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The Melanocortin-3 Receptor Is Required for Entrainment to
Meal Intake
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Entrainment of anticipatory activity and wakefulness to nutrient availability is a poorly understood component of energy homeostasis.
Restricted feeding (RF) paradigms with a periodicity of 24 h rapidly induce entrainment of rhythms anticipating food presentation that
are independent of master clocks in the suprachiasmatic nucleus (SCN) but do require other hypothalamic structures. Here, we report
that the melanocortin system, which resides in hypothalamic structures required for food entrainment, is required for expression of food
entrainable rhythms. Food anticipatory activity was assessed in wild-type (WT) and melanocortin-3 receptor-deficient (Mc3r—/—)
C57BL/J mice by wheel running, spontaneous locomotory movement, and measurement of wakefulness. WT mice housed in wheel cages
subject to RF exhibited increased wheel activity during the 2 h preceding meal presentation, which corresponded with an increase in
wakefulness around meal time and reduced wakefulness during the dark. WT mice also exhibited increased x- and z-movements centered
around food initiation. The activity-based responses to RF were significantly impaired in mice lacking Mc3r. RF also failed to increase
wakefulness in the 2 h before food presentation in Mc3r—/— mice. Food entrainment requires expression of Neuronal PAS domain 2
(Npas2) and Period2 (Per2) genes, components of the transcriptional machinery maintaining a clock rhythm. Analysis of cortical gene
expression revealed severe abnormalities in rhythmic expression of clock genes (Bmall, Npas2, Per2) under ad libitum and RF conditions.
In summary, Mc3r are required for expression of anticipatory patterns of activity and wakefulness during periods of limited nutrient
availability and for normal regulation of cortical clock function.

Key words: circadian rhythms; POMC; proopiomelanocortin; entrainment; waking; sleep; food; neuropeptide; arousal; rhythm

the melanocortin antagonist/inverse agonist agouti-related pep-
tide (AgRP) (Cone, 2005, 2006). Central infusion of AgRP acts
oppositely, increasing appetite, reducing EE and inhibiting ac-
tions of centrally administered MSH (Rossi et al., 1998). AgRP
also has long term effects on EE involving inverse agonism (Tolle
and Low, 2008).

Introduction

Energy homeostasis as it relates to obesity is classically viewed
from the perspective of balancing energy intake with expenditure
(Hill, 2006). Hypothalamic melanocortin neurons are essential
for energy homeostasis, integrating neural and neuroendocrine
signals of energy status to affect ingestive behavior and energy expen-

diture (EE) (Cone, 2005, 2006). Melanocyte-stimulating hormones
(a-,B- and y-MSH) are produced by post-translational processing
of proopiomelanocortin in neurons residing in the arcuate nu-
cleus of the hypothalamus (ARC) (Cone, 2005, 2006). Central
administration of a-MSH reduces appetite and increases EE
(Cone, 2006). Another population of ARC neurons synthesize
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The regulation of energy homeostasis by melanocortins in-
volves two melanocortin receptors (Mc3r, Mc4r) (Butler, 2006;
Cone, 2006). While the Mc4r has been interrogated intensively
for the treatment of obesity, the homeostatic functions of Mc3r
have remained enigmatic. Mc3r knock-out (Mc3r—/—) mice ex-
hibit exacerbated diet-induced obesity associated with abnormal-
ities in physical activity and nutrient partitioning (Chen et al.,
2000; Butler, 2006; Sutton et al., 2006; Ellacott et al., 2007). How-
ever, satiety and the autonomic and neuroendocrine pathways
affecting EE are primarily regulated through Mc4r (Marsh et al.,
1999; Chen et al., 2000; Butler et al., 2001; Rahmouni et al., 2003;
Fekete et al., 2004; Zhang et al., 2005). The regulation of energy
homeostasis by Mc3r thus involves mechanisms not classically
associated with obesity.

Maintaining circadian rhythms in energy consumption and
expenditure is essential for energy homeostasis (Staels, 2006). At
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a cellular level, transcription factors involved in regulating energy
metabolism also regulate the expression of critical clock genes
(Duez and Staels, 2007; Liu et al., 2007). Neuroanatomically, the
hypothalamic centers involved in energy homeostasis such as the
dorsomedial and ventromedial hypothalamus (DMH, VMH) are
also required for an anticipatory pattern of behavior in response
to limited nutrient availability (Chou et al., 2003; Gooley et al.,
2006; Fuller et al., 2008). Collectively, these observations suggest
that the systems governing rhythmic patterns in energy ho-
meostasis in response to caloric intake may respond to caloric
cues through common pathways.

