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Melanin-concentrating hormone (MCH) neurons and MCH-1 receptors (MCH1r) densely populate mesolimbic dopaminergic brain
regions such as the nucleus accumbens (NAc). The regulation of dopamine by MCH1r was suggested to be an important mechanism
underlying the hyperactive phenotype of MCH1r knock-out (ko) mice. However, MCH1r modulation of monoamine neurotransmission
has yet to be examined. We tested whether dopamine, norepinephrine, and serotonin function is dysregulated in MCH1r ko and wild-type
(wt) mice. MCH1r ko mice exhibited robust hyperactivity in a novel or familiar environment and were super-sensitive to the locomotor
activating effects of D-amphetamine and the D1 agonist 2,3,4,5-tetrahydro-7,8-dihydroxy-1-phenyl-1H-3-benazepine HCl. The D2 agonist,
quinpirole, decreased locomotion similarly in both ko and wt mice. Tissue contents of dopamine within the NAc and caudate-putamen
were not significantly different in ko compared with wt mice. Basal and amphetamine-evoked NAc dopamine, norepinephrine, and
serotonin efflux, as measured using in vivo microdialysis, were not significantly different between genotypes. In contrast, D1-like and
D2-like receptor binding were significantly higher within the olfactory tubercle, ventral tegmental area, and NAc core and shell of ko mice.
Norepinephrine transporter (NET) binding was significantly elevated within the NAc shell and globus pallidus of ko mice, whereas
serotonin transporter binding was decreased in the NAc shell. Thus, deletion of MCH1r results in an upregulation of mesolimbic
dopamine receptors and NET, indicating that MCH1r may negatively modulate mesolimbic monoamine function. MCH1r may be an
important therapeutic target for neuropsychiatric disorders involving dysregulation of limbic monoamine systems.

Key words: melanin-concentrating hormone-1 receptor; mesolimbic; nucleus accumbens; dopamine; norepinephrine; hyperactivity;
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Introduction
The lateral hypothalamic neuropeptide melanin-concentrating
hormone (MCH) is an important modulator of food intake and
energy balance (Nahon, 1994; Saper et al., 2002). MCH infusion
into the brain induces feeding in rats (Qu et al., 1996; Rossi et al.,
1997), and mice with an ablation of the MCH gene are hypoph-
agic, hypermetabolic, and lean (Shimada et al., 1998). Transgenic
mice that overexpress MCH are hyperphagic and obese (Ludwig
et al., 2001). The effects of MCH are mediated via two G-protein-
coupled receptors, MCH1r (Chambers et al., 1999; Saito et al.,
1999) and MCH2r (An et al., 2001; Sailer et al., 2001), although
only MCH1r is functional in rodents (Tan et al., 2002). MCH1r
knock-out (ko) mice are hyperactive, are hypermetabolic, have
reduced fat mass, insulin, and leptin levels, and are mildly hy-
perphagic (Chen et al., 2002; Marsh et al., 2002). The slight in-
crease in feeding in MCH1r ko mice is most likely an effect of
increased locomotor and metabolic activity. MCH1r antagonists
attenuate MCH-induced feeding, reduce consumption of highly
palatable food, and decrease body weight in rats with diet-

induced obesity (Borowsky et al., 2002; Takekawa et al., 2002).
Therefore, the MCH1r plays a key role in energy homoeostasis.

MCH-containing fibers (Bittencourt et al., 1992) from the
lateral hypothalamus and MCH1r expression (Hervieu et al.,
2000; Saito et al., 2001) are abundant in mesolimbic dopamine
structures such as the nucleus accumbens (NAc), olfactory tuber-
cle (OT), and ventral tegmental area (VTA). The role of dopa-
mine in the regulation of locomotor activity is well known, and
MCH1r interaction with dopamine systems may underlie the
hyperactive phenotype of MCH1r ko mice (Marsh et al., 2002).
Furthermore, the mesolimbic dopamine system projecting from
the VTA to the NAc has a widely recognized role in processing
responses to drugs of abuse (Wise and Bozarth, 1985; Koob and
Bloom, 1988) and food reinforcers (Hoebel et al., 1989; Kelley
and Berridge, 2002). Thus, it was proposed that MCH1r may
regulate responses to rewarding stimuli (Saper et al., 2002;
DiLeone et al., 2003).

MCH1r localization within limbic brain regions (e.g., NAc)
also provides a neurobiological substrate for MCH1r modulation
of norepinephrine and serotonin, neurotransmitters with chief
roles in regulating affective disorders (Ressler and Nemeroff,
2000). In animal models of depression and anxiety, an MCH1r
antagonist mirrored the effects of known antidepressant and an-
xiolytic drugs (Borowsky et al., 2002).

An attempt to discover a direct relationship between the

Received July 29, 2004; revised Dec. 7, 2004; accepted Dec. 10, 2004.
Correspondence should be addressed to Dr. Daniel G. Smith, Neuroscience Discovery Research, Lilly Research

Laboratories, Eli Lilly and Company, Indianapolis, IN 46285. E-mail: dgsmith@lilly.com.
DOI:10.1523/JNEUROSCI.4079-04.2005

Copyright © 2005 Society for Neuroscience 0270-6474/05/250914-09$15.00/0

914 • The Journal of Neuroscience, January 26, 2005 • 25(4):914 –922



MCH1r and monoamine neurotransmitter systems has not been
described. We hypothesized that the MCH1r negatively modu-
lates the mesolimbic dopamine system and that an altered dopa-
minergic state provides a neurobiological basis for the MCH1r ko
mouse phenotype. The objectives of the present study were as
follows: (1) to evaluate basal and evoked locomotor activity in
MCH1r ko and wild-type (wt) mice; (2) to determine basal and
evoked tissue levels and extracellular concentrations of dopa-
mine, norepinephrine, and serotonin within the NAc of MCH1r
ko and wt mice; and (3) to quantify dopamine receptors and
the dopamine, norepinephrine, and serotonin transporters in
MCH1r ko and wt mice.

