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The brain melanocortin (MC) system is one of numerous

overlapping systems regulating energy balance; it consists

of peptides including a-melanocyte-stimulating hormone

that act through melanocortin receptors (MCRs). Mutations

and polymorphisms in MC3R and MC4R have been

identified as one of the most common genetic contributors

to obesity in human studies. Brain MC3R and MC4R are

known to modulate energy expenditure (EE) and food

intake, but much less is known regarding brain MC5R.

To test the hypothesis that brain MC modulates physical

activity (PA) and EE, we compared brain MCR profiles

in rats that consistently show high versus low levels

of ‘spontaneous’ daily PA. Compared with low-activity rats,

high-activity rats show enhanced mRNA expression

of MCRs in the brain, specifically of MC3R in the

paraventricular nucleus (PVN), and MC4R and MC5R

in the perifornical lateral hypothalamus. Next, we

microinjected the MCR agonist melanotan II into the PVN

region and measured PA and EE. Intra-PVN melanotan II

induced a dose-dependent increase in PA and this effect

was greater in high-activity rats compared with low-activity

rats. These results indicate region-specific brain MCR

expression in the heightened PA seen in association with

high endurance capacity and identify promising targets in

the brain MC system that may contribute to interindividual

variability in energy balance. NeuroReport 00:000–000 �c
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Introduction
The increasing prevalence of obesity continues to be a

cause of concern worldwide [1]. Recent work has identi-

fied the importance of daily physical activity (PA) in both

weight management and the risk of cardiovascular dis-

ease [1]. The energy expenditure (EE) of daily living,

called nonexercise activity thermogenesis (NEAT), has

emerged as a crucial factor that accounts for individual

differences in body weight, interacting with genetic pre-

disposition [2]. As in humans, animal models of obesity

tend to have low levels of PA [2]. In both rats and

humans, high intrinsic aerobic capacity is strongly linked

to high levels of PA [3]; both these traits may help in the

identification of the lean phenotype.

The brain melanocortin (MC) system is one of several

overlapping systems regulating energy balance [4]. The

prohormone pro-opiomelanocortin (POMC) is cleaved into

several bioactive peptides, one of which is a-melanocyte-

stimulating hormone (a-MSH). These peptides act as

ligands for MC receptor (MCR) subtypes MCR1–5; three

of these are found in the adult mammalian brain and

mediate a multitude of physiological and behavioral

effects [5]. Brain MC3R and MC4R have been shown to

modulate EE and food intake, but much less is known

about the role of MC5R in the brain [6,7]. Mutations and

deficiencies in POMC and MCRs lead to obesity and there

is evidence linking this system to PA in humans as well as

animal models of obesity [8]. Thus, brain MC circuitry is

relevant for a naturally occurring obese phenotype.

In 1996, Koch and Britton [9] initiated the development

of rat lines that differed in the intrinsic aerobic treadmill

running capacity through two-way (divergent) artificial

selection, establishing models for leanness [high-activity

rats (HCR)] and obesity [low-activity rats (LCR)]. HCR

have consistently higher levels of daily ‘spontaneous’ PA

relative to LCR, independent of differences in body

weight or lean mass [10,11]. Our long-term goal is to un-

derstand the mechanisms causative of low and high PA as

they relate to obesity. Here, we tested the hypothesis that

regional MCR expression within the hypothalamus con-

tributes to individual differences in PA in the LCR–HCR

model system.

Methods
Quantitative real-time PCR analysis

Nine of each HCR and LCR male rats (generation 21),

obtained from the University of Michigan, were indivi-

dually housed on a 24-h light : dark cycle with ad-libitum

access to standard chow (Lab Diet 5001; Lab Diet,

Richmond, Indiana, USA) for 28 days [11]. A detailed

protocol for obtaining brain micropunches has been de-

scribed previously [10]. Briefly, brains were taken after

rapid decapitation and sectioned using a Hatton appa-

ratus using optic chiasm as the primary landmark. Sec-

tions of 100 and 200 were taken, and punches of the
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paraventricular nucleus (PVN) or the perifornical lateral

hypothalamus (PeFLH) were extracted using a micropunch-

er, flash frozen with liquid nitrogen, and stored at – 801C for

later processing. Using samples from the arcuate nucleus,

PVN, and PeFLH, 20–40 mg of tissue was homogenized for

RNA isolation to be estimated by quantitative real-time

PCR (Q-PCR). The samples were purified using an RNA

purification kit (Ribopure; Ambion Life Technologies, Grand

Island, New York, USA) and only samples with optimum

RNA integrity numbers were used for further processing.

