J-P. Vincent,
Professor,

J. Mazella,
Research Associate,
and

P. Kitabgi,

Research Director,
Institut de
Pharmacologie
Moléculaire et
Cellulaire, Unité Propre
de Recherche 411 du
Centre National de la
Recherche
Scientifique, 660 route
des Lucioles, Sophia-
Antipolis, 06560
Valbonne, France.

302

R E v I E W

Neurotensin and
neurotensin receptors

Jean-Pierre Vincent, Jean Mazella and Patrick Kitabgi

Neurotensin is a brain and gastrointestinal peptide
that fulfils many central and peripheral functions
through its interaction with specific receptors. Three
subtypes of neurotensin receptors have been cloned.
Two of them belong to the family of G protein-coupled
receptors, whereas the third one is an entirely new
type of neuropeptide receptor and is identical to
gp95/sortilin, a 100 kDa-protein with a single
transmembrane domain. In this review, the present
knowledge regarding the molecular and pharmacological
properties of the three cloned neurotensin receptors is
summarized and the relationship between these
receptors and the known pharmacological effects of
neurotensin is discussed.

Neurotensin (NT) is a 13 amino acid peptide originally
isolated from calf hypothalamus by Carraway and Leeman
in 1973 (Ref. 1). Like many other neuropeptides, it fulfils a
dual function of neurotransmitter or neuromodulator in
the nervous system and of local hormone in the periphery.
The biochemical and pharmacological properties of NT
in the brain and in peripheral organs have been abun-
dantly documented*” and will only be summarized
briefly here: NT is a neuromodulator of dopamine trans-
mission and of anterior pituitary hormone secretion, and
exerts potent hypothermic and analgesic effects in the
brain. In the periphery, NT is a paracrine and endocrine
modulator of the digestive tract and of the cardiovascu-
lar system of mammals and acts as a growth factor on a
variety of normal or cancer cells.

The past 25 years have revealed a continued interest in
NT, and significant advances have been made in our
understanding of many aspects of NT functions. For
example, cloning of the gene that encodes NT stands out
as a landmark in the neurotensin fields. This achievement
led to further work which showed that neurotensin and
its structurally related analogue neuromedin N (Ref. 9)
are synthesized from a common precursor'® and differ-
entially processed at dibasic sites by proprotein conver-
tases!! (see Box 1). Another important advance was made
by Nakanishi and his group. They cloned the first NT
receptor (NTS1, previously NTR-1) in 1990 and showed
that it belonged to the family of G protein-coupled recep-
tors'2. Several years later, the first potent non-peptidic
NT receptor antagonist SR48692 was developed by
Sanofi and shown to block a number of central and
peripheral effects of NT (Refs 13, 14), although it did not
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inhibit the hypothermic and analgesic effects of centrally
injected NT. The second-generation antagonist SR142948A
was found to be more potent than SR48692 and exhibited
a wider spectrum of activity in that it antagonized hypo-
thermia and analgesia induced by intracerebroventricular
(i.c.v.) injection of NT (Ref. 15). Recently, two new NT
receptors have been cloned; one of them (nts2) belongs to
the G protein-coupled receptor superfamily’¢-18, as does
the NTS1 receptor, whereas the other (nts3) is structurally
different from the NTS1 and nts2 receptors (Ref. 19).
These three receptors all recognize the same C-terminal
8-13 sequence and display similar structure-function
relationships towards NT.

NTS1 receptor

Initial indications about the existence of NT receptor
subtypes have come from binding data. Membranes pre-
pared from brain? or gastrointestinal?' tissues generally
contain two different classes of NT binding sites. The high-
affinity sites (K; = 0.1-0.3 nMm) are sensitive to Na* ions
and GTP, which decrease the affinity of the receptor for
NT. The low-affinity sites (Ky = 3-5nM) are less sensitive
to Na* ions and insensitive to GTP. The antihistamine-1
drug levocabastine, which is devoid of any NT-like phar-
macological properties, can selectively block NT binding
to the lower-affinity sites without changing the binding
properties of the higher-affinity sites?223.

