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Previous studies indicate that a variety of pharmacological
agents interfere with the prepulse inhibition of the acoustic
startle (PPI) response including phencyclidine (PCP),
8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), amphet-
amine, and apomorphine. Strain differences have been ob-
served in the ability of apomorphine to disrupt PPI, although the
degree to which these strain differences occur after adminis-
tration of nondopaminergic drugs or the degree to which dif-
ferences can be observed in other models of dopamine (DA)
receptor activation has not been elucidated. The present study
tested the effects of apomorphine, amphetamine, 8-OH-DPAT,
and PCP on PPI in the Sprague Dawley and Wistar rat strains.
Because apomorphine disrupts PPI via activation of DA recep-
tors in the nucleus accumbens, apomorphine-induced hyper-
locomotion, also a behavioral model of nucleus accumbens DA
receptor activation, was measured in both rat strains. Admin-
istration of PCP or 8-OH-DPAT attenuated PPI in both strains,

whereas apomorphine and amphetamine only attenuated PPI in
Wistar rats. The ability of apomorphine to increase motor ac-
tivity in the absence of a startle-eliciting stimulus was similar in
the two strains, as was apomorphine-induced hyperlocomo-
tion. A time course analysis of the effects of apomorphine on
startle response in Sprague Dawley rats found that changes in
the magnitude of PPI followed changes in basic startle ampli-
tude. Similarly, no apomorphine-induced attenuation of PPI
was observed in Sprague Dawley rats after 6-OHDA–induced
DA receptor supersensitivity in the nucleus accumbens. These
data suggest a dissociation between the effects of DA receptor
agonists in PPI and other behavioral models of DA receptor
activation.
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The acoustic startle response is an easily quantified, reflexive
movement after a loud acoustic stimulus. Prepulse inhibition
(PPI) occurs when the startle response is reduced because of the
previous presentation of a less intense sensory stimulus (Hoffman
and Searle, 1965). PPI can be attenuated by administration of
dopamine (DA) agonists such as apomorphine (APO) and am-
phetamine (AMPH), and this effect is reversed by dopamine
receptor antagonists such as haloperidol and clozapine (Mans-
bach et al., 1988; Swerdlow et al., 1991, 1998). As such, attenua-
tion of PPI by DA receptor agonists has been proposed as an
animal model of the deficits in sensory-gating processes observed
in schizophrenia (Braff and Geyer, 1990).

Evidence has accumulated suggesting that different strains of
rats can respond diversely in the PPI paradigm (Rigdon, 1990;
Varty and Higgins, 1994; Swerdlow et al., 1998). For example,
several reports have documented strain differences in APO-

induced attenuation of PPI. Using identical testing conditions for
both strains of rat, Rigdon (1990) reported that systemic injec-
tions of APO in Wistar but not CD rats attenuated acoustic PPI.
More recently, Swerdlow et al. (1998) demonstrated that Sprague
Dawley rats are more sensitive to disruption of PPI by APO than
are Wistar rats and that clozapine can reverse this APO-induced
attenuation at lower concentrations in Sprague Dawley rats than
in Wistar rats.

Because studies that have found strain-related differences in
the ability of compounds to attenuate PPI have been restricted to
APO-induced PPI attenuation (Rigdon, 1990; Swerdlow et al.,
1998) and not that of other compounds [e.g., phencyclidine (Varty
and Higgins, 1994)], the question of whether strain differences
were restricted to compounds acting primarily via dopaminergic
mechanisms remains. The present study, which followed from our
observation that PPI was not robustly attenuated by APO in
Sprague Dawley rats in contrast to previously published litera-
ture, bears directly on this issue. Specifically, the present study
examined the effect of APO, the DA-releasing agent amphet-
amine, the use-dependent NMDA antagonist phencyclidine
(PCP), and the 5-HT1A receptor agonist 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) on two rat strains (Sprague
Dawley and Wistar) in the PPI paradigm. These compounds have
been reported previously to attenuate PPI (Mansbach and Geyer,
1989; Rigdon and Weatherspoon, 1992).

It is thought that the effects of APO on PPI act via DA
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receptors in the nucleus accumbens. This idea is supported by the
fact that intra-accumbens injection of dopamine results in an
attenuation of PPI similar to that observed with systemic APO or
AMPH administration (Swerdlow et al., 1990b, 1992) and that
lesion of nucleus accumbens DA innervation potentiates the
effects of systemic APO administration but abolishes the effects of
systemic AMPH administration (Swerdlow et al., 1986, 1990a).
Because similar experiments suggest that APO-induced hyperlo-
comotion may also be mediated at the level of the nucleus ac-
cumbens (Kelly et al., 1975; for review, see Koob and Swerdlow,
1988), the hyperlocomotor response to APO in the Wistar and
Sprague Dawley strains was also examined in the present study.
This latter test was performed, in part, to determine whether
strain differences in the response to APO were restricted to the
ability of this compound to attenuate PPI or were generalized to
other behavioral models of DA receptor activation.

MATERIALS AND METHODS
Subjects. Male Sprague Dawley and Wistar rats (Bantin-Kingman, Hull,
UK), weighing between 250 and 400 gm, were used for these experi-
ments. The animals were housed in groups of three or six, according to
weight, in a separate colony room on a 12:12 hr light /dark cycle (lights on
at 8:00 A.M.). The animals were allowed access to food and water ad
libitum before testing.

Acoustic startle studies. Six SR-LAB (San Diego Instruments, San
Diego, CA) stabilimeter chambers were contained in a testing room
separate from the colony room. The animal-testing chamber consisted of
a Plexiglas cylinder 8.8 cm in diameter attached to a 12.5 cm 3 20.5 cm
Plexiglas base. This was contained in a ventilated, sound-attenuating
chamber. Any movement of a test animal resulted in the displacement of
a piezoelectric cartridge secured to the bottom of the Plexiglas base. The
cartridge generated voltage that was proportional to the amount of
displacement. Startle amplitude, measured as mean displacement during
a 100 msec period beginning at the onset of the startle-eliciting stimulus,
was digitized and recorded using a commercially available program
(SR-LABS). In addition, the SR-LABS program, via a microcomputer
and interface, controlled the delivery of all acoustic stimuli to a speaker
located 24 cm above the animal.

