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Animal model
ts that the neuropeptide, neurotensin (NT) may regulate fear/anxiety circuits. We
investigated the effects of PD149163, a NT1 receptor agonist, on fear-potentiated startle (FPS). Sprague Dawley
ratswere trained to associate awhite lightwith amild foot shock. In one experiment, animalswere treatedwith
either subcutaneous vehicle or PD149163 (0.01, 0.1 or 1.0mg/kg) 24 h after training. Twentyminutes later their
acoustic startle response in the presence or absence of the white light was tested. In a second experiment,
saline and 1.0 mg/kg PD149163 were tested using a separate group of rats. In the first experiment, PD149163
produced a non-significant decrease in baseline acoustic startle at all three doses. As expected, saline-treated
rats exhibited significant FPS. An ANOVA of percentage FPS revealed no significant effect of treatment group
overall but the high dose group did not display FPS strongly suggesting an FPS effect at this dose. This finding
was confirmed in the second experiment where the high dose of PD149163 reduced percent FPS relative to
saline (Pb0.05). These data suggest that systemically administered NT1 agonists modulate the neural circuitry
that regulates fear and anxiety to produce dose-dependent anxiolytic-like effects on FPS.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Neurotensin (NT) is a tridecapeptide with a wide distribution
throughout the mammalian central nervous system (Emson et al.,
1982). When administered directly into the brain, NT has been
reported to have several antipsychotic-like behavioral and neuro-
chemical effects including inhibition of mesolimbic dopamine func-
tion, antagonism of stimulant-induced hyperlocomotion (Kalivas
et al., 1984; Robledo et al., 1993; Skoog et al., 1986) and stimulant-
induced disruption of sensorimotor gating (Feifel et al., 1997). NT does
not effectively reach the brain after systemic administration, nor does
the C-terminal hexapeptide, NT(8–13), the smallest NT peptide
fragment which contains full biological activity of the parent peptide
(Kanba et al., 1988; Machida et al., 1993).

In order to produce viable drug candidates, several NT mimetics
have been produced by chemically modifying the NT(8–13) peptide to
make it more resistant to endopeptidase degradation in the periphery
and thus better able to enter the central nervous system (CNS) (Cusack
et al., 2000; Wustrow et al., 1995). PD149163 is one such NT mimetic
produced by adding a reduced amide bond to NT(8–13) (Wustrow
et al., 1995). PD149163 has strong and selective affinity for the neu-
rotensin-1 (NT1) receptor (Petrie et al., 2004), the NT receptor type
implicated in the antipsychotic-like effects of NT. PD149163 has been
shown to produce robust antipsychotic-like effects (Feifel et al., 1999).
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Recently, PD149163 has been shown to produce pro-cognitive effects
in the CNS after systemic administration (Azmi et al., 2006).

There is strong evidence that NT1 agonists modulate mesolimbic
dopamine and forebrain acetylcholine transmission in the brain and
this effect has been presumed to underlie the antipsychotic-like and
pro-cognitive effects, respectively, of NT and NT mimetics such as
PD149163 (Nakachi et al., 1995; Szigethy and Beaudet, 1987). Our
laboratory discovered that NT mimetics have more diverse pharma-
cological effects, which raises the possibility that they may have
important actions on other circuits relevant to neuropsychiatric dis-
orders. For example, we reported that systemic administration of
PD149163 blocks the behavioral effects of a serotonin-2 (5-HT2)
agonist, DOI, suggesting that NT agonists also have inhibitory effects
on serotoninergic transmission at 5-HT2 receptors (Feifel et al.,
2003b). Serotoninergic mechanisms have been strongly implicated
in anxiety and depression, and inhibition of 5-HT2 receptors speci-
fically may be a mechanism for anxiolysis and anti-depression (Mora
et al., 1997; Weisstaub et al., 2006). Other evidence also suggests that
NT agonists may regulate anxiety-relevant neurocircuitry. NT is
localized in several brain regions that have been associated with
fear and anxiety, such as the amygdala and hippocampus (Campeau
et al., 1992; Davis et al., 1993; Gewirtz et al., 2000; Paxinos andWatson
1997). Saiz Ruiz et al. (1992) reported that NT levels were significantly
decreased in patients with anxiety and were normalized after re-
covery. In a fear conditioning test, duration of freezing was signi-
ficantly reduced by beta lactotensin, a natural ligand for NT receptors
(Yamauchi et al., 2006). In addition, Shugalev et al. (2005) found that
NT injections into the substantia nigra reduced fear produced by
serotoninergic lesions of the dorsal raphe (Shugalev et al., 2005). As
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these studies did not use NT receptor selective agonists, the role of the
NT1 receptor in these anti-fear effects is not known. In order to
investigate the role of NT1 receptors in fear circuits and to further
investigate the anxiolytic potential of NT1 agonists, we tested the
effects of PD149163 on fear-potentiated startle (FPS), a commonly
employed animal model of anticipatory anxiety.

