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Although substantial literature describes the modulation of prepulse inhibition (PPI) by dopamine (DA) in rats, few reports address the

effects of dopaminergic manipulations on PPI in mice. We characterized the effects of subtype-specific DA agonists in the PPI paradigm to

further delineate the specific influences of each DA receptor subtype on sensorimotor gating in mice. The mixed D1/D2 agonist

apomorphine and the preferential D1-family agonists SKF82958 and dihydrexidine significantly disrupted PPI, with differing or no effects

on startle. In contrast to findings in rats, the D2/D3 agonist quinpirole reduced startle but had no effect on PPI. Pergolide, which has

affinity for D2/D3 and D1-like receptors, reduced both startle and PPI, but only at the higher, nonspecific doses. In addition, the D1-family

receptor antagonist SCH23390 blocked the PPI-disruptive effects of apomorphine on PPI, but the D2-family receptor antagonist

raclopride failed to alter the disruptive effect of apomorphine. These studies reveal potential species differences in the DA receptor

modulation of PPI between rats and mice, where D1-family receptors may play a more prominent and independent role in the

modulation of PPI in mice than in rats. Nevertheless, due to the limited selectivity of DA receptor agonists, further studies using specific

receptor knockout mice are warranted to clarify the respective roles of specific DA receptor subtypes in modulating PPI in mice.

Neuropsychopharmacology (2003) 28, 108–118. doi:10.1038/sj.npp.1300017
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INTRODUCTION

When a low-intensity prepulse precedes a startling stimulus,
the subsequent startle response is reduced. This sensori-
motor gating mechanism is termed prepulse inhibition
(PPI) and is demonstrable across species from mice to
humans (Graham, 1975; Hoffman and Ison, 1980). PPI is
disrupted in certain neuropsychiatric disorders that are
characterized by an inability to filter or ‘gate’ incoming
sensory information, such as schizophrenia (Braff et al,
2001). The deficits in PPI observed in schizophrenia
patients can be mimicked in rats by the administration of
dopamine (DA) agonists. Both typical and atypical anti-
psychotic drugs reverse these DA agonist-induced deficits
in PPI (Geyer et al, 2001; Swerdlow and Geyer, 1993). An
improved understanding of the specific roles of DA receptor
subtypes in the modulation of PPI may help to elucidate key
elements of the pathophysiology of neuropsychiatric
disorders characterized by gating deficiencies.

In the present studies, subtype-specific DA ligands were
tested in the PPI paradigm to further characterize the
specific functions of each DA receptor subtype in mice.

There are two classes of DA receptors that are categorized
by their ability to stimulate (D1-like) or inhibit (D2-like)
adenylyl cyclase (Kebabian and Calne, 1979). The D1 family
of receptors includes the D1 and D5 subtypes, while the D2
family consists of the D2, D3, and D4 receptor subtypes.
Previous studies have established a contribution of DA and
its receptor subtypes to the modulation of PPI in rats (Geyer
et al, 2001). The vast majority of evidence indicates that the
D2 rather than the D1 receptors are involved in the
regulation of PPI in rats, possibly in synergism with D1
receptors.

Although there have been numerous reports of the effects
of DA perturbations in the rat literature, there are relatively
few reports on the DA receptor pharmacology of PPI in
mice (Geyer et al, in press). DA agonists such as
amphetamine and apomorphine produce deficits in PPI in
mice (Curzon and Decker, 1998; Dulawa and Geyer, 1996;
Ralph et al, 1999). Amphetamine disrupts PPI in both DA
D3 and D4, but not D2, receptor knockout mice, indicating
that the D2 receptor is essential for amphetamine to disrupt
PPI in mice (Ralph et al, 1999). Furthermore, DA
transporter knockout mice, which have hyperdopaminergic
tone, have deficits in PPI that can be reversed by the D2
receptor antagonist raclopride (Ralph et al, 2001). These
reports corroborate previous findings in rats and suggest
that there may be comparable dopaminergic mechanisms
regulating PPI in rats and mice.Received 12 April 2002; revised 17 June 2002; accepted 18 June 2002
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To further characterize the effects of direct DA agonists
on PPI in mice, we tested male C57BL/6J mice (many
congenic knockout lines are created on this strain of mouse)
with the D1/D2 agonist apomorphine, the D1-family
agonists SKF82958 and dihydrexidine, the D2/D3 agonist
quinpirole, and the mixed DA agonist pergolide. Experi-
ments using the D1 receptor antagonist SCH23390 and the
D2 receptor antagonist raclopride were also conducted
against both apomorphine and pergolide. In some experi-
ments, we also tested male 129S6 mice, a strain of mouse
commonly used to create gene knockout mice, and cohorts
of female C57BL/6J mice. Based on the rat literature and
previous findings in mice, we hypothesized that the mixed
D1/D2 and the preferential D2 agonists would disrupt PPI in
mice.

METHODS

Animals

Animal studies were approved by the University of
California, San Diego Animal Use and Care Committee
and conducted in accordance with the Guide for the Care
and Use of Laboratory Animals as adopted and promul-
gated by the National Institute of Health. Mice from each
experiment were group-housed in a climate-controlled
animal colony with a reversed day/night cycle (12 h:12 h).
All behavioral testing started at approximately 8–9 weeks of
age and occurred during the animals’ dark cycle. Food
(Harlan Teklab, Madison, WI) and water were available
throughout the experiments, except during behavioral
testing.

Drug Experiments

All injections were given at a volume of 5 ml/kg body weight
10 min prior to the onset of the PPI test session unless
otherwise stated. Except when otherwise noted, a between-
subjects design was used for each study, with the dose of
drug or vehicle being assigned in a pseudo-random order
(balancing the dose of drug with the chamber assignment).