Several observations led us to hypothesize that food entrain-
ment may be a homeostatic output of melanocortin neurons act-
ing through Mc3r. C57BL/6] (B6) Mc3r—/— mice exhibit abnor-
mal daily patterns of feeding behavior (Butler, 2006). Dense
expression of Mc3r mRNA is also observed in hypothalamic cen-
ters involved in maintaining circadian rhythms (Roselli-Rehfuss
et al,, 1993), including the DMH, which may be critical for food
entrainment (Gooley et al., 2006; Fuller et al., 2008). Moreover,
melanocortin neurons are regulated by meal ingestion (John-
stone et al., 2006; Singru et al., 2007). Here, we present further
evidence supporting this hypothesis, showing that Mc3r are re-
quired for entrainment of anticipatory behavior to feeding time.
Melanocortin neurons may therefore link neural systems govern-
ing energy homeostasis with those affecting entrainment to food
availability.

Materials and Methods

Experimental animals. The Pennington Biomedical Research Center In-
stitutional Animal Care and Use Committee approved all experiments.
Mc3—/— and Mc4r—/— were obtained from heterozygote-by-
heterozygote crosses in colonies maintained at the Pennington Biomed-
ical Research Center, as described previously (Sutton et al., 2006). KKAy
were purchased from the Jackson Laboratory. Mice were maintained on
a 12 h light/dark period with lights on 0600—1800 h; corresponding to
Zeitgeber Time (ZT) 0—12. Percentage body fat was estimated by mea-
suring FM and fat-free mass using nuclear magnetic resonance (NMR;
Bruker Mice Minispec NMR Analyzer, Bruker Optics). Low fat diet (Re-
search Diets #12450B) was purchased from Research Diets.

Physical activity and energy expenditure. For experiments assessing ac-
tivity using running wheels, mice aged ~2 months were acclimated for 1
month to clear plastic caging with running wheels (MiniMitter). Wheel
running data collected using Vital View Data Acquisition System was
analyzed using Microsoft Excel. Estimates of ad libitum (AL) food intake
were measured from preweighed amounts.

For experiments examining anticipatory activity and EE, mice were
housed in a 16 chamber Comprehensive Laboratory Animal Monitoring
System (CLAMS) (Columbus Instruments) as described previously
(Trevaskis and Butler, 2005). The area under the curve (AUC) for the
respiratory exchange ratio (RER) data were calculated using 0.7 as the
baseline and data averaged into 1 h bins.

Ambulatory activity in the x- and z-axes was evaluated using an
OPTO-M3 sensor system (Columbus Instruments). Physical activity and
EE data were collected over a 10 d period, with chambers disassembled
for maintenance every 3 d. After 7 d of lead in data/acclimation, mice
were given 4 h access to 2.5 g of a powdered form of low fat diet (Research
Diets; 12450B).

Wakefulness, nonrapid and rapid eye-movement sleep. Sleep state and
wakefulness were analyzed at the Penn State Diabetes & Obesity Mouse
Metabolic Phenotyping Center. Briefly WT (n = 9) and Mc3r—/— mice
(n = 6) were continuously fed with the regular lab chows during weeks of
sleep analysis. The recording system consisted of a personal computer
with an 12-bit analog-to-digital (AD) converter (Model PCI-6023E, Na-
tional Instruments), and a Grass Model 12 Neurodata amplifier system
(Grass Instrument Division of Astro-Med). The electroencephalo-
graphic (EEG) and electromyographic (EMG) signals were amplified
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with 12A5 amplifiers. The one-half cutoff frequencies in EEG recordings
for low and high frequencies were at 0.5 and 35.0 Hz, respectively. The
EMG signals were filtered with one-half cutoff for low and high frequen-
ciesat 100 and 10,000 Hz, respectively. The data collection was controlled
by the computer and a computer program (SleepWave, developed by Dr.
Jidong Fang, Department of Psychiatry, University of Cincinnati, Cin-
cinnati, OH). The J10 outputs from the 12A5 amplifiers were fed into the
AD converter and displayed on the computer monitor. The EEG and
EMG data were saved to the hard disk drive. Wakefulness data are pre-
sented in minutes per hour.