FPS is decreased by drugs that reduce fear and anxiety in humans
such as benzodiazepines, whereas, it is increased by drugs that have
anxiogenic effects, such as yohimbine (Davis et al., 1993). Therefore
FPS has been used extensively to test the anxiolytic potential of many
compounds (Davis et al., 1993; Walker and Davis 2002). In this para-
digm, the magnitude of the acoustic startle reflex can be enhanced
by a conditioned stimulus such as a light that has previously been
associated with a shock. Fear-potentiated startle is exhibited when the
startle reflex is significantly greater when the conditioned stimulus is
present.

2. Methods

2.1. Animals

Seventy-six male Sprague Dawley rats (275–375 g at testing) were
obtained from Harlan Laboratories, San Diego, California. Animals
were housed in groups of two in clear plastic chambers in a climate-
controlled room on a 12:12 hour light/dark cycle (lights on 7:00 am–

7:00 pm). The rats were handled prior to testing. All testing occurred
during the light phase of the rats’ circadian illumination schedule and
they were allowed free access to food and water for the extent of the
study, except during the actual testing. Behavioral testing was
performed between 9:00 am and 4:30 pm beginning a minimum of
7 days after arrival. All studies described in this publication were
carried out in accordance with the “Principles of laboratory and
animal care” as described in the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the National
Institutes of Health (Publication No. 85-23, revised 1985).

2.2. Drugs

PD149163 was generously made available by the NIMH Chemical
Synthesis and Drug Supply Program (Washington D.C.), and SRI Inter-
national (Menlo Park, California).

2.3. Startle testing and test sessions

Startle testing was performed in two identical startle chambers
obtained from San Diego Instruments (San Diego, California). Each
chamber consisted of a clear non-restrictive Plexiglas cylinder resting
on a Plexiglas platform inside a ventilated enclosure, housed in a
sound-attenuated room. A continuous background noise of 65 dB, as
well as the various acoustic stimuli, were 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 Plexiglas cylinder, which were transduced
into analog signals by a piezoelectric unit, mounted underneath the
Plexiglas platform (Mansbach et al., 1988). These analog signals were
then digitized and stored by an interface unit connected to a micro-
computer. Startle amplitude was defined as the amount of motion
detected by the piezoelectric unit. The startle stimulus was a 40 ms
95 dB burst of white noise.

2.4. Baseline matching

Approximately three days before fear conditioning rats were
placed in startle chambers for 5 min prior to exposure to 30 95 dB
startle stimuli in the dark. This session was used to match groups of
animals for similar levels of startle.
2.5. Training

For two consecutive days animals were placed in dark startle
chambers for 5 min prior to exposure to 10 light-shock pairings. Each
light-shock pairing consisted of a 3.7 s light (15 W, 6 in. from
chambers) and a 0.6 mA shock delivered during the last 0.5 s of light
exposure. The shock was generated by shockers connected to a grid
(San Diego Instruments) covering the bottom of the startle chamber.
The average intertrial interval was 2 min (ranging from 1–3 min).

