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Abstract
Background—Unmedicated schizophrenia patients exhibit deficits in prepulse inhibition of the
acoustic startle response (PPI). Similar deficits can be induced in rodents via a variety of
manipulations and these deficits can be reversed by antipsychotics. Brown Norway (BN) rats
exhibit natural PPI deficits under certain parametric conditions. We treated BN rats with
haloperidol or clozapine to determine if the BN rat is a useful animal model with predictive
validity for the effects of antipsychotics. In addition, we also tested PD149163, a neurotensin-1
receptor agonist, which has been shown to exhibit antipsychotic-like effects in several other
animal models.

Methods—BN rats received subcutaneous injections of either saline or one of two doses of
haloperidol (0.5 mg/kg, 1.0 mg/kg), clozapine (7.5 mg/kg, 10 mg/kg) or PD149163 (1.0 mg/kg,
2.0 mg/kg). PPI was measured in startle chambers 30 min after injection.

Results—Systemic clozapine and PD149163 but not haloperidol facilitated PPI in BN rats (P <
0.001).

Discussion—This drug response profile suggests that the BN rat may be useful for detecting
atypical antipsychotics and antipsychotics with novel mechanisms of action. The results also add
to the evidence suggesting that PD149163 may have antipsychotic properties.
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INTRODUCTION
Animal models are essential for developing new treatments for psychiatric diseases such as
schizophrenia. An important characteristic required for an animal model to have utility in
drug discovery is predictive validity, which for drug discovery purposes is narrowly defined
as the ability to respond to established treatments for the modeled disorder with sensitivity
(i.e. positive response to all drugs with established efficacy) and specificity (i.e. no response
to drugs that do not have therapeutic efficacy for the disorder).
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Since the core features of schizophrenia (e.g. delusions, hallucinations) do not lend
themselves to direct modeling in non-human animals, animal modeling efforts have focused
on biomarkers that appear to be associated with the disease. Prepulse inhibition (PPI) of the
startle reflex is one such marker that has received a lot of attention and has become the basis
of development of several animal models that exhibit predictive validity for the effects of
antipsychotics (Geyer, Krebs-Thomson, Braff, & Swerdlow, 2001). PPI refers to the
reduction in the startle response when the startle stimulus is preceded by a weak stimulus
(Swerdlow & Geyer, 1998). PPI is deficient in schizophrenia patients as well as other
neuropsychiatric conditions (Braff, Geyer, & Swerdlow, 2001) and converging evidence
suggests that antipsychotics, particularly atypical antipsychotics, restore PPI in
schizophrenia patients to normal levels (Kumari & Sharma, 2002; Leumann, Feldon,
Vollenweider, & Ludewig, 2002; Oranje, Van Oel, Gispen-De Wied, Verbaten, & Kahn,
2002). In rodents psychotomimetic drugs including dopamine agonists (e.g. apomorphine
and amphetamine), NMDA antagonists (e.g. dizocilpine and PCP) and serotonin agonists
(e.g. DOI) can induce deficits analogous to those of schizophrenia. Typical antipsychotics
reverse dopamine agonist-induced PPI deficits, while atypical antipsychotics reverse deficits
produced by dopamine and serotonin agonists, and NMDA antagonists (Geyer et al., 2001).

However animal models that require pharmacological induction of PPI deficits have
limitations (Feifel, Melendez, & Shilling, 2004) and thus there is an interest in models that
can display predictive validity without a need for pharmacological disruption. Studies
investigating the effects of antipsychotics on the normal and low baseline PPI levels in
Sprague Dawley and Wistar rats have not found robust predictive validity for antipsychotic
efficacy (Depoortere, Perrault, & Sanger, 1997a, 1997b). For example, clozapine
consistently elevated PPI but the effects of other antipsychotics on PPI were not consistent.
In contrast, we and others have found that Brattleboro rats, a rat strain that has low levels of
PPI, exhibits strong predictive validity for the effects of atypical antipsychotics (Cilia et al.,
2010; Feifel, Melendez, Priebe, & Shilling, 2007; Feifel et al., 2004; Feifel & Priebe, 2001;
Feifel, Shilling, & Melendez, 2010). There is interest in other rodent strains that have
naturally low PPI levels, analogous to schizophrenia patients that may also exhibit predictive
validity for the effects of antipsychotics.

The Brown Norway (BN) rat has been shown to have naturally low PPI compared to a
number of other strains when the prepulse-pulse interval is between 30 and 120 milliseconds
(Conti, Costill, Flynn, & Tayler, 2005; Conti, Palmer, Vanella, & Printz, 2001; Conti &
Printz, 2003; Palmer et al., 2000; Swerdlow, Breier, Mora, Ko, & Shoemaker, 2008;
Swerdlow, Talledo, Sutherland, Nagy, & Shoemaker, 2006). Conti et al. (Conti et al., 2005)
found that neither haloperidol, nor clozapine, characteristic members of the typical and
atypical generation of antipsychotic families, respectively, attenuated PPI deficits in BN
rats. However, Swerdlow et al. (2006) found that quetiapine, an atypical antipsychotic,
significantly increased low PPI in BN rats.

In order to clarify the effects of antipsychotics on PPI in BN rats, we studied the effects of
clozapine and haloperidol, as well as the effects of the putative antipsychotic PD149163, a
neurotensin-1 receptor agonist that has been shown to facilitate PPI in several other animal
models of deficient PPI (Feifel et al., 2007; Feifel et al., 2004; Feifel, Pang et al., 2010;
Feifel, Reza, Wustrow, & Davis, 1999; Shilling, Melendez, Priebe, Richelson, & Feifel,
2004).

MATERIALS AND METHODS
Sixty Brown Norway rats, (250–350 grams at testing) Harlan (Harlan Laboratories, San
Diego) were used in these studies. Rats were housed in groups of two or three in clear
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plastic chambers in a climate controlled room under a 12h/12h light/dark schedule (lights
on/off - 7:00 A.M/ 7:00 P.M). They were allowed free access to food and water for the
extent of the study. Behavioral testing was performed when rats were 8–10 weeks old,
during the light phase of the rats’ circadian illumination schedule as startle magnitude, PPI
and drug effects on PPI are stable across the circadian cycle (Weiss, Feldon, & Domeney,
1999). All experimental procedures were conducted in accordance with the University of
California, San Diego guidelines for animal care and experimentation, and approved by the
UCSD IACUC. A minimum of seven days after arrival drug studies began. Several studies
were performed to test a range of PD149163, haloperidol and clozapine doses. Animals were
injected with either saline or one of two doses of haloperidol (0.5, 1.0 mg/kg), clozapine (7.5
or 10 mg/kg) or PD149163 (1.0 or 2.0 mg/kg). Animals were tested in startle chambers 30
minutes later.

Startle Testing
Startle testing was performed in four identical startle chambers obtained from San Diego
Instruments (San Diego, CA). Each chamber consisted of a clear non-restrictive Plexiglass
cylinder resting on a Plexiglass platform inside a ventilated and illuminated enclosure
housed in a sound-attenuated room. Continuous background white noise of 65 dB, as well as
the various acoustic stimuli was produced within each chamber by a high-frequency
loudspeaker (Radio Shack Supertweeter, San Diego, CA). The whole-body startle response
of each animal produced vibrations of the Plexiglass cylinder, which were transduced into
analog signals by a piezoelectric unit, mounted underneath the Plexiglass platform
(Mansbach, Geyer, & Braff, 1988). These analog signals were then digitized and stored by
an interface unit connected to a microcomputer. Startle amplitude was defined as the degree
of motion detected by the piezoelectric unit.

