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Neurotensin receptor type 1 (NTS1) is known to mediate a variety of biological functions of neurotensin (NT)
in the central nervous system. In this study, we found that NTS1 null mice displayed decreased sensitivity to
the ataxic effect of ethanol on the rotarod and increased ethanol consumption when given a free choice
between ethanol and tap water containing bottles. Interestingly, the administration of NT69L, a brain-
permeable NT analog, increased ethanol sensitivity in wild-type littermates but had no such effect in NTS1
null mice, suggesting that NTS1 contributes to NT-mediated ethanol intoxication. Furthermore, the daily
treatment of NT69L, for 4 consecutive days, significantly reduced alcohol preference and consumption in
wild-type littermates but had no such effects in NTS1 null mice in a two-bottle drinking experiment. Our
study provides evidence for possible pharmacological roles of NT69L in which it increases sensitivity to the
ataxic effect, and decreases voluntary consumption, of ethanol. Our study also demonstrates NTS1-mediated
behavioral effects of NT69L. Therefore, our findings will be useful for understanding some aspects of
alcoholism as well as to develop novel pharmacological therapeutic options for humans.
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1. Introduction

Neurotensin (NT) is a 13 amino acid peptide that acts as a neuro-
transmitter or a neuromodulator in the brain and is expressed in both the
central andperipheral nervous systems (Cacedaet al., 2006;Carrawayand
Leeman, 1973; Tyler-McMahon et al., 2000a). Three NT receptors, NT
receptor types 1, 2 and 3 (NTS1, NTS2 and NTS3), have been cloned
(Vincent et al., 1999). NTS1 is abundantly expressed in the rat (Tanaka et
al., 1990) and human brain (Vita et al., 1993). Based on sequence
homology with NTS1, NTS2 has been cloned in rats (Chalon et al., 1996),
mice (Mazella et al., 1996) and humans (Vita et al., 1998). NTS2 is also
highly expressed in the brain (Chalon et al., 1996). Unlike NTS1, NTS2 has
a high affinity to levocabastine, a histamine H1 receptor antagonist
(Chalonet al., 1996). BothNTS1andNTS2areG-protein coupled receptors
with a sequence homology of 64% in rats (Chalon et al., 1996; Vincent et
al., 1999). Structurally unrelated,NTS3has been cloned inmouse (Mazella
et al., 1988) and human (Zsurger et al., 1994). NTS3 is a single trans-
membrane protein (Mazella et al., 1998). Both full length NT (1–13) and
short formNT (8–13), which contains amino acid fragments 8 to 13, have
the highest affinity for NTS1, followed by NTS2 and NTS3. These peptides
have over a 1000-fold lower affinity for NTS3 as compared to that for
NTS1.

NT is known to enhance behavioral sensitivity to ethanol including
ethanol-induced loss of righting response and hypothermia (Luttinger
et al., 1981). Interestingly, alcohol-preferring rats show significantly
lower concentrations of NT in the frontal cortex when compared to
alcohol non-preferring rats (Ehlers et al., 1999). However, only centrally
injected NT shows biological effectiveness, not when systematically
injected; therefore, endogenous NT is not an ideal pharmacological
agent to investigate activation of NT-mediated signaling via systemic
injection (Boules et al., 2006).

Interestingly, NT69L, a synthetic NT analog that contains non-
biogenic amino acids, N-Me-Arg and L-neo-Trp, is brain permeable
and resistant to degradation when injected systematically (Boules et
al., 2006). Although NT is known to affect some behavioral effects of
ethanol, the functional roles of NTS1 in ethanol intoxication remain
unknown. Here we demonstrate behavioral effects mediated by NTS1
in response to ethanol and NT69L, which are implicated in ethanol
preference and consumption. Our findings provide possible behav-
ioral mechanisms underlying increased alcohol consumption in NTS1
null mice.
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2. Materials and methods

