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In the present study, we investigated whether mice lacking the arginine vasopressin (AVP) V1b receptor (V1bR) exhibit deficits of

prepulse inhibition (PPI) of the startle reflex, reminiscent of the sensorimotor gating deficits observed in a large majority of schizophrenic

patients. V1bR knockout (KO) mice displayed significantly reduced levels of PPI of the startle reflex. In addition to PPI deficits, V1bR KO

mice showed increased acoustic startle response. However, acoustic startle response was not significantly correlated to the PPI of the

startle reflex in V1bR KO mice. V1bR KO mice also showed a decrease in basal levels of extracellular dopamine (DA) in the medial

prefrontal cortex, which is thought to be an important brain region for PPI. Moreover, PPI deficits observed in the V1bR KO mice are

significantly reversed by atypical antipsychotics such as risperidone and clozapine but not by a typical neuroleptic haloperidol, like in

schizophrenic patients. By contrast, we did not observe any significant differences between V1bR KO mice and wild-type mice in the

open-field, light/dark, elevated plus maze, and forced swimming tests. The results of the present study indicate that V1bR may be involved

in the regulation of PPI of the startle reflex. The V1bR has been considered an important molecular target for the development of

antipsychotic drugs.

Neuropsychopharmacology (2005) 30, 1996–2005. doi:10.1038/sj.npp.1300784; published online 1 June 2005

Keywords: prepulse inhibition; vasopressin V1b receptor; antipsychotics; schizophrenia; knockout; mice

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Arginine vasopressin (AVP) is a neurohypophyseal peptide
best known as an antidiuretic hormone. AVP receptors
have been classified into three subtypes: V1a, V1b, and V2
receptors (Jard et al, 1987). A recent study showed
that hypothalamic–pituitary–adrenal (HPA) axis activity
is suppressed in AVP V1b receptor (V1bR) knockout (KO)
mice under both stress and resting conditions (Tanoue
et al, 2004). V1bR KO mice have also been reported to
exhibit markedly reduced aggressive behavior (Wersinger

et al, 2002). Moreover, it has been reported that a selective
V1bR antagonist produced anxiolytic- and antidepressant-
like effects in rodents (Griebel et al, 2002; Serradeil-Le
Gal et al, 2002) and reversed stress-induced suppression of
neurogenesis in a mouse model of depression (Alonso
et al, 2004). V1bR is widely distributed in the central
nervous system including the cerebral cortex, hippocampus,
and hypothalamus (Lolait et al, 1995; Vaccari et al, 1998),
suggesting that V1bR regulates the HPA system and plays a
potential role in stress-related behavior.

Recently, it has been shown that schizophrenic patients
display selective impairments in response to psychosocial
stress but not physical stress (Jansen et al, 2000). This
suggests that HPA stress responses may be abnormal in
schizophrenic patients. The HPA stress response is
dependent on the type of stressor that is used (Romero
and Sapolsky, 1996). The physical stimuli activate the HPA
axis responses mostly via corticotropin-releasing hormone
(CRH), and the psychological stimuli mostly via AVP. It has
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also been reported that baseline plasma AVP levels
were lower in schizophrenic patients, and progressively
increased following acute metabolic stress like 2-deoxy-D-
glucose (2DG) (Elman et al, 2003). Concomitantly, it
has been found that patients with schizophrenia had
higher 2DG-induced plasma homovanillic acid (HVA)
and 5-hydroxyindoleacetic acid (5-HIAA) levels. Thus,
AVP and stress may be implicated in the course of
schizophrenia.

