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INTRODUCTION
Schizophrenia is a debilitating neuropsychiatric disease affecting
approximately 0.4% of individuals in the adult population worldwide
(Saha et al., 2005). Individuals with this disorder appear unable to
filter out intrusive sensory, cognitive or motor information, as a
result of a malfunction of sensorimotor gating mechanisms. Evidence
for this malfunction was first reported in humans as deficits in pre-
pulse inhibition (PPI) of the startle response, which serves as an
operational measure of sensorimotor gating (Braff et al., 1992). PPI
tests the ability of a barely detectable pre-stimulus to suppress the
acoustic startle reflex in response to an intense acoustic startling
stimulus. The reduction of the amplitude of the startle response reflex
due to startle habituation or pre-pulse intensity reflects the ability
of the nervous system to learn and to adapt temporarily to strong
sensory stimuli, making these responses some of the simplest forms
of learning (Geyer and Swerdlow, 2001). Additionally, because of
the homology of PPI between humans and rodents, it has proved
to be an effective cross-species measure of sensorimotor gating
(Swerdlow et al., 1999).

Dopamine (DA) has been heavily implicated in PPI as evidenced
by the disruption of PPI observed in rats and mice after amphetamine
and apomorphine treatment (Mansbach et al., 1998; Varty et al.,
2001). Similarly, serotonin (5-HT) agonists and non-competitive N-
methyl-D-aspartate (NMDA) antagonists can effectively disrupt PPI
(Feifel et al., 2003; Mansbach and Geyer, 1989; Rigdon and
Weatherspoon, 1992). The dopamine 2 receptor (D2R) appears to
be specifically involved in the modulation of the disruptive effects
of the indirect DA agonist amphetamine, as amphetamine does not
disrupt PPI in mice lacking the D2R (Ralph et al., 1999). Blockade
of the disruption of PPI caused by amphetamine, apomorphine and
dizocilpine (non-competitive NMDA receptor antagonist) has been

achieved with systemic administration of well-established typical
and atypical antipsychotics such as haloperidol and clozapine,
making PPI in rodents an excellent tool to screen novel compounds
for similar neuroleptic properties (Bubenikova et al., 2005;
Ouagazzal et al., 2001; Swerdlow et al., 1998).

Consistent with these reports, neurotensin (NT) a 13 amino acid
neuropeptide found naturally in the central nervous system and
gastrointestinal tract (Carraway and Leeman, 1976), and its NT
(8–13) analogs NT69L and PD149163 behave like atypical
antipsychotic drugs by preventing disruption of PPI by
amphetamine, dizocilpine and apomorphine in rats (Feifel et al.,
1999; Shilling et al., 2003). PD149163 increases PPI in mice and
in the Brattleboro strain of rat, which has naturally occurring PPI
deficits (Feifel et al., 2004; Feifel et al., 2010b). The NT antagonist
SR142948A blocks the ability of haloperidol and the atypical
antipsychotic quetiapine to restore normal PPI levels in isolation-
reared Long Evans rats (Binder et al., 2001). Mice with a deletion
of hexapeptide NT/N gene have reduced PPI compared with wild-
type (WT) controls (Kinkead et al., 2005). Amphetamine does not
disrupt PPI in these mice. These reports provide evidence that NT,
a hypothesized endogenous antipsychotic, plays a significant role
in the neurobiology of PPI and schizophrenia, since an intact NT
system is important in the normal functioning of sensorimotor gating
(Kinkead et al., 2005; Nemeroff et al., 1989; Nemeroff et al., 1983;
Radke et al., 1998). The effects of NT are hypothesized to be
mediated via the G-protein-coupled neurotensin receptor subtype 1
(NTS1) and neurotensin receptor subtype 2 (NTS2) (Hwang et al.,
2010; Le et al., 1996). Recently, Feifel and colleagues (Feifel et al.,
2010a; Feifel et al., 2010b) tested PPI in mice lacking NTS1 and
NTS2. According to their studies, endogenous NT does not seem
to regulate baseline PPI or the PPI-disruptive effects of amphetamine
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SUMMARY
Pre-pulse inhibition (PPI) of the acoustic startle reflex is deficient in patients with schizophrenia. This deficiency is mimicked in
mice by the use of the psychotomimetic drugs d-amphetamine and dizolcipine. Antipsychotic drugs such as clozapine are used
to treat schizophrenic patients and are also administered to mice to prevent PPI disruption. Neurotensin (NT) produces
antipsychotic-like effects when injected into rodent brain through its effects at NT subtype 1 (NTS1) and 2 (NTS2) receptors. We
hypothesized that the NT receptor agonist (NT69L) would prevent PPI disruption in mice challenged with d-amphetamine
(10mgkg–1) and dizocilpine (1mgkg–1). We investigated the role of NTS1 and NTS2 in PPI using wild-type (WT), NTS1 (NTS1–/–) and
NTS2 (NTS2–/–) knockout mice, via its disruption by psychotomimetic drugs, as well as the ability of clozapine and NT69L to block
these PPI disruptions. There were no differences in baseline PPI across the three genotypes. d-Amphetamine and dizocilpine
disrupted PPI in WT and NTS2–/– mice but not in NTS1–/– mice. In WT mice, clozapine (1mgkg–1) and NT69L (1mgkg–1) significantly
blocked d-amphetamine-induced disruption of PPI. Similarly, in WT mice, clozapine significantly blocked dizocilpine-induced PPI
disruption, but NT69L did not. In NTS2–/– mice clozapine blocked d-amphetamine- but not dizocilpine-induced PPI disruption, while
NT69L blocked both d-amphetamine- and dizocilpine-induced PPI disruption. Our results indicate that NTS1 seems essential for
d-amphetamine and dizocilpine disruption of PPI. Additionally, this report provides support to the hypothesis that NT analogs
could be used as novel antipsychotic drugs.
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and dizocilpine at NTS1. Regulation of baseline PPI by endogenous
NT may be acting via NTS2, as in comparison to WT mice, baseline
PPI was significantly elevated (Feifel et al., 2010a; Feifel et al.,
2010b).

