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Abstract

Although several studies have indicated that neurotensin administered acutely has several pharmacological properties common with
those of antipsychotic drugs, the effects of repeated exposure to neurotensin receptor agonism have been less well characterised. Here, we
investigated the effect of the novel neurotensin-(8—13) analogue NT69L [(N-methyl-Arg), Lys, Pro, L-neo-Trp, tert-Leu, Leu] in animal
models sensitive to central neurotensin receptor stimulation as well as in predictive models for antipsychotic activity and motor side-effect
liability. Acute injection of NT69L (0.19-6.1 wmol /kg, s.c./i.p.) caused hypothermia (> 2.5 °C) and reduction in spontaneous
locomotor activity but failed to induce catalepsy. Furthermore, NT69L (0.10 wmol /kg, s.c.) counteracted the hyperlocomotion elicited by
amphetamine (0.5 mg/kg, s.c.). However, repeated injections of NT69L (0.19 pwmol /kg, s.c. for 6 days, twice daily) significantly
reduced its effect on spontaneous locomotor activity and completely abolished its effect on amphetamine-elicited hyperactivity. Our data
obtained after single injections of NT69L indicate that this drug stimulates central neurotensin receptors after peripheral administration
and collectively support the notion that neurotensin receptor agonism is associated with an attractive pre-clinical profile as regards both
antipsychotic activity and motor side-effect liability. However, the present results also indicate that repeated neurotensin receptor
stimulation may cause a desensitisation of neurotensin receptor mediated effects. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The endogenous tridecapeptide neurotensin is heteroge-
neously distributed throughout the brain and exerts a wide
range of biological effects in laboratory animals including
hypothermia and antinociception (Bissette et al., 1976;
Clineschmidt et al., 1979). Neurotensin appears to be
particularly closely associated with the mesolimbic
dopamine system. For example, neurotensin has been found
co-localised with dopamine in neurones of the mesolimbic
dopamine system (Hokfelt et al., 1984) and seemsto act as
a modulator of dopaminergic neurotransmission in such
brain regions (Kasckow and Nemeroff, 1991). Interest-
ingly, several pre-clinica studies have shown that acute
neurotensin receptor stimulation induces antipsychotic-like
effects without causing severe motor disturbances (Kinkead
et a., 1999). Such findings, together with studies showing
that administration of antipsychotic drugs increase neu-
rotensin content in discrete brain nuclei (Govoni et al.,
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1980; Kinkead et al., 2000) have encouraged researchers to
suggest that at least some of the beneficial clinical effects
of antipsychotic treatment are mediated via enhanced neu-
rotensin neurotransmission (Nemeroff, 1980; Kinkead et
al., 1999). However, given the fact that clinical onset of
antipsychatic action typically requires long-term treatment,
surprisingly few studies have investigated the effects of
repeated exposure to neurotensin or neurotensin receptor
agonists in the context of antipsychotic-like activity.
Consequently, the main objective of the present study
was to compare the effects of acute versus repeated neu-
rotensin receptor stimulation on amphetamine-induced hy-
peractivity, a pre-clinical assay frequently used for predict-
ing clinical antipsychotic activity (Arnt, 2000). To this
end, we used the novel neurotensin receptor agonist NT69L
[(N-methyl-Arg), Lys, Pro, L-neo-Trp, tert-Leu, Leu], a
neurotensin-(8—13) analogue which recently has been re-
ported to induce centrally mediated effects after peripheral
administration (Cusack et al., 2000; Tyler-McMahon et 4.,
2000). The ability of NT69L to affect spontaneous locomo-
tor activity and induce catalepsy in rats was also assessed.
In addition, the effect of peripherally administrated NT69L
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on core body temperature was examined to verify that the
drug penetrates into the brain as neurotensin-induced hy-
pothermia is generally attributed to central neurotensin
receptor stimulation (Bissette et al., 1976).