Materials and Methods
Animals. All experiments were performed according to the policies of the
Animal Care and Use Committee of Eli Lilly and Company, in conjunc-
tion with the American Association for the Accreditation of Laboratory
Animal Care-approved guidelines. Animals were individually housed in
an environmentally controlled facility in which food and water were
available ad libitum. They were maintained on a 12 h light/dark cycle
(7:30 A.M. to 7:30 P.M.), and all procedures were performed during the
light period.

Adult male wt and MCH1r ko mice were generated on a 129SvEv �
C57BL/6 hybrid background by homologous recombination as de-
scribed previously (Chen et al., 2002). Genotyping was performed by
PCR analysis on mouse-tail DNA. Mice were 3–5 months of age and
weighed 30 –35 g during testing.

Basal and evoked locomotor activity in MCH1r ko and wt mice. Ambu-
lations, defined as the sequential breaking of adjacent photobeams, were
measured with a 20-station Photobeam Activity System (San Diego In-
struments, San Diego, CA) with seven beams per station. To assess the
effects of genotype on spontaneous locomotor activity during habitua-
tion to a novel environment and during re-exposure to the same envi-
ronment 4 h later, mice (n � 31–33 per genotype) were individually
placed into an activity station for 60 min, returned to their home cages
for 4 h, and then placed back into the activity station for 60 min. After 2 d,
mice were placed into the activity-monitoring stations for a habituation
period of 20 min, were injected (0.1 ml/10 g volume, i.p.) with saline, the
D1 receptor agonist 2,3,4,5-tetrahydro-7,8-dihydroxy-1-phenyl-1H-3-
benazepine HCl (SKF-38393) (9 mg/kg; n � 13 per genotype; Sigma-
Aldrich, St. Louis, MO), or the indirect dopamine agonist, D-amphetamine
(AMPH; 0, 3 mg/kg; n � 9–10 per group), and were returned to the stations
for 60 min. A 9 mg/kg dose of SKF-38393 was selected because it was a
subthreshold dose in a preliminary dose–response study of locomotor activ-
ity in C57BL/6 mice (our unpublished results). A second set of MCH1r ko
and wt mice (n � 9–10 per group) was tested according to the same protocol
(i.e., two 60 min sessions followed by a 20 min habituation period and a 60
min test period 2 d later) but was injected with 1 or 2 mg/kg AMPH between
the 20 min habituation period and the 60 min test session. A third set of
MCH1r ko and wt mice (n � 7–12 per genotype) was used to test the effects
of the D2 receptor agonist quinpirole (0.01, 0.1, 1, 10 mg/kg, i.p.; Sigma-
Aldrich) on locomotor activity according to the same protocol described
above. Each mouse was used only once and received one dose of SKF-38393,
AMPH, or quinpirole.

Data are expressed as mean � SEM ambulations in 5-min time bins or
as the mean number of ambulations � SEM across 12 5-min time bins
(i.e., a 60-min test session). One-way ANOVA with repeated measures on
environment (novel or familiar) was used to assess the effects of genotype
on spontaneous locomotor activity (SPSS 10.0 statistical software; SPSS,
Chicago, IL). The effects of AMPH, SKF-38393, and quinpirole were
compared with their respective vehicle-treated control groups using sep-
arate genotype (ko vs wt) � dose (SKF-38393, 0, 9; AMPH, 0, 1, 2, 3;
quinpirole, 0.01, 0.1, 1, 10) two-factor ANOVAs.

Tissue content of monoamines and metabolites. MCH1r ko and wt mice
(n � 10 per genotype) were injected (0.1 ml/10 g volume, i.p.) with
AMPH (3 mg/kg) or 0.9% saline and killed after 30 min. NAc and
caudate-putamen (CPu) tissue from MCH1r ko and wt mice was soni-
cated in �10 volumes 0.1N TCA. Samples were vortexed and then cen-

trifuged at 12,000 � g for 2 min. Supernatants were collected and ana-
lyzed for dopamine, norepinephrine, serotonin, the dopamine metabolites
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), the
norepinephrine metabolite 3-methoxy, 4-hydroxyphenylglycol (MHPG),
and the serotonin metabolite 5-hydroxyindolacetic acid (5-HIAA) concen-
trations using HPLC coupled with electrochemical detection (HPLC-EC).
Monoamines and metabolites were separated with a base deactivated silica-
Hypersil 5 �m C18 analytical column (4.6 � 150 mm; Keystone Scientific,
Bellefonte, PA) with a mobile phase consisting of 75 mM sodium phosphate
monobasic, 350 mg/L 1-octanesulfonic acid sodium salt, 0.5 mM EDTA,
0.8% tetrahydrofuran (HPLC grade, inhibitor-free), and 8% acetonitrile, pH
3 (adjusted with phosphoric acid), at a flow rate of 1.2 ml/min. An electro-
chemical detector (EG & G PARC, Princeton, NJ) with dual glassy carbon
electrodes was used (electrode 1 � 680 mV, range, 0.5 nA; electrode
2 � �100 mV, range, 0.2 nA). Data were collected using EZChrom
software (Scientific Software, San Ramon, CA) that calculated peak
heights and sample concentrations. The sensitivity for monoamine
and metabolites was 0.1 pmol/ml.

