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Melanocortin 4 Receptor and Dopamine D2 Receptor
Expression in Brain Areas Involved in Food Intake
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Biotechnology, Seoul, Korea

Background: The melanocortin 4 receptor (MC4R) is involved in the regulation of homeostatic energy balance by the hypothal-
amus. Recent reports showed that MC4R can also control the motivation for food in association with a brain reward system, such
as dopamine. We investigated the expression levels of MC4R and the dopamine D2 receptor (D2R), which is known to be related
to food rewards, in both the hypothalamus and brain regions involved in food rewards.

Methods: We examined the expression levels of D2R and MC4R by dual immunofluorescence histochemistry in hypothalamic
regions and in the bed nucleus of the stria terminalis (BNST), the central amygdala, and the ventral tegmental area of transgenic
mice expressing enhanced green fluorescent protein under the control of the D2R gene.

Results: In the hypothalamic area, significant coexpression of MC4R and D2R was observed in the arcuate nucleus. We observed
a significant coexpression of D2R and MC4R in the BNST, which has been suggested to be an important site for food reward.
Conclusion: We suggest that MC4R and D2R function in the hypothalamus for control of energy homeostasis and that within the
brain regions related with rewards, such as the BNST, the melanocortin system works synergistically with dopamine for the inte-
gration of food motivation in the control of feeding behaviors.
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INTRODUCTION

The regulation of body weight occurs through a homeostatic
regulation center for feeding behaviors in the brain, particular-
ly, the hypothalamus, which serves to integrate different hor-
monal and neuronal signals that control appetite and energy
homeostasis [1,2]. Such homeostatic regulation monitors the
level of body adiposity by employing different regulators, such
as leptin, melanocortin, insulin, and ghrelin [1-3]. In addition,
feeding behaviors can also be critically modulated by the moti-

vation for food, which is closely associated with the brain re-
ward system that responds to the hedonic properties of food.
These hedonic qualities can override the homeostatic system
[4,5] and result in eating disorders, leading to obesity. There-
fore, delineating how the food reward circuit in the brain con-
trols appetite and eating behaviors, in connection with the
brain’s homeostatic system of energy balance, is important to
provide better insight into treatments for obesity.

Among the main players in the homeostatic regulation of en-
ergy balance, the central melanocortin system is known to be
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critical for central energy homeostasis to control body energy
balance, energy expenditure, and food intake [1,6-8]. The mela-
nocortin system consists of five distinct receptors that belong to
the family of seven transmembrane G protein-coupled recep-
tors; in the brain, the melanocortin 3 receptor (MC3R) and the
melanocortin 4 receptor (MC4R) are expressed [8]. The endog-
enous ligand for both receptors is a-melanocyte-stimulating
hormone (a-MSH), which is derived from the precursor proopi-
omelanocortin. An endogenous antagonist exists: agouti-related
protein (AgRP). AgRP and a-MSH are both synthesized in a
distinct population of neurons within the arcuate nucleus (ARC)
of the hypothalamus and project throughout the brain [1,8-10].

Targeted disruption of the mouse MC4R gene leads to an
obese phenotype; many types of MC4R mutations lead to severe
obesity and hyperphagia in humans [11], suggesting that MC4R
signaling in the brain is critical for the regulation of central en-
ergy homeostasis to control body energy balance, energy expen-
diture, and food intake. In humans, mutations in the MC4R gene
are found in up to 5% of individuals with morbid obesity [12].

MCA4Rs are also expressed in reward-related brain areas, such
as dopamine (DA) mesolimbic systems [13]; recent studies re-
vealed that melanocortin signaling can exert functional effects
on reward-related behaviors [14-16]. For example, it has been
reported that locomotor responses to repeated cocaine exposure
are completely blocked in MC4R-null mutant mice and reduced
in Agouti mice that overexpress an endogenous inhibitor of
melanocortins in the brain [16]. These results also demonstrate
that cocaine administration increases the expression of MC4R
in the striatum [16]. Additionally, intracerebroventricular injec-
tion of AgRP has been reported to affect the responses to sweet
and high-fat foods via an unknown mechanism [17,18].