Schizophrenia has long been associated with abnormal-
ities in information processing and attention mechanisms
(Braff, 1993; Perry and Braff, 1994). In an attempt to
better understand the mechanisms underlying the physio-
pathology of schizophrenia, sensorimotor information
gating processes have received much attention. One well-
established method for evaluating sensory filtering is
the paradigm of prepulse inhibition (PPI), which is the
reduction of the startle reflex by implementation of a
weak intensity prepulse immediately before the startle
stimulus. The disruption of PPI in schizophrenic patients
has been well described in several studies (Braff et al,
1978, 1992; Perry and Braff, 1994). In rats, the disruption
of PPI occurs after acute administration of dopamine (DA)
agonists (Swerdlow et al, 1986; Mansbach et al, 1988),
N-methyl-D-aspartate (NMDA) antagonists (Keith et al,
1991), or serotonin (5-HT) agonists (Sipes and Geyer,
1994). DA agonist-induced PPI deficits are reversed
by both typical and atypical antipsychotics, whereas those
induced by NMDA antagonists or 5-HT agonists seem
to be reversed only by atypical antipsychotics (Swerdlow
and Geyer, 1993; Varty and Higgins, 1995a). Thus, the
drug-induced PPI deficits are differentially sensitive to
various antipsychotics. In general, PPI is thought to
be regulated by a prefrontocortico-limbic-striato-pallidal
circuit that connects to the primary acoustic startle
response pathway through mesopontine and nigral
projections (Swerdlow et al, 2001). The medial prefrontal
cortex plays an important role in this circuit. Manipula-
tions that decrease DA transmission in the medial
prefrontal cortex disrupt PPI (Koch and Bubser,
1994; Ellenbroek et al, 1996). In addition, the medial
prefrontal cortex is thought to be involved in the
PPI-disruptive effect of NMDA antagonists (Schwabe and
Koch, 2004).

Recently, Brattleboro rats, in which the ability
to synthesize AVP is impaired, have been reported
to exhibit deficits of PPI of the startle reflex (Feifel
and Priebe, 2001; Feifel et al, 2004). It is possible that
central AVP may play an important role in the regulation of
PPI. However, whether V1bR is involved in the regulation
of PPI has remained untested. Therefore, we investigated
whether mice lacking V1bR exhibit PPI deficits of the
startle reflex. We also measured basal levels of extracellular
DA and 5-HT in the medial prefrontal cortex in V1bR
KO mice using in vivo microdialysis. Moreover,
we evaluated the capacity of haloperidol (a typical
antipsychotic), risperidone, and clozapine (atypical
antipsychotics) to reverse the PPI deficits of the
startle reflex observed in V1bR KO mice. In addition,
we examined whether these V1bR KO mice exhibited
changes in anxiety levels and depression-related emotional
responses.

METHODS

Animals

In total, 139 male wild-type (WT) and 132 male V1bR KO
mice (V1bR�/�), which were generated by gene targeting
as previously reported (Tanoue et al, 2004), were used at
ages 3–7 months for all of the experiments. All mice
analyzed were from F3 to F5, which carried the genetic
background of 129Sv and C57Black/6J strains. They were
kept under a constant light–dark cycle (light 0700–1900
hours) in a temperature-controlled (23721C) room. Experi-
ments were conducted during the light phase between 0900
and 1700 hours. The animals had free access to food (CE-2,
Crea Japan, Tokyo, Japan) and water in their home cages.
All procedures regarding animal care and use were
performed in compliance with the regulations established
by the Experimental Animal Care and Use Committee of
Fukuoka University.

Drugs

Haloperidol solution (5 mg/ml; Serenace Injection, Dainip-
pon Pharmaceutical Co. LTD., Osaka, Japan) was diluted
with saline. Risperidone (Janssen Research Foundation,
Belgium) was dissolved in saline. Clozapine (Sigma-Aldrich
Co., St Louis, MO, USA) was dissolved in 0.1 N HCl in saline
and neutralized to pH 6–7 with 0.1 N NaOH. Haloperidol,
risperidone, and clozapine were injected intraperitoneally
(i.p.) 30 min before the test.

Behavioral Test

Open-field test. Locomotive activity in the open-field test
was measured for 3 min as described previously (Al-Khatib
et al, 1995). The activity of mice (n¼ 16 per WT mice,
n¼ 14 per V1bR KO mice) was measured by an apparatus
consisting of a circular floor (diameter¼ 60 cm) divided by
thin black lines into 19 equal blocks. The floor was enclosed
by a parapet (height¼ 50 cm) with an upper opening
(diameter¼ 90 cm). The apparatus was illuminated by a
100 W bulb placed 80 cm above the center of the floor of the
apparatus. The activity was measured in a sound-proof dark
room under the above-described standard housing condi-
tions.

Light/dark test. The test apparatus is based on that
described by Misslin et al (1988). It consisted of two
polyvinylchloride boxes (20� 20� 14 cm) connected by a
tunnel (5� 7� 10 cm). One of the boxes was darkened, a
desk lamp placed 20 cm above it lighted the other. The
apparatus was equipped with infrared beams recording the
following parameter for 4 min: time spent by mice (n¼ 15 of
each genotype) in the lit box.

