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SUMMARY
Endogenous neurotensin (NT) has been implicated in brain processes relevant to schizophrenia as
well as the therapeutic effects of antipsychotic drugs (APDs) used to treat this disorder. Converging
evidence suggests that NT1 receptors mediate the antipsychotic-like effects of NT, such as prepulse
inhibition (PPI) elevation. However, the role of NT2 receptors in these effects is not known. To
investigate the contribution of NT2 receptors to the regulation of PPI, we measured baseline PPI and
acoustic startle response (ASR), in male and female wild type (WT) and NT2 knockout (KO) mice.
For comparison, we also measured locomotor activity.

Baseline PPI was significantly elevated in both male (P < 0.01) and female (P < 0.01) NT2 KO
compared to WT mice, while ASR was significantly decreased in KO mice of both genders (P <
0.01). In contrast, female but not male KO mice exhibited significantly less baseline ambulations (P
< 0.05).

These data support the regulation of baseline PPI, ASR and locomotor activity by endogenous NT
acting at the NT2 receptor. Further studies investigating the role of NT2 receptors in the modulation
of APD-like effects are warranted.
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INTRODUCTION
Neurotensin (NT) is a tridecapeptide that is highly expressed in the peripheral and the central
nervous systems (CNS). NT acts as a neurotransmitter in the CNS modulating DA, serotonin,
glutamate and acetylcholine neurotransmission [1]. It also regulates many biological processes
including hypotension, hypothermia, analgesia, cell proliferation [2], and neural processes of
relevance to behavior and cognition [3]. In addition, converging evidence supports a role for
NT in a number of neuropsychiatric conditions, such as schizophrenia [4]. Decreases in the
levels of endogenous NT has been associated with the symptoms of schizophrenia suggesting
that NT may also exert antipsychotic-like effects on brain processes relevant to this brain
disorder [5]. Evidence also suggests that some of the therapeutic effects of antipsychotic drugs
may be mediated by increases in endogenous NT [6], and exogenous NT and NT agonists have
also been shown to produce antipsychotic-like effects in preclinical models [7–13].

Three NT receptor subtypes, NT1, NT2 and NT3 have been identified and there is evidence
that additional subtypes exist [14,15]. NT1 and NT2 are high and low affinity G-protein
coupled receptors (GPCRs), respectively. The NT3 receptor contains a single transmembrane
domain and has not been as extensively studied [16].

NT1 has been the most studied NT receptor subtype and to date it has been implicated in most
of the established central effects of NT [17]. Although it is distributed throughout the brain
[18,19], NT2 has not been well studied, in part due to the lack of pharmacological probes
selective for NT2. Recent investigations using NT2 receptor knockout (KO) mice have begun
to shed light on the role of NT2. Yamauchi et al. [20] found that NT2 KO mice exhibit deficits
in fear memory and [2] reported that they exhibit abnormalities in thermal nociception
compared to WT mice.

PPI describes the normal suppression of the startle reflex, when a startle-eliciting stimulus,
such as a sudden loud noise, is immediately preceded by a weak lead stimulus, such as a soft
auditory click. PPI is considered an operational measure of sensorimotor gating, a brain-based
process of filtering irrelevant environmental information [21,22]. Reduced PPI is associated
with schizophrenia and several other neuropsychiatric conditions [21,23] and this deficit has
been linked to cognitive abnormalities associated with the disorder.

NT appears to play a role in regulating PPI as NT and NT agonists attenuate PPI deficits
produced pharmacologically or by naturally occurring mutations [6,8]. Moreover, mice lacking
NT due to genetic alteration (NT KO mice) exhibit lower basal PPI compared to WT suggesting
endogenous NT regulates the tone of PPI [24]. Activation of NT1 receptors appears to enhance
PPI as evidenced by the ability of NT1 selective agonists to increase PPI in rats and mice [7,
8,25]. However, surprisingly we found PPI levels did not differ between NT1 KO and WT
mice suggesting that NT1 may not play an important role in the regulation of baseline PPI
levels [25]. The role of NT2 receptors in sensorimotor gating has not been well studied.
Therefore, we investigated baseline PPI, acoustic startle in WT mice and in NT2 receptor KO
mice. For comparison, we also measured baseline locomotor activity.
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MATERIALS AND METHODS
Generation of NT2 knockout mice