2. Materials and methods
2.1. Animals

Male Wistar rats (170-240 g; Mdllegaard, Denmark)
were used in all experiments. Animals were housed under
controlled laboratory conditions (temperature: 21 + 2 °C;
humidity: 55 + 5% relative) on a 12:12 h light—dark cycle
(lights on at 06:00) and allowed free access to standard
rodent food and water. All experiments were performed in
accordance with the ethical guidelines of H. Lundbeck.

2.2. Drugs

NT69L (M,, =825 g/mol) was synthesised by Mayo
Protein Core Facility (Rochester, MN) whereas am-
phetamine was purchased from Nomeco (Denmark). Both
drugs were dissolved in saline (0.9% NaCl).

2.3. Measurement of core body temperature

Core body temperature was measured by means of a
thermistor probe (Ellab DM852 thermometer) inserted 3
cm into the rectum of the animal. Rectal temperature was
monitored immediately before and at various time points
during a 240-min time period after i.p. drug injection.
Experiments were performed between 11:00 and 16:00 in a
temperature-controlled environment. Control animals re-
ceived saline injections.

2.4. Measurement of catalepsy

Catalepsy was evauated using a standard wire mesh
method (Arnt, 1982). Briefly, rats were placed on a verti-
ca wire netting (50 cm X 50 cm) and classified as either
cataleptic or not. Rats were considered cataleptic if they
remained immobile during a 15-s time period. Animals
that showed muscle relaxation (i.e. passively diding down)
or failed to move their paws but exhibited active body or
head movements were not considered as cataleptic. The
rats were tested every hour during the first 6 h and once 24
h after s.c. drug administration. Control animals received
saline injections.

2.5. Measurement of spontaneous motility and am-
phetamine-induced hyperactivity

Locomotor activity of rats was assessed using standard
test cages (42 cm X 26 cm) equipped with four infrared
light sources and photocells placed 4 cm above the bottom

of the cage. Activity counts were registered each time two
adjacent light beams were consecutively interrupted in
order to avoid registration of stationary movements of the
animals.

To assess the spontaneous motility, rats were placed in
the test cages immediately after s.c. administration of drug
or vehicle and the activity was monitored during a 15-min
time period, starting 15 min after the injection. In order to
assess a potentia effect on amphetamine-induced hyper-
locomotion, rats were pretreated with NT69L (30 min, s.c.)
and subsequently injected with amphetamine (0.5 mg/kg,
s.c.). Immediately after the second injection, rats were
placed in the test cages and the locomotor activity was
recorded for a time period of 120 min. Control rats re-
ceived saline injections.

Seventy-two rats were repeatedly treated with NT69L
(0.19 pwmol /kg, s.c., twice daily for 6 days). On the
seventh day, the effect of several doses of NT69L on
spontaneous motility and amphetamine-induced hyperac-
tivity were tested using identical methodology as described
above. Control rats received repeated saline injections.

2.6. Satistical analysis

Group comparisons were performed using one- or two-
way analysis of variance (ANOVA). The ANOVAs were
followed by the Tukey test for multiple comparisons. A
P-value less than 0.05 was considered significant. All
statistical analysis were performed using the SigmaStat
(5.0) software.

The EDg,-values were calculated by log-probit analysis
on the basis of percent inhibition responses obtained at
each dose.

3. Results

3.1. Induction of hypothermia

Systemic administration of NT69L (0.19-1.52
pwmol /kg, i.p.) induced a dose-dependent hypothermia in
rats (Fig. 1A,B). Statistical analysis of the temporal effects
of NT69L on body temperature (Fig. 1A) indicated a
significant treatment effect (F;,, = 18.46; P < 0.001),
time effect (Fg 16 = 9.687; P < 0.01) and overall interac-
tion (Fy, .65 =6.988, P <0.001). Similarly, statistical
evaluation of the overall effect of NT69L on body temper-
ature (Fig. 1B) revealed a significant dose effect (F;,, =
20.84; P < 0.01).