In vivo microdialysis. Mice were anesthetized with ketamine (100 mg/
kg) and xylazine (0.2 mg/kg), placed in a stereotaxic apparatus, and
implanted unilaterally with 1 mm microdialysis probes (CMA Microdi-
alysis, North Chelmsford, MA) aimed at the NAc (anteroposterior, �1.3;
mediolateral, �0.6; dorsoventral, �5) (Franklin and Paxinos, 1997).
Visible Light Cured Restorative (Henry Schein, Melville, NY), anchored
by two stainless steel screws (Bioanalytical Systems, West Lafayette, IN),
was used to affix the probe to the skull. Animals were left to recover for
24 –36 h.

On test day, mice (n � 11–15 per genotype) were transferred to a
separate environmentally controlled room connected to a liquid swivel
perfusion system for use with freely moving animals (Bioanalytical Sys-
tems), and artificial CSF (aCSF) (composition in mM: 150 NaCL, 3 KCl,
1.7 CaCl, 0.9 MgCl2, pH 6.0) was perfused through the probe with a
syringe pump (Bioanalytical Systems) at a rate of 1 �l/min for a 2 h
acclimation period. Immediately after the acclimation period, 30 min
samples were collected for 2 h to establish baseline dialysate concentra-
tions. Animals were then injected with saline (0.1 ml/10 g, i.p.), and
samples were collected for 2.5 h. Next, animals were injected with AMPH
(1 or 3 mg/kg, i.p., in saline; Sigma-Aldrich), and 30 min samples were
collected for an additional 2.5 h.

Dialysates were collected into refrigerated fraction collectors (Bioana-
lytical Systems) and analyzed the same day with HPLC-EC as described
previously (Perry and Fuller, 1997). The sensitivity for dopamine, nor-
epinephrine, and serotonin was 0.1 pmol/ml dialysate or 2 fmol/sample
(20 �l). At the end of the experiment, animals were killed by CO2 inha-
lation, and cresyl violet dye was perfused through the probes to mark the
location (Fig. 1). Brains were removed and sliced into 30 �m coronal
sections for histological verification of probe placement.

Basal dialysate concentrations of dopamine, norepinephrine, seroto-
nin, DOPAC, HVA, MHPG, and 5-HIAA levels, expressed in nanomol/
liter, were calculated for each animal from the average of the last three

Figure 1. Representative coronal brain section illustrating the location of 1 mm active dial-
ysis membrane (arrowhead) of microdialysis probe within the NAc of MCH1r ko and wt mice.
The black bar indicates the path of the probe. The boundaries of probe locations for inclusion in
data analysis are outlined (rectangle). AC, Anterior commissure.
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baseline samples using conventional microdialysis. One-way ANOVA
was used to analyze the effects of genotype (MCH1r ko, wt) on basal
monoamine and metabolite levels. The effects of the administration of
saline and AMPH on dopamine, norepinephrine, serotonin, DOPAC,
HVA, MHPG, and 5-HIAA dialysate concentrations were analyzed using
ANOVA. The last four vehicle samples for each group (ko, �0, 1, or 3
mg/kg AMPH; wt, �0, 1, or 3 mg/kg AMPH) were averaged and
compared with the average of the first four samples after the injection
of AMPH.

Quantitative low-perfusion rate microdialysis was used to estimate the
absolute extracellular concentration of dopamine, norepinephrine, sero-
tonin, DOPAC, HVA, MHPG, and 5-HIAA (Smith et al., 1992; Wang et
al., 1997; Gerber et al., 2001). At very slow perfusion flow rates, the
perfusion medium nears equilibrium with the extracellular fluid, and the
concentration of neurotransmitters and metabolites in low-perfusion
rate dialysate samples parallels the extracellular environment. In the
present study, MCH1r ko (n � 6) and wt (n � 4) mice were connected to
the liquid swivel perfusion system as described above, and aCSF (com-
position in mM: 150 NaCL, 3 KCl, 1.7 CaCl, 0.9 MgCl2, pH 6.0) was
perfused through the probe at a flow rate of 50 nl/min for 7– 8 h. Dialy-
sate samples were collected and analyzed according to the procedure
described above. ANOVA was used to compare the extracellular concen-
trations of neurotransmitters and metabolites in ko and wt mice.

Autoradiographic receptor localization. Radioligands were obtained
from NEN (Boston, MA). Autoradiographic localization was performed
according to protocols described previously: [ 3H]-8-chloro-2,3,4,5-
tetrahydro-3–5-1h-3-benzazepin-7-ol (SCH23390) (Dawson et al., 1986),
[3H]-raclopride (Knable et al., 1994a,b), [3H]-[2(�)-carbomethoxy-3(�)-
(4-fluorophenyl)-tropane] (WIN35,428) (Gehlert and Schoepp, 1992),
[3H]-nisoxetine (Gehlert et al., 1995), and [3H]-citalopram (Gehlert et al.,
1995).