Generation of NT2 deficient mice was carried out at Roche Pharmaceuticals, Palo Alto, CA.
BAC clones were obtained from a mouse 129/Ola genomic library (Incyte) using a probe
corresponding to the first coding exon. To generate a null allele for the mouse NT2 gene, two
overlapping genomic DNA fragments (8.85 kb KpnI and 7.5 kb SpeI) were subcloned and
sequenced. A targeting vector was created from this DNA fragment such that it includes a 2.53
kb StuI-SpeI fragment as the 5′ homology arm, a Lox P flanked neomycin resistance gene (neo)
for positive selection, a 4.67 kb EcoRI-NheI fragment as the 3′homology arm, and the HSV-
TK (herpes simplex virus-thymidine kinase) gene for negative selection (Figure 1A). This
vector was linearized with NotI and introduced into 129/Ola-derived E14-1 embryonic stem
cells by electroporation. Cells were cultured in media containing 310 μg/ml G418 (Life
Technologies) and 2 μM gancyclovir (Roche). Twelve independent ES clones with
homologous recombination were identified by Southern hybridization using a 5′ external probe
on genomic DNA digested with PstI and were confirmed using a 3′ external probe and a neo
probe. Homologous recombination resulted in the deletion of a 2.1 kb NT2 genomic sequence,
including the ATG-containing exon that encodes the N-terminal 208 amino acids. Two of the
ES clones were injected into C57BL/6J (Jackson Laboratory) blastocysts to generate chimeric
mice. Germline transmission was achieved by mating the male chimeras with female C57Bl/
6J mice. NT2 KO mice were derived from NT2 HET × NT2 HET intercrosses. The reduction
or absence of NT2 expression in the NT2 HET or NT2 KO mice, respectively, was verified by
RT-PCR (Figure 1B and see below) and Northern hybridization (Figure 1C and see below).
The expression of NT1 appeared normal in the NT2 KO mice based on RT-PCR (data not
shown). No significant gross or microscopic differences were observed between NT2 WT and
NT2 KO animals. In addition, both the male and female NT2 KO mice were viable and fertile.

To produce a purer genetic background for behavioral evaluations, four additional backcrosses
to C57Bl/6J were performed. In this respect, five back crosses produces approximately 96 %
pure C57Bl/6J background [26]. The N5 NT2 KO and WT control mice were used in
subsequent experiments.

RT-PCR and Northern Blot (Brain expression)
Total RNA was extracted from the brains using the TRIzol Reagent (Life Technologies)
according to the manufacturer’s instruction. RT-PCR was performed using the SuperScript
One-Step RT-PCR System (Life Technologies) and gene-specific primers, including primer 1
(5′-TGA CCG CTG TAT ACC TGG CAC TTT TTG T) and primer 2 (5′-ATG GCC AGC
AGC AGG ATG AGC AGG TC) for NT1 and primer 3 (5′-GCG TGC CCA TGG AGC TCT
ACA ACT TC) and primer 4 (5′-AGA CCT GGA GCT GGC GCG ACT TAC TA) for NT2.
As an internal control, glyceraldehyde 3-phosphate dehydrogenase was amplified. To analyze
gene expression by Northern blot, 20 μg of total RNA was separated on a 1% agarose gel
containing 6.6% of formaldehyde, transferred onto Nytran membranes (Schleicher & Schuell)
and hybridized with 32P-labeled cDNA probes in ExpressHyb hybridization solution
(Clontech) at 68°C for 18 hours. The blots were first hybridized with a NT2 probe,
corresponding to the first coding exon, and then re-probed for the β-actin transcripts Figure
1C.

In addition, routine genotyping was conducted by PCR on purified tail DNA (DNeasy Kit,
QIAGEN) using two NT2-specific primers (5′-GTCCATTCCCCACCTCAGAAG-3′, 5′-
GCACCCTCCTGGTATCACACTG-3′) and a neo primer (5′-CCT TCT
TGACGAGTTCTTCTGAG-3′). PCR was performed under the following conditions:
incubation at 94°C for 2 min, 35 cycles of 94°C for 30 sec, 58°C for 30 sec and 68°C for 1
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min, and a final extension at 68°C for 2 min. The expected sizes for the WT and KO alleles
were 367 bp and 563 bp, respectively.

Animals—Fifty eight male and 57 female WT, and 36 male and 31 NT2 KO female mice
were bred at the UCSD breeding facility, San Diego and housed in groups of 2 – 5 in clear
plastic chambers in a climate controlled room on 12:12 hour light/dark cycle (lights on 7:00
AM– 7:00 PM). They were allowed free access to food and water for the extent of the study.
All mice were 3–4 months old at testing. Behavioral testing was performed between 8:30 AM
and 3:00 PM. All studies described in this publication were carried out in accordance with The
Declaration of Helsinki and/or with “Principles of laboratory animal care” (NIH publication
No. 86-23, revised 1985) as adopted and promulgated by the National Institutes of Health.