Once in startle chambers each rat had a 5-minute acclimation period. A 65-dB white noise
background was continuously present throughout the session. The acclimation was followed
by a 15 minute PPI test session during which rats were presented with 40 msec broadband
120 dB burst (startle) without a prepulse, or a similar broadband burst preceded 100 msec by
a 20 ms broadband burst of either 4, 8 or 12 dB above background. These four types of
active stimuli were presented in addition to a neutral (no sound) stimuli condition in
pseudorandom order with an average of 15 seconds between stimuli types.

A startle response was recorded for all stimuli presentations. PPI for each animal was
calculated as a percentage of the pulse-alone startle magnitude using the following formula:
[1− (startle magnitude after prepulse-pulse pair/startle magnitude after pulse only] × 100.

Statistical Analyses
To compare treatment groups, % PPI data for each drug were subjected to a separate two-
way ANOVA with Prepulse Intensity as a within-subject factor and Drug Treatment as a
between-subject factor. A significant ANOVA was followed by pair-wise comparisons using
a Dunnett’s two-tailed post hoc test to compare the low and high dose groups to saline
treated animals. The acoustic startle response (ASR) to the startle stimuli presented without
a prepulse for each drug was subjected to ANOVA. Dunnett’s posthoc tests were used to
compare the low and high dose groups to saline treated animals. Four BN rats treated with
the high dose of clozapine exhibited an acoustic startle response less than 10 and were
eliminated from the study. We have found that startle values below 10 result in PPI values
that are unreliable, and not consistent with the rest of the data set, likely due to a floor effect.
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RESULTS
PPI data are exhibited in Figure 1 (Main). PD149163: There was a main effect of Drug [F(2,
45) = 14.763, P < 0.001], a main effect of Prepulse Intensity [F(2,90) = 102.188, P < 0.001]
and a significant Prepulse Intensity × Drug interaction [F(4,90) = 7.195, P = 0.001] as % PPI
increased with increasing prepulses and drug-induced facilitation of PPI tended to be
stronger at the higher prepulse intensities (e.g. 8 dB and 12 dB). To identify the specific
prepulse intensities that exhibited significantly different PPI at each of the three prepulses,
we performed ANOVAs for the prepulse (pp) 4 [F(2,47) = 1.106, NS], pp8 [F(2,47)
=13.294, P < 0.001] and pp12 [F(2,47) = 27.72, P < 0.001]. Dunnett’s post hoc tests
indicated that at pp8 and pp12 both doses of PD 149163 produced significantly higher %
PPI compared to saline treated rats P ≤ 0.001.

Clozapine
There was a main effect of Drug [F(2, 31) = 10.271, P < 0.001], a main effect of Prepulse
Intensity [F(2,62) = 15.504, P < 0.001] and a significant Prepulse Intensity × Drug
interaction [F(4,62) = 2.536, P < 0.05] as % PPI increased with increasing prepulses and
drug-induced facilitation of PPI tended to be stronger at drug-induced facilitation of PPI
tended to be stronger at the higher prepulse intensities (e.g. 8 dB and 12 dB). To identify the
specific prepulse intensities that exhibited significantly different PPI at each of the three
prepulses, we performed ANOVAs for the prepulse (pp) 4 [F(2,33) = 9.283, P = 0.001], pp8
[F(2,33) = 5.902, P < 0.01] and pp12 [F(2,33) = 9.959, P < 0.001]. Dunnett’s post hoc tests
indicated that at pp4 the high dose (P < 0.001), pp8 the low dose (P < 0.01) and at pp12 both
doses (P < 0.01) of clozapine, resulted in significantly higher PPI compared to saline treated
rats.

Haloperidol
The was a main effect of Prepulse Intensity [F(2,88) = 59.473, P < 0.001] as % PPI
increased with increasing prepulses. There were no other significant effects.

Startle data are displayed in Figure 1 (Inset). There was a main effect of drug for PD149163
[F(2,47) = 67.038, P < 0.001], clozapine [F(2,33) = 65.192, P < 0.001], and haloperidol
[F(2,46) = 53.838, P < 0.001] as all six drug groups exhibited significantly lower ASR
compared to saline treated rats, P < 0.001.