Central AgRP infusions. Eight-week-old male B6 mice were purchased
from Jackson Labs and group housed in our animal facility. Mice were
maintained in 12 h light/dark period (lights on 0600—1800). Mice were
anesthetized with ketamine (86 mg/kg, i.p.)/xylazine (12.9 mg/kg, i.p.). A
stainless steel cannula (Brain infusion kit, Alzet Durect) was placed in the
right lateral cerebral ventricle and fixed to the skull with dental cement
and two stainless steel screws. The stereotaxic coordinates used were as
follows: anteroposterior, —0.80 mm; lateral, 0.14 mm; dorsoventral,
—3.50 mm, from bregma. The intracerebroventricular cannula was con-
nected through a polyvinyl tube to an osmotic minipump containing
either the C terminus of mouse AgRP (AgRP®**'*') purchased from
Phoenix Pharmaceuticals), or vehicle (artificial CSF, ACSF). The osmotic
minipumps (model 1002, Alzet Durect) were implanted subcutaneously
in the interscapular space, with infusion lasting 14d. The skin was sutured
and the animals received a single dose of buprenorphin (0.28 mg/kg, s.c.;
Buprenex; Reckitt Benckiser Healthcare). Mice were administered a con-
stant infusion of AgRP 82-131 (0,05 nmol/d) or ACSF. Mice were allowed
to eat ad libitum for 3 d; measurement of food intake during this time
demonstrated the predicted increase of food intake associated with
AgRP 73! treatment which was statistically significant on day 3 (6.1 =
0.1 compared with 4.8 = 0.3 g, p < 0.01). The AgRP®**""*" and ACSF
groups were then subdivided into two groups. One group was subjected
to restricted feeding (RF), receiving 2.5 g of a low fat diet between 1300
and 1700 h. A second group of mice was given 4.7 g of food provided at
1800 h. Mice grouped into time points were killed every 6 h (n = 5-6 per
time point and treatment) and forebrain extracted for the analysis of
clock gene expression.

Cortical forebrain isolation. Brains were removed from mice at 6 h
intervals to cover a 24 h time period and snap frozen in isopentane
(Sigma). On the day of tissue collection, which occurred after 7 d of RF,
mice were not fed. The hindbrain was removed and the forebrain trans-
ferred to a cryostat. One hundred micron sections were shaved off of the
forebrain until a rostral section roughly, —2.92 interaural/0.88 bregma
was reached. Using a punch tool with a 0.5 interior diameter needle all of
the cortical forebrain was removed, being careful not to isolate tissue
from hippocampal, thalamic, or hypothalamic regions.

Gene expression. Total RNA from the cortex was isolated using TRI
Reagent (Molecular Research Centre), and reverse transcribed using Su-
perscript III reverse transcription system (Invitrogen). Oligonucleotide
primers (Integrated DNA Technologies) were designed using Primer
Express 2.0 software (Applied Biosystems). Quantitation of target gene
mRNA used GAPDH as a reference was performed in 96 or 384 well
plates using SYBR Green, or Tagman Universal, PCR Master Mix (Ap-
plied Biosystems) and an ABI PRISM 7900 HT Sequence Detection Sys-
tem (Applied Biosystems). Sequences of primers and probes used for
expression analyses were as follows: mus_Npas2_fwd acgcagatgttcgagtggaaa,
mus_Npas2_rev cgcccatgtcaagtgeatt, mus_Bmall/Arntl fwd aaccttcecg-
cagctaacag, mus_Bmall/Arntl_rev agtcctctttgggecacctt, mus_Per2_fwd
AGAACGCGGATATGTTTGCTG, mus_Per2_rev ATCTAAGCCGCTG-
CACACACT, mus_GAPDH_fwd tccgtgtcctacceccaatg, mus_ GAPDH_rev
gagtgggagttgctgttgecg. For analysis, all Clock genes were normalized to
Gapdh for forebrain.

Statistics. All data are presented as mean * SEM. The effects of RF and
genotype on locomotory behavior was analyzed by 2-way ANOVA with
repeated measures, followed by post hoc analysis using Tukey’s test when
statistical significance between groups was evident. Differences in wheel
running behavior were calculated as either the average wheel turns per 6
min bins for a given block of time or the average of wheel running (6 min
bins) for 3 h before food presentation expressed as a percentage of total
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24 wheel running activity. During phase ad- A.
vancement of the light cycle, average ratios of
wheel running for each hour during phase ad-

Wild type
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vance in the light cycle to average wheel run-

ning performed during that time in the previ-

ous light cycle was determined. Significant
differences were determined using a one-way
ANOVA followed by post hoc analysis (Tukey’s B.
test). For gene expression, ZT values were aver-
aged for each gene at each time point and com-
parisons between WT and Mc3r—/— were ana-
lyzed using Student’s ¢ test followed by
Bonferroni’s correction. For sleep state analysis,
a two-way ANOVA was used comparing the ef-
fects of time with feeding state.

