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Abstract

The present study aimed to test the hypothesis that mice lacking the MCHR1 receptor (Melanin-Concentrating Hormone Receptor-1) present
an elevated vulnerability towards the neurobehavioural effects of D-amphetamine, presumably due to previously established up-regulations of
dopamine D1 receptors in these mice. We examined the psychomotor effects of five once-daily injections of 1.5 and 3 mg/kg D-amphetamine (i.p.)
or ten once-daily injections of 2.25 mg/kg D-amphetamine in knockout (KO) mice lacking the MCHR1 receptor. The first injection of D-
amphetamine induced a greater psychomotor response amongst the KO mice at 2.25 and 3.0 mg/kg. On all subsequent D-amphetamine injections,
KO mice still showed greater levels of psychomotor activity than the WT mice, but with no between-genotype difference in the rate of
development of sensitization (similar slopes of the curves). Furthermore, 24 h after the last injection of 2.25 mg/kg D-amphetamine both genotypes
exhibited a significant post-sensitization conditioned activity. Thus, MCHR1 receptors are likely not deeply involved in the mechanisms of
induction of sensitization and related conditioned activity induced by D-amphetamine, albeit our results confirm a contribution of these receptors
to the mechanisms of the acute effects of that drug, possibly via an inhibitory action on the dopaminergic mesolimbic system. Our results do not
support the hypothesis of a functional contribution of MCHR1 receptors to the addictive effects of D-amphetamine.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Melanin-Concentrating Hormone (MCH) and its receptor
MCHR1 are involved in the modulating action that the lateral
hypothalamus (LH) naturally exerts on food intake and energy
homeostasis (Saper et al., 2002). For instance, hypothalamic
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administrations of MCH or its over-expression in transgenic
mice stimulate feeding behavior and increase body weight.
Consistently, prepro-hormone ppMCH and MCHR1 knockout
mice are lean and display relatively high metabolic rates, in
spite of showing signs of mild hyperphagia (for a review see
Xu et al., 2004). Anatomically, MCH neurons send projections
to many brain areas such as the cortex, the brainstem, the
hippocampal formation and limbic structures (Bittencourt
et al., 1992). The distribution of MCHR1 transcripts correlates
well with MCH projections. In particular, high expression of
MCHR1 mRNA has been identified in the shell of the nucleus
accumbens (NAC) and to a lesser extent in the ventral
tegmental area (VTA), two major components of the reward
dopaminergic mesolimbic system (Saito et al., 2001). The fact
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that the shell of the NAC is critically involved in mediating
food reward (Di Chiara, 2002) is suggestive of an involvement
of MCH and MCHR1 receptors in the mediation of the
rewarding effect of food, which would take place from the LH
towards the NAC region (Georgescu et al., 2005; Saper et al.,
2002). Likewise, the fact that dopaminergic projections from
the VTA to the NAC are critical in the mediation of the
neurobehavioral and rewarding effects of addictive substances
like cocaine or the amphetamines (Di Chiara, 2002;
Vanderschuren and Kalivas, 2000) raises the possibility of a
participation of the MCHR1 receptors to that mediation (Di
Leone et al., 2003). Amongst the few studies having explored
that possibility, Smith et al. (2005) have recently reported that
MCHR1-deficient mice, which were hyperactive in a novel
context and hypersensitive to a single injection of 2 and
especially 3 mg/kg D-amphetamine, exhibited up-regulation
of dopamine D1 receptors in the VTA and in both the NAC
shell and core and norepinephrine (NE) transporters in the
NAC shell and the globus pallidus. Consistently, a marked
psychomotor reactivity to the D1 agonist SKF38393 was also
found in MCHR1–KO mice. As most theories of behavioral
sensitization to psychomotor stimulants postulate that sensi-
tization processes involves possibly the norepinephrine
system (albeit this is still controversial) and especially the
dopamine D1 receptors (i.e., Juhila et al., 2005; Vezina, 1996;
Vanderschuren and Kalivas, 2000), these results provide
the empirical grounds for the hypothesis that MCHR1
receptors exert an inhibiting action on mesolimbic mono-
amine activity, and are thereby involved in the neural
mechanisms of addictive effects (Smith et al., 2005). An
obvious prediction of that theoretical contention is that mice
lacking MCHR1 receptors should exhibit a greater vulnera-
bility to chronic exposure to substances of abuse, in particular
D-amphetamine. For example, as compared to intact mice
MCHR1-deficient mice should exhibit a greater propensity
to develop amphetamine-induced sensitization (greater rates
of sensitization), a core feature of psychomotor stimulants
dependence (Robinson and Berridge, 2003). Since the post-
drug conditioned psychomotor response (to the test context) is
inherent to the neurobehavioral effects of intermittently given
D-amphetamine, we also investigated that response. In other
words, the present study was aimed at verifying that
prediction, using D-amphetamine doses comparable to those
used in the single-injection study by Smith et al. (2005). The
initial test session provided information on between-genotype
differences in acute psychomotor activation and the following
sessions on the development or induction of sensitization.
The rates of sensitization, assessed via simple linear
regression analysis, were then compared between geno-
types, a high rate of sensitization testifying of a great
susceptibility (or vulnerability) to D-amphetamine. In a first
experiment, mice were tested according to a simple design
involving five once-daily drug injections of 1.5 or 3.0 mg/
kg D-amphetamine and a behavioral measurement after each
injection. Based on the results of the first experiment, the
design of the second experiment involved ten once-daily
injections of 2.25 mg/kg D-amphetamine with the aim to
maximize the likelihood of inducing sensitization at an
intermediate and slower rate and to facilitate the manifes-
tation of potential genotype-related differences. The expres-
sion of conditioned psychomotor activity was assessed
under a saline challenge 24 h after the last sensitizing
injection.

