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Abstract

Melanin concentrating hormone (MCH) has been implicated in many brain functions and behaviors
essential to the survival of animals. The hypothalamus is one of the primary targets where MCH-
containing nerve fibers and MCH receptors are extensively expressed and its actions in the brain are
exerted. Since the identification of MCH receptors as orphan G protein coupled receptors, the cellular
effects of MCH have been revealed in many non-neuronal expression systems (including Xenopus
oocytes and cell lines), however, the mechanism by which MCH modulates the activity in the
neuronal circuitry of the brain is still under investigation. This review summarizes our current
knowledge of electrophysiological effects of MCH on neurons in the hypothalamus, particularly in
the lateral hypothalamus. Generally, MCH exerts inhibitory effects on neurons in this structure and
may serve as a homeostatic regulator in the lateral hypothalamic area. Given the contrast between
the limited data on cellular functions of MCH in the hypothalamus versus a fast growing body of
evidence on the vital role of MCH in animal behavior, further investigations of the former are
warranted.
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1. Introduction

Melanin concentrating hormone (MCH) is a cyclic 17-amino-acid peptide in fish and 19-
amino-acid peptide in mammals. It was first isolated from salmon pituitary glands and found
to be a regulator of skin color in teleost fish [49]. In mammals, MCH is synthesized in the
central nervous system (CNS) mainly by neurons in the lateral hypothalamus (LH) [45]. The
expression of the MCH system begins during the late embryo and early postnatal period [9,
63]. MCH-containing efferent axons innervate a wide variety of regions in the CNS from the
cortex to the spinal cord [8,45,61]. Strikingly, the highest density of MCH axons and boutons
is found in the LH [8]. The receptor for MCH has been determined to be the orphan receptor
SLC-1[3,11,31,53], which has a wide distribution throughout the CNS, like the peptide [29,
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31,54], suggesting that MCH may modulate a number of systems in the CNS. In addition, a
subtype of the MCH receptor, Slt (or MCHR2), was cloned in humans as well [19,40].

Currently, MCH is found to be involved in a large number of physiological functions. In lower
vertebrates such as reptiles, amphibians, and fish, MCH modulates pigmentation [18,28]. In
fish, MCH plays a strong neuroendocrine role in the inhibition of corticotropin releasing
hormone [4,18]. In mammals, MCH was reported to modify memory retention [39], and to
participate in the regulation of the reproductive axis [65] and sleep [25]. Recently, intestinal
inflammation has been reported to be mediated by MCH as well [30]. However, one of the
most noteworthy functions of MCH that has gathered considerable attention in recent years is
its involvement in the regulation of food intake and energy homeostasis. Intracerebral,
intraventricular and local administration of MCH directly into the arcuate, paraventricular, or
dorsomedial nucleus evokes feeding or elevates food intake in rodents [1,13,16,48,52]. A
chronic infusion of MCH significantly increases food intake, body weight, white adipose tissue
(WAT) mass, and liver mass in mice [27]. In addition, chronic activation of MCH receptor-1
(MCH-R1) results in hyperphagia, body weight gain and elevated levels of insulin and leptin
[57]. Furthermore, obesity and resistance to insulin have been observed in transgenic mice that
overexpress MCH in the LH [34]. There is also evidence that MCH may be involved in positive
energy balance promoted by glucocorticoids and hyperphagia induced by lactation in rats
[17,62]. Conversely, MCH-deficient mice have reduced body weight and are lean due to
decreased feeding and an enhanced metabolism [58]. The inhibition of MCH neurons
contributes to estrogen-induced weight loss [41,44], and antagonism of MCHR1 leads to
sustained reductions in food intake, body weight gain and body fat gain [57]. Consistent with
the evidence of a role of MCH in positive energy balance, c-fos expression in MCH neurons
is upregulated by starvation and the expression of MCH mRNA is increased by fasting or leptin
administration, and in pro-opiomelanocortin (POMC) deficient, obese mice [10,26,48]. Long-
term fasting elevates MCH mRNA levels in the lateral hypothalamus in rats as well [7].

Despite the wide distribution of MCH-containing nerve fibers and MCH receptors in the CNS
as well as multiple facets of MCH-mediated functions and behaviors in animals, the cellular
functions of MCH in the brain still remain to be established, particularly in the hypothalamus,
where the peptide is synthesized and its primary targets exist. Since MCH-containing neurons
are partially GABAergic and GABA may be co-released with MCH in the brain [24,36], it is
clear that the effects of activation of MCH neurons on animal behaviors include contributions
from other neurotransmitters and neuromodulators. Therefore, acquiring knowledge of the
cellular actions of MCH would, alone, greatly substantiate a role of this peptide in various
biological functions and pathological processes in animals.

2. MCH acts as an inhibitory peptide in the hypothalamus

Exactly how MCH exerts its functions at the cellular level in the brain is still under
investigation. Two types of receptors (MCH-R1 and MCH-R2) have been cloned in humans,
while only one type (MCH-R1) exists in rodents. Since rodents provide a vital avenue for
experimental investigations, the MCH-R1 has been studied extensively and our current
understanding of the mechanism of MCH-mediated functions is based on these studies.

2.1 Electrophysiological effects of MCH in non-neuronal cell lines

The MCH-R1 (SLC-1) was originally demonstrated to couple to certain G protein pathways
in non-neuronal expression systems such as Xenopus oocytes, HEK, and CHO cell lines. MCH
induces an intracellular calcium increase and depresses forskolin-induced accumulation of
cAMP in these cells [6,11,53,59]. When SLC-1 receptor and G protein-gated inwardly
rectifying potassium channels (GIRKSs) were co-expressed in Xenopus oocytes, the application
of MCH induced strong GIRK currents in a dose-dependent manner [6]. In addition, calcium-
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induced chloride currents mediated by the activation of the phospholipase C pathway could
also be induced in Xenopus oocytes expressing SLC-1 receptor [6]. These results provided the
initial clues that MCH could exert its functions by modulating the activity in neurons through
coupling to ion channels gated by different G protein (G;, G, or Gg) pathways.

2.2 Electrophysiological effects of MCH in primary neuronal cultures from the hypothalamus

Although investigations on MCH receptors in non-neuronal expression systems have provided
substantial evidence of downstream signaling pathways and associated proteins modulating
the functionality of MCH receptors as indicated in the most recent studies [19,20,37,42], it
remains to be determined just what effects the activation of MCH receptors mediate in neurons
in the CNS, particularly in brain areas responsible for energy homeostasis. In non-neuronal
expression systems, cellular responses mediated by MCH receptors vary from inhibitory (i.e.,
inhibition of cAMP mobilization, induction of GIRK currents) to excitatory effects (i.e.,
enhancement of intracellular calcium mobilization) depending upon the G protein coupled
pathways that are available in these non-neuronal cells [6,11,53,59]. These multiple facets of
MCH-mediated effects have not been reported in neurons in situ. However, it may be possible
that different G protein-mediated pathways underlie the functions of MCH in various brain
areas. Based on this rationale, the examination of cellular functions of MCH in primary
neuronal cultures from the hypothalamus was the first step in decoding the cellular functionality
of this peptide in the brain [21].

Consistent with the results from non-neuronal expression systems, this first piece of evidence
implied that MCH might be inhibitory in neurons from the CNS. First, it was found that the
application of MCH significantly inhibits the frequency of spontaneous action potentials in
cultured neurons from the LH [21]. This effect is not due to the direct inhibition of LH neurons
by MCH, since it does not induce hyperpolarization and changes in membrane conductance in
LH neurons. Instead, our data indicate that MCH depresses glutamatergic and GABAergic
synaptic transmissions in cultured neurons from the LH [21]. Specifically, MCH depresses
both frequency and amplitude of miniature excitatory postsynaptic currents in LH neurons,
suggesting that MCH participates in the modulation of glutamate release from presynaptic
terminals and postsynaptic glutamate receptors [21]. In addition to its effects at synapses on
neurons from the LH, MCH also directly modulates the activity at cell bodies of LH neurons
by inhibiting voltage-dependent ion channels in cultured neurons and slices [21,22]. Voltage-
dependent calcium channels (VDCCs) are important membrane proteins responsible for
excitation-triggered calcium influx in neurons [14]; the increase in intracellular calcium
concentration through the opening of VDCCs serves as a vital signal in the functionality of
neurons [14,46]. It has been shown that MCH attenuates the amplitude of whole cell VDCCs
in a dose-dependent manner in cultured LH neurons [22]. The I1Cgq is 7.84 nM, close to the
results reported in non-neuronal cells [6,11,53]. Three subtypes of VDCCs (L, N and P/Q)
identified at cell bodies of LH neurons are inhibited by MCH. The depletion or inhibition of
the Gjjo -mediated pathway abolishes MCH-induced effects on VDCCs in LH neurons. It
should be noted that MCH does not induce significant GIRK currents in cultured LH neurons,
in which GIRK currents can be easily activated by the GABARg receptor agonist, baclofen
[21]. Thisresultimplies that MCH receptors do not couple with GIRK currents in these neurons.
Recently, additional evidence strengthened the case for an inhibitory role of MCH at the cellular
level. MCH inhibits the rise in cAMP induced by the B-adrenergic receptor agonist,
isoproterenol in HEK-293 cell lines [47]. The coupling of MCH-R1 to the Gq pathway with a
lower affinity than to the Gi pathway has been reported in non-neuronal cell lines [11,53], but
has not been reported in CNS neurons to date.
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2.3 Electrophysiological effects of MCH in the medial and paraventricular hypothalamus

MCH is exclusively synthesized in the LH and an extensive innervation by MCH-containing
nerve fibers has been identified in the hypothalamus [8]. As a vital structure responsible for
the regulation of energy homeostasis, the hypothalamus is suspected to be one of the primary
targets of MCH. In brain slices from rats, MCH induces bi-directional responses in spontaneous
action potentials in neurons in the ventromedial hypothalamus (VMH) and arcuate nucleus
(ARC) [15]. In ad lib fed and fasted rats, MCH both increases and decreases the frequency of
action potentials in the VMH and ARC neurons. In overweight and hyperphagic rats, however,
MCH mainly increases the firing of action potentials in ARC neurons and attenuates the
frequency of action potentials in VMH neurons [15]. Although the neuronal types that respond
to MCH and the mechanisms underlying MCH-mediated effects were not identified in this
study, it is implied that MCH may regulate neurons responsible for energy homeostasis
depending on the nutritional status of the animal. In another study performed by the same
group, MCH was shown to inhibit the frequency of action potentials in paraventricular neurons
in overweight rats [15]. Considering the role of MCH in energy homeostasis, further
examination of the effects of MCH on various neuronal types in these areas is required.

3. Inhibitory effects of MCH on hypocretin neurons at the cellular level in the

LH

Inthe LH, the neuronal populations that synthesize hypocretin/orexin and MCH do not overlap,
but generally innervate the same targets in the brain [2] (Figure 1). An accumulating body of
evidence indicates that the hypocretin/orexin and MCH systems exert synergistic or
antagonistic effects on their common targets in the regulation of energy homeostasis and the
sleep/wake cycle [12,25,33,38,48,55]. Therefore, it is essential to address the interaction that
occurs between the hypocretin/orexin and MCH systems in the LH. In addition, studies in non-
neuronal cells have yielded results fundamental to the understanding of signaling pathways
downstream to the activation of MCH receptors and the modulation of MCH receptors,
themselves [19]. However, since MCH receptors couple to various G protein-mediated
pathways available in these cell types, the responses induced by MCH are diverse and cannot
account for those occurring in neurons in situ. Although cultured central neurons provide a
powerful tool in the characterization of the cellular effects of MCH in the brain as compared
with non-neuronal expression systems, the pitfall in this approach is obvious. First, the original
connectivity between neurons of interest and their afferent and efferent partners has been lost.
Second, the unique neurochemical environment in which neurons of interest reside is absent
when these neurons are maintained in culture media. In our recent studies, the effects of MCH
in acute brain slices from the LH were examined, in which local circuits centered on neurons
of interest and the unique neurochemical environment closely resembling in vivo conditions
were preserved [51]. Most importantly, by using transgenic mice expressing green fluorescent
protein (GFP) exclusively in hypocretin/orexin neurons, we can examine the cellular effects
of MCH on these neurons essential to many brain functions including energy homeostasis, the
sleep/wake cycle, stress response, reward and addiction, etc.

3.1 Up-regulated excitatory inputs onto hypocretin/orexin neurons in the LH in mice with a
deficiency in MCHR1

Studies on mice with a deficiency in MCH or its receptors have revealed important implications
for a role of this peptide in energy homeostasis, depression, sleep/wake regulation and drug
addiction [35,48,60]. It has been reported that mice deficient in MCHRL1 are hyperphagic, lean,
hyperactive, and sensitive to addictive drugs such as amphetamine [35,60], and that the
mesolimbic dopaminergic system is over-sensitive in one strain of KO mice [60]. Recent
studies using a different strain of MCHR1 KO mice suggest that the hypocretin/orexin system
in the LH is up-regulated in these mice [35,51]. Compared to their wild type counterparts,
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MCHR1 KO mice show sensitization to modafinil-mediated arousal-promoting effects.
Modafinil (diphenylmethyl-sulfonyl-2-acetamide) is approved by the FDA as a treatment for
narcolepsy and many other conditions [5,43]. Its administration to rats increases c-fos
expression in the hypocretin/orexin neurons [56]. Recent results show that modafinil induces
synaptic plasticity in hypocretin/orexin neurons, which may underlie its arousal-promoting
effects in the brain [50].

The application of modafinil at a low dose (10 mg/kg) induces a significant increase in
locomotor activity in the light phase in MCHR1 KO mice but not in WT mice [51]. The
sensitization to modafinil at a sub-threshold dose in MCHR1 KO mice is due to an enhanced
generation of action potentials in hypocretin/orexin neurons by arousal-promoting molecules,
specifically, hypocretin/orexin itself! Since hypocretin/orexin induces action potentials in
neurons that synthesize it by increasing the release of glutamate from excitatory synapses on
these neurons (a positive feedback) [32], the basal synaptic parameters of glutamatergic
synapses on hypocretin/orexin neurons in MCHR1 KO and WT mice were examined [51]. An
up-regulation of postsynaptic parameters of glutamatergic synapses on hypocretin/orexin
neurons was seen, which includes an enhanced mEPSC amplitude and AMPAR/NMDAR ratio
[51]. In addition, the glutamatergic terminals on hypocretin/orexin neurons are sensitive to
agonists of D1 dopamine receptor. Taken together, these results suggest that the depletion of
the MCH-mediated signaling pathway leads to an up-regulation of glutamatergic synaptic
transmission onto hypocretin/orexin neurons, which may be the foundation of the reported
behavioral phenotypes seen in MCHR1 KO mice including hyperactivity, an enhanced
metabolic rate, sensitivity to amphetamine and modafinil, etc. [35,51,60].

3.2 MCH inhibits synaptic transmission in hypocretin neurons

The results collected in MCHR1 KO mice imply that MCH may exert inhibitory effects in the
LH in animals with an intact MCH system; the up-regulation of glutamatergic synaptic
transmission onto hypocretin/orexin neurons might be the consequence of the removal of
MCH-mediated signaling [51]. This hypothesis was tested in hypocretin/orexin neurons in
brain slices [51]. In contrast to previous results observed in cultured LH neurons, MCH does
not have any effect on the basal spike frequency in hypocretin/orexin neurons; but, rather, after
the frequency of spikes has been enhanced by the application of hypocretin-1 to the recorded
slices, subsequent application of MCH significantly attenuates the enhanced spike frequency,
which is dose dependent and abolished in MCHR1 KO mice [51]. Pre-treatment of brain slices
with pertussis toxin (PTX) eliminates MCH-mediated inhibition of spike frequency in
hypocretin/orexin neurons, suggesting a mechanism mediated by the G;;, pathway. Consistent
with these results, MCH does not inhibit the basal frequency of mMEPSCs in hypocretin/orexin
neurons; after the frequency of mMEPSCs has been potentiated by hypocretin-1, subsequent
application of MCH decreases the frequency of mMEPSCs in the presence of hypocretin-1
[51]. This result is consistent with the findings that MCH inhibits glutamate transmission onto
NTS neurons [66]. Taken together, these results suggest that in brain slices, MCH attenuates
the synaptic efficacy of glutamatergic synapses on hypocretin/orexin neurons presynaptically.
It is implied that the inhibitory effects of MCH on the synaptic transmission in hypocretin/
orexin neurons may be activity-dependent.

Although the exact mechanisms underlying the activity-dependent inhibition of synaptic

efficacy in hypocretin/orexin neurons is not clear, the functional implication is both intriguing
and important to the function of the LH. Since reciprocal innervations exist between hypocretin/
orexin and MCH neurons in the LH and MCH neurons are activated by hypocretin/orexin both
directly and indirectly [23,64] (Figure 1, box), MCH-induced activity-dependent inhibition of
hypocretin/orexin neurons may serve as a homeostatic regulator of hypocretin/orexin neurons
[51]. It has been proposed that the crosstalk between the hypocretin/orexin and MCH systems
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in the LH offers “checks and balances” to maintain sufficient excitability necessary for the LH
to function and to prevent over-excitation from leading to a compromised balance between
these two systems (Figure 2). This balance may determine a set point for functions and
behaviors governed by the LH.

4. Conclusion

Since the identification of MCH receptors as orphan G protein coupled receptors a decade ago,
the progress in understanding the cellular effects of MCH in the CNS has lagged far behind
the understanding of its role in various brain functions and behaviors. In non-neuronal
expression systems, MCH expresses a wide range of cellular actions from enhancement of
intracellular calcium mobilization to activation of inhibitory GIRK currents depending on the
availability of various G protein-mediated pathways (i.e., Gj, G, and G4 pathways) in these
cells [6,11,53,59]. In CNS neurons in primary cultures and brain slices, MCH exerts inhibitory
effects by activation of the Gj;, pathway [21,22,51]. It is important to note that the mode of
action is different between neurons in primary cultures and in acute slices from the
hypothalamus, suggesting that the neurochemical environment of the hypothalamic neurons is
crucial to MCH-mediated effects as well [21,22,51]. The results from our and other laboratories
summarized here do not fully address the mechanisms underlying the electrophysiological
responses of neurons to MCH in the hypothalamus; instead, many more intriguing and critical
questions have been raised. Future investigations should focus on identifying signaling
pathways downstream to MCH receptors and associated proteins controlling the
desensitization/internalization of MCH receptors in situ in the hypothalamic neurons.
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Fig. 1. Schematic representation of localization of hypocretin/orexin (Hcrt)- and MCH-containing
neurons in the LH

Cell bodies of hypocretin/orexin- (blue dots) and MCH-containing (red dots) neurons are
mainly localized in the perifornical-lateral hypothalamic area. These two groups of neurons
intermingle but do not overlap. Reciprocal synaptic innervations between hypocretin/orexin
and MCH neurons are reported as shown in the box. Synaptic contacts among hypocretin/
orexin neurons (solid blue boutons on hypocretin/orexin neurons) and among MCH neurons
(broken red boutons on MCH neurons) have been reported. Abbreviations: 3V, the third
ventricle; PVN, periventricular nucleus; ARC, arcuate nucleus; DMH, dorsomedial
hypothalamus; VMH, ventromedial hypothalamus; LH, lateral hypothalamus; f, fornix.
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Fig. 2. Schematic illustration of the interaction between hypocretin/orexin (HCRT) and MCH
neurons in the LH

Hypocretin/orexin acts as the major excitatory force in the LH since it may increase excitation
in both the hypocretin/orexin and MCH neurons, while MCH works as a feedback regulator.
A, under resting conditions, MCH does not inhibit (dashed line) baseline action potential
generation and synaptic transmission in hypocretin/orexin neurons (solid line), which may
permit the easy activation of hypocretin/orexin neurons. B, intensive activity in hypocretin/
orexin neurons resulting from stimulatory inputs leads to an excitatory effect of hypocretin/
orexin on MCH neurons (solid line). C, MCH exerts its inhibitory effects on hypocretin/orexin
neurons when the excitation of the hypocretin/orexin system reaches a certain level (solid line),
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thus fine-tuning the final output of the hypocretin/orexin neurons (solid line). It is hypothesized
that MCH may work as a homeostatic regulator in such a system of “checks and balances” to
maintain the excitability necessary for the brain to function and to prevent over-excitation that
might compromise delicately controlled behaviors.
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