Wheel turns
( 6 min bins)

Results

Mc3r are required for entrainment of
anticipatory activity to

restricted feeding

Rodents subjected to periodic caloric
availability under circadian (24 h) sched-
ules exhibit entrainment of locomotory
behavior and wakefulness anticipating
meal time (Mistlberger, 1994; Gooley et
al., 2006). Food anticipatory activity
(FAA) was assessed in male B6 wild-type
(WT) and Mc3r—/— mice using running
wheels and spontaneous locomotory ac-
tivity (SLA, movements in x- and z-axis).
For all studies, a 12 h light/dark cycle was
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set with lights-on at 0600 h (correspond-
ing to ZT0); lights-off occurred at 1800 h
(ZT12). A RF protocol was used where
mice received a single meal equal to 50% of
normal AL intake at 1300 h (ZT7). For
studies using wheel cages, mice were
weighed daily and the amount of food pro-
vided increased in 0.5 g increments to pre-
vent severe (>10%) weight loss. This was
necessary for 4 of 20 WT (between day 5
and day 9 of RF), and 3 of 20 Mc3r—/—
mice (one on day 3, and two on day 11 and
day 12, respectively).

WT (n = 18) and Mc3r—/— (n = 20) mice aged 10—12 weeks
matched for body weight (BW, 26.0 = 0.3 g vs 27.3 = 0.8 g,
respectively) were acclimated to housing in wheel cages for 3
weeks. Wheel running activity during ad libitum feeding was not
significantly different in Mc3r—/— mice compared with controls
(Fig. 1A, B) (turns/d for WT, 8884 = 685; for Mc3r—/— mice,
7159 * 634; p = 0.075). RF was associated with robust FAA in
WT, with Mc3r—/— mice exhibiting a significantly attenuated
response (Fig. 1A—C). FAA accounted for ~30% of total 24 h
activity of WT, while for Mc3r—/— mice wheel running during
anticipation accounted for ~10% of total 24 h activity (Fig. 1C).
With management of food intake to prevent excess weight loss,
there was no significant difference in weight loss between geno-
types (Fig. 1 D).

Mice used to assess the effects of RF on SLA were also matched
for BW (WT, 26.3 = 1.0 g; Mc3r—/—,25.3 = 1.3 g; n = 8/group).
The 24 h profile of SLA was similar under ad libitum conditions
(Fig. 2A, top) (data not shown). During RF, WT exhibited an
increase in x- and z-movements lasting ~1 h that was centered
around food presentation (Fig. 2A) (data not shown). This re-

Figure 1.
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FAA in Mc3r—/— mice is significantly attenuated compared with WT mice. 4, Averaged wheel running actograms
for WT (left) and Mc3r—/— (right) mice subjected to 4 h of RF. Periods during which food was available are shaded. B, Double
plotted graphs of average wheel turns for 9 d (day 4 to day 13) for WT and Mc3r—/— mice during AL (top) or RF conditions
(bottom). C, Daily FAA during the 3 h before food presentation. Significant differences (*) between WT and Mc3r—/— mice were
observed on day 2 ( p << 0.05), day 4, day 6 (both p << 0.01), and day 9 ( p << 0.05). D, FAA adjusted for 24 h total activity.
Significant differences (*) between WT and Mc3r—/— mice were observed on day 2, days 5— 8, day 10 (all p < 0.01),and day 12
(p < 0.05). E, Weight loss during RF was minimized to ~10% of pre-RF weight. Black bar represents wheel turn responses
during RF after weight stabilization.

sponse was not observed in Mc3r—/— mice. Analysis of x- or
z-axis movements spanning a time period 30 min prior and 30
min post food presentation and adjusted for 24 h activity (Fig.
2B,C) indicated significant effects of days of RF (p < 0.001),
genotype (p < 0.05), and a significant interaction between the
effects of RF and genotype (p < 0.01). Total 24 h activity for
movement in the x-axis was significantly affected by RF (p <
0.001), with no effect of genotype ( p = 0.222). For 24 h movements
in the z-axis, there was no significant effect of RF or genotype (Fig.
2E) (effect of genotype, p = 0.641; effect of RF, p = 0.094).