Before the first session in each experiment, all testing chambers were
calibrated both for movement, using equipment provided by SR-LABS,
and for sound levels, using a Realistic brand Tandy sound level meter
(catalog #33-2050).

In each session, batches of six animals were randomly assigned to a
drug condition. Ten minutes after subjects received their appropriate
injections, they were placed in the testing apparatus and given a 5 min
acclimation period during which the background noise (i.e., 65 dB white
noise) was present. Treatment conditions were always counterbalanced
between the six startle boxes. At the conclusion of the acclimation period,
a series of 10 40 msec 118 dB tones was presented at a 30 sec interstimu-
lus interval to habituate the animals partially to the startle-eliciting
stimulus (see Davis, 1988). After these 10 tones, the test session, which
consisted of 15 repetitions of trials, began.

Because the ability of drugs to disrupt PPI is influenced by the salience
of the prepulse stimuli (Davis et al., 1990; Keith et al., 1991), conditions
in Sprague Dawley and Wistar rats were matched to produce similar
degrees of PPI in the two strains. Preliminary experiments confirmed
previous reports that the salience of prepulse stimuli (and the magnitude
of prepulse inhibition) could be altered by changing either the intensity
or duration of the prepulse. In these experiments, a 70 dB, 10 msec
duration prepulse stimulus reproducibly reduced startle amplitude by
;50% in Sprague Dawley rats. These parameters are similar to those
used in previous studies (Davis et al., 1990; Mansbach, 1991; Swerdlow et
al., 1992), which typically use a prepulse stimulus 10–15 dB above
background and produce a 50% reduction in startle amplitude. When
these same parameters were used in Wistar rats, a 77% reduction in
startle amplitude was observed (data not shown); thus prepulse duration
was reduced to 5 msec for experiments in the Wistar strain.

Four different trial types were presented during the startle session: (1)
a 10 or 5 msec 70 dB prepulse stimulus alone (prepulse-alone), (2) the
same prepulse stimulus followed by a 40 msec 118 dB burst of white noise
(prepulse-pulse) that began 100 msec after the beginning of the prepulse

stimulus, (3) the 118 dB stimulus alone (pulse-alone), and (4) a period in
which no stimulus was presented (no-stimulus). The stimuli were pre-
sented in random order with interstimulus intervals averaging 15 sec. At
the conclusion of each session, the animals in that session were removed,
the testing chambers were cleaned, and six new animals were brought in
for the next session.

Locomotor activity studies. Rats were placed in individual activity
cages (300 3 200 3 300 mm) containing five infrared beams. Two beams
at the base of the cage recorded cage crossings as consecutive beam
breaks. Animals were habituated to the boxes for 2 hr before injection
with APO. Cage crossings were recorded in 10 or 20 min time blocks for
120 min after injection with APO.

6-OHDA lesions of nucleus accumbens. Thirty-six rats were randomly
assigned to two groups to receive either 6-OHDA lesions or sham
procedures. Rats were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) and placed into a stereotaxic frame with the tooth bar placed 5.0
mm above the interaural line (Pellegrino et al., 1981). 6-OHDA HBr
(Sigma, St. Louis, MO) was freshly prepared at a concentration of 4
mg/ml (expressed as base) in isotonic saline containing 0.1% ascorbic
acid. Bilateral infusions of either 6-OHDA or vehicle were then made
into the nucleus accumbens (anteroposterior, 13.2; lateral, 61.7; and
dorsoventral, 27.8). An injection volume of 2 ml was administered via an
infusion pump at a constant rate over an 8 min period. The cannula was
left in place for 2 min after infusion of 6-OHDA or vehicle to allow time
for drug diffusion. At the completion of surgery, the burr hole in the skull
was sealed, and the wound was closed with wound clips. Animals were
monitored closely until they recovered from anesthesia and were kept in
a recovery room with soft bedding overnight. The following day they
were returned to the colony room and housed in groups of three.

One week after surgery, one-half of the animals in each group (le-
sioned or sham) were randomly assigned to receive an injection of APO
(0.6 mg/kg, s.c.) or vehicle (0.1% ascorbic acid). Ten minutes after the
injection, the animals were placed in the acoustic startle–testing appa-
ratus and tested as described above. The following week, treatment
conditions were reversed, and the procedure was repeated. Five days
after the second startle-testing session, the locomotor response to APO
was assessed in these animals. Rats were randomly assigned to receive
either 0.3 or 1.0 mg/kg APO, placed in individual activity cages, and
tested as described above. The doses used in this study were chosen to
“bracket” the dose of APO used in the startle study because APO
induces stereotyped behavior at higher doses, which could interfere with
the expression of locomotor activity. Because the primary purpose of this
experiment was to compare the effect of APO in sham and lesioned
animals, no saline controls were used.

One day after the locomotor testing, rats were killed by decapitation,
and the nucleus accumbens and caudate nucleus were dissected on ice.
Samples were frozen immediately on dry ice and stored at 270°C.
Samples were homogenized for analysis in 10 vol of homogenizing
medium (0.4 M perchloric acid containing 0.1% sodium metabisulphite,
0.01% EDTA, and 0.1% cysteine) and centrifuged at 3000 3 g for 10
min. Aliquots of the supernatant were analyzed for dopamine content by
HPLC as described previously by Hutson et al. (1991).

Drugs. All drugs were prepared freshly before the beginning of the first
session in each experiment. Apomorphine HCl, 8-OH-DPAT hydrobro-
mide (Research Biochemicals, Natick, MA), and phencyclidine HCl
(Ultrafine Chemicals) were dissolved into an isotonic saline solution,
which contained 0.1% ascorbic acid in the case of apomorphine.
D-Amphetamine sulfate (Research Biochemicals) was dissolved into
double distilled water. All injections were given subcutaneously, at the
region near the nape of the neck. Doses of APO, PCP, and 8-OH-DPAT
are expressed as the weight of the salt, whereas doses of AMPH are
expressed in terms of the free base. The animals were put in the startle
boxes 10 min after injection.

Statistical analyses. Mean startle amplitude for each type of stimulus
(i.e., no-stimulus, prepulse-alone, prepulse-pulse, and pulse-alone) was
calculated for each subject. These data sets were analyzed using repeated
measures ANOVA [BMDP, programs 4V and 7D (Dixon et al., 1981)]. In
the first analysis, a block ANOVA (BMDP 7D) was performed on startle
amplitude to each type of stimulus, with Tukey’s post hoc t test if
significant effects were found. In addition, a repeated measures ANOVA
(BMDP 4V) was performed on pulse-alone and prepulse-pulse startle
amplitudes, using drug as a between-subjects variable and stimulus as a
within-subjects variable. A significant drug 3 stimulus interaction was
interpreted as a significant alteration in prepulse inhibition. Significant
effects in this analysis were interpreted using a simple effects ANOVA
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for post hoc analysis (BMDP 4V). Finally, levels of prepulse inhibition in
each rat were determined by expressing the prepulse-pulse startle ampli-
tude as a percentage decrease from pulse-alone startle amplitude [i.e.,
100 3 (pulse-alone 2 prepulse-pulse)/pulse-alone]. This transformation
was performed because it reduces statistical variability attributable to
differences between animals and is a direct measure of the level of
prepulse inhibition. Significant effects in this analysis were examined
using the Tukey post hoc t test. This transformation was only performed
in cases in which no significant effect of drug was observed on pulse-alone
startle amplitude. Locomotor scores were analyzed as the number of
cage crosses in each 10 or 20 min period using repeated measures
ANOVA (BMDP 2V). In the case of the 6-OHDA lesion study, drug
effects on locomotion followed a quadratic curve. Thus, in this instance,
ANOVA results are reported from the second orthogonal comparison.

RESULTS
Prepulse inhibition: apomorphine and amphetamine
Sprague Dawley: apomorphine
As can be seen in Figure 1, top, APO administration produced a
significant increase in the startle response to the pulse-alone
stimulus [F (3,44) 5 5.36; p , 0.005]. Specifically, the pulse-alone
startle amplitude after a 1.0 mg/kg dose was significantly in-
creased from that of both the vehicle control and the 0.1 mg/kg
doses ( p , 0.05). Thus, the data were not transformed to a
percentage of pulse-alone trials. Analysis of prepulse-pulse and
pulse-alone data failed to reveal a significant drug 3 stimulus
interaction [F (3,44) 5 2.16; p 5 0.11], indicating that APO did not

influence prepulse-pulse trials independently of pulse-alone tri-
als. Correspondingly, analyses of simple main effects indicated
robust levels of PPI at all doses ( p , 0.001 in all cases).

Wistar: apomorphine
The effect of APO on PPI for the Wistar strain of rat is shown in
Figure 1, bottom. Administration of APO significantly influenced
PPI as revealed by a significant drug 3 stimulus interaction
[F (3,38) 5 3.65; p , 0.05]. Further analyses of simple main effects
demonstrated significant levels of PPI after vehicle administration
only ( p , 0.001). Because there was no significant effect of APO
on pulse-alone startle levels [F (3,38) 5 2.65; p 5 0.063], prepulse-
pulse startle amplitude was expressed as a percentage decrease
from that of pulse-alone. Analysis of the transformed data indi-
cated a significant effect of APO [F (3,38) 5 5.37; p , 0.005]. Tukey
pairwise comparisons indicated significant attenuation of PPI at
the 0.6 and 1.0 mg/kg doses ( p , 0.05).

Sprague Dawley: amphetamine
Figure 2, top, represents the effect of amphetamine on PPI in
Sprague Dawley rats. Amphetamine did not influence PPI as
revealed by the lack of a drug 3 stimulus interaction [F (3,32) 5
0.12; p 5 0.95]. Correspondingly, analyses of simple main effects
demonstrated a significant difference between pulse-alone startle

Figure 1. The effects of apomorphine administration on prepulse inhi-
bition in the Sprague Dawley (top) and Wistar (bottom) strains of rat.
Administration of apomorphine had no effect on prepulse inhibition in
Sprague Dawley rats (n 5 12/group) but attenuated prepulse inhibition in
Wistar rats (n 5 10–11/group). An asterisk indicates significantly different
from pulse-alone response in vehicle-treated animals ( p , 0.05).

Figure 2. The effects of amphetamine administration on prepulse inhi-
bition in the Sprague Dawley (top) and Wistar (bottom) strains of rat.
Administration of amphetamine had no effect on prepulse inhibition in
the Sprague Dawley strain (n 5 9/group) but attenuated prepulse inhibi-
tion in the Wistar strain of rats (n 5 10/group). An asterisk indicates
significantly different from pulse-alone response in vehicle-treated ani-
mals ( p , 0.05).
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amplitude and prepulse-pulse startle amplitude (significant levels
of PPI) at each dose of amphetamine ( p , 0.001 in each case).
Because amphetamine did not influence pulse-alone startle am-
plitudes [F (3,32) 5 0.51; p 5 0.679], the data were analyzed as a
percentage decrease from that of pulse-alone. When the trans-
formed data were analyzed, a nonsignificant effect of dose
[F (3,32) 5 1.91; p 5 0.148] confirmed that amphetamine had no
significant influence on PPI.