In an attempt to elucidate the NT receptor subtype involved in
this sensorimotor gating mechanism and the effect of NT analogs,
we tested the ability of d-amphetamine and dizocilpine to disrupt
PPI in WT, NTS1–/– and NTS2–/– mice. Here we provide evidence
supporting the hypothesis that NT receptor agonists may have
antipsychotic-like activity. These effects seemed dependent on
which genotype and pyschotomimetic drug was used to disrupt PPI.
NT69L did not block dizocilpine-induced PPI disruption in WT
mice and clozapine was not successful in blocking dizocilpine
disruption of PPI in NTS2–/– mice. We report the effects of
clozapine and NT69L alone on PPI and, in a secondary analysis,
examine the effects of d-amphetamine, dizocilpine, clozapine and
NT69L on the startle pulse alone acoustic startle response (ASR)
for the three genotypes.

MATERIALS AND METHODS
All animal protocols were approved by the Mayo Foundation
Institutional Animal Use and Care Committee. The principles of
laboratory animal care were followed according to the Guidelines
for the Care and Use of Mammals in Neuroscience and Behavioral
Research (National Research Council 2003).

Generation of WT, NTS1–/– and NTS2–/– mice
NTS1–/– (C57BL/6J) and NTS2–/– mice (C57BL/Ola29) were
obtained from Roche Laboratories (Palo Alto, CA, USA) and
colonies were established at our AAALAC accredited animal
facility at Mayo Clinic (Jacksonville, FL, USA) as previously
described (Liang et al., 2010). Mice were genotyped prior to PPI
sessions as previously described (Liang et al., 2010).

Animals and housing
Mice genotypes described above were housed under a 12h light/dark
cycle (lights on at 07:00h; off at 19:00h) with food and water
available ad libitum except during PPI testing. Sessions were run
between 08:00 and 16:00h. In total, 312 mice were utilized. Groups
of mice tested included males between 3 and 8 months of age,
divided as follows: 117 WT, 99 NTS1–/– and 96 NTS2–/–.

Drugs
d-Amphetamine sulfate, dizocilpine and clozapine were obtained
from Sigma Aldrich (St Louis, MO, USA). NT69L was synthesized
by the Mayo Peptide Synthesis Facility (Rochester, MN, USA). d-
Amphetamine sulfate, dizocilpine and NT69L were dissolved in
0.9% saline, while clozapine was dissolved in a minimal volume
of 10% acetic acid and brought up to volume in a ratio of 1l of
acetic acid per 1ml of saline as described previously (Duncan et
al., 2006). The drug doses used in this study for successful PPI
disruption and for effective blockade of PPI disruption were
determined based on previous reports (Kinkead et al., 2005;
McCaughran et al., 1997; Ouagazzal et al., 2001; Ralph-Williams
et al., 2002; Ralph et al., 1999; Shilling et al., 2003; Varty et al.,
2001; Yee et al., 2004). The following nine drug treatment groups
were utilized in this study: saline/saline (S/S), saline/amphetamine
(S/A), saline/dizocilpine (S/D), NT69L/saline (NT69L/S),
NT69L/amphetamine (NT69L/A), NT69L/dizocilpine (NT69L/D),
clozapine/saline (C/S), clozapine/amphetamine (C/A) and
clozapine/dizocilpine (C/D). Baseline PPI was determined using the
S/S treatment group for each respective genotype. WT, NTS1–/– and

NTS2–/– mice were subjected to each of the nine drug treatments
separately. Every mouse in each drug treatment group was naive to
its respective drug treatment and was naive to PPI testing at the
time of testing. All mice in each drug treatment group underwent
drug treatment and PPI testing once and were subsequently killed.

Startle paradigm
On test days WT, NTS1–/– and NTS2–/– mice were allowed to
acclimate for 1h in the PPI experimental room. Following this
acclimation period, mice were subjected to the PPI experimental
protocol as previously described (Shilling et al., 2003). Briefly, mice
were first treated with NT69L (1mgkg–1), clozapine (1 or 2mgkg–1)
or saline in an equal volume. Thirty minutes after the initial
treatment, mice received a second injection of 10mgkg–1 d-
amphetamine, 1mgkg–1 dizocilpine or saline. Twenty minutes
following the second treatment, each animal was individually
placed in a startle response chamber (San Diego Instruments, San
Diego, CA, USA). All drugs were administered intra-peritoneally
in a volume of 4mlkg–1.

Four startle response chambers were used, consisting of a
Plexiglas cylinder 12.7cm long�1.5cm in diameter resting on a
12.7cm�20.3cm Plexiglas frame and located within a ventilated
and white light illuminated enclosure measuring 38.1cm�
40.6cm�58.4cm. Startle amplitudes were detected and measured
by a piezoelectric accelerometer mounted directly below the midline
of the animal on the underside of the Plexiglas frame. Mice were
allowed to acclimate to the startle response chamber for 5min prior
to the onset of a PPI session.