DISCUSSION
Consistent with previous reports (Conti et al., 2005; Palmer et al., 2000; Swerdlow et al.,
2006), saline-treated BN rats exhibited low PPI when the interstimulus interval (ISI) is set to
100 msecs (average 29.7%). In this study, we found that clozapine and PD149163
administration facilitated PPI in BN rats. In contrast, haloperidol administration had no
effect on PPI in these rats. The lack of an effect of haloperidol on BN PPI in this study is
consistent with the findings of Conti et al (Conti et al., 2005); whereas the ability of
clozapine to increase BN PPI in this study contradicts Conti et al’s finding that clozapine
had no effects. However, careful examination of their data indicates a strong trend towards
clozapine attenuation of PPI deficits at 12 and 15 dB (saline vs. clozapine treated: ~22 % vs.
~30 % and ~20% vs. ~35%, respectively). Furthermore, their paper revealed that ASR was
strongly suppressed by clozapine and the variability reported in ASR suggests that some rats
likely exhibited extremely low ASR (<10). When ASR is extremely low, measurements of
PPI may become unreliable and it is our practice not to include data from rats with
extremely low ASR, as we did in this study. In the current study, PPI was not significantly
increased by clozapine, when data from the four rats with extremely low PPI were included
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in the analysis. It is possible that the lack of PPI facilitation seen in the study reported by
Conti et al. was due to strong suppression of ASR in clozapine-treated rats. Our findings are
consistent with those of Swerdlow et al. (Swerdlow et al., 2006) who found that quetiapine,
another atypical antipsychotic facilitated low PPI in BN rats. Conti et al’s findings suggest
that BN rats are not sensitive to the effects of established antipsychotics, whereas our
findings, together with Swerdlow et al.’s suggest that BN PPI deficits are selectively
sensitive to atypical antipsychotics. Additional typical and atypical antipsychotics will need
to be tested to confirm this notion.

PD149163 reversed BN PPI deficits at both doses administered. We have previously shown
that administration of neurotensin and PD149163 produced antipsychotic-like effects on PPI
(Feifel et al., 2007; Feifel et al., 2004; Feifel, Minor, Dulawa, & Swerdlow, 1997; Feifel et
al., 1999). Specifically, we previously reported that PD149163 facilitated PPI in Brattleboro
rats and C57 mice (Feifel et al., 2007; Feifel et al., 2004; Feifel, Pang et al., 2010), both of
which have naturally low PPI like BN rats. We have also shown that PD149163 and
clozapine restored deficient social memory in Brattleboro rats (Feifel et al., 2009). In
addition, Azmi et al. also found that PD149163 produces pro-cognitive effects (Azmi,
Norman, Spicer, & Bennett, 2006).

The mechanism implicated in the antipsychotic-like effects produced by neurotensin and
neurotensin analogs such as PD149163 is unknown. However, neurotensin-1 appears to
mediate this effect, since PD149163 had no effect on the PPI of C57 mice lacking these
receptors (Feifel, Pang et al., 2010). Furthermore, the effects of PD149163 are more
consistent with the effects of atypical antipsychotics, like clozapine, than typical
antipsychotics like haloperidol (Feifel, Melendez, & Shilling, 2003; Feifel et al., 2004;
Feifel et al., 1999). In this respect, PD149163’s efficacy on BN PPI is consistent with both
our findings and Swerdlow et al’s finding of the efficacy of clozapine and quetiapine on BN
PPI deficits, respectively.

In summary, our findings, together with that of Swerdlow et al., suggest that the BN rat is a
useful genetic animal model of low PPI with predictive validity for atypical antipsychotics.
Our findings also add to the growing body of evidence that PD149163 may have
antipsychotic effects.
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Figure 1.
The effect of haloperidol, clozapine, and PD149163 administration on PPI (Main) and startle
magnitude (Inset). Doses are mg/kg. Significantly different from saline treated represented
by **P < 0.01. Data displayed as the mean±SEM.
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