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Abstract

Physical activity and non-exercise activity thermogenesis (NEAT) are crucial factors accounting
for individual differences in body weight, interacting with genetic predisposition. In the brain, a
number of neuroendocrine intermediates regulate food intake and energy expenditure (EE); this
includes the brain melanocortin (MC) system, consisting of melanocortin peptides as well as their
receptors (MCR). MC3R and MC4R have emerged as critical modulators of EE and food intake.
To determine how variance in MC signaling may underlie individual differences in physical
activity levels, we examined behavioral response to MC receptor agonists and antagonists in rats
that show high and low levels of physical activity and NEAT, that is, high- and low-capacity
runners (HCR, LCR), developed by artificial selection for differential intrinsic aerobic running
capacity. Focusing on the hypothalamus, we identified brain region-specific elevations in
expression of MCR 3, 4, and also MC5R, in the highly active, lean HCR relative to the less active
and obesity-prone LCR. Further, the differences in activity and associated EE as a result of MCR
activation or suppression using specific agonists and antagonists were similarly region-specific
and directly corresponded to the differential MCR expression patterns. The agonists and
antagonists investigated here did not significantly impact food intake at the doses used, suggesting
that the differential pattern of receptor expression may by more meaningful to physical activity
than to other aspects of energy balance regulation. Thus, MCR-mediated physical activity may be
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a key neural mechanism in distinguishing the lean phenotype and a target for enhancing physical
activity and NEAT.
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The problem of obesity continues to plague society, decreasing the quality of life and
increasing mortality rates (Allison et al., 1999, Ogden et al., 2014). An obesogenic
environment interacts with genetic predisposition to make an individual more or less
susceptible to becoming obese. However, only a small proportion of human obesity can be
accounted for by monogenic mutations; instead, genetic polymorphisms and their associated
intermediates contribute to weight gain (Cauchi et al., 2009, Zegers et al., 2012). The brain
leptin-melanocortin (MC) system is one of the most common systems to be a target of
polymorphisms affecting energy homeostasis (Fan et al., 1997, Zemel and Shi, 2000, Butler,
2006, Lee et al., 2006). Of its five known receptors, MC receptors (MCRS) 3, 4, and 5 are
present in the adult mammalian brain. MC4R is a common target for alterations related to
both monogenic and polygenic obesity (Santini et al., 2009, Tao, 2010). Their roles in
energy balance, particularly for MC4R and MC3R, have been demonstrated through studies
using gene deletions as well as reports of single nucleotide polymorphisms (SNP) in human
obesity (Bell et al., 2005). MC4R mutations are among the most common monogenic causes
of human obesity, with over 150 reported mutations (Tao, 2010), and genome-wide complex
trait analysis indicating significant SNP signals surrounding MC4R as part of the “missing
heritability” for BMI (Locke et al., 2015).

Daily physical activity influences both weight management and cardiovascular disease risk.
The energy expenditure (EE) of daily living, called non-exercise activity thermogenesis
(NEAT), contributes to inter-individual differences in body weight and resistance to fat gain
during overfeeding (Levine et al., 1999). The tendency to be physically active is a
biologically regulated, heritable trait [reviewed in (Novak and Levine, 2007, Garland et al.,
2011)], but also interacts with known genetic determinants of obesity risk. Evidence links
the brain MC system to physical activity as well, for example, in obese animal models,
deletion of MCRs results in lower physical activity along with obesity (Chen et al., 2000a,
Coll et al., 2004, Loos et al., 2005, Yako et al., 2012). Altogether, ample evidence implicates
the brain MC system as a major contributing factor for individual differences in energy
balance and physical activity.

In both rats and humans, high intrinsic aerobic capacity strongly associates with high levels
of physical activity (Levine et al., 1999, Novak et al., 2009); both of these traits could serve
to identify the lean phenotype, and could share common underlying mechanisms. In a rat
model of leanness (Koch and Britton, 2001, Koch et al., 2012) that demonstrates
consistently elevated levels of physical activity and NEAT (Novak et al., 2009, Novak et al.,
2010, Shukla et al., 2012, Gavini et al., 2014, Smyers et al., 2015), we previously reported
elevated levels of MCR expression in the hypothalamus (Shukla et al., 2012). The relevance
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of the divergent receptor profiles to behavior, including physical activity levels, is
unexplained. Here, we determined the site specificity of receptor expression by using a
highly specific methodology, laser capture microdissection (LCM). We then used MC
receptor subtype-specific agonists and antagonists to examine the relevance of regional
differences in MCR expression, including MC5R, to intrinsic differences in daily physical
activity levels.

2. Experimental Procedures

2.1 Rats

High-capacity runner (HCR) and low-capacity runner (LCR) female rats (generation 27-31)
with overlapping ranges of body weight were provided by the International Aerobic Rat
Resource maintained at the University of Michigan (Koch and Britton, 2001, Wisloff et al.,
2005, Ren et al., 2013). Compared to males, HCR and LCR females show less change in
body weight with age and less group difference in body weight, thus minimizing potential
group bias stemming from differences in body weight and composition (Goran, 2005, White
et al., 2009, Butler and Kozak, 2010, Tschop et al., 2012). Female rats were used throughout
these studies unless noted otherwise. Although sex differences in metabolism and subtle
variations in daily physical activity that are estrous-cycle related may exist (Smyers et al.,
2015), the measured differences in activity between LCR and HCR rats are robust and not
dependent on sex (Novak et al., 2010, Smyers et al., 2015), and variance related to estrous
cycle has minimal effect on EE (Giles et al., 2010). Rats were housed individually and
placed on a 12:12 h light:dark cycle with lights on at 0700 EST, and received ad libitum
water and rodent chow (Lab Diet 5001; Lab Diet, Richmond, Indiana, USA). A total of 148
rats (HCR + LCR) were used in these studies; all procedures and handling were in
accordance with and approved by Kent State University’s Institutional Animal Care and Use
Committee.