After incubation, brain sections were rinsed in buffer, dipped in ice-
cold distilled water, and quickly dried with a stream of cool air. Dried
sections and radioactive standards (3H-Microscales; Amersham Bio-
sciences, Piscataway, NJ) were apposed to phosphoimager plates and
scanned on a phosphoimager (Bioanalytical Systems). Image analysis
was performed using MCID Elite image analysis system (Imaging Re-
search, Ontario, Canada). Brain areas were delineated according to the
mouse brain atlas of Franklin and Paxinos (1997). A minimum of four
bilateral readings were taken for each region for each animal (n � 5 per
genotype). Specific binding was determined by subtraction of nonspe-
cific binding (obtained by incubating adjacent sections with the addition
of a saturating concentration of displacer) from total binding. The mean
values of readings taken in each region for each individual animal were
grouped by genotype and analyzed by region using unpaired, two-tailed
t tests with a significance level of p � 0.05. Data are presented as mean �
SEM in nanoCurie per milligram plastic using the calibration with the
radioactive standards.

Results
Elevated basal and evoked locomotor activity in MCH1r
ko mice
In a previous study, MCH1r ko mice were reported to exhibit
increased locomotor activity (Marsh et al., 2002). To extend these
findings, we tested the hypothesis that MCH1r ko and wt mice
would exhibit a greater novel environment-induced locomotor
response and that this hyperactivity would persist despite habit-
uation to the environment. We found that MCH1r ko mice
showed markedly higher basal locomotor activity over 60 min
when exposed to a novel environment and when re-exposed to
the same environment 4 h later, compared with wt mice (Fig. 2).
The average number of ambulations across six 10-min time bins
in the novel environment (ko, 66 � 4.4; wt, 51 � 4.3) or familiar
environment (ko, 40 � 5; wt, 22 � 5) was significantly higher in
ko than wt mice (novel, F(1,62) � 6, p � 0.02; familiar, F(1,62) �
6.5, p � 0.01). Activity levels decreased �50% from the first
(novel environment) to the second (familiar environment) loco-

motor test in both ko and wt mice, indicating that between-
session habituation was intact in MCH1r ko mice.

Elevated basal locomotor activity may be indicative of dys-
functional mesolimbic dopamine circuitry. Thus, the locomotor
responses to SKF-38393 (9 mg/kg, i.p.), AMPH (1, 2, 3 mg/kg,
i.p.), and quinpirole (0.01, 0.1, 1, 10 mg/kg, i.p.) were measured
in separate groups of MCH1r ko and wt mice (i.e., each mouse
received only one dose of either SKF-38393, AMPH, or
quinpirole).

SKF-38393 super-sensitivity in MCH1r ko mice
The administration of SKF-38393 (9 mg/kg, i.p.) did not affect
locomotor activity in wt mice, whereas ko mice were six times
more active than vehicle-injected ko mice (Fig. 3A). A geno-
type � dose of SKF-38393 two-factor ANOVA revealed a signif-
icant main effect of genotype (F(1,21) � 5.1; p � 0.03), whereas the
main effect of dose (F(1,21) � 1.7; p � 0.2) and the genotype �
dose interaction (F(1,21) � 2.6; p � 0.1) were not significant.

AMPH super-sensitivity in MCH1r ko mice
The administration of 3 mg/kg AMPH produced a robust in-
crease in ambulations in MCH1r ko and wt mice (Fig. 3B). The
magnitude of the increase in activity was more than threefold
greater in ko (�2000%) than wt (�300%) mice, when compared
with their respective vehicle-injected control groups. Further-
more, 2 mg/kg AMPH was ineffective in wt mice but produced a

Figure 2. MCH1r ko mice exhibit basal hyperactivity in a novel or familiar environment. A,
Time course of the locomotor response and mean ambulations over 60 min in MCH1r ko (KO)
and wt (WT) mice. Data represent the mean number of ambulations � SEM in 31–33 mice per
genotype. *p � 0.05 ko versus wt mice.
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significant ( p � 0.05) increase in ambulations in MCH1r ko
mice. No significant effect on ambulations was observed after the
administration of 1 mg/kg AMPH in ko or wt mice. A genotype �
AMPH dose two-factor ANOVA indicated significant main ef-
fects of genotype (F(1,67) � 46.4; p � 0.001) and dose (F(3,67) �
39.7; p � 0.001) and a significant genotype � dose interaction
(F(3,67) � 22.4; p � 0.001). Post hoc Duncan’s test revealed signif-
icant increases in ambulations in MCH1r ko mice after 2 and 3
mg/kg and in wt mice after 3 mg/kg AMPH.

Quinpirole-induced suppression of locomotor activity
Quinpirole (0.1, 1, and 10 mg/kg) significantly reduced locomo-
tor activity in MCH1r ko and wt mice (Fig. 3C). Using a two-
factor (genotype � dose) ANOVA, there was a significant main
effect of quinpirole dose (F(4,82) � 13.7; p � 0.001), whereas the
effects of genotype (F(1,82) � 0.2; p � 0.7) and the genotype �
dose interaction (F(4,82) � 0.6; p � 0.7) were not significant.

One-way ANOVA was used to analyze the effect of dose across
genotypes. The 0.1, 1, and 10 mg/kg doses, but not a 0.01 mg/kg
dose, of quinpirole significantly reduced locomotor activity
(F(9,82) � 6.4; p � 0.001).