2. Methods

2.1. Animals and drugs

The inactivation of the mchr1 allele, the generation of
knockout animals and the genotyping method have been
described previously (Adamantidis et al., 2005). Heterozy-
gous founders were maintained in a hybrid 129X1/
SvJ×C57BL/6J background for 3 generations. Knockout
(KO) and wild-type (WT) littermates were derived from the
intercrossing of a population of heterozygous mice.

Forty F4 and F5-derived male mice, aged 7–9 weeks and
experimentally naïve at the start of testing, were housed in
groups of two in transparent polycarbonate tubs (11×30-cm
surface, 13-cm height) and provided with pine sawdust
bedding and free access to tap water and food (standard
pellets, CARFIL QUALITY, Oud-Turnhout, Belgium). The
housing room was maintained on a 12:12 h dark–light cycle
(lights on at 08:00 h) and at an ambient temperature of 20–
24 °C. All experimental treatments and animal maintenance
were carried out according to the guidelines of animal
welfare laid down by the European Community (EEC
Council Directive No. 86/609 of the 24 November 1986).

D-amphetamine sulfate (BELGOPIA, Louvain-La-Neuve,
Belgium) was dissolved in an isotonic saline solution (0.9%
NaCl) and was injected via the peritoneal route (i.p.) at 1.5,
2.25 or 3.0 mg/kg in a volume of 0.01 ml/g body weight. The
control treatment (saline solution) was administered in the
same volume and manner.

2.2. Behavioural apparatus

Mice were tested individually with eight custom-made
activity-meters. Each activity-meter consisted of a wooden
base placed under a removable clear polycarbonate tub
(12×22 cm surface×12 cm height), a transparent acrylic-glass
tablet serving as a lid. Locomotion (psychomotor activity) was
measured by two pairs of infrared light-beam sensors (2-cm
height) mounted on the base and spaced 6 cm from each other
on both long sides of the tub. A mouse had to traverse the full
distance between the beams for each activity count. Interrup-
tions of a single beam were not taken into account in the data
analyses. Activity counts were recorded by a personal computer
to which all activity-meters were connected. Each apparatus
was encased in a white-paint sound-attenuating shell
(65×80 cm surface×80 cm height) that was artificially
ventilated, illuminated by a non-heating energy-saver white
light and maintained at an ambient temperature of 20–24 °C. A
one-way window in each shell door allowed direct visual
surveillance during testing.
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2.3. Experimental procedure