Wistar: amphetamine
The effects of amphetamine on PPI in Wistar rats are illustrated
in Figure 2, bottom. Amphetamine significantly attenuated PPI as
demonstrated by a significant drug 3 stimulus interaction
[F (3,36) 5 2.90; p , 0.05]. Analyses of simple main effects showed
a significant difference between pulse-alone and prepulse-pulse
startle levels in animals receiving vehicle and 0.5 and 1.0 mg/kg
amphetamine ( p , 0.001 in each case), whereas there was no
significant difference between pulse-alone and prepulse-pulse
startle amplitudes after administration of amphetamine at 2.0
mg/kg. Because amphetamine administration had a significant
effect on the response to the pulse-alone stimulus [F (3,36) 5 3.26;
p , 0.05], the data were not expressed as a percentage decrease
from that of pulse-alone. Startle response to the pulse-alone
stimulus after administration of 2 mg/kg amphetamine was sig-
nificantly different from that of vehicle ( p , 0.05).

Prepulse inhibition: phencyclidine and 8-OH-DPAT
Sprague Dawley: PCP
Figure 3, top, demonstrates the effect of PCP on PPI in Sprague
Dawley rats. PCP significantly influenced PPI as revealed by a
significant drug 3 stimulus interaction [F (3,32) 5 5.24; p , 0.005].
Further analyses of simple main effects demonstrated a significant
difference between pulse-alone and prepulse-pulse startle ampli-
tudes at the saline ( p , 0.001) and 0.1 mg/kg ( p , 0.005) but not
the 3.0 or 5.0 mg/kg doses. Administration of PCP had no
significant effect on the pulse-alone stimulus [F (3,32) 5 0.36; p 5
0.78], allowing data to be analyzed as a percentage decrease from
that of pulse-alone. Analysis of the transformed data indicated a
significant effect of PCP [F (3,32) 5 12.63; p , 0.001]. Tukey
pairwise comparisons indicated that there was significant atten-
uation of PPI at all doses of PCP tested ( p , 0.01).

Wistar: PCP
Figure 3, bottom, represents the effects of PCP on PPI in Wistar
rats. PCP had a significant influence on PPI as revealed by a
significant drug 3 stimulus interaction [F (3,36) 5 3.37; p , 0.05].
Further analysis of simple main effects demonstrated a significant
difference between pulse-alone and prepulse-pulse startle ampli-
tudes in the saline- and 1 mg/kg– treated groups ( p , 0.01 in
each case) but not at the 3.0 or 5.0 mg/kg doses. Administration
of PCP had no effect on pulse-alone trials [F (3,36) 5 0.96; p 5
0.42]; accordingly data could be analyzed as a percentage de-
crease from that of pulse-alone. Analysis of the transformed data
indicated a significant influence of PCP on PPI [F (3,36) 5 8.0; p ,
0.001], with PPI after 1, 3, and 5 mg/kg PCP significantly de-
creased from control ( p , 0.05).

Sprague Dawley: 8-OH-DPAT
Figure 4, top, represents the effects of 8-OH-DPAT on mean
startle amplitude in the Sprague Dawley rat. 8-OH-DPAT admin-
istration produced a significant increase in baseline startle levels
[F (3,32) 5 6.01; p , 0.005]. Specifically, administration of 1.0

mg/kg 8-OH-DPAT produced a significant increase in pulse-
alone startle amplitude compared with that in saline ( p , 0.05).
A significant drug 3 stimulus interaction [F (3,32) 5 4.63; p 5
0.008] indicated attenuation of PPI by 8-OH-DPAT. Further
analyses of simple main effects suggested significant levels of PPI
in vehicle-treated rats ( p 5 0.005) and the rats given 0.1 mg/kg
( p , 0.001) and no significant difference between pulse-alone and
prepulse-pulse startle amplitudes after administration of 0.3 and
1.0 mg/kg 8-OH-DPAT.

Wistar: 8-OH-DPAT
Figure 4, bottom, represents the effect of 8-OH-DPAT on startle
amplitude in Wistar rats. Administration of 8-OH-DPAT had a
significant influence on PPI as revealed by a significant drug 3
stimulus interaction [F (3,36) 5 5.33; p , 0.05]. Analyses of simple
main effects confirmed this, in that there was a significant differ-
ence between pulse-alone and prepulse-pulse startle amplitude in
vehicle-treated animals only ( p , 0.001), indicating attenuation
of PPI at all doses of 8-OH-DPAT tested. Administration of
8-OH-DPAT had no significant effect on pulse-alone startle am-
plitude [F (3,36) 5 1.83; p 5 0.15], which allowed the data to be
calculated as a percentage decrease from that of pulse-alone.
Analysis of the transformed data revealed a significant effect of
drug [F (3,36) 5 15.12; p , 0.0001]. Tukey post hoc comparisons
indicated that PPI after administration of 8-OH-DPAT at the 0.1,
0.3, and 1.0 mg/kg doses all differed significantly from control
( p , 0.01 in all cases).

Figure 3. The effects of PCP administration on prepulse inhibition in the
Sprague Dawley (top) and Wistar (bottom) strains of rat. Administration
of PCP significantly attenuated prepulse inhibition in both rodent strains
(Sprague Dawley, n 5 9/group; Wistar, n 5 10/group).
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Motor activity in the absence of a
startle-eliciting stimulus
In the preceding experiments, one-fourth of the trials presented
to the animals consisted of a no-stimulus presentation trial. In this
trial, the mean cage displacement was recorded during a 100 msec
period during which no startle-eliciting acoustic stimulus was
presented. Drug effects on this measure have been reported
previously (Svensson and Ahlenius, 1983; Mansbach et al., 1988;
Rigdon, 1990) and reflect an increase in the level of motor activity
of the animals within the startle boxes.

APO administration produced a significant increase in stabili-
meter output in the no-stimulus trial in both the Sprague Dawley
and Wistar strains [F (3,82) 5 23.44; p , 0.001]. Specifically,
stabilimeter output was increased after administration of APO at
0.6 or 1 mg/kg ( p , 0.05) in both strains (Fig. 5). There was no
difference between the Sprague Dawley and Wistar strains on this
measure [F (1,82) 5 0.12; p 5 0.71].