The role of DA in reward-related behaviors has received
much attention, because of the severe consequences of dys-
function within the mesolimbic and mesocortical circuits, in-
cluding drug and food addiction [5,19].

Regulation of the DA system for reward-related behaviors is
mediated by the mesolimbic and mesocortical pathways, which
include the neuronal projections from the ventral tegmental
area (VTA) in the midbrain to the nucleus accumbens (NAc),
prefrontal cortex, and other limbic areas. Drugs of abuse trigger
large increases in synaptic DA concentrations in the mesolim-
bic system [20]; likewise, it has been reported that food rewards
stimulate dopaminergic transmission in the NAc [21,22]. Both
DA release and variations in DA receptors appear to play roles
in overeating and obesity, especially in association with the ex-
pression and function of the DA D2 receptor (D2R) [5,23,24].
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It has been observed by imaging analysis that palatable food
or a high-fat diet alters D2R expression in the NAc, striatum,
or hypothalamus in both human brain and rodent brains, sug-
gesting that D2R expression and DA release is associated with
food intake [23-26]. Although recent studies demonstrated that
the D2R is not required for the acquisition of drug addiction, it
plays a key role in regulating synaptic modifications triggered
by experiences such as stress or abstinence from drugs [27,28],
suggesting that D2R can trigger experience-induced relapse
behaviors for drug or food seeking, indicating its specific role
in reward-related behaviors.

In an attempt to better understand the regulation of MC4R
signaling in association with reward-related behaviors, we ex-
amined the expression of MC4R and D2R in both hypothalam-
ic areas and brain regions associated with reward.

METHODS

Animals

Experiments were performed with D2R-enhanced green fluo-
rescent protein [STOCK Tg(Drd2-EGFP)S118Gsat/Mmnc]
mice at 8 to 12 weeks of age. Mice were housed with a 12-hour
light/12-hour dark cycle under constant conditions of tempera-
ture and humidity, and had free access to tap water and a regu-
lar diet (Purina Certified Rodent Diet, Wilkes-Barre, PA,
USA). Mouse procedures were carried out in accordance with
the standards approved by the Institutional Animal Care and
Use Committee of Korea University.

Tissue preparation

For immunofluorescence, mice with normal diet without spe-
cific treatment were anesthetized with 1.6 uL/g ketamine and
0.05 pL/g xylazine (Rompun, Bayer, Leverkusen, Germany)
intraperitoneally, and transcardially perfused with 0.1 M phos-
phate buffered saline (PBS, pH 7.4) and 4% paraformaldehyde.
Perfusion of mice were performed between 10:00 AM and
11:00 AM on the day of experiment. The brains were postfixed
with 4% paraformaldehyde for 4 hours at 4°C and kept in 30%
sucrose for 24 to 48 hours at 4°C. Free-floating cryostat sec-
tions of 40-um thickness were serially prepared.

Immunofluorescence and microscopy

Immunofluorescence was performed on 40-um-thick coronal
sections of D2R-EGFP mice. Sections were washed in 0.1 M
PBS (pH 7.4) three times for 10 minutes and then incubated in
blocking solution (0.3% TritonX-100 and 3% bovine serum al-
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bumin in 0.1 M PBS) for 30 minutes. Sections were then incu-
bated with primary rabbit polyclonal anti-MC4R antibody
(1:100, catalog no. AMR-024, Alomone Labs, Jerusalem, Isra-
el) in blocking solution overnight at 4°C with slow shaking.
Subsequently, the sections were washed in 0.1 M PBS (pH 7.4)
and incubated with secondary Alexa Fluor 568 anti-rabbit im-
munoglobulin G (1:1,000, catalog no. A10042, Life Technolo-
gies, Eugene, OR, USA) in blocking solution for 1 hour at