Prior to experimentation, mice were handled daily for a
dozen of min over eight days without being exposed to the
behavioral apparatus. All procedures were conducted
between 9:00 and 12:00 h, mice being weighed and tail-
marked with a felt-tipped pen before every test session. This
study comprised two experiments. In Experiment I (Exp.I),
mice from both genotypes received five once-daily injec-
tions of saline, 1.5 mg/kg or 3.0 mg/kg D-amphetamine and
their psychomotor activity was measured on every sessions.
In Experiment II (Exp.II), whose parameters were estab-
lished on the basis of the results derived from Exp.I, saline
or 2.25 mg/kg D-amphetamine were given once-daily over
ten sessions and psychomotor activity measured on each test
session. Additionally, 24 h following the tenth drug-
treatment session, mice were tested for post-drug condi-
tioned hyperactivity under saline in the same contextual
conditions as those used for the D-amphetamine pretreat-
ment. The occurrence of the conditioned response was
declared when the value derived from the drug-pretreated
mice was significantly greater than those of the saline-
pretreated mice recorded on the saline-challenge test session
as well as on the initial session of the pretreatment phase
(Cunningham, 1993; Damianopoulos and Carey, 1992;
Tirelli and Terry, 1998). In Exp.I, the design comprised
six experimental conditions resulting from the factorial
combination of the three possible D-amphetamine pretreat-
ments (saline, 1.5 or 3.0 mg/kg) with the genotypes (WT or
KO). The groups corresponding to these conditions were
labeled as follows: WT/Sal (wild-type mice receiving saline
injections), WT/1.5 (wild-type mice receiving injections of
1.5 mg/kg D-amphetamine), WT/3.0 (wild-type mice receiv-
ing injections of 3.0 mg/kg D-amphetamine, KO/Sal
(mutants receiving saline injections), KO/1.5 (mutants
receiving injections of 1.5 mg/kg D-amphetamine), KO/3.0
(mutants receiving injections of 3.0 mg/kg D-amphetamine).
In Exp. II, the design comprised four experimental
conditions resulting from the factorial combination of the
two possible D-amphetamine pretreatments (saline or
2.25 mg/kg) with the genotypes (WT or KO). The groups
corresponding to these four conditions were labeled as
follows: WT/Sal (wild-type mice receiving saline injec-
tions), WT/2.25 (wild-type mice receiving injections of
2.25 mg/kg D-amphetamine), KO/Sal (mutants receiving
saline injections), and KO/2.25 (mutants receiving injec-
tions of 2.25 mg/kg D-amphetamine). Within each
genotype, mice were randomly allocated to the possible
experimental groups seven days prior to testing (n=10 in
Exp. I and n=14 in Exp. II). In each session from both
experiments, mice from all groups were first placed into the
test chamber for 15 min, injected with their respective
treatment and then replaced in the test chamber for a period
of 70 min, the pre- and post-injection periods being
separated by a 5-min interval (during which the injection
was performed). Locomotor activity measurements were
broken down into intervals of 5 min for all sessions. Mice
were returned to their home-cages within 10 min after
testing.

2.4. Data analyses

The acute amphetamine-induced psychomotor effects de-
rived from the 1st session from both experiments were analyzed
with 3-way mixed-model ANOVAs that included the genotype
(Genotype, 2 levels) and D-amphetamine doses (Drug, 3 levels
in Exp.I; 2 levels in Exp.II) as between-group variables and
the post-injection 5-min intervals as a within-subjects variable
(Interval: 14 levels).

Data pertaining to the development of sensitization over
the five (Exp.I) or the ten (Exp.II) once-daily test sessions were
analyzed using 3-way mixed-model ANOVAs incorporating the
genotype (Genotype, 2 levels) and D-amphetamine dose (Drug,
3 levels in Exp. I; 2 levels in Exp. II) as between-group factors,
and the successive once-daily test sessions (total post-injection
activity counts over 70 min) as a within-subject factor (Session,
5 levels in Exp. I; 10 levels in Exp. II). The individual rate of
sensitization over the successive (five or ten) sessions was
measured using a simple linear regression analysis, a relatively
high slope (or regression coefficient) signifying a high rate of
sensitization. A delta score was also computed to quantify the
final amplitude achieved by sensitization (the difference
between the total behavioral counts on the last and the 1st
session), a relatively large delta score indicating an ample final
sensitized effect. Potential genotype- and dose-related differen-
tial rates and amplitudes of sensitization werethen assessed
using 2-way fixed-model ANOVAs incorporating the genotype
(Genotype, 2 levels) and D-amphetamine doses (Drug, 2 or 3
levels) as fixed factors. Since sensitization-related increases in
D-amphetamine-induced hyperactivity were expected, confir-
matory F-based planned comparisons were conducted to test
the reliability of the related between-mean differences (last-
session value against the first-session one; Keppel and Wickens,
2004).

Data pertaining to the conditioning test (Exp. II) were
analyzed with a 2×2×14 mixed-model ANOVA incorporating
the genotype (Genotype, 2 levels) and previously-given D-
amphetamine intermittent treatment (Drug pretreatment, 2
levels) as between-group factors, and the post-injection 5-min
intervals as a within-subject factor (Interval, 14 levels).
Additionally, a 2-way fixed-model ANOVA was conducted on
the total number of counts recorded on the entire session
(70 min, without taking into account the interval); it
incorporated D-amphetamine pretreatment (Drug pretreatment,
2 levels) and the genotype (Genotype, 2 levels) as between-
group factors. In order to ascertain that the post-injection saline-
induced activity constituted a real conditioned drug effect, and
not a sort of lack-of-habituation effect, values from the
conditioning test day (session on day 11) were compared with
those of the first session, a significantly greater value
on the saline-challenge test session reflecting the occurrence
of such an effect (Damianopoulos and Carey, 1992; Tirelli and
Terry 1998). This was performed with a 2-way fixed-model
ANOVA treating the genotype (Genotype, 2 levels) as a