APO was the only drug tested that produced a robust and
reliable alteration in stabilimeter output during the no-stimulus
trial. Although significant effects on the no-stimulus trial type
were observed after administration of amphetamine in Sprague
Dawley [F (3,32) 5 3.18; p 5 0.037] and Wistar [F (3,36) 5 2.17; p ,
0.05] rats, no statistical differences were observed using Tukey’s
post hoc test at a criterion of p , 0.05. Similarly, there was an
increase in stabilimeter output after administration of 8-OH-
DPAT in Sprague Dawley [F (3,32) 5 3.10; p 5 0.04] and Wistar

[F (3,36) 5 3.1; p , 0.05] rats, although no statistical differences
were observed using Tukey’s post hoc t test. Administration of
PCP had no effect on stabilimeter output during the no-stimulus
trial in Sprague Dawley [F (3,32) 5 1.32; p 5 0.28] or Wistar
[F (3,36) 5 1.79; p 5 0.166] rats.

Effects of apomorphine on locomotor activity in
Sprague Dawley and Wistar rats
Figure 6 illustrates total cage crosses produced in response to
APO or vehicle administration in Sprague Dawley and Wistar
rats. Analysis using repeated measures ANOVA indicated a sig-
nificant effect of drug [F (2,42) 5 4.40; p , 0.05] but no significant
effect of strain [F (1,42) 5 1.36; p 5 0.24] and no drug 3 strain
interaction [F (2,42) 5 0.35; p 5 0.70].

Time course of apomorphine effects on prepulse
inhibition in Sprague Dawley rats
In agreement with previous reports (Davis and Aghajanian,
1976), we found that APO increased the basic startle response in
Sprague Dawley rats (see Fig. 1). This effect has been shown to be
biphasically time dependent. Thus, APO increases startle ampli-
tude during the first 40 min after drug injection but decreases
startle amplitude from 50 to 80 min after drug injection (Davis
and Aghajanian, 1976). In contrast, the effects of APO on PPI are
not time dependent and can be observed up to 90 min after drug
injection (Young et al., 1991). Thus, we examined the time course
of the effect of APO on PPI in the Sprague Dawley rat to
determine whether an effect of APO on PPI could be observed
after the effect of APO on the basic startle amplitude had
disappeared.

As shown in Figure 7, APO had a time-dependent influence on
startle reactivity. Repeated measures ANOVA using drug as a
between-subject variable and stimulus type and time as within-
subject variables indicated a significant time 3 drug interaction
[F (3,48) 5 6.58; p 5 0.0008]. However APO influenced startle
scores to the pulse-alone and prepulse-pulse stimuli to the same
degree, as revealed by the lack of a drug by stimulus interaction
[F (1,16) 5 1.68; p 5 0.213] and no drug 3 time 3 stimulus
interaction [F (3,48) 5 1.32; p 5 0.277]. Matched t test comparisons
indicated robust levels of PPI at all time points in APO-treated
and vehicle-treated animals ( p values , 0.01), confirming a lack
of effect of APO on PPI. Analyses of simple effects were per-
formed to examine the effects of APO on startle. These analyses

Figure 4. Effects of 8-OH-DPAT administration on prepulse inhibition
in the Sprague Dawley (top) and Wistar (bottom) strains of rat. Admin-
istration of 8-OH-DPAT significantly attenuated prepulse inhibition in
both strains of rodent (Sprague Dawley, n 5 9/group; Wistar, n 5
10/group). An asterisk indicates significantly different from pulse-alone
response in vehicle-treated rats ( p , 0.05).

Figure 5. The effects of apomorphine administration on cage displace-
ment in the startle boxes in the absence of a startle-eliciting stimulus
(no-stimulus trial) in the Sprague Dawley ( filled circles; n 5 12/group)
and Wistar (open circles; n 5 10/group) rat strains. The effects of apo-
morphine on this measure were identical in the two rodent strains. An
asterisk indicates significantly different from vehicle ( p , 0.05).
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indicated that APO had a significant influence on basic startle
scores during the first [20–40 min; F (1,16) 5 4.55; p 5 0.049] and
last [80–100 min; F (1,16) 5 5.93; p 5 0.027] time points compared
with that in saline controls. In addition, analyses of simple main
effects using all four stimuli types indicated that there was no
effect of time in saline-treated animals [F (3,48) 5 1.35; p 5 0.27]
but there was a significant effect of time in APO-treated animals
[F (3,48) 5 17.93; p , 0.0001]. The time effect in APO-treated
animals likely reflects the overall difference between the first two
(20–40 and 40–60 min) and the last two (60–80 and 80–100 min)
blocks of time in APO-treated rats. Specifically, the pulse-alone
startle amplitude at the third (60–80 min) and fourth (80–100
min) time blocks in APO-treated rats was significantly different
from that at the first time block (20–40 min; p , 0.05, Tukey’s
post hoc t test), and the responses recorded during the prepulse-
pulse, prepulse-alone, and no-stimulus trial types during the third
and fourth time blocks were each significantly different from the
response to each of these stimuli during the first and second time
blocks ( p values , 0.05, Tukey’s post hoc t test).

6-OHDA nucleus accumbens lesions in Sprague
Dawley rats: prepulse inhibition and locomotor activity
The effects of DA receptor agonists on PPI are thought to be
mediated, in part, by activation of DA receptors in the nucleus
accumbens (Swerdlow et al., 1986, 1990a,b; Wan and Swerdlow,
1996). However, DA infusions into the nucleus accumbens do not
influence baseline startle amplitude (Swerdlow et al., 1990b);
thus, the effect of APO on basic startle amplitude per se is
unlikely to be mediated via the nucleus accumbens. One possible
explanation for the difference between Sprague Dawley and
Wistar rats in the PPI tests described above may be a differential
sensitivity of nucleus accumbens DA receptors in the two strains,
possibly attributable to differences in receptor density and/or
level of receptor reserve. To test this hypothesis, an experiment
was undertaken to examine whether an attenuation of PPI could
be observed in Sprague Dawley rats with supersensitive nucleus
accumbens DA receptors achieved by 6-OHDA lesion of this
brain area. To verify the induction of DA receptor supersensitiv-
ity by 6-OHDA, the locomotor response to APO was also exam-
ined in these animals.

