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A B S T R A C T

The neurobiological substrate of learning process and persistent memory storage involves multiple brain

areas. The neocortex and hippocampal formation are known as processing and storage sites for explicit

memory, whereas the striatum, amygdala, neocortex and cerebellum support implicit memory. Synaptic

plasticity, long-term changes in synaptic transmission efficacy and transient recruitment of intracellular

signaling pathways in these brain areas have been proposed as possible mechanisms underlying short-

and long-term memory retention. In addition to the classical neurotransmitters (glutamate, GABA),

experimental evidence supports a role for neuropeptides in modulating memory processes. This review

focuses on the role of the Melanin-Concentrating Hormone (MCH) and receptors on memory formation

in animal studies. Possible mechanisms may involve direct MCH modulation of neural circuit activity

that support memory storage and cognitive functions, as well as indirect effect on arousal.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Living in a constantly changing environment requires beha-
vioral adaptation. Upon specific events or sequence of events, new
behaviors are learned, consolidated, stored and eventually,
recalled upon specific stimuli. Thus, learning and memory
processes are mandatory for survival of an organism.

Multiple neurotransmitters and cell-specific neuropeptides
have been identified as critical components of neuronal circuits
and brain regions involved in learning and memory. Those include
glutamate, gamma-aminobutyric acid (GABA), acetylcholine and
the monoaminergic systems of the brain (dopamine, serotonin,
norepinephrine, histamine). In addition to these neurotransmit-
ters, neuronal populations that produce and secrete neuropeptides
have been recently shown to modulate a wide variety of brain
functions including memory storage, stress, locomotor activity,
anxiety and depressive symptoms.

This review will focus on the role of the Melanin-Concentrating
Hormone (MCH) peptides and its receptors – identified further as
the MCH system – in learning and memory processes and their
possible modulation of brain circuit plasticity in goal-oriented
mammalian behaviors. Possible links between arousal setting and
cognitive function are discussed.
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2. The Melanin-Concentrating Hormone: a modulator of
memory storage

Behavioral adaptation to a naturally occurring event (energy
homeostasis, predation, reproduction), or during an experimental
task in a laboratory, results from the integration of external and
internal signals. These signals are processed by different regions
or combination of regions of the brain that support cognitive
(limbic system, cortex), homeostatic (hypothalamus) and sensory
(thalamus) functions. Explicit memory (facts, events) is prefer-
entially encoded by the medial temporal lobe (hippocampal
formation and the adjacent perirhinal, entorhinal, and parahip-
pocampal cortices) while implicit memory is represented in
multiple regions that includes the neocortex (priming), the
striatum (skills and habits), the amygdala (emotional responses
in associative learning), the cerebellum (motor response) and
reflex pathways (non-associative learning). Thus, integration of
these signals into behavior requires timely physiological and
cortical arousal of the organism.

Interestingly, neurotransmitters involved in cognitive functions
are also responsible for tuning of arousal [24,43]. Activation of
neurons producing acetylcholine and monoamines neurotrans-
mitters have long been associated with an increased in arousal and
vigilance, as well as increased responsiveness of cortical and
thalamic cells to sensory stimuli [29].

The MCH system is the target of these ascending and
descending arousal and cognitive-promoting neuronal popula-
tions from the brainstem and forebrain structures [60]. In turn,
MCH neurons project reciprocally to these nuclei and to other
brain areas [9]. Thus, the MCH system – MCH peptide, MCH
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receptors and MCH-related peptides and transcripts – modulates
multiple brain functions, including learning and memory pro-
cesses, energy homeostasis, stress, anxiety and depression (this
issue, reviewed in [40]).

2.1. Neuroanatomy of the MCH system

The Pmch gene encodes for a large precursor named preproMCH
(ppMCH) which generates MCH and the Neuropeptides EI and GE
[38]. Alternative splicing of the Pmch gene generates a peptide with
unknown function, coined MCH-gene-overprinted-polypeptide
[57] and two additional chimeric MCH genes, PMCHL1 and PMCHL2

have been identified in the human lineage [18], suggesting a
complex evolution of the original MCH gene. The MCH system is
highly conserved in the animal kingdom [7,39], suggesting an
important role in multiple brain functions.

