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Melanin concentrating hormone (MCH) stimulates feeding driven by energy needs and reward and modifies anx-
iety behavior. Orexigenic peptides of similar characteristics, including nociceptin/orphanin FQ, Agouti-related pro-
tein and opioids, increase consumption also by reducing avoidance of potentially tainted food in animals displaying
a conditioned taste aversion (CTA). Herein, using real-time PCR, we assessed whether expression levels of genes
encoding MCH and its receptor, MCHR1, were affected in CTA in the rat. We also investigated whether injecting
MCH intracerebroventricularly (ICV) during the acquisition and retrieval of LiCl-induced CTA, would alleviate aver-

g:ggﬁ;ds' sive responses. MCHR1 gene was upregulated in the hypothalamus and brain stem of aversive animals, MCH mRNA
Preference was significantly higher in the hypothalamus, whereas a strong trend suggesting upregulation of MCH and MCHR1
Avoidance genes was detected in the amygdala. Despite these expression changes associated with aversion, MCH injected
Anorexia prior to the induction of CTA with LiCl as well as later, during the CTA retrieval upon subsequent presentations

of the aversive tastant, did not reduce the magnitude of CTA. We conclude that MCH and its receptor form an orexi-
genic system whose expression is affected in CTA. This altered MCH expression may contribute to tastant-targeted
hypophagia in CTA. However, changing the MCH tone in the brain by exogenous peptide was insufficient to pre-
vent the onset or facilitate extinction of LiCl-induced CTA. This designates MCH as one of many accessory molecules

associated with shaping an aversive response, but not a critical one for LiCl-dependent CTA to occur.

Published by Elsevier Inc.

1. Introduction

Melanin concentrating hormone (MCH) is a 19-amino acid cyclic pep-
tide primarily expressed in the lateral hypothalamic (LH) and zona
incerta (ZI) neurons (Risold et al., 2009). It binds two receptors: the
MCHR1 and MCHR2; however rodents only express the MCHR1 (Tan et
al., 2002). MCH has been implicated in a variety of processes including
sleep (Peyron et al.,, 2009), mood disorders (Antal-Zimanyi & Khawaja,
2009), learning and memory (Adamantidis & de Lecea, 2009), and most
pertinent to this project, feeding and energy homeostasis (for review
see (Antal-Zimanyi & Khawaja, 2009) and (Griffond & Risold, 2009)).

Central administration of MCH increases feeding (Qu et al., 1996);
MCH over-expression induces obesity and hyperphagia in transgenic
mice (Ludwig et al., 2001), while MCH knockout (KO) mice are lean
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and hypophagic (Shimada et al., 1998). It has been suggested that
MCH impacts energy balance either by altering feeding (Della-Zuana
et al., 2002; Gomori et al., 2003; Ito et al., 2003) or also, as observed
in KO models, by altering energy expenditure (Kokkotou et al.,
2005). It is noteworthy that MCH may be involved in the regulation
of reward-related processing of ingestive behavior. For example, cen-
tral administration of MCHR1 agonists increases intake of palatable
sucrose and ethanol and impacts the reinforcing value of these re-
warding ingestants (Duncan et al., 2005; Sakamaki et al., 2005). Con-
versely, Morens et al. (2005) showed that antagonism of the MCHR1
leads to a more prominent decrease in consumption of preferred
foods than of a regular bland diet. In addition, some of the orexigenic
properties of MCH may stem from its anxiolytic properties (Monzon
& De Barioglio, 1999; Kela et al., 2003; Morens et al., 2005).

The combination of orexigenic (through energy- and reward-related
mechanisms) and anxiolytic properties of MCH led us to hypothesize
that, similarly to other peptides sharing these characteristics, MCH sig-
naling maybe crucial in the regulation of behaviors that underlie food
avoidance. One such behavior is a conditioned taste aversion (CTA)
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which develops when exposure to a novel tastant is paired with an in-
jection of a sickness/malaise inducing agent. The animal associates the
unpleasant gastrointestinal sensation with the tastant and avoids this
ingestant upon subsequent presentations. We have previously shown
that opioids, whose main role is to mediate feeding reward and only to
some extent feeding for calories, alleviate aversive responsiveness
when co-administered with the CTA inducing toxin, lithium chloride
(LiCl). Orexigenic opioid-like peptide, nociceptin/orphanin FQ (N/OFQ),
reduces aversion; relative expression of genes encoding the components
of the N/OFQ system in the brain is also altered in CTA (Olszewski et al.,
2010a). In fact, our preliminary analysis of the tissues from that study
(unpublished data) strongly suggested that MCH mRNA levels differ in
the aversive state.