Neurochemical verification of lesions
The tissue concentration of DA in the nucleus accumbens and
caudate nucleus in 6-OHDA– and sham-lesioned rats is pre-
sented in Table 1. Two rats in the 6-OHDA lesion group that
appeared to have unsuccessful lesions (nucleus accumbens DA
level decreases of 33 and 54% from control) were excluded from
all further analysis. DA levels in the nucleus accumbens of
6-OHDA–lesioned rats were significantly decreased from control
( p , 0.0001, unpaired t test), whereas DA levels in the caudate
nucleus were not significantly different in sham and lesioned rats
( p 5 0.202).

Acoustic startle response
The effect of nucleus accumbens 6-OHDA lesions on PPI in
response to APO (0.6 mg/kg) is depicted in Figure 8. Because the
design of this experiment involved repeated testing in two sepa-
rate startle sessions, the first statistical analysis used lesion and
session number as between-subject variables and drug and stim-
ulus as within-subject variables. Only pulse-alone and prepulse-
pulse scores were included in this analysis. There was no signif-
icant difference between week 1 and week 2 [F (1,30) 5 1.06; p 5
0.318] and no significant interaction between session number and
drug or stimulus or lesion. As such, data from both weeks were
combined for further analysis. Analysis of these data revealed no
significant interaction between stimulus and drug [F (1,32) 5 1.31;
p 5 0.26], indicating that APO administration did not influence
PPI. Moreover, there was no three-way interaction between stim-
ulus, lesion, and drug [F (1,32) 5 1.25; p 5 0.27], indicating that the
lesions did not influence the effects of APO on the startle re-
sponse. There was a significant effect of stimulus [F (1,32) 5 145.6;
p , 0.00001], and robust levels of PPI were observed in each
treatment group (i.e., differences between pulse-alone and
prepulse-pulse startle amplitudes were p , 0.00005 in each case).
However, a significant effect of drug [F (1,31) 5 25.16; p , 0.0001]
indicated that APO significantly influenced startle scores. Be-
cause there was no significant effect of lesion on startle amplitude
[F (1,32) 5 0.6; p 5 0.44], data were collapsed across lesion type to
investigate further the effects of APO. Subsequent analysis again
revealed a significant effect of drug [F (1,33) 5 23.89; p , 0.001] but
no drug 3 stimulus interaction [F (1,33) 5 1.16; p 5 0.29], indicat-
ing that APO administration produced an increase in startle

Figure 6. The effects of apomorphine administration (top, vehicle; mid-
dle, 0.3 mg/kg; bottom, 0.6 mg/kg) on locomotor activity in the Sprague
Dawley ( filled circles) and Wistar (open circles) strains of rat. The loco-
motor response to apomorphine administration was identical in the two
rat strains. Cage crossings were defined as two consecutive beam breaks
in photocell beams along the bottom of the cage floor. Error bars repre-
sent SEM (n 5 8/group).
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amplitude in response to both pulse-alone and prepulse-pulse
startle stimuli. Subsequent analyses on each of the four stimuli
types using lesion and stimulus type as block variables (BMDP
7D) confirmed the finding that APO administration had a signif-
icant effect on startle scores [F (1,64) 5 18.98; p , 0.0001), pro-
ducing an overall increase in each of the four stimuli types
(no-stimulus, prepulse-alone, prepulse-pulse, and pulse-alone; p
values , 0.001, ANOVA of simple effects in each case).

The effects of APO on startle amplitude in the absence of a
startle-eliciting stimulus (no-stimulus trial type) were also exam-
ined in a separate ANOVA that used lesion as a between-subject
variable and drug as a within-subject variable. APO increased
startle amplitudes in the no-stimulus condition from 2.3 6 1.4 to
4.7 6 1.4 and 2.3 6 1.3 to 6.1 6 2.5 in sham and lesioned rats,
respectively. Thus, APO significantly increased the stabilimeter
output in the no-stimulus trials [F (1,32) 5 45.05; p , 0.0001], but
there was no significant effect of lesion [F (1,32) 5 3.49; p 5 0.07]
and no drug 3 lesion interaction [F (1,32) 5 2.35; p 5 0.13].

Locomotor activity
The effects of nucleus accumbens 6-OHDA lesions on locomotor
activity are depicted in Figure 9. Because a Box–Cox diagnostic
test on the raw data scores revealed unequal variances among
groups (slope of regression line 5 0.69), the data were subjected
to square root transformation. Analysis of the transformed data
revealed a significant time 3 drug interaction [F (1,30) 5 7.83; p 5

0.0089], a significant time 3 lesion interaction [F (1,30) 5 19.94;
p 5 0.0001], and a significant three-way interaction between time,
drug, and lesion [F (1,30) 5 5.03; p 5 0.0324]. Locomotor activity
in 6-OHDA–lesioned rats after administration of 0.3 mg/kg APO
was significantly increased over that in sham rats treated with the
same dose during the first 10 min time period and from 30 to 90
min after APO administration ( p , 0.05, t test). In 6-OHDA–
lesioned rats treated with 1 mg/kg APO, locomotor activity was
increased from 70 to 110 min after drug administration (com-
pared with the same dose in sham rats). Analysis of data col-
lapsed across time confirmed that the APO-induced increases in
locomotor activity were significantly greater in rats with

Figure 7. Time course of the effects of apomorphine on prepulse inhibition in the Sprague Dawley rat. Apomorphine administration (0.6 mg/kg, s.c.)
had a biphasic influence on the startle response, increasing startle amplitudes during the first 20 min sampling period (20–40 min) and decreasing startle
amplitudes during the last 20 min sampling period (80–100 min). Apomorphine administration did not influence prepulse inhibition, because it had a
parallel influence on pulse-alone and prepulse-pulse startle amplitudes. An asterisk indicates significantly different from saline treatment ( p , 0.05; n 5
9/group).

Table 1. Tissue dopamine concentrations in rats with 6-OHDA lesions
of the nucleus accumbens and in sham-lesioned animals

Nucleus accumbens Caudate nucleus

Sham 4.99 6 0.21 8.35 6 0.87
Lesion 0.48 6 0.11*** 6.88 6 0.68

Dopamine concentration is expressed in picograms per milligram wet weight of
tissue 6 SEM. Dopamine levels in lesioned rats were significantly decreased in the
nucleus accumbens but not in the caudate nucleus. Asterisks indicate significantly
different from the sham control (p , 0.0001, unpaired t test).

Figure 8. Effects of apomorphine (0.6 mg/kg, s.c.; filled symbols) or
vehicle (Veh; (open symbols) administration on prepulse inhibition in
animals with sham (circles) or 6-OHDA (squares) lesions of the nucleus
accumbens. Apomorphine administration increased startle reactivity to a
similar degree in sham and lesioned animals but had no effect on prepulse
inhibition, because the effects on pulse-alone and prepulse-pulse startle
amplitudes were similar in all groups. See text for statistical comparisons
(n 5 9/group).
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6-OHDA lesions of the nucleus accumbens (mean cage crosses 5
11.2 6 3.7 and 9.3 6 2.0 in animals treated with 0.3 and 1.0
mg/kg, respectively) than in rats with sham lesions [mean cage
crosses 5 1.9 6 0.5 and 2.8 6 0.9, respectively; F (1,30) 5 37.08;
p , 0.0001]. A Newman–Keuls multiple range test revealed that
locomotor scores in lesioned rats were significantly different from
locomotor scores in sham rats at each dose of APO ( p , 0.01).

DISCUSSION
The first series of experiments reported here examined the effects
of drugs that act primarily via the DA system on PPI in the
Sprague Dawley and Wistar strains of rat. Both the direct DA
agonist APO and the indirect DA agonist AMPH were found to
disrupt PPI in Wistar rats but did not influence PPI in Sprague
Dawley rats. AMPH disrupted PPI in Wistar rats only at the
highest dose tested (2 mg/kg). Thus, the possibility remains that
higher doses of AMPH may have disrupted PPI in both strains of
rats. At a minimum, however, the Wistar strain of rat is more
sensitive to the disruptive effects of AMPH in the present con-
ditions. It appears that the present findings reflect a difference in
the ability of DA agonists to influence PPI in these two strains
and are not an artifact of the experimental conditions used. Thus,
the observation that both PCP and 8-OH-DPAT administration
produced a marked attenuation of PPI in the Sprague Dawley rat
indicates that our experimental conditions were conducive to
pharmacological manipulation of PPI in the Sprague Dawley
strain. Indeed, there was a marked similarity between the two
strains in both the effective dose range and the magnitude of the
effects of 8-OH-DPAT and PCP. With specific regard to APO, it
is also unlikely that alterations in drug metabolism, distribution,
or bioavailability could account for the observed strain differ-
ences. Although strain differences were observed in the ability of
APO to influence PPI, no strain difference was observed in the
ability of APO to increase motor activity in the absence of a
startle-eliciting stimulus. Because these two measures were ob-
tained simultaneously, this finding suggests that the differential
actions of APO on PPI in Wistar and Sprague Dawley rats cannot
be explained solely by pharmacokinetic differences between the
two rat strains. This argument is further strengthened by the

observation that hyperlocomotion induced by APO was similar in
Sprague Dawley and Wistar rats. The similarity in the response of
Sprague Dawley and Wistar rats in this model suggests a broad
similarity in the brain penetration, distribution, and metabolism
of APO in the two strains.

The present results also demonstrate a differential sensitivity to
the excitatory effects of APO on baseline startle amplitudes
between Sprague Dawley and Wistar rat strains. Thus, APO
increased the pulse-alone scores of Sprague Dawley rats but did
not produce a significant increase in this measure in the Wistar
rat. This finding led to the hypothesis that the excitatory effect of
APO on the basic startle response could theoretically mask an
effect of the drug on PPI in Sprague Dawley rats. The latter
hypothesis was tested by examining the time course of effects of
APO on PPI. In agreement with a previous report (Davis and
Aghajanian, 1976), we found that APO had a biphasic effect on
the startle response. Thus, APO increased startle amplitudes
during the first 40 min but decreased startle amplitudes from 80 to
100 min after drug administration. APO also had a time-
dependent effect on motor activity during periods when no
startle-eliciting stimulus was presented. However, APO did not
influence PPI as reflected in the observation that the effects of
APO on pulse-alone scores were mirrored by similar changes on
the prepulse-pulse startle amplitude at all time points. This sug-
gests that a failure to observe PPI in Sprague Dawley animals was
not caused by any “response competition” between the effects of
APO on startle and the effect of APO on PPI. In agreement with
this conclusion, previous examinations of the effect of compounds
in the PPI model indicate that PPI can be manipulated indepen-
dently of baseline startle levels. Thus, in Sprague Dawley and
Wistar rats, administration of 8-OH-DPAT produces an attenu-
ation of PPI despite the fact that it produces significant increases
in the basic startle response (Rigdon and Weatherspoon, 1992;
present results). In contrast, PCP attenuates PPI in both strains
with no influence on the basic startle response (Mansbach and
Geyer, 1989; Keith et al., 1991; present results).

The present findings reinforce previous indications of differ-
ences in the mechanism of action of dopamine receptor agonists
and PCP in the PPI model. Thus, although administration of PCP
causes an increase in DA turnover in the nucleus accumbens
(Deutch et al., 1987), this effect does not seem to be the mecha-
nism for the effect of PCP on PPI, because the effect of PCP
cannot be attenuated by administration of haloperidol (Keith et
al., 1991). The fact that PCP attenuated PPI in both Wistar and
Sprague Dawley rats, although there were strain differences in the
effects of dopamine receptor agonists, is consistent with the
hypothesis that PCP does not disrupt PPI via its actions on brain
DA systems. The results similarly indicate differences in the
mechanism of action between 8-OH-DPAT and dopamine recep-
tor agonists. However, the effects of 8-OH-DPAT on PPI have
been shown to be attenuated partially by haloperidol administra-
tion (Rigdon and Weatherspoon, 1992), suggesting that further
studies are needed to address the role of the DA system in the
effects of 5-HT1A receptor agonists.

Current evidence suggests that DA receptors in the nucleus
accumbens are an integral component of the normal PPI response
(Swerdlow et al., 1986, 1990a,b, 1992; Wan and Swerdlow, 1996).
In an effort to examine nucleus accumbens DA receptor sensitiv-
ity in Sprague Dawley rats further, 6-OHDA lesions of the
nucleus accumbens were used to supersensitize this receptor
population. Our protocol was based on that used by Swerdlow et
al. (1986), in which 6-OHDA lesions of the nucleus accumbens

Figure 9. Effects of apomorphine administration [0.3 mg/kg (open sym-
bols) and 1.0 mg/kg ( filled symbols), s.c.] on locomotor activity in animals
with sham (circles) or 6-OHDA (squares) lesions of the nucleus accum-
bens. The effects of apomorphine administration were significantly en-
hanced in animals with 6-OHDA lesions of the nucleus accumbens.
Asterisks indicate p , 0.05 compared with same-dose sham controls
(matched t test; n 5 9/group).
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enhanced the effects of APO on PPI in Wistar rats. Neurochem-
ical measurements of DA levels in the nucleus accumbens and
caudate nucleus of the rats used in our studies were consistent
with an effective DA depletion in the nucleus accumbens.
6-OHDA lesions reduced nucleus accumbens DA by 90.4% [com-
pare with 93% depletion by Swerdlow et al. (1986)]. These lesions
also appeared primarily to spare the caudate nucleus (17% DA
depletion), whereas Swerdlow et al. (1986) reported a 57% de-
pletion of the anterior caudate DA and a 16% depletion in the
posterior caudate. In agreement with the findings of Kelly et al.
(1975), the locomotor response to APO administration was sig-
nificantly enhanced in Sprague Dawley rats with 6-OHDA lesions
of the nucleus accumbens, providing behavioral confirmation of
the ability of these lesions to induce supersensitivity in nucleus
accumbens DA receptors. However, the effect of APO adminis-
tration on the startle response was similar in lesioned and sham-
lesioned animals. Thus, APO did not influence PPI in Sprague
Dawley rats with supersensitive DA receptors in the nucleus
accumbens.

These results stress the importance of using caution when
selecting a strain of rat for use in studies with the PPI paradigm.
Previous work using the Sprague Dawley strain has indicated that
the doses of APO needed to attenuate PPI can vary between
laboratories (Mansbach et al., 1988; Davis et al., 1990). Popula-
tions of rats in both Sprague Dawley and Wistar strains can be
identified with differences in markers of DA turnover and sensi-
tivity to APO (Cools et al., 1990; Pradhan et al., 1990; Hooks et
al., 1992). These findings suggest that strain or “substrain” differ-
ences may, in part, explain differences between laboratories in
this model. In our studies, the effects of APO in Wistar rats is very
reproducible, with an ED50 of ;0.1 mg/kg subcutaneously, sim-
ilar to the effects observed when APO is tested in other labora-
tories using Wistar rats (Rigdon, 1990). In contrast, Swerdlow et
al. (1998) reported less PPI attenuation relative to that in Sprague
Dawley rats at 0.5 or 2.0 mg/kg subcutaneous APO; however the
APO-induced PPI attenuation in Wistar rats was significant.
Thus, existing studies collectively suggest that the Wistar strain is
more consistent for disruption of PPI by APO across laboratories
than is the Sprague Dawley strain.

The factors underlying the observed strain differences in this
model remain to be determined. The observation of genetic
differences in the D2 receptor locus of Sprague Dawley and
Wistar rats (Luedtke et al., 1992) may be implicated in our
observations. Alternatively, there could be anatomical or bio-
chemical differences in the intrinsic level of dopaminergic mod-
ulation of the neuronal networks involved in startle. Because the
DA receptor subtype influencing PPI in these rats has not yet
been clearly identified (D2, D3, or D4), there may also be a role
for a mixed population of DA receptors and/or glutamatergic
systems in the effects reported in this paper. In support of this,
Wan and Swerdlow (1996) have demonstrated that interactions of
dopaminergic and glutamatergic systems within the nucleus ac-
cumbens likely modulate PPI. The two behavioral models used in
this study (PPI and locomotor activity) have both been associated
with increased DA function in the nucleus accumbens. In the
present experiments, the effects of APO in these models could be
dissociated; APO administration induced hyperlocomotion in the
Sprague Dawley rat but did not attenuate PPI in this strain. The
possibility that these two behavioral models may reflect activation
of different populations of DA receptor could therefore be
considered.

In summary, the present study found that administration of
PCP or 8-OH-DPAT attenuated PPI in both Wistar and Sprague
Dawley rats whereas APO and AMPH only attenuated PPI in
Wistar rats. The ability of APO to increase motor activity in the
absence of a startle-eliciting stimulus and APO-induced hyperlo-
comotion were similar in both strains. Furthermore, no APO-
induced attenuation of PPI was observed in Sprague Dawley rats
after 6-OHDA–induced DA receptor supersensitivity in the nu-
cleus accumbens. Collectively, these data suggest a dissociation
between the effects of DA receptor agonists, especially the direct
DA agonist APO, in PPI and other behavioral models of DA
receptor activation.
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