Basal and AMPH-evoked tissue and extracellular levels of
monoamines and metabolites
Increased basal locomotor activity and enhanced AMPH and D1

agonist-induced locomotor responses are indicative of enhanced
dopaminergic neurotransmission within the mesolimbic dopa-
mine system (Fink and Smith, 1980; Koob et al., 1981; Xu et al.,
2000). To test the hypothesis that heightened dopamine function
underlies the hyperactive phenotype of MCH1r ko mice, we used
HPLC-EC to determine NAc and CPu tissue contents of dopa-
mine, norepinephrine, serotonin, DOPAC, HVA, MHPG, and
5-HIAA. Basal tissue contents of dopamine, DOPAC, and HVA
and the DOPAC/dopamine and HVA/dopamine ratios were un-
changed in ko mice (Fig. 4). Similarly, AMPH-evoked tissue lev-
els of dopamine, DOPAC, or HVA were not different in MCH1r
ko compared with wt mice (i.e., a 20 – 40% reduction in DOPAC/
dopamine and HVA/dopamine ratios was measure in ko and wt
mice). There were no genotype-dependent differences in tissue
contents of serotonin, MHPG, 5-HIAA, or the 5-HIAA/5-HT
ratio within the NAc or CPu (data not shown). Norepinephrine
tissue levels were below the detectable limits of our HPLC-EC
system.

Although tissue dopamine content was unchanged in MCH1r
ko mice, the hyperactive phenotype may be associated with ele-
vated extracellular dopamine concentration within the NAc. We
used low-perfusion rate quantitative microdialysis (Smith et al.,
1992; Wang et al., 1997; Gerber et al., 2001) and conventional in
vivo microdialysis to assess basal efflux of dopamine, norepi-
nephrine, serotonin, and levels of DOPAC, HVA, 5-HIAA, and
MHPG within the NAc of MCH1r ko and wt mice. There were no
statistically significant (F(1,23) � 0.1–2.1; p � 0.2– 0.7) differences
in basal levels of parent amines (Fig. 5) or metabolites (data not
shown), as determined using the low-perfusion rate or conven-
tional methods, between ko and wt mice. It is noteworthy that the

Figure 3. MCH1r ko mice are super-sensitive to D1 agonist (SKF-38393)-evoked or AMPH-
evoked locomotor activity but not to the activity-suppressing effect of D2 stimulation by quin-
pirole. The data represent the mean number of ambulations � SEM in MCH1r ko and wt mice
for 60 min after the administration of SKF-38393 ( A) (9 mg/kg, i.p.; n � 13 per group), AMPH
( B) (1–3 mg/kg, i.p.; n � 9 –10 per group), or the D2 agonist quinpirole ( C) (0.01–10 mg/kg,
i.p.; n � 9 –12 per group). *p � 0.05 versus respective vehicle-treated animals.

Figure 4. Tissue dopamine content is unchanged in MCH1r ko mice, compared with wt mice,
after administration of vehicle (KO�, WT) or 3 mg/kg (i.p.) amphetamine (KO�, WT�). HPLC
analysis of dopamine, DOPAC, and HVA within the NAc and CPu of MCH1r ko and wt mice.
Serotonin, MHPG, and 5-HIAA levels were not significantly different in ko compared with wt
mice (data not shown). Data represent the ratio of the mean � SEM nmol/g tissue in five mice
per genotype. *p � 0.05 AMPH-evoked (�) versus basal (�).
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dopamine levels measured by low-perfusion rate microdialysis
that we report are lower than previously published dopamine
values measured using the no-net flux technique in the mouse
NAc (Shippenberg et al., 2000; Chefer et al., 2003). All probe
placements were verified histologically, and animals with probes
located outside the NAc were excluded. It is possible that varia-
tions in the precise localization of probes within the mouse NAc
contributed in part to the disparity between dopamine levels in
the current study and published values. In fact, an NAc shell-core
subregion dichotomy in mouse extracellular dopamine levels was
shown with dopamine values in the shell significantly lower than
those in the core (Zocchi et al., 2003). Importantly, methodolog-
ical differences (e.g., length of time between probe implantation
and testing, strain of mice) between the no-net flux experiments
by Shippenberg et al. (2000) and Chefer et al. (2003) and the
low-perfusion rate technique, as applied in the present study,
may collectively account for discrepancies in our reported dopa-
mine levels.

The basal efflux of monoamines within the NAc was not sig-
nificantly higher in MCH1r ko than wt mice, but the enhanced
locomotor response of ko mice to AMPH may indicate that the
mesolimbic dopamine system is hyper-responsive to evoked do-
pamine efflux. Thus, we examined the effects of AMPH (1, 3
mg/kg, i.p.) administration on dopamine, norepinephrine, sero-
tonin, DOPAC, HVA, MHPG, and 5-HIAA levels within the NAc
of ko and wt mice. No significant differences were observed in
parent monoamine or metabolite concentrations in ko or wt
mice after the administration of 1 mg/kg AMPH. However, there
was a nonsignificant trend toward an increase in dopamine efflux
(Fig. 6A) and a decrease in DOPAC and HVA levels (data not
shown) in MCH1r ko mice. Robust increases in dopamine and
norepinephrine efflux were observed in ko and wt mice after the
injection of 3 mg/kg AMPH (Fig. 6B–D). The peak absolute con-
centration of evoked dopamine release was similar across geno-
types (i.e., 2.7 � 0.5 pmol/ml and 2.8 � 0.8 pmol/ml in ko and wt
mice, respectively) (Fig. 6B,C). Norepinephrine levels were sig-
nificantly elevated (Fig. 6C,D), and DOPAC levels were signifi-
cantly decreased (data not shown), after the injection of 3
mg/kg AMPH, but no genotype-dependent changes were ob-
served. Significant changes were not detected in the levels of
serotonin, 5-HIAA, HVA, or MHPG after the administration
of 3 mg/kg AMPH.