The RNA concentration was measured using NanoDrop

(ND-1000; Nanodrop Technologies, Wilmington, Delaware,

USA) and B20–100 ng/ml of isolated RNA was used for

cDNA synthesis. Purified total RNA was reverse transcribed

using the Applied Biosystems (ABI) Reverse Transcription

reagents kit (Carlsbad, California, USA), using the standard

suggested protocol with random hexamers. Q-PCR was

conducted using the Taqman Universal Master Mix (ABI)

on the experimental samples using Taqman probes for the

genes of interest, using B20–100 ng of cDNA. The an-

nealing temperature was 601C with 40 cycles. All samples

were run in triplicate on the Stratagene Mx3005P Real-Time

PCR System (Agilent, Carlsbad, California, USA). GAPDH

was used as control for all assays and the relative expression

was calculated using the comparative Ct method (DDCt)

method. The HCR mean DDCt values were used to define

100%, and each animal’s data were calculated as a per-

centage of the mean. Mean and variance values were calcu-

lated and unpaired two-tailed t-tests were used for analyses.

Differences with a P-value of less than 0.05 were considered

significant.

Physical activity and energy expenditure measurements

induced by melanocortin receptor agonist melanotan II

Six HCR and five LCR female rats (generation 25), also

obtained from the University of Michigan, were used for

this study. After acclimation to our facility, stereotaxic

surgeries were performed to implant guide cannulae

aimed at PVN [10,12]. Inhaled isoflurane was used for

anesthesia and care was taken to minimize the suffering

of animals at each stage of the experiment. After surgery,

animals were allowed to recover for 1 week, after which

a body composition measurement was taken using mag-

netic resonance spectroscopy with an EchoMRI-700

(Echo Medical Systems, Houston, Texas, USA) to deter-

mine fat and lean mass [13]. The rats were then placed in

the calorimetry room, where they were allowed to accli-

mate in their testing cage for 48 h before the start of

any experiment. These rats were then microinjected

with either a vehicle (aCSF) or the MCR 3, 4, 5 agonist

[melanotan (MTII); Phoenix Pharmaceuticals, Burlingame,

California, USA]. Three different doses of MTII (5, 10, and

20 pmol in 200 nl) were used to establish a dose–response

curve, with each rat receiving each dose in a random order,

separated by 48 h between subsequent injections. Us-

ing the Oxymax FAST system (Columbus Instruments,

Columbus, Ohio, USA), EE (kcal/h) and PA (counts/min)

were measured with a temporal resolution of 30 s for a total

of 3 h. The first 20 min of data after injection were not

included for analysis to account for handling-induced

activity and to allow the air exchange to settle.

Placement of the cannula and the potential spread of

microinjected compounds were determined at the end of

the study by histologically examining the anatomic place-

ment of an injection of India ink (200 nl). Only rats whose

dye injection site corresponded to the stereotaxic coordi-

nates (within 250 mm of the PVN) were used for data

analysis. One of the LCR rats died during the study of an

unrelated cause and we used simulation-based statistical

software (NORM) to estimate the missing activity value

on the basis of multiple imputations for one of the doses

[14]; however, the imputed data point was not included

in post-hoc analyses. We used a 4� 2 mixed analysis of

variance, with a dose of MTII as the within-subjects inde-

pendent variable and HCR versus LCR as the between-

subjects independent variable; the dependent variables

(PA and EE) were analyzed separately. We compared each

rat’s activity with its vehicle value to account for indi-

vidual differences in activity. To assess the dose range to

use in HCR/LCR, the same experimental procedure was

followed in six Sprague–Dawley rats targeting PVN or

PeFLH. As a result, we were able to identify the optimal

dose range and also proceed with fewer total microinjec-

tions in HCR/LCR rats by eliminating one dose in the

higher range for further experiments.

All animal procedures followed were approved by the

Institutional Animal Care and Use Committee of Kent

State University and were in accordance with the Guide

for the Care and Use of Laboratory Animals.

Results
Lean rats have greater site-specific melanocortin

receptor mRNA expression

Q-PCR data are shown in Fig. 1a and Table 1. We ex-

amined the basal mRNA expression of MC receptors

MC3R, MC4R, and MC5R in two brain hypothalamic

regions: the PVN and the PeFLH. On comparing HCR

with LCR animals, the MC3R mRNA expression level

was significantly higher in HCR in the PVN (Fig. 1a). No

significant difference was observed in the PeFLH region

for this receptor subtype. Both MC4R and MC5R mRNA,

however, were significantly higher in HCR in the PeFLH

only (Fig. 1a), but not in the PVN. mRNA expression of

MC precursor polypeptide POMC, and the processing

enzymes prohormone convertase (PC)1 and PC2 in the

arcuate nucleus, were not found to be significantly dif-

ferent between LCR and the lean HCR (Table 1). Of the

other peptides examined (Table 1), only the expression of

brain-derived neurotropic factor (BDNF) in the PeFLH

was found to differ significantly between groups (HCR >

LCR).
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Melanocortin receptor agonist in specific brain nuclei

