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ABSTRACT

The peptide melanin-concentrating hormone (MCH), produced mainly by cells in the lateral hypothalamus
(LH), perifornical area (PF) and zona incerta (ZI), is suggested to have a role in the consumption of rewarding
substances, such as ethanol, sucrose and palatable food. However, there is limited information on the specific
brain sites where MCH acts to stimulate intake of these rewarding substances and on the feedback effects
that their consumption has on the expression of endogenous MCH. The current study investigated MCH in
relation to ethanol consumption, in Sprague-Dawley rats. In Experiment 1, chronic consumption of ethanol
(from 0.70 to 2.7 g/kg/day) dose-dependently reduced MCH gene expression in the LH. In Experiments 2-4,
the opposite effect was observed with acute oral ethanol, which stimulated MCH expression specifically in
the LH but not the ZI. In Experiment 5, the effect of MCH injection in brain-cannulated rats on ethanol
consumption was examined. Compared to saline, MCH injected in the paraventricular nucleus (PVN) and
nucleus accumbens (NAc) selectively stimulated ethanol consumption without affecting food or water
intake. In contrast, it reduced ethanol intake when administered into the LH, while having no effect in the ZI.
These results demonstrate that voluntary, chronic consumption of ethanol leads to local negative feedback
control of MCH expression in the LH. However, with a brief exposure, ethanol stimulates MCH-expressing
neurons in this region, which through projections to the feeding-related PVN and reward-related NAc can

promote further drinking behavior.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recent reports from this and other laboratories support the
involvement of hypothalamic orexigenic peptides in controlling
consummatory behavior [1,2]. These include galanin (GAL), enkeph-
alin (ENK) and hypocretin/orexin (OX), each of which stimulates the
consumption of ethanol, as well as food and palatable diets [3-8].
Evidence now supports the idea that these hypothalamic peptides
project to and interact with extra-hypothalamic reward circuits to
promote consummatory behavior, playing a role in food and drug
reinforcement in addition to energy balance [9].

The lateral hypothalamus (LH) has long been recognized as a brain
region important for controlling both energy intake and reward-
related behaviors [10,11]. In addition to OX, there exists in this area a
distinct cell population that expresses the peptide, melanin-concen-
trating hormone (MCH) [12-14]. This peptide has a prominent role in
energy balance, mediating various aspects of consummatory behavior
[15-19]. MCH is a cyclic nonadecapeptide, which is produced almost
exclusively in neurons of the LH, the perifornical hypothalamus (PF)
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immediately surrounding the fornix, and the zona incerta (ZI), that
project fibers throughout the brain [13,20-23]. Although two main
MCH receptors have been identified in humans [24-26], only one
subtype has been cloned in rodents, the MCH R1 [25]. This receptor
has a potent, inhibitory effect on neuronal activity through activation
of the inhibitory G-protein (G;) coupled receptor [27-29], and it is
shown in non-neuronal cell lines to increase intracellular calcium
release and activity of phospholipase C by activation of the Gq coupled
receptor [30,31]. In addition to the hypothalamus, there is dense
expression of MCH R1 in the nucleus accumbens (NAc) and other
limbic brain regions, suggesting a role for this peptide in motivation
and reward-related behaviors, including feeding [28,32].

The first studies of MCH focused on its role in feeding behavior.
Investigations in rodents have shown the expression of this peptide to
be increased by fasting while reduced by food intake [16,17] and the
administration of MCH in the cerebral ventricles to rapidly increase
food intake [17,19,33]. Moreover, mutant mice carrying a targeted
deletion of the MCH gene are hypophagic and lean [16], while mice
over-expressing the peptide develop obesity and insulin resistance
[34]. When injected in the hypothalamus, MCH is found to have a
region-specific effect, stimulating feeding when administered in the
medial paraventricular, arcuate and dorsomedial nuclei but having no
effect in the LH [35]. In addition to the hypothalamus, MCH injected
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into the NAc, a region associated with the hedonic aspects of feeding,
is also shown to enhance feeding behavior [18,36]. More recently, a
role for MCH in the consumption of other rewarding substances has
been investigated. Ventricular administration of MCH stimulates the
consumption of sucrose [37-39] and a high-fat diet [19,40], and it
enhances the rewarding effects of cocaine [41]. Ventricular injection
of MCH also increases the consumption of and lever pressing for
ethanol [3,42], although mutant mice with a deletion of MCH R1
unexpectedly exhibit a similar increase in ethanol intake compared to
wild-type mice [43]. All together, these studies indicate that MCH may
function to promote consummatory behavior, not only of dietary
nutrients but also of drugs of abuse such as ethanol, and to act in a
region-specific manner.

This investigation further explored the role of MCH in the
consumption of ethanol. The first issue to address was whether
ethanol itself feeds back to control the expression of endogenous MCH
in different areas of the LH and ZI. Our previous work with other
hypothalamic peptides, which stimulate ethanol intake when injected
into the PVN, has shown the expression of GAL and ENK in the PVN
and OX in the perifornical LH to be stimulated by ethanol
administration, suggesting that they function within a positive
feedback circuit to promote ethanol consumption [3,4,44,45]. The
question to be addressed here is whether the MCH system in the LH or
ZI functions in a similar manner. The second issue is whether MCH,
shown to stimulate ethanol consumption when injected into the
cerebral ventricles, can also affect the drinking of ethanol when
administered into hypothalamic nuclei and NAc shell, regions known
to be involved in consummatory behavior and motivation, respec-
tively. These experiments, which involve both measurements and
injections of MCH, should increase our understanding of the function
of MCH in controlling the drinking of ethanol.