Figure 5. Basal concentrations of dopamine (DA), norepinephrine (NE), and serotonin (5-
HT) within the NAc are unaltered in MCH1r ko mice. Parent monoamine and metabolite (data
not shown) levels were determined in MCH1r ko and wt mice using the quantitative low-
perfusion rate microdialysis technique ( A) (Smith et al., 1992; Wang et al., 1997; Gerber et al.,
2001) in four to six mice per genotype and conventional microdialysis in 11–14 mice per geno-
type ( B). Data are expressed in nanomol/liter concentration and represent the mean � SEM.

Figure 6. The effects of AMPH on dialysate dopamine and norepinephrine levels in the NAc
are similar in MCH1r ko and wt mice. A, Time course of NAc dopamine efflux before and after the
administration of vehicle (VEH) (saline) and 1 mg/kg AMPH (i.p.) in four to five mice per geno-
type. B, C, Time courses of NAc dopamine and norepinephrine efflux after injection of saline or 3
mg/kg AMPH (i.p.) in MCH1r ko and wt mice (n � 6 – 8 per genotype). D, Mean concentration
of dopamine (left) and norepinephrine (right) in the first four samples collected after the ad-
ministration of saline (0.0) or AMPH (1 and 3 mg/kg, i.p.). Data are expressed in nanomol/liter
concentration and represent the mean � SEM of the absolute values in the dialysate at each
time point. *p � 0.05 versus saline.
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Upregulation of mesolimbic D1 and D2 receptors and
norepinephrine transporter in MCH1r ko mice
The increased sensitivity to AMPH and D1 agonist-induced loco-
motor activity in the absence of changes in dopamine levels in
MCH1r ko mice indicates that mesolimbic dopamine receptors
may be upregulated. Therefore, we used quantitative autoradiog-
raphy to localize D1 and D2 receptors, dopamine transporters
(DATs), norepinephrine transporters (NETs), and serotonin
transporters (SERT) within the NAc core (NAcC), NAc shell
(NAcSh), VTA, OT, CPu, globus pallidus (GP), and substantia
nigra (SN) of MCH1r ko and wt mice (Figs. 7, 8; Table 1).

[ 3H]-SCH23390 and [ 3H]-raclopride binding was signifi-
cantly higher within mesolimbic brain regions (e.g., NAc, OT,
VTA) but not within nigrostriatal dopamine system structures
(e.g., SN, CPu, GP) in MCH1r ko mice (Fig. 8). The results from
[ 3H]-WIN35,428, [ 3H]-nisoxetine, and [ 3H]-citalopram bind-
ing are outlined in Table 1. Within the NAcSh, [ 3H]-SCH23390,
[ 3H]-raclopride, and [ 3H]-nisoxetine binding was significantly
higher in ko than wt mice (284, 300, and 367%, respectively; t �
2.4 – 4.73; p � 0.04 – 0.002), whereas [ 3H]-citalopram binding
was significantly lower in ko than wt mice (41%; t � 2.8; p �
0.02). No statistically significant differences were observed with
[ 3H]-WIN35,428 binding to the DAT in the areas examined.
Within the NAcC, [ 3H]-SCH23390 and [ 3H]-raclopride binding
were slightly, but significantly, higher in ko than wt mice (124 and
129%, respectively; t � 2.6 –2.7; p � 0.03). Small but significantly
higher [ 3H]-SCH23390 binding within the VTA (150%) and
[ 3H]-raclopride binding within the OT (134%) was observed in

ko compared with wt mice (t � 2.8; p �
0.02; t � 3.7; p � 0.01, respectively).
Within the GP, [ 3H]-nisoxetine binding
was significantly higher (350%) in ko than
wt mice (t � 2.6; p � 0.03). No significant
differences in ligand binding were ob-
served within the CPu or SN of ko com-
pared with wt mice.

Discussion
MCH1r ko mice were found to be hyper-
active, hypermetabolic, and lean (Chen et
al., 2002; Marsh et al., 2002). The MCH
system is unique among orexigenic neu-
ropeptides, because MCH1r receptor ex-
pression is dense within dopamine-rich
mesolimbic brain regions such as the NAc
and VTA (Hervieu et al., 2000; Saito et al.,
2001). Therefore, we tested the hypothesis
that MCH1r deletion causes mesolimbic
dopamine system dysregulation and that
an altered dopaminergic state provides a
neurobiological basis for the MCH1r ko
mouse phenotype.

We show behavioral and neurobiolog-
ical evidence that MCH1r ko mice are hy-
persensitive to mesolimbic dopamine neu-
rotransmission. First, MCH1r ko mice
exhibit persistent hyperactivity in re-
sponse to a novel or familiar environment
and are behaviorally hyper-responsive to
AMPH or D1 receptor stimulation, but not
D2 activation by quinpirole, compared
with wt mice (Figs. 2, 3). Lesions of the
NAc dopamine system reduce spontane-
ous locomotion and AMPH-evoked hy-

peractivity (Koob et al., 1981), and restoration of NAc dopamine
re-establishes exploratory activity in dopamine-depleted mice
(Szczypka et al., 2001). Therefore, behavioral hyperactivity and
hyper-responsiveness to dopamine-evoked locomotion may be
the manifestation of underlying changes in mesolimbic dopami-
nergic function. We directly tested whether hyperactivity and
hyper-responsiveness to SKF-38393 and AMPH-evoked locomo-
tion in MCH1r ko mice is associated with a mesolimbic hyperdo-
paminergic state.