Fig. 1. Psychomotor activation induced by 1.5 or 3.0 mg/kg D-amphetamine on the first session in MCHR1–KO and MCHR1–WT mice (Exp.I). (A): Expression of
the effects as a function of the 14 post-injection intervals; (B): Marginal means of the first-order Genotype-by-Drug interaction. (a): value significantly different from
the respective saline-injected group within each genotype, (b): value significantly different from the respective group treated with 1.5 mg/kg D-amphetamine within
each genotype; (c): significant between-genotype difference at 3.0 mg/kg D-amphetamine, as supported by Tukey–HSD tests taken at least at Pb0.025. The vertical
brackets are the pooled SEM×2 in the panel A and the individual SEMs×2 in the panel B.
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between-group factor and the relevant test sessions (Day, 2
levels; values from the D-amphetamine-pretreated group on day
11 and values from the saline-pretreated group on day 1) as a
within-subject factor; confirmatory F-based planned compar-
isons were conducted to ascertain that the conditioning-related
differences were reliable (Keppel and Wickens, 2004). Other
relevant between-mean differences were assessed using a
Fig. 2. Development of psychomotor sensitization over five once-daily injections of 1
(A): Emergence of the sensitized effects over the five 70-min test sessions; (B): Mean
(delta scores); (C): Mean rates of sensitization for the same groups (slopes). Each P-le
mean value of the last session and that of the first one (F-based planned comparisons).
each genotype; (#): value significantly different from the respective group having re
planned tests taken at least at Pb0.025 (slopes). Note that the regression lines in the
reasons and do not represent the mean slopes shown in panel C. The vertical bracke
posteriori Tukey–HSD tests derived from the appropriate
error-terms (Keppel and Wickens, 2004). Prior to performing
the ANOVAs, data were submitted to a square-root transfor-
mation in order to more nearly meet the assumption of
homoscedasticity (for the sake of clarity, raw values are
presented in the graphs). The differences were conventionally
declared significant at the P-level of 0.05.
.5 or 3.0 mg/kg D-amphetamine in MCHR1–KO andMCHR1–WTmice (Exp.I).
relative increase in psychomotor activity for each of the six experimental groups
vel indicated in the graph of panel A refers to a significant difference between the
(+): value significantly different from the respective saline-injected group within
ceived 1.5 mg/kg D-amphetamine within each genotype, as yielded by F-based
panel A are derived from the mean values plotted in the graph for iconographic
ts are the SEM×2.
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3. Results

3.1. Experiment I

Fig. 1, presents the within-session time-courses of
the (acute) effects as recorded in the first session of the
intermittent treatment. ANOVA on these data brought about
a robustly significant Genotype-by-Drug-by-Interval inter-
action (F[26,546] = 6.31, Pb0.0001), whose values are
shown in panel A, and a significant Genotype-by-Drug
interaction (F[2,42] = 6.99, Pb0.0025), whose specific
values are depicted in panel B (marginal means). As
shown in panel A, 3.0 mg/kg D-amphetamine induced levels
of psychomotor activation that were much greater in KO
mice than in their WT counterparts, these effects being
significantly higher than those induced by saline and 1.5 mg/
Fig. 3. Psychomotor activation and sensitization induced by 2.25 mg/kg D-ampheta
amphetamine-induced psychomotor activation as a function of the 14 post-injection i
Drug interaction derived from the first session data analysis. (C): Development of p
increase in psychomotor activity for each of the six experimental groups (delta score
significantly different from the respective saline-injected group within each genotype
that the regression lines in the panel C are derived from the mean values plotted in th
panel E. The vertical brackets are as in Figs. 1 and 2.
kg D-amphetamine in both genotypes (Tukey–HSD tests
taken at least at Pb0.025). At 1.5 mg/kg, D-amphetamine
induced non-significant (WT mice) or no (KO mice)
psychomotor hyperactivity.

Fig. 2 depicts the activating effects of the sensitizing
repeated injections of D-amphetamine over the five daily
sessions. ANOVA on these data yielded highly significant
Session and Drug main effects (F[4,216]=12.28, Pb0.0001
and F[4,54]=4.31, Pb0.020, respectively), a significant
Genotype-by-Drug interaction (F[4,216]=12.28, Pb0.0001)
and no Genotype-by-Drug-by-Session interaction (PN0.91).
For each D-amphetamine-injected group shown in panel A, F-
based planned comparisons confirmed that the value from the
last session was significantly greater than that of the first
session, indicating that sensitization did occur (P-levels
between 0.045 and 0.0003). At 3.0 mg/kg D-amphetamine,
mine in MCHR1–KO and MCHR1–WT mice (Exp.II). (A): Expression of D-
ntervals of the first session; (B): Marginal means of the first-order Genotype-by-
sychomotor sensitization over the five 70-min test sessions; (D): Mean relative
); (E): Mean rates of sensitization for each of the six groups (slopes). (a): value
, as yielded by Tukey–HSD tests taken at least at Pb0.010 (any measure). Note
e graph for iconographic reasons and do not represent the mean slopes shown in