Apomorphine A total of 48 male C57BL/6J (Jackson
Laboratories, Bar Harbor, ME) and 48 male 129S6 mice
(formerly known as 129SvEv, Taconic Labs, Germantown,
NY) were used in the apomorphine experiments (n¼ 12 per
treatment group). Apomorphine hydrochloride was ob-
tained from Sigma (St Louis, MO) and was dissolved in
0.1% ascorbic acid. Based on previous studies (Curzon and
Decker, 1998; Dulawa and Geyer, 1996), the test doses
included 2.5, 5.0 or 7.5 mg/kg apomorphine, or vehicle,
injected subcutaneously.

SKF82958 A total of 48 male C57BL/6J and 48 male
129S6 mice were used in the SKF82958 experiments
(n¼ 12 per treatment group). SKF82958 hydrobromide
was obtained from Sigma (St Louis, MO) and was dissolved
in sterile water. The C57BL/6J mice were tested with
0.03, 0.1, 0.3, 1.0 or 3.0 mg/kg SKF82958, or vehicle, while
the 129S6 mice were tested with 0.03, 0.1 or 0.3 mg/kg
SKF82958, or vehicle. All injections were given intra-
peritoneally.

Dihydrexidine In all, 36 C57BL/6J mice were used in the
dihydrexidine experiments (n¼ 9 per treatment group).
Dihydrexidine is a selective D1-family receptor agonist and
has been shown to be behaviorally active in both rats and
mice (Darney et al, 1991; Mottola et al, 1992). Dihydrex-
idine hydrochloride was generously provided by Dr David
Nichols (Purdue University) and was dissolved in 0.1%
ascorbic acid. The mice were treated subcutaneously with
1.0, 3.0 or 10.0 mg/kg dihydrexidine, or vehicle.

Quinpirole A total of 102 male C57BL/6J (n¼ 9 per
treatment group in the first quinpirole study; n¼ 10 for
vehicle and n¼ 8 per drug group for the second quinpirole
study) and 44 male 129S6 mice (n¼ 11 per treatment group)
were used in the quinpirole experiments. Quinpirole
hydrochloride was obtained from Sigma (St Louis, MO)
and was dissolved in 0.9% saline. In the first quinpirole
experiments, both the C57BL/6J and 129S6 mice received
5.0, 7.5 or 10.0 mg/kg quinpirole, or vehicle, intraperitone-
ally. In the more extensive quinpirole experiment, male
C57BL/6J mice received 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 or
10.0 mg/kg quinpirole, or vehicle. In a separate experiment,
30 female C57BL/6J mice (n¼ 7–8 per treatment group)
received 0.03, 0.3 or 3.0 mg/kg quinpirole, or vehicle.

Pergolide In all, 50 male C57BL/6J mice (n¼ 10 per
treatment group) were used in the first pergolide experi-
ment. Pergolide has been described as a putative D2-family
agonist, but there are reports that it also has affinity for the
D1 receptor (Miyagi et al, 1996; Perachon et al, 1999).
Pergolide mesylate was obtained from Sigma (St Louis, MO)
and was dissolved in 0.9% saline. The mice received
intraperitoneal injections of either 1.25, 2.5, 5.0 or
10.0 mg/kg pergolide, or vehicle. In the second pergolide
study, 37 C57BL/6J mice (n¼ 12–13 per treatment group)
were given either 10.0 or 20.0 mg/kg pergolide, or vehicle.

Apomorphine vs SCH23390 A total of 48 male C57BL/6J
mice (Jackson Laboratories, Bar Harbor, ME) were used in
the apomorphine vs SCH23390 experiment (n¼ 12 per
treatment group). SCH23390 hydrochloride was obtained
from Sigma (St Louis, MO). Apomorphine was dissolved in
0.1% ascorbic acid and SCH23390 was dissolved in water.
Based on previous findings with apomorphine and
SCH23390 (see Dulawa and Geyer, 1996; Ralph et al,
2001), mice were pretreated subcutaneously with either
vehicle or 1.0 mg/kg SCH23390 10 min prior to treatment
with either vehicle or 5.0 mg/kg apomorphine.

Apomorphine vs raclopride In all, 50 male C57BL/6J mice
(Jackson Laboratories, Bar Harbor, ME) were used in the
apomorphine vs raclopride experiment (n¼ 12–13 per
treatment group). Raclopride tartrate was obtained from
Sigma (St Louis, MO) and was dissolved in 0.9% saline.
Mice were pretreated intraperitoneally with either 3.0 mg/kg
raclopride (see Ralph et al (2001) for dose information) or
vehicle 10 min prior to an injection of vehicle or 5.0 mg/kg
apomorphine.

Pergolide vs SCH23390 or raclopride Altogether 60 male
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME)
were used in the pergolide vs SCH23390 or raclopride
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experiment (n¼ 10 per treatment group). Based on results
from the pergolide study and the antagonist studies
described above, mice were pretreated with either vehicle,
1.0 mg/kg SCH23390, or 3.0 mg/kg raclopride 10 min before
receiving either vehicle or 10.0 mg/kg pergolide.

Apparatus

Startle reactivity was measured using four startle chambers
(SR-LAB, San Diego Instruments, San Diego, CA). Each
chamber consisted of a clear nonrestrictive Plexiglas
cylinder resting on a platform inside a ventilated box. A
high-frequency loudspeaker inside the chamber produced
both a continuous background noise of 65 dB and the
various acoustic stimuli. Vibrations of the Plexiglas cylinder
caused by the whole-body startle response of the animal
were transduced into analog signals by a piezoelectric unit
attached to the platform. These signals were then digitized
and stored by a computer. A total of 65 readings were taken
at 1-ms intervals, starting at stimulus onset, and the average
amplitude was used to determine the startle response.
Sound levels in dB SPL (A scale) were measured as
described previously (Dulawa et al, 1997). The SR-LAB
calibration unit was used routinely to ensure consistent
stabilimeter sensitivity between test chambers and over time
(Geyer and Swerdlow, 1998).

