were placed into
testing chambers 25 min after injection. One 129Sv
mouse with an average startle value of zero was elimin-
ated from analysis. Thirty-six 129Sv mice, 36 C57BL/6
mice, and 36 ICR mice received i.p. injections of 0, 2.5,
5, or 10 mg/kg RU24969. Animals were placed into test-
ing chambers 30 min after injection. Thirty-six 129Sv
mice, 36 C57BL/6 mice, and 39 ICR mice received SC
injections of 0, 0.5, 1, or 2 mg/kg 8-OH-DPAT and were
placed into testing chambers 30 min after injection. One
ICR mouse with an average startle value of zero was
eliminated from analysis. Forty-five 129Sv mice, 45
C57BL/6 mice, and 49 ICR mice received SC injections
of 0, 0.5, 1, 2, or 4 mg/kg DOM and were placed into
testing chambers 5 min after injection.

2.5. Test session

Mice were exposed to five different trial types within
a 22 min session. Trials were: a 40-ms broadband 120
dB burst (PULSE ALONE trial); three different
PREPULSE+PULSE trials in which 20 ms long 3 dB
(pp3p120), 6 dB (pp6p120) or 12 dB (pp12p120) stimuli
above a 65 dB background preceded the 120 dB pulse
by 100 ms (onset to onset), and a NO STIMULUS trial,
in which only the background noise was presented.
Trials were presented in a pseudo-random order. An
average of 15 s (range: 7–23 s) separated 62 total trials.
Three levels of prepulse intensities were selected to max-
imize the ability to detect changes in PPI. For instance,
the significant disruptions of PPI induced by some
manipulations at lower prepulse intensities can be over-
come by more intense prepulses; such results are indica-
tive of an effect on the modulation rather than the
mediation of PPI. Furthermore, PPI levels at the lowest
intensities are sometimes too small or variable for drug-
induced disruptions to be detected reliably. Thus, using
a range of prepulse intensities serves to prevent floor
and ceiling effects. The test session began with a 5 min
acclimation period followed by four consecutive blocks
of test trials. Blocks one and four consisted of six con-
secutive PULSE ALONE trials, while blocks two and
three each contained six PULSE ALONE trials, five

pp3p120 trials, five pp6p120 trials, five pp12p120 trials,
and five NO STIMULUS trials.

2.6. Data analysis

Startle magnitude could not be compared across
experiments. Because the present experiments required
several months of testing, and regular calibrations of the
startle boxes were performed, a particular startle value
did not indicate the same startle magnitude over time.
Thus, startle magnitude was only evaluated within each
of the twelve experiments. For each experiment, a one-
way ANOVA with drug as a between-subjects factor was
applied to block one startle values to assess startle mag-
nitude prior to the potentially confounding effects of
habituation. Averaged startle magnitude values from
blocks two and three were also compared using one-way
ANOVAs, as these values are used to calculate PPI.
Dunnett’s tests were used when significant main effects
were observed. The criterion for significance was
P,0.05.

Percent PPI was calculated as a percentage score: %
PPI=1002{[(startle response to PREPULSE+PULSE
trial)/(startle response to PULSE-ALONE trial)]×100}.
For the calculation of % PPI, responses to PULSE-
ALONE trials from blocks one and four were excluded.
The effects of each drug on PPI were first assessed sep-
arately. A three-factor ANOVA was used for each of the
four drugs; strain and drug (dose) were between-subjects
factors and prepulse intensity was a within-subjects fac-
tor. Post hoc two-factor ANOVAs were applied when a
main effect of drug (dose), or an interaction of strain
and drug (dose) was observed to obtain values for post
hoc comparisons using Dunnett’s test. A strain compari-
son of PPI levels was also made by pooling PPI values
of all vehicle-treated mice. A two-factor ANOVA with
mouse cohort and prepulse intensity as factors was first
applied to each strain to confirm that values were equiv-
alent and could be pooled. A two-factor ANOVA with
strain and prepulse intensity as factors was applied, and
significant main effects or interactions were assessed
using Tukey’s post hoc comparisons.