Elevated plus maze test. The procedure is based on that
described by Pellow et al (1985). The subjects for the
elevated plus maze test had previously been used in the
open-field test. The apparatus was made of polyvinyl-
chloride. It was elevated to a height of 50 cm with two open
(25� 8 cm) and two enclosed arms (25� 8 cm) arranged so
that the arms of the same type were opposite each other.
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Mice (n¼ 15 per WT mice, n¼ 14 per V1bR KO mice) were
placed in the middle of an elevated plus maze. The time
spent in the open arms was used for analysis. The test
duration was 10 min.

Forced swimming test. The procedure was a modification
of that described by Porsolt et al (1977). Animals (n¼ 10 of
each genotype) were placed in individual glass cylinders
(15 cm in height and 12 cm in diameter) containing water
(water depth was 10 cm; 22711C). Two swimming sessions
were conducted on the same day (an initial 6-min pretest
for all mice followed by the test session). The duration of
immobility was measured for a 6-min period.

PPI of startle reflex. The startle responses were measured in
an illuminated startle chamber (39� 38� 58 cm, SR-LAB
system, San Diego Instruments, San Diego, CA, USA). It
consisted of a Plexiglas cylinder (8 cm diameter, 16 cm long)
mounted on a removable frame with a base unit. Movement
of the mouse within the cylinder was detected by a
piezoelectric accelerometer attached below the frame. A
loudspeaker, mounted 25 cm above the cylinder, provided
the background white noise and acoustic stimuli. The
acoustic stimuli and the piezoelectric responses from the
accelerometer were controlled and digitized by SR-LAB
software and an interface system. The startle amplitude was
defined as the average of 100 ms�1 readings collected from
the beginning of the startle stimulus onset. During the
session, the background noise was kept constant at 65 dB.
Animals were placed in cylinders 10 min prior to the initial
startle stimuli and only background noise was offered
during this acclimation period. To measure acoustic startle
response and PPI, the five trials were: no stimulus, two
types of startle stimulus only (100 and 120 dB, 20 ms broad
band burst), and two types of startle stimulus preceded by a
prepulse (a 20 ms broad band burst). The onset of the
prepulse was separated from the startle onset by a 100 ms
prepulse-startle interval (PSI), and the prepulse intensity
used was 70 dB. Each was repeated nine times in random
order. The trials were separated by an average interval of
30 s (15–35 s). PPI was calculated as a percentage of the
pulse-alone startle amplitude using the following formula:
(1�(startle amplitude following prepulse-pulse pair/startle
amplitude following pulse-only))� 100. Two independent
experiments (Experiments 1 and 2) were carried out. In
Experiment 1, both acoustic startle response and PPI were
measured in WT and V1bR KO mice (n¼ 18 per WT mice,
n¼ 16 per V1bR KO mice). In Experiment 2, after PPI was
measured, the four groups (vehicle, haloperidol, risperi-
done, or clozapine) were divided into WT (vehicle, n¼ 28;
haloperidol, n¼ 19; risperidone, n¼ 17; clozapine, n¼ 16)
and V1bR KO mice (vehicle, n¼ 27; haloperidol, n¼ 17;
risperidone, n¼ 15; clozapine, n¼ 16), respectively, to
calculate the effects of haloperidol, risperidone, or clozapine
on PPI.

Microdialysis

Animals (n¼ 18 of each genotype) were anaesthetized with
sodium pentobarbital (50 mg/kg, i.p.; Tokyo Kasei, Tokyo,
Japan) and stereotaxically implanted with a guide cannula