Cloning and characterization

The first molecular identification of an NT receptor was
achieved by Nakanishi and colleagues'?. These authors
screened a cDNA library from rat brain using the oocyte
expression technique and isolated a single functional
cDNA clone of 3633 nucleotides. The longest open read-
ing frame of the cDNA encodes a 424 amino acid protein
with seven putative transmembrane domains (TMs)
belonging to the family of G protein-coupled receptors
(Fig. 1). The cloned receptor expressed in mammalian COS
cells selectively binds NT with high affinity (K; = 0.2 nm)
and is insensitive to levocabastine!2. The human NTS1
receptor has been cloned from the colonic adenocarcinoma
cell line HT29 (Ref. 24) and shown to consist of a 418 amino
acid protein that shares 84% homology with rat NTS1
(Fig. 2). The human NTSR1 gene has been localized to the
long arm (20q13) of chromosome 20. The gene occurs as
a single copy and contains three introns in the coding
region®. A tetranucleotide repeat polymorphism is located
<3 kb from the gene and can serve as a useful marker to
study the relationship between the NTS1 gene and neuro-
psychiatric disorders®. The rat NTSR1 gene also occurs
as a single copy in the rat haploid genome?.

Localization

Northern-blot analysis has revealed that NTS1 mRNAs
are expressed in the brain and intestine of rat? and
human?*. In the brain, in situ hybridization experiments
showed that high levels of NTS1 mRNAs are found in
neurones of the diagonal band of Broca, medial septal
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Box 1. Biosynthesis, processing and degradation of NT and related peptides

Signal peptide KR KR KR KR

L InN-ike [T ] proNT/NN
[] NN
B T

| T
| | | | large NN
pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-0
u] Pro-Tyr-lle-Leu-OH  NT
H-Lys-lle-Pro-Tyr-lle-Leu-OH NN
-Lys-Leu-Pro-Leu-Val-Leu-  NN-like
(Online: Fig. I)

Like all neuropeptides, neurotensin (NT) is synthesized
as part of a larger precursor (Fig. I) which also contains
neuromedin N (NN), a six amino acid neurotensin-like
peptide!. NT and NN are located in the C-terminal
domain of the precursor (pro-NT/NN), where they are
flanked and separated by three Lys—Arg sequences. A
fourth dibasic sequence preceding an NN-like sequence
is present in the N-terminal domain. Dibasics are the con-
sensus sites recognized and cleaved by processing endo-
proteases that belong to the recently identified family of
proprotein convertases (PCs)?2. In tissues that express pro-
NT/NN, the three C-terminal Lys-Arg sites are differen-
tially processed, whereas the dibasic site upstream of
the NN-like sequence is not cleaved. In the brain, pro-
NT /NN processing gives rise to NT and NN (Refs 3, 4).
In the gut, processing leads mainly to the formation of NT
and a large peptide ending with the NN sequence at its
C-terminus (large NN)34. In the adrenal glands, NT, large
NN and a large peptide ending with the NT sequence
(large NT) are the major products®. Recent evidence indi-
cates that PC1, PC2 and PC5-A are the prohormone con-

vertases responsible for the processing pattern observed
in the gut, brain and adrenal glands, respectively>¢. Both
NT and NN are released upon depolarization of brain
tissues*. Intestinal NT and large NN are secreted in the
circulation after food ingestion®. The available pharma-
cological evidence indicates that both NT and NN bind
with similar affinities (NN being slightly less potent
than NT on the NTS1 and nts3 and equipotent with NT
on the nts2) to the three NT receptor subtypes and that
NN exhibits a similar biological profile to NT. Large
NN has been shown to have NT-like biological activity
on intestinal preparations®. However, its pharmaco-
logical properties have not been investigated in detail.