Startle habituation was first evaluated separately for
each drug using three-factor ANOVAs. Strain and drug
(dose) were between-subjects factors and block was a
within-subjects factor. Significant interactions, including
drug (dose) and block, were assessed by post hoc
ANOVAs. A strain comparison of startle habituation was
also made by pooling the startle magnitude values of
vehicle-treated mice. Again, a two-factor ANOVA with
mouse cohort and block as factors was first applied to
each strain to assess the appropriateness of pooling
values. A two-factor ANOVA with strain and block
(four blocks of six PULSE-ALONE trials) as factors was
used, and post hoc tests were applied as described above.

Multivariate ANOVAs were used to provide the
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appropriate sensitivity for detecting strain and drug
effects on PPI and habituation, the primary behaviors of
interest. Startle magnitude, for which strain comparisons
could not be made, was analyzed only for drug effects
using the more sensitive univariate ANOVA. However,
startle magnitude is considerably more variable and
unreliable than PPI. Thus, differences in startle magni-
tude are often more difficult to detect than differences
in PPI.

3. Results

3.1. Startle magnitude

Startle magnitude was evaluated within each of the
12 experiments. Drug treatment altered block one startle
magnitude in three experiments, as summarized in Table
1. First, 129Sv mice treated with 20 mg/kg MDMA exhi-
bited reduced startle magnitude compared to mice treated
with vehicle, as indicated by a main effect of drug
[F3,27=4.08, P,0.05] and post hoc tests (P,0.05,
Dunnett’s). Second, a main effect of drug [F3,32=3.78,
P,0.05] and post hoc tests indicated that 5 and 10
mg/kg RU24969 (P,0.05, Dunnett’s) also reduced
startle magnitude in 129Sv mice. Third, a main effect of
drug [F3,32=2.90, P,0.05] indicated that RU24969

Table 1
Startle magnitude for block 1 of C57BL/6 (n=153), 129Sv (n=149),
and ICR (n=161) mice receiving RU24969, 8-OH-DPAT, DOM, or
MDMA a

Average startle magnitude: Block 1
Strain C57BL/6 129Sv ICR

MDMA
0 mg/kg 139.8±18.7 105.9±20.4 124.4±31.0
5 mg/kg 72.4±11.4 78.6±16.5 72.4±11.4
10 mg/kg 75.5±13.9 115.6±19.6 75.5±13.9
20 mg/kg 88.9±22.7 38.3±13.1* 88.9±22.7
RU24969
0 mg/kg 145.4±12.5 157.2±31.2 116.5±22.2
2.5 mg/kg 127.1±13.1 111.5±8.0 181.1±24.4
5 mg/kg 162.4±20.1 95.9±6.1 183.6±21.8
10 mg/kg 185.7±23.4 86.4±9.7* 134.1±14.1
8-OH-DPAT
0 mg/kg 110.5±14.0 101.6±28.3 96.6±20.0
0.5 mg/kg 77.5±12.1 61.7±15.5 80.8±25.2
1 mg/kg 97.7±18.6 82.2±9.5 62.6±20.6
2 mg/kg 98.6±12.4 53.8±16.1 69.0±22.6
DOM
0 mg/kg 140.8±15.6 97.1±14.2 173.8±27.5
0.5 mg/kg 173.3±26.9 135.8±26.6 108.6±29.4
1 mg/kg 145.5±18.9 106.1±23.0 147.6±35.1
2 mg/kg 203.1±28.1 122.8±30.7 142.7±20.1
4 mg/kg 174.0±22.6 72.8±9.9 86.0±29.9

a An asterisk (*) for a value indicates that startle magnitude after
drug treatment differed from startle magnitude after vehicle treatment,
as revealed by Dunnett’s post hoc comparisons.

increased startle magnitude in ICR mice, although post
hoc tests did not identify any differences between group
means. Drug effects on startle magnitude in block one
did not confound the measures of PPI, which are based
on the startle magnitude values from the second and third
blocks. Comparisons of startle magnitude between the
12 experiments could not be made, because regular cali-
brations of the startle boxes were performed over the
several months of testing. Thus, startle values varied
over time.