(UI-AG-4; EICOM, Kyoto, Japan) at the medial prefrontal
cortex (A: þ 2.2 mm, L: �0.2 mm, V: �3.3 mm from the
bregma), according to the atlas of Franklin and Paxinos
(1997). On the day following surgery, a dialysis probe (A-
UI-4-02; 2.0 mm probe membrane, EICOM) was inserted
into the guide cannula of mice and was perfused with
Ringer’s solution (147.0 mM NaCl, 4.0 mM KCl, and 2.2 mM
CaCl2, Wako Pure Chemical Industries, Ltd, Osaka, Japan)
at a constant flow rate of 2 ml/min using a micro syringe
pump (ESP-64; EICOM). A stabilization period of 2 h was
allowed before the experiment. Microdialysis samples
(50 ml) were collected at 25 min intervals, and the samples
were then immediately injected into a high-performance
liquid chromatography-electrochemical detector (HPLC-
ECD) system for an assay of DA and 5-HT. The system
(EICOM) utilized an Eicompak SC-5ODS column (3.0 mm
i.d.� 150 mm, EICOM) that was set at a potential of
þ 750 mV against an Ag/AgCl reference electrode. The
mobile phase contained 0.1 M acetate–citrate buffer (pH
3.5), 190 mg/l sodium 1-octanesulfonate, 5 mg/l EDTA, and
16% methanol. The flow rate was maintained at 230 ml/min.
Brain DA and 5-HT release were calculated using Power-
Chrom (version 2.2.4, EICOM). After completion of the
microdialysis experiment, the animals were anaesthetized
with ether and the heads were removed. The brain was then
removed, frozen, and sliced to a thickness of 40 mm. The
position of the guide cannula in the medial prefrontal cortex
site was confirmed by microscopic examination. Only data
from animals in which the implantation was made at the
desired site were analyzed.

Statistical Analyses

The results were expressed as means7SEM. The data of the
open-field, light/dark, elevated plus maze, and forced
swimming tests were analyzed by unpaired t-test. Data
analyses of the acoustic startle response and PPI were
evaluated for statistical significance using two-way (with
repeated measures) analysis of variance (ANOVA) (factors:
genotype and pulse) followed by the unpaired t-test to
determine differences among the groups. The acoustic
startle response of the drugs was analyzed by two-way
ANOVA (factors: genotype and drugs) followed by Fisher’s
PLSD post hoc test to determine differences among the
groups. The PPI of the drugs was analyzed by three-way
repeated ANOVA (factors: genotype, drugs, and pulse)
followed by Fisher’s PLSD post hoc test to determine
differences among the groups. In the brain microdialysis,
the basal levels of DA and 5-HT in dialysate were expressed
as pmol/50 ml. The statistical analyses were performed
using unpaired t-test. The correlation between parameters
was determined by Peason’s correlation coefficient test. A
p-value of less than 0.05 was considered to be statistically
significant.

RESULTS

Behavioral Test

Open-field test. There was no significant difference between
V1bR KO mice and WT mice in the amount of ambulatory
activity (no significant, NS, Table 1).
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Light/dark test. There was no significant difference between
V1bR KO mice and WT mice in the time spent by animals in
the lit box (NS, Table 1).

Elevated plus maze test. There were no genotypic
differences in the time spent in the open arms (NS, Table 1).

Forced swimming test. There was no difference between
V1bR KO mice and WT mice in immobility time (NS,
Table 1).

PPI. In Experiment 1, for measuring PPI by startle stimuli of
100 and 120 dB, we found an impairment of PPI in the V1bR
KO mice (Figure 1a). Repeated measures ANOVA revealed a
significant genotype difference (F1, 32¼ 21.9; po0.001), no
significant effect of pulse (NS), and no significant genoty-
pe� pulse interaction (NS) in the PPI. Post hoc analysis
revealed that the PPI of the startle stimuli of 100 and 120 dB
was lower in the V1bR KO mice than in the WT mice
(po0.001, respectively). On the other hand, the V1bR KO
mice displayed higher levels of acoustic startle response
than the WT mice (Figure 1b). Repeated measures ANOVA
revealed a significant genotype difference (F1, 32¼ 10.22;
po0.01), a significant effect of pulse (F1, 32 ¼ 8.08; po0.01),
and no significant genotype� pulse interaction (NS) in the
acoustic startle response. Post hoc analysis revealed that
startle amplitude at the pulse intensities of 100 and 120 dB
was higher in the V1bR KO mice than in the WT mice
(po0.01, respectively). Post hoc analysis also revealed that
there was no significant difference between 100 and 120 dB
in the acoustic startle response of WT or V1bR KO mice
(NS). In addition, the habituation of startle response
displayed no difference between the two genotypes at the
pulse intensities of 100 and 120 dB (data not shown).

There was a significant correlation between startle
amplitude and PPI in WT mice (r¼�0.562, po0.001,
Figure 2a). On the other hand, startle amplitude was not
significantly correlated to PPI in V1bR KO mice
(r¼�0.036, NS, Figure 2b).

Microdialysis

The V1bR KO mice displayed lower basal levels of
extracellular DA in the medial prefrontal cortex than the

WT mice (po0.05) (Figure 3). The mean basal levels were
0.05870.001 pmol/50 ml for the WT (n¼ 18) and
0.03670.001 pmol/50 ml for the V1bR KO mice (n¼ 18).
On the other hand, basal levels of extracellular 5-HT at the
same site displayed no difference between the two
genotypes (NS).

Drugs

Haloperidol. In Experiment 2, we investigated the effects
of drugs on the PPI of WT and V1bR KO mice. A three-way
repeated ANOVA of PPI revealed a significant geno-
type difference (F1, 47 ¼ 19.27; po0.001), no significant
effect of haloperidol (NS), and no significant genoty-
pe� haloperidol interaction (NS), indicating that V1bR
KO mice exhibited significant PPI deficits, and these deficits
were not significantly improved by haloperidol (Figure 4).
V1bR KO mice pretreated with haloperidol display

Table 1 Performance of WT and V1bR KO Mice in Open-Field,
Light/dark, Elevated Plus Maze, and Forced Swimming Tests

Measurement WT V1bR KO

Open-field test, number of
ambulation

59.376.7 (n¼ 16) 58.4710.8 (n¼ 14)

Light/dark test, time in lit
box (s)

3.7371.87 (n¼ 15) 3.0670.71 (n¼ 15)

Elevated plus maze test,
time in open arms (s)

207.3723.3 (n¼ 15) 170.8720.2 (n¼ 14)

Forced swimming test,
immobility time (s)

123.9715.2 (n¼ 10) 152.3710.2 (n¼ 10)

Values represent means7SEM.
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Figure 1 Acoustic startle response and PPI in WT and V1bR KO mice.
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significant deficits in PPI compared to WT mice pretreated
with the vehicle in the startle stimulus of 100 dB (0.1 mg/kg:
po0.01; 0.3 mg/kg: po0.05). Moreover, V1bR KO mice, at
the highest dose (0.3 mg/kg) of haloperidol, display deficits
of PPI compared to WT mice receiving the same dose
(po0.05). However, V1bR KO mice pretreated with
haloperidol did not display any significant deficits in PPI
compared to WT mice pretreated with the vehicle in the
startle stimulus of 120 dB (NS).

Risperidone. Here also, V1bR KO mice exhibited significant
PPI deficits, and these deficits were improved by risperi-
done (Figure 5). A three-way repeated ANOVA of PPI
revealed no significant genotype difference (NS), no
significant effect of risperidone (NS), and a significant
genotype� risperidone interaction (F2, 45 ¼ 7.47; po0.01),
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The Peason’s correlation coefficients are shown as r-values.
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indicating that risperidone had different effects on WT and
V1bR KO mice. The analysis also revealed a significant
effect of pulse (F1, 45 ¼ 5.56; po0.05). Post hoc comparisons
revealed no significant effect of risperidone on the PPI of
WT mice (NS). In contrast, in the V1bR KO mice, a post hoc
test revealed that PPI was significantly greater in mice
pretreated with risperidone at 1 mg/kg than in mice
pretreated with the vehicle, in the startle stimulus of 100
and 120 dB (po0.001, respectively).

Clozapine. Here again, V1bR KO mice exhibited significant
PPI deficits, and these deficits were improved by clozapine
(Figure 6). A three-way repeated ANOVA of PPI revealed no
significant genotype difference (NS), no significant effect of
clozapine (NS), and a significant genotype� clozapine
interaction (F2, 45¼ 5.30; po0.01), indicating that clozapine
had different effects on the WT and V1bR KO mice. Post hoc
comparisons revealed no significant effect of clozapine on
the PPI of WT mice (NS). In contrast, in the V1bR KO mice,
a post hoc test revealed that PPI was significantly greater in
mice pretreated with clozapine at 3 mg/kg than in mice
pretreated with the vehicle in both startle stimuli (100 dB:
po0.001, 120 dB: po0.01).

Acoustic startle response. Drug effects on startle response
(100 dB pulse alone) are seen in Figure 7.

Concerning haloperidol, a two-way ANOVA of acoustic
startle response revealed a significant genotype difference
(F1, 47 ¼ 15.97; po0.001), no significant effect of haloperidol
(NS), and no significant genotype� haloperidol interaction
(NS), indicating that V1bR KO mice displayed higher levels
of acoustic startle response than the WT mice, and these
effects were not significantly diminished by haloperidol
(Figure 7a). However, V1bR KO mice pretreated with
haloperidol at 0.3 mg/kg did not display any significant
increase in acoustic startle response compared to WT mice
pretreated with the vehicle (NS).

Concerning risperidone, a two-way ANOVA of acoustic
startle response revealed a significant genotype difference
(F1, 45 ¼ 11.62; po0.01), no significant effect of risperidone
(NS), and no significant genotype� risperidone interaction
(NS), indicating that V1bR KO mice displayed higher levels
of acoustic startle response than the WT mice, and these
effects were not significantly decreased by risperidone
(Figure 7b). However, risperidone showed a dose-depen-
dent ability to decrease acoustic startle response, and V1bR
KO mice pretreated with risperidone did not display any
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Figure 6 Effect of clozapine on deficits of PPI of the startle reflex in
V1bR KO mice. Clozapine was injected i.p. 30 min before the test.
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V1bR KO/Vehicle group. Data are expressed as means7SEM.
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Figure 7 Effects of haloperidol, risperidone, and clozapine on acoustic
startle response in the startle stimulus of 100 dB. (a) haloperidol, (b)
risperidone, and (c) clozapine. Drugs were injected i.p. 30 min before the
test. wpo0.05, wwpo0.01 vs WT/Vehicle group. ***po0.001 vs V1bR KO/
Vehicle group. Data are expressed as means7SEM.
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significant increase in acoustic startle response compared to
WT mice pretreated with the vehicle (NS).

Concerning clozapine, the V1bR KO mice displayed
higher levels of acoustic startle response than the WT mice,
and these effects were decreased by clozapine (Figure 7c).
A two-way ANOVA of acoustic startle response revealed
a significant genotype difference (F1, 45 ¼ 8.81; po0.01), a
significant effect of clozapine (F2, 45 ¼ 4.67; po0.05), and no
significant genotype� clozapine interaction (NS), indicat-
ing that clozapine had the same effects on the WT and V1bR
KO mice. Post hoc comparisons revealed no significant
effects of clozapine on acoustic startle response in WT mice
(NS). In contrast, in the V1bR KO mice, a post hoc test
revealed that acoustic startle response was significantly
lower in mice pretreated with clozapine than in mice
pretreated with the vehicle (clozapine 3 mg/kg: po0.001).

In addition, there was no significant difference between
100 and 120 dB in the effects of drugs on the acoustic startle
response of WT or V1bR KO mice (data not shown).

DISCUSSION

The first major finding in the present study is that V1bR KO
mice displayed significantly reduced levels of PPI of the
startle reflex. In addition to PPI deficits, V1bR KO mice
showed increased startle reactivity. However, this increase
in startle reactivity does not seem to contribute to PPI
change, for we could find no correlation between the two
phenomena. On the other hand, negative correlations were
observed between the startle response and PPI in WT mice.
This suggests that the extent of PPI may be responsible for
these observed negative correlations, but it simultaneously
supports the notion that V1bR is involved in the modula-
tion of both the startle response and its PPI. Also, the
previous two studies with mice have explored differences
in the startle response and PPI of multiple inbred strains.
In one study, which compared 12 different mouse strains,
the average startle response and PPI were not correlated
between different strains (Paylor and Crawley, 1997),
whereas in another study of 20 strains a positive correlation
was observed between the average startle amplitude evoked
by a weak auditory stimulus (90 dB) and PPI (Logue et al,
1997). Although the association between startle response
and PPI is not currently clear, our present findings support
the possibility that V1bR regulates the PPI of the startle
reflex. Interestingly, Brattleboro rats, in which the ability to
synthesize AVP is impaired, have been reported to exhibit
deficits of PPI of the startle reflex and a high startle
response (Feifel and Priebe, 2001; Feifel et al, 2004).
Moreover, individual startle responses and PPI in these
rats were not correlated like in our current results.
Therefore, V1bR might be involved in the PPI deficits in
Brattleboro rats. The results of the present study also
showed that the locomotive activity of V1bR KO mice was
normal in the open-field test. Moreover, we did not observe
differences between V1bR KO mice and WT mice in the
light/dark, elevated plus maze, and forced swimming tests
in this study. Wersinger et al (2002) also reported that V1bR
KO mice performed normally in the open-field and elevated
plus maze tests. In addition, we found that there was no
difference between V1bR KO mice and WT mice in body

weight (N Egashira et al, unpublished data). Therefore, it is
unlikely that PPI is disrupted in V1bR KO mice because of a
deficit of motor function, changes of anxiety levels, or heavy
body weight. These findings suggest that V1bR in particular
controls PPI of the startle reflex.