3.2. Cataleptic potential
A high dose of NT69L (6.1 wmol /kg, s.c.) failed to

induce catalepsy in rats during the 24-h observation period
(n = 4; data not shown).
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3.3. Spontaneous motility: effect of acute versus repeated
administration

Acute challenge with NT69L (0.38—6.1 pmol /kg, s.c.)
dose-dependently reduced the spontaneous motility in rats
pretreated with either vehicle or NT69L (0.19 wmol /kg,
s.c., twice daily for 6 days). However, the NT69L pretreat-
ment significantly reduced the inhibitory effect of the drug
(Fig. 2A). A two-way ANOVA indicated a significant
pretreatment effect (vehicle versus NT69L pretreatment;
Fis6 = 12.31; P <0.001), treatment effect (acute chal-
lenge; F;g,=88.61; P <0.001) and overall interaction
(Fyg6 = 2.779; P < 0.05). The ED,-values of NT69L for
inhibiting spontaneous moatility in the vehicle or NT69L
pretreatment groups were calculated to < 0.38 or 1.10
p.mol /Kkg, respectively.

3.4. Amphetamine-induced hyperactivity: effect of acute
versus repeated administration

Acute injection of amphetamine (0.5 mg/kg, s.c.) pro-
foundly increased the locomotor activity to approximately
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Fig. 1. Effect of acute administration of NT69L on body temperature in
rats. P < 0.05 compared to the vehicle control group. * P < 0.05 com-
pared to the NT69L (0.19 pmol /kg, i.p.) treatment group. Each point
represents the mean (4 S.E.M.) temperature (°C) change from control
whereas each bar represents the mean (+S.E.M.) body temperature
during the entire postinjection sampling period. Two (A)- or one (B)-way
ANOVA followed by Tukey test was used to determine significance
(n=10 in control group and n=>5in all NT69L treatment groups).
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Fig. 2. Effect of pretreatment with NT69L (0.19 pmol /kg, s.c. for 6
days, twice daily) on its inhibitory effect on (A) spontaneous motility and
(B) on amphetamine (Amph)-induced hyperactivity. Each bar represents
the mean (+ S.E.M.) number of activity counts during the (A) 15-min or
(B) 120-min sampling period. “P < 0.05 compared to (A) the respective
vehicle control group or to (B) the respective Amph treatment group.
*P <0.05 for comparisons between pretreatment groups. Two-way
ANOVA followed by Tukey test was used to determine significance
(n=8in al groups).

the same extent in rats pretreated with either vehicle or
NT69L (0.19 wmol /kg, s.c., twice daily for 6 days). In the
vehicle pretreated group, acute challenge with NT69L
(0.10 wmol /kg, s.c.) significantly counteracted the hyper-
activity induced by amphetamine. However, the NT69L
pretreatment completely abolished such inhibitory effect of
the drug on amphetamine-induced hyperactivity (Fig. 2B).
A two-way ANOVA indicated a significant pretreatment
effect (vehicle versus NT69L pretreatment; F, ;o = 5.330;
P < 0.05), treatment effect (acute challenge; F, o = 13.18;
P <0.001) and overal interaction (F,,,=5.651; P<
0.001).

4, Discussion

The hexapeptide NT69L is an analogue of neurotensin-
(8-13), the biologically active fragment of the native
neurotensin peptide. NT69L contains the novel aminoacid
L-neo-tryptophan at position 11, which has been suggested
to be the key feature underlying its potent binding to
neurotensin receptors and low susceptibility to peptidase
degradation (Tyler et al., 1999). Indeed, NT69L exhibit
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high affinity for both human- and rat-cloned neurotensin
NTSL receptors with equilibrium dissociation constants of
0.83 and 1.55 nM, respectively, and appears in contrast to
the native neurotensin peptide rather stabile in both human
and rat plasma (Cusack et al., 2000). In agreement with
previous literature, we found that NT69L induced a signifi-
cant reduction in core body temperature in rats (Cusack et
al., 2000; Tyler-McMahon et al., 2000). Although the
responsible neurotensin receptor subtype(s) remains to be
conclusively identified (Gully et al., 1997; Dubuc et 4.,
1999), the hypothermic effect of neurotensin is thought to
be mediated via centrally located neurotensin receptors
(Bissette et al., 1976). Therefore, our data support the
notion that NT69L has the ability to cross the blood—brain
barrier and subsequently activate central neurotensin recep-
tors after extracranial administration (Cusack et al., 2000;
Tyler et al., 1999; Tyler-McMahon et al., 2000).