NOSTIM trials were only affected by treatment with
8-OH-DPAT in ICR mice, and by MDMA in C57BL/6
mice. Because the differences in motor activity were less
than one startle unit for 8-OH-DPAT, and less than two
startle units for MDMA, motor activity differences could
not have significantly altered the assessment of startle
magnitude or PPI. For the remainder of experiments,
NOSTIM values were not significantly altered by drug
treatment and are thus not reported.

3.2. Prepulse inhibition

3.2.1. Strain differences
The pooling of saline values was justified by the find-

ing that there was no effect of cohort on PPI within
C57BL/6 [F3,33=1.58, P=0.21], 129Sv [F3,31=0.58,
P=0.63], or ICR mice [F3,35=1.96,P=0.14], and no inter-
actions with prepulse intensity. The comparison of PPI
phenotypes yielded several important findings. Strain
differences in PPI levels were indicated by main effects
of strain [F2,108=10.24,P,0.001] and prepulse intensity
[F2,216=214.93,P,0.001], and an interaction of strain
and prepulse intensity [F4,216=11.24,P,0.001](Fig. 1).
Tukey post hoc tests indicated that C57BL/6 mice exhib-
ited lower PPI levels than 129Sv mice at the 6 dB pre-
pulse intensity (P,0.01), and than both 129Sv and ICR
mice at the 12 dB prepulse intensity (P,0.01). A sig-
nificant main effect of prepulse intensity was found for
all experiments.

3.2.2. MDMA
Of the four drugs tested, MDMA was the only com-

pound to induce differential effects on PPI in the differ-
ent mouse strains, as indicated by an interaction of strain
and drug [F6,92=2.49,P,0.05](Fig. 2). A main effect of
drug [F3,92=10.23, P,0.001] and a drug by prepulse
intensity interaction [F6,184=4.19, P,0.001] were also
found. Hence, post hoc ANOVAs were applied for each
strain. For 129Sv mice, ANOVA indicated a main effect
of MDMA [ F3,27=4.33, P,0.01] and an interaction of
MDMA and prepulse intensity [F6,54=3.36, P,0.01].
Dunnett’s post hoc tests showed that the 20 mg/kg dose
reduced PPI relative to vehicle at the 6 dB (P,0.05) and
12 dB (P,0.01) prepulse intensities. However, block
two and three startle magnitude was also robustly
decreased by 20 mg/kg MDMA (33.3±10.8) relative to
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Fig. 1. Percent PPI for C57BL/6 (n=37), 129Sv (n=35), and ICR
(n=39) mice receiving vehicle. A bracket with an asterisk (*) indicates
that %PPI is significantly different from %PPI of the indicated strain
at the same prepulse intensity, as revealed by Tukey post hoc compari-
sons. *P,0.05, **P,0.01.

vehicle (111.5±18.5), as revealed by a main effect of
MDMA [ F3,27=5.10, P,0.01] and Dunnett’s post hoc
tests (P,0.01)(Table 2). Thus, no dissociation was
found between the startle-disruptive and the PPI-disrup-
tive effects of MDMA in 129Sv mice. For C57BL/6
mice, ANOVA revealed an interaction of MDMA and
prepulse intensity [F6,64=2.65, P,0.03]; and, 20 mg/kg
MDMA reduced PPI relative to vehicle at the 3 dB pre-
pulse intensity (Dunnett’s,P,0.05). In ICR mice,
ANOVA [ F3,33=6.64, P,0.001] and Dunnett’s showed
that 10 mg/kg MDMA (P,0.05) and 20 mg/kg MDMA
(P,0.01) reduced PPI at the 6 dB prepulse intensity and
20 mg/kg MDMA decreased PPI at the 12 dB prepulse
intensity (P,0.01).