Effects of Mc3r deficiency on energy metabolism during RF

Baseline daily food intake of WT and Mc3r—/— mice housed in
metabolic chambers using to monitor SLA was not significantly
different (Fig. 3A). However, there was a subtle difference in the
daily pattern of intake with Mc3r—/— mice exhibiting reduced
intake during the dark period (Fig. 3B). This was associated with
a significant reduction in the amplitude (peak minus nadir, cal-
culated by subtracting intake during lights-on from the dark pe-
riod). During RF, mice were presented with 2.5 g of food equiv-
alent to 40 kJ, representing a 30% reduction relative to ad libitum
intake (Fig. 3B), which visual inspection indicated was mostly
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Effect of RF on home cage activity of Mc3r—/— mice and WT mice. A, WT and Mc3r—/— littermates, matched for weight and adiposity, were placed into a CLAMS system and home

cage physical activity was monitored in 1 min bins/24 h using infrared beam breaks. B, Averaged x-axis movements from WT and Mc3r— /— mice showing the increased FAA (FAA index, movements
overa Th period centered around food presentation) during RF that is dependent on Mc3r. €, Averaged z-axis movements from WT and Mc3r—/— mice showing the increased FAA index during RF
that is dependent on Mc3r. The effects of RF and genotype on FAA index in x- and Z-movements were significant as assessed by two-way ANOVA (for RF, p << 0.01; for genotype, *p << 0.05, **p <
0.01). Total 24 h movements in the x- (D) and z- (E) axes were not significantly different in WT and Mc3r—/— mice. n = 8/group.

consumed within 4 h of presentation. Consistent with reduced
energy consumption, RF was associated with a 30-35% reduc-
tion in 24 h EE regardless of genotype (Fig. 3C, top). Food pre-
sentation during RF was associated with a marked and rapid
increase in EE, representing the thermic effect of food (TEF) (Fig.
3D-G). TEF was normal in Mc3r—/— mice relative to controls,
suggesting the consumption and oxidation of equivalent
amounts of energy. Moreover, weight loss during RF was also not
significantly different between the two groups (weight loss in g
for WT, 3.1 = 0.4; for Mc3r—/—, 3.6 £ 0.5, p = 0.45; and as a
percentage of starting weight for WT, 11.5 = 1.1; for Mc3r—/—,
13.6 + 1.6, p = 0.287).

The RER is an indicator of the proportion of energy derived
from carbohydrate or fatty acids, and after removal of food (RF0)
RER rapidly declined to a value of 0.7 consistent with mobiliza-
tion and oxidation of fat reserves (Elia and Livesey, 1988). Food
presentation was associated with a rapid increase in RER, coin-
ciding with oxidation of a diet with a high carbohydrate and low
fat content. Again, the initial effect of food presentation was not
markedly affected by genotype. However, by the third day of RF a
significant difference in 24 h RER was observed (Fig. 3C, bottom;
Fig. 3H). Assessment of hourly data indicated that the initial rise
in RER on the third day of RF associated with feeding was normal
for Mc3r—/— mice. The difference in RER between genotype was

primarily observed 4-5 h after food presentation (Fig. 3H), as-
sociated with a significant difference in the area under the curve
(p <0.01).

Collectively, the analysis of energy metabolism suggest that
food presented to Mc3r—/— and WT mice is rapidly consumed
and oxidized, with no significant differences between groups.
However, there are significant differences in substrate preference
for oxidation. During periods of RF, Mc3r—/— mice may be less
efficient at using carbohydrate to generate energy.

Increased wakefulness anticipating RF time is not observed in
Mc3r—/— mice
EEG and EMG electrodes were implanted into WT (n = 9) and
Mc3r—/— (n = 6) mice. Twenty-four hour patterns of wakeful-
ness in a light/dark setting were initially assessed under condi-
tions of ad libitum feeding and then after 4 d of RF (Fig. 4). In WT
mice, an increase in wakefulness was observed during the 2 h
before food presentation and a marked reduction in wakefulness
late in the lights-off phase (Fig. 4A). In contrast, Mc3r—/— mice
only exhibited a brief period of increased wakefulness that coin-
cided with presentation of food at ZT7 (Fig. 4 B).