2.2 Laser capture microdissection (LCM) and gene expression

Brains from 12 HCR and 12 LCR rats were sectioned at 12 pm sections on a cryostat and
mounted onto SuperfrostPlus slides. Sections were stained using a quick protocol to allow
visual identification of the arcuate nucleus, perifornical lateral hypothalamus (PeFLH),
paraventricular nucleus (PVN), ventromedial nucleus (VMN), and dorsomedial nucleus
(DMN). We chose these regions because of their documented presence of MC receptors in
these areas and the actions of MC on metabolism. Briefly, sections were fixed in a 75%
EtOH (30 sec), rinsed in water, and immersed in Hemotoxylin (90 sec), followed by serial
dehydration (75%, 95%, and 100% EtOH for 30 sec each) and immersion in xylenes (5
min). The LCM machine (Arcturus XT ) was used to identify and capture brain regions
onto CapSure® HS LCM Caps (Molecular Devices), pooling 6-12 captures from one
nucleus onto one cap for every sample. Pre- and post-capture images of the tissue confirmed
accuracy of nuclei captured; we estimate that extra cells comprised less than 1% of the total
captured material.

RNA from the LCM samples was isolated and measured using quantitative real-time PCR
(Q-PCR). The samples were purified and total RNA was extracted using an RNA
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purification kit (Ribopure; Ambion Life Technologies, Grand Island, New York, USA).
RNA concentration and purity were measured using NANODROP (ND-1000; Nanodrop
Technologies, Wilmington, Delaware, USA) with A260/280 ratio ranging from 1.8 — 2.1;
only samples with optimum RNA integrity numbers were used for further processing.
Purified total RNA was reverse transcribed using the Applied Biosystems reverse
transcription reagents kit (Carlsbad, California, USA), using random hexamers with thermal
cycling at 25°C for 10 minutes, 48°C for 30 minutes, 95°C for 5 minutes. Next, 20-100 ng
of cDNA was used for quantifying the expression of the genes of interest using Tagman
probes (Applied Biosystems); starting concentration of cDNA was kept the same within the
nuclei examined. All samples were run in triplicate on the StratageneMx3005P Real-Time
PCR System (Agilent, Carlsbad, California, USA), with annealing temperature of 60°C, for
40 cycles. The housekeeping gene, glyceraldehyde phosphate dehydrogenase (GAPDH) was
used as control for all assays and the relative expression was calculated using the
comparative Ct method (ACt) method (Schmittgen and Livak, 2008).

2.3 Brain micropunches and Western blot

10 HCR and 10 LCR male rats were euthanized and brains were rapidly removed, frozen in
cooled isopentane, and stored at —80°C. Brains were sectioned at 100 um on a cryostat;
sections were placed onto slides and frozen on dry ice. Tissue sites containing the PVN and
PeFLH were then micropunched using a 2 mm (midline, PVN) or a 1 mm (PeFLH, bilateral)
micropunch tool (Fine Science Tools, Foster City, CA), similar to a method described
previously (Novak et al., 2010). We focused on these two hypothalamic nuclei to validate
our findings that show significant RNA differences in these regions. All punches were flash
frozen with liquid nitrogen and stored at —80°C.

Punches were sonicated in 35 pl of ice-cold radioimmunoprecipitation buffer (Thermo
Scientific) supplemented with protease inhibitor cocktail (Roche Diagnostics) followed by
30-min incubation on ice. Total homogenates were then centrifuged, and the supernatant
(total lysate) was transferred to new clear tubes for analysis. Equal quantities of total lysate
were resolved by SDS-PAGE and used for Western blot analysis. MC3R, MC4R, and
MCS5R protein levels were examined using actin as a loading control. Equal quantities of
supernatant and sample buffer (150 mM tris-HCI pH 6.8, Trizma-base for pH, 6% SDS,
30% glycerol, 0.03% pyronin-Y, DTT) were mixed and tubes were heated at 90°C for 3
minutes. Samples containing equal quantities of protein were loaded onto a gradient gel (4—
15%; Bio Rad) and electrophoresed using SDS running buffer (0.384 M glycine, 0.05 M
Trizma base, 0.1% SDS) at constant voltage (150V) for 30 minutes. The gel was blotted
onto a PVDF membrane using a semi-dry blotting apparatus and transfer buffer (49.6 mM
Trizma base, 384 mM glycine, 17.5% methanol, 0.01% SDS) at constant current (400
mAmp). The blot was incubated overnight in a blocking solution of 5% Blotto in 1XPBST
(Phosphate buffered saline; 84 mM sodium hydrogen phosphate, 16 mM sodium dihydrogen
phosphate, 100 mM sodium chloride, Tween20), then rinsed using 1X PBST. Primary
antibodies used for MC3R, MC4R, MC5R, and actin (Santa Cruz Biotechnology sc6878,
6879, and sc7644, sc1616 respectively) were diluted in blocking solution at a ratio of 1:2000
and incubated overnight at 4°C. After three washes in PBST, the membrane was exposed to
a 1:5000 dilution of a donkey anti-goat IlgG-HRP secondary antibody (Santa Cruz
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Biotechnology sc2020) and incubated for 1 hour at room temperature. After washing, the
blots were developed using a chemiluminiscence detector using an Amersham kit (GE
Healthcare, UK; 1 ml solution A, 1 ml solution B) and imaged with the image reader
LAS-3000. The expression levels relative to 3-actin were plotted as a percent of the
reference value with HCR as 100%. To further validate on-target specificity of our MCR
antibodies used for immunoblots, we used hindbrain samples from MC4R-deficient rats and
wild-type controls (Mul et al., 2012) (Transpogen Biopharmaceuticals, Inc. Lexington, KY)
to measure MC4R and MC5R protein expressions using the same antibodies.

2.4 Hypothalamic cannulation, microinjection, and calorimetry

Guide cannulae aimed at the PVN or PeFLH (Novak et al., 2006, Novak et al., 2010) were
implanted into 10-12 each of HCR and LCR using stereotaxic surgery, as described
previously (Shukla et al., 2012). Briefly, rats were anesthetized using inhaled isoflurane and
placed in the stereotaxic apparatus. The following coordinates were used for PVN: anterior-
posterior, —1.92 mm; medial-lateral, +0.5; dorsal-ventral, 7 to —7.3; injection needle, 1mm
projection. For the PeFLH, the stereotaxic coordinates were anterior-posterior, —2.6 to —2.7
mm; medial-lateral, +1.7; dorsal-ventral, —7.3; injection needle, 1mm projection. The guide
cannula was affixed to the skull using a sterile Michel wound clip and dental cement.
Following surgery, rats were allowed to recover for a minimum of 7 days, after which fat
and lean mass were measured using an EchoMRI-700 (Echo Medical Systems, Houston,
Texas) (Nixon et al., 2010).

2.4.1 Measurement of physical activity and energy expenditure—Before the start
of any experiment, rats were acclimated to their testing cage (7.5 x 12 x 9 inches) housed in
a calorimetry room (isolation chamber) for a minimum of 48 hours, with the room
temperature set at thermoneutral (25.9 °C) (Brown, 2008, Overton, 2010) and food and
water available ad libitum. Although in mice, activity-associated EE is not a significant
contributor to total daily EE (Virtue et al., 2012), this was assessed in mice housed in
temperatures below thermoneutral. However in our studies, temperatures were maintained at
thermoneutral (Overton, 2010); further, rats are larger than mice, and the relative
contribution of physical activity to energy balance increases with body size. Rats were
randomly divided into groups of four, with concurrent measurements of 2 HCR and 2 LCR
randomly assigned to each of four calorimetry chambers. Small-animal indirect calorimetry
was performed using a 4-chamber Oxymax FAST system (Columbus Instruments,
Columbus, OH) after treating the rats with site-specific microinjections. Rats were
microinjected with either a vehicle (artificial cerebrospinal fluid, aCSF) or a drug (MCR
agonist or antagonist) over 15 seconds; the needle was left in place for an additional 10-15
seconds to minimize potential flow up the cannula track. The final volume and concentration
of each compound administered was 10pm/200nl.

MC compounds used were melanotan Il (MTII; Phoenix Pharmaceuticals), MC3R agonist
(D-Trp8-y-MSH; Tocris Biosciences), MC4R agonist (Cyclo(BAla-His-D-Phe-Arg-
Trp-Glu)NH2; Phoenix Pharmaceuticals), MC4R antagonist (HS014; Tocris Biosciences),
MCS5R agonist (Ac-Nle-cyclo(Asp-Oic-D-4,4’-Bip-Pip-Trp-Lys)-amide; (Bednarek et al.,
2007), and MC5R antagonist (Tyr-Val-Nle-Gly-His-DNal(2')-Arg-Dtrp-Asp-Arg-Phe-Gly-
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NH2; Dr. Victor J. Hruby) (Grieco et al., 2008). Table 3 summarizes a comparison of these
drugs describing the specificity against each receptor subtype. Different sets of rats were
used to test each region to avoid the possibility of damage from repeated microinjections,
thus minimizing the total number of injections per rat to a maximum of 8-10. There was a
minimum 48-72 hour gap between each injection providing a sufficient washout period to
avoid any residual effects. The day before their first injection, each rat was lightly restrained
and given a sham injection to accustom rats to handling and injection. The few
commercially available non-selective MC3R antagonists cannot effectively differentiate
against MC4R and MC5R, therefore we were not able to completely test the functional role
of MC3R in the PVN.

On the day of injection, rats were weighed, given the microinjection, and placed back in the
testing cages, after which the chamber was sealed. The rats had ad libitum food and water
present during all studies with the antagonist treatment; the drug was microinjected just
before lights-off time, and the data were collected overnight for 12-hour period until right
after lights-on the following morning. For the agonist treatment, 3—-4 h measurements were
taken post-injection (during the daytime) and any food was removed from the cages while
they still had access to water. This was done to factor out any variations in thermic effect of
food or in movements due to feeding episodes secondary to potential agonist-induced
changes in appetite.

The calorimeter was calibrated using primary gas standards. Air was pumped into the
chamber between 1.5-2.5 liters/min (depending on the weight of the rat), and chamber air
was sampled at 0.4 liters/min. Gas exchange (percent O, and CO,) was measured every 30
seconds, and reference values were measured over 3.5 min after each 60-sample interval.
Physical activity data were collected, using infrared beam-break counts, every 10 seconds in
the x- and z-axes; the initial 20 minutes of data were excluded from the analysis to account
for handling-induced activity and to allow the air exchange to settle. EE (kcal/h), respiratory
exchange ratio (RER; VCO,/V0,), and physical activity (counts/min) were measured for a
total of 3 hours.

To validate that the MC5R agonist and antagonist were not exerting effects via off-target
actions on MC4R, we measured 3-hour daytime activity after MC5R and MC5R agonist and
antagonist microinjections into the PeFLH of 8 female HCR. Rats were given several
combinations of 2 microinjections separated by 15 min: vehicle/vehicle, vehicle/MC5R
agonist, MC5R antagonist/MC5R agonist, MC4R antagonist/MC5R agonist; veh/MC4R
agonist, MC5R antagonist/MC4R agonist. We used targeted t-tests for specific comparisons
to probe for off-target effects using a less conservative p-value as a cut-off (p<0.10) to
maximize the identification of potential actions of the MC5R agents on MC4R.

2.5 Measurement of food intake

The impact of MCR agonists and antagonists on food intake was also assessed. For
treatment with the agonists, each rat was deprived of food overnight (18 h) before being
microinjected with the drug or a vehicle (aCSF), in order to detect a decrease in food intake.
For antagonist treatment, each rat was tested in the absence of food deprivation. After the
microinjections, rats were placed back into their home cages along with weighed amounts of
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food. Food intake was determined at 2 h, 4 h, 6 h, 12 h, 24 h, and 48 hours post injection;
food spillage was weighed and accounted for when calculating intake. Body weight
measurements were also taken. The experiment was repeated after a 7-day period such that
each rat was injected with vehicle and drug (order counterbalanced), in addition to allowing
sufficient washout time to prevent any residual drug effects. Possible variability in feeding
efficiency due to minor differences in body weights of rats within a group is accounted for
by the repeated-measures design and by measuring both vehicle and drug compounds within
the same rat on different days.