The mechanisms by which extracellular NT and NN
are degraded and inactivated in the circulation and in
tissues have been thoroughly investigated*”. NN is
rapidly inactivated by aminopeptidases, whereas NT
is somewhat more slowly inactivated by metalloendo-
peptidases that cleave the peptide in its C-terminal
domain. Although the degradation mechanism of large
NN has not been studied, the peptide appears more
stable than NT in the circulation’. It is tempting to
speculate from these data that NN which is essentially
found in the brain could function as a fast-acting neuro-
peptide, rather like the enkephalins, whereas large
NN which is mainly produced by the intestine and
released in the blood might act as a circulating hor-
mone. NT would keep its definition as both a central
neuromodulator and paracrine factor in the periphery.
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nucleus, nucleus basalis magnocellularis, suprachias-
matic nucleus, supramammillary area, substantia nigra
and ventral tegmental area”, as well as in the small dorsal
root ganglion neurones of the spinal cord?. Superimpo-
sition of these data with those of autoradiographical®
and immunohistochemical® studies provides useful in-
formation about the distribution of the NTS1 receptor.
For example, there is a strong hybridization signal for
NTS1 mRNA over neuronal perikarya within the sub-
stantia nigra whereas such signals are lacking over the
striatum. By contrast, both brain regions contain the NTS1
protein as shown by autoradiography? and immuno-
histochemistry®. These findings support the hypothesis
that dopamine neurones in the substantia nigra synthesize
the NTS1 receptor, which is situated in their perikarya
and dendrites and also in their terminals in the striatum
following axonal transport.

Expression of the gene encoding the NTS1 receptor
The NTS1 receptor can be transiently or stably synthe-

sized in a variety of cells, including Xenopus oocytes, which

were used to clone this receptor!2. Surprisingly, the Ca2*-

activated Cl- current induced by NT in oocytes produc-
ing the rat NTS1 receptor was not blocked by SR48692
(Ref. 31). By contrast, the levocabastine-insensitive bind-
ing of NT to the rat or human NTS1 receptor transiently
synthesized in COS cells can be completely inhibited by
both SR48692 and SR142948A, with IC;, values of about
10 and 1 nM, respectively’315. The rat NTS1 stably trans-
fected in CHO or thymidine kinase defective (LTK) cells
is efficiently coupled to phospholipase C (Refs 32-34)
and the NT-induced increases in intracellular Ca?* con-
centration and inositol-1,4,5-trisphosphate [Ins(1,4,5)Ps]
levels of transfected cells are antagonized by SR48692
(Ref. 34). NT also stimulates cAMP formation in CHO cells
expressing the gene encoding the NTS1 receptor (Ref. 35).
In addition, these transfected cells respond to NT by a
prolonged activation of mitogen-activated protein kinases
(MAPKs) and by an induction of the growth-related gene
krox-24; both effects can be prevented by SR48692 (Ref.
36). These signalling properties of the NTS1 receptor can
also be observed in the human colon carcinoma cell line
HT?29 and they provide a possible mechanism by which
NT could promote cell growth.
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Fig. 1. The rat neurotensin receptor, NTS1 (blue). The invariant residues between the NTS1 and nts2 receptors are coloured in green. Regions of the nts2
receptor that strongly differ from NTS1 (E1, I3 and 14) are indicated in yellow. The N-terminal (1), C-terminal (424) and the first residues of each extracel-
lular segments of the NTS1 receptor are numbered. The Na+*-binding site (Asp113) of NTS1 is shown in black. Residues involved in the binding of NT (pink),
SR48692 (orange) or both (red) are indicated. Residues crucial for NTS1 internalization are in violet. The region of the third intracellular loop (I3) that is
essential for coupling to phospholipase C is in grey. Glycosylation sites (Y) are highlighted.

Affinity labelling3+3” and immunocytochemical® experi-
ments performed on rat brain membranes or on cells
transfected with the rat NTS1 ¢cDNA have shown that
this receptor type is produced as two different proteins
with an apparent molecular mass of 50-60 kDa in total.
This protein doublet stems from the existence of two ini-
tiation sites for the translation of the NTS1 mRNA. The
first corresponds to the site initially identified as coding
for Met1 (Ref. 12), whereas the second site is a non AUG
codon that remains to be identified®.

Regulation of NTS1 mRNA expression

NT receptor agonists have been shown to induce dif-
ferential regulation of NTS1 mRNA in both HT29 (Ref. 40)
and neuroblastoma*! cells and of the tyrosine hydroxylase
mRNA in neuroblastoma cells*!. Although several argu-
ments suggest that these effects are mediated via the
NTS1 receptor, which is known to be expressed in these
cell lines, the presence and possible role of other NT recep-
tor subtypes (see below) cannot be ruled out and should
be evaluated before a definitive conclusion can be drawn.