3.2.3. RU24969
RU24969 decreased PPI in all three mouse strains, as

revealed by a main effect of drug, [F3,96=8.69,
P,0.001](Fig. 2). Analysis also revealed a main effect
of strain [F2,96=12.92, P,0.001] and an interaction of
drug by prepulse intensity [F6,192=2.77,P,0.01]. Hence,
post hoc ANOVAs were applied for each strain. For
129Sv mice, Dunnett’s post hoc tests revealed that 2.5
and 10 mg/kg (P,0.05) RU24969 decreased PPI com-
pared to vehicle at the 3 dB prepulse intensity. For
C57BL/6 mice, 10 mg/kg RU24969 decreased PPI rela-

tive to vehicle at the 6 dB prepulse intensity (P,0.01,
Dunnett’s). For ICR mice, Dunnett’s post hoc tests
revealed that 2.5 mg/kg RU24969 reduced PPI at the 3
and 6 dB (P,0.05) prepulse intensities, 5 mg/kg
RU24969 reduced PPI at the 6 dB (P,0.05) and 12 dB
(P,0.01) prepulse intensities, and 10 mg/kg RU24969
decreased PPI relative to vehicle at the 3 dB (P,0.05)
prepulse intensity.

3.2.4. 8-OH-DPAT
8-OH-DPAT increased PPI in all strains of mice

tested. Analysis showed main effects of drug [F3,98=4.68,
P,0.01] and strain [F2,98=15.35, P,0.001](Fig. 2). In
129Sv mice, Dunnett’s tests showed that 1 mg/kg 8-OH-
DPAT increased PPI relative to vehicle at the 6 dB
(P,0.01) and 12 dB (P,0.05) prepulse intensities.
ANOVA [ F3,32=3.10, P,0.05] and post hoc tests also
showed that, with respect to startle magnitude, 0.5
(P,0.05) and 2 mg/kg (P,0.05) 8-OH-DPAT decreased
magnitude in blocks two and three in the 129Sv strain,
although 1 mg/kg 8-OH-DPAT did not do so (Table 2).
In C57BL/6 mice, post hoc tests did not find any signifi-
cant differences between means, although each dose
increased PPI at each prepulse intensity. In ICR mice,
Dunnett’s post hoc tests showed that 0.5 mg/kg 8-OH-
DPAT increased PPI compared to vehicle at the 6 and
12 dB (P,0.05) prepulse intensities, and 2 mg/kg 8-OH-
DPAT increased PPI at the 12 dB (P,0.05) prepulse
intensity. Thus, although the main effect of drug shows
that 8-OH-DPAT increased PPI across strains, this
increase was only sufficient in magnitude in the 129Sv
and ICR strains for Dunnett’s post hoc tests to reveal
significant differences between means.

3.2.5. DOM
Treatment with the hallucinogen DOM (0, 0.5, 1, 2,

or 4 mg/kg) did not alter PPI in any strain of mouse
(Fig. 2). Analysis revealed only main effects of strain
[F2,124=28.54, P,0.001] and prepulse intensity
[F2,248=317.67]. No effects of drug were indicated.

3.3. Habituation

3.3.1. Strain differences
The pooling of saline values was permitted, as there

were no significant differences in habituation between
the four cohorts of mice within each strain: C57BL/6
[F9,99=1.89, P=0.06], 129Sv [F9,93=1.41, P=0.19], ICR
[F9,105=1.48, P=0.17]. Differences were found between
the rates of acoustic startle habituation of C57BL/6,
129Sv, and ICR mice. An interaction of strain and block
[F6,324=2.95, P,0.01] was found, suggesting a differ-
ence between the rates of habituation of one or more of
the strains (Fig. 3). A main effect of block was also
observed [F3,324=30.26, P,0.001]. Post hoc ANOVAs
comparing the habituation of the different strains
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Fig. 2. Percent PPI for C57BL/6 (n=153), 129Sv (n=149), and ICR (n=161) mice receiving: 0, 5, 10, 20 mg/kg MDMA; 0, 2.5, 5, or 10 mg/kg
RU24969; 0, 0.5, 1, or 2 mg/kg 8-OH-DPAT; 0, 0.5, 1, 2, or 4 mg/kg DOM. An asterisk (*) indicates that %PPI is significantly different from
%PPI of vehicle-treated animals of the same strain at the same prepulse intensity, as revealed by Dunnett’s post hoc comparisons.

revealed that 129Sv mice exhibited less habituation than
C57BL/6 [F3,210=4.26, P,0.01] and ICR mice
[F3,216=4.30, P,0.01].