2.6 Injection site verification

Rats were euthanized with FatalPlus, and 200 nl of dye (India Ink) was injected into the
guide cannula to allow easy identification of the microinjection site. The brains were
removed and fixed in formalin for ~2 days, then placed in 10% phosphate buffered formalin
with 30% sucrose. Brains were sectioned at 50 pm using a cryostat, and mounted onto
slides; sections were stained with cresyl violet, and the injection sites were determined using
a microscope. Only rats in which the dye injection site corresponded to the stereotaxic
coordinates (within 250 um) were used for data analysis.

2.7 Statistical analyses

For the Q-PCR and western blot analyses, the HCR mean ACt (change in threshold detection
compared to GAPDH) values were used to define 100%, and each animal’s data were
calculated as a percentage of this mean. Unpaired two-tailed t-tests were used to compare
gene expression between HCR and LCR, with differences of p<0.05 considered significant.

For physical activity and EE experiments, for each rat measurements of EE (kcal/h), RER,
and physical activity (mean beam breaks/min) were obtained for the 2 hypothalamic nuclei
examined and analyzed separately using 2x4 analysis of variance (ANOVA), with dose as
the within-subjects independent variable, and rat line (HCR-LCR) as the between-subjects
independent variable. In order to statistically factor out the influence of body weight and
lean mass on EE, we used analysis of covariance (ANCOVA), with body weight or lean
mass as the covariate.

The impact of MCR agonists and antagonists on food intake of treated rats was compared
between HCR and LCR, and agonist or antagonist vs. vehicle (aCSF) treatment, using a 2X2
mixed (split-plot) ANOVA: with rat line as the between-subjects independent variable,
drug-vehicle as the within-subjects independent variable, and food intake or body weight
(both in grams) as dependent variables in separate analyses.

3. Results

3.1 Lean HCR rats have greater site-specific melanocortin receptor expression

We examined the baseline expression of MCRs 3, 4, and 5 in two hypothalamic nuclei
(PeFLH and PVN) of HCR and LCR rats. Q-PCR data is shown in Figure 1A-D and Table
1. In the PVN (Figure 1 B), HCR rats had significantly higher MC3R mRNA expression
compared to LCR (p= 0.02) while no significant differences were detected in MC4R or
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MC5R expression. In the PeFLH (Figure 1A), both MC4R (p= 0.04) and MC5R (p= 0.01)
were significantly higher in HCR compared to LCR rats. We also examined the DMN and
VMN regions and expression of MCRs was not found to be significantly different between
lean HCR and the obese LCR rats (Table 1). To verify if the differential gene expression
corresponds to differences in protein expression pattern in the hypothalamic regions
identified, we used western blot analysis to compare the brain MCR protein expression in
PVN and PeFLH. On comparing HCR vs. LCR in the PeFLH, protein expression of MC4R
and MC5R were significantly higher in HCR, while the MC3R was higher in the PVN
region of HCR (Figure 1C). No differences were seen in the MC3R protein expression in the
PeFLH (Figure 1C), or MC4R and MC5R in the PVN (Figure 1D), consistent with the
predictions based on the mRNA profile (Figure 1A and B). Though the levels of MC5R
(mRNA and protein) were lower compared to MC4R and MC3R (Figure 1A-D) in all brain
regions, MC5R was found to be present in significant quantities in brain and in muscle and
was detectable using our methods in all the tissues. Range of Ct values detected were:
MC5R, 29-38 cycles; MC4R, 28-35 cycles; MC3R, 28-36 cycles; and GAPDH, 24-33
cycles.

To validate the specificity of our antibodies used, we focused on MC4R and MC5R; the
possible non-specific actions with MC3R or its antibodies are unlikely given its distinct
expression pattern, compared to the overlap seen between MC4R and MC5R (Figure 1A-D
and Table 1). On examining protein expression in MC4R-deficient and wild-type rats,
MCA4R antibody showed a signal in the wild-type rats significantly more than the MC4R-
deficient rats (~650 times, p= 0.017); any labeling in the MC4R deficient tissues was
probably due to the remaining truncated protein from a premature stop codon; in this
MCA4R-deficient rat model, the protein generally fails to localize in the membrane (Mul et
al., 2012). No significant difference was observed for expression of MC5R (p=0.817) in
these rats, indicating that the antibodies used in our studies can specifically differentiate
between these receptor subtypes. The MC5R antibody used in our study has also been
shown by others to specifically differentiate against other receptor subtypes (Hatta et al.,
2001, Zhang et al., 2006).

3.2 MCR agonists and antagonists in specific brain nuclei enhance or suppress short-term
physical activity and energy expenditure

Previously, using a non-specific MCR agonist MTII, we showed that HCR are more
responsive to an MTII-induced enhancement of activity (Shukla et al., 2012). Here, using
MCR subtype-specific agonists and antagonists, we further identify the role of
melanocortins in the hypothalamic regulation of energy homeostasis.

3.2.1 PeFLH—Compared to vehicle, a 10pmol/200 nl dose of MC5R agonist in the PeFLH
significantly increased 3-h physical activity and EE in HCR but not in LCR rats (Figure 2C).
Further, physical activity and associated EE in the HCR rats was significantly suppressed
with an MC5R antagonist treatment (Table 2). For nighttime physical activity, the MC5R
antagonist suppressed HCR physical activity to the level of LCR (Figure 2 E), but no
significant change was seen in the activity of LCR. These results implicate brain MC5R in
the elevated physical activity associated with high endurance capacity.
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Using a MC4R-specific agonist in the PeFLH, both groups showed a significant increase in
short-term activity, however HCR rats once again showed an enhanced response compared
to LCR; HCR activity increased about 3-fold with the MC4R agonist compared to vehicle
treatment (Figure 2B). Similarly, EE showed a significantly greater increase in the HCR vs.
LCR rats (Table 2). This clearly indicates that the HCR showed a stronger response,
potentially driven by their receptor expression in the PeFLH (Figure 1, Figure 2, Table 2).
Using a highly specific MC4R antagonist, HS014, we also show a significant decrease in
12-h nighttime physical activity only in HCR rats, compared to vehicle (aCSF) treatment
(Figure 2D). No significant change in nighttime activity was detected in the LCR. The
HS014-induced suppression of activity seen in the HCR was also significant at the 3-h time
point (data not shown). Enhanced nighttime activity seen in HCR under vehicle conditions
was nullified by PeFLH treatment with either MC4R or MC5R antagonists. Lastly, the
MCA4R antagonist treatment significantly reduced the nighttime EE in HCR but not in LCR
rats (Table 2).

With the MC3R agonist in PeFLH, both physical activity and EE increased in both HCR and
LCR in a similar fashion (Figure 2A and Table 2). This supports the hypothesis that the
MCR-driven activity and EE is regulated by the brain in a region- and receptor subtype-
specific manner.

The MCA4R antagonist in the PeFLH induced a significant increase in RER compared to
vehicle; in HCR, RER increased from 0.87 £0.01 to 0.89 £0.01 and in LCR, from 0.89
+0.01 to 0.93 £0.01 (Table 4). There were no other significant effects of drug or group
(HCR/LCR) on RER. Means for RER across the groups and conditions ranged from 0.82 to
0.93, and SEMs ranged from 0.01 to 0.02 (Table 4).

3.2.2 PVN—There was a significant main effect of the MC4R and MC5R agonists on
physical activity but this response did not differ significantly between HCR and LCR
(Figure 3A and 3B). The overall spontaneous physical activity was higher in HCR after the
vehicle and antagonist treatments during the nighttime, which reflects the intrinsic high-
activity phenotype of HCR rats (Figure 3C and 3D). Since experiments with the antagonists
were performed over the 12-h dark cycle, this allowed sufficient time for such activity
differences to emerge, compared to shorter 3-h periods (such as in agonist experiments)
where average overall HCR activity counts are rarely significantly elevated.

3.2.3 Drug interactions—We used a combination of MCR compounds to validate the
agonist/antagonist-mediated effects, and found no interaction between microinjections of
melanocortin 4 and 5 receptor (MC4R, MC5R) agonists and antagonists in the PeFLH.
Seven out of eight rats had successful cannula placements; one rat’s activity data after
vehicle+vehicle injections were not included in the analysis because the data points were
statistical outliers (>2 SDs above the mean). As shown in Figure 4, pretreatment with the
MCA4R antagonist did not significantly decrease MC5R-induced activity (p=0.425); rats
receiving the MC4R antagonist with the MC5R agonist showed activity levels significantly
elevated over vehicle+vehicle treatment (p<0.01). Similarly, microinjection of the MC4R
agonist significantly increased activity over vehicle+vehicle levels (p<0.05), and pre-
treatment with the MC5R antagonist did not significantly decrease activity (p=0.252).

Neuroscience. Author manuscript; available in PMC 2016 December 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al. Page 10

3.3 No significant increase or suppression of food intake with the MCR specific agonists
and antagonists

In HCR-LCR rats, the MC4R and MC5R agonists in the PeFLH did not significantly alter
food intake (Figure 5A and 5C) or body weight (Figure 5B and 5D) up to 48 hours after
treatment, compared to the vehicle (aCSF) after overnight food restriction. The LCR rats
weighed slightly but significantly more than the HCR to start with, but no significant
difference was seen for change in body weight over time in either HCR or LCR rats.
Similarly, we did not detect any change in food intake or body weight as a function of
MCS5R antagonist in the PeFLH (Figure 5C and 5D). In a separate experiment, the MC4R
and MCB5R agonist (after overnight food deprivation) and antagonist were injected into the
PVN and similar results were found, that is, no significant induction or suppression of food
intake was observed (Figure 5E and 5G). There was also no significant difference in the feed
efficiency (food intake/weight gain) between the two groups as an effect of agonist or
antagonist treatment. Means for feed efficiency across the groups and conditions were 0.8 —
1.15, and SEMs ranged from 0.07-0.1.

4. Discussion

The significance of the brain leptin-melanocortin system in energy balance, and the
consequences to energy balance of its malfunction, are apparent from experimental
perturbations of this system in animals (Chen et al., 2000a, Chen et al., 2000b, Butler et al.,
2001) and genetically in human obesity (Farooqi et al., 2000, Bell et al., 2005, Tao, 2010).
While the importance of MC4R gene mutations and polymorphisms to human obesity is
extensively documented, the specific mechanisms underlying are not known. Perturbing and
activating the brain melanocortin system alter physical activity (Huszar et al., 1997, Chen et
al., 2000a, Butler et al., 2001, Challis et al., 2004, Shukla et al., 2012). Moreover, physical
activity and NEAT are heritable traits that confer resistance to obesity (Levine et al., 1999,
Levine and Kotz, 2005, Church et al., 2007, Hamilton et al., 2007, Woolf et al., 2008). We
have previously shown that lean rats with intrinsically high levels of physical activity (HCR)
(Novak et al., 2010, Smyers et al., 2015) show region-specific enhancement of MCR
expression (Shukla et al., 2012). Here, we demonstrate that HCR rats not only exhibit higher
brain MCR expression (Figure 1), but also show corresponding responsiveness to the
physical activity-activating effects of MCR agonists, and the activity-suppressing effects of
MCR antagonists (Figure 2). This suggests the possibility that a lean genetic profile impacts
the brain melanocortin system, including regional receptor expression, which results in
differential levels of physical activity and NEAT. For example, pre-ganglionic neurons in
the sympathetic nervous system are also important in regulating energy expenditure;
melanocortin receptors, particularly MC4R, have been shown to be important in regulating
not just spontaneous activity but also energy expenditure through the sympathetic tone
(Sohn et al., 2013, Garfield et al., 2015).