The present studies were undertaken to assess whether central
mRNA levels of genes coding for MCH and its receptor are affected
in the aversive state in the rat. We also sought to investigate whether
supplying exogenous MCH during the acquisition and retrieval of a
LiCl-induced CTA could alleviate aversive responses.

2. Materials and methods

2.1. Experiment 1: expression of genes encoding MCH and MCHR1 in re-
sponse to CTA

Expression levels of MCH and MCH receptor genes were estab-
lished in the hypothalamus, amygdala and brainstem tissue collected
from animals aversive to a novel solid diet. The CTA profile and initial
mRNA data (housekeeping genes, nociceptin/orphanin peptide and
receptor mRNA) from this experiment have been described in detail
and published elsewhere (Olszewski et al., 2010a). In brief, 32
weight-matched (270-290 g) male Sprague-Dawley rats (Scanbur,
Sweden) were housed individually in standard macrolon type IV
cages with LD 12:12 (lights on at 07:00) in a temperature-controlled
room (21-22 °C). The procedures were approved by the Uppsala
Animal Ethics Committee. The animals were schedule-fed between
0900 and 1100 each day; standard chow (R36, Lactamin) was avail-
able. Food intake was measured daily and body weights were
recorded every other day. After 3 days of acclimatizing to this sched-
ule, the animals also received one i.p. saline injection daily for the
next 3 days to allow animals to become accustomed to drug adminis-
tration. On the 7th day, they were given a novel R6-38 (Lantmdnnen)
diet instead of regular chow. Exposure to this novel diet was followed
by an i.p. injection with saline or 3 meq LiCl. To ensure CTA acquisi-
tion, the protocol was repeated on the 9th and 11th day. The animals
were randomly assigned to four different groups: (i) schedule-fed
controls, receiving saline-injections immediately after exposure to
the novel diet, (ii) schedule-fed CTA rats, injected with LiCl after ex-
posure to the novel diet, (iii) schedule-fed rats, pair-fed to the CTA
rats and injected only with saline after food exposure, and (iv) sched-
ule-fed rats, pair-fed to the CTA rats, injected with LiCl 4 h after expo-
sure to the novel diet. The restricted group of animals was always
pair-fed to the CTA group.

On the 13th day, the animals were exposed to the novel diet again,
but no injections were given. Ninety minutes after food exposure, the
animals were decapitated. A gross excision of the hypothalamus,
amygdala and brain stem was performed according to the boundaries
defined in the brain atlas of Paxinos and Watson (1986). The tissue
was kept at room temperature in the RNAlater solution (Ambion)
for 3 h and then stored at —80 °C.

2.1.1. RNA extraction and cDNA synthesis

RNA extraction and cDNA synthesis were performed according to
the protocol described previously. In brief, homogenization of sam-
ples was carried out in the TRIzol reagent and chloroform was used
to extract RNA followed by overnight incubation in isopropanol for
RNA precipitation. After centrifugation, the pellets were washed,

air-dried and dissolved in 1x DNase buffer, followed by 1.5 h incuba-
tion in RNase-free DNase I (Roche). RT-PCR was used to confirm the
absence of genomic DNA. RNA concentration was measured using a
nanodrop (ND-1000, Nanodrop). 5 pig RNA samples was diluted in
MilliQ waterto the final volume of 12 pl. In order to reverse-transcribe
RNA, a total volume of 20 pl of the mix containing 1x mastermix and
1 pul murine leukemia virus reverse transcriptase was used.

2.1.2. RT-PCR

The mastermix for each RT-PCR contained 2 ul MgCl, free 10x
Buffer, 1.6 ul 50 mM MgCl,, 0.2 ul 20 mM dNTP, 0.05 pl of both for-
ward and reverse primer (100 pmol/ul), 1l dimethyl sulfoxide,
0.5l Sybr Green (1:50,000), 0.08 ul Taq polymerase (5U/ul) and
9.52 ul MilliQ water. Each plate included all samples in duplicates as
well as negative controls. The following protocol was used for ampli-
fication: 3 min of denaturation at 95 °C followed by 50 cycles of 15 s
denaturing at 95 °C, 15 s annealing at an appropriate temperature
established for the primers (Table), and 30 s extension at 72 °C.

The following housekeeping genes were analyzed: glyceraldehyde-
3-phosphate-dehydrogenase, R-tubulin, ribosomalprotein 19, histo-
neH3, cyclophilin, 3-actin and succinate dehydrogenasecomplex subu-
nit B). The RT-PCR experiments were performed using a MyiQthermal
cycler (Bio-Rad Laboratories, Sweden).

2.1.3. Data analysis

Data analysis was carried out as described in Lindblom et al. (2006)
using MylQ version 1.04 (Bio-Rad). LinRegPCR (Ramakers et al., 2003)
was used to calculate primer efficiencies to correct for efficiency differ-
ences. Normalization factors were calculated based on housekeeping
gene expression using the GeNorm protocol (Vandesompele et al,
2002). Outliers were identified with Grubb's test, and ANOVA followed
by Fischer's protected least significant difference test were used to ana-
lyze differences in gene expression between groups. Values of p<0.05
were considered different.

2.2. Experiment 2: effect of MCH on acquisition and extinction of a CTA

2.2.1. Animals and surgeries

Male Sprague-Dawley rats (n=43; Charles River Laboratories,
Wilmington, MA) weighing 260-370 g (Means: 320430 g) were in-
dividually housed in conventional hanging cages under the same con-
ditions as described above. The study was approved by the University
of Minnesota Institutional Animal Care and Use Committee. Rats were
fitted with an indwelling stainless steel guide cannula (22 gauge,
Plastics One, Roanoke, VA) descending into the third ventricle. They
were anesthetized with an intraperitoneal (i.p.) injection of pento-
barbital (Nembutal®, 60 mg/kg b.wt.). The surgical site was cleaned
with povidone-iodine and ethanol. The rat was placed in the stereo-
taxic apparatus and the cannula was secured with dental cement
and two screws inserted into the skull. Stereotaxic coordinates were
as follows: 0 mm lateral to midline, 2.5 mm posterior to bregma,
and 8.1 mm below the skull surface (injector extends 0.5 mm beyond
the tip of the guide cannula). Immediately after surgery the rats were
given subcutaneous injections of the analgesic carprofen (5 mg/kg)
and an antibiotic ointment was applied to the wound site. The analge-
sic was administered daily for the next 2 days. The rats were given 7-
10 days of postoperative recovery. To assess patency of the cannula,
rats were tested for their drinking response to a central injection of
10 ng Ang II. Only rats that drank at least 5 ml of water within
30 min were used in the studies.

2.2.2. Drugs and drug administration

Angiotensin Il (Ang II; Calbiochem, La Jolla, CA) was administered
i.cv. at a dose of 10 ng/3 pl. Melanin concentrating hormone (MCH;
Sigma-Aldrich, St. Louis, MO), dissolved in artificial cerebrospinal
fluid (aCSF), was administered i.c.v. at a dose of 5 pg/3 pl. Lithium
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chloride (LiCl) (Sigma-Aldrich, St. Louis, MO) was dissolved in dis-
tilled water to obtain a 0.15 M concentration and administered i.p.
(2% of body weight; b.wt.). Central injections were administered
over 30s, followed by a 1 min delay before removing the injector
from the cannula.

2.2.3. Feeding and drinking regimen

Food (Standard chow; Teklad Global Diet 2018) was allowed ad
libitum until the start of each experimental trial, at which point
food was removed for ca. 30 min. The rats' water restriction regi-
men began 4 days prior to the start of the first experimental trial
and continued throughout the duration of the study. The animals
had 1h access to a pre-weighed bottle of water every day. The
rats' body weights were monitored to ensure they did not drop
below 85% of the pre-restriction values. On experimental days, in-
stead of water, rats were given 1 h access to either a single burette
containing a 0.1% solution of saccharin (CTA induction day) or 2
separate burettes containing the saccharin solution and water
(tests for extinction of CTA).

2.2.4. CTA to a novel saccharin solution

Animals were trained to drink water for 1 h (10:00-11:00) each day
on a restricted drinking schedule for 5 days to circumvent their natural
neophobia and ensure that they would drink the novel test solution
when it was presented to them. The rats were randomly divided into
4 groups that received (i) aCSF (3 pl) centrally and NaCl (0.9%, 2% of
body weight) i.p., (ii) aCSF centrally and LiCl (0.15M, 2% of body
weight) i.p., (iii) MCH (5 pg/3 pl) centrally and NaCl i.p. and (iv) MCH
i.c.v. and LiCl i.p. The central injections were followed by exposure to
anovel 0.1% saccharin solution. Thirty minutes later, the saccharin solu-
tion was removed and the peripheral injections were administered.
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Water restriction (1 h/day) continued for the next 72 h after which
the two-bottle preference test was administered.

The strength of the aversion was determined 72 h post-injection
with a two-bottle test. The rats were offered two burettes places in
cages side-by-side. One bottle contained water and the other, the
0.1% saccharin. Liquid intake was measured after 30 min. In order to
assess whether MCH treatment facilitated CTA extinction, the rats
were again centrally administered the same injection they received
on the day when the CTA was induced. These central injections
were administered 3 days and 6 days after the first two-bottle test.
On both these days immediately following the central injections, the
rats were given access to 2 burettes with water in one, and 0.1% sac-
charin solution in the other. Liquid intake was measured 30 min after
the central injections.

2.2.5. Data analysis

Results are presented as means + SEM. Liquid intake data were an-
alyzed using two-factor ANOVAs. Values were considered significant-
ly different when p<0.05.

3. Results
3.1. Experiment 1

Over the first 3 days of the study the animals were becoming ac-
customed to the feeding schedule and, therefore, we disregarded
food intake measurements obtained during this period. Cumulative
chow intake in the animals over day 4-6, just prior to the first LiCl in-
jection is displayed in Fig. 1A (no difference between groups).

Fig. 1B demonstrates the aversive effect of i.p. LiCl injections
paired with the novel diet. Upon the initial exposure to the diet (pre-
ceding the first LiCl injection; day 7) animals consumed significantly
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Fig. 1. A) Cumulative chow intake in the control vs. aversion group over 3 days prior to the first LiCl injection. B) Intake of the novel diet on day 7 (just prior to the first injection)
compared to day 13 of the study. LiCl-injected animals decreased their food intake significantly (p<0.0001) whereas intake in the control group increased (p<0.0001). C) Cumu-
lative food intake over injection days 7,9,11 and 13 between the control and aversion group. Aversive animals ingested significantly less food compared to control animals
(p<0.0001). D) Overview over food intake on injection days for aversive animals compared to controls.
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Fig. 2. Relative expression of the MCH and MCH receptor 1 genes in the hypothalamus (HT), brain stem (BS), and amygdala (Amy) of rats displaying CTA toward the presented diet
(aversion), non-aversive animals pair-fed to the CTA rats (restriction), nonaversive animals pair-fed to the CTA rats, injected with LiCl 4 h after exposure to the diet (LiCl), and
unrestricted non-CTA controls (control). Animals had access to food during a scheduled 2-h period. *p<0.05.

(p<0.0001) more food than upon the last exposure (day 13). The
saline-treated group on the other hand gradually increased food in-
take, likely as a result of greater acceptance of the novel diet.

Fig. 1C shows the cumulative intake of the novel diet over injec-
tion days 7, 9, 11 and 13 between control and CTA rats. Intake of
the novel diet was significantly lower in CTA rats compared to the
control group (p<0.0001). Fig. 1 D displays all four exposure days
and shows that the difference in cumulative food intake of the
novel diet presented in Fig. 1 C did not originate from one outlier day.

Aversion was associated with increased levels of both MCH and
MCHR1 mRNA. Upregulation of MCHR1 gene expression was found
in both the hypothalamus and brain stem of the CTA rats, whereas
MCH mRNA was significantly higher in the hypothalamus. Although
a trend suggesting upregulation of both MCH and MCHR1 genes
was detected also in the amygdala of these animals, it did not reach
the significance level (MCH: p =0.094; MCHR1: p=0.097).

When a decrease in food intake was due to deprivation rather than
the malaise/aversion-dependent avoidance of the diet, only the brain-
stem pool of the MCH gene was affected. In these animals, pair-fed to
match food intake in the CTA group, no other changes in expression of
genes encoding MCH peptide or receptor occurred (Fig. 2).

In order to rule out any effect of LiCl on the expression of these
genes, one group of animals was injected with LiCl 4 h after exposure

to the novel diet. Analysis of MCH and MCHR1 gene expression
revealed no significant changes compared to the control group.

3.2. Experiment 2

On the day of the CTA induction (upon the first presentation of
saccharin, immediately preceding LiCl injections) the rats in all 4
groups drank a statistically similar amount of saccharin (p>0.05).
The strength of the aversion was assessed by the two-bottle choice
test 72 h after the induction of the CTA. There was no effect of the
central (i.c.v.) injections (F;39=0.329, p>0.05, Fig. 3); there was
only an effect of the peripheral injection (F;39=17.496, p<0.001,
Fig. 3) such that rats that had been treated with LiCl drank water al-
most exclusively, regardless of whether they had received a central
injection of MCH or aCSF on the CTA induction day . In order to exam-
ine whether MCH treatment facilitated extinction of the aversion, the
central injections were repeated 3 days and 6 days after the two-
bottle choice test and the rats were again given access to both
water and saccharin. Again there was no effect of the central injec-
tions (F;39=0.237, p>0.05, Fig. 4A; F;39=0.127, p>0.05, Fig. 4B),
but there was a robust effect of the peripheral injection, such that
the rats that had been treated with LiCl continued to avoid the
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Fig. 3. Acquisition of CTA: LiCl-treated rats avoided consuming saccharin regardless of whether they had received aCSF or MCH centrally. Data are presented as means 4+ SEM

(N=10-11/group).
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Fig. 4. Magnitude and retrieval of the CTA: [A] Three days after the 2-bottle choice test, the LiCl-treated rats continued to avoid saccharin. [B] Six days after the 2-bottle choice test,
the LiCl-treated rats continued to avoid saccharin despite the MCH treatment. On both of these test days, no peripheral injections were administered. Data are presented as means +

SEM (N=10-11/group).

saccharin and almost exclusively consumed water (F;39=32.345,
p<0.001, Fig. 4A; F;39=19.690, p<0.001; Fig. 4B).

4. Discussion

The current study was conducted to investigate the role of MCH in
CTA by examining expression of genes coding for MCH and its recep-
tor in the aversive state and by testing the ability of MCH to reduce
CTA. We found that central MCH and MCHR1 mRNA levels were ele-
vated in aversive rats. Despite the changes in gene expression of the
MCH system during aversion, intracranial administration of MCH at
an orexigenic dose did not diminish LiCl CTA-driven reduction in
consumption.

Acquisition and maintenance of aversive responses engage a variety
of central systems, such as those involved in stress, learning and mem-
ory. Importantly, as food avoidance is a crucial component of the aver-
sive state, feeding-related systems are also affected (Thiele et al.,
1997; Renner et al,, 2010). In line with that, CTA is associated with
changes in activity of neurons and expression of genes involved in con-
trolling a meal size and perceived palatability (thus a rewarding value)
of presented food (Lee et al., 2009; Olszewski et al., 2010b). In turn,
these neural and molecular adaptations appear to support short- and
long-term hypophagic responsiveness upon presentation of potentially
tainted tastants. For example, increase in activation of anorexigenic OT
and VP neurons occurs upon LiCl injections. Elevated c-Fos immunore-
activity has been found in undefined cells in the nucleus of the solitary

tract in the brain stem as well as in the hypothalamus of rats treated
with LiCl (Olszewski et al., 2000, 2010a; Renner et al., 2010; Schwarz
et al, 2010). Rinaman (2000) reported that neurons synthesizing
glucagon-like peptide-1 (GLP1), including those that project to the
PVN, are activated by LiCl (Rinaman, 1999). Hypophagia during aver-
sion retrieval also depends on multiple factors, such as OT and cholecys-
tokinin (CCK) (Onaka & Yagi, 1998). We have recently reported that
expression of genes encoding the components of the N/OFQ system in
the brain is altered in CTA (Olszewski et al., 2010a). The present project
delineates MCH/MCHR1 as another orexigenic system whose activity is
affected during aversion, which reflects the decrease in the animal's
drive to consume food. It is noteworthy that upregulation in MCH and
MCHR1 mRNA levels was not observed only in the hypothalamus, but
also a clear trend persisted in the amygdala and significant changes in
MCHR1 mRNA were detected in the brainstem. Hence, the MCH pep-
tide/receptor gene expression response in CTA was common for several
brain regions.

Although Qu et al. (1996) have shown that hypothalamic MCH
expression in starved mice increases roughly fourfold compared to
ad libitum-fed controls (Qu et al., 1996), we did not observe upre-
gulation in the restricted group. This may be due to differences in
feeding paradigms, since all our animals were schedule-fed, which
by itself constitutes mild food restriction. That MCH and MCHR1
mRNA levels were not affected by energy deprivation itself, but
only in association with CTA, serves as evidence linking this system
with aversion.
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Importantly, simultaneous upregulation of the receptor and ligand
encoding genes was somewhat puzzling and expression data per se
do not provide the sufficient basis to speculate whether changes in
the activity of these genes are indeed critical for the formation and/
or maintenance of CTA. We therefore performed an injection experi-
ment to examine whether centrally administered MCH at the dose
known to induce consumption for energy and reward (Duncan et
al., 2005; Sakamaki et al., 2005) can also increase the consummatory
response in CTA animals. In fact, MCH has been shown to elevate pal-
atable saccharin intake under some conditions (Furudono et al.,
2006), however, in the current experiment involving daily scheduled
drinking, no effect of MCH on saccharin solution intake was observed,
likely due to very high volumes of consumed fluid. Several orexigens
have been found to reduce aversive responsiveness. Those include
peptides that induce hunger for calories or feeding for reward, such
as Agouti-related protein (AgRP), opioids and N/OFQ (Olszewski
et al.,, 2000; Wirth et al., 2002). The fact that N/OFQ reduces CTA,
while the NOP receptor antagonist delays extinction of LiCl-induced
CTA, seemed of particular importance, as changes in N/OFQ and
NOP mRNA levels had been previously detected in the same tissue
that was used in the current study. Unlike N/OFQ, intracerebroventri-
cular MCH injected at the orexigenic dose just before the onset of
aversion failed to hamper the development of CTA. We also
attempted to alleviate aversive responses during the CTA retrieval
process by injecting MCH just before saccharin presentation and
this treatment was done on CTA post-induction days 3 and 6. The
rats continued to avoid the saccharin solution, demonstrating that
MCH did not promote extinction of aversion. These data suggest
that MCH does not retain its orexigenic properties in the context of
food avoidance resulting from aversion; and that MCH does not coun-
teract the onset or maintenance of aversive responsiveness.

Overall, the current set of data offers an interesting insight into
our understanding of the aversion process. It defines MCH and its re-
ceptor as an orexigenic system whose expression is affected in the
brain of animals displaying CTA, and this effect is independent of en-
ergy status of the organism. This altered MCH expression profile may
serve as one of the factors contributing to tastant-targeted hypopha-
gia in CTA. However, changing the MCH tone in the brain by supply-
ing exogenous peptide is insufficient to prevent the onset or
facilitate extinction of food avoidance caused by LiCl-induced CTA.
This designates MCH as one of many accessory molecules associated
with shaping an aversive response, but not a critical one for LiCl-
dependent CTA to occur. Despite negative data obtained in the injec-
tion experiment, future studies on utilizing MCH in pharmacological
interventions aimed at reducing aversion are needed, for example in
the context of CTAs caused by factors other than LiCl or in relation
to usability of MCH in combination treatment with other anti-
aversive agents.
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