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Preface

The melanin-concentrating hormone (MCH) is a neuropeptide that was initially
isolated from the teleost pituitary as a chromophore modulator by Kawauchi et al.
(1983). Twenty years later, Verret et al. described that this neuropeptide has a strong
relationship with the generation and maintenance of sleep. Since then, several
authors have described the anatomy and physiology of the MCHergic system.
Regarding sleep, the MCHergic system is now considered a critical player for both
REM and NREM sleep generation. In addition, there is preclinical and clinical
evidence suggesting a role of MCH in human pathology. Finally, synthetic
MCH-receptor ligands are under study for the treatment of different medical
conditions.

The first two chapters in this volume deal with anatomy: Bittencourt and Dinitz
review the neuroanatomical structure of the MCHergic system, while Lee gives an
elaborate account of the projections of the MCHergic neurons toward the structures
involved in the regulation of sleep and wakefulness.

The next three chapters focused on the role of MCH in sleep physiology. Gao
summarized the evidence supporting the role of MCH in the regulation of sleep
homeostasis and also discussed the physiological implications of MCH as a central
node of the overall brain circuitry controlling physiological functions and complex
behaviors. Monti et al. described the effects of MCH on the neurotransmitter systems
involved in the generation and maintenance of wakefulness. Finally, Blanco-
Centurion et al. performed a careful analysis of the optogenetic studies that focused
on understanding the functions of the MCHergic neurons.

In chapters “Cannabinoids, Sleep, and the MCH System”, “MCH and Thermo-
regulation”, “MCH, Sleep, and Neuroendocrine Functions” and “Melanin-Concen-
trating Hormone: Role in Nursing and Sleep in Mother Rats”, the role of the
MCHergic system was analyzed in the frame of different physiological functions.
Murillo-Rodriguez et al. underlined the interactions between endocannabinoids and
MCH in the control of sleep, while Luppi reviewed the role of MCH in thermoreg-
ulation, highlighting the hypothesis that the regulation of temperature, metabolism,
and sleep is closely linked. D’Almeida and coworkers provide an integrative
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discussion of the role of MCH in sleep and neuroendocrine functions. Thereafter,
Benedetto et al. evaluated the function of MCH in the postpartum rat, stressing the
modulation by MCH of maternal behavior and sleep, functions that are integrated
within the preoptic area.

The scope of the last three chapters was to integrate basic with clinical research.
Costa et al. examined the state of the art of MCH in medical conditions. Then, Scorza
and coworkers discussed the preclinical findings in relation to MCH and depression,
a condition where sleep is highly affected. Finally, Chaki reviewed the current
knowledge regarding the MCH antagonists for the treatment of depression and
anxiety disorders.

We consider that understanding the role of MCH in the control of sleep and
related functions is highly relevant for human’s health. Investigation in this field is
advancing at a rapid pace, and this book reveals novel findings and presents
questions for future research.

Montevideo, Uruguay Jaime M. Monti
Toronto, ON, Canada S. R. Pandi-Perumal
Montevideo, Uruguay Pablo Torterolo
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Neuroanatomical Structure of the MCH
System

Jackson C. Bittencourt and Giovanne B. Diniz

Abstract The mammalian melanin-concentrating hormone (MCH) system has been
studied for almost 30 years as of the writing of this chapter. The understanding of
any neural system starts with its structure, as the anatomical organization of its
peptides and receptors provides important clues about its physiological activity.
With that in mind, the MCH system will be reviewed as a whole in the first segment
of this chapter, including the genes and proteins that comprise this system. In the
following segment, a description of the morphological and neurochemical charac-
teristics of MCH neurons will be provided, including the areas in the central nervous
system where these neurons are found and their projection pathways and targets. In
the last segment, the receptors for MCH will be briefly discussed, and the available
anatomical information about these receptors will be presented to the reader. By the
end of this chapter, the reader should be able to identify the sites of MCH synthesis,
the major targets of MCH action, and the areas responsive to MCH owing to the
presence of its receptor.

List of Abbreviations

3V Third ventricle
3Vdc Third ventricle dorsal cap
aa Amino acid(s)
AHA Anterior hypothalamic area
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ANP Atrial natriuretic peptide
AROM Antisense-RNA-overlapping-MCH gene
AVP Arginine vasopressin
BNST Bed nucleus of the stria terminalis
CART Cocaine- and amphetamine-regulated transcript
CNS Central nervous system
CRF Corticotropin-releasing factor
f Fornix
GAD67 Glutamate decarboxylase 67 kDa
GPCR G protein-coupled receptor
ic Internal capsule
IHy Incertohypothalamic area
IRE Interferon-gamma responsive element
LDT Laterodorsal tegmental nucleus
LHA Lateral hypothalamic area
MCH Melanin-concentrating hormone (peptide)
MCHR1 Melanin-concentrating hormone receptor 1 (peptide)
MCHR1 Melanin-concentrating hormone receptor 1 (primate gene)
Mchr1 Melanin-concentrating hormone receptor 1 (rodent gene)
MCHR2 Melanin-concentrating hormone receptor 2 (peptide)
MCHR2 Melanin-concentrating hormone receptor 2 (primate gene)
ME Median eminence
mfb Medial forebrain bundle
mt Mammillothalamic tract
MGOP MCH-gene-overprinted-polypeptide
MPOA Medial preoptic area
NEI Neuropeptide glutamic acid-isoleucine
NGE Neuropeptide glycine-glutamic acid
NPY Neuropeptide Y
opt Optic tract
ORF Open reading frame
ORX Orexin/hypocretin
PACAP Pituitary adenylate cyclase-activating peptide
PC Prohormone convertase(s)
PH Posterior hypothalamic area
Pmch Pro-melanin-concentrating hormone (rodent gene)
PMCH Pro-melanin-concentrating hormone (primate gene)
PMCHL1 Pro-melanin-concentrating hormone linked gene 1 (chimeric gene)
PMCHL2 Pro-melanin-concentrating hormone linked gene 2 (chimeric gene)
pmPRt Paramedian pontine reticular formation
ppMCH Prepro-melanin-concentrating hormone
PVH Paraventricular nucleus of the hypothalamus
REM Rapid eye movement sleep
SDL Subcoeruleus/sublaterodorsal nucleus
SLC-1 Somatostatin-like coupled receptor 1, same as MCHR1
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SP Substance P
SSTR Somatostatin receptor(s)
TM Transmembrane
TMdm Tuberomammillary nucleus, dorsomedial part
Tu Olfactory tubercle
X-ir Immunoreactive to X
ZI Zona incerta
α-MSH α-Melanocyte-stimulating hormone

1 Introduction

The melanin-concentrating hormone (MCH) system is a complex vertebrate
neuropeptidergic system, composed of several neuropeptides and multiple receptor
subtypes that span several clades. Although MCH was initially isolated from the
teleost pituitary as a chromophore modulator (Kawauchi et al. 1983), less than a
decade was necessary for the description of mammalian orthologues of its gene
(Pmch/PMCH) (Nahon et al. 1989, 1993; Presse et al. 1990). Simultaneously, the
amino acid (aa) sequence of the peptides encoded by these genes (Vaughan et al.
1989) was described, and their distribution in the mammalian brain soon followed
(Bittencourt et al. 1992). The description of the neuroanatomical structure of the
MCH system was then followed by a profusion of functional works, which slowly
started to unveil the numerous roles played by its peptides in mammalian physiol-
ogy. Among these functions, and of particular interest to this work, are the modu-
lation of motivated behaviors (reviewed in Diniz and Bittencourt 2017) and of the
sleep–wake cycle (reviewed in Ferreira et al. 2017a).

It is necessary, however, to clarify the definitions of “motivated behaviors” and
“sleep–wake cycle” employed in this chapter, as these concepts are often used in the
literature without further consideration. The most common conception of motivated
behaviors is as behaviors that the animal performs to meet homeostatic needs. This
description is true of ingestive behavior, perhaps the most thoroughly studied moti-
vated behavior. However, this definition fails to include, for example, mating and
maternal behaviors; both of these types of behavior may even result in a worsening of
the animal’s metabolic needs, but it performs these actions nevertheless because they
are necessary for the maintenance of the species. Motivated behaviors could therefore
be redefined as actions that the animal executes that are necessary to its survival or
the survival of its species. Although this definition can be applied to all behaviors
discussed so far, it opens up the question of whether sleeping can be considered a
motivated behavior. For the purposes of this work, it will not be. While other
behaviors require the animal to interact with exogenous elements (e.g., food, mate,
pups) for their full completion, sleep can occur regardless of exogenous elements.
Therefore, we will define motivated behaviors in this chapter as actions that the
animal executes toward exogenous agents that are necessary for its survival or the
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survival of its species. Sleep, on the other hand, will be defined as “a periodic,
complex intrinsic state alteration that encompasses synaptic alterations, hormone
secretion, and consciousness suspension and that is necessary for the support of
several other physiological processes.”

As a complex physiological process, the sleep–wake cycle is sustained in the
central nervous system (CNS) by an equally complex network of nuclei, connections,
neurotransmitters, and neuromodulators. Central in this network is the hypothalamus
and, in particular, the lateral hypothalamic area (LHA), which has been long known to
be an integrative center of homeostatic controls and motivated behaviors, receiving
inputs from and sending outputs to the whole CNS (Diniz and Bittencourt 2017).
Although the importance of the LHA for several behaviors has been recognized for a
long time, most of its inner workings have remained a black box for decades, mainly
owing to its remarkable cyto- and chemoarchitecture and the complexity of its
connectivity (Simerly 2015). The study of the LHA was further complicated by the
extensive presence of the medial forebrain bundle (mfb) in this area, as the LHA has
been considered the bed nucleus of the mfb (Nieuwenhuys et al. 1982). It was only
after the discovery of LHA-specific neurochemical markers (e.g., MCH, orexin/
hypocretin [ORX] and cocaine- and amphetamine-regulated transcript [CART])
that this area could be explored in a more detailed way (Bittencourt et al. 1992;
Sakurai et al. 1998; de Lecea et al. 1998; Douglass et al. 1995). The discovery of these
markers, in addition to the development of new methodologies, such as optogenetics,
chemogenetics, in vivo electrophysiology, polysynaptic viral tracing, calcium imag-
ing, and miniaturized fluorescence microscopes, forever changed the way we under-
stand the LHA and other hubs related to the control of the sleep–wake cycle.

The first attempts to anatomically describe the modulatory centers of sleep and
wakefulness, however, predate these techniques by far and can be traced to the work
of von Economo, in 1930. After attending to patients during the encephalitis
epidemic of 1917–1926, von Economo noticed that some of his patients displayed
a subset of signs and symptoms related to sleep, which he called encephalitis
lethargica. Interestingly, while some patients displayed increased sleep time, others
had a decrease, even though they were all part of the same viral epidemic. The
correlation between symptoms and the location of the lesions in these patients led
von Economo to propose a dual model of sleep control: the brain stem as the
wakefulness-promoting center and the anterior hypothalamus as the sleep-promoting
center (Von Economo 1930). Although simple, von Economo’s model was surpris-
ingly accurate and paved the way for many other nuclei to be included in this
network in the following decades (Saper 2013). Likewise, several neuromodulators,
including MCH and other lateral hypothalamic neuropeptides, were also implicated
in this control system as new evidence was incorporated into the model. In the next
part of this chapter, the basic aspects of the MCH system and its anatomical structure
in the mammalian CNS will be reviewed.
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2 The MCH System

In broad strokes, the mammalian MCH system can be split into two components: a
peptidergic element and a receptor element. The peptidergic component is composed
of a single gene, Pmch/PMCH, which encodes a precursor that originates three
mature peptides: MCH, neuropeptide glycine-glutamic acid (NGE), and neuropep-
tide glutamic acid-isoleucine (NEI). While substantial anatomical and functional
data have been obtained for MCH and NEI (as reviewed in Diniz and Bittencourt
2017; Bittencourt and Celis 2008), the status of NGE as a neuroactive substance has
remained controversial. It has been suggested that NGE may modulate cAMP
production (Hintermann et al. 2001), but further studies are needed to give us a
better understanding of this putative peptide. The receptor component consists of
two genes, Mchr1/MCHR1 and MCHR2, each encoding one receptor subtype
(MCHR1 and MCHR2, respectively). The subtype 2 receptor is not ubiquitous
among vertebrates, however, as a functional MCHR2 cannot be found in species
of the Glires superorder. No receptor is known for NEI or NGE. The discovery of
their receptors or their mechanisms of action, if existent, could represent the next
breakthrough in the understanding of the MCH system. In this section, the general
characteristics of each component of the MCH system will be explored.

2.1 MCH, NEI, and NGE

Since there is substantial complexity in the MCH system across different vertebrate
clades, which goes beyond the scope of this work, the focus of this section will be on
mammalian species, more specifically on data from rats, mice, and humans. As the
Pmch/PMCH gene is remarkably conserved among mammals, it is likely that
observations made on the cited animals can be extrapolated to other species.

The evidence collected so far point to the existence of a single authentic Pmch
gene in mammals, spanning approximately 1.4 kb. In rats (rPmch—gene ID, 24659),
this gene is located on chromosome 7q13 and overlaps with the PARP1 binding
protein-coding gene (Parpbp) (Nahon et al. 1992). In the same locus are the genes
coding for insulin-like growth factor 1 (Igf1), nucleoporin 37 (Nup37), and WASH
complex subunit 3 (Washc3). The mouse gene (mPmch—gene ID, 110312) is
located on chromosome 10 C1 10 43.7 cM, and, as in the rat, it overlaps with the
Parpbp gene and is flanked by Igf1, Nup37, and Washc3 genes. Finally, the human
gene (PMCH—gene ID, 5367) is located on chromosome 12q23.2 and has a similar
synteny to the murine species (Pedeutour et al. 1994).

In all these species, the Pmch/PMCH gene follows the same basic structure, i.e., it
is formed by three exons (Exon 1 coding sequence, 249 base pairs [bp]; Exon 2, 199
bp; Exon 3 coding sequence, 47 bp), in addition to two introns and untranslated 50

and 30 sequences whose lengths differ between species (Nahon et al. 1989; Breton
et al. 1993a; Thompson and Watson 1990; Presse et al. 1990). Figure 1 illustrates the
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PMCH gene structure. In the upstream flanking region of the Pmch/PMCH gene,
several promoter sequences are found, including two AP-1-binding sequences, one
interferon-γ response element (IRE), and partial sequences of a glucocorticoid
response element (Viale et al. 1997). Through AP-1 sites, the transcription of
Pmch may respond to the FOS/JUN transcription factors, suggesting that FOS
may be an adequate marker for the activity of MCH-containing neurons. Through
the IRE, MCH neurons may respond to immunological events, such as sickness
behavior or hypothalamic inflammation. The glucocorticoid response element may
act to couple MCH populations to the defensive stress response/arousal circuits.
Between the two AP-1 sequences, there is a CAAT box, and approximately 27 bp
upstream of the cap nucleotide is a TATA box. These two sequences are good
indicators that the area is the regulatory zone of PMCH transcription initiation (Viale
et al. 1997).

Fig. 1 Structure of the PMCH gene and its family of peptides. Schematic representation of the
human PMCH gene and the MCH, NEI, and NGE peptides. (a) The PMCH gene is composed of
three exons interrupted by two intronic sequences. The first exon corresponds to the signal peptide
(sp) and the first part of the structural chain of prepro-MCH (ppMCH). The second exon codes for
the remaining segment of the structural chain, NGE, NEI, and the first three amino acids of MCH.
The third exon will complete the fourth codon corresponding to MCH and the final 15 amino acids.
The sites of cleavage by prohormone convertases are indicated in the ppMCH structure by “K” and
“R.” The amidation site of NEI is indicated by “G.” (b) The residue sequences for MCH, NEI, and
the predicted structure of NGE. Plus and minus signs indicate the polarity of electrically charged
amino acids. The letter “P” indicates a residue that is important for binding potentiation of MCH
(Trp17). White circles denote residues that are not essential for MCH function, while black circles
denote the necessary amino acids for MCH binding. Gray circles are used for peptides without
known binding properties
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As mentioned above, Exon 1 contains a 249 bp coding sequence, including the
ATG start codon, in addition to the 50 untranslated region, whose length depends on
the species. The 50 untranslated sequence is highly conserved between humans and
mice and presents a palindromic sequence juxtaposed to the start codon, which could
act as part of a transcription control mechanism through the formation of a hairpin.
The substitutions in the rat sequence do not support the presence of a folding
structure in this species (Breton et al. 1993a). There is a second putative ATG start
codon four positions downstream of the first codon. Although both are viable
starting points, several works support the first ATG codon as the primary initiation
locus (Nahon et al. 1989; Breton et al. 1993a; Presse et al. 1990). There is high
identity among all three species concerning the coding region of Exon 1, with the
mouse equidistant from humans and rats and a slightly bigger difference between
rats and humans (R vs. M, 86.75%; R vs. H, 82.33%; H vs. M, 86.37%). It is
noteworthy that Exon 1 is the least conserved of the three exons.

Exons 1 and 2 are separated by Intron A, a sequence whose length varies
depending on the species, ranging from 302 to 350 bp. Exon 2 is 199 bp in length
and is slightly more conserved among the three mammalian species, contrasting with
the upstream exon by having higher similarity between the murine species than
between the murine and human sequences (R vs. M, 94.48%; R vs. H, 87.94%; H
vs. M, 89.95%). After an intermission consisting of Intron B, with lengths ranging
from 250 to 271 bp, Exon 3 completes the coding portion of the gene with 47 bp. The
Exon 3 coding region is remarkably conserved among mammalian species (R vs. M,
96%; R vs. H, 94%; H vs. M, 96%). Interestingly, the intronic regions display a
higher degree of identity between rats and mice (86–88%) than the exonic sequences
do, but a much lower degree between mice and humans (60–70%) (Thompson and
Watson 1990; Breton et al. 1993a, b). Following the stop codon, there is a 30

untranslated sequence of variable length that shows a high content of AT motifs
and a putative polyadenylation site (ATTAAA), possibly responsible for posttrans-
lational regulation of the Pmch/PMCH cDNA, as well as two opposite repeat
sequences that could contribute to the formation of a hairpin structure (Breton
et al. 1993a).

The Pmch/PMCH open reading frame (ORF) is a highly conserved sequence of
495 bp that encodes a prepro-MCH (ppMCH) of 165 aa in all three species (Fig. 1). The
first 63 nucleotides (Exon 1) encode a signal peptide that is cleaved by signal peptidases
at Gly21, generating a pro-MCH of 144 aa. The remaining 186 nucleotides of Exon 1 and
the first 75 of Exon 2 combine after Intron A is spliced to form the 87-aa-long structural
chain. Also in Exon 2 is the 124 nucleotides that code for NGE (19 aa), NEI (13 aa), and
the first three amino acids of MCH. Intron B is inserted in the codon that originates Met4

of MCH. After this intermission, the 47 nucleotides of the Exon 3 coding sequence
complete Met4 and encode the final 15 residues of MCH (19 aa in total) (Vaughan et al.
1989; Nahon et al. 1989; Breton et al. 1993a; Thompson and Watson 1990). After the
formation of pro-MCH, the activity of prohormone convertases (PCs) will be essential
for the formation of mature NGE, NEI, and MCH. Neuropeptide G-E is separated from
the structural chain by cleavage of ppMCH Lys109 and separated from NEI through the
cleavage of the dibasic ppMCH residues Lys129–Arg130. Neuropeptide E-I is separated
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from MCH through cleavage of the dibasic ppMCH residues Arg145–Arg146. Although
not completely elucidated, the cleavage of ppMCH appears to be dependent on several
PCs.While PC7, PACE4, PC1/3, PC2, PC5/6-A, and PC5/6-B seem to be able to cleave
the Arg145–Arg146 residues to generate mature MCH, PC2 appears to be exclusively
responsible for the cleavage of residues Lys129–Arg130 to generate NEI-G, which will be
further processed to generate mature NEI (Viale et al. 1999). The importance of PC2 in
the maturation of the MCH peptide family is further supported by ample colocalization
between PmchmRNA and PC2 immunoreactivity or Pcsk2 expression in the hypothal-
amus. On the other hand, only 15–20% of hypothalamic Pmch mRNA-expressing cells
are immunoreactive to PC1/3 (Viale et al. 1999). Further studies are necessary to fully
clarify the action of PCs on the formation of mature MCH and NEI. While some
information is available regarding MCH and NEI, virtually nothing is known about
NGE synthesis, as no one has provided evidence for its synthesis in vivo or in vitro. One
possibility is that, instead of NGE, pro-MCH encodes an neuropeptide PE, spanning
residues Pro104 to Glu128, as another Lys residue is found in position 103 and could act
as a cleavage site, although little support for this theory is found in the literature (Nahon
et al. 1989; Breton et al. 1993a).

While NGE has no putative post-translational modification and is predicted to be
linear, NEI undergoes C-terminal amidation on ppMCH residue Gly144 to reach its
mature form but stays linear (Parkes and Vale 1992). On the other hand, MCH has a
cyclic structure due to a disulfide bond between residues Cys7 and Cys16 (Nahon et al.
1989; Vaughan et al. 1989) (Fig. 1). This cyclic portion appears to be fundamental for
MCH activity, as disturbances of the ring structure strongly decrease its activity
(Macdonald et al. 2000). Furthermore, the cyclic region contains two positive
residues, Arg11 and Arg14, which confer a predominantly positive charge on the
ring. While the substitution of Arg14 has minimal effects on the binding properties of
MCH, the loss of Arg11 virtually abolishes its binding to theMCH receptor. While the
cyclic structure is necessary for the activity of MCH, Trp17, located outside the ring,
appears to potentiate MCH activity. Despite the binding activity being focused on the
ring structure, the whole MCH amino acid sequence is conserved in mammals. The
same is observed in NEI, whose aa sequence has 100% identity among humans, mice,
and rats. Neuropeptide G-E, on the other hand, has a single substitution differing
between humans and mice and four substitutions differing between rats and mice,
suggesting less conservation pressure on this peptide than on the other peptides in the
MCH family (Breton et al. 1993a).

In addition to the “canonical” MCH, NEI, and NGE, there are several other tran-
scription products that may arise from the Pmch/PMCH gene. MCH-gene-overprinted-
polypeptide (MGOP) is a putative peptide that arises from alternative splicing of the
PMCH gene. Both in rats and in mice, MGOP originates from the transcription of Exon
1, total absence of Exon 2, and a frameshifted transcription of Exon 3, which generates a
protein whose N-terminal region is conserved when compared with ppMCH but whose
C-terminal region is entirely different (Toumaniantz et al. 1996, 2000). Immunoreactiv-
ity to MGOP is found in MCH-immunoreactive (MCH-ir) neurons of rodents, but its
function is unknown at the time (Allaeys et al. 2004). The antisense-RNA-overlapping-
MCH (AROM) gene is found in the opposite DNA strand corresponding to the locus of
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PMCH. This gene has homologues in rats, mice, and humans and spans approximately
34 kb of genomic DNA. It has a complex genomic structure, containing over 12 exons
and multiple initiation sites, possibly generating several coding and noncoding tran-
scripts. Some of the proteins that possibly originate from AROM display nucleotide
strand-binding properties, suggesting that these products may regulate gene transcription
(Borsu et al. 2000; Moldovan et al. 2012). Finally, there are two PMCH-linked chimeric
genes in primates, termed PMCHL1 and PMCHL2, which have partial homology to the
authentic PMCH gene and are found on chromosomes 5p14 and 5q13, respectively.
Preliminary data suggests that the products of these genes are long noncoding RNAs,
with a trans-spliced transcript of PMCHL1 being expressed in the CNS and putatively
modulating PMCH mRNA expression (Breton et al. 1993b; Courseaux and Nahon
2001; Presse et al. 2014).

2.2 Melanin-Concentrating Hormone Receptor 1

MCHR1 is found in virtually all known vertebrates. It was the first receptor
discovered that has a selective binding affinity for MCH, although some years
passed between its description and the discovery of its natural ligand. The hunt for
an MCH receptor started just 4 years after the description of the mammalian protein,
with the development of a tritiated MCH analog that could be used as a radioligand
to locate binding sites for MCH (Drozdz et al. 1993). However, a tenfold decrease in
the activity of this analog compared with MCH prompted those authors to develop
N- and C-terminal-iodinated MCH analogs that retained their full biological activity.
Using these iodinated analogs, they were able to detect MCH binding in several cell
lines, including G4F-7, B16F-1, G4F, human RE melanoma, COS-7, and PC12. No
binding was detected for CHO cells or human fibroblasts. Competition experiments
revealed that α-melanocyte-stimulating hormone (α-MSH), neuropeptide Y (NPY),
pituitary adenylate cyclase-activating peptide (PACAP), and substance P (SP) were
all unable to displace the iodinated MCH analogs, with the exception of rat atrial
natriuretic peptide (ANP), which had two- to fourfold lower affinity than MCH
(Drozdz and Eberle 1995; Drozdz et al. 1995). Further works expanded the number
of MCH-binding cell lines, including SVK14, A-431, and SCC-25 (Burgaud et al.
1997) and reinforced the specificity of MCH binding, as corticotropin-releasing
factor (CRF), arginine vasopressin (AVP), NEI, and MGOP were also not able to
displace the radioligand.

A significant advance in the identification of the MCH receptor was made by
Kolakowski et al. (1996). These authors identified a genomic DNA fragment that
matched the orphan G protein-coupled receptor (GPCR) GPR24, which had signif-
icant homology to somatostatin receptors (SSTRs) and could be mapped to the
human chromosome 22, locus q13.3. Although this receptor shared approximately
40% of its residues with SSTRs in the predicted transmembrane (TM) domains and
had several key residues in critical positions for the binding activity of somatostatin,
there was no evidence of binding to somatostatin-14 or opioid ligands. For this
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reason, this receptor was renamed somatostatin-like coupled receptor 1 (SLC-1).
Further refinements of the knowledge regarding SLC-1 were provided by Lakaye
et al. (1998), who identified the rat orthologue of SLC-1, described its gene
sequence, including a previously unidentified intron, and located the consensus
sites for glycosylation and phosphorylation. The ligand of SLC-1, however,
remained unknown.

In 1999, a major leap in the understanding of the MCH peptidergic system
occurred when five groups identified MCH as the ligand of SLC-1 (Lembo et al.
1999; Bachner et al. 1999; Chambers et al. 1999; Saito et al. 1999; Shimomura et al.
1999). These groups employed the method of “reverse pharmacology,” transfecting
cell lines with SLC-1, exposing those cells to either brain extracts or panels of
neuroactive substances and then measuring parameters of receptor activation such as
intracellular Ca2+ mobilization, cAMP production, or K+ currents. In all cases, MCH
was the only neuroactive substance capable of eliciting a response in the transfected
cell lines, with an EC50 that ranged from 0.2 nM to approximately 120 nM
depending on the cell line, stability of transfection, and response measured. These
works also demonstrated that other neuroactive substances have no competitive
activity and started to dissect the intracellular pathways of MCHR1 activation.

All those works contributed to a clear picture of MCH receptor 1. In the rat, this
receptor is encoded by the Mchr1 gene (Gene ID: 83567), which is located on
chromosome 7q34. The coding sequences are composed of two exons of 82 bp and
977 bp, separated by an intron of 1265 bp. The human MCHR1 gene (Gene ID:
2847), on the other hand, is found on chromosome 22q13.2 and has an intronic
sequence of 1214 bp (Fig. 2). The intron position is the same in humans and rodents,
splitting the codon of Gly28 into a G on Exon 1 and a GG (rat) or GA (human) in
Exon 2. The resulting protein is 353 aa long in both species, forming the character-
istic seven-TM domain structure of GPCRs. The aa sequence of this protein predicts
three consensus sites for asparagine-linked glycosylation in the extracellular
N-terminus, two potential phosphorylation sites for protein kinase A in the second
and third intracellular loops, six for protein kinase C in the second and third
intracellular loops and in the C-terminal portion, and one for protein kinase CK2
in the C-terminal portion. The human and rat proteins share 96% identity, indicating
high conservation pressure on this receptor. The three-dimensional model of
MCHR1 predicts a hydrophilic pocket between TM domains 3 and 7 and another
among TM domains 4, 5, and 6, which are separated by a central hydrophobic region
(Macdonald et al. 2000) (Fig. 2).

2.3 The Melanin-Concentrating Hormone Receptor 2

Two years after the discovery of MCHR1, six groups were able to identify another
receptor for MCH (An et al. 2001; Hill et al. 2001; Mori et al. 2001; Rodriguez et al.
2001; Sailer et al. 2001; Wang et al. 2001). Using the consensus structure of GPCRs
and the available sequence of MCHR1, these groups were able to search human
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genomic databases for homologous sequences. They identified a sequence coding for a
putative GPCR that, despite an overall low identity, was more similar toMCHR1 than
to any other gene. This gene, now identified as human MCHR2 (Gene ID: 84539), is
located on chromosome 6q16.2, spans over 23 kb, and has six exons and five intronic
sequences, displaying considerably more genomic complexity than MCHR1. The
ORF of MCHR2 is 1023 bp long and encodes a 340 aa protein. The first two exons
of MCHR2 are splice variants, with Exon 1b coding for the “extended” version of
MCHR2 and Exon 1a coding for anMCHR2 truncated in the N-terminal portion. Exon
1b encodes the first 60 aa of MCHR2, Exon 2 encodes 70 aa, Exon 3 encodes 66 aa,
Exon 4 encodes 40 aa, and Exon 5 encodes the final 104 aa. Exon 1a corresponds to a
24 aa sequence, resulting in a truncated version of MCHR2 that has 304 aa (Fig. 2). In
addition to the characteristic 7-TM structure, MCHR2 also displays several other
conserved properties of GPCRs, such as two N-linked glycosylation sites, a DRY
motif located at the end of TM3, an Asp residue in TM3, an NPXXXY motif in TM7,
and a potential palmitoylation site in the C-terminal region (Fig. 2).

As is the case with MCHR1, MCHR2 is highly selective for MCH as its ligand.
Transfected cells respond to both mammalian and salmonid MCH in [Ca2+] assays,

Fig. 2 Structure of the MCHR1 and MCHR2 genes and their corresponding protein structure. (a)
The MCHR1 gene is composed of two exons and one intronic sequence (represented by broken
lines, not to scale). MCHR2 displays considerably more genomic complexity and is formed by six
exons and five intronic regions of variable lengths. Exons 1a and 1b correspond to splice variants of
this gene, with E1b coding for the active form of the receptor. (b) A simplified representation of the
three-dimensional structure of these receptors. Portions indicated by “TM” correspond to trans-
membrane domains of the receptor (the membrane has been omitted for clarity)
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with an EC50 that ranges from 0.085 to 31 nM, depending on the cell line used, the
transfection stability, and the method used to measure Ca2+ mobilization. These EC50

values are similar in magnitude to the values of MCHR1 in similar conditions, if not
slightly lower. There is no response from MCHR2-transfected cells to other peptides
of the MCH peptidergic system, such as NEI, NGE, and MGOP; to natriuretic
peptides, such as rat ANP (1-28 and 3-28), human C-type natriuretic peptide-22,
and human brain natriuretic peptide-32; to somatostatin and somatostatin-related
peptides, such as somatostatin-14, somatostatin-28, cortistatin-14, and cortistatin-
29; to opioid ligands, such as γ-endorphin, dynorphin A, and dynorphin B; or to
another member of the melanocortinergic system, α-MSH. No effect of MCH or any
other peptide was observed for the truncated version of MCHR2.

A remarkable aspect of MCHR2 is its low similarity to MCHR1, despite their
obvious paralogous relationship. The two proteins share a mere 38% identity at the aa
level, a remarkably low amount for proteins of the same family that bind to the same
ligand. Such a high level of divergence between two paralogues suggests that they
appeared early in vertebrate evolution and that there was weak selective pressure on at
least one of them. The presence of orthologues of bothMCHR1 (Gene ID: 103189252)
andMCHR2 (Gene ID: 103178350) in the elephant shark (Callorhinchus milii) genome
supports this early appearance of a family of receptors for MCH. The low selective
pressure onMCHR2 is supported by the loss of this receptor in the species of theGlires
clade. In the rabbit (Oryctolagus cuniculus—order Lagomorpha), a base substitution in
Exon 2 resulted in the transformation of a CGA codon (Gly85 in the human gene) to a
TGA stop codon. In the guinea pig (Cavia porcellus—order Rodentia), a frameshift
mutation occurred by the introduction of an additional A after bp 47, resulting in an
early stop codon that truncated the protein. Rats, mice, and hamsters have no indication
of an MCHR2 orthologue in their genomes, suggesting the removal of truncated
sequences after the mutations that probably occurred in the last common ancestor of
the Glires superorder (Tan et al. 2002). The lack of information regarding MCHR2
functions impairs, for now, our ability to speculate about what kind of environmental
aspects could have loosened the evolutionary constraint on MCHR2, or even what
gains, if any, the animals of theGlires clade could have obtained by losing this receptor.

3 Morphological and Neurochemical Aspects of MCH/NEI
Neurons

The first complete description of MCH and NEI immunoreactivity in the mammalian
brain using a specific antibody was published in 1992, using male animals of albino
(Sprague Dawley) and pigmented (Long-Evans) rat strains (Bittencourt et al. 1992).
A vast amount of work was invested from then on to expand our knowledge of the
anatomical features of the MCH peptidergic system in other mammals. There are
now available descriptions of the distribution of MCH-ir neurons in the rat, mouse,
Siberian hamster, Syrian hamster, tufted capuchin monkey (a New World primate),
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human, pig, sheep, and cat (as reviewed in Bittencourt 2011). The description of this
peptidergic system in other physiological models, such as females in different
reproductive stages (Knollema et al. 1992; Rondini et al. 2007, 2010; Alvisi et al.
2016), also contributed to a greater understanding of this system, but detailed studies
regarding its sexual dimorphism are still lacking. In addition to its description in
different mammals, several works also contributed to refining the distribution of this
system, revealing new neurochemical markers associated with MCH-containing
cells, and unveiling the networks that integrate this peptidergic system into func-
tional circuits. It is noteworthy, however, that the lack of systematization regarding
anatomical nomenclature has hindered the field, with several different names used to
refer to the same structures.

A considerable amount of information was gathered about MCH neurons in the
last two decades. For example, it was demonstrated that 80–90% of MCH neurons
also contain the mRNA coding for the glutamate decarboxylase (GAD67) enzyme,
which suggests GABA synthesis in these cells (Rondini et al. 2007, 2010; Elias et al.
2008). Recent reports, however, suggest that a subset of MCH neurons may express
the machinery for glutamate transport and release (Chee et al. 2015). A recent work
further complicates our understanding of neurotransmitter use by MCH neurons,
suggesting almost all of these neurons contain the machinery for GABA synthesis
(Gad1 and Gad2) but lack the vesicular GABA transporter needed for the canonical
pathway of GABA release (Slc32a1) (Mickelsen et al. 2017). On the other hand,
almost all of MCH neurons express the vesicular glutamate transporter 2 (Slc17a6),
suggesting a glutamatergic phenotype for these neurons (Mickelsen et al. 2017).
Neuronal MCH is also extensively colocalized with CART, ranging from 70% to
95% colocalization depending on the region analyzed (Elias et al. 2001). There is
also colocalization of MCH with nesfatin-1 (Brailoiu et al. 2007; Fort et al. 2008;
Foo et al. 2008), neuronal pentraxin 1 (Reti et al. 2002), acetylcholinesterase in the
absence of acetyltransferase (Risold et al. 1989; Chou et al. 2004), monocyte
chemoattractant protein-1/CCL2 (Banisadr et al. 2005), secretogranins II and III
(Tanabe et al. 2007; Hotta et al. 2009), and α-dystrobrevin (Hazai et al. 2008).

MCH neurons also contain a myriad of receptors, which render them responsive
to several inputs originating broadly in the CNS. These neurons receive both
GABAergic and glutamatergic inputs, which are processed by the ionotropic
GABAA (containing subunits α2 and α3), NMDA, and AMPA receptors and the
metabotropic receptors mGlu1 and mGlu5 present in these cells (Bäckberg et al.
2004; van den Pol et al. 2004; Huang and van den Pol 2007). These neurons are also
responsive to the neighboring ORX cells through the ORXR1 and ORXR2 receptors
(van den Pol et al. 2004; Parks et al. 2014b). Melanin-concentrating hormone
neurons are also responsive to endogenous opioids, probably through kappa-opioid
and nociceptin/orphanin receptors (Parsons and Hirasawa 2011; Parks et al. 2014b).
Other receptors present in MCH cells are the V1a receptor for vasopressin and
OXTR for oxytocin (Yao et al. 2012), NK3 for neurokinin B (Griffond et al.
1997), 5-HT1A for serotonin (Collin et al. 2002), KissR for kisspeptin, SSTR1 and
SSTR2 for somatostatin, NTSR1 for neurotensin, NPSR for neuropeptide S,
CCKAR for cholecystokinin (Parks et al. 2014b), H3R for histamine (Parks et al.
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2014a), and the adrenergic receptor α2A, which responds to both noradrenergic and
dopaminergic inputs (Modirrousta et al. 2005; Alberto et al. 2011; Conductier et al.
2011). MCH neurons are also responsive to insulin through the insulin receptor
(Hausen et al. 2016), as well as to glucose, probably through the GLUT3 glucose
transporter (Burdakov et al. 2005; Kong et al. 2010).

In the following sections, the distribution of MCH along the rostrocaudal axis of
the rat CNS will be described (Bittencourt et al. 1992), as this is the most detailed
description available, and the pertinent parallels to what is known about the human
MCH system will be drawn (Elias et al. 1998; Bittencourt 2011; Krolewski et al.
2010). A schematic representation of each area that will be discussed in the section is
presented in Fig. 3. Since there is over 96% colocalization between MCH and NEI in
the rat brain (Bittencourt et al. 1992), all descriptions in this chapter are valid for
both peptides, although we will refer only to “MCH” for the sake of simplicity. The
peptide NGE will not be discussed in this section, as the scarcity of data renders
impossible any discussion of its immunoreactivity in vivo.

Fig. 3 The distribution of MCH-containing neurons in the rat neuroaxis. Schematic representation of a
parasagittal slice of a rat brain. Significant fiber tracts are indicated in gray to provide reference points to
the reader. In rostrocaudal order, the primary loci of MCH neurons are as follows: the olfactory tubercle
(Tu), the medial preoptic area (MPOA) of lactating females, the incertohypothalamic area (IHy), the
periventricular nucleus of the hypothalamus (Pe), the anterior hypothalamic area (AHA), the lateral
hypothalamic area (LHA), the zona incerta (ZI), the posterior hypothalamic area (PH), the paramedian
pontine reticular formation (pmPRt), and the laterodorsal tegmental nucleus (LDTg) only in females.
Other abbreviations: 4V fourth ventricle, ac anterior commissure, cc corpus callosum, d3V dorsal third
ventricle, f fornix, fr fasciculus retroflexus, ml medial lemniscus, ox optic chiasm, pc posterior
commissure, scp superior cerebellar peduncle
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3.1 Olfactory Tubercle

The anterior-most group of MCH-ir cells is found in the olfactory tubercle (Tu), in
the basal forebrain area, ranging from +0.45 to�0.45 mm from bregma. These small
and multipolar immunoreactive cells are found in the polymorph or multiform layer
of the Tu (Fig. 4a–a0). A small contingent of cells is found bordering the islands of
Calleja, a neighboring structure, while a few cells were found dorsally within the
substantia innominata and caudally within the anterior amygdaloid area. This
population is most easily labeled through immunohistochemistry in colchicine-
treated animals or through in situ hybridization, suggesting that these cells have a
low rate of MCH synthesis or a high rate of degradation. While MCH-ir cells are
found in both male and female rat brains, there is no evidence of this population in
other species, including humans. It is uncertain, at this time, whether this Tu
population is exclusive to rats or poorer immunogenicity in other species generates
false negative results.

3.2 Diencephalon

3.2.1 Medial Preoptic Area

The medial preoptic area (MPOA) represents the most anterior group of Pmch
mRNA-expressing and MCH-ir neurons in the diencephalon and is one of the two
known areas where MCH is sexually dimorphic. While not observable in the male rat
brain, in females during the estrous cycle or in pregnant females, Pmch mRNA can
be detected in the MPOA of lactating rats as soon as the 5th postpartum day. In
addition to the mRNA expression, immunoreactive neurons can be identified in high
numbers in the ventromedial aspects of the MPOA (Fig. 4b–b0), with some of them
invading the limits of the periventricular preoptic nucleus of the hypothalamus and
the rostralmost parts of the paraventricular nucleus of the hypothalamus (PVH)
(Knollema et al. 1992) (Fig. 4c–c0). This population of neurons has a very specific
temporal development pattern, with increasing synthesis of MCH as lactation pro-
gresses, reaching a peak between the 15th and 19th days of lactation and
disappearing after weaning (Rondini et al. 2010; Alvisi et al. 2016). Recently, it
has been demonstrated that MCH synthesis in this area is directly correlated to the
postpartum, but not the prepartum, litter size (Ferreira et al. 2017b).

3.2.2 Incerto-hypothalamic Area

The first major group of MCH-ir and Pmch mRNA-expressing cells found in the
neuraxis of both male and female animals is located at the level of the caudal PVH and
was initially designated the rostromedial zona incerta (ZI) group. The designation of
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Fig. 4 Areas containing MCH-producing neurons in the rat CNS. Brightfield photomicrographs of
frontal rat slices subjected to immunohistochemistry for MCH localization. (a) Small immunore-
active neurons are found in the olfactory tubercle (Tu) of rats of both sexes. (a0) Higher magnifi-
cation of the rectangle in a. Immunoreactive neurons in the Tu are smaller than hypothalamic
neurons. (b) Neurons that synthesize MCH are detectable in the medial preoptic area (MPOA) of
females exclusively during the lactation period. (b0) Higher magnification of the rectangle in b.
Neurons in the MPOA are concentrated in the ventromedial part of this nucleus and are not as
densely stained as neurons in other areas. (c) In addition to neurons in the MPOA, the anterior part
of the paraventricular nucleus of the hypothalamus (PVHa) also contains MCH-ir neurons in
lactating animals. (c0) Higher magnification of the rectangle in c. Other abbreviations: 3V third
ventricle, ac anterior commissure, f fornix, HDB horizontal limb of the diagonal band of Broca,
LPOA lateral preoptic area, ox optic chiasm, st stria terminalis. Scale bar: a–c, 500 μm; a0–c0,
100 μm
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this area was, perhaps, the most controversial involving MCH neurons, as the same
area has been referred to as the rostromedial zona incerta, medial zona incerta, and
rostral zona incerta by different authors, owing to the fact that it is not charted in most
atlases. It was not until 2003, when an extensive neurochemical and hodological study
was performed, that the area was properly renamed the incerto-hypothalamic area
(IHy). Although this region can be considered a subthalamic region from a strictly
anatomical standpoint, its hodology, neurochemistry, and cytoarchitecture indicate
that this area is better described as a hypothalamic transitional region.

Morphologically, the IHy is found at the dorsoventral level of the tip of the third
ventricle (3V), and on the lateromedial axis, it is centered around an imaginary line
drawn over the mammillothalamic tract (mt), laterally limited by a line drawn over
the fornix (f) (Fig. 5a–a0). The IHy can be identified, in cytological staining, as an
ovoid-shaped area of five or six layers of cells that display a preferred lateromedial
orientation. Neurochemically, this area is characterized by the presence of MCH-
and CART-ir neurons intermingled with dopaminergic neurons (immunoreactive for
tyrosine hydroxylase—TH-ir). These dopaminergic neurons are part of the A13
group, which partially overlaps with the IHy and the rostral zona incerta proper.
Although MCH/CART-ir neurons are found in great proximity to TH-ir neurons,
there is no colocalization between these markers, and the relationship between these
chemically distinct populations is yet to be explored in the literature. The IHy can be
found in both rat and human samples of both sexes.

3.2.3 Anterior Periventricular Nucleus

At the caudal level of the PVH, another smaller population of MCH-ir neurons
inhabits the periventricular nucleus of the hypothalamus. These cells are preferen-
tially distributed along the dorsal part of this nucleus (Fig. 5b–b0), sometimes
constituting a cap-like structure at the top of the third ventricle (3Vdc) (Fig. 5c–
c0). This population is typically composed of elongated neurons, some oriented
parallel to the 3V wall and some radially oriented with respect to the ventricle,
particularly on the 3Vdc. This group of cells is stained in both male and female rat
brains, but it cannot be seen in the mouse brain. There is also no evidence of this
population in the human brain.

3.2.4 Medial Hypothalamus

Two populations of neurons can be identified in the medial zone of the hypothalamus.
The first is a population of neurons that are caudal to the posterior part of the PVH,
although never within its borders. This population predominantly occupies the caudal
aspect of the anterior hypothalamic area (AHA) but extends beyond its borders to the
medial hypothalamus rostral to the dorsomedial nucleus. The rostrocaudal distribution
of this population partially overlaps those of the IHy and the anterior periventricular
populations, but these neurons can be distinguished easily from the periventricular
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Fig. 5 Areas containing MCH-producing neurons in the rat CNS, continued. Brightfield photomi-
crographs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) In the
diencephalon of rats of both sexes, MCH-ir neurons are found in the incertohypothalamic area
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group as there is a gap between these two populations. The separation between the IHy
and the medial hypothalamic group is harder to visualize, as these populations appear
continuous in the dorsoventral axis. Melanin-concentrating neurons of the AHA,
however, can be separated from the IHy by their distinct orientation: while IHy
neurons are mostly bipolar and elongated in the lateromedial axis, AHA neurons are
multipolar and without clear directionality. Although some neurons are found in the
neuropil surrounding the ventral aspect of the PVH or the dorsal margin of the
ventromedial nucleus, these neurons are never found within the limit of these nuclei.

A second population of MCH-ir neurons is found more caudally in the medial
hypothalamus, at the level of the dorsomedial and ventromedial nuclei. These
neurons are found outside the margins of these two nuclei, occupying the area
between them (called the internuclear area) and forming a thin layer of cells
stretching from the fornix to the periventricular nucleus (Fig. 5d–d0). Both medial
hypothalamus populations are found in male and female rats, as well as in human
brains.

3.2.5 Lateral Hypothalamic Area

The LHA is the main site in the hypothalamus that harbors MCH-containing cells.
Following the classical division of the LHA into three rostrocaudal subdivisions, i.e.,
anterior, tuberal, and posterior (Saper et al. 1979), MCH-ir cells are mostly found in
the tuberal and posterior divisions of this structure. Owing to the size and complexity
of this area, three subgroups of MCH-ir neurons can be identified. The first group
consists of immunoreactive neurons that occupy the space between the internal
capsule (ic) and the fornix (f) in the lateromedial axis and the space between the
ventral margin of the ZI and the level of the fornix (Fig. 6a–a0). Neurons in this group
are strongly labeled, medium to large and multipolar, giving rise to two to five

⁄�

Fig. 5 (continued) (IHy). The IHy can be identified as a strip of MCH neurons between the third
ventricle (3V) and the mammillothalamic tract (mt), at the dorsoventral level of the zona incerta
(ZI). (a0) Higher magnification of the rectangle in a. Neurons in the IHy are bipolar and frequently
oriented in the lateromedial axis. (b) A distinctive set of neurons can be identified in the area
surrounding the dorsal tip of the 3V, forming a cap of neurons (3Vdc). (b0) Higher magnification of
the rectangle in b. Neurons in the 3Vdc are often radially oriented with respect to the 3V. (c)
Immunoreactive neurons also occupy the periventricular nucleus of the hypothalamus (Pe) along its
tuberal extension. (c0) Higher magnification of the rectangle in c. Labeled cells in the Pe are found
parallel or radially oriented with respect to the 3V and extend projections to the subventricular zone.
(d) Several MCH-ir neurons are found in the medial zone of the hypothalamus. At the level of the
dorsal (DMH) and ventromedial (VMH) hypothalamic nuclei, these neurons are found along the
margin of those nuclei, in the internuclear area. (d0) Higher magnification of the rectangle in d. The
internuclear group of MCH neurons extends itself from the fornix (f) to the 3V. Other abbreviations:
AHA anterior hypothalamic area, Arc arcuate nucleus, ic internal capsule, LHA lateral hypothalamic
area, opt optic tract, PeF perifornical nucleus. Scale bar: a–d, 500 μm; d0, 200 μm; and a0–c0,
100 μm
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Fig. 6 Areas containing MCH-producing neurons in the rat CNS, continued. Brightfield photomi-
crographs of frontal rat slices subjected to immunohistochemistry for MCH localization. The most
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primary dendrites. Secondary dendritic branching is frequently observed, although
tertiary branching is less common. These neurons form the bulk of the MCH-ir
neurons in the anterior tuberal hypothalamus, and in certain cases, they appear to be
continuous with the stained neurons of the medial hypothalamus. The second group is
formed by very large immunoreactive neurons, located in the region dorsal to the optic
tract (opt) and ventromedial to the tip of the internal capsule (Fig. 6b–b0). Owing to the
unique size of these neurons, this area is called the magnocellular group of the LHA,
and it is more evident at the levels at which both ventromedial and dorsomedial nuclei
are also present. Third, as the LHA progresses in the rostrocaudal axis, a group of
MCH-ir neurons is found surrounding the fornix, in the perifornical nucleus (Fig. 6c–
c0). This population is intermingled at more rostral levels with the group that spans the
space between the fornix and the internal capsule, which makes it somewhat hard to
isolate. At more caudal levels, it becomes better delineated as the number of MCH-ir
neurons medial to the internal capsule decreased owing to the increased presence of
white matter patches of themfb. It is noteworthy that some authors believe there to be a
fourth population, located dorsally to the peduncular part of the lateral hypothalamus
and lateral to the subincertal nucleus, called the DL-PLH. In all likelihood, this
population is composed of LHA neurons that are pushed to the dorsal part of the
internal capsule as the mfb expands into the LHA.

In humans, the distribution of MCH in the LHA is similar to that of the rat, but not
identical, owing to the smaller lateromedial extent of the hypothalamus in primates
as a result of the expansion of the internal capsule. Therefore, a large contingent of
immunoreactive neurons is found medial to the fornix, in the space between the
fornix and the third ventricle, although some immunoreactive neurons are still found
intermingled with fibers of the internal capsule. There are no known sex-related
differences in the LHA MCH population.
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Fig. 6 (continued) densely populated MCH-ir area in the rat CNS is the lateral hypothalamic area
(LHA). Due to its complexity, the MCH neurons in this area can be divided into subgroups. (a) The
main subgroup of MCH-ir neurons is found in the dorsomedial part of the LHA, ventral to the zona
incerta (ZI), and medial to the internal capsule (ic), extending approximately to the level of the
fornix (f). (a0) Higher magnification of the rectangle in a. Neurons in the LHA are large, densely
stained, multipolar, and without clear orientation. Projections from these neurons can be seen
intermingled with the white matter patches of the medial forebrain bundle (mfb). (b) In the area
immediately ventromedial to the ic and dorsal to the optic tract (opt), several very large
immunostained neurons can be found, corresponding to the magnocellular group of the LHA.
(b0) Higher magnification of the rectangle in b. (c) Neurons immunoreactive to MCH are also found
encircling the fornix, in the perifornical nucleus (PeF). This group is more easily identified at caudal
levels of the tuberal hypothalamus. (c0) Higher magnification of the rectangle in c, showing the
concentric distribution of MCH-ir neurons around the fornix. (d) In close proximity to the LHA, a
small number of MCH-ir neurons can be labeled in the ZI. (d0) Higher magnification of the rectangle
in d. Despite the spatial proximity, an apparently “empty” band of neuropil separates the ZI and the
LHA neurons. Other abbreviations: 3V third ventricle, Arc arcuate nucleus, DMH dorsomedial
hypothalamic nucleus, mt mammillothalamic tract, PH posterior hypothalamic area, VMH ventro-
medial hypothalamic nucleus. Scale bar: a–d, 500 μm; a0–d0, 100 μm
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3.2.6 Zona Incerta

Although MCH-ir neurons do not occupy the rostral ZI, a population of these
neurons can indeed be found in the lateral ZI. These neurons occupy the area
immediately dorsal to the LHA, forming a three- to four-cell-thick layer in the
stratum over the dorsal part of the internal capsule, mostly at the rostrocaudal level
of the dorsomedial and ventromedial nuclei (Fig. 6d–d0). Although there is conspic-
uous proximity between the ZI and the LHA groups, an apparently “empty” band of
neuropil separates these two populations. Furthermore, neurons in the ZI are large
and multipolar, but their major axis is oriented horizontally, following the overall
shape of the area, while LHA neurons have no distinct polarity. Lateromedially,
incertal neurons do not go more than halfway between the internal capsule and the
fornix. Neurons that synthesize MCH are present in the ZI of rats and humans,
regardless of sex.

3.2.7 Tuberomammillary Nucleus, Dorsomedial Part

The dorsomedial part of the tuberomammillary nucleus (TMdm) was one of the
unexpected MCH-containing cell groups described during the discovery of MCH in
the mammalian brain. This nucleus is localized laterodorsally on a diagonal axis
between the brain surface at the level of the ventral premammillary nucleus toward
the tip of the third ventricle, where it begins to divide and disappear posteriorly, and
its ventral part becomes the mammillary recess (Fig. 7a–a0). This group of
MCH-containing cells is intermingled with histaminergic cells, although there is
no colocalization between these two neuroactive substances (Casatti et al. 2002). It
must be noted that this group of cells is not the tuberal magnocellular nucleus of
Bleier (Bleier et al. 1979), as the proper tuberal magnocellular nucleus is localized
ventrally, forming a sheet of cells dorsal to the pial surface of the brain at the level of
the supramammillary nucleus. This group of cells can be found in both male and
female rat brains. No specific mention of this nucleus has been made in studies of the
primate brain.

3.2.8 Posterior Hypothalamus

A few scattered immunoreactive neurons are found in the posterior hypothalamic
area (PH). These neurons represent the caudal limit of the MCH distribution and
have a similar rostrocaudal level to the tuberomammillary nucleus immunoreactive
cells (Fig. 7a). In the human brain, likewise, MCH-ir neurons were found extending
back into the posterior hypothalamic area. There are no known sex-related differ-
ences in this population.
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Fig. 7 Areas containing MCH-producing neurons in the rat CNS, continued. Brightfield photomi-
crographs of frontal rat brain slices subjected to immunohistochemistry for MCH localization. (a)
At the caudal limit of the hypothalamus, at the transition between the tuberal, and at mammillary
subdivisions, the last MCH-ir neurons in the hypothalamus are found. Neurons can be identified in
the posterior hypothalamic area (PH) and lateral hypothalamic area (LHA) and in great numbers in
the tuberomammillary dorsal nucleus (TMdm). (a0) Higher magnification of the rectangle in a,
highlighting the labeled neurons in the TMdm. (b) In the male brainstem, MCH-ir neurons are
restricted to the paramedian pontine reticular formation (pmPRt), located adjacent to the α part of
the central gray (CGA), and ventromedial to the dorsal tegmental nucleus (DTg). (b0) Higher
magnification of the rectangle in b, highlighting labeled neurons in the pmPRt. (c) Labeled neurons
are found in the laterodorsal tegmental nucleus (LDTg) exclusively in female rats, regardless of
reproductive stage. (c0) Higher magnification of the rectangle in c. Other abbreviations: 3V third
ventricle, Arc arcuate nucleus, DMTg dorsomedial tegmental area, DRC caudal part of the dorsal
raphe nucleus, f fornix, ic internal capsule, LC locus coeruleus, LHA lateral hypothalamic area, meV
mesencephalic V tract, mlf medial longitudinal fasciculus, MoV motor nucleus of the V nerve, mt
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3.3 Paramedian Pontine Reticular Formation

During the original anatomical characterization of MCH in the male rat, an unex-
pected group of MCH-containing cells was found in the reticular formation, in an
area designated the paramedian pontine reticular formation (pmPRt). These neurons
can be seen intermingled with the fibers that constitute the superior cerebellar
peduncle at the level of the caudal part of the laterodorsal tegmental nucleus, with
some of these neurons located dorsally between the borders of the dorsal raphe
nucleus and the pontine central gray matter (Fig. 7b–b0). So far, there has been no
further neurochemical characterization of these neurons, with no description regard-
ing other neuropeptides or classical neurotransmitters they may synthesize. This
group of cells can be found in both male and female rat brains, but it has never been
reported in humans.

3.4 Laterodorsal Tegmental Nucleus

The laterodorsal tegmental nucleus (LDT) was the second nucleus in the rat CNS to
be discovered as sexually dimorphic regarding Pmch mRNA expression and peptide
synthesis (Rondini et al. 2007). Labeling in this nucleus is observed only in female
rats, regardless of reproductive status (Fig. 7c–c0). These MCH neurons are also
GABAergic, as revealed by their co-expression of GAD67-encoding mRNA, but not
cholinergic, despite a significant presence of cholinergic neurons in this nucleus. In
addition to the LDT, some neurons can be found in the adjoining subcoeruleus/
sublaterodorsal nucleus (SDL). Since both LDT and SDL have been implicated in
rapid eye movement (REM) sleep (Garcia et al. 2017), this group of MCH neurons
may be involved in the particular features of female REM sleep.

4 The Projections of MCH Neurons

The MCH- and NEI-ir neurons project widely to the CNS, to the point that “every
commonly recognized cell group and cortical field in the rat brain was found to
contain at least some MCH- and NEI-ir fibers” (Bittencourt et al. 1992). As a
complete description of every projection would be too exhaustive, we will simply
highlight the general organization of these fibers, and a more detailed description of

Fig. 7 (continued) mammillothalamic area, PH anterior hypothalamic area, PnC caudal part of the
pontine reticular nucleus, PnR pontine raphe nucleus, RtTg reticulotegmental nucleus of the pons,
RIP raphe interpositus nucleus, scp superior cerebellar peduncle, VMH ventromedial hypothalamic
nucleus. Scale bar: a–c, 500 μm; a0, 100 μm; and b0–c0, 50 μm
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projections to sleep-related nuclei will be provided in the next chapter. As was the
case with the cellular distribution, there is enough similarity between the patterns of
MCH and NEI staining that these two can be used interchangeably. The projections
of MCH-ir neurons can be organized into four major pathways: ascending,
dorsomedial periventricular, pituitary, and descending, in addition to lateral pro-
jections local to the hypothalamus. Figure 8 is a schematic representation of all four
pathways. Each pathway will be described in this section.

4.1 Ascending Pathway

The major fiber path taken by the MCH-ir fibers is the mfb, reinforcing the intimate
connection of this complex fiber bundle to the LHA and its neurons. In frontal slices
of the LHA, immunoreactive fibers can be seen occupying a large area of the mfb,
with a special concentration in the ventromedial aspect of compartment c of this
bundle (Nieuwenhuys et al. 1982). As the mfb ascends to the rostral portion of the
brain, the first branching of MCH-ir fibers occurs, with these projections exiting
laterally through the ansa peduncularis to reach the amygdaloid complex, the basal
nuclei, and the substantia innominata. Some of these fibers may also cross the
subcortical structures to reach the external capsule and innervate the lateral portion
of the cortical mantle. At the level of the preoptic area, fibers coursing through the
mfb enter the stria medullaris, destined for the habenular nuclei, and others enter the
stria terminalis to complement innervation of the amygdaloid complex. At the level
of the preoptic recess, a major split occurs in the mfb-traversing MCH-ir fibers: the
majority, occupying the most medial aspect of the nucleus of the diagonal band,
bend dorsomedially and spread to reach several cortical areas, the septal region, and
the hippocampal formation, the latter in close association with the fornix. A smaller
contingent of fibers, on the other hand, exits the mfb and travels through the anterior
commissure to reach the anterior olfactory area and the olfactory bulbs.

There is ample innervation of the cortical mantle by MCH-ir fibers (Bittencourt
et al. 1992; Saper et al. 1986; Cvetkovic et al. 2003; Elias et al. 2008). Among the
immunoreactivity-rich fields are the infralimbic, prelimbic, anterior cingulate, and
agranular insular cortices, with fewer fibers found in the somatosensory, auditory,
and visual cortices. The claustrum is one of the most densely innervated cortical
regions. The motor cortex also receives significant input through the MCH-ir fibers
(Fig. 9a–a0), most of which originate from neurons in the LHA (Elias et al. 2008).
There is a laminar distribution of MCH-ir fibers, with layers I and IV containing
more fibers, while a moderate density is observed in layers II and Vb. Layers III, IV,
and Va are the most sparsely innervated. A substantial number of immunoreactive
fibers are found in olfactory-linked areas, such as the main olfactory bulbs, the
anterior olfactory nucleus, the olfactory tubercle, the piriform cortex, and the taenia
tecta.

Many subcortical areas are also innervated by MCH-ir fibers. The septal area
contains some of the highest densities of immunoreactive fibers, including both en
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passant fibers and terminal boutons. Fibers are found at very high density in the
medial nucleus and the diagonal band of Broca and at moderate to high density in the
lateral nuclei, the bed nucleus of the stria terminalis, and the septofimbrial and
triangular nuclei (Fig. 9b–c0). The hippocampal formation proper also receives a
high density of fibers, including all cornu ammonis (CA) subfields, although there is
greater fiber density in the dorsal hippocampal formation than in the ventral part, as

Fig. 8 The main pathways of MCH-ir fibers in the rat neuroaxis. Schematic representation of a
parasagittal slice of a rat brain. Major fiber tracts are indicated in gray to provide reference points to
the reader. There are four main projection pathways of MCH-ir fibers in the rat brain: (1) The
ascending pathway; (2) the periventricular dorsomedial pathway; (3) the pituitary pathway; and
(4) the descending pathway. Abbreviations: 4V fourth ventricle, ac anterior commissure, AM
anteromedial thalamic nucleus, Amyg amygdaloid complex, AON anterior olfactory nucleus,
BNST bed nucleus of the stria terminalis, CA3 cornu ammonis 3 field of the hippocampus proper,
cc corpus callosum, CgCx cingulate cortex, CM centromedial thalamic nucleus, CPu caudate
nucleus and putamen, d3V dorsal third ventricle, DG dentate gyrus, DLPAG dorsolateral
periaqueductal gray matter, DMPAG dorsomedial periaqueductal gray matter, DMTg dorsomedial
tegmental area, DR dorsal raphe nucleus, DTT dorsal taenia tecta, EW Edinger-Westphal nucleus,
f fornix, fr fasciculus retroflexus, FrA frontal association cortex, IAD interanterodorsal thalamic
nucleus, ICo inferior colliculus, IL infralimbic, IO inferior olive, LC locus coeruleus, LDTg
laterodorsal tegmental nucleus, LHb lateral habenular nucleus, LS lateral septal nucleus, LSO lateral
superior olive, M1 primary motor cortex, M2 secondary motor cortex, ME median eminence, MHb
medial habenular nucleus, ML lateral mammillary nucleus, ml medial lemniscus, MM medial
mammillary nucleus, MO medial orbital cortex, MoV motor nucleus of the V nerve, MPOA medial
preoptic area, MS medial septal nucleus, NTS nucleus of the solitary tract, OB olfactory bulb, ox
optic chiasm, PB parabrachial nucleus, pc posterior commissure, PH posterior hypothalamic area,
PMn paramedian reticular nucleus, pmPRt paramedian pontine reticular formation, PPit posterior
pituitary, PrL prelimbic cortex, PT paratenial thalamic nucleus, PVT paraventricular thalamic
nucleus, Rt reticular nucleus, RtTg reticulotegmental nucleus of the pons, S1 primary somatosen-
sory cortex, S2 secondary somatosensory cortex, SCo superior colliculus, scp superior cerebellar
peduncle, SN substantia nigra, SpCd spinal cord, SpV spinal trigeminal nucleus, Tu olfactory
tubercle, V1 primary visual cortex, V2 secondary visual cortex, VTA ventral tegmental area, VTT
ventral taenia tecta, Xi xiphoid thalamic nucleus
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Fig. 9 The distribution of MCH-ir fibers in the rat neuroaxis. Brightfield photomicrographs of
frontal rat slices subjected to immunohistochemistry for MCH localization. (a) Several cortical
fields are innervated by MCH neurons, including the primary motor cortex (M1). (a0) Higher
magnification of the rectangle in a, highlighting a long and varicose MCH-ir fiber. (b) The medial
septal nucleus (MS) is one of the densest areas of MCH innervation in the rat brain. (b0) Higher
magnification of b. Numerous en passant fibers and terminal boutons can be found in the MS. (c)
The horizontal limb of the diagonal band of Broca also contains a medium degree of innervation.
(c0) Higher magnification of the rectangle in c. Numerous terminal boutons are found in the HDB.
Other abbreviations: 3V third ventricle, A32 area 32 of the cingulate cortex, ac anterior commissure,
AcbC core subdivision of the nucleus accumbens, AcbSh shell subdivision of the nucleus
accumbens, cc corpus callosum, CPu caudate nucleus and putamen, LPO lateral preoptic area,
LSV ventral part of the lateral septal nucleus, M2 secondary motor cortex, MPOA medial preoptic
area, ox optic chiasm, st stria terminalis, VDB vertical limb of the diagonal band of Broca. Scale
bar: a–c, 500 μm; a0–c0, 50 μm
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well as a preferential localization of fibers in CA3 (Lima et al. 2013) (Fig. 10a). These
projections to CA3 may be linked to memory retrieval in food-seeking tasks, as
suggested by Sita et al. (2016). The dentate gyrus, on the other hand, receives low to
moderate innervation, although in some cases immunoreactive fibers can be observed
delineating the subgranular zone. The amygdaloid complex, including the medial,
cortical, central, lateral, basolateral, basomedial, and intercalated nuclei, receives mod-
erate innervation. Regarding the basal nuclei, there is a moderate to high density of fibers
in the globus pallidus and the fundus of the striatum, a moderate to low number of fibers
in the caudate-putamen nucleus and a low contingent of fibers in the nucleus accumbens.
In the latter, fibers are found concentrated in the dorsomedial portion, close to the tip of
the third ventricle, in the area identified as the septal pole (Haemmerle et al. 2015)
(Fig. 10b–b0). Kampe et al. (2009) demonstrated the existence of MCH neurons in the
LHA that project simultaneously to the nucleus accumbens and the cingulate and insular
cortices, suggesting thatMCHmay participate in a corticomesolimbic integration circuit.

4.2 Dorsomedial Periventricular and Pituitary Pathways

Immunoreactive fibers are found at moderate density in the hypothalamic
periventricular zone, where they extend from the tuberal to the anterior preoptic
nucleus. These fibers give rise to a plexus that occupies a significant portion of the
subventricular zone, sometimes extending to the ventricle surface. Although the
matter remains open to speculation, these fibers may be linked to the control of
ciliary beating, as described by Conductier et al. (2013a, b). A cohort of these fibers
ascend through the periventricular zone and are joined by fibers apparently origi-
nating from the ZI to innervate the midline thalamic nuclei. As periventricular fibers
are also found in the subventricular zone of the lateral ventricles, it is possible that a
plexus of MCH-ir fibers lines the whole ventricular system of the brain.

A distinctive cohort of immunoreactive fibers originating in the tuberal hypothal-
amus course through the median eminence (ME) to reach the posterior pituitary.
Fibers are reliably found in the adjoining arcuate nucleus (Fig. 11a–a0), especially on
the lateral part of this nucleus, and then reach the ME, with a moderate number of
fibers present in the internal lamina, while sparser fibers are found in the external
lamina (Fig. 11b–b0). It is noteworthy that, in both cases, the fibers are highly
varicose, suggesting a putative release of MCH directly into the ME. As other
works have demonstrated variations in MCH immunoreactivity in the ME linked
to the reproductive status of females (Chiocchio et al. 2001; Gallardo et al. 2004), it
is possible that MCH contributes to the modulation of medianosomes in this area. As
varicose fibers are found in proximity to blood vessels in the external lamina, a
release of MCH or NEI in the portal vasculature cannot be ruled out. A moderate
number of fibers are found in the posterior pituitary, preferentially concentrated near
the periphery of this gland, and some fibers can be observed in the intermediate lobe.
As demonstrated by Cvetkovic et al. (2003), neurons in the 3Vdc and the perifornical
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nucleus are the main origins of the posterior pituitary projections, and some of these
neurons project simultaneously to the cortex.

4.3 Descending Pathway

As is the case with the ascending pathway, the mfb constitutes the main descent
pathway of fibers to the caudal portion of the CNS. Secondary descending tracts

Fig. 10 The distribution of MCH-ir fibers in the rat neuroaxis, continued. Brightfield photomicro-
graphs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) The
hippocampal formation receives a high density of MCH-ir fibers along most of its major sub-
divisions. Although the dentate gyrus (DG) is not innervated as densely as the hippocampus proper,
MCH-ir fibers are seen lining the subgranular zone. (b) The shell of the nucleus accumbens (AcbSh)
contains immunoreactive fibers along most of its rostrocaudal extension. (b0) Higher magnification
of the rectangle in b. Most MCH-ir fibers in the AcbSh are found in the area between the anterior
commissure (ac) and the ventral tip of the lateral ventricle (LV). Other abbreviations: AcbC core
subdivision of the nucleus accumbens, CA1 cornu ammonis 1, CA2 cornu ammonis 2, CA3 cornu
ammonis 3, CPu caudate nucleus and putamen, GrDG granular layer of the dentate gyrus, MoDG
molecular layer of the dentate gyrus, MS medial septal nucleus, PoDG polymorphic layer of the
dentate gyrus, VDB vertical limb of the diagonal band of Broca. Scale bar: b, 500 μm; a, 200 μm;
and b0, 100 μm
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include the fornix, mammillothalamic tract, and fasciculus retroflexus, which help
supply the mammillary and interpeduncular nuclear complexes (Fig. 12a–c0). At the
level of the diencephalic–mesencephalic transition, fibers in the descending pathway
are identified as an array of fibers that occupy the space between the substantia nigra
and the medial lemniscus. This pathway then forks at the level of the red nucleus,
with a dorsomedial component innervating the central tegmental fields, the mesen-
cephalic and pontine central gray and other nuclei of the reticular core (Fig. 13a–c0).
The mesencephalic periaqueductal gray matter has a topological relationship with
diencephalic MCH neurons, with dorsomedial and dorsolateral regions receiving
fibers originating in the IHy, while the ventrolateral area receives fibers from the
tuberal LHA (Elias and Bittencourt 1997). The ventral component will contribute to
the innervation of the ventral tegmental area, the interpeduncular nuclear complex,
the raphe nuclei, and the pontine gray. Along its course, nuclei implicated in food

Fig. 11 The distribution of MCH-ir fibers in the rat neuroaxis, continued. Brightfield photomicro-
graphs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) A great
number of MCH-ir fibers are found in the lateral part of the arcuate nucleus (Arc). (a0) Higher
magnification of the rectangle in a. (b) Labeled fibers can be clearly seen in the median eminence
(EM) of the rat. (b0) Higher magnification of the rectangle in b. There is a preferential distribution of
MCH-ir fibers in the internal layer of the ME, although sparser fibers are found in the external layer.
Other abbreviations: 3V third ventricle, cp cerebral peduncle, f fornix, LHA lateral hypothalamic
area, Pe periventricular nucleus of the hypothalamus, PeF perifornical nucleus, PH posterior
hypothalamic area, VMH ventromedial hypothalamic nucleus; ZI zona incerta. Scale bar: a–b,
500 μm; a0–b0, 100 μm
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Fig. 12 The distribution of MCH-ir fibers in the rat neuroaxis, continued. Brightfield photomicro-
graphs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) The lateral
part of the medial mammillary nucleus (ML) has abundant innervation byMCH-ir fibers, while only
a moderate density reaches the adjoining medial part (MM), and there is a virtual absence of fibers
in the lateral mammillary nucleus (LM). (a0) Higher magnification of the rectangle in a highlighting
the presence of fibers in the ML. (b) The periaqueductal gray matter also receives a high density of
labeled fibers, including the very densely labeled dorsomedial (DMPAG) and dorsolateral
(DLPAG) subdivisions. (b0) Higher magnification of the rectangle in b. The lateral PAG (LPAG)
contains several radially oriented fibers. (c) Midbrain areas containing dopaminergic neurons
receive inputs from MCH neurons, including the substantia nigra (SN) and the ventral tegmental
area (VTA). (c0) Higher magnification of the rectangle in c, where several MCH-ir terminal fields
can be seen in the VTA. Other abbreviations: Aq cerebral aqueduct, Dk nucleus of Darkschewitsch,
fr fasciculus retroflexus, IPR interpeduncular nucleus, ml medial lemniscus, mp mammillary
peduncle, PBP parabrachial pigmented nucleus, RLi rostral linear nucleus of raphe, RMC
magnocellular part of the red nucleus, SuMM medial part of the supramammillary nucleus. Scale
bar: a–c, 500 μm; a0–c0, 100 μm
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Fig. 13 The distribution of MCH-ir fibers in the rat neuroaxis, continued. Brightfield photomicro-
graphs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) A high
contingent of labeled fibers can be found encircling the cerebral aqueduct (Aq), including in the
ventrolateral periaqueductal gray matter (VLPAG) and the laterodorsal tegmental nucleus (LDTg).
(a0) Higher magnification of the rectangle in a, showcasing the numerous fibers en passant and
terminal boutons found in the LDTg. (b) Fibers can also be found in the raphe nuclei, including the
dorsal part of the dorsal raphe nucleus (DRD). (b0) Higher magnification of the rectangle in b. (c)
The locus coeruleus (LC) has inputs originated fromMCH neurons. (c0) Higher magnification of the
rectangle in c. Other abbreviations: DMPAG dorsomedial part of the periaqueductal gray matter,
DRC central part of the dorsal raphe nucleus, DRI interfascicular part of the dorsal raphe nucleus,
DTg dorsal tegmental area, LPAG lateral periaqueductal gray matter, mlf medial longitudinal
fasciculus, PnO oral part of the pontine reticular nucleus, scp superior cerebellar peduncle. Scale
bar: a–c, 500 μm; a0–c0, 100 μm
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consumption, such as the superior salivary nucleus (salivary glands control) and the
motor nucleus of the trigeminal nerve (V–masseter innervation) receive fibers from
the descending pathway (Pérez et al. 2011). The pedunculopontine tegmental
nucleus, an area implicated in motor and arousal function (Saper and Fuller 2017;
Garcia-Rill et al. 1987; Rye 1997), also receives a significant input of MCH-ir fibers
that originate broadly in GABAergic neurons in the IHy, LHA, and perifornical
nucleus. Some of these neurons also project to the motor cortex, suggesting that
MCH neurons participate in a cortico mesencephalic integration circuit (Elias et al.
2008). At more caudal levels, the descending pathway is a strip of fibers located at
the medial edge of the trigeminal complex, further descending to all levels of the
spinal cord through the dorsal funiculi.

4.4 Local Hypothalamic Projections

Virtually the whole rostrocaudal extent of the hypothalamus displays MCH-ir fibers
to some degree. In all likelihood, these fibers result from a combination of fibers
from the ascending, periventricular, pituitary, and descending pathways, in addition
to local extensions of dendrites and axons from MCH-containing neurons. In the
anterior hypothalamus, fibers are found in the median preoptic, anteroventral
periventricular, ventrolateral preoptic (Fig. 14a–a0), medial preoptic, anterior hypo-
thalamic, suprachiasmatic, supraoptic (Fig. 14b–b0), and paraventricular nuclei, in
addition to the medial and lateral preoptic areas. In the tuberal hypothalamus, fibers
can be found in the arcuate, dorsomedial, and tuberomammillary nuclei, as well as in
the retrochiasmatic and lateral hypothalamic areas. Fibers in the ventromedial
nucleus are sparse and often occupy the margins of this nucleus. In the posterior
hypothalamus, fibers occupy the premammillary, supramammillary, and lateral and
medial mammillary nuclei, with a large contingent of fibers found in the lateral part
of the latter, as well as in the posterior hypothalamic area.

5 Anatomical Distribution of MCH Receptor 1

While the distribution of Pmch mRNA-expressing neurons has been reported for
several mammals, anatomical mappings of Mchr1 distribution have been restricted
to male rats (Hervieu et al. 2000; Saito et al. 2001; Kolakowski et al. 1996) and male
mice (Chee et al. 2013), with brief descriptions available for the rhesus monkey, dog,
and ferret (Tan et al. 2002). Several other groups provided additional information
about additional areas and species through northern blotting, RNA dot blots, PCR,
and limited in situ hybridization (Chambers et al. 1999; Saito et al. 1999; Hill et al.
2001; Mori et al. 2001; Sailer et al. 2001). In this section, we will briefly explore the
areas described to contain Mchr1 mRNA and highlight regions with conflicting
information.
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5.1 Cortical Areas

One of the most firmly established features of Mchr1 mRNA is its high cortical
expression. The distribution of Mchr1 mRNA appears to be preferentially layer-
dependent, with the highest levels of expression located in layers II/III and V,
although some have reported lower levels in layers IV and VI. Among the cortical
fields that contain strong Mchr1 mRNA signals are the frontal cortex; the primary
and secondary motor areas; the primary and secondary somatosensory areas; the
parietal, temporal, and orbital cortices; and the agranular and dysgranular insular
cortices. Several sensory fields—such as the gustatory, visceral, and primary areas;
the ventral and dorsal auditory areas; and the anterolateral, rostrolateral, posterolat-
eral, and primary visual areas—contain receptors. Moderate expression is found in
the cingulate cortex, the orbital cortex, and the entorhinal cortex. Low expression is

Fig. 14 The distribution of MCH-ir fibers in the rat neuroaxis, continued. Brightfield photomicro-
graphs of frontal rat slices subjected to immunohistochemistry for MCH localization. (a) Numerous
fibers and terminal boutons are found in the ventrolateral preoptic nucleus (VLPO). (a0) Higher
magnification of the rectangle in a. (b) Neuroendocrine nuclei, such as the supraoptic nucleus (SO),
receive moderate MCH innervation. (b0) Higher magnification of the rectangle in b. Fibers in
neuroendocrine nuclei are often enlarged and varicose. Other abbreviations: 3V third ventricle, LPO
lateral preoptic area, MPOA medial preoptic area, opt optic tract, ox optic chiasm, SCh
suprachiasmatic nucleus, st stria terminalis. Scale bar: a, 500 μm; b, 200 μm; and a0–b0, 50 μm
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detectable in the retrosplenial agranular and granular cortices. The expression of
Mchr1 mRNA in human cortical areas is supported by PCR data.

In addition to these cortical areas, there are consistent data pointing to high
expression of Mchr1 mRNA in olfactory-linked areas. Among the regions with
high expression are the anterior olfactory nucleus, olfactory tubercle, piriform
cortex, ventral and dorsal taenia tecta, indusium griseum, and nucleus of the lateral
olfactory tract. Lower levels of expression were detected in the endopiriform
nucleus. There are two major points of disagreement in the literature regarding
olfactory regions. While Hervieu et al. (2000) described a high expression of
Mchr1 mRNA in the main olfactory bulb and the islands of Calleja, Saito et al.
(2001) did not detect signals in these areas. The data of Kolakowski et al. (1996)
support the presence of Mchr1 mRNA in the major islands of Calleja, but further
data are necessary to determine whether the MCH receptor is present in these
regions. Owing to the diminished olfactory-dedicated areas in the primate brain,
information is lacking on this regard.

5.2 Telencephalic Subcortical Areas

There is also ample support for Mchr1 mRNA in telencephalic subcortical areas,
although disagreements exist for some regions. According to Hervieu et al. (2000),
the septal area has a high expression of Mchr1 mRNA, with the highest expression
found in the nucleus of the diagonal band of Broca and moderate expression found in
the medial septal nucleus, vertical and horizontal limbs of the diagonal band, dorsal
and ventral segments of the lateral septum, and bed nucleus of the stria terminalis
(BNST). On the other hand, Saito et al. (2001) report a distribution that is almost
complementary to that of Hervieu et al. (2000), with no labeling detected in the
medial septal nucleus and very scarce labeling in the dorsal and ventral lateral
septum but heavy labeling in the intermediate division of the lateral septum. How-
ever, multiple authors report moderate expression of Mchr1 mRNA in the
septohippocampal nucleus and subdivisions of the BNST. There is no additional
information about the septal area, and so the presence ofMchr1mRNA in this area in
rodents or primates remains debatable.

The hippocampus proper contains some of the highest levels ofMchr1 mRNA in
the whole CNS. According to multiple authors, elevated levels of mRNA are found
in all CA subfields (CA1–CA3), especially in the pyramidal layer. Moderate to high
expression is also reported for the subiculum. On the other hand, the expression of
Mchr1mRNA in the dentate gyrus is disputable: while Kolakowski et al. (1996) and
Hervieu et al. (2000) describe high expression levels in the granular layer of the
dentate gyrus, Saito et al. (2001) report only a few scattered cells labeled in the
granular and polymorphic layers. PCR data support the high expression of Mchr1
mRNA in the human hippocampus proper.

There is also plentiful support for high expression of Mchr1 mRNA in the
amygdaloid complex. Hervieu et al. (2000) report labeling in the basolateral,
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basomedial, central, medial, cortical, lateral, and posterior amygdaloid nuclei. Saito
et al. (2001) describe high expression levels in the posterolateral cortical nucleus,
nucleus of the lateral olfactory tract, basolateral amygdala, and anterior amygdaloid
nucleus. Moderate expression was found by these authors in the lateral division of
the central nucleus; the lateral division of the anterior amygdaloid nucleus; the
lateral, medial, and posteromedial cortical nuclei; and the amygdalohippocampal
area. Lower levels were found in the anterior cortical and basomedial nuclei and the
intercalated masses. Data obtained from PCR experiments report moderate to high
concentrations of Mchr1 mRNA in the human amygdaloid complex.

Finally, there are less coherent reports regarding mRNA expression in the basal
nuclei and related structures. Hervieu et al. (2000) report moderate expression in the
caudate-putamen nucleus, nucleus accumbens, and substantia innominata. No label-
ing was detected in the globus pallidus. Saito et al. (2001), on the other hand,
describe no expression in the ventral pallidum, low expression in the caudate-
putamen, and high expression in the nucleus accumbens shell, while only scattered
signals are found in the core subdivision. This dichotomy between core and shell in
the nucleus accumbens is further supported by the results of Kolakowski et al.
(1996), who also report low expression in the caudate-putamen. Expression in the
claustrum is supported by multiple sources, but there is no consensus on the relative
amount. In humans, moderate to low expression ofMchr1mRNA is supported in the
nucleus accumbens, caudate-putamen, and globus pallidus.

5.3 Thalamus, Subthalamus, and Epithalamus

Hervieu et al. (2000) argue in favor of ample expression of Mchr1 mRNA in the
thalamus. Among the stained areas are the following: high expression (paraventricular,
anterodorsal, reticular, ventral posterolateral, and ventral posteromedial thalamic nuclei),
moderate (anteromedial, laterodorsal, reuniens, ventral anterior–lateral complex, ventral
posterolateral, and parafascicular thalamic nuclei), and low (interanterodorsal,
anteroventral, centromedial, paratenial, and centrolateral nuclei). In the subthalamic
area, moderate staining is found in the subthalamic nucleus and strong labeling in the
ZI. In the epithalamus, mRNA is detectable in the medial habenular nucleus but not in
the lateral habenular nucleus. Finally, moderate labeling is found in the lateral geniculate
nucleus. Saito et al. (2001) described a mostly similar distribution among nuclei but only
low to moderate in intensity. Dense labeling in the zona incerta is confirmed by the latter
authors, but no labeling was detected in the medial or lateral habenular nuclei. Data from
PCR experiments indicate moderate to low levels of expression in the human thalamus.
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5.4 Hypothalamus

There are multiple reports of Mchr1 mRNA expression in the hypothalamus. Most
reports indicate expression in the ventromedial and dorsomedial hypothalamic
nuclei for both rodents and a nonhuman primate. In addition to those two areas,
Hervieu et al. (2000) also describe high expression in the paraventricular,
periventricular, and supraoptic hypothalamic nuclei, in addition to the lateral and
medial mammillary nuclei. Moderate or low expression was found in the median
preoptic nucleus, medial preoptic area, anterior hypothalamic nucleus, arcuate
nucleus, and lateral and posterior hypothalamic areas. Saito et al. (2001), on the
other hand, describe high expression ofMchr1 mRNA only in the lateral and medial
mammillary nuclei. These authors also found scarce expression in the
paraventricular and dorsomedial hypothalamic nuclei; the anterior, lateral, and
posterior hypothalamic areas; and the premammillary and supramammillary nuclei.
In contrast to the data from rodents, there is a scarcity of data on MCHR1 in the
human hypothalamus, with one report describing high expression and another
describing low expression. No data are available about individual nuclei for humans.

5.5 Midbrain, Hindbrain, and Spinal Cord

Numerous structures in the reticular formation of the midbrain and hindbrain contain
Mchr1 mRNA expression. The most strongly supported structures are the substantia
nigra and the ventral tegmental area, structures linked to the function of the basal
nuclei. Hervieu et al. (2000) describe expression in several other structures, includ-
ing the following: high (periaqueductal gray matter, interpeduncular nucleus, dorsal
tegmental nucleus, olivary complex, and locus coeruleus) and moderate (anterior
pretectal nucleus, raphe nuclei, red nucleus, olivary complex, and pontine reticular
formation). Saito et al. (2001) found similar results, reporting high expression in the
locus coeruleus and red nucleus, along with moderate expression in the pontine and
gigantocellular reticular nuclei, dorsal raphe nucleus, and laterodorsal tegmental
nucleus. Lower expression is reported by those authors in the parvicellular reticular
nucleus, inferior olive, and medullary reticular field. In humans, there are reports of
expression in the locus coeruleus, pons and medulla oblongata, but there is no
consensus regarding the level of expression in the substantia nigra.

Several areas linked to sensory and visceral information processing were found to
contain Mchr1 mRNA expression, although reports are somewhat conflicting.
Hervieu et al. (2000) report widespread distribution of mRNA, namely, the super-
ficial and intermediate superior colliculus, inferior colliculus, anterior pretectal
nucleus, olivary pretectal nucleus, principal sensory nucleus, dorsal and ventral
cochlear nuclei, nucleus of the lateral lemniscus, rostral part of the nucleus of the
solitary tract, parabrachial nucleus, and Kölliker-Fuse nucleus. Saito et al. (2001), on
the other hand, found a very weak signal in the inferior colliculus. Regarding the
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motor system, labeled areas include the nucleus of the oculomotor nerve (III), spinal
trigeminal nucleus, nucleus ambiguus, trigeminal motor nucleus, facial nucleus,
hypoglossal nucleus, and dorsal motor nucleus of the vagus. The presence of
Mchr1 mRNA in the cerebellum, on the other hand, is highly disputable. While
Hervieu et al. (2000) describe strong labeling in the granular layer of the cerebellar
cortex and moderate labeling in the interpositus nucleus, Kolakowski et al. (1996)
and Saito et al. (2001) found no evidence of expression in the cerebellum. In
humans, moderate to low expression has been reported for the cerebellum.

Hervieu et al. (2000) detectedMchr1mRNA in the lumbar part of the spinal cord,
including all subdivisions of the gray matter, with more pronounced staining in the
dorsal horn. Data for humans suggest moderate to low expression of this receptor in
the human spinal cord.

6 Anatomical Distribution of MCH Receptor 2

Owing to the phylogenetically restricted expression of MCHR2 mRNA, there are no
data available for this receptor in rodents. Most of the data collected, therefore, come
from human tissue that was probed by PCR and northern blotting. Additional in situ
hybridization data are available for the ferret (Mustela putorius furo), dog (Canis lupus
familiaris), rhesus (Macaca mulatta), and African green monkey (Chlorocebus
sabaeus).

The consensus region of elevated MCHR2 mRNA expression is the cortex, with
several works supporting gene expression in this structure (An et al. 2001; Hill et al.
2001; Mori et al. 2001; Sailer et al. 2001; Wang et al. 2001). Among the cortical
regions with demonstrated expression are the frontal, temporal, parietal, and occip-
ital lobes and the cingulate and paracentral gyri. Subcortical areas, such as the
hippocampus, amygdaloid complex, caudate-putamen, globus pallidus, and nucleus
accumbens, also expressMCHR2mRNA (An et al. 2001; Hill et al. 2001; Mori et al.
2001; Sailer et al. 2001; Wang et al. 2001; Rodriguez et al. 2001). Expression in
other areas is more contentious. While An et al. (2001) and Sailer et al. (2001) report
expression in the diencephalon, Hill et al. (2001), Mori et al. (2001), and Rodriguez
et al. (2001) did not detect signals in this structure. The same applies to the midbrain
and hindbrain, with An et al. (2001) detecting expression in the pons and medulla
oblongata, Mori et al. (2001) labeling only the medulla oblongata, and Hill et al.
(2001) not detecting expression in these structures. A similar situation is encountered
for the substantia nigra, where Mori et al. (2001) detected labeling, but Hill et al.
(2001) did not. The cerebellum and the spinal cord were consistently negative across
studies (An et al. 2001; Hill et al. 2001; Mori et al. 2001; Rodriguez et al. 2001).
Finally, it is uncertain whether MCHR2 mRNA expression occurs in fiber bundles,
with An et al. (2001) and Mori et al. (2001) detecting labeling in the corpus callosum
and cerebral peduncles, while Wang et al. (2001) describe a negative result for the
corpus callosum.
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In the African green monkey, there is limited evidence of expression in the
dorsomedial hypothalamus. On the other hand, expression is abundant in the anterior
and lateral hypothalamic areas, as well as in the ventromedial nucleus (Sailer et al.
2001). In the rhesus monkey, in situ hybridization revealed signals in the medial and
central amygdala, CA1 of the hippocampus, and entorhinal and temporal cortices, in
addition to weaker signals in the hypothalamus, claustrum, and insular cortex. In the
dog, MCHR2 mRNA was detected in the preoptic nuclei of the hypothalamus, the
medial septum, and the claustrum. Finally, in the ferret, MCHR2 mRNA could be
detected mainly in the dorsal claustrum (Tan et al. 2002).

7 Conclusion

From the initial discovery of MCH in the salmon pituitary to this day, an impressive
amount of data has been collected about the MCH system. An amazing number of
functions is associated with it, including modulation of the sleep–wake cycle;
sensorimotor integration; ingestive, sexual, and maternal behaviors; energy expen-
diture; locomotor activity; autonomic modulation; thyroid modulation; reward;
hormone secretion; foraging; memory; mood; ventricular homeostasis; and immune
response, among others. All these functions are supported by a complex anatomical
organization, including two peptides, a putative third peptidergic member of this
family, alternative splicing and overprinted sequences, multiple loci with
MCH-synthesizing neurons, a vast array of projections, and two receptor paralogues
that have distinct distributions in the CNS. All this complexity is underlined by a rich
phylogenetic history in which, apparently, different levels of conservation pressure
were applied to each member of this family. All these factors combine to result in a
fascinating biological system that, despite everything that has been described about
it, still cannot be considered completely understood.
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Projections of the MCH System
to Structures Involved in the Regulation
of Sleep and Wakefulness

Hyun Sook Lee

Abstract Although glutamatergic sublaterodorsal tegmental nucleus (SLD) consti-
tutes a core of rapid eye movement (REM) sleep circuits, recent reports assert that
REM sleep generation is under hypothalamic control of melanin-concentrating
hormone (MCH) neurons. GABAergic MCH cells control the onset and mainte-
nance of REM sleep via direct inhibitory projection to REM-off GABAergic neurons
in ventrolateral periaqueductal gray matter which exert a potent inhibitory influence
on REM-on SLD cells. It is generally accepted that cholinergic neurons in the
pedunculopontine tegmental (PPT) and laterodorsal tegmental (LDT) nuclei serve
as supplementary REM-on cells, while noradrenergic locus coeruleus (LC) and
serotoninergic dorsal raphe (DR) cells contribute to REM-off circuitry. MCH neu-
rons project heavily to the PPT and LDT, where cholinergic neurons might play a
role in the strengthening of non-REM (NREM) to REM transitions once initiated.
They also project to the LC and DR; the microinjection of MCH into these nuclei
increases REM sleep duration. Likewise, MCH neurons send efferent fibers to the
tuberomammillary nucleus (TMN); the activation of these fibers prolongs REM
sleep episodes. Among monoaminergic nuclei, the TMN is unique in that (1) hista-
minergic neurons are active in cataplexy, implying their role in the maintenance of
arousal state during the period, and (2) it contains a substantial number of MCH
somata within its boundary, whose physiological function remains to be established.

Since the discovery of rapid eye movement (REM) sleep in the late 1950s, reciprocal
inhibitory interactions between brain stem monoaminergic and cholinergic neurons
were regarded as key components in the regulation of REM sleep. Recent studies,
however, demonstrated that selective lesions of either cholinergic or monoaminergic
nuclei have relatively limited effects on REM sleep.

Recent studies revealed that the rat sublaterodorsal tegmental nucleus (SLD), also
called subcoeruleus nucleus in humans and peri-locus coeruleus alpha in cats, plays a
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key role in the generation and maintenance of REM sleep (Sapin et al. 2009). In fact,
the SLD is composed of heterogeneous groups of cells containing glutamate, gamma-
aminobutyric acid (GABA), norepinephrine, or acetylcholine (Ford et al. 1995;
Boissard et al. 2002; Bruinstroop et al. 2011). Among these, ventral SLD neurons
containing glutamate are proven to be the core of REM circuit. They target GABA/
glycinergic ventral medullary REM-on neurons (or spinal inhibitory interneurons) to
produce skeletal muscle atonia (Lu et al. 2007). Recent studies further demonstrated
that hypothalamic MCH neurons play a crucial role in the generation of REM sleep,
while glutamatergic SLD cells are more responsible for the generation of skeletal
muscle atonia during the REM period (Luppi et al. 2013; Garcia et al. 2017).

Acetylcholine promotes REM sleep by activating glutamatergic SLD cells (Weng
et al. 2014). Cholinergic neurons in the pedunculopontine tegmental (PPT) and
laterodorsal tegmental (LDT) nuclei serve as supplementary REM-on cells, while
serotoninergic dorsal raphe (DR) and noradrenergic locus coeruleus (LC) neurons
contribute to REM-off circuitry (Lu et al. 2006). Based on recent findings showing that
melanin-concentrating hormone (MCH) is a powerful hypnogenic factor (Verret et al.
2003; Luppi et al. 2013; Konadhode et al. 2015), we will discuss in this chapter the
MCH neuronal projections to structures involved in the regulation (or modulation) of
the sleep/wake states.

1 MCH Projections to the Ventrolateral Periaqueductal
Gray and Sublaterodorsal Tegmental Nucleus

It is well known that GABAergic neurons in the brain stem play a crucial role in the
initiation of REM sleep. A recent study revealed that the rat brain stem contains only
one population of REM-off GABAergic neurons but multiple REM-on GABAergic
populations (Sapin et al. 2009). GABAergic REM-off cells are located in the
ventrolateral periaqueductal gray (vlPAG) and the adjacent dorsal part of the deep
mesencephalic reticular nucleus (dDpMe); this region also contains GABAergic
REM-on cells. Thus, the REM-off and REM-on populations within the vlPAG/
dDpMe inhibit each other during waking (W) and REM periods, respectively.
Other REM-on GABAergic neurons are located in the dorsal paragigantocellular
and lateral paragigantocellular nuclei and inhibit REM-off neurons in the vlPAG/
dDpMe, DR, and LC during REM sleep (Sapin et al. 2009).

During W and non-REM (NREM) sleep, REM-on SLD neurons are under a tonic
GABAergic control of the vlPAG/dDpMe (Ford et al. 1995; Boissard et al. 2002;
Sapin et al. 2009). Subsequent studies revealed that the onset of REM sleep by MCH
is enacted through the removal of the tonic GABAergic control exerted by the
vlPAG/dDpMe or intrinsic SLD neurons (Clément et al. 2012). The vlPAG/
dDpMe is the main ponto-medullary region containing a large number of
GABAergic cells activated during REM deprivation (Sapin et al. 2009). On the
other hand, a direct anatomical projection from hypothalamic MCH cells to the SLD
has been also reported (Bittencourt et al. 1992), which might suggest the possibility
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of inhibitory hypothalamic influence on GABAergic SLD interneurons during REM
sleep. Furthermore, the local microinjection of MCH into the SLD produced inhib-
itory effects on REM sleep, which might imply the inhibitory role of MCH on
glutamatergic REM-on SLD neurons during W (Monti et al. 2016).

2 MCH Projections to the Mesopontine Cholinergic
Complex

It has long been considered that acetylcholine plays an important role in the
regulation of REM sleep. Recent studies, however, reported that it does not play a
major role in REM initiation but strengthens non-REM (NREM) to REM transitions
once initiated (Grace et al. 2014). Likewise, selective optogenetic activation of
cholinergic neurons in the PPT or LDT during NREM sleep increases the number
of REM episodes and does not change REM sleep episode duration (Van Dort et al.
2015). On the other hand, whole-cell patch-clamp recordings using mice brain slices
demonstrated that acetylcholine produces synergistic, excitatory pre- and postsyn-
aptic responses on spinally projecting SLD neurons that in turn probably serve to
promote REM atonia (Weng et al. 2014).

A number of evidence suggest that MCH+/GABA+ neurons in the LH might be
responsible for the genesis of REM sleep (Luppi et al. 2013; Schwartz and Kilduff
2015). MCH neurons project heavily to cholinergic nuclei in the basal forebrain (i.e.,
globus pallidus and medial septal complex) as well as brain stem cholinergic nuclei
(i.e., PPT and LDT) of the rat (Hong et al. 2011; Lima et al. 2013; Chometton et al.
2014). Microinjection of orexin (ORX) induced long-lasting excitation of choliner-
gic and non-cholinergic neurons in the rat LDT (Takahashi et al. 2002). MCH
neurons generally project to the same targets as ORX cells, and their local interac-
tions seem to determine various behavioral states. The MCH prevents the excitation
of ORX neurons, while the ORX directly excites MCH neurons (Rao et al. 2008;
Barson et al. 2013). Reciprocal synaptic connectivity exists in the lateral hypothal-
amus (LH), and ORX receptor-1 immunoreactivity is present in MCH neurons
(Bäckberg et al. 2002; Guan et al. 2002). In slice preparation, ORX evoked a direct
inward current, increasing excitatory synaptic activity (and spike frequency) in
normally silent MCH neurons (van den Pol et al. 2004). Overall, the strength in
the activity of MCH or ORX neurons seems to determine the sleep/wake states (Rao
et al. 2008; Konadhode et al. 2015).

We showed that MCH fibers provide massive projection to the brain stem
cholinergic nuclei (i.e., PPT and LDT) as compared to the monoaminergic nuclei
(i.e., DR and LC), while the opposite is true for ORXergic fibers (Hong et al. 2011;
Yoon and Lee 2013). The PPT and LDT contain distinct populations of cholinergic,
GABAergic, and glutamatergic neurons in the rat (Wang and Morales 2009).
Furthermore, all identified cholinergic neurons in the PPT/LDT discharge maximally
during W and REM sleep; GABAergic and glutamatergic neurons discharge max-
imally during REM and W, or specifically during REM or W (Boucetta et al. 2014).
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Despite massive MCH fiber projections to the brain stem cholinergic nuclei, their
roles in the modulation of the sleep/wake states remain to be established.

3 MCH Projections to Brain Stem Monoaminergic Nuclei
as well as the Amygdaloid Complex

There are two MCH receptors, but only MCH receptor-1 (i.e., SLC-1) is present in
the rat (Tan et al. 2002). The LC and DR regions are positive for both SLC-1 mRNA
and its protein product (Hervieu et al. 2000; Saito et al. 2001). Hypothalamic MCH
neurons project to the LC and TMN (Yoon and Lee 2013; Lee et al. 2017), where
they antagonize the excitatory effect of ORX on noradrenergic LC and histaminergic
TMN neurons (Bisetti et al. 2009). MCH varicosities containing vesicular GABA
transporter (vGAT) form GABAergic (gephyrin+) synapses on LC neurons (Del
Cid-Pellitero and Jones 2012). Microinjection of MCH into the LC (and DR)
increases REM sleep duration (Lagos et al. 2009; Torterolo et al. 2011; Monti
et al. 2015). LC (and DR) neurons might, in turn, inhibit REM sleep (thus promote
W) through a tonic excitation of REM-off vlPAG/dDpMe neurons (Sapin et al.
2009; Luppi et al. 2011).

The amygdala is another area exhibiting intense MCH receptor-1 mRNA and its
protein product in the rat (Hervieu et al. 2000; Saito et al. 2001). MCH axon
terminals are abundant in lateral, basolateral (BLA), and basomedial amygdala of
the pig (Chometton et al. 2014). A recent study reported that MCH and ORX are
transcriptionally upregulated in the BLA neurons after repeated stress in mice
depression model (Kim et al. 2015). The anterior basomedial as well as anterior
cortical nuclei of the amygdala, which are involved in processing olfactory, gusta-
tory, and visceral information, exert excitatory (i.e., glutamatergic) influence on the
MCH-containing LH neurons (Niu et al. 2012). In contrast, the central amygdala
(CeA) provides inhibitory (i.e., GABAergic) inputs to the MCH and ORX neurons in
the LH (Nakamura et al. 2009).

Considering the involvement of amygdala in processing emotional behaviors, its
role in cataplexy (as well as in REM sleep) is of great interest. Positron emission
tomography study in man revealed that the amygdaloid complex, which plays a role
in the acquisition of emotionally influenced memories, is one of the major regions
activated during REM sleep (Maquet et al. 1996). Populations of cells in the central
and basal amygdala (which are the major output and input regions of the complex,
respectively) increase discharges prior to and during cataplexy (Gulyani et al. 2002).
Furthermore, lesions in the amygdala reduce cataplexy in orexin knockout mice
(Burgess et al. 2013).

During W, ORX neurons maintain muscle tone by activating the basal forebrain,
TMN, DR, and LC (Kiyashchenko et al. 2001; Konadhode et al. 2015). Several
factors contribute to skeletal muscle atonia during REM sleep (as well as cataplexy).
Acetylcholine contributes to REM sleep atonia through excitation of spinally
projecting SLD neurons (Sakai et al. 2001; McCarley 2007; Weng et al. 2014). A
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phasic glutamatergic pathway from the CeA to the caudal REM-on SLD neurons
might be responsible for inducing muscle atonia during cataplexy (Luppi et al. 2011;
Zhang et al. 2012). The cessation of LC neuronal activity is also a major cause of
cataplexy-related muscle atonia (Wu et al. 1999; Gulyani et al. 2002). The activation
of pontine/medullary motor inhibitory regions reduces LC neuronal discharge,
which in turn exerts a disfacilitatory effect on ventral horn cells and produce REM
atonia in both decerebrate and intact animals (Mileykovskiy et al. 2000; Lai et al.
2001). Likewise, drugs that increase noradrenaline levels are effective in alleviating
cataplexy in humans, dogs, and mice (Nishino andMignot 2011; Burgess and Peever
2013; Fraigne et al. 2015).

In narcoleptic dogs, REM-off cells in the DR do not cease discharge during
cataplexy, which is in great contrast with quiescent LC neurons during the period
(Wu et al. 1999, 2004). Interestingly, the CeA provides massive GABAergic input to
the LC, while its projection to the DR is minor (Wallace et al. 1992; Lee et al. 2007).
We observed extensive cocaine- and amphetamine-regulated transcript (CART)
terminals mainly in the central and medial amygdala, which originated from
CART/MCH co-containing neurons in the LH, zona incerta (ZI), and dorsal hypo-
thalamic area (DA) (unpublished observations). Since MCH also projects to the LC
(Yoon and Lee 2013), we presumed that a portion of hypothalamic MCH neurons
might provide axon collaterals to the CeA and LC. The anatomical study revealed
that MCH neurons in the LH, ZI, and DA provided divergent axon collaterals to the
CeA and LC (Fig. 1). The neurochemical identity of these triple-labeled neurons has

Fig. 1 Following the combined injection of green Retrobeads™ into the central amygdala (CeA)
and red one into the locus coeruleus (LC), MCH neurons with dual projections to the two targets
were observed in the lateral hypothalamus (LH, c–d4), zona incerta (ZI, e–f4), and dorsal hypotha-
lamic area (DA, g–h4). Images shown are single 3.4 μm (a and b) and 0.8 μm (c–h4) optical
sections. 3(4)V third (fourth) ventricle, Cb cerebellum, cp cerebral peduncle, cst commissural stria
terminalis, f fornix, ic internal capsule, opt optic tract. Scale bars ¼ 150 μm (a and b), 25 μm (c),
5 μm (d1)
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not been determined due to the current technical limitations. The possible involve-
ment of these dual-projecting MCH neurons in the regulation of cataplexy (as well as
REM sleep) remains elusive.

4 MCH Projections to the Histaminergic
Tuberomammillary Nucleus

The TMN is different from brain stem monoaminergic nuclei (including the DR and
LC) in that MCH-containing somata exist within adenosine deaminase (ADA, a
histamine marker)-immunolabeled TMN boundaries (Casatti et al. 2002; Lee et al.
2017). MCH neurons are located in E5 (rostral), E4 (dorsomedial), and E3 (ventral)
subdivisions but not in E2 (ventrolateral) or E1 (caudal) regions. Types of cells
within the TMN boundaries are MCH+/CART+, MCH+/CART-, or MCH-/CART+
neurons, similar to neuronal populations in the adjacent LH region. A portion of
MCH neurons in the E4 TMN subdivision project to the medial mammillary nucleus,
implying their role in spatial memory process (Casatti et al. 2002).

In addition to MCH somata, the TMN contains extensive MCH (and/or CART)
terminals of extrinsic origin; their neuronal cell bodies are located in the LH, ZI, and
DA (Lee et al. 2017). MCHR1 is expressed in TMN neurons of the rat (Saito et al.
2001). Massive MCH terminals within the TMN might play a role in cataplexy as
well as REM sleep. Histaminergic TMN neurons are unique in that they are active in
cataplexy at a level similar to or even greater than during quiet waking, implying
their possible involvement in the maintenance of arousal state during cataplexy
(John et al. 2004). It is in contrast with brain stem monoaminergic nuclei such as
the noradrenergic LC neurons which cease discharge during cataplexy of narcoleptic
dogs, while serotonergic DR cells exhibit greatly reduced activity (Wu et al. 1999,
2004). Recent optogenetic study revealed that in vitro activation of MCH terminals
induces GABAA-mediated inhibitory postsynaptic currents (IPSCs) in histaminergic
TMN neurons and in vivo activation of MCH terminals in the TMN prolongs REM
sleep episodes (Jego et al. 2013). With regard to the observation of MCH cells within
the TMN boundary, additional studies are required to make a functional distinction
between extrinsic MCH neurons projecting to the TMN vs. intrinsic MCH cells
within the TMN in the modulation of cataplexy and REM sleep.
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The Role of Melanin-Concentrating
Hormone in the Regulation of the Sleep/
Wake Cycle: Sleep Promoter or Arousal
Modulator?

Xiao-Bing Gao

Abstract The neuronal system that resides in the perifornical/lateral hypothalamus
(Pf/LH) and synthesizes the neuropeptide melanin-concentrating hormone (MCH)
participates in critical brain functions across species from fish to human. The MCH
system was originally reported to regulate neural activity responsible for the change
of skin color in lower vertebrates (such as fish), homeostatic functions (e.g., feeding
and energy balance), and complex behaviors (e.g., reward seeking/addiction, depres-
sion/anxiety) in higher animals. The most recent evidence indicates that MCH
participates in the regulation of sleep in animals as well. In this chapter, we
summarize the evidence supporting the role of MCH in the regulation of sleep
homeostasis in animals and discuss its physiological implications in the context of
MCH as a central node of the overall brain circuitry controlling physiological
functions and complex behaviors in animals.

1 Introduction

The periodic rotation of the earth on its axis in relation to the sun induces the light/
dark cycle on the planet, based upon which animals (higher animals in particular)
exhibit a periodic activity-rest pattern. Although its exact significance is still under
debate, the activity-rest pattern (sleep/wake cycle) is critical to the survival of
individual animals and their species from C. elegans to Homo sapiens. The brain
of higher animals has been established as the organ that controls the sleep/wake
cycle and regulates physiological and behavioral functions based upon this cycle.
Among many brain regions, the hypothalamus emerged as a critical area that
regulates the sleep/wake state as early as the first half of the twentieth century,
when von Economo described that the disruption of the posterior hypothalamus led
to sleepiness and coma in human patients (von Economo 1930).
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In the past two decades, investigations on the role played by the hypothalamus in the
regulation of the sleep/wake cycle intensively centered on the neuropeptide hypocretin/
orexin (Hcrt) and its receptors based on the discovery of Hcrt as a potent wake/arousal
promoter in animals. Hcrt was originally discovered by two groups of researchers
independently (de Lecea et al. 1998; Sakurai et al. 1998), which is selectively synthe-
sized in neurons in the perifornical and lateral hypothalamus (Pf/LH). Two distinct
peptidergic hormones named hypocretin 1 and 2 (orexin-A and B) were determined to
be the products of proteolytic cleavage of a pre-prohormone (de Lecea et al. 1998). Two
G protein-coupled receptors, orexin receptor 1 (hypocretin receptor 1) and orexin
receptor 2 (hypocretin receptor 2), were identified as mediators of the effects of both
peptides (Sakurai et al. 1998).

The fact that Hcrt exhibits a strong arousal/wake-promoting effect on animals is
supported by current data. First, a deficiency in Hcrt peptide or its receptors leads to
narcolepsy in dogs, mice, and human patients (Chemelli et al. 1999; Lin et al. 1999;
Nishino et al. 2000; Thannickal et al. 2000; Ripley et al. 2001). Second, the concen-
tration of Hcrt fluctuates according to the behavioral states of animals. Hcrt-1 levels
are high in the cerebrospinal fluid during the active (wake) phase and low during the
inactive (sleep) period (Fujiki et al. 2001; Yoshida et al. 2001; Zeitzer et al. 2003).
These findings are consistent with those seen when activity levels of Hcrt cells across
various behavioral states were assessed by c-Fos expression and detection of spike
firing in these cells during the normal sleep/wake cycle and during sleep deprivation
(Estabrooke et al. 2001; Lee et al. 2005; Mileykovskiy et al. 2005). Correspondingly,
a direct and selective stimulation of Hcrt neurons by the optogenetic approach
increases the transition from either SW sleep or REM sleep to wakefulness in rats
(Adamantidis et al. 2007). Lastly, a dual Hcrt receptor antagonist has recently been
developed as an effective treatment for insomnia (Roecker et al. 2016).

Although the evidence briefly summarized above seems sufficient to address the
original observations of impaired wakefulness and arousal in patients suffering from
the disruption of the lateral hypothalamus (von Economo 1930), nerve cells that are
specifically activated during the sleep phase have been identified in the LH as well
(Steininger et al. 1999; Alam et al. 2002). A growing body of data reveals that
neurons in the LH may promote sleep in animals. Nerve cells synthesizing the
neuropeptide melanin-concentrating hormone (MCH), which are also distributed in
the LH and intermingle with Hcrt cells, exert this exact function in animals.

2 An Overview of MCH and Its Receptors in Animals

2.1 Discovery of MCH and MCH Receptors in Animals

MCH was originally isolated from the pituitary gland and hypothalamus in teleost
fishes and found to be a regulator of skin color in these species (Rance and Baker
1979). The release of MCH in teleost fishes was regulated by the background color
of the environment (Rance and Baker 1979). Later, MCH-like immunoreactivity was
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identified predominantly in the posterior hypothalamic area (including the medial
forebrain bundle-lateral hypothalamic area, subzona incerta, and perifornical area) in
rats and humans (Skofitsch et al. 1985; Bresson et al. 1987). It is now clear that MCH
is a cyclic 17-amino-acid peptide in fishes and 19-amino-acid peptide in mammals.
MCH and two other peptides (NGE and NEI) are cleavage products of the same
prohormone in mammals (Nahon et al. 1989).

The receptors forMCHwere not identified until a decade after the discovery of this
peptide. An orphan G protein-coupled receptor, GPCR SLC-1 (also called GPR24),
was eventually identified as the receptor for MCH in rodents and humans by several
groups independently (Saito et al. 1999; Chambers et al. 1999; Lembo et al. 1999).
Another orphan G protein-coupled receptor, GPCR SLT, was later identified as an
MCH receptor in humans only (Mori et al. 2001). These two receptors were then
named MCH receptor 1 (MCHR1) and 2 (MCHR2), respectively.

2.2 Connectomics of MCH Neurons in Animals

It is now clear that MCH is synthesized in the central nervous system (CNS) mainly
by neurons in the lateral hypothalamus (LH) in mammals (Skofitsch et al. 1985;
Bresson et al. 1987; Nahon et al. 1989). The expression of MCH begins as early as
the late embryo and early postnatal period (Bresson et al. 1987; Brischoux et al.
2001). MCH-containing efferent axons innervate a wide variety of regions in the
CNS from the cortex to the spinal cord (Skofitsch et al. 1985; Nahon et al. 1989;
Bittencourt et al. 1992). Consistent with this wide distribution pattern of
MCH-containing fibers, MCHR1 is also widely distributed throughout the CNS
(Lembo et al. 1999; Saito et al. 2001; Kilduff and de Lecea 2001). Among all the
brain structures innervated by MCH-containing fibers, the highest density of MCH
axons and boutons is found in the LH (Nahon et al. 1989; Bittencourt et al. 1992). By
using an immunohistochemical approach with an antiserum against MCH and
antisense against MCH mRNA, Bittencourt et al. (1992) reported that the most
intensely immunoreactive nerve fibers were in the lateral hypothalamus, medial
nucleus of the septum, and certain areas of the reticular formation. The
MCH-containing fibers were also identified extensively in brain areas regulating
the sleep/wake cycle, such as dorsal raphe (DR), locus coeruleus (LC), and
tuberomammillary nucleus (TMN), which suggests a critical role of MCH in the
regulation of wake/arousal in animals. Conversely, afferent pathways onto
MCH-containing neurons from various parts of the brain are as abundant as pro-
jections from the MCH system to other regions all over the brain (González et al.
2016). This piece of evidence indicates that MCH cells are under the modulation of
cues that encode physiological, environmental, and behavioral factors.

Within the perifornical and LH areas, current data indicate that MCH cells reside
in a microcircuitry comprising several neuronal populations (Fig. 1). There is
evidence that MCH neurons and neighboring Hcrt neurons reciprocally innervate
each other (Guan et al. 2002; van den Pol et al. 2004). However, since MCH does not
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have direct but rather has indirect effects on Hcrt neurons (Rao et al. 2008) and the
latter does not belong to the neuronal population expressing MCHR1 (Chee et al.
2013), it is possible that the MCH system may also regulate wake-promoting Hcrt
neurons with its peptidergic content through MCHR1-expressing interneurons
(Fig. 1).

2.3 A Diverse Role of MCH in the Regulation
of Physiological Functions in Animals

The original function of the peptide MCH was identified to modulate pigmentation
in lower vertebrates (such as fish, amphibians, and reptiles) (Kawauchi et al. 1983;
Eberle 1988), for which the peptide was named. In fish, in addition to a strong
neuroendocrine role in the inhibition of corticotropin-releasing hormone (Baker et al.
1985; Eberle 1988), MCH also exhibits appetite-inhibiting actions in some species

Fig. 1 A diagram of a simplified local circuitry containing MCH neurons in the LH. MCH cells
may reciprocally innervate nearby Hcrt neurons directly and modulate Hcrt neurons indirectly
through the innervation of MCH receptor-expressing (MCHR) interneurons

60 X.-B. Gao



(Shimakura et al. 2006; Matsuda et al. 2007) and appetite-stimulating effects in
others (Tuziak and Volkoff 2012, 2013).

In mammals, however, MCH plays a profound role in the regulation of food
intake and energy balance in the brain. Firstly, the acute administration of MCH
directly into the arcuate, paraventricular, or dorsomedial nucleus evokes feeding or
elevates food intake in rodents (Qu et al. 1996; Rossi et al. 1999; Della-Zuana et al.
2002; Abbott et al. 2003; Clegg et al. 2003), while a chronic infusion of MCH or
activation of MCHR1 significantly increases food intake, body weight, white adi-
pose tissue (WAT) mass, and liver mass and elevates levels of insulin and leptin in
rodents (Ito et al. 2003; Shearman et al. 2003). Overexpression of MCH in the LH
leads to obesity and resistance to insulin in mice (Ludwig et al. 2001). Conversely, a
deficiency in MCH peptide causes reduced body weight and leanness due to a
lessened food intake and an enhanced metabolism in mice (Shimada et al. 1998).
The inhibition of MCH neurons by physiological factors such as estrogen or
antagonism of MCHR1 leads to a sustained decrease in food intake, weight loss,
and reductions in body weight/fat gain (Mystkowski et al. 2000; Shearman et al.
2003; Morton et al. 2004). In addition, MCH has been reported to be involved in the
regulation of learning and memory, depression-like behaviors, anxiety, and addic-
tion (Borowsky et al. 2002; Adamantidis et al. 2005; Georgescu et al. 2005; David
et al. 2007; Chung et al. 2009; Lagos et al. 2011b; García-Fuster et al. 2012;
Domingos et al. 2013). The latest evidence indicates that MCH participates in the
regulation of sleep, which will be discussed in the latter part of this chapter.

3 Cellular and Molecular Effects of MCH on Nerve Cells
in Animals

3.1 MCH Acts as an Inhibitory Neuropeptide in Animals

When MCH receptors were initially identified, it was clear that G protein-coupled
signaling pathways might mediate biological effects of MCH. In in vitro experi-
ments with a non-neuronal expression system (Xenopus oocyte) and cell lines (HEK
and CHO), the activation of MCH receptor-1 led to an increase in intracellular
calcium concentrations, a decrease in cyclic AMP levels, and induction of G
protein-gated inwardly rectifying potassium currents (GIRKs) (Bächner et al.
1999; Chambers et al. 1999; Saito et al. 1999; Shimomura et al. 1999), suggesting
diverse effects of MCH depending on the signaling pathways (such as Gi, Go, or Gq

pathways) downstream to the activation of MCH receptors.
Conversely, in the primary culture of neurons from the hypothalamus, MCH was

demonstrated to act as an inhibitory peptide (Gao and van den pol 2001, 2002) in
terms of direct effects on individual neurons. MCH inhibited the release of glutamate
from presynaptic terminals and glutamate receptors at the postsynaptic membrane in
cultured neurons from the LH in rats (Gao and van den pol 2001). In contrast to the
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activation of GIRKs in Xenopus oocytes, MCH inhibited voltage-dependent calcium
channels (VDCCs) in hypothalamic neurons in primary culture (Gao and van den pol
2002). The Gi/Go pathway was suggested to mediate these inhibitory effects (Gao
and van den pol 2001, 2002). In other regions of the brain in rodents, the majority of
results demonstrated that MCH exerted inhibitory effects on central neurons as well.
For instance, MCH inhibited spontaneous and evoked excitatory postsynaptic cur-
rents in NTS neurons in medulla slices from rats (Zheng et al. 2005); it induced a
direct inhibition through an activation of barium-sensitive potassium currents in a
subpopulation of GnRH neurons in the medial septum/diagonal band of Broca
(MSDB) (Wu et al. 2009); and it depressed action potential firing in medium spiny
neurons (MSNs) in the shell of nucleus accumbens (AcbSh) in rat brain slices and
freely moving animals (Sears et al. 2010) (Fig. 2).

Fig. 2 A diagram depicting signaling pathways underlying the inhibitory effects of MCH on nerve
cells in the brain. MCH may directly modulate synaptic transmission, neurotransmitter receptor
responses, voltage-gated ion channels (such as Ca2+ and K+ channels), secondary messenger
systems, and primary cilia in neurons
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In addition to the modulation of cellular functions through direct and indirect
effects on the excitability of neurons, MCH may also modify morphological prop-
erties of nerve cells and lead to fine-tuning of neuronal responses to afferent signals.
Primary cilia are microtubule-based cellular organelles projecting from surfaces of
many cell types including central neurons. Emerging evidence has showed that
neuronal cilia could serve as an important modulator of neuronal functions by
monitoring the ambient environment of nerve cells (Guemez-Gamboa et al. 2014;
Oh et al. 2015). The disruption of neuronal cilia has been implicated in many
neurological and mental diseases, particularly in obesity (Guemez-Gamboa et al.
2014; Oh et al. 2015). Recent data indicate that MCHR1 is exclusively expressed in
the primary cilia and is responsible for the reduction of cilium length (Berbari et al.
2008; Hamamoto et al. 2016; Tomoshige et al. 2017), which may be critical to the
brain functions regulated by MCH, such as energy balance (Oh et al. 2015) (Fig. 2).

Earlier studies suggested that neurons synthesizing MCH were GABAergic in
nature, which has been repeatedly demonstrated by many groups using immunocy-
tochemical and in situ hybridization methods (Sapin et al. 2010; Del Cid-Pellitero
and Jones 2012). However, more recent data raised the possibility that at least a
subpopulation of MCH neurons may be glutamatergic (Chee et al. 2015; Mickelsen
et al. 2017). The heterogeneity in MCH neurons in terms of neurotransmitters
released from these cells adds another layer of complexity in the regulation of the
targets of the MCH system at the circuit level.

3.2 Signaling Pathways Underlying the Effects Mediated
by MCH

As presented above, the expression of exogenous MCHR1 in non-neuronal
expressing systems led to coupling of the receptor with various G protein-mediated
pathways (such as Gi, Go and Gq pathways) that exist in those cells (Bächner et al.
1999; Chambers et al. 1999; Saito et al. 1999; Shimomura et al. 1999). In neuronal
primary cultures and acute brain slices from the central nervous system of rodents,
current evidence suggests the coupling of MCHR1 with inhibitory G protein path-
ways, for example, the Gi/Go pathway (Gao and van den Pol 2001), through which
MCH may directly regulate excitability via ion channels (VDCCs and K+ channels)
and neurotransmitter release in nerve cells (Gao and van den Pol 2001, 2002; Wu
et al. 2009; Sears et al. 2010). MCH-induced shortening of neuronal cilia may be
mediated by Akt phosphorylation downstream to the Gi/Go pathway activation
(Hamamoto et al. 2016; Tomoshige et al. 2017).
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4 Regulation of Sleep by MCH in Animals

4.1 Regulation of the Sleep/Wake Cycle by MCH in Animals

As a potent promoter of food intake in higher animals, MCH’s action in the
regulation of sleep homeostasis was revealed rather late, especially when compared
to the discovery of the neighboring Hcrt cells as wake/arousal promoters (Chemelli
et al. 1999; Lin et al. 1999). The first clue of a possible role for the PF/LH area in the
promotion of sleep was the finding that certain neuronal populations were activated
during the paradoxical sleep (PS) phase in rats (Steininger et al. 1999; Alam et al.
2002). To identify these PS-active cells in the PF/LH area, Verret and colleagues
reported that MCH neurons, but not Hcrt cells, expressed c-Fos immunoreactivity in
rats undergoing recovery sleep after PS deprivation (Verret et al. 2003). Further-
more, they reported that i.c.v. application of MCH through the lateral ventricles
increased the amount of PS and slow-wave sleep (SWS) during the dark phase in rats
in a dose-dependent manner (Verret et al. 2003). This is the first piece of evidence
that MCH promoted sleep in rodents, which was later confirmed by other investi-
gators (Modirrousta et al. 2005; Hanriot et al. 2007). It is interesting to note,
however, that MCH neurons appeared not to express c-Fos (activation) during
quiet sleep or active sleep induced by carbachol microinjected directly into the
nucleus pontis oralis (NPO) in cats (Torterolo et al. 2006). A later report clarified
that a direct infusion of MCH into the NPO could increase active sleep and decrease
the latency to active sleep in felines (Torterolo et al. 2009). These data suggest that
the role of MCH in sleep regulation may be state dependent.

Consistent with the co-relationship between activation of MCH neurons and
various stages of sleep in rodents, the application of MCHR1 antagonist revealed
more details regarding the role of MCH in sleep regulation. Subcutaneous adminis-
tration of two selective MCHR1 antagonists significantly decreased NREM, REM,
and intermediate stage sleep duration and enhanced wake time during the first 4 h
after administrations in rats (Ahnaou et al. 2008). The loss-of-function studies with
genetically modified animals revealed similar results. Mice with a deficiency in
MCH peptide exhibited a reduced sleep in both dark and light phases, suppressed
REM sleep, and hyperactivity during food deprivation, which indicate an enhanced
vigilance/arousal state in these animals (Willie et al. 2008). In a strain of MCHR1-
deficient mice with a behavioral phenotype of hyperactivity during the dark phase of
the light-dark cycle (Marsh et al. 2002), an elevated arousal state as demonstrated by
a sensitization to the wake-promoting effect of the psychostimulant, modafinil,
through the Hcrt pathway was observed (Rao et al. 2008), despite an altered vigilant
state and response to modafinil in another strain of MCHR1 mice (Adamantidis et al.
2005, 2008). Nevertheless, most of the available evidence supports the concept that
MCHR1 deficiency leads to enhanced wake/arousal and compromised sleep (Marsh
et al. 2002; Rao et al. 2008; Ahnaou et al. 2011; but not Adamantidis et al. 2008).

The use of in vivo pharmacological and transgenic approaches has certainly led to
the discovery of regulation of sleep by the MCH system in animals. However, the
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lack of specificity and possible developmental and compensatory effects resulting
from genetic mutations will surely compromise the interpretations of results
obtained from studies summarized above. New techniques such as optogenetic and
chemogenetic methods and in vivo imaging with calcium-sensitive reporter proteins
have shed new light on the regulation of sleep by the MCH system. By selectively
stimulating MCH neurons with light-sensitive channgelrhodopsin-2 (ChR2) for a
24-h period, Konadhode and colleagues showed that stimulation of MCH cells
during the dark phase of the light-dark cycle significantly reduced the latency of
sleep onset, decreased the length of wake bouts, and increased the total time in both
REM and NREM sleep in mice (Konadhode et al. 2013). Activation of MCH cells
during the light phase enhanced sleep intensity in these animals (Konadhode et al.
2013). At the same time, Jego and colleagues reported that an acute stimulation of
MCH neurons in the LH led to an extended REM but not NREM sleep at the onset of
REM sleep (Jego et al. 2013), which could also be achieved by stimulating
MCH-containing nerve fibers in the tuberomammillary nucleus (TMN) or medial
septum (Jego et al. 2013). Interestingly, Tsunematsu and colleagues showed that
acute stimulation of MCH neurons led to a transition from NREM sleep to REM
sleep with an increased REM sleep time and decreased NREM sleep time in mice
(Tsunematsu et al. 2014), suggesting that the activation of MCH neurons can induce
REM sleep even if mice are at the stage of NREM sleep (Tsunematsu et al. 2014). In
rats, optogenetic stimulation of MCH neurons induced similar changes in sleep
profiles as reported by Konadhode and colleagues in mice (Blanco-Centurion et al.
2016). Moreover, a selective stimulation of MCH neurons with chemogenetic
methods significantly increased REM sleep without changes in NREM sleep and
wakefulness in mice (Vetrivelan et al. 2016).

4.2 Neuronal Circuits Participating in MCH-Mediated Sleep
Promoting Effects

Since MCH-containing nerve fibers innervate structures all over the brain including
many arousal-promoting centers (Bittencourt et al. 1992), it is not surprising that
MCH may promote sleep through multiple loci in the brain. Since MCH-containing
fibers are extensively distributed in the LH and MCH-containing nerve terminals are
identified on wake-promoting Hcrt neurons (Guan et al. 2002; van den Pol et al.
2004), it is intriguing to understand whether the neighboring neuronal systems are
targets of MCH cells in the regulation of the sleep/wake cycle. By using in vivo
single-unit recording and juxtacellular labeling techniques in head-fixed rats,
Hassani and colleagues reported that MCH neurons fired action potentials selectively
during sleep with maximal firing during the PS phase but not during wakefulness
(Hassani et al. 2009). During the transition between wake and sleep, wake off/sleep
on MCH cells generated action potentials in a reciprocal way as compared to wake
on/sleep off Hcrt neurons (Hassani et al. 2009). This is the first evidence that shows a
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possible interaction between wake-promoting and sleep-promoting neuronal sys-
tems in the LH. Microinjection of MCH directly into the dorsal raphe nucleus (DR),
a region extensively innervated by MCH-containing nerve fibers, increased both
REM and slow-wave sleep (Lagos et al. 2009), while an administration of anti-MCH
antibody into the DR induced an opposite effect (Lagos et al. 2011a). A direct
infusion of MCH into the lateral basal forebrain decreased wake time and increased
REM sleep in rats (Lagos et al. 2012). A direct infusion of MCH into the NPO could
increase active sleep and decrease the latency to active sleep in cats (Torterolo et al.
2009). The bilateral infusion of MCH into the ventrolateral preoptic area (VLPO)
and adjacent dorsal lateral preoptic region increased light sleep and total non-REM
sleep (Benedetto et al. 2013). MCH neurons were identified to participate in the
inhibition of PS-off GABAergic neurons in the ventrolateral part of the
periaqueductal gray (VLPAG) and the adjacent dorsal deep mesencephalic nucleus
(dDpMe), which promotes PS in animals (Clément et al. 2012). The infusion of
MCH into the locus coeruleus (LC) increased REM sleep (Monti et al. 2015). In
summary, MCH acts at multiple brain sites to generate its effects on sleep in animals.

4.3 Physiological Significance of MCH-Mediated Promotion
of Sleep Homeostasis

Although the role of MCH as a sleep regulator is emerging, the exact physiological
significance of this function by the MCH system in higher animals is not yet clear.
Based on information presented here, it is reasonable to propose that the MCH
system might be an arousal regulator rather than a sleep promoter in animals.

First, compared with other systems such as GABAergic neurons in the medullary
brainstem parafacial zone (PZGABA) (Anaclet et al. 2014; Anaclet and Fuller 2017),
MCH-mediated effects on sleep are not robust and are rather selective. In fact,
current data as summarized above indicate that MCH promotes REM or paradoxical
sleep in most cases, although total wake time and NREM sleep are compromised in
some instances (Steininger et al. 1999; Alam et al. 2002; Verret et al. 2003;
Modirrousta et al. 2005; Hanriot et al. 2007; Torterolo et al. 2009; Konadhode
et al. 2013; Jego et al. 2013; Tsunematsu et al. 2014; Blanco-Centurion et al.
2016; Vetrivelan et al. 2016). The modulation of the MCH system alone is not
sufficient to alter the sleep/wake cycle leading to phenotypes that are similar to sleep
disorders in animals (Konadhode et al. 2013; Jego et al. 2013; Tsunematsu et al.
2014; Blanco-Centurion et al. 2016; Vetrivelan et al. 2016).

Second, compared with other physiological and behavioral functions governed or
regulated by the MCH system, such as feeding and energy balance, changes in pheno-
types resulting from modifications of the output of MCH cells by pharmacological,
genetic, and optogenetic/chemogenetic methods are far less profound in the case of sleep
regulation. Loss of function studies show that a deficiency in the MCH system leads to
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profound changes in gross metabolism, body weight, and depression-like behaviors but
not in the sleep/wake cycle (Borowsky et al. 2002; Marsh et al. 2002).

Third, the interactions between the MCH system and other arousal-promoting
systems, in particular, Hcrt, are emerging and exemplify how MCH may modulate
arousal levels in higher animals. It has been shown that MCH peptide or receptor
deficiency leads to enhanced locomotor activity, response to psychostimulants,
metabolic rate, response to stress, and impaired learning and memory (Marsh et al.
2002; Adamantidis et al. 2005; Rao et al. 2008). These changes in behavioral
phenotypes may be due to enhanced arousal levels in these mutated mice, as
shown in MCHR1 KO mice (Rao et al. 2008). Elevated activity and excitatory
synaptic inputs onto Hcrt neurons have been reported in MCHR1 KO mice, which
facilitates the activation of the Hcrt cells (Rao et al. 2008). It will be both intriguing
and essential to examine whether MCH has similar effects on neurons in other
arousal-promoting systems.

Therefore, we propose here that the regulation of sleep by MCH is a physiolog-
ically significant part of the overall brain circuitry regulating general arousal levels in
animals. The role of MCH has evolved from a peptide that regulates skin color to
blend with the environment as a protection from predators in lower vertebrates to a
player in basic homeostatic regulations and complex behaviors including emotion
control, learning and memory in higher animals. Having the control to respond at an
optimal arousal level during each physiological process or behavioral task is
required for the successful performance of that specific process or task. For instance,
it may be required to maintain a high arousal level to forage for food, while not so
high of a level is necessary during food consumption (Borbély 1977). A lowered
arousal level might be beneficial for conservation and storage of energy after a meal,
which is essential to animals in their natural habitats where food supply is not always
readily available. The role of MCH in the promotion of positive energy balance and
restriction of arousal levels may be a hallmark of the basic physiological function of
this system in higher animals, in which the regulation of REM sleep may be a
by-product of the MCH system. In addition, since MCH is also required for the
maintenance of cognitive functions (Adamantidis et al. 2005) and REM sleep is
critical in the consolidation of spatial and contextual memory (Boyce et al. 2017), it
is intriguing to identify whether the regulation of sleep by MCH is an essential part
of the role of MCH in the promotion of higher brain functions in animals.

5 Conclusions

In summary, the role of MCH in the regulation of sleep is still an emerging picture.
MCH promotes REM sleep in most cases, while it enhances NREM sleep and
decreases wake time in other instances in animals. Consistent with its wide projec-
tion field in the brain, the MCH system executes its sleep regulatory effects through
several well-defined wake-promoting and sleep-promoting centers in the brain
including the LH, DR, LC, VLPO, etc. Since MCH exhibits inhibitory effects
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through the activation of Gi/Go pathways on central neurons in the brain, it is
expected that MCH is able to modulate wake-promoting and sleep-promoting
neurons directly or indirectly depending on the local circuits where MCH receptors
are expressed.

The physiological significance of MCH-mediated effects on sleep is not yet
clearly defined. More questions than answers have been raised on how exactly the
MCH system participates in sleep regulation. From a broader point of view, is the
sleep-regulatory effect of MCH only the tip of the iceberg? One future direction may
be trying to understand how the regulatory effects of MCH on sleep interact with its
other functions as a regulator of energy balance, anxiety, and depression-like
behaviors, which are all closely associated with sleep. Another avenue for future
study is a complete investigation of neuronal mechanisms underlying the role of
MCH in the regulation of different stages of sleep (REM, NREM, quiet wake, and
activity wake), which would lead to a comprehensive understanding of the role of
MCH in sleep regulation and arousal modulation. Lastly, it is also essential to
identify whether MCH-mediated sleep regulation contributes to sleep disorders
resulting from altered metabolism (such as obesity), behaviors (such as drug addic-
tion), and other diseases in humans. Nevertheless, the understanding of sleep
regulation by MCH under various physiological and pathological conditions
would greatly advance our knowledge on the control of sleep/wake cycle in animals
and sleep disorders resulting from a dysregulated MCH system in humans.
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Optogenetic Control of the Melanin-
Concentrating Hormone Expressing
Neurons

Carlos Blanco-Centurion, Meng Liu, and Priyattam Shiromani

Abstract Since the discovery of the neuropeptide melanin-concentrating hormone
(MCH) more than half a century ago, MCH neurons have spawned hundreds of
scientific studies. MCH neurons are a phylogenetically well-conserved group of
hypothalamic neurons. The MCH neurons project diffusely throughout the CNS but
only reside within a restricted area encompassing the incerto-lateral and perifornical
hypothalamus. Here we review optogenetic studies focused on understanding the
functions of the MCH neurons, particularly their role as sleep modulators. We
attempted to put optogenetic findings in context with other studies focused on
neuronal/behavioral modulation by MCH or its receptors. We also laid a theoretical
framework to understand better the data on MCH neuronal activity in relation to the
activity of the orexin neurons. For readers not familiar with optogenetics, we also
went over major developments in this new field.

1 Introduction

The implementation of optogenetic technology to the study of brain functions has
made possible a sophisticated control over one of its chief biological units; the
neurons. This leap forward in technology has been applied to numerous studies of
the brain functions including the understanding of one of its most basic functions, the
wake–sleep behavior. Here we are reviewing optogenetic findings from our own
laboratory as well as from others that have used it to understand the activity of one
important phenotype among hypothalamic neurons, neurons expressing the melanin-
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concentrating hormone (MCH). Ahead of the main topic, we introduced the reader
not acquainted with optogenetics with a chronological account of its major devel-
opments. Readers already familiar with optogenetics may certainly skip this section.
We divide the review optogenetic studies in those experiments that stimulated and
those that inhibited the activity of MCH neurons. At the end, we put forward a model
for interpretation of all sort of data, i.e., sleep and other behaviors. Our model
proposes a counterbalance between MCH and orexin neuronal activity.

2 Development of the Optogenetic Tools

Before reviewing the studies that used optogenetic tools to control the excitability of
MCH neurons, it is helpful to follow its major developments. Optogenetics only has
been around for 12 years. Yet its development has been breathtaking. This biotech-
nology could not have fully developed without the parallel development of molecular
biology tools and photonics (optics þ electronics). Laser invention, and particularly
laser application to imaging, opened the door for using laser pulses as surrogate of the
electrical stimulator. In early years medical laser applications like tumor laser heating
gave incentive to study the optical properties of intact brain tissue, i.e., absorbance,
diffraction, etc. Optical measurements indicated that, for instance, blue light from
lasers penetrates 0.5 mm into white matter and 1.84mm into the gray matter making a
light-neuron interface theoretically possible (Yaroslavsky et al. 2002). Two decades
after laser was invented, Farber and Grinvald “photostimulated” neurons in the
mollusk Aplysia by synthetizing a photoexcitable dye (Farber and Grinvald 1983).
Alas, Grinvald’s Lab later focused heavily on the development of fluorescent voltage
sensors and stopped pursuing the development of photostimulation tools. This
application had to wait another decade until Callaway and Katz used laser to generate
the photochemical release of the excitatory neurotransmitter glutamate, i.e.,
“uncaging.” Using either one- or two-photon laser scanning microscopy, it became
possible to activate individual neuronal synapsis in vitro by photolysis of caged
neurotransmitters (Callaway and Katz 1993; Denk 1994). Photon-driven uncaging
of neurotransmitters requires the caged compounds to be loaded into all neurons,
hence lacked cell specificity. Also, caged neurotransmitters are loaded by bath
applications making this approach only amenable to in vitro preparations.

Advances toward activity control of specific neurons were first made by
transfecting nematode-derived genes of ligand-gated chloride ion channels into
mammalian neurons, i.e., ivermectin inhibition. This strategy of genetic inhibition
of neurons swiftly moved up from in vitro constitutive (Johns et al. 1999) to in vitro
reversible (Lechner et al. 2002; Slimko et al. 2002), and ultimately it was applied to
freely behaving mice (Lerchner et al. 2007). Still this approach is dependent on the
slow pharmacokinetics of the drug binding to the ion channel. This problem was
partially solved by coupling genetic control of excitability with photo-uncaging.
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Ectopic ionotropic excitatory receptors were transfected into specific neurons, while
its ligands were caged and bath-loaded. Thus successfully transfected neurons were
forced to fire when light pulses shone over them (Zemelman et al. 2003). A
subsequent refinement of photolysis uncaging was the creation of a mutant potas-
sium channel that could be chemically gated depending on light wavelength
(Banghart et al. 2004). This technology is the forbearer of what few years later
will be the “step function bidirectional control of excitability.” Time resolution of
neuronal response by photolysis uncaging is in the order of seconds, better than
minutes-hours taken by drugs but still far slower than traditional electrical stimula-
tion, i.e., milliseconds.

Gero Miesenböck’s research group (currently in Oxford University) provided the
first proof of principle behind the modern optogenetic approach. A chimeric protein
made up of arrestin-2, rhodopsin and the subunit of a G-coupled excitatory protein
“chARGe” was transfected into hippocampal neurons. White light pulses triggered
action potentials (AP) only in the chARGe transfected neurons (Zemelman et al.
2002). Same research group took this approach one step further evoking behavioral
responses in fruit flies that had chARGe receptors expressed in specific neurons.
Caged ligands for the ectopic ion channel receptors were microinjected into the fruit
flies. Then 150 ms duration white light pulses uncaged the ligands stimulating the
transgenic neurons (Zemelman et al. 2003). The photochemical strategy had none-
theless two limitations. First, either the cofactor retinol or the uncaged ligands were
still required to be applied prior to the experiment. Also the kinetic of the neuronal
response lagged behind the precise time resolution of traditional electrical stimula-
tion. An ectopic photo-driven cation channel with ultra-rapid response and no
requirement of cofactors loads was needed to advance the field.

The discovery of microbial ion channels responsive to light (opsins) kindled the
field of optogenetics. The proton pump channelrhodopsin-1 (crChR1) and the mono/
divalent cation channel channelrhodopsin-2 (crChR2) were the first microbial opsins
cloned from the unicellular freshwater green algae Chlamydomonas reinhardtii
(Nagel et al. 2002, 2003). A couple of years after its cloning, Karl Deisseroth’s
Lab (Stanford University) used for the first time crChR2 to activate neurons by
giving millisecond (ms)-duration pulses of blue light (Boyden et al. 2005). Cultured
hippocampal neurons transfected with lentivirus containing the mammalian codon-
optimized crChR2 gene showed fast and phase-locked spiking in response to
5–30 Hz frequency light pulses. Light-evoked spikes were indistinguishable from
those produced by intracellular depolarizing current. Light pulses at low intensity
were also able to elicit subthreshold responses. Electrophysiological and cell viabil-
ity markers were minimally affected by crChR2 transfection or its photoactivation.
Despite crChR2 requires retinal, no cofactor was needed to add to the culture media.
It seems that mammalian stores of retinal are large enough to fuel the chromophore.
Two independent labs corroborated the stimulatory effects of crChR2 (Li et al. 2005;
Ishizuka et al. 2006). These labs reported that in mice brain slices, photostimulation
mediated by crChR2 elicited depolarization/repolarization events occurring at a
faster rate than the neuron membrane time constant. The fast response of crChR2
made the neuronal spiking get phase-locked to the light pulses up to a frequency of
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20 Hz. The turning on phase of crChR2 photocurrent was light intensity dependent
with a time constant of only 2.2 ms. By contrast, the turning off phase was
independent of light intensity having a slightly slower time constant than the
chChR2 opening (Ishizuka et al. 2006). Soon after cloning of ChR2, the first gain-
of-function ChR2 mutant was engineered, i.e., ChR2H134R. Photostimulation of
ChR2H134R evoked larger and faster photocurrents (Nagel et al. 2005). ChR2H134R
was then ectopically expressed in muscle and mechanosensory neurons of the round
worm C. elegans eliciting appropriate behavioral responses. Unlike transfection of
ChR2 into rat hippocampal neurons, positive photoactivation of ChR2 in chick
embryonic neurons or in the round worm required the presence of retinal. These
seminal experiments were also the first to use fast optical switching coupled to a
laser/arc lamps/LED as light stimulator.

A crucial milestone in optogenetics came with the development of the first light-
neuron interface capable of eliciting a predictable behavioral response in freely
behaving rodents (Aravanis et al. 2007). The αCaMKII promoter was selected for
targeting expression of crChR2 in excitatory cortical motoneurons controlling whis-
ker movements. Using an optic fiber (200 microns O.D.) and blue light laser
(473 nm), photostimulation pulses significantly elicited whisker deflections with a
latency of few seconds. Also for the first time, it was described the optical properties
of the rat/mouse cerebral cortex. It was estimated that with a laser power of roughly
38 mW/mm2, a brain volume of roughly 0.5 mm3 below the tip of the optic fiber
would receive enough energy (>1 mW/mm2) to activate all neurons transfected with
crChR2. Considering the mouse neuronal cortical density is 920,000/mm3 (Schuz
and Palm 1989), this energy would activate more than 400,000 neurons. Thus
137 years after Hitzig and Fritsch (Thomas and Young 1993) elicited a predicted
muscular contraction by electrical stimulation of the motor cortex, selective
optogenetic stimulation of cortical motoneurons exquisitely reproduced this
paradigm.

Since 2005, channelrhodopsin-based technology has gone through a vigorous devel-
opment; for a recent review of this topic, see Wietek and Prigge (2016). Thus other
channelrhodopsins from different species of freshwater algae have been both character-
ized and tested as optogenetic tools. The cation channel opsin from Volvox carteri
(vChR1) also evokes depolarizing photocurrents in response to light. vChR1 shows
red-shifted (520 nm) photosensitivity as compared to crChR2 or ChR2H134R (470 nm)
(Zhang et al. 2008). Channelrhodopsin from Mesostigma viride (mChR) is another
red-shifted (534 nm) opsin with better channel kinetic properties, including broader pH
range, that undergoes minimal inactivation upon sustained illumination (Govorunova
et al. 2011). Other two channelrhodopsins from two different species of the
Chlamydomonas genus show similar red-shifted (520 nm) spectral photosensitivity as
well as lack of fast desensitization (Hou et al. 2012). These other channelrhodopsins are
named CaChR1 (C. augustae) and CyChR1 (C. yellowstonensis). Red-shifted optimal
photosensitivity has two main advantages over blue photosensitivity. First it is well
established that longer-wavelength photons penetrate deeper into intact mammalian
brain tissue (Yaroslavsky et al. 2002; Al-Juboori et al. 2013); henceforth red-shifted
ChRs can excite more neurons with the same intensity of illumination. Likewise,
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neuronal photostimulation with red-shifted ChRs is compatible with blue light excitable
calcium indicators like GCAMP6.

In addition to find more WT ChRs, other research groups used protein chimeric
technology (or site-directed mutagenesis) to engineer improved channelrhodopsins.
Swapping the six-helix domains between ChR1 and ChR2, it yielded the red-shifted
opsin ChRGR (Lin et al. 2009; Wen et al. 2010). ChRGR transfected cells show
light-induced photocurrents featuring faster channel kinetics as well as less desen-
sitization upon constant illumination. Site-directed mutagenesis of crChR2 signifi-
cantly improved the channel kinetics measured during fast frequency illumination
(Gunaydin et al. 2010). The resultant mutant called ChETAA showed ultrafast on
response (1 ms), faster of time constant, lack of doublets or missing spikes, and no
current plateau when stimulated at frequencies as high as 200 Hz. ChETAA can be
activated with blue-greenish light pulses as brief as 2 ms and still evoke 100% of
neuronal spiking. Another mutant ChR2TC can swiftly excite neurons at illumination
levels as low as 1.9 mW/mm2 (Berndt et al. 2011). Readers wishing to know more
about the particular performance for each ChRs variant, please consult Mattis
et al. (2011).

One of the most interesting developments in ChR biotechnology was the bioengi-
neering of “step function opsins” (SFO). A step function opsin is a photo-induced
cation channel with slow closing kinetics allowing long (several seconds) and steady
depolarization. SFO undergo rapid channel closing with a brief pulse of yellow light
(Gunaydin et al. 2010). Since the original SFO (ChR2E123T) was slow for bidirectional
control of fast-spiking neurons, a faster double mutant SFO called ChR2E123T/T159C
was engineered to evoke step function bidirectional control up to 60 Hz (Berndt et al.
2011). At the same time, vChR1 was fused with crChR1 and subjected to point
mutations in order to come up with a fast bistable SFO (Yizhar et al. 2011). The
resulting ChR2C128S/D156A double mutant was tested in vivo eliciting significant
behavioral changes in mice (Yizhar et al. 2011). Same year Boyden’s research
group (MIT) also engineered bistable optogenetic expressing vectors fusing different
varieties of ChRs (Kleinlogel et al. 2011).

As important as the application of ChR2 to photostimulate neurons, it was the
successful application of the photosensitive inhibitory channel halorhodopsin (HR).
HR evolved in archaea halophiles, i.e., salt-thriving primitive bacteria. In nature, HR
uses the energy from photons to drive an electrogenic chloride pump to keep osmotic
balance amidst an hyperosmotic environment (Lanyi 1990). The photosensitive
pump cycle of HR only takes a few milliseconds (Tittor et al. 1987). Furthermore,
HR shows red-shifted (560–590 nm, yellow) optimal photosensitivity (Bamberg
et al. 1993) and hence can be used coupled with ChR2. All these features make HR a
good candidate as a photo-gated inhibitory chloride channel. The extracellular
concentration of chloride ions is many times higher than the intracellular, and the
chloride equilibrium potential is close to the neuron’s membrane potential. Thus,
chloride ion influx follows the opening of a chloride-selective channel (i.e., GABAA

receptors) bringing the membrane potential toward the resting level counteracting
depolarization currents.
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Karl Deisseroth’s Lab in collaboration with German scientists tested a couple of
HRs derived from two species of archaea: Halobacterium salinarum (HsHR) and
Natronomonas pharaonis (NpHR) (Zhang et al. 2007). In vertebrate cells, NpHR
showed higher affinity for chloride and was therefore chosen for transfecting mam-
malian neurons. Mice neurons transfected with mammalian codon-optimized
NpHR-YFP showed yellow light-elicited hyperpolarizing currents (�40 mV) with
rise/decay time constants of roughly 6 ms. Yellow light pulses silenced neurons
being activated either by depolarization currents or by optogenetic activation of
ChR2. NpHR-YFP transfected neurons did not show electrophysiological/vital
alterations either at baseline or after light-induced inhibition. NpHR inhibited
neuronal firing in a light intensity manner (threshold ¼ 7 mW/mm2; ceil-
ing ¼ 22 mW/mm2), over a continuous illumination (1–10 min) or at a single
spike level over frequencies ranging up to 30 Hz. NpHR inhibition occurred without
interfering with other inhibitory currents mediated by GABAA receptors. In mice
Selective expression of NpHR caused complete inhibition of APs and intracellular
calcium transients. Similar to ChR2, the mammalian neurons transfected with NpHR
did not require the cofactor retinol to evoke photocurrents. Yet retinol was necessary
to observe behavioral responses in C. elegans. In these invertebrates, NpHR pro-
duced reliable photoinhibition of muscles in charge of swimming and cholinergic
motoneurons as well. NpHR was also effective in inhibiting swimming behavior
elicited by ChR2 activation (Zhang et al. 2007). Boyden’s Lab produced similar
results as Zhang et al. transfecting cortical projecting neurons both with NpHR and
ChR2 (Han and Boyden 2007). Remarkably a Gaussian mode of alternating yellow/
blue light pulses was able to alter neuronal spike timing without altering the neuron
firing rate. In a further refinement, NpHR was engineered to show increased mam-
malian neuronal expression and reduced toxicity by removing the motif signals that
caused its buildup inside the endoplasmic reticulum. The modified NpHR, called
eNpHR2.0, displayed increased peak photocurrent in the absence of aggregations or
toxicity and potent optical inhibition both in vitro and in vivo (Gradinaru et al.
2008). Two years later an improved version of NpHR2.0, dubbed NpHR3.0, was
engineered (Gradinaru et al. 2010). NpHR3.0 was made modifying the C-terminus
of NpHR2.0 with a trafficking signal motif borrowed from the rectifying potassium
channel gene Kir2.1. Thanks to this addition, NpHR3.0 mostly expressed along the
plasma membrane. As a result, the photocurrents measured in neurons transfected
with NpHR3.0 showed a threefold increase, and the ensuing hyperpolarization
increased by 50% (�100 mV). The potent hyperpolarization of NpHR3.0 was also
observed under orange/reddish light (630 nm) and even at nearly infrared wave-
lengths (680 nm) (Gradinaru et al. 2010). The large red-shifted photosensitivity of
NpHR3.0 allows to be used simultaneously with ChR in the same neuron. This
application was made possible creating a bicistronic lentivirus vector containing
both ChR2-EYFP and NpHR-mCherry genes, i.e., eNPAC. eNPAC enabled bidi-
rectional (excitation/inhibition) control with blue (excitation) and orange (inhibition)
light pulses of the same transfected neuron (Gradinaru et al. 2010).
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Around the same time NpHR was being developed, Boyden’s group screened
several other photosensitive HRs derived from both fungi and archaea. In mice
archaerhodopsin-3 (Arch) from Halorubrum sodomense showed stronger neuronal
inhibition as compared to NpHR (Chow et al. 2010). Data strongly suggested that
Arch hyperpolarizes neurons by a protonic outward current. Unlike NpHR which
shows long-lasting deactivation after continuous yellow light illumination, Arch
recovered its photosensitivity spontaneously in matter of seconds. Inhibitory cur-
rents elicited by Arch were larger (hundreds of pA) than those caused by NpHR
(100 pA) but with similar on/off time scales. Arch was also more photosensitive
(0.3 mW/mm2) and showed lack of saturation at high intensity illumination (36 mW/
mm2). Inhibitory yellow photocurrents mediated by Arch occurred regardless of the
presence of potassium or chloride ions. Arch has shown to be a better inhibitory
optogenetic tool than chloride channel eNpHR3.0 in GABAergic synapsis where the
photoactivation of chloride pumps changed the reversal potential eliciting after light
spiking (Raimondo et al. 2012). Lentivirus having the mammalian codon-optimized
Arch gene produced robust plasma membrane neuronal expression. In awake mice,
Arch transfected cortical neurons were completely silenced for several seconds. One
month after Arch transfection, neurons expressing EYFP had similar passive and
active electrophysiological/vital properties as the non-expressing neurons. Boyden’s
group also developed a blue light-shifted photosensitive proton pump derived from
the fungus Leptosphaeria maculans (Mac). Mac allowed simultaneous inhibition of
two different neuronal clusters using blue (470 nm; �20 mV) and red (630 nm;
�30 mV) light pulses. They also developed a more photosensitive inhibitory opsin
from the archaea Halorubrum strain TP009 (ArchT) (Han et al. 2011). Similar to
Arch, ArchT expresses along plasma membrane at somata and terminals of mice and
in non-human primates. ArchT showed the same level of photoinhibitory currents as
the WT Arch, but it had a threefold increase in photosensitivity (1–10 mW/mm2)
resulting in doubling of the volume of tissue being inhibited. Recently a fusion
protein made between Arch and ChR has yielded another SFO (Kleinlogel et al.
2011).

A significant development of the optogenetic field is the creation of transgenic
(Tg) lines of mice constitutively expressing ChR2-YFP in different phenotypes of
neurons. The first Tg ChR2 mice line was developed to photostimulate projecting
neurons (Arenkiel et al. 2007; Wang et al. 2007). On these neurons blue light pulses
evoked phase-locked spiking similar to those reported using viral transfection of
ChR2. The in vitro studies indicated light-elicited spiking was both dependent on
light intensity (threshold ¼ 0.2 mW/mm2; ceiling � 9 mW/mm2) and frequency of
stimulation (5–30 Hz). Despite ChR2-YFP was expressed in both perikarya and
processes, APs were only evoked by the illumination of the perikarya. Illumination
focused on proximal dendrites only produced subthreshold photocurrents. The
optogenetic stimulation of neurons also evoked postsynaptic currents in downstream
neurons confirming that light-induced APs cause release of neurotransmitters. The
capacity of optogenetics to stimulate neurons whose projections are simultaneously
recorded opens the door for the creation of high-resolution circuit brain maps.
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The repertoire of Tg mice line expressing ChR2 has grown ever since to include
VGAT-ChR2H134R-EYFP, ChAT-ChR2H134R-EYFP, Tph2-ChR2H134R-EYFP, and
PvalbH134R-ChR2-EYFP (Zhao et al. 2011). Slice recordings from these Tg mice
lines confirmed that blue light pulses reliably stimulated GABAergic, cholinergic,
serotonergic, or parvalbumin-expressing neurons. Transgenic lines of mice selec-
tively expressing ChR2-YFP in glutamatergic (Hagglund et al. 2010), sensory
olfactory (Dhawale et al. 2010), and striatal medium spiny neurons (Chuhma et al.
2011) have been also engineered.

Another major development in optogenetics has been the bioengineering of
multiple Tg lines of mice expressing the Cre-Lox system in different neuronal
phenotypes. Currently there are dozens of commercially available Tg Cre mice
specific for genes relevant for neurotransmission like TH-Cre, vGABAT-Cre,
MCH-Cre, etc. Cre-Lox is a conditional gene expression system requiring the
presence of two DNA components. One is the Cre gene inserted downstream of a
specific promoter sequence: TH promoter, MCH promoter, etc. The other component
is the gene of interest, in this case ChR2, NpHR3.0, or ArchT. Located upstream of
the opsin genes, there is a transcription STOP codon flanked by a pair of specific
DNA sequences called Lox sites. Without Cre the STOP signal will prevent the opsin
to be transcribed. Yet once both sets of genes are present within the same cell, Cre will
bind to the Lox sites, and depending on its orientation, it will either cut it (same) or
invert it (opposite). Researchers at the Allan Institute for Brain Science bioengineered
four Tg lines of mice harboring the Lox flanked STOP codon upstream of
ChR2H134R-dTomato (Ai27), ChR2H134R-EYFP (Ai32), Arch-EGFP (Ai35), or
eNpHR3.0-EYFP (Ai39) (Madisen et al. 2012). The progeny of the crossing between
a Cre Tg linemouse and amouse harboring the floxed-stop/opsins will show selective
expression of the opsin inside Cre-expressing neurons. As a proof of principle, the Tg
opsin mice were first crossed with parvalbumin-Cre mice corroborating that the
Cre-dependent opsins performed as expected (Madisen et al. 2012). Alternatively,
the Cre-lox system can be used to virally transfect the microbial opsins into a specific
subpopulation of Cre-expressing neurons. This system is called double-floxed
inverse ORF or DIO for short. DIO vectors contain the gene of interest (ChR2,
Arch, NpHR) oriented as antisense and flanked by two different lox sites also in
reverse orientation. Once the DIO virus infects the Cre-expressing neuron, Cre will
cut both pairs and place the gene in the sense orientation for transcription. After
recombination a mismatch Lox pair will remain preventing further Cre binding
(Sohal et al. 2009). DIO viruses containing the genes for all optogenetic opsins are
commercially available from virus vector cores at Stanford University, University of
Pennsylvania, and the University of North Carolina at Chapel Hill.

Now that the reader had acquired a firm foot onto optogenetics, it follows focus
on melanin-concentrating hormone (MCH) neurons.

82 C. Blanco-Centurion et al.



3 Brief Evolutionary Perspective of the MCH Neurons

It is necessary to mention that the name given to MCH does not suit well its various
roles in the brain of many vertebrates expressing it. The name of this neuropeptide
derived from the discovery that, in bony fishes, MCH functions as depigmentation
hormone, i.e., “melanin-concentrating.” It can be said this endocrine role evolved as
a secondary specialization in jawed fishes, i.e., gnathostomes. Comparative anatomy
studies reveal that the original small periventricular neurons expressing MCH in
agnathans (e.g., lampreys, hagfish) later evolved in jawed fishes into large
neuroendocrine-type cells whose axons mainly project to the neurohypophysis
(Baker and Bird 2002). The skin light tone effect of endocrine MCH has been
replaced later on in some tetrapod (e.g., frogs, lizards) by the most potent action of
the pituitary gland-secreted hormone melatonin (Filadelfi and Castrucci 1994). In
most reptiles, and all birds and mammals, the magnocellular incerto-latero hypotha-
lamic MCH neurons send its axons throughout the neuroaxis staying away of the
neurohypophysis (Cardot et al. 1994; Vallarino et al. 2009). Thus in more recent
vertebrates, the MCH neurons evolved away from endocrine regulation into para-
crine (cell to cell) regulation of a wide variety of intra- and extra-hypothalamic
neurons. Noteworthy in mammals MCH still plays a role regulating the beat
frequency of ependymal cilia and ventricular volume (Conductier et al. 2013)
perhaps in the same way the parvocellular periventricular MCH neurons did it. In
any case in all mammals hitherto studied, MCH-expressing neurons only reside
within a region covering the zona incerta (ZI), the lateral hypothalamus (LH), and
the perifornical area (PeF) (Bittencourt 2011). In mammals, the total number of
MCH neurons has significantly increased along with brain size and brain complex-
ity. It is estimated that the mouse has roughly 5000 (Toossi et al. 2016; McGregor
et al. 2017), whereas the rat has 10,000 (Mikrouli et al. 2011), and humans may have
from 90,000 up to 140,000 MCH neurons (Thannickal et al. 2007; Aziz et al. 2008).
The number of cognate receptors for MCH has also increased. Rodents only have
one MCH receptor (Chambers et al. 1999; Saito et al. 1999), while primates have
two types of MCH receptors (Sailer et al. 2001). Nonetheless the primary amino acid
sequence of MCH has not evolved, and there is also a high degree of conservation
(90%) to the level of its base pair gene sequence (Nahon 1994). In hominids a second
MCH precursor gene has evolved (Courseaux and Nahon 2001). In summary, the
evolutionary trends in mammals highlight the increasing importance for the brain of
having more synapsis involving MCH neurons.
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4 Electrical Stimulation of Brain Areas Containing MCH
Neurons: Findings and Caveats

Long before optogenetic tools were used to activate hypothalamic neurons, clues of
its functions emerged out of electrical stimulation studies; for a review see Berthoud
and Munzberg (2011). More than a century ago, it was discovered that discrete
electrical currents applied to the brain can evoke discrete and specific movements/
behaviors (Thomas and Young 1993). Ever since electrical stimulation has produced
direct evidence that activation of specific brain regions is responsible for all sort of
brain functions. Nowadays elegant microsimulation experiments still produce mean-
ingful data; for review see Clark et al. (2011). By the middle of the twenty-first
century, Nobel Prize awardee Weiss R. Hess discovered that electrical stimulation of
the LH elicited biologically crucial emotional responses such as flight or fight,
voracious eating, or mating (Hess and Akert 1955). In particular the LH was
recognized as the main feeding center (Anand and Brobeck 1951), and later on it
was discovered feeding and reward (self-stimulation) were both integrated there
(Hoebel and Teitelbaum 1962). Electrical stimulation of the LH also produced
changes in motor output (Sinnamon 1993) and emotionally triggered changes in
cardiovascular function (Smith et al. 1990). Electrical stimulation of the ZI also has
an effect on motor outputs like locomotion/stepping (Sinnamon 1984), cardiovas-
cular function (van der Plas et al. 1995), and thermoregulation (Kelly and Bielajew
1996). Recent studies, still using electrical stimulation, confirm that activation of the
ZI is crucial to modulate skeletal muscle tone and the pace of movements. Thus
electrical activation of the ZI is very effective for control of tremors, bradykinesia,
and rigidity in patients with Parkinson disease (Plaha et al. 2006). Using nonspecific
gene transfer of the arousal peptide orexin, we found that orexin release from all
kinds of incerto-lateral hypothalamic neurons prevents sudden bouts of muscle
paralysis known as cataplexy (Liu et al. 2011). Cataplexy and sleep attacks are
cardinal symptoms of narcolepsy. In contrast, we observed that transferring the
orexin gene specifically into MCH neurons exacerbated cataplexy and sleep attacks
suggesting MCH neurons exert negative control over the skeletal muscle tone and
levels of arousal.

Our contrasting results using gene transfer vividly underscore the need for
attaining cell specificity during experiments of complex networks. Electrical currents
are limited in this regard. Electrophysiological studies have been done almost always
using ex vivo preparations, i.e., neurons in slices or in culture. Glass pipette
microelectrodes in whole-cell patch clamp are exquisite tools for controlling the
excitability of individual neurons. Neurons in these preparations can also be iden-
tified post hoc either by intracellular injection of dyes or a priori through genetic
tagging. Alas behaviors like sleep/wake engaging multiple neurons and being
displayed only in vivo settings are an unsurmountable challenge for using the
whole-cell patch-clamp approach. To achieve intracellular stimulation in vivo, the
animal must be anesthetized and even though it is still a very challenging study
(Brecht et al. 2004). Even the enthusiasm to study the role of discrete brain regions
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using very fine microelectrodes (5–30 microns) has significantly waned. By the end
of the twenty-first century, it became unavoidable the realization that electrical fields
produce activation of the neural tissue by a myriad of factors making extremely hard
to interpret the results using a cellular framework. Type of neural tissue (gray
vs. white matter), type of electrode configuration (monopolar vs. bipolar), type of
current (anodal, cathodal, biphasic), size of electrode tip, distance to the excitable
unit, orientation of electrical field with respect to axons or cell bodies, whether the
neuron has or not myelinated axons, and the chronoaxie signature all influence
whether neurons or axons [or both] will be activated by electrical currents (Ranck
1975; Iggo 1978; Brocker and Grill 2013). Artificial electrical currents can even
activate axons instead of neuronal perikarya (Nowak and Bullier 1998a, b). Even
small electrical currents are able to stimulate multiple neurons and often activate
thousands of them (Tehovnik 1996). In the case of chronic electrical stimulation, its
efficacy diminishes with time, based on how brain tissue reacts to the electrode
material (Biran et al. 2005). These many drawbacks motivated researchers to
develop new approaches so as to unravel the role of specific neurons on behavior
or its electrophysiological correlates. These novel approaches should overcome the
caveats of electrical stimulation but still keep its advantages, i.e., small size and
precise time resolution. The solution came combining molecular biology tools with
photonics, i.e., optogenetics. Now it follows reviewing the optogenetic experiments
done to control the excitability of MCH neurons.

5 Optogenetic Control of MCH Neurons and Sleep
Regulation

5.1 Stimulation of MCH Neurons

Findings from numerous previous studies led to the proposition that activity of MCH
neurons plays a role regulating the sleep states. Yet any of those studies directly
tested this hypothesis. Therefore we reasoned that if MCH neurons are sleep active
(Hassani et al. 2009), its stimulation should push the awake brain to transit into
NREM sleep and when in NREM sleep to transit into REM sleep. Thus we were the
first research group to apply optogenetics to selectively stimulate MCH neurons
while measuring its effects on sleep/wake stages (Konadhode et al. 2013). Because
of the genetic advantages that afford studying mice, we chose mice as our first
animal model, i.e., WT C57/BL. In the past we used a very specific and efficient
MCH promoter to target the expression of heterologous proteins solely in MCH
neurons (Liu et al. 2011). Our MCH promoter was donated and validated by one of
our collaborators (van den Pol et al. 2004). Using the same gene expression cassette,
we inserted the ChR2H134R-YFP gene (donated by K. Deisseroth) replacing the
orexin gene. The re-engineered plasmid was packed into recombinant adeno-
associated virus (stereotype 5) at a titer of 5 � 1012GC /μl (University of North
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Carolina, Chapel Hill, NC). As a control we used our previous rAAV-MCH pro-
moter-GFP vector (Liu et al. 2011). To transfect a large number of MCH neuron
vectors, we injected the vectors at two different loci within the LH. Likewise the
injected volume was large (0.75 μl/hemisphere). Histological analysis confirmed that
our MCH promoter produced a eutopic expression of YFP solely in MCH neurons.
For instance, no orexin neurons expressed YFP even though orexin neurons are
closely intermingled with MCH neurons. The YFP expression was strong and
restricted to the plasma membrane particularly in perikarya but it was less dense in
proximal dendrites. Roughly 53% of MCH neurons expressed EYFP.

Whole-cell patch-clamp studies indicated that our vector efficiently drove the
expression of the ChR2 gene. In current clamp mode, the YFP-positive-labeled
neurons showed APs in responses to 10 ms blue light pulses delivered up to 30 Hz.
As already reported by others using ChR2H134R (Gunaydin et al. 2010), light pulses
sometimes evoked spikes in doublet or even triplets. Under constant illumination
transfected neurons responded with depolarization current of 30 mV. Photocurrents
were evoked in a light intensity manner. At subthreshold light intensity, transfected
neurons only showed depolarization currents. Transfected neurons were also able to
follow the light pulses when stimulated chronically at 10 Hz for 1 min repeated every
other minute.

The in vitro findings gave us the confidence to test optogenetic stimulation in vivo.
To test the hypnotic effect of MCH, we chose to stimulate MCH neurons over a 24 h
period starting when lights turned off, i.e., mouse active period. Instead of stimulating
MCH neurons within a particular vigilance state, we chose an unbiased approach
stimulating neurons for 1 min every 4 min so stimulation would fall in all vigilance
states over the course of the experiment. A LED blue light produced 10 ms duration
pulses with at an output power of 1 mW (at the tip of fiber optic) that shone the
transfected neurons via bilateral 200 μmO.D. optic fiber probes.We stimulatedMCH
neurons at three different frequencies, 5, 10, and 30 Hz, keeping 72 h apart between
experiments. During the first 12 h (night), stimulation at 5 Hz was ineffective to
change sleep amounts; however, stimulation at 10 and 30 Hz significantly increased
both NREM sleep and REM sleep. The hypnotic effects started immediately and
lasted for the next 6 h. Stimulation at 10 Hz was the most effective increasing
NREMS by 40% and REMS by 70%. This finding was expected since in vitro
recordings indicated 10 Hz stimulation evoked APs with the highest amplitude and
even elicited double or triple spiking. Higher sleep amounts were caused by a
significant reduction in the number of long-duration wake bouts. As such during
stimulation, mice could not stay awake longer than 8 min. Yet sleep bout average
duration remained unchanged. During stimulation mice fell more often asleep as well
as transited more often into REM sleep. Transitions out of sleep stages also increased
suggesting that activation of MCH neurons facilitates all sorts of state transitions.
Increase in sleep drive was also observed measuring delta power during NREM sleep.
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When stimulation continued over the next 12 h (day), sleep amounts remained
unchanged likely due to the ceiling effects. Remarkably NREM sleep delta power
analysis revealed a paradoxical increase during daytime stimulation. Sleep amounts
remained unchanged over the 24 h of stimulation in mice infected with the control
vector. To assess whether ceiling effects observed during the day time could have
been caused by exhaustion of MCH neurons, MCH neurons were stimulated for 6 h
starting at noon. Protocol of stimulation was the same as before, that is, 10 ms of
pulse duration, at 10 Hz for 1 min every 4 min. Unlike stimulation started at night,
stimulation started at noon failed to increase sleep amounts or change the sleep
architecture. Our conclusion was then that the hypnotic effects of optogenetic
stimulation of MCH neurons depend on the time of day manifesting very strongly
during the mouse’s active period.

To corroborate the hypnotic effect of stimulation of MCH neurons, we repeated
the study in rats (Blanco-Centurion et al. 2016). We followed closely the same
protocol of transfection and stimulation except we delivered more viruses (3 μl/
hemisphere) as well as we used a wider optic fiber (rat ¼ 400 μm O.D. vs.
mouse ¼ 200 μm O.D.). The larger number of MCH neurons and brain size in rats
made these adjustments compulsory. First we set out to confirm the effects of
optogenetic stimulation in vitro. As reported earlier for mouse MCH neurons, rat
MCH neurons did not show spontaneous firing activity and had almost identical
membrane resting potential (� �60 mV). Rat transfected MCH neurons responded
with APs when illuminated with blue light pulses of 10 ms of duration. However
unlike mouse MCH neurons, rat MCH neurons could not fire in synchrony with light
pulses delivered faster than 10 Hz. Voltage-clamp recordings showed that fast-
frequency stimulation evoked a single spike first but then only evoked subthreshold
depolarization currents. Histological analysis in rats indicated that our vector specif-
ically transfected MCH neurons as we observed in mice. We observed very intense
YFP labeling within the LH, ZI, and PeF. YFP was also exclusively present along
neuronal plasma membranes, and it was particularly dense along dendrites unlike
what occurred in mice. Similar to what was measured in mice, 52% of MCH neurons
were transfected. We then tested stimulation of MCH neurons in vivo at three
different frequencies: 5, 10, and 30 Hz. Again stimulation lasted for 24 h starting at
lights off. Similar to previous findings in mice during the first 12 h of stimulation at
10 Hz, NREM sleep and REM sleep were significantly increased. The magnitude of
NREM sleep increase was similar to that in mice (� 50%); however, in rats REM
sleep was further augmented (� 200%). Another difference from the observations in
mice is that stimulation at 5 Hz significantly increased REM sleep, whereas at 30 Hz,
it did not. Optogenetic stimulation of MCH neurons in rats also had an immediate
hypnotic effect that lasted for the next 9 h. During the peak of effects, REM sleep was
augmented by 300% and NREM sleep by 100%. During the next 12 h of stimulation
(day), all frequencies of stimulation significantly increased REM sleep amounts.
Particularly stimulation at 5 Hz enhanced REM sleep amounts by 50% breaking the
ceiling effects seen before in mice. Analysis of the sleep architecture confirmed that
the hypnotic effect was mainly due to a dramatic reduction of long-duration wake
bouts. Stimulation also increased the number of short durationNREMandREM sleep
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bouts instead of lengthening them. It corroborates our prior hypothesis that activation
ofMCH neurons is meant to facilitate brain transitions fromwaking into NREM sleep
and from NREM sleep into REM sleep. This function was clearly revealed when we
analyzed NREM EEG delta power over the 24 h of the stimulation. Normally NREM
sleep delta power waxes and wanes across the 24 h, i.e., waxing during the active
period and waning during the rest period. However during stimulation delta power
daily oscillation became flat. The simplest explanation of it is that in order to
discharge delta power during the resting phase, NREM sleep bouts should remain
consolidated, i.e., plenty of long-duration bouts. Because during the day stimulation
forced the brain to switch regularly into REM sleep, it caused a reduction of the long-
duration bouts of NREM sleep blunting the delta power discharge. At night, constant
intrusion of NREM sleep into the waking also produced a noticeable trend to elevate
delta power so it too failed to wax. EEG spectral analysis in REM sleep revealed that
theta power was also significantly higher for almost the entire 24 h of the stimulation.
It indicates that activation of MCH neurons significantly builds up REM sleep
pressure as well. In conclusion, optogenetic stimulation of MCH neurons had a
potent hypnotic effect that was capable of counteracting circadian wake drive and,
in the case of REM sleep, breaking the ceiling effect during daytime.

Other two research groups have also used optogenetic tools to investigate the role
of activity of MCH neurons on sleep stages. Just a few months after we published our
study in mice, Jego et al. published another study using a Tg line of mice expressing
Cre inMCH neurons (Jego et al. 2013). A Cre-dependent DIO virus was microinjected
into the hypothalamus of the MCH-Cre mice for targeting ChETAA-YFP expression
in MCH neurons. Around 87% of MCH neurons expressed YFP which was almost
double from what we achieved in mice and rats. Whole-cell patch-clamp recordings
from transfected neurons indicated blue light pulses also elicited spiking. Similar to
transfected neurons in rats, transfected neurons in MCH-Cre mice showed 100%
fidelity on their response to light pulses delivered between 1 and 20 Hz. However
when stimulated at faster frequencies, it failed to evoke spiking. The fact that MCH
neurons in the Cre mice could not be driven to fire faster than 20 Hz, even with
ChETAA, indicates that rodent MCH’s neurons feature strong spike adaptation.
Transfected neurons did not show spontaneous firing either.

Unlike our stimulation paradigm of unbiased timing, Jego et al. stimulated MCH
neurons across sleep states during the second half of the resting phase (afternoon).
They stimulated at the two opposite fringes of the response curve: 1 and 20 Hz.
Unlike us, they used a blue laser light as source of illumination. Since lasers emit
photons in a coherent way, the photon energy in laser light is higher than the LED
energy (30–40 mW vs. 1 mW) and is also non-divergent. Stimulation at either
frequency across NREM sleep episodes did not lengthen the episodes but signifi-
cantly increased the number of transition into REM sleep. When stimulation was
given at 20 Hz across the REM sleep episodes, it significantly prolonged the bout
average duration. Yet when stimulated at 1 Hz, it failed to modify any of the sleep
states. Stimulation at any rate during REM sleep did not change the EEG power
spectra. Subsequently, they transfected MCH neurons with a ChR2 SFO confirming
that 50 ms blue light pulses delivered every 10 s evoked steady depolarization
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currents until it was stopped by a 50 ms yellow pulse. Spiking was also produced
under those conditions upon activation of postsynaptic excitatory inputs. They used
the SFO to stimulate MCH neurons in vivo. Similar to previous findings with
ChETAA, stimulation across NREM sleep did not change this stage, whereas
stimulation across REM sleep episodes prolonged its duration. Jego et al.’s exper-
iments both confirmed and contradicted ours. Both studies found activation of MCH
neurons significantly increased REM sleep by increasing transitions from NREM
sleep. However, Jego et al. found that it also prolonged REM sleep bout duration.
We found no evidence of MCH neurons activation prolonged bout duration.

It is possible to explain the discrepancies. Jego et al. observed effects on REM
sleep during daytime stimulation, whereas we did not simply because they
transfected the double of neurons than us. Also, blue light energy used to activate
ChR2 was more powerful and concentrated in Jego et al.’s study than in ours (Laser
vs. LED). When we used a thicker optic fiber and produced very dense expression of
ChR2 on dendrites in the rat study, REM sleep amount was potently increased across
a spectrum of stimulation frequencies. The fact that we did not observe a lengthening
of the REM sleep bout might have to do with the duration of the stimulation.
Whereas we stimulated for 1 min, Jego et al. stimulated along the entire REM
sleep episode either intermittently (20 Hz) or continuously (SFO). Our analysis of
the sleep architecture revealed that REM sleep bouts distribution was phase-locked
to the duration of the stimulation; i.e. 1 min. Since 1 Hz stimulation did not evoke
longer REM sleep episodes, it suggests this effect only occurs when the MCH
neurons are forced to stay highly active across the REM sleep episode. Jego et al.
found that MCH neuronal activation did not increase NREM sleep. When we
stimulated during daytime, we did not observed this effect either. We only observed
it during the nighttime stimulation. Since Jego et al. did not stimulate MCH neurons
at that time, the controversy could not be resolved then.

The following year another study from Tsunematsu et al. (2014) attempted to
tackle it. These researchers engineered a double Tg line of mice to conditionally
express the SFO ChR2E123T/T159C in MCH neurons. For that purpose they used the
tetracycline-controlled transcriptional activation system. Crossing a mouse endowed
with the tetracycline transactivator protein (tTA) downstream of the MCH promoter
gene with another mouse endowed with the tetracycline operator (TetO) upstream of
the ChR2E123T/T159C-YFP gene resulted in offspring having MCH-tTA/TetO. His-
tology of these MCH-tTA/TetO revealed that almost 90% of the MCH neurons
expressed the reporter gene YFP. Its expression was exclusive to MCH neurons and
was observed in somata and dendrites. It is worthy to note that antibodies against
GFP were needed to see YFP; hence it is inferred that the endogenous gene
expression had to be weak. Voltage-clamp mode recordings showed the
YFP-expressing neurons responded with depolarizing currents. The response was
elicited by either sustained blue light, or stronger yet, by 10 ms duration light pulses
given at 10 Hz. Blue light pulses at 10 Hz for 1 min every 5 min also produced
consistent spiking with 100% of fidelity at each stimulation bout. Tsunematsu et al.
stimulated the MCH-tTA/TetO mice both during daytime and nighttime. During the
first experiment, the daytime stimulation lasted for 3 h at 10 Hz (pulse¼ 10 ms, light
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power¼ 26 mW). Their findings closely replicated our results in the sense that REM
sleep amount doubled. This effect was caused by a higher number of REM sleep
transitions associated with fragmentation of NREM sleep and waking as well as
increased NREM sleep delta power. The average duration of REM sleep remained
unchanged despite mice had constant stimulation for 3 h. When 10 Hz stimulation
was given across the night for 1 min every 5 min, transitions into REM sleep were
also significantly augmented. The authors stated that REM sleep transitions always
occurred from NREM sleep, never from waking, i.e., no SOREMPs. Thus it can be
surely inferred that the number of NREM sleep bouts had to increase as well. These
researchers did not measure the amounts of vigilance states because they were only
interested in transitions into REM sleep. The hypnogram presented on the paper to
illustrate this experiment clearly shows more transitions into NREM sleep during the
stimulation. Then in a second set of experiments, stimulation at 10 Hz for 1 min was
given at the beginning of either wake or NREM sleep episodes. Experiments were
done during night and day. Authors claimed that only stimulation at the beginning of
NREM sleep caused changes in vigilance states. However they only quantified the
state transitions that occurred during the minute of stimulation and the next minute of
post-stimulation. These conditions did not reproduce our experiments, and their
conclusion should be taken with caution due to sampling bias. Even their state
transition plots show a clear trend to increase the number of animals who had
NREM sleep as stimulation time went on. We claimed that activation of MCH
neurons during waking and during the active period will not put the animal to
sleep unless it is given repetitively. At this time the circadian drive to stay awake
is too strong to be counteracted by only 1 min of stimulation.

Findings from a recent study using DREADDs to activate MCH neurons high-
light our point that effects on the two main sleep states will depend on strength and
pattern of stimulation. MCH-Cre mice were transfected with DIO vector containing
the excitatory DREADD hM3-DGq-mCherry (Vetrivelan et al. 2016). More than
90% of the mCherry-positive neurons co-labeled with MCH. When recorded in vitro
mCherry-labeled neurons responded with continuous spiking following a bath
application of the DREADD ligand CNO. c-Fos activation was also observed in
mCherry-labeled neurons after CNO administration. c-Fos usually signals the con-
tinuous activation of neurons for at least 90 min. In vivo between 24% and 56% of
MCH neurons were activated by CNO. DREADD-mediated activation of MCH
neurons caused a selective increase of REM sleep both during day and night. A
higher number of REM sleep bouts caused this effect. REM sleep average bout
duration remained unchanged again confirming that MCH neurons normally do not
play a role in REM sleep maintenance. It can be said that continuous activation of a
small number of MCH neurons seems to be insufficient to significantly change the
full spectrum of sleep stages. In our study in mice, the activation of 50% of those
neurons did not yield meaningful changes in any of the sleep states during the day
likely because we could not break the ceiling effect recruiting only half of the
population. Likewise, the Vetrivelan et al.’s study where only one third of the total
MCH neuronal population was steadily activated, it did not observe effects in
NREM sleep because it did not have the cadence and strength to counteract the
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strong circadian drive to stay awake. Whereas CNO activates MCH neurons for
several hours, our protocol of intermittent stimulation only activated these neurons
for 2% of the total time. As mentioned earlier MCH neurons show prominent spike
adaptation when stimulated continuously (Gao et al. 2003). Tsunematsu et al. also
noticed how, when MCH neurons are stimulated at 10 Hz, the evoked depolarizing
currents were larger than when stimulated continuously for 1 s (Tsunematsu et al.
2014). Because of this intrinsic property of the MCH neurons, we chose to stimulate
them intermittently. Neurons encode their messages to other neurons by timing its
APs. In vivo MCH neurons have both tonic and phasic firing, and both modes are
quite dissimilar (Hassani et al. 2009). Tonic firing is only 1 Hz, whereas instanta-
neous firing is 22 Hz more or less 8 Hz. In lieu of stimulating MCH neurons at its
tonic rhythm, we assumed that the message of MCH neurons is mainly encoded
through their phasic firing. Hence we tested stimulation frequencies from 5 to 30 Hz
but delivered intermittently. Thus in our rat’s study combining the appropriate
phasic stimulation with enough recruitment of stimulated neurons (more lightþmore
ChR2), we then were able to evoke strong effects on both types of sleep at any time
of the day counteracting the circadian constraints. Other researchers have also
suggested that depending on the mode of optogenetic stimulation, stimulated neu-
rons will release either amino acid (like GABA, glutamate), neurotransmitters, or
neuropeptides (like MCH or orexin). They proposed that tonic mild stimulation
releases fast amino acid neurotransmitters, whereas neuropeptides may require
sustained strong stimulation (Arrigoni and Saper 2014). This concept perfectly
would explain why our protocol of stimulation likely resulted in strong MCH release
and effects on both types of sleep.

Now it follows to review experiments where optogenetic tools were used to
inhibit the activity of MCH neurons.

5.2 Inhibition of MCH Neurons

Both Jego et al. (2013) and Tsunematsu et al. (2014) used optogenetic tools to
silence MCH neurons and study its effect on sleep. Jego et al. transfected MCH-cre
mice with a DIO viral vector containing either the eNpHR3.0-YFP or Arch HR gene.
In vitro slice recordings of those transfected neurons corroborated that yellow light
illumination for 30 s caused a complete silencing of spikes as well as an outward
current when those neurons were voltage clamped. Yellow light 30 s duration pulses
were then used to test the in vivo effect on REM sleep and theta power. Inhibition
either by eNpHR3.0 or Arch significantly decreased the 6–9 Hz EEG theta power
bandwidth at the expense of increasing the 3–5 Hz bandwidth. These results
corroborate ours when we found stimulation of MCH neurons significantly increased
EEG theta power during REM sleep.

Remarkably yellow light inhibition of MCH neurons neither decreased the
average bout duration nor the amount of REM sleep. This result contradicts their
hypothesis claiming activity of the MCH neurons is necessary for REM sleep
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initiation or maintenance. Since these researchers did not publish any histology for
those particular experiments, it is not possible to determine whether the lack of effect
had to do with technical issues. We claim that it is not sufficient to rely on the in vitro
data to assure the data in vivo had the same degree of validity. Placement of the optic
fiber with respect to the targeted cells, the extent of transfection (or selective
expression), and strength of transgene expression judged by the reporter gene
fluorescent signal all are critical factors that must be reported to interpret correctly
the data from optogenetic experiments. It is important that researchers produce maps
depicting optic probe placement in relation to transfected cells. The reader must keep
in mind that optogenetic tools demand that great number of photons reach the opsins
as well as a robust expression of the opsins among a relatively large population of
transfected neurons. One important question is how to assess which of the total
transfected neurons are actually being stimulated. One way of answering this should
be using a marker of activity during the stimulation, like c-Fos, but could be another
one more sensitive like GCAMP6. In any case it can be said that the strong results we
measured in rats can be explained because rats have more MCH neurons in the first
place. However in addition to this species intrinsic difference, the remarkable
expression of ChR2 we observed and correct placement of a thicker optic probe
that transmitted more photons all likely caused enough neuronal recruitment
resulting in strong effects on both types of sleep.

Tsunematsu et al. also inhibited MCH neurons and studied its effects on REM
sleep. They again used the TtA/TtO system to express ArchT in MCH neurons.
Unlike Jego et al., Tsunematsu et al. published their histology analysis corroborating
ArchT only expressed in MCH neurons. Again the reporter signal must have been
weak since IF was needed to visualize the transfected neurons. In any case almost all
MCH neurons (97.2%) showed colocalization with YFP. In vitro recordings indi-
cated that green light illumination produced 100% of inhibition of APs induced by
current injection. Despite the outstanding expression of ArchT and complete inhi-
bition of APs recorded in vitro, 3 h of inhibition failed to change any of the vigilance
states. Total amount, average bout duration, or number of episodes of all three states
remained unchanged. The conclusion derived from both studies indicates that acute
silencing MCH neuronal activity does not affect any of the sleep states.

Tsunematsu et al. also made selective ablations of MCH neurons with the
diphtheria toxin A gene under the control of the TtA/TtO gene expression system.
One week after doxycycline was removed from the diet, MCH neurons started to die.
By the fourth week, only 2.4% of MCH neurons remained. Contrary to the findings
obtained with acute silencing of MCH neurons, its ablation had significant impacts
on both wake and NREM sleep daily amounts. Thus wake amounts started to
significantly increase by the second week and continued along that trend all the
way to the fourth week. The increase in wake amounts was due to the expense of a
significant decrease of NREM sleep. Reduction in NREM sleep was measured both
during the active and resting phases although it was more remarkable during
daytime. The reduction of NREM sleep during daytime was mainly caused by
decrease in the number of episodes, whereas during nighttime NREM sleep bout
duration significantly decreased. No changes in the EEG spectral power were
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observed after the loss of MCH neurons. REM sleep amounts were not altered by the
complete loss of MCH neurons.

Thus the results obtained after a total loss of MCH neurons corroborate our
hypothesis concerning the role of these neurons in regulating daily amounts of
NREM sleep. Also they negate the hypothesis that these neurons are critical to
generate REM sleep. MCH neurons seem to execute the NREM sleep regulation
differently depending on the time of day. This hypothesis is supported by our results
where stimulation had different effects depending on the phase of the diurnal cycle.
Previously we measured the highest level of MCH in the CSF of rats around noon, a
timing associated with high amounts of NREM sleep and REM sleep (Pelluru et al.
2013). Likewise in rats the ICV infusion of MCH at night onset was followed by a
significant increase of NREM sleep (þ70%) and REM sleep (þ200%) (Verret et al.
2003). At night onset MCH levels in the CSF is waning and stay low during the
active period (Pelluru et al. 2013). In humans the release of MCH was highest after
sleep onset which is also normally associated with higher amounts of delta sleep
(Blouin et al. 2013). Thus forced stimulation of MCH neurons, or ICV infusion of
MCH after night onset, yielded higher levels of MCH receptor activation recapitu-
lating the sleep facilitation role of MCH occurred otherwise at the onset of the resting
phase.

Pharmacological and gene knockout studies provide additional strong support for
the role of MCH neurons as modulators of both NREM and REM sleep. In rats
selective pharmacological blocking of the MCH1 receptors is followed by a remark-
able decrease of both delta sleep and REM sleep (Ahnaou et al. 2008). This effect is
dose-dependent, not followed by a sleep rebound and caused by a reduction of bouts
duration. MCHR1 KO mice also show significantly less daily amounts of NREM
sleep and higher core temperature at rest (Ahnaou et al. 2011). Similar effects were
reported by Jego et al. who measured sleep in double MCH-Cre/MCH1R KO mice
(Jego et al. 2013). These double transgenic mice had significant reductions in both
NREM and REM sleep during daytime.

Recent studies making selective ablations of MCH neurons have put forward an
interesting twist on the role of MCH neurons regulating REM sleep during the resting
phase. One study replicated the Tsunematsu et al. lesion approach by using diphtheria
toxin (DT) to kill selectively MCH neurons (Vetrivelan et al. 2016). MCH-Cre mice
were crossed with floxed-P Tg mice harboring the DT receptor. MCH neurons were
killed in the offspring with systemic administrations of DT. During the active period,
lesioned mice had higher core body temperature, hyperactivity, as well as a signifi-
cant loss of body mass but no changes in the amounts of sleep states. Remarkably
during the resting period, the number of REM sleep bouts paradoxically increased.
Interestingly this effect was linked to a shortening of wake episodes. On the second
study, researchers made partial lesions of the MCH neurons inserting the Ataxin-3
lethal gene upstream of the MCH promoter (Varin et al. 2016). Adult mice showed
�30% less MCH neurons. The surviving MCH neurons had clear signs of degener-
ation such as severe reduction in projection terminals as well as 80% reduction in
hypothalamic MCH mRNAs. Similar to the previous lesion study during daytime,
MCHAtaxin-3 mice had higher number and longer duration of the REM sleep bouts.
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In additionMCHAtaxin-3 mice showed sleep fragmentation. After 12 h of total sleep
deprivation, MCH Ataxin-3 mice also had a significant deficit to consolidate NREM
sleep rebound including a decrease in delta power. Declining and recovering slopes
for REM sleep amounts were also significantly decreased in lesioned mice. Another
study in MCHR1 KO mice also found higher amounts of REM sleep during the day
(Adamantidis et al. 2008).

It is obvious from these three studies that MCH neuronal activity cannot be
critical for generation of REM sleep because it is hard to explain the increase of
REM sleep without MCH neurons or MCH receptors. Since the pioneering studies of
brain transections, it is known that REM sleep is generated by the brainstem.
However it is also evident that absence of MCH neurons does impact how the
brain shifts among vigilance states, a function that is particularly important to
achieve during sleep homeostasis. Deficit in sleep homeostasis is tightly linked to
disturbances of metabolism/body temperature. As pointed out extensively already,
loss of MCH neurons or MCH receptors is followed by nighttime hyperactivity, loss
of lean body mass, and high core body temperature in addition to loss of appetite. It
is conceivable that all these changes have led to abnormal sleepiness during the
resting period. The persistent higher core temperature can lead to increase of entries
into REM sleep because higher core/brain temperature is known to occur during the
transition from NREM to REM sleep (Obal et al. 1985; Alfoldi et al. 1990; Gao et al.
1995). Higher basal/brain metabolism during the rest period also leads to sleep
fragmentation (Nofzinger et al. 2004).

6 Conclusion: Ying and Yang Interplay Between MCH
and Orexin Neurons

Next, we propose a model where orexin and MCH neuronal activity counterbalance
each other. The main assumption of our model demands that both populations of
neurons show firing activity in close synchrony. Under the prevalent view, this is
unlikely because MCH neurons are considered strictly as sleep active, whereas
orexin is considered strictly as wake active. A recent study, however, has debunked
the dogma that MCH neurons are completely silent during waking (Hassani et al.
2009). Using fiber photometry and GCAMP6 as calcium sensor in MCH-Cre mice,
this study found that MCH neurons showed strong population bursts during novelty
exploration (Gonzalez et al. 2016). MCH neuronal activation bursts were inversely
correlated with activity bursts from orexin neurons. During a novel object presenta-
tion, orexin neurons became very active, while MCH neurons did not, and then
MCH neurons became active, while orexin neurons quieted down. During the entry
into the exploration area, MCH neurons also turned suddenly active, while orexin
neurons remained inactive. The calcium proxy of neuronal activity between orexin
and MCH corroborates what in vivo juxtacellular recordings reported earlier, that is,
orexin and MCH neurons fire in opposite phases (Hassani et al. 2009). However, in
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this case, counterbalancing is occurring during waking. It is conceivable that activity
of MCH neurons during waking is geared toward balancing the activity of orexin
neurons. In vitro studies have shown MCH blocks the increase of firing in orexin
neurons driven by positive feedback (Rao et al. 2008). Without MCH receptors, the
glutamatergic inputs into orexin neurons evoke larger excitatory postsynaptic poten-
tials and stronger firing. During novelty exploration, orexin release within the LH is
the highest (Kiyashchenko et al. 2002) and so is orexin firing (Mileykovskiy et al.
2005). Thus it is conceivable that MCH neurons become active to offset the positive
feedback of orexin neurons preventing a state of hyperarousal, hyperactivity, and
anxiety. Overexpression of orexin leads to this abnormal state (Willie et al. 2011).
Highest level of activity of orexin neurons is also associated with behaviors charac-
terized by strong and positive emotions like playing or exploration (Mileykovskiy
et al. 2005). These behaviors feature high levels of arousal, memory retrieval, and
attention. By contrast, orexin neurons are moderately active during repetitive motor
behaviors like treadmill running, ingesting, or grooming which are less emotionally
charged. Perhaps this is so because MCH tone is counterbalancing the orexin tone.
When we stimulated repetitively MCH neurons during waking, we putatively set up
an intermittent restrain over the burst of activity in orexin neurons. In other words,
we facilitated NREM sleep during the active period by creating a relaxed state of
mind conducive for sleep onset.

MCH neuronal activity may be assisting other inhibitory pathways like GABA in
setting up a restraining tone for stable vigilance state switching. During NREM,
orexin neurons are already under restrain by GABAergic sleep-active neurons (Alam
et al. 2005) and fire very occasionally. Orexin neurons have multiple GABAergic
synapses contacting them (Henny and Jones 2006). When GABA receptors on
orexin neurons are removed, there is a decrease in sensitivity of orexin neurons to
both excitatory and inhibitory inputs. As a result these mice show sleep fragmenta-
tion switching frequently among vigilance states (Matsuki et al. 2009). Frequent
switching among vigilance states is what we also produced by stimulating MCH
neurons. We propose that, during NREM sleep, extra inhibition from MCH neurons
to orexin neurons would create the right conditions for REM sleep to initiate.
However, when MCH tone is abnormally high, orexin neurons become desensitized
creating instability among vigilance states. This hypothesis would explain squarely
why optogenetic activation of MCH neurons during NREM sleep is so effective
facilitating transition into REM sleep but also why we observed frequent transitions
among all vigilance states.

Narcolepsy with cataplexy can also be understood as an imbalance between
orexin and MCH neurons. Narcolepsy features disturbance of all vigilances states.
Narcoleptics show deficits staying awake, staying asleep, and maintaining proper
muscle tone during waking and sleep. In narcolepsy with cataplexy, orexin neurons
have died, but MCH neurons are still present in normal numbers creating an
imbalance (Thannickal et al. 2000). Normally orexin inhibits voltage-dependent
calcium channels on MCH neurons (Gao et al. 2003). Furthermore optogenetic
stimulation of orexin neurons inhibits MCH firing burst by exciting GABAergic
synapsis onto MCH neurons (Apergis-Schoute et al. 2015). Hence in narcoleptics
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the lack of orexin inhibition onto MCH neurons may trigger abnormal activity bursts
across all vigilance states. This burst of activity in MCH neurons will, in turn, break
down arousal (i.e., sleep attacks), and sometimes, when the emotional tone becomes
very high, it will bring down muscle tone resulting in cataplexy attacks or direct
transitions into REM sleep, i.e., SOREMPs. It also creates sleep fragmentation
manifested as constant switches among waking, NREM, and REM sleep, particu-
larly transitions into REM sleep.

Narcolepsy also illustrates how deficits to stay fully alert and maintain skeletal
muscle tone are tightly connected to disturbances regulating emotional tone (Bayard
and Dauvilliers 2013). We claim that the connection of cataplexy with unrestrained
emotional tone can be also explained by an imbalance between orexin and MCH
neuronal activity. In narcoleptic rodents or dogs, cataplexy attacks are usually preceded
by emotionally laden motor repetitive behaviors such as eating palatable food
(Gerashchenko et al. 2001; Clark et al. 2009) play, and copulation (Nishino and Mignot
1997) or other less emotive like grooming or running (Chemelli et al. 1999; Beuckmann
et al. 2004; Espana et al. 2007). Infusion of orexin (Mieda et al. 2004) or orexin gene
therapy within the dorsolateral pons, a REM sleep generator (Blanco-Centurion et al.
2013); or within the central nucleus of the amygdala, a strong emotional center (Liu et al.
2016); or in the ZI/LH (Liu et al. 2011), where MCH neurons are located, all blocks
cataplexy. However we found that when orexin is expressed in MCH neurons only,
cataplexy and sleep fragmentation actually worsen. Thus when the timing of orexin and
MCH release becomes simultaneous, emotionally driven cataplexy and hyperarousal
during sleep occur more often than when MCH is released without any counterbalance
from orexin tone. Repetitive pattern motor behaviors like eating are precisely the
behaviors that we know kindle MCH release in the amygdala of humans (Blouin et al.
2013). In the amygdala every behavior where orexin tone turns high is negatively
mirrored by low MCH tone and vice versa. We propose this counterbalance scenario
within the main center of emotional regulation is not epiphenomena, but it reflects an
essential counterbalance modulation.

Burst of MCH activity is critical to integrate caloric value, ingesting behavior and
level of locomotor activity. It is hard to understand this function if MCH neurons
would only fire during sleep. Thus MCH neurons were optogenetically stimulated
during a drinking choice preference test where animals had to choose between
drinking an artificial sweetener or sucrose (Domingos et al. 2013). In the control
group, animals preferred sucrose because of its true caloric content and rewarding
effect assessed by dopamine release. Stimulation of MCH neurons at 20 Hz, or
continuously for 1 s, given during the choice test completely reversed the preference
for sucrose. Stimulation at 5 Hz was ineffective. Effective stimulation also caused a
peak of dopamine release, whereas the ineffective stimulation did not. Selective
ablation of MCH neurons abolished the sucrose preference as well as the peak in
dopamine release elicited by sucrose intake. An antagonist of the MCH receptor also
blocks the preference for ingesting highly palatable food (Morens et al. 2005).
Remarkably in humans the second high level of MCH release occurs after eating
(Blouin et al. 2013). In this context years ago direct evidence emerged that activation
of MCH receptors is key to regulate caloric intake. MCH receptor KO mice are lean,

96 C. Blanco-Centurion et al.



eat less, and show high basal metabolism (Shimada et al. 1998). When MCH
receptor KO mice are fed with high caloric diet, animals also become hyperactive
(Kokkotou et al. 2005). Hyperactivity in MCH receptor KO mice fed with fat diet is
especially prominent during the active period and also occurs in MCH KO mice
(Zhou et al. 2005) and mice with selective genetic ablation of MCH neurons (Alon
and Friedman 2006). By contrast, overexpression of MCH receptors produced a
phenotype of obesity and insulin resistance (Ludwig et al. 2001). Same results
occurred in mice that had continuous ICV infusions of MCH (Gomori et al. 2003).
MCH neurons are indeed strongly activated by glucose (Burdakov et al. 2005) or by
cannabinoids which are well known for its orexinergic effect (Huang et al. 2007).

Glucose has the opposite effect on orexin neurons causing strong inhibition of its
firing (Burdakov et al. 2005). In contrast to the lean mice whose MCH neurons were
ablated, mice without orexin neurons are obese despite eating less. These mice are
obese because they have significantly low locomotor activity during the active period
so calories are not burned (Hara et al. 2001). On top of that, sleepiness lower even
further both the metabolism and the energy expenditure. The effects on large body
weight with low activity and metabolism are not surprising because the selective
activation of orexin neurons causes an increase of eating, drinking, locomotor activity,
and metabolism (Inutsuka et al. 2014).

As we already mentioned, electrical stimulation experiments indicated that the
LH is a brain hub for integration of feeding and reward behaviors. The link between
MCH neuronal activation and relaxed emotions is rooted in several studies that
firmly established the anxiolytic effects of MCH (Monzon et al. 2001; Borowsky
et al. 2002; Carlini et al. 2006). Unlike the calming effects of MCH neuronal
activation, optogenetic activation of orexin increases anxiety in mice (Heydendael
et al. 2014). The orexin pathway regulating anxiety and fear involves connection
from the amygdala and the locus coeruleus (Sears et al. 2013). By contrast,
GABAergic neurons from the amygdala make monosynaptic connections with
MCH neurons inhibiting them (Gonzalez et al. 2016). Altogether the picture that
emerges depicts the MCH neurons becoming active in response to biological
critically goal-directed behaviors like eating. Ingestion is primarily driven by high
orexinergic tone that if unchecked could become excessive. Therefore it is conceiv-
able MCH neurons would activate, counterbalancing the orexin drive and generating
a calming/pleasant sensation that leads to the end of the appetitive behavior. The
satisfaction of the appetitive drive may eventually lead to sleep onset. This balance/
counterbalance model of orexin/MCH may also apply to understand other essential
appetitive behavior like drinking or mating.

Stress and anxiety inhibit activity of MCH neurons (Gonzalez et al. 2016) through
an orexin and amygdala jointed pathway. This effect of stress would explain why
during the juxtacellular recordings of these neurons firing activity during waking was
barely detected, i.e., only during transitions to NREM sleep (Hassani et al. 2009).
Juxtacellular recordings demand the rat to be head fixed and held lifted onto a
hammock. Even though daily habituation makes the rat to eventually fall asleep during
the recording, it is obvious that the animal must be somewhat stressed while awake.
Stress will prevent the MCH neurons to fire giving a bias toward sleep activity.
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The counterbalance between orexin and MCH neurons also can take place during
REM sleep. Contrary to the prevalent view of orexin neurons being silent during
REM sleep, a microdialysis study found that orexin release, within the LH and basal
forebrain, is highest during REM sleep (Kiyashchenko et al. 2002). This finding is
supported by the fact that, in unrestrained animals, orexin neurons produce burst of
activity linked to the phasic movements occurring during REM sleep (Mileykovskiy
et al. 2005). Jego et al. observed that 20 Hz optogenetic stimulation of the MCH
projections to the posterior hypothalamus, LH, and medial septum significantly
increased the duration of REM sleep episodes (Jego et al. 2013). All these regions
receive strong projections from orexin neurons as well (Peyron et al. 1998). We
claim that MCH projections to those areas are such to counterbalance the burst of
phasic activity from orexin neurons during the phasic events of REM sleep. Recent
unpublished data from our laboratory indicate that the pathway connecting MCH
neurons to noradrenergic neurons in the locus coeruleus also mediate the increase in
REM sleep produced by the optogenetic stimulation. A previous study found pro-
jections from MCH to the REM sleep generator zone in the pons. Local infusion of
MCH into this pontine area increased REM sleep (Torterolo et al. 2009). Needless to
add that orexin neurons also project to the locus coeruleus and the pontine reticular
formation. Orexin input into both areas is critically involved in the control of muscle
tone during REM sleep and cataplexy (Wu et al. 1999; Kiyashchenko et al. 2001).
Thus our hypothesis neatly explains why burst of activity of MCH neurons occurs
phase-locked to the phasic motor events of REM sleep (Hassani et al. 2009).
Whether the optogenetic stimulation of MCH neurons would lengthen REM sleep,
as Jego et al. observed, must depend on how effective counteracting the burst of
activity of orexin neurons is. Yet if the latter is mild, optogenetic activation of MCH
neurons could be ineffective prolonging REM sleep episode as we and other
researchers have observed. As we sustain the timing between orexin and MCH
burst of neuronal activity is what will determine the outcome of behavior. An out-
of-phase interplay between these two hypothalamic types of neurons is what ulti-
mately governs the expression of the vigilance states.

7 Future Directions

Our hypothesis can be empirically tested in two ways. One is to monitor the in vivo
activity of both MCH and orexin neurons using state-of-the-art imaging techniques.
Nowadays it is possible to observe intracellular calcium transients in specific
neuronal phenotypes occurring in real time and to single-cell spatial resolution
level. Hundreds of neurons can be imaged in this way. Less than a second time-
resolution scale observations are possible. For instance, a recent imaging study
focused on observing how GABAergic neurons within the LH get activated during
either the consummatory or appetitive phases of the feeding behavior (Jennings et al.
2015). Calcium imaging in vivo also has been applied to study neuronal activity of
both GABAergic and glutamatergic dorsolateral pontine neurons occurring during
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the sleep states (Cox et al. 2016). If our counterbalance hypothesis is correct and the
out-of-phase interplay regulates the states of vigilance, it should be observed as
distinctive patterns of activity burst in orexin and MCH neurons. Furthermore, using
optogenetics coupled to in vivo micro-endoscopic imaging, we can ask hypothesis-
driven experimental questions. Either stimulating or inhibiting orexin and MCH
neurons and at the same time imaging those neurons, we should be able to predict
changes in the neuronal activity patterns and sleep behavior.

Another aspect that is critical to explore is how different projections of both
orexin and MCH are integrating sleep states. Using clarity to make the brain
transparent, we discovered MCH neurons are organized in three different clusters
according to the direction of its projections (Shiromani and Peever 2017). One
cluster projects mostly to the forebrain and the other toward the brainstem, and a
third one seems to link both clusters within the LH.We believe this arrangement may
reflect the way MCH neurons counterbalance orexin neurons along different aspects
of sleep–wake behavior. Perhaps forebrain projections counterbalance orexin signal
in terms of memory, attention, and emotion and may regulate the transition from
wake into NREM sleep. Projections to the brainstem may integrate the counterbal-
ance of orexin tone to restrain sympathetic and muscle tone that may underlie the
transitions into REM sleep. In any case what is needed is to stimulate or inhibit in a
specific projection manner and observe its impact on neuronal activity and behavior.
Using retrograde virus carrying either opsins or GCAMP6 Cre-dependent gene, we
could address this type of important questions.
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The Effects of Melanin-Concentrating
Hormone on Neurotransmitter Systems
Involved in the Generation
and Maintenance of Wakefulness

Jaime M. Monti, Seithikurippu R. Pandi-Perumal, and Pablo Torterolo

Abstract Within the central nervous system (CNS), melanin-concentrating hor-
mone (MCH) participates in a number of functions including sleep-wake behavior.
In this respect, MCHergic neurons project widely throughout the central nervous
system (CNS) to neural structures involved in the regulation of wakefulness (W). An
enhancement of REM sleep time has been described following the microinjection of
MCH into the dorsal raphe nucleus (serotonergic neurons), locus coeruleus nucleus
(noradrenergic neurons), and basal forebrain [(horizontal limb of the diagonal band
of Broca) glutamatergic and cholinergic (W-on) neurons] of rodents. In addition,
optogenetic stimulation of MCH terminals in the tuberomammillary nucleus (hista-
minergic neurons) is followed by an increase in the duration of REM sleep episodes.
Moreover, the finding that the neuropeptide negatively modulates the mesolimbic
dopaminergic function tends to indicate that the inhibition of nucleus accumbens and
ventral tegmental nucleus dopaminergic neurons by MCH could facilitate the occur-
rence of REM sleep. Thus, the REM sleep-inducing and sleep-facilitating effect of
MCH is at least partly related to the deactivation of monoaminergic, glutamatergic,
and cholinergic (W-on) neurons.
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1 Neural Structures and Neurotransmitter Systems
Involved in the Generation and Maintenance
of Wakefulness

The brain regions involved in the promotion of the waking state are found in the
brainstem, hypothalamus, and basal forebrain (BFB). The nuclei located in the
brainstem include:

Neurons containing serotonin [5-HT—dorsal raphe nucleus (DRN), median raphe
nucleus (MRN)]

Norepinephrine [NE—locus coeruleus]
Dopamine [DA—ventral tegmental area (VTA), substantia nigra pars compacta

(SNc), ventral periaqueductal gray matter (vPAG)]
Acetylcholine [ACh (wakefulness-on)—laterodorsal and pedunculopontine tegmen-

tal nuclei (LDT/PPT)]

The hypothalamic component of the arousal system includes cells containing
orexin [OX; posterior lateral hypothalamus (LH) around the fornix] and histamine
[HA; tuberomammillary nucleus (TMN)]. The cholinergic and glutamatergic neurons
of the BFB involved in the regulation of wakefulness (W) are located predominantly
in the medial septum, diagonal band of Broca, and substantia innominata (Pace-
Schott and Hobson 2002; Jones 2003). The 5-HT-, NE-, HA-, and ACh-containing
neurons that participate in the regulation of W give rise to mainly ascending pro-
jections to (1) the thalamus (dorsal route) which in turn projects to the cerebral cortex
and (2) the BFB (ventral route) where cells in turn project to the cerebral cortex and
the hippocampus. The DA-containing cells of the VTA and SNc project to the
striatum and the prefrontal cortex, while those corresponding to the vPAG project
predominantly to the BFB and midline thalamus. Furthermore, OX-containing neu-
rons carry projections to the entire forebrain and brainstem arousal systems as well as
to the thalamus and cortex (Brown et al. 2012). Additionally, most of these neural
structures send descending projections to the brainstem and spinal cord regions that
modulate muscle tone.

2 Neural Structures and Neurotransmitter Systems
Involved in the Generation and Maintenance of NREM
Sleep

Neurons of the preoptic area and adjacent BFB constitute the sleep-inducing system
(Szymusiak et al. 2007). Sleep active neurons of the preoptic area are mainly located
in the ventrolateral preoptic area (VLPO). A majority of these neurons contain
γ-aminobutyric acid (GABA) and galanin and project to brainstem and hypothalamic
areas involved in the promotion of W including the DRN, LC, LDT/PPT, vPAG, and

110 J. M. Monti et al.



LH neurons. More recently, melanin-concentrating hormone (MCH) neurons
located in the lateral hypothalamus and zona incerta have been proposed to partic-
ipate also in the regulation of non-rapid-eye movement (NREM) sleep and REM
sleep (Torterolo et al. 2011).

3 Neural Structures and Neurotransmitter Systems
Involved in the Generation and Maintenance of REM
Sleep

It has been proposed that the sublaterodorsal tegmental nucleus (SLD) is the brain
structure necessary and sufficient to induce andmaintain REM sleep in the rat, and the
effect would depend upon the activation of glutamatergic neurons located in this
neuroanatomical structure (Luppi et al. 2013). Its equivalent in the cat is called the
subcoeruleus nucleus or nucleus pontis oralis. In favor of the proposal is the finding
that SLD glutamatergic neurons increase their firing rate during REM sleep. Further-
more, microiontophoretic administration of the glutamate agonist kainic acid into the
SLD induces a REM sleep-like state (Clément et al. 2011). Luppi et al. (2013) have
posed, in addition, that the activation of SLD glutamatergic neurons would depend
upon the removal of an inhibitory tone present during W and NREM sleep arising
from GABAergic REM-off neurons located in the ventrolateral periaqueductal gray
(vlPAG) and the deep mesencephalic nucleus (DPMe) and monoaminergic neurons
located in the brainstem and hypothalamus. Accordingly, local microinjection into
the SLD of the GABAA receptor antagonists bicuculline or gabazine produced an
increase of REM sleep in laboratory animals (Boissard et al. 2002). It has been
contended also that inhibition of vlPAG and DPMe REM-off neurons would depend
upon the activation of GABAergic REM-on neurons located in the vlPAG and dorsal
gigantocellular nucleus (DPGi) andMCH neurons of the lateral hypothalamus (Sapin
et al. 2009; Monti et al. 2016). On the other hand, the reciprocal-interaction hypoth-
esis of REM sleep generation originally proposed byMcCarley and Hobson (Hobson
et al. 1975) identifies interconnected populations of REM-on and REM-off neurons
compatible with reciprocal interactions as a physiological basis of sleep cycle oscil-
lation. In the updated version of the reciprocal-interaction model (McCarley 2007),
cholinergic neurons of the LDT/PPT are identified as promoting REM sleep and
interact with serotonergic and noradrenergic neurons of the DRN and LC that inhibit
REM sleep. In addition, McCarley (2007) includes GABAergic mechanisms that
deactivate neurotransmitter systems responsible for the inhibition of LDT/PPT cho-
linergic (REM-on) neurons. This would lead to the activation of pontine reticular
formation glutamatergic neurons and the occurrence of REM sleep.

Thus, it can be proposed that there is much agreement with respect to the neural
structures and mechanisms of action involved in the regulation of W and NREM
sleep. However, discrepancies still exist in relation to the neuroanatomical systems
and synaptic processes involved in the facilitation and inhibition of REM sleep.
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4 Structure, Mechanism of Action, and Projections
of MCH-Containing Neurons

In mammals MCH is a cyclic neuropeptide with 19 amino acids. It is generated by
the cleavage of a precursor of 165 amino acids, the prepro-MCH. MCH is confined
to a group of neurons in the lateral hypothalamus and incerto-hypothalamic area and
acts through its G-protein-coupled receptors named MCHR1 and MCHR2. Rodents
present only the MCHR1 (Lembo et al. 1999). The binding of MCH to MCHR1
activates diverse intracellular signaling pathways by coupling to Gi, Gq, and Go

proteins, while MCHR2 is known to couple to the Gq protein (Hawes et al. 2000;
Sailer et al. 2001). Studies of MCH neurons in vitro have shown a predominantly
inhibitory effect of the neuropeptide both at pre- and postsynaptic levels (Gao and
van den Pol 2001). Sekiya et al. (1988) determined the distribution of MCH-like
immunoreactivity by radio immunoassay in the central nervous system (CNS) of the
rat, guinea pig, and man. The highest concentrations of MCH were found in the
hypothalamus of all these species. Later on, Bittencourt et al. (1992) characterized
the organization of the system using antisera raised against rat MCH. It was shown
that medium-sized and multipolar to fusiform MCH-containing cells were localized
predominantly in the lateral hypothalamic area and zona incerta of the rat. In
addition, monosynaptic fibers stained for MCH were broadly distributed throughout
the CNS. In this respect, MCH-immunoreactive (MCH-ir) axons innervate several
neuroanatomical structures located in the telencephalon, diencephalon, mesenceph-
alon, and rhombencephalon that are involved in the regulation of the behavioral
state. In addition, Bittencourt and Elias (1998) established that the origin of MCH-ir
projections in the medial septal nucleus, vertical and horizontal limbs of the diagonal
band of Broca, and spinal cord resides mainly in the lateral hypothalamus. More-
over, dense MCH innervation was reported in the cerebral motor cortex and
LDT/PPT of the rat, the latter originating mainly from the dorsal half of the lateral
hypothalamus (Elias et al. 2008; Hong et al. 2011).

5 Local Brain Delivery of MCH into CNS Structures
Involved in the Regulation of the Sleep-Wake Cycle

5.1 Dorsal Raphe Nucleus

Bittencourt et al. (1992) described for the first time a descending component of MCH
fibers that innervated the DRN in the rat. More recently, Yoon and Lee (2013)
examined the projections fromMCH neurons in the medial and lateral subdivision of
the LH to the DRN of rodents. The authors found that MCH axon terminals from
both subdivisions of the LH made contact with DRN somata at both rostral and
caudal levels. A further study by Urbanavicius et al. (2016) characterized in detail
the distribution and density of the MCHergic fibers along the rostro-caudal axis of
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the rat DRN and their anatomical relationship with 5-HT and GABA-containing
neurons. In addition, the authors evaluated the MCH effects on the 5-HT extracel-
lular levels. Accordingly, MCHergic axons reached all the rostro-caudal levels of the
DRN, although their density was lower at the most caudal level. Of note, MCH fibers
were found to be in apposition with both 5-HT- and GABA-containing cells. The
local microinjection of a relatively low dose (30 μM) of the neuropeptide was
followed by a significant and long-lasting decrease of stimulated 5-HT levels. The
finding of particular dense MCHergic projections to the DRN by Bittencourt et al.
(1992) led to the analysis of the effect of microinjections of MCH into this neuro-
anatomical structure on sleep variables in the rat. To this purpose MCH (50 and
100 ng) and vehicle were microinjected into the DRN of rodents prepared for chronic
sleep recordings. Compared with the control vehicle, MCH 100 ng significantly
increased REM sleep time during 6-hour polysomnographic recordings (Table 1)
(Lagos et al. 2009). The increment of REM sleep time amounted to 70.7% of the
control value and was related to a greater number of REM sleep episodes. MCH
100 ng produced, in addition, a small but significant increase in SWS (9.2%
increment of the control value). Besides, administration of the neuropeptide signif-
icantly reduced the time spent in W and light sleep (33.8% and 26% decrement of the
control values, respectively). The analysis of REM sleep values in 2-hour blocks
showed that the increase of REM sleep after MCH 100 ng microinjection was
maintained up to 6 hours. During a second step, the effect of immunoneutralization
of MCH in the DRN on sleep and W was determined in the rat (Lagos et al. 2011).
Compared to the control solution, microinjection of anti-MCH antibodies (1/100
solution in 0.2 μl) induced a significant reduction of REM sleep time and the number
of REM sleep episodes, while REM sleep latency was increased. Additionally, there
was an increase in total W time. Light sleep and SWS remained almost unchanged.
These findings strongly support the proposal that MCH released in the DRN
facilitates the occurrence of predominantly REM sleep. Because MCH is an inhib-
itory neuropeptide, it can be hypothesized that MCH would facilitate the generation
of REM sleep by inhibiting serotonergic neurons. In support of the suggestion,

Table 1 The effects of melanin-concentrating hormone microinjection into neural structures
involved in the occurrence of wakefulness on sleep variables in rodents

Neural structure W SWS REMS Reference

Dorsal raphe nucleus (serotonergic neurons) � + + Lagos et al.
(2009)

Locus coeruleus nucleus (noradrenergic neurons) n.s. n.s. + Monti et al.
(2015)

Lateral basal forebrain (glutamatergic and
cholinergic neurons)

� n.s. + Lagos et al.
(2012)

Tuberomammillary nucleus (histaminergic neurons) n.a. n.a. + Jego et al.
(2013)a

Abbreviations: W wakefulness, SWS slow wave sleep, REMS rapid-eye movement sleep, þ
significant increase, � significant decrease, n.s. nonsignificant, n.a. not available
aJego et al. (2013) stimulated the MCHergic afferents to the tuberomammillary nucleus

The Effects of Melanin-Concentrating Hormone on Neurotransmitter. . . 113



Devera et al. (2015) described that the microinjection of MCH into lateral ventricle
resulted in a significant decrease in the firing rate of 59% of the neurons recorded in
the DRN. Moreover, the juxtacellular administration of MCH reduced the discharge
in 80% of these cells. Based on the electrophysiological and pharmacological
properties of the neurons affected by MCH, including action potential average
duration, basal firing rate, and suppression of the discharge following the systemic
administration of the selective 5-HT1A receptor agonist 8-OH-DPAT, it was con-
cluded that these neurons were likely serotonergic.

5.2 Locus Coeruleus Nucleus

Harthoorn (2007) and Bittencourt (2011) initially reported the existence of MCH
terminals within the LC. More recently, Yoon and Lee (2013) examined the distri-
bution to the LC of fibers from MCH neurons located within medial and lateral
subdivisions of the lateral hypothalamus. The authors established that MCH pro-
jections to the nuclear core of the LC exhibit differential distribution with a predom-
inance of the lateral subdivision over the medial one. Accordingly, the proportions of
retrograde-labeled MCH neurons over the total retrograde-labeled cells amounted to
4.4%� 0.5% at themedial subdivision and 7.4%� 0.6% at the lateral one. It has been
proposed, in addition, that MCH neurons might utilize GABA as a co-transmitter,
since their soma contain the enzyme glutamic acid decarboxylase (Gao and van den
Pol 2001; Elias et al. 2001; Sapin et al. 2010). In support of the proposal, Del
Cid-Pellitero and Jones (2012) found that a small number of MCH varicosities
present at the LC in the rat were immunopositive for the vesicular transporter for
GABA. Furthermore, the MCH varicosities containing the vesicular transporter for
GABA contacted the tyrosine hydroxylase immunostained neurons of the LC.

The effects of MCHmicroinjection into the right LC on sleep variables during 6-h
recording sessions have been characterized in the rat (Table 1). Compared with the
control vehicle, MCH 200 ng significantly increased REM sleep from a control value
of 27.7� 4.1 min (7.7% of the total recording time) to 39.6� 3.5 min (11.0% of the
total recording time). The increment of REM sleep time was related to a greater
number of REM sleep episodes. SWS and REM sleep latency were not significantly
modified. Analysis of sleep variables in 2 h blocks showed that MCH 200 ng
significantly augmented REM sleep during the first, second, and third 2 h of record-
ing. Additionally, MCH 100 ng induced a significant increase of REM sleep during
the first 2 h period after treatment. W, light sleep, and SWS showed slight but
inconsistent changes that did not attain significance (Monti et al. 2015).

Thus, it can be proposed that under normal conditions MCH and to a smaller
extent GABA released by MCH-containing neurons would inhibit the noradrenergic
cells located in the LC and increase REM sleep values.

Interestingly, Bayer et al. (2005) examined the effects of NE and carbachol, a
cholinergic agonist, on identified MCH neurons in rat hypothalamic slices. It was
found that both receptor agonists hyperpolarized MCH cells by direct postsynaptic
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actions. The authors concluded that MCH neurons would be inhibited by NE and
ACh (W-on cells) during W while disinhibited and active during SWS and REM
sleep. Thus, the study by Bayer et al. (2005) further supports the proposal that
MCH-induced inhibition of LC noradrenergic neurons favors the occurrence of
REM sleep in laboratory animals.

5.3 Lateral Basal Forebrain

The effects of bilateral microinjection of MCH into the horizontal limb of the diagonal
band of Broca (HDB) on sleep variables during the light phase of the light-dark cycle
have been examined in the rat. The microinjection of MCH was aimed at the HBD
because this is where choline-acetyltransferase (ChAT)-immunoreactive cells, glutamic
acid decarboxylase (GAD)-immunoreactive cells, and, as judged by the presence of
vesicular glutamate transporter 2 (VGLUT2), glutamatergic neurons are present in great
numbers (Semba 2000).

Bilateral microinjection of MCH 100 ng into the HDB significantly reduced W
during the 6-hour recording sessions from a control value of 81.7� 10.8 min (22.6%
of the total recording time) to 64.7 � 9.3 min (17.9% of the total recording time)
(Table 1). REM sleep time showed a slight increase that did not attain significance.
Notwithstanding this, MCH 100 ng significantly decreased REM sleep latency and
augmented the number of REM episodes during the first 2-h period after treatment
(Table 1). Analysis of sleep variables in 2 h blocks showed that MCH 50 and 100 ng
significantly reduced W during the first 2 h of recording. In contrast, only the 100 ng
dose of the neuropeptide significantly increased REM sleep during the first 2 h after
treatment. Light sleep and SWS showed slight but inconsistent changes that did not
attain significance (Lagos et al. 2012). MCHergic projections from the lateral
hypothalamus and zona incerta have been described to the nuclei of the HDB
(Bittencourt et al. 1992; Hervieu et al. 2000). In addition, the MCHR1 receptor is
densely expressed in the basal forebrain (Saito et al. 2001). Cholinergic,
glutamatergic, and GABAergic neurons of the basal forebrain have been shown to
be involved in the promotion of W (Jones 2005; Lee et al. 2005). The former two
neurotransmitter systems influence directly cortical and hippocampal activities,
whereas GABAergic neurons target inhibitory interneurons and through disinhibi-
tion activate pyramidal cells (Freund and Gulyas 1991; Deurveilheur and Semba
2011). In addition, BFB GABAergic and non-GABAergic, mainly cholinergic,
neurons have been proposed to contribute to the modulation of REM sleep via
descending projections acting on REM sleep-regulatory neurons located in the
brainstem (Rodrigo-Angulo et al. 2008; Deurveilheur and Semba 2011; Semba
2011). The former would induce a direct inhibition of REM sleep generating and
maintaining neurons, while the latter would exert an indirect inhibition through the
activation of local GABAergic cells. It can be proposed that MCHmicroinjected into
the HDB would inhibit cholinergic, glutamatergic, and GABAergic neurons that
express MCHR1R. Inhibition of the acetylcholine- and glutamate-containing cell
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groups involved in the occurrence of W would be followed by its reduction.
Moreover, the deactivation of REM sleep-off GABAergic and non-GABAergic
cells that project to the brainstem would lead to the disinhibition of neuroanatomical
structures involved in the induction and maintenance of REM sleep. As a result,
values corresponding to this behavioral state would be increased. Thus, it can be
proposed that under normal conditions, the MCH-induced deactivation of HDB
neurons would contribute to the regulation of W and REM sleep.

5.4 Dopaminergic Mesocorticolimbic System

The DAergic neuronal system relevant to sleep and W is located in the upper
mesencephalon. Dopamine neurons project to several brain areas via a number of
tracts. One group of DA neurons arises in the SNc and projects via the nigrostriatal
tract to the dorsal striatum (caudate-putamen). A second group of DA neurons arises
in the VTA and projects via the mesolimbic and the mesocortical tract to limbic areas
[septal area, olfactory tubercles, nucleus accumbens (ACb), amygdaloid complex,
hippocampus, and piriform cortex] and the cerebral cortex [medial prefrontal,
cingulate, and entorhinal areas], respectively (Monti and Jantos 2009). Additionally,
DA neurons have been characterized in the vPAG of the rat (Lu et al. 2006).
Dopamine D1 and D2 receptors are present within these structures. Behavioral
arousal is impaired in DA D1 receptor knockout mice. On the other hand, systemic
administration of a selective DA D1 agonist induces an increase of W and a
reduction of SWS and REM sleep in laboratory animals. Mice with genetically
induced lesions that target the D2 receptor show reduced levels of spontaneous
locomotor activity. Similar results have been observed following systemic, i.c.v., or
intra-accumbens injection of a selective DA D2 autoreceptor agonist. Systemic
administration of DA D2 agonists induces biphasic effects such that low doses
reduce W and increase SWS and REM sleep, whereas large doses induce the
opposite effects (Monti and Monti 2007).

Although there is no direct evidence regarding the interaction between MCHergic
and DAergic neurons in the control of the behavioral state, indirect evidence strongly
suggests an interplay between both systems in the control ofW and sleep. In this respect,
MCH-containing fibers and MCHR1 expression are abundant in the ACb and VTA
(Bittencourt et al. 1992; Hervieu et al. 2000; Saito et al. 2001). Pissios et al. (2008)
evaluated the striatal-dependent functions in MCH knockout (MCH�/�) mice and
distinguished a number of functional changes in the ACb shell, including increased
electrically evoked DA release and augmented reuptake of the neurotransmitter in the
presynaptic terminals. The latter was consistent with the increased expression of the DA
transporter in the ACb. Moreover, MCH�/� mice showed a significantly greater
increase in locomotor activity following repeated d-amphetamine injection compared
to wild-type animals, which led the authors to propose that chronic absence of MCH
enhanced the sensitizing effects of d-amphetamine in mice. The selective DA D1
receptor agonist SKF81297 induced also a significantly greater enhancement of
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locomotor activity as compared to the MCHþ/þ animals. Furthermore, Smith et al.
(2005) determined whether basal and evoked tissue levels of DA within the ACb and
locomotor activity were altered in MCHR1�/� as compared to controls. No significant
differences in basal or evoked tissue levels of DA were observed in MCHR1�/� mice
compared with wild-type animals. Concerning the mice behavior, it was observed that
MCHR1�/� animals became hyperactive when exposed to a novel environment. In
addition, they were supersensitive to the locomotor stimulating effect of d-amphetamine
and the selective DAD1 receptor agonist SKF38393. Thus, presently available evidence
tends to indicate that deletion of MCH or MCHR1 results in an upregulation of
mesolimbic DA receptors, indicating that the neuropeptide may negatively modulate
mesolimbic DA function. This outcome could tentatively result in a reduction of W and
increase of NREM sleep and REM sleep following the microinjection of MCH into
the ACb.

Related to our topic, Alberto et al. (2011) and Conductier et al. (2011) investi-
gated the effect of DA on MCH neurons using whole-cell patch-clamp recordings in
hypothalamic mouse brain slices. It was observed that DA hyperpolarizes MCH cells
through activation of α2 NE receptors and the opening of G-protein-activated inward
rectifier K+ (GIRK) channels. The finding by van den Pol et al. (2004) that α2 NE
receptors are present on MCH neurons further supports the proposal that DA
indirectly regulates MCH neurons. Thus, it can be proposed that DA induces a
reduction in MCH neuron excitability and decreases MCH release. Interestingly,
Yang et al. (2014) described that DA induces a hyperpolarization of the membrane
potentials in the rat SLD glutamatergic neurons and a decrease of their firing, which
is mediated also by α2-noradrenergic receptors.

5.5 Histaminergic Tuberomammillary Nucleus

Skofitsch et al. (1985) characterized the distribution of MCH-like immunoreactivity
in the rat brain and concluded that only a moderate number of axons reach the TMN.
In contrast, Bittencourt and Elias (1998) found that the TMN, mainly the medial
mammillary nucleus and the supramammillary nucleus, receive a large number of
MCH axons in the rat. On the other hand, a very low number of MCH fibers occurred
in the lateral mammillary nucleus.

Jego et al. (2013) tested the hypothesis that MCH neurons induce an inhibitory
effect on W-promoting HA-containing neurons in the TMN of mice. In this respect,
it was found that in vitro activation of MCH neuron terminals induces inhibitory
postsynaptic currents in histaminergic neurons of the TMN. Moreover, in vivo
stimulation of TMN MCH terminals by means of optogenetic tools augmented the
duration of REM sleep episodes in mice prepared for sleep recordings (Table 1). It
can be concluded that MCH-induced inhibition of W-promoting histaminergic
neurons of the TMN facilitates REM sleep occurrence in mice.
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6 Conclusions

Presently available evidence tends to indicate that MCH inhibition of neurotrans-
mitter systems involved in the occurrence of W, including the serotonergic, norad-
renergic, glutamatergic, cholinergic (W-on cells), and histaminergic ones, is
followed by an increase of REM sleep.
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Cannabinoids, Sleep, and the MCH System
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Abstract Marijuana is a colloquial name given to Cannabis sativa, which has been
used for diverse purposes, including as a therapeutical element for multiple health
issues. The neurobiological effects of C. sativa involve a complex biological machin-
ery including receptors, named CB1 and CB2 cannabinoid receptors. These receptors
recognize endogenous cannabinoid-like compounds, such as anandamide and
2-arachinonolglycerol which seems to display sleep-inducing properties. Along
decades, the study of the putative role of exogenous and endogenous cannabinoids
in sleep modulation has brought critical data. Since endocannabinoids have been
described in sleep-related brain areas, intriguing issues regarding whether hypotha-
lamic substrates, such as MHC, may be interacting with the endocannabinoids have
been raised.

1 Introduction

Cannabinoids are a group of terpenophenolic molecules present in Cannabis (Cannabis
sativa). It is important to note that a broader definition of cannabinoids also includes a
group of compounds that are structurally related to the principal active molecule of
Cannabis, delta-9-tetrahydrocannabinol (Δ9-THC; Gertsch et al. 2010; Schafroth and
Carreira 2017; ElSohly et al. 2017; Fig. 1).
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The physiological effects of cannabinoids are produced by the involvement of
specific membrane-bound receptors. In general consensus, the receptors that recog-
nize Δ9-THC have been denominated as CB1 and CB2 cannabinoid receptors which
are present in several species such as mammals, birds, fish, and invertebrates (Abood
2005; McPartland et al. 2006; Gilbert and Soderstrom 2013; Krug and Clark 2015;
Laprairie et al. 2016).

Intriguing questions regarding what might be the natural molecule that binds to
the cannabinoid receptors are raised. Later, lipids that bind and activate the CB1/CB2

cannabinoid receptors (Cascio and Marini 2015; Pertwee 2015) were discovered.
Moreover, multiple pharmacological experiments demonstrated that administration
of these lipids induced marihuana-like effects, such as hyperphagia, hypomobility,
hypothermia, etc. (Gerra et al. 2010; Mechoulam and Parker 2013). Then, the
endogenous compounds were named endocannabinoids (Elphick and Egertová
2001; Iversen 2003; Fig. 2).

Among the most studied endocannabinoids, 2-arachidonoylglycerol (2-AG) and
anandamide (ANA) have shown that they modulate diverse neurobiological func-
tions, such as learning and memory, feeding, pain perception, and sleep generation

Fig. 1 Molecular structure of two major exogenous cannabinoids: delta-9-tetrahydrocannabinol
and cannabidiol

Fig. 2 Molecular structure of major endogenous cannabinoids: anandamide, 2-arachidonoylglycerol,
virodhamine, and noladin ether
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(Basavarajappa et al. 2009; Bermudez-Silva et al. 2010; Murillo-Rodríguez et al.
2011a, b; Guindon and Hohmann 2011; Woodhams et al. 2015; Morena et al. 2016).

Since cannabinoid receptors and endogenous cannabinoids are present in several
species, including humans, an active neurobiological role of the endocannabinoid
system in diverse functions has been proposed (Gatta-Cherifi and Cota 2015; Katona
2015; Rubino et al. 2015; Fernández-Ruiz et al. 2015; Sido et al. 2015). The current
knowledge has shown that the endocannabinoid system that comprises receptors,
enzymes, and ligands is linked with human diseases such as Parkinson’s disease,
Alzheimer’s disease, and obesity, among other health issues (Bedse et al. 2015;
More and Choi 2015; Jourdan et al. 2016; Gruden et al. 2016; Fakhoury 2017).

2 Phytocannabinoids and Sleep

2.1 Δ9-THC and Sleep

Marijuana is a common name given to the plant Cannabis sativa (C. sativa) which
has been used by diverse cultures for distinct purposes, including therapeutic aims
(Carlini et al. 2017; Walsh et al. 2017). Multiple pieces of evidence have demon-
strated that C. sativa or Δ9-THC modulates the sleep-wake cycle. Historical reports
have shown that during the 1960s, 1970s, and 1980s, several experiments in animal
models and humans were carried out in order to evaluate the effects of the canna-
binoids on sleep. The main outcome from these reports is that C. sativa or Δ9-THC
increases sleep (Buonamici et al. 1982) including in humans (Pivik et al. 1972;
Feinberg et al. 1975, 1976; Freemon 1972). For example, dosage of 70–210 mg of Δ
9-THC induced sleep in humans (Feinberg et al. 1975, 1976). In summary, con-
sumption of C. sativa promotes sleep (Haney et al. 2007; Schierenbeck et al. 2008).

2.2 CBD and Sleep

It is worthy to mention that administration of cannabidiol (CBD), a non-psychotropic
constituent of marijuana, induces opposite effects that are observed for Δ9-THC. For
example, Monti (1977) observed a reduction in sleep after systemic administration of
CBD. Similar results were obtained later by Nicholson et al. (2004) since they reported
that administrations of CBD enhanced waking in humans. In recent years, our group
has demonstrated that intracerebroventricular administration of CBD (10 μg/5 μL) to
rats increased alertness and decreased rapid eye movement sleep (REMS) during the
resting period of the animals. In addition, it was found that CBD enhanced the
extracellular levels of dopamine collected from nucleus accumbens, whereas an
increase in c-Fos expression was detected in waking-related brain areas, such as
hypothalamus and dorsal raphe nucleus (Murillo-Rodríguez et al. 2006a, b). Similar
findings were observed when CBD was injected into the lateral hypothalamus of rats

Cannabinoids, Sleep, and the MCH System 123



during the lights-on period (Murillo-Rodríguez et al. 2008, 2011a, b). Recently, Hsiao
et al. (2012) reported that CBD blocked anxiety-induced REMS suppression. Lastly,
the wake-promoting effects of CBDmight engage neurochemicals related to control of
waking such as adenosine (Mijangos-Moreno et al. 2014). Taken together, these data
suggest that CBD promotes alertness. Despite this fascinating result, the mechanism of
action of this phytocannabinoid in sleep control remains unclear.

3 Cannabinoids, Sleep, and the MCH System

Several reports have indicated that ANA is present in multiple brain areas, including the
hypothalamus (Valenti et al. 2004; Murillo-Rodríguez et al. 2006a, b; Egertová et al.
2008). Interestingly, this endocannabinoid increases its concentration in the hypothal-
amus during the lights-on period (Murillo-Rodríguez et al. 2006a, b) suggesting its
putative role in modulating hypothalamic neurobiological functions, such as sleep
(Li et al. 2016; Gao and Sun 2016; Chowen et al. 2016; Blais et al. 2017; Al Massadi
et al. 2017).

The role of the hypothalamus in the control of sleep has been widely studied
(Fraigne et al. 2014; de Lecea 2015; Schwartz and Kilduff 2015; Di Cristoforo et al.
2015; Mehta et al. 2015). Among the neurochemicals that hypothalamus synthesizes,
the melanin-concentrating hormone (MCH) is a compound of peptidergic nature.
This molecule exerts a critical role in sleep modulation. Briefly, the MCHergic
neurons increase their electrophysiological firing during REMS. Moreover, pharma-
cological experiments in laboratory animals have demonstrated that administration of
MCH into brain areas linked to the sleep modulation promotes REMS (Konadhode
et al. 2015; Devera et al. 2015; Apergis-Schoute et al. 2015; Dias AbdoAgamme et al.
2015; Torterolo et al. 2015; González et al. 2016; Urbanavicius et al. 2016;
Chometton et al. 2016; Blanco-Centurion et al. 2016; Vetrivelan et al. 2016).

Since MCH neurons are located in the lateral hypothalamus and ANA has been
described to be present in this brain area, it is likely to suspect a possible relationship
between these two neuromodulators. Huang et al. (2007) demonstrated that cannabi-
noid agonists activated MCH cells by increasing their spike frequency. These results
show that cannabinoids modulate the activity of MCH neurons. Further report showed
that administrations of 2-AG increased c-Fos expression in MCH neurons (Pérez-
Morales et al. 2013). Whether MCH system interacts with the endocannabinoid
elements (ligands, receptors, enzymes, transporters, etc.) lacks of fully study. More-
over, the role of exogenous, endogenous, and synthetic cannabinoids modulating the
activity of MCH neurons remains to be elucidated (Table 1).
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Table 1 Effects on sleep and MCH system of exogenous, endogenous, and synthetic cannabinoids

Effects on Sleep Effects on MCH

Exogenous cannabinoids

delta-9-
tetrahydrocannabino

Increases sleep
Decreases waking

Unknown

Cannabidiol Increases waking
Decreases sleep

Unknown

Effects on Sleep Effects on MCH

Endogenous cannabinoids

Anandamide Increases sleep
Decreases waking

Unknown

2-Arachidonylglycerol Increases sleep
Decreases waking

Activates neurons in MCH

Virodhamine Unknown Unknown

Noladin Eter Unknown Unknown

WIN 55, 212,2 Increases sleep
Decreases waking

Activates neurons in MCH

Synthetic cannabinoid antagonists

AM251 Increases waking
Decreases sleep

Deactivates neurons in MCH

ABD459 Increases sleep Unknown

Synthetic cannabinoid agonists
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4 Conclusions

The sleep-wake cycle is controlled by multiple neurochemical substrates, including
exogenous and endogenous cannabinoids (Buonamici et al. 1982; Carlini and Cunha
1981; Feinberg et al. 1975, 1976; Freemon 1972; Monti 1977; Murillo-Rodríguez
et al. 2006a, b, 2008, 2011a, b; Nicholson et al. 2004; Pivik et al. 1972). In this
chapter, we revised that phytocannabinoids modulate the sleep-wake cycle.

Since the endocannabinoids have been localized in sleep-related brain areas, such
as hypothalamus (Valenti et al. 2004; Murillo-Rodríguez et al. 2006a, b; Egertová
et al. 2008), intriguing issues regarding whether hypothalamic substrates, such as
MHC (Konadhode et al. 2015; Devera et al. 2015; Apergis-Schoute et al. 2015; Dias
Abdo Agamme et al. 2015; Torterolo et al. 2015; González et al. 2016; Urbanavicius
et al. 2016; Chometton et al. 2016; Blanco-Centurion et al. 2016; Vetrivelan et al.
2016), might be interacting with the endocannabinoids have been raised. The
demonstration that exogenous ligands for CB1 cannabinoid receptor activate MCH
neurons (Huang et al. 2007) opens the possibility that both neuromodulator systems
might display a cross taking in the sleep control. Despite these fascinating discov-
eries, the full understanding of the relationship between exogenous or endogenous
cannabinoids and MCH system awaits further investigation.
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MCH and Thermoregulation

Marco Luppi

Abstract Homeothermy represents a remarkable step in animal evolution, albeit at
a very high cost in terms of metabolic demand. The maintenance of core body
temperature in mammals represents one of the prominent physiological components
contributing to the basal metabolic rate. Homeostatic thermoregulation is coordi-
nated by the central nervous system by means of different strategies, spanning from
behavioral modifications, aimed at finding a better environment, to the activation or
inhibition of key regulatory mechanisms, which are mainly driven by the autonomic
nervous system. The hypothalamic neuropeptide MCH plays a pivotal role in
regulating basal metabolism, and the activation of this system results in a slowing
down of the metabolic rate and also stimulates food intake. On the contrary, blocking
the MCH system, in animal models, promotes a lean phenotype with higher body
temperature. Even though MCH is not involved in thermoregulatory processes,
modifying MCH activity induces metabolic rate modifications, and thermoregula-
tion is modified accordingly. The activation of the MCH system also leads to the
dampening of the normal daily oscillation of body temperature. The well-known
involvement of MCH in wake-sleep cycle regulation, by stabilizing sleep, and in
particular REM sleep, reinforces the hypothesis that the functions of metabolism,
thermoregulation, and sleep regulation are closely linked.

1 Thermoregulation

Thermoregulation represents one of the most cited examples of physiological
homeostasis. Homeostatic regulation is a basic conceptual mechanism through
which bodily regulations actively control and maintain the constancy of the “internal
environment” in the organism, as defined by Walter B. Cannon in the 1920s. There
are different ways to drive modifications in order to keep a specific physiological
parameter constant. Homeostasis of the body temperature, for instance, is firstly
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reached by means of behavioral modifications; this strategy is less costly in terms of
metabolism than those involving active physiological responses through the inter-
vention of the autonomic nervous system (Cabanac 1996; Satinoff 1996; Willmer
et al. 2000). These kinds of homeostatically driven behavioral modifications result in
a strategy that leads the animal to the search for a better environment with a more
comfortable temperature. In particular, following a cold feeling, the animal looks for
a warmer area or a protected niche, where other individuals may be present; on the
contrary, when body temperature increases, animals look for more comfortable
positions, such as in water, shade, or windy areas. In homeotherms, when this is
not sufficient, autonomic thermoregulation is then activated, increasing thermogenic
or thermolytic effects, aimed at keeping the core temperature constant. In fact,
homeothermy is a characteristic that is shared only by mammals and birds and was
a revolutionary step in evolution (Nespolo et al. 2011; Lovegrove 2012). At the cost
of a much higher metabolic rate, homeothermymakes it possible for the animal to live
in a very broad range of environments, with a wide variety of ambient temperatures,
while maintaining the core body temperature within a narrow range (Grigg et al.
2004). The homeothermic organism is able either to dissipate heat, when the ambient
temperature is higher than the optimal temperature (defined as thermoneutrality), or
to produce heat while minimizing heat dissipation (thermogenesis), in the case of the
ambient temperature being lower than thermoneutrality. The constancy of the core
body temperature is the main component contributing to the basal metabolism, 66%
of which is spent in this process (cf. Clapham 2012). It follows that the link between
thermoregulation and metabolism is extremely close, and these mechanisms cannot
be modified independently in homeotherms: experimentally, it is not possible to
modify core temperature without modifying basal metabolism and, vice versa, is
not possible to modify basal metabolism without observing spontaneous temperature
modifications.

Recently, thanks to the past two decades of research, light has been shed on the
neural pathway controlling thermoregulation (cf. Morrison et al. 2014), even though
the dynamics of the pathway itself, as well as the mechanisms underlying thermo-
regulation, are not yet fully understood. What appears to be clear is that body
temperature is continuously monitored both from the periphery and within the
brain (Cerri 2017) and is precisely regulated from some neural structures with highly
integrative characteristics (Morrison et al. 2014).

2 Thermoregulation and Sleep

One of the first theories on the biological function of sleep is that its aim is to save
energy; sleep is a period of non-active behavior, with reduced body temperature and
energy expenditure (Brown et al. 2012; Cerri 2017). Clearly, this is now a very
simplified point of view, but the strict relationship between sleep and metabolism/
thermoregulation still appears peculiar and physiologically intriguing (Amici et al.
2014; Cerri et al. 2017).
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At sleep onset, body temperature, as well as brain temperature, drops slightly
together with metabolic rate (Krauchi 2007; Cerri 2017). But the most peculiar
physiological interplay takes place during REM sleep, when thermoregulation
interacts with the occurrence of this sleep state: during REM sleep episodes, central
thermoregulation appears to be impaired; consequently, when thermoregulation is
stimulated by an adverse ambient condition, REM sleep amount is reduced, and the
regularity and stability of episodes appear to be disturbed (Amici et al. 2014; Cerri
et al. 2017).

Phylogenetically, the appearance of homeothermy is concomitant with the
appearance of REM sleep. This may sustain the hypothesis that there is a marked
overlap between the neural pathways controlling thermoregulation and REM sleep
occurrence and that the biological function of REM sleep, which is still unknown,
may be, for some reason, incompatible with the activation of the thermoregulatory
structures (Cerri et al. 2017).

The finding in the late 1990s that the lateral hypothalamic area is important in
regulating both metabolism and the stability of the wake-sleep cycle (Eban-
Rothschild et al. 2017) opened new possibilities in understanding sleep functions
and the relationship between sleep and thermoregulation. The key neurotransmitters
in this interplay between physiological regulations are the two neuropeptides that are
typically expressed in this area: orexin and MCH (Monti et al. 2013).

3 MCH, Thermoregulation, and Sleep

The main difficulty in studying the involvement of MCH neurotransmission in
thermoregulatory processes is the fact that this neurotransmitter acts on almost the
same target structures as orexin does. Generally the reciprocal action of these two
peptides has an opposite effect, such as in wake-sleep regulation (Luppi et al. 2013;
Vetrivelan et al. 2016), but in some other cases, functions are overlapping, for
example, in the case of food intake stimulation (Qu et al. 1996). Moreover, the
correct organization of their reciprocal functioning is maintained through the recip-
rocal inhibition between orexinergic andMCHergic hypothalamic neurons (Apergis-
Schoute et al. 2015). Experimentally, this very intricate reciprocal interaction makes
it difficult to understand whether the effects of MCH observed on thermoregulation
are actually the consequence of the neurotransmission itself or, for instance, resulting
from the counteraction to the orexinergic action. Nevertheless, the clear involvement
of orexin in thermoregulation was experimentally described (Tupone et al. 2011)
when this peptide was demonstrated to exert a modulatory effect on thermogenesis:
orexinergic input to the pontine Raphe Pallidus amplified an already active
thermogenetic process, but when thermogenesis was not activated, the effect of
orexin was absent.

Data regarding the direct involvement of the MCH system in thermoregulatory
processes are poor and are sometimes inconsistent among experiments. Apparently,
the most important role that hypothalamic MCH seems to have in thermoregulation
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is to determine how energy expenditure takes part in the thermoregulatory process
(Pereira-da-Silva et al. 2003). Experimental data show that MCH overexpression is
triggered by exposure to a low ambient temperature (Pereira-da-Silva et al. 2003). A
thermoregulatory effect observed in this ambient condition was the lack of reduction
in rectal temperature when MCH was blocked, even after four days of cold exposure,
in contrast to what happens in normal animals whose MCH is functioning normally
(Pereira-da-Silva et al. 2003). Another important effect observed is the relationship
between thermoregulation and metabolism, especially when thermogenesis is active.
When rats are exposed to a low ambient temperature (i.e., +4 �C), they normally
show an initial reduction in body weight, which soon recovers to a normal level
within 2–3 days. This kind of weight recovery appears to be disturbed when the
MCH system is not working properly; when the MCH system is blocked in rats
exposed to a cold environment, they are not able to recover their normal body weight
following the initial loss (Pereira-da-Silva et al. 2003).

Melanin-concentrating hormone neurons also have a role in controlling energy
balance, acting directly on the brown adipose tissue. The intracerebroventricular
administration of MCH induces a reduction in body temperature and brown fat
uncoupling protein (UCP1; Ito et al. 2004). Consistently with this regulatory func-
tion, ob/obmice lacking MCH present an increased activity of UCP1, and their body
temperature is regulated and maintained to a higher level compared to ob/ob controls
(Segal-Lieberman et al. 2003). As previously stated, a direct action of the orexinergic
neurons from the lateral hypothalamus to the brown adipose tissue has been
described; these neurons project to the Raphe Pallidus, a pontine structure containing
the putative premotor autonomic neurons that activate the sympathetic brown adipose
tissue nerve (Tupone et al. 2011). As far as MCH neurons are concerned, they do not
appear to project directly to the Raphe Pallidus, while a multisynaptic projection to
the brown adipose tissue has been described (Oldfield et al. 2002).

Melanin-concentrating hormone may act in neurotransmission through the
involvement of two receptors: MCHR1 and MCHR2 (cf. Astrand et al. 2004). The
former is present in all the species investigated so far and appears to be widely
distributed in the central nervous system, consistently with its fundamental role in
energy expenditure (Saito et al. 2001). The second receptor is expressed in humans
but not in rodents (Tan et al. 2002).

The complex involvement of the MCH system in energy balance and thermoreg-
ulation may be observed in MCHR1 null mice, which eat more than their control
littermates but present a lean phenotype. Normally, these coupled characteristics
may coexist only when there is a sustained energy expenditure (Astrand et al. 2004).
More specifically, the lack of MCHR1 induces a significant rise in core temperature
in mice, mostly during only the dark period of the light-dark daily cycle (i.e., the
activity period in mice); also, the drop in body temperature that normally follows
fasting periods in these mice appears to be lower (Astrand et al. 2004). Consistently,
when the daily oscillation of body temperature was analyzed, the difference nor-
mally shown was dampened in chronically MCH-infused mice (Martelli et al. 2012;
Blessing et al. 2013), and this difference was almost completely the consequence of a
temperature reduction during the active period of the animals (Glick et al. 2009).
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The role of MCHR1 in the functional relationship between sleep regulation and
thermoregulation appears to be significant: mice lacking MCHR1 present higher
wakefulness and lower NREM sleep amounts. Regarding thermoregulation specifi-
cally in these experiments aimed at studying sleep regulation in MCHR1 knockout
mice, body temperature was also seen to be higher compared to that of their wild-type
control littermates, but, in contrast to previous data, the higher temperature was
detected particularly during the light (rest) period of the day (Ahnaou et al. 2011).
In any case, none of these modifications observed in mean body temperature, or in the
cyclic changes through the day, affected the efficiency of either regulatory process: in
fact, on one hand, the homeostatic rebound of sleep appeared to be normal in knockout
mice, and, on the other hand, the increase in body temperature normally observed
following a restraint stress protocol was also maintained (Ahnaou et al. 2011).

Antagonizing MCHR1 produces a higher basal metabolic rate, apparently
through the increase of heat production. This is supported by the fact that, in animal
models, the chronic administration of MCHR1 antagonists reduces body weight,
without significantly interfering with food intake and motor activity (Clapham
2012). Therefore, the rise in body temperature observed when the MCHergic system
is not working properly, albeit of a very low magnitude, is a process that appears to
have important consequences in the basal metabolic regulation, possibly favoring a
lean phenotype.

Furthermore, two anesthetics (ketamine and propofol) were studied in relation to
MCH brain levels and wake-sleep modifications. For both drugs, an increase in
MCH was shown, but there was a contrasting effect on wake-sleep architecture:
ketamine augmented post-anesthetic wakefulness, while propofol induced higher
levels of NREM sleep amount within the post-anesthetic period (Kushikata et al.
2016). It is well known that anesthetics commonly induce hypothermia (Bornkamp
et al. 2016; Clark-Price 2015), and this suggests that the observed effects of these
drugs on sleep regulation could be the consequence of the interaction between
thermoregulation and sleep regulation (Amici et al. 2014; Cerri et al. 2017).
Again, a chemogenetic-specific approach to both the excitation and disruption of
MCH signaling showed that MCH induces REM sleep and also the maintenance of
the correct circadian distribution of REM sleep episodes (Vetrivelan et al. 2016).
Taking into consideration the core body temperature and basal metabolic rate, those
results may be also interpreted on the grounds of an indirect effect arising from a
disruption in the regulation of metabolism and also the dysregulation of sympathetic
effects (Astrand et al. 2004).

To summarize, as shown in Fig. 1, the role of MCH in thermoregulatory pro-
cesses appears to be of high complexity. First of all, it is important to consider the
reciprocal functional interaction between MCH and orexin throughout the whole
brain. The action of MCHergic neurotransmission on thermoregulation is mainly
expressed through the correct and fine modulation of the basal metabolic rate and, as
a consequence, of energy expenditure. When MCH acts on MCHR1, the metabolic
rate is kept to a lower level, favoring energy storage and food intake. Due to the fact
that most of the basal metabolism is spent for the maintenance of body temperature,
MCH may be seen as a modulator that contributes to the thermoregulatory processes
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of the autonomic nervous system. Finally, the close link between thermoregulation
and sleep regulation, in particular REM sleep regulation, suggests that, in addition to
the known direct effect, MCH may also have an indirect role in regulating wake-
sleep occurrence, through its action on the regulatory processes of body metabolism.
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MCH, Sleep, and Neuroendocrine
Functions

Carlos Eduardo Neves Girardi, Débora Cristina Hipólide,
and Vânia D’Almeida

Abstract Melanin-concentrating hormone (MCH) is expressed in the central ner-
vous system, primarily in the lateral hypothalamic area (LHA) (Bittencourt et al., J
Comp Neurol, 319(2):218–45, 1992). A number of studies have suggested that MCH
acts as an integrative peptide. Although its main function has been long regarded as
the regulation of feeding behavior, its widespread fiber distribution throughout the
brain suggests a role in a broader range of functions, especially metabolism, and
reproductive and parental behavior, besides a putative involvement in the processing
of rewarding stimuli. MCH also participates in arousal, being an important hormone
related to sleep-wake behavior. In this chapter, we will discuss the role of MCH in
behavioral, metabolic, and neuroendocrine functions.

1 MCH and Motivated Behavior Toward Food

A classical experiment showing that self-administration of an electrical current is
elicited when electrodes are placed within the lateral hypothalamus (LH) (Olds
1958) has suggested that neurons within this region may regulate behavior toward
rewarding stimuli. Recent findings have identified orexin and MCH, intrinsic LH
peptides, as important regulators of such reward-directed behavior. Their signaling
in the LH has been implicated in several behaviors, including its response to food
and drugs of abuse, indicating an important role in the reward pathway of the brain
(DiLeone et al. 2003).

Interestingly, a pronounced amount of MCH receptor (MCH-R) mRNA was
found in the nucleus accumbens shell (NAccSh) (Hervieu et al. 2000; Saito et al.
2001). The NAccSh is one of the important brain nodes that belong to the motivation
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and reward circuitry, which also includes the prefrontal cortex, the striatum, and the
ventral tegmental area (VTA). The involvement of MCH in rewarding stimuli is
supported by the existence of MCHergic projections from the LH to the nucleus
accumbens (Bittencourt et al. 1992; Haemmerle et al. 2015).

MCH is thought to be involved in the control of food intake and to play a potential
role in obesity (Della-Zuana et al. 2002). The relevance of MCH to feeding behavior
was evidenced by the fact that MCH receptor knockout mice (Mchr1�/�), besides
being lean, hyperactive, and having altered metabolism, are also hyperphagic when
maintained on regular chow (Marsh et al. 2002).

Evidence that feeding behavior depends on MCH was also provided by
Georgescu et al. (2005), who showed that MCH injections directly into the NAccSh
increase chow consumption, while the MCHR1 antagonist exerts the opposite effect.
The contribution of the MCH signal in the NAccSh to the motivational aspects of
feeding behavior was shown by Mul et al. (2011) using the Pmch�/� rat, which is
characterized by a chronic loss of the MCH precursor, Pmch. Rats that chronically
lack Pmch during development have a decreased food intake due to a reduction in
meal size and also show a reduced response to high-fat food reinforcement as adults.

Additionally, self-administration of sucrose, which is caloric and sweet, was
reduced by MCHR1 antagonist, while saccharin self-administration, which provides
only sweetness but no caloric intake, is not affected by MCHR1 antagonism
(Karlsson et al. 2012), indicating that it is the caloric content of food that is signaled
by MCH. In the same study, the cue-reinstatement of lever-pressing to obtain
sucrose was also decreased by MCH antagonism, confirming the involvement of
MCH signaling in the rewarding aspects of sucrose intake.

The specificity for the effects of MCH on the rewarding properties of food intake
was further explored using optogenetics in mice. Mice show an innate preference for
sucrose over saccharin (Domingos et al. 2011). Stimulation of MCH neurons using
optogenetics reverted such innate sucrose preference, stimulating dopaminergic
release in the striatum, and this effect is apparently not dependent on taste, since
the same effect was observed inmice insensitive to sweetness (Domingos et al. 2013).

From the abovementioned evidence, it becomes clear that the reward pathway
plays a fundamental role in the motivational and incentive-related aspects of food
consumption. Because feeding is intrinsically related to the control of energy
balance, we will further explore the relationship between MCH and metabolic
aspects of feeding.

2 MCH, Feeding, and Energy Homeostasis

Additionally to feeding, the potential role of hypothalamic MCH as an important
effector of nutritional homeostasis was likewise suggested by the findings from Qu
et al. (1996), showing that its expression is increased by fasting and in the ob/ob
mouse. Maratos-Flier et al. (1998) were the first to develop a deficient MCH mouse
model. MCH-deficient mice have reduced body weight due to hypophagia

140 C. E. N. Girardi et al.



accompanied by decreased energy expenditure despite the reduced mRNA levels of
leptin and pro-opiomelanocortin (POMC), which results in obesity when MCH is
present. These data support the idea that MCH plays a central role in the control of
food intake and energy balance (Maratos-Flier et al. 1998). Subsequently, a number
of other studies have suggested a MCH obesogenic effect that is related to its effects
on the central control of food intake and in the regulation of energy expenditure
(Chen et al. 2002; Marsh et al. 2002; Segal-Lieberman et al. 2003).

The regulatory role of MCH in consummatory behaviors was largely demon-
strated by studies in rodents in which knocking out the preproMCH (Pmch) gene
resulted in reduced body weight following reduced feeding (Chen et al. 2002), and
similar results were also found after the deletion of MCH receptor 1 (Mchr 1)
(Kokkotou et al. 2005; Mashiko et al. 2005), pointing to an important role of
MCH as a regulator of feeding and energy balance (Chen et al. 2002).

Meal size is increased after MCH administration and decreased after MCHR1
antagonist injections (Santollo and Eckel 2008; Kowalski et al. 2006). Interestingly,
injections of MCH agonists reduce fat oxidation significantly only when adminis-
tered intracerebrovascularly, supporting the importance of the MCH system in the
control of substrate oxidation (Guesdon et al. 2009).

Despite the scarcity of data concerning MCH receptor 2 (MCHR2), since it is not
functional in rodents, it has been reported to have a role in the modulation of human
feeding behavior (Rodriguez et al. 2001; Wang et al. 2001). However, in a case-
control family-based study performed by Ghoussaini et al. (2007) in a French
Caucasian population, the authors concluded that MCHR2 is not a major player in
the development of obesity in childhood and adulthood. They only found a minor
effect of the A76A T/C MCHR2 single nucleotide polymorphism on food intake
abnormalities, probably due to the higher stability of the MCHR2 mRNA affecting
receptor density and the orexigenic effect of MCH.

It is interesting to note that the orexigenic function of MCH is related to inputs in
the forebrain, and its response to palatable foods depends on the nutritional value and
hedonic characteristics of the food (Naufahu et al. 2013). Moreover, theMCH system
is remarkable because it is able to control (or plays a key role in controlling) energy
balance despite widely varying levels of food intake. Increased metabolic rate,
locomotor activity, and energy expenditure are frequently reported when the MCH
system is challenged by dietary, genetic, or pharmacological manipulations
(Maratos-Flier et al. 1998; Marsh et al. 2002; Segal-Lieberman et al. 2003; Kokkotou
et al. 2005; Jeon et al. 2006; Naufahu et al. 2013).

Different MCH concentrations result in hyperphagia (Chen et al. 2002; Marsh
et al. 2002) or hypophagia (Mashiko et al. 2005; Kowalski et al. 2006). In addition,
when distinct models have been used, such as acute and chronic rodent models of
MCH manipulations, changes in food intake and weight gain have been shown but
with important discrepancies in some aspects. Moreover, pharmacological MCHR1
inactivation results in a more pronounced feeding behavior phenotype compared to
genetic models in which the energy balance is more affected (Pissios 2009).

It is important to point out that deficiencies in MCH receptor 1 or in MCH
precursor (Pmch) result in lean animals, but the mechanisms responsible for these
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phenotypes are different: Mchr1�/� mice are hyperactive whereas Pmch�/� mice
are hypophagic and have increased metabolic rates (Marsh et al. 2002).

Pissios et al. (2007) demonstrated for the first time the presence of MCH
neuropeptide and its receptor, MCHR1, in cultures of mouse and human islets,
suggesting a role for this system in the regulation of islet function. In fact, these
authors have reported islet hyperplasia in animals that overexpressed MCH, as well
as reduced insulin levels and normal glucose tolerance in Mch�/� mice, which are
lean and hyperactive compared with their wild littermates. Additionally, Mch�/�
mice presented an increased metabolic rate, which the authors attributed to higher
thermogenesis, a consequence of increased activity of the sympathetic nervous
system (Jeon et al. 2006). These Mch�/� mice also presented an interesting
phenotype since their beta cells cannot expand even in the presence of a high-fat
diet, a compensatory mechanism that is evident in wild-type animals (Hull et al.
2005). Moreover, the direct effects on beta cells suggest that the MCH system has
peripheral actions besides its central effects in regulating glucose metabolism
(Pissios 2009; Pissios et al. 2007).

These energy expenditure variations in Mch �/� mice were investigated by
Astrand et al. (2004). The authors compared energy expenditure to variations in
heart rate and blood pressure and the autonomic mechanisms related to them and
found that besides the increased locomotor activity which occurs in the dark phase,
the increased energy expenditure occurred in the dark and in the light phases,
indicating that this increase in energy expenditure is not dependent on locomotor
activity and could be a consequence of a higher basal metabolic rate or involuntary
energy expenditure. Interestingly, this increase in energy expenditure occurred
concomitantly with an increased heart rate in both the light and dark phases and
was not related to increased locomotor activity, suggesting that they are regulated by
the autonomic nervous system (Astrand et al. 2004).

In a recent study, Naufahu et al. (2017) developed a radioimmunoassay method
for the measurement of circulating MCH, in order to evaluate the role of this
neuropeptide in human plasma. The method was sufficiently sensitive and specific,
but no significant correlations with glucose, insulin, or leptin concentrations were
found, indicating that the role of systemic MCH is probably different to that of MCH
in the hypothalamus (Naufahu et al. 2017).

It is interesting to note that sleep disruption affects MCH secretion and Pmch
expression in rodents. The impact of such changes observed in sleep-deprived
individuals could be one of the reasons for metabolic alterations (e.g., obesity and
metabolic syndrome), especially considering the role of the hypothalamus as the
master integrator of energy imbalance. These observations highlight MCH as a
potential target for the development of therapeutic approaches to metabolic
disturbances.
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3 MCH and Reproductive Functions

The physiological functions of MCH are not restricted to energy metabolism. MCH
also appears to play a role in reproductive function. A great body of evidence has been
gathered concerning the reciprocal relationship between MCH and physiological
mechanisms of reproductive and parental behavior. Most studies point to a pivotal
role of MCH on the modulation of gonadotropin release. Neuroanatomical charac-
terization in rodents and humans further supports the notion that MCH plays an
important role in mediating the integration between systems that regulate energy
balance and reproductive function. MCH-immunoreactive neurons are found in the
hypothalamus, which in turn send generalized projections throughout the central
nervous system, includingmultiple areas relevant to reproductive physiology, such as
the anteroventral periventricular nucleus (AVPV), the medial preoptic area (mPOA),
the anterior hypothalamic area (AHA), and the median eminence (ME) (Bittencourt
et al. 1992).

Integration between metabolic and reproductive function is complex, and many
nutritional cues play a role in bringing energy status information to the hypothalamic
gonadotrophin-releasing hormone (GnRH) neuronal network, the primary driver for
reproductive function (Evans and Anderson 2012). MCH projections abundantly
innervate the preoptic region, establishing contact with the cell bodies of GnRH
neurons (Williamson-Hughes et al. 2005; Ward et al. 2009; Wu et al. 2009; Skrapits
et al. 2015) and the mediobasal hypothalamus, where the hypophysiotropic GnRH
terminals are found (Doyle et al. 2015; Ward et al. 2009).

The functional interaction between MCH and GnRH appears to be mediated by
MCH-R1 receptors. MCHR1 mRNA is co-expressed in about 50–55% of GnRH
neurons (Williamson-Hughes et al. 2005), and the identification of MCHR1 in
human and rodent pituitary tissue confirms that MCH exerts a direct function in
the pituitary gland (Takahashi et al. 2001; Segal-Lieberman et al. 2003).

Other results support the hypothesis that MCH-GnRH interaction underlies MCH
modulation on luteinizing hormone (LH) release. Initially, a few studies have shown
that MCH has a stimulatory role in LH secretion when injected into the hypothalamic
mPOA or median eminence (Gonzalez et al. 1997; Murray et al. 2000); however,
more recently it has been observed that this modulatory effect of MCH on LH release
might also be influenced by endocrine status (Naufahu et al. 2013).

Steroidal hormones seem to exert a reciprocal influence on MCH. Experimental
estradiol benzoate supplementation in ovariectomized rats impairs the orexigenic
effects of MCH, compared to male and to non-supplemented ovariectomized
females, an effect which could also be extended to other physiological conditions
(Messina et al. 2006; Santollo and Eckel 2008, 2013).

Steroidal influence on MCH is also observed at a structural level. For instance,
during diestrus and proestrus, there is an increase in MCH fiber density, estimated by
the number of MCH-immunoreactive fibers in the external layer of the ME, which
reach a number comparable to males or to females in estrus (Chiocchio et al. 2001;
Gallardo et al. 2004).
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The involvement of MCH in parental behavior and lactation is also evident. The
mPOA is a key region involved in the circuitry of maternal behavior, and MCH is
expressed in the mPOA during lactation (Knollema et al. 1992), in a fashion
whereby a progressive increase in mPOA MCH expression parallels a progressive
decrease in the expression of maternal behavior, suggesting that MCHmight exert an
inhibitory role on maternal behavior in the late phase of the postpartum period
(Benedetto et al. 2014), while a pro-maternal behavior effect is observed during
the early postpartum phase (Benedetto et al. 2014; Alachkar et al. 2016).

Additional evidence for the involvement of MCH in maternal care comes from
studies using genetic ablation and antagonism of MCHR1. Mchr1 knockout female
mice show impaired nesting, pup retrieval, maternal aggression toward intruder
males, milk production, and prolactin mRNA levels, and similar results were
obtained with acute pharmacological inhibition of the MCH system (Alachkar
et al. 2016). Also, the higher litter postnatal mortality observed in Pmch �/� mice
has been attributed to diminished maternal capability to integrate olfactory stimuli
(Alachkar et al. 2016).

It is clear that MCH exerts its influence on sexual behavior through neuroendocrine
activity, and, given the pivotal role of MCH in the sleep-wake cycle and energy balance,
we can further speculate about how metabolism and reproduction converge. As the
nutritional status of the organism directly influences reproductive success and the ability
to respond to energy demands, timing seems to be central to the MCH-sexual behavior
relationship, due to the importance of engaging in reproductive activities during periods
when energy balance is not negative and, thus, maximizing their chance of surviving and
successful reproduction.
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Melanin-Concentrating Hormone: Role
in Nursing and Sleep in Mother Rats

Luciana Benedetto, Pablo Torterolo, and Annabel Ferreira

Abstract In mammals, the postpartum female undergoes the most important physio-
logical and behavioral changes in life, which allow orchestrating two essential behav-
iors for survival: nursing and sleep. Although the melanin-concentrating hormone
(MCH) is mainly found within the posterolateral hypothalamus and incerto-
hypothalamic area, during lactation this neuropeptide is also expressed in the preoptic
area (POA). Remarkably, this brain area controls key components not only of the
maternal behavior repertoire but also is involved in the regulation of sleep and
wakefulness. In this sense, when MCH is microinjected into the POA, this neuro-
peptide is capable to reduce the motivational aspects of maternal behavior in post-
partum rats while increases sleep in male rats. This effect seems to oppose to one of the
dopaminergic systems that promotes wakefulness while in postpartum rats stimulates
motivational components of maternal behavior. How the MCHergic system controls
maternal behavior and sleep within the POA is still an unresolved question.

In this chapter, we provide neuroanatomical and neurochemical evidences show-
ing that MCHergic and dopaminergic systems interact within the medial POA
(mPOA) to regulate maternal behavior and sleep. We suggest that the interplay
among these and other neurotransmitter/neuromodulators modulates mother’s
physiology and behavior assuring not only pups’ nutrition and development but
also the mother’s needs for rest and sleep during this highly demanding period of
life. Finally, we discuss some useful directions for future research and some issues
yet to be explored.
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1 Introduction

The postpartum period is a highly physically and emotionally demanding period for
the mammalian female, characterized by a huge range of physiological and behav-
ioral adaptations that allow the adequate development and survival of the offspring.
We recently showed that the mother rat can sleep and nurse the pups at the same
time, making possible to fulfill the pups’ needs of nutrition together with the
maintenance of an adequate homeostasis of her sleep physiology (Benedetto et al.
2017b). Interestingly, the melanin-concentrating hormone (MCH), a neuropeptide
synthesized by neurons of the lateral hypothalamus and incerto-hypothalamic areas
that project throughout the central nervous system (CNS) (Bittencourt et al. 1992),
has been involved in the control of maternal behavior (Alachkar et al. 2016;
Benedetto et al. 2014) and sleep (Torterolo et al. 2011). Thus, MCH microinjections
into the medial preoptic area (mPOA), an essential area in the control of maternal
behavior, reduce the active components of maternal behavior (Benedetto et al.
2014). Also, local delivery of MCH into the ventrolateral preoptic area (VLPO), a
key player in the control of sleep, promotes NREM sleep (Benedetto et al. 2013).

In the present chapter, we describe the maternal and sleep behaviors of the
lactating rat as well as the interplay between the MCHergic and dopaminergic
system in specific brain areas related to the control of both behaviors. As most
studies of the neurobiological basis of maternal behavior and sleep were done in
rodents, we will focus on these animals.

2 Maternal Behavior

In the rat, newborn pups are altricial, that means that they are highly immature and
totally dependent on the maternal care and nutrition for development and survival.
They are born with eyes and ears closed (Fig. 1), are unable to regulate their own
temperature, and are incapable of urinating and defecating without the anogenital
stimulation provided from the mother (Fig. 2b) (Numan and Insel 2003). These
characteristics of the pups require a constant maternal attention and care resulting in
a highly demanding stage with important metabolic costs for the mother (Thornburg
et al. 2006). Thus, the mother rat provides not only the nutritional requirements to
the offspring through lactation but also care and protection, contributing to the
establishment of the maternal-infant bonding which is crucial for the development
and survival of the young (Numan and Insel 2003). As newborn rats grow up, the
mother will be continuously accommodating her own physiology and behavior to
the pups’ requirements.

To fulfill the pups’ needs, mother rats develop a wide variety of behaviors termed
as maternal behavior that is aimed to provide food, heat, shelter, cleaning, nourish-
ment, and affect to the offspring (Reisbick et al. 1975; Rosenblatt 1975; Pereira
2016). In rats, if the mother is reunited with the pups after a certain time of
separation, she will display a sequence of maternal behaviors. She will transport
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materials to build a nest, retrieve the pups into it, and lick and rearrange them in the
nest (Stern 1989) (Fig. 2a, b). As these behaviors precede and promote mother-infant
contact, they are known as pronurturant or active behaviors (Hansen et al. 1991b;
Stern 1989). Following the reunion of the pups, the mother stands over them
(Fig. 2c), and with sufficient ventral stimulation, she will adopt quiescent nursing
postures, referred as nurturant, passive, or nursing behaviors (Hansen et al. 1991a;
Stern and Johnson 1990) (Fig. 2d). Nursing is the behavior that defines us as
mammals and is present in all mammalian species. However, it presents a wide
variability among species, from the rabbit that nurses a few minutes once a day to the
rat that nurses during most of the day in the early period of lactation (Gonzalez-
Mariscal et al. 2016; Grota and Ader 1969; Zarrow et al. 1965).

In the mother rat, upright crouching is the most typical nursing posture, also
known as kyphosis (Stern and Johnson 1990). This posture is elicited by the sensory
stimulation of the mother’s ventral area provided by a sufficient number (at least
four) of pups (Neville 2006; Stern and Johnson 1990; Wakerley 1996). In this
posture, the dam stands still over the litter, in high- or low-arched back posture
with its legs rigidly splayed (Fig. 2d). Only during quiescent nursing postures milk
ejection occurs (Voloschin and Tramezzani 1979).

The postpartum period of the rat lasts approximately three weeks until weaning
during which the mother continuously adapts her maternal responses to pups’ needs.
Thus, during the first days after parturition, mother rats spend 85% of the day with
their pups, rarely leaving the nest. While pups grow older, maternal behavior dimin-
ishes toward weaning (Numan 1994; Pereira 2016; Rheingold 1963; Rosenblatt et al.
1985). Both active and nursing behaviors decline significantly from the 10th–12th
days onward (Grota and Ader 1969; Pereira 2016; Reisbick et al. 1975).

Fig. 1. Altricial rat pup. Note that the pup rat is born hairless with eyes and ears closed
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3 Sleep During Postpartum Period

As mentioned, nursing is one of the most energy-consuming stages for the female
(Krasnow and Steiner 2006; Thornburg et al. 2006; Zhao et al. 2010). In contrast,
sleep is necessary for the conservation and restoration of energy. Although both
processes are essential for the survival of the individual or the offspring, the strategies
to reconcile both behaviors vary among species. Recently, we demonstrated that the
mother rat can nurse and sleep at the same time (Benedetto et al. 2017b) (see Fig. 3).
Thus, during the low upright crouching posture (also known as low kyphosis, the
most common nursing posture), mother rats mostly sleep, particularly in NREM
sleep, both at the light and dark phases of the cycle (see Fig. 4).

Remarkably, while suckling from the pups is sufficient to stimulate the upright
crouching posture in the mother rat, this stimulus has to be preceded by a NREM
sleep episode for milk ejection occurrence (Lincoln et al. 1980; Sutherland et al.
1987; Voloschin and Tramezzani 1979). In fact, sleep deprivation decreases lacta-
tion and impairs pups’weight gain (Voloschin and Tramezzani 1979). This is not the
case for other animals, such as rabbits, where suckling is associated with a
desynchronized electroencephalogram (Neve et al. 1982). However, as rabbit doe

Fig. 2. Active and passive maternal behaviors in the rat. (a) Transporting or retrieving a pup.
(b) Licking a pup. (c) Hovering over the pups. (d) Nursing the litter
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usually nurses once a day (Gonzalez-Mariscal et al. 2016), nursing and pups’
attention would not interfere with maternal sleep.

In some species, sleep deprivation and sleep fragmentation are consequences of
the early stages of motherhood (Hunter et al. 2009; Lyamin et al. 2007). In the case
of the human mother, partial sleep deprivation and sleep fragmentation have been
reported; these sleep disturbances are compensated, at least partially, by a deeper
sleep (Montgomery-Downs et al. 2010; Nishihara et al. 2004). Sleep deprivation and
fragmentation may lead to maternal irritability and possible psychiatric disorders,
with negative consequences for the care and welfare of the newborn (Lee 1998;
Sharma andMazmanian 2003). An extreme case is found in dolphins, where both the

Fig. 3. Mother rat during the first postpartum week. The raw electroencephalogram (EEG), its
correspondent spectrogram, and the electromyogram (EMG) of a mother rat during nursing in
supine posture. The vertical line indicates the moment when the photograph was taken. Note the
transition from NREM to REM sleep

Fig. 4. Graphic charts showing the percentage of time spent in wakefulness (W), NREM, and
REM sleep while nursing. Comparisons of the percentage of time of sleep and W during low
kyphosis during the first and second postpartum weeks in the light and dark periods. [These data
were published in Benedetto et al. (2017b).] EPP early postpartum, LPP late postpartum
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mother and calf are sleep deprived during the first months after birth (Lyamin et al.
2007). In laboratory rat the antecedents are not conclusive, since Voloschin and
Tramezzani (1979) reported no sleep deprivation during the second postpartum
week, while Sivadas et al. (2016) showed that mother rats are sleep deprived during
the day throughout the postpartum period. Our studies showed that NREM sleep
during nursing is highly fragmented compared to that observed when the mother
sleeps outside the nest (Benedetto et al. 2017b). In this sense, Sivadas et al. (2016)
also showed that mother rats have fragmented sleep compared to non-maternal
animals.

It is likely that different species have developed specific and unique strategies to
conciliate nursing and sleep according to their habitat, ecology, and the degree of
development of the young, among other factors. For instance, in mother dolphins,
which do not have a burrow to protect their young from possible predators, it would
not be adaptive that sleep has to be a prerequisite for milk ejection, as predation risk
would increase dramatically during sleep. Also, for the rabbit doe, which usually
nurses once a day and for a few minutes (Zarrow et al. 1965), nursing and sleep
would not represent a conflict and sleep is not a prerequisite for milk ejection (Neve
et al. 1982). Regardless of the strategy used by each species, adaptations have been
developed to reconcile the maternal care and nursing of the newborn with mother’s
sleep physiology that assure the survival of the offspring without affecting the
welfare of the mother.

4 Neural Circuits Shared by Maternal Behavior and Sleep

The rapid onset of maternal responsiveness relies on hormonal events that occur close
to parturition. Specifically, the ovarian steroids, estrogen and progesterone, as well as
lactogenic hormones and oxytocin initially activate the brain areas that control the
maternal responsiveness to the newborn litter (Numan and Insel 2003; Rosenblatt
1980; Rosenblatt et al. 1988). Afterward, maternal behavior is maintained by the
continued mother-infant interactions and seems to be relatively independent of endo-
crine regulation (Numan and Insel 2003; Rosenblatt 1980; Rosenblatt et al. 1988).

Experimental evidence has shown that the mPOA and its connections with the
mesolimbic dopamine (DA) system play a predominant role in the control of active
aspects of maternal behavior (Stolzenberg and Numan 2011). Interestingly, these
brain areas are also key components of neural circuits for sleep generation and
maintenance (Benedetto et al. 2017a; Kaushik et al. 2011; Mendelson 1996, 2000,
2001; Monti et al. 2016). Also, there is strong evidence that the MCHergic system is
also involved in the regulation of both maternal behavior and sleep. Thus, we will
focus on these brain areas and systems in this section.
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4.1 The Preoptic Area Controls Maternal and Sleep
Behaviors

4.1.1 Preoptic Area and Maternal Behavior

The first evidence that the POAwas involved inmaternal behavior was in 1956, when
Fisher reported that chemical stimulation of this area with testosterone elicits active
maternal behavior in male rats (Fisher 1956). Since then, many studies have demon-
strated the involvement of mPOA in maternal behavior. For instance, mPOA damage
interferes with all maternal behaviors (Numan et al. 1988) or mainly with the active
maternal behavior (Numan and Callahan 1980; Terkel et al. 1979), while chemical
stimulation with oxytocin (Pedersen et al. 1994), estrogen implants (Rosenblatt and
Ceus 1998), dopaminergic agents (Miller and Lonstein 2005), and prolactin
(Bridges et al. 1990) promotes full maternal behavior.

Thus, the mPOA is believed to act as a crucial area in the control of maternal
behavior, integrating information from diverse modalities related to the pups and
adjusting maternal responses to fulfill the pups’ needs as they grow older (Pereira
2016; Pereira and Ferreira 2015; Risold et al. 1994; Simerly and Swanson 1986).
Also, it is a key neural site where the hormones such as prolactin (Bridges et al.
1990), vasopressin (Bosch et al. 2010), and oxytocin (Pedersen et al. 1994) and a
variety of neurotransmitters/neuromodulators such as DA (Miller and Lonstein
2005; Stolzenberg et al. 2007), hypocretin (Rivas et al. 2016), and MCH
(Benedetto et al. 2014) modulate maternal behavior.

Particularly, this area is known to present important plasticity both during preg-
nancy and postpartum periods (Champagne and Curley 2016; Parent et al. 2017;
Pereira and Morrell 2009; Rondini et al. 2010; Schrader et al. 2012) allowing the
adaptation of maternal responsiveness to the changing needs of the offspring. Several
studies point out a significant anatomical and functional reorganization of different
brain areas across postpartum period that are crucial for maternal behavior (Driessen
et al. 2014; Insel 1990; Pereira 2016; Pereira and Morrell 2009; Rondini et al. 2010).
Specifically, the mPOA has been demonstrated to change its role throughout the
postpartum period, from a facilitatory role during early lactation period (Jacobson
et al. 1980; Lee et al. 2000; Numan et al. 1977; Pereira and Morrell 2009; Rosenblatt
and Ceus 1998) to an inhibitory role during mid-lactation (Pereira andMorrell 2009).
Interestingly, Schrader et al. (2012) show that themPOA loses its daily rhythmicity of
Fos activation in pregnant rats compared to diestrous females (Schrader et al. 2012).

4.1.2 Preoptic Area and Sleep

Since the early Von Economo’s studies of the hypothalamus, the POA has been
proposed as a sleep center (Von Economo 1930). Most studies have pointed out the
crucial role of the VLPO and the median POA (MnPN) in the regulation of NREM
sleep (Benedetto et al. 2012, 2013; Gong et al. 2004; Gvilia et al. 2006; Lu et al.
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2000; Torterolo et al. 2009a), while the extended VLPO (eVLPO) has been involved
in REM sleep regulation (Lu et al. 2002). Likewise, the mPOA, the same area that is
critical for maternal behavior, has been also involved in the control of sleep (Kumar
2004). In fact, microinjections of different neuropeptides and substances, such as
glutamate (Kaushik et al. 2011), triazolam (Mendelson and Martin 1992), pento-
barbital (Mendelson 1996), and adenosine (Mendelson 2000), are known to promote
NREM sleep. Although most studies relate mPOA to NREM sleep, there is also
experimental data that spotlight the importance of this area also in the regulation of
REM sleep (Asala et al. 1990; Suntsova and Dergacheva 2004). Particularly, most
mPOA neurons increase their firing rate during REM sleep compared to W and
NREM. In addition, electrical stimulation of the mPOA at low frequency during
NREM sleep promotes the entrance to REM sleep (Suntsova and Dergacheva 2004).
Moreover, Asala et al. (1990) induced a reduction of NREM sleep and an increase in
REM sleep after mPOA lesions.

4.2 Dopaminergic System Modulates Maternal and Sleep
Behaviors

4.2.1 Dopaminergic System and Maternal Behavior

The mesocorticolimbic system has been recognized for its central role in several
motivated behaviors (Berridge 2004; Salamone and Correa 2012), including mater-
nal behavior (Stolzenberg and Numan 2011). This system is comprised of dopamine
(DA)-containing cell bodies in the midbrain ventral tegmental area (VTA) and its
major targets, the nucleus accumbens (NAc) and prefrontal cortex (PFC) (Fallon and
Moore 1978; Lindvall and Bjorklund 1974; Lindvall et al. 1974; Moore and Bloom
1978). The NAc has been considered as a neural interface between the limbic and
motor systems allowing the transition from motivation to motor action (Mogenson
et al. 1980). In addition, this nucleus is one of the main projection sites of the
MCHergic neurons and has an important MCHergic receptor density (Bittencourt
et al. 1992; Hervieu et al. 2000). The interconnection between the mPOA and the
mesocorticolimbic DAergic system is known to regulate the motivational aspects of
maternal behavior (Numan and Insel 2003; Stolzenberg and Numan 2011).

The central role of the DAergic system in the control of maternal behavior has
initially been shown by the actions of systemic DA antagonists that reduced active
maternal behavior but enhanced nursing and milk ejection (Stern 1991; Stern and
Keer 1999). Interestingly, active maternal behaviors, such as licking the pups, are
linked to an elevated DA release and increased DA receptor levels in the NAc
(Champagne et al. 2004; Hansen et al. 1993). In accordance, DA receptor anta-
gonism in the NAc inhibits maternal retrieval and licking, but promotes nursing
behavior (Keer and Stern 1999). In addition, lesions of DAergic neurons of the
VTA also impair pup-directed maternal behavior, but nursing was unaffected
(Hansen et al. 1991b).
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The administration of DA D1 receptor antagonist (SCH-23390) into mPOA
impairs the retrieval and licking of pups but no other components of the maternal
behavior (Miller and Lonstein 2005; Numan et al. 2005a), while the infusion of the
D2 receptor antagonist raclopride into this area increases nursing, leaving intact
active maternal behaviors (Miller and Lonstein 2005). These data suggest that
different DA receptors within the mPOA are involved in distinct aspects of maternal
behavior, where D1 receptors would control active maternal behavior, while D2
receptors would regulate nursing postures.

4.2.2 Dopaminergic System and Sleep

Interestingly, the DAergic system also plays a critical but complex role in the control
of sleep and wakefulness (W). DAergic neurons, mostly present in the VTA and
substantia nigra pars compacta (SNc), do not change their mean firing rate across the
sleep-wake cycle (Miller et al. 1983; Trulson 1985; Trulson and Preussler 1984;
Trulson et al. 1981). However, the temporal pattern of the discharge is strongly
modulated during the sleep-wake cycle. Accordingly, during W, DAergic neurons
in VTA discharge in burst in response to salient stimuli (Schultz et al. 1993). This
increase in bursting activity is accompanied by a substantial increase in DA extra-
cellular levels in striatal regions (Wightman and Robinson 2002). In this regard,
microdialysis studies by Lena et al. (2005) have shown that DA release is greater
during W in comparison to sleep, both in the prefrontal cortex and the NAc (Lena
et al. 2005). In addition, Dahan et al. (2007) demonstrated that there is a prominent
burst firing increase in VTA DAergic neurons during REM sleep that resembles the
bursting induced by the consumption of palatable food (Dahan et al. 2007). This is in
line with previous findings that described an increase in the number of
Fos-immunoreactive neurons in the VTA during REM sleep (Maloney et al. 2002).
In addition, the release of DA, both in the NAc and prefrontal cortex, increases during
REM sleep in comparison to NREM sleep (Lena et al. 2005). In this regard, it has
been shown that DAergic VTA neurons participate in the promotion of theta rhythm,
a prominent feature of REM sleep (Orzel-Gryglewska et al. 2015).

4.2.3 Dopamine and POA Regulating Maternal Behavior and Sleep
Together

In spite of the bunch of evidence that POA modulates both sleep and maternal
behavior, there were no studies focused on determining how this brain area acts to
promote these two behaviors together.

Based on the findings that (1) nursing and NREM sleep can be co-expressed
(Benedetto et al. 2017b), (2) mPOA stimulation increases the time spent in NREM
sleep (Kaushik et al. 2011), and (3) the local delivery of a dopaminergic D2 anta-
gonist raclopride increases nursing duration without interfering with active maternal
behavior (Miller and Lonstein 2005), we posit that raclopride into mPOA would also
be associated with an increase in NREM sleep. Contrary to our expectations, we find
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neither an increase in nursing nor in NREM sleep after the microinjection of
raclopride within the mPOA. Surprisingly, REM sleep and its transitional stage
from NREM were significantly reduced in time after this microinjection procedure.
Regarding maternal behavior, the latency to reunite the entire litter into the nest was
increased, while the time to the start of nursing was reduced, suggesting that some
aspects of the maternal sequence were affected (Benedetto et al. 2017a). Thus, we are
carrying out more experiments to elucidate how the dopaminergic system acts to
integrate sleep and maternal behavior within the mPOA.

4.3 The MCHergic System

The general feature of this system has been described in preceding chapters. Briefly,
MCH is an inhibitory neuropeptide synthesized by neurons that are primarily located
in the posterolateral hypothalamus and incerto-hypothalamic area (Bittencourt et al.
1992). The MCHergic neurons project widely throughout the central nervous system
(CNS).

MCH acts via neurons expressing the MCH receptor 1 (MCHR1) and MCH
receptor 2 (called MCHR2) (Macneil 2013; Saito and Nagasaki 2008). The latter has
been described in primates (including humans), cats, and dogs but seems to be absent
in rodents (Tan et al. 2002).

There is a widespread distribution of the MCHR1 mRNA along with the
MCHergic fibers including critical areas for sleep and maternal behavior (Bittencourt
et al. 1992; Saito et al. 2001).

4.3.1 MCH and Sleep

The role of MCH as a sleep-promoting factor has been assessed in previous chapters
of this book and reviewed in detail (Konadhode et al. 2015; Monti et al. 2013;
Torterolo et al. 2011, 2015). Briefly, the intracerebroventricular administration of
MCH in the rat produces an increase in REM sleep and a moderate enhancement in
the time spent in NREM sleep, while the systemic administration of MCHR1
antagonists both decreases sleep and increases wakefulness (Verret et al. 2003;
Ahnaou et al. 2008). Microinjection of MCH into the REM-off neuronal areas,
such as the dorsal raphe and the locus coeruleus of the rat, facilitates the generation
of REM sleep (Lagos et al. 2009; Monti et al. 2015). MCH also promotes REM sleep
when microinjected into either the basal forebrain of the rat or the NPO of the cat
(Lagos et al. 2012; Torterolo et al. 2009b). In contrast, the administration of MCH
into the VLPO, a NREM sleep-promoting area, induced NREM sleep (Benedetto
et al. 2013).

Fos and electrophysiological studies have shown that MCHergic neurons are active
mostly during sleep (mainly during REM sleep) in the rat (Verret et al. 2003;
Hassani et al. 2009). However, Gonzalez et al. (2016) by means of fiber-optic record-
ings have recently shown that these neurons are active during novelty exploration.
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The concentration of MCH in the CSF of rats increases during the light phase,
when the animals are predominantly asleep, and is affected by sleep deprivation or
sleep restriction (Pelluru et al. 2013; Dias Abdo Agamme et al. 2015). By means of
in vivo microdialysis, Blouin et al. (2013) have shown that the release of MCH in the
amygdala of patients reaches a maximum level at sleep onset.

Studies of ppMCH andMCHR1 KOmice indicate that the sleep of these animals is
altered (Ahnaou et al. 2008; Willie et al. 2008; Takase et al. 2014). Recent optogenetic
and chemogenetic studies have confirmed the role of MCH in sleep generation.
Optogenetic stimulation of MCHergic neurons increased both REM and NREM
sleep at night, whereas during the day only REM sleep was increased (Konadhode
et al. 2013; Blanco-Centurion et al. 2016). In addition, delta power (an indicator of
sleep intensity) was also increased (Blanco-Centurion et al. 2016). Optogenetic
activation of MCH neurons at the onset of REM sleep extended the duration of
REM sleep episodes (Jego et al. 2013). Also, the acute silencing of these neurons
reduced hippocampal theta rhythm during REM sleep without affecting the duration of
the episodes. Tsunematsu et al. (2014) showed that the acute optogenetic activation of
MCH neurons at 10 Hz induced transitions from NREM to REM sleep and increased
REM sleep time. Also, Vetrivelan et al. (2016) have shown that the selective chemo-
genetic activation of the MCHergic neurons causes specific increases in REM sleep
without altering wakefulness or NREM sleep.

4.3.2 MCH and Maternal Behavior

A recent review by Diniz and Bittencourt (2017) described that MCH is involved in
motivated behaviors such as feeding, drinking, and mating and also active maternal
behavior. In fact, not only MCHergic neurons project toward regions involved both
in active maternal behavior, such as the mPOA, VTA, and NAc (Bittencourt et al.
1992), but also mRNA for the MCHR1 has been recognized in these regions
(Saito et al. 2001).

The importance of this neuropeptide in the postpartum period is evidenced by the
fact that in males and cycling females most MCHergic neurons are located within the
lateral hypothalamus and incerto-hypothalamic area, while during lactation, neurons
of the mPOA express pre-pro-MCH mRNA and MCH, being most of them
GABAergic (approximately 95%) (Knollema et al. 1992; Rondini et al. 2010).
Remarkably, the number of MCHergic neurons in the mPOA varies along lactation
(Alvisi et al. 2016; Knollema et al. 1992; Rondini et al. 2010). Taken together, these
interesting results suggest that the number of MCH neurons within the mPOA varies
according to a curve in which: their number is very low on PPD5, moderated at
PPD12, and maximum at PPD15–16, starts to decrease at PPD17–19 (but is
higher than at PPD12), at PPD21, has a similar number as in PPD12, finally
disappearing after weaning (Alvisi et al. 2016; Knollema et al. 1992; Rondini
et al. 2010). This changing pattern in the number of mPOA MCHergic neurons is
likely associated to maternal behavior, such that these cells are maximal when active
maternal behaviors begin to decrease, as the pups grow older, become more
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independent, and start to consume food (Hall and Rosenblatt 1978; Reisbick et al.
1975), and decline at the end of lactation. However, these changes could be also
related to hormonal variations along lactation (Ferreira et al. 2017).

Benedetto et al. (2014) have shown that bilateral microinjections of MCH into the
mPOA decrease active maternal behaviors during the early postpartum period (PPD5–6)
to levels characteristic of the late postpartum period (Benedetto et al. 2014). The fact that
only active maternal behaviors but not huddling and nursing were reduced after MCH
treatment agrees with published evidence showing that interference with mPOA func-
tion mainly affects these active components (Jacobson et al. 1980; Numan 1974; Numan
and Insel 2003; Pereira and Morrell 2009; Terkel et al. 1979). Interestingly, the same
procedure during the PPD14–15, the period in whichMCH reaches its maximum levels,
did not provoke any change in maternal behavior compared to control saline micro-
injections (Fig. 5). It could be speculated that during this latter stage, external MCH does
not significantly change maternal behavior, such that increasing its levels exogenously
does not potentiate the inhibitory effect of the high endogenous levels at this moment. It
would be interesting to explore if MCHR1 varies within the mPOA along lactation,
promoting these functional changes. These differential results found according to the
postpartum stage are in line with the knowledge of the mPOA as a plastic area that
changes its functionality during the postpartum period (Champagne and Curley 2016;
Pereira 2016; Pereira and Morrell 2009).

It has also been shown that MCHR1 KO mother mice show a decrease in the
survival of the pups during PPD1–2 compared to pups from wild-type mothers
(Adams et al. 2011; Alachkar et al. 2016). However, beyond the PPD2 pups’
mortality did not differ between these two groups. Authors hypothesized that

Fig. 5. Effects of MCHmicroinjections into the mPOA on active components of maternal behavior
during early and mid-lactation. Graphic chart showing the number of different active maternal
responses after bilateral administration of saline and MCH (50 and 100 ng) in a 30-min maternal
test. All values are presented as means � SEM; significant differences are indicated by asterisks
(*p < 0.05). Part of the early lactation results was published in Benedetto et al. (2014)
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MCH would be important for the initiation of maternal behavior, but not for its
maintenance (Alachkar et al. 2016). Although these results might seem contradictory
with Benedetto et al. (2014), it can be speculated that the requirement of MCH may
fluctuate at the different stages of the postpartum period to display an appropriate
maternal behavior that matches with the changing characteristics and needs of the
offspring; when MCH is outside its normal range, the maternal care of the pups
could be altered.

The MCHergic system seems to be linked also to an endocrine function during
lactation. Recent evidences presented by Ferreira et al. (2017) show that the number
of mPOA-MCH neurons is positively correlated with the litter size (Ferreira et al.
2017), likely caused by the suckling stimulus from pups that also promotes the
release of prolactin and oxytocin (Wakerley 1996). In this sense, Parkes and Vale
(1993) found that MCH directly stimulates the release of oxytocin acting on neuro-
hypophysis cell cultures (Parkes and Vale 1993). On the contrary, MCH was
significantly decreased in a model of hyperprolactinemia compared to control rats
(Garcia et al. 2003). Thus, prolactin seems to be inversely related to MCH levels.
Further experiments are needed to understand the functionality of these mPOA-
MCH neurons.

4.4 MCH and DAergic System Interaction in the Control
of Sleep and Maternal Behavior

As described before, it can be proposed that the DAergic system promotes motiva-
tion and arousal, while the MCHergic system stimulates consummatory behaviors
and sleep. Hence, it could be speculated that DAergic and MCHergic systems have
opposite functions. Based on this idea, it could be hypothesized that MCH may
decrease motivation and arousal, at least in part, by inhibiting the DAergic system.

As mentioned, the NAc is a main target of the mesolimbic DAergic neurons and is
an essential area for a proper care of the offspring (Hansen et al. 1993; Mogenson
et al. 1980; Numan et al. 2005a, b). This nucleus is also one of the main projection
sites of the MCHergic neurons and has an important MCHR1 density (Bittencourt
et al. 1992; Hervieu et al. 2000). MCHR1 is co-expressed with DAergic receptors in
the shell of the NAc, which raises the possibility that MCH and DA interact in NAc
shell during motivated responses (Chung et al. 2009; Georgescu et al. 2005). This
idea has been explored using a whole-cell patch-clamp recording from the NAc shell
where the administration of MCH alone had no effect on spike firing, but the
discharge rate showed an increase when MCH was applied in combination with
D1 or D2 agonists (Chung et al. 2009; Hopf et al. 2013). Furthermore, biochemical
analysis in NAc shell explants showed that MCH signaling blocks DA-induced
phosphorylation of the AMPA glutamate receptor (Georgescu et al. 2005).
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In addition, MCHR1 KO mice present hyperactivity that may be explained by
interactions between MCHergic and DAergic systems (Lalonde and Qian 2007;
Marsh et al. 2002). In fact, MCHR1 KO mice are supersensitive to the locomotor
activating effects of d-amphetamine and D1 agonists as compared to wild-type
animals. Besides, deletion of MCHR1 results in an upregulation of mesolimbic DA
receptors, and the lack of MCH leads to an increase in DA release and in limbic DA
transporter levels, indicating that MCH may negatively modulate mesolimbic mono-
amine function (Mul et al. 2011; Smith et al. 2005).

From these data, it could be expected that during highly aroused motivated
behaviors, such as maternal behavior, the DAergic system may inhibit the MCHergic
neurons. In fact, DA hyperpolarizes MCHergic neurons by activating G-protein-
activated inwardly rectifying K+ (GIRK) channels by means of the activation of
alpha-2a noradrenergic receptors (Alberto et al. 2011; Conductier et al. 2011).
Conductier et al. (2011) also showed that MCH neurons receive both GABAergic
and glutamatergic inputs and that DA modulates these inputs in a complex manner.
At low concentrations, DA activates D1-like receptors promoting presynaptic activ-
ity, while at higher concentrations, DA activates D2-like receptors that inhibits
presynaptic activity. Overall, DA leads to a decrease in the excitability of MCHergic
neurons.

Regarding sleep and lactation from these data described above, we hypothesize
that the DAergic and MCH system may interact to decrease the activity of the
motivational system to promote sleep, thus allowing milk ejection.

5 Conclusions and Future Directions

In the present report, we analyzed data that support the interconnection between
sleep and maternal behavior, two crucial behaviors for survival of mammals. We
also propose a possible mechanism by which the MCHergic system modulates both
behaviors together. We show that MCH induces sleep and reduces active maternal
behaviors, thus promoting energy conservation for the mother. As mPOA is a critical
area for the modulation of both behaviors, it is possible that MCH, acting in this area,
will enhance sleep during nursing, thus promoting milk ejection occurrence. We are
currently assessing this possibility.

As the stimulus of sucking from the pups induces not only nursing postures (and
thus immobility) but also the synthesis and release of prolactin, hormone known to
promote sleep and milk production (Wakerley 1996), mPOA-MCH cells might also
have an endocrine function that indirectly promotes sleep and milk ejection, assuring
the welfare of the pups and also of the mother (Alachkar et al. 2016). Also it would
be important to explore the putative relationship between MCH and oxytocin in the
control of both behaviors, as this hormone is stimulated by the sucking from the pups
and promotes milk ejection.

Although MCH is expressed in mPOA neurons during the postpartum period, its
functionality in lactating rats is still not clear. Also, behavioral experiments during
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the postpartum period focused on the effect of MCH agents on both maternal behav-
ior and sleep are still needed to fully understand the complex interaction between
both behaviors and its relation with the MCHergic system.
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Melanin-Concentrating Hormone
in Medical Conditions

Alicia Costa, Luciana Benedetto, Patricia Lagos, Jaime M. Monti,
and Pablo Torterolo

Abstract In the last decade, there was an impressive advance in the knowledge of
the anatomy and physiology of the melanin-concentrating hormone (MCH) neuronal
system. However, its role in pathology is still not clear. MCH is a peptidergic
neuromodulator synthesized by neurons whose somas are mainly located in the
posterolateral hypothalamus and incerto-hypothalamic area. The MCHergic neurons
project throughout the central nervous system innervating areas involved in several
physiological functions. MCH exerts its biological effects acting through two
metabotropic receptors. There are substantive experimental data suggesting that
the MCHergic system is involved in the control of energy homeostasis, mood, and
sleep. In the present study, we summarize data related to the role of MCH in these
functions, as well as preclinical and clinical evidences showing that dysfunction of
the MCHergic system might be involved in several medical disorders including
obesity, central hypersomnia, mood disorders, and ciliopathies.

1 Melanin-Concentrating Hormone: General Aspects

In the preceding chapters, a detailed description of the anatomy and physiology of the
melanin-concentrating hormone (MCH) has been performed. Briefly, MCH is a
19 amino-acid cyclic neuropeptide that was first documented in the pituitary of teleost
fish, enabling them to change skin color and blend into their environment (Kawauchi
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et al. 1983). MCH was identified in mammalian brain where it is primarily found in
neurons located in the posterolateral hypothalamus and incerto-hypothalamic area;
these neurons project to different regions of the central nervous system (CNS)
(Table 1) (Bittencourt et al. 1992). Brainstem tanycytes of the cat also show MCH
immunoreactivity (Torterolo et al. 2008). MCH is also present in the gastrointestinal
tract and pancreas (Kokkotou et al. 2008; Pissios et al. 2007).

Most of the MCHergic neurons co-localize with GABA (Sapin et al. 2010), and
additional subpopulations of MCHergic neurons can be differentiated by their
co-expression of the peptides nesfatin or cocaine-amphetamine-regulated transcript
(CART) (Elias et al. 2001; Foo et al. 2008). Moreover, some MCHergic neurons
may also release glutamate (Chee et al. 2015).

MCH acts via neurons expressing the metabotropic MCH receptor-1(MCHR1).
Humans, primates, cats, and dogs (but not rodents) also express the MCH receptor-2
(MCHR2). There is a widespread distribution of the MCHR1 mRNA (Hervieu et al.
2000; Saito et al. 2001), and this receptor has also been detected in peripheral organs
(Macneil 2013; Presse et al. 2014). The distribution of MCHR2 nearly overlaps that
of the MCHR1 (Hill et al. 2001; Mori et al. 2001); however, the function of MCHR2
remains unknown mostly because rodents cannot be used as animal models.

Table 1 Main structures that receive projections from MCHergic neurons

Telencephalon
– Cerebral cortex

– Olfactory regions

Main bulb, anterior olfactory nucleus, olfactory tubercle

– Limbic system

Hippocampal formation, amygdala, lateral septal nucleus

– Basal forebrain

Diagonal band of Broca (horizontal and vertical limbs), medial septal nucleus, bed nucleus of
the stria terminalis

– Neostriatum

Caudate-putamen, globus pallidus

Diencephalon
– Thalamus

Midline, intralaminar, anterior, lateral, ventral, and posterior nuclei

– Hypothalamus

Preoptic area, anterior, lateral, and posterior hypothalamic areas, tuberomammillary nucleus

Mesencephalon
Substantia nigra pars compacta, ventral tegmental area, central gray, mesencephalic reticular

formation

Rhombencephalon
Pontine reticular formation, pedunculopontine and laterodorsal tegmental nucleus, locus

coeruleus, dorsal raphe nucleus, median raphe nucleus, periaqueductal gray

Spinal cord

Data from Bittencourt (2011), Bittencourt and Elias (1998), Bittencourt et al. (1992, 1998), Elias
and Bittencourt (1997), Elias et al. (2008), Hong et al. (2011), Torterolo et al. (2009) and Yoon and
Lee (2013)
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MCH has mainly an inhibitory role, both at the postsynaptic and presynaptic level
where it decreases the release of GABA and glutamate (Gao 2009; Macneil 2013;
Presse et al. 2014).

2 Physiological Role of the MCHergic System

MCH is involved in a broad spectrum of cerebral functions (Agame et al. 2015;
Benedetto et al. 2014; Diniz and Bittencourt 2017; Ferreira et al. 2017; Macneil 2013).
In fact, MCHergic neurons receive monosynaptic inputs from widespread regions of
the CNS; these neurons seem to orchestrate the adaptation of global physiologic state
to metabolic needs (Gonzalez et al. 2016). Overall, by modulation of different
neuronal networks, the MCHergic system tends to promote energy storage.

2.1 Energy Homeostasis

The presence of MCHergic neurons in the lateral hypothalamus of mammalian
brains, a critical area in the control of energy homeostasis, has generated the
proposal that this peptide may regulate appetite and/or energy expenditure. In fact,
the role of the MCHergic system in the control of energy balance is now firmly
established (Brown et al. 2015; Macneil 2013; Presse et al. 2014; Takase et al. 2014).
For instance, central infusion of MCH induces food intake and increases in body
weight, and its gene expression is modulated by fasting in normal rats and in animals
without leptin (ob/ob mice) (Presse et al. 1996; Qu et al. 1996). Knockout (KO) mice
for ppMCH gene are lean due to hypophagia and increase in metabolic rate (Shimada
et al. 1998), whereas mice with an overexpression of MCH eat more than controls
leading them to obesity (Ludwig et al. 2001). MCHR1-KO mice are lean, are
hyperactive, and have altered metabolism (Chen et al. 2002; Marsh et al. 2002).
MCH signaling-deficient mice also present an increase in body temperature, oxygen
consumption, heart rate, and mean arterial pressure (Takase et al. 2014).

2.2 Sleep

The role of MCH as a sleep-promoting factor has been reviewed in detail
(Konadhode et al. 2015; Monti et al. 2013; Torterolo et al. 2011, 2015). Briefly, if
conservation of energy is one of the main functions of sleep (Siegel 2005), and
MCHergic neurons are critical in the control of energy homeostasis, MCH is
expected to be involved in sleep regulation. In fact, MCHergic neurons project
toward regions that are critically involved in the control of sleep and wakefulness
(Bittencourt et al. 1992; Torterolo et al. 2009) (Table 1).
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Intracerebroventricular administration of MCH in the rat produces a marked
increase in REM sleep and a moderate enhancement in the time spent in non-REM
(NREM) sleep (Verret et al. 2003). Furthermore, the systemic administration of
MCHR-1 antagonists decreases both REM and NREM sleep and increases wake-
fulness (Ahnaou et al. 2008). Microinjection of MCH into REM-off neuronal areas
such as the dorsal raphe (DR) and the locus coreuleus (LC) of the rat facilitates the
generation of REM sleep (Lagos et al. 2009; Monti et al. 2015). MCH also promotes
REM sleep when microinjected into either the basal forebrain of the rat or the NPO
of the cat, two areas related to the generation of this behavioral state (Lagos et al.
2012; Torterolo et al. 2009). In contrast, the administration of MCH into a NREM
sleep-promoting area such as the ventrolateral preoptic area (VLPO) induced NREM
sleep (Benedetto et al. 2013).

Using Fos protein as a marker of neuronal activity, it has been shown that
MCHergic neurons are active during REM sleep in the rat (Verret et al. 2003).
Furthermore, Hassani et al. (2009) have recorded MCHergic neurons in
non-anesthetized animals in restrained conditions. These neurons have a very low
frequency of discharge during wakefulness, and their firing rate increases slightly
during NREM sleep and reaches the maximum level of activation during REM sleep
(Hassani et al. 2009). Utilizing the in vivo microdialysis technique, it has been
shown that the release of MCH in the amygdala of patients with treatment-resistant
epilepsy is minimal during active wakefulness with social interactions, increases
after eating (consummatory behavior), and reaches a maximum level at sleep onset
(Blouin et al. 2013). However, by means of fiber-optic recordings of molecularly
MCH-defined populations in unrestrained conditions, Gonzalez et al. (2016) have
recently shown that these neurons are activated in wakefulness during novelty
exploration and inhibited by stress.

Studies of ppMCH and MCHR1-KO mice indicate that the sleep of these animals
is altered. A recent meta-analysis study has confirmed that the strongest results of
MCH signaling deficiency were the enhancing of wakefulness and suppression of
NREM sleep (Takase et al. 2014). Optogenetic and chemogenetic studies have
confirmed the role of MCH in sleep generation (Blanco-Centurion et al. 2016;
Jego et al. 2013; Tsunematsu et al. 2014; Vetrivelan et al. 2016).

3 Pathophysiology of the MCHergic System

Preclinical experimental evidences in animal models suggest that the MCHergic
system is involved in several disorders. However, although there are some data in
human beings, more clinical studies are needed to confirm the preclinical findings.
Below, we reviewed the possible involvement of MCH in neurological/psychiatric
disorders and, briefly, in general medical conditions (Table 2).
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Table 2 Main evidences of the involvement of MCH in pathology

Medical condition Preclinical (*)/clinical (•) evidence

Obesity * Acute intracerebroventricular (ICV) injections of MCH into the third
ventricle of the rat increase food intake (Della-Zuana et al. 2002; Qu
et al. 1996; Shearman et al. 2003)

* Acute intracerebroventricular administrations of MCH increase food
intake in sheep (Whitlock et al. 2005)

* Chronic intracerebroventricular infusions of MCH in rodents induce
hyperphagia and body weight gain (Della-Zuana et al. 2002; Gomori
et al. 2003; Ito et al. 2003)

* Microinjections of MCH into the arcuate nucleus, the paraventricular
nucleus, or the dorsomedial nucleus increase in food intake (Abbott et al.
2003)

* Overexpression of MCH in mice is associated with obesity and
hyperinsulinemia (Ludwig et al. 2001)

* Repeated oral administrations of a MCHR1 antagonist result in body
weight reduction and in an anorectic effect in diet-induced-obesity mice
(Kawata et al. 2017)

* Administration of MCHR1 antagonists reduced body weight in dogs
and diet-induced-obesity in mice (Ploj et al. 2016)

* MCHR1 deletion significantly impairs the cue-potentiated feeding in
mice (Sherwood et al. 2015)

• Association between severe early-onset obesity and a history of
hyperphagia with two variants of the MCHR1 (Gibson et al. 2004)

• Two MCHR1 single-nucleotide polymorphisms were associated with
an obese phenotype (Wermter et al. 2005)

• Two single-nucleotide polymorphisms in MCHR2 were associated
with childhood obesity (Ghoussaini et al. 2007)

Hypersomnia * A rodent model of the human Africa trypanosomiasis or sleep sickness
presents a progressive decrease of hypocretin and MCH-containing
neurons (Palomba et al. 2015)

• MCH CSF levels slightly increase in hypocretin-deficient narcoleptic
children (Thebault et al. 2015)

Mood disorders * Central administration of MCH stimulates the activity of the
hypothalamic-pituitary-adrenal axis and produces changes in anxiety-
related behavior (Gonzalez et al. 1996; Jezova et al. 1992; Kennedy et al.
2003; Smith et al. 2006)

* MCHR1 antagonists have an antidepressant-like profile in the forced
swim test (Borowsky et al. 2002)

* Administration of MCH into the dorsal raphe produces a depressive-
like behavior (Lagos et al. 2011b)

• Bipolar affective disorder is associated with an MCHR2 polymorphism
(Abou Jamra et al. 2010)

• MCH serum levels decrease following 4 weeks of antidepressant
treatment in depressive patients (Schmidt et al. 2015)

Alzheimer’s disease
(AD)

• There is an elevated mean level of MCH in CSF of patients suffering
from AD, as well as a correlation with Tau and severity of cognitive
impairment (Schmidt et al. 2013)

(continued)
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Table 2 (continued)

Medical condition Preclinical (*)/clinical (•) evidence

Parkinson’s disease
(PD)

• Decrease in number of both hypocretinergic and MCHergic neurons
(Thannickal et al. 2007)

• Loss of MCHergic neurons is lowest in stage I (12%) and maximal in
stage V (74%) of PD (Thorpy and Adler 2005)

Schizophrenia • Five single-nucleotide polymorphisms in the proximal region of the
MCHR1 are associated with schizophrenia (Demontis et al. 2012)

• Association between a single-nucleotide polymorphism in the ppMCH
gene and obese schizophrenic patients receiving antipsychotics
(Chagnon et al. 2007)

Ciliopathies * MCH treatment significantly reduces cilia length (Hamamoto et al.
2016)

Postpartum emotional
distress

* Microinjections of MCH into the mPOA decrease active maternal
behaviors (Benedetto et al. 2014)

* MCHR1-KO mice display disruption of maternal behavior (Alachkar
et al. 2016)

Stroke * Experimental studies in rats suggest that MCH could be a
neuroprotective factor for brain ischemia (Pace et al. 2015)

Seizures * MCHR1-KO mice present a higher threshold for induced seizures
(Parks et al. 2010)

* Intraventricular microinjection of MCH was shown to prevent
PTZ-induced seizures (Knigge and Wagner 1997)

Addiction * The MCHergic system is involved in mediating alcohol reward and
cue-induced alcohol relapse (Cippitelli et al. 2010)

* MCH in the nucleus accumbens shell plays a critical role in the
development but not expression of methamphetamine-induced locomo-
tor sensitization in rats (Sun et al. 2013)

* MCHR1 antagonism reduces appetite for calories and suppression of
addictive-like behaviors in rats (Karlsson et al. 2012)

* MCHR1-KO mice exhibit psychomotor susceptibility to cocaine
(Tyhon et al. 2006)

* Cannabinoids excite MCHergic neurons (Huang et al. 2007)

Huntington’s disease • Decrease in the number of hypocretinergic neurons while the number
of MCHergic neurons remain unchanged (Aziz et al. 2008)

Colitis and intestinal
tumors

* Mice genetically deficient in MCH have substantially reduced local
inflammatory responses in a model of experimental colitis (Kokkotou
et al. 2008; Ziogas et al. 2013)

* Mice receiving treatments with an anti-MCH antibody develop atten-
uated colonic inflammation and survive longer (Kokkotou et al. 2008;
Ziogas et al. 2013)

* MCH-deficient mice have a reduction of intestinal tumors (Nagel et al.
2012)

• Increased colonic expression of MCH and its receptor in patients with
inflammatory bowel disease (Kokkotou et al. 2008; Ziogas et al. 2013)

(continued)
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3.1 Obesity

Obesity is one of the most pervasive chronic diseases in need of new strategies for
medical treatment and prevention. In western society, it is one of the leading causes
of mortality, morbidity, and healthcare costs. Obesity is defined as excess adipose
tissue in which a distortion in the energy balance causes overweight.

The hypothalamus is critical for the control of body weight. MCH is involved in
the regulation of energy homeostasis, and therefore, it may play a role in the
pathogenesis of obesity. Several experimental data support this hypothesis [reviewed
by Macneil (2013), Pissios (2009) and Presse et al. (2014)]. For instance, acute
intracerebroventricular injections of MCH transiently stimulate food intake in rats,
and chronic intracerebroventricular infusion of MCH in rats or mice induces hyper-
phagia and body weight gain. The development of obesity is accompanied by an
increase in liver and adipose tissue. Furthermore, plasma glucose, insulin, and leptin
levels are also increased in these animals; all these parameters have been associated
with obesity in humans. Overexpression of MCH in mice is also associated with
obesity and hyperinsulinemia. Overall, preclinical studies have shown that the
MCHergic system has a major role in the control of energy homeostasis; by
increasing food intake and mostly regulating energy expenditure, this system tends
to accumulate energy.

In humans, Gibson et al. (2004) found an association between severe early-onset
obesity and a history of hyperphagia with two variants of the MCHR-1. Association
of two MCHR-1 single-nucleotide polymorphisms with an obese phenotype in
German children and adolescents was also found by Wermter et al. (2005). Two
dysfunctional MCHR1 mutants were identified in markedly underweight indi-
viduals, raising the possibility that a lean phenotype may be linked to deficient
MCHR1 signaling (Goldstein et al. 2010). Furthermore, two single-nucleotide poly-
morphisms within the MCHR2 were also associated with childhood obesity

Table 2 (continued)

Medical condition Preclinical (*)/clinical (•) evidence

Skin pathology • MCHR1 autoantibodies are present in vitiligo patients (Kemp and
Weetman 2009)

• Upregulation of the MCHR1 in the skin lesions of patients with
psoriasis (Loite et al. 2013)

• MCH receptors are present in human melanoma cells (Drozdz and
Eberle 1995)

Cachexia • Increase in the number of MCHR1 in the infundibular nucleus in
postmortem brain material of cachectic patients (Unmehopa et al. 2005)

Osteoporosis * MCHR1-KO mice have osteoporosis caused by a reduction in the
cortical bone mass (Bohlooly et al. 2004)

Reproductive
pathology

* MCH regulates the release of LHRH in the female rat (Gallardo et al.
2004)

Melanin-Concentrating Hormone in Medical Conditions 177



(Ghoussaini et al. 2007). Finally, an association between MCHR2 polymorphisms
and body mass index was found in psychiatric patients (Delacretaz et al. 2015).

Because of its important role in energy homeostasis, MCHR antagonists are
considered to be a future therapeutic option for treating obesity (Luthin 2007; Rivera
et al. 2008). Nowadays, there are substantial efforts in order to obtain an MCHR1
antagonist with the appropriate physical and chemical properties to be used for
obesity treatment (Johansson and Lofberg 2015).

3.2 Hypersomnia

The American Academy of Sleep Medicine describes hypersomnia of central origin
as the group of disorders in which the primary complaint is excessive daytime
sleepiness, which is not caused by disturbed nocturnal sleep or misaligned circadian
rhythms (American Academy of Sleep Medicine 2005). This group of diseases
includes disorders such as narcolepsy with and without cataplexy. Although the
MCHergic system is involved in the control of sleep, the relation of this system with
hypersomnia is still not clear.

While hypocretin-containing neurons degenerate in narcolepsy with cataplexy,
the MCHergic neurons that are intermingled with the hypocretinergic neurons in the
lateral hypothalamus do not (Thannickal et al. 2000). Peyron et al. (2011) studied the
CSF MCH levels in patients with central hypersomnia. The study included sixteen
patients with a diagnosis of narcolepsy with cataplexy, six patients with idiopathic
hypersomnia, and two patients with post-traumatic hypersomnia who were com-
pared to neurological patients without hypersomnia. The MCH levels were slightly
lower in patients with hypersomnia, but after exclusion of the patients with post-
traumatic hypersomnia, these differences became nonsignificant (Peyron et al.
2011). On the contrary, Thebault et al. (2015) observed MCH CSF levels marginally
increased ( p ¼ 0.054) in hypocretin-deficient narcoleptic children following H1N1-
AS03 vaccination (Thebault et al. 2015).

One quarter of narcoleptic patients’ harbor autoantibodies that, when applied to
normal rat and mouse brains, label MCH-containing neurons of the lateral hypo-
thalamus and pro-opiomelanocortine (POMC) neurons of the nucleus arcuatus of the
hypothalamus (Bergman et al. 2014). This labeling is blocked by NEI and the
melanocyte-stimulating hormone, suggesting that the autoantibody recognizes an
epitope present in both neuropeptides. The role of MCH and NEI and its relation
with the hypocretinergic neurons in narcolepsy is still unknown.

The rodent model of the human Africa trypanosomiasis or sleep sickness reveals a
progressive decrease of hypocretin- and MCH-containing neurons, suggesting that
these peptidergic systems could contribute to the pathogenesis of the hypersomnia
present in this disease (Palomba et al. 2015).
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3.3 Mood Disorders

The enriched distribution of MCHergic fibers and receptors within the brain areas
involved in the modulation of mood (Bittencourt et al. 1992; Hervieu et al. 2000)
supports recent evidence suggesting the implication of the MCHergic system in the
control of mood. In this respect, central administration of MCH stimulated the
activity of the hypothalamic-pituitary-adrenal (HPA) axis and produced changes in
anxiety-related behaviors (Gonzalez et al. 1996; Jezova et al. 1992; Kennedy et al.
2003; Smith et al. 2006). In addition, a recent study determined that MCHergic
neurons are inhibited by stress (Gonzalez et al. 2016).

The relationship between the MCHergic system and major depression (MD) has
been recently reviewed (Torterolo et al. 2015). Briefly, MD is a mood disorder that is
diagnosed on the basis of symptomatic criteria like sadness or melancholia, guilt,
irritability, and anhedonia that can be accompanied by insomnia or hypersomnia and
alterations in body weight. MD is one of the most common psychiatric diseases with
high prevalence and a strong association with suicide.

Borowsky et al. (2002) demonstrated in rats that MCHR-1 antagonists have an
antidepressant-like profile in the forced swim test (FST), a widely used experimental
paradigm for screening antidepressant activity. This finding was confirmed by most
of the recent studies.

A large number of studies showed that the serotonergic system is involved in the
physiopathology of MD (Torterolo et al. 2015). The DR contains the vast majority of
serotonergic neurons of the brain (Monti 2010). Administration of MCH into the DR
produces a depressive-like behavior in the FST that can be prevented by
pretreatment with MCHR1 antagonists, as well as by the antidepressants fluoxetine
or nortryptiline (Lagos et al. 2011; Urbanavicius et al. 2014). In addition, anti-MCH
antibody infusion into the DR (immunoneutralization) produced an antidepressive
effect (Lagos et al. 2011). These results suggest that the MCHergic neurons are
involved in the regulation of emotional behaviors through the modulation of the
serotonergic neuronal activity within the DR. Recently, we demonstrated that
administration of MCH into the DR decreases the DR neuronal firing and the release
of serotonin (Devera et al. 2015; Urbanavicius et al. 2016).

In summary, animal studies strongly suggest that MCH is a pro-depressive factor.
In this regard, preclinical studies have demonstrated that MCHR1 antagonists have
an enormous potential as antidepressant drugs (Chung et al. 2010; Rivera et al. 2008;
Shimazaki et al. 2006).

Studies in humans are scarce. However, bipolar affective disorder (BPAD) is
associated with an MCHR2 polymorphism (Abou Jamra et al. 2010). This asso-
ciation was most pronounced in BPAD male patients with psychotic symptoms.
Furthermore, Schmidt et al. (2015) have shown that MCH serum levels decrease
following 4 weeks of antidepressant treatment in MD patients (Schmidt et al. 2015).

Preclinical studies suggest a great potential of the MCHR1 antagonists for the
treatment of depression and anxiety disorders, due to the rapid onset of effect and
minor adverse CNS side effects (Shimazaki et al. 2006).

Melanin-Concentrating Hormone in Medical Conditions 179



3.4 Alzheimer’s Disease

Increased life expectancy has produced a dramatic rise in the prevalence and impact
of aging-associated diseases, including dementia. Alzheimer’s disease (AD) is by far
the most common dementia in late life. Although progressive deterioration of
memory, language, and intellect are the classic hallmarks of AD, sleep disturbance
is a common and highly disruptive symptom associated with AD (Mander et al.
2016; Peter-Derex et al. 2015). Epidemiological studies have reported that up to 45%
of patients with AD have sleep disturbances.

AD pathogenesis is widely believed to be driven by the production and deposition
of the beta-amyloid peptide (Aβ) (Murphy and LeVine 2010). Aβ accumulation has
been hypothesized to result from an imbalance between Aβ production and clear-
ance; indeed, Aβ clearance seems to be impaired in both early and late forms of
AD. Tarasoff-Conway et al. (2015) reviewed the clearance systems that act together
to drive extracellular Aβ from the brain; any alteration of their function could
contribute to AD.

Interestingly, experimental increase in cortical Aβ produce NREM sleep fragmen-
tation (Mander et al. 2016; Peter-Derex et al. 2015). Furthermore, experimental
deprivation of NREM sleep accompanied by an extended wakefulness escalates Aβ
production and the corresponding cortical deposition. Therefore, NREM sleep rep-
resents one crucial pathway through which the brain appears to manage Aβ levels; the
absence of sleep contributes to the aggregation of Aβ, while the presence of NREM
sleep proactively reduces Aβ burden. Within this proposed framework, disrupted
NREM increases Aβ aggregation, which by itself impairs NREM sleep, resulting in a
vicious cycle accelerating AD progression. Remarkably, the study by Xie et al.
(2013) showed that during sleep, there is a marked increase in convective exchange
of CSF with interstitial brain fluid (glymphatic system). So, a disruption of sleep may
decrease the removal of potentially neurotoxic waste products that accumulate in the
CNS during wakefulness.

Because the MCHergic system is involved in sleep promotion and in learning and
memory (Adamantidis and de Lecea 2009), it is likely that a dysfunction of this system
may participate in the pathophysiology of AD. In this respect, there is an elevated
mean level of MCH in CSF of patients suffering fromAD, as well as a correlation with
Tau and severity of cognitive impairment; these data point toward an impact of MCH
in AD (Schmidt et al. 2013). New data are needed in order to clarify the role of MCH
in AD.

3.5 Parkinson’s Disease

The raised incidence of Parkinson’s disease (PD) becomes a serious issue in an aged
society (Pringsheim et al. 2014). The main symptoms of PD are resting tremor and
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bradykinesia in limbs which are effectively improved by L-dopa, but the disease is
usually accompanied by non-motor symptoms (Postuma et al. 2015).

In addition to the well-known degeneration of dopaminergic neurons, PD is
accompanied by a decrease in the number of both hypocretinergic and MCHergic
neurons (Thannickal et al. 2007). The loss of both neuronal types was correlated
with the clinical stage of PD; the loss of MCHergic neurons was lowest in stage I
(12%) and maximal in stage V (74%). The tentative relationship between a loss of
MCHergic activity and some symptoms of PD has not been studied yet; however, a
decrease in the activity of MCHergic cells could partly explain the high incidence of
sleep-related symptoms in PD such as REM sleep behavior disorder (Thorpy and
Adler 2005). Interestingly, MCH has neuroprotective effects upon dopaminergic
neurons in mice PD models (Park et al. 2016). In fact, they revealed that intranasal
administration of MCH directly mediates neuronal protection in the brain, which
holds great promise for the application of MCH in the therapy of neurodegenerative
diseases.

3.6 Schizophrenia

Deficits in sensorimotor gating measured by prepulse inhibition (PPI) of the startle
response have been known as characteristics of patients with schizophrenia and
related neuropsychiatric disorders. PPI disruption is thought to rely on the activity of
the mesocorticolimbic dopaminergic system and is inhibited by most antipsychotic
drugs. The MCHergic system is a regulator of sensorimotor gating and may be
involved in the physiopathology of these psychiatric disorders (Chung et al. 2011).

Relations between MCH and schizophrenia have been also found in humans. Five
single-nucleotide polymorphisms in the proximal region of the MCHR1 were
associated with schizophrenia (Demontis et al. 2012). The authors suggested that
MCHR1 might influence schizophrenia susceptibility, in particular among men and
patients responding to conventional treatment. Chagnon et al. (2007) also found an
association between a single-nucleotide polymorphism in the ppMCH gene and
obese schizophrenic patients receiving the antipsychotic olanzapine.

3.7 Ciliopathies

Primary cilia are appendages that are present in most human cell types, and neuronal
primary cilia are abundant throughout the rodent brain (Bishop et al. 2007; Niño
et al. 2017; Wheatley et al. 1996). MCHR1 is located in the primary cilia of neurons
(Berbari et al. 2008). The signaling proteins that are enriched in the membrane of the
cilium define its function. Importantly, disruption of the signaling mediated by these
receptors can cause disease and altered development (Bisgrove and Yost 2006;
Davenport and Yoder 2005; Hildebrandt and Otto 2005; Pan et al. 2005). The
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importance of these cilia is suggested by the fact that several human ciliary disorders
(ciliopathies), including Bardet-Biedl syndrome (BBS), Joubert syndrome, and
Meckel syndrome, have prominent functional and structural CNS deficits (Badano
et al. 2006). For instance, a recent study in BBS patients showed statistically
significant increased CSF volume in both the subarachnoidal space and ventricles
(Keppler-Noreuil et al. 2011).

In mice models of BBS, MCHR-1 fails to localize to neuronal primary cilia and
accumulates in the cytoplasm in the olfactory tubercle, hypothalamus, and nucleus
accumbens (Berbari et al. 2008). These mutant mice exhibit obesity and/or cognitive
defects (Hildebrandt et al. 2011). Therefore, MCHR-1 location in neuronal primary
cilia might play an important role in the regulation of several physiological aspects.
Interestingly, Conductier et al. (2013) showed that MCH modulates ciliary beating of
ependymal cells at the third ventricle, suggesting that it could contribute to
maintaining CSF homeostasis. In addition, MCH treatment significantly reduced
cilia length in hTERT-RPE-1 cell line, suggesting that MCH modulates the sensibility
of cells to external environment by controlling cilia length (Hamamoto et al. 2016).

3.8 Other Neurological/Psychiatric Conditions

Postpartum Emotional Distress Postpartum emotional distress is a special kind of
mood disorder. Preclinical studies have shown that the medial preoptic area (mPOA)
together with components of the mesolimbic dopamine system play a critical role in
motivational processes of active maternal behavior (Miller and Lonstein 2005;
Numan and Stolzenberg 2009; Stack et al. 2002). Interestingly, neurons of the
mPOA expressed MCH only during the postpartum period (Rondini et al. 2010).
Notably, whereas MCH expression in the mPOA progressively increases during
lactation, maternal behavior naturally declines, suggesting that elevated MCHergic
activity in the mPOA inhibits maternal behavior in the late postpartum period. In
fact, Benedetto et al. (2014) have shown that microinjections of MCH into the
mPOA decrease active maternal behaviors. It has also been shown that MCHR1-
KO mice display a disruption of maternal behavior (Alachkar et al. 2016). Hence, it
can be speculated that levels of MCH must be within a certain range to display a
normal maternal behavior.

Throughout the latter part of human gestation, there is a progressive increase in
conjugated estrogens in maternal plasma (Challis et al. 1980), while there is a sharp
decrease of them after placental delivery (Cunningham et al. 1989). This rapid
decline in estrogen and other reproductive hormone levels, which occurs immedi-
ately after delivery, is thought to be the main cause of postpartum depression
(Schiller et al. 2015). Interestingly, estrogen and MCH levels have an inverse
relationship (Santollo and Eckel 2008, 2013). Thus, taking into account the
abovementioned MCH effects on depression, it can be hypothesized that affective
alterations after delivery can be at least in part, due to the rise in MCH levels
triggered by the estrogen drop. Hence, it would be important to know whether
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postpartum blues that take place in 50–80% of human mothers or depression in the
first days after delivery that has a prevalence of 25% (Gurel and Gurel 2000;
Josefsson et al. 2001) is related to a dysfunction of MCH-containing neurons.

Stroke Recent experimental studies in rats have suggested that MCH could be a
neuroprotective factor for brain ischemia (Pace et al. 2015).

Seizures In comparison to wild-type (WT) mice, MCHR1-KO mice present a
higher threshold for inducing seizures following administration of the convulsing
compounds pentylenetetrazol (PTZ) or pilocarpine (Parks et al. 2010). MCHR1-KO
mice were also observed to be strongly protected from the development of PTZ
kindling. In this regard, intraventricular microinjection of MCH was shown to
prevent PTZ-induced seizures (Knigge and Wagner 1997). Thus, although these
data suggest that the MCHergic system modulates seizures occurrence, the role of
MCH in this function is still unclear.

Addiction The robust anatomical and functional relationship between the
MCHergic system and the mesocortical dopaminergic system strongly suggests
that MCH is involved in the regulation of reward and addiction (Torterolo et al.
2016). Experimental evidences suggest that the MCHergic system modulates alco-
hol intake (Duncan et al. 2006). Furthermore, MCHR1-KO mice exhibit an atypical
psychomotor susceptibility to cocaine (Tyhon et al. 2006). In addition, cannabinoids
excite MCHergic neurons (Huang et al. 2007). Clinical studies are still needed to
shed light on the role of MCH in drug addiction.

Huntington’s Disease In this hyperkinetic syndrome, there is a decrease in the
number of hypocretinergic neurons; however, the number of MCHergic neurons
remains intact (Aziz et al. 2008).

3.9 Other Medical Conditions

Colitis and Intestinal Tumors Mice genetically deficient in MCH have substan-
tially reduced local inflammatory responses in a model of experimental colitis
(Kokkotou et al. 2008; Ziogas et al. 2013). Likewise, mice receiving treatments
with an anti-MCH antibody developed attenuated colonic inflammation and sur-
vived longer (Kokkotou et al. 2008; Ziogas et al. 2013). Furthermore, there is an
increased colonic expression of MCH and its receptor in patients with inflammatory
bowel disease, suggesting a role of MCH in inflammatory processes in the intestine
(Kokkotou et al. 2008; Ziogas et al. 2013).

Salmonella-induced enterocolitis produces a larger mortality with a higher bac-
terial load in MCHR1-KO mice in comparison to wild-type mice; this is likely
related to the fact that MCH increases the phagocytic capacity of monocytes that
have the MCHR1 (Karagiannis et al. 2013).

MCH-deficient mice have a reduction of intestinal tumors which led to the
suggestion that blocking MCH could be a therapeutic approach to decrease the
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risk of colorectal cancer (Nagel et al. 2012). It is important to note that the MCHergic
system is considered a modulator of the immune system (Lakaye et al. 2009);
therefore, this dysfunction could be involved in different pathological conditions.

Skin Pathology MCH receptor plays a critical role in mammalian skin physiology
including pigmentation, inflammation, and cell proliferation (Kemp and Weetman
2009). These important physiological roles have a pathological counterpart.
MCHR1 autoantibodies have been recognized in vitiligo patients (Kemp and
Weetman 2009). In fact, these autoantibodies inhibit the receptor function when
tested in a Chinese hamster ovarian cell line (Gottumukkala et al. 2006).

Patients with psoriasis have an upregulation of the MCHR1 in the skin lesions
(Loite et al. 2013); the relation of this finding with the pathogenesis of this condition
is still unknown. MCH receptors are also present in human melanoma cells (Drozdz
and Eberle 1995).

Cachexia A significant increase in the number of MCHR1 cell body staining was
found in the infundibular nucleus in postmortem brain material of cachectic patients
compared with matched controls, supporting a role for this receptor in energy
homeostasis in humans and in this terminal condition (Unmehopa et al. 2005).

Osteoporosis MCHR1-KO mice have osteoporosis caused by a reduction in the
cortical bone mass (Bohlooly et al. 2004). Serum levels of c-telopeptide, a marker of
bone resorption, are also increased in these mice. The authors concluded that
MCHR1 is involved in a tonic stimulation of bone mass.

Reproductive Pathologies Anatomical data strongly suggest that the MCHergic
system may play a critical role in reproduction. MCHergic fibers are in close
apposition with approximately 85–90% of gonadotropin-releasing hormone
(GnRH) cell bodies throughout the preoptic and anterior hypothalamic area in the
rat. In addition, MCHR1 was co-expressed on about 50–55% of GnRH neurons
(Williamson-Hughes et al. 2005). These data, as well as the fact that MCH is
involved in the regulation of luteinizing hormone-releasing hormone (LHRH)
release in the female rat (Gallardo et al. 2004), strongly suggest that MCH may
play a role in the regulation of GnRH neuronal function and reproduction. Clinical
studies regarding the role of MCH in reproductive pathologies are still lacking.

4 Conclusions

The widespread distribution of the MCHergic fibers and receptors in the CNS
strongly suggests that MCH is involved in several and critical physiological func-
tions; the more salient roles are to promote energy conservation and sleep. Mood
regulation is thought to be another important function of this system. The involve-
ment of the MCHergic system in pathology is suggested by several preclinical
studies. However, althoughMCH seems to be involved in several human pathologies,
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clinical research is still needed to shed light on the physiopathological role of this
important peptidergic system in medical conditions.
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MCH and Depression

Jessika Urbanavicius, Patricia Lagos, Ximena López, Pablo Torterolo,
and Cecilia Scorza

Abstract Depression is a mood disorder affecting emotional, somatic, and cogni-
tive domains. The efficacy of the antidepressant therapies is generally acceptable;
however, unpleasant or adverse effects, delayed onset of action, and unresponsive
patients continue to be the most common problem in the psychiatric practice. Under
these circumstances, the recent implication of the hypothalamic neuropeptide
melanin-concentrating hormone (MCH) in the regulation of emotion and mood
has offered a great opportunity to study this neuropeptidergic system in the neural
bases of depression and its treatment.

1 Introduction

Progress in the understanding of the anatomical, biochemical, and molecular bases
of depression has allowed the identification of various neurotransmitter systems
involved in the physiopathology and therapy of this mood disorder. The relevance
of the monoaminergic systems (e.g., serotoninergic and noradrenergic) in depression
and the therapeutic use of the selective serotonin (5-HT) and noradrenaline
(NA) reuptake inhibitor (SSRI and SNRI, respectively) antidepressants are widely
known. However, a significant amount of evidence supports the role of the
MCHergic system in mood and emotion regulation. To assess the basis of this
role, it is imperative to be aware of the complete bibliographic data that support
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the hypothesis that a dysfunction in the MCHergic system underlies a pathological
process as severe as depression. In the present chapter, we will introduce general
aspects of the major depressive disorder followed by a brief description of the
MCHergic system in the central nervous system (CNS). A summary of the anatomy
and physiology of the MCHergic system and preclinical evidence regarding its role
in the modulation of emotional-related behaviors will be reviewed. Considering that
MCH can modulate the functionality of monoaminergic systems such as the seroto-
ninergic, we will provide data about the interaction between both systems and its
relevance for the pathophysiology of major depression.

2 Major Depressive Disorder (MDD) and Therapeutics

MDD is a severe and chronic psychiatric syndrome with a high prevalence and
socioeconomic impact (Greenberg et al. 2003; Andlin-Sobocki and Wittchen 2005;
López et al. 2006; WHO 2017). Social, occupational, or other important areas of
daily life are affected in patients with MDD (Cuijpers et al. 2012; Murray et al.
2012). MDD is characterized by the presence of a depressed mood and loss of
interest or pleasure (e.g., anhedonia) in activities that are normally enjoyable
(DSM-V). Also, loss or gain of weight, sleep disturbances, fatigue, and feelings of
worthlessness or guilt, impairment in attention and concentration, and recurrent
thoughts of death or suicidal ideation are some other symptoms which MDD patients
suffer (DSM-V). Although it is pretty clear that a brain dysfunction in connectivity
and functional impairments may occur in depression, the underlying pathophysiol-
ogy of MDD has not yet been clearly defined so far. To elucidate the neurobiological
basis of depression and to find new effective therapeutic strategies are the most
crucial challenges in mental health research. Recently, an integrated view of the
neurobiology of depression has been published (Dean and Keshavan 2017). It was
proposed that MDD results of an interactive matrix of several pathophysiological
mechanisms. An alteration in any site of the matrix can trigger several biological
effects, which could lead to depression (Dean and Keshavan 2017). Changes in
monoaminergic and glutamatergic neurotransmission (Caddy et al. 2014; Browne
and Lucki 2013), hypothalamic adrenal axis dysregulation and the stress response
(Kendler et al. 1999; Pruessner et al. 2003), increased levels of inflammatory
markers, and reduced neurogenesis and neuroplasticity capacity (Castrén and
Rantamäki 2010; Castrén 2013; Felger and Lotrich 2013) are, among others, path-
ological conditions which are strongly associated with depression. Moreover, neu-
roimaging studies of depressed patients have evidenced changes in functional
connectivity in the neural circuits involved in mood regulation (Sheline 2003;
Drevets et al. 2008), e.g., limbic areas such as the amygdala (Am), hippocampus
(Hc), nucleus accumbens (NAcc), and prefrontal cortex (PFC). It is very interesting
to highlight that almost all symptoms observed in MDD patients are closely related
to MCH functions. Moreover, the widespread innervation of MCH-containing fibers
and also the expression of MCHergic receptors in brain areas conforming the limbic/
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emotional circuit suggest a potential involvement of MCH in the control of emotion
and cognition. However, only a few reports have directly addressed this issue so far.

Many strategies are used to treat depression including pharmacotherapy, electro-
convulsive therapy, and deep brain stimulation, among others (Shan et al. 2016;
Rosenthal et al. 2016). Specifically, the pharmacological treatments are mainly
based on the enhancement of serotonergic and noradrenergic neurotransmission
throughout the use of SSRI and SNRI, respectively (Willner et al. 2013). Although
these antidepressants represent a therapeutic improvement compared to the tradi-
tional tricyclic antidepressants (TCAs) and the monoamine oxidase inhibitors
(IMAOs), their efficacy is still limited. Low clinical efficacy, severe side effects
(nausea, tremor, insomnia/activation or sedation, dry mouth, and sexual dysfunc-
tion), and delayed onset of action are the most common disadvantages (Nestler et al.
2002). Currently, all available antidepressant medications have essentially the same
mechanism of action than older ones. Moreover, the antidepressant mechanisms of
mood-elevating effects only occur after prolonged administration. This suggests that
the neurochemical enhancement of 5-HT or NA neurotransmission could not be per
se responsible for the clinical improvement. Several studies have shown that clinical
efficacy of the antidepressant drugs depends on presynaptic serotonergic and norad-
renergic functions (Romero et al. 1996, 2003; Scorza et al. 2012; Artigas 2013).
MCH is one of the several neuromodulators that influence presynaptic monoamin-
ergic neurotransmission (Torterolo et al. 2015; Urbanavicius et al. 2016). Therefore,
an alteration in the modulation of the 5-HTergic and NAergic systems through a
dysregulation of the MCHergic system could be in the base of depression. Addi-
tionally, the interaction between these three neurotransmission systems opens new
insights in the treatment of depression.

3 MCH: Anatomy and Function in Rodents

MCH is a neuropeptide of 19-amino acids synthetized from the prepro-MCH (i.e.,
synthesis precursor) that was described in various species including rodents,
nonhuman primates, and humans. Neurons that synthesize MCH are mainly located
in the incerto-hypothalamic area, the lateral sector of the posterior hypothalamus,
and the dorsomedial hypothalamus (Bittencourt et al. 1992; Torterolo et al. 2006,
2009). Although to a lesser extent, an additional population of MCHergic neurons
was described in the olfactory tubercle and the pontine reticular formation
(Bittencourt et al. 1992). MCH sends projections to almost all brain regions of the
CNS indicating that it is involved in a broad range of functions (Saito et al. 2001;
Chung et al. 2011). Functional actions of MCH are mediated through the activation
of two G-protein-coupled receptors classified as types 1 and 2, MCHR-1 and
MCHR-2, respectively (Saito et al. 1999; Sailer et al. 2001). Almost all studies of
MCH have been performed in rodents, where only the MCH-R1 is functional.
MCHR-2 is expressed in humans and nonhuman primates and a few other species,
but not in rodents (Hill et al. 2001; Sailer et al. 2001). Electrophysiological studies
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have demonstrated that MCH acts mainly as an inhibitory neuropeptide decreasing
the release of different neurotransmitters (Rao et al. 2008; Sears et al. 2010; MacNeil
2013; Devera et al. 2015; Urbanavicius et al. 2016).

Several reports have shown that MCH is implicated in the control of feeding
behavior, energy balance, and sleep and wakefulness behaviors. Among these, the
classical functions assigned to MCH are the control of feeding and energy balance.
Acute intracerebroventricular (i.c.v.) MCH administration in rodents was able to
increase feeding, whereas its chronic administration increased weight gain as well as
the susceptibility to diet-induced obesity (Qu et al. 1996; Gomori et al. 2003).
Moreover, transgenic mice that overexpress MCH displayed an increase in body
weight and circulating levels of leptin and were insulin-resistant (Ludwig et al.
2001). On the other hand, prepro-MCH or MCHR-1 knockout (KO) mice
(preventing the MCHergic transmission) were both hypophagic and lean (Shimada
et al. 1998; Chen et al. 2002; Marsh et al. 2002), while the systemic administration of
MCHR-1 antagonists decreased feeding and body weight gain (Borowsky et al.
2002; Eric Hu et al. 2008; Gehlert et al. 2009; Ito et al. 2010; MacNeil 2013). The
control on the energy balance suggests that MCH would be linked to motivated
behaviors (Diniz and Bittencourt 2017). It has been described that MCHR-1 is
highly expressed in the mesolimbic dopaminergic system (Saito et al. 2001), partic-
ularly in the NAcc shell (Chung et al. 2009), a region highly related to the regulation
of reward and motivation. Interestingly, some works have demonstrated that MCH
modulates rewarding behaviors including food reward (Chung et al. 2009; Nair et al.
2009; Mul et al. 2009).

Numerous studies have proposed that MCH may act as a sleep promoter, espe-
cially REM sleep, through the regulation of the activating and somnogenic systems
(Torterolo et al. 2011, 2015; Monti et al. 2013; Konadhode et al. 2015). On line with
this evidence, a decrease in the latency to the first episode of REM sleep is a trait of
major depression and is considered to be one of the most robust and specific
biological markers of this condition (Adrien 2002; Palagini et al. 2013). Interest-
ingly, the 5-HTergic neurons are involved both in the generation of REM sleep and
in the pathophysiology of MDD (Portas et al. 2000; Monti 2010). MCH can inhibit
the firing of 5-HTergic neurons at the dorsal raphe nucleus (DRN; Devera et al.
2015), so it is possible to consider that an alteration of the MCHergic system could
be part of the matrix in the neurobiology of depression. In fact, MCHmicroinjections
into the DRN increased the time spent in REM sleep, accordingly with an inhibitory
action of MCH over the 5-HTergic DRN neurons (Lagos et al. 2011a). In the same
direction, MCH also increased REM sleep when administered into the locus
coeruleus (LC), a wake-promoter nucleus, suggesting an inhibitory action on
NAergic LC neurons (Monti et al. 2015).
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4 MCH and Mood-Related Behaviors: Preclinical Evidence

Among the brain regions containing MCHergic fibers are those belonging to the
limbic and emotional circuits including PFC, NAcc, Hc, Am, and mesencephalic or
brain stem nuclei such as ventral tegmental area (VTA), median raphe (MnR), DRN,
and LC. Mostly based on this neuroanatomical distribution, a role of MCH in the
regulation of emotional or mood-related behaviors has been proposed (Saito et al.
2001; Bittencourt 2011). In fact, the first functional evidence of the participation of
MCH in the regulation of emotional-related behaviors came from studies that had
explored the effects of MCH on endocrine and behavioral responses to stress. It has
been reported that the i.c.v. MCH administration induced the activation of the
hypothalamic-pituitary-adrenocortical axis (HPA) as was evidenced by the elevation
of plasma levels of the adrenocorticotropic and corticosterone hormones (Jezová
et al. 1992; Kennedy et al. 2003; Smith et al. 2006). Moreover, and regarding
experimental anxiety, it is still unclear if MCH is able to induce anxiogenic or
anxiolytic effects. It has been demonstrated that MCH i.c.v. or locally administered
into the medial preoptic area reduced the time spent in the open arms and the number
of entries to the open arm in the elevated plus maze (EPM), indicating a clear
anxiogenic effect (González et al. 1996; Smith et al. 2006). On the other hand, an
anxiolytic response to novelty evaluated both in the EPM and the Vogel’s punished
drinking test was described after i.c.v. MCH microinjection (Monzón and De
Barioglio 1999; Kela et al. 2003). Taking into account these data, we have studied
the effect of MCH on anxiety-related behaviors evaluated in the EPM after the local
MCH microinjection into the DRN, a region highly related with the anxiety
response. In these experiments, anxiety-related behaviors were unaltered by MCH
(Urbanavicius et al. 2014).

Studies performed by Borowsky and colleagues have demonstrated that SNAP-
7941, the high-affinity MCHR-1 antagonist, elicited an anxiolytic-like effect in
different behavioral models in rodents. This anxiolytic action has been shown in
successive preclinical studies (Chaki et al. 2005; David et al. 2007; Lee et al. 2010).
Taken together, these data were crucial to propose an MCH facilitating but not
blocking role in anxiety-related behaviors. Interestingly, in the same study,
Borowsky and colleagues also reported an antidepressant effect of SNAP-7941
evaluated in the forced swimming test (FST) in rats, and this effect was similar to
that induced by fluoxetine, an SSRI antidepressant. Moreover, the pattern of distri-
bution of [3H]-SNAP-7941 binding sites was similar to the distribution of mRNA
MCHR-1 (Chambers et al. 1999; Saito et al. 1999; Hervieu et al. 2000) suggesting
that both DRN and LC are the brain sites of action of SNAP-7941 to exert its
antidepressive action.

In another study, it has been reported that SNAP-94847, another MCHR-1
antagonist, prevented the decrease of sucrose intake provoked by a chronic mild
stress, an ethological animal paradigm of depression used to measure anhedonia
(Smith et al. 2009). In agreement with all these findings, several other studies have
described antidepressive actions of a new series of MCHR-1 antagonists after its

MCH and Depression 199



acute or chronic administration using different depression paradigms in rodents
(Chaki et al. 2005; Georgescu et al. 2005; David et al. 2007; Gehlert et al. 2009).
Albeit these data lead to propose the use of MCHR-1 antagonists in the treatment of
depression, further studies are needed to address the specific role of endogenous
MCH in the regulation of emotional-related behaviors.

5 Interaction Between MCHergic and 5-HTergic Systems

DRN andMnR are the origins of the great majority of 5-HTergic fibers that innervate
most forebrain structures of the CNS. Specifically, the DRN of the rat has been
extensively studied, and 5-HT neurons represent one-third of the total number of
cells of this nucleus. This region has been highly related with markers of human
depression (Arango et al. 2002; Bach-Mizrachi et al. 2006; Nestler et al. 2002), while
much less attention has been paid to the MnR, probably because only a minor
proportion of its cells is 5-HTergic (Adell et al. 2002). It has been reported that
MCHergic fibers reach the rat DRN (Bittencourt et al. 1992; Lagos et al. 2011b;
Yoon and Lee 2013). A further description of the distribution and density of
MCHergic fibers reaching the rat DRN subregions was performed. Additionally,
the identification of appositions between MCH fibers and 5-HT- and GABA-
containing neurons, the most abundant cell subtypes within this nucleus (Calizo
et al. 2011; Jacobs and Azmitia 1992; Stamp and Semba 1995), has been recently
reported (Urbanavicius et al. 2016). It can be suggested that the depressive-like
behavior induced by the acute MCHmicroinjection into the rat DRN evaluated in the
FST (identified by an increment and a decrement in immobility and climbing time,
respectively) relies on that morphological evidence. This pro-depressive effect was
partially sensitive to fluoxetine (Lagos et al. 2011a) and entirely prevented by
nortriptyline (a NAergic antidepressant) pretreatment. Also, this response was
blocked by ATC-0175, a specific MCHR-1 antagonist (Urbanavicius et al. 2014).
Accordingly, it was proposed that the MCHergic system plays a main role in the
emotional-related behaviors through the regulation of the neuronal activity in the
DRN (Lagos et al. 2011a, b). In fact, MCH can modify the 5-HTergic release in
DRN suggesting the direct participation of local 5-HTergic and GABAergic neurons
in this effect (Urbanavicius et al. 2016). Considering that MCH elicited a stronger
and long-lasting effect on 5-HTergic neurons, it is possible that the depressive-like
behavior induced by MCH is mediated by the decrease of 5-HT output from the
DRN (Urbanavicius et al. 2016). A pro-depressive action of MCH was also observed
after its administration into the MnR, although eliciting a different pattern (i.e.,
increased immobility and decreased swimming behavior) and a different sensitivity
to MCH concentration (López Hill et al. 2013).

Additional evidence provided by studies based on the use of genetically modified
animals with a functional inactivation of MCH transmission suggests a potential role
for MCHergic system in the modulation of mood-related behavior and its association
with 5-HT neurotransmission. Prepro-MCH KO mice developed an antidepressive
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profile in the FST (decreased immobility and increased swimming time) compared
with wild-type mice (Georgescu et al. 2005). MCHR-1 KO mice displayed reduced
anxiety-like responses in different behavioral paradigms (Roy et al. 2006). However,
only female MCHR-1 KO mice exhibited an antidepressant-like behavior in the tail
suspension test and FST evidenced by a decreased immobility and increased
climbing time (Roy et al. 2007). Using in vivo brain microdialysis in freely moving
mice, basal extracellular levels of 5-HT were significantly lower in the PFC of
MCHR-1 KO mice. Moreover, acute forced swim stress significantly increased
5-HT levels in the PFC of wild-type but not in MCHR-1 KO mice (Roy et al.
2006). All these data show that a deficiency in the MCH transmission results in an
anxiolytic or antidepressant-like phenotypes and changes in prefrontal cortical 5-HT
transmission, a region of the brain critical for the regulation of emotion and cogni-
tion. This result also suggests that the development of MCHR-1 antagonists may
constitute a novel alternative strategy for the treatment of depressive and anxiety
disorders (Roy et al. 2006). Evidence provided by García-Fuster et al. (2012)
reinforced this suggestion and led to propose the MCHergic system as a putative
biomarker of the severity of depressive-like behaviors and as a predisposing factor
for the development of affective disorders (García-Fuster et al. 2012). In agreement
with this result, Kim et al. (2015) reported that mice subjected to a chronic
restraining stress (during 14 days) developed a depressive-like profile evidenced
by an increase in the immobility time in the FST and tail suspension test and a
decrease in sucrose consumption. Interestingly, this behavioral response was asso-
ciated with an increase in the MCH immunoreactivity and mRNA expression in the
Am, while siRNA-MCH blocked the appearance of this profile. Local administration
of MCH into the amygdala induced a depressive effect in the FST mimicking a
stress-induced depressive-like behavior.

It is interesting to note that fluoxetine treatment (following the schedule used to
prevent MCH pro-depressive effect in the FST) induced a reduction in MCH
cerebrospinal fluid levels, without changes in the prepro-MCH mRNA expression,
suggesting that a decrease in the release of MCH may underlie fluoxetine antide-
pressant action (Calegare et al. 2016). Similarly, Schmidt et al. (2015) demonstrated
that MCH cerebrospinal fluid levels decrease after 4 weeks of mirtazapine antide-
pressant treatment in depressive patients.

All the collected information encourages future work based on the hypothesis that
an abnormal increase in the activity of MCHergic neurons is involved in the
pathophysiology of depression. However, future research on MCH in human affec-
tive disorders is imperative warranted.
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MCH Receptor 1 Antagonists:
Antidepressant/Anxiolytic Potential
in Animal Models

Shigeyuki Chaki

Abstract Melanin-concentrating hormone (MCH), a cyclic 19-amino acid neuro-
peptide, has been involved in a variety of physiological events, including the
regulation of stress responses and mood. Two subtypes of MCH receptor, MCH1
and MCH2, have been identified, and MCH1 mediates most of the physiological
functions of MCH.

To date, numerous non-peptidic MCH1 antagonists have been developed, and
studies using these MCH1 antagonists and genetically manipulated mice lacking
MCH1 have revealed that the blockade of MCH1 produces antidepressant and
anxiolytic effects in a variety of rodent models. In addition, the mechanisms
underlying the antidepressant/anxiolytic effects of MCH1 antagonists have been
investigated, and the regulation of the hypothalamus-pituitary-adrenal axis activity,
mesolimbic dopaminergic system, and serotonergic system may be responsible for
the stress-coping and mood-modulating effects of MCH1 antagonists. Importantly,
MCH1 antagonists showed a faster onset of action, compared with currently avail-
able medications, and a smaller number of side effects, compared with conventional
antidepressants and anxiolytic treatments. Therefore, MCH1 antagonists may enable
improved treatment for depression and anxiety disorders and deserve further inves-
tigation, particularly in clinical trials, as potential new treatments for these disorders.

1 Introduction: Role of MCH in Depression and Anxiety

1.1 MCH System

Melanin-concentrating hormone (MCH) is a cyclic neuropeptide originally isolated
from chum salmon pituitaries (Kawauchi et al. 1983). Subsequently, MCH was
identified in the mammalian hypothalamus as a cyclic 19-amino acid neuropeptide
(Vaughan et al. 1989). MCH is mainly produced in the lateral hypothalamus and the
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adjacent zona incerta, and MCH neurons project broadly throughout the brain
(Bittencourt et al. 1992).

MCH is implicated in a variety of physiological functions, including feeding
behavior, energy balance, sleep–wake regulation, reproduction function, memory
and learning, and the regulation of stress responses and emotion (see review,
Shimazaki et al. 2006b). These physiological functions of MCH are mediated
through its specific receptors: MCH receptor 1 (MCH1) (Bächner et al. 1999;
Chambers et al. 1999; Lembo et al. 1999; Saito et al. 1999; Shimomura et al. 1999)
and MCH receptor 2 (MCH2) (Sailer et al. 2001), both of which are G-protein-
coupled receptors. Among these MCH receptor subtypes, MCH1 is thought to
mediate most of the physiological functions of MCH. Reportedly, MCH2 is not
expressed in a functional form in rodents and rabbits, while it is expressed in ferrets,
dogs, rhesus monkeys, and humans (Fried et al. 2002; Tan et al. 2002), and the
physiological functions ofMCH2 are not fully understood. MCH1mRNA is detected
at high levels in the brain and at lower levels in some peripheral tissues in humans
(Kolakowski et al. 1996) and rodents (Lembo et al. 1999; Saito et al. 1999). Within
the central nervous system (CNS), MCH1 mRNA and protein are expressed in
various hypothalamic nuclei including the paraventricular nucleus (PVN), in several
limbic structures, and in monoaminergic nuclei including the dorsal raphe nucleus
(DRN) and locus coeruleus (Saito et al. 2001). In addition, MCH1 is densely
distributed in the nucleus accumbens (NAc) shell (Borowsky et al. 2002; Saito
et al. 2001), which has been implicated in reward and motivation (Shirayama and
Chaki 2006). Therefore, based on the MCH-containing fiber projections and distri-
butions of MCH1, the MCH/MCH1 system likely plays important roles in the
regulation of stress responses and emotional states.

1.2 Role of MCH/MCH1 System in Depressive-Like/Anxiety-
Like Behaviors

Several lines of evidence have indicated that MCH induces depressive-like behavior in
rodents. As described above, MCH1 is densely expressed in the NAc shell (Borowsky
et al. 2002; Hervieu et al. 2000; Saito et al. 2001). The injection of MCH into the NAc
shell produces depressive-like behavior (increased immobility) in the forced swimming
test, while the injection of an MCH1 antagonist in this region exhibited antidepressant-
like behavior in the same test (Georgescu et al. 2005). Regarding the nuclei involved in
depression, MCH1 is also localized in the DRN, where serotonin neurons are mainly
localized (Saito et al. 2001). The injection of MCH into the DRN produced depressive-
like behavior (increased immobility) in the forced swimming test (Lagos et al. 2011;
Urbanavicius et al. 2014), while the injection of anti-MCH antibody (Lagos et al. 2011)
or an MCH1 antagonist (ATC0175) (Urbanavicius et al. 2014) into the same nuclei
exhibited antidepressant-like behavior. Therefore, MCH1 stimulation induces
depressive-like behavior in rodents, and the NAc shell and DRN may be the brain
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regions responsible for the regulation of the depressive-like behavior induced by MCH.
Consistent with these results, knockout mice lacking MCH (Georgescu et al. 2005) or
MCH1 (Roy et al. 2006, 2007) displayed antidepressant-like behavior in the forced
swimming and tail suspension tests. In contrast, Gehlert et al. (2009) reported that there
is no difference in immobility during the forced swimming test between MCH1 null
mice and wild-type mice. Moreover, in a chronic mild stress model that displayed
depressive-like behavior, increasedMCH1 expression was observed in the hippocampus
but not in the prefrontal cortex (Roy et al. 2007). Increased MCH1 expression was
reversed by repeated treatment with fluoxetine, which coincided with the reversal of
chronic mild stress-induced depressive-like behavior in the tail suspension test (Roy
et al. 2007). An increased level of MCH mRNA in the hypothalamus and a decreased
level of MCH1 mRNA (possibly because of down-regulation) in the CA1 of the
hippocampus have been reported in a genetic model of depression (García-Fuster
et al. 2012). Interestingly, a higher MCH mRNA level and consequently the
downregulation of the receptor were correlated with the severity of depressive behavior
(immobility during the forced swimming test) (García-Fuster et al. 2012). These findings
provide additional evidence that the MCH/MCH1 system is involved in depressive-like
behavior.

In contrast to the effects of MCH on depressive-like behavior, the effects of MCH
on anxiety-like behavior are more complicated. MCH induces not only anxiety-like
behavior but also anxiolytic-like behavior in rodents, depending on the brain regions
that are injected and the experimental tasks that are used. The local injection of MCH
into the medial preoptic area resulted in anxiety-like behaviors in the elevated plus
maze in female rats (Gonzalez et al. 1996). Likewise, the intracerebroventricular (i.c.
v.) injection of MCH resulted in anxiogenic-like behavior in the elevated plus maze
in mice, and this behavior was abrogated by anMCH1 antagonist (Smith et al. 2006).
In contrast, the i.c.v. injection of MCH produced anxiolytic effects in the Vogel’s
punished drinking test (Kela et al. 2003) and in an elevated plus maze (Monzón and
De Barioglio 1999) in male rats. Of note, in contrast to the depressive-like behavior,
the injection of MCH into the DRN did not affect anxiety-like behavior in the
elevated plus maze task (Urbanavicius et al. 2014). The role of the MCH system
in anxiety-like behavior has been demonstrated using knockout mice lackingMCH1.
MCH1 null mice displayed anxiolytic-like phenotypes across different behavioral
paradigms commonly used to assess fear and anxiety responses, including increased
social investigation toward a novel intruder in the social interaction test, reduced
stress-induced hyperthermia, and an increased investigation time in open areas in the
open field and elevated plus maze task (Roy et al. 2006, 2007). Likewise, MCH1 null
mice showed a smaller increase in the stress-induced hyperthermia response, which
is indicative of an anxiolytic-like phenotype (Smith et al. 2006). In contrast, in the
same report, it was demonstrated that the basal anxiety-like behaviors during the
elevated plus maze task were not significantly different between the MCH1 null
mice and wild-type mice (Smith et al. 2006).
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1.3 Role of MCH/MCH1 System in Stress Responses

MCH1 is expressed in the PVN (Hervieu et al. 2000; Saito et al. 2001) and is linked
to the regulation of the hypothalamus-pituitary-adrenal (HPA) axis, the dysfunction
of which has been observed in patients with major depressive disorder as well as
those with anorexia nervosa and post-traumatic stress disorder (Licinio et al. 1996;
Rasmusson et al. 2003; Tichomirowa et al. 2005). The i.c.v. injection of MCH and
the local injection of MCH into the PVN increased the plasma adrenocorticotropic
hormone (ACTH) level (Kennedy et al. 2003; Smith et al. 2006, 2009), and the
i.c.v. injection of MCH increased the plasma level of corticosterone. The increase in
plasma ACTH and corticosterone levels induced by MCH was blocked by an MCH1
antagonist (Smith et al. 2006), indicating that the stimulation of MCH1 in the PVN
activated the HPA axis activity, that is, increases in the ACTH and corticosterone
levels. In addition, MCH increases the release of corticotropin-releasing factor
(CRF) from hypothalamic explants by stimulating MCH1 (Kennedy et al. 2003),
and the MCH-induced increase in the plasma ACTH level was attenuated by an anti-
CRF antibody (Jezová et al. 1992). Therefore, MCH1 stimulation activates the HPA
axis activity via the stimulation of CRF secretion in the PVN. CRF plays a pivotal
role in the regulation of HPA axis activity through CRF receptor 1 (CRF1) on the
PVN (Vale et al. 1981) and has been implicated in a variety of stress-related
disorders such as depression and anxiety (Nemeroff 1996). Indeed, several CRF1
antagonists have been reported to exert antidepressant and anxiolytic effects in
several animal models (Chaki et al. 2004; Griebel and Holsboer 2012; Okuyama
et al. 1999). Therefore, the regulation of CRF secretion in the PVN by the
MCH/MCH1 system may have important roles in the regulation of mood and
anxiety by the MCH/MCH1 system. Moreover, stress-induced acetylcholine release
within the prefrontal cortex was no longer observed in knockout mice lacking
MCH1, and similar to observations with chlordiazepoxide, the MCH antagonist
GW3430 blocked stress-induced acetylcholine release (Smith et al. 2006). Since
the prefrontal cortex has been proposed as an area that regulates the neuroendocrine
responses to stress (Diorio et al. 1993), this effect could be involved in the
anxiogenic/anxiolytic effect mediated through MCH1.

1.4 Role of MCH/MCH1 System in Regulation
of Dopaminergic and Serotonergic Transmissions

Mesolimbic dopaminergic pathways are known to be involved in reward and mood
and to play important roles in depression (Berton and Nestler 2006; Shirayama and
Chaki 2006). This has also been demonstrated by recent findings that the optogenetic
inhibition of dopaminergic neurons in the ventral tegmental area (VTA) induced
depressive- and anhedonic-like behavior, while optogenetic stimulation of the VTA
dopaminergic neurons reversed the depressive- and anhedonic-like behavior induced
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by chronic mild stress (Tye et al. 2013). MCH-expressing axons are expressed in the
NAc shell, and MCH1 is highly expressed in the medium spiny neurons (MSNs) of
the NAc shell (Georgescu et al. 2005; Saito et al. 2001). Consistent with its
localization, the MCH/MCH1 system has been reported to regulate the activity of
the mesolimbic dopaminergic system. MCH inhibits the phosphorylation of the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit
GluR1 at Ser845 that is induced by a dopamine D1 receptor agonist in NAc shell
slices (Georgescu et al. 2005). Given that the phosphorylation of GluR1 at Ser845
increases the AMPA receptor channel current by increasing the surface expression of
GluR1-containing AMPA receptors (Roche et al. 1996), MCH negatively regulates
the dopamine D1 receptor-mediated stimulation of AMPA receptor transmission in
the NAc shell. Indeed, MCH treatment decreased the AMPA receptor-mediated
mEPSCs of MSNs in the NAc shell (Sears et al. 2010). This regulation of AMPA
receptor transmission by MCH is particularly interesting, because AMPA receptor
potentiators exhibit antidepressant effects in animal models (Alt et al. 2006; Knapp
et al. 2002), and the injection of MCH into the NAc shell induces depressive-like
behavior (Georgescu et al. 2005). Of note, a reduction in the phosphorylation of
GluR1 at Ser845 was observed after the application of MCH alone in the NAc shell
slices, and the injection of MCH into the NAc shell also reduced basal GluR1 Ser845
phosphorylation, both of which were blocked by an MCH1 antagonist (Sears et al.
2010). Contrary to the negative regulation of the dopamine D1 receptor by MCH,
knockout mice lacking MCH1 are supersensitive to the locomotor-activating effects
of a dopamine D1 receptor agonist (Smith et al. 2005). The expression levels of
dopamine D1-like and D2-like receptors were increased in the NAc of MCH1 null
mice (Smith et al. 2005). Moreover, Pissios et al. (2008) reported that the expression
of the dopamine transporter is increased in the NAc of MCH1 null mice, which is
likely to compensate for the increased evoked dopamine release in the region. Thus,
MCH1 null mice are more sensitive to the locomotor-activating activity of a
dopamine transporter inhibitor (Pissios et al. 2008). Therefore, MCH1 blockade
increases dopaminergic activity in the NAc. MCH may regulate dopamine release in
the NAc shell via a dopaminergic terminal. MCH1 has been reported to co-localize
with dynorphin-positive MSNs in the NAc shell (Georgescu et al. 2005). Dynorphin
serves as a negative feedback mechanism by acting on presynaptic k opioid receptor
to inhibit dopamine release in the NAc shell, while k opioid receptor antagonists
increase dopamine release and exert antidepressant effects (Rorick-Kehn et al. 2014;
Shirayama et al. 2004). Therefore, it is interesting to hypothesize that MCH1 may
regulate dopamine release in the NAc, presumably through the dynorphin/k opioid
receptor system. All these findings clearly indicate that the MCH/MCH1 system
negatively regulates mesolimbic dopaminergic activity and subsequent AMPA
receptor transmission on the MSNs of the NAc shell, while the blockade of MCH1
increases mesolimbic dopaminergic activity.

Serotonergic transmission has long been known to be involved in the effects of
antidepressant drugs. The MCH/MCH1 system reportedly regulates the activity of
the serotonergic system. Immunostaining and immunolabeling studies have revealed
that MCH fibers densely project to the DRN (Lagos et al. 2011) and appear in close
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apposition to 5-HT and GABA neurons (Urbanavicius et al. 2016). Moreover, the
i.c.v. injection of rhodamine-labeledMCH is internalized in both 5-HT and non-5-HT
neurons in the DRN, indicating that the i.c.v injection of MCH projects to the DRN,
where it binds to MCH1 expressed on both 5-HT and non-5-HT neurons (Devera
et al. 2015). Moreover, the i.c.v. injection of MCH reduced 5-HT neuron activity in
the DRN (Devera et al. 2015). Therefore, MCH reduces 5-HT neuron activity in the
DRN throughMCH1 on 5-HT neurons. Consistent with this result, the local injection
of MCH into the DRN affected 5-HT release in this region, as evaluated by
microdialysis; a lower concentration of MCH resulted in a smaller release of 5-HT,
while a higher concentration of MCH resulted in a larger release of 5-HT
(Urbanavicius et al. 2016). The authors speculated that a lower concentration of
MCH directly inhibits the activity of 5-HT neurons, while a higher concentration of
MCH inhibits the activity of GABA neurons, leading to the disinhibition of 5-HT
neuron activity. These findings indicate that MCH fibers project to the DRN 5-HT
neurons to inhibit their activity, and this mechanism may be involved in
MCH-induced depressive-like behavior.

The roles of the MCH/MCH1 system in stress responses, the dopaminergic
system, and the serotonergic system are depicted in Fig. 1.

2 Antidepressant Effects of MCH1 Antagonists in Animal
Models

To date, numerous non-peptidic MCH1 antagonists with different scaffolds have
been developed, and the antidepressant potentials of MCH1 antagonists have been
demonstrated in several animal models using these non-peptidic MCH1 antagonists
as pharmacological tools. The structures of these compounds used as tools in animal
models are shown in Fig. 2.

A study by Borowsky et al. (2002) was the first to demonstrate the antidepressant
effects of an MCH1 antagonist using SNAP-7941 in the forced swimming test. Subse-
quently, the present author’s group demonstrated further evidence of antidepressant
effects using ATC0065 and ATC0175 (Chaki et al. 2005). Interestingly, both ATC0065
and ATC0175 increased swimming behavior without changing climbing behavior when
the results of a behavior sampling method were analyzed, consistent with the results
reported by Borowsky et al. (2002). Compounds acting on serotonergic transmission
have been reported to increase swimming behavior, while those acting on noradrenergic
transmission have been reported to increase climbing behavior (Detke et al. 1995). In
this regard, MCH1 antagonists exert their antidepressant effects by acting on the
serotonergic system in the forced swimming test, consistent with the results that the
injection of ATC0175 into the DRN blocked MCH-induced depressive-like behavior
during the forced swimming test (Urbanavicius et al. 2014). It should be noted that two
other MCH1 antagonists, TASP0382650 and TASP0489838, exerted antidepressant
effects during the forced swimming test not only during acute treatment but also during
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chronic treatment for 14 days, indicating an absence of tolerance to the antidepressant
effects (Chaki et al. 2015). This result is supported by another report in which an MCH1
antagonist, GW803430, exerted antidepressant effects in the mouse forced swimming
test after both acute and subchronic treatment for 5 days (Gehlert et al. 2009). Moreover,
combining subeffective doses of GW803430 with a subeffective dose of imipramine
produced significant antidepressant effects in the forced swimming test (Gehlert et al.
2009), suggesting that MCHR1 antagonists might enhance the antidepressant actions of
currently prescribed antidepressants.

One of the shortcomings of currently prescribed antidepressants is that it takes
several weeks for their antidepressant effects to become apparent. A faster onset of

Fig. 1 Proposed mechanisms for the involvement of the MCH/MCH1 system in depression and
anxiety. MCH is mainly produced in the LHA, and MCH fibers project throughout the brain. Abundant
MCH fibers are detected in the PVN, NAc, and DRN. (a) MCH stimulates MCH1 on medium spiny
neurons in the NAc shell and inhibits the dopamine D1 receptor-stimulated phosphorylation of GluR1,
leading to a decrease in AMPA receptor transmission. MCH1 also directly reduces AMPA receptor
transmission on medium spiny neurons. MCH may stimulate MCH1 at dopaminergic terminals in the
NAc shell, thereby reducing dopamine release. (b) MCH stimulates MCH1 in the PVN and presumably
stimulates MCH1 on CRF-producing cells, thereby increasing CRF secretion. The increase in CRF
subsequently causes an increase in ACTH release from the anterior pituitary, leading to the activation of
HPA axis activity. (c) MCH stimulates MCH1 on 5-HT neurons in the DRN, reducing 5-HT neuron
activity. LHA lateral hypothalamus, PVN paraventricular nucleus, NAc nucleus accumbens,DRN dorsal
raphe nucleus,HPA axis hypothalamus-pituitary-adrenal axis,CRF corticotropin-releasing factor,CRF1
CRF receptor 1, ACTH adrenocorticotropic hormone, DA dopamine, D1R dopamine D1 receptor,
AMPAR AMPA receptor, MSN medium spiny neuron
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antidepressant actions has been demonstrated for MCH1 antagonists in some animal
models. First, in the olfactory bulbectomy model, in which traditional antidepres-
sants require repeated administration (2 weeks) for their antidepressant effects to
become apparent, the MCH1 antagonist TASP0382650 exerted significant antide-
pressant effects even after a single administration, and another MCH1 antagonist,
TASP0489838, tended to reduce hyperemotionality after a single administration,
although the reduction was not statistically significant (Chaki et al. 2015). Second, in
a chronic mild stress model in which traditional antidepressants require several
weeks to manifest their antidepressant effects, SNAP 94847 significantly attenuated
the reduction in sucrose intake (anhedonic effects) within 1 week of treatment (Smith
et al. 2009). Moreover, in the social dominant test, GW803430 showed faster onset
of antidepressant actions than imipramine and fluoxetine (Gehlert et al. 2009).
Importantly, SNAP 94847 and GW803430 exerted these antidepressant effects at
doses that occupied brain MCH1 (Gehlert et al. 2009; Smith et al. 2009) and, in the
case of SNAP 94847, at doses that also blocked drinking behavior induced by the
i.c.v. injection of MCH (Smith et al. 2009). Therefore, these effects are mediated
through the blockade of brain MCH1. In contrast, there is a report showing a lack of
antidepressant activities with MCH1 antagonists (Basso et al. 2006). In the study,
significant antidepressant effects were not observed with some MCH1 antagonists
including SNAP-7941 (racemic SNAP-7941 and active enantiomer) and other orally
bioavailable MCH1 antagonists [T-226296 (Takekawa et al. 2002), A-665798 (Kym
et al. 2005), A-777903 (Vasudevan et al. 2005)] in the forced swimming test and the
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tail suspension test. Although the reason for this discrepancy is not known, it is
noteworthy to mention that MCH1 antagonists with diverse structures have demon-
strated antidepressant effects in several animal models in several laboratories, as
described above. The antidepressant effects of MH1 antagonists in animal models
are summarized in Table 1.

3 Anxiolytic Effects of MCH1 Antagonists in Animal
Models

Contrary to the inconsistent results obtained in injection studies examining the MCH
peptide, MCH1 antagonists have consistently shown anxiolytic effects in several
animal models.

In the mouse elevated plus maze task, GW803430 increased the time in the open
arms, which is indicative of anxiolytic effects (Smith et al. 2006). Likewise, the
i.c.v. injection of a selective MCH1 antagonist, TPI 1361-17 (Nagasaki et al. 2009),
exhibited anxiolytic effects in the mouse elevated plus maze test (Lee et al. 2011). In
contrast, TASP0382650 did not increase the time in the open arms in the rat elevated
plus maze task (Chaki et al. 2015). Interestingly, some MCH1 antagonists such as
ATC0065, ATC0175, and TASP0382650 reversed stress-induced anxiety-like behavior
(reduction in exploratory behavior in the open arms) in the elevated plus maze (Chaki
et al. 2005, 2015). Therefore, MCH1 antagonists may be more effective under higher
stressful conditions than under less stressful conditions. This hypothesis is consistent
with the observation that the MCH/MCH1 system regulates HPA axis activity, presum-
ably by increasing CRF secretion in the PVN. The abovementioned hypothesis is
underpinned by the results that CRF1 antagonists (Chaki et al. 2004; Okuyama et al.
1999) and a vasopressin V1b antagonist (Iijima et al. 2014) (the vasopressin/V1b system
is a functional regulator or potentiator of CRF actions on HPA axis activity) reversed
anxiety-like behavior under stressful conditions without showing anxiolytic effects
under less stressful conditions in the elevated plus maze task (the anxiolytic activity of
the V1b antagonist in non-stressed rats was not tested using the same paradigm).
Moreover, MCH1 antagonists exerted anxiolytic effects in a social interaction test and
a stress-induced hyperthermia test in which an increase in blood ACTH levels was
observed (File and Seth 2003; Spooren et al. 2002), indicating that these tests examine
stressful conditions. Of note, agents that block stress-related neuropeptide receptors,
such as CRF1 (Chaki et al. 2004) and V1b (Iijima et al. 2014; Shimazaki et al. 2006a),
also showed anxiolytic effects in these tests. In addition, the anxiolytic effects of
TASP0382650 in the social interaction test were not altered after subchronic adminis-
tration for 7 days (Chaki et al. 2015), indicating that MCH1 antagonists may not cause
tolerance, unlike benzodiazepine anxiolytics (Fernandes and File 1999). The absence of
tolerance to the anxiolytic effects of MCH1 antagonists was also confirmed using the
light/dark paradigm, in which the anxiolytic effects of SNAP 94847were preserved after
treatment for 28 days (David et al. 2007).
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MCH1 antagonists reduced maternal separation-induced vocalization in guinea
pig pups (Borowsky et al. 2002; Chaki et al. 2005, 2015) and freezing behavior in a
conditioned fear stress model in rats (Chaki et al. 2015), both of which are indicative
of anxiolytic effects. In these tests, agents acting on serotonergic transmission,
including fluvoxamine, were also effective (Borsini et al. 2002; Chaki et al. 2005,
2015). Therefore, it is conceivable that serotonergic transmission may be involved in
the anxiolytic effects of MCH1 antagonists in some animal models. Presently,
antidepressants such as selective serotonin reuptake inhibitors (SSRIs) are the first
line of treatment for most anxiety disorders. However, one of the clinical drawbacks
of the use of SSRIs is that, as for the treatment of depression, several weeks are
required before a therapeutic benefit is observed (Rocca et al. 1997). In this regard,
the effects of MCH1 antagonists in a novelty-suppressed feeding test are notewor-
thy, since MCH1 antagonists exerted anxiolytic effects after a single administration
(David et al. 2007) while antidepressants required 4 weeks of treatment before any
effects were observed (David et al. 2007; Santarelli et al. 2003). In the novelty-
suppressed feeding test, the effects of SNAP 98489 were observed after 4 weeks of
treatment as well, with no sign of tolerance to the anxiolytic effects of the MCH1
antagonists (David et al. 2007). The anxiolytic effects of MCH1 antagonists were
also observed in the marble burying test (Gehlert et al. 2009), which is proposed in
an animal model for obsessive-compulsive disorder. Gehlert et al. (2009) reported
that GW803430 potently reduced the marble burying behavior at doses which did
not affect motor behavior, while a benzodiazepine anxiolytic reduced the behavior at
doses that also produced motor-impairing effects. In contrast, other MCH1 antago-
nists (ATC0065 and ATC0175) only exhibited a tendency to reduce marble burying
behavior (Chaki et al. 2005). Therefore, efficacy in this model should be confirmed
using other MCH1 antagonists. Moreover, other MCH1 antagonists, such as
A-665798 and A-777903, did not produce any effects in a Vogel conflict test
(Basso et al. 2006).

The anxiolytic effects of MCH1 antagonists in animal models are summarized in
Table 2.

4 Adverse Side Effects of MCH1 Antagonists in Animal
Models

Because MCH/MCH1 system is involved in a variety of physiological functions, the
blockade of MCH1 may cause unwanted side effects. The MCH system reportedly
plays an important role in memory and learning. Indeed, the injection of MCH into
the hippocampus or amygdala modulates memory retention in the one-trial step-
down inhibitory avoidance test (Monzon et al. 1999), and the injection of MCH into
the hippocampus increases susceptibility to the induction of long-term potentiation
in the dentate gyrus and increases the mRNA expression of the NMDA receptor
subunit in the dentate gyrus (Varas et al. 2003). These reports raise concerns that
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MCH1 blockade may impair memory and learning. However, both TASP0382650
and TASP0489838 did not affect hippocampus-dependent spatial memory in a
Morris water maze task (Chaki et al. 2015). Rather, MCH1 antagonists, such as
SNAP-7941 and GW3430, have been reported to improve social memory impair-
ment induced by scopolamine and to enhance social memory in a social recognition
test (Millan et al. 2008). Contrary to the pro-cognitive effects of MCH1 antagonists
on social memory, both the anxiolytic diazepam and the antidepressant imipramine
impaired social recognition in the same paradigm (Millan et al. 2008), indicating a
beneficial profile of MCH1 antagonists compared with conventional anxiolytics and
antidepressants. Currently prescribed anxiolytics cause sedation and impaired motor
function, which are associated with global CNS depression. In contrast, MCH1
antagonists did not affect spontaneous locomotor activity, hexobarbital-induced
sleeping, or the impairment of motor function (rotarod performance, induction of
catalepsy) in both rats and mice (Chaki et al. 2005, 2015; David et al. 2007; Gehlert
et al. 2009), exhibiting a smaller likelihood of causing sedation or impaired motor
function than anxiolytics. Moreover, MCH is an endogenous modulator of seizure
activity, based on the report that MCH inhibits pentylenetetrazole (PTZ)-induced
seizures (Knigge and Wagner 1997). Therefore, there are concerns that MCH1
antagonists may have a pro-convulsive profile. However, TASP0382650 did not
affect susceptibility to PTZ-induced convulsion at a dose 10 times higher than that
exhibiting antidepressant/anxiolytic effects (Chaki et al. 2015). Rather, MCH1 null
mice are resistant to seizures induced by PTZ and pilocarpine (Parks et al. 2010). All
these findings indicate that MCH1 antagonists may not produce the adverse CNS
side effects that sometimes occur with currently available anxiolytics and antide-
pressants and that can be anticipated based on the disruption of the MCH/MCH1
system.

The effects of MCH1 antagonists on adverse side effects in animal models are
summarized in Table 3.

5 Concluding Remarks

To date, numerous MCH1 antagonists have been developed as pharmacological
tools, and by using prototype MCH1 antagonists with different scaffolds, the
antidepressant and anxiolytic potential of MCH1 antagonists has been demonstrated
in a variety of animal models. These effects are supported by results obtained in
studies using MCH or MCH1 null mice. Moreover, behavioral, neurochemical, and
histochemical studies have revealed that MCH1 antagonists exert their effects by
modulating the HPA axis and dopaminergic and serotonergic activities.

The beneficial effects of MCH1 antagonists over currently available antidepres-
sants and anxiolytics include a faster onset of action and a reduction in the side
effects associated with current medications. Indeed, in some animal models, the
onset of the antidepressant and anxiolytic actions of MCH1 antagonists was faster
than those of currently available antidepressants, which are used as first-line treat-
ments for both disorders. In addition, MCH1 antagonists do not cause the unwanted
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side effects sometimes observed with currently available antidepressants and anxi-
olytic treatment. Although these preclinical results are very promising, none of the
MCH1 antagonists have been tested their efficacy in clinical trials. Therefore,
whether the data obtained in rodents can be extrapolated to humans remains to be
determined. Nevertheless, MCH1 antagonists may provide a novel approach for the
treatment of depression and anxiety disorders, which could potentially help to
overcome the shortcomings of currently available medications.
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