Because of its relevance to the genetics of human obesity (Zegers et al., 2012) there has
been tremendous focus on the brain melanocortin system, including MCR, and most of this
has centered on appetite regulation. We find that there are regional differences in
melanocortin receptor expression in the hypothalamus of lean rats that have elevated
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physical activity levels, but do not demonstrate decreased appetite (Shukla et al., 2012,
Smyers et al., 2015). Specifically, in the lean HCR, the PVN displays elevated expression of
MC3R but not MC4R or MC5R; the PeFLH shows the opposite pattern, that is, high
expression levels of MC4R and MC5R but not MC3R. Brain regions were isolated using
laser-capture microdissection ruling out potential contamination from nearby hypothalamic
regions. This study supports and expands upon previous evidence of differential expression
of MCRs in high-activity HCR rats (Shukla et al., 2012). The gene expression pattern is
mirrored by protein expression (Figure 1), supporting the assertion that the differential
expression contributes to altered function. PVN is known to be important in energy balance,
promoting satiety, EE, sympathetic nervous system outflow, and physical activity. Recent
evidence emphasizes the role of PVN and its interaction with arcuate AgRP neurons in
modulating hunger (Krashes et al., 2014). Though peptides including corticotropin releasing
hormone (CRH) and thyrotropin releasing hormone (TRH) have similar actions as
melanocortin peptides (reviewed in (Novak and Levine, 2007), evidence is inconsistent
regarding the extent to which these peptides mediate melanocortin peptide function, at least
with respect to appetite (Fekete et al., 2000, Sarkar et al., 2002, Lu et al., 2003, Siljee et al.,
2013). Melanocortins alter TRH with respect to thyroid hormone release, but we do not see
any phenotypic difference in this peptide in HCR-LCR rats (Shukla et al., 2012); further, the
melanocortin function on TRH may be more relevant to fasting or refeeding whereas
appetite is related to glutamatergic neuronal activation in PVN (Shah et al., 2014). In the
PeFLH, MC may also interact with the hypothalamic neuropeptide orexin, and the pathways
for orexin’s function on physical activity (Teske et al., 2013). Melanocortins may also
interact with other peptides in the PeFLH important in energy balance, including melanin-
concentrating hormone (Pissios et al., 2006) and neurotensin (Cui et al., 2012), both
important in integrating energy balance consistent with the role of melanocortins in activity,
EE, autonomic function, and satiety, integrating physiological and behavioral aspects of
energy balance (Brown et al., 2015). Overall, our findings implicate MC3R in the PVN, and
MC4R and MC5R in the PeFLH, as potential targets underlying the elevated levels of daily
physical activity seen in lean HCR rats (Novak et al., 2010, Shukla et al., 2012, Gavini et al.,
2014, Smyers et al., 2015).

In order to determine the functional significance of the elevated regional MCR expression in
the HCR relative to LCR, we used specific agonists and antagonists for individual MCR
subtypes and targeted regions showing robust phenotype-associated differences in
expression, namely the PVN and PeFLH. The ability of MCR agonists to alter physical
activity mirrored the expression patterns. In the PeFLH, where HCR showed enhanced
expression of MC4R and MC5R, agonists of these receptors significantly elevated activity
levels in HCR but not in LCR; the MC3R agonist did not have this effect (Figure 2). In
contrast, in the PVN, where MC3R (but not MC4R or MC5R) expression was elevated in
HCR, the MC4R and MCB5R agonists both increased physical activity to the same extent in
both HCR and LCR (Figure 3). The potential influence of these receptor expression patterns
is further supported by the ability of antagonists to suppress nighttime physical activity.
Inhibition of either MC4R or MCS5R activation in the PeFLH significantly suppressed
nighttime activity, but only in the HCR, bringing their activity down to the level of LCR
(Figure 2). Lastly, the ability of the agonist- and antagonist-induced changes in physical
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activity to significantly influence EE strengthens the assertion that differential expression of
MCRs in the hypothalamus may underlie phenotypic differences in NEAT. The match
between brain MCR expression profiles and the physical-activity response to receptor
activation is particularly intriguing in light of emerging recognition of the contributions of
spontaneous physical activity and NEAT to metabolic and cardiovascular health, in contrast
to sitting for long durations (Dunstan et al., 2012, Moore et al., 2012, van der Ploeg et al.,
2012, George et al., 2013).

The “lean” melanocortin receptor expression profile encompasses not only MC3R and
MCA4R, but also MC5R. Though others have demonstrated the relevance of MC3R and
MCA4R in the regulation of energy balance, satiety, and human obesity, the potential
importance of brain MC5R s yet to be considered (Mountjoy and Wild, 1998, Butler et al.,
2000, Bromberg-Martin and Hikosaka, 2009). In this study we identified pronounced
differences specifically in MC5R expression in the PeFLH, where levels in HCR were
almost 1000 times higher than LCR (Figure 1). There is limited information on MC5R or its
role in energy balance since the structure of this receptor was characterized in rat only in
1994 (Griffon et al., 1994). However, since MC5R is present in the brain, as well as in other
tissues, and has a strikingly similar sequence structure to receptors MC3R and MC4R, its
potential role in metabolism cannot be ignored (Fathi et al., 1995). We show that, while the
MCS5R expression is relatively low in the brain, it shows a distinct expression pattern that
differs according to a physical-activity-related phenotype. We previously identified a
substantial elevation in MC5R expression in the PeFLH region in genetically lean and active
HCR relative to LCR (Shukla et al., 2012). Here, we further establish that the high-activity
phenotype of lean HCR rats may be partly attributed to a MC5R-mediated response—
suppression of MC5R activity in the PeFLH decreased nighttime activity levels to that of
LCR, which have very low levels of MC5R expressed in this region. This implicates MC5R
in the high-activity phenotype seen in the intrinsically lean HCR. It is likely that we were
able to detect these differences in MCR expression because we focused on smaller regions
specifically implicated in modulation of physical activity, while these differences may
remain obscured if tested as an overall expression in the brain. The contribution of the HCR-
LCR model is further highlighted by the fact that complex differences among neuropeptides
and their receptors associated with the lean phenotype might not be identifiable using
standard rodent models housed in a sedentary environment with unrestricted food supply
and limited physical challenges (Martin et al., 2010). With respect to activity EE, use of
MCS5R has the potential to overcome the barrier associated with MC4R compounds that are
currently used to target obesity. Over the years, multiple drug discovery attempts for anti-
obesity MC4R agonists have been curbed by emerging evidence linking MC4R activation
with therapeutically adverse effects such as hypertension, erectile dysfunction, and
inflammation (King et al., 2007, Corander et al., 2009, Greenfield et al., 2009, Maier and
Hoyer, 2010, Sayk et al., 2010).