MCH-producing neurons are located in the lateral hypothala-
mus (LH) and the Zona Incerta (ZI) and send extensive projections
to the cortex, the hippocampal formation, the medial, lateral and
basolateral nuclei of the amygdala, the nucleus accumbens (NAcc),
the locus coeruleus, the raphe and nuclei of the reticular formation
[9] (Fig. 1). Intra-hypothalamic MCH projections target the arcuate
nucleus, dorsomedial hypothalamus, lateral and posterior
hypothalamus and tuberomammillary nucleus [9]. Two MCH
receptors, MCH-R1 and MCH-R2, have been identified in mammals,
however the MCH receptor 2 is not functional (i.e. capable to bind
MCH peptide) in several non-human species (rat, mouse, hamster,
guinea pig, and rabbit) [55]. MCH-containing fibers match the
distribution of MCH receptors [10,26,47]. MCH neurons generally
co-localize with GABAergic markers [19], suggesting an inhibitory
function in energy homeostasis [48], locomotor activity
[35,51,52,58,59], sexual behavior [22], autonomic functions [5],
and arousal [25,36,64].
Fig. 1. The Melanin-Concentrating Hormone system targets memory circuits of the b
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2.2. MCH modulation of learning and memory processes

The hippocampus plays a crucial role in episodic, declarative,
contextual and spatial learning and memory, but also integrates
emotional components, such as stress, in cognitive processing. The
amygdala and prefrontal cortex integrate emotional memories,
whereas the striatum has been involved in goal-directed learning
and the acquisition of habits [6,67].

Consistent with its modulation of learning and memory
processes, high levels of MCH-R1 mRNA expression have been
found in the CA1 field of the hippocampal formation, subiculum,
cerebral cortex, basolateral amygdala, shell of the nucleus
accumbens [10,26,47]. Dense MCH terminals have also been
localized in these structures [9] (Fig. 1). In contrast to other
GABAergic cell types and neuroinhibitory transmitters, activation
of MCH-producing neurons appears to increase learning and
memory processes [1,37,61–63]. Intra-hippocampal infusions of
the MCH peptide increase the response latency in a one-trial step
down inhibitory avoidance test in rats [37,61]. In this experimental
paradigm, animals are placed on a platform and latency to step
down from this platform is considered as a measurement of
learning and memory processes. On the training session, imme-
diately after stepping down from the platform, the animal receives
a footshock. Then, short- and long-term memory retention is
carried out by re-testing the same animal 24 h and several days
after training. Memory storage of this paradigm involves the
hippocampus, entorhinal cortex and amygdala [14], which contain
high densities of MCH-containing fiber terminals and MCH-R1
transcripts. After the training session, rats showed an increase in
memory retention when MCH is administered to the CA1 region of
the hippocampus immediately and 4 h after the training session. A
similar effect was found after infusion of MCH in the amygdala of
rat immediately, but not 4 h, after training. These data suggest that
rain. Schematic drawing of a saggital section through the rat brain showing the

ted to the lateral hypothalamus and zona incerta. Arrows point out some of the more

explicit memory (medial temporal lobe) and implicit memory, in particular the

ditionning) and non-associative (habituation/sensitization) learning including the

e cerebellum. Note that MCH neurons project to the main arousal center of the brain

s, cholinergic cells of the basal forebrain and brainstem and serotonine-producing

ocesses by modulating arousal. Abbreviations used: Amy, amygdala; Ctx, cortex; H,

al chord; Th, thalamus.



A. Adamantidis, L. de Lecea / Peptides 30 (2009) 2066–20702068
MCH peptide modulates the activity of both the hippocampus and
the amygdala to directly affect cognitive and emotional functions
during the cognitive task. Interestingly, these cognitive changes
correlate with increased potentiation (as measured by the
amplitude of excitatory post-synaptic potential), nitric oxide
(NO) and cGMP levels in the hippocampus of rats showing
memory impairment [61]. These results suggest that NO-mediated
signaling in the hippocampus may be responsible for the effect of
MCH on memory retention. Whether the increase of NO or the
increase of intracellular calcium concentration, and subsequent
intracellular signaling cascades, induced by MCH [16,46] is
responsible for the observed effect remains to be determined.

Furthermore, in vitro studies have demonstrated that MCH
decreases long-term potentiation (LTP) thresholds by increasing
hippocampal synaptic transmission through a NMDA receptor
(NMDAR)-dependent pathway [63]. Animals injected with MCH
show an increase in the steady-state concentration of NMDA
receptor subunit 1 (NR1) – whose expression is necessary for
NMDA receptor function and memory formation in an inhibitory
avoidance task [15] – as well as NR2A and NR2B subunit transcripts
in the dentate gyrus, suggesting a NMDA-mediated effect.

Analysis of MCH-receptor 1 (MCH-R1) knockout (KO) mice has
confirmed the pro-mnesic effect of MCH brain infusion. Since the
MCH-R1 is the solely MCH receptor in mice [55]), this strain is a
valuable tool to selectively assess the contribution of the MCH
peptide to brain functions. Thus, MCH neurotransmission is
selectively blocked in MCH-R1 KO animals [1,17,35] compared
to ppMCH KO mice [30,49] that lack other peptides encoded by the
gene [4,11,38]. MCH-R1 KO animals show impaired memory
retention when tested in a modified inhibitory avoidance
paradigm [1]. In these experiments, the latency to re-enter a
compartment where animals received an electric shock is reduced
in MCH-R1 KO animals compared to controls when the tests are
conducted one and six days after the training. Intracellular
recordings of CA1 pyramidal neurons in hippocampal slices from
the MCH-R1 KO mice show significantly decreased NMDA
responses. Finally, NR1 transcripts are reduced in CA1 field of
the hippocampus in MCH-R1 KO animals compared to controls.
Pharmacological screening has identified several potent MCH
receptor 1 antagonists [33], which have not yet been tested on
learning and memory paradigms.

Given the wide distribution of MCH-containing projection and
MCH receptors expression, it is possible that MCH-mediated
modulation of cognition results from indirect modulation of
neuronal circuits in the amygdala and nucleus accumbens (Fig. 1).
Infusion of MCH in the amygdala increases memory retention in
emotion-dependent tasks [37,61]. Although MCH has no effect no
effect on dopamine and non-dopamine neurons of the VTA [31,71],
administration of the peptide to the NAcc shell increases food
intake in rats, possibly by blocking dopamine-induced phosphor-
ylation of the AMPA glutamate receptor subunit GluR1 at Ser845

[21,71]. In opposite, infusion of a MCH-R1 antagonist in the same
region blocks feeding and has an antidepressant-like effect [21].
These data suggest a direct effect of MCH on the amygdala and
striatal circuits to modulate emotional and motivation compo-
nents of learning and memory consolidation.

Interestingly, although the relative concentrations of dopa-
mine, norepinephrine and serotonin remain unaltered in MCH-R1

KO mice, D1-like and D2-like receptor binding properties are
significantly higher within the olfactory tubercle, ventral teg-
mental area, and NAcc core and shell of these animals compared to
controls [51]. Norepinephrine transporter (NET) binding proper-
ties are also significantly elevated within the NAc shell and globus
pallidus of MCH-R1 KO mice, whereas serotonin transporter
binding is decreased in the NAcc shell [51]. Finally, MCH-R1
antagonist have recently been found to improve social recognition
and elevate extracellular ACh levels in frontal cortex of rats [71].
Collectively, these studies identify extra-hypothalamic targets for
MCH-mediated molecular modulation of cognitive processes that
involve olfaction, emotion and motivation.

3. Memory, arousal and goal-oriented behaviors

MCH-producing neurons of the LH and ZI receive inputs from
intra- and extra-hypothalamic neuronal cell types, and recipro-
cally project to multiple brain areas [9] (this issue). Thus, MCH
neurons may interact with numerous other circuits of the brain,
including the arousal centers of the brain. Functional synaptic
inputs to MCH neurons include Glutamate (along with AMPA and
NMDA), ATP and Hypocretin-1 and 2 (Hcrt) which all increased
activity of MCH neurons [60]. In opposite, neurotransmitters from
extra-hypothalamic arousal systems, including norepinephrine,
serotonin, acethylcholine agonists (muscarin, carbachol), inhibit
MCH neuron activity in vitro [8,60]. Interestingly, the appetite-
promoting peptide Neuropeptide Y (NPY) inhibit MCH neurons by
pre-and post-synaptic mechanisms [60], while the appetite-
suppressing melanocortins are without any effect on MCH neurons
activity [20,60]. According to these direct synaptic inputs onto
MCH cells, subpopulations of MCH neurons express glutamate and
GABA receptors [20,60], adrenoreceptor (alpha2) [36], muscarinic
and serotoninergic receptors and HcrtR1 and/or HcrtR2 [20,60]. It is
noteworthy that MCH cells express the leptin receptor (Ob-R,
undefined subtype) [23] and that physiologically relevant con-
centrations of glucose dose-dependently enhance the electrical
excitability of MCH neurons [13]. However, the action of leptin,
ghrelin and other hormonal signals on MCH neurons remains
unknown.