room temperature with slow shaking. After washing with 0.1
M PBS (pH 7.4), the sections were stained with Hoechst 33342
fluorochrome (1:2,500, catalog no. H1399, Invitrogen, Eugene,
OR, USA) for visualization of nuclei. Sections were then
mounted with Vectashield mounting medium (catalog no.
H-1400, Vector, Burlingame, CA, USA) and coverslips were
placed on the slides. Sections were examined on a BX51 mi-
croscope (Olympus, Tokyo, Japan) with a DP72 camera
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Expression of dopamine D2 receptor (D2R) and melanocortin 4 receptor (MC4R) in the hypothalamus. D2R-enhanced green flu-
orescent protein (EGFP) mice were sacrificed, and brain samples were prepared as 40-um-thick coronal cryosections. Brain sections
were then subjected to immunofluorescence staining with anti-MC4R antibody. Immunofluorescence revealed D2R and MC4R coex-
pression in hypothalamic regions, including (A) the paraventricular nucleus (PVN), (B) arcuate nucleus (ARC), and (C) lateral hypothal-
amus (LH). The left panel shows a low magnification image (scale bar, 200 pm) and the inset shows a high magnification image (scale
bar, 20 um) for D2R (green) and MC4R (red) stained cells, and D2R-MC4R-coexpressing cells (merge). Arrows indicate D2R-MC4R-
coexpressing cells. (D) Relative quantification of D2R- and MC4R-positive cells and D2R-MC4R coexpressed cells in each brain re-
gion. Relative percentages of D2R- and MC4R-positive cells were normalized with number of total cells counted. D2R-MC4R coexpres-
sion was shown as a percentage normalized with number of D2R-positive cells. Quantifications were performed with hemisphere of cor-
onal slices of each brain region, on six slices per mouse (1,730 to 2,094 cells) for ARC and on six slices per mouse (2,743 to 3,664 cells)
for LH area. The data for each animal are expressed as the average from three mice. DMH, dorsomedial hypothalamus; VMH, ventrome-
dial hypothalamus; 3V, third ventricle; CPB, cerebral peduncle basal part; PeF, perifornical nucleus.
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(Olympus) or a LSM 700 confocal laser scanning system (Carl
Zeiss, Berlin, Germany). The observed images are presented at
low and high magnifications. Cells were counted in the magni-
fied images. D2R- and MC4R-positive cells were counted sep-
arately and then D2R-MC4R-coexpressing cells were counted.
Quantifications were performed with hemisphere of coronal
slices of each brain region, on six slices per mouse (1,730 to

EnM

2,094 cells) for ARC, on six slices per mouse (2,743 to 3,664
cells) for lateral hypothalamus (LH) area, on four slices per
mouse (2,776 to 3,468 cells) for bed nucleus of the stria termi-
nalis (BNST), six slices per mouse (2,229 to 2,844 cells) for
central amygdala (CeA), and five slices per mouse (1,085 to
1,803 cells) for VTA area. The data for each animal are ex-
pressed as the average from three mice.
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Expression of dopamine D2 receptor (D2R) and melanocortin 4 receptor (MC4R) in the striatal area, amygdale, and ventral teg-
mental area (VTA). Fixed brain slices (40-pm thickness) of D2R-enhanced green fluorescent protein (EGFP) mice were prepared, and
immunofluorescence staining for MC4R was performed. Representative immunofluorescence images show D2R-MC4R coexpression in
(A) the bed nucleus of the stria terminalis (BNST), (B) central amygdala (CeA), and (C) VTA. The left panel shows a low magnification
image (scale bar, 200 um) and the inset shows a high magnification image (scale bar, 20 um) for D2R (green) and MC4R (red) stained
cells, and D2R-MC4R-coexpressing cells (merge). Arrows indicate D2R-MC4R-coexpressing cells. (D) The graphs show the quantifica-
tion of D2R- and MC4R-positive cells and D2R-MC4R coexpressed cells in each brain region. Relative percentages of D2R- and
MC4R-positive cells were normalized with number of total cells counted. Relative ratio of D2R-MC4R coexpressed cells was shown as
a percentage normalized with number of D2R-positive cells. Quantifications were performed in hemisphere of serial sections of each re-
gion, on four slices per mouse (2,776 to 3,468 cells) for BNST, six slices per mouse (2,229 to 2,844 cells) for CeA, and five slices per
mouse (1,085 to 1,803 cells) for VTA area. The data for each animal are expressed as the average from three mice. CPu, caudate puta-
men; AC, anterior commissure; NAc, nucleus accumbens; BLA, basolateral amygdala; SNC, substantianigra compact part; SNR, sub-
stantianigra reticular part.
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RESULTS