PPI sessions had a duration of 13min and consisted of 58 trials
presented in pseudo-random order. Each trial was followed by
an inter-trial interval (ITI) with a duration averaging 15s. The
PPI session consisted of the following eight distinct trial types,
pseudo-randomly presented five different times during the session:
no stimulus, startle pulse alone, pre-pulse alone with pre-pulse
intensities of 4, 8 and 16dB (PP4, PP8, PP16) above background,
and pre-pulse + startle pulse trials (with pre-pulse intensities of
4, 8 and 16dB above background). Additionally, four startle pulse
alone trials not included in the %PPI calculation were presented
at the beginning and end of the PPI session (Bakshi and Geyer,
1998). Background noise intensity was 65dB, while startle pulse
intensity was 120dB (Geyer and Swerdlow, 2001). All pre-pulses
and startle pulses had a duration of 20ms and 40ms, respectively.
For pre-pulse + startle pulse trials, the interval between onset of
the pre-pulse and onset of the startle pulse was 100ms. The startle
response recording window was over 65ms and began at the onset
of the startle pulse for pre-pulse + startle pulse trials. Similarly,
for pre-pulse alone trials, the recording window was over 65ms
but began at the onset of the pre-pulse (Geyer and Swerdlow,
2001). The data used to measure the pulse alone ASR were
gathered during the PPI session and consisted of the embedded
startle pulse alone amplitudes recorded by the computer during
the PPI session.

PPI calculation and statistical analysis
Startle responses were collected for each individual trial throughout
the PPI session for each individual mouse subject. The startle
responses for each pre-pulse + startle pulse trial yielded a %PPI
value, and these were averaged into one %PPI value for each mouse.
PPI was calculated as a percentage of the pulse alone startle
amplitude using the following formula: PPI[1–(startle magnitude
after pre-pulse–startle pulse pair/startle magnitude after startle pulse
alone)]�100.
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Pre-pulse alone trials were not used to calculate PPI and only
served as controls to ascertain that startle responses were not the
result of the pre-pulse stimulus alone. Because of the variability
in mean PPI, pre-pulse intensity PPI and ASR between drug
treatment groups and considering the nature of the distribution
of these measures, we used non-parametric (Hollander and Wolfe,
1999) and permutation-based methods (Davidson and Hinkley,
1997) in making all statistical comparisons. Pre-specified
interactions of pre-pulse intensity and genotype with drug
treatment and genotype were assessed using a bootstrap method
based on two-factor ANOVA; a random effect was included for
each mouse when assessing the interaction of pre-pulse intensity
with drug treatment. Although these tests of interaction were
performed, all analyses were stratified by genotype and pre-pulse
intensity regardless of the results of interaction tests as genotype-
specific and pre-pulse intensity-specific comparisons were of
interest. Kruskal–Wallis rank-sum tests were used make pre-
specified comparisons of mean PPI, pre-pulse intensity PPI and
ASR between drug treatment groups within each genotype, and
given significant evidence of an overall difference (P≤0.05), pair-
wise comparisons were made using a Wilcoxon rank-sum test with
adjusted P-values calculated using Bonferroni correction. All
statistical analyses were performed using S-Plus (version 8.0.1;
Insightful Corporation, Seattle, WA, USA).

RESULTS
Comparison of baseline PPI and ASR between genotypes

Baseline PPI for the genotypes was not significantly different
between WT, NTS1–/– and NTS2–/– mice for mean PPI and PPI at
PP4, PP8 or PP16, as shown in the S/S column of Table1. There
were also no significant differences in baseline (S/S treatment) startle
pulse alone ASR (Fig.1) between the three genotypes.

Effect of clozapine and NT69L alone on PPI
Table1 shows a summary of the effects of either clozapine or NT69L
alone on mean PPI and for PPI at PP4, PP8 and PP16 for the three
genotypes. Results of the effects of genotype and drug treatment
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(S/S, NT69L/S, C/S) on mean PPI did not reveal a significant
interaction. Analysis of mean PPI and PPI for each pre-pulse
intensity separately for each genotype did not reveal any significant
differences between the drug treatment groups, except in NTS1–/–

mice where PPI for C/S mice was significantly higher at PP16
(P0.006) when compared with that for S/S-treated mice (Table1).
No interaction between pre-pulse intensity and drug treatment (S/S,
NT69L/S, C/S) was observed for any of the three genotypes (all
interactions, P≥0.19).

Effect of amphetamine and dizocilpine alone on PPI
Table2 shows a summary of the effects of d-amphetamine and
dizocilpine alone for mean PPI and PPI at PP4, PP8, and PP16 for
each genotype. For mean PPI there was a significant interaction
(P<0.001) between genotype and drug treatment (S/S, S/A, S/D),
likely due to d-amphetamine and dizocilpine significantly disrupting
PPI in WT and in NTS2–/– mice, but not in NTS1–/– mice. In WT
mice, post hoc pair-wise comparisons revealed that mean PPI values
were significantly lower in S/A (P<0.001) and S/D (P<0.001) drug
treatment groups when compared with S/S-treated mice. Results
were similar in NTS2–/– mice, where post hoc pair-wise comparisons
revealed that mean PPI values were significantly lower in S/A
(P0.049) and S/D (P0.028) drug treatment groups in comparison
to S/S-treated mice. In contrast to WT and NTS2–/– mice, NTS1–/–

mice did not show a significant difference in mean PPI between
S/S, S/A and S/D treatment groups. Results were fairly similar when
examining pre-pulse intensity PPI, though there was a significant
interaction between drug treatment and pre-pulse intensity in the
WT mice (P0.021) and in the NTS2–/– mice (P0.019), but not in
the NTS1–/– mice (P0.63). These interactions appear to be due to
the greater differences in PPI for S/D and S/A drug treatments in
comparison to S/S mice at PP8 and PP16 than at PP4. PPI was
significantly lower in S/A mice than in S/S mice at all pre-pulse
intensities in WT mice (all P≤0.029), and at PP8 and PP16 in
NTS2–/– mice (both P≤0.040). In WT mice and NTS2–/– mice, PPI
was lower in S/D mice compared with S/S mice at PP8 and PP16
(all P≤0.008).