Thus, MCH neuron activity is under the influence of cognitive,
metabolic and arousal neurotransmitters/neuropeptides. In addi-
tion, they may act as sensors of metabolism in the elaboration,
consolidation or recall of food-seeking behaviors. Whether MCH
and related peptides affect, in turn, the activity of arousal centers of
the brain, including the noradrenergic cells of the locus coeruleus,
the serotonin neurons for the raphe and the cholinergic cells form
the brainstem and basal forebrain remains to be investigated.

In addition, recent studies suggested a modulatory role for the
MCH system in arousal. MCH projections target the arousal centers
of the brain stem and sleep- and wake-promoting nuclei of the
hypothalamus, where the MCH-R1 is strongly expressed
[9,10,26,47] (Fig. 1). MCH cells have been found to be positive
for c-Fos during a sleep rebound induced by REM sleep or total
sleep (both REM and non-REM sleep) deprivation procedure
[36,64]. PpMCH KO mice are hyperactive, exhibited accelerated
weight loss and a marked decrease of REM sleep in response to
fasting [65] and juxtacellular recordings of MCH neurons in rats
have shown that these cells are silent during wakefulness and
increase their firing rate during non-REM sleep, with maximal
discharge during REM sleep [25]. Compared with Hcrt neurons,
MCH cells exhibit a complementary pattern of activity, and unlike
Hcrt neurons, MCH activity seems to be important during, rather
than at the onset REM sleep. Based on previous reports under-
scoring the role of REM sleep in memory consolidation, it is
reasonable to speculate that MCH neurons may have an indirect
effect on memory through stabilization of vigilance states.

Maintaining body homeostasis (i.e. stable internal parameters
in a fluctuating environment) requires optimal behavioral
strategies and adaptation. A major goal of current research is to
understand how the hypothalamic circuits compute internal and
environmental inputs and how those are translated into a coherent
goal-oriented behavior. Yamanaka et al. showed that mice with
genetic ablation of Hcrt cells do not show the typical fasting-
induced increased of arousal [66], suggesting that the Hcrt system
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integrates both energy- and arousal-related signals in the
elaboration of adaptive behavior to recover from negative energy
balance. There is accumulating evidence suggesting that, like Hcrt
cells, MCH neurons are exquisite sensors of the metabolic status of
the organism. Thus, MCH neurons show an increase of cAMP
response element (CRE) activity after fasting in mice [21] and
ppMCH and MCH-R1 gene transcripts are increased upon fasting
[41]. Also, glucose enhances electrical excitability of MCH neurons
by inducing depolarization and increasing membrane resistance in

vitro [13]. Thus, in contrast to the Hcrt system that promotes
arousal [3,54], activation of the MCH system may decrease arousal,
energy expenditure and physical activity in normal conditions or
during negative or a positive energy balance [48,65].

Stringent environmental conditions, including prolonged
wakefulness or energy imbalanced, alter synaptic plasticity of
neuronal circuits in the hippocampus, cortex, amygdala, striatum
and the hypothalamus. Such plastic changes of neighbouring Hcrt
neurons have been reported in response to food and sleep
deprivation [28,42]. Sleep deprivation (4 h) as well as pharmaco-
logically induced wakefulness produces long-term potentiation
(LTP) of glutamatergic synapses onto Hcrt neurons [42]. Therefore,
it is possible that similar plastic changes may occur at excitatory or
inhibitory synapses onto MCH neurons, which could result in a
facilitation of memory retention and energy conservation.
Although the functions of sleep in memory consolidation remain
a matter of debate and may depend on the cognitive task
considered [27,34,50,53,56], plastic changes of inputs to the
MCH neurons or their outputs, may also promote sleep or rest
period, and eventually memory consolidation and adaptive
behaviors. Finally, whether the MCH system modulates memory
by preferentially inhibiting locomotor activity [17,35], promoting
sleep [36,64] or increasing emotional arousal [10,44,45] remains to
be determined.

4. Conclusions and perspectives

Since the identification of the MCH system in mammals, a vast
amount of anatomical and functional data on its physiological role
in energy homeostasis, arousal and locomotor activity has
accumulated. Experimental evidences support a facilitatory role
for the MCH system in memory storage and sleep. Although the
consolidation of explicit and implicit memories during NREM sleep
or REM sleep has resisted simple interpretations [27,34,50,56], the
MCH system may facilitate memory storage indirectly, by fine-
tuning arousal depending on environmental or physiological
pressure.

