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Abstract

Melanin-concentrating Hormone (MCH) is a 19 amino acid cyclic neuropeptide that acts in
rodents via the MCH receptor 1 (MCHR1) to regulate a wide variety of physiological functions.
MCH is produced by a distinct population of neurons located in the lateral hypothalamus (LH) and
zona incerta (Z1) but MCHR1 mRNA is widely expressed throughout the brain. The physiological
responses and behaviors regulated by the MCH system have been investigated, but less is known
about how MCH neurons are regulated. The effects of most classical neurotransmitters on MCH
neurons have been studied, but those of neuropeptides are poorly understood. In order to gain
insight into how neuropeptides regulate the MCH system, we investigated which neuropeptide
receptors are expressed by MCH neurons using double in situ hybridization. In all, twenty
receptors, selected based upon either a suspected interaction with the MCH system or
demonstrated high expression levels in the LH and ZI, were tested to determine whether they are
expressed by MCH neurons. Overall, eleven neuropeptide receptors were found to exhibit
significant colocalization with MCH neurons: Nociceptin / Orphanin FQ Opioid receptor (NOP),
MCHR1, both Orexin receptors (ORX), Somatostatin receptor 1 and 2 (SSTR1, SSTR2), the
Kisspeptin receotor (KissR1), Neurotensin receptor 1 (NTSR1), Neuropeptide S receptor (NPSR),
Cholecystokinin receptor A (CCKAR) and the x-opioid receptor (KOR). Of these receptors, six
have never before been linked to the MCH system. Surprisingly, several receptors thought to
regulate MCH neurons displayed minimal colocalization with MCH, suggesting that they may not
directly regulate the MCH system.
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INTRODUCTION

Melanin-concentrating hormone (MCH) is a cyclic neuropeptide that activates one G
protein-coupled receptor (GPCR) in rodents, MCHRZ1. MCH is expressed almost exclusively
in the lateral hypothalamus (LH) and zona incerta (Z1) (Bittencourt et al., 1992). While
MCH expression is limited to these areas, MCH-expressing neurons project to and MCHR1
is expressed in a wide variety of regions throughout the brain (Bittencourt et al., 1992; Saito
et al., 2001), with a particularly high density in the nucleus accumbens shell (NAc Shell),
hippocampus, locus coeruleus (LC), basolateral amygdala (BLA), and throughout the cortex.
This distribution pattern indicates that the MCH system may be involved in a wide variety of
physiological functions.

MCH was implicated in the regulation of feeding when it was discovered that central
injection of MCH stimulates food intake (Qu et al., 1996) and that MCH precursor mRNA is
overexpressed upon fasting and in ob/ob mice (Qu et al., 1996). Mice lacking the MCH
precursor were later found to be hypophagic and to exhibit reduced body fat (Shimada et al.,
1998), further supporting a role for MCH in the central regulation of feeding and
metabolism. MCHR1 antagonists were subsequently developed for potential therapeutic use
in the treatment of obesity (Borowsky et al., 2002; Kowalski et al., 2004; Takekawa et al.,
2002). It was discovered that MCHR1 antagonists also exert anxiolytic and antidepressant
effects (Borowsky et al., 2002), which led to the investigation of other physiological
functions of the MCH system. In recent years, MCH has been implicated in the regulation of
metabolism, reward, anxiety and depression-like behaviors, sleep, learning and memory, and
seizure threshold, among other functions (Chaki et al., 2005; Chung et al., 2009; Garcia-
Fuster et al., 2012; Lagos et al., 2009; Lee et al., 2011; Parks et al., 2010; Qu et al., 1996;
Roy et al., 2007; Shimada et al., 1998; Verret et al., 2003).

MCH is regarded as an inhibitory peptide since MCHRL1 couples to Gij/G, and typically
inhibits the activity of postsynaptic target neurons (Gao and van den Pol, 2001; Gao and van
den Pol, 2002). Its downstream effects on a number of brain nuclei have been characterized
(Chung et al., 2009; Georgescu et al., 2005; Lagos et al., 2009; Torterolo et al., 2009), as
have the physiological effects of MCHRL1 antagonism. Despite its involvement in a number
of critical functions and behaviors, relatively little is understood about how activity of the
MCH system is regulated. Several studies have investigated the effects of neurotransmitters
on MCH neurons (Bayer et al., 2005; Gao et al., 2003; Guyon et al., 2009; Huang and van
den Pol, 2007; Parsons and Hirasawa, 2011; van den Pol et al., 2004) both in brain slices and
using dissociated neurons, but most of these studies have focused primarily on the principal
excitatory and inhibitory (GABA, glutamate, acetylcholine), or monoamine
neurotransmitters. Despite the extensive network of projections received by the LH and ZI
(Hahn and Swanson, 2010), the effects of only a few neuropeptides on MCH neurons are
known (Guyon et al., 2009; Parsons and Hirasawa, 2011; van den Pol et al., 2004)

One leading model for how MCH neurons are controlled is that they function as “second
order neurons” which receive projections from neuropeptide Y (NPY) and a-melanocyte
stimulating hormone (a-MSH)-expressing neurons in the arcuate nucleus (Guyon et al.,
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2009; Saito and Nagasaki, 2008) to control feeding behavior. According to this hypothesis,
NPY and a-MSH producing neurons receive energy homeostasis signals from the periphery,
and then activate or inhibit MCH and the nearby orexin / hypocretin neurons in the LH
which in turn relay signals throughout the brain to modulate food seeking behavior and
metabolism (Guyon et al., 2009). NPY is orexigenic while a-MSH inhibits food intake.
Supporting this model is the observation that both NPY and proopiomelanocortin (POMC)
neurons project to MCH and orexin / hypocretin neurons (Elias et al., 1998) and the fact that
central injection of a-MSH inhibits MCH but not NPY induced food intake (Tritos et al.,
1998). While NPY has been demonstrated to inhibit MCH neuron activity both
presynaptically and postsynaptically, a-MSH has been reported to have no effect (van den
Pol et al., 2004). Aside from this putative circuit with a-MSH and NPY that may modulate
food intake, how neuropeptides may control other functions of the MCH system is not well
understood.

In order to gain insight into how MCH neurons are regulated and in an attempt to find new
circuits which modulate the activity of MCH neurons, we have performed a double in situ
hybridization study aimed at identifying neuropeptide receptors expressed by MCH neurons.
Based on a search of the existing literature, we have selected a number of neuropeptide
receptors which are expressed at high levels in the lateral hypothalamus and zona incerta
and have performed double in situ hybridization to determine whether they colocalize with
MCH precursor mRNA. We have also focused on neuropeptide receptors which have either
been demonstrated or proposed to interact with MCH neurons in the literature. The in situ
hybridization experiments described in this study detect the presence of specific MRNAs
and cannot determine whether functional receptors are expressed by MCH neurons or if they
are presynaptic or postsynaptic. However, a high degree of colocalization strongly suggests
that a given receptor may regulate the MCH system, and we have previously used a similar
approach to identify receptors that regulate MCH neurons (Parks et al., 2014). This study
will provide an extensive map of neuropeptide receptors expressed by MCH neurons and
will serve as a basis for future studies into the functional regulation of the MCH system.

MATERIALS AND METHODS

Animals

Brains collected from adult male Sprague-Dawley rats (Charles River, San Diego, CA,
USA, 200-400 g) were used for in situ hybridization experiments. Animals were group
housed under controlled conditions (temperature 21 £ 2 °C; 12 hr light-dark cycle, lights on
6:00 AM) with free access to water and food. All animal procedures were approved by the
Institutional Animal Care and Use Committee, University of California, Irvine.

Tissue Preparation and Prehybridization

Tissues were prepared as described previously (Clark et al., 2001) with minor modifications.
While under deep CO» induced anesthesia, animals were decapitated and brains were rapidly
removed and frozen in in —20°C 2-methylbutane. Brains were stored at —80°C until cryostat
sectioning into 20pum coronal sections and mounted onto Fisher SuperFrost slides. Every
other section was collected. Tissue sections covering the entirety of MCH-expressing
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regions were fixed with cold 4% paraformaldehyde in 0.1M phosphate buffer (PB), pH 7.4,
for 1 hr. After fixation, tissues were rinsed in 0.1 M PB, washed briefly with water, treated
with with proteinase K (0.1 pg/ml) for 10 minutes, acetylated, and dehydrated through
ascending concentrations of ethanol and air dried. Sections were then stored at —20°C until
hybridization experiments.

Probes and cRNA Synthesis

The complete coding sequence (open reading frame, ORF) of the following genes were
cloned into pBluescript vector: : MCH precursor (0MCH), somatostatin receptor 1&2
(SSTR1, SSTR2), neurotensin receptor 1 (NTSR1), melanin-concentrating hormone receptor
1 (MCHRZ1), melanocortin receptor 3&4 (MC3, MC4R), galanin receptor 1 (GalR1),
nociceptin receptor (NOP), cholecystokinin receptor A &B (CCKAR, CCKBR),
neuropeptide S receptor (NPSR), orexin receptor 1&2 (OX1R, OX2R), and kisspeptin
receptor (KissR). All genes were cloned using rat cDNA sequences. Rat corticotropin
releasing factor receptor 1&2 (CRFR1, CRFR2) probes were provided by Drs. Paul
Sawchenko and Tali Baram (Eghbal-Ahmadi et al., 1997), and rat delta, kappa, and mu
opioid receptor (DOR, KOR, MOR) probes were provided by Dr. Francis M. Leslie
(Winzer-Serhan et al., 2003). Rat NPY receptor 5 (NPY5R) was provided by Dr. Herbert
Herzog (Garvan Institute of Medical Research, (Parker and Herzog, 1999).