PPI Session

All PPI test sessions consisted of startle trials (PULSE-
ALONE), prepulse trials (PREPULSE+PULSE), and
no-stimulus trials (NOSTIM). The PULSE-ALONE trial
consisted of a 40-ms 120-dB pulse of broadband noise.
PPI was measured by PREPULSE+PULSE trials that
consisted of a 20-ms noise prepulse, a 100 ms delay, and
then a 40-ms, 120-dB startle pulse (120 ms onset to onset
interval). The acoustic prepulse intensities were 4, 8, and
16 dB above the 65-dB background noise (ie 69, 73, and
81 dB). The NOSTIM trial consisted of background noise

only. The test session began and ended with five presenta-
tions of the PULSE-ALONE trial; in between, each acoustic
or NOSTIM trial type was presented 10 times in a pseudo-
random order. There was an average of 15 s (range: 12–30 s)
between trials. Mice were assigned to receive a dose of drug
or vehicle (balanced for startle chamber assignment and
treatment) in a pseudo-random order. The mice were
placed in the startle chambers immediately after agonist
injection, where a 65-dB background noise level was
presented for a 10-min acclimation period and continued
throughout the test session.

The amount of PPI was calculated as a percentage score
for each acoustic prepulse trial type: % PPI¼ 100�{[(startle
response for PREPULSE+PULSE)/(startle response for
PULSE-ALONE)]� 100}. Acoustic startle magnitude was
calculated as the average response to all of the PULSE-
ALONE trials, excluding the first and last blocks of five
PULSE-ALONE trials. For brevity, the main effects of
prepulse intensity (which were always significant) will not
be discussed. Data from the NOSTIM trials are not included
in the Results section, because the values were negligible
relative to values on trials containing startle stimuli.

Statistical Analyses

In the statistical analyses, drug treatment was a between-
subjects variable and prepulse intensity was a within-
subjects variable. ANOVAs were used to compare means
and Tukey’s tests were used for post hoc analysis. The
computations were carried out using the BMDP statistical
software (Statistical Solutions Inc., Saugus, MA).

RESULTS

Apomorphine

As in previous reports (Curzon and Decker, 1998; Dulawa
and Geyer, 1996), the mixed DA D1/D2 receptor agonist
apomorphine significantly disrupted PPI in C57BL/6J mice

Figure 1 PPI levels in C57BL/6J mice and 129S6 mice after pretreatment with vehicle (0.1% ascorbic acid, open bars) or APO (2.5–7.5 mg/kg
apomorphine, hatched bars). The mixed D1/D2 agonist apomorphine significantly disrupted PPI in both the (a) C57BL/6J and (b) 129S6 mice.
Values represent mean % PPI7 SEM and prepulse intensities are above the 65 dB background noise. �po0.10, *po0.05, **po0.01 compared to
vehicle control.
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(F(3,44)¼ 2.8, po0.05) (see Figure 1a). Apomorphine also
significantly reduced acoustic startle response in the C57BL/
6J mice (F(3,44)¼ 19.1, po0.01). Further analyses indicated
that startle response was decreased at each dose of
apomorphine tested (po0.01) (see Table 1).

The 129S6 mice were also tested to further characterize
the effects of apomorphine in mice. As with the C57BL/6J
mice, there was a main effect of apomorphine on PPI
(F(3,43)¼ 13.8, po0.001). The effects of apomorphine
appeared to be more pronounced in the 129S6 than in the
C57BL/6J mice; post hoc testing showed that each dose of
apomorphine significantly disrupted PPI at each prepulse
intensity (see Figure 1b). Similar to the C57BL/6J mice,
there was a main effect of drug on startle reactivity
(F(3,43)¼ 29.9, po0.001); every dose of apomorphine
tested significantly reduced the startle response in the
129S6 mice (po0.01) (see Table 1).

SKF82958

Similar to the effects of high doses of SKF82958 in rats
(ie 5 mg/kg) (Swerdlow et al, 2000; Wan et al, 1996), the
DA D1-family agonist SKF82958 significantly lowered
PPI in C57BL/6J mice (F(5,66)¼ 6.7, po0.001). As seen in
Figure 2a, even a dose as low as 0.3 mg/kg SKF82958
significantly disrupted PPI in the C57BL/6J mice at each
prepulse intensity. SKF82958 also significantly reduced
startle magnitudes in the C57BL/6J mice (F(5,66)¼ 5.4,
po0.001). The startle response was lowered in the C57BL/6J
mice at 0.3, 1.0 and 3.0 mg/kg SKF82958 (see Table 1).

As in the C57BL/6J mice, there was also a significant
main effect of SKF82958 on PPI in the 129S6 mice
(F(3,43)¼ 9.2, po0.001). The 0.3 mg/kg dose of SKF82958
significantly disrupted PPI at both the 4 and 16 dB
prepulse intensities, and there was a trend toward a
disruption at the 8-dB prepulse intensity (see Figure 2b).
SKF82958 also affected startle response in the 129S6 mice
(F(3,43)¼ 3.2, po0.05), but only the 0.3 mg/kg dose of

SKF82958 significantly reduced the startle response (see
Table 1).

Dihydrexidine

When male C57BL/6J mice were treated with the selective
DA D1-family agonist dihydrexidine, there was a significant
main effect of drug treatment on PPI (F(3,31)¼ 3.4,
po0.05). PPI was significantly disrupted by the 10.0 mg/

Figure 2 PPI levels in C57BL/6J and 129S6 mice after pretreatment with vehicle (water, open bars) or SKF (0.03–3.0 mg/kg SKF82958, hatched bars). The
direct D1-family receptor agonist SKF82958 significantly disrupted PPI in both the (a) C57BL/6J and (b) 129S6 mice. Values represent mean % PPI7 SEM
and prepulse intensities are above the 65 dB background noise. �po0.10, *po0.05, **po0.01 compared to vehicle control.