By now it is well established that acute, central admin-
istration of neurotensin produces behavioural effects simi-
lar to those of antipsychotic drugs (Kinkead et al., 1999).
For example, several preclinical studies have shown that
neurotensin given intracranially, in similarity to antipsy-
chotic drugs, reduces spontaneous locomotor activity and
counteracts behavioural responses induced by dopamine
receptor stimulation (Ervin et al., 1981; Skoog et al., 1986;
Dubuc et al., 1994; Feifel et al., 1997; Sarhan et al., 1997).
Interestingly, it has been shown that neurotensin as well as
the classical, dopamine D, receptor blocking antipsychotic
drug haloperidol reduce spontaneous locomotor activity
and antagonise the behavioural effects induced by am-
phetamine when injected locally in the nucleus accumbens.
In contrast, intracaudate injections of neurotensin failed to
affect amphetamine-induced stereotypic behaviours
whereas haloperidol is quite effective in this regard (Ervin
et al., 1981). Thus, it appears that neurotensin receptor
stimulation preferably compromises dopamine transmis-
sion in the mesolimbic as compared to the nigrostriatal
system. This is in line with the present finding showing
that NT69L failed to induce catalepsy, a behavioura re-
sponse associated with blockade of dopaminergic transmis-
sion within the nigrostriatal pathway, within a dose inter-
val that markedly reduced spontaneous locomotor activity.
It should be pointed out that the cataleptic potential of
NT69L was determined using a single dose, which is
indeed inappropriate if a non-linear dose—response rela
tionship exists. However, previous studies using a variety
of doses of neurotensin, NT69L or other neurotensin ana-
logues have concluded that neurotensin receptor stimula
tion is not associated with induction of catalepsy (Jolicoeur
et al., 1981; Sarhan et a., 1997; Cusack et a., 2000). In
fact, NT69L has been shown to counteract the catalepsy
induced by dopamine D, receptor blockade (Cusack et a.,
2000).

Previous studies have indicated that the hyperactivity
induced by low doses of amphetamine is largely mediated
via increased output of dopamine in mesolimbic areas,

whereas the behavioural signs seen after higher doses of
amphetamine, such as stereotypies, are attributed to stimu-
lation of dopamine receptors located in nigrostriatal projec-
tion areas (Kelly et al., 1975; Costal et al., 1977; Arnt,
1995). Thus, the present finding that NT69L reversed the
hyperactivity elicited by a low dose of amphetamine fur-
ther supports our conclusion that NT69L antagonises
dopamine transmission in mesolimbic areas. Recent exper-
iments showing that NT69L potently counteracted the
climbing behaviour but failed to affect the oro-facid
stereotypies induced by the non-selective dopamine D,
receptor agonist apomorphine are in agreement with this
interpretation (Cusack et al., 2000). Moreover, the present
data indicate that acute administration of NT69L may
specifically counteract the hyperactivity induced by am-
phetamine without affecting the spontaneous motor activ-
ity as arelative large difference between effective doses in
these two paradigms was observed. It should be noted that
the dose—response curve for antagonising amphetamine-in-
duced hyperactivity was biphasic with only the intermedi-
ate dose being effective. Such complex dose—response
relationship has not been observed in previous studies
investigating the effect of neurotensin on amphetamine-in-
duced hyperactivity (Ervin et a., 1981; Sarhan et al.,
1997). Although the precise reason for this inverted U-
shaped relationship is currently not known, it is interesting
to note that similar dose—response curve has been obtained
when investigating the ability of neurotensin to counteract
the amphetamine-induced disruption of sensorimotor gat-
ing (Feifel et al., 1997). Nevertheless, given that reversal
of amphetamine-induced hyperactivity and induction of
catalepsy are two preclinica tests frequently used for
predicting antipsychotic potential and motor side-effect
profile, respectively (Arnt, 2000), our behavioural data
obtained using single administrations of NT69L collec-
tively predict an attractive profile of this drug as regards
both antipsychotic activity and extrapyramidal side-effect
lighility.

Interestingly, the present experiments indicated that re-
peated administration of NT69L attenuates its ability to
reduce spontaneous motility and totally abolishes its in-
hibitory effect on amphetamine-induced hyperactivity.
Thus, it is possible that repeated neurotensin receptor
stimulation may cause a functiona down regulation of
these receptors. Clearly, further investigations to reveal the
underlying mechanism for this phenomenon is warranted.
Attenuation of the inhibitory effect of neurotensin receptor
agonists on spontaneous motor activity after repeated i.c.v.
treatment has previously been described (Meisenberg and
Simmons, 1985), whereas the present data on repeated
neurotensin receptor stimulation and amphetamine-induced
locomotor activity appear more controversial. Thus, it has
previously been reported that repeated intracerebroventric-
ular injections of neurotensin modestly, but significantly,
sensitised rats to the stimulatory effect of amphetamine
(Rompre, 1997). Such effect was not observed in the
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present study where no significant difference in response
to amphetamine could be detected between animal's chroni-
caly treated with NT69L or vehicle. One reason for this
discrepancy may well be the fact that the previous study
allowed much longer time period, i.e. one week versus
16-18 h, between the last injection of neurotensin or
NT69L and the amphetamine challenge. It cannot be ruled
out that the mechanisms underlying the purported neu-
rotensin-induced sensitisation to amphetamine requires a
relatively long wash-out period to develop and was there-
fore not detected in the present study.

Our data collectively suggest that, although acute neu-
rotensin receptor stimulation induces behavioural effects
predictive of antipsychotic efficacy, repeated neurotensin
receptor activation appears to cause a down regulation of
neurotensin receptors mediated effects. Such phenomenon
should be considered during development of new therapy
strategies against schizophrenia based on neurotensin re-
ceptor agonism.

Acknowledgements

The authors would like to thank Dr. E. Richelson, Mayo
Clinic Jacksonville, for valuable advice throughout this
work.

References

Arnt, J., 1982. Pharmacological specificity of conditioned avoidance
response inhibition in rats: inhibition by neuroleptics and correlation
to dopamine receptor blockade. Acta Pharmacol. Toxicol. 51, 321—
329,

Arnt, J., 1995. Differential effects of classical and newer antipsychotics
on the hypermotility induced by two dose levels of b-amphetamine.
Eur. J. Pharmacol. 283, 55-62.

Arnt, J.,, 2000. Screening models for antipsychotic drugs. In: Ellenbroek,
B.A., Cools, A.R. (Eds.), Atypica Antipsychotics. Birkhauser, Basdl,
pp. 99-119.

Bissette, G., Nemeroff, C.B., Loosen, P.T., Prange, A.J.J., Lipton, M.A_,
1976. Hypothermia and intolerance to cold induced by intracisternal
administration of the hypothalamic peptide neurotensin. Nature 262,
607—-609.

Clineschmidt, B.V., McGuffin, J.C., Bunting, P.B., 1979. Neurotensin:
antinocisponsive action in rodents. Eur. J. Pharmacol., 54, 129-139.

Costall, B., Marsden, C.D., Naylor, R.J., Pycock, C.J., 1977. Stereotyped
behaviour patterns and hyperactivity induced by amphetamine and
apomorphine after discrete 6-hydroxydopamine lesions of extrapyra
midal and mesolimbic nuclei. Brain Res. 123, 89-111.

Cusack, B., Boules, M., Tyler, B.M., Faug, A., McCormick, D.J., Richel-
son, E., 2000. Effects of a novel neurotensin peptide analog given
extracranially on CNS behaviors mediated by apomorphine and
haloperidol. Brain Res. 856, 48-54.

Dubuc, |., Costentin, J., Terranova, J.P., Barnouin, M.C., Soubrie, P., Le
Fur, G., Rostene, W., Kitabgi, P., 1994. The nonpeptide neurotensin
antagonist, SR 48692, used as a tool to revea putative neurotensin
receptor subtypes. Br. J. Pharmacol. 112, 352—354.