Animal Testing—Behavioral testing was conducted at UCSD. Male and female WT and
NT2 KO mice were placed in locomotor chambers for 30 minutes and ambulations measured.
They were then immediately placed in startle chambers and tested for baseline PPI and ASR.
Baseline PPI data was greater than three standard deviations from the mean for one female KO
mouse and baseline locomotor data was greater than three standard deviations from the mean
for one female WT mouse and these date were eliminated from baseline analysis.

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. 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 Plexiglass cylinder, which were transduced
into analog signals by a piezoelectric unit, mounted underneath the Plexiglass platform [27].
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.

Animals were tested in startle chambers, where they were subjected to a 10-minute acclimation
to the 65 dB background noise, which continued throughout the session. The acclimation was
followed by a 14 minute PPI test session. Five trial types were presented during the test session:
a 40 msec 120 dB startle pulse (PULSE-ALONE), a 20 msec prepulse (4, 8 or 16 dB above
background) preceded the PULSE-ALONE by 100 msec, and a NO-STIMULUS trial. All trial
types were presented 10 times in pseudo-random order separated by an average of 15 seconds.
In addition, five PULSE-ALONE trials that were not used in the calculation of PPI values were
presented at the beginning and at the end of the test session [28].

Locomotor Testing—Locomotor activity testing was performed in twelve identical
locomotor boxes obtained from San Diego Instruments (San Diego, CA). Each box was
enclosed in a frame that contained eight beams to measure horizontal activity. Two consecutive
beam brakes was used to define an ambulation. Animals were placed in boxes and locomotor
activity measured for 30 minutes.

Data and Statistical Analysis—A startle response was recorded for all the PULSE-
ALONE, and all prepulse trials. From these data, PPI measures and startle magnitude were
calculated for each animal. PPI 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.
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A two-factor ANOVA was used to analyze startle with Gender and Genotype as a between
subjects factors. We decided a priori to analyze and display male and female results separately.
For PPI, Prepulse Intensity was included as a within-subjects factor (three-Factor ANOVA).
Significant effects were followed by post hoc t-tests. Locomotor activity was analyzed by a
three-factor ANOVA with Gender, Genotype and Time (0 – 10, 10 –20 and 20 – 30 minutes
after entering the cage) as between subjects factors. Locomotor activity was also collapsed
across the 3 times points providing the total number of ambulations for the entire 30-minute
period for each animal. These data were analyzed by two-way ANOVA (Gender and Genotype
as between subject factors). Independent t-tests were used to compare ambulations in WT and
KO mice in males and females at each of the three time points and for total ambulations.
Bonferroni method was used to correct for multiple comparisons.

RESULTS
Baseline PPI

There was a significant main effect of Genotype [F(1,175) = 29.750, P < 0.001], Prepulse
Intensity [F(2,350) = 309.524, P < 0.001] and a significant Prepulse Intensity × Genotype
Interaction [F(2,350) = 5.994, P < 0.01]. Male KO mice exhibited significantly higher PPI at
all three prepulses (pp4 [t(85.997) = −3.546, P < 0.01]; pp8 [t(88.145) = −5.097, P < 0.01; pp16
[t(89.878) = −4.456, P < 0.01]. Female KO mice exhibited significantly higher PPI than WT
at pp8 [t(83.916) = −5.044, P < 0.01] and pp16 [t(83.849) = −3.808, P < 0.01] (Figure 2). In
contrast, there was no significant difference in female KO PPI levels compared to WT mice at
pp4. No other interaction was significant.

Baseline ASR
There was a main effect of Genotype F[(1,178) = 32.856, P < 0.001] and Gender F[(1,178)
=9.550, P < 0.01]. Male [t(67.588)= 6.286, P < 0.001], and female [t(79.969)= 3.674, P < 0.001]
KO mice exhibited significantly lower ASR compared to their WT counterparts and this
difference was larger in the males (Figure 2 Inset). There were no other significant interactions.

Baseline locomotor activity
The was a main effect of Gender F[(1, 172) = 5.686, 5.686, P < 0.05], Genotype F[(1, 172) =
6.270, P < 0.05] and Time F[(2, 344) = 435.827, P < 0.001]. There were no significant
interactions. After correction for multiple comparisons, there were no significant differences
in between WT and KO mice (male and female) at any of the three time points. In regards to
the collapsed locomotor data, there was a main effect of Gender [F(1,175) = 6.141, P < 0.005]
and Genotype [F(1,175) = 6.276, P < 0.01]. Female but not male KO mice exhibited
significantly less ambulations than WT mice during the thirty minute session, [t (81.491) =
2.166, P < 0.05], [t (65.994)= 1.640, NS], respectively (Figure 3).

DISCUSSION
We discovered that baseline PPI is elevated in the NT2 KO males and females compared to
the WT mice. These data are consistent with endogenous NT regulating PPI by activating the
NT2 receptor. To the best of our knowledge this is the first report on the effects of a NT2
deletion on PPI and startle magnitude. We recently reported that PPI did not differ between
NT1 KO and WT mice suggesting that endogenous NT affects baseline PPI via another NT
receptor, e.g., NT2, consistent with the data presented here. However, pharmacological doses
of NT1 [7–13] agonists facilitate PPI. Therefore, it appears that endogenous and exogenous
NT may regulate PPI via different mechanisms. In addition, baseline startle was significantly
lower in the NT2 KO mice also suggesting a role for the NT2 receptor in the regulation of
ASR.
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Female but not male NT2 KO mice exhibited significantly lower basal locomotor activity
compared to their WT counterparts. However, male KO mice exhibited a strong trend in the
same direction. These data for the male KO mice are consistent with those of Yamauchi et al.
[20] who reported that male NT2 KO mice did not exhibit altered spontaneous locomotor
activity. In this respect, they detected a non-significant 13% decrease in locomotor activity in
KO vs. WT mice, which is almost identical to the 9% decrease that we detected. In contrast,
Liang et al. [29] recently reported that NT2 KO mice exhibit higher basal locomotion compared
to WT mice. The difference in the results between the Liang study and the previously described
results is difficult to reconcile but may be due to different environmental conditions in animal
facilities.

A recent study reported that a NT2 selective agonist had no effect on baseline PPI but reversed
amphetamine-induced hyperactivity and disruption of PPI, an antipsychotic-like effect, similar
to that produced by NT1 activation [30]. These results are not easily reconciled with our
findings from which we would predict that a NT2 selective agonist might reduce PPI. However,
Boules’ et al. results were in rats and Ralph et al. have reported that in some cases, such as the
effects of D2 agonists on locomotor activity, mice and rats exhibit different behavioral
responses to the same drugs [31]. Another plausible explanation is the differences in the results
we observed are an outcome of perturbation of normal development resulting from congenital
absence of NT2 receptors. For example, Li et al. [32] reported that NT2 KO mice also have
significantly lower levels of striatal glutamate compared to WT mice.

In summary, previous NT2 KO studies have supported a role for NT2 receptors in processing
thermal nociception and fear memory. The findings presented in this report suggest that
activation of NT2 receptors regulate additional neural mechanisms underlying behaviors
relevant to psychiatric disorders. In this respect, we have provided evidence for NT2 receptor
regulation of baseline PPI, ASR, and locomotor activity. Future studies are necessary to dissect
the role of NT2 receptors in the mechanisms underlying the action of antipsychotic drugs.
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Figure 1.
Generation of NT2 knockout mice. (A) Gene targeting strategy. Restriction maps of the wild-
type NT2 genomic allele, the targeting vector, and the disrupted allele after homologous
recombination. Restriction endonuclease cutting sites are: B, BamHI; E, EcoRI; K, KpnI; N,
NheI; P, PstI; Sp, SpeI; St, StuI. E1, E2, E3, E4: the first, second, third and fourth exons.
Selective markers: neo, neomycin-resistance gene; tk, thymidine kinase gene. Arrow indicates
the transcription direction of neo. The 5′ probe was used to screen for homologous recombinant
ES clones while the 3′ probe and the neo probe were used to verify positive clones by Southern
blot. (B) Genotyping of the F2 offspring of F1 NT2 +/− × NT2 +/− crosses by PCR. The 367
bp and 563 bp bands are indicative of the wild type and the targeted alleles, respectively. V:
vector DNA control. ES: ES DNA. (C) Analysis of NT2 expression in the F2 mice by Northern
blot. Genotypes: +/+, homozygous wild-type; +/−, heterozygote; −/−, homozygous knockout.
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Figure 2.
Baseline PPI (Main) at pp4, pp8 and pp16, and startle magnitude (Inset) in WT and NT2 KO
mice. NT2 KO mice significantly different from WT mice represented by *P < 0.05, **P <
0.01.
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Figure 3.
Baseline ambulations in WT and NT2 KO mice, 0 – 10, 10 – 20 and 20 – 30 minutes after
entering the cage (Main) and total baseline ambulations during this 30 minute time period
(Inset). NT2 KO mice significantly different from WT mice represented by *P < 0.05.
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