increases short-term activity and energy expenditure

We measured the activity of Sprague–Dawley rats for a 3-h

period after microinjecting the common MCR agonist

MTII into the PVN and the PeFLH. We found a short-

term increase in home-cage PA with PVN microinjections,

which was significant compared with the vehicle aCSF

(Fig. 1b). We did not observe a similar increase in the

PeFLH region (data not shown). Therefore, we next

focused on targeting the PVN region to examine the

effect of agonist MTII in HCR and LCR. On comparing

HCR and LCR, we found that intra-PVN MTII-induced

PA was significantly greater in HCR than LCR (Fig. 1c).

EE analysis indicated significant effects of dose, group,

and body weight; follow-up analyses of EE (using analysis

of covariance) at the 5 pmol/200 nl dose showed greater

MTII-induced EE for HCR than LCR.

Discussion
The brain MC system is known to play an important role

in satiety and the propensity for obesity. Moreover,

evidence that POMC, a-MSH, and MCRs are important

in satiety and EE in animal studies has been corroborated

Fig. 1
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(a) Quantitative real-time PCR of receptor mRNA levels in target brain regions. Compared with low-activity rats (LCR), high-activity rats (HCR)
have greater expression of melanocortin 3, 4, and 5 receptors (MC3R, MC4R, and MC5R) in the paraventricular nucleus (PVN) and the perifornical
lateral hypothalamus (PeFLH). MC3R in PeFLH: HCR (N = 8), LCR (N = 8); MC4R in PeFLH: HCR (N = 7), LCR (N = 8); MC5R in PeFLH:
HCR (N = 8), LCR (N = 8); MC3R in PVN: HCR (N = 8), LCR (N = 8); MC4R in PVN: HCR (N = 7), LCR (N = 8); MC5R in PVN: HCR (N = 5),
LCR (N = 8). (b) Intra-PVN microinjections of melanocortin receptor agonist Melanotan II (MTII) induced physical activity in male Sprague–Dawley
(SD) rats (N = 4); no effect was found after intra-PeFLH injections (data not shown). (c) Intra-PVN MTII-induced activity was significantly greater in
HCR (N = 4) compared with LCR (N = 5). *P < 0.05. veh, vehicle.

Table 1 Quantitative mRNA measurement of melanocortin
receptors in hypothalamic nuclei

Brain region micropunch Q-PCR probe P-value

ARC PC1 0.06
PC2 0.53
POMC 0.78
GHSR 0.30
AgRP 0.10
NHLH2 0.96

PeFLH MC3R 0.29
MC4R 0.02*
MC5R 0.02*
BDNF 0.03*
TRH 0.68
GHSR 0.15

PVN MC3R < 0.01*
MC4R 0.55
MC5R 0.87
BDNF 0.13
TRH 0.86
GHSR 0.75

AgRP, agouti-related peptide; ARC, arcuate nucleus; BDNF, brain-derived
neurotropic factor; GHSR, ghrelin receptors; MC3R, MC4R, MC5R, melano-
cortin receptor 3, 4, and 5; NHLH2, nescient helix–loop–helix 2 in target
brain regions: arcuate nucleus; PC1, PC2, prohormone convertases; PeFLH,
perifornical lateral hypothalamus; POMC, pro-opiomelanocortin; PVN, paraven-
tricular nucleus; Q-PCR, quantitative real-time PCR; TRH, thyrotropin-releasing
hormone.
*P < 0.05 (HCR > LCR), highlighted in bold.
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by genetic studies in humans that consistently identify

MCR point mutations and polymorphisms in human

obesity. However, how these genetic differences may pos-

sibly manifest to change energetics remains poorly under-

stood. Here, we show for the first time that regional

differences in brain MC responses are associated with in-

dividual differences in PA, which are linked to obesity

propensity or resistance to obesity [6,7,15,16]. These

findings may provide an insight into how individuals

differ in their brain MC responses, which could in turn

make them more or less physically active.

Although POMC expression in the brain is mainly limited

to the arcuate nucleus and area prostrema, it is cleaved

post-translationally to yield different bioactive compounds

that act on MCRs in numerous brain regions to alter

several components of energy balance [6,7,15,16]. Height-

ened POMC results in decreased MCRs and upregulation

of a-MSH [4,17], suggesting the possibility that the

heightened MCR observed in the high-activity HCR

might be secondary to the higher overall MC ‘tone’ in

these rats. However, our data do not support this inter-

pretation. First, it is not likely that differences in activity

levels in the rats originate with altered arcuate MC as we

found no significant difference in precursor POMC

mRNA expression and only a trend in the processing

enzyme PC1 (not significantly higher in HCR, P = 0.06,

Table 1). Second, heightened global MC release would be

expected to alter MCRs similarly irrespective of subtype

or brain region, whereas we found a region-specific and

subtype-specific expression. Altogether, our data suggest

that the profile of MCR expression may be intrinsic to the

high-activity, high-endurance phenotype.