Figure 3 Levels of PPI in C57BL/6J with vehicle (0.1% ascorbic acid,
open bars) or DHX (1.0–10.0 mg/kg dihydrexidine, hatched bars). The
direct D1-family receptor agonist dihydrexidine significantly reduced PPI in
male C57BL/6J. Values represent mean % PPI7 SEM and prepulse
intensities are above the 65 dB background noise. *po0.05 compared
to vehicle control.
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kg dose at both the 4- and 16-dB prepulse intensities, while
1.0 mg/kg reduced PPI at the 16-dB prepulse intensity
(po0.05) (see Figure 3). Treatment with dihydrexidine had
no effect on startle reactivity in mice (see Table 1).

Quinpirole

In contrast to reports in the rat literature (Caine et al, 1995;
Geyer et al, 1990; Peng et al, 1990; Varty and Higgins, 1998),
the DA D2/D3 agonist quinpirole did not significantly
disrupt PPI in either male C57BL/6J or 129S6 mice (see
Figure 4a and b) or in female C57BL/6J mice (see Table 2).
In light of this discrepancy in effects between species, we
conducted 15 additional experiments with quinpirole, in
which a variety of different stimulus parameters, preinjec-
tion intervals, routes of administration, or doses were

utilized (data not shown). Despite the range of these studies,
no consistent effects of quinpirole on PPI were identified in
the C57BL/6J mice (see Table 2 for subset of data from these
experiments).

Quinpirole did have significant effects on acoustic startle
response in both the male C57BL/6J (F(3,33)¼ 3.7, po0.05)
and 129S6 mice (F(3,40)¼ 10.2, po0.001). Acoustic startle
reactivity was reduced in the C57BL/6J mice at 10 mg/kg
quinpirole, and at each dose tested in the 129S6 mice (see
Table 1). However, the effects of quinpirole on startle
reactivity were not consistent in the C57BL/6J mice. In the
second quinpirole dose–response study, quinpirole had no
significant effect on startle response (data not shown).
Unlike the male mice, quinpirole had no significant effect
on the startle response of the female C57BL/6J mice (see
Table 1).

Pergolide

In addition to quinpirole, other putative D2-family agonists
disrupt PPI in rats, including bromocriptine, ropinirole,
and pergolide (Geyer et al, 2001; Swerdlow et al, 1998). After
finding no significant effect of quinpirole, a different cohort
of male C57BL/6J mice was tested with the mixed DA
agonist pergolide. Unlike the previous quinpirole results,
there was a trend toward a significant effect of pergolide
at the higher doses on PPI (F(4,43)¼ 2.4, p¼ 0.07) (see
Figure 5a). Indeed, an exploratory t-test comparing the
vehicle and 10 mg/kg pergolide groups suggested a sig-
nificant reduction in PPI by pergolide. Based on this trend,
we conducted a second experiment, testing only 10 and
20 mg/kg pergolide. As shown in Figure 5b, there was a
significant main effect of pergolide on PPI (F(2,34)¼ 5.4,
po0.01). Pergolide (10.0 mg/kg) significantly lowered PPI at
the 8-dB prepulse intensity (po0.01) and tended to lower
PPI with 4 or 16-dB prepulses, whereas 20 mg/kg pergolide
only decreased PPI at the 8- and 16-dB prepulse intensities
(po0.05).

Treatment with pergolide significantly reduced the
acoustic startle response (F(4,43)¼ 5.1, po0.01) (see Table
1), particularly at the 5.0 and 10.0 mg/kg doses in the first
experiment. However, these effects on startle response were
somewhat inconsistent as neither 10 nor 20 mg/kg pergolide
altered the acoustic startle response significantly in the
second pergolide study (see Table 1).

Apomorphine vs SCH23390

To investigate the role of the D1 receptor in the effects of
apomorphine on PPI, mice were pretreated with the D1-
family receptor antagonist SCH23390. There were signifi-
cant main effects of both SCH23390 (F(1,44)¼ 9.2, po0.01)
and apomorphine (F(1,44)¼ 4.0, po0.05) on PPI, and there
was a significant interaction between SCH23390 and
apomorphine treatments (see Figure 6a). Post hoc analyses
revealed that apomorphine significantly lowered PPI and
SCH23390 blocked this disruption. As with the studies
above, apomorphine also had significant effects on startle
response (F(1,44)¼ 12.1, po0.001); 5 mg/kg apomorphine
significantly lowered the startle response (po0.01) (see
Table 3).

Table 1 Effects of DA Agonists on Acoustic Startle Reactivity in
C57BL/6J and 129S6 Mice

Drug C57BL/6J 129S6

Apomorphine, male
Vehicle 163.87 9.5 206.17 18.6

2.5 mg/kg 95.07 5.6** 76.67 10.9**
5.0 mg/kg 90.97 9.5** 75.07 5.4**
7.5 mg/kg 90.37 7.6** 85.47 7.2**

SKF82958, male
Vehicle 147.47 9.5 166.87 7.5

0.03 mg/kg 135.87 10.2 155.47 14.4
0.10 mg/kg 133.17 10.7 137.97 17.2
0.30 mg/kg 102.67 6.9** 114.07 8.4*
1.0 mg/kg 103.97 7.6* Not tested
3.0 mg/kg 101.47 7.2** Not tested

Dihydrexidine, male
Vehicle 97.07 13.5 Not tested

1.0 mg/kg 83.07 7.4 Not tested
3.0 mg/kg 83.87 13.5 Not tested
10.0 mg/kg 94.67 12.5 Not tested