3.3.2. RU24969
The only compound to alter habituation significantly

in mice was RU24969 (Fig. 4). A three-way interaction
of strain, drug, and block confirmed that RU24969 dif-
ferentially altered habituation in the three strains
[F18,288=1.67, P,0.05]. Main effects of strain
[F2,96=6.37,P,0.01] and block [F3,288=10.06,P,0.001]
were also revealed. Three separate three-factor
ANOVAs assessing the effects of strain, block, and one
dose of RU24969 on startle indicated interactions of
block, strain, and drug at the 2.5 mg/kg dose
[F6,150=3.24,P,0.01] and the 5 mg/kg dose [F6,141=2.72,

P,0.02]. Two-factor ANOVAs examining the effects of
strain at these doses revealed that 5 mg/kg RU24969
reduced habituation in C57BL/6 mice [F3,45=3.39,
P,0.03] and 129Sv mice [F3,48=3.62,P,0.02].

4. Discussion

The present results demonstrate strain differences in
baseline PPI and habituation, and in the effects of sero-
tonergic agents on these behaviors. Baseline differences
were found in which C57BL/6 mice exhibited reduced
PPI compared to 129Sv and ICR mice, and 129Sv mice
exhibited reduced habituation compared to C57BL/6 and
ICR mice. Strain differences in drug effects were
observed in which MDMA decreased PPI in C57BL/6
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Table 2
Startle magnitude for blocks 2 and 3 of C57BL/6 (n=153), 129Sv
(n=149), and ICR (n=161) mice receiving RU24969, 8-OH-DPAT,
DOM, or MDMAa

Average startle magnitude: Blocks 2 and 3
Strain C57BL/6 129Sv ICR

MDMA
0 mg/kg 99.3±12.0 111.5±18.5 95.2±23.4
5 mg/kg 106.2±11.5 86.2±19.3 57.5±14.2
10 mg/kg 127.5±11.3 103.7±13.1 60.8±8.9
20 mg/kg 110.4±13.9 33.3±10.8* 64.1±18.0
RU24969
0 mg/kg 109.9±11.5 130.8±26.8 118.7±25.1
2.5 mg/kg 125.8±9.02 103.4±9.1 130.1±15.1
5 mg/kg 150.2±24.0 95.0±6.5 159.1±18.6
10 mg/kg 167.9±27.4 88.5±17.5 137.4±19.3
8-OH-DPAT
0 mg/kg 95.9±8.9 86.1±19.0 70.1±15.0
0.5 mg/kg 72.3±25.5 41.8±10.7* 50.8±19.3
1 mg/kg 72.2±6.2 65.2±7.9 32.5±10.7
2 mg/kg 81.3±11.5 39.8±12.5* 35.2±11.0
DOM
0 mg/kg 98.1±12.3 99.7±16.3 120.0±24.8
0.5 mg/kg 140.7±25.9 112.7±18.7 94.0±27.6
1 mg/kg 129.4±16.2 96.3±19.5 115.3±24.6
2 mg/kg 148.2±16.2 115.4±28.9 115.5±14.5
4 mg/kg 154.4±21.2 61.3±13.3 58.9±26.0

a An asterisk (*) for a value indicates that startle magnitude after
drug treatment differed from startle magnitude after vehicle treatment,
as revealed by Dunnett’s post hoc comparisons.

and ICR, but not 129Sv mice, and RU24969 decreased
habituation in C57BL/6 and 129Sv, but not ICR mice.
Some similarities in drug effects were also found in that
RU24969 decreased and 8-OH-DPAT increased PPI
across all three strains, although qualitative differences
were observed.