The second important finding of this study is that PPI
deficits observed in the V1bR KO mice are significantly
reversed by atypical antipsychotics such as risperidone and
clozapine, but not by a typical neuroleptics such as
haloperidol. Our results are in good agreement with clinical
data obtained from schizophrenic patients. Indeed, deficits
in the sensorimotor gating processes are commonly shown
in schizophrenic patients using PPI of the startle reflex
(Braff et al, 1978, 1992; Perry and Braff, 1994; Kumari et al,
2000; Parwani et al, 2000). These PPI deficits seem to be best
treated by atypical antipsychotics, as risperidone and
clozapine normalized information processing functions in
schizophrenic patients (Kumari et al, 1999, 2002; Kumari
and Sharma, 2002), whereas this was not the case in such
patients treated with typical neuroleptics (Braff et al, 1978,
1992; Bolino et al, 1992; Grillon et al, 1992). Most
importantly, the PPI deficits in V1bR KO mice can be
reversed by risperidone and clozapine at a dose that was
without effect in WT mice. These reversals were dose
dependent and exhibited great efficacy. On the other hand,
the PPI deficits observed in the V1bR KO mice were not
significantly reversed by haloperidol. However, V1bR KO
mice pretreated with haloperidol did not display any
significant deficits in PPI compared to WT mice pretreated
with the vehicle in the startle stimulus of 120 dB. Therefore,
haloperidol weakly appeared to reverse these PPI deficits,
which is not as strong as risperidone and clozapine. Also,
the alterations in startle reactivity were reversed by
clozapine, whereas they were not significantly reversed by
risperidone. However, risperidone showed a dose-depen-
dent ability to decrease acoustic startle response, and V1bR
KO mice pretreated with risperidone did not display any
significant increase in acoustic startle response compared to
WT mice pretreated with the vehicle. Thus, risperidone
appeared to decrease the acoustic startle response, if not as
well as clozapine. On the other hand, haloperidol did not
significantly reverse either PPI deficits or alterations of
startle response in V1bR KO mice. In addition, PPI tests
could not be carried out at a higher dose (1 mg/kg) of
haloperidol because it caused a cataleptic state in WT and
V1bR KO mice. However, V1bR KO mice pretreated with
haloperidol at 0.3 mg/kg did not display any significant
increase in acoustic startle response compared to WT mice
pretreated with the vehicle. Like risperidone, haloperidol
weakly appeared to decrease the acoustic startle response.
Thus, clozapine’s ability to reverse PPI deficits in V1bR KO
mice is unlikely to be simply a consequence of its reduction
of the startle response. Hence, it is not likely that clozapine’s
ability to reverse PPI deficits in V1bR KO mice is due to
nonspecific effects, such as sedation, not associated with its
therapeutic mechanism. Consistent with this notion,
Depoortere et al (1997) concluded that clozapine’s en-
hancement of PPI was not likely due to its sedating
properties, since sedating psychotropic drugs that do not
have antipsychotic properties, for example, diazepam,
decrease rather than facilitate PPI. Thus, as previously
stated, there is no consistent relationship between the startle
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amplitude value and the effectiveness of a given anti-
psychotic to restore PPI deficits (Varty and Higgins, 1995a).