Because the in vivo effects of MC5R agonist and antagonist have not been characterized
previously and have potential off-target effects on MC4R, we verified the specificity of the
MC5R agents used. Though the in vitro affinities of the MC5R agonist and antagonist are
very low for MC4R compared to MC5R (Bednarek et al., 2007, Grieco et al., 2008), the
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similar effects of MC4R and MC5R agonists, and the MC4R and MC5R antagonists on
activity suppression, suggested an in vivo study to discount actions of the MC5R agents on
MC4R. The MC5R antagonist did not decrease the MC4R-agonist-induced increase in
activity. Similarly, the MC4R antagonist did not decrease the ability of the MC5R agonist to
stimulate activity (Figure 4). This supports the assertion that the ability of the MC5R agonist
microinjection into the PeFLH to increase physical activity is due to MC5R activation, and
not to actions on the MC4R. Similarly it is unlikely that the MC5R antagonist exerted its
effects through off-target interactions with MC4R. In summary, these data support the
behavioral relevance of brain MC5R, especially in the PeFLH where expression levels
drastically differ between HCR and LCR, as a potential mechanism underlying intrinsically
elevated physical activity levels. The findings strongly suggest that region-specific
differences in MC5R, specifically within the PeFLH, may contribute to the inter-individual
differences in physical activity. While we see acute effects on activity and energy
expenditure with MC4R and MC5R compounds in the PeFLH, daily injections of MC5R
and MCA4R agonists in the PeFLH would be needed to demonstrate the ability of induced
physical activity to alter long-term energy balance.

One potential source of the differential receptor expression patterns seen in HCR and LCR
could be up- or down-regulation secondary to altered MC “tone.” For example, increased
POMC results in up-regulation of a-MSH and decreased MC receptor expression (Zemel
and Shi, 2000, Pritchard et al., 2002). However, we found no significant difference in
expression levels of POMC mRNA expression or of its processing enzymes (Table 1).
Further, contrary to our findings, globally elevated MC release would be expected to alter
MC receptors similarly regardless of subtype or brain region. Altogether, these data suggest
that a specific MC receptor expression profile may be intrinsic to the high-activity, high-
endurance phenotype. One possible mechanism is epigenetic regulation of expression. There
are instances where one neurotransmitter or peptide can drive changes in the promoter
region (histone modifications such as acetylation) in a tissue-specific manner (Gozen et al.,
2013). A number of theoretical models exist that explain how the nervous system utilizes the
kinetics of epigenetic changes to direct neurogenesis or changes in neuronal cell populations
(Tan et al., 2013). This may also affect epigenetic modifications leading to differential
activation of brain regions, ultimately affecting behaviors including physical activity
(Kumsta et al., 2013). These epigenetic effects may act in concert with the underlying
genetic differences between HCR and LCR rats (Ren et al., 2013).

Unlike studies utilizing mixed MCR agonists and antagonists like MTIl and SHU9119
(Murphy et al., 1998), the present findings did not detect effects of specific MCR agonists or
antagonists on food intake (Table 2). It is possible that the ability of MTII to suppress food
intake is dependent on MC3R or a combination of receptor activation. The lack of a
significant effect of the MC4R agonist and antagonist on food intake is at odds with others
(Benoit et al., 2000, Balthasar et al., 2005, Noble et al., 2011). This may be due to the site-
specificity of our injections (vs. intracerebroventricular injections), the animal model used,
or the dose employed, though our doses were sufficient to induce significant changes in
physical activity (Benoit et al., 2000, Fehm et al., 2001, Benoit et al., 2003). Our food-intake
studies were done with regular chow which could also be one of the differences from some
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of the earlier works that have demonstrated a function of MC4R in PVN with high-fat diet
(Garza et al., 2008). Previous work suggests the importance of MC3R in the PVN in
regulating food intake, however we did not test this in our studies (Rowland et al., 2010).
Overall, our data support the importance of the differential MCR receptor expression in the
HCR and LCR to the modulation physical activity rather than appetite, and suggest that
MCS5R expression in the hypothalamus may be particularly relevant to physical activity
instead of food intake.

The importance of the brain MC system is underscored by the abundant point mutations and
polymorphisms identified in genetic studies of human obesity (Mountjoy et al., 1994, Chen
et al., 2000a, MacKenzie, 2006, Cauchi et al., 2009). Using an animal model of polygenic
obesity, we have identified promising targets in the brain MC system that may contribute to
the variability in energy balance via physical activity and EE. This has implications for how
we consider metabolism and intrinsic physical activity when attempting to prevent or treat
obesity; targeting pathways that enhance daily activity levels in an individual may take
advantage of already-existing mechanisms, endogenously employed to a greater extent in
naturally lean people (as mimicked in HCR rats). If sites for different MCR subtypes actions
on energy homeostasis are anatomically distinct from those affecting cardiovascular
functions, differential modulation of their activation could also be attempted. Our findings,
which clearly show a pattern of differential expression of MC3R and MC5R along with
MCA4R in the brain, may help overcome some setbacks in MC drug discovery so far.

5. Conclusions

Region- and MCR subtype-specific differences were detected between the lean and obesity-
prone rats. Physical activity differences seen as a result of treatment with MCR agents were
region-specific and directly correspond to the differential expression of MCRs in the
hypothalamic nuclei. Thus, hypothalamic MCR expression is integral to the high-activity
phenotype and MCR-mediated physical activity may be a key neural mechanism in
distinguishing the lean phenotype and a target for enhancing physical activity and NEAT.
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ANCOVA Analysis of covariance
ANOVA Analysis of variance
aCSF Artificial cerebrospinal fluid
BDNF Brain-derived neurotrophic factor
CRH Corticotropin releasing hormone
DMN Dorsomedial nucleus
EE Energy expenditure
GAPDH Glyceraldehyde phosphate dehydrogenase
HCR High-capacity runner
IACUC Institutional Animal Care and Use committee
LCM Laser capture microdissection
LCR Low-capacity runner
MC Melanocortin
MCR Melanocortin receptor
MTII Melanotan 11
NEAT Non-exercise activity thermogenesis
PVN Paraventricular nucleus
PeFLH Perifornical lateral hypothalamus
PC Prohormone convertase
POMC Proopiomelanocortin
Q-PCR Quantitative PCR
RER Respiratory exchange ratio, VCO2/V0O2
SNP Single nucleotide polymorphisms
Sirtl Sirtuin
SF-1 Steroidogenic factor 1
TRH Thyrotropin releasing hormone
VMN Ventromedial nucleus
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Highlights

e We investigated the role of brain melanocortin receptors (MCR) in the lean
phenotype which shows high physical activity.