The MCH precursor was digested with Smal or Hindl1l and cleaned by phenol-chloroform
extraction prior to probe synthesis. Antisense or sense cRNA was generated using T7 and T3
polymerase respectively and labeled with digoxigenin (DIG) using a DIG RNA labeling kit
(Roche Applied Science, Indianapolis, IN). Labeled probes were separated from
unincorporated nucleotides using Sephadex G-50 columns (Roche Applied Science,
Indianapolis, IN).

For double in situ hybridization, antisense and sense CRNA of SSTR1, SSTR2, NTSR1,
MCHR1, MC3R, MC4R, GalR1, NOP, MOR, KOR, DOR, CCKAR, CCKBR, NPSR,
OX1R, OX2R, KissR, NPY5R, CRFR1 and CRFR2 were generated as described (Clark et
al., 2001) using T7, T3 or SP6 RNA polymerase (Promega, Madison, WI) in the presence
of 35S-UTP (Perkin Elmer). Radiolabeled probes were separated from unincorporated
nucleotides using Sephadex G-50 columns (Roche Applied Science, Indianapolis, IN).

In Situ Hybridization

Hybridization was performed as previously described with minor modifications (Clark et al.,
2001). Prehybridized slides were removed from —20°C and warmed to room temperature.
Next, slides were incubated at 60°C for 16-20 hr with 0.5 ng/ml DIG-labeled MCH
antisense probe mixed with 1-2x107 cpm/m| of an 3%S-labeled sense or antisense probe for
one of the above mentioned GPCRs in hybridization buffer (50% formamide, 10% dextran
sulfate, 0.3 M NaCl, 0.02% polyvinylpyrolidone, 0.02% bovine serum albumin, 0.02%
Ficoll, 10mM dithiothreitol (DTT), 10 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0, and 500
pg/ml yeast tRNA). After hybridization, sections were treated with 20 pg/ml RNaseA for 30
min at 37°C and washed in decreasing salinity (from 2x to 0.1x SSC, 5-10 minutes each),
followed by a 30 minute incubation in 0.1X SSC at 68°C and a brief rinse in room

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 5

temperature 0.1X SSC. Next, sections were rinsed in Genius Buffer 1 (GB1; 100 mM Tris-
HCI, 150 mM NaCl, pH 7.5) briefly and then incubated in blocking buffer (GB1 + 5%
nonfat dry milk and 0.25% Triton X-100) for 30—60 minutes at room temperature. Slides
were then incubated at 37°C for 3 hours in blocking buffer with 1 ml alkaline phosphatase-
conjugated sheep anti-DIG antibody (Roche Diagnostics, Indianapolis, IN) diluted 1:7,500.
Sections were then washed with GB1 and treated with 5-bromo-4-chloro-3-indolyl
phosphate (BCIP, 0.09 mg/ml) and nitroblue tetrazolium salt (NBT, 0.25mg/ml) for 20-60
minutes at room temperature while shielded from light. Sections were washed, dehydrated in
ascending concentrations of ethanol, air dried, and exposed to f-Max film (Kodak,
Rochester, NY) for up to 7 days to determine strength of signal. Slides were then dipped in
0.3% parlodion dissolved in isoamylacetate and dried overnight. Sections were dipped in
NTB emulsion (Kodak, Rochester, NY) and stored in the dark at 4°C for 4-8 weeks before
development with D-19 (Kodak, Rochester, NY) followed by fixative. A subset of DIG-
hybridized sections (Fig. 1) was counterstained with nuclear fast red (Vector Laboratories,
Burlingame CA).

Data Analysis

Emulsion dipped sections were analyzed with a light microscope (Axioskop 40; Carl Zeiss,
Goettingen, Germany). Images were captured with Spot camera software version 2.22
(Diagnostic Instruments, Sterling Heights, MI) and optimized for brightness, contrast, and
sharpness using Adobe Photoshop 10.0 (Adobe Systems, San Jose, CA). Minor artifacts
(debris, air bubbles) were retouched, but silver grains or DIG signal were never altered.
Figures were arranged using ACD Canvas 11.0. Several images display selected regions of
MCH expression, the perifornical region of the lateral hypothalamus (pfLH), the lateral
portion of the lateral hypothalamus (LH), and the zona incerta (ZI) which were identified by
comparison to an adult rat brain atlas (Paxinos and Watson, 2009). To ensure proper
localization of cells labeled as “pfLH”, images were taken only from cells very near the
fornix, and those of the LH were taken only from obviously lateral regions of MCH
expression.

For selected slices, all MCH-DIG positive cells were manually examined under high
magnification for the presence of silver grains. Cells that displayed at least 5-10X more
silver grains within their borders than background were counted as exhibiting colocalization.
Background was determined by observing the density of silver grains on MCH-DIG positive
sections hybridized with radiolabeled sense probes. The percent colocalization is the
proportion of MCH positive cells that express significant levels of mRNA for the given
receptor. For each probe tested, 3—6 rat brains were scored and the colocalization levels for
each brain were averaged to determine mean and standard error of the mean (SEM). Raw
counts of MCH positive cells scored are reported for each probe. Between ~ 1590-6000
MCH positive cells were counted for each probe to determine colocalization levels. For
diagrams illustrating the distribution pattern of receptor mRNA colocalization with MCH
neurons, cells were scored in a representative slice using Stereo Investigator software (MBF
Bioscience, Williston, VT), and converted to a vector graphic using MathWorks MatLab
7.11.00 (Mathworks, Natick, MA). A low resolution image of the scored slice was traced
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using Adobe Illustrator CS 6 (Adobe Systems, San Jose, CA) and the scored vector image
was plotted onto the a tracing by aligning reference landmarks.

MCH precursor distribution

MCH neuron distribution was studied using in situ hybridization. DIG labeled MCH
precursor cRNA was found in the LH and ZI in a pattern very similar to that observed in
previous studies (Bittencourt et al., 1992; Hahn, 2010; Swanson et al., 2005). No specific
hybridization signals were found in sections hybridized with sense probe.

Nociceptin / Orphanin FQ Receptor (NOP)

The nociceptin / orphanin FQ receptor (NOP) was expressed widely throughout the brain in
agreement with reported distribution patterns (Neal et al., 1999) and was expressed at high
levels throughout the LH and ZI. NOP colocalized strongly with MCH-expressing neurons
in both the LH and ZI (Fig. 1A), as approximately 87% of MCH neurons expressed NOP
(Table 1). There was no obvious variation in colocalization levels throughout the various
subregions of MCH neurons (Fig 1B). High levels of NOP signal was also present in areas
of the LH and ZI that did not express MCH (Fig. 1A), indicating that NOP expression is not
exclusive to MCH neurons. No specific signal was observed for NOP sense strand control,
indicating that the antisense signal corresponds to NOP mRNA.

Orexin / hypocretin Receptors (OX1R, OX2R)

Both OX1R and OX2R mRNA were present at high levels in the LH and ZI, and were
expressed throughout the brain in agreement with the published distribution pattern (Marcus
et al., 2001). OX1R was coexpressed with MCH neurons throughout the LH and ZI (Fig.
1C, D, Table 1), but they appeared to colocalize to a greater degree in the more lateral
regions (Fig. 1D). OX2R exhibited a higher degree of colocalization with MCH than did
OX1R (Table 1), and colocalization was observed in all MCH-expressing regions (Fig. 1 E,
F). Sense labeled control probes gave no specific signal, confirming specificity of the
antisense probes.

Melanin-Concentrating Hormone Receptor (MCHR1)

MCHRL1 expression was consistent with that found in previous reports (Hervieu et al., 2000;
Saito et al., 2001), with widespread distribution throughout much of the brain. MCHR1 was
moderately expressed in both the LH and ZI, in MCH-positive cells, and also in clusters
without MCH expression. Approximately 60% of MCH neurons coexpressed MCHR1 (Fig
2A, C) with a relatively even distribution throughout all subregions (Fig. 2E). Sense probe
hybridized sections did not display any specific signal, confirming specificity of the
MCHR1 antisense probe.

Kisspeptin Receptor (KissR)

KissR was expressed throughout the brain in a pattern consistent with published reports of
KissR distribution (Lee et al., 1999). Expression was high throughout much of the
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hypothalamus. KissR colocalized with MCH neurons in the ZI, pfLH (Fig. 2B), and LH
(Fig. 2D). Approximately 50% of all MCH neurons were found to express KissR (Table 1),
with double-labeled cells found throughout all MCH-expressing sugregions (Fig 2 F). KissR
expression in the LH and ZI was not limited to MCH neurons, as dense labeling was also
observed in clusters not expressing MCH. The sense control probe gave no specific signal,
confirming the specificity of the antisense probe.