The data presented in this paper show that risperidone
and clozapine, but not haloperidol, significantly are able to
reverse the PPI deficits observed in V1bR KO mice. Thus,
to normalize PPI deficits, atypical antipsychotics such as
risperidone and clozapine probably interact with the brain
systems of V1bR KO mice. Interestingly, the PPI deficits
observed in Brattleboro rats were also reversed by acute
administration of clozapine but not by acute administration
of haloperidol (Feifel et al, 2004). These findings suggest
that these deficits might be particularly sensitive to some
critical properties of those antipsychotic drugs. Signifi-
cantly, the PPI deficits in V1bR KO mice were not reversed
by haloperidol, a D2 receptor antagonist. Haloperidol’s lack
of efficacy indicates that excessive DA transmission is not
likely to fully account for the PPI deficits seen in V1bR KO
mice. On the other hand, risperidone and clozapine
are potent not only as D2 receptor antagonists but also have
5-HT2A receptor antagonist properties. The PPI-disruptive
effects of DOI, a 5-HT2A receptor agonist, are reversed by
risperidone and clozapine but not by haloperidol (Varty
and Higgins, 1995a). Also, a 5-HT2 receptor antagonist
ketanserin has been reported to reverse the PPI deficits
induced by an NMDA antagonist (Varty and Higgins,
1995b). However, we failed to find that ketanserin reversed
the PPI deficits in V1bR KO mice in this study (N Egashira
et al, unpublished data). Therefore, it is possible that
risperidone and clozapine reverse PPI deficits in V1bR KO
mice through a concurrent blockade of D2 and 5-HT2A
receptors. More importantly, we found that V1bR KO mice
showed a decrease in basal levels of extracellular DA in the
medial prefrontal cortex compared to WT mice, while
extracellular 5-HT in the same site showed no difference
between the two genotypes. Therefore, V1bR may regulate
DA release in the medial prefrontal cortex. The medial
prefrontal cortex is thought to be an important brain region
within the neuronal circuit response for PPI (Swerdlow
et al, 2001). Also, dopaminergic hypofunction in the
prefrontal cortex is related to the etiology of negative
symptoms of schizophrenia (Davis et al, 1991). Further-
more, PPI is reduced by manipulations of dopaminergic
hypofunction in the medial prefrontal cortex by infusion of
6-hydroxydopamine (6-OHDA) (Koch and Bubser, 1994) or
D1 or D2 antagonists (Ellenbroek et al, 1996). These
findings suggest that dopaminergic hypofunction in the
medial prefrontal cortex may be involved in PPI deficits in
V1bR KO mice. Hence, risperidone and clozapine may be
able to increase DA release in the medial prefrontal cortex.
Apparently consistent with this possibility, a recent study
proposed that risperidone and clozapine could increase DA
release in the medial prefrontal cortex (Hertel et al, 1996;
Kuroki et al, 1999; Ichikawa et al, 2001). Moreover, these
effects of atypical antipsychotics are through D2 and 5-
HT2A receptors blockade (Ichikawa et al, 2001). On the
other hand, haloperidol has been reported to increase DA
release in the nucleus accumbens but not in the medial
prefrontal cortex (Kuroki et al, 1999). Given these findings,
the medial prefrontal cortex may be a critical site for the
deficit of PPI of the startle reflex in V1bR KO mice, and
risperidone and clozapine may improve these deficits via an
increase in DA release at this site.

Consistent with the previous report (Wersinger et al,
2002), we observed that V1bR KO mice did not display a
change in the elevated plus maze test (animal model of
anxiety). Moreover, there was no difference in the light/dark
test (animal model of anxiety) and forced swimming test
(animal model of depression) between V1bR KO and WT
mice. The blockage of V1bR by a selective antagonist
induces anxiolytic- and antidepressant-like responses in
rodents (Griebel et al, 2002). Therefore, the lack of
behavioral modifications observed in V1bR-deficient mice
could be related to unknown compensatory processes. Since
KO mice are missing a receptor throughout development,
numerous neurochemical and developmental changes may
have occurred to compensate for the absence of the
receptor. Thus, it cannot be ruled out that the observed
effects are the results of compensatory adaptations in other
neurotransmitter systems involved in measuring emotional
response. Also, the PPI deficits in V1bR KO mice may be the
result of compensatory adaptations rather than a primary
consequence of the lack in the V1bR subtype.

In conclusion, our present studies show that mice lacking
the V1bR exhibit PPI deficits of the startle reflex, which
provides evidence that this receptor might be involved in
the regulation of PPI of the startle reflex. Owing to the
relevance of PPI to schizophrenia, the V1bR has been
considered as an important molecular target for the
development of antipsychotic drugs. The V1bR agonist
has become the focus of intense interest as the first in its
novel class of drugs for the treatment of schizophrenia.
Also, the present study showed that the V1bR KO mice are
endowed with a fair predictive validity as, like in schizo-
phrenic patients, PPI deficits are significantly reversed by
atypical antipsychotics but not by the typical neuroleptic
haloperidol, and they may therefore be useful as an animal
model of schizophrenia.
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