» Lean rats showed elevated MCR expression specific to receptor subtype and
brain region.

» Lean rats’ physical activity was more responsive to MCR agonists and
antagonist treatment.

e There was correspondence between MCR expression pattern and regional
response to brain MCR agonist and antagonist.

» Hypothalamic MCR expression is integral to the high-activity phenotype.
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Figure 1. Melanocortin receptor expression in hypothalamic nuclei
Region-specific elevations in melanocortin receptors subtypes in the perifornical lateral

hypothalamus (PeFLH) and the paraventricular nucleus (PVN) in lean, active high-capacity
rats (HCR) compared to low-capacity rats (LCR) measured by quantitative PCR (Q-PCR)
and Western blots. (A) Heightened levels of melanocortin receptors 4 and 5 (MC4R, MC5R)
were seen in HCR in PeFLH. (B) In the PVN, melanocortin 3 receptor (MC3R) was higher
in HCR. This pattern was also seen in protein expression (C) and (D). (E) Photomicrographs
of the hypothalamus before and after laser capture microdissection of the PVN. (F)
Representative blots of MC3R, MC4R, and MC5R from micropunched samples of HCR and
LCR from PVN and PeFLH with actin as the loading control. *p<0.05, different than HCR
for the same receptor and brain region. N= 8-12 per group, data represent mean plus SEM.
Immunoblots for each protein subtype represent bands from the same experiment and may
have been spliced to reorder and show parallel comparisons between MC3, 4, and 5
receptors within the same animal.
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Figure 2. Perifornical region of hypothalamus PeFLH
(A, B) High-capacity runners (HCR) were more responsive to the activity-inducing effects

agonists to melanocortin receptor 4 and 5 (MC4R, MC5R), (C) but not 3 (MC3R),
microinjected into the perifornical lateral hypothalamus (PeFLH). (D, E) Antagonists for
MCA4R and MCSR significantly suppressed nighttime physical activity in HCR; antagonists
did not significantly impact nighttime activity levels in LCR. N= 7-10 per group, data
represent mean + SEM, *significant change from vehicle, *HCR>LCR within treatment

(p<0.05).
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Figure 3. Paraventricular nucleus of the hypothalamus
(A, B) Agonists to melanocortin receptors 4 and 5 (MC4R, MC5R) microinjected into the

paraventricular nucleus of the hypothalamus (PVN) induced significant increases in short-
term (3h) daytime physical activity levels in rats. No differences were found between high-
capacity runners (HCR) and low-capacity runners (LCR). (C, D) Antagonists to MC4R and
MC5R in the PVN did not suppress nighttime (12h) physical activity levels in either HCR or
LCR. N=6-9 per group, data represent mean plus SEM, *significant change from vehicle,
**HCR>LCR within treatment (p<0.05).
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Figure 4. Lack of interaction between melanocortin 4 and 5 receptor (MC4R, MC5R)

pharmacologic agents

Increases in physical activity induced by melanocortin receptor agonists were not suppressed
by pre-treatment with antagonists to the alternate receptor in perifornical lateral
hypothalamus (PeFLH) of high-capacity runner (HCR) rats. Veh: vehicle; 4Ag: MC4R
agonist; 4Antag: MC4R antagonist; 5Ag: MC5R agonist; 5Antag: MC5R antagonist. N=7,
data represent mean plus SEM *Different from vehicle (p<0.05), NS not significant.
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Figure 5. Food intake and body weight was not impacted by melanocortin receptor agents
Cumulative food intake with MC4R agonist and antagonist treatments in (A) perifornical

lateral hypothalamus (PeFLH) and (E) paraventricular nucleus (PVN); MC5R and
antagonist treatments in (C) PeFLH and (G) paraventricular nucleus (PVN) of high-capacity
runner (HCR) and low-capacity runner (LCR) rats. Change in body weight with MC4R
agonist and antagonist in PeFLH (B) and PVN (F), and MC5R agonist and antagonist in
PeFLH (D) and PVN (H). No significant differences in body weight and cumulative food
intake over 48 hours after microinjecting with MC4R/MC5R agonists (after an overnight
fast) or antagonists compared to vehicle treatment between HCR vs. LCR rats. Dose: 20
pmol/200nl. N=7-10 per group, SEMs range from 0.05 to 0.2 for change in body weight,
and from 0.2 to 2.6 for food intake.
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Table 1

Quantitative mMRNA measurement in hypothalamic nuclei obtained from laser capture microdissection (LCM).

Brain Region LCM Q-PCR Probe HCR:LCR p-value
PC1 0.76 0.20
PC2 1.23 0.45
Arcuate nucleus

POMC 1.08 0.13

AgRP 1.61 0.08

MC3R 1.56 0.20

MC4R 7.14 0.04*

Perifornical lateral hypothalamus (PeFLH) MCSR 20,00 002"

BDNF 7.14 005"

MC3R 33.33 0.03"

Paraventricular nucleus (PVN) MC4R 1.33 0.67

MC5R 0.91 0.99

MC3R 0.75 0.40

MC4R 1.00 0.99

MC5R 0.60 0.26

Ventromedial nucleus (VMN) Sirtl 0.89 0.39

SF1 0.87 0.37

ADCYAP1 0.64 0.10

BDNF 0.71 0.07

MC3R 0.91 0.10

Dorsomedial nucleus (DMN) MC4R 1.42 0.56
MC5R Low levels/undetectable | Low levels/undetectable

PC1, PC2: prohormone convertase 1 and 2; POMC: proopiomelanocortin; AgRP: agouti-related peptide; MC3R, MC4R, MC5R: melanocortin
receptors 3, 4, and 5; Sirtl: sirtuin 1; SF-1: steroidogenic factor 1; ADCYAP: adenylate cyclate activating polypeptide 1 or prepro-PACAP; BDNF:
brain-derived neurotrophic factor.

p<0.05 (HCR>LCR).
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