Quinpirole, male
Vehicle 132.17 9.6 164.97 14.5

5.0 mg/kg 114.37 13.8 85.17 12.9**
7.5 mg/kg 105.97 12.0 73.67 11.1**
10.0 mg/kg 82.67 8.0* 94.07 13.1**

Quinpirole, female
Vehicle 106.67 18.1 Not tested

0.03 mg/kg 112.17 11.0 Not tested
0.3 mg/kg 111.57 15.8 Not tested
3.0 mg/kg 85.77 10.3 Not tested

Pergolide, male
Vehicle 261.47 18.3 Not tested

1.25 mg/kg 247.77 26.2 Not tested
2.5 mg/kg 213.07 31.2 Not tested
5.0 mg/kg 150.17 17.4* Not tested
10.0 mg/kg 148.27 21.9* Not tested

Pergolide, male
Vehicle 86.37 13.0 Not tested

10.0 mg/kg 74.77 8.9 Not tested
20.0 mg/kg 56.37 12.3 Not tested

Values (arbitrary units) represent mean startle magnitude7 SEM. *po0.05,
**po0.01 compared to vehicle control.
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Apomorphine vs Raclopride

The D2-family antagonist, raclopride, was next used to
ascertain if the D2 receptor had a role in the disruptive
effects of the mixed D1/D2 receptor agonist apomorphine.
Mice were pretreated with 3 mg/kg raclopride and then
treated with 5 mg/kg apomorphine. As before, there was
a significant main effect of apomorphine on PPI
(F(1,46)¼ 19.5, po0.01), but there was no main effect of,
nor interactions with, raclopride (see Figure 6b). However,
there were main effects of both raclopride and apomorphine
on startle response (F(1,46)¼ 9.1, po0.01 and F(1,46)¼ 5.5,
po0.05, respectively), although post hoc tests showed that
only apomorphine significantly lowered startle relative to
vehicle controls (see Table 3). A significant interaction
between raclopride and apomorphine (F(1,46)¼ 15.1,
po0.001) suggested the D2 antagonist blocked the startle-
reducing effects of apomorphine in mice.

Pergolide vs SCH23390 or Raclopride

In a final study, both SCH23390 and raclopride were used
against the mixed DA agonist pergolide, based on the effects
on PPI seen above. There was a significant main effect of
pergolide on PPI (F(1,54)¼ 14.7, po0.001), and there was
an interaction between pergolide and the antagonists on PPI
(F(2,54)¼ 9.1, po0.001) (see Figure 7). Pergolide (10 mg/
kg) significantly decreased PPI at each prepulse intensity
(po0.01); SCH23390 blocked the PPI-disruptive effects of
pergolide at all intensities, while raclopride only blocked the
effects of the mixed agonist at the 8- and 16-dB prepulse
intensities. As in the previous experiment, there was a
significant main effect of pergolide on the startle response
(F(1,54)¼ 15.9, po0.001), and there was a significant effect
with the antagonists (F(2,54)¼ 4.5, po0.05) (see Table 3).

DISCUSSION

The present studies extend previous reports of disruptions
in PPI produced by direct DA agonists in rats by examining
the effects of these compounds on PPI in mice. Confirming
previous findings in both rats and mice, the DA D1/D2
receptor agonist apomorphine significantly reduced PPI in
two different inbred strains of mice. However, in other
respects, differences in drug effects on PPI were found in
mice compared to the previous findings in rats. First, direct
stimulation of the D1 receptor by low and relatively specific
doses of the direct D1-family agonists SKF82958 and
dihydrexidine significantly reduced PPI in mice. Second,
the direct DA D2/D3 agonist quinpirole failed to disrupt PPI
in two different strains of mice, while the mixed DA agonist
pergolide significantly lowered PPI in the C57BL/6J mice,
although only at the higher doses tested. In further
experiments designed to characterize the role of the D1
and D2 receptor subtypes in the modulation of PPI in mice,
the PPI-disruptive effects of apomorphine were blocked in
C57BL/6J mice pretreated with the D1 receptor antagonist
SCH23390, but not the D2 receptor antagonist raclopride.

Table 2 Effects of Quinpirole on PPI in Female and Male C57BL/
6J Mice

Treatment group 4 dB 8 dB 16 dB

Quinpirole, female C57BL/6J
Vehicle 8.97 3.8 19.57 7.2 39.57 5.6

0.03 mg/kg 4.47 8.5 11.77 9.3 28.97 9.3
0.3 mg/kg 10.87 6.7 16.47 3.7 43.67 7.7
3.0 mg/kg 9.47 9.3 15.67 8.5 36.77 8.5

Quinpirole, male C57BL/6J
Vehicle 27.87 3.3 39.97 5.0 61.87 2.9

0.01 mg/kg 29.77 4.8 47.37 4.5 68.37 3.8
0.03 mg/kg 30.57 5.5 43.97 5.3 62.77 4.1
0.1 mg/kg 32.67 2.0 48.47 2.4 64.07 2.6
0.3 mg/kg 28.27 4.8 39.97 6.0 58.07 5.8
1.0 mg/kg 25.77 2.6 37.67 3.6 60.37 2.6
3.0 mg/kg 24.77 4.3 36.17 3.7 55.57 4.6
10.0 mg/kg 28.87 2.8 42.47 3.4 59.07 2.1

Prepulse levels are above 65-dB background noise. Values represent mean %
PPI7 SEM.