Functional residues of the NTS1 receptor
Site-directed mutagenesis and modelling of the rat NTS1
receptor has provided interesting results about the sites
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and amino acid residues involved in the binding of NT and
SR48692, the coupling of the receptor to phospholipase C
and the internalization process of this receptor.

NT and SR48692 binding sites

The agonist NT and the competitive antagonist SR48692
bind to distinct, albeit overlapping, regions of the NTS1
receptor. Thus, the SR48692 binding site lies in a pocket
delimited by residues that belong mainly to TM6 and TM7
(Ref. 42). In particular, Arg327 and Tyr351 in TMs 6 and
7, respectively, are crucial for SR48692 binding. Arg327
is also essential for NT binding, as well as Tyr347 located
in the third extracellular loop. In addition, Asp139 in the
first extracellular loop* and an N-terminal extracellular
segment near TM1 (Ref. 44) are important for NT binding.
Modelling studies have provided further evidence that the
third extracellular loop that connects TMs 6 and 7 interacts
with NT (Ref. 45). Thus, part of the NT binding site appears
to lie on top of the SR48692 binding pocket in a region
delimited by the third extracellular loop and by TMs 6 and
7. This might explain the competitive nature of SR48692.

Transduction
Coupling of the NTS1 receptor to phospholipase C
involves the third intracellular loop*. The Asp113 residue
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rNTS1 TF LSLSNG

mNTS1 ML L SL SNIG

hNTSH1 GLEEAL PGFG

rnts2 GLSIMEARLG-------------------

m nts2 GLS|MEARLG-------------------

hnts2 GLS|MDARLG-------------------

(] ———————— /]2 —

rNTSH1 61 SLAL LLpyL L

mNTS1 60 SLAL LLLL

hNTSH1 60 SLAL LLpggL L

rnts2 29 (@WALSVHVVLKARA (BS LALREL L(BL LA

m nts2 29 (WAL SVHVVLKARTIGR|- -PGRLRYIVLSIWNNS A[NNL{NRT S

hnts2 29 WA LSVHVVLKARAGR- -AGRLRHIVLEIWNEA G|SNL[NEV G
E— — | (\/] 3 I ——

rNTSH 121 PYELYNIFIEWY/HZPWNFGDAGCRGYYF CIEYATAMLNVASLSY/ERMLAIEC:P

MNTS1 120 MEVIARANIATIVEIHEATBAIRGIA QSR AT CIEYATALNVASLSY/ERMLAIECEP

hNTS1 120 MEVIARANATIIVEIHEATAGA Q@I AE CIHYATALMVASLSY/ERNMLAICEP A

rnts2 SyAmYIP YJE LY FWAWSHMPW\YAF GD(NGCRGY Y F\URUANC 'N\YATALSVANLS/NER{@EL A 4C

m nts2 LSYARYIP YJE L Y IF\AWSHMPW\YAF GD(NGCRGY Y F\AZUAMC 'N\YAT VAL SVANL SINER{@L A \YAC0]P [WNA

hnts2 [SYARYIP AE L YN FUWSHMPW\AF GD(RGCRGY Y F\ARNANC NYAT\Y L SVA L SINER(GL A \YC0]P (WA

rNTS1 181

mNTS1 180 AS

hNTS1 180 AS

rnts2 147 ILTPR PSSIL GINA LA V INKEGQ KHE|VESIA

m nts2 147 CR AS GQKHEM EPEPASRVLVSRAQ

hnts2 147 [LTPREENR W WL GINA L IAYIA V IIEEO K HE|L APXCSEPEPASRVAGNRV L VSR TAIL Q\AF

rNTS1 238 [RDY 1 [NV NNV )2 IEIOGIR - NG T NG L - - - - - - — - - -

MNTS1 237 A I VIEANKINTVMVIH[JAAEQGR GMCTVGTHNSL - - - - - - - - - -

hNTS1 237 gAY Vv Vv ITANKISTVMVIR JAMEQG|- QMCTVGIG--------------

rnts2 207 PRV L VERIFALALALTAFLNGI GFI

m nts2 207 PNOAANV LV LIALGLTAILNGI GFI

hnts2 207 PNORAANV L VRIRVILALALTAFLNGV SFI

rNTS1 287 -|[EHSEUFINMTIEP}-------- VUCUILPYH\YRRLM[ECY
mNTS1 287 SEEP-------- VUCUILPYH\YRRLM[ECY
hNTS1 282 -[EHSERE/SMATEPR- - - - - - - - VUCUILPYH\YRRLM[ECY
rnts2 267 TWRKJNL SLIGVQASLVRHKD VLRAIE VIBCMLPYH/SRRLM

mnts2 267 TWRKENLSLGVQASLVRHKD VLRARS VIRC{JLPYHRRLM

h nts2 267 VWKKENFIQGGQVSLVRHKD VIC{lILPYHRRLMCY \IED

rNTS1 338 PIFLYNEVS
mNTS1 338 PIELYNEVS
hNTS1 333 MUFYHYFYM@TNALFYVSS PIELYNEVS
rnts2 327 AL MIFYHYFYMWUTNEIL F YV SSARARP L YNV S SSJF R(QRF L
mnts2 327 DAL MOIFYHYFYMWATNENL FYVSSIRARP L YNV S SIF R[QNF L
hnts2 327 DAYL MIIFYHYFYMWATNEIL FYVSSERARP ML YNLV S SF RGN F L

hnts2 399

rNTS1 398 SATRl-------- 424
mNTS1 398 SATR|-------- 424
hNTSH1 392 SNATRI- - ------ 418
rnts2 386 FRLWGSPRNPSLGIHIQV 416
mnts2 398 FRLWGSPRNPSLG[HIQV 416

GF--GDP|--P|---|4TRT 4180

Fig. 2. Sequence alignment of the rat (r), mouse (m) and human (h) NTS1 and nts2 receptors. Invariant residues for all six receptors (green), for the three
NTS1 (blue) or the three nts2 (yellow) receptors are boxed. Note that the sequence between residues 202 and 220 of the mouse nts2 has been corrected
from Ref. 17. The mouse NTS1 sequence was obtained from GenBank (NID: G3551525).
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Table 1. Agonist and antagonist activities of neurotensin receptor ligands on NTS1- and nts2-transfected cells

Ligand NTS1 nts2

rNTS1(X0) rNTS1(CHO) rNTS1(LTK) hNTS1(CHO) mnts2 (X0) mnts2 (HEK) mnts2 (CHO) hnts2 (CHO)
Neurotensin ~ + + + + (+) 0 (+) -
SR48692 0 ND - - (+) ND + +
SR142948A  ND ND ND - ND ND ND +
Levocabastine 0 0 0 0 (+) ND + -

CHO, Chinese hamster ovary cells; h, human; HEK, human embryonic kidney cells; LTK, mouse fibroblasts deficient in thymidine kinase; m, mouse; r, rat;
X0, Xenopus oocyte. +, agonist; (+), weak agonist; —, antagonist; 0, no effect (agonist and antagonist); ND, not determined.

located in TM2 (see Fig. 1) is responsible for the sodium
sensitivity of NT binding and is also important for cou-
pling to phospholipase C since its substitution by Ala leads
to a 100-fold decrease in the potency of NT to stimulate
Ins(1,4,5)P, formation’.

Internalization

Following interaction with NT, 60-70% of the NTS1
receptor produced in COS or LTK cells internalizes accord-
ing to a temperature-dependent process®#3. Biochemical
evidence suggests that the receptor is not recycled to the
plasma membrane after ligand-induced internalization®.
The receptor region involved in the internalization pro-
cess is the C-terminal intracytoplasmic tail and, more
particularly, the Thr422 and Tyr424 residues located at the
extremity of the tail*.

nts2 receptor

As mentioned above, the existence of a levocabastine-
sensitive receptor with a low affinity for NT was evident
from binding data. The receptor protein corresponding
to this binding activity (nts2) was cloned from rat'e,
mouse!” and human'® brain using a strategy based on
sequence homology with the known NTS1 receptor. The
rat and mouse nts2 (416 amino acids) are slightly longer
than their human counterpart (410 amino acids). The
three receptors all have the 7TM structure of G protein-
coupled receptors (Figs 1 and 2).