2.1. Animals

NT receptor type 1 (NTS1) null mice were generated and kindly
provided by Dr. Rudy Shreiber's group at Roche (Palo Alto, CA)
(Mechanic et al., 2009). The colony was maintained in a C57BL/6J
background for over 10 generations (N99. 9% C57BL/6J background)
before we generated F2 generation null mice. Since the phenotypes
we examined, such as ethanol-induced ataxia and consumption, can
vary across genetic backgrounds (Crawley, 1999; Rustay et al., 2003),
we generated F2 null mice that have a ∼50% C57BL/6J and ∼50%
129X1/SvJ genetic background in order to minimize the risk of false
positives and false negatives in behavioral phenotypes, as recom-
mended by the Banbury Conference on Genetic Background in Mice
(Banbury Conference on Genetic Background in Mice, 1997). To
generate F2 NTS1 null mice, heterozygous NTS1 mice in a C57BL/6J
backgroundwere crossedwith 129X1/SvJ wild-typemice, and then F1
heterozygous mice were crossed. We obtained approximately 25%
wild-type, 25% NTS1 null, and 50% heterozygous mice. There was no
significant difference in spontaneous mortality (b2%) between
genotypes. Mice were genotyped by PCR utilizing purified tail DNA
(DNeasy Kit, Qiagen) with two NTS1-specific primers (5′CAG GAG
TGC AGA GAA CCA ACC ACA G 3′, 5′GTT CAC GTC CAG GTT GCT GTT 3′)
and a neo primer (5′CCT TCT TGA CGA GTT CTT CTG AG 3′) which
produced 488 bp for wild-type and 351 bp for NTS1 null alleles as
described (Mechanic et al., 2009). Only male mice were used in
experiments when they reached 6–8 weeks old. All mice used, with
the exception of the group in the two-bottle choice experiment, were
group-housed (4–5 mice per group) in standard Plexiglas cages with
rodent chow and water available ad libitum. Independent sets of mice
were used to examine the effect of 1) ethanol alone, 2) ethanol in
combinationwith NT69L, and 3) NT69L alone on open-field locomotor
activity, rotarod performance, two-bottle choice drinking, and blood
alcohol clearance. Cages were maintained on a 12-h light/dark cycle
with lights on at 6:00 a.m. Animal care and handling procedures were
approved by Mayo Clinic Institutional Animal Care and Use Commit-
tee in accordance with NIH guidelines.

2.2. Open-field activity

Spontaneous locomotor activity was measured in brightly lit
(500 lux) Plexiglas chambers (41 cm×41 cm) as described (Chen et
al., 2007). The chamberswere located in sound-attenuating cubicles and
equipped with two sets of 16 pulse-modulated infrared photobeams to
record X–Y ambulatory movements at a 50 ms resolution (Med
Associates, Lafayette, IN). To examine the pharmacological effects of
ethanol alone, ethanol in combination with NT69L, or NT69L alone on
locomotor activity,micewere given1) a 1.0 or 1.5 g/kg ethanol injection
(20% ethanol in 0.9% NaCl; i.p.), 2) a 1.0 or 1.5 g/kg ethanol i.p. injection
15 min after a 0.0 (saline; 0.9% NaCl), 0.5, 1.0, or 2.0 mg/kg dose of
NT69L (0.12 mg/ml in 0.9% NaCl; i.p.), or 3) a 1.0 mg/kg NT69L injection
(i.p.) one-day after the saline-treated experiment, respectively. NT69L
was synthesized and provided by Elliott Richelson's lab in Mayo Clinic
Jacksonville (Tyler-McMahon et al., 2000b). Mice were observed in
open-field chambers for 1 h. Horizontal distance traveled (cm) was
recorded for 1 h. Distance traveled in 20 min intervals was calculated
from the locomotor activity data.

