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Nociceptin/orphanin FQ (N/OFQ) peptide and its receptor (NOP receptor) have been implicated in a host of brain functions and

diseases, but the contribution of this neuropeptide system to behavioral processes of relevance to psychosis has not been investigated.

We examined the effect of the NOP receptor antagonists, Compound 24 and J-113397, and the synthetic agonist, Ro64-6198, on time

function (2–2000 ms prepulse–pulse intervals) of acoustic (80 dB/10 ms prepulse) and visual (1000 Lux/20 ms prepulse) prepulse

inhibition of startle reflex (PPI), a preattentive sensory filtering mechanism that is central to perceptual and mental integration. The effects

of the dopamine D1-like receptor agonist, SKF-81297, the D2-like receptor agonist, quinelorane, and the mixed D1/D2 agonist,

apomorphine, were studied for comparison. When acoustic stimulus was used as prepulse, BALB/cByJ mice displayed a monotonic time

function of PPI, and consistent with previous studies, apomorphine and SKF-81279 induced PPI impairment, whereas quinelorane had no

effect. None of the NOP receptor ligands was effective on acoustic PPI. When flash light was used as prepulse, BALB/cByJ mice displayed

a bell-shaped time function of PPI and all dopamine agonists were active. Ro64-6198 was also effective in reducing visual PPI. NOP

receptor antagonists showed no activity but blocked disruptive effect of Ro64-6198. Finally, coadministration of the typical antipsychotic,

haloperidol, attenuated PPI impairment induced by Ro64-6198, revealing involvement of a dopaminergic component. These findings

show that pharmacological stimulation of NOP or dopamine D2-like receptors is more potent in disrupting visual than acoustic PPI in

mice, whereas D1-like receptor activation disrupts both. They further suggest that dysfunction of N/OFQ transmission may be implicated

in the pathogenesis of psychotic manifestations.
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INTRODUCTION

The nociceptin/orphanin FQ (N/OFQ) peptide has been
implicated in a host of brain functions and its receptor
(NOP receptor: N/OFQ peptide receptor) represents an
emerging target for pain, parkinsonism, anxiety, affective
disorders, and cognitive decline (Calo’ et al, 2000; Chiou
et al, 2007; Gavioli and Calo’, 2006; Lambert, 2008; Ko et al,
2009; Goeldner et al, 2010). For instance, deletion of genes
coding for NOP receptor or endogenous N/OFQ peptide
improves motor performances in naive mice (Ouagazzal
et al, 2003; Marti et al, 2004; Viaro et al, 2008), whereas

pharmacological blockade of NOP receptor alleviates
parkinsonian-like symptoms and enhances the effect of
L-DOPA in rodent and nonhuman primate models of
Parkinson’s disease (PD) (Viaro et al, 2008; Visanji et al,
2008). Supporting evidence for the role of N/OFQ system in
cognition has also been provided by numerous studies.
Electrophysiological and neurochemical studies showed that
N/OFQ suppresses neurotransmitter release (Schlicker and
Morari, 2000; Cavallini et al, 2003; Meis, 2003; Kawahara
et al, 2004) and synaptic plasticity (Manabe et al, 1998; Wei
and Xie, 1999; Bongsebandhu-phubhakdi and Manabe,
2007) in various corticolimbic structures (eg, frontal cortex,
hippocampus, and amygdale). Accordingly, NOP receptor
agonists were consistently shown to disrupt cognitive
performances in rodents, including working memory, spatial
learning, fear conditioning, and recognition memory,
whereas inhibition of N/OFQ transmission enhances learn-
ing performances (Manabe et al, 1998; Redrobe et al, 2000;Received 18 April 2011; revised 21 July 2011; accepted 25 July 2011
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Higgins et al, 2002; Mamiya et al, 2003; Roozendaal et al,
2007; Goeldner et al, 2008; Goeldner et al, 2009). Cognitive
impairment is a core feature of schizophrenia and
represents a major risk factor for development of psychotic
manifestations in PD (Gold, 2004; Carter et al, 2008; Bora
et al, 2009). The pattern of distribution of N/OFQ in
corticolimbic circuits and its potent inhibitory actions on
cognitive functions suggest that this neuropeptide may be
implicated in the pathogenesis of psychosis. Yet, the
potential contribution of N/OFQ–NOP receptor system to
behavioral processes involving gating mechanisms has not
been investigated.

The present study was designed to explore the role of
NOP receptor in regulation of prepulse inhibition of startle
(PPI). PPI provides an operational measure of sensorimotor
gating and was shown to be deficient in patients suffering
from schizophrenia and related psychotic disorders (Braff
et al, 2001; Braff, 2010). Multiple approaches have been
developed in rodents to mimic PPI impairments exhibited
by schizophrenia patients. In the rats, PPI deficits caused by
direct dopamine receptor agonists such as apomorphine
were suggested to model aspects of psychosis that respond
to typical antipsychotic treatments or dopamine D2
receptor antagonists (Swerdlow et al, 1994; Swerdlow and
Geyer, 1998). In mice, the disruptive effect of apomorphine
was attributed to an action on D1 instead of D2 receptors
(Ralph-Williams et al, 2002), and in several mouse strains
stimulation of D1 but not D2 receptors was shown to
disrupt PPI (Ralph-Williams et al, 2003; Ralph and Caine,
2005). However, all these mouse studies relate to acoustic
PPI only and to date it is unclear whether such differences
between the function of D1 and D2 receptors generalize to
other sensory modalities. Here, we studied for the first time
the effects of a series of dopamine receptor agonists on
both visual and acoustic PPI in mice, and extended this
study to NOP receptor ligands. The effects of concomitant
administration of NOP and dopamine receptor ligands were
also examined to investigate possible functional interactions
between N/OFQ and dopaminergic systems.

MATERIALS AND METHODS

Animals

Adult (14–20 weeks old) BALB/cByJ (BALB) and C57BL/6N
(BL6) male mice (Charles River Laboratory, St-Germain-sur-
l’Arbresle, France) were used. Mice were housed in groups of
four on a 12 h light–dark cycle (lights off at 1900 hours) with
water and food ad libitum. All experimental procedures were
conducted with the approval of the local ethic committee
(CREMEAS) based on adherence to European Union guide-
lines (European Community Guidelines on the Care and Use
of Laboratory Animals 86/609/EEC).

Prepulse Inhibition Apparatus and Testing

Apparatus. Testing was conducted in eight startle devices
(SRLAB, San Diego Instruments, San Diego, CA), each
consisting of a Plexiglas cylinder (5.1 cm outside diameter)
mounted on a Plexiglas platform in a ventilated, sound-
attenuated cubicle with a high-frequency loudspeaker
(28 cm above the cylinder) producing both a continuous

background noise and the various acoustic stimuli. The back-
ground noise of each chamber was set at 65 dB. Movements
within the cylinder were detected and transduced by a
piezoelectric accelerometer attached to the Plexiglas base,
digitized, and stored by a computer. Beginning at the
stimulus onset, 65 readings of 1 ms were recorded to obtain
the animal’s startle amplitude. Auditory stimuli are burst of
white noise (0–20 KHz and 0 ms rise–decay). A visual kit
mounted on the top of the Plexiglas cylinder delivered the
flashes of lights. The visual kit was similar in design to that
provided by the San Diego Instruments and was fitted with
10 discrete white LEDs (5 mm in diameter/5600 m.c.d.; Marl
International Optosource, Cumbria, Los Angeles, CA). Each
visual kit was connected to an intensity modulator (made
in-house), which allows change of the light intensity level.
The optimal PPI parameters (eg, stimuli intensity and
duration, prepulse–pulse intervals) were defined based on
our previous validation studies (Aubert et al, 2006). Stimuli
levels and piezoaccelerometer sensitivity were calibrated
before each PPI session.

Behavioral testing. The test sessions for visual and acoustic
PPI were identical to that described previously in detail
(Aubert et al, 2006). Each session consisted of 125 trials
presented in random order: a visual prepulse (VP, of
different intensity and/or duration) or acoustic prepulse
(AP, 80 dB/10 ms) presented at varying intervals (2, 10, 20,
50, 100, 200, 500, and 2000 ms, prepulse offset to pulse
onset) before the startling pulse (ST120: 120 dB/40 ms),
ST120 alone, VP or AP alone, and background noise (BN).
All trials were applied 10 times at an intertrial of 15 s in
average. For visual PPI, mice were exposed to a short
matching startle session prior to drug testing to ensure that
animals were assigned into different groups of equivalent
baseline startle and visual PPI. The matching PPI session
was initiated with a 5-min acclimation period followed by
5 successive startling pulses (ST120: 120 dB/40 ms) that were
excluded from the analysis. Four different trial types were
then presented: ST120, VP (1000 Lux) presented alone or
20 ms (prepulse offset to pulse onset) before the startle
stimulus, and finally a BN to measure baseline motor
activity in the cylinder. All trials were applied 10 times and
presented in random order at an intertrial of 15 s in average.
Each batch of mice was run through two or three inde-
pendent PPI sessions with a period of at least 2 days
between two successive sessions.

Drugs

Ro64-6198 (F Hoffmann La Roche, Basel, Switzerland),
Compound 24 (BANORL-24), SKF-81297, quinpirole, and
quinelorane (Tocris Bioscience, Bristole, UK) were disolved
in saline. J-113397 (Tocris Bioscience) was disolved in saline
solution containing 1% Tween 80. Haloperidol (Sigma-
Aldrich, St Quentin Fallavier, France) was prepared in saline
with a drop of acetic acid, after which the pH was adjusted
to 6–7 with a 5 N solution of sodium hydroxide. Apomor-
phine (Sigma-Aldrich) was dissolved in 0.1% ascorbic acid
to prevent oxidation. Ro64-6198, compopund 24, and
haloperidol were administered intraperitoneally (i.p.)
30 min before testing. Apomorphine was administred
subcutaneously (s.c.) 5 min before testing. Quinelorane
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was injected i.p. 5 min before testing. SKF-81297 and
quinpirole were administred i.p. 10 min before testing.
J-113397 was administred i.p. 15 min before testing. For
drug interaction studies the compounds were administred
separately at the appropriate time point. Optimal pretreat-
ment times and effective doses of each compounds were
determined based on pilot experiments and published
studies.

Statistical Analysis

PPI performance was expressed as percentage decrease in the
amplitude of basal startle reflex caused by presentation of the
prepulse (% PPI). For analysis of dose-response effects of
each compound on global PPI performances, mean % PPI
scores were pooled across all prepulse intervals (2–2000 ms).
PPI data were analyzed using Student’s t-test, and one-, two-,
or three-way ANOVA as appropriate. The post-hoc compar-
isons were carried using Fisher’s PLSD test when ANOVAs
indicated statistically significant main or interaction effects.
The accepted level of significance was po0.05.

RESULTS

Effects of Dopamine Agonists on Time Function of
Acoustic PPI

Figure 1 illustrates temporal pattern of PPI generated by
an acoustic prepulse (80 dB/10 ms) in BALB mice. In line
with our previous findings (Aubert et al, 2006), BALB mice
displayed a monotonic time function of acoustic PPI with
a maximal startle inhibition occurring at the shortest
interval (2 ms). Systemic administration of D1-like receptor
agonist, SKF-81297 (5 and 10 mg/kg) disrupts expression of
acoustic PPI in BALB mice (F(2, 17)¼ 4.08, po0.05,
Figure 1a). The post-hoc analysis revealed a significant effect
of 5 mg/kg at 2 and 50 ms and a significant effect of 10 mg/kg
at 2, 10, and 50 ms (po0.05, Fisher’s PLSD test). Analysis of
global PPI scores confirmed the disruptive effects of SKF-
81297 at both doses tested (po0.05, Fisher’s PLSD test,
Figure 1a0). SKF-81297 had no effect on startle response but
it significantly increased baseline motor activity (in the
cylinder) and reactivity to the acoustic prepulse (po0.05,
Fisher’s PLSD test, Supplementary Table S1).

Consistent with previous findings (Ralph and Caine,
2005), administration of the D2-like receptor agonist,
quinelorane, up to 3 mg/kg failed to disrupt expression of
acoustic PPI in BALB mice (F(2, 19)¼ 0.33, p40.05, Figure
1b and b0). Quinelorane had no effect on reactivity to the
acoutic prepulse but it significantly lowered baseline motor
activity (po0.05, Fisher’s PLSD test, Supplementary
Table S1). A clear tendency toward a reduction of startle
response amplitude was also noted (F(2, 19)¼ 3.47,
p¼ 0.051, Supplementary Table S1).

Like SKF-81297, apomorphine (3 and 10 mg/kg) signifi-
cantly reduced the expression of acoustic PPI in BALB mice
(F(2, 19)¼ 4.0 po0.05, Figure 1c). The post-hoc analysis
revealed a significant effect of 3 mg/kg at 2 ms and signi-
ficant effects of 10 mg/kg at 2, 20, and 50 ms (po0.05,
Fisher’s PLSD test). Inspection of global PPI scores
confirmed the disruptive effect of apomorphine only at
the highest dose (po0.05, Fisher’s PLSD test, Figure 1c0).

From Supplementary Table S1 it can be seen that apomor-
phine significantly reduced startle amplitude at both doses
tested (po0.05, Fisher’s PLSD test). This agonist also tended
to reduce baseline motor activity and to enhance reactivity to
the acoustic prepulse, but the effects failed to reach statistical
significance (F(2, 19)¼ 3.01, p¼ 0.07, and F(2, 19)¼ 2.75,
p¼ 0.08, respectively, Supplementary Table S1).

Effects of NOP Receptor Ligands on Time Function of
Acoustic PPI

Systemic administration of the selective NOP receptor
antagonists, Compound 24 (3 and 10 mg/kg, Goto et al,
2006) or J-113397 (1 and 3 mg/kg, Ozaki et al, 2000) in
BALB mice failed to modify expression of acoustic PPI
(F(2, 25)¼ 0.03 p40.05 and F(2, 18)¼ 0.83, p40.05; Figure
2a and b, respectively). Similarly, none of the NOP receptor
antagonists changed baseline motor activity, reactivity to
the prepulse, or startle response (Supplementary Table S2).

Systemic administration of the selective NOP receptor
agonist, Ro64-6198 (Jenck et al, 2000), up to 3 mg/kg was
without any effect on the expression of acoustic PPI
(F(2, 25)¼ 0.02, p40.05, Figure 2c and c0). This agonist
also had no effects on baseline motor activity, reactivity to
the prepulse, or startle response (Supplementary Table S2).

Effects of Dopamine Agonists on Time Function of
Visual PPI

From Supplementary Figure S1 it can be seen that the
time function of visual PPI generated by a bright flash
(1000 Lux/20 ms) in BALB mice is a bell-shaped curve with a
peak of inhibition at 20 ms. In line with previous studies
(Ison et al, 1992; Taylor et al, 1995; Ison, 2001; Aubert et al,
2006), decreasing prepulse intensity from 1000 to 50 Lux
causes a delay in the onset of PPI that was reflected by loss
of startle inhibition at 10 ms interval and displacement of
the peak to 50 ms (Supplementary Figure S1A). Comparable
results were obtained when prepulse (1000 Lux) duration
was reduced from 20 to 10 ms (Supplementary Figure S1B).
With these specific prepulse parameters, global PPI scores
remained relatively unchanged (p40.05, Student’s t-test,
Figure 1a0 and b0), but a significant decrease in the amount
of inhibition was obtained when both intensity and dura-
tion of the flash light were reduced (eg, 300 Lux/10 ms, data
not shown). Based on these observations, we hypothesized
that drug treatments that alter visual sensitivity indepen-
dent of gating mechanisms would produce a delay in the
onset of PPI as seen following decrement of the prepulse
strength.

Systemic administration of SKF-81297 (3 and 10 mg/kg)
significantly reduced expression of visual PPI (F(2, 31)¼
3.34, po0.05, Figure 3a). Subsequent post-hoc analysis
revealed a significant disruptive effect of 3 and 10 mg/kg at
lead times ranging from 50 to 100 and 20 to 2000 ms,
respectively (po0.05, Fisher’s PLSD test). Inspection of
global PPI performances confirmed the disruptive effects
of SKF-81297 at all doses (po0.05, Fisher’s PLSD test,
Figure 3a0). SKF-81297 had no effect on startle response
(F(2, 31)¼ 1.39, p40.05) but it significantly increased
baseline motor activity (F(2, 31)¼ 16.38, po0.01, Supple-
mentary Table S3).
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Systemic administration of quinelorane (0.1, 0.3, and
1 mg/kg) dose dependently decreased the expression of visual
PPI (Figure 3b). At the 10 ms interval, startle inhibition was
completely suppressed by quinelorane as seen following
decrement of the visual prepulse strength. Overall ANOVA
revealed a significant effect of treatment (F(3, 29)¼ 3.89,
po0.05, Figure 3b) and subsequent post-hoc analysis
indicated that 0.1 and 0.3 mg/kg reduced PPI at 10 and
50 ms, whereas 1 mg/kg impaired PPI at 2000 ms and at all
other intervals ranging from 2 to 100 ms (po0.05, Fisher’s
PLSD test). Inspection of global PPI scores confirmed the

disruptive effects of quinelorane at 0.3 and 1 mg/kg doses
(po0.05, Fisher’s PLSD test, Figure 3b0). From Supplementary
Table S3, it can be seen that quinelorane reduced startle
response magnitude at the highest dose (po0.05, Fisher’s
PLSD test). This agonist also tended to reduce baseline motor
activity but the effect just fell short of statistical significance
(F(3, 29)¼ 2.86, p¼ 0.054, Supplementary Table S3).

Supplementary Figure S1C illustrates the effect of D2-like
agonist, quinpirole, on time function of visual PPI. Like
quinelorane, 10 mg/kg quinpirole caused a slight delay in
the onset of PPI that was reflected by the loss of startle
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inhibition at 10 ms interval. Analysis of global scores
revealed a significant disruptive action of this agonist on
PPI (po0.05, Student’s t-test, Supplementary Figure S1C).
A significant reduction in startle response was also detected
(vehicle (n¼ 8): 450±38 and quinpirole (n¼ 7): 281±23,
po0.05, Student’s t-test).

The above findings show that D1 receptor activation
is more potent in reducing visual PPI at intermediate
(20–100 ms) and long intervals (X200 ms), whereas D2
receptor activation produces disruption essentially at short
(2–10 ms) and intermediate intervals. We then examined
whether concomitant stimulation of D1 and D2 receptors
with the mixed agonist, apomorphine, could recapitulate the
full pattern of deficits obtained with SKF-81297 and
quinelorane. As expected, apomorphine (1 and 3 mg/kg)

produced PPI impairment across a wide range of prepulse
intervals (Figure 3c). Again, startle inhibition was wiped
out at 10 ms interval as seen with D2-like agonists.
Two-way ANOVA revealed a significant effect of treatment
(F(2, 34)¼ 10.17, po0.05, Figure 3c) and post-hoc analysis
indicated that 1 mg/kg apomorphine impaired PPI at 10
and 50 ms, whereas 3 mg/kg disrupted PPI at all intervals
ranging from 10 to 500 ms (po0.05, Fisher’s PLSD
test). Inspection of global PPI scores confirmed the
disruptive effects of both doses tested (po0.05, Fisher’s
PLSD test, Figure 3c0). Apomorphine had no effect on
baseline motor activity (F(2, 34)¼ 1.26, p40.05), but it
significantly lowered startle response magnitude at the
highest dose (po0.05, Fisher’s PLSD test, Supplementary
Table S3).
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Effects of NOP Receptor Ligands on Time Function of
Visual PPI

As can be seen from Figure 4, systemic administration of
Compound 24 (3 and 10 mg/kg) or J-113397 (1 and 3 mg/kg)
had no effect on the expression of visual PPI in BALB mice
(F(2, 27)¼ 0.38 p40.05 and F(2, 20)¼ 2.28, p40.05 for
Figure 4a and b, respectively). None of the antagonists
changed baseline motor activity or startle response
magnitude (Supplementary Table S4).

Systemic administration of Ro64-6198 (0.3 and 1 mg/kg)
produced a dose-dependent reduction of visual PPI
(Figure 4c). The effect of Ro64-6198 was uniform across
prepulse intervals, indicating that it did not interfere with
visual prepulse detection. Two-way ANOVA revealed a
significant effect of treatment (F(2, 36)¼ 3.85, po0.05) and
post-hoc analysis indicated that 0.3 mg/kg significantly
reduced PPI at 10 ms, whereas 1 mg/kg disrupted PPI at
intervals ranging from 2 to 50 ms (po0.05, Fisher’s PLSD
test). Analysis of global PPI scores confirmed the disruptive
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action of the highest dose (po0.05, Fisher’s PLSD test,
Figure 4c0). No effect of Ro64-6198 was detected on baseline
motor activity or startle reflex response (F(2, 36)o2.0,
p40.05 for both parameters, Supplementary Table S4).

We then examined whether Ro64-6198 impairs visual PPI
through NOP receptor activation. As expected, Ro64-6198
(1.5 mg/kg) reduced PPI across a wide range of prepulse
intervals and coadministration of Compound 24 (5 mg/kg)
completely reversed this effect (Figure 4d). Analysis of
global PPI scores revealed a significant effect of Ro64-6198
(F(1, 27)¼ 8.63, po0.05) and a significant Compound 24�
Ro64-6198 interaction (F(1, 27)¼ 5.26, po0.05, Figure 4d0).
Subsequent post-hoc analysis confirmed that only animals that
received Ro64-6198 treatment displayed a significantly lower
PPI scores compared with all other groups (po0.05, Fisher’s
PLSD test, Figure 4d0). None of the pharmacological treatment
modified baseline motor activity or startle response (p40.05,
two-way ANOVA, Supplementary Table S4).

Effects of Coadministration of NOP and Dopamine
Receptor Ligands on Visual PPI

We first examined whether the disruptive effect of
Ro64-6198 on PPI involved a dopaminergic component.

To this end, we used a short PPI session (the matching
startle session, see Materials and Methods) in which
visual prepulse was presented 20 ms before the pulse
(a prepulse–pulse interval that corresponds to peak PPI in
our conditions). As seen in Figure 5a, Ro64-6198 (1.5 mg/kg)
significantly reduced visual PPI in BALB mice
(F(1, 24)¼ 7.09, po0.05). Blockade of dopamine receptors
with haloperidol (0.5 mg/kg) had no effect on its own but
prevented PPI impairment induced by Ro64-6198
(F(1, 24)¼ 6.79, po0.05). The post-hoc analysis confirmed
that only animals that received Ro64-6198 treatment
displayed a significantly lower PPI scores compared with
all other groups (po0.05, Fisher’s PLSD test). None of the
pharmacological treatments modified startle response but
Ro64-6198 significantly increased baseline activity in this
experiment (po0.05, two-way ANOVA, Supplementary
Table S5). We then verified whether haloperidol could
reverse Ro64-6198 effect across a wide range of intervals.
Based on temporal profiles of activity of dopamine agonists
(Figure 2), the interaction between haloperidol and Ro64-
6198 was analyzed across short (2–20 ms), intermediate (20–
100 ms), and long (200–2000 ms) intervals. From Supple-
mentary Figure S2A, it can be seen that haloperidol was
effective against Ro64-6198 at specific prepulse intervals.
Two-way ANOVA with repeated measures revealed a signi-
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ficant effect of Ro64-6198 across intervals ((F2, 124)¼ 11.01,
po0.05) and a significant haloperidol�Ro64-6198�
interval interaction ((F2, 124)¼ 3.40, po0.05). Subsequent
analysis using two-way ANOVA confirmed that haloperidol
reversed Ro64-6198 effect at intermediate intervals
((F1, 62)¼ 38.08, po0.05). Haloperidol also tended to
reduce Ro64-6198 effect at long intervals but the interaction
just fell short of statistical significance ((F1, 62)¼ 3.35,
p¼ 0.07).

We next examined whether dopamine agonists disrupt
visual PPI through NOP receptor-dependent mechanism.
We first studied the effect of NOP receptor blockade on PPI
deficit induced by the D2-like receptor agonist quinel-
orane (Figure 5b). Once again, systemic administration of
quinelorane (1 mg/kg) impaired visual PPI (F(1, 25)¼ 16.40,
po0.05) and coadministration of the NOP receptor antago-
nist, Compound 24 (10 mg/kg), failed to modify this effect
(F(1, 25)¼ 0.01, p40.05). Quinelorane had no effect on
baseline activity, but tended to reduce startle response
(F(1, 25)¼ 3.89, p¼ 0.059, Supplementary Table S5).

We then examined whether NOP receptor antagonists
could modify behavioral deficits induced by the mixed
D1/D2 agonist, apomorphine (Figure 5c). As expected,
apomorphine (3 mg/kg) significantly reduced visual PPI
(F(1, 39)¼ 51.72, po0.05, Figure 5b). Compound 24 (10 mg/kg)
had no effects on its own (F(1, 39)¼ 1.44, p40.05) and also
failed to modify the PPI deficit induced by apomorphine
(F(1, 39)¼ 0.56, p40.05). Similar results were obtained

when J-113397 (5 mg/kg) was coadministered with apomor-
phine (Supplementary Figure S2B).

Finally, to confirm that apomorphine-induced disruption
of visual PPI is sensitive to an antipsychotic treatment, we
used haloperidol as a reference compound (Figure 5d).
Coadministration of haloperidol (0.3 mg/kg) had no effect
on its own on visual PPI but fully reversed the deficit
induced by apomorphine (F(1, 24)¼ 5.69, po0.05 for
haloperidol� apomorphine interaction).

DISCUSSION

The present study investigated (1) the contribution of the
NOP receptor system to modulation of sensorimotor gating
by two different sensory modalities (ie, light and tone), (2) a
comparison of the effects of NOP receptor ligands with those
of dopamine receptor agonists, and (3) cross-talk between
these systems. Dopamine has long been associated with
psychosis because virtually all effective and clinically used
antipsychotic drugs act as blockers of dopamine receptors,
in particular D2-like receptors (Baldessarini and Tarazi,
1996; Seeman, 2010). Accordingly, PPI impairments seen in
schizophrenic patients can be mimicked in rats by admin-
istration of D2 but not D1 receptor agonists (Geyer et al,
2001). In mice, D2-like receptor agonists are less effective in
reducing PPI. In many inbred and outbred mouse strains,
PPI impairments are caused by administration of D1 instead
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of D2 agonists (Ralph-Williams et al, 2003; Ralph and
Caine, 2005; Geyer, 2006; but see Ralph and Caine, 2007).
Here we show that disruptive effects of D2 receptor
activation depend on the sensory modality of the prepulse.
Both the D1-like receptor agonist, SKF-81297, and the D2-
like receptor agonist, quinelorane, dose dependently
impaired visual PPI, but only the former agonist was
effective on acoustic PPI. These results corroborate studies
showing that D1 receptors play a more prominent role than
D2 receptors in modulation of acoustic PPI in mice (see
above). More importantly, they show that visual PPI is
highly sensitive to D2 receptor perturbations. The latter
effects cannot be attributed to nonspecific changes in startle
responses. In BALB mice, 0.1 and 0.3 mg/kg quinelorane
impaired the expression of visual PPI, whereas it had no
detectable effect on startle responses, and in BL6 strain it
failed to reduce acoustic PPI despite its depressive action on
startle response (Supplementary Figure S3, see also Ralph
and Caine, 2005). Similarly, it is unlikely that PPI deficits
induced by the D1 agonist, SKF-81297, may be secondary to
its motor stimulant effects because apomorphine mimicked
the disruptive action of this agonist on acoustic PPI without
increasing baseline motor activity. Collectively, these
observations support the view that distinct neural pathways
underly expression of PPI, startle reflex response, and
locomotor activity (Ouagazzal et al, 2001a, b; Ralph et al,
2001; Ralph-Williams et al, 2003; Ralph and Caine, 2005;
Chang et al, 2010).

Previous studies in rats showed that alterations in visual
function produce unique temporal pattern of effect in visual
PPI paradigms (for review, see Ison, 2001). Progressive
photoreceptor degeneration causes a delay in the onset of
PPI accompanied by a gradual decrease in the amount of
inhibition generated by the visual prepulse (Wecker and
Ison, 1986; Ison et al, 1992; DiLoreto et al, 1995; Ison et al,
1998; Ison, 2001). In the early stages of retinal damage, the
delay is reflected by the loss of startle inhibition at short
intervals and the shift of the peak toward intermediate
intervals, whereas maximal level of inhibition remains
relatively unchanged (Ison et al, 1992; Ison, 2001). Here, we
show that decrements of visual prepulse strength produces a
comparable pattern of effect, demonstrating that our testing
conditions are optimal for detecting changes in visual
sensitivity. As demonstrated by numerous studies, dop-
amine is an important chemichal messenger in the sensory
visual system (Richfield et al, 1989; Witkovsky, 2004;
Brandies and Yehuda, 2008; Kawai et al, 2011) and it was
shown to facilitate adaptation to ambient light (Witkovsky,
2004; Nir et al, 2002; Ichinose and Lukasiewicz, 2007),
which raises the possibility that deficits we saw in visual PPI
may partly be because of reduced sensitivity to the flash
light. Closer examination of the temporal pattern of effects
of dopamine agonists suggests that this may possibly be the
case for D2 agonists. Indeed, quinelorane and quinpirole
caused a slight delay in the onset of visual PPI as seen
following decrement of the prepulse strength, thus suggest-
ing that D2 receptor activation may have reduced detection
and/or temporal processing of the visual prepulse. Inter-
estingly, both agonists also impaired PPI at intermediate
lead times (20–100 ms), a temporal window that corre-
sponds to maximum startle inhibition. On the contrary,
SKF-81297 was especially potent at prepulse intervals

starting from 20 to 2000 ms. The lack of effect at short
intervals suggests that D1 receptor activation alters the
gating process rather than visual sensitivity. The pattern of
effects we obtained with the mixed D1/D2 agonist,
apomorphine, corroborate these observations. Like SKF-
81297, apomorphine reduced visual PPI at prepulse
intervals above 100 ms. On the other hand, it caused a
slight delay in the onset of visual PPI, thus mimicking the
effect of D2-like agonists. These findings extend previous
studies showing that apomorphine disrupts visual PPI in
rats (Campeau and Davis, 1995; Taylor et al, 1995; Weber
and Swerdlow, 2008). However, they contrast with those
reported by Taylor et al (1995) suggesting a lack of effect of
apomorphine on visual sensitivity. The discripency between
the two studies may relate to difference in species and
parametric conditions used to establish visual PPI. For
instance, Taylor et al (1995) used only four lead times (40,
70, 110, and 220 ms) with long temporal gaps between each
(30–40 ms), which may explaine their failure in detecting
subtle delay (eg, 10 ms) in the onset of PPI as that seen in
the current study. In view of the above findings, it emerges
that D1 receptor activation specifically disrupts the gating
process, whereas D2 receptor activation may alter visual PPI
through dual mechanisms: an indirect mechanism involving
attenuation of prepulse detection/temporal processing and
a direct mechanism involving disruption of the gating
process. However, further studies using electroretinogram
are needed to confirm the possible effects of D2-like
agonists on visual function.