Progress in elucidating shared functions by the MCH system
have been hampered by the complex anatomy of the hypothala-
mus, the cellular heterogeneity of the considered neuronal
populations, the difficulty to record neuronal activity in the
hypothalamus of in freely moving animals and the low temporal
resolution and possible compensatory mechanisms associated
with genetically engineered mouse models (gene KO or over-
expressing in transgenic animals). For instance, c-fos colocalization
in MCH neurons and single unit recording of MCH neurons in
restrained animals suggested a sleep-promoting role for the MCH
system whereas studies using MCH-R1 KO animals suggested
opposite effect (see [2,25,64]). Thus, identifying the role of MCH in
memory from other confounding effect in arousal [36,64], anxiety
and depression [10,44,45] or reward will requires adapted
experimental strategy. Next-generation tools may help to resolve
some of these limitations. Those include genetically defined
multicolor tagging of neuronal groups [32], which could help
define subpopulations of MCH neurons that may have separate
physiological outputs. A second method involve the use of light-
sensitive proteins, such as channelrhodopsin-2 and halorhodopsin
[12,68–70], to enable optical activation and inhibition of MCH
neuron activity with high temporal and spatial resolutions.
Combination of such optical tools with cellular and molecular
techniques will open new ways of interrogating the role of the
MCH system in the physiological functions of the hypothalamus in
normal and patho-physiological conditions, including addiction
and mood disorders.

Acknowledgments

A. Adamantidis is supported by the Fonds National de la
Recherche Scientifique (FRS-FNRS—‘‘Charge de Recherche’’), NAR-
SAD and the Fondation Leon Fredericq, NIH (K99). L. de Lecea is
supported by NIDA, DARPA and NARSAD.

References

[1] Adamantidis A, Thomas E, Foidart A, Tyhon A, Coumans B, Minet A, et al.
Disrupting the melanin-concentrating hormone receptor 1 in mice leads to
cognitive deficits and alterations of NMDA receptor function. Eur J Neurosci
2005;21:2837–44.

[2] Adamantidis A, Salvert D, Goutagny R, Lakaye B, Gervasoni D, Grisar T, et al.
Sleep architecture of the melanin-concentrating hormone receptor 1-knock-
out mice. Eur J Neurosci 2008;27:1793–800.

[3] Adamantidis AR, Zhang F, Aravanis AM, Deisseroth K, de Lecea L. Neural
substrates of awakening probed with optogenetic control of hypocretin neu-
rons. Nature 2007;450:420–4.

[4] Allaeys I, Bouyer K, Loudes C, Faivre-Bauman A, Petit F, Ortola C, et al.
Characterization of MCH-gene-overprinted-polypeptide-immunoreactive
material in hypothalamus reveals an inhibitory role of pro-somatostatin1–
64 on somatostatin secretion. Eur J Neurosci 2004;19:925–36.

[5] Astrand A, Bohlooly YM, Larsdotter S, Mahlapuu M, Andersen H, Tornell J, et al.
Mice lacking the Melanin Concentrating Hormone Receptor 1 demonstrate
increased heart rate associated with altered autonomic activity. Am J Physiol
Regul Integr Comp Physiol 2004;287:749–58.

[6] Balleine BW, Delgado MR, Hikosaka O. The role of the dorsal striatum in reward
and decision-making. J Neurosci 2007;27:8161–5.

[7] Bayer L, Mairet-Coello G, Risold PY, Griffond B. Orexin/hypocretin neurons:
chemical phenotype and possible interactions with melanin-concentrating
hormone neurons. Regul Pept 2002;104:33–9.

[8] Bayer L, Eggermann E, Serafin M, Grivel J, Machard D, Muhlethaler M, et al.
Opposite effects of noradrenaline and acetylcholine upon hypocretin/orexin
versus melanin concentrating hormone neurons in rat hypothalamic slices.
Neuroscience 2005;130:807–11.

[9] Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon JL, et al. The melanin-
concentrating hormone system of the rat brain: an immuno- and hybridization
histochemical characterization. J Comp Neurol 1992;319:218–45.

[10] Borowsky B, Durkin MM, Ogozalek K, Marzabadi MR, DeLeon J, Lagu B, et al.
Antidepressant, anxiolytic and anorectic effects of a melanin-concentrating
hormone-1 receptor antagonist. Nat Med 2002;8:825–30.

[11] Borsu L, Presse F, Nahon JL. The AROM gene, spliced mRNAs encoding new
DNA/RNA-binding proteins are transcribed from the opposite strand of the
melanin-concentrating hormone gene in mammals. J Biol Chem 2000;275:
40576–87.