Dubuc, 1., Sarret, P., Labbe-Jullie, C., Botto, JM., Honore, E., Bourdel,
E., Martinez, J., Costentin, J., Vincent, J.P., Kitabgi, P., Mazella, J,
1999. Identification of the receptor subtype involved in the analgesic
effect of neurotensin. J. Neurosci. 19, 503-510.

Ervin, G.N., Birkemo, L.S., Nemeroff, C.B., Prange, A.J.J., 1981. Neu-
rotensin blocks certain amphetamine-induced behaviours. Nature 291,
73-76.

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

Govoni, S., Hong, JS, Yang, H.Y., Costa, E., 1980. Increase of neu-
rotensin content elicited by neuroleptics in nucleus accumbens. J.
Pharmacol. Exp. Ther. 215, 413-417.

Gully, D., Labeeuw, B., Boigegrain, R., Oury-Donat, F., Bachy, A.,
Poncelet, M., Steinberg, R., Suaud-Chagny, M.F., Santucci, V., Vita,
N., Pecceu, F., Labbe-Jdullie, C., Kitabgi, P., Soubrie, P., Le Fur, G.,
Maffrand, J.P., 1997. Biochemical and pharmacological activities of
SR 142948A, a new potent neurotensin receptor antagonist. J. Phar-
macol. Exp. Ther. 280, 802—812.

Hokfelt, T., Everitt, B.J., Theodorsson-Norheim, E., Goldstein, M., 1984.
Occurrence of neurotensinlike immunoreactivity in subpopulations of
hypothalamic, mesencephalic, and medullary catecholamine neurons.
J. Comp. Neural. 222, 543-559.

Jolicoeur, F.B., Barbeau, A., Rioux, F., Quirion, R., St.-Pierre, S, 1981.
Differential neurobehavioral effects of neurotensin and structural ana-
logues. Peptides 2, 171-175.

Kasckow, J.,, Nemeroff, C.B., 1991. The neurobiology of neurotensin:
focus on neurotensin-dopamineinteractions. Regul. Pept. 36, 153—164.

Kelly, P.H., Seviour, P.W., lversen, SD., 1975. Amphetamine and
apomorphine responses in the rat following 6-OH-dopamine lesions
of the nucleus accumbens septi and corpus striatum. Brain Res. 94,
507-522.

Kinkead, B., Binder, E.B., Nemeroff, C.B., 1999. Does neurotensin
mediate the effects of antipsychotic drugs? Biol. Psychiatry 46,
340-351.

Kinkead, B., Shahid, S., Owens, M.J., Nemeroff, C.B., 2000. Effects of
acute and subchronic administration of typical and atypical antipsy-
chotic drugs on the neurotensin system of the rat brain. J. Pharmacol.
Exp. Ther. 295, 67—73.

Meisenberg, G., Simmons, W.H., 1985. Motor hypoactivity induced by
neurotensin and related peptides in mice. Pharmacol. Biochem. Be-
hav. 22, 189-193.

Nemeroff, C.B., 1980. Neurotensin: perchance an endogenous neurolep-
tic? Biol. Psychiatry 15, 283-302.

Rompre, P.P., 1997. Repeated activation of neurotensin receptors sensi-
tizes to the stimulant effect of amphetamine. Eur. J. Pharmacol. 328,
131-134.

Sarhan, S., Hitchcock, JM., Grauffel, C.A., Wettstein, J.G., 1997. Com-
parative antipsychotic profiles of neurotensin and a related systemi-
cally active peptide agonist. Peptides 18, 1223-1227.

Skoog, K.M., Cain, ST., Nemeroff, C.B., 1986. Centrally administered
neurotensin - suppresses locomotor hyperactivity induced by b-
amphetamine but not by scopolamine or caffeine. Neuropharmacol ogy
25, 777-782.

Tyler, B.M., Douglas, C.L., Fauq, A., Pang, Y.P., Stewart, JA., Cusack,
B., McCormick, D.J., Richelson, E., 1999. In vitro binding and CNS
effects of novel neurotensin agonists that cross the blood—brain
barrier. Neuropharmacology 38, 1027—1034.

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