451A. Tyhon et al. / Pharmacology, Biochemistry and Behavior 88 (2008) 446–455
KO mice exhibited levels of psychomotor activation signifi-
cantly higher than those displayed by theWTmice from the first
to the fourth sessions, the incremental trajectories of these
sensitizing effects being grossly parallel. The slight attenuation
that occurred on the 5th session among the KO mice might have
resulted from the few yet unambiguous stereotypical move-
ments (via behavioral competition) observed in some mice
through the door shell. At 1.5 mg/kg D-amphetamine, the
sensitization curves did not differ at all between genotypes.
While the rates and amplitudes of 1.5 and 3.0 mg/kg D-
amphetamine sensitization were significantly greater than those
derived from the saline-treated groups in both genotypes, these
measures did not differ substantially between KO andWTmice,
as can be seen in panels B and C. Consistently, there were no
significant Genotype-by-Drug interaction (deltas: PN0.90;
slopes: PN0.74) while a robustly significant main effect of
Drug was found in both measures (deltas: F[2,42]=27.25,
Pb0.0001; slopes: F[2,42] =13.67, Pb0.0001). F-based
planned tests within each genotype indicated that both the
rates and the amplitudes of sensitization were dose-dependently
increased in the WT but not in the KO mice, in which there were
no between-dose differences (mean deltas: at last at Pb0.010,
mean slopes: at least at Pb0.025). That small between-
genotype qualitative difference reflected the above-mentioned
slight blunting of the sensitized effect of 3.0 mg/kg D-
amphetamine on the last session in the KO mice (occurrence
of a few stereotypic movements).
Fig. 4. Expression of the conditioned psychomotor activation generated under a
amphetamine, i.e. on day 11 of Exp. II (see Fig. 4). (A) and (C): Conditioned activity a
mice, respectively; (B) and (D): Conditioned activity expressed in terms of locomoto
KO mice, respectively. The hatched columns represent the values derived from the firs
of the respective saline-pretreated group, at Pb0.003 (WT) or Pb0.030 (KO); (#): v
group at Pb0.007 (WT) or Pb0.025 (KO), as yielded by F-based planned compari
3.2. Experiment II

Fig. 3 presents the time-courses of the acute (first session)
psychomotor effects of 2.25 mg/kg D-amphetamine as recorded
on the first test session of Exp.II (panels A and B), and the
development of psychomotor sensitization induced by 2.25 mg/
kg D-amphetamine given over ten once-daily test sessions
(panels C, D and E). Three-way ANOVA on data from the first
session brought about a robustly significant main effect of Drug
(F[1,52]=28.65; Pb0.0001), but neither a significant Geno-
type-by-Drug-by-Interval interaction (PN0.49), whose values
are depicted in panel A, nor a significant Genotype-by-Drug
interaction (PN0.34), whose values are depicted in panel B. In
fact, the first injection of D-amphetamine induced an overall
significant psychomotor activation without clear-cut differenti-
ation of the genotypes, in spite of a trend for the KO mice to
achieve greater levels than their WT counterparts (Tukey–HSD
tests on the relevant individual marginal means taken at least at
Pb0.010). ANOVA on the 10-session data (panel C) yielded
highly significant main effects of Drug and Session (F[1,52]=
68.87; Pb0.0001 andF[4,216]=12.28;Pb0.0001, respectively),
a robustly significant Drug-by-Session interaction (F[9,468]=
9.13; Pb0.0001), but no interaction involving the genotype and
no Genotype main effect (all terms at least at PN0.95). In other
words, drug-induced psychomotor activation augmented near-
monotonously over the successive test sessions in both KO and
WTmice, without substantial differences between the trajectories
saline challenge 24 h following the 10-injection treatment of 2.25 mg/kg D-
s a function of the 14 post-injection intervals in MCHR1–WTandMCHR1–KO
r counts summed over the entire 70-min session in MCHR1–WT and MCHR1–
t session of the saline-pretreated groups. (+): value significantly greater than that
alue significantly smaller than that derived from the D-amphetamine-pretreated
sons. The vertical brackets are the SEM×2 in all graphs.
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of two sensitization curves being induced. In fact, within the two
D-amphetamine-treated groups, the values of the last (10th) test
session achieved levels that were almost three-fold significantly
higher than those recorded on the respective first sessions, as
supported by F-based planned comparisons taken at Pb0.0001.
As shown in panels D and E, these effects were confirmed by the
measures of the amplitude and the rate of sensitization, since the
levels of these measures in the cocaine-treated group were sig-
nificantly greater than those of the saline-treated animals in both
genotypes, a profile of effects supported by strong main effects of
Drug (deltas: F[1,52]=26.02, Pb0.0001; rates: F[1,52]=21.98,
Pb0.0001), the absence of significant Genotype-by-Drug
interaction (deltas: PN0.77; rates: PN0.74), and F-based
planned comparisons between the relevant values (at least at
Pb0.010 for both measures). Note that, in this experiment,
there was little evidence for habituation in the saline-treated
groups in both genotypes since mean deltas and mean slopes
were close to zero.

Fig. 4 presents the psychomotor response to a saline
challenge in D-amphetamine- and saline-pretreated mice
recorded 24 h following the 10th test session of the D-
amphetamine intermittent pretreatment (counts per interval in
panels A and C, whole-session counts in panels B and D). The
three-way ANOVA on the time-courses data yielded no
Genotype-by-Drug-by-Interval and Genotype-by-Drug pre-
treatment interactions (PN0.125 and PN0.650, respectively),
no main effect of Genotype (PN0.110), but a robustly
significant main effect of Drug pretreatment (F[1,52]=11.72,
Pb0.002). This suggests that an average conditioned activity
was actually generated in both genotypes, between which there
were no substantial differences. Also, conditioned activity was
more or less constantly expressed over the 14 intervals, albeit
less clearly during the four last intervals in the KO mice,
as supported by a significant Drug-by-Session interaction
(F[13,676]=2.39, Pb0.004). As depicted in panels B and D,
mice having received D-amphetamine exhibited a significantly
greater overall response (summed counts on entire session)
than the saline-pretreated mice within each genotype, the
absence of substantial between-genotype difference being
confirmed. That profile of effects was corroborated by
significant main effects of Drug pretreatment and Genotype
(F[1,52]=23.12, Pb0.0001 and F[1,52]=4.72, Pb0.035,
respectively) and in particular by significant F-based planned
tests at least at Pb0.030. It can also be seen in panels B and
D that D-amphetamine-pretreated mice from each genotype
expressed levels of total psychomotor activity on the saline-
challenge session that were greater than those, induced by
novelty, derived from the respective saline-treated mice tested
on the first session. This profile of effects was supported by
a robustly significant Drug pretreatment main effect (F[1,52]=
12.26, Pb0.001) and especially significant F-based planned
comparisons at least at Pb0.025.

4. Discussion

The present study yielded the following findings. (1) A
single injection of 3.0 mg/kg D-amphetamine induced a greater
psychomotor activation in the MCHR1-deficient KO mice
than in their WT counterparts, the lower dose of 1.5 mg/kg D-
amphetamine exerting little effect in both genotypes. (2) On
the subsequent once-daily sessions, 3.0 mg/kg D-amphetamine
induced an unequivocal psychomotor sensitization that
develops at significantly higher levels in the KO than in the
WT mice. (3) More importantly, psychomotor sensitization
developed at comparable rates and amplitudes in both
genotypes at all doses of D-amphetamine. (4) Both genotypes
exhibited an unambiguous post-sensitization conditioned
psychomotor activity (under saline).

On the initial sessions, the saline-treated mice exhibited no
between-genotype difference in basal psychomotor activity,
neither before nor after the injection (compare values of the
WT–Sal and KO–Sal groups in Figs. 1 and 3). Only some hint
of a lack of habituation in saline-treated KO mice can be
detected in Exp.II, where their activity on the 11th session
(conditioning test) was still comparable to that of the first
session. That pattern of observations concords with several
studies reporting no genotypic difference in locomotor activity
measured during the daytime (Adamantidis et al., 2005; Astrand
et al., 2004; Marsh et al., 2002; Roy et al., 2006; Zhou et al.,
2005). In some of these studies, MCHR1-deficient mice
exhibited a significant hyperactivity at night, their behavior
being monitored through the entire light–dark cycle was used
(Astrand et al., 2004; Marsh et al., 2002; Zhou et al., 2005).
However, the present results on locomotion disagree with some
other previous studies, including some of ours, where relatively
short 15–60-min psychomotor activity tests were performed in
a novel environment during the light phase (unpublished data
from this laboratory obtained with mutants derived from a
129X1/SvJ×129S2/SvPas genomic background; Lalonde and
Qian, 2007; Smith et al., 2005; Tyhon et al., 2006). Taken
together, these results strongly suggest that the relative
hyperactivity of the MCHR1–KO mice is sensitive to between-
and within-laboratory methodological dissimilarities (sample
sizes, use of a pre-injection monitored period, sensitivity of the
behavioral measure) and strongly depends on the circadian
moment of the behavioral test. As regards our own conflicting
results, any potential effect of the backcross status (F2–F3 and
F3–F4 in the previous studies, F4–F5 in the present one) should
have been minimized by the maintenance of a very large
number of mating couples coming from the chimeras in all of
our studies. Note also that the experimenter and animal
husbandry can be ruled out since these factors did not change
in our laboratory.

The psychomotor-activating effects of acute (first session) D-
amphetamine in our MCHR1-deficient mice substantially
confirm those reported by Smith et al. (2005), even if their
mutant mice showed three-fold increases at 2 mg/kg D-
amphetamine whereas ours did not significantly differ from
their WT counterparts at comparable doses (1.5 and 2.25 mg/kg
D-amphetamine). Along with the usual and countless laboratory-
specific procedural factors, it is likely that this between-
laboratory qualitative difference were due to the genomic
background from which the KO mice were generated. In Smith
et al. (2005), MCHR1–KO mice were derived from the mixed
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129SvEv×C57BL/6J background (or 129S6/SvEvTac×C57BL/
6J) while our mice were generated from the mixed 129X1/
SvJ×C57BL/6J background (WT). Mice from the 129SvEv
strain have been reported to respond relatively weakly to acute
and even intermittent D-amphetamine or cocaine, whereas
129X1/SvJ mice respond much more intensively (Gould et al.,
2007; Miner 1997; Ralph et al., 2001; MacKerchar et al., 2006;
Walters and Blendy, 2001). Therefore, it is plausible that the
attenuated between-genotype differences in acute D-amphet-
amine sensitivity of our mice were due to the influence of the
parental 129X1/SvJ strain. On the other hand, the relatively
moderate stimulating effects of D-amphetamine expressed by the
mice from the mixed 129S6/SvEvTac×C57BL/6J background
(WT) was likely driven by the parental 129S6/SvEvTac strain,
facilitating the establishment of the relatively large amphet-
amine-induced increases in psychomotor activity amongst the
mutants in Smith et al.'s study. Since these MCHR1–KO mice
present pronounced up-regulations of the D1 receptors in
representative regions of the mesolimbic system (Smith et al.,
2005), one can also hypothesize that our genomic background
presents lesser such up-regulations (to be verified).

By contrast, we found no between-genotype differences at all
in the rate or amplitude of sensitization development, a finding
that unambiguously disconfirm the prediction of Smith et al.'s
hypothesis (2005) that repeated injections of D-amphetamine
should lead to a magnified psychomotor sensitization and
related conditioned activity in mice lacking the MCHR1
receptor. That hypothesis stipulates that MCHR1 receptors in
intact animals exert a natural inhibitory control on the
monoamine activity in the mesoaccumbens axis, thereby
potentially participating in the mechanisms of drug addiction
(see also Di Leone et al., 2003). It is well known that the rate
and amplitude of psychomotor sensitization to amphetamines,
and even the likelihood to induce it, is tightly dependent upon
procedural factors such as the behavioral measure, the test
context and especially the route and regime of drug adminis-
tration; marked between-injection intervals often lead to clear-
cut sensitization whereas more continuous drug administration
can produce tolerance in mice and rats (Chaudry et al., 1987;
Kuribara, 1996; Segal and Kuczenski, 1994). This suggests that
the use of another schedule of D-amphetamine administration,
given in presumably more appropriate conditions, could have
facilitated in our mice the manifestation of between-genotype
differences in sensitization. However, this is unlikely since the
fact that we utilized a representative sensitization protocol, and
that we confirmed the magnified psychomotor sensitivity to
acute amphetamine of the MCHR1–KO mice, strengthens the
validity of the present results. Furthermore, if the above-
mentioned possibility was true, the generality of the involve-
ment of the MCH–MCHR1 system in mesolimbic mechanisms
would be restricted to some conditions of testing, anyway
weakening the tested hypothesis.

Dopaminergic and glutamatergic transmissions in the NAC,
the VTA, the basolateral amygdala and the prefrontal cortex,
notably, are well established to participate in the mechanisms of
induction of amphetamine sensitization (see reviews by Di
Chiara, 2002; Vanderschuren and Kalivas, 2000). As regards the
VTA, a predominant body of evidence indicates that it
constitutes the main structure responsible for the induction of
amphetamine sensitization, to a much larger extent than the
NAC, whereas both structures seem equally indispensable for
cocaine sensitization to be induced (Vanderschuren and Kalivas,
2000). MCHR1 receptors and MCH are both unambiguously
present in the shell and the core of the NAC and in the VTA
(Bittencourt et al., 1992; Saito et al., 2001). However, because
of several failures to demonstrate a direct interaction between
the mesoaccumbens dopaminergic transmission and the MCH–
MCHR1 system, one must admit that the functional significance
of that anatomical localization remains puzzling. For instance,
infusion of MCH failed to facilitate the firing rate of rat VTA
neurons in experiments using single-unit extra-cellular and
whole-cell patch-clamp recordings (Korotkova et al., 2003).
Consistently, intra-VTA infusion of MCH in rats has no effect
on steady state levels of dopamine release and metabolism
neither in the caudate nucleus not in the NAC (Sanchez et al.,
2001). Note also that MCHR1 KO and WT mice do not differ in
basal or acute amphetamine-evoked tissue levels of mono-
amines or metabolites within the NAC (Smith et al., 2005).
Because of such a deep involvement of the VTA in the induction
of amphetamine sensitization, these neurobiological results are
consistent with the absence of differences in the rate and
amplitude of sensitization between our WT and KO mice.