Expression of D2R and MC4R in the hypothalamus

We used transgenic mice expressing EGFP under the control of
the D2R gene to analyze the coexpression of D2R with MC4R.
We performed dual immunofluorescence on hypothalamic re-
gions and in the striatum and midbrain. Expression of MC4R
was observed throughout the hypothalamus and was particularly
strong in the paraventricular nucleus (PVN) (Fig. 1A) and ARC;
MCA4R expression was also observed in the LH, dorsomedial,
and ventromedial (VMH) hypothalamic areas (Fig. 1B, C). D2R
expression was observed in several hypothalamic regions, in-
cluding the ARC, VMH, and LH but negligibly in the PVN. We
observed D2R and MC4R coexpression in the ARC; an approx-
imate cell count in the ARC revealed that immunoreactivity for
MCA4R was found in 39% (SEM, +4.45) of neurons, and coex-
pression of MC4R-D2R was found in around 44% (SEM, =
5.30) of D2R-positive cells (Fig. 1B, D). In other regions of the
hypothalamus, such as the LH, MC4R expression was lower
than in the ARC and coexpression of D2R-MC4R was found
around 27% (SEM, *3.15) of D2R-positive cells (Fig. 1C, D).

Expression of D2R and MC4R in the striatum and
midbrain

In the striatal area, MC4R expression was detected in the
boundary region of the NAc, but barley detected in the NAc and
strong expression was observed in the BNST, whereas D2R ex-
pression was strong in the NAc and caudate putamen, but rather
modest in the BNST (Fig. 2A). D2R-MC4R coexpression was
observed in 32% (SEM, *+2.82) of D2R-positive cells of the
BNST region (Fig. 2A, D), showing a substantial overlap.

We also observed D2R expression in 25% (SEM, +0.64) of
cells of the CeA with 11.12% (SEM, £2.05) of D2R-positive
cells coexpressing MC4R in the CeA (Fig. 2B, D).

In the midbrain, D2R was expressed in the VTA and substan-
tia nigra compacta, but weak MC4R expression was observed in
the VTA. In the VTA, D2R was expressed in approximately 21%
(SEM, £1.33) of total cells and low levels of MC4R expression
were found (around 3% of total cells) in this region. We ob-
served very weak D2R-MC4R coexpression in the VTA as 3.7%
(SEM, £1.07) of D2R-positive cells in this area (Fig. 2C, D).

DISCUSSION

Although the role of melanocortins in food reward behaviors is
well accepted, the mechanism underlying this regulation has
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not been clearly established. In the present study, we examined
MCA4R and D2R expression in hypothalamic and other brain
areas known to be involved in reward-related behaviors. In our
study, we have used D2R-EGFP mice, which have eased the
identification of the D2R-expressing neurons with strong green
fluorescent protein (GFP) signals which are observed rather in
the soma of neurons with also some signals in neuropils, while
MCA4R signals revealed by immunofluorescence staining, were
shown as puncta structures along with the cell membrane. It is
possible that our data may not account for all double-labeled
coexpressed cells, because of variability of either GFP signals
or MC4R immunoreactivities. /n situ hybridization combined
with immunohistochemistry for these receptors may help to
provide a better estimation for their coexpression in neurons.

In the hypothalamus, we found that MC4R expression is
strong in the PVN, but rather weak in the ARC as previously
known (Fig. 1A); the role of MC4R in the ARC is not yet clear-
ly defined, but it appears that MC4R in this area can control the
effects of both a-MSH and neuropeptide Y on neuronal activi-
ties [29,30]. We observed significant coexpression of D2Rs and
MC4Rs in the ARC, suggesting their potential interactive roles
in the regulation of energy homeostasis. Expression of D2R in
the ARC has been previously reported and was also demon-
strated to be colocalized with leptin receptor-expressing cells;
thus, controlling leptin signaling in this area [26].

Interactions between MC4R and the dopaminergic system
have been suggested [15,31]. Lindblom et al. [32] reported that
the infusion of a-MSH into the VTA induces a significant in-
crease in DA levels in the NAc, and this increase was com-
pletely blocked by pretreatment with the MC4R selective an-
tagonist HS131, indicating that the effects of a-MSH on DA
transmission may be mediated by MC4R. Hsu et al. [16] re-
ported that the infusion of a melanocortin peptide antagonist
into the NAc blocks the reinforcing, motivational, and locomo-
tor-sensitizing effects of cocaine, and the locomotor responses
to repeated cocaine exposure are completely blocked in
MC4R-null mutant mice. It has also been suggested that MC4R
within dopaminergic neurons in the NAc is associated with
stress-induced anhedonia with synaptic changes [15]. These
studies show a possible close interaction between the melano-
cortin and DA systems. However, we could not detect MC4R
expression in the NAc, but only on the border of the NAc and
BNST. A similar study reported that no MC4R-positive neu-
rons were detected in the NAc (both core and shell divisions),
as revealed by immunocytochemistry [33]. In fact, some dis-
crepancies between the distribution of MC4R mRNA and

Copyright © 2015 Korean Endocrine Society
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MC4R-positive neurons have been observed [13,33], mostly in
the NAc, probably due to technical differences of staining for
in situ hybridization versus immunocytochemistry. In the VTA,
MCA4R expression is very weak, but MC3R expression seems
to be more significantly expressed [34]. Therefore, it will be
interesting to see how these receptors integrate melanocortin
signaling in the VTA dopaminergic circuit.

Recent rodent and primate studies suggest that BNST, a
component of the extended amygdale, is a key mediator of
stress and reward interactions [35,36]. Studies of lesions or
pharmacological manipulations of the BNST suggest its role in
the physiology of fear, food intake, and goal-directed behaviors
[36,37]. It has been reported that self-administration of food or
palatable food activate BNST area in mice or rat [37,38]. Our
present study showing a significant coexpression of D2R and
MCHA4R in this area, suggests a potential implication of dopami-
nergic and melanocortin system in BNST-related circuit for
regulation of food intake behaviors. It appears that the BNST
projects to and exerts a strong excitatory influence on the firing
of DA neurons within the VTA [39], and this projection has
been implicated in physiological and pathological reward-di-
rected behaviors, such as food and cocaine addiction [39].

Another brain regions associated with reward we examined
is the CeA, which is known to be involved in behavioral re-
sponses to stress and ingestive behaviors [40], where increas-
ing evidences are suggesting an important role of D2R in this
region for food reward. In the CeA, we found the substantial
expression of D2R as 25% of total cells, while the expression
of MC4R was lower showing the coexpression of MC4R and
D2R around the 11% of D2R-positive cells. Further studies
will be required to understand the role and their possible inter-
action of these receptors in food reward through CeA.

In summary, we examined MC4R and D2R expression in the
hypothalamus, BNST, CeA, and VTA, which can affect the in-
fluence of food rewards on feeding behaviors. How melanocor-
tin signaling within the amygdala, or other areas can interact
with other systems, such as the DA system with the hypothala-
mus, to control feeding behaviors remain to be further evaluat-
ed. These lines of investigation will provide a foundation for
the neural circuitry of food intake, elucidating the underlying
pathophysiology of food addiction.
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