[12] Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. Millisecond-timescale,
genetically targeted optical control of neural activity. Nat Neurosci
2005;8:1263–8.

[13] Burdakov D, Gerasimenko O, Verkhratsky A. Physiological changes in glucose
differentially modulate the excitability of hypothalamic melanin-concentrat-
ing hormone and orexin neurons in situ. J Neurosci 2005;25:2429–33.

[14] Cahill L. Neurobiological mechanisms of emotionally influenced, long-term
memory. Prog Brain Res 2000;126:29–37.

[15] Cammarota M, de Stein ML, Paratcha G, Bevilaqua LR, Izquierdo I, Medina JH.
Rapid and transient learning-associated increase in NMDA NR1 subunit in the
rat hippocampus. Neurochem Res 2000;25:567–72.

[16] Chambers J, Ames RS, Bergsma D, Muir A, Fitzgerald LR, Hervieu G, et al.
Melanin-concentrating hormone is the cognate ligand for the orphan G-
protein-coupled receptor SLC-1. Nature 1999;400:261–5.

[17] Chen Y, Hu C, Hsu CK, Zhang Q, Bi C, Asnicar M, et al. Targeted disruption of the
melanin-concentrating hormone receptor-1 results in hyperphagia and resis-
tance to diet-induced obesity. Endocrinology 2002;143:2469–77.

[18] Courseaux A, Nahon JL. Birth of two chimeric genes in the Hominidae lineage.
Science 2001;291:1293–7.

[19] Elias CF, Lee CE, Kelly JF, Ahima RS, Kuhar M, Saper CB, et al. Characterization of
CART neurons in the rat and human hypothalamus. J Comp Neurol
2001;432:1–19.

[20] Gao XB, Ghosh PK, van den Pol AN. Neurons synthesizing melanin-concen-
trating hormone identified by selective reporter gene expression after trans-
fection in vitro: transmitter responses. J Neurophysiol 2003;90:3978–85.

[21] Georgescu D, Sears RM, Hommel JD, Barrot M, Bolanos CA, Marsh DJ, et al. The
hypothalamic neuropeptide melanin-concentrating hormone acts in the



A. Adamantidis, L. de Lecea / Peptides 30 (2009) 2066–20702070
nucleus accumbens to modulate feeding behavior and forced-swim perfor-
mance. J Neurosci 2005;25:2933–40.

[22] Gonzalez MI, Vaziri S, Wilson CA. Behavioral effects of alpha-MSH and MCH
after central administration in the female rat. Peptides 1996;17:171–7.

[23] Hakansson ML, Brown H, Ghilardi N, Skoda RC, Meister B. Leptin receptor
immunoreactivity in chemically defined target neurons of the hypothalamus. J
Neurosci 1998;18:559–72.

[24] Harley CW. Norepinephrine and the dentate gyrus. Prog Brain Res 2007;163:
299–318.

[25] Hassani OK, Lee MG, Jones BE. Melanin-concentrating hormone neurons
discharge in a reciprocal manner to orexin neurons across the sleep–wake
cycle. Proc Natl Acad Sci USA 2009.

[26] Hervieu GJ, Cluderay JE, Harrison D, Meakin J, Maycox P, Nasir S, et al. The
distribution of the mRNA and protein products of the melanin-concentrating
hormone (MCH) receptor gene, slc-1, in the central nervous system of the rat.
Eur J Neurosci 2000;12:1194–216.

[27] Hobson JA, Pace-Schott EF. The cognitive neuroscience of sleep: neuronal
systems, consciousness and learning. Nat Rev Neurosci 2002;3:679–93.

[28] Horvath TL, Gao XB. Input organization and plasticity of hypocretin neurons:
possible clues to obesity’s association with insomnia. Cell Metab 2005;1:
279–86.

[29] Jones BE. Arousal systems. Front Biosci 2003;8:s438–51.
[30] Kokkotou E, Jeon JY, Wang X, Marino FE, Carlson M, Trombly DJ, et al. Mice with

MCH ablation resist diet induced obesity through strain specific mechanisms.
Am J Physiol Regul Integr Comp Physiol 2005.

[31] Korotkova TM, Sergeeva OA, Eriksson KS, Haas HL, Brown RE. Excitation of
ventral tegmental area dopaminergic and nondopaminergic neurons by orex-
ins/hypocretins. J Neurosci 2003;23:7–11.

[32] Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, et al. Transgenic
strategies for combinatorial expression of fluorescent proteins in the nervous
system. Nature 2007;450:56–62.

[33] Luthin DR. Anti-obesity effects of small molecule melanin-concentrating
hormone receptor 1 (MCHR1) antagonists. Life Sci 2007;81:423–40.

[34] Maquet P. The role of sleep in learning and memory. Science 2001;294:
1048–52.

[35] Marsh DJ, Weingarth DT, Novi DE, Chen HY, Trumbauer ME, Chen AS, et al.
Melanin-concentrating hormone 1 receptor-deficient mice are lean, hyper-
active, and hyperphagic and have altered metabolism. Proc Natl Acad Sci USA
2002;99:3240–5.

[36] Modirrousta M, Mainville L, Jones BE. Orexin and MCH neurons express c-Fos
differently after sleep deprivation vs. recovery and bear different adrenergic
receptors. Eur J Neurosci 2005;21:2807–16.

[37] Monzon ME, de Souza MM, Izquierdo LA, Izquierdo I, Barros DM, de Barioglio
SR. Melanin-concentrating hormone (MCH) modifies memory retention in
rats. Peptides 1999;20:1517–9.

[38] Nahon JL, Presse F, Bittencourt JC, Sawchenko PE, Vale W. The rat melanin-
concentrating hormone messenger ribonucleic acid encodes multiple putative
neuropeptides coexpressed in the dorsolateral hypothalamus. Endocrinology
1989;125:2056–65.

[39] Nahon JL. The melanin-concentrating hormone: from the peptide to the gene.
Crit Rev Neurobiol 1994;8:221–62.

[40] Pissios P, Bradley RL, Maratos-Flier E. Expanding the scales: the multiple roles
of MCH in regulating energy balance and other biological functions. Endocr
Rev 2006;27:606–20.

[41] Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ, et al. A
role for melanin-concentrating hormone in the central regulation of feeding
behaviour. Nature 1996;380:243–7.

[42] Rao Y, Liu ZW, Borok E, Rabenstein RL, Shanabrough M, Lu M, et al. Prolonged
wakefulness induces experience-dependent synaptic plasticity in mouse
hypocretin/orexin neurons. J Clin Invest 2007;117:4022–33.

[43] Robbins TW, Roberts AC. Differential regulation of fronto-executive function by
the monoamines and acetylcholine. Cereb Cortex 2007;17(Suppl. 1):i151–60.

[44] Roy M, David NK, Danao JV, Baribault H, Tian H, Giorgetti M. Genetic inactiva-
tion of melanin-concentrating hormone receptor subtype 1 (MCHR1) in mice
exerts anxiolytic-like behavioral effects. Neuropsychopharmacology 2006;31:
112–20.

[45] Roy M, David N, Cueva M, Giorgetti M. A study of the involvement of melanin-
concentrating hormone receptor 1 (MCHR1) in murine models of depression.
Biol Psychiatry 2007;61:174–80.

[46] Saito Y, Nothacker HP, Civelli O. Melanin-concentrating hormone receptor: an
orphan receptor fits the key. Trends Endocrinol Metab 2000;11:299–303.
[47] Saito Y, Cheng M, Leslie FM, Civelli O. Expression of the melanin-concentrating
hormone (MCH) receptor mRNA in the rat brain. J Comp Neurol 2001;435:26–40.

[48] Segal-Lieberman G, Bradley RL, Kokkotou E, Carlson M, Trombly DJ, Wang X,
et al. Melanin-concentrating hormone is a critical mediator of the leptin-
deficient phenotype. Proc Natl Acad Sci USA 2003;100:10085–90.

[49] Shimada M, Tritos NA, Lowell BB, Flier JS, Maratos-Flier E. Mice lacking
melanin-concentrating hormone are hypophagic and lean. Nature
1998;396:670–4.

[50] Siegel JM. The REM sleep-memory consolidation hypothesis. Science
2001;294:1058–63.

[51] Smith DG, Tzavara ET, Shaw J, Luecke S, Wade M, Davis R, et al. Mesolimbic
dopamine super-sensitivity in melanin-concentrating hormone-1 receptor-
deficient mice. J Neurosci 2005;25:914–22.

[52] Smith DG, Qi H, Svenningsson P, Wade M, Davis RJ, Gehlert DR, et al. Behavioral
and biochemical responses to D-amphetamine in MCH1 receptor knockout
mice. Synapse 2008;62:128–36.

[53] Stickgold R, Fosse R, Walker MP. Linking brain and behavior in sleep-depen-
dent learning and memory consolidation. Proc Natl Acad Sci USA 2002;99:
16519–21.

[54] Sutcliffe JG, de Lecea L. The hypocretins: setting the arousal threshold. Nat Rev
Neurosci 2002;3:339–49.

[55] Tan CP, Sano H, Iwaasa H, Pan J, Sailer AW, Hreniuk DL, et al. Melanin-
concentrating hormone receptor subtypes 1 and 2: species-specific gene
expression. Genomics 2002;79:785–92.

[56] Tononi G, Cirelli C. Sleep function and synaptic homeostasis. Sleep Med Rev
2006;10:49–62.

[57] Toumaniantz G, Bittencourt JC, Nahon JL. The rat melanin-concentrating
hormone gene encodes an additional putative protein in a different reading
frame. Endocrinology 1996;137:4518–21.

[58] Tyhon A, Adamantidis A, Foidart A, Grisar T, Lakaye B, Tirelli E. Mice lacking the
melanin-concentrating hormone receptor-1 exhibit an atypical psychomotor
susceptibility to cocaine and no conditioned cocaine response. Behav Brain Res
2006;173:94–103.

[59] Tyhon A, Lakaye B, Grisar T, Tirelli E. Deletion of Melanin-Concentrating
Hormone Receptor-1 gene accentuates D-amphetamine-induced psychomotor
activation but neither the subsequent development of sensitization nor the
expression of conditioned activity in mice. Pharmacol Biochem Behav
2008;88:446–55.

[60] van den Pol AN, Acuna-Goycolea C, Clark KR, Ghosh PK. Physiological proper-
ties of hypothalamic MCH neurons identified with selective expression of
reporter gene after recombinant virus infection. Neuron 2004;42:635–52.

[61] Varas M, Perez M, Monzon ME, de Barioglio SR. Melanin-concentrating hor-
mone, hippocampal nitric oxide levels and memory retention. Peptides
2002;23:2213–21.

[62] Varas M, Perez M, Ramirez O, de Barioglio SR. Melanin concentrating hormone
increase hippocampal synaptic transmission in the rat. Peptides 2002;23:151–5.

[63] Varas MM, Perez MF, Rami OA, Rez SR, de Barioglio. Increased susceptibility to
LTP generation and changes in NMDA-NR1 and -NR2B subunits mRNA expres-
sion in rat hippocampus after MCH administration. Peptides 2003;24:1403–11.

[64] Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Leger L, et al. A role of
melanin-concentrating hormone producing neurons in the central regulation
of paradoxical sleep. BMC Neurosci 2003;4:19.

[65] Willie JT, Sinton CM, Maratos-Flier E, Yanagisawa M. Abnormal response of
melanin-concentrating hormone deficient mice to fasting: hyperactivity and
rapid eye movement sleep suppression. Neuroscience 2008;156:819–29.

[66] Yamanaka A, Beuckmann CT, Willie JT, Hara J, Tsujino N, Mieda M, et al.
Hypothalamic orexin neurons regulate arousal according to energy balance in
mice. Neuron 2003;38:701–13.

[67] Yin HH, Knowlton BJ. The role of the basal ganglia in habit formation. Nat Rev
Neurosci 2006;7:464–76.

[68] Zhang F, Wang LP, Boyden ES, Deisseroth K. Channelrhodopsin-2 and optical
control of excitable cells. Nat Methods 2006;3:785–92.

[69] Zhang F, Wang LP, Brauner M, Liewald JF, Kay K, Watzke N, et al. Multimodal
fast optical interrogation of neural circuitry. Nature 2007;446:633–9.

[70] Zhang F, Prigge M, Beyriere F, Tsunoda SP, Mattis J, Yizhar O, et al. Red-shifted
optogenetic excitation: a tool for fast neural control derived from Volvox
carteri. Nat Neurosci 2008;11:631–3.

[71] Millan MJ, Gobert A, Panayi F, Rivet JM, Dekeyne A, Brocco M, et al. The
melanin-concentrating hormone 1 receptor antagonists, SNAP-7941 and
GW3430, enhance social recognition and dialysate levels of acetylcholine in
the frontal cortex of rats. Int J Neuropsychopharmal 2008 Dec;11(8):1105–22.


	A role for Melanin-Concentrating Hormone in learning and memory
	Introduction
	The Melanin-Concentrating Hormone: a modulator of memory storage
	Neuroanatomy of the MCH system
	MCH modulation of learning and memory processes

	Memory, arousal and goal-oriented behaviors
	Conclusions and perspectives
	Acknowledgments
	References


