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Abstract. The 13-amino acid peptide neurotensin (NT)
was discovered over 30 years ago and has been implicated
in a wide variety of neurotransmitter and endocrine
functions. This review focuses on four areas where there
has been substantial recent progress in understanding NT
signaling and several functions of the endogenous peptide.
The first area concerns the functional activation of the
high-affinity NT receptor, NTR-1, including the delin-
eation of the NT binding pocket and receptor domains 
involved in functional coupling to intracellular signaling
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pathways. The development of NT receptor antagonists
and the application of genetic and molecular genetic
approaches have accelerated progress in understanding
NT function in several areas, including the involvement
of NT in antipsychotic drug actions, psychostimulant
sensitization and the modulation of pain, and these are
reviewed in that order. There is now substantial evidence
indicating that NT is required for certain antipsychotic
drug actions and that the peptide plays a key role in
stress-induced analgesia.
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Introduction

The tridecapeptide neurotensin (NT) was discovered by
Carraway and Leeman over 30 years ago [1]. Subsequent
complementary DNA (cDNA) cloning experiments 
revealed the structure of the NT precursor that is
processed to yield both NT and the related hexapeptide
neuromedin N (NMN) [2, 3]. The structure of the predicted
169–170 amino acid precursor has been confirmed in
several studies that have also provided evidence that the
precursor is differentially processed in the brain and
gastrointestinal tract [4–8]. In the brain, the precursor is
completely processed to yield both NT and NMN, al-
though there appears to be some regional variation in the
molar amounts of the two peptides [9, 10]. In contrast, the
precursor is incompletely processed in the gastrointestinal
tract to yield principally NT and an amino-terminally
extended form of NMN that extends from the signal pep-
tide cleavage site to the carboxyl terminus of NMN [6, 8].

Several lines of evidence indicate that different prohor-
mone convertases (PCs) are responsible for differential
processing of the NT precursor. PC2 has been reported to
completely process the NT precursor, while PC1 and
PC5A incompletely process the precursor to yield amino
terminally extended NMN and NT [11, 12].
NT and NMN appear to have largely overlapping functions
and bind to a common group of receptors that include two
G protein-coupled receptors (NTR-1, NTR-2: also referred
to as NTS1, NTS2) and two predominantly intracellular
receptors of unknown function (NTR-3/sortilin, NTR-
4/SorLA). The first NT receptor to be cloned was NTR-1,
corresponding to the high-affinity levocabastine-insensitive
NT receptor previously characterized in NT binding
studies [13, 14]. This receptor appears to mediate most of
the pharmacological and physiological effects of NT
based on several lines of evidence that will be covered in
this review. The second cloned receptor NTR-2 shares
substantial sequence identity with NTR-1 and corresponds
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to the low-affinity, levocabastine-sensitive receptor [15,
16]. The physiological functions of NTR-2 remain 
uncertain, particularly in view of the observation that two
non-peptide NT antagonists (SR 48692, SR 142948A) act
as agonists for NTR-2 in transfected tissue culture cells,
while NT behaves as an antagonist [17–20]. However,
there is increasing evidence that NTR-2 may mediate
certain analgesic effects of NT, which will be reviewed in
detail below. NTR-3 was initially identified as an NT
binding protein in detergent solubilized brain membrane
preparations and cDNA cloning revealed that this activity
corresponds to the primarily intracellular sortilin protein
[21]. Both sortilin and the structurally related SorLA are
similar to previously identified sorting receptors, and the
NT binding domain of these receptors is homologous to the
luminal part of the yeast receptor for carboxypeptidase Y,

Vsp10p [22–24]. The Vsp10p-related domains appear to
comprise multifunctional binding sites containing multiple
cysteine residues that form five intertwined disulfide
bridges [25]. These receptors appear to function primarily
in receptor internalization and ligand degradation, and
NT has been shown to stimulate NTR-3/sortilin internal-
ization [24, 26–28]. However, they also bear similarity to
the hydra head activator peptide receptor that is required
for appropriate development and growth of head struc-
tures during hydra development, and there is increasing
evidence that NT may stimulate cell growth and migration
through NTR-3/sortilin [29–31]. Although NTR-3/
sortilin and NTR-4/sorLA may mediate some functions
of NT, the available evidence suggests that most of the
physiological functions and pharmacological effects of
NT are mediated by NTR-1.

Figure 1. Schematic diagram of rat NTR-1 indicating functional and evolutionarily conserved residues. The amino acid sequences of NTR-
1 from species ranging from man to the puffer fish were compared using BLAST (version 2.2.10). Amino acids that are identical in all
species examined (human [14], rat [13], mouse [Genbank accession # NM_018766], dog [Genbank accession # XM_543088], chicken
[Genbank accession # XM_425707], puffer fish [SINFRUP00000083583 and SINFRUP00000079588]) starting at Tyr62 in the rat sequence
are indicated by red filled circles, using single-letter amino acid abbreviations. The dog sequence contains an insertion of 334 amino acids
(positions 242–575 of the dog sequence) that is located between the amino acids that correspond to Gln239 and Val240 of the rat sequence
and was not included in the analysis). The draft chicken genome NTR-1 sequence is truncated at the amino terminus and begins at the po-
sition corresponding to Asp230 in the rat sequence. The draft puffer fish NTR-1 sequences were found in two separate incomplete predicted
open reading frames. Amino acids that are involved in NT binding are indicated by green circles (broken green circles indicate that NT
binding was reduced 2–3-fold following Ala or Gly substitution) [41, 43]. Amino acids that have been implicated in SR 48692 binding are
indicated by yellow letters [42]. Positions that were tested but had no effect on either NT or SR 48692 binding are indicated by blue letters.
Substitution of Ala for Phe358 (blue circle) resulted in constitutive PI turnover in transfected COS cells [59]. Residues that have been im-
plicated in G-protein coupling are designated by pink letters within green or dashed green circles, indicating that these mutations also de-
crease NT binding at least somewhat [45]. Numbers indicate specific positions in the rat NTR-1 sequence. Regions that have been impli-
cated in coupling to Gq and Gi/o are indicated [48, 50]. Amino acid residues that have been shown to be important for receptor internaliza-
tion are indicated. Potential phosphorylation sites that are involved in interactions with b-arrestin are indicated by light brown circles, and
serines that were not found to be important are indicated by light brown letters.
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NT has been implicated in an impressive array of neuro-
biological, endocrine and paracrine functions, and a
comprehensive review could easily fill a volume. This
review will be focused on four areas where there have
been significant recent advances in our understanding of
the physiological roles of the peptide and the mechanisms
involved in NT signaling. The first area will center on NT
binding to NTR-1 and the stimulation of intracellular
signaling pathways through this receptor. The second
section will highlight recent advances that are consistent
with the hypothesis advanced by Nemeroff 25 years ago
that NT may constitute an endogenous neuroleptic [32].
Third, the possible role of NT in psychostimulant drug
sensitization will be considered. Lastly, recent exciting
developments regarding the involvement of NT in stress-
induced analgesia will be considered. These advances
have been propelled by the development of non-peptide
NT antagonists [33, 34] and genetic models [35–38] that
in combination have begun to provide a clearer picture of
the important physiological functions of the peptide.

NT binding to the high-affinity NT receptor, NTR-1

There has been significant progress made in identifying
regions in NTR-1 that are involved in specific receptor
functions. For the purposes of this review, sequence com-
parisons between previously reported NTR-1 sequences
from several mammalian species [13, 14, 39, 40] and
homologous sequences that have become available from
whole genome sequencing projects (dog, chicken and
puffer fish) were performed to identify evolutionarily
conserved regions of NTR-1. The results are presented
schematically in figure 1. Two conserved regions were
identified (identical conserved residues are colored red in
fig. 1), and perhaps not surprisingly, one conserved 
region encompasses sequences that have been shown by
mutational analysis to comprise at least a portion of the
NT binding pocket [41–43]. The second conserved region
encompasses extracellular (EC) loop 1 and the two adja-
cent transmembrane (TM) spanning domains; and al-
though mutation of Asp139 or Arg143 near the top of TM 3
results in nearly a complete loss of NT binding [41, 43],
this region has not been included in published models for
the NT binding pocket (note that substitution of Arg143

with Gly abolished binding, but substitution with Lys,
Gln or Met had no effect) [42, 44].
Systematic mutational analyses centered on either charged
[41] or hydrophobic and aromatic residues [42, 43, 45] of
rat NTR-1 have provided considerable insight regarding
specific residues involved in binding both NT (indicated
by green circles in fig. 1) and the relatively NTR-1-se-
lective NT antagonist, SR 48692 (indicated by yellow
single-letter amino acid abbreviations in fig. 1). In addition
to the conserved charged residues near the junction of EC

loop 1 and TM 3 mentioned above, these studies have im-
plicated charged and hydrophobic residues in TM 6 and
EC loop 3 in NT or NT-(8-13) binding [42, 43, 45].
Competition binding experiments with 125I-NT-(8-13)
and different NT-(8-13) derivatives were used to gain
insights regarding specific contacts between NTR-1
residues and the agonist [43]. Ala substitution mutations
in NTR-1 at Trp339, Phe344 or Tyr347 affected binding of
NT-(8-13), much more severely than [Ala11]NT-(8-13),
indicating that Tyr11 likely makes p-p contacts with these
residues located in the third EC loop, although slightly
different contacts (Phe331, Trp339, Phe344) were suggested
earlier based on homologies between EC loop 3 and NT-
(8-13) and regions in proteins with known crystal struc-
tures [44]. Similar analyses suggest possible interactions
between Pro10 of NT-(8-13) and Trp339, Ile12 and Met208,
Arg9 and Phe331, and an ionic interaction between Arg327

and the carboxyl terminus of NT-(8-13) [43]. In contrast,
earlier computer modeling suggested that Ile12 and Leu13

interact with Phe331 and Ile334 in NTR-1 and that Arg9 in
NT-(8-13) makes cation-p contacts with Phe331, Phe346

and Tyr349 [44]. Interestingly, in the three-dimensional
model based on previously determined crystal structures
from several different proteins [44], EC loops 1 and 3 are
closely juxtaposed, suggesting that residues in EC loop 1
could potentially either make contacts with NT, stabilize
the conformation of the NT binding pocket or participate
in NT-induced conformational changes.
The SR 48692 binding pocket appears to lie somewhat
deeper in the membrane, but several residues have been
identified that appear to be important for both SR 48692
and NT binding (yellow letters within green circles in
fig. 1) [42]. The mutational data indicate that contacts
with hydrophobic residues in TM 6 and 7 are important
for SR 48692 binding, including Tyr324, Phe331, Tyr351 and
Tyr359 of rat NTR-1 [42]. Ala substitutions in Trp354 and
Phe358 in TM 7 and Met208 in TM 4 had less severe effects.
Finally, substitution of Arg327 with either Met or Glu
displayed greatly reduced SR 48692 and NT binding,
most likely because this residue contacts the carboxylic
acid functions of both SR 48692 and NT [42, 43]. As
noted above, Met208, Phe331 and Tyr351 also appear to make
important NT contacts, suggesting a basis for the ability
of SR 48692 to compete for NT binding to the receptor.
NT binding to NTR-1 results in the activation of a number
of intracellular signaling cascades, including those in-
volving the generation of inositol 1,4,5-trisphosphate
and diacylglycerol, cAMP, cGMP and the activation of
mitogen-activated protein kinases (MAPKs) (reviewed in
[46]). Interestingly, mutation of Phe358 in TM 7 of NTR-1
to Ala (indicated by a blue circle in fig. 1) results in high
constitutive stimulation of IP production in transfected
Chinese hamster ovary (CHO) cells, without affecting
cAMP production, suggesting that this TM segment may
be involved in agonist-induced conformational changes
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that result in an active receptor conformation that selec-
tively influences coupling to Gq [47]. The third intracel-
lular loop of NTR-1 has been implicated in coupling to
the PI pathway, but appears not to be involved in cAMP
signaling in CHO cells [48]. Comparison of different
internal deletion mutants suggests that the region between
amino acids 270 and 282 is important for coupling to Gq

and stimulation of PI hydrolysis (see fig. 1). The third
intracellular loop has been implicated in G protein inter-
actions for a number of G protein-coupled receptors [49].
In contrast, deletion of the carboxyl terminal tail of
NTR-1 disrupted NT-stimulated [35S]GTPgS binding and
arachidonic acid production, which are thought to involve
interactions with Gi/o [50]. Comparisons between different
deletion mutants indicated that intracellular C-terminal
residues between amino acids 373 and 401 mediate these
responses (see fig. 1) [50]. These results provide strong
evidence that distinct domains in NTR-1 are required for
coupling to different G proteins and thus the activation of
different intracellular signaling mechanisms [51], and
raise the possibility that distinct receptor conformations
are required for coupling to different signaling pathways
[52].
The analysis of carboxyl terminal truncation mutants has
also provided evidence that this region of the receptor is
involved in receptor internalization and desensitization.
Thus, deletion of the entire carboxyl terminal intracellular
region led to a dramatic reduction in NT-stimulated 
receptor internalization in transfected CHO cells, while
removal of only the last 22 residues had little effect [50,
53, 54]. In contrast, deletion of the third intracellular loop
did not affect receptor internalization [48]. In contrast to
these results, deletion of the last three residues of NTR-1
nearly abolished receptor internalization in COS cells,
and substitution of both Thr422 and Tyr424 with Gly also
dramatically reduced ligand-induced receptor internaliza-
tion [53]. Although the region required for receptor inter-
nalization in CHO cells corresponds to the one required
for Gi/o coupling, receptor internalization is not blocked
by pertussis toxin, suggesting that Gi/o and its downstream
effectors are not involved in receptor internalization [50].
In addition to the mechanisms involving the membrane
proximal region of the carboxyl terminal tail, more distal
potential phosphorylation sites have also been implicated
in internalization [53, 55]. One group of potential phos-
phorylation sites near the carboxyl terminus (Ser415,
Thr416, Ser417) has recently been shown to mediate inter-
actions with b-arrestin, a scaffolding protein that links G
protein coupled receptors to components of the endocytic
machinery, although mutation of these sites did not prevent
receptor internalization [55]. Curiously, mutation of
another evolutionarily conserved group of potential
phosphorylation sites (fig. 1, brown letters) did not affect
the ability of b-arrestin to associate and internalize with
NTR-1 [55]. These results indicate that the carboxyl

terminus of NTR-1 is involved in receptor internalization,
but suggest that there may be distinct sequence require-
ments in different cell types.
The low-affinity, levocabastine-sensitive [56] NT receptor,
NTR-2, has also been cloned but has not been studied as
intensively as NTR-1 [15, 16]. Initial analysis of the
mouse receptor in frog oocytes indicated that NT, NMN
and levocabastine stimulated Ca+2-activated chloride
currents through NTR-2 [15]. However, the functionality
of this receptor has been called into question by several
studies in transfected cell lines that indicate that NTR-2
is activated by the NT antagonists SR 48692 [33] and SR
142948A [34], and that NT antagonizes these effects [18,
19, 58, 59]. However, NT appears to selectively activate
MAPK signaling through NTR-2 in transfected COS cells
and cultured cerebellar granule cells [20, 60], although
this has not been observed in all studies [18]. The common
finding that SR 48692 and SR 142948A stimulate at least
some intracellular signaling pathways through NTR-2
should be taken into consideration when interpreting
results obtained using these compounds.

NT is required for certain antipsychotic drug actions

NT was formally proposed to be a possible endogenous
neuroleptic 25 years ago based on the fact that central NT
administration produces a spectrum of effects that are
similar to those of antipsychotic drugs (APDs) [32].
Subsequent observations that APD treatment results in
significant increases in NT levels and NT gene expression
in the striatum suggested that the mechanisms underlying
both the therapeutic and side effects of APD treatment
might involve increased NT signaling in the striatum
(reviewed in [61]). The observation that cerebrospinal
fluid NT levels were significantly depressed in a subset of
schizophrenic patients displaying more severe symptoms
and were normalized following APD treatment suggests
that NT deficits may be involved in the etiology of schiz-
ophrenia [62–67]. There has been rapid progress over the
past several years that reinforces the notion that decreased
NT signaling contributes to defects in sensorimotor gating
in animal models of schizophrenia and that NT is required
for the reversal of these defects by some APDs, but not
others [68, 69]. These results suggest that the development
of direct NT agonists may provide novel therapeutic
approaches toward the treatment of schizophrenia. 
All APDs that have been tested increase NT expression in
brain regions innervated by midbrain dopamine neurons,
but somewhat different patterns of activation have been
observed with different APDs. Atypical APDs, like
clozapine, display a much lower or absent incidence of
extrapyramidal motor side effects (EPSs) than typical
APDs, such as haloperidol, and have become the first line
treatment for schizophrenia [70]. Initial results suggested
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that both typical and atypical APDs increase NT expres-
sion in the nucleus accumbens (NAc), while only typical
APDs increase expression in the dorsolateral striatum
[71–75], although more recent studies indicate that certain
atypical APDs increase NT levels in dorsal striatum
without increasing levels in the NAc [76]. The propensity
of typical APDs to increase NT in a region of the striatum
that had been implicated in motor control together with
reports that central NT administration produced behavioral
catalepsy, suggested that increased NT expression in the
dorsolateral striatum might be involved in the production
of EPSs. Furthermore, the ability of both typical and
certain atypical APDs to increase NT expression in the
NAc was suggestive that these increases might underlie
the shared therapeutic effects of these drugs. Indeed,
treatment with NT antagonists has been shown to block
the ability of certain APDs to augment sensorimotor
gating in animal models of schizophrenia [68, 69]; how-
ever, the ability of the typical APD, haloperidol, to produce
catalepsy is unimpaired in NT knockout mice [35].
A major question concerning NT involvement in APD
drug responses concerns the contribution of the peptide
to neuronal activation. The induction of immediate early
gene expression, most commonly c-Fos, has been used
extensively to analyze APD-evoked changes in neuronal
activity [77]. Typical and atypical APDs activate Fos ex-
pression in distinct patterns, in brain regions innervated
by midbrain dopamine neurons, that bear a remarkable
similarity to NT gene induction (reviewed in [77, 78]). In
addition, atypical – but not typical – APDs increase Fos
expression in the prefrontal cortex, suggesting that neu-
ronal activation in this region may be related to the en-
hanced therapeutic profile of these drugs, particularly
with regard to reversal of negative symptoms [79–81].
Several lines of evidence indicate that the NT gene may be
directly activated by c-Fos, perhaps explaining the simi-
larities in their patterns of expression following APD
treatment [82–86]. Experiments in NT knockout mice
and in rats have provided evidence that NT is specifically
required for full APD-evoked c-Fos expression in the dor-
solateral striatum [35, 87, 88]. Thus, in both NT knockout
mice and in rats pre-treated with either the relatively 
selective NTR-1 antagonist, SR 48692, or the non-selec-
tive NT antagonist, SR 142948A, haloperidol-evoked Fos 
expression was significantly blunted in the dorsolateral
striatum but not elsewhere, and was more markedly af-
fected in the striatal patch compartment [87]. The response
to clozapine was not affected in any region examined;
however, olanzapine-evoked Fos expression in dorsome-
dial and dorsolateral striatum was augmented by pre-
treatment with SR 142948A [88]. This difference may 
reflect the fact that olanzapine binds with relatively high
affinities to a variety of receptors that could contribute to
neuronal activation in the striatum and that NT may neg-
atively modulate one or more of these [89].

NT most likely influences APD activation of striatal
neurons through effects on striatal afferents, since the
vast majority of NT receptors are expressed on presynaptic
elements in the dorsal striatum (fig. 2) [90–93]. APD-
evoked Fos activation involves both dopamine D2 receptor
blockade and glutamate signaling through N-methyl-D-
aspartate (NMDA) receptors [94–96]. Cortical layer V
projection neurons express NTR-1 [92], suggesting that
APD-evoked striatal NT release [97–99] could participate
in neuronal activation through augmenting glutamate
release from corticostriatal afferents (fig. 2). Intrastriatal
NT administration has been shown to increase extra-
cellular glutamate levels, and this effect is blocked by SR
48692 [100, 101]. The elucidation of the mechanisms
underlying NT involvement in APD-evoked neuronal
activation and uncovering the functional consequences of
alterations in this activation will undoubtedly yield 
important clues regarding the mechanisms through which
NT mediates certain APD actions.

Figure 2. A presynaptic action of NT potentiating glutamate release
is required for neuronal activation in the dorsal striatum and increased
PPI following haloperidol administration. NT most likely influences
neuronal activation through effects on corticostriatal afferents
expressing NTR-1 [87], since the available evidence suggests that
dorsal striatal neurons do not express this receptor [92, 93]. Recently,
treatment with the NT agonist PD149163 has been shown to activate
cortical PFC pyramidal neurons and interneurons [238]. Intra-striatal
NT administration increases extracellular glutamate levels [100],
and glutamate signaling is required for haloperidol-evoked neuronal
activation in the striatum [95, 239]. Lesions of the caudodorsal
striatum decrease basal PPI in rats, suggesting that this region is
required for normal levels of basal PPI and could contribute to
haloperidol-evoked increases in PPI [116].
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There is increasing evidence that NT has APD-like effects
that are similar to those of atypical APDs. Prepulse inhi-
bition (PPI) of the acoustic startle reflex has been used
extensively as a model for sensorimotor gating defects
associated with schizophrenia. This test measures reduc-
tions in the startle response to a loud acoustic stimulus
(pulse) when preceded by a weak acoustic stimulus
(prepulse). PPI is disrupted by dopamine agonists, non-
competitive NMDA antagonists, a1-adrenoreceptor ago-
nists and serotonin (5-HT2A) receptor agonists, and can be
restored by typical and atypical APDs depending on the
mode of disruption [102]. Atypical APDs generally display
a broader ability to restore PPI resulting from manipulation
of any of these transmitter systems, and NT shares this
property. Microinjection experiments in which NT was
administered directly into the NAc provided the first
evidence that NT can modulate PPI similarly to APDs in
that lower doses of NT (0.25, 1.0 mg) reversed amphet-
amine disruption of PPI without affecting pulse alone
startle amplitude [103]. In contrast, a higher dose of NT
(5.0 mg) potentiated both amphetamine and apomorphine
disruption of PPI [104]. Two recently developed stable
NT analogs, PD149163 and NT69L [105], that are capable
of producing central nervous system effects following pe-
ripheral administration have also been shown to restore
PPI following disruption by dopamine, serotonin and a1

adrenoreceptor agonists [106–109]. The NT agonist PD
149163 and clozapine – but not haloperidol – reversed
sensorimotor gating defects in Brattleboro rats, again
consistent with the NT agonist having atypical APD-like
properties [110]. These results indicate that exogenously
administered NT can reverse the disruptive effects of
several neurotransmitter systems on PPI and may also
augment basal PPI, suggesting that APD-mediated in-
creases in NT signaling might underlie their ability to
augment PPI and to reverse the disruption of PPI caused
by neurotransmitter agonists or antagonists (fig. 2).
Recent experiments have provided evidence that endoge-
nous NT signaling through NTR-1 contributes to basal
PPI and is required for the augmentation of PPI by certain
APDs [68, 69]. Thus, pretreatment of rats with either the
relatively NTR-1-selective antagonist SR 48692 or the
non-selective antagonist SR 142948A was found to block
the acquisition of latent inhibition, a measure of sensori-
motor gating involving conditioned associations following
multiple neutral pre-exposures to the conditioned stimulus
[68, 69]. Similar to PPI, APDs augment the acquisition
of latent inhibition and reverse amphetamine-induced
disruption of this process. SR 142948A pre-treatment
blocked the ability of haloperidol to augment latent inhi-
bition. Interestingly, SR 142948A also blocked the ability
of the atypical APD quetiapine to reverse PPI deficits
resulting from isolation rearing [68]. Furthermore, iso-
lation reared rats were found to have significantly lower
levels of NT messenger RNA (mRNA) and higher levels

of NT receptor binding in the NAc, and quetiapine treat-
ment restored striatal NT gene expression in isolation
reared, but had no effect on NT mRNA expression in 
socially reared rats [68]. In view of these results, it is
perhaps not surprising that SR 48692 was found to be
ineffective in the treatment of schizophrenia [111]. These
results indicate that NT signaling is required both for
normal basal sensorimotor gating activity and the poten-
tiation of PPI and latent inhibition by certain APDs.
The available evidence suggests that NT influences PPI
through actions in the striatum, and important unresolved
questions concern the site(s) of NT action, the causal rela-
tionship between APD-evoked increases in NT expression
and APD effects on PPI, latent inhibition and ultimately
the therapeutic benefits of these drugs. The evidence that
disruption of NT signaling selectively diminishes the
ability of certain APDs to activate Fos expression in the
dorsolateral striatum suggests that these changes might
contribute to the defects in PPI and latent inhibition
caused by NT antagonists (fig. 2). Both direct and indirect
dopamine agonists disrupt PPI, and microinjection exper-
iments have implicated several brain regions in this 
response, including the nucleus accumbens and the 
anteromedial caudate [112–114]. The ability of the APD
haloperidol to restore PPI in apomorphine-treated rats
also appears to involve actions that are distributed
throughout several brain regions, including the ventral
tegmental area, ventral subiculum, medial prefrontal
cortex, and the NAc and anteromedial striatum in combi-
nation [115]. Lesions of the dorsal posterior striatum have
also been reported to reduce PPI, suggesting that activity
in this region is required for normal levels of PPI [116].
The demonstration that NT is required for haloperidol-
evoked Fos activation throughout the dorsolateral striatum
[35, 87, 88] suggests that decreased haloperidol-evoked
neuronal activity in this region could account for the 
observations that NT antagonist pre-treatment blocks
haloperidol restoration of PPI and latent inhibition [68,
69]. Thus, endogenous NT appears to contribute to basal
PPI and is apparently required for at least certain APDs to
enhance or restore PPI (fig. 2); however, the underlying
mechanisms remain to be determined.
Finally, there is increasing evidence that the induction of
NT in the dorsolateral striatum in response to typical
APDs is not related to the production of acute EPSs. The
original hypothesis that NT might be involved in EPSs
was based on the fact that the dorsolateral striatum is
thought to be principally a motor area and on reports that
central NT administration produces catalepsy (immobility
and increased tolerance of abnormal postures) in mice
[117–119]. Catalepsy has been used extensively as a screen
for EPSs [120], although a rat model that more closely
approximates the uncontrolled orofacial movements 
associated with conventional APD treatment has also
been used to investigate NT involvement in EPSs [121].
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NT-induced catalepsy differs from that produced by typical
APDs, and is not observed in rats [122] and all strains of
mice [123]. Furthermore, haloperidol-induced catalepsy
was unaffected in NT knockout mice [35], and NT antag-
onist treatment potentiated haloperidol-induced catalepsy
at suboptimal doses of haloperidol, indicating that NT
opposes catalepsy [124]. Consistent with this idea, 
peripheral administration of a stable NT analog, NT69L,
has been shown to block or reverse haloperidol-induced
catalepsy in rats [125]. In contrast, SR 48692 microin-
jection into the striatum, pallidum or substantia nigra
attenuated chronic fluphenazine-induced vacuous chew-
ing movements [121]. These results suggest that en-
dogenous NT may differentially modulate APD-induced
catalepsy and orofacial EPSs.
The available evidence suggests that NT signaling
through NTR-1 is required for the enhancement of PPI by
certain APDs. The long-standing hypothesis that NT may
serve as an endogenous neuroleptic has prompted genetic
linkage studies aimed at determining whether naturally
occurring polymorphisms in the NT or NTR-1 genes
might be linked to schizophrenia, but these studies have
thus far been negative [126, 127], although certain NTR-1
alleles may be protective [128]. The development and
testing of NT agonists may lead to the discovery of novel
therapeutic approaches and provide further insight into
the role of NT in this devastating illness.

NT modulation of psychostimulant responses

In addition to evidence implicating NT in APD effects,
several recent reports indicate that NT may also play a
key role in psychostimulant sensitization [129–134].
Early microinjection experiments demonstrated that NT
can produce psychostimulant-like effects following
site-specific microinjection in the ventral tegmental area
(VTA) [135–137]. NT microinjection into the VTA in-
creases dopamine release in the NAc and prefrontal cortex
(PFC), similar to psychostimulants [137–139]. Further-
more, repeated NT microinjection into the VTA results in
a progressive increase in the stimulation of locomotor
activity [137, 140, 141], similar to psychostimulant sen-
sitization, and repeated central NT administration results in
sensitization of amphetamine (AMP)-induced locomotor
activity [142]. NT antagonist treatment has been demon-
strated to interfere with psychostimulant sensitization,
suggesting that endogenous NT may be involved in this
process.
The participation of NT in psychostimulant responses
appears paradoxical in view of the evidence supporting
its role in APD responses; however, these two actions
likely reflect NT signaling in different brain regions or
different neuronal populations within a particular brain
region. This anatomical separation is perhaps most evident

in the differential effects of NT on psychostimulant 
responses. NT administration in the NAc attenuates 
amphetamine-stimulated locomotor activity [143, 144]
and AMP disruption of PPI [103], similar to APDs, while
NT administration in the VTA stimulates locomotor 
activity, similar to AMP [136, 145]. These different effects
most likely reflect differences in the neurons influenced
by NT signaling in these different locations. NT has been
shown to directly activate dopamine neurons in the VTA
and SN [146–149], where the majority of these neurons
express high levels of NTR-1 [92, 150], suggesting that
NT most likely increases dopamine release in the NAc
through direct stimulation of dopamine neuronal firing in
the VTA. In contrast, the APD-like actions of NT in the
NAc most likely involve effects on neurotransmitter 
release from striatal afferents and modulation of striatal
neurons. Recent immunohistochemical localization exper-
iments have provided conclusive evidence that NTR-1 is
expressed predominantly on striatal afferents, but also on
a small subpopulation of post-synaptic neurons in the
NAc [151, 152]. NT has been shown to antagonize
dopamine D2 receptor-mediated inhibition of GABA, but
not dopamine release in the rat NAc [153]. These results
indicate that the ability of NT to produce both APD- and
psychostimulant-like effects hinges on the differential
effects of the peptide in different brain regions.
Psychostimulants and APDs also produce distinct effects
on striatal NT expression. Psychostimulants have been
shown previously to produce striking changes in striatal
Fos expression, and the pattern of activation changes
during repeated drug administration [154, 155]. These
drugs also increase NT expression, predominantly in the
caudal dorsomedial and ventrolateral striatum [156–160],
and these increases require dopamine D1 receptor signaling
[161] and are sustained during chronic treatment [162,
163]. These results suggest that psychostimulants increase
NT expression in D1-positive striatal neurons, in contrast
to typical APDs, which increase NT expression in
enkephalin-positive (most likely D2-positive) neurons in
the dorsolateral striatum [164].
The distinct pattern of psychostimulant-induced NT
expression is mirrored by alterations in neuronal activation
in NT knockout mice [165]. AMP-evoked Fos expression
is markedly attenuated in the medial striatum of NT
knockout compared with wild-type mice and in rats pre-
treated with SR 48692. Thus, AMP-evoked Fos expression
is attenuated in a region where psychostimulants have
been shown to increase NT expression, similar to the
situation for APDs [35, 87, 88]. SR 48692 similarly 
attenuated Fos activation in the rostral striatum following
cocaine administration [166]. As argued above for typical
APDs, NT most likely influences AMP-evoked Fos acti-
vation through effects on striatal afferents (fig. 3). Psy-
chostimulants also increase extracellular NT levels in the
striatum through a mechanism involving both D1 and
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NMDA receptor signaling, suggesting that NT is re-
leased from D1-positive neurons [167, 168]. NT could 
influence AMP-stimulated outflow of dopamine through
a dampening of D2 receptor-mediated autoinhibition
[169], since this process reportedly modulates AMP-
evoked dopamine release [170]. NT microinjection in
the striatum also increases glutamate release [100, 171],
suggesting that local NT release could augment glutamate
signaling, as argued above for APD responses. Finally,
there are a small number of immunoreactive NT neurons
along the medial border of the dorsal striatum, which
could provide a local source of striatal NT [172].
There is somewhat contradictory evidence regarding the
involvement of NT in the process of psychostimulant sen-
sitization. Indeed, cocaine sensitization is at best delayed
by prior administration of SR 48692 and is not affected at
all when SR 48692 is administered just prior to cocaine
[129, 130]. In a somewhat complicated protocol in
which SR 48692 (1.0 mg/kg) was administered for 5 days
prior to cocaine administration, 60 min prior to cocaine
(15 mg/kg) on 10 successive days, daily for an additional
7 days and 60 min prior to a final cocaine challenge, SR
48692 was found to attenuate locomotor activity after
only the first cocaine administration, but reduced vertical
activity significantly after the 1st, 2nd and final cocaine
administrations [130]. SR 48692 also failed to influence
stereotyped behavior following cocaine challenge in sen-
sitized animals [130]. These results suggest that NTR-1
blockade affects certain cocaine responses, but does not
play a major role in cocaine sensitization.
In contrast to the results for cocaine, several groups have
reported that SR 48692 (and in one case SR 142948A)
blocks the development and expression of AMP sensiti-
zation in rats and mice [132, 133, 142]. Interestingly, dif-
ferent doses of SR 48692 had distinct effects on AMP
sensitization. Pre-administration of a low dose of SR
48692 (40 mg/kg) 30 min prior to AMP (1.5 mg/kg) every
other day for a week increased AMP-induced locomotor
and non-ambulatory activity following the final sensitizing
dose of AMP, but two higher doses of SR 48692 (80 and
160 mg/kg) blocked sensitization [142]. Similar results
were obtained in experiments in which a higher dose of
SR 48692 (1.0 mg/kg) was administered once daily for 14
days, including 30 min prior to AMP (0.5 or 1 mg/kg) on
days 1, 3, 5, 7 and 14 [133]. SR 48692 treatment blocked
or attenuated AMP sensitization, but had no effect on the
acute AMP stimulation of locomotor activity [133]. SR
48692 (0.3 mg/kg) administered just prior to AMP chal-
lenge (2.0 mg/kg) also blocked the expression of AMP
sensitization in mice [132]. These results suggest that NT
signaling is important for the development and expression
of AMP sensitization.
To examine whether NT is required in the VTA for sensi-
tization, the combined NTR-1/NTR-2 antagonist SR
142948A or vehicle was microinjected into the VTA

1 min prior to AMP (1.0 mg/kg s.c.) in a one-dose sensi-
tization protocol and again just prior to AMP challenge
1 week later [134]. SR 142948A administration prior to
the first AMP dose blocked the development of amphet-
amine sensitization; however, the sensitized response was
not affected when SR 142948A was administered only
prior to AMP challenge. Curiously, peripheral SR
142948A administration had no effect on sensitization
[134]. These data support a role for NT signaling in the
VTA for the initiation of AMP sensitization, and suggest
that NT signaling in another brain region, for instance the
NAc, is most likely involved in the expression of AMP
sensitization if the rat is similar to the mouse [132].
There is also preliminary evidence that NT could act to
limit psychostimulant sensitization. As described above,
a low dose of SR 48692 appeared to augment AMP-
stimulated locomotor activity following repeated AMP
administration responses [142]. Although seldom con-
sidered, the possibility exists that the effects of higher SR
48692 doses might at least in part be due to agonist 
effects at NTR-2 [17–20]. Furthermore, peripheral admin-
istration of the NT derivative NT69L has been shown to
suppress both the development and expression of nicotine
sensitization and may have similar effects on AMP and
cocaine sensitization [174, 175]. Lastly, preliminary re-
sults from our laboratory suggest that AMP sensitization
is augmented in NT knockout compared with wild-type
mice; however, this could be due to compensatory mech-
anisms [P.R.D., unpublished results]. It will be of consid-
erable interest to determine whether SR 48692 or SR
142948A can influence AMP sensitization in NT knockout
mice in view of these discrepancies.
Understanding the mechanisms through which NT might
influence AMP sensitization remains an important fu-
ture objective. AMP sensitization is thought to involve
initial alterations in neuronal signaling in the VTA and
subsequent changes in the NAc that are important for the
expression of sensitization [176]. The initiation of AMP
sensitization involves concerted dopamine and glutamate
signaling in the VTA and most likely the PFC, where
psychostimulants increase NT release [177]. Since NTR-1
is expressed at reasonably high levels in the PFC [92, 93],
NT release in this region could influence glutamate
transmission, perhaps including transmission to the VTA.
Recent work also indicates that there are extensive NT
inputs to the VTA [178], and AMP-evoked NT release in
this region could also modulate local neurotransmitter
release, although such release has not been demonstrated.
NT activation of dopamine neurons would seem to be un-
likely to be involved in augmenting dopamine release
since AMP releases dopamine from non-vesicular stores
by promoting reverse transport through the dopamine
transporter [179], although as mentioned above NT could
augment AMP stimulation of dopamine release through
attenuation of D2 autoreceptor signaling [169, 170, 180].
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The expression of AMP sensitization is associated with
enhanced dopamine release in the NAc and SN [176].
Acute psychostimulant administration has been shown to
increase extracellular NT levels in the NAc; however,
whether this occurs following sensitization has not been
reported [167, 181]. Furthermore, NT attenuates AMP-
stimulated locomotor responses following microinjection
in the NAc [143], although this has not been tested fol-
lowing sensitization. Finally, NT has also been shown to
increase intracellular Ca+2 levels in dopamine neurons
[182], opening the possibility that NT might be required
for the Ca+2-dependent augmentation of dopamine release
that occurs in the NAc and dorsal striatum following sen-
sitization [176].

NT facilitates nociceptive responses and is required 
for stress-induced antinociception

There has also been considerable recent progress in our
understanding of the role of endogenous NT in pain 
responses. Central NT administration has been shown to
have a biphasic effect on nociceptive responses, enhancing
such responses, at lower doses, but producing a profound
analgesia at higher doses [183–188]. The existence of a
central descending pain modulatory circuit (diagramed
schematically in fig. 4) that includes the periaqueductal
gray (PAG) and rostroventral medulla (RVM) was first
inferred from electrical stimulation experiments [189].
This circuit is activated by morphine [190] and appears to
normally be activated in response to stress [191]. Two
forms of stress-induced antinociception (SIAN) have
been distinguished based on their sensitivity to m-opioid
receptor antagonists [191]. The production of these two
different forms of SIAN is related to stress severity, with
more intense stressors typically resulting in m-opioid
receptor-independent SIAN [192]. The observation that
centrally administered NT produces a potent analgesia
that is resistant to m-opioid receptor antagonists [184,
193–196] suggests that endogenous NT might play a role
in SIAN resulting from severe stress.
NT and NT receptors are well positioned to modulate
nociception at several different levels, including the
spinal cord, PAG and RVM. Consistent with a possible
role in the modulation of pain at the spinal level, numerous
NT-immunoreactive (NT-IR) fibers and cell bodies are
found to be concentrated in the superficial laminae of the
dorsal horn of the spinal cord in the rat [197–200]. Labeled
NT binding sites are also located principally in the super-
ficial laminae of the dorsal horn and spinal trigeminal
nucleus in the rat [201] and human [202]. Similarly, nu-
merous NT-IR cell bodies and fibers have been described
in the rat PAG, and the PAG sends a major NTergic pro-
jection to the RVM [203–205]. NTR-1 is expressed at
weak to moderate levels in dendrites and cell bodies both

dorsal and ventral to the cerebral aqueduct in the PAG,
and on serotonin neurons in the nucleus raphe magnus
and dorsalis [92, 93, 206]. More recent studies have
demonstrated that NTR-2 is also expressed in neuronal
cell bodies and processes within the PAG and dorsal
raphe nucleus, opening the possibility that both receptors
may play a role in nociceptive modulation [207]. These
anatomical studies suggest that endogenous NT signaling
in the PAG and RVM could influence nociceptive 
responses.
Site-specific microinjection experiments have provided
evidence that that NT produces both antinociceptive and
pain facilitatory effects following administration in the
PAG, RVM, and brain regions that project to these
structures [186–188, 196, 208–213]. Microinjection of
NT into the RVM produced a hyperflexive response to
noxious heat in the tail flick assay at lower doses, but
antinociception at higher doses, and similar results were
obtained for visceral pain responses [187, 188, 211].
There is also some evidence that intrathecally adminis-

Figure 3. Model for NT involvement in amphetamine activation of
D1-positive striatal neurons. Psychostimulants have been shown to
increase extracellular levels of striatal NT, and this release involves
signaling through both dopamine D1 and NMDA receptors [168].
NTR-1 has been localized to both nigral dopamine and cortical
projection neurons, but has not been localized to striatal neurons in
the dorsal striatum [92]. Amphetamine-evoked c-Fos expression in
the medial striatum is markedly attenuated in NT-deficient mice, in-
dicating that NT is required for neuronal activation in this striatal
region [165]. These data suggest that NT influences striatal activation
principally through effects on either nigral or cortical striatal affer-
ents. NT has been shown to antagonize D2 autoreceptor function
and could enhance amphetamine-evoked increases in extracellular
dopamine levels through antagonism of D2 autoinhibition under
certain circumstances [169, 170]. Intrastriatal NT administration
has also been shown to increase glutamate release through NTR-1
[100, 101]. Amphetamine-evoked c-Fos expression is attenuated by
both D1 receptor and NMDA receptor antagonists, suggesting that
NT-mediated increases in both dopamine and glutamate signaling
could be involved in amphetamine activation of D1-positive striatal
neurons [154, 240]. NT augmentation of glutamate and dopamine
release (+) and NT antagonism of D2 receptor-mediated inhibition
of dopamine and glutamate release (–) are indicated.
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tered NT increases both hot plate and aversive response
latencies, although these increases were attenuated by
naloxone, indicating that these effects are dependent on
opioid signaling [214, 215]. In contrast, spinal NT admin-
istration had no effect on response latencies in the tail
flick assay [215, 216]. More recent experiments have
provided compelling evidence that endogenous NT 
normally facilitates nociceptive responses, but also plays
a key role in SIAN.
Several different lines of evidence support a role for
endogenous NT in basal nociception. Thus, blockade of
NT signaling with either a neutralizing antiserum or the
NT antagonist SR 48692 was found to produce analgesia
under certain circumstances [188, 217, 218] and to
augment morphine-induced analgesia [186, 211]. More
recently, the analysis of both NT and NTR-2 knockout
mice has provided further evidence for an involvement of
NT in basal pain responses. Perhaps the most convincing
evidence comes from the analysis of NT knockout mice
where visceral nociception was significantly reduced
under basal conditions compared with wild-type mice

[218]. A subtle defect was detected in NTR-2 knockout
mice, which displayed increased jump latency in the hot
plate test, although the latency to the first hind paw lick
was similar to wild type [38]. However, reflex pain 
responses were largely unaffected in both NTR-1 and
NTR-2 knockout mice [36, 38]. Thus, there may be some
functional redundancy between NTR-1 and NTR-2 
receptors in this regard.
Endogenous NT also appears to play a key role in SIAN.
NT knockout mice were found to be completely defective
in SIAN resulting from cold water swim/water avoidance
stress as measured by the visceromotor response to col-
orectal distension, and peripheral SR 48692 administration
produced the same effect in rats [218]. Instead, stress
produced a hyperalgesic response in these animals that
was significantly greater in female than in male rats, per-
haps explaining previous observations that female rats
exhibit lower levels of SIAN than males [219, 220]. The
stress-induced hyperalgesia uncovered in these experi-
ments appears to differ from the hyperalgesia caused by
noxious irritants, since acetic acid-induced hyperalgesia
was blocked by SR 48692 pre-treatment [218]. The tran-
sition from NT pain facilitation to antinociception could
involve stress-induced increases in NT signaling within
the PAG or RVM, possibly through hypothalamic afferents,
as depicted in figure 4 [221].
Although a number of studies have implicated NTR-2 in
NT modulation of pain responses, there is now substantial
evidence that NTR-1 is also involved. Several lines of
evidence point toward an important involvement of
NTR-2 in the suppression of chemical irritant-induced
writhing by NT, including the correlation between anal-
gesia potency and NTR-2 binding affinity for a series of
NT analogs [222], the ability of NTR-2, but not NTR-1,
antagonists to block NT-induced analgesia [34, 223–225],
and the observation that antisense inhibition of NTR-2,
but not NTR-1, attenuates NT-induced analgesia [222]. In
contrast, antisense inhibition of NTR-1 attenuated NT-
induced analgesia in the hot plate test, but had no effect
on morphine analgesia [226, 227]. Intra-RVM adminis-
tration of the relatively selective NTR-1 antagonist SR
48692 also blocked NT-induced analgesia in the tail flick
assay, although with complex dose-response characteris-
tics [186]. Finally, NT fails to increase response latencies
in the hot plate test in NTR-1 knockout mice [36], but NT
suppression of acetic acid-induced writhing was not af-
fected in another independently derived NTR-1 knockout
line [37].
There is only limited information available regarding the
mechanisms underlying the antinociceptive actions of
NT; however, electrophysiological studies have demon-
strated that NT has mainly an excitatory effect on neuronal
activity in both the PAG and the RVM. NT has been
shown to excite PAG neurons in vivo [209], in slice
preparations [228] and in dissociated cell culture [229].

Figure 4. Possible NT functions in stress-induced antinociception.
NT and NT receptors are expressed at multiple levels in the central
circuits that have been implicated in pain modulation, including the
dorsal horn of the spinal cord, the PAG, the RVM and the hypothal-
amus. Recent evidence suggests that cold water swim stress increases
NT expression in areas of the hypothalamus that have been previ-
ously demonstrated to project to the PAG, suggesting that increased
NT release from hypothalamic afferents may be involved in stress-
induced antinociception [221]. Increased NT signaling is proposed
to recruit ‘off’ cells, as has been demonstrated for the RVM [230],
leading to increased inhibition of pain responses through the acti-
vation of noradrenergic [231] and possibly serotonergic [231]
neurons (red) that project to the dorsal horn of the spinal column.
The schematic depicts NT and other neurons (green) that are pro-
posed to activate descending noradrenergic and serotonergic neurons
(red) that inhibit neurons involved in pain transmission (blue).
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NT administration in the PAG also resulted in neuronal
excitation in the nucleus raphe magnus, and NT excited
PAG neurons that project to the RVM in dissociated cell
culture [209, 229]. NT also dose-dependently activates
different populations of neurons following infusion in the
RVM in a manner that is consistent with NT facilitating
pain at low doses and producing analgesia at higher doses
[230]. These results suggest that NT is capable of acti-
vating substantial numbers of neurons in both the PAG
and RVM and that differences in the intensity of NT sig-
naling underlie pain facilitation and analgesia.
The mechanisms underlying NT modulation of pain re-
sponses remain unclear; however, there is limited evidence
that NT produces analgesia through the activation of 
descending noradrenergic and serotonergic spinal afferents
(fig. 4). Thus, depletion of spinal noradrenaline abolished
NT-induced analgesia without affecting basal respon-
siveness in the tail flick test in mice, and similar results
were obtained 1 week, but not 15 days, following depletion
of spinal serotonin by 5,7-dihydroxytryptamine [231].
Recently, both SR 48692 and intrathecal adminstration of
the non-selective serotonin receptor antagonist methy-
sergide have been shown to block NT-induced analgesia
following focal administration in the RVM [206]. In con-
trast, repeated administration of p-chlorophenylalanine,
which inhibits serotonin synthesis, had no effect on NT-
induced analgesia in mice [231] and potentiated the 
response in rats [232]. Interestingly, NT excites large
numbers of serotonin neurons in both the nucleus raphe
dorsalis and magnus most likely through NTR-1 [206,
233–235]. Finally, spinal cholecystokinin (CCK) signaling
through the CCKB receptor has been implicated in the
pain facilitatory effects of NT, and signaling through
CCKA and CCKB receptors appears to be required for the
suppressive effects of NT on morphine analgesia [236,
237]. Collectively these results indicate that noradrenergic
and possibly serotonergic mechanisms are involved in
NT-induced analgesia, while CCK is likely to play a role
in NT pain facilitation.

Conclusions

This review has centered on several important recent
advances in understanding the functions of endogenous
NT. There is increasing evidence that NT may truly repre-
sent an endogenous neuroleptic. The situation is less clear
for NT involvement in amphetamine sensitization; never-
theless, the evidence supports the hypothesis that NT is
involved in striatal activation in response to amphetamine.
The evidence is perhaps most clear for an important 
involvement of NT in stress-induced antinociception.
However, there is much work to be done to elucidate the
underlying mechanisms and to uncover the full range of
tasks that are juggled by this multitasking peptide.

1 Carraway R. E. and Leeman S. E. (1973) The isolation of a
new hypotensive peptide, neurotensin, from bovine hypothal-
ami. J. Biol. Chem. 248: 6854–6861

2 Dobner P. R., Barber D. L., Villa-Komaroff L. and McKiernan
C. (1987) Cloning and sequence analysis of cDNA for the
canine neurotensin/neuromedin N precursor. Proc. Natl.
Acad. Sci. USA 84: 3516–3520

3 Kislauskis E., Bullock B., McNeil S. and Dobner P. R. (1988)
The rat gene encoding neurotensin and neuromedin N:
structure, tissue-specific expression and evolution of exon 
sequences. J. Biol. Chem. 263: 4963–4968

4 Carraway R. E. and Mitra S. P. (1987) Precursor forms of neu-
rotensin (NT) in cat: processing with pepsin yields NT-(3-13)
and NT-(4-13). Regul. Peptides 18: 139–154

5 Carraway R. E. and Mitra S. P. (1990) Differential processing
of neurotensin/neuromedin N precursor(s) in canine brain and
intestine. J. Biol. Chem. 265: 8627–8631

6 Shaw C., McKay D., Johnston C. F., Halton D. W., Fairweather
I., Kitabgi P. et al. (1990) Differential processing of the neu-
rotensin/neuromedin N precursor in the mouse. Peptides 11:
227–235

7 Carraway R. E. and Mitra S. P. (1991) Purification of large
neuromedin N (NMN) from canine intestine and its identifi-
cation as NMN-125. Biochem. Biophys. Res. Comm. 179:
301–308

8 Carraway R. E., Mitra S. P. and Salmonsen R. (1992) Isolation
and quantitation of several new peptides from the canine
neurotensin/neuromedin N precursor. Peptides 13: 1039–
1047

9 de Nadai F., Rovere C., Bidard J.-N., Cuber J.-C., Beadet A.
and Kitabgi P. (1994) Post-translational processing of the
neurotensin/neuromedin N precursor in the central nervous
system of the rat-I. Biochemical characterization of matura-
tion products. Neuroscience 60: 159–166

10 Woulfe J., Lafortune L., de Nadai F., Kitabgi P. and Beaudet A.
(1994) Post-translational processing of the neurotensin/
neuromedin N precursor in the central nervous system of the
rat-II. Immunohistochemical localization of maturation prod-
ucts. Neuroscience 60: 167–181

11 Rovere C., Barbero P. and Kitabgi P. (1996) Evidence that PC2
is the endogenous pro-neurotensin convertase in rMTC 6-23
cells and that PC1- and PC2-transfected PC12 cells differ-
entially process pro-neurotensin. J. Biol. Chem. 271:
11368–11375

12 Barbero P., Rovere C., De Bie I., Seidah N. G., Beaudet A. and
Kitabgi P. (1998) PC5-A-mediated processing of pro-
neurotensin in early compartments of the regulated secretory
pathway of PC5-transfected PC12 cells. J. Biol. Chem. 273:
25339–25346

13 Tanaka K., Masu M. and Nakanishi S. (1990) Structure and
functional expression of the cloned rat neurotensin receptor.
Neuron 4: 847–854

14 Vita N., Laurent P., Lefort S., Chalon P., Dumont X., Kaghad
M. et al. (1993) Cloning and expression of a complementary
DNA encoding a high affinity human neurotensin receptor.
FEBS Lett. 317: 139–142

15 Mazella J., Botto J.-M., Guillemare E., Coppola T., Sarret P.
and Vincent J.-P. (1996) Structure, functional expression and
cerebral localization of the levocabastine-sensitive neurotensin/
neuromedin N receptor from mouse brain. J. Neuroscience 16:
5613–5620

16 Chalon P., Vita N., Kayhad M., Guillemot M., Bonnin J.,
Delpech B. et al. (1996) Molecular cloning of a levocabas-
tine-sensitive neurotensin binding site. FEBS Lett. 386: 91–
94

17 Botto J.-M., Guillemare E., Vincent J.-P. and Mazella J. (1997)
Effects of SR48692 on neurotensin-induced calcium-activated
chloride currents in the Xenopus oocyte expression system:
agonist-like activity on the levocabastine-sensitive neurotensin



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 1957

receptor and absence of antagonist effect on the levocabastine
insensitive neurotensin receptor. Neuroscience Lett. 223:
193–196

18 Vita N., Oury-Donat F., Chalon P., Guillemot M., Kaghad M.,
Bachy A. et al. (1998) Neurotensin is an antagonist of the hu-
man neurotensin NT2 receptor expressed in Chinese hamster
ovary cells. Eur. J. Pharmacol. 360: 265–272

19 Yamada M., Yamada M., Lombet A., Forgez P. and Rostene W.
(1998) Distinct functional characteristics of levocabastine
sensitive rat neurotensin NT2 receptor expressed in Chinese
hamster ovary cells. Life Sci. 62: 375–380

20 Gendron L., Perron A., Payet M. D., Gallo-Payet N., Sarret P.
and Beaudet A. (2004) Low-affinity neurotensin receptor
(NTS2) signaling: internalization-dependent activation of
ERK1/2. Mol. Pharmacol. 66: 1421–1430

21 Mazella J., Zsurger N., Navarro V., Chabry J., Kaghad M., 
Caput D. et al. (1998) The 100-kDa neurotensin receptor is
gp95/sortilin, a non-G-protein-coupled receptor. J. Biol.
Chem. 273: 26273–26276

22 Marcusson E. G., Horazdovsky B. F., Cereghino J. L.,
Gharakhanian E. and Emr S. D. (1994) The sorting receptor
for yeast vacuolar carboxypeptidase Y is encoded by the
VPS10 gene. Cell 77: 579–586

23 Petersen C. M., Neilsen M. S., Jacobsen C., Tauris J., Jacobsen
L., Gliemann J. et al. (1999) Propeptide cleavage conditions
sortilin/neurotensin receptor-3 for ligand binding. EMBO J.
18: 595–604

24 Jacobsen L., Madsen P., Jacobsen C., Nielsen M. S., Gliemann
J. and Petersen C. M. (2001) Activation and functional char-
acterization of the mosaic receptor SorLA/LR11. J. Biol.
Chem. 276: 22788–22796

25 Westergaard U. B., Sorensen E. S., Hermey G., Nielsen M. S.,
Nykjaer A., Kirkegaard K. et al. (2004) Functional organization
of the sortilin Vps10p domain. J. Biol. Chem. 279: 50221–
50229

26 Nielsen M. S., Jacobsen C., Olivecrona G., Gliemann J. and
Petersen C. M. (1999) Sortilin/neurotensin receptor-3 binds
and mediates degradation of lipoprotein lipase. J. Biol. Chem.
274: 8832–8836

27 Navarro V., Martin S., Sarret P., Nielsen M. S., Petersen C. M.,
Vincent J.-P. et al. (2001) Pharmacological properties of the
mouse neurotensin receptor 3. Maintenance of cell surface
receptor during internalization of neurotensin. FEBS Lett.
495: 100–105

28 Morinville A., Martin S., Lavallee M., Vincent J.-P., Beaudet
A. and Mazella J. (2004) Internalization and trafficking of
neurotensin via NTS3 receptors in HT29 cells. Int. J.
Biochem. Cell Biol. 36: 2153–2168

29 Dal Farra C., Sarret P., Navarro V., Botto J.-M., Mazella J. and
Vincent J.-P. (2001) Involvement of the neurotensin receptor
subtype NTR3 in the growth effect of neurotensin on cancer
cell lines. Int. J. Cancer 92: 503–509

30 Martin S., Vincent J.-P. and Mazella J. (2003) Involvement of
the neurotensin receptor-3 in the neurotensin-induced migra-
tion of human microglia. J. Neuroscience 23: 1198–1205

31 Dicou E., Vincent J.-P. and Mazella J. (2004) Neurotensin
receptor-3/sortilin mediates neurotensin-induced cytokine/
chemokine expression in a murine microglial cell line. J. 
Neuroscience Res. 78: 92–99

32 Nemeroff C. B. (1980) Neurotensin: perchance an endogenous
neuroleptic? Biol. Psychiatry 15: 283–302

33 Gully D., Canton M., Boigegrain R., Jeanjean F., Molimard 
J.-C., Poncelet M. et al. (1993) Biochemical and pharmacolog-
ical profile of a potent and selective nonpeptide antagonist of
the neurotensin receptor. Proc. Natl. Acad. Sci. USA 90: 65–69

34 Gully D., Labeeuw B., Boigegrain R., Oury-Donat F., Bachy
A., Poncelet M. et al. (1997) Biochemical and pharmacological
activities of SR 142948A, a new potent neurotensin receptor
antagonist. J. Pharmacol. Exp. Ther. 280: 802–812

35 Dobner P. R., Fadel J., Deitemeyer N., Carraway R. E. and
Deutch A. Y. (2001) Neurotensin-deficient mice show altered
responses to antipsychotic drugs. Proc. Natl. Acad. Sci. USA
98: 8048–8053

36 Pettibone D. J., Hess J. F., Hey P. J., Jacobson M. A., Leviten
M., Lis E. V. et al. (2002) The effects of deleting the mouse
neurotensin receptor NTR1 on central and peripheral 
responses to neurotensin. J. Pharmacol. Exp. Ther. 300:
305–313

37 Remaury A., Vita N., Gendreau S., Jung M., Arnone M.,
Poncelet M. et al. (2002) Targeted inactivation of the neu-
rotensin type 1 receptor reveals its role in body temperature
control and feeding behavior but not in analgesia. Brain Res.
953: 63–72

38 Maeno H., Yamada K., Santo-Yamada Y., Aoki K., Sun Y.-J.,
Sato E. et al. (2004) Comparison of mice deficient in the high-
or low-affinity neurotensin receptors, Ntsr1 or Ntsr2, reveals
a novel function for Ntsr2 in thermal nociception. Brain Res.
998: 122–129

39 Le F., Groshan K., Zeng X. P. and Richelson E. (1997) Char-
acterization of the genomic structure, promoter region and a
tetranucleotide repeat polymorphism of the human neu-
rotensin receptor gene. J. Biol. Chem. 272: 1315–1322

40 Tavares D., Tully K. and Dobner P. R. (1999) Sequences re-
quired for induction of neurotensin receptor gene expression
during neuronal differentiation of N1E-115 neuroblastoma
cells. J. Biol. Chem. 274: 30066–30079

41 Botto J.-M., Chabry J., Nouel D., Paquet M., Seguela P., Vincent
J.-P. et al. (1997) Identification in the rat neurotensin receptor
of amino acid residues critical for the binding of neurotensin.
Mol. Brain Res. 46: 311–317

42 Labbe-Jullie C., Barroso S., Nicolas-Eteve D., Reversat J.-L.,
Botto J.-M., Mazella J. et al. (1998) Mutagenesis and modeling
of the neurotensin receptor NTR1. J. Biol. Chem. 273:
16351–16357

43 Barroso S., Richard F., Nicolas-Etheve D., Reversat J.-L.,
Bernassau J.-M., Kitabgi P. et al. (2000) Identification of
residues involved in neurotensin binding and modeling of the
agonist binding site in neurotensin receptor 1. J. Biol. Chem.
275: 328–336

44 Pang Y.-P., Cusack B., Groshan K. and Richelson E. (1996)
Proposed ligand binding site of the transmembrane receptor
for neurotensin(8-13). J. Biol. Chem. 271: 15060–15068

45 Richard F., Barroso S., Nicolas-Etheve D., Kitabgi P. and
Labbe-Jullie C. (2001) Impaired G protein coupling of the
neurotensin receptor 1 by mutations in extracellular loop 3.
Eur. J. Pharmacol. 433: 63–71

46 Hermans E., Jeanjean A. P., Laduron P. M., Octave J.-N. and
Maloteaux J.-M. (1993) Postnatal ontogeny of the rat brain
neurotensin receptor mRNA. Neuroscience Lett. 157: 45–48

47 Barroso S., Richard F., Nicolas-Eteve D., Kitabgi P. and
Labbe-Jullie C. (2002) Constitutive activation of the neu-
rotensin receptor 1 by mutation of Phe358 in helix seven. Br. J.
Pharmacol. 135: 997–1002

48 Yamada M., Yamada M., Watson M. A. and Richelson E.
(1994) Deletion mutation in the putative third intracellular
loop of the rat neurotensin receptor abolishes polyphospho-
inositide hydrolysis but not cylcic AMP formation in CHO-K1
cells. Mol. Pharmacol. 46: 470–476

49 Dohlman H. G., Thorner J., Caron M. G. and Lefkowitz R. J.
(1991) Model systems for the study of seven-transmembrane-
segment receptors. Annu. Rev. Biochem. 60: 653–688

50 Najimi M., Gailly P., Maloteaux J.-M. and Hermans E. (2002)
Distinct regions of C-terminus of the high affinity neurotensin
receptor mediate the functional coupling with pertussis toxin
sensitive and insensitive G-proteins. FEBS Lett. 512:
329–333

51 Gailly P., Najimi M. and Hermans E. (2000) Evidence for the
dual coupling of the rat neurotensin receptor with pertussis



1958 P. R. Dobner Multi-tasking with neurotensin

toxin-sensitive and insensitive G-proteins. FEBS Lett. 483:
109–113

52 Skrzydelski D., Lhiaubet A. M., Lebeau A., Forgez P., Yamada
M., Hermans E. et al. (2003) Differential involvement of 
intracellular domains of the rat NTS1 neurotensin receptor in
coupling to G proteins: a molecular basis for agonist-directed
trafficking of receptor stimulus. Mol. Pharmacol. 64: 421–429

53 Chabry J., Botto J.-M., Nouel D., Beaudet A., Vincent J.-P. and
Mazella J. (1995) Thr-422 and Tyr-424 residues in the carboxyl
terminus are critical for the internalization of the rat neurotensin
receptor. J. Biol. Chem. 270: 2439–2442

54 Hermans E., Octave J. N. and Maloteaux J.-M. (1996) Inter-
action of the COOH-terminal domain of the neurotensin 
receptor with a G protein does not control the phopholipase 
C activation but is involved in the agonist-induced internal-
ization. Mol. Pharmacol. 49: 365–372

55 Oakley R. H., Laporte S. A., Holt J. A., Barak L. S. and Caron
M. G. (2001) Molecular determinants underlying the formation
of stable intracellular G protein-coupled receptor-b-arrestin
complexes after receptor endocytosis. J. Biol. Chem. 276:
19452–19460

56 Rostène W., Dussillant M., Schotte A., Laduron P. and Vincent
J. P. (1987) Two populations of neurotensin binding sites in
murine brain. Discrimination by the anti-histamine levocabas-
tine reveals markedly different radioautographic distribution.
Eur. J. Pharmacol. 40: 285–293

58 Botto J.-M., Chabry J., Sarret P., Vincent J.-P. and Mazella J.
(1998) Stable expression of the mouse levocabastine-sensitive
neurotensin receptor in HEK 293 cell line: binding properties,
photoaffinity labeling, and internalization mechanism.
Biochem. Biophys. Res. Comm. 243: 585–590

59 Richard F., Barroso S., Martinez J., Labbe-Jullie C. and
Kitabgi P. (2001) Agonism, inverse agonism, and neutral antag-
onism at the constitutively active human neurotensin receptor
2. Mol. Pharmacol. 60: 1392–1398

60 Sarret P., Gendron L., Kilian P., Nguyen H. M. K., Gallo-Payet
N., Payet M.-D. et al. (2002) Pharmacology and functional
properties of NTS2 neurotensin receptors in cerebellar granule
cells. J. Biol. Chem. 277: 36233–36243

61 Binder E. B., Kinkead B., Owens M. J. and Nemeroff C. B.
(2001) The role of neurotensin in the pathophysiology of
schizophrenia and the mechanism of action of antipsychotic
drugs. Biol. Psychiatry 50: 856–872

62 Widerlov E., Lindstrom L. H., Besev G., Manberg P. J., 
Nemeroff C. B., Breese G. R. et al. (1982) Subnormal CSF
levels of neurotensin in a subgroup of schizophrenic patients:
normalization after neuroleptic treatment. Am. J. Psychiatry
139: 1122–1126

63 Lindstrom L. H., Widerlov E., Bissette G. and Nemeroff C.
(1988) Reduced CSF neurotensin concentration in drug-free
schizophrenic patients. Schizophrenia Res. 1: 55–59

64 Nemeroff C. B., Bissette G., Widerlov E., Beckman H.,
Gerner R., Manberg P. J. et al. (1989) Neurotensin-like 
immunoreactivity in cerebrospinal fluid of patients with
schizophrenia, depression, anorexia nervosa-bulimia and 
premenstral syndrome. J. Neuropsychiatry Clin. Neurosci. 1:
16–20

65 Garver D. L., Bissette G., Yao J. K. and Nemeroff C. B. (1991)
Relation of CSF neurotensin concentrations to symptoms and
drug response of psychotic patients. Am. J. Psychiatry 148:
484–488

66 Breslin N. A., Suddath R. L., Bissette G., Nemeroff C. B.,
Lowrimore P. and Weinberger D. R. (1994) CSF concentrations
of neurotensin in schizophrenia: an investigation of clinical
and biochemical correlates. Schizophr. Res. 12: 35–41

67 Sharma R. P., Janicak P. G., Bissette G. and Nemeroff C. B.
(1997) CSF neurotensin concentrations and antipsychotic
treatment in schizophrenia and schizoaffective disorder. Am.
J. Psychiatry 154: 1019–1021

68 Binder E., Kinkead B., Owens M. J., Kilts C. D. and Nemeroff
C. B. (2001) Enhanced neurotensin neurotransmission is 
involved in the clinically relevant behavioral effects of 
antipsychotic drugs: evidence from animal models of sensori-
motor gating. J. Neuroscience 21: 601–608

69 Binder E. B., Gross R. E., Nemeroff C. B. and Kilts C. D.
(2002) Effects of neurotensin receptor antagonism on latent
inhibition in Sprague-Dawley rats. Psychopharmacology 161:
288–295

70 Meltzer H. Y. and Deutch A. Y. (1999) Neurochemistry and
Neurobiology of Schizophrenia, Lippincott-Raven, New York

71 Kilts C. D., Anderson C. M., Bissette G., Ely T. D. and 
Nemeroff C. B. (1988) Differential effects of antipsychotic
drugs on the neurotensin concentration of discrete rat brain
nuclei. Biochem. Pharmacol. 37: 1547–1554

72 Merchant K. M., Dobner P. R. and Dorsa D. M. (1992) Dif-
ferential effects of haloperidol and clozapine on neurotensin
gene transcription in the rat neostriatum. J. Neuroscience 12:
652–663

73 Merchant K. M. and Dorsa D. M. (1993) Differential induction
of neurotensin and c-fos gene expression by typical versus
atypical antipsychotics. Proc. Natl. Acad. Sci. USA 90:
3447–3451

74 Merchant K. M., Dobie D. J., Filloux F. M., Totzke M., 
Aravagiri M. and Dorsa D. M. (1994) Effects of chronic
haloperidol and clozapine treatment on neurotensin and c-fos
mRNA in rat neostriatal subregions. J. Pharmacol. Exp. Ther.
271: 460–471

75 Hanson G. R., Bush L. G., Taylor V. L., Gibb J. W., Davis K.
and Schmidt C. J. (1997) Comparison of neurotensin 
responses to MDL 100,907, a selective 5HT2A antagonist, with
clozapine and haloperidol. Brain Res. Bull. 42: 211–219

76 Kinkead B., Shahid S., Owens M. J. and Nemeroff C. B.
(2000) Effects of acute and subchronic administration of 
typical and atypical antipsychotic drugs on the neurotensin
system of the rat brain. J. Pharmacol. Exp. Ther. 295: 67–73

77 Deutch A. Y. (1996) Sites and mechanisms of action of antipsy-
chotic drugs as revealed by immediate-early gene expression.
In: Antipsychotics, pp. 117–161, Csernansky J. (ed.), Springer,
Berlin

78 Hughes P. and Dragunow M. (1995) Induction of immediate-
early genes and the control of neurotransmitter-regulated gene
expression within the nervous system. Pharmacol. Rev. 47:
133–178

79 MacGibbon G. A., Lawlor P. A., Bravo R. and Dragunow M.
(1994) Clozapine and haloperidol produce a differential pattern
of immediate early gene expession in rat caudate-putamen,
nucleus accumbens, lateral septum and islands of Calleja.
Mol. Brain Res. 23: 21–32

80 Deutch A. Y. (1994) Identification of the neural systems
subserving the actions of clozapine: clues from immediate-
early gene expression. J. Clin. Psychiatry 55 Suppl. B: 37–42

81 Deutch A. Y. and Duman R. S. (1996) The effects of antipsy-
chotic drugs on Fos protein expression in the prefrontal cortex:
cellular localization and pharmacological characterization.
Neuroscience 70: 377–389

82 Merchant K. M. and Miller M. A. (1994) Coexpression of
neurotensin and c-fos mRNAs in rat neostriatal neurons 
following acute haloperidol. Mol. Brain Res. 23: 271–277

83 Merchant K. M. (1994) c-fos antisense oligonucleotide
specifically attenuates haloperidol-induced increases in 
neurotensin/neuromedin N mRNA expression in rat dorsal
striatum. Mol. Cell. Neuroscience 5: 336–344

84 Robertson G. S., Tetzlaff W., Bedard A., St.-Jean M. and Wigle
N. (1995) c-fos mediates antipsychotic-induced neurotensin
gene expression in the rodent striatum. Neuroscience 67:
325–344

85 Harrison R. J., McNeil G. P. and Dobner P. R. (1995) Syner-
gistic activation of neurotensin/neuromedin N gene expres-



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 1959

sion by c-Jun and glucocorticoids: novel effects of Fos family
proteins. Mol. Endocrinol. 9: 981–993

86 Shearman L. P. and Weaver D. R. (1997) Haloperidol regulates
neurotensin gene expression in striatum of c-fos-deficient
mice. Mol. Brain Res. 47: 275–285

87 Fadel J., Dobner P. R. and Deutch A. Y. (2001) The neurotensin
antagonist SR 48692 attenuates haloperidol-induced striatal
Fos expression in the rat. Neuroscience Lett. 303: 17–20

88 Binder E. B., Kinkead B., Owens M. J. and Nemeroff C. B.
(2004) Neurotensin receptor antagonist SR 142948A alters
Fos expression and extrapyramidal side effect profile of 
typical and atypical antipsychotic drugs. Neuropsychophar-
macolology 29: 1–8

89 Richelson E. (1999) Receptor pharmacology of neuroleptics:
relation to clinical effects. J. Clin. Psychiatry 60: 5–14

90 Palacios J. M. and Kuhar M. J. (1981) Neurotensin receptors
are located on dopamine-containing neurones in rat midbrain.
Nature 294: 587–589

91 Goedert M., Pittaway K. and Emson P. C. (1984) Neurotensin
receptors in the rat striatum: lesion studies. Brain Res. 299:
164–168

92 Boudin H., Pélaprat D., Rostène W. and Beaudet A. (1996)
Cellular distribution of neurotensin receptors in rat brain: 
immunohistochemical study using an antipeptide antibody
against the cloned high affinity receptor. J. Comp. Neurol.
373: 76–89

93 Alexander M. J. and Leeman S. E. (1998) Widespread expres-
sion in adult rat forebrain of mRNA encoding high-affinity
neurotensin receptor. J. Comp. Neurol. 402: 475–500

94 Dragunow M., Robertson G. S., Faull R. L. M., Robertson H.
A. and Jansen K. (1990) D2 dopamine receptor antagonists 
induce Fos and related proteins in striatal neurons. Neuro-
science 37: 287–294

95 Boegman R. J. and Vincent S. R. (1996) Involvement of
adenosine and glutamate receptors in the induction of c-fos in
the striatum by haloperidol. Synapse 22: 70–77

96 Leveque J. C., Macias W., Rajadhyaksha A., Carlson R. R.,
Barczak A., Kang S. et al. (2000) Intracellular modulation of
NMDA receptor function by antipsychotic drugs. J. Neuro-
science 20: 4011–4020

97 Wagstaff J. D., Gibb J. W. and Hanson G. R. (1996) Dopamine
D2-receptors regulate neurotensin release from nucleus 
accumbens and striatum as measured by in vivo microdialysis.
Brain Res. 721: 196–203

98 Huang W. and Hanson G. R. (1997) Differential effect of
haloperidol on release of neurotensin in extrapyramidal and
limbic systems. Eur. J. Pharmacol. 332: 15–21

99 Radke J. M., Owens M. J., Ritchie J. C. and Nemeroff C. B.
(1998) Atypical antipsychotic drugs selectively increase 
neurotensin efflux in dopamine terminal regions. Proc. Natl.
Acad. Sci. USA 95: 11462–11464

100 Ferraro L., Tanganelli S., O’Connor W. T., Bianchi C.,
Ungerstedt U. and Fuxe K. (1995) Neurotensin increases 
endogenous glutamate release in the neostriatum of the awake
rat. Synapse 20: 362–364

101 Ferraro L., Antonelli T., O’Connor W. T., Fuxe K., Soubrie P.
and Tanganelli S. (1998) The striatal neurotensin receptor
modulates striatal and pallidal glutamate and GABA release:
functional evidence for a pallidal glutamate-GABA interaction
via the pallidal-subthalamic nucleus loop. J. Neuroscience 18:
6977–6989

102 Geyer M. A., Krebs-Thomson K., Braff D. L. and Swerd-
low N. R. (2001) Pharmacological studies of prepulse inhi-
bition models of sensorimotor gating deficits in schizo-
phrenia: a decade in review. Psychopharmacology 156: 117–
154

103 Feifel D., Minor K. L., Dulawa S. and Swerdlow N. R. (1997)
The effects of intra-accumbens neurotensin on sensorimotor
gating. Brain Res. 760: 80–84

104 Feifel D., Reza T. L. and Robeck S. L. (1997) Pro-dopamine
effects of neurotensin on sensorimotor gating deficits. Peptides
18: 1457–1460

105 Tyler-McMahon B. M., Stewart J. A., Farinas F., McCormick
D. J. and Richelson E. (2000) Highly potent neurotensin analog
that causes hypothermia and antinociception. Eur. J. Pharmacol.
390: 107–111

106 Feifel D., Reza T. L., Wustrow D. J. and Davis M. D. (1999)
Novel antipsychotic-like effects on prepulse inhibition of
startle produced by a neurotensin agonist. J. Pharmacol. Exp.
Ther. 288: 710–713

107 Feifel D., Melendez G. and Shilling P. D. (2003) A systemically
administered neurotensin agonist blocks disruption of prepulse
inhibition produced by a serotonin-2A agonist. Neuropsy-
chopharmacology 28: 651–653

108 Shilling P. D., Richelson E. and Feifel D. (2003) The effects of
systemic NT69L, a neurotensin agonist, on baseline and drug-
disrupted prepulse inhibition. Behav. Brain Res. 143: 7–14

109 Shilling P. D., Melendez G., Priebe K., Richelson E. and Feifel
D. (2004) Neurotensin agonists block the prepulse inhibition
deficits produced by a 5-HT2A and an a1 agonist. Psychophar-
macology 175: 353–359

110 Feifel D., Melendez G. and Shilling P. D. (2004) Reversal of
sensorimotor gating deficits in Brattleboro rats by acute 
administration of clozapine and a neurotensin agonist, but not
haloperidol: a potential predictive model for novel antinpsy-
chotic effects. NeuroPsychopharmacology 29: 731–738

111 Meltzer H. Y., Arvanitis L., Bauer D. and Rein W. (2004)
Placebo-controlled evaluation of four novel compounds for
the treatment of schizophrenia and schizoaffective disorder.
Am. J. Psychiatry 161: 975–984

112 Swerdlow N. R., Braff D. L., Geyer M. A. and Koob G. F.
(1986) Central dopamine hyperactivity in rats mimics abnormal
acoustic startle response in schizophrenics. Biol. Psychiatry
21: 23–33

113 Swerdlow N. R., Braff D. L., Masten V. L. and Geyer M. A.
(1990) Schizophrenic-like sensorimotor gating abnormalities
in rats following dopamine infusion into the nucleus accum-
bens. Psychopharmacology 101: 414–420

114 Swerdlow N. R., Caine S. B. and Geyer M. A. (1992) Region-
ally selective effects of intracerebral dopamine infusion on
sensorimotor gating of the startle reflex in rats. Psychophar-
macology 108: 189–195

115 Hart S. L., Zreik M., Carper R. and Swerdlow N. R. (1998)
Localizing haloperidol effects on sensorimotor gating in a
predictive model of antipsychotic potency. Pharmacol.
Biochem. Behav. 61: 113–119

116 Kodsi M. H. and Swerdlow N. R. (1995) Prepulse inhibition in
the rat is regulated by ventral and caudodorsal striato-pallidal
circuitry. Behav. Neuroscience 109: 912–928

117 Snijders R., Kramacy N. R., Hurd R. W., Nemeroff C. B. and
Dunn A. J. (1982) Neurotensin induces catalepsy in mice.
Neuropharmacology 21: 465–468

118 Dunn A. J., Snidjers R., Hurd R. W. and Kramarcy N. R. (1982)
Induction of catalepsy by central nervous system adminis-
tration of neurotensin. Ann. N.Y. Acad. Sci. 400: 345–353

119 Shibata K., Yamada K. and Furukawa T. (1987) Possible 
neuronal mechanisms involved in neurotensin-induced
catalepsy in mice. Psychopharmacology 91: 288–292

120 Hoffman D. C. and Donovan H. (1995) Catalepsy as a rodent
model for detecting antipsychotic drugs with extrapyramidal
side effect liability. Psychopharmacology 120: 128–133

121 McCormick S. E. and Stoessl A. J. (2003) Central adminis-
tration of the neurotensin receptor antagonist SR 48692 
attenuates vacuous chewing movements in a rodent model of
tardive dyskinesia. Neuroscience 119: 547–555

122 Jolicoeur F. B., Barbeau A., Rioux F., Quirion R. and St-Pierre
S. (1981) Differential neurobehavioral effects of neurotensin
and structural analogues. Peptides 2: 171–176



1960 P. R. Dobner Multi-tasking with neurotensin

123 Sarhan S., Hitchcock J. M., Grauffel C. A. and Wettstein J. G.
(1997) Comparative antipsychotic profiles of neurotensin and
a related systemically active peptide agonist. Peptides 18:
1223–1227

124 Casti P., Marchese G., Casu G., Ruiu S. and Pani L. (2004)
Blockade of neurotensin receptors affects differently hypolo-
comotion and catalepsy induced by haloperidol in mice. Neu-
ropharmacology 47: 128–135

125 Cusack B., Boules M., Tyler B. M., Fauq A., McCormick D. J.
and Richelson E. (2000) Effects of a novel neurotensin peptide
analog given extracranially on CNS behaviors mediated by
apomorphine and haloperdiol. Brain Res. 856: 48–54

126 Austin J., Hoogendoorn B., Buckland P., Speight G., Cardno
A., Bowen T. et al. (2000) Comparative sequencing of the
proneurotensin gene and association studies in schizophrenia.
Mol. Psychiatry 5: 208–212

127 Austin J., Buckland P., Cardno A. G., Williams N., Spurlock
G., Hoogendoorn B. et al. (2000) The high affinity neu-
rotensin receptor gene (NTSR1): comparative sequencing and
association studies in schizophrenia. Mol. Psychiatry 5:
552–557

128 Lee Y. S., Han J. H., Kim H. B., Lee J. S., Joo Y. H. and Yang
B. H. (1999) An association study of neurotensin receptor gene
polymorphism with schizophrenia. Schizophrenia Res. 36: 92

129 Horger B. A., Taylor J. R., Elsworth J. D. and Roth R. H.
(1994) Preexposure to, but not cotreatment with, the
nerotensin antagonist SR 48692 delays the development of
cocaine sensitization. Neuropsychopharmacology 11: 215–222

130 Betancur C., Cabrera R., de Kloet E. R., Pelaprat D. and 
Rostene W. (1998) Role of endogenous neurotensin in the 
behavioral and neuroendocrine effects of cocaine. Neuropsy-
chopharmacology 19: 322–332

131 Rompre P.-P. and Perron S. (2000) Evidence for a role of 
endogenous neurotensin in the initiation of amphetamine 
sensitization. Neuropharmacology 39: 1880–1892

132 Costa F. G., Frussa-Filho R. and Felicio L. F. (2001) The 
neurotensin receptor antagonist, SR48692, attenuates the 
expression of amphetamine-induced behavioral sensitisation
in mice. Eur. J. Pharmacol. 428: 97–103

133 Panayi F., Dorso E., Lambas-Senas L., Renaud B., Scarna H.
and Berod A. (2002) Chronic blockade of neurotensin receptors
strongly reduces sensitized, but not acute, behavioral response
to D-amphetamine. Neuropsychopharmacology 26: 64–74

134 Panayi F., Colussi-Mas J., Lambas-Senas L., Renaud B.,
Scarna H. and Berod A. (2005) Endogenous neurotensin 
in the ventral tegmental area contributes to amphetamine 
behavioral sensitization. NeuroPsychopharmacologyogy 30:
871–879

135 Kalivas P. W., Nemeroff C. B. and Prange A. J. J. (1982) Neu-
roanatomical site specific modulation of spontaneous motor
activity by neurotensin. Eur. J. Pharmacol. 78: 471–474

136 Kalivas P. W., Burgess S. K., Nemeroff C. B. and Prange A. J.
Jr (1983) Behavioral and neurochemical effects of neurotensin
microinjection into the ventral tegmental area of the rat. Neu-
roscience 8: 495–505

137 Kalivas P. W. and Taylor A. (1985) Behavioral and neuro-
chemical effect of daily injection with neurotensin into the
ventral tegmental area. Brain Res. 358: 70–76

138 Laitinen K., Crawley J. N., Mefford I. N. and de Witte P.
(1990) Neurotensin and cholecystokinin microinjected into
the ventral tegmental area modulate microdialysate concen-
trations of dopamine and metabolites in the posterior nucleus
accumbens. Brain Res. 523: 342–346

139 Sotty F., Brun P., Leonetti M., Steinberg R., Soubrie P., Renaud
B. et al. (2000) Comparative effects of neurotensin, neu-
rotensin (8-13) and [D-Tyr11]neurotensin applied into the
ventral tegmental area on extracellular dopamine in the rat
prefrontal cortex and nucleus accumbens. Neuroscience 98:
485–492

140 Elliott P. J. and Nemeroff C. B. (1986) Repeated neurotensin
administration in the ventral tegmental area: effects on baseline
and D-amphetamine-induced locomotor activity. Neuroscience
Lett. 68: 239–244

141 Kalivas P. W. and Duffy P. (1990) Effect of acute and daily
neurotensin and enkephalin treatments on extracellular
dopamine in the nucleus accumbens. J. Neuroscience 10:
2940–2949

142 Rompre P. and Perron S. (2000) Evidence for a role of endoge-
nous neurotensin in the initiation of amphetamine sensitization.
Neuropharmacology 39: 1880–1892

143 Ervin G. N., Birkemo L. S., Nemeroff C. B. and Prange A. J.
Jr (1981) Neurotensin blocks certain amphetamine-induced
behaviours. Nature 291: 73–76

144 Kalivas P. W., Nemeroff C. B. and Prange A. J. Jr (1984) Neu-
rotensin microinjection into the nucleus accumbens antago-
nizes dopamine-induced increase in locomotion and rearing.
Neuroscience 11: 919–930

145 Kalivas P. W., Nemeroff C. B. and Prange A. J. Jr (1981) 
Increase in spontaneous motor activity following infusion of
neurotensin into the ventral tegmental area. Brain Res. 229:
525–529

146 Pinnock R. D. (1985) Neurotensin depolarizes substantia 
nigra dopamine neurons. Brain Res. 338: 151–154

147 Seutin V., Massotte L. and Dresse A. (1989) Electrophysio-
logical effects of neurotensin on dopaminergic neurons of the
ventral tegmental area of the rat in vitro. Neuropharmacology
28: 949–954

148 Shi W. X. and Bunney B. S. (1991) Effects of neurotensin on
midbrain dopamine neurons: are they mediated by formation
of a neurotensin-dopamine complex? Synapse 9: 79–94

149 Jiang Z.-G., Pessia M. and North R. A. (1994) Neurotensin 
excitation of rat ventral tegmental neurones. J. Physiol. 474.1:
119–129

150 Szigethy E. and Beaudet A. (1989) Correspondence between
high affinity 125I-neurotensin binding sites and dopaminergic
neurons in the rat substantia nigra and ventral tegmental area:
a combined radioautographic and immunohistochemical light
microscopic study. J. Comp. Neurol. 279: 128–137

151 Pickel V. M., Chan J., Delle Donne K. T., Boudin H., Pelaprat
D. and Rostene W. (2001) High-affinity neurotensin receptors
in the rat nucleus accumbens: subcellular targeting and relation
to endogenous ligand. J. Comp. Neurol. 435: 142–155

152 Delle Donne K. T., Chan J., Boudin H., Pelaprat D., Rostene
W. and Pickel V. M. (2004) Electron microscopic dual labeling
of high-affinity neurotensin and dopamine D2 receptors in the
rat nucleus accumbens shell. Synapse 52: 176–187

153 Li X.-M., Ferraro L., Tanganelli S., O’Connor W. T., Hasselrot
U., Ungerstedt U. et al. (1995) Neurotensin peptides antago-
nistically regulate postsynaptic dopamine D2 receptors in rat
nucleus accumbens: a receptor binding and microdialysis
study. J. Neural Transm. 102: 125–137

154 Graybiel A. M., Moratalla R. and Robertson H. A. (1990)
Amphetamine and cocaine induce drug specific activation of
the c-fos gene in striosome-matrix compartments and limbic
subdivisions of the striatum. Proc. Natl. Acad. Sci. USA 87:
6912–6916

155 Canales J. J. and Graybiel A. M. (2000) A measure of striatal
function predicts motor stereotypy. Nat. Neuroscience 3:
377–383

156 Castel M. N., Morino P., Frey P., Terenius L. and Hokfelt T.
(1993) Immunohistochemical evidence for a neurotensin stria-
tonigral pathway in the rat brain. Neuroscience 55: 833–847

157 Castel M.-N., Morino P., Nylander I., Terenius L. and Hökfelt
T. (1994) Differential dopaminergic regulation of the neu-
rotensin striatonigral and striatopallidal pathways in the rat.
Eur. J. Pharmacol. 262: 1–10

158 Castel M. N., Morino P., Dagerlind Å. and Hökfelt T. (1994)
Up-regulation of neurotensin mRNA in the rat striatum after



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 1961

acute methamphetamine treatment. Eur. J. Neuroscience 6:
646–656

159 Merchant K. M., Hanson G. R. and Dorsa D. M. (1994) Induc-
tion of neurotensin and c-fos mRNA in distinct subregions of
rat neostriatum after acute methamphetamine: comparison
with acute haloperidol effects. J. Pharmacol. Exp. Ther. 269:
806–812

160 Zahm D. S., Williams E. S., Krause J. E., Welch M. A. and
Grosu D. S. (1998) Distinct and interactive effects of d-
amphetamine and haloperidol on levels of neurotensin and 
its mRNA in subterritories in the dorsal and ventral striatum
of the rat. J. Comp. Neurol. 400: 487–503

161 Castel M.-N., Morino P. and Hokfelt T. (1993) Modulation of
the neurotensin striato-nigral pathway by D1 receptors. Neu-
roreport 5: 281–284

162 Betancur C., Rostene W. and Berod A. (1997) Chronic cocaine
increases neurotensin gene expression in the shell of the 
nucleus accumbens and in discrete regions of the striatum.
Mol. Brain Res. 44: 334–340

163 Betancur C., Lepee-Lorgeoux I., Cazillis M., Accili D., Fuchs
S. and Rostene W. (2001) Neurotensin gene expression and
behavioral responses following administration of psychos-
timulants and antipsychotic drugs in dopamine D3 receptor
deficient mice. Neuropsychopharmacology 24: 170–182

164 Fuxe K., Von Euler G., Agnati L. F., Pich E. M., O’Connor W.
T., Tanganelli S. et al. (1992) Intramembrane interactions
between neurotensin receptors and dopamine D2 receptors as
a major mechanism for the neuroleptic-like action of neu-
rotensin. Ann. N.Y. Acad. Sci. 668: 186–204

165 Dobner P. R., Fadel J. and Deutch A. Y. (2001) Amphetamine-
evoked Fos expression is significantly attenuated in the 
medial striatum of neurotensin knockout mice. Soc. Neuro-
science Abstr. 31: 512

166 Alonso R., Gnanadicom H., Frechin N., Fournier M., Le Fur
G. and Soubrie P. (1999) Blockade of neurotensin receptors
suppresses the dopamine D1/D2 synergism on immediate
early gene expression in the rat brain. Eur. J. Neuroscience 11:
967–974

167 Wagstaff J. D., Gibb J. W. and Hanson G. R. (1996) Micro-
dialysis assessment of methamphetamine-induced changes in
extracellular neurotensin in the striatum and nucleus accum-
bens. J. Pharmacol. Exp. Ther. 278: 547–554

168 Wagstaff J. D., Gibb J. W. and Hanson G. R. (1997) Role of
dopamine D1- and NMDA receptors in regulating neurotensin
release in the striatum and nucleus accumbens. Brain Res.
748: 241–244

169 Diaz-Cabiale Z., Fuxe K., Narvaez J. A., Finetti S., Antonelli
T., Tanganelli S. et al. (2002) Neurotensin-induced modulation
of dopamine D2 receptors and their function in rat striatum:
counteraction by a NTR1-like receptor antagonist. Neuro report
13: 763–766

170 Pehek E. A. (1999) Comparison of effects of haloperidol 
administration on amphetamine-stimulated dopamine release
in the rat medial prefrontal cortex and dorsal striatum. J. 
Pharmacol. Exp. Ther. 289: 14–23

171 Ferraro L., Tomasini M. C., Fernandez M., Bebe B. W., 
O’Connor W. T., Fuxe K. et al. (2001) Nigral neurotensin 
receptor regulation of nigral glutamate and nigroventral 
thalamic GABA transmission: a dual-probe microdialysis
study in intact conscious rat brain. Neuroscience 102: 113–
120

172 Zahm D. S. (1987) Neurotensin-immunoreactive neurons in
the ventral striatum of the adult rat: ventromedial caudate-
putamen, nucleus accumbens and olfactory tubercle. Neuro-
science Lett. 81: 41–47

174 Fredrickson P., Boules M., Yerbury S. and Richelson E. (2003)
Novel neurotensin analog blocks the initiation and expression
of nicotine-induced locomotor sensitization. Brain Res. 979:
245–248

175 Fredrickson P., Boules M., Yerbury S. and Richelson E. (2003)
Blockade of nicotine-induced locomotor sensitization by a
novel neurotensin analog in rats. Eur. J. Pharm. 458: 111–118

176 Vanderschuren L. J. M. J. and Kalivas P. W. (2000) Alterations
in dopaminergic and glutamatergic transmission in the induc-
tion and expression of behavioral sensitization: a critical re-
view of preclinical studies. Psychopharmacology 151: 99–120

177 During M. J., Bean A. J. and Roth R. H. (1992) Effects of CNS
stimulants on the in vivo release of the colocalized trans-
mitters, dopamine and neurotensin, from rat prefrontal cortex.
Neuroscience Lett. 140: 129–133

178 Zahm D. S., Grosu S., Williams E. A., Qin S. and Berod A.
(2001) Neurons of origin of the neurotensinergic plexus 
enmeshing the ventral tegmental area in rat: retrograde labeling
and in situ hybridization combined. Neuroscience 104:
841–851

179 Seiden L. S., Sabol K. E. and Ricaurte G. A. (1993) Amphet-
amine: effects on catecholamine systems and behavior. Annu.
Rev. Pharmacol. Toxicol. 32: 639–677

180 Sharp T., Zetterstrom T., Ljungberg T. and Ungerstedt U.
(1986) Effect of sulpiride on amphetamine-induced behaviour
in relation to changes in striatal dopamine release in vivo. Eur.
J. Pharmacol. 129: 411–415

181 Gruber S. H., Nomikos G. G. and Mathe A. A. (2002) d-
Amphetamine-induced increase in neurotensin and neu-
ropeptide Y outflow in the ventral striatum is mediated via
stimulation of dopamine D1 and D2/3 receptors. J. Neurosci.
Res. 69: 133–139

182 St-Gelais F., Legault M., Bourque M.-J., Rompre P.-P. and
Trudeau L.-E. (2004) Role of calcium in neurotensin-evoked
enhancement in firing in mesencephalis dopamine neurons. J.
Neuroscience 24: 2566–2574

183 Clineschmidt B. V. and McGuffin J. C. (1977) Neurotensin
administered intracisternally inhibits responsiveness of mice
to noxious stimuli. Eur. J. Pharmacol. 46: 395–396

184 Clineschmidt B. V., McGuffin J. C. and Bunting P. B. (1979)
Neurotensin: antinociceptive action in rodents. Eur. J.
Pharmacol. 54: 129–139

185 Nemeroff C. B., Osbahr A. J. III, Manberg P. J., Ervin G. N.
and Prange A. J. Jr (1979) Alterations in nociception and body
temperature after intracisternal administration of neurotensin,
b-endorphin, other endogenous peptides and morphine. Proc.
Natl. Acad. Sci. USA 76: 5368–5371

186 Smith D. J., Hawranko A. A., Monroe P. J., Gully D., Urban M.
O., Craig C. R. et al. (1997) Dose-dependent pain-facilitatory
and -inhibitory actions of neurotensin are revealed by SR
48692, a nonpeptide neurotensin antagonist: influence on the
antinociceptive effect of morphine. J. Pharmacol. Exp. Ther.
282: 899–908

187 Urban M. O. and Gebhart G. F. (1997) Characterization of
biphasic modulation of spinal nociceptive transmission by
neurotensin in the rat rostral ventromedial medulla. J. Neuro-
physiol. 78: 1550–1562

188 Urban M. O., Coutinho S. V. and Gebhart G. F. (1999) Bipha-
sic modulation of visceral nociception by neurotensin in 
rat rostral ventromedial medulla. J. Pharmacol. Exp. Ther.
290: 207–213

189 Reynolds D. V. (1969) Surgery in the rat during electrical anal-
gesia induced by focal brain stimulation. Science 164: 444–445

190 Yaksh T. L., Yeung J. C. and Rudy T. A. (1976) Systematic 
examination in the rat of brain sites sensitive to the direct 
application of morphine: observation of differential effects
within the periaqueductal gray. Brain Res. 114: 83–103

191 Lewis J. W., Cannon J. T. and Liebeskind J. C. (1980) Opioid
and nonopioid mechanisms of stress analgesia. Science 208:
623–625

192 Terman G. W., Morgan M. J. and Liebeskind J. C. (1986) 
Opioid and non-opioid stress analgesia from cold water swim:
importance of stress severity. Brain Res. 372: 167–171



1962 P. R. Dobner Multi-tasking with neurotensin

193 Osbahr A. J. I., Nemeroff C. B., Luttinger D., Mason G. A. and
Prange A. J. Jr (1981) Neurotensin-induced antinociception 
in mice: antagonism by thyrotropin-releasing hormone. J.
Pharmacol. Exp. Ther. 217: 645–651

194 Barbaz B. S., Autry W. L., Ambrose F. G., Hall N. R. and 
Liebman J. M. (1986) Antinociceptive profile of sulfated
CCK-8. Comparison with CCK-4, unsulfated CCK-8 and
other neuropeptides. Neuropharmacology 25: 823–829

195 Coquerel A., Dubuc I., Kitabgi P. and Costentin J. (1988) 
Potentiation by thiorphan and bestatin of the naloxone-
insensitive analgesic effects of neurotensin and neuromedin
N. Neurochem. Int. 12: 361–366

196 Al-Rodhan N. R. F., Richelson E., Gilbert J. A., McCormick
D. J., Kanba K. S., Pfenning M. A. et al. (1991) Structure-
antinociceptive activity of neurotensin and some novel ana-
logues in the periaqueductal gray region of the brainstem.
Brain Res. 557: 227–235

197 Seybold V. and Elde R. (1980) Immunohistochemical studies
of peptidergic neurons in the dorsal horn of the spinal cord. J.
Histochem. Cytochem. 28: 367–370

198 Gibson S. J., Polak J. M., Bloom S. R. and Wall P. D. (1981)
The distribution of nine peptides in rat spinal cord with 
special emphasis on the substantia gelatinosa and on the area
around the central canal (lamina X). J. Comp. Neurol. 201:
65–79

199 Hunt S. P., Kelly J. S., Emson P. C., Kimmel T. R., Miller R. J.
and Wu J.-Y. (1981) An immunohistochemical study of neu-
ronal populations containing neuropeptides of a-aminobutyrate
within the superficial layers of the rat dorsal horn. Neuro-
science 6: 1883–1898

200 Seybold V. and Maley B. (1984) Ultrastructural study of neu-
rotensin immunoreactivity in superficial laminae of the dorsal
horn of the rat. Peptides 5: 1179–1189

201 Young W. S. I. and Kuhar M. J. (1981) Neurotensin receptor
localization by light microscopic autoradiography in rat brain.
Brain Res. 206: 273–285

202 Faull R. L., Villiger J. W. and Dragunow M. (1989) Neu-
rotensin receptors in the human spinal cord: a quantitative 
autoradiographic study. Neuroscience 29: 603–613

203 Beitz A. J. (1982) The sites of origin of brain stem neurotensin
and serotonin projections to the rodent nucleus raphe magnus.
J. Neuroscience 2: 829–842

204 Shipley M. T., McLean J. H. and Bhebehani M. M. (1987)
Heterogeneous distribution of neurotensin-like immunore-
active neurons and fibers in the midbrain periaqueductal gray
of the rat. J. Neuroscience 7: 2025–2034

205 Williams F. G. and Beitz A. J. (1989) A quantitative 
ultrastructural analysis of neurotensin-like immunoreactive 
terminals in the brain periaqueductal gray: analysis of their
possible relationship to periaqueductal gray-raphe magnus
projection neurons. Neuroscience 29: 121–134

206 Buhler A. V., Choi J., Proudfit H. K. and Gebhart G. F. (2005)
Neurotensin activation of the NTR1 on spinally-projecting
serotonergic neurons in the rostral ventromedial medulla is
antinociceptive. Pain 114: 285–294

207 Sarret P., Perron A., Stroh T. and Beaudet A. (2003) Immuno-
histochemical distribution of NTS2 neurotensin receptors in
the rat central nervous system. J. Comp. Neurol. 461: 520–538

208 Kalivas P. W., Jennes L., Nemeroff C. B. and Prange A. J. Jr
(1982) Neurotensin: topographic distribution of brain sites 
involved in hypothermia and antinociception. J. Comp. 
Neurol. 210: 225–238

209 Behbehani M. M. and Pert A. (1984) A mechanism for the
analgesic effect of neurotensin as revealed by behavioral and
electrophysiological techniques. Brain Res. 324: 35–42

210 Fang F. G., Moreau J.-L. and Fields H. L. (1987) Dose-
dependent antinociceptive action of neurotensin microinjected
into the rostroventromedial medulla of the rat. Brain Res. 420:
171–174

211 Urban M. O. and Smith D. J. (1993) Role of neurotensin in 
the nucleus raphe magnus in opioid-induced antinociception
from the periaqueductal gray. J. Pharmacol. Exp. Ther. 265:
580–586

212 Urban M. O. and Smith D. J. (1994) Localization of the 
antinociceptive and antianalgesic effects of neurotensin within
the rostral and ventromedial medulla. Neuroscience Lett. 174:
21–25

213 Benmoussa M., Chait A., Loric G. and de Beaurepaire R.
(1996) Low doses of neurotensin in the preoptic area produce
hyperthermia. Comparison with other brain sites and with neu-
rotensin-induced analgesia. Brain Res. Bull. 39: 275–279

214 Yaksh T. L., Schmauss C., Micevych P. E., Abay E. O. and Go
V. L. W. (1982) Pharmacological studies on the application,
disposition and release of neurotensin in spinal cord. Ann.
N.Y. Acad. Sci. 400: 228–243

215 Hylden J. L. and Wilcox G. L. (1983) Antinociceptive action
of intrathecal neurotensin in mice. Peptides 4: 517–520

216 Spampinato S., Romualdi P., Candeletti S., Cavicchini E. and
Ferri S. (1988) Distinguishable effects of intrathecal dynor-
phins, somatostatin, neurotensin and s-calcitonin on nocicep-
tion and motor function in the rat. Pain 35: 95–104

217 Bodnar R. J., Wallace M. M., Nilaver G. and Zimmerman E.
A. (1982) The effects of centrally administered antisera to
neurotensin and related peptides upon nociception and related
behaviors. Ann. N.Y. Acad. Sci. 400: 244–258

218 Gui X., Carraway R. E. and Dobner P. R. (2004) Endogenous
neurotensin facilitates visceral nociception and is required for
stress-induced antinociception in mice and rats. Neuroscience
126: 1023–1032

219 Romero M.-T. and Bodnar R. J. (1986) Gender differences in
two forms of cold-water swim analgesia. Physiol. Behav. 37:
893–897

220 Romero M.-T., Kepler K. L., Cooper M. L., Komisaruk B. R.
and Bodnar R. J. (1987) Modulation of gender-specific effects
upon swim analgesia in gonadectomized rats. Physiol. Behav.
40: 39–45

221 Seta K. A., Jansen H. T., Kreitel K. D., Lehman M. and 
Behbehani M. M. (2001) Cold water swim stress increases the
expression of neurotensin mRNA in the lateral hypothalamus
and medial preoptic regions of the rat brain. Mol. Brain Res.
86: 145–152

222 Dubuc I., Sarret P., Labbe-Jullie C., Botto J. M., Honore E.,
Bourdel E. et al. (1999) Identification of the receptor subtype
involved in the analgesic effect of neurotensin. J. Neuroscience
19: 503–510

223 Dubuc I., Costentin J., Terranova J. P., Barnouin M. C., Subrié
P., Le Fur G. et al. (1994) The nonpeptide neurotensin antag-
onist, SR 48692, used as a tool to reveal putative neurotensin
receptor subtypes. Br. J. Pharmacol. 112: 352–354

224 Tyler B. M., Groshan K., Cusack B. and Richelson E. (1998)
In vivo studies with low doses of levocabastine and diphenhy-
dramine, but not pyrilamine, antagonize neurotensin-mediated
antinociception. Brain Res. 787: 78–84

225 Dubuc I., Remande S. and Costentin J. (1999) The partial
agonist properties of levocabastine in neurotensin-induced
analgesia. Eur. J. Pharmacol. 381: 9–12

226 Tyler B. M., McCormick D. J., Hoshall C. V., Douglass C. L.,
Jansen K., Lacy B. W. et al. (1998) Specific gene blockade
shows that peptide nucleic acids readily enter neuronal cells in
vivo. FEBS Lett. 421: 280–284

227 Tyler B. M., Jansen K., McCormick D. J., Douglas C. L.,
Boules M., Stewart J. A. et al. (1999) Peptide nucleic acids 
targeted to the neurotensin receptor and administered i.p.
cross the blood-brain barrier and specifically reduce gene 
expression. Proc. Natl. Acad. Sci. USA 96: 7053–7058

228 Behbehani M. M., Shipley M. T. and McLean J. H. (1987) 
Effect of neurotensin on neurons in the periaqueductal gray:
an in vitro study. J. Neuroscience 7: 2035–2040



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 1963

229 Li A. H., Hwang H.-M., Tan P. P., Wu T. and Wang H.-L.
(2001) Neurotensin excites periaqueductal gray neurons 
projecting to the rostral ventromedial medulla. J. Neurophysiol.
85: 1479–1488

230 Neubert M. J., Kincaid W. and Heinricher M. M. (2004) 
Nociceptive facilitating neurons in the rostral ventromedial
medulla. Pain 110: 158–165

231 Narango J. R., Arnedo A., Molinero M. T. and Del Rio J.
(1989) Involvement of spinal monoaminergic pathways in 
antinociception produced by substance P and neurotensin in
rodents. Neuropharmacology 28: 291–298

232 Long J. B., Kalivas P. W., Youngblood W. W., Prange A. J. Jr
and Kizer J. S. (1984) Possible involvement of serotonergic
neurotransmission in neurotensin but not morphine analgesia.
Brain. Res. 310: 35–41

233 Jolas T. and Aghajanian G. K. (1996) Neurotensin excitation
of serotonergic neurons in the dorsal raphe nucleus of the rat
in vitro. Eur. J. Neuroscience 8: 153–161

234 Jolas T. and Aghajanian G. K. (1997) Neurotensin and the
serotonergic system. Prog. Neurobiol. 52: 455–468

235 Li A. H., Yeh T. H., Tan P. P., Hwang H.-M. and Wang H.-L.
(2001) Neurotensin excitation of serotonergic neurons in the

rat nucleus raphe magnus: ionic and molecular mechanisms.
Neuropharmacology 40: 1073–1083

236 Urban M. O., Smith D. J. and Gebhart G. F. (1996) Involvement
of spinal cholecystokininB receptors in mediating neurotensin
hyperalgesia from the medullary nucleus raphe magnus in the
rat. J. Pharmacol. Exp. Ther. 278: 90–96

237 Holmes B. B., Rady J. J., Smith D. J. and Fujimoto J. M. (1999)
Supraspinal neurotensin-induced antianalgesia in mice is 
mediated by spinal cholecystokinin. Jpn. J. Pharmacol. 79:
141–149

238 Petrie K. A., Bubser M., Casey C. D., Davis M. D., Roth B. L.
and Deutch A. Y. (2004) The neurotensin agonist PD149163
increases Fos expression in the prefrontal cortex of the rat.
Neuropsychopharmacology 29: 1878–1888

239 Hussain N., Flumerfelt B. A. and Rajakumar N. (2001) Gluta-
matergic regulation of haloperidol-induced c-fos expression
in the rat striatum and nucleus accumbens. Neuroscience 102:
391–399

240 Konradi C., Leveque J.-C. and Hyman S. E. (1996) Ampheta-
mine and dopamine-induced immediate early gene expression
in striatal neurons depends on postsynaptic NMDA receptors
and calcium. J. Neuroscience 16: 4231–4239