Figure 4 PPI levels in C57BL/6J and 129S6 mice after treatment with vehicle (0.9% saline, open bars) or QUIN (5.0–10.0 mg/kg quinpirole, hatched bars).
The direct D2/D3 receptor agonist quinpirole had no significant effect on PPI in either the (a) C57BL/6J on (b) 129S6 mice. Values represent mean %
PPI7 SEM and prepulse intensities are above the 65 dB background noise.
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Similarly, SCH23390 also blocked the deficits in PPI
produced by the mixed DA agonist pergolide. Unexpectedly,
however, the same raclopride pretreatment that was
ineffective in reducing the PPI-disruptive effect of apomor-
phine significantly reduced the effect of pergolide at two of
the three prepulse intensities. Thus, with the exception of
this latter result, the findings of the present studies indicate
that D1-family rather than D2-family agonists disrupt the
PPI of startle in mice.

The involvement of D1 receptors in the modulation of PPI
has been supported by a growing number of reports. Several
groups have shown that the mixed DA D1/D2 agonist
apomorphine significantly disrupts PPI in both rats and
mice (Curzon and Decker, 1998; Dulawa and Geyer, 1996;
Geyer et al, 2001, in press; Mansbach et al, 1988). Here we
observed similar apomorphine-induced disruptions in PPI

in two strains of mice. More selective stimulation of the D1
receptor, using two different preferential D1-family ago-
nists, also significantly reduced PPI. With SKF82958, this
effect was demonstrated in two strains of mice, although
higher doses of SKF82958 were less effective than lower
doses in the C57BL/6J mice (see Figure 2), possibly because
of a lack of specificity at higher doses. These results confirm
and extend a previous report that the D1-family agonist
SKF81297 (2 mg/kg) disrupted PPI in an F2 hybrid of
129/SvJ1 � C57BL/6J mice, an effect that may have been
attenuated but was not significantly prevented in D5
receptor null mutant mice (Holmes et al, 2001). In addition,
the D1 receptor antagonist SCH23390, but not the D2
receptor antagonist raclopride, blocked the disruptive
effects of apomorphine on PPI in mice in the present
studies. Disruptions in PPI by D1-family agonists have also

Figure 5 PPI level in C57BL/6J mice after pretreatment with vehicle (0.9% saline, open bars) or Perg (1.25–20.0 mg/kg pergolide, hatched bars). The
mixed DA agonist pergolide showed a trend toward disrupting PPI (a); testing with higher doses revealed significant decreases in PPI (b). Values represent
mean % PPI7 SEM and prepulse intensities are above the 65 dB background noise. �po0.10, *po0.05, **po0.01 compared to vehicle control.

Figure 6 PPI levels in C57BL/6J mice pretreated with vehicle (0.9% saline), SCH (1.0 mg/kg SCH23390), or RAC (3.0 mg/kg raclopride) and treated with
either vehicle (0.1% ascorbic acid) or APO (5.0 mg/kg apomorphine). Apomorphine significantly disrupted PPI and only the D1 receptor antagonist
SCH23390, and not the D2 antagonist raclopride, blocked the effects of apomorphine. Values represent mean % PPI7 SEM and prepulse intensities are
above the 65 dB background noise. *po0.05, **po0.01 compared to vehicle control.
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been observed in some (Swerdlow et al, 2000; Wan et al,
1996), but not all, studies in rats (Peng et al, 1990; Varty and
Higgins, 1998; Wan et al, 1996; Zhang et al, 2000), albeit at
relatively high and nonselective doses (Geyer et al, 2001). In
contrast, much more robust disruptions of PPI were
produced by relatively low doses of D1-family agonists in
mice (5 mg/kg SKF82958 produced PPI deficits in rats, while
only 0.3 mg/kg was necessary to produce PPI deficits in
mice). Thus, it appears possible that the direct activation of

the D1 receptor produces deficits in PPI in mice. Such a
conclusion is not consistent with other reports in the mouse
literature, however. For example, the DA D1 receptor
antagonist SCH23390 failed to reverse PPI deficits in the
DA transporter knockout mice (Ralph et al, 2001). A second
issue is that D2 receptor knockout mice, which have fully
functional D1 receptors that can be stimulated indirectly by
amphetamine, did not show amphetamine-induced disrup-
tions in PPI (Ralph et al, 1999). If the activation of D1
receptors in the absence of D2 receptor activation is
sufficient to disrupt PPI, one would expect that ampheta-
mine would have been effective in reducing PPI in D2
knockout mice. The discrepancy between the effects of
direct DA D1 agonists and previous findings in mouse PPI
may be the result of using indirect vs direct stimulation of
DA receptors. For instance, when indirect agonists are used
in mice, the released DA may not gain access to and/or
activate D1 receptors as effectively as does direct stimula-
tion of the D1 receptor by an exogenously administered
agonist. There is evidence that D1 and D2 receptors work
synergistically to modulate PPI in rats (Peng et al, 1990;
Schwarzkopf et al, 1993; Wan et al, 1996), but such a
relationship may not exist for mice in the regulation of PPI.
Distinguishing the roles of the D1 and D2 receptors in the
modulation of PPI in mice by using DA D2 agonists is
complicated by the fact that most of these compounds have
some affinity for the D3 receptor subtype as well (Sautel et
al, 1995; Seeman and Van Tol, 1994). Further testing with
compounds such as apomorphine, SKF82958, and pergolide
in DA D1 and D2 receptor knockout mice may help
determine if activation of the D1 receptor alone disrupts PPI
in mice.