2.6. Potentiated startle testing

On the day following startle training animals were injected with
either saline, or PD149163 (0.01, 0.1 or 1.0 mg/kg). Twenty minutes
later they were placed in dark startle chambers and exposed to 5 min
of background noise followed by 10 95 dB stimuli. Rats were then
presented with 20 95 dB trials (noise-only) in the dark and 20 trials
where the 95 dB noise bursts were presented 3.2 s after the onset of
the light (light+noise). Interstimulus intervals were all 30 s. Rats were
randomly assigned to receive one of two types of startle sessions. In
one session type, 20 noise-only stimuli were presented followed by 20
light+noise stimuli. In the other session type, the order of trial pre-
sentation was reversed so that 20 light+noise stimuli were presented
initially, followed by 20 noise-only presentations, in order to control
for any order effect of the stimulus-type.We used this paradigm rather
than using one session type with randomly presented noise–startle
and startle-alone trials throughout the session because in parametric
studies that we conducted prior to this experiment, this paradigm
(non-random assignment) produced more robust FPS than random
presentation. We hypothesize this is because the CS produces an
emotional arousal (fear) in animals that likely lasts longer than the
very short 30 second interval between the startle stimuli. Therefore,
the arousal produced by CS likely “leaks” over to startle-alone pre-
sentations that may follow it. By separating CS–startle and startle-
alone presentation into different halves of the startle session, the
carry-over phenomenon is likely mitigated. Counterbalancing the
order of presentation as we did controls for any order effect.

Two separate experiments were performed. The first experiment
was a dose–response study inwhich thirty-six rats were administered
SC injections of either saline or PD149163 (0.01, 0.1 or 1.0mg/kg). After
reviewing the results of the first experiment, we performed a second
experiment to confirm an apparent effect on FPS observed with the
highest dose in the first experiment. In this second experiment a new
set of forty rats were treated with either saline or 1.0 mg/kg PD149163
and tested in the same FPS paradigm.

2.7. Data analysis

The first ten 95 dB stimuli of the startle session were used to
habituate animals to the 95 dB noise bursts and were not used in the
data analysis. Datawere reviewedand anyanimal that exhibited startle
values less than 10 or greater than 3.0 standard deviations (SD) from
the group mean (outlier) were excluded from the data analysis. In the
dose–response study, one animal in the group receiving the middle
dose of PD149163 and one in the high dose exhibited startle values that
were less than 10 and were not included in the data analysis. One
animal in the low dose group of that study exhibited startle that was
greater that 3 SD from the mean and was excluded. Eight PD149163-
treated animals that exhibited startle values less than 10 in the second
study were excluded from data analysis. There were 16 rats in each
group after eliminating the “non-startlers” in experiment #2.

A percent score for FPS was calculated for each animal by using the
following formula: [(meanstartlemagnitudeon light-noise trials−mean
startle magnitude on noise alone trials)/mean startle magnitude on
noise alone trials]×100 (Walker and Davis, 2002; Winslow, Noble and
Davis, 2007). We analyzed these data using percent FPS vs. absolute



Fig. 2. The effects of PD149163 on startle magnitude (A) and fear-potentiated startle
(B). Fear-potentiated startle data are represented as percent scores [(mean startle
magnitude on light-noise trials−mean startle magnitude on noise alone trials) /mean
startle magnitude on noise alone trials]×100. PD149163 significantly different from
saline represented by ⁎⁎Pb0.01. Data points represent the mean+SEM (n=16).
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change in startle levels ((startle+light)−startle-alone) to compensate for
between group and individual differences in startle levels. Calculating
FPS in each rat as a percentage increase of their own baseline startle,
controls for differences in baseline startle among the rats, whether due
to inherent genetic differences or differences produced by the different
drug treatments (e.g., PD149163 doses versus saline). This is a common
approach used, for example in studies of prepulse inhibition of startle,
another modified startle measure, where percent PPI is typically mea-
sured to control for potential confounding effects of drugs on baseline
startle. Paired t-testswere used to determine if the conditioned stimulus
(light) significantly increased startle magnitude (i.e., produced FPS).

In the dose–response study, the effects of the PD149163 startle re-
sponse (noise alone) on FPSwere analyzedusinga one-wayANOVAwith
drug treatment as a between subjects factor. Planned group-wise t-tests,
corrected for multiple comparisons using the Bonferonni method, were
also used to compare each PD149163 dose groupwith the saline-treated
group. In the second experiment, inwhich only one saline and one dose
of PD149163 was tested, an independent t-test were used to compare
the startle response in saline-treated versus the PD149163-treated
animals and the same approach was used for FPS data. Startle (95 dB
stimuli presented after the first 10 trials) datawere analyzed in a similar
manner to the FPS data.

3. Results

3.1. Baseline startle

In the first experiment, PD149163 produced a non-significant trend
towards a reduction in startle magnitude at all three doses, F(3, 27)=
1.70, NS (Fig. 1A). In the second experiment, PD149163 significantly
decreased startle magnitude (t(30)=2.04, Pb0.01) (Fig. 2A). Startle
magnitude values in saline and PD149163 treated animals were
comparable to those in the first experiment.
Fig. 1. The effects of PD149163 on startle magnitude (A) and fear-potentiated startle
(B). Fear-potentiated startle data are represented as percent scores [(mean startle
magnitude on light-noise trials−mean startle magnitude on noise alone trials) /mean
startle magnitude on noise alone trials]×100. PD149163 significantly different from
saline represented by ⁎ Pb0.05. Data points represent the mean+SEM (n=7–10).
3.2. Fear-potentiated startle

Comparison of the startle response to noise alone versus light plus
noise in saline-treated rats revealed that significant fear-potentiation
of startle was exhibited in both the first, dose–response experiment
(t(10)=1.83, Pb0.05), and the second experiment (t(15)=1.75, Pb0.01).
Startle was potentiated on average by 60% and 53%, respectively in the
saline-treated groups of the two experiments (Figs. 1B and 2B).

In the dose–response study, ANOVA revealed no significant main
effect of drug treatment on percent FPS (F(3,27)=2.30, P=0.100.
However, visual inspection and the percent FPS data revealed that the
low andmiddle doses of PD149163 produced amodest non-significant
increase in FPS, whereas FPS was completely blocked at the highest
dose of PD149163. Planned post-hoc t-tests revealed that FPS at the
highest dose, but not the other two doses of PD149163 differed
significantly from the FPS in the saline-treated group (t(15)=0.502,
Pb0.05).

In the second experiment, whichwas performed to corroborate the
apparent effect of high dose PD149163 on FPS, animals treated with
the highest dose of PD149163 exhibited significantly decreased per-
cent FPS compared to those treated with saline, (t(30)=1.70, Pb0.01)
(Fig. 2B).

4. Discussion

Light as a conditioned fear stimulus produced a significant enhance-
ment in the acoustic startle response demonstrating that FPS was
successfully induced by the training procedures in these experiments.
The findings indicate that the highest dose of systemically administered
PD149163blocked FPS in SpragueDawley rats. Although theANOVAused
to analyze the FPS data in the first experiment did not produce a
significantmain effect of overall drug treatment, thiswas likelydue to the
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large variance in some of the groups (i.e., low and middle dose of
PD149163). In addition, individual comparisonsof eachPD149163dose to
saline in that experiment revealed a significant difference in the highest
PD149163 dose compared to saline. This result was reproduced in the
second experiment using only the highest dose and saline in different
rats.

In addition to blocking FPS, PD149163 produced a reduction of
startle magnitude at all three doses. It is conceivable that this
reduction in baseline startle could have affected our FPS results.
However, it is unlikely that the attenuation of FPSwas an artifact of the
decrease in startle produced by this NT1 agonist. In this respect, a
lowering of the baseline startle is more likely to produce secondary
enhancement of FPS rather than reduction in FPS, as it would be easier
to potentiate low baseline startle than high baseline startle. Fur-
thermore, the dose–response pattern revealed in the dose–response
study provides a compelling argument against reduction in FPS as
secondary to the suppression of baseline startle. All three doses of
PD149163 decreased startle magnitude to a similar degree but there
were distinct dose–effects on FPS. The low andmiddle doses produced
a non-significant enhancement of FPSwhile the highest dose inhibited
FPS. This result demonstrates a dissociation in the effects of PD149163
on startle and FPS in this experiment and that it is unlikely that
inhibition of FPS by PD149163 is an artifact of the decreased startle
magnitude produced by this compound. This pattern of drug effects on
baseline startle and FPS has been reported with other drugs that are
known anxiolytics such as diazepam (Berg and Davis, 1984). In con-
trast, buspirone, another known anxiolytic, increases baseline startle
but decreases FPS (Kehne et al., 1988; Mansbach and Geyer, 1988),
providing further evidence that drug effects on baseline startle and
FPS can be dissociated. Nevertheless to the extent that reduction in
baseline startle is proposed as predictive of an anxiolytic, it is note-
worthy that PD149163 reduced both baseline startle and FPS.

It is not totally clear where in the brain PD149163 acts to block FPS.
However, a strong possibility would be the amygdala, a region impli-
cated in a variety of anxiety disorders (Britton et al., 2005; Cannistraro
et al., 2004; Milham et al., 2005). The central amygdala (CEA) is
necessary for the acquisition and expression of conditioned fear via a
visual cue (Davis and Shi, 2000; LeDoux, 2000). NT is co-expressed in
GABAergic neurons in the CEA (Batten et al., 2002) and NT1 receptors
are also localized in this brain region (Alexander and Leeman, 1998).
Centrally administered NT increases c-fos and zif268 expression in the
CEA (Lambert et al., 1996) suggesting that NT activates this brain
region. However, Beck and Fibiger (1995) reported that drug-induced
c-fos levels in the CEA may not be associated with the attenuation of
FPS (Beck and Fibiger, 1995). Further work will be needed to
determine if the CEA mediates NT-induced blockade of FPS.

NT1 agonists have previously been reported to exhibit antipsychotic-
like, anti-addiction and pro-cognitive effects in animal models (Azmi
et al., 2006; Boules et al., 2005, 2007; Feifel et al., 2007, 2003a,b, 2004,
1999; Fredrickson et al., 2005; Richelson et al., 2005; Shilling et al., 2004,
2003). These data suggest that NT1 agonists such as PD149163 may also
modulate anxiety-related circuits and the NT1 receptor systemmay be a
novel target for anxiolytic drugs. Given that PD149163 has been shown to
increase memory (Azmi et al., 2006), it would be expected to increase
memory of CS and therefore, increase FPS. Decreasing FPS indicates that it
has a robust mitigating effect on FPS that can overcome the expected
increase in FPSdue toenhancedCSrecall. Toourknowledgeonlyoneother
neuropeptide or neuropeptide-mimetic, has been shown to block FPS. In
this regard, Myers et al. (2004) reported that secretin, a neurohormone
neuropeptide, reduced FPS after systemic administration.

Benzodiazepines, and antidepressant drugs, particularly SSRI anti-
depressants, are themostwidely used anti-anxiety agentswith proven
clinical efficacy (Rickels and Rynn 2002). Benzodiazepines generally
reduce FPS after a single dose (Davis et al., 1993) whereas SSRIs tend
not to (Burghardt et al., 2004). These effects are consistentwith clinical
experience that benzodiazepines produce anxiolytic effects in patients
with anxiety disorders after a single injection, whereas SSRIs more
typically require long-term use before producing anxiolytic effect
(Feighner and Boyer, 1992; Goldstein and Goodnick, 1998; Goodnick
and Goldstein, 1998). In this respect, it is interesting that a single
administration of PD149163was sufficient to reduce FPS, a time course
more similar to benzodiazepines than SSRIs.

In summary, we have provided evidence that a selective NT1 re-
ceptor agonist, PD149163, can block the expression of fear-potentiated
startle suggesting that theNT1 receptor is involved inmodulation of fear
circuits by NTand raising the possibility that NT1 agonistsmay be useful
for the treatment of anxiety. Additional research testing other NT1
agonists and using other animal models of anxiety (e.g., elevated plus
maze) are needed to substantiate this possibility.
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