Moving downstream from the arcuate and area prostema,

the action of MCs is limited to three receptors in adult

mammalian brain. The receptors MC3R, MC4R, and

MC5R are localized to the PVN, PeFLH, and dorso-

medial hypothalamus, among other brain regions [7,17].

Our data show that the PVN of the high-activity rats shows

higher expression of MC3R, but not of MC4R or MC5R.

Moreover, we found that intra-PVN microinjections of

MTII increased PA and EE of activity (NEAT), and that

the increase in short-term, daytime NEAT was greater in

high-activity HCR compared with low-activity LCR. We

attribute the heightened EE after intra-PVN MTII

to activity EE, but the contribution of intra-PVN MC to

brown adipose tissue thermogenesis cannot be ruled

out [18]. These results show the possible mechanisms

through which individual differences in brain MC

contribute to changes in energy balance – specifically

EE – that predispose an individual to be lean or obese.

This may also suggest that MC3R could contribute to the

differences in PA observed between HCR/LCR. Because

MTII is not specific for MC3R, however, we cannot rule

out the possibility that other MCRs in the PVN contri-

bute to PA and EE. Although a first step, these results can

be further defined by the specific localization of function

using MCR subtype-specific agonists and antagonists

[19,20].

We then examined MC expression in other hypothalamic

regions and systems known to be important in regulating

PA. Previously, site-specific microinjections of orexin in

the orexin cell-body-containing area of the hypothalamus,

PeFLH, have been shown to increase PA and EE [10]. We

found no differences in the expression of orexin or its

receptor that could underlie the differences in PA obser-

ved in these rats, however, which led us to examine re-

lated parallel brain systems that impact PA. Our data

indicate that high-activity HCR show enhanced expres-

sion of MC4R and MC5R, but not MC3R, in the PeFLH

region. Although several studies have shown the im-

portance of MC4R in obesity and appetite, very little is

known about MC5R or its role in the brain in particular.

Our results suggest that region-specific differences in

MC5R, specifically within the PeFLH, could also contri-

bute toward individual differences in PA. These findings

are a good example of the utility of examining the lean

phenotype. It has been suggested that standard ‘non-

obese’ animal models might essentially have metabolic

syndrome because of housing in a sedentary environment

with an unrestricted food supply and limited physical

challenges [21]. It is conceivable that MC5R is low or

undetectable in the PeFLH of standard rodent models, as

it is in the obesity-prone, low-activity LCR (Fig. 1a).

MC is known to interact with several other neuropeptide

systems, including orexin [10]. Therefore, we also

examined other potential downstream neuropeptide

mediators including BDNF and thyrotropin-releasing

hormone (TRH), as well as ghrelin receptor (GHSR),

all of which are important in these hypothalamic

circuits [22]. In the regions examined, BDNF showed a

significant difference, being significantly higher in high-

activity HCR in the PeFLH (Table 1). BDNF has been

described previously as an important component of the

hypothalamic pathway that regulates body weight and

energy homeostasis [22]. Our results suggest that BDNF

may be a critical component in the melanocortinergic

brain system regulating spontaneous PA and this system

may differ between lean and obesity-prone individuals.

Agouti-related peptide is an inverse antagonist of the

MCRs and is also known to alter food intake [23]. On

examining agouti-related peptide mRNA levels in the

arcuate nucleus, we did not detect a difference between

HCR/LCR (Table 1). Here, we have focused on hypo-

thalamic circuits, although forebrain reward systems and

hindbrain MC are also known to affect energy balance and

may potentially differ between high-activity and low-

activity individuals [24].

Several lines of evidence highlight the close association

between high intrinsic aerobic capacity and high daily PA.

In both rats and humans, those with high running endur-

ance are also consistently more physically active [10].
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The present study suggests that differences in the brain

MC system in these rats, with a regional distribution of

MCRs in particular, could underlie individual differences

in the tendency to be more or less active. Although MCRs

are known to be associated with human obesity, here,

we highlight that this effect may partly manifest as dif-

ferences in PA. While others have shown the relevance of

MC3R and MC4R in the regulation of energy balance,

satiety, and human obesity, the potential importance of

brain MC5R is yet to be considered [7,24,25]. Here, we

found that highly specific, differential regional activation

of brain MCRs could affect different aspects of energy

balance, particularly PA [18].
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