Despite several reports that D2/D3 agonists robustly
disrupt PPI in rats (Geyer et al, 2001), quinpirole failed to
produce any significant disruption of PPI in mice in the
present studies. Furthermore, raclopride had no effect on
the apomorphine-induced disruption of PPI at a dose
shown to reverse PPI deficits in DA transporter knockout
mice (Ralph et al, 2001). These findings were unexpected
because there are several lines of evidence indicating that
the D2 receptor subtype modulates PPI in both rats and
mice. In rats, other D2-family agonists such as bromocrip-
tine and ropinirole also disrupt PPI (Swerdlow et al, 1998),
while apomorphine-induced reductions in PPI can be
reversed using selective D2-family receptor antagonists
such as raclopride, spiperone, and eticlopride (Hoffman and
Donovan, 1994; Swerdlow et al, 1991). We have previously
reported that the indirect DA agonist amphetamine fails to
reduce PPI in DA D2 receptor knockout mice, despite being
effective in wild-type mice and in both DA D3 and D4
knockout mice (Ralph et al, 1999). These results indicate
that the D2 receptor subtype is necessary for amphetamine
to produce PPI deficits in mice. We have also reported that
DA transporter knockout mice, with their hyperdopami-
nergic tone, have deficits in PPI that are reversed by the D2
antagonist raclopride and not by the D1 antagonist
SCH23390, further supporting the role of the D2 receptor
in the modulation of PPI in mice (Ralph et al, 2001). The
lack of effect of quinpirole may represent a pharmacokinetic
species difference between rats and mice, or a difference
that is specific to the strains of mice examined here. There
have been several reports of strain differences in mice in

Table 3 Effects of Pretreatment with SCH23390 or Raclopride
against Apomorphine and Pergolide on Acoustic Startle Reactivity
in Male C57BL/6J Mice

C57BL/6J

SCH23390 vs apomorphine
Vehicle/vehicle 173.37 23.7
Vehicle/5.0 mg/kg APO 95.67 9.1**
1.0 mg/kg SCH/vehicle 174.07 13.5
1.0 mg/kg/5.0 mg/kg APO 144.67 11.2

Raclopride vs apomorphine
Vehicle/vehicle 135.97 8.4
Vehicle/5.0 mg/kg APO 74.67 7.9 **
3.0 mg/kg RAC/vehicle 122.17 10.6
3.0 mg/kg RAC/5.0 mg/kg APO 129.87 8.6

SCH23390 or raclopride vs pergolide
Vehicle/vehicle 141.37 15.5
Vehicle/10.0 mg/kg pergolide 89.97 7.0
1.0 mg/kg SCH/vehicle 191.47 20.3
3.0 mg/kg RAC/vehicle 162.87 12.9
1.0 mg/kg SCH/10.0 pergolide 132.77 16.8
3.0 mg/kg RAC/10.0 pergolide 121.47 16.9

Values (arbitrary units) represent mean startle magnitude7 SEM. **po0.01
compared to vehicle control.

Figure 7 PPI levels in C57BL/6J mice pretreated with vehicle (0.9%
saline), SCH (1.0 mg/kg SCH23390), or RAC (3.0 mg/kg raclopride) and
treated with either vehicle (0.9% saline) or Perg (10.0 mg/kg pergolide). PPI
was significantly lowered by the mixed DA receptor agonist pergolide; both
the D1 receptor antagonist SCH23390 and the D2 antagonist raclopride
blocked the effects of pergolide. Values represent mean % PPI7 SEM and
prepulse intensities are above the 65 dB background noise. *po0.05,
**po0.01 compared to vehicle control.pard
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response to pharmacological manipulations (Heyser et al,
1997; Homanics et al, 1999; Miner, 1997; Schlussman et al,
1998). Here we report on two inbred strains of mice, but
more extensive pharmacological studies including male and
female inbred and outbred strains of mice may provide a
better characterization of the effects of D2-family agonists
like quinpirole and pergolide on PPI in mice.

Of the compounds tested in the current studies, only the
D2-family agonists quinpirole and pergolide initially failed
to produce significant disruptions in PPI similar to those
produced in the rat. Our previous experience in drug
studies using mice led us to believe that mice often require
higher doses of a drug than the rat to produce a similar
effect (eg, it takes 0.2 mg/kg amphetamine to disrupt
PPI in rats, but 10 mg/kg in mice, and 0.5 mg/kg apomor-
phine in the rat, but 5.0 mg/kg in mice). Hence, we
expanded our dose range to include higher doses for both
compounds than those required in rats (eg up to 10.0 mg/kg
quinpirole, while 1.0 mg/kg quinpirole reduces PPI
in rats). We also manipulated several parameters, includ-
ing lower doses of quinpirole, in multiple attempts to
find any effect of the D2/D3 agonist on PPI. Nevertheless,
we were unable to show significant disruptions in PPI
in mice with quinpirole. Quinpirole has been reported to
alter rates of locomotor activity in mice, although not in the
same way as in rats. Quinpirole produces a biphasic
response in rats, in that low doses reduce activity levels,
presumably by activating D2 autoreceptors, while higher
doses stimulate activity levels. However, no such behavior
was found in C57BL/6J mice, where quinpirole only
lowered locomotor activity (see Halberda et al (1997) for
details). These data indicate that the difference in the
behavioral effects of quinpirole between rats and mice is
not limited to PPI.

While the initial testing with pergolide only showed
trends toward disruptions in PPI, higher doses of pergolide
produced significant decreases in PPI. Whether these effects
are due to activation of the D2 receptor remains uncertain,
however, as there is evidence that pergolide has affinity for
D1-family as well as D2-family receptors (Miyagi et al, 1996;
Perachon et al, 1999). Furthermore, it is not clear why both
SCH23390 and raclopride blocked the PPI-disruptive effects
of pergolide, especially given that the same dose of
raclopride did not reverse apomorphine-induced disrup-
tions of PPI. Indeed, recent studies have shown that
apomorphine disrupts PPI in D2, but not in D1, receptor
knockout mice, lending further support for a more
prominent role of the D1 receptor in the modulation of
PPI in mice (Ralph-Williams et al, 2002). Thus, testing other
compounds such as pergolide in D1 and D2 receptor
knockout mice may provide additional information that will
further delineate the roles of the two receptor subtypes in
the regulation of PPI in mice. Taken together, these data
support the idea that there may be a fundamental difference
in the D2 receptor functions between rats and mice.