2. Methods and materials
2.1. Animals

Adult, male Sprague-Dawley rats (Charles River Breeding Labs,
Kingston, NY) were housed individually, on a 12-h reversed light/dark
cycle in a fully accredited American Association for the Accreditation
of Laboratory Animal Care facility, according to institutionally
approved protocols as specified in the NIH Guide to the Use and Care
of Animals and also with the approval of the Rockefeller University
Animal Care Committee. The rats in each set of water- and ethanol-
drinking groups were approximately matched for body weight, with
an overall range of 300-350 g at the start of the experiment. All
animals were allowed 1 week to acclimate to their individual housing
conditions, during which time they were given ad libitum access to
standard rodent chow (LabDiet Rodent Chow 5001, St. Louis, MO; 12%
fat, 60% carbohydrate, and 28% protein) and water.

2.2. Test procedures

The five experiments described below were designed to determine
the feedback relationship between ethanol and endogenous MCH
expression in the LH and ZI regions and the effects on ethanol
consumption produced by MCH injections in the PVN, PF, LH, ZI or
NAc.

In Experiment 1, the effect of chronic ethanol consumption at
different concentrations on MCH expression in the LH was
examined. Two sets of rats were given ad libitum access to lab
chow, water and, in some cases, ethanol over a 28-day period. The
water-drinking control rats (n = 5/experiment) were maintained on
chow and water, and the ethanol-drinking experimental groups
(n=10-15/experiment) were additionally given access to ethanol
(95% ethanol, David Sherman Corp., St. Louis, MO) diluted with
water. The ethanol and water were presented in the home cage in

plastic 8 oz bottles, with a steel ball as a tip valve to prevent spillage
(PETCO Animal Supplies, Inc, San Diego, CA). In order to increase the
amount of daily ethanol consumed, access to the ethanol-containing
cylinder over the 28 days was provided for 12 h rather than 24 h
each day, as described in our previous publications [46,47]. The
relative position of the water- and ethanol-containing bottles was
alternated each day to prevent place preference. In the first set of
animals (n=15), ethanol was provided as a 1% solution for the first
four days and then kept at 2% for the remainder of the experiment. In
the second set of animals (n=20), the concentration of ethanol was
increased stepwise, every 4 days, from 1% to 2%, 4%, 7% and then 9%
v/v, with the rats maintained for an additional 8 days on 9% ethanol.
Animals consuming the 2% ethanol solution were further subdivided
based on low and high daily ethanol consumption, while those in the
9% group were subdivided into a low, middle and high group. At
the 2% concentration, the low drinkers consumed an average of
0.25 g/kg/day while the high drinkers consumed 0.75 g/kg/day, and
at 9% ethanol, the low drinkers consumed 0.70 g/kg/day, the middle
group consumed 1.5 g/kg/day, and the high drinkers consumed
2.7 g/kg/day. Body weight and daily food intake were measured
every 4 days and showed no significant differences between the
groups. Following the 28 days of ethanol exposure, in the absence of
ethanol during the 12-h off period, the animals showed no physical
or affective disturbances, motor abnormalities, convulsions or
autonomic disturbances, indicating that they were not dependent.
On the final day of ethanol drinking, chow was provided for 4 h after
dark onset, to allow the animals to be satiated. The food was then
removed to minimize its effect on ethanol consumption or
absorption, and the rats were given water alone (control group) or
ethanol plus water and allowed to drink ad libitum for the next 2 h.
With this intermittent access schedule, the rats consumed a large
percentage (25-30%) of their daily ethanol intake during the first
few hours of exposure. After being allowed to drink for 2 h, the
water- and ethanol-drinking rats were sacrificed by rapid decapi-
tation, and their brains were removed and examined for peptide
gene expression using quantitative real-time polymerase chain
reaction (qRT-PCR).

In Experiment 2, four additional groups of rats (n=>5/group) were
used to determine the effects of acute ethanol administration on
MCH expression in the LH. Oral gavage was used to administer the
ethanol solution (30% v/v) in order to minimize the effects of stress on
peptide expression. On the day before the experiment, the rats were
separated into three groups of equal body weights and then given two
days of mock gavages prior to the test day, to acclimate them to
this procedure. Animals received a single gavage of water (n=5),
0.25 g/kg ethanol (n=35), 0.75 g/kg ethanol (n=5), or 2.5g/kg
ethanol (n=5). Animals were sacrificed 2 h after the gavage
procedure by rapid decapitation, and their brains were processed
for qRT-PCR according to experimental procedures described below.

In Experiment 3, a new set of animals was used to confirm with a
different technique the results obtained using qRT-PCR in Experiment
2. Briefly, the animals (n = 5/group) received an acute gavage of water
or of 0.75 g/kg or 2.5 g/kg solution of ethanol (30% v/v) as described
in Experiment 2. All animals were sacrificed 2 h later, and their brains
were processed for analysis using in situ hybridization (ISH) with
a radiolabeled probe, as described below. This experiment measured
MCH mRNA expression in the entire LH and ZI regions together, since
anatomical distinctions are not visible using this method.

In Experiment 4, three additional groups of animals (n=5/group)
were examined for a more precise anatomical analysis of the MCH-
expressing cells, not only in the LH but also in the ZI. The three groups
received a single gavage of water or the 0.75 g/kg or 2.5 g/kg solution
of ethanol (30% v/v), and they were sacrificed 2 h later. Their brains
were examined using ISH with a digoxigenin-labeled probe (DIG),
which allowed us to measure the density of MCH-expressing cells in
the LH and ZI regions separately.
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In Experiment 5, five groups of animals (n=_8-10/group) were
surgically implanted with cannulas aimed at 5 different brain sites, as
described below, and were allowed to recover for one week.
Following recovery, these rats were trained to consume a 6% ethanol
solution, with the concentration gradient increased from 2% to 4% to
6% every 4 days, and they were maintained on the 6% solution for an
additional 4 days before the beginning of testing. With water and
ethanol solution available, animals were injected (0.5 pl) with either
saline vehicle or MCH (0.6 nmol) into five brain regions, the PVN, LH,
PF, ZI or NAc. Following injections, measurements of chow, water and
ethanol intake were recorded at 1 h, 2 h, 3 h and 4 h after injection.
The effects produced by each drug injection were compared to vehicle
injections on counterbalanced consecutive days.

2.3. Brain dissections

Immediately after sacrifice, the brains for Experiments 1 and 2
were removed for peptide measurements using qRT-PCR. Brains were
placed in a matrix with the ventral surface facing up, and three
1.0 mm coronal sections were made, with the middle optic chiasm as
the anterior boundary [48]. For microdissection, the sections were
placed on a glass slide, and the LH (Bregma — 2.8 to —3.6 mm) was
removed under a microscope, using the fornix and third ventricle as
landmarks. The LH was taken from the area surrounding the fornix,
within a range of 0.2 mm ventral, 0.3 mm dorsal and 1 mm lateral to
the fornix. These dissections were stored in RNAlater (Sigma-Aldrich
Co., St. Louis, MO) until processed.

2.4. Quantitative real-time PCR analysis

In Experiments 1 and 2, qRT-PCR was used to measure MCH mRNA
levels in the LH. For all groups in Experiments 1 and 2, total RNA from
individual microdissected hypothalamic samples was extracted with
the RNAEasy Mini Kit (Qiagen, CA) using 1.0 mm zirconia/silica beads
(Biospec Products, OK), with the exception of the 2% ethanol-
drinking group in Experiment 1 that had their hypothalamic samples
pooled and RNA extracted using Trizol reagent, according to our
previously published methods [45]. For all groups, the cDNA and
minus RT were synthesized using an oligo-dT primer with or without
SuperScript Il reverse transcriptase. The qRT-PCR experiments were
conducted with Applied Biosystems (ABI) system. With Applied
Biosystems Primer Express V1.5a software, primers were designed to
have a melting temperature of 58-60 °C and to produce an amplicon
of 50-160 base pairs. The last five bases on the 3’ end contained no
more than 2 G and/or C bases, to reduce the possibility of nonspecific
product formation.

The SYBR Green PCR core reagents kit (ABI, CA) was used with
cyclophilin (cyc) as an endogenous control. PCR was performed in
MicroAmp Optic 96-well Reaction Plates (ABI) on an ABI PRISM 7900
Sequence Detection system, with the condition of 2 min at 50 °C,
10 min at 95 °C, then 40 cycles of 15 s at 95 °C and 1 min at 60 °C.
Each study consisted of 4 independent runs of PCR in triplicate, and
each run included a standard curve, non-template control, and
negative RT control. The levels of target gene expression were
quantified relative to the level of cyc by standard curve method,
based on threshold with Ct value of 18-25 for the different genes. For
our initial MCH expression experiments, we used cyc, B-actin and
GAPDH as controls. Since cyc gave the most reliable data with no
region or treatment specific changes in quantity, we continued to
use cyc to normalize our data for OX expression. The primers,
designed with ABI Primer Express V.1.5a software based on
published sequences, were: 1) cyc: 5'-GTGTTCTTCGACATCACGGCT-
3’ (forward) and 5’-CTGTCTTTGGAACTTTGTCTGCA-3’ (reverse); and
2) MCH: 5-ATCGGTTGTTGCTCCTTCTCTG-3’ (forward) and 5'-TCT
GCT TGG AGC CTG TGT TCT T-3’ (reverse). The concentrations of
primers were 100 to 200 nM, and all reagents, unless indicated, were

from Invitrogen (Carlsbad, CA). The specificities of RT-PCR products
were confirmed by both a single dissociation curve of the product
and a single band with a corresponding molecular weight revealed
by an agarose gel electrophoresis. In addition to the non-template
control and a negative RT control, the specificity of the quantitative
PCR was verified with an anatomical negative control by using the
corpus callossum in the same brain. No signals above threshold of all
targeted genes were detected by qRT-PCR in all of the controls.

2.5. Radiolabeled in situ hybridization histochemistry

In Experiment 3, the mRNA levels of MCH were measured by
radiolabeled ISH histochemistry in animals treated with water or an
acute gavage of either 0.75 g/kg or 2.5 g/kg ethanol (n=5/group). The
animals were sacrificed by rapid decapitation, and the brains were
immediately removed and fixed in 4% paraformaldehyde in phos-
phate buffer (PB) (0.1 M pH 7.2) for 48-72 h, cryoprotected in 25%
sucrose for 48-72 h, and then frozen and stored at —80 °C. The
antisense and sense MCH RNA probes were donated by Dr. Nicholas A.
Tritos and labeled with 3°S-UTP (Perkin Elmer, Waltham, MA) as
described [49]. Free-floating 30 um coronal sections were processed
as follows: 10 min in 0.001% proteinase K, 5 min in 4% paraformal-
dehyde, and 10 min each in 0.2 N HCI and acetylation solution, with
10 min wash in PB between each step. After washing, the sections
were hybridized with 3>S-labeled probe (10° cpm/ml) at 55 °C for
18 h. Following hybridization, the sections were washed in 4 x SSC,
and nonspecifically bound probe was removed by RNase (Sigma,
St. Louis, MO) treatment for 30 min at 37 °C. Then, sections were run
through a series of stringency washes with 0.1 M dithiothreicitol
(Sigma, St. Louis, MO) in 2xSSC and 1xSSC and 0.1xSSC at 55 °C.
Finally, sections were mounted, air-dried and exposed to Kodak
BioMax MR film for 8-18 h at —80 °C, developed and microscopically
analyzed. The sense probe control was performed in the same tissue,
and no signal was found.

Gene expression level was determined with a computer-assisted
microdensitometry of autoradiographic images on the MCID image
analysis system (Image Research, Inc., St. Catherines, Canada) as
described [50,51]. Microscale 'C standards (Amersham Biosciences,
Piscataway, NJ) were exposed on the same Kodak film with the
sections and digitized. Gray level/optical density calibrations were
performed by using a calibrated film strip ladder (Imaging Research,
St. Catherines, ON, Canada) for optical density. Optical density was
plotted as a function of microscale calibration values. It was
determined that all subsequent optical density values of digitized
autoradiographic images fell within the linear range of the function.
The values obtained represent the average of measurements taken
from 10 to 12 sections per animal from Bregma —2.8 to —3.1. In
each section, the optical density was recorded for the LH and ZI
together, as it was difficult to delineate these two structures using
radiolabeled probes. The background optical density from a same
size area in the thalamus was subtracted from these measurements
and the mean value of density for the 0.75 g/kg ethanol and 2.5 g/kg
ethanol groups in each experiment was reported as percentage of
the water group.

2.6. Digoxigenin-labeled in situ hybridization histochemistry

As previously described [44], DIG antisense RNA probes and 30-Im
free-floating cryostat sections were used for ISH histochemistry. AP-
conjugated sheep anti-digoxigenin Fab fragments (1:1000, Roche,
Nutley, NJ) and NBT/BCIP (Roche, Nutley, NJ) were used to visualize
the signal. Gene expression level was measured by semi-quantification
with Image-Pro Plus software, version 4.5 (Media Cybernetics, Inc.,
Silver Spring, MD, USA) and was expressed as cells/mm?, reflecting
density of mRNA containing cells. In all analyses, the cell number was
counted only on one plane in each section, and only those cells
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containing a nucleus in the plane (>101m?) were counted, thereby
excluding fractions of cells. This analysis with the DIG-labeled probe
allowed for more anatomically precise measurements to be made, thus
permitting us to analyze separately the sub-populations of MCH
neurons in the LH and ZI. The values obtained represent an average of
measurements taken from 10 to 12 sections per animal from
Bregma — 2.8 to —3.1. All MCH cells from 0.2 to 0.8 mm lateral to the
fornix were considered to be in the LH, while all MCH cells between 0.8
and 1.4 mm dorsal to the fornix were considered in the ZI. The average
cell density in each region for the different groups was compared and
statistically analyzed, with the analyses being performed by an observer
who was blind to the identity of the rats.

2.7. Surgery

Subjects were anesthetized with a combination of ketamine
(80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), supplemented with
ketamine when necessary. Guide shafts (21-gauge stainless steel,
10 mm in length) were implanted perpendicularly according to the
atlas of Paxinos and Watson [52], in the PVN (A-P —1.8,L 0.4, V 3.8),
LH (A-P —2.9,L2.2,V4.5),PF (A-P —2.9,L 1.6,V 4.5),ZI (A-P —2.9,L
1.6, V 3.1), and NAc shell (A-P +1.8, L 0.8, V 4.2), with reference to
bregma, the midsaggital sinus, and the level of skull surface. The
injectors protruded 4.5 mm beyond the guide shafts for injection.
Injections were made unilaterally for the PVN, as it lies along the
midline, but bilaterally for the other regions. Other than the time of
injection, stainless steel stylets were left in the guide shafts to prevent
occlusion.

2.8. Microinjection procedures

All solutions were delivered through concentric microinjectors
made of 26-gauge stainless steel outside with fused-silica tubing
inside (74 pm ID, 154 pm OD, Polymicro Technologies, Phoenix AZ).
The silica injector tip protruded beyond the implanted guide shaft to
reach into the region of interest (V 8.0 for PVN, V 9.0 for LH, V 9.0 for
PF, V 7.6 for ZI, V 8.7 for NAc). The dose was chosen based on our
preliminary tests and the literature on feeding behavior [18,35,53].
The MCH (0.6 nmol; Sigma-Aldrich Co., St. Louis, MO) was dissolved
in preservative-free 0.9% NaCl solution (Hospira Inc, Lake Forest, IL)
and prepared fresh immediately prior to microinjection.

To minimize stress from the injections, the animals were handled
extensively throughout their ethanol training prior to the initiation of
the tests. Injections were counterbalanced so that each animal
received vehicle or MCH in opposite order on two consecutive days,
and they were given early in the dark cycle (2 h after dark onset),
immediately prior to daily ethanol access. All injections were made
using a syringe pump, which infused 0.5 pl during 47 s at a flow rate of
0.6 pl/min, and the microinjector was kept in place for another 47 s, to
allow diffusion before removal. Ethanol, food and water intake were
measured every hour for 4 h after injections and ethanol access. Each
group received only a single set of tests (MCH versus saline).

2.9. Histology

Injection sites were verified by injecting 0.25 ul methylene blue
dye (Sigma, St. Louis, MO). Brains were kept in formalin for a
minimum of 1 week prior to slicing, then cut in 40 um sections on a
freezing microtome and slide-mounted for microscopic verification.
Behavioral data from animals with injector tips in the region of
interest were included in the analysis, while those with probes
0.5 mm or farther from the target regions (1-2/group) were discarded
from the analysis.

2.10. Data analysis

The peptide expression values in the figures are expressed as
mean + SEM. Statistical analyses of these data were performed using a
one-way analysis of variance (ANOVA), followed by post-hoc tests
(Holm-sidak) for multiple comparisons. For the injection data, values
are expressed as mean4SEM and compared between MCH and
vehicle. Ethanol, food and water intake data were each analyzed
separately using 2-way repeated measures ANOVA, with two levels of
treatment (MCH and saline vehicle) and four levels of time (1-4 h) as
the within-subject independent variables. Follow-up pairwise com-
parisons were made using two-tailed t-tests, where p<0.05 was
considered significant. Since we knew a priori that time could be a
confounding factor in the injection studies, follow-up statistical tests
were used in one case despite a negative main result, to determine
significance at specific time points. These probability values given in
the text or legends to the figures and tables reflect the results of these
tests.

3. Results

3.1. Experiment 1: effect of chronic ethanol intake on MCH expression in
the LH as measured by qRT-PCR

The first experiment tested the effects of chronic ethanol
consumption compared to water on MCH expression in the LH of
Sprague-Dawley rats. Animals were maintained for 28 days on either
water (n=>5/experiment), 2% ethanol (n=10) or 9% (n=15)
ethanol, and with a range of intake across animals, subgroups could
be formed with rats that consumed an average of 0.25 g/kg/day or
0.75 g/kg/day on 2% ethanol or an average of 0.70 g/kg/day, 1.5 g/kg/
day or 2.7 g/kg/day on 9% ethanol. Chronic consumption of 9% ethanol
solution compared to water produced a dose-dependent reduction in
MCH mRNA expression in the LH [F(3,19) =25.9, p<0.001] (Fig. 1).
Compared to the water-drinking rats, animals consuming 1.5 g/kg or
2.7 g/kg of ethanol showed a 64-70% reduction in MCH gene
expression (p<0.001), which was stronger than the 39% reduction
measured in the animals drinking 0.70 g/kg/day ethanol (p<0.001). A
small but significant reduction (—45%) in MCH expression was
obtained with chronic consumption of 2% ethanol in animals
consuming 0.75 g/kg/day ethanol (p<0.001), with no significant
change observed in animals consuming 0.25 g/kg/day ethanol
compared to water (data not shown). These results demonstrate
that voluntary, chronic intake of ethanol dose-dependently reduces
MCH gene expression in the LH.

120 -

2

80 "
60_
40

20 4

MCH mRNA (% Water Group)

Water 0.70 15 27
Ethanol (gikgiday)

Fig. 1. Effects of chronic ethanol intake on the expression of MCH in the LH, as measured
by qRT-PCR. In the 9% ethanol-drinking animals, the data (mean -+ SEM) revealed
a significant reduction in expression of MCH in the 0.70 g/kg/day, 1.5 g/kg/day and
2.7 g/kg/day ethanol groups (*p<0.001 compared to water, #p<0.001 compared to
0.70 g/kg/day).
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3.2. Experiment 2: effect of acute ethanol on MCH expression in the LH as
measured by qrRT-PCR

The second experiment examined the effects of acute ethanol
administration on MCH expression in the LH. Sprague-Dawley rats
(N=20) were administered a single gavage of either water or ethanol,
at doses of 0.25, 0.75 or 2.5 g/kg, and gene expression was examined
2 h later. In contrast to chronic ethanol intake, acute oral administra-
tion of ethanol compared to the water control group was found to
stimulate MCH expression in the LH [F(3,19) = 36.5, p<0.001] (Fig. 2).
While the lowest 0.25 g/kg dose produced little change, a significant
increase (+57%) in MCH gene expression was observed following
0.75 g/kg of ethanol (p<0.001), and a larger increase (+116%) was
seen with the 2.5 g/kg dose (p<0.001). Thus, in contrast to the effects
of chronic ethanol consumption, these results demonstrate that acute
oral administration of ethanol can dose-dependently stimulate MCH
peptide expression in the LH.

3.3. Experiment 3: effect of acute ethanol on MCH expression in the LH
using radiolabeled ISH

To further substantiate these findings, MCH gene expression in
Experiment 3 was measured using radiolabeled ISH in rats (N=15)
given oral administration of ethanol. Examination of the brains
showed that the distribution of the radioactive probe was contained
within the lateral and dorsal regions of the posterior hypothalamus,
predominantly in the LH and nearby ZI region. The results obtained
here with ISH confirmed those of Experiment 2 observed using qRT-
PCR. As shown in Fig. 3A, the 2.5 g/kg dose of ethanol compared to
water produced a significant, 23% increase in mRNA expression of
MCH in the LH/ZI region [F(2,14) =4.61, p<0.05], with the lower
0.75 g/kg dose yielding no effect. The precise areas affected by ethanol
are illustrated in the photomicrographs of Fig. 3B. This evidence
substantiates the finding that acute ethanol at 2.5 g/kg stimulates
MCH gene expression, with the effect at the lower dose of 0.75 g/kg
revealed only with qRT-PCR analysis.

3.4. Experiment 4: effect of acute ethanol on MCH expression in LH and
ZI using DIG-labeled ISH

In order to better visualize and anatomically differentiate MCH
cells in the different areas of the ventral LH and dorsal ZI, DIG-labeled
ISH was performed in an additional set of animals (N=15) given
acute gavage of ethanol, as performed in Experiments 2 and 3. When
compared to the water group, the 2.5 g/kg oral dose of ethanol
produced a site-specific change in the density of MCH-expressing
neurons (Fig. 4A), as illustrated in the photomicrographs of Fig. 4B. In
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Fig. 2. Effects of acute ethanol gavage on the expression of MCH in the LH, as measured
by qRT-PCR. The data (mean 4+ SEM) showed a significant increase in MCH expression
with the 0.75 g/kg and 2.5 g/kg dose of ethanol compared to water gavage (*p<0.001
compared to water and 0.25 g/kg).
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Fig. 3. A) Effects of acute ethanol gavage on the expression of MCH in the LH region,
as measured by radiolabeled ISH. The data (mean+ SEM), presented as % of water
control showed a significant increase in expression of MCH at the higher dose of ethanol
(2.5g/kg) as compared with the water group (*p<0.05). B) Photomicrographs
illustrating the stimulatory effect of 2.5 g/kg ethanol on MCH mRNA expression, as
measured using radiolabeled ISH. V—ventricle.

the LH, acute oral ethanol significantly increased the density of the
MCH neurons [F(2,14) =4.50, p<0.05], consistent with the results of
Experiments 2 and 3. Unexpectedly, acute ethanol produced the
opposite effect in the ZI, where a marked reduction in the density of


image of Fig.�2
image of Fig.�3

1. Morganstern et al. / Physiology & Behavior 101 (2010) 428-437 433

i MCH cell density (cellsfum2x10-9)
LH Zl
Water 150+0.12 725+045
0.75 gikg Ethanol 170+ 0.19 6.74 £ 0.61
2.5 gikg Ethanol 210015 578037

*p<0.05 compared to water group

B

Fig. 4. A) Effects of acute ethanol on MCH cell density as measured by digoxigenin-
labeled ISH. The data (mean 4- SEM) showed a significant increase in expression of MCH
in the LH and a reduction in expression of MCH in the ZI at the higher dose of ethanol
(2.5g/kg) as compared with the water group (*p<0.05). B) Photomicrographs
illustrating the stimulatory effect of 2.5 g/kg ethanol on MCH-expressing neurons in
the LH and inhibitory effect on neurons in the ZI region as measured by digoxigenin-
labeled ISH. F—fornix.

MCH neurons was observed at the higher, 2.5 g/kg dose [F(2,14) =
9.50, p<0.01]. These results demonstrate that the stimulatory effect of
acute ethanol on MCH is specific to the LH neurons, with the ZI
neurons showing a very different response.

3.5. Experiment 5: effect of MCH injections into different brain areas on
ethanol consumption

This experiment tested whether the injection of MCH (0.6 nmol)
compared to saline vehicle into different hypothalamic and meso-
limbic sites can stimulate ethanol intake, similar to the effect
produced by ventricular injections [38]. When injected into the
PVN, MCH compared to vehicle resulted in a significant and specific
increase in 6% ethanol consumption [F(1,6) =7.66, p<0.05], while
having no effect on food [F(1,6) = 0.40, n.s] or water [F(1,6) =0.02, n.s]
intake. This increase in ethanol consumption, as revealed by pairwise
comparisons, occurred at 2h (p<0.05), 3h (p<0.05), and with a
strong trend at 4 h (p=10.06) (Table 1), with injection sites seen in the
ventral, medial parvocellular, and lateral magnocellular parts of the
nucleus (Fig. 5A). In contrast to the PVN, injection of MCH into the LH
region selectively decreased ethanol intake [F(1,6)=6.62, p<0.05],
without affecting food [F(1,6) = 0.05, n.s] or water [F(1,6) =1.87, n.s]
consumption (Table 1). In these sites lateral to the fornix (Fig. 5B),
MCH reduced ethanol intake by 36% at 1h (p<0.05), 50% at 2 h
(p<0.05), and 32% at 3 h (p<0.05), with no difference at 4 h (Table 1).
When injected into the PF, sites immediately surrounding the fornix
(Fig. 5B), no main effects of MCH were observed on ethanol [F(1,8) =
2.25, n.s], food [F(1,8) =3.00, n.s] or water [F(1,8) =0.00, n.s| intake,
although follow-up analyses at specific times revealed a significant
reduction (—65%) in ethanol consumption at 1 h (p<0.05) (Table 1).
In the more dorsal region of the ZI (Fig. 5B), MCH produced no
change in ethanol [F(1,6) = 0.09, n.s], food [F(1,6) = 0.04, n.s] or water
[F(1,6) =0.05, n.s] intake. In contrast to these effects in the LH but
similar to that in the PVN, MCH injections into the NAc had a
significant, stimulatory effect on ethanol intake [F(1,6)=12.05,
p<0.05], but not on food [F(1,6)=1.30, ns] or water [F(1,6)=0.40,
n.s] intake. This increase in ethanol consumption, seen with cannula
placements in the medial shell region of the NAc (Fig. 5C), occurred at
1h,2h,3h,and 4 h (p<0.05) (Table 1). These results with different
injection sites focus attention on the terminal sites of the PVN and
NAc, where MCH specifically promotes the consumption of ethanol.

4. Discussion

The present study demonstrated that, while chronic consumption
of ethanol caused a dose-dependent reduction in MCH expression,
acute oral administration of ethanol led to a stimulation of MCH-
expressing cells. This latter effect was region-specific, apparent in the
LH, but not in the ZI. The effect of MCH injections on ethanol
consumption was also region-specific, with a stimulatory effect
observed in two terminal areas, the PVN and NAc, and a suppressive
effect seen in the cell body area of the LH, but not the ZI. These results
focus attention on the MCH system of the LH in having a stimulatory
effect on ethanol intake. In this area, acute ethanol exposure
stimulates MCH-expressing neurons, which through projections
outside the LH act positively to promote further ethanol intake but
through local projections provide a negative feedback signal that
limits excess consumption.

4.1. Chronic ethanol consumption reduces MCH gene expression

The measured reduction in MCH gene expression with chronic
ethanol consumption may be related to negative feedback signaling to
the LH. Our results showed a dose-dependent decrease in MCH gene
expression, with the most prominent effect observed in rats
consuming between 1 and 2.5 g/kg/day of ethanol. A similar reduction
in peptide expression with chronic ethanol has also been reported
with OX in this same region [54]. Since OX can activate MCH neurons
in the LH [55], these two effects may be closely related, with the
reduced expression of OX contributing to the decrease in MCH.
Another explanation for the reduction in MCH expression may involve
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Table 1
Effects of MCH (0.6 nmol) injection in different brain regions on ethanol (g/kg), food (g) and water (ml) consumption during the first 4 h after injection.
Region Treatment Nutrient 1h 2h 3h 4h
PVN Saline Ethanol 0.22+0.05 0.35+0.08 0.65+0.10 0.82+0.13
Food 1.474+0.67 3.74+1.77 5.86 +1.67 7.89+1.23
Water 2234055 3.94+0.97 559 +2.11 5.61+£2.12
MCH Ethanol 0.36+0.05 0.74 +0.08* 1.1040.09* 14240.17
Food 1.36+0.31 4.56 +0.47 549 +1.00 6.06 +0.95
Water 1.774+0.54 423+2.02 543+1.97 6.25+2.23
LH Saline Ethanol 0.63+0.19 0.834+0.18 1.15+0.23 1.45+0.27
Food 1.68 4 0.66 3.74+1.44 5.86 +1.67 7.87+1.32
Water 3.03+1.03 3.93+0.98 5.63+0.92 6.9 +0.96
MCH Ethanol 0.2540.04* 0.3140.08" 0.6140.03* 0.91+0.15
Food 0.97 +0.46 424+1.28 6.34+0.47 6.50 +0.40
Water 1.37+0.21 2.83+0.63 4.97+0.91 6.56+1.28
PF Saline Ethanol 0.47+£0.10 0.774+0.17 1.13+0.24 1.56 +0.31
Food 5.61+0.66 7.78 £0.40 9.92+0.32 13.334+0.68
Water 2.54+048 5.22+0.81 8.76 +£1.41 10.84+1.80
MCH Ethanol 0.25+0.07* 0.52+0.07 098+0.14 1.304+0.19
Food 3.81+£057 7.00+£0.43 9.46 +0.32 11.8740.61
Water 2.72+0:59 5.39+0.64 8.26+1.10 11.00+1.40
Zl Saline Ethanol 0.44+0.10 0.53+£0.15 0.84+0.14 1.174+0.18
Food 2.3340.70 3.85+0.93 6.38+1.12 9.35+1.08
Water 2.86+0.74 4.35+1.02 6.66 +1.37 7.87 £1.62
MCH Ethanol 0.40+0.09 0.62 +0.08 0.81+£0.10 0.99+0.11
Food 3.34+0.67 535+0.74 6.44+0.81 7.60 +£1.00
Water 2454040 4.88+0.73 5.87 +£0.82 7.49 +£0.94
NAc Saline Ethanol 0.14+0.04 0.32+0.09 0.57+0.12 0.76 £0.15
Food 2.48+0.67 4.48+0.80 6.62+£0.85 8.90 +1.06
Water 2.0940.52 3.93+0.80 5.80+1.19 7.56 +£1.77
MCH Ethanol 0.35+0.07* 0.604+0.11* 0.8240.13* 0.99+0.16*
Food 2.164+0.50 4.83+£0.60 6.47 £0.72 8.48 +0.91
Water 1.734+0.22 3.60+0.62 520+0.94 717 +£131

Data are presented as mean 4+ SEM *p<0.05 for comparisons between MCH and saline.

negative feedback signals produced by ethanol exposure, such as a
local release of vy-aminobutyric acid (GABA). Systemic ethanol
administration increases GABA levels in the hypothalamus [56,57],
and the MCH as well as OX neurons express both GABA-A [58,59] and
GABA-B [60] receptors. The involvement of GABA in the inhibitory
effect of chronic ethanol intake is further supported by evidence that
local blockade of GABA signaling in the LH stimulates the immediate
early gene c-Fos specifically in the MCH- and OX-producing cells [61].
This evidence supports the idea that GABA normally reduces the
activity of neurons expressing MCH and OX in the LH and that chronic
ethanol acts through this inhibitory neurochemical signaling to
reduce their endogenous expression.

4.2. Acute ethanol stimulates MCH gene expression in the LH region

In contrast to this inhibitory effect of chronic ethanol on MCH, acute
oral administration of ethanol stimulated MCH expression in the LH
region. Whereas there are several reports showing MCH expression to
be increased in animals that overconsume and gain weight on a
palatable, fat-rich diet [17,62,63], there is only one describing a strong
trend toward a positive correlation between MCH expression and
ethanol consumption [64]. Although the oral ethanol gavage procedure
may have produced some stress in the animals, this stimulatory effect on
MCH is more likely to be due to the ethanol itself than the stress, as MCH
expression is found to be reduced by stressful conditions in rats and
rainbow trout [65,66]. The stimulatory effect of acute ethanol on MCH
expression is similar to that seen in nearby OX-expressing cells in the LH
region [54], and it may be a consequence of the increase in OX peptide,
which is shown to stimulate MCH in the LH [55]. This increase in MCH
expression may reflect a role for this peptide in stimulating ethanol
consumption and mediating the reward properties of ethanol. These
MCH-expressing neurons in the LH are known to project to multiple
brain sites involved in reward functions, including the nearby
hypothalamic nuclei, such as the PVN [67], and more distant mesolimbic
regions, such as the NAc [28,32]. The MCH R1 is abundantly expressed in

these distal sites and is believed to mediate the stimulatory effect of
MCH on consummatory and reward-related behaviors [28,32,68].

4.3. Acute ethanol reduces MCH gene expression in the ZI region

The present results clearly differentiate the MCH neurons in the LH
from those in the ZI, with the latter after acute ethanol exposure
exhibiting a reduction in MCH expression. Although there is no
evidence suggesting a direct role for the ZI in controlling ethanol
consumption, this brain region has been closely associated with
locomotor activity [69,70], which in turn is positively related to
ethanol intake [5,71]. The ZI contains a very heterogeneous collection
of cells, many of which are glutamatergic in nature and extend to
regions of the basal ganglia to promote locomotor activity [72]. With
evidence that MCH is generally neuronally inhibitory [31,73], our
results showing acute ethanol to reduce MCH-expressing neurons in
the ZI suggests that local neural activity may be disinhibited, leading
to an increase in locomotor activity and possibly intake of ethanol.
This is supported by evidence showing that acute ethanol can enhance
activity levels in animals [74,75]. Thus, MCH neurons within the ZI,
having distinct projection sites from the LH [76], may function to
increase ethanol consumption by enhancing locomotor activity rather
than reward-related behaviors.

4.4. MCH enhances ethanol consumption in the PVN

With evidence suggesting that MCH projections to the PVN may
enhance feeding behavior [35,53], we were encouraged to examine
the effects of MCH injections into this region on ethanol consumption.
The original report relating MCH to ethanol intake showed a
stimulatory effect with ventricular injections of this peptide [38,42].
The present study is the first to demonstrate that this effect can occur
with injections into specific brain sites and that MCH acts in a site-
specific manner. Our results with hypothalamic injections in rats
trained to drink ethanol focus attention on the PVN as one of the
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Fig. 5. Black dots show the injection sites in the A) PVN, B) LH, PF and ZI, C) NAc for
all animals used in the experiments. Sections are labeled according to the distance
from Bregma along the rostral-caudal axis. Adapted from The Rat Brain, compact 3rd
edition, G. Paxinos and C. Watson, Copyright 1997, with permission from Elsevier. PVN—
paraventricular nucleus of the hypothalamus; LH—lateral hypothalamus; PF—perifornical
area; Zl—zona incerta; NAc—nucleus accumbens.

primary sites of action. When injected into the PVN, MCH preferen-
tially increased ethanol intake in the second through fourth hours of
testing, similar to the time course previously observed with feeding
behavior [35], but it had no effect on food or water consumption.
Using ethanol-naive rats, previous studies have reported an increase
in food intake with MCH injection in the PVN [35,53]. The lack of this
effect in ethanol-drinking rats suggests that ethanol may mask the
feeding-stimulatory effects of MCH and supplant chow as the
preferred substance. These stimulatory effects of PVN MCH injection
on consummatory behavior may involve the activation of other
peptide systems, such as galanin and enkephalin, which like MCH are

found to promote both feeding and ethanol intake [45,77]. With
evidence that MCH reduces GABAergic activity [78], this activation of
the local peptide systems may occur through a disinhibition of the
large GABAergic cell population in the PVN [79], similar to that
described in studies of MCH's effect on corticotrophin-releasing factor
in the PVN [80]. Since projections from the PVN extend directly to the
mesolimbic reward circuit [81] and increase firing of dopamine
neurons in the ventral tegmental area [82], MCH may also stimulate
drinking behavior by acting through this system, which is intimately
involved in reinforcing behavior [83-85]. Together, these studies
suggest that MCH may act in the PVN to promote ethanol
consumption and that this effect may occur, in part, through the
activation of other local and projection peptide systems known to
stimulate consummatory and reward-related behavior.

4.5. MCH reduces ethanol consumption when injected into the LH region

The injection of MCH into sites within or surrounding the LH
revealed an unexpected result, a site-specific reduction in ethanol
consumption, which was stronger in the lateral LH region compared
to the medial PF and not evident in the ZI. This effect was specific to
ethanol intake, with no change observed in food or water intake. The
site specificity of this effect on ethanol intake is similar to that
observed with feeding behavior in ethanol-naive rats, which
exhibited an increase in food intake with injection into the PVN but
not in the LH [35]. Although the MCH R1 is only moderately expressed
in the LH regions compared to the dense expression in the PVN and
various limbic structures [32,68], several studies demonstrate that
neurons in the LH are potently inhibited by MCH [29,55,78]. The
opposite effects observed here with MCH in the LH compared to PVN
regions may be a consequence of regional differences in their
physiological functions. While lesions of the LH produce hypophagia
[10,86] and electrical stimulation enhances appetitive behavior
[87,88], lesions of the PVN cause hyperphagia and a loss of feeding
control [89,90]. Since MCH is known to reduce the activity of several
excitatory neurochemicals in the LH region, including glutamate and
0X [78,91], it may act through this inhibitory effect to reduce the
appetitive behavior associated with ethanol consumption. This
indicates that MCH stimulates ethanol intake when injected into the
PVN where lesions promote consummatory behavior, but it reduces
ethanol intake when injected into the LH where lesions reduce
consummatory behavior.

4.6. MCH may enhance ethanol consumption through the mesolimbic
DA system

Since MCH-expressing neurons originating in the LH may
influence consummatory behavior through projections to the meso-
limbic NAc region, we next measured ethanol consumption with MCH
injected into this brain region and observed a strong and specific
stimulation of drinking behavior at all time points measured (1 h to
4 h), with no change in food or water intake. Although a previous
investigation by Georgescu and colleagues [18] suggested that MCH
injected into the NAc stimulates food intake, there are several
experimental differences between these studies that may explain
these different findings. Whereas the test paradigm used in that
report was specific for feeding behavior, with chow available for 24 h
and injections made at dark onset when food consumption peaks, the
present study used a 12-h chow cycling paradigm with ethanol
available, and the MCH injections were made 2 h into the dark cycle
when ethanol consumption is highest [92,93]. These studies also
differed in the dose of MCH used, which was lower in our study
(0.6 nmol) and possibly below the threshold that stimulates feeding.
The availability of ethanol in ethanol-drinking rats has previously
been shown to mask the feeding-stimulatory effects of other peptides
injected into the NAc [94], suggesting that it may supplant food as the
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preferred substance for peptide-induced appetitive behavior. Further
support for this is provided by findings showing that blockade of MCH
R1 suppresses the consumption of preferred substances, such as a
palatable high-fat diet or sweetened condensed milk solution, but not
of regular chow [40].

The NAc is a main terminal region of the mesolimbic reward
circuit, where dopamine (DA) is a primary neurotransmitter strongly
associated with consumption of rewarding substances, such as
ethanol and other drugs of abuse [83-85]. The LH has prominent
connections with the NAc, and MCH cell bodies in the LH are found to
project to this region, where MCH R1 is co-expressed with DA
receptors on opioidergic neurons [18,41,53]. The possibility that MCH
stimulates DA release in the NAc region is supported by the finding
that centrally injected MCH, while enhancing cocaine reward-
associated locomotor activation, potentiates DA agonist-induced
spike firing of NAc neurons [41]. In showing a strong, stimulatory
effect on ethanol consumption with MCH injections into the NAc
similar to the PVN, these results provide support for the involvement
of a hypothalamic—mesolimbic circuit in the reinforcing and
motivational aspects of ethanol-drinking behavior.

4.7. Summary and conclusion

In summary, our results lead us to propose that MCH neurons in
the LH that project to the PVN and NAc have a role in stimulating the
consumption of ethanol. Our findings demonstrate that, while chronic
voluntary consumption of ethanol causes local negative feedback
control of MCH expression in the LH, a brief exposure to ethanol
stimulates MCH-expressing neurons in this region, which through
stimulation of consummatory and reward-related structures such as
the PVN and NAc can promote further ethanol-drinking behavior.
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