The mouse strains tested exhibited distinct behavioral
phenotypes with regards to PPI and habituation. The
C57BL/6 inbred strain showed reduced PPI levels com-
pared to the 129Sv strain and the outbred ICR strain at
the 6 and 12 dB prepulse intensities, but not at the 3 dB
prepulse intensity (Fig. 1). These findings are consistent
with those of Paylor and Crawley (1997) who reported
that 129Sv mice showed higher PPI levels than C57BL/6
mice at prepulse intensities of 8 and 20 dB, but not at
the 4 dB prepulse intensity. We also report the novel
finding that outbred ICR mice have the same PPI levels
as the inbred C57BL/6 strain. In addition, the 129Sv
strain exhibited a significantly slower rate of habituation
relative to the C57BL/6 and ICR mouse strains (Fig. 3).
Since habituation is considered a simple form of learning
(Duerr and Quinn, 1982; Hawkins et al., 1998; Thorpe,
1956), this observation is consistent with reports that
129Sv mice are poor learners. For example, 129Sv mice
perform poorly on the Morris water maze task
(Upchurch and Wehner, 1989) and on continuous alter-
nation tasks (Gerlai, 1998). Also noteworthy is that

Fig. 3. Startle habituation for C57BL/6 (n=37), 129Sv (n=35), and
ICR (n=39) mice receiving vehicle. The bracket with an asterisk (*)
indicates that 129Sv mice exhibited less habituation than C57BL/6 and
ICR mice, as revealed by post hoc ANOVAs.

inbred C57BL/6 mice habituated at a similar rate to the
genetically heterogeneous ICR mouse strain. Cross-fos-
tering experiments must be undertaken to rule out poten-
tial maternal effects before the observed strain differ-
ences can be considered genetic in origin.

Several strain differences in drug effects were found
in the present studies. For example, the serotonin
releaser MDMA decreased PPI in the C57BL/6 and ICR
strains (Fig. 2), but not the 129Sv strain. This effect was
most robust in the outbred ICR strain, in which PPI was
decreased by the 10 and 20 mg/kg doses at the 6 and
12 dB prepulse intensities, while PPI was decreased only
by the 20 mg/kg dose at the 3 dB prepulse intensity in
C57BL/6 mice. MDMA may have appeared to decrease
PPI at the 20 mg/kg dose in 129Sv mice, but startle mag-
nitude was also robustly decreased across blocks two and
three (Table 2). This difference in startle likely con-
founded the assessment of PPI. Interestingly, MDMA
also disrupts PPI in outbred rat strains (Kehne et al.,
1992; Mansbach et al., 1989). Of the three strains tested,
the effects of MDMA on the outbred ICR strain most
closely resemble the effects of MDMA in outbred rats,
which is to reduce PPI at multiple prepulse intensities
(Mansbach et al., 1989). Only a few genes are likely to
be responsible for the considerable difference in the
effects of MDMA on PPI in the 129Sv substrain used
presently (no effect), and the 129Sv substrain reported
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Fig. 4. Startle habituation for C57BL/6 (n=36), 129Sv (n=36), and ICR (n=36) mice receiving 0, 2.5, 5, or 10 mg/kg RU24969. The bracket with
an asterisk (*) indicates that habituation was reduced by treatment with 5 mg/kg RU24969 relative to vehicle.

previously (decreased PPI) (Dulawa and Geyer, 1996),
because relatively few genes are polymorphic between
such closely related substrains (Crawley et al., 1997).
Identification of these polymorphic genes could provide
insight into the mechanisms by which MDMA affects
PPI.