Although neuropharmacological studies confer a pivotal role
to the D1 receptors within the VTA in the induction of
sensitization to amphetamine, other studies yielding opposite
conclusions suggest that the evidence linking D1 receptors and
sensitization is in fact highly complex (see Vanderschuren and
Kalivas, 2000; McDougall et al., 2005). On one hand, the
blockade of D1 receptors in the VTA can prevent the induction
of amphetamine psychomotor sensitization and related dopa-
mine-dependent neuroadaptations (Vanderschuren and Kalivas,
2000; Vezina, 1996). On the other hand, psychomotor
sensitization to amphetamine has been convincingly generated
in D1-deficient mice, sometimes at greater levels than in the WT
controls (Xu et al., 2000; Corvol et al., 2007; McDougall et al.
2005). Consistent with these latter results, cross-sensitization
between amphetamine (prior history) and representative D1-
agonists has not been successfully obtained, cross-sensitization
to D2 agonists occurring readily (Ujike et al., 1990;
Vandeshuren et al., 1999). Thus, it is openly plausible that the
D1 receptors were not involved in the development of
sensitization in our MCHR1-deficient mice, in spite of a
probable up-regulation of these sites in that genotype. To some
extent, our results can even be taken as indirectly disconfirming
such an involvement.

The D-amphetamine-induced conditioned responses readily
expressed in both genotypes, with some more inter-individual
variability in MCHR1-deficient mice, concord with comparable
results in previous reports having used representative inbred and
outbred strains of mice (Cabib 1993; Hayashi et al., 1980;
McDougall et al., 2005; Mead and Stephens 1998; Steckler and
Holboer 2001; Tirelli and Terry, 1998). According to the “lack-
of-habituation” hypothesis, some degree of novelty (that
produces hyperactivity) is preserved by the drug intermittent
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drug treatment, via an attenuation or suppression of habituation
to the test context (especially during the establishment of a
sensitization). The drug-free hyperactivity shown on the
conditioning test by the previously drugged animals has thus
been proposed to represent a novelty-induced effect (Damia-
nopoulos and Carey, 1992; Tirelli and Terry, 1998). This cannot
be the case in our study because the conditioned response was
much greater than the novelty-induced hyperactivity, a fact that
would even disconfirm the “lack-of-habituation" hypothesis
(along with several previous studies, for example Ahmed et al.,
1996; Tirelli and Heidbreder, 1999; Tirelli and Terry, 1998).
From our results, it can obviously be concluded that there are
likely no convincing between-genotype dissimilarities in the
neural mechanisms underlying D-amphetamine-induced condi-
tioned psychomotor activity. Note that part of these mechanisms
relies on a differential involvement of D1, D2 and D3 receptors
in the NAC core and the basolateral amygdala in that activity or
in sensitization and non-sensitized psychomotor activation
produced by D-amphetamine (Aujla and Beninger, 2004;
Martin-Iverson and McManus, 1990; Mazurski and Beninger,
1991; Sellings and Clarke, 2006).

In conclusion, the present results confirm that MCHR1-
deficient mice are certainly hypersensitive to the acute
administration of D-amphetamine, suggesting that MCHR1 re-
ceptors may contribute to the brain mechanisms of the psy-
chomotor effects of that drug, perhaps by exerting a direct
inhibitory action on the processes mediating motor and behav-
ioral activation in the mesocorticolimbic system (given the
anatomic localization of MCHR1 receptors). However, we
found no strong evidence for an involvement of the MCHR1
receptor in the mechanisms of induction of psychomotor sen-
sitization and related conditioned hyperactivity. Therefore, the
present results, together with those we have previously obtained
with cocaine (Tyhon et al., 2006), disprove the hypothesis that
MCHR1 receptors directly or indirectly exert an inhibiting
action on mesolimbic monoamine activity, which subserves the
chronic psychomotor and addictive effects of stimulant drugs
(Smith et al., 2005).
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