Tissue contents of dopamine, serotonin, DOPAC, HVA,
MHPG, and 5-HIAA within the NAc and Cpu were determined,
and we used in vivo microdialysis to measure the extracellular
concentrations of dopamine, norepinephrine, serotonin,
DOPAC, HVA, MHPG, and 5-HIAA within the NAc. Low-
perfusion flow rate and conventional microdialysis techniques
were used to assess basal dialysate concentrations, because inher-
ent variance associated with the conventional method may mask
small but significant differences (Shippenberg et al., 1999). In the
present study, no significant differences in basal or AMPH-
evoked tissue levels of monoamines or metabolites within the
NAc or CPu were found in MCH1r ko, compared with wt mice
(Fig. 4). MCH1r ko and wt mice also did not significantly differ in
basal or AMPH-induced extracellular monoamine concentra-
tions within the NAc (Figs. 5, 6). Dopamine is released into the
NAc by neurons originating in the VTA, and MCH does not
increase the firing rate of VTA neurons (Korotkova et al., 2003).

Figure 7. Representative autoradiographic localizations of [ 3H]-SCH23390 (D1 ), [ 3H]-raclopride (D2 ), and [ 3H]-WIN35,428
(DAT) binding sites within the NAc core and shell, OT, and CPu at approximately bregma plus 1.1 mm. Mesolimbic D1 and D2

receptors are upregulated within the NAc and OT in MCH1r ko mice, compared with wt mice. Note the increased binding within the
NAc shell (arrowhead) in ko mice. Quantitative receptor autoradiography was performed as described in Materials and Methods.
The highest binding levels appear as red or orange.
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Therefore, the MCH1r does not appear to have a major role in
modulating meso-accumbens dopamine release.

The actions of extracellular dopamine are terminated by re-
uptake through the DAT and NET (Amara and Kuhar, 1993;
Yamamoto and Novotney, 1998). The DAT, NET, and SERT
have high affinity for AMPH, and AMPH causes reverse-
transport of cytoplasmic monoamines through these carriers
(Wall et al., 1995; Pifl et al., 1999). In the absence of DAT, mice
are hyperdopaminergic and hyperactive (Giros et al., 1996). We
hypothesized that downregulation of DAT in MCH1r ko mice
may account for their hyperactive pheno-
type. We quantified the DAT, NET, and
SERT in MCH1r ko and wt mice. DAT lev-
els did not significantly differ between the
genotypes (Table 1). Consistent with the
microdialysis data, it is unlikely that
changes in DAT are responsible for the
phenotype of MCH1r ko mice. Alterna-
tively, the vesicular pool of dopamine
available for release may be more impor-
tant than the expression of DAT in modu-
lating the monoamine-releasing effects of
AMPH (Jones et al., 1998), but we demon-

strated that MCH1r ko and wt mice do not differ in tissue levels of
dopamine or its metabolites (Fig. 4). The phenotype of MCH1r
ko mice does not appear to depend on neuroadaptations in DAT
function.

In contrast, the multifold increase in NET in MCH1r ko mice
(Table 1) leaves open the possibility that AMPH super-sensitivity
in MCH1r ko mice is partly attributable to increased AMPH-
induced reverse-transport of dopamine through the NET. It is
also possible that increased NET levels in MCH1r ko mice may
mask a genotype-dependent difference in AMPH-evoked dopa-
mine or norepinephrine efflux. Norepinephrine and serotonin
systems are directly implicated in modulating anxiety and de-
pression (Ressler and Nemeroff, 2000), and differences in NET
and SERT expression may indicate a neurobiological substrate
for the purported anxiolytic and antidepressant properties of an
MCH1r antagonist (Borowsky et al., 2002). SNAP-7941, a novel
selective MCH1r antagonist, was effective at decreasing immobil-
ity in the rat forced-swim test, reducing the number of maternal
separation-induced vocalizations and increasing social interac-
tion among unfamiliar rats (Borowsky et al., 2002). These results
parallel the effects of known antidepressant and anxiolytic drugs
(Lucki, 1997; Rupniak et al., 2000; File and Seth, 2003). Addi-
tional studies directed at elucidating the precise role of NET and
SERT changes in the MCH1r ko mice are ongoing.

Given that MCH1r ko mice are super-sensitive to SKF-38393-
induced hyperactivity (Fig. 3A), we explored whether dopamine
receptor changes underlie the MCH1r ko mouse phenotype. We
showed that D1 and D2 receptors are significantly upregulated
within brain regions that comprise the mesolimbic (i.e., VTA,
NAc, OT), but not nigrostriatal (i.e., substantia nigra, caudate-
putamen), dopamine system within MCH1r ko mice (Fig. 8).
Activation of postsynaptic dopamine receptors inhibits GABAer-
gic projections to the ventral pallidum (VP), which, in turn, in-
creases locomotion (Mogenson and Nielsen, 1983; Koob and
Swerdlow, 1988). D1 receptors are required for the expression of
SKF-38393-mediated hyperactivity (Xu et al., 1994b), and hyper-
locomotion (Xu et al., 2000) and fos-like immunoreactivity
(Graybiel et al., 1990) induced by AMPH is, in part, mediated by
D1 receptor activation. Moreover, mesolimbic dopamine recep-
tors are known to mediate goal-directed, exploratory activity
(Dreher and Jackson, 1989; Xu et al., 1994a; Szczypka et al.,
2001). Thus, it is evident that altered D1 receptor-mediated
neurotransmission is a vital neural substrate of the hyperactive
phenotype of MCH1r ko mice.