Comparison of NTS1 with nts2

The rat nts2 and NTS1 share 43% amino acid identity and
64% amino acid homology (Fig. 2). As illustrated in Fig. 1,
the NTR2 has a shorter N-terminal extracellular tail and a
longer third intracytoplasmic loop than the NTS1 receptor.

Other features of the nts2 receptor structure include the
absence of putative N-glycosylation sites in the N-terminal
domain and the replacement of a generally conserved Asp
residue in TM2 by an Ala (Refs 16, 17) or by a Gly residues.
This substitution is responsible for the low sensitivity of
the nts2 receptor to Na* ions: site-directed mutagenesis
experiments have shown that replacing the corresponding
Ala79 by an Asp improves the sensitivity of the nts2 to
Na* ions but does not restore its sensitivity to GTP (Ref.
47). In the mouse, alternative splicing of the nts2 primary
transcript leads to the production of a truncated recep-
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tor. This short (282 amino acids) non-functional receptor
only contains five putative TMs and is expressed mainly
in the spinal cord.

Binding properties

The full-length rat'® and mouse!” nts2 receptor trans-
fected in COS cells binds NT and levocabastine with simi-
lar affinities (K3 = 2-10 nM). Receptors of both species
differently recognize the Sanofi compounds, with high
affinities for SR142948A (1-4 nm)'®> as compared to K
values of 82 and 300 nM for SR48692 for rat'¢ and mouse!”
nts2, respectively. Thus, SR142948A binds with similar
affinities to the rat and mouse NTS1 and nts2 whereas
SR48692 discriminates between both receptor types and
preferentially recognizes the NTS1. The human nts2
expressed in COS cells'® binds NT with an affinity simi-
lar to that of the rat and mouse nts2 (K = 2.6 nm). How-
ever, the affinity for levocabastine is much lower (K, =
91 nM) and the human receptor does not discriminate
between the two SR compounds, since K values are 49
and 67 nM for SR142948A and SR48692, respectively.

Transduction mechanisms

Xenopus oocytes transfected with the mouse nts2
respond to NT by induction of a Ca?*-dependent Cl-
current”. However, the amplitude of the current is 10-100
times smaller than that induced by NT on NTS1-injected
oocytes. Unexpectedly, both levocabastine and SR48692
behave as NT agonists and trigger an inward Cl- current
on oocytes expressing the gene encoding mouse nts2
(Ref. 31). These puzzling results have been confirmed in
CHO cells synthesizing rat and human nts2. NT itself or
JMV449, a potent peptidase-resistant NT receptor agonist,
induce only a weak stimulation of intracellular Ca2*
mobilization in rat nts2-transfected CHO cells as com-
pared to the stronger Ca?* response triggered by SR48692
and levocabastine®!. SR48692 and SR142948A also act as
potent agonists at the human nts2 produced in CHO cells,
triggering IP formation, Ca2* mobilization, arachidonic
acid release and stimulation of the MAP kinase activity.
Surprisingly, these agonistic responses are antagonized
by NT and levocabastine's. In addition, NT is unable to
modify IP, cAMP and cGMP levels in HEK cells stably
expressing the gene encoding mouse nts2, although the
receptor is efficiently internalized after NT binding and
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Fig. 3. The human nts3/gp95/sortilin. Colours indicate the peptide signal (grey), the (1-44) propeptide released by furin cleavage (violet), the cysteine-rich
domain homologous to Vps10p, a yeast receptor for carboxypeptidase Y sorting®® (yellow), the transmembrane domain (black) and the three internaliz-
ation/sorting signals in the cytoplasmic tail homologous to the cation-independent mannose 6-phosphate/insulin growth factor-l receptor®(orange, under-

lined by arrows). Note the partial overlapping between two of these signal sequences.

can recycle to the plasma membrane in this cell system®.
Taken together (Table 1), these results suggest that the
nts2 receptor is only weakly coupled to phospholipase C,
so that the resulting intracellular Ca?* and Ins(1,4,5)P,
responses can only be evidenced in the most sensitive
cell models like the oocyte expression system. Moreover,
both NT and levocabastine can act either as agonists of
the mouse and rat nts2 or as antagonists of the human
nts2, at least when these receptors are artificially
expressed in Xenopus oocytes or CHO cells. It is clear that
further studies are necessary to better characterize the
transduction pathways of the nts2 receptor and to clearly
delineate the mode of action of NT, levocabastine and SR
compounds on this receptor type.

Localization of the nts2 receptor

Northern-blot analysis has revealed that nts2 mRNA is
expressed mostly in the brain'6-18. In situ hybridization
data showed that nts2 mRNA is localized mainly in the
olfactory system, the cerebral and cerebellar cortices, the
hippocampal formation and selective hypothalamic
nuclei of the mouse® and rat® brain. This distribution is
different from that of NTS1 mRNA and only a few brain
areas (e.g. diagonal band of Broca, medial septal nucleus
and suprachiasmatic nucleus) are enriched in both NTS1
and nts2 mRNAs (Ref. 53). Ontogenic studies revealed that
the mouse nts2 mRNA is detected only from postnatal day
14 and did not reach adulthood concentrations before
day 30 (Ref. 52). This developmental pattern is markedly
different from that reported for the NTS1 receptor nRNA
(Refs 17, 54, 55), which is already expressed at birth, then
transiently peaks between the first seven and ten days of life
and decreases progressively to reach adult levels between
30 and 40 days. At the cellular level, the rat nts2 mRNA is
expressed in neurones, glia and ependymal cells*®, whereas
the mouse nts2 is mostly concentrated over neurones?.

nts3 receptor

Purification, cloning and identification to sortilin
The first indications about the existence of an NT

receptor structurally unrelated to the NTS1 and nts2

receptors have come from purification studies. Brains of
mouse’b, rat, rabbit, horse, bovine and human® contain
high-affinity NT binding sites that can be solubilized in
an active form by the detergent 3-[(3-cholamidopropyl)
dimethylammonio]-1-propane sulfonate (CHAPS). The
ontogenic development, the binding properties and the
molecular structure of the CHAPS-solubilized proteins
bearing this activity are remarkably similar in all the
mammalian species studied. Binding activities are maxi-
mal just after birth, affinities towards NT are between 0.1
and 0.5 nM and apparent molecular mass determined by
affinity cross-linking are ~100 kDa. These NT receptors
(nts3) have been purified after solubilization from
mouse, rat and human® brain by affinity chromatogra-
phy. The first 23 amino acids of the purified human nts3
were determined by Edman degradation and various
nucleotides deduced from these sequence data were
used to screen a human brain cDNA library’. Sequence
analysis of positive clones revealed a homology of 100%
with the previously cloned human gp95/sortilin®. The
open reading frame of the nts3/gp95/sortilin cDNA
encodes a protein of 833 amino acids containing an
N-terminal signal peptide, a putative cleavage site for
furin, a long luminal domain, a single TM and a short
cytoplasmic tail (Fig. 3). The luminal domain contains a
sequence similar to the two homologous domains of
Vps10p, a yeast receptor for carboxypeptidase Y sorting,
and the C-terminal tail exhibits marked sequence anal-
ogies with the corresponding segment of the cation-inde-
pendent mannose 6-phosphate/insulin growth factor-II
receptor CI-M6PR (Ref. 60). The peptide sequence deter-
mined as the N-terminus of the affinity-purified nts3
(Ref. 19) and sortilin® is not the N-terminus of the pro-
tein sequence deduced from the cDNA. Instead, this
sequence is C-terminal to the furin cleavage site, indicat-
ing that the NTR3/sortilin is synthesized as a precursor
which is processed into a 5 kDa peptide and a 95 kDa
membrane protein.

The gene encoding human sortilin (designated SOR1)
has been mapped to the proximal part of the short arm of
chromosome 1 (Ref. 60). Two sortilin mRNA transcripts
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of approximately 8 and 3.5 kb are expressed in human
tissues. High levels of both forms are found in brain,
spinal cord, heart, skeletal muscle, thyroid, placenta and
testis®0.

Binding properties and subcellular localization

CHAPS-solubilized extracts of COS cells transfected
with the cloned cDNA bind NT with an affinity of about
10 nm (Ref. 19). Co-transfection of the nts3/sortilin with
furin partly converted the expressed receptor into a
higher-affinity form (Ky = 0.3 nM). The low- and high-
affinity NT binding sites probably correspond to the non-
processed and furin-processed forms of the nts3/sortilin
protein’®. COS cells mainly express the nts3/sortilin into
intracellular vesicles, in agreement with previous results
obtained with both sortilin® and the nts3 receptor’. In
rat adipocytes, sortilin is located in vesicles containing
the glucose transporter GLUT4 and translocates to the
plasma membrane in response to insulin®"62. Similarly,
NT triggers insertion of the nts3 into the membrane
from an intracellular compartment in mouse cortical
neurons®,

Mediation of NT functions by the three
cloned receptors

Some of the pharmacological properties of NT have
been ascribed to the selective activation of the NTS1 and
nts2 receptors®. Intracerebroventricular injection in mice
of antisense oligodeoxynucleotides directed against the
nts2 decreases the nts2 mRNA and protein and con-
comitantly reduces NT-induced analgesia. This effect is
specific in that the NTS1 levels are unaffected and sense
or scramble oligodeoxynucleotides have no effect. In
parallel experiments, NTS1-specific oligodeoxynucleo-
tides selectively decrease expression of the NTS1 but not
that of the nts2 receptor, and reduce the turning behav-
iour elicited by NT in mice®. Thus, NT-induced turning
behaviour and analgesia are mediated by the NTS1 and
nts2 receptors, respectively. These results are in agree-
ment with structure-activity relationships of NT agon-
ists®>% and antagonists'31>. For example, SR48692 blocks
NTS1 but not nts2 and does not inhibit NT-induced
analgesia®, whereas SR142948A, which can block both
NTS1 and nts2, is perfectly able to inhibit the analgesic
properties of NT (Ref. 15).

No similar data are available for the nts3 and the
physiological functions of the latest-cloned NT receptor
remain hypothetical. Sequence similarities with the yeast
sorting receptor VpslOp and the cation-independent
mannose 6-phosphate/insulin growth factor II receptor
as well as colocalization with the glucose transporter
GLUT4 in adipocytes suggest that the nts3 receptor
could either regulate the biosynthesis and the translo-
cation of GLUT4-containing vesicles, or clear NT from the
circulation or act as a sorting receptor. This NT receptor
can also fulfil a classical function of transduction or serve
as a vehicle to allow entrance of NT inside the cell where
it could act as a regulator of transcription.
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Concluding remarks

In 1996, a paper in this journal was entitled: The neuro-
tensin receptor: is there more than one subtype?%’. Today, this
question can be answered in the affirmative. However,
much progress remains to be done, in particular to define
the physio-pathological roles associated with the three
NT receptor subtypes that are the focus of this review. In
this regard, it will be esssential to develop new pharma-
cological tools such as NT receptor agonists and antagon-
ists specific for each class of receptor. Knockout mice
lacking expression of either one of the three NT receptor
subtypes might also prove useful in delineating the func-
tions of these receptors. Finally, there is no reason to
believe that all NT receptors have been characterized as
the three known receptors do not account for all the
observed properties of the peptide. In particular, the cen-
tral hypothermic effects of NT and its analogues are not
completely understood and could well involve an as yet
unidentified NT receptor.
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Chemical names

JMV449: H-Lysys(CH,NH)-Lys-Pro-Tyr-Ile-Leu-OH

SR48692: 2-([1-{7-chloro-4-quinolinyl}-5-{2,6-dimethoxy-
phenyl}pyrazol-3-yl]carboxylamino)tricyclo(3.3.1.1.[3.7])
decan-2-carboxylic acid

SR142948A: 2-(5,6-dimethylaminopropyl)-1-[4-{N-(3-di-
methylaminopropyl)-N-methylcarbamoyl}-2-ispropyl-
phenyl]-1H-pyrazole-3-carbonyl)aminoadamantane-
2-carboxylic acid
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