The 5-HT1A/1B agonist RU24969 differentially altered
habituation in the three mouse strains. Habituation was
decreased by 5 mg/kg RU24969 in C57BL/6 and 129Sv
mice, but not ICR mice. Although 5 mg/kg RU24969
also decreased startle magnitude nonsignificantly in
129Sv mice, we do not believe that the disruption of
habituation is due to a floor effect; the three other drugs
tested (and even 10 mg/kg RU24969) produced lower
startle values than did 5 mg/kg RU24969, without dis-
rupting habituation. Additionally, RU24969 has been
reported previously to decrease habituation in 129Sv
mice without decreasing startle (Dulawa et al. 1997,
2000). The report that RU24969 decreases habituation
in wild-type, but not 5-HT1B knockout mice, suggests
that the activation of 5-HT1B, but not 5-HT1A receptors,
decreases habituation (Dulawa et al., 1997). In the
present study, RU24969 also presumably reduced
habituation in 129Sv and C57BL/6 mice by stimulating
5-HT1B, and not 5-HT1A receptors, because the selective
5-HT1A agonist 8-OH-DPAT had no effect on habitu-
ation. RU24969 has not been found to decrease habitu-
ation in outbred rats, and did not alter habituation in ICR
mice, representing another similarity between the effects
of serotonergic agents on startle plasticity in outbred
mice and rats. Together, the findings that MDMA and
RU24969 had strain-dependent effects on PPI and
habituation, respectively, indicate that the serotonergic
systems, other interacting systems, and/or pharmacoki-
netics differ between the murine strains tested.

Some similarities in the effects of serotonergic drugs

on startle plasticity across strains were also observed.
For instance, RU24969 decreased PPI in all three strains.
However, this effect was most robust in the ICR strain,
in which 2.5 mg/kg RU24969 reduced PPI at the 3 and
6 dB prepulse intensities, 5 mg/kg RU24969 reduced PPI
at the 6 and 12 dB prepulse intensities, and 10 mg/kg
RU24969 decreased PPI at the 3 dB prepulse intensity
(Fig. 2). In the 129Sv strain, RU24969 decreased PPI
only at the 3 dB prepulse intensity. In C57BL/6 mice,
the 10 mg/kg dose of RU24969 decreased PPI at the 6
dB prepulse intensity. Thus, the effects of RU24969 on
PPI were most like outbred rats in the ICR mouse strain,
occurring at high as well as low prepulse intensities
(Sipes and Geyer, 1994).

The 5-HT1A agonist 8-OH-DPAT increased PPI across
all three strains. 8-OH-DPAT has previously been
reported to increase PPI in 129Sv mice (Dulawa et al.
1997, 1998) and to decrease PPI in rats (Rigdon and
Weatherspoon, 1992; Sipes and Geyer, 1995a). In
addition, the 5-HT1A agonist flesinoxan has recently
been reported to increase PPI in 129Sv mice (Dulawa et
al., 2000). The present findings reveal the PPI-increasing
effects of 8-OH-DPAT in additional mouse strains. The
ICR strain exhibited this effect most robustly, with 0.5
mg/kg 8-OH-DPAT increasing PPI at the 6 and 12 dB
prepulse intensities and 2 mg/kg 8-OH-DPAT increasing
PPI at the 12 dB prepulse intensity. The C57BL/6 strain
showed only a marginal effect; although there was a
main effect of drug, post hoc tests were not significant
and the increase in PPI appeared small. The PPI-increas-
ing effects of 8-OH-DPAT are of considerable interest
because they represent the first example of a robust and
differential drug effect on PPI between rats and mice.
Further studies will be required to explain this species
difference.

Startle habituation was not altered by MDMA, 8-OH-
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DPAT, or DOM in any mouse strain. MDMA has been
found to decrease habituation in rats (Kehne et al.,
1992), although a tactile stimulus and a longer startle
session were employed. The hallucinogen DOM had no
effect on habituation or PPI, while in rats, 5-HT2 recep-
tor agonists decrease both tactile startle habituation and
PPI (Geyer and Tapson, 1988; Sipes and Geyer, 1995b).
8-OH-DPAT does not appear to alter startle habituation
in rats (Geyer and Tapson, 1988) or mice. Our negative
findings are not directly comparable to previous reports
using rats, because the experiments with rats typically
used tactile stimuli.

In conclusion, strain strongly influences the effects of
serotonergic drugs on PPI and habituation in mice.
Understanding the behavioral characteristics of and drug
effects on different murine strains is critical for the plan-
ning and interpretation of studies using genetically alt-
ered mice. These findings will guide studies examining
the mechanisms by which the serotonergic system modu-
lates sensorimotor gating using murine models.
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