An upregulation of postsynaptic D2 receptors may contribute
to hyperactivity in MCH1r ko mice by disinhibiting NAc
GABAergic efferents to the VP. However, D2 receptors within the
NAc are also presynaptic autoreceptors localized on dopaminer-
gic and glutamatergic neurons within the NAc (Yang and Mogen-
son, 1986; Wu et al., 1993). Activation of D2 autoreceptors sup-

Table 1. Dopamine, norepinephrine, and serotonin transporter localization in MCH1r ko and wt mice

Brain region [3H]-WIN35,428 [3H]-Nisoxetine [3H]-Citalopram

Nucleus accumbens ko wt ko wt ko wt
Core 1.8 � 0.4 1.7 � 0.1 0.7 � 0.1 0.2 � 0.2 10.6 � 0.6 9.3 � 1.1
Shell 0.4 � 0.06 0.5 � 0.05 1.1 � 0.3* 0.3 � 0.1 7.0 � 2.7* 16.9 � 2.3
Olfactory tubercle 1.4 � 0.07 1.4 � 0.1 0.5 � 0.2 0.3 � 0.1 17.3 � 0.6 21.5 � 1.9
Ventral tegmental area 0.5 � 0.06 0.4 � 0.1 2.7 � 0.2 2.1 � 0.3 34.5 � 1.2 34.5 � 3.0
Caudate putamen 2.3 � 0.1 2.2 � 0.1 0.2 � 0.4 0.03 � 0.1 6.0 � 0.4 6.0 � 0.8
Globus pallidus 0.1 � 0.05 0.1 � 0.03 0.7 � 0.1* 0.2 � 0.1 13.8 � 0.8 16.1 � 2.3
Substantia nigra 0.9 � 0.2 0.8 � 0.1 1.7 � 0.3 1.0 � 0.1 43.8 � 1.4 49.3 � 3.8

Values are the means � SEM in nanoCurie/milligram plastic. A minimum of four bilateral readings was taken per animal (n � 5 animals per genotype).
Sections were procured and incubated as described in Materials and Methods. * p � 0.05, ko versus wt using unpaired two-tailed Student’s t test.

Figure 8. D1 and D2 receptor binding within mesolimbic but not other brain regions in
MCH1r ko mice is upregulated. Autoradiographic localization of [ 3H]-SCH23390 (D1 ) ( A) and
[ 3H]-raclopride (D2 ) ( B) binding sites within mesolimbic and nigrostriatal dopamine system
brain regions in MCH1r ko and wt mice (n � 5 per genotype). Quantitative receptor autoradiog-
raphy was performed as described in Materials and Methods. *p � 0.05 ko versus wt.
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presses locomotor activity (Mogenson and Wu, 1991; Frantz and
Van Hartesveldt, 1995). We showed that the D2 agonist, quinpi-
role, reduced activity similarly in both MCH1r ko and wt mice
(Fig. 3C). Thus, if D2 autoreceptors in MCH1r ko mice are up-
regulated, the effect on locomotor activity is overridden by up-
regulated D1 and postsynaptic D2 receptors. We tested a broad
range of doses and most likely would have detected super-
sensitivity to D2-mediated hypoactivation if it developed in
MCH1r ko mice.

The relationship of mesolimbic dopamine receptor upregula-
tion with the role of MCH1r in feeding is unclear, because the
administration of dopamine receptor agonists and antagonists
reduces food intake in rodents (Heffner et al., 1977; Johnson and
Bruno, 1990; Salamone et al., 1990; Pitts and Horvitz, 2000).
However, increased sensitivity of the mesolimbic monoamine
systems may be indicative of altered reward processing mecha-
nisms. The mesolimbic dopamine system has an established role
in drug abuse and feeding, and there is nascent interest in the role
of MCH1r in modulating responses to reinforcing stimuli (Saper
et al., 2002; DiLeone et al., 2003). Additional investigation into
the precise relationship of the MCH system with reward is under-
way and may provide new insight into treating drug addiction
and feeding disorders.

It is noteworthy that the MCH1r ko and wt mice used in these
studies had a mixed 129SvJ � C57BL/6 genetic background. Ge-
netic background is known to influence various behaviors
(Crawley et al., 1997), and the phenotype of these mice may not
be independent of genetic background. However, the phenotype
of our MCH1r ko and wt mouse lines mirrors the phenotype of
MCH1r ko and wt mice on a 129SvEv � C57BL/6 hybrid back-
ground (Marsh et al., 2002). In addition, 129SvEv and C57BL/6
mice behave similarly in various tests, including rotorod perfor-
mance and open-field exploration (Bothe et al., 2004).

In conclusion, we show that MCH1r ko mice are super-
sensitive to activation of postsynaptic mesolimbic dopamine re-
ceptors and that upregulation of these receptors is the fundamen-
tal neural substrate of the MCH1r ko mouse phenotype. In
addition, we demonstrated that MCH1r ko mice have significant
alterations in mesolimbic norepinephrine and serotonin systems
that may contribute to the phenotype. We hypothesize that
MCH1r regulates mesolimbic monoamine neurotransmission
and that genetic deletion of the MCH1r results in increased sen-
sitivity to mesolimbic system activity. Alternatively, MCH may be
important for the normal development of mesolimbic systems,
and deletion of the MCH1r prevents their normal growth. Either
way, our results are consistent with an important interaction of
MCH1r with the function of mesolimbic brain regions. Limbic
system dopamine, norepinephrine, and serotonin have vital roles
in craving and affective neuropsychiatric disorders, and modula-
tion by MCH1r of these neurotransmitters may be an important
therapeutic mechanism in the treatment of these diseases.
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