Collectively, the results from the experiments assessing FAA
using wheel cages, home cage activity and wakefulness all indicate
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that Mc3r are required for the coordinated
development of anticipatory activity and
arousal associated with restricted feeding.

Genetically obese mice matched with
Mc3r—/— mice for adiposity have FAA
While matched for BW, Mc3r—/— mice be-
fore RF exhibited a modest increase in adi-
posity (percentage body fat) when compared
with WT (15.4 = 1.5% compared with 8.3 =
0.5%, p < 0.01). To determine whether the
attenuation of FAA in Mc3r—/— mice was
specifically due to loss of receptor function
or obesity, we examined FAA in Mc4r—/—
(n=4)and KKAy (n = 10) mice. These mice
were matched with an independent cohort
of Mc3r—/— mice (n = 10) for adiposity,
and subject to RF for 2 weeks. Lean male WT
controls were included in the study (n = 10).

Mc3r—/— mice again exhibited an at-
tenuated FAA, with Mc4r—/— and KKAy
exhibiting FAA statistically indistinguish-
able from WT mice after 12 d of RF (data
not shown). These results indicate that the
impaired FAA observed in Mc3r—/— mice
is not due to increased adiposity.

Response of Mc3r—/— mice to phase
advance in light

Another aspect of the behavioral phenotype
associated with loss of Npas2 is an exagger-
ated locomotory response to phase advances
in the light/dark cycle (Dudley et al., 2003).
To investigate whether impaired entrain-
ment to feeding in Mc3r—/— mice would be
associated with increased dependency on
light cues, the mice used to investigate FAA
in wheel cage were subjected to a 5 h phase
advance in the light/dark cycle. Lights were
switched off between ZT7 and ZT19. The
presence of light potently inhibited activity
in WT and Mc3r—/— mice (Fig. 5A, com-
pared dO and d1). Both strains exhibited a
gradual advance (transients) in the onset of
activity toward ZT7. However, for
Mc3r—/— mice the advance was more ro-
bust, with the transition occurring more rap-
idly and retaining the clear early peak in ac-
tivity observed before the phase shift in light
setting (Fig. 4A). When expressed as a ratio
of total peak activity before phase shift,
Mc3r—/— mice exhibited a significantly in-
creased initiation of activity 1 h ahead of WT
littermates during the phase advance (Fig. 5B).
Mc3r—/— mice are thus similar to Npas2—/—
mice in exhibiting impaired entrainment to
feeding time and increased dependency on

light cues governing circadian rhythms (Dudley et al., 2003).

Arrhythmic expression of clock genes in the forebrain of

Mc3r—/— mice during restricted feeding

Canonical clock oscillators involve a positive limb, comprised of
the basic helix-loop-helix transcription factors circadian loco-
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Figure3. Effect of RF on energy metabolism in WT and Mc3r—/— mice. 4, Baseline hourly food intake data for AL fed WT and
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and amplitude (intake during dark-light). The data are the mean of 3d of recordings. While 24 h intake was not significantly
different, Mc3r—/— mice exhibited an altered 24 h pattern of intake suggesting reduced intake during the dark period. The gray
arrow represents the amount of energy provided in the diet (40 kJ, or a reduction of ~30% compared with ad libitum intake)
during RF. *p << 0.05. C, Effect of 3 d of RF (RFO—3) of 24 h EE and RER. RF was associated with a compensatory 35% reduction in
EE ( p <<0.01 vs ad libitum fed mice) which was not significantly affected by genotype. Twenty-four hour RER was reduced by RF
(p < 0.001) indicating mobilization and oxidation of fat reserves; however, there was a tendency ( p = 0.063) for an effect of
genotype. Post hoc analysis indicates a significant difference in 24 h RER by the third day of RF. *p << 0.01. D, Hourly EE data
showing baseline and RF periods. Note that the removal of food on RFO prevented the normal rise in EE in the dark period. Food
presentation was associated with a rapid and equivalent increase in EE, the TEF, in WT and Mc3r—/— mice. E-G, Averaged EE in
the 4 h period preceding RF (Pre-RF, also an indicator of basal metabolic rate during fasting), EE during the 4 h period after food
presentation (RF), and TEF calculated by subtracting Pre-RF from RF. Note that EE and TEF of Mc3r—/— mice was normal during
RF. H, Altered substrate metabolism in Mