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Melanocortins have been reported to affect alcohol intake through actions in the hypothalamus thought to be
mediated by melanocortin MC4 receptors. Since these receptors are expressed in a number of amygdala
regions, we have explored their role in the regulation of alcohol intake in both alcohol-preferring (P) and non-
preferring (NP) rats. Injections were made at the border of the central amygdala nucleus and the basolateral
amygdala. The MC3/MC4R agonist MTII reduced alcohol and food intake but increased water intake while the
selective MC4R antagonist HS014 only increased food and water intake. The MC3/MC4R antagonist SHU9119

Keywords:
Mé/3 /MC4 receptors increased food and water but had little effect on alcohol intake. However, when the SHU9119 stimulation of
SHU9119 food intake was prevented by pair-feeding, SHU9119 induced a large and prolonged decline in alcohol intake

MTII that was paralleled by an increase in water intake. These effects were only observed in P rats. We conclude
Amygdala that melanocortin activity in the amygdala can alter the selective preference for water and alcohol

Alcohol preference
Water intake

independent of effects on food intake.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Alcohol related health and behavioral problems are major public
health and societal challenges. Development of treatment and
preventive strategies are dependent upon a full understanding of
the neurobiological basis of alcohol ingestive behavior and the
environmental factors that impact these regulatory systems. Numer-
ous signaling systems have been implicated in the regulation of
alcohol intake including NPY, the melanocortins, galanin and the
endocannabinoids.

Alcohol preferring rats show derangements in their melanocortin
signaling system that include an increased ratio of AgRP/POMC
expression in the arcuate nucleus and increased levels of MC3
receptors in a number of brain regions (Lindblom et al., 2002). A
decreased level of a-MSH has also been reported in the arcuate
nucleus of rats given an alcohol containing diet (Navarro et al., 2008).
Ventricular injections of the melanocortin agonist MTII attenuated
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alcohol consumption in rats and mice (Navarro et al., 2003; Polidori
et al., 2006), an effect opposed by the MC3/MC4R inverse agonist
AgRP which alone can stimulate alcohol intake (Navarro et al., 2005).
As this effect is still present in MC3R null mice, it suggests that it is the
MC4Rs within the hypothalamus that are regulating alcohol intake
(Navarro et al., 2005).

The effects of NPY on alcohol ingestion are less clear. There have
been reports of no effects to icv injections (Badia-Elder et al., 2001;
Katner et al., 2002) but increased or decreased consumption after PVN
injections of NPY agonists or antagonists respectively (Gilpin et al.,
2004; Lucas and McMillen, 2004; Thiele et al., 2004). While these
reports focused on the hypothalamic centers, intra-amygdala admin-
istration of an NPY Y1 receptor antagonist decreased ethanol intake
(Schroeder et al., 2003) whereas a NPY antisense vector increased and
a NPY encoding vector decreased ethanol preference (Primeaux et al.,
2006a).

Part of the difficulty in clearly defining the effects of neuropeptides
on alcohol ingestion is the necessity to separate the response from
other behavioral effects including feeding and anxiety. Anxiolytic
behavior has been linked to increased alcohol intake in humans and
rodents (Hirani et al., 2005; Polivy and Herman, 1976). NPY injections
to the Central Amygdala Nucleus (CeA) also suppress anxiety
(Primeaux et al., 2005) and only suppress alcohol intake in anxious
rats (Primeaux et al., 2006a). Galanin, both icv and into the PVN,
increases alcohol intake both in the presence and absence of food
(Lewis et al., 2004; Rada et al., 2004). Increased intake of high fat diets
is also associated with increased preference for alcohol (Carrillo et al.,
2004; Pekkanen et al., 1978) and galanin also increases dietary fat
intake (Leibowitz, 2007; Tempel et al., 1988).
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These data, together with observations that galanin expression in
the PVN is increased by both high fat diets and alcohol intake
(Leibowitz, 2007) suggests a close interaction between galanin,
dietary fat and alcohol consumption (Leibowitz, 2005). NPY onto
the CeA also decreased the selection of dietary fat (Primeaux et al.,
2006b) and alcohol (Primeaux et al., 2006a), again illustrating the link
between alcohol and fat intake.

This manuscript focuses on the role of the melanocortin system
within the amygdala to influence alcohol intake. The amygdala is
targeted since it has a unique role in anxiety and reinforcement and
anxiolytic behavior is linked to alcohol ingestion. Both P and NP rats
were studied since P alcohol-preferring rats display more anxiolytic
behavior than NP rats (Primeaux et al., 2006a; Stewart et al., 1993) and
since differences in hypothalamic melanocortin signaling have been
reported between P and NP rats (Lindblom et al., 2002; Primeaux et al.,
2006a; Stewart et al., 1993). Areduction in anxiety might be expected to
reduce alcohol intake. The amygdala has a wide expression of
melanocortin MC4 receptors (Kishi et al., 2003; Mountjoy et al., 1994)
and melanocortins are known to affect alcohol intake and anxiolytic
behaviors (Chaki and Okuyama, 2005; Zarrindast et al., 2008). In
addition, we have shown previously that melanocortin actions in the
CeA affect dietary fat intake (Boghossian et al., 2010). MTII, the MC3/
MC4R non-specific agonist, injected onto the CeA selectively inhibits
dietary fat intake when rats can choose between high fat and low fat
diets, whereas the antagonist (SHU9119) or inverse agonist (AgRP)
promote fat intake (Boghossian et al.,2010). The effects are dose-related
and prolonged, lasting between 3 and 4 days in response to a single
injection. To our knowledge, this is the first report of the effects of
melanocortins within the amygdala on alcohol ingestion.

2. Material and methods
2.1. Animals

Two cohorts of male 6 week old alcohol-preferring (P) and non-
preferring (NP) rats (Bell et al., 2005) were used in these studies. They
were supplied by Dr. Richard Bell (Indiana University School of
Medicine). The first cohort (body weights at time of surgery 299.8 4+
6.2 and 269.24+8.5 g for P and NP rats respectively) was used for the
MTII experiment and the initial SHU91119 experiment. The second
cohort (body weights at time of surgery 284.2 + 7.7 and 310.6 - 5.8 g for
P and NP rats respectively) was used for the 2nd SHU9119 experiment
and the HS014 experiment. There was a minimum of 7 days between
the end of one experiment and the start of the next experiment. Rats
were housed individually in hanging wire mesh cages to facilitate
accurate measurement of spilled food, in a temperature (22-24 °C) and
light controlled (lights off 1900-0700 h) room. They were fed a
standard laboratory chow diet ad libitum. Experimental protocols
involving the animals were in strict accordance with the NIH Guide
for the Care and Use of Laboratory Animals, and were approved by the
Institutional Animal Care and Use Committee of Utah State University.

2.2. Animal surgery

Indwelling 26 g stainless steel unilateral cannulas were stereotax-
ically implanted and aimed at the basolateral-CeA boundary of the
amygdala using standard procedures that have been previously
described (Boghossian et al., 2009, 2010). Coordinates were deter-
mined from the rat atlas of Paxinos and Watson (1982) (coordinates
[AP/L/V to bregma] —2.8/—4.6/—6) and confirmed by ink injection in
a group of rats in a pilot experiment. This site was chosen as the CeA
and basolateral amygdala are rich in MC4Rs (Kishi et al., 2003;
Mountjoy et al., 1994). Cannulas were implanted at 8 weeks of age.
Rats were anesthetized with Nembutal (0.1 ml/100 g body weight)
and placed in a stereotaxic frame. Each cannula was secured in place
with 3 anchor screws and dental acrylic and occluded with a 26 gauge

wire stylet. The injector was designed to project 1 mm beyond the
guide cannula tip. Each rat received an injection of the analgesic drug
Carprofen (Rimadyl® 5 mg/kg, s.q.) before returning to their home
cage. Animals were allowed to recover for 7 days to their preoperative
weight before starting adaptation to alcohol.

2.3. Adaptation to alcohol

Both alcohol-preferring (P) and non-preferring (NP) rats were
adapted to drinking ethanol by following the protocol described by
Resch and Simpson (2008) in which rats were provided with 2 bottles
in their home cage, one containing water the other ethanol. For the
initial experiment, the ethanol concentration was increased serially
from 2.5% to 10% in 4 steps of increasing concentration at 3 day
intervals. We found alcohol non-preferring rats adapt to alcohol
equally as well by this method as with the sucrose-fading method
(Files et al., 1997) so we used this uniform method for both groups of
rats. Only P rats that achieved a consistent alcohol intake >6 g/kg body
weight/day were included in the experiments. In addition, we found
that alcohol intake of P rats was maximal on the 7.5% solution, so this
concentration was used for all experiments and for alcohol adaptation
of subsequent animals we used only 3 steps up to the 7.5%
concentration.

2.4. Experimental protocols

Certain aspects were common to all experiments. Rats were
provided with a choice of water or 7.5% alcohol to drink. Drugs in
saline vehicle were infused in a total volume of 1 pl delivered over a
1 min period into the amygdala at the basolateral-CeA boundary.
Infusion cannulas were left in place for a further minute to prevent
back diffusion. Rats were then returned to their home cages and food,
water and alcohol intake were measured over the times identified in
each experiment. We have previously investigated the volume of
diffusion of a 1 pl injection in the amygdala (Boghossian et al., 2009),
from which we would expect the injections to diffuse into both the
CeA and the basolateral amygdala regions.

2.4.1. Effect of MTII on alcohol preference

Two experiments were performed in P rats adapted to alcohol. The
first in rats that were food and alcohol deprived overnight, the second
in rats that were satiated. The effects of MTII (0.5 nmol) or saline
vehicle on food, water and alcohol intake were measured after 0.5, 1,
2,4, 12 and 24 h and daily thereafter for a further 5 days.

2.4.2. Effect of SHU9119 on alcohol preference

P and NP rats adapted to alcohol were used. SHU9119 (1 nmol) or
saline vehicle were injected into the basolateral/CeA border region of
the amygdala of satiated animals. Food, water and alcohol intake were
measured after 1, 2, 4, 12 and 24 h and daily thereafter for a further
5 days.

2.4.3. Effect of SHU9119 on alcohol preference in rats pair-fed to their
controls

The previous experiment was repeated in a second group of P and
NP rats except that the hyperphagic response to SHU9119 was
prevented by pair-feeding the SHU9119 injected rats to their saline
controls for the initial 3 days after injections.

2.4.4. Effect of HS014 on alcohol preference

The experiment followed the same protocol as the SHU9119
experiment in rats fed ad libitum except that HS014 (1 nmol) or saline
vehicle were injected.
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2.5. Data analysis

We used appropriate ANOVA with repeated measures (time)
when necessary to identify treatment effects, followed by Tukey's test
for individual comparisons. A p value of <0.05 was taken as
statistically significant.

3. Results
3.1. Effect of MTII on alcohol intake

We hypothesized that the MC3/4 receptor agonist MTII would
inhibit alcohol intake in P rats that were consuming significant
quantities of alcohol. As we were expecting an inhibitory effect we did
not study the response of NP rats to MTII as their alcohol intake was
already very low. However, MTII had no effect on alcohol, water or
food intake in P rats that had been fasted overnight (data not shown).
When the experiment was repeated in satiated rats (Fig. 1) MTII
suppressed alcohol intake and food intake and total caloric intake in
the first 24 h, the effect first becoming evident after 12 h. However,
while food intake and total caloric intake returned to control levels
by 48 h, alcohol intake and preference was not restored fully until
72-96 h (Fig. 2). Water intake was not affected by MTII in the first
24 h but showed a large increase at 48-72 h when food intake was
also increased.

3.2. Effect of SHU9119 on alcohol intake

We hypothesized that the MC3/4 receptor antagonist SHU9119
would increase alcohol intake as well as food intake and that this
response may be more evident in NP rats than P rats as P rats have
higher expression of the MC3/4 inverse agonist AgRP (Lindblom et al.,
2002). P and NP rats had similar total daily caloric intake. While NP
rats consumed around 1% energy as alcohol, the alcohol intake of P
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rats was equivalent to approximately 16% of daily energy intake. The
MC3/4R antagonist increased food intake and water intake in both P
and NP rats, the responses having similar time courses and becoming
statistically significant after 12 h (Fig. 3) and remaining elevated for
48 h in NP rats and 72 h in P rats (Fig. 4). Alcohol intake was not
affected by SHU9119 in the initial 24 h although water intake
increased in line with the food intake such that alcohol preference
was significantly reduced in SHU9119-treated P rats between 12 and
24 h. During the second post injection day alcohol intake of P rats was
reduced and water intake increased leading to a significant reduction
in alcohol preference (Fig. 4). There were no effects on alcohol
preference in NP rats.

In order to separate the effects of SHU9119 on alcohol intake from
those on food intake, we repeated this experiment but prevented the
SHU9119-induced hyperphagia in the first 72 h by pair feeding the rats
to the intake of the control saline injected rats. We hypothesized that, in
the absence of hyperphagia, that SHU9119 would increase alcohol
intake to satisfy the demand for additional caloric intake. In contrast to
expectations, there was no effect on alcohol intake in the first 24 h but
there was a stimulation of water intake in P rats after 12 h that led to a
significant reduction in alcohol preference (Fig. 5). The increase in water
intake in SHU9119 treated P rats was large and prolonged, lasting for
8 days before returning to control levels (Fig. 6). Conversely, alcohol
intake was reduced, but this response was not evident until day 3 but it
did not return to normal control levels until day 10. As a consequence,
alcohol preference was suppressed by SHU9119 in P rats. A transient one
day increase in food intake in the initial 24 h after pair feeding was
stopped was observed in SHU9119 treated rats. No significant effects of
SHU9119 were observed in the NP rats.

3.3. Effect of HS014 on alcohol intake

As SHU9119 is not selective between MC3 and MC4 receptors, we
studied the effects of the selective MC4R antagonist HS014 on food,
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alcohol and water intake in P and NP rats. HSO14 had a transient
orexigenic effect in both P and NP rats that lasted just for the initial
24 h (Figs. 7 and 8). The effect was greater in P rats that eat less food
than the NP rats. Likewise there was a significant stimulation of water
intake in P rats within the first 24 h. There was a tendency towards a
reduction in alcohol intake in the P rats during the first 48 h but this
effect did not reach statistical significance. As the changes in water
and alcohol intake were small, there were no significant changes in
alcohol preference.

4. Discussion
The experiments described in this manuscript have for the first

time identified effects of melanocortin signaling in the amygdala on
alcohol ingestion. The MC3/MC4R agonist MTII reduced both food and

alcohol intake although the reduction in alcohol intake lasted longer
than the reduction in food intake. Surprisingly, the MC3/4 receptor
antagonist SHU9119 also reduced alcohol intake. This response was
short lived and relatively small in rats that were allowed to eat ad
libitum and showed the expected hyperphagic response to SHU9119,
but the reduction was large and prolonged in rats in which the
hyperphagia was prevented by pair feeding. The more selective MC4R
antagonist HS014 produced a short-lived hyperphagia and a small
reduction in alcohol intake during the first 48 h. These effects were
only observed in the P rats that showed a large preference for alcohol.

Interpretation of these experimental data is difficult, particularly
in identifying whether the melanocortin effects are selective on
alcohol ingestion and independent of the pathways through which
melanocortins regulate energy (food) intake. Indeed, the inhibition of
alcohol intake in response to MTII could reflect the inhibitory effect of
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melanocortin signaling in the CeA to reduce food intake as we and
others have previously reported (Boghossian et al., 2010; Kask and
Schioth, 2000). This would not be surprising as a number of other
neuropeptides e.g., NPY, galanin, CCK and cannabinoids have been
shown to affect both food and alcohol intake (Blednov et al., 2007;
Gilpin et al., 2004; Kulkosky and Chavez, 1984; Leibowitz, 2007).
However, this simple interpretation is questioned by the prolonged
inhibition of alcohol intake over 72 h while food intake returned to
normal levels by the second day, suggesting a selective effect of MTII
on alcohol rather than a general effect on energy intake. Likewise, the
small attenuation of alcohol intake after both SHU9119 and HS014
could be interpreted as being secondary to the increased energy
intake in the form of chow. Once again this simple interpretation is
questioned by the prolonged inhibition of alcohol intake in response
to SHU9119 when the hyperphagic response was prevented for 3 days
by pair feeding. However, the reduction in alcohol intake in response
to SHU9119 was paralleled by a reciprocal increase in water intake.
This was also the case in the smaller acute response to HS014. Further,
the changes in water intake in response to SHU9119 and HS014 were
evident 24 h before the reciprocal changes in alcohol intake. These
data would suggest that the reduction in alcohol intake after
antagonism of MC3/MC4 receptors in the amygdala is secondary to
an enhanced intake and/or preference for water that appears to be
independent of any increase in food intake. Melanocortin effects on
water intake have been reported previously but the effects appear to
be regionally specific, MTII inhibiting water intake in parallel with the
reduction in food intake after injections in the brainstem but
enhancing water intake after injection into the forebrain lateral
ventricle (Grill et al., 1998). MTII also stimulated water intake in P rats
in our study, but this increase was only evident 24 h after the
reduction in alcohol intake suggesting a secondary effect. Our data
suggest that the reduction in alcohol intake in response to
melanocortin antagonists in the amygdala is secondary to the large
stimulation of water intake and decreased preference for alcohol but

that the small decrease in alcohol in response to the MC3/MC4R
agonist MTII occurs prior to the water response and probably reflects a
primary effect on energy intake.

An increased ratio of POMC/AgRP mRNA was reported in the
arcuate nucleus together with increased MC3R ligand binding levels in
a number of hypothalamic nuclei of alcohol-preferring AA rats while
MC4R ligand binding was only elevated in the VMH (Lindblom et al.,
2002). However, MTII reduced ethanol drinking in Mc3r-deficient
mice (Navarro et al., 2005) suggesting that it is MC4Rs that regulate
alcohol intake. In our studies, both P and NP rats were responsive to
the antagonists SHU9119 and HS014 which increased food and water
intake. However, only P rats were responsive to the SHU9119
stimulation of water intake when the hyperphagic response was
prevented. This may reflect a ceiling effect in the NP rats that were
drinking more than 4 times the level of water than the P rats although
SHU9119 did increase water intake by 20% in NP rats when food was
available ad libitum. Likewise the small effect of the specific MC4R
antagonist HS014 compared to the large and prolonged response to
the MC3/MC4R antagonist SHU9119 would suggest that the major
effects on water and alcohol intake were mediated through MC3
receptors rather than MC4R.

Alcohol intake has been related to the anxiolytic state (Hirani et al.,
2005; Polivy and Herman, 1976) and the intra-amygdalar NPY
reduction in alcohol intake is associated with a reduction of anxiety
(Primeaux et al., 2006a) suggesting that anxiety levels are predictive
for alcohol consumption. P alcohol-preferring rats display more
anxiolytic behavior than NP rats (Primeaux et al., 2006a; Stewart
et al., 1993) so a reduction in anxiety might be expected to reduce
alcohol intake. Microinjection of «MSH or MTII into hypothalamic
sites or intraventicularly induces anxiogenic behavior (Chaki and
Okuyama, 2005; Kokare et al., 2006). Likewise, injections of aMSH
into the amygdala induced anxiety (Kokare et al., 2005). It is possible
that the reduction in alcohol after the MC3/MC4R agonist MTII reflects
an inhibitory effect on energy intake despite an increase in anxiety,
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whereas the large prolonged reduction in alcohol intake after the
MC4R antagonist SHU9119 may reflect a reduction in anxiety.

The orexigenic response to a single injection of SHU9119 icv or
into the CeA is prolonged (Boghossian et al., 2010; Fan et al., 1997;
Hagan et al., 2000). The mechanism that maintains this hyperphagic
state for several days is unclear. However, the reduction in alcohol
intake after SHU9119 and increase in water intake that are
independent of any changes in food intake are even more prolonged,
lasting for 8-9 days before returning to normal control levels. This
contrasts with the orexigenic response to brain stem SHU9119 which
is shortened by food deprivation (Grill et al., 1998). However, we did
observe a small increment in feeding for one day when the pair
feeding restriction was removed after 72 h. The large response to the
MC3/MC4R antagonist indicates a role for endogenous melanocortin
activity in the amygdala to regulate alcohol or water preferences.

In summary, our results show that melanocortin agonists and
antagonists can regulate alcohol intake through actions on the MC3
and/or MC4 receptors in the amygdala. The effects were only observed
in P rats. The inhibitory effects of both MC3/MC4R agonists and
antagonists on alcohol intake suggests that the inhibitory effect of
agonists may reflect their effect on energy intake whereas the
prolonged inhibitory response to MC3/MC4R antagonist is indepen-
dent of effects on food intake and is related to a stimulation of water
intake. Our data suggests that melanocortin signaling within the
amygdala has profound effects on water intake. Further studies are
required to understand the pathways that are involved and the
physiological importance of them.
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