Somatostatin Receptors (SSTR1, SSTR2)

SSTR1 and SSTR2 were both found to be highly expressed in the LH and ZI. SSTR1 was
expressed at high levels throughout the cortex and hippocampus with moderate expression
in the hypothalamus, while SSTR2 was highly expressed in the cortex, with more moderate
expression the hippocampus and hypothalamus, which is consistent with published reports
of both rat and mouse expression (Breder et al., 1992; Kong et al., 1994). Strong signal for
both probes was observed in both MCH-positive and MCH-negative neurons (Fig. 3A, C) in
the LH. Approximately 50% of all MCH neurons expressed SSTR1 (Table 1), though less
colocalization was found in the lateral portions of the LH than in the pfLH or ZI (Fig. 3B).
SSTR2 colocalization was lower than that of SSTR1 (Table 1), as approximately 35% of
MCH neurons expressed SSTR2. A higher degree of SSTR2 colocalization was observed in
the lateral parts of the LH than in more medial subregions (Fig. 3D). Sense control probes
exhibited minimal signal, confirming specificity of both antisense probes.

Neurotensin Receptor 1 (NTSR1)

In agreement with published distribution patterns (Alexander and Leeman, 1998), NTSR1
was highly expressed in the LH and ZI. Nearly a third of all MCH neurons expressed
NTSR1 (Table 1), with roughly similar levels of colocalization found throughout the
subregions (Fig. 4 A, C, E). Large clusters of NTSR1 signal were found in neurons which
did not express MCH mRNA, indicating that NTSR1 is expressed in multiple cell types in
the LH and ZI. Sense control probe treated sections did not exhibit any specific signal,
confirming specificity of the antisense probe.

Neuropeptide S Receptor (NPSR)

NPSR was widely expressed in the LH and ZI, with the densest signal found in the medial
portions of the LH. Extensive colocalization was observed in all regions of MCH expression
(Fig. 4 B, D, F), with a somewhat higher proportion of MCH neurons expressing NPSR in
the pfLH than in the lateral parts of the LH (Fig 4F). Heavy NPSR probe labeling was
observed in MCH-negative areas of the LH and ZlI, indicating that NPSR expression was not
exclusive to MCH neurons. Sections hybridized with a sense probe exhibited minimal
signal, confirming specificity of the antisense probe.

Cholecystokinin Receptors (CCKAR, CCKBR)

Both CCKAR and CCKBR exhibited distribution patterns consistent with their reported
expression (Honda et al., 1993), with moderate CCKAR and low CCKBR expression in the
LH and ZI . CCKAR coexpression with MCH was moderate (Fig. 5A, Table 1), while
CCKBR was not expressed by MCH neurons (Fig. 5C). Interestingly, small populations of
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MCH neurons exhibited dense CCKAR expression, while most colocalizing cells displayed
only moderate CCKAR signal. Sections hybridized with sense strand control probes for
CCKAR or CCKBR displayed no signal (Fig. 5B, 5D), confirming specificity of both
antisense probes.

Opioid Recptors (KOR, MOR, DOR)

KOR, MOR, and DOR expression were all consistent with known distribution patterns
(George et al., 1994; Mansour et al., 1987). In the LH and ZI, KOR was expressed at high
levels, MOR moderately, and DOR only minimally. KOR exhibited moderate colocalization
with MCH (Fig. 6A, Table 1). MOR coexpression with MCH was minimal (Fig. 6B), though
a few small clusters of MCH neurons did express MOR in the LH. DOR was found in only a
few MCH neurons (Fig. 6C). Sense probe treated sections did not exhibit significant labeling
for any of the probes.

NPY and Melanocortin Receptors (NPY5R, MC3R, MC4R)

NPY5R, MC3R, and MC4R mRNA were distributed throughout the brain in patterns
consistent with published reports (Kishi et al., 2003; Parker and Herzog, 1999; Roselli-
Rehfuss et al., 1993). NPY5R was expressed at high levels in the arcuate nucleus, but
exhibited low expression levels in the LH and ZI. MC3R and MC4R were expressed in a
variety of hypothalamic nuclei, but exhibited minimal expression in the LH and ZI. NPY5R
colocalized with only a very small number of MCH neurons (Fig. 7A, Table 1), and MC3R
and MCA4R were generally not detected in MCH neurons (Fig. 7C,D). No signal was given
by sense control probes, confirming specificity of the antisense probes.

Galanin Receptor 1 (GalR1)

GalR1 was expressed in a pattern similar to published reports (O’Donnell et al., 1999).
GalR1 was highly expressed in the LH and ZI, but minimal colocalization with MCH was
detected (Fig. 7B, Table 1).

Corticotropin releasing factor Receptors (CRFR1, CRFR2)

CRFR1 was expressed at moderate levels and CRFR2 at low levels in the LH and ZI,
consistent with published distribution patterns (Chalmers et al., 1995). CRFR1 exhibited low
levels of colocalization with MCH, (Fig. 7E, Table 1) and CRFR2 colocalization with MCH
was negligible (Fig. 7F, Table 1).

DISCUSSION

A description of the receptors expressed by MCH neurons is an important step in elucidating
the regulatory circuitry of MCH neurons. Because the MCH system is involved in
physiological processes such as feeding (Borowsky et al., 2002; Qu et al., 1996; Shimada et
al., 1998), metabolism (Chung et al., 2010), anxiety and depression-like behavior (Garcia-
Fuster et al., 2012; Roy et al., 2006), addiction (Chung et al., 2009), and sleep (Jego et al.,
2013; Konadhode et al., 2013; Verret et al., 2003), identifying how the MCH system is
regulated will provide insight into how these fundamental processes operate. In the present
study, double in situ hybridization was used to identify neuropeptide receptors that are
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expressed by MCH neurons in the LH and ZI. MCH expression was detected by using a
DIG-labeled ppMCH antisense RNA probe, neuropeptide receptors expression by using
35S-labeled antisense probes.

The anatomical distribution of MCH DIG-labeled cells was found to be very similar to that
reported in earlier studies showing that MCH precursor expression is mostly limited to the
LH and ZI (Bittencourt et al., 1992; Hahn, 2010; Swanson et al., 2005) in the rat. This
limited regional distribution stands in contrast to the expansive projection network of MCH
neurons (Bittencourt et al., 1992) and widespread distribution of the primary MCH receptor,
MCHR1 (Hervieu et al., 2000; Saito et al., 2001). It should be noted that the MCH precursor
also gives rise to two other neuropeptides, NGE and NEI (Bittencourt and Celis, 2008), that
are not well understood and may be important for the functions of the MCH system. Rats
used in this study were not all of uniform size (200-400g), and it is unknown how this may
influence the receptor colocalization levels.

Neuropeptide receptors with high levels of colocalization

The neuropeptide receptor most commonly found to be expressed by MCH neurons is the
NOP receptor. Nearly 90% of MCH neurons express NOP, indicating that most MCH
neurons may be under the regulation of nociceptin / orphanin FQ (OFQ), and suggesting that
OFQ may be critical to the regulation of the MCH system. Indeed, a recent study has
indicated that OFQ exerts an inhibitory effect on MCH neurons mediated via GIRK
channels (Parsons and Hirasawa, 2011) in brain slices. OFQ has been hypothesized to be
released from neighboring orexin / hypocretin neurons (Parsons and Hirasawa, 2011), but
the origin of OFQ efferents to MCH neurons is currently unknown. OFQ is anxiolytic and
inhibits the rewarding effects of drugs of abuse (Jenck et al., 1997; Kotlinska et al., 2003;
Sakoori and Murphy, 2004), while MCH is anxiogenic and promotes drug reward
(Borowsky et al., 2002; Chung et al., 2009; Smith et al., 2006), so it is possible that the
inhibition of MCH neurons is one pathway through which OFQ exerts these effects.

The neuropeptide receptor exhibiting the second highest level of colocalization with MCH
neurons is MCHR1 itself. Over 60% of MCH neurons expressed significant levels of
MCHRL. This is in agreement with previous reports (Gao et al., 2003; Gao and van den Pol,
2002) that the MCH system exerts some form of autoregulation. Application of MCH to
MCH neurons is known to depress high voltage-activated (HVA) calcium channels but has
no effect on membrane potential or other electrophysiological properties (Gao et al., 2003;
Gao and van den Pol, 2002). Whether these receptors are presynaptic autoreceptors or are
expressed postsynaptically cannot be determined in the present study, but our data provides
further evidence that the MCH system engages in autoregulation.

Kisspeptin (Kiss) is a critical mediator of gonadotropin-releasing hormone (GnRH) release
(Han et al., 2005) and is involved in regulating the initiation of puberty (Han et al., 2005;
Navarro and Tena-Sempere, 2011) and fertility (Clarkson et al., 2008; Pineda et al., 2010).
MCH has been implicated in the regulation of pituitary gonadotropin release (Gonzalez et
al., 1997; Tsukamura et al., 2000), and has been demonstrated to inhibit a subpopulation of
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GnRH-expressing neurons (Wu et al., 2009), and inhibit their activation by Kiss. Our results
indicate that approximately 50% of MCH neurons express KissR1, indicating that Kiss is
likely to regulate the activity of the MCH system. Though speculative, this suggests that
Kiss may form a circuit where it activates MCH neurons, thereby increasing MCH release at
terminals which would in turn inhibit activity of GnRH neurons. Interestingly, anterograde
tracing studies have demonstrated that Kiss-expressing neurons in the arcuate nucleus
project to the LH (Yeo and Herbison, 2011), indicating that direct regulation of the MCH
system by Kiss may occur. It is worth noting that high levels of KissR expression was also
observed in MCH negative regions of the LH and ZI, indicating that Kiss may also regulate
other types of neurons in the LH and ZI.

Approximately half of MCH neurons were found to express SSTR1 and over 35% expressed
SSTR2. The colocalization of two different somatostatin receptors with MCH indicates that
somatostatin is likely to regulate the MCH neurons. The role(s) of SSTR1 in the nervous
system is only beginning to be understood, but some evidence suggests that it may be
involved in reward, (Schulz et al., 2000; Semenova et al., 2010; Vasilaki et al., 2004), a
function that the is well known to involve the MCH system (Chung et al., 2009; Georgescu
et al., 2005; Sears et al., 2010). The functions of SSTR2 in the central nervous system are
better characterized. SSTR2 modulates some of the same physiological functions as the
MCH system, including food intake, (Stengel et al., 2010a; Stengel et al., 2010b),
metabolism, and anxiety and depression-like behavior (Engin et al., 2008; Engin and Treit,
2009). A study reporting that somatostatin binds in the LH in a SSTR2 dependent manner
(Videau et al., 2003) supports this putative link between SSTR2 and the MCH system.
SSTR2 is generally inhibitory, which may indicate that somatostatin blocks activity of MCH
neurons through SSTR2. Central administration of somatostatin is known to be anxiolytic
and antidepressant (Engin and Treit, 2009), while MCH administration is anxiogenic (Smith
et al., 2006) and promotes depression-like behavior (Georgescu et al., 2005), raising the
possibility that somatostatin may modulate affective states by inhibiting the MCH system.

OXR2 was found to be expressed in a larger proportion of MCH neurons than was OXR1
(Table 1), though both strongly colocalized with the MCH system. Orexin / hypocretin
neurons are known to excite MCH neurons (van den Pol et al., 2004). It has been suggested
that this excitatory effect is primarily mediated through OXR2 which is consistent with the
high degree of OXR2 colocalization found in our study. However, our observation that
MCH neurons express both ORX receptors suggests that orexinergic regulation of the MCH
system is not mediated entirely by OXR2, thus adding another dimension to the interactions
between the two systems.

Neuropeptide receptors with moderate levels of colocalization

Four neuropeptide receptors - NPSR, NTSR1, CCKAR, and KOR - were found to be
expressed by 10-30% of MCH neurons.

The NPS system is involved in arousal, memory, fear and anxiety, and reward responses
(Kallupi et al., 2010; Xu et al., 2004). NPSR has recently been demonstrated to modulate
cue-induced cocaine relapse responses by activating the orexin / hypocretin system (Kallupi
et al., 2010). In the same study, central injection of NPS was found to also activate neurons
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in the lateral hypothalamus which do not express orexin/hypocretin, which is consistent with
the hypothesis that NPS may also activate MCH neurons. Interestingly, MCHR1 is strongly
expressed throughout the locus coeruleus region (Saito et al., 2001), with an expression
pattern that may overlap that of NPS producing neurons (Xu et al., 2004).

Neurotensin has been linked to physiological functions that overlap with those of the MCH
system, such as food intake (Luttinger et al., 1982), and dopamine signaling (Leinninger et
al., 2011; Nemeroff et al., 1982), and both may be involved in psychiatric disorders (Caceda
etal., 2006; Chung et al., 2011). A recent study reported that a population of leptin receptor-
expressing neurotensin neurons in the LH innervates orexin / hypocretin neurons and
modulates their response to fasting (Leinninger et al., 2011), but these neurons do not
project directly to MCH neurons. In light of this, we suggest that neurotensin neurons
originating in a different brain region(s) may regulate the MCH system.

We found that some MCH neurons express CCKAR but practically none express CCKBR.
CCKAR couples to G4/Gs and would be expected to excite MCH neurons upon activation.
CCK is involved in a variety of physiological functions, some of which overlap with those
of the MCH system. CCK is anxiogenic (de Montigny, 1989; Murray et al., 2006), and icv
MCH injections promote anxiety-like behavior (Smith et al., 2006). Paradoxically, CCK has
also been reported to suppress feeding (Schick et al., 1986), while MCH is orexigenic, so
how the two systems might interact to regulate feeding behavior is unclear.

KOR exhibits moderate levels of colocalization (~10-16%). This finding corroborates a
previous report indicating that MCH neurons are inhibited by dynorphin (Li and van den
Pol, 2006). While the fraction of MCH neurons sensitive to dynorphin was not determined
in that study, it is assumed that a large proportion of MCH neurons tested were inhibited by
the peptide. However, we found that KOR colocalizes with only a minority of MCH
neurons. This potential discrepancy could result from KOR being expressed by most MCH
neurons at levels below our detection threshold. In any case, the present study indicates that
some MCH neurons express and may be regulated by KOR.

Neuropeptide receptors with very low levels of colocalization

Eight neuropeptide receptors were found to exhibit very low levels of colocalization with
MCH neurons. These are MOR, DOR, CCKBR, the two CRF receptors, the GalR1, NPY5R,
and the two melanocortin (MC3R and MC4R) receptors.

Our data indicates that MOR coexpresses with MCH in only a few neurons and that DOR
colocalization was almost entirely absent. A recent study has suggested that the orexigenic
and reward promoting effects of MCH may require interactions with the endogenous opioid
system (Lopez et al., 2011). Our data indicates that while KOR may regulate MCH neurons,
it is unlikely that MOR or DOR do so directly.

Despite the effects of MCH in the regulation of anxiety-like behavior (Borowsky et al.,
2002; Lee et al., 2010; Roy et al., 2006), and the distribution of MCHRL1 in brain regions
involved in stress response (Saito et al., 2001), neither of the two CRF receptors were found
to coexpress significantly with MCH neurons.
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GalR1 was expressed at high levels in the LH, but exhibited minimal colocalization with
MCH. These data suggest that GalR1 does not directly modulate the activity of MCH
neurons. In agreement with our data, Galanin-like peptide (GLP), an endogenous ligand for
GalR1, has previously been reported to activate orexin / hypocretin but not MCH-expressing
neurons (Kageyama et al., 2006).

Previous studies have hypothesized that the MCH system may function as “second-order
neurons” that receive signals from POMC and NPY neurons in the arcuate nucleus and
regulate energy homeostasis and emotional behavioral states based on inputs received from
these neurons (Guyon et al., 2009; Saito and Nagasaki, 2008). NPY5R, MC3R, and MC4R
are generally believed to be associated with the central regulation of food intake. In support
of this hypothesis, a single cell RT-PCR study has indicated that both NPY5R and MC4R
are expressed by MCH neurons (Harthoorn et al., 2005) and NPY has been reported to
inhibit MCH neurons in brain slices (van den Pol et al., 2004). We have found that very few
MCH neurons express NPY5R, MC3R, or MC4R. The agreement between the reported
receptor expression levels and our detected signal in all brain regions examined indicates
that the lack of signal observed in MCH neurons is unlikely to be the result of poor
hybridization efficiency or probe labeling. This suggests that POMC neurons do not directly
regulate the MCH system through a-MSH. This is supported by studies that found MC4R is
not coexpressed with MCH in mice expressing GFP coupled to MC4R expression (Cui et
al., 2012; Liu et al., 2003) and another reporting that melanocortin receptor agonists do not
functionally affect MCH neuron activity (van den Pol et al., 2004). More difficult to
understand, however, is our finding that very few MCH neurons express NPY5R which
seems to be in conflict with a report that NPY inhibits MCH neurons both directly and
indirectly (van den Pol et al., 2004). Published studies suggest that NPY5R, MC3R and
MCA4R, are expressed at only low levels in the LH (Kishi et al., 2003; Parker and Herzog,
1999; Roselli-Rehfuss et al., 1993), which is in agreement with our findings. It is certainly
possible that a different NPY receptor is the target of NPY on MCH neurons. It has been
reported that NPY4R is expressed by and regulates orexin / hypocretin neurons and is also
present in populations of neurons in the LH which are negative for orexin / hypocretin
(Campbell et al., 2003), raising the possibility that it may also regulate MCH neurons. It is
also possible that NPY5R is expressed in MCH neurons at levels too low to be detected by
in situ hybridization, but are abundant enough to modulate MCH neuron activity. We can
only conclude that our data shows that NPY5R, MC3R, and MC4R do not strongly
colocalize with MCH which raises questions about the mechanism underlying how NPY
regulates the MCH system and about the relevance of a-MSH to the regulation of the MCH
system.

In the present study we performed an in situ hybridization colocalization analysis of twenty
neuropeptide receptors in order to gain insight into the regulatory circuitry of the MCH
system. We have found that several receptors believed to regulate MCH neurons are in fact
highly expressed by MCH neurons, thus confirming previous reports indicating their
involvement with the MCH system. We also found that some receptors for peptides thought
to regulate the MCH system did not colocalize with MCH to any significant degree.
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Additionally, we have identified eight neuropeptide receptors which exhibit little to no
colocalization with MCH, and are thus unlikely to directly regulate MCH neurons. We have
also found that MCH neurons express six neuropeptide receptors which have never before
been linked to the MCH system and may represent novel regulatory circuits. These
candidate genes can now be studied systematically in order to better understand the circuitry
of MCH system and the numerous physiological processes it regulates.

Acknowledgments

We are particularly grateful to Krupa Gohil, Rio Hoshi, Jonathan Zhao, Tracy Lu, Quyen Dang, and Nina Rastegar
for excellent technical support and to Nayna Sanathara and Dr. Yan Zhang for critical discussion of the manuscript.
We would also like to thank Drs. Rainer Reinscheid (UC Irvine), Tali Baram (UC Irvine), Frances Leslie (UC
Irvine), Stanley Watson ( Michigan), Joel EImquist, and Herbert Herzog (Garvan Institute of Medical Research) for
supplying us with probes. We would also like to acknowledge the Sigma Alpha Mu foundation for support provided
to G.S.P. This study was funded by NIH grant DA024746, a NARSAD Established Investigator Award, and a grant
from the Tourette’s Syndrome Foundation. O.C. is holder of the Nelson Chair of Pharmacology.

References

Alexander MJ, Leeman SE. Widespread expression in adult rat forebrain of mRNA encoding high-
affinity neurotensin receptor. The Journal of comparative neurology. 1998; 402(4):475-500.
[PubMed: 9862322]

Bayer L, Eggermann E, Serafin M, Grivel J, Machard D, Muhlethaler M, Jones BE. Opposite effects
of noradrenaline and acetylcholine upon hypocretin/orexin versus melanin concentrating hormone
neurons in rat hypothalamic slices. Neuroscience. 2005; 130(4):807-811. [PubMed: 15652980]

Bittencourt J, Celis ME. Anatomy, function and regulation of neuropeptide EI (NEI). Peptides. 2008;
29(8):1441-1450. [PubMed: 18456371]

Bittencourt JC, Presse F, Arias C, Peto C, Vaughan J, Nahon JL, Vale W, Sawchenko PE. The
melanin-concentrating hormone system of the rat brain: an immuno-and hybridization histochemical
characterization. The Journal of comparative neurology. 1992; 319(2):218-245. [PubMed:
1522246]

Borowsky B, Durkin MM, Ogozalek K, Marzabadi MR, DeLeon J, Lagu B, Heurich R, Lichtblau H,
Shaposhnik Z, Daniewska I, Blackburn TP, Branchek TA, Gerald C, Vaysse PJ, Forray C.
Antidepressant, anxiolytic and anorectic effects of a melanin-concentrating hormone-1 receptor
antagonist. Nat Med. 2002; 8(8):825-830. [PubMed: 12118247]

Breder CD, Yamada Y, Yasuda K, Seino S, Saper CB, Bell GI. Differential expression of somatostatin
receptor subtypes in brain. J Neurosci. 1992; 12(10):3920-3934. [PubMed: 1403090]

Caceda R, Kinkead B, Nemeroff CB. Neurotensin: role in psychiatric and neurological diseases.
Peptides. 2006; 27(10):2385-2404. [PubMed: 16891042]

Campbell RE, Smith MS, Allen SE, Grayson BE, Ffrench-Mullen JM, Grove KL. Orexin neurons
express a functional pancreatic polypeptide Y4 receptor. J Neurosci. 2003; 23(4):1487-1497.
[PubMed: 12598637]

Chaki S, Funakoshi T, Hirota-Okuno S, Nishiguchi M, Shimazaki T, lijima M, Grottick AJ, Kanuma
K, Omodera K, Sekiguchi Y, Okuyama S, Tran TA, Semple G, Thomsen W. Anxiolytic- and
antidepressant-like profile of ATC0065 and ATCO0175: nonpeptidic and orally active melanin-
concentrating hormone receptor 1 antagonists. The Journal of pharmacology and experimental
therapeutics. 2005; 313(2):831-839. [PubMed: 15677346]

Chalmers DT, Lovenberg TW, De Souza EB. Localization of novel corticotropin-releasing factor
receptor (CRF2) mRNA expression to specific subcortical nuclei in rat brain: comparison with
CRF1 receptor mRNA expression. J Neurosci. 1995; 15(10):6340-6350. [PubMed: 7472399]

Chung S, Hopf FW, Nagasaki H, Li CY, Belluzzi JD, Bonci A, Civelli O. The melanin-concentrating
hormone system modulates cocaine reward. Proceedings of the National Academy of Sciences of
the United States of America. 2009; 106(16):6772—6777. [PubMed: 19342492]

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 14

Chung S, Verheij MM, Hesseling P, van Vugt RW, Buell M, Belluzzi JD, Geyer MA, Martens GJ,
Civelli O. The melanin-concentrating hormone (MCH) system modulates behaviors associated
with psychiatric disorders. PloS one. 2011; 6(7):e19286. [PubMed: 21818251]

Chung S, Wong T, Nagasaki H, Civelli O. Acute Homeostatic Responses to Increased Fat
Consumption in MCH1R Knockout Mice. J Mol Neurosci. 2010

Clark SD, Nothacker HP, Wang Z, Saito Y, Leslie FM, Civelli O. The urotensin Il receptor is
expressed in the cholinergic mesopontine tegmentum of the rat. Brain research. 2001; 923(1-2):
120-127. [PubMed: 11743979]

Clarkson J, d’ Anglemont de Tassigny X, Moreno AS, Colledge WH, Herbison AE. Kisspeptin-GPR54
signaling is essential for preovulatory gonadotropin-releasing hormone neuron activation and the
luteinizing hormone surge. J Neurosci. 2008; 28(35):8691-8697. [PubMed: 18753370]

Cui H, Sohn JW, Gautron L, Funahashi H, Williams KW, Elmquist JK, Lutter M. Neuroanatomy of
melanocortin-4 receptor pathway in the lateral hypothalamic area. The Journal of comparative
neurology. 2012; 520(18):4168-4183. [PubMed: 22605619]

de Montigny C. Cholecystokinin tetrapeptide induces panic-like attacks in healthy volunteers.
Preliminary findings. Archives of general psychiatry. 1989; 46(6):511-517. [PubMed: 2730276]

Eghbal-Ahmadi M, Hatalski CG, Avishai-Eliner S, Baram TZ. Corticotropin releasing factor receptor
type Il (CRF2) messenger ribonucleic acid levels in the hypothalamic ventromedial nucleus of the
infant rat are reduced by maternal deprivation. Endocrinology. 1997; 138(11):5048-5051.
[PubMed: 9348237]

Elias CF, Saper CB, Maratos-Flier E, Tritos NA, Lee C, Kelly J, Tatro JB, Hoffman GE, Ollmann
MM, Barsh GS, Sakurai T, Yanagisawa M, Elmquist JK. Chemically defined projections linking
the mediobasal hypothalamus and the lateral hypothalamic area. The Journal of comparative
neurology. 1998; 402(4):442-459. [PubMed: 9862320]

Engin E, Stellbrink J, Treit D, Dickson CT. Anxiolytic and antidepressant effects of
intracerebroventricularly administered somatostatin: behavioral and neurophysiological evidence.
Neuroscience. 2008; 157(3):666—676. [PubMed: 18940236]

Engin E, Treit D. Anxiolytic and antidepressant actions of somatostatin: the role of sst2 and sst3
receptors. Psychopharmacology. 2009; 206(2):281-289. [PubMed: 19609508]

Gao XB, Ghosh PK, van den Pol AN. Neurons synthesizing melanin-concentrating hormone identified
by selective reporter gene expression after transfection in vitro: transmitter responses. Journal of
neurophysiology. 2003; 90(6):3978-3985. [PubMed: 14573562]

Gao XB, van den Pol AN. Melanin concentrating hormone depresses synaptic activity of glutamate
and GABA neurons from rat lateral hypothalamus. The Journal of physiology. 2001; 533(Pt 1):
237-252. [PubMed: 11351031]

Gao XB, van den Pol AN. Melanin-concentrating hormone depresses L-, N-, and P/Q-type voltage-
dependent calcium channels in rat lateral hypothalamic neurons. The Journal of physiology. 2002;
542(Pt 1):273-286. [PubMed: 12096069]

Garcia-Fuster MJ, Parks GS, Clinton SM, Watson SJ, Akil H, Civelli O. The melanin-concentrating
hormone (MCH) system in an animal model of depression-like behavior. European
neuropsychopharmacology : the journal of the European College of Neuropsychopharmacology.
2012; 22(8):607-613. [PubMed: 22209364]

George SR, Zastawny RL, Briones-Urbina R, Cheng R, Nguyen T, Heiber M, Kouvelas A, Chan AS,
O’Dowd BF. Distinct distributions of mu, delta and kappa opioid receptor mRNA in rat brain.
Biochemical and biophysical research communications. 1994; 205(2):1438-1444. [PubMed:
7802680]

Georgescu D, Sears RM, Hommel JD, Barrot M, Bolanos CA, Marsh DJ, Bednarek MA, Bibb JA,
Maratos-Flier E, Nestler EJ, DiLeone RJ. The hypothalamic neuropeptide melanin-concentrating
hormone acts in the nucleus accumbens to modulate feeding behavior and forced-swim
performance. J Neurosci. 2005; 25(11):2933-2940. [PubMed: 15772353]

Gonzalez M, Baker BI, Wilson CA. Stimulatory effect of melanin-concentrating hormone on
luteinising hormone release. Neuroendocrinology. 1997; 66(4):254-262. [PubMed: 9349659]

Guyon A, Conductier G, Rovere C, Enfissi A, Nahon JL. Melanin-concentrating hormone producing
neurons: Activities and modulations. Peptides. 2009; 30(11):2031-2039. [PubMed: 19524001]

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 15

Hahn JD. Comparison of melanin-concentrating hormone and hypocretin/orexin peptide expression
patterns in a current parceling scheme of the lateral hypothalamic zone. Neuroscience letters.
2010; 468(1):12-17. [PubMed: 19850103]

Hahn JD, Swanson LW. Distinct patterns of neuronal inputs and outputs of the juxtaparaventricular
and suprafornical regions of the lateral hypothalamic area in the male rat. Brain research reviews.
2010; 64(1):14-103. [PubMed: 20170674]

Han SK, Gottsch ML, Lee KJ, Popa SM, Smith JT, Jakawich SK, Clifton DK, Steiner RA, Herbison
AE. Activation of gonadotropin-releasing hormone neurons by kisspeptin as a neuroendocrine
switch for the onset of puberty. J Neurosci. 2005; 25(49):11349-11356. [PubMed: 16339030]

Harthoorn LF, Sane A, Nethe M, Van Heerikhuize JJ. Multi-transcriptional profiling of melanin-
concentrating hormone and orexin-containing neurons. Cellular and molecular neurobiology.
2005; 25(8):1209-1223. [PubMed: 16388333]

Hervieu GJ, Cluderay JE, Harrison D, Meakin J, Maycox P, Nasir S, Leslie RA. The distribution of the
mRNA and protein products of the melanin-concentrating hormone (MCH) receptor gene, slc-1, in
the central nervous system of the rat. The European journal of neuroscience. 2000; 12(4):1194—
1216. [PubMed: 10762350]

Honda T, Wada E, Battey JF, Wank SA. Differential Gene Expression of CCK(A) and CCK(B)
Receptors in the Rat Brain. Molecular and cellular neurosciences. 1993; 4(2):143-154. [PubMed:
19912917]

Huang H, van den Pol AN. Rapid direct excitation and long-lasting enhancement of NMDA response
by group I metabotropic glutamate receptor activation of hypothalamic melanin-concentrating
hormone neurons. J Neurosci. 2007; 27(43):11560-11572. [PubMed: 17959799]

Jego S, Glasgow SD, Herrera CG, Ekstrand M, Reed SJ, Boyce R, Friedman J, Burdakov D,
Adamantidis AR. Optogenetic identification of a rapid eye movement sleep modulatory circuit in
the hypothalamus. Nature neuroscience. 2013; 16(11):1637-1643.

Jenck F, Moreau JL, Martin JR, Kilpatrick GJ, Reinscheid RK, Monsma FJ Jr, Nothacker HP, Civelli
O. Orphanin FQ acts as an anxiolytic to attenuate behavioral responses to stress. Proceedings of
the National Academy of Sciences of the United States of America. 1997; 94(26):14854-14858.
[PubMed: 9405703]

Kageyama H, Kita T, Toshinai K, Guan JL, Date Y, Takenoya F, Kato S, Matsumoto H, Ohtaki T,
Nakazato M, Shioda S. Galanin-like peptide promotes feeding behaviour via activation of
orexinergic neurones in the rat lateral hypothalamus. Journal of neuroendocrinology. 2006; 18(1):
33-41. [PubMed: 16451218]

Kallupi M, Cannella N, Economidou D, Ubaldi M, Ruggeri B, Weiss F, Massi M, Marugan J, Heilig
M, Bonnavion P, de Lecea L, Ciccocioppo R. Neuropeptide S facilitates cue-induced relapse to
cocaine seeking through activation of the hypothalamic hypocretin system. Proceedings of the
National Academy of Sciences of the United States of America. 2010; 107(45):19567-19572.
[PubMed: 20974945]

Kishi T, Aschkenasi CJ, Lee CE, Mountjoy KG, Saper CB, EImquist JK. Expression of melanocortin 4
receptor mMRNA in the central nervous system of the rat. The Journal of comparative neurology.
2003; 457(3):213-235. [PubMed: 12541307]

Konadhode RR, Pelluru D, Blanco-Centurion C, Zayachkivsky A, Liu M, Uhde T, Glen WB Jr, van
den Pol AN, Mulholland PJ, Shiromani PJ. Optogenetic stimulation of MCH neurons increases
sleep. J Neurosci. 2013; 33(25):10257-10263. [PubMed: 23785141]

Kong H, DePaoli AM, Breder CD, Yasuda K, Bell G, Reisine T. Differential expression of messenger
RNAs for somatostatin receptor subtypes SSTR1, SSTR2 and SSTR3 in adult rat brain: analysis
by RNA blotting and in situ hybridization histochemistry. Neuroscience. 1994; 59(1):175-184.
[PubMed: 8190266]

Kotlinska J, Rafalski P, Biala G, Dylag T, Rolka K, Silberring J. Nociceptin inhibits acquisition of
amphetamine-induced place preference and sensitization to stereotypy in rats. European journal of
pharmacology. 2003; 474(2-3):233-239. [PubMed: 12921868]

Kowalski TJ, Farley C, Cohen-Williams ME, Varty G, Spar BD. Melanin-concentrating hormone-1
receptor antagonism decreases feeding by reducing meal size. European journal of pharmacology.
2004; 497(1):41-47. [PubMed: 15321733]

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 16

Lagos P, Torterolo P, Jantos H, Chase MH, Monti JM. Effects on sleep of melanin-concentrating
hormone (MCH) microinjections into the dorsal raphe nucleus. Brain research. 2009; 1265:103—
110. [PubMed: 19230831]

Lee C, Parks GS, Civelli O. Anxiolytic Effects of the MCH1R Antagonist TPI 1361-17. J Mol
Neurosci. 2010

Lee C, Parks GS, Civelli O. Anxiolytic effects of the MCH1R antagonist TPl 1361-17. J Mol
Neurosci. 2011; 43(2):132-137. [PubMed: 20635163]

Lee DK, Nguyen T, O’Neill GP, Cheng R, Liu Y, Howard AD, Coulombe N, Tan CP, Tang-Nguyen
AT, George SR, O’Dowd BF. Discovery of a receptor related to the galanin receptors. FEBS
letters. 1999; 446(1):103-107. [PubMed: 10100623]

Leinninger GM, Opland DM, Jo YH, Faouzi M, Christensen L, Cappellucci LA, Rhodes CJ, Gnegy
ME, Becker JB, Pothos EN, Seasholtz AF, Thompson RC, Myers MG Jr. Leptin action via
neurotensin neurons controls orexin, the mesolimbic dopamine system and energy balance. Cell
metabolism. 2011; 14(3):313-323. [PubMed: 21907138]

Li Y, van den Pol AN. Differential target-dependent actions of coexpressed inhibitory dynorphin and
excitatory hypocretin/orexin neuropeptides. J Neurosci. 2006; 26(50):13037-13047. [PubMed:
17167093]

Liu H, Kishi T, Roseberry AG, Cai X, Lee CE, Montez JM, Friedman JM, EImquist JK. Transgenic
mice expressing green fluorescent protein under the control of the melanocortin-4 receptor
promoter. J Neurosci. 2003; 23(18):7143-7154. [PubMed: 12904474]

Lopez CA, Guesdon B, Baraboi ED, Roffarello BM, Hetu M, Richard D. Involvement of the opioid
system in the orexigenic and hedonic effects of melanin-concentrating hormone. American journal
of physiology Regulatory, integrative and comparative physiology. 2011; 301(4):R1105-1111.

Luttinger D, King RA, Sheppard D, Strupp J, Nemeroff CB, Prange AJ Jr. The effect of neurotensin on
food consumption in the rat. European journal of pharmacology. 1982; 81(3):499-503. [PubMed:
6811292]

Mansour A, Khachaturian H, Lewis ME, Akil H, Watson SJ. Autoradiographic differentiation of mu,
delta, and kappa opioid receptors in the rat forebrain and midbrain. J Neurosci. 1987; 7(8):2445—
2464. [PubMed: 3039080]

Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB, Yanagisawa M, EImquist JK.
Differential expression of orexin receptors 1 and 2 in the rat brain. The Journal of comparative
neurology. 2001; 435(1):6-25. [PubMed: 11370008]

Murray CD, Booth CE, Bulmer DC, Kamm MA, Emmanuel AV, Winchester WJ. Ghrelin augments
afferent response to distension in rat isolated jejunum. Neurogastroenterology and motility : the
official journal of the European Gastrointestinal Motility Society. 2006; 18(12):1112-1120.
[PubMed: 17109695]

Navarro VM, Tena-Sempere M. Kisspeptins and the neuroendocrine control of reproduction. Frontiers
in bioscience. 2011; 3:267-275.

Neal CR Jr, Mansour A, Reinscheid R, Nothacker HP, Civelli O, Akil H, Watson SJ Jr. Opioid
receptor-like (ORL1) receptor distribution in the rat central nervous system: comparison of ORL1
receptor mRNA expression with (125)1-[(14)Tyr]-orphanin FQ binding. The Journal of
comparative neurology. 1999; 412(4):563-605. [PubMed: 10464356]

Nemeroff CB, Hernandez DE, Luttinger D, Kalivas PW, Prange AJ Jr. Interactions of neurotensin with
brain dopamine systems. Annals of the New York Academy of Sciences. 1982; 400:330-344.
[PubMed: 6132577]

O’Donnell D, Ahmad S, Wahlestedt C, Walker P. Expression of the novel galanin receptor subtype
GALR?2 in the adult rat CNS: distinct distribution from GALR1. The Journal of comparative
neurology. 1999; 409(3):469-481. [PubMed: 10379831]

Parker RM, Herzog H. Regional distribution of Y-receptor subtype mMRNAs in rat brain. The European
journal of neuroscience. 1999; 11(4):1431-1448. [PubMed: 10103138]

Parks GS, Okumura SM, Gohil K, Civelli O. Mice lacking Melanin Concentrating Hormone 1 receptor
are resistant to seizures. Neuroscience letters. 2010; 484(2):104-107. [PubMed: 20709149]

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 17

Parks GS, Olivas ND, lkrar T, Sanathara NM, Wang L, Wang Z, Civelli O, Xu X. Histamine inhibits
the melanin-concentrating hormone system: implications for sleep and arousal. The Journal of
physiology. 2014; 592(Pt 10):2183-2196. [PubMed: 24639485]

Parsons MP, Hirasawa M. GIRK channel-mediated inhibition of melanin-concentrating hormone
neurons by nociceptin/orphanin FQ. Journal of neurophysiology. 2011; 105(3):1179-1184.
[PubMed: 21191090]

Paxinos, G.; Watson, C. The rat brain in stereotaxic coordinates. 6. 2009. Compact sixth edition

Pineda R, Garcia-Galiano D, Roseweir A, Romero M, Sanchez-Garrido MA, Ruiz-Pino F, Morgan K,
Pinilla L, Millar RP, Tena-Sempere M. Critical roles of kisspeptins in female puberty and
preovulatory gonadotropin surges as revealed by a novel antagonist. Endocrinology. 2010; 151(2):
722-730. [PubMed: 19952274]

Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ, Mathes WF, Przypek R,
Kanarek R, Maratos-Flier E. A role for melanin-concentrating hormone in the central regulation of
feeding behaviour. Nature. 1996; 380(6571):243-247. [PubMed: 8637571]

Roselli-Rehfuss L, Mountjoy KG, Robbins LS, Mortrud MT, Low MJ, Tatro JB, Entwistle ML,
Simerly RB, Cone RD. Identification of a receptor for gamma melanotropin and other
proopiomelanocortin peptides in the hypothalamus and limbic system. Proceedings of the National
Academy of Sciences of the United States of America. 1993; 90(19):8856-8860. [PubMed:
8415620]

Roy M, David N, Cueva M, Giorgetti M. A study of the involvement of melanin-concentrating
hormone receptor 1 (MCHRL) in murine models of depression. Biological psychiatry. 2007; 61(2):
174-180. [PubMed: 16934771]

Roy M, David NK, Danao JV, Baribault H, Tian H, Giorgetti M. Genetic inactivation of melanin-
concentrating hormone receptor subtype 1 (MCHRL1) in mice exerts anxiolytic-like behavioral
effects. Neuropsychopharmacology. 2006; 31(1):112-120. [PubMed: 15988472]

Saito Y, Cheng M, Leslie FM, Civelli O. Expression of the melanin-concentrating hormone (MCH)
receptor mMRNA in the rat brain. The Journal of comparative neurology. 2001; 435(1):26-40.
[PubMed: 11370009]

Saito Y, Nagasaki H. The melanin-concentrating hormone system and its physiological functions.
Results and problems in cell differentiation. 2008; 46:159-179. [PubMed: 18227983]

Sakoori K, Murphy NP. Central administration of nociceptin/orphanin FQ blocks the acquisition of
conditioned place preference to morphine and cocaine, but not conditioned place aversion to
naloxone in mice. Psychopharmacology. 2004; 172(2):129-136. [PubMed: 14624329]

Schick RR, Yaksh TL, Go VL. Intracerebroventricular injections of cholecystokinin octapeptide
suppress feeding in rats--pharmacological characterization of this action. Regulatory peptides.
1986; 14(4):277-291. [PubMed: 3749526]

Schulz S, Handel M, Schreff M, Schmidt H, Hollt V. Localization of five somatostatin receptors in the
rat central nervous system using subtype-specific antibodies. Journal of physiology, Paris. 2000;
94(3-4):259-264.

Sears RM, Liu RJ, Narayanan NS, Sharf R, Yeckel MF, Laubach M, Aghajanian GK, DiLeone RJ.
Regulation of nucleus accumbens activity by the hypothalamic neuropeptide melanin-
concentrating hormone. J Neurosci. 2010; 30(24):8263-8273. [PubMed: 20554878]

Semenova S, Hoyer D, Geyer MA, Markou A. Somatostatin-28 modulates prepulse inhibition of the
acoustic startle response, reward processes and spontaneous locomotor activity in rats.
Neuropeptides. 2010; 44(5):421-429. [PubMed: 20537385]

Shimada M, Tritos NA, Lowell BB, Flier JS, Maratos-Flier E. Mice lacking melanin-concentrating
hormone are hypophagic and lean. Nature. 1998; 396(6712):670-674. [PubMed: 9872314]

Smith DG, Davis RJ, Rorick-Kehn L, Morin M, Witkin JM, McKinzie DL, Nomikos GG, Gehlert DR.
Melanin-concentrating hormone-1 receptor modulates neuroendocrine, behavioral, and
corticolimbic neurochemical stress responses in mice. Neuropsychopharmacology. 2006; 31(6):
1135-1145. [PubMed: 16205780]

Stengel A, Coskun T, Goebel M, Wang L, Craft L, Alsina-Fernandez J, Rivier J, Tache Y. Central
injection of the stable somatostatin analog ODT8-SST induces a somatostatin2 receptor-mediated

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al.

Page 18

orexigenic effect: role of neuropeptide Y and opioid signaling pathways in rats. Endocrinology.
2010a; 151(9):4224-4235. [PubMed: 20610566]

Stengel A, Goebel M, Wang L, Rivier J, Kobelt P, Monnikes H, Tache Y. Selective central activation
of somatostatin receptor 2 increases food intake, grooming behavior and rectal temperature in rats.
Journal of physiology and pharmacology : an official journal of the Polish Physiological Society.
2010b; 61(4):399-407. [PubMed: 20814067]

Swanson LW, Sanchez-Watts G, Watts AG. Comparison of melanin-concentrating hormone and
hypocretin/orexin mMRNA expression patterns in a new parceling scheme of the lateral
hypothalamic zone. Neuroscience letters. 2005; 387(2):80-84. [PubMed: 16084021]

Takekawa S, Asami A, Ishihara Y, Terauchi J, Kato K, Shimomura Y, Mori M, Murakoshi H, Kato K,
Suzuki N, Nishimura O, Fujino M. T-226296: a novel, orally active and selective melanin-
concentrating hormone receptor antagonist. European journal of pharmacology. 2002; 438(3):129-
135. [PubMed: 11909603]

Torterolo P, Benedetto L, Lagos P, Sampogna S, Chase MH. State-dependent pattern of Fos protein
expression in regionally-specific sites within the preoptic area of the cat. Brain research. 2009;
1267:44-56. [PubMed: 19269274]

Tritos NA, Vicent D, Gillette J, Ludwig DS, Flier ES, Maratos-Flier E. Functional interactions
between melanin-concentrating hormone, neuropeptide Y, and anorectic neuropeptides in the rat
hypothalamus. Diabetes. 1998; 47(11):1687-1692. [PubMed: 9792536]

Tsukamura H, Thompson RC, Tsukahara S, Ohkura S, Maekawa F, Moriyama R, Niwa Y, Foster DL,
Maeda K. Intracerebroventricular administration of melanin-concentrating hormone suppresses
pulsatile luteinizing hormone release in the female rat. Journal of neuroendocrinology. 2000;
12(6):529-534. [PubMed: 10844581]

van den Pol AN, Acuna-Goycolea C, Clark KR, Ghosh PK. Physiological Properties of Hypothalamic
MCH Neurons Identified with Selective Expression of Reporter Gene after Recombinant Virus
Infection. Neuron. 2004; 42(4):635-652. [PubMed: 15157424]

Vasilaki A, Papasava D, Hoyer D, Thermos K. The somatostatin receptor (sst1) modulates the release
of somatostatin in the nucleus accumbens of the rat. Neuropharmacology. 2004; 47(4):612-618.
[PubMed: 15380378]

Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Leger L, Boissard R, Salin P, Peyron C, Luppi P-
H. A role of melanin-concentrating hormone producing neurons in the central regulation of
paradoxical sleep. BMC neuroscience. 2003; 4(1):19. [PubMed: 12964948]

Videau C, Hochgeschwender U, Kreienkamp HJ, Brennan MB, Viollet C, Richter D, Epelbaum J.
Characterisation of [1251]-TyrODTrp8-somatostatin binding in sst1- to sst4- and SRIF-gene-
invalidated mouse brain. Naunyn-Schmiedeberg’s archives of pharmacology. 2003; 367(6):562—
571.

Winzer-Serhan UH, Chen Y, Leslie FM. Expression of opioid peptides and receptors in striatum and
substantia nigra during rat brain development. Journal of chemical neuroanatomy. 2003; 26(1):17-
36. [PubMed: 12954528]

Wu M, Dumalska I, Morozova E, van den Pol A, Alreja M. Melanin-concentrating hormone directly
inhibits GnRH neurons and blocks kisspeptin activation, linking energy balance to reproduction.
Proceedings of the National Academy of Sciences of the United States of America. 2009; 106(40):
17217-17222. [PubMed: 19805188]

Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang Z, Lin SH, Brucher FA, Zeng J, Ly NK,
Henriksen SJ, de Lecea L, Civelli O. Neuropeptide S: a neuropeptide promoting arousal and
anxiolytic-like effects. Neuron. 2004; 43(4):487-497. [PubMed: 15312648]

Yeo SH, Herbison AE. Projections of arcuate nucleus and rostral periventricular kisspeptin neurons in
the adult female mouse brain. Endocrinology. 2011; 152(6):2387-2399. [PubMed: 21486932]

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Parks et al. Page 19

NOP & MCH
tH

W

A
OrexR1&MCH . .. -

Figure 1.
Double in situ hybridization of pMCH and NOP or Orexin receptor mMRNA. Microscopy

images of sections hybridized with antisense 3°S-labeled riboprobes (black grains) for NOP,
OX1R, or OX2R and DIG labeled pMCH (purple) in the lateral region of the lateral
hypothalamus (LH) A: NOP colocalizes with most MCH neurons. B: Diagram illustrating
distribution of NOP positive MCH neurons. C: OX1R colocalizes with some MCH neurons
in the LH D: Diagram illustrating distribution of OX1R positive MCH neurons.. E: OX2R
colocalizes with MCH neurons. F: Diagram illustrating distribution of OX2R positive MCH
neurons.. Black arrows display colocalization and blue arrows point towards representative
MCH neurons which do not colocalize. Inset in top right of some panels represents high
powered microscopy images of the region within the dashed rectangle. The scale bar
represents 50uM. In the diagrams, red dots ( ®) represent MCH neurons that colocalize with
the corresponding receptor MRNA (NOP, OX1R, OX2R), and blue dots ( ®) signify MCH
neurons that do not demonstrate colocalization.
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Figure 2.
MCHRL1 and KissR are expressed by MCH neurons. Double in situ hybridization of pMCH

and MCHR1 or KissR1. A: MCHRL1 in the perifornical lateral hypothalamus (pfLH). B:
KissR1 in the pfLH. C: MCHRL1 in the lateral portions of the LH. D: KissR1 in in the lateral
portions of the LH. E: Diagram of the distribution pattern of MCHR1 colocalization. F:
Distribution of KissR1-expressing MCH neurons. Black arrows show examples of
colocalization and blue arrows point towards representative MCH neurons which do not
colocalize with MCHRL1 or KissR. Inset in top right of some panels represents high powered
microscopy images of select MCH neurons within the dashed rectangle. The scale bar
represents 50uM. In the diagrams, red dots ( ®) represent MCH neurons that colocalize with
the corresponding receptor MRNA (MCHR1, KissR), and blue dots ( ®) signify MCH
neurons that do not demonstrate colocalization.
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Figure 3.
SSTR1 and SSTR2 are expressed by MCH neurons. Double in situ hybridization of pMCH

with SSTR1 or SSTR2. A: SSTR1 in the lateral regions of the lateral hypothalamus (LH). B
Distribution pattern of SSTR1-expressing MCH neurons. C: SSTR2 in the LH. D: Diagram
illustrating distribution of SSTR2 positive MCH neurons. Black arrows show examples of
colocalization and blue arrows point towards representative MCH neurons which do not
colocalize with SSTR1 or SSTR2. The scale bar represents 50uM. In the diagrams, red dots
('®) represent MCH neurons that colocalize with the corresponding receptor mMRNA
(SSTR1, SSTR2), and blue dots ( ®) signify MCH neurons that do not demonstrate
colocalization.
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Figure 4.
Double in situ hybridization of pMCH with NTSR1 AND NPSR. Both NTSR1 and NPSR

colocalize with some MCH neurons. A: NTSR1 in the perifornical lateral hypothalamus
(pfLH). B: NPSR in the pfLH. C: NTSRL1 in lateral portions of the lateral hypothalamus
(LH). D: NPSR in the LH. E: Diagram illustrating distribution of NTSR1 positive MCH
neurons. F: Distribution of NPSR-expressing MCH neurons. Black arrows show examples
of colocalization and blue arrows point towards representative MCH neurons which do not
colocalize with NTSR1 or NPSR. Inset in top right of some panels represents high powered
microscopy images of select MCH neurons within the dashed rectangle. The scale bar
represents 50uM. In the diagrams, red dots ( ®) represent MCH neurons that colocalize with
the corresponding receptor mRNA (NTSR1, NPSR), and blue dots ( ®) signify MCH
neurons that do not demonstrate colocalization.
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Figure 5.
CCKAR weakly colocalizes with MCH. CCKBR does not colocalize with MCH. A:

CCKAR in the lateral portions of the lateral hypothalamus (LH). B: CCKAR sense probe.
C: CCKBRin the LH. D: CCKBR sense probe. Black arrows show examples of
colocalization and blue arrows point towards representative MCH neurons which do not
colocalize with CCKA/B receptors. The scale bar represents 50uM.
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Figure 6.
KOR is expressed by some MCH neurons, but MOR and DOR do not colocalize with MCH

neurons. A: KOR in the perifornical lateral hypothalamus (pfLH). B: MOR in the lateral
portions of the lateral hypothalamus (LH). C: DOR in the zona incerta (ZI). Black arrows
show examples of colocalization and blue arrows point towards representative MCH
neurons which do not colocalize. The scale bar represents 50uM.
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Figure 7.

NPY5R, MC3R, MC4R, GalR1, CRF1, and CRF2 do not colocalize with MCH neurons. A:
NPY5R in the perifornical lateral hypothalamus (pfLH) B: GalR1 in the lateral portions of
the lateral hypothalamus (LH). C: MC3R in the pfLH. D: MC4R in the pfLH. E: CRF1 in

the pfLH. F: CRF2 in the pfLH. Blue arrows point towards representative MCH neurons
which do not colocalize with receptor mMRNA. The scale bar represents 50uM.
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Table 1
Percentage of MCH neurons found to express each neuropepide receptor

Proportion of MCH neurons expressing each receptor

Probe % Colocalization
nor | TSy
MCHR1 64-(311;:8%;1)6%
OrexR1 36-&16:?929-%4%
OrexR2 51-(3;14:3051-2)8%
SSTR1 49(-3:1“2 fégeg%
SSTR2 36-(7n3: 3098.61)9%
KissR1 48-(1]4:;50%;)4%
il T
vesR | Polizag
cokar | Milse
coker | iy
KR | Mooy
MR | Pl
poR | *odice)
CRF1 8'8?:15(1)2?23)%
i I
GalR1 5-%2:1*2 g%;%
NPY5R 4-4(12:12 86714;%
MR | ohann)
MC4R 3.60+0.11%

(n=2023)

N= number of MCH neurons counted. Data are presented as mean + SEM.

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.

Page 26



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Parks et al.

Table 2

Summary of results

Summary of receptor colocalization with MCH neurons

High Moderate Low
>30% 10-30% <10%
NOP NPSR MOR
MCHR1 NTSR1 DOR
KissR CCKAR CCKBR
SSTR1 KOR NPY5R
SSTR2 MC3R
OXR1 MC4R
OXR2 GalR1
CRF1
CRF2

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.

Page 27