Table 1. Effect of clozapine and NT69L on pre-pulse inhibition in WT, NTS1–/– and NTS2–/– mice

Genotype and pre-pulse intensity S/S NT69L/S C/S Overall P-value

WT N15 N10 N11
Mean PPI 35.7±4.6 48.8±6.0 31.2±5.7 0.33
PP4 7.5±5.9 23.4±6.0 15.8±6.1 0.15
PP8 40.9±5.4 48.2±7.6 25.7±6.8 0.070
PP16 58.7±7.3 60.7±8.9 52.3±8.5 0.68

NTS1–/– N11 N8 N7
Mean PPI 35.1±5.1 52.0±7.6 51.9±9.0 0.11
PP4 16.2±8.6 37.2±8.2 18.1±17.6 0.38
PP8 33.5±3.5 49.9±9.5 45.6±12.0 0.15
PP16 55.2±8.4 75.6±8.7 87.0±2.1* 0.011

NTS2–/– N13 N12 N7
Mean PPI 34.5±7.7 27.20±7.08 31.2±7.8 0.68
PP4 6.9±10.7 5.86±9.69 1.2±9.7 0.89
PP8 37.9±8.1 29.3±7.3 25.0±16.1 0.65
PP16 58.7±8.2 42.7±8.7 64.7±9.2 0.24

Values are mean (± s.e.m.) percentage pre-pulse inhibition (PPI).
Overall P-values result from Kruskal–Wallis rank-sum tests of overall difference between S/S (saline pre-treatment/saline challenge; baseline), NT69L/S

(NT69L/saline) and C/S (clozapine/saline) mice. Given significant evidence (P≤0.05) of an overall difference, pair-wise comparisons vs S/S mice were made
using Wilcoxon rank-sum tests, where P-values were corrected for multiple testing using the Bonferroni method.

*Significant difference (P≤0.05) from S/S mice at the same pre-pulse intensity.
WT, wild-type mice; NTS1–/–/ NTS2–/–, neurotensin subtype 1 and 2 knockout mice; PP, pre-pulse intensity.
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Effect of clozapine and NT69L pre-treatment vs amphetamine
and dizocilpine challenge

Table3 shows the effects of pre-treatment with either clozapine or
NT69L in combination with d-amphetamine or dizocilpine challenge
on mean PPI and for PPI at PP4, PP8 and PP16 for the three
genotypes. Results presented in Table3 are provided separately for
‘amphetamine comparisons’ and ‘dizocilpine comparisons’.
Amphetamine comparisons consisted of comparing %PPI between
S/S, S/A, NT69L/A and C/A treatment groups, while dizocilpine
comparisons consisted of comparing %PPI between S/S, S/D,
NT69L/D and C/D treatment groups. Comparisons of S/A mice and
S/D mice with S/S mice are presented in Table2. When considering
mean PPI, there was not a significant interaction detected between
genotype and drug treatment for amphetamine comparisons (S/S,
S/A, NT69L/A, C/A). There was, however, a significant interaction
detected (P<0.001) between genotype and drug treatment when
considering dizocilpine comparisons (S/S, S/D, NT69L/D, C/D).
When testing the effects of clozapine pre-treatment on dizocilpine

challenge, clozapine was adjusted to 2mgkg–1 to block 1mgkg–1

dizocilpine PPI disruption in the three genotypes tested.
In WT mice, for amphetamine comparisons with respect to S/A

drug-treated mice, pair-wise comparisons revealed mean PPI values
that were significantly higher in both C/A (P0.009) and NT69L/A
(P0.002) drug treatment groups. No significant differences were
observed for mean PPI between S/S-treated mice when compared
with C/A or NT69L/A mice, suggesting that clozapine and NT69L
blocked the disruption of PPI caused by d-amphetamine challenge.
There was no significant interaction detected between pre-pulse
intensity and drug treatment. PPI at PP4 and PP8 was significantly
higher in C/A- and NT69L/A-treated mice compared with S/A mice
(all P≤0.048). No other significant differences were detected.

For dizocilpine, pair-wise comparisons in WT mice revealed that
mean PPI values were significantly higher in the C/D (P<0.001)
drug treatment group in comparison to S/D mice, but not when
compared with S/S mice. There was a significant pre-pulse intensity
� drug treatment interaction (P0.001). Specifically, in comparison
to S/D mice, PPI was significantly higher in C/D mice at PP8 and
PP16 (both P≤0.006). There was no significant difference in mean
PPI between NT69L/D-treated mice and S/D-treated mice, which
seems primarily driven by the lack of effect of NT69L at PP8.
Additionally, the results of NT69L at PP8 seem to influence the
significantly lower mean PPI value of the NT69L/D-treated group
relative to S/S mice. For the NT69L/D drug treatment group in
comparison to S/S, PPI was much higher at PP16 than at PP4 or
PP8, though this difference was not significant. These results suggest
that clozapine was effective at blocking disruption of PPI caused
by dizocilpine in WT mice at the higher pre-pulses but NT69L was
not, primarily due to the low PPI at PP8.