2.3. Ataxia

A standard mouse rotarod treadmill (UGO Basile, Verese, Italy)
operating at a fixed speed of 20 rpm was used to evaluate ethanol-
induced ataxia by observing latency to fall from the treadmill (Choi et
al., 2002). Mice were acclimatized to the rotarod treadmill by placing
them on the apparatus 2–3 times prior to the actual experiment. Only
mice that were able to pass this initial screening (remained on the
treadmill for 180 s; time point 0 min) were used for the rotarod
experiments. To examine the pharmacological effects of ethanol
alone, ethanol in combination with NT69L, or NT69L alone on ataxia,
mice were given 1) a 1.0 or 1.5 g/kg ethanol injection (20% ethanol in
0.9% NaCl; i.p.), 2) a 1.0 or 1.5 g/kg ethanol i.p. injection 15 min after a
0.0 (saline), 0.5, 1.0, or 2.0 mg/kg dose of NT69L (0.12 mg/ml in 0.9%
NaCl; i.p.), or 3) a 1.0 mg/kg NT69L injection (i.p.) one-day after the
saline-treated experiment, respectively. Latency to fall was evaluated
for each mouse in 15 min intervals for 1 h, totaling 4 trials, following
the ethanol or NT69L injection (15, 30, 45, and 60 min).

2.4. Blood ethanol clearance

Mice were injected with 3.6 g/kg ethanol (20% ethanol in 0.9%
NaCl; i.p.) or 1.0 g/kg (i.p.) ethanol 30 min after 1.0 mg/kg NT69L
(0.12 mg/ml in 0.9% NaCl; i.p.) and immediately returned to their
home cages (Choi et al., 2002). Approximately 50 µl of blood was
collected from each mouse 1, 2, and 3 h after the ethanol injection via
tail bleeding. Plasma ethanol levels were determined using Analox
AM1 (Analox Instrument USA, Lunenburg, MA).

2.5. Alcohol self-administration

Oral alcohol self-administration and preference were examined
using a two-bottle choice experiment (Choi et al., 2004). Mice were
given one week to acclimatize to individual housing conditions and
handling. Mice were then given 24 h access to two bottles, one
containing plain tapwater and the other containing an ethanol solution.
The concentration of ethanol was raised every fourth day, increasing
from3 to 6 to 10% (v/v) ethanol in tapwater. The positions of the bottles
were changed every 2 days to control position preference. Also, we
examined potential differences in taste preference, which could
influence alcohol consumption. Four weeks after the ethanol self-
administration procedure, the same mice were tested for saccharin
(sweet) and quinine (bitter) fluid intake and preference in an order-
balanced experimental design that can detect taste neophobias (Crabbe
et al., 1996). Saccharin sodium salt and quinine hemisulphate salt
(Sigma, St. Louis, Missouri) were dissolved in tap water. These sweet
and bitter solutions were used because of their strong tastes, lack of
caloric value and absence of confounding pharmacological effects. The
concentration of saccharin (0.03 and0.06%) andquinine (30 and60 µM)
were raised every fourth day and the positions of the bottles were
changed every 2 days to control position preference. Throughout the
experiments, fluid intake and bodyweight weremeasured every 2 days
using an analytical balance (Denver Instrument, Arvada, CO) with a
precision of 0.01 g. During the alcohol self-administration experiment,
average ethanol consumption per day was obtained for each ethanol
concentration. To obtain an accurate measure of ethanol consumption
that corrected for individual physical differences in mouse weight,
grams of ethanol consumed per kilogram of body weight per day were
calculated for eachmouse. Ameasure of relative ethanol preference (%)
was calculated at each ethanol concentration by dividing the total
ethanol solution consumption by the total fluid (ethanol plus water)
consumption. Similarly, relative taste preference (%) was calculated at
each concentration by dividing the total saccharin or quinine solution
consumption by total fluid consumption.

To examine the effect of NT69L on ethanol consumption and
preference, a new group ofmicewas given 1.0 mg/kg NT69L (i.p.) every
12 h for four additional days after the 10% ethanol period continuously
in a two-bottle drinking experiment. Fluid intake and bodyweightwere
measured every 2 days and the positions of the bottles were changed
every 2 days to control position preference. Relative ethanol consump-
tion (%) and preference (%) were calculated by dividing the average of
ethanol consumption or preference of pre-, NT69L- and post-injection
periods by the average of the pre-injection period (four days each).
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2.6. Statistical analysis

All data were expressed as mean±s.e.m. For the rotarod, basal
open-field locomotor activity, blood alcohol clearance, and the two-
bottle choice experiments, statistical analyses were carried out by
two-way repeated measures ANOVA followed by Tukey post-hoc test.
To examine the effect of NT69L during the rotarod and two-bottle
choice experiment, one-way repeated measures ANOVA followed by
Tukey post-hoc test was used. All other data were analyzed using
unpaired two-tailed t-test. Criterion for statistical significance was
pb0.05.
3. Results

3.1. NTS1 null mice showed reduced ethanol-induced ataxia and locomotor
activity

We examined ethanol-induced spontaneous locomotor activity of
mice lacking the NTS1 gene. There were no differences in basal
spontaneous locomotion (Fig. 1A) or initial ethanol-induced locomotion
when NTS1 null mice were given 1.0 or 1.5 g/kg ethanol (Fig. 1B and C)
compared to their wild-type littermates. Next, we investigated ethanol-
induced ataxia using a constant velocity rotarod (Choi et al., 2008).
While there was no difference between genotypes at a 1.0 g/kg ethanol
dose (Fig. 1D),NTS1nullmice showed a significantly reduced sensitivity
to ethanol-induced ataxia in response to an acute 1.5 g/kg ethanol i.p.
injection compared to their wild-type littermates (Fig. 1E). Two-way
repeated measures ANOVA showed significant effects of genotype
(F(1,148)=5.147, p=0.029) and time (F(4,148)=29.094, pb0.001), but
no significant effect of the interaction between genotype and time
(F(4,148)=2.406, p=0.052).
Fig. 1. Effect of ethanol-induced locomotor activity and ataxia in NTS1 null mice. (A) Basal l
NTS1 null mice). (B) 1.0 g/kg (i.p.) ethanol (n=11 for wild-type and n=7 for NTS1 null
activation (n=11 for wild-type and n=9 for NTS1 null mice). In the rotarod test, (D) 1.0 g/k
1.5 g/kg ethanol dose, NTS1 null mice (n=18) showed a significant reduction in ethanol-ind
compared to the wild-type littermates at same time after ethanol injection (Tukey test). (F
between genotypes (n=11 for wild-type and n=9 for NTS1 null mice). pN0.05 by Tukey t
Since individual differences in ethanol clearance could contribute
to altered acute ethanol responses, we measured blood ethanol
concentrations 1, 2 and 3 h after an injection of 3.6 g/kg ethanol (i.p.).
We found that blood ethanol concentrations were similar between
NTS1 null mice and their wild-type littermates (Fig. 1F), indicating
that differences in ethanol-induced ataxia were not due to alterations
in blood ethanol clearances. Two-way repeated measures ANOVA
showed no effect of genotype (F(1,36)=0.064, p=0.803), but showed
significant effects of time (F(2,36)=95.128, pb0.001) and the
interaction between genotype and time (F(2,36)=4.701, p=0.015).
3.2. NTS1 null mice consume more alcohol voluntarily

Next, we examined whether absence of NTS1 could alter ethanol
consumption and preference using a two-bottle choice drinking
experiment (Choi et al., 2004; Choi et al., 2002). NTS1 null mice
consumed significantly more ethanol during the 10% ethanol period
compared to their wild-type littermates (Fig. 2A). Two-way repeated
measures ANOVAmice showed significant effects of genotype (F(1,55)=
6.888, p=0.013) and ethanol concentrations (F(2,55)=53.067,
pb0.001), but did not show any significant effect of the interaction
between genotype and ethanol concentrations (F(2,55)=3.097,
p=0.053). Furthermore, NTS1 null mice showed greater ethanol
preference at 10% ethanol compared to their wild-type littermates
(Fig. 2B). Two-way repeated measures ANOVA showed significant
effects of genotype (F(1,47)=4.533, p=0.041) and ethanol concentra-
tions (F(2,47)=3.818, p=0.029), but did not show a significant effect of
the interaction between genotype and ethanol concentrations (F(2,47)=
2.891, p=0.065). Additionally,we confirmed that the increased ethanol
drinking behavior was not due to alterations in water intake, or body
weight (data not shown).
ocomotor activity was similar between genotypes (n=22 for wild-type and n=16 for
mice) and (C) 1.5 g/kg (i.p.) ethanol did not induce any changes in initial locomotor
g ethanol had no effect (n=19 for wild-type and n=15 for NTS1 null mice), but (E) at a
uced ataxia in a rotarod test compared to their wild-type littermates (n=21). *pb0.05
) Blood ethanol clearances after acute administration of 3.6 g/kg ethanol were similar
est. All data are expressed as mean±s.e.m.



Fig. 2. Ethanol consumption, preference and taste preference of NTS1 null mice. (A) Ethanol consumption and (B) preference of NTS1 null mice (n=18) in a two-bottle choice
experiment. *pb0.05 compared to their wild-type littermates (n=14) at the same ethanol concentration (Tukey test). (C) No differences (pN0.05 by Tukey test) in genotype-
associated taste (saccharin for sweet and quinine for bitter tastes) preference in NTS1 null mice (n=9) compared to their wild-type littermates (n=11). All data are expressed as
mean±s.e.m.
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Since differential taste reactivity may affect alcohol consumption
and preference, we performed a taste preference experiment using
saccharin (sweet) and quinine (bitter) solutions (Crabbe et al., 1996). In
this experiment, NTS1 nullmicedid not showany significant differences
in saccharin or quinine preference over water compared to their wild-
type littermates (Fig. 2C). For saccharin solutions, two-way repeated
measures ANOVA did not show any significant effects of genotype
(F(1,18)=0.352, p=0.561) or the interaction between genotype and
saccharin concentrations (F(1,18)=1.497, p=0.237), but showed a
significant effect of saccharin concentrations (F(1,18)=8.505, p=0.009).
For quinine solutions, two-wayrepeatedmeasuresANOVAdidnot show
any significant effects of genotype (F(1,18)=0.087, p=0.772) or the
interaction between genotype and saccharin concentrations (F(1,18)=
2.393, p=0.139), but showed a significant effect of saccharin
concentrations (F(1,18)=7.476, p=0.014). Our results indicated NTS1
null mice preferred and voluntarily consumed more ethanol than their
wild-type littermates, without any genotype-associated taste prefer-
ence differences.

3.3. NTS1 regulates NT-mediated ataxia

We examined the dose-dependent effect of NT69L on ethanol-
induced spontaneous locomotion and ataxia using 0.0, 0.5, 1.0, or
2.0 mg/kg NT69L doses. For the open-field locomotor test (Fig. 3A),
when mice were given 1.0 and 2.0 mg/kg NT69L, two-way repeated
measures ANOVA showed a significant effect of treatment (F(3,40)=
8.121, pb0.001), time (F(2,40)=63.773, pb0.001), and interaction
between treatment and time (F(6,40)=3.789, p=0.004) compared to
the saline-treated group. For the ataxia test (Fig. 3B), the two-way
repeated measures ANOVA showed a significant effect of treatment
(F(3,60)=28.481, pb0.001), time (F(4,60)=13.436, pb0.001) and an
interaction between these factors (F(12,60)=3.388, pb0.001) at NT69L
doses of 1.0 and 2.0 mg/kg when compared to the saline-treated group.
For blood ethanol clearance in response to 1.0 g/kg ethanol and
1.0 mg/kg NT69L (Fig. 3C), two-way repeated measures ANOVA did
not show any effects on either the treatment (F(1,20)=0.247, p=0.630)
or the interaction between treatment and time (F(2,20)=0.00402,
p=0.996), but did show a significant effect of time (F(2,20)=218.034,
pb0.001). Interestingly, at a 1.5 g/kg ethanol dose, mice pretreated
1.0 mg/kg NT69L dose displayed a severe reduction of locomotor
activity (Fig. 3D) and motor coordination (Fig. 3E) compared to the
saline-pretreated group. For locomotor activity (Fig. 3D), two-way
repeated measures ANOVA showed a significant effect of treatment
(F(1,28)=93.354, pb0.001), time (F(2,28)=25.820, pb0.001), and
interaction between treatment and time (F(2,28)=19.920, pb0.001).
For the motor coordination experiment (Fig. 3E), two-way repeated
measures ANOVA showed a significant effect of the treatment (F(1,56)=
46.275, pb0.001), time (F(4,56)=45.852, pb0.001) and interaction
between these factors (F(4,56)=18.573, pb0.001).

Wemeasured spontaneous locomotor activity aftermicewere given
either 1.0 mg/kg NT69L or equivalent volume of saline (i.p. injection)
and placed in open-field chambers for 1 h. Similar to 1.5 g/kg ethanol
administration, 1.0 mg/kg acute NT69L (i.p.) did not show any signif-
icant change of locomotor activation in NTS1 null mice compared to
their wild-type littermates (pN0.05) (Fig. 4A). These results indicate
that NTS1 receptor is not responsible for NT-mediated spontaneous
locomotor activity in the open-field chamber.

Next, we examined whether NT69L-induced ataxia is absent in
NTS1 null mice. Indeed, NTS1 null mice showed no NT69L-induced
ataxia after an i.p. injection of 1.0 mg/kg NT69L, while wild-type mice
showed an ataxic effect at this dose of NT69L (Fig. 4B). One-way
repeatedmeasures ANOVA showed a significant ataxic effect of NT69L
in thewild-type littermates (F(4,44)=6.998, pb0.001), but not in NTS1
null mice (F(4,44)=1.000, p=0.418). These findings suggest that
NT-mediated ataxia is mainly attributed to NTS1.

3.4. NTS1 is responsible for NT69L-induced decrease in voluntary alcohol
consumption

To examine whether NT analog NT69L could regulate ethanol
consumption and preference, we evaluated oral ethanol self-adminis-
tration using a modified two-bottle choice experiment (Fig. 5A). As
shown in Fig. 5B, wild-type littermates consumed significantly less
ethanol during the NT69L injection period compared to the pre- and
post-treatment periods. Interestingly, NT69L had no effect on alcohol
consumption in NTS1 null mice (Fig. 5B). One-way repeated measures
ANOVA for wild-type littermates showed a significant effect of NT69L
treatment (F(2,16)=26.79, pb0.0001), but did not for NTS1 null mice
(F(2,16)=0.97, p=0.39). For ethanol preference during the modified
two-bottle choice drinking experiment, one-way repeated measures
ANOVA showed a significant effect of NT69L in wild-type littermates
(F(2,14)=4.346,p=0.034), butdidnot inNTS1nullmice (F(2,20)=0.353,
p=0.707) (Fig. 5C). Thesefindings strongly suggest thatNTS1mediates
the pharmacological effect of NT69L in reducing ethanol consumption
and preference.

4. Discussion

Our present study provides a novel role of NTS1 in response to
ethanol and a brain-permeable NT analog, NT69L. Notably, mice lacking



Fig. 3. Effect of 1.0 g/kg ethanol on NT69L pretreated mice in open-field locomotor activity and rotarod ataxia experiments. (A) NT69L-treated mice traveled less in the open-field
activity compared to saline-treated mice in a dose-dependent fashion after ethanol administration (i.p.) to observe the effect of NT69L in ethanol-mediated spontaneous locomotor
activity. The Tukey test showed reduced spontaneous locomotor activity from 20 min to 40 min (at 1.0 and 2.0 mg/kg NT69L+1.0 g/kg ethanol) after NT69L administration in wild-
type mice. (B) Dose-dependency of increased alcohol-induced ataxic responses of NT69L-treated wild-type mice. The Tukey test showed that NT69L treatment was effective from
15 min to 1 h after the ethanol treatment at doses of 1.0 mg/kg and 2.0 mg/kg NT69L. Conditions were 1.0 g/kg ethanol and various concentrations of NT69L (saline, 0.5, 1.0, and
2.0 mg/kg NT69L) for both experiments. n=5–6 for each treatment. *pb0.05 compared to the saline+ethanol-injected mice at the same time after injection. (C) No significant
difference (pN0.05 by Tukey test) between blood ethanol clearances after acute administration of NT69L. Conditions were 1.0 g/kg ethanol and 1.0 mg/kg NT69L for blood ethanol
clearance experiment (n=6). At 1.5 g/kg ethanol-injected mice showed sedative-like phenotype when pretreated with 1.0 mg/kg NT69L (n=8) both in (D) locomotor activity and
(E) ataxia compared to saline-treated mice (n=8). *pb0.05 by Tukey test. All data are expressed as mean±s.e.m.
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NTS1 are resistant to ethanol-induced and NT69L-induced ataxia on the
rotarod. Furthermore, NTS1 null mice are insensitive to one of the
pharmacological effects of NT69L in reducing ethanol drinking,
Fig. 4. Effect of NT69L-induced locomotor activity and ataxia in NTS1 null mice.
(A) 1.0 mg/kg NT69L (i.p. in saline) did not induce any significant alteration of initial
locomotor activation compared to their saline-treated groups both in NTS1 null mice
(n=6) and wild-type littermates (n=9; pN0.05 by t-test). (B) However, NTS1 null
mice stayed on the rotarod significantly longer than the wild-type littermates from
30 min after NT69L injection (n=12 for each genotype). *pb0.05 compared to their
saline-treated groups both in NTS1 null mice and wild-type littermates (Tukey test). All
data are expressed as mean±s.e.m.
indicating that NTS1 contributes to ethanol intoxication and consump-
tion. Our findings suggest that NTS1 contributes to the ataxic effects of
ethanol and ethanol consumption.

Since NT69L is a specific agonist for NTS1, the activation of NT
receptors via systemic injection couldmimicmicroinjection of NT or NT
analogs.We found that NT69Lmimics ethanol-mediated ataxia and also
reduced alcohol consumption inwild-type littermates. In contrast, NTS1
nullmicewere insensitive toNT69L-induced ataxia and the reduction of
alcohol consumption and preference, indicating that the activation of
NTS1-mediated signaling promotes ethanol-induced ataxia and reduces
ethanol consumption. Our results are consistent with the finding that
alcohol-preferring rats show a significantly lower concentration of
endogenousNT in the frontal cortex,whichmight lead to reducedNTS1-
mediated signaling when compared to non-alcohol-preferring rats
(Ehlers et al., 1999). Taken together, activation of NTS1 signaling
appears to be inversely correlated with ethanol consumption and
preference.

Notably, we found a significant difference between 1.0 and
1.5 g/kg ethanol doses on locomotor activity and ataxia when mice
were pretreated with 1.0 mg/kg NT69L. This difference might be due
to the biphasic pharmacological effect of ethanol on glutamate release
in the striatum, which regulates motor function. Since low ethanol
doses (b1.0 g/kg) promote extracellular glutamate levels, whereas
high ethanol doses (N2.0 g/kg) inhibit glutamate levels in the striatum
(Moghaddam and Bolinao, 1994), a significant reduction in glutamate



Fig. 5. Effect of NT69L on ethanol consumption and preference in NTS1 null mice. (A) Experiment design scheme for the modified two-bottle choice experiment to examine the
pharmacological effect of NT69L. (B) Ethanol consumption and (C) preference for ethanol are significantly reduced in the wild-type littermates (n=9) but not changed in NTS1 null
mice (n=11). *pb0.05 compared to the pre- or post-injection period as indicated by Tukey test. All data are expressed as mean±s.e.m.
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levels could be correlatedwith the notable difference between 1.0 and
1.5 g/kg ethanol doses in our study.

Interestingly, a behavioral study showed that NTS1 null mice do not
display NT-induced inhibition of feeding (Remaury et al., 2002). This
finding suggests that reduced ethanol consumption might be due to
reduced appetite to ethanol without altering taste preference or water
consumption since ethanol intake is related to dietary homeostasis
(Forsander, 1998). NT69L can activate NTS1-mediated behavioral
functions in various brain regions since NTS1 is expressed in most
brain regions including the substantia nigra (SN), ventral tegmental area
(VTA), lateral septum, anterior cingulate, and insular cortex (Boudin et
al., 1996; Fassio et al., 2000).Moreover, NTS1 exerts its function through
the PLCβ–PKC pathway (Perron et al., 2007). Therefore, further studies
on brain region-specific function or downstream signaling of NTS1
would clarify the molecular mechanisms of how NTS1-regulated
signaling contributes to ethanol-induced ataxia and preference.

As recommended by a consortium on mice genetic background for
neuro-behavioral studies (Banbury Conference on Genetic Background
in Mice, 1997), we used F2 generation hybrid mice with C57BL/
6J×129X1/SvJ genetic background tominimize the riskof falsepositives
or negatives in behavioral phenotypes that could be influenced by a
C57BL/6J background. Nevertheless, there are still potential caveats of
using thismixed genetic background since co-segregatedgenes near the
knockout locus could contribute to thephenotypes attributed to the null
allele. Furthermore, inbred C57BL/6J mice are less sensitive to the ataxic
and sedating effects of ethanol and display higher ethanol consumption
than inbred 129X1/SvJ mice (Crabbe, 2001; Tordoff et al., 2002).
Therefore, to ensure that our findings are not due to background alleles
from either genetic background, but instead are due to the knockout
mutation, further testing with inbred 129X1/SvJ or C57BL/6J mice
lacking NTS1 would clarify the effects of genetic backgrounds (Banbury
Conference on Genetic Background in Mice, 1997). However, our
experiments indicate that complications from genetic backgrounds or
possible co-segregated genes nearby NTS1 seem not to influence the
phenotypes we observed because NTS1 null mice prefer ethanol
compared to wild-type littermates, and conversely NT69L reduced
alcohol consumption significantly in wild-type littermates but showed
no significant effect in NTS1 null mice.

Our locomotor activity and ataxia study suggest that the activationof
NT receptors may be associated with the motor functions of alcohol.
Because young adults with a low level of response to acute alcohol
intake are known to be associated with a higher risk of developing an
alcohol use disorder later in life (Schuckit, 1998), reduced ethanol
sensitivity due to the lack of NT signaling could promote, or be a
permissive factor, for increased ethanol intake.

Importantly, the unique pharmacological profile of NT69L, including
brain permeability, extended half-life, and low-toxicity without any
addictive properties (Boules et al., 2006; Fantegrossi et al., 2005)
allowed us to examine its neuropharmacological effects via systemic
injection. Given extracranially to rats, NT69L reduced the hyperactivity
caused by cocaine (Boules et al., 2005). In addition, NT69L also reverses
the disruption of prepulse inhibition caused by several different agents
(Caceda et al., 2006; Feifel et al., 2003). Thus, activating NTS1 may be
effective in regulating addictive behaviors.

In summary, our findings suggest that NTS1 contributes to the
ataxic effect of ethanol and NT69L, a synthetic neurotensin analog.
Injections of NT69L (2 mg/kg/d, i.p.), for four consecutive days,
significantly reduced ethanol preference and consumption when
mice steadily consumed 10% ethanol during a two-bottle choice
experiment. Such findings indicate that activating NTS1 and its
associated signaling pathways could potentially be a novel therapeu-
tic option for treating human alcoholism.
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