N/OFQ and NOP receptors are densely expressed in
neuronal circuits (eg, prefrontal cortex, hippocampus,
amygdala, thalamus, globus palludus) subserving sensori-
motor gating (Swerdlow et al, 2001; Darland and Grandy,
1998), but their contribution to regulation of PPI has not
been demonstrated. Here, we show for the first time that
stimulation of NOP receptors with the synthetic agonist,
Ro64-6198, impairs expression of visual PPI. Ro64-6198
caused no shift in time function of PPI, which rules out an
effect of this agonist on prepulse detectability, and no
changes in startle response or baseline motor activity were
observed at effective doses. Collectively, these results argue
for specific disruption of the gating mechanism triggered by
the visual prepulse. Unexpectedly, however, the NOP
receptor agonist was ineffective in reducing acoustic PPI
in BALB mice. The null finding cannot be attributed to the
fact that BALB mice exhibit abnormal (monotonic) time
function of acoustic PPI. We have also tested BL6 strain,
which displays a normal (bell shaped) time function of
acoustic PPI (Aubert et al, 2006), and found no effects
of either Ro64-6198 or quinelorane (Supplementary
Figure S3). The close resemblance between the profiles of
activity of these agonists raises the possibility that NOP and
dopamine receptors may modulate visual PPI through
common neural targets. Accordingly, coadministration of
the dopamine receptor antagonist, haloperidol, attenuates PPI
deficit induced by Ro64-6198, thus revealing the existence of a
functional cooperation between N/OFQ and dopamine.
However, the exact nature and sites of the functional relation-
ship between these neurotransmitters need to be clarified.
It is worth noting that N/OFQ produces bidirectional
dose-dependent effects on locomotor behaviors in rodents.
At low doses it increases locomotor exploration, whereas at
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high doses it reduces it, and both behavioral effects were
shown to involve dopamine mechanisms (Florin et al, 1996;
Lutfy et al, 2001; Kamei et al, 2004; Kuzmin et al, 2004; Marti
et al, 2004; Narayanan et al, 2004). At the dose-range tested
(0.3–1.5 mg/kg), Ro64-6198 if anything tended to increase
locomotor behavior (Supplementary Tables S4 and S5; see
also Goeldner et al, 2008), which suggests that this agonist
may disrupt visual PPI by enhancing dopamine release (Konya
et al, 1998). However, the lack of effect of this agonist on
acoustic PPI argues against this possibility and suggests that
Ro64-6198 may disrupt visual PPI via a postsynaptic action on
dopaminoreceptive circuits. In this context, dopamine may
primarily play a permissive role in the expression of
deleterious action of Ro64-6198 (or N/OFQ) on PPI.

Blockade of NOP receptor signaling represents promi-
sing therapeutic strategy for a range of neuropsychiatric
diseases, including chronic pain, parkinsonism, affective
disorders, and cognitive decline (Chiou et al, 2007; Gavioli
and Calo’, 2006; Lambert, 2008; Goeldner et al, 2008, 2009,
2010). The fact that pharmacological blockade of NOP
receptors failed to disrupt PPI or to potentiate disruptive
effects of apomorphine or quinelorane is therefore of great
interest as it suggests that NOP receptor antagonists may be
less prone to produce perceptual disturbances like dop-
amine agonists. Conversely, overstimulation of NOP recep-
tors may perhaps be linked to the development of such
complications, at least regarding visual processing. The
attenuation of behavioral effect of Ro64-6198 by haloperidol
further supports a possible role of endogenous N/OFQ in
the pathogenesis of psychotic manifestations. Psychosis is
not unique to schizophrenia but can also occur as a result of
disease or drug use. For instance, visual hallucinations are
the core criteria for clinical diagnosis of dementia with Lewy
body (DLB, dementia along with parkinsonism; Weintraub
and Hurtig, 2007). Visual hallucinations are also the most
frequent psychotic manifestations in PD and their appear-
ance was linked to the use of dopamine agonists and to
the presence of comorbid vulnerabilities, such as cognitive
disturbances and dementia (for review, see Weintraub and
Hurtig, 2007; Fénelon, 2008; Zahodne and Fernandez, 2008).
It is worth noting that excessive secretion of N/OFQ was
suggested to be one component of the pathophysiological
processes that contribute to development of parkinsonism.
Brain interstitial levels of N/OFQ peptide are higher in PD
and antagonism of NOP receptors alleviates parkinsonian-
like symptoms in rodent and nonhuman primate models
of PD (Marti et al, 2005, 2007, 2010; Viaro et al, 2008;
Visanji et al, 2008; Volta et al, 2010, 2011). Given the potent
suppressive action of this neuropeptide on synaptic
plasticity and cognitive processing (see Introduction), it is
tempting to speculate that in PD and perhaps DLB,
enhanced circulating levels of N/OFQ may be one possible
mechanistic link between parkinsonism, cognitive impair-
ments, and vulnerability to psychosis. In this respect,
selective targeting of NOP receptor may offer interesting
possibilities for management of parkinsonism with better
side-effect profile than existing therapies.

In conclusion, the present study shows that stimulation
of NOP or dopamine D2 receptors disrupts visual, but
not acoustic, PPI in mice. It also reveals the existence of
functional interactions between NOP and dopamine recep-
tor systems on the regulation of sensorimotor gating.

Acoustic PPI is the most widely used paradigm for pheno-
typing genetically modified mice and exploring genetic
mechanisms of behavioral traits relevant to complex
psychiatric diseases such as schizophrenia (Powell et al,
2009). The differential effect of NOP and D2 receptor
stimulations on visual and acoustic PPI provides new
evidence that distinct neural substrates govern intramodal
and cross-modal PPI and emphasizes the need of using
multiple sensory modalities for tackling neural mechanisms
of sensorimotor gating.
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