For NTS1–/– mice there were no significant differences in mean
PPI between S/S-, S/A-, C/A- and NT69L/A-treated mice and no
significant differences in mean PPI between S/S, S/D, C/D and
NT69L/D mice. These results were not unexpected, as mean PPI
in NTS1–/– mice challenged with either d-amphetamine or
dizocilpine was not significantly different from mean PPI for saline
alone treatment. Analysis of PPI for each pre-pulse intensity across
the drug treatments for NTS1–/– mice revealed similar results
(Table3), with no significant interactions detected between pre-pulse
intensity and drug treatment for amphetamine comparisons or
dizocilpine comparisons, and no significant differences between drug
treatment groups at PP4, PP8 and PP16.

In NTS2–/– mice, while there were no statistically significant
differences in mean PPI between S/A, NT69L/A and C/A drug
treatment groups (P0.075), values were higher in the C/A and
NT69L/A drug treatment groups when compared with S/A-treated
mice, and likewise in the C/A and NT69L/A groups compared with
S/S mice. Similar results were observed at each pre-pulse intensity,
with no significant interaction detected between pre-pulse intensity
and drug treatment for amphetamine comparisons in NTS2–/– mice.

For dizocilpine comparisons in NTS2–/– mice, there was a
significant overall difference in mean PPI between treatment groups;
however, pair-wise comparisons were not significant after
adjustment for multiple comparisons (all P≥0.060), which seems to
be a result of the observed inability of clozapine to prevent PPI
disruptions caused by dizocilpine. There was a significant interaction
between drug treatment and pre-pulse intensity (P0.036) that may
have been due to the lack of effect of clozapine against dizocilpine
challenge at all pre-pulse intensities. PPI was significantly higher
at PP16 in the NT69L/D treatment group when compared with S/D-
treated mice (P0.007). Significant differences were not observed
at PP4 or PP8. No other differences were detected.
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Fig.1. Effect of drug treatment on pulse alone acoustic startle response
(ASR) for wild-type mice (WT, A), and neurotensin subtype 1 (NTS1–/–, B)
and 2 (NTS2–/–, C) receptor knockout mice. In WT mice, pulse alone ASR
magnitude for the drug treatment groups was significantly different from
that of the saline/saline (S/S) group (*P<0.05). In NTS2–/– mice, pulse
alone ASR magnitude for the drug treatment groups was significantly
different from that of the S/S group (*P<0.01 and **P<0.001). For NTS1–/–

mice, there were no significant differences in percentage pre-pulse
inhibition (%PPI) or pulse alone ASR. S, saline; A, amphetamine; D,
dizocilpine; C, clozapine; NT69L, neurotensin analog.
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Pulse alone ASR analysis
In a secondary analysis (Fig.1), for each genotype separately, we
compared pulse alone ASR values for each drug treatment group
with those for mice treated with saline alone (S/S). There was a
significant interaction between genotype and drug treatment when
considering pulse alone ASR values (P<0.001). In WT mice
(Fig.1A), there were significant differences in pulse alone ASR
between S/A (P0.046) and NT69L/S (P0.035) drug treatment
groups when compared with that for S/S-treated mice. No other
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differences in pulse alone ASR were detected. For NTS1–/– mice
there were no significant differences (all P>0.05) detected between
the drug treatment groups in comparison to S/S-treated mice for
pulse alone ASR (Fig.1B). For NTS2–/– mice, in comparison to the
S/S group (Fig.1C), there was a significant difference in pulse alone
ASR for S/D, NT69L/S and NT69L/A groups (all P<0.01). It is
evident that 1mgkg–1 NT69L treatment had profound effects on
ASR response in the NTS2–/– mice as they were the lowest values
for this genotype and for the experiment in general.

Table 2. Effect of d-amphetamine and dizocilpine on PPI in WT, NTS1–/– and NTS2–/– mice

Genotype and pre-pulse intensity S/S S/A S/D Overall P-value

WT N15 N15 N12
Mean PPI 35.7±4.6 2.3±3.7* 3.7±3.7* <0.001
PP4 7.5±5.8 –14.0±5.3* –3.2±6.2 0.046
PP8 40.9±5.4 –3.4±6.3* 5.1±5.6* <0.001
PP16 58.7±7.3 24.2±7.5* 8.8±7.6* <0.001

NTS1–/– N11 N16 N8
Mean PPI 35.1±5.1 23.0±5.8 41.7±2.7 0.077
PP4 16.2±8.6 13.9±7.2 32.8±7.5 0.21
PP8 33.5±3.5 23.3±8.7 32.5±12.0 0.20
PP16 55.2±8.4 32.9±9.6 58.9±6.1 0.15

NTS2–/– N13 N8 N9
Mean PPI 34.5±7.7 2.6±6.5* 4.6±4.2* 0.019
PP4 6.9±10.7 –19.8±12.8 3.2±4.5 0.28
PP8 37.9±8.1 0.4±8.1* –0.2±6.9* 0.003
PP16 58.7±8.2 28.4±9.4* 10.7±6.0* 0.002

Values are mean (± s.e.m.) %PPI.
Overall P-values result from Kruskal–Wallis rank-sum tests of overall difference between S/S (baseline), S/A (saline/amphetamine) and S/D (saline/dizocilpine)

mice. Given significant evidence (P≤0.05) of an overall difference, pair-wise comparisons vs S/S mice were made using Wilcoxon rank-sum tests, where P-
values were corrected for multiple testing using the Bonferroni method.

*Significant difference (P≤0.05) from S/S mice at the same pre-pulse intensity.

Table 3. Effectiveness of NT69L and clozapine in blocking disruption of PPI by d-amphetamine and dizocilpine in WT, NTS1–/–

and NTS2–/– mice

Genotype and
Amphetamine comparisons Dizocilpine comparisons

pre-pulse intensity S/S S/A NT69L/A C/A P-value S/S S/D NT69L/D C/D P-value 

WT N15 N15 N16 N16 N15 N12 N11 N11
Mean PPI 35.7±4.6 2.3±3.7 30.6±6.3** 27.3±5.4** <0.001 35.7±4.6 3.7±3.7 15.0±5.0 38.6±6.9† <0.001
PP4 7.5±5.8 –14.0±5.3 8.8±9.7** 16.8±8.9** 0.019 7.5±5.8 –3.2±6.2 6.7±5.7 17.1±7.9 0.27
PP8 40.9±5.4 –3.4±6.3 33.6±5.9** 13.3±7.9* <0.001 40.9±5.4 5.1±5.6 –1.4±8.8* 33.2±7.2† <0.001
PP16 58.7±7.3 24.2±7.5 48.2±6.2 51.2±9.6 0.019 58.7±7.3 8.8±7.6 39.5±10.2 72.8±6.9† <0.001

NTS1–/– N11 N16 N15 N12 N11 N8 N13 N9
Mean PPI 35.1±5.1 23.0±5.8 28.3±8.9 28.6±9.1 0.64 35.1±5.1 41.7±2.7 27.5±4.9 36.5±7.5 0.32
PP4 16.2±8.6 13.9±7.2 24.3±8.8 15.0±14.9 0.54 16.2±8.6 32.8±7.5 16.7±7.6 20.6±11.3 0.57
PP8 33.5±3.5 23.3±8.7 27.9±8.4 25.4±11.1 0.68 33.5±3.5 32.5±12.1 18.1±6.7 15.7±15.2 0.34
PP16 55.2±8.4 32.9±9.6 33.2±12.9 45.3±9.5 0.48 55.2±8.4 58.9±6.1 46.8±6.9 72.2±2.6 0.12

NTS2–/– N13 N8 N14 N16 N13 N9 N8 N9
Mean PPI 34.5±7.7 2.6±6.5 27.3±7.6 27.5±5.6 0.075 34.5±7.7 4.6±4.2 25.6±5.0 3.5±8.3 0.011
PP4 6.9±10.7 –19.8±12.8 15.9±8.5 19.2±7.9 0.084 6.9±10.7 3.2±4.5 6.3±8.0 –14.3±8.3 0.23
PP8 37.9±8.1 0.4±8.1 15.4±8.1 25.2±7.0 0.028 37.9±8.1 –0.2±6.9 21.6±8.3 1.5±9.2 0.010
PP16 58.7±8.2 28.4±9.4 45.1±10.0 36.6±7.1 0.099 58.7±8.2 10.7±6.0 46.5±3.8† 23.4±13.9 0.003

Values are mean (± s.e.m.) %PPI.
Overall P-values stem from a test of difference using a Kruskal–Wallis rank-sum test. Given evidence of an overall difference (P≤0.05), the following pair-wise

comparisons of interest were made: NT69L/A vs S/S; NT69L/A vs S/A; C/A vs S/S; and C/A vs S/A for amphetamine comparisons and NT69L/D vs S/S;
NT69L/D vs S/D; C/D vs S/S; and C/D vs S/D for dizocilpine comparisons. Pair-wise comparisons were made using a Wilcoxon rank-sum test followed by a
Bonferroni correction.

*Significantly different from S/S mice. **Significantly different from S/A mice. †Significantly different from S/D mice.
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DISCUSSION
In this study we set out to investigate the involvement of NT receptor
subtypes in sensorimotor gating using WT, NTS1–/– and NTS2–/–

mice. We found no significant differences in baseline (S/S) PPI and
ASR between males of the three genotypes tested. Based on these
data, it appears that NTS1 and NTS2 do not play a role in the
modulation of baseline PPI. A recent report by Feifel and
collaborators examined baseline PPI in NTS2–/– mice (Feifel et al.,
2010a). The authors found that NTS2–/– mice show higher baseline
PPI as well as a lower ASR in comparison to WT mice and conclude
that endogenous NT plays a role in regulating PPI via activation of
NTS2. Additional reports from other research groups on baseline
PPI measured during test weeks 1 and 2 of life for NT knockout
mice were significantly lower than that for WT mice (Kinkead et
al., 2005). This difference became less evident as the mice aged,
suggesting a developmental effect on baseline PPI. We tested our
mice at least at post-natal day 90, when the mice had reached
adulthood and our results support those of Kinkead and collaborators
as we found no significant differences in PPI between genotypes at
this age. Our results with NTS1–/– are consistent with reports by
others (Feifel et al., 2010b), who also found no significant
differences in baseline PPI between NTS1–/– mice and their
respective WT controls.

There is significant evidence implicating NTS1 in the
sensorimotor gating mechanism of PPI (Binder et al., 2001; Caceda
et al., 2005; Feifel et al., 2007; Feifel et al., 2004; Kinkead et al.,
2005). Our results indicate that NTS1 is necessary for normal
disruption of PPI by the indirect DA agonist d-amphetamine and
the non-competitive NMDA receptor antagonist dizocilpine. Our
results are consistent with previous reports on the important role of
NTS1 in the modulations of PPI, as found by pharmacological
interventions (Caceda et al., 2005; Kinkead et al., 2005). Analysis
of startle pulse alone ASR data showed a significant decrease in
startle magnitude with amphetamine alone disruption for WT mice,
a trend often reported in other studies that have used amphetamine
to disrupt PPI (Dulawa and Geyer, 1996; Feifel et al., 2010b; Ralph-
Williams et al., 2002; Ralph et al., 2001; Ralph et al., 1999; Varty
et al., 2001).

Schizophrenia patients are reported to show deficits in PPI (Braff
et al., 1992; Kumari et al., 2000; Oranje et al., 2002), and one current
method of treatment for these patients is with antipsychotic drugs
that target the DA neurotransmitter system (Galletly et al., 2000;
Hoff et al., 1996; Kumari et al., 2000; Meltzer and McGurk, 1999;
Oranje et al., 2002). Recent evidence supports a complex interaction
between NTS1 and D2R. NTS1 located on cortical and midbrain
DA neurons internalizes in response to overstimulation by NT, while
NT via NTS1 enhances DA release by modulating or inhibiting the
function of inhibitory D2 auto-receptors (Fawaz et al., 2009; Fuxe
et al., 1992; Legault et al., 2002; Nouel et al., 1997). This evidence
suggests an interaction between DA and NT with respect to PPI,
adding further support to the hypothesis that for successful
amphetamine-induced PPI disruption, as well as the mechanism of
action of antipsychotic drugs, intact DA and NT systems are essential
(Binder et al., 2001; Caceda et al., 2005; Kinkead et al., 2005; Ralph-
Williams et al., 2002; Ralph et al., 1999).

Recent data from our laboratory provide further evidence for the
importance of this interaction between DA and NT. Basal
extracellular DA levels are higher in NTS1–/– and NTS2–/– mice
than in WT mice, with significantly less D2R receptor binding by
the D2R antagonist [3H]raclopride in the striatal area of NTS1–/–

mice (Liang et al., 2010). These data suggest an involvement of the
striatal region and a possible malfunction of the D2R in the NTS1–/–

mice, both which are reported by others to interact via the cortex,
striatum, pallidum and pontine tegmentum (CSPP) circuit that seems
to largely regulate PPI (Kodsi and Swerdlow, 1994; Kodsi and
Swerdlow, 1997; Seaman, 2000; Swerdlow et al., 2001; Swerdlow
et al., 1995). The interaction between DA and NT may be a
significant factor in our observed lack of PPI disruption in these
mice, as a similar phenotype to that observed in the NTS1–/– mice
can be achieved in WT mice by blockade of the D2R by the DA
antagonist clozapine, prior to amphetamine administration. Further
examination using these NT receptor knock-out mice in combination
with other receptor-specific DA compounds is necessary, as
clozapine also actively binds to dopamine 1 and 4 receptors,
serotonin type 2 (5HT2) receptors and histaminergic receptors
(Broderick et al., 2004; Farde et al., 1989; Nguyen et al., 2001; Oda
and Matsumoto, 2001; Van Tol et al., 1991).

The report by Liang and colleagues gives evidence of significantly
higher baseline extracellular DA levels in the striatum of NTS1–/–

and NTS2–/– in comparison to WT mice (Liang et al., 2010);
however, we do not report any deficits in baseline PPI as a result
of this ‘overflow’ of DA. Previously, Zhang and collaborators
quantified and reported marked decreases of PPI in rat, concomitant
with an overflow of DA due to systemic amphetamine administration
(Zhang et al., 2000). Overflow of DA in the nucleus accumbens
(NAcc) increased 100% over baseline levels causing a significant
PPI disruption, followed by a 450% DA overflow increase over
baseline levels and near-total PPI disruption (Zhang et al., 2000).
Other groups have reported similar increases in DA transmission
after amphetamine administration with human cohorts (Abi-
Dargham et al., 1998; Laruelle et al., 1996). While it is evident that
deficits in PPI are concomitant with overflow of DA, the report by
Liang and colleagues (Liang et al., 2010) shows a natural 78%
overflow of striatal DA in NTS1–/– mice and a 63.8% overflow in
NTS2–/– mice over WT levels. It is likely that a much higher DA
overflow is necessary for the NTS1–/– and NTS2–/– mice to express
natural PPI deficits. As we report here, we found no difference in
baseline PPI levels between the genotypes, and, with the exception
of NTS1–/– mice, decreased PPI can be achieved via systemic
administration of amphetamine and dizocilpine. It should be noted
that for a thorough understanding of how DA overflow affects PPI
in the genotypes examined here, DA levels in the NAcc and other
CSPP areas need to be examined.

While our study examined baseline and psychotomimetically
induced disruptions of PPI in WT, NTS1–/– and NTS2–/– mice, we
investigated whether treatment with the atypical antipsychotic drug
clozapine and the NT receptor agonist NT69L would block these
disruptions. Clozapine and NT69L successfully blocked
amphetamine-induced disruption of PPI in WT and in NTS2–/– mice.
These results are consistent with previous reports (Bubenikova et
al., 2005; Caceda et al., 2005; Feifel et al., 2004; Feifel et al., 1999;
Kinkead et al., 2005; Ouagazzal et al., 2001; Russig et al., 2004;
Shilling et al., 2003; Swerdlow et al., 1998). Our results for WT
mice were mixed for dizocilpine-induced disruption of PPI, as
clozapine significantly blocked this disruption at PP8 and PP16, the
very same pre-pulse intensities where dizocilpine alone, without
clozapine pre-treatment, significantly disrupted PPI. Interestingly,
NT69L pre-treatment followed by dizocilpine challenge did not
significantly block PPI, an effect seemingly caused by the lack of
effect of NT69L at PP8 and thus directly affecting mean PPI
comparisons between the two drug treatment groups. PPI levels in
NTS1–/– mice that were pretreated with either clozapine or NT69L
followed by challenges with amphetamine or dizocilpine were not
significantly different from that for S/S-, S/A- and S/D-treated mice.
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In NTS2–/– mice PPI disruption by dizocilpine was significantly
blocked at PP16 by NT69L but not by clozapine, while, as
previously mentioned, clozapine was effective against dizocilpine
in WT mice. These results suggest that clozapine may mediate its
effects via NTS2. This report shows that clozapine and NT69L were
able to block PPI disruption by d-amphetamine. Similar results were
not achieved with dizolcipine disruption of PPI in WT and NTS2–/–

mice. Because of the different nature of the psychotomimetic drugs
(d-amphetamine is an indirect DA agonist and dizocilpine is a non-
competitive NMDA glutamate receptor antagonist) used in this
report, it may be that our results with dizocilpine stem from a
complex interaction between the psychostimulant used in
conjunction with the presence or absence of a neurotensin receptor
subtype. We are investigating these observations further using a
dose–response study for the drugs tested in this report.

There were no significant differences in mean PPI or pre-pulse
PPI between the NT69L/S-treated group and the saline controls for
WT, NTS1–/– or NTS2–/– mice, although there were small non-
significant trends toward increases in PPI in WT and NTS1–/– mice.
These data are consistent with previous reports showing that NT
and NT agonists tend to increase PPI (Feifel et al., 2004; Feifel et
al., 1997; Feifel et al., 2010b; Shilling et al., 2003). C/S treatment
did not significantly affect PPI levels in WT and NTS2–/– mice. In
contrast, C/S treatment in NTS1–/– mice showed a tendency to
increase PPI, with a significant increase observed at PP16,
suggesting again that NTS2 may be more important than NTS1 in
modulating the effects of clozapine on PPI. Analysis of startle pulse
alone ASR results showed that NT69L alone affected the ASR for
NTS2–/– mice more profoundly than that for WT or NTS1–/– mice,
although mean PPI remained similar to that of S/S-treated mice for
all three genotypes. It is possible the significantly lower ASR
magnitudes exhibited by the absence of NTS2 in NTS2–/– mice may
be due to an imbalance of stimulation by NT69L at the NTS1
receptors located on DA neurons. NT69L may be inhibiting the
function of dopamine auto-receptors, prolonging synaptic DA
overflow (Fawaz et al., 2009; Legault et al., 2002; Nouel et al.,
1997), thus causing the marked decreases in ASR in the NTS2–/–

mice.
The limitations to this work are those of any study that uses mice

lacking a gene function from the embryonic stage of development.
Knocking out one gene can affect the expression of other genes
(e.g. decreases in receptor binding of the D2R in NTS1–/– mice) as
a result of important interactions between genes or gene products
that exist naturally in WT mice (Liang et al., 2010). Some changes
in knockout mice can be compensatory in nature. Recent reports by
Feifel and collaborators do not implicate NTS1 in the disruption of
PPI by d-amphetamine and dizocilpine, and attribute the regulation
of baseline PPI to NTS2 (Feifel et al., 2010a; Feifel et al., 2010b).
There are limitations that occur as a result of differences in
environmental conditions between animal facilities and different
experimental parameters. These factors are likely to account for the
differences observed in results between studies. For example, in one
study, Feifel and colleagues challenged a combined group of male
and female mice (WT or NTS1–/–) with amphetamine and dizocilpine
(Feifel et al., 2010b), while in a study of NTS2–/– they examined
locomotor activity immediately prior to PPI experimentation (Feifel
et al., 2010a). In our study, we used only males and allowed 1h of
undisturbed acclimation to the experimental room prior to PPI
experimentation. Dose–response curves, additional developmental
studies and more congruent experimental parameters should assist
in reconciling the differences in results observed between
laboratories.

A. Oliveros and others

In conclusion, this report provides data supporting the growing
body of evidence that gives NT receptor agonists, such as NT69L, a
possible role and use as novel antipsychotic drugs. We show that
clozapine blocked amphetamine-induced PPI disruption in WT and
NTS2–/– mice. Our results also showed that NT69L blocked
amphetamine-induced disruption in WT and NTS2–/– mice. We
observed different PPI results with dizocilpine, as clozapine and
NT69L showed differences in their ability to block PPI disruption by
dizocilpine in WT and NTS2–/– mice. Additionally, this report gives
evidence for the role played by NTS1 in PPI, as our results suggest
that the presence of NTS1 is necessary to disrupt PPI. Amphetamine
and dizocilpine disrupted PPI in WT and NTS2–/– mice but not in
NTS1–/– mice. We found no differences in baseline PPI in WT,
NTS1–/– and NTS2–/– mice, suggesting that neither NTS1 nor NTS2
modulates normal functioning of sensorimotor gating mechanisms.

LIST OF SYMBOLS AND ABBREVIATIONS
5-HT serotonin    
5-HT2 serotonin type 2    
ASR acoustic startle response
C/A clozapine/amphetamine   
C/D clozapine/dizocilpine   
C/S clozapine/saline    
CSPP cortex, striatum, pallidum and pontine tegmentum
D2R dopamine 2 receptor   
DA dopamine
Nacc nucleus accumbens 
NMDA N-methyl-D-aspartate   
NT neurotensin    
NT69L/A NT69L/amphetamine   
NT69L/D NT69L/dizocilpine   
NT69L/S NT69L/saline   
NTS1 NT subtype 1 receptor   
NTS1–/– neurotensin subtype 1 knockout   
NTS2 NT subtype 2 receptor   
NTS2–/– neurotensin subtype 2 knockout   
PP4 pre-pulse 4    
PP8 pre-pulse 8    
PP16 pre-pulse 16    
PPI pre-pulse inhibition   
S/A saline/amphetamine   
S/D saline/dizocilpine   
S/S saline/saline  
WT wild-type    
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