While almost all the DA agonists tested decreased startle
response, there were dissociations between the effects of DA
agonists on PPI and startle reactivity. For example, a
decrease in PPI did not always accompany a decrease in
startle reactivity. Both apomorphine and SKF82958 de-
creased PPI while reducing startle reactivity; however,
quinpirole significantly lowered startle response without

having any effect on PPI. Furthermore, the D1-family
agonist dihydrexidine disrupted PPI while having no
detectable effect on startle reactivity. Similarly, while the
deficit in PPI produced by apomorphine was typically
associated with reduced startle, after pretreatment with
raclopride, apomorphine still reduced PPI without having
any effect on startle (cf. Table 3). Examination of the
raw data (ie, data from PULSE-ALONE and PREPULSE+
PULSE trials) revealed that the PPI-disruptive effects of
apomorphine were not clearly separable from the startle-
reducing effects of apomorphine, but the effects of the more
selective D1-family agonists were separable. Specifically, at
least with some prepulse intensities, mean values for
responses on prepulse trials in mice treated with
SKF82958 or dihydrexidine exceeded the corresponding
values in the vehicle-treated mice. Such a pattern of results
seen with the specific D1-family agonists can be considered
to reflect an unequivocal reduction in PPI, rather than
merely changes in the startle reflex properties per se
(Swerdlow et al, 2001a,b). These findings are consistent
with other reports of dissociable effects of DA agonists on
PPI and startle response in mice. Others have reported that
apomorphine produces deficits in PPI in mice that are not
associated with effects on startle reactivity (Curzon and
Decker, 1998; Dulawa and Geyer, 1996). Amphetamine
significantly decreases PPI in D3 and D4, but not in D2,
receptor knockout mice, but it reduces startle response in
all three genotypes of mice (Ralph et al, 1999). Thus, the
effects of DA agonists on startle reactivity in mice do not
appear to predict their effects on PPI. These findings
provide further evidence for a dissociation between the
DA pathways that regulate PPI and startle reactivity
in mice.

These studies provide further characterization of the
DA receptor pharmacology related to PPI in mice and
highlight several key areas where more work needs to be
done. In contrast to the apparent mediation by D2 receptors
of PPI disruptions produced by exaggerated levels of
synaptic DA, as in DA transporter knockout mice or after
amphetamine, D1 receptors appear to be primarily respon-
sible for the PPI-disruptive effects of direct DA agonists in
mice. Further studies examining the regional, pre- vs
postsynaptic, and perisynaptic distributions of D1 and D2
receptors in mice will be needed to understand these
apparent differences between direct and indirect DA agonist
effects on PPI in mice. The present results also reveal
potential species differences in the DA receptor modulation
of PPI between rats and mice, where the D1 receptor might
play a more prominent and independent role in the
modulation of PPI in mice than in rats. It is clear that the
pharmacology of PPI in mice does not always match that in
rats and that more experiments are necessary to fully
understand these disparities. Although strain differences in
both PPI and drug effects on PPI have been reported
(Bullock et al, 1997; Dulawa and Geyer, 1996, 2000;
Logue et al, 1997; Paylor and Crawley, 1997), the present
findings with both D1- and D2-family agonists were
consistent in the two inbred strains examined. Neverthe-
less, further testing of DA agonists in additional inbred
or outbred mouse strains is still warranted to provide a
better understanding of the pharmacology related to PPI
in mice. Comparisons of DA receptor distributions,
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coupling, internalization, signal transduction, and
pharmacokinetic processes between mice and rats may
also help to explain species differences in the dopaminergic
modulation of PPI.

The present findings also have implications for the
possible use of DA agonist effects on PPI in mice in
developing predictive models of antipsychotic effects in
humans, an approach that has demonstrated considerable
predictive validity in rats (Geyer et al, 2001; Swerdlow and
Geyer, 1998). Previous reports have suggested that anti-
psychotic drugs, including D2-family antagonists, are
effective in increasing PPI in mice that have not first been
treated with a DA agonist (Olivier et al, 2001; Ouagazzal et
al, 2001), as is typically done in rat tests of antipsychotic
action (Geyer et al, 2001; Swerdlow and Geyer, 1998).
Thus, the effective study of antipsychotic treatments
may require substantially different strategies when using
mice rather than rats. Finally, the apparent differences
in the effects of DA agonists on PPI in mice vs rats raises the
question as to which species will be more predictive of DA
agonist effects on PPI in humans. By virtue of the cross-
species comparability of PPI between rodents and
humans, it is feasible to address this question directly by
studying the effects of selected DA agonists on PPI in
humans (Braff et al, 2001; Swerdlow et al, 2002). Although
the data from such human studies remain insufficient
to support definitive conclusions, initial studies of
dopaminergic, serotonergic, and glutamatergic drugs
that disrupt PPI in rodents have not consistently
observed similar effects in humans, as discussed extensively
elsewhere (Braff et al, 2001; Swerdlow et al, 2002). With
respect to the direct DA agonists examined here, no study
of D1-family agonist effects on PPI in humans has
appeared, but a recent report failed to detect any significant
effect of the D2-family agonist pergolide on human PPI
(Braff et al, 2001; Swerdlow et al, 2002). The question as to
which rodent species, mouse or rat, will be the more
predictive of pharmacological effects on PPI in humans
must be considered separately for each class of compounds.
It is conceivable that mice and humans will be more
similar in response to some drugs, while rats and
humans are more similar when other drugs are examined.
The present findings indicate that further cross-species
comparisons of the pharmacology of PPI are essential.
Eventually, the elucidation of species differences in the
dopaminergic regulation of PPI is likely to provide a better
understanding of the neuropathology of sensorimotor
gating disorders seen in psychiatric populations and may
ultimately lead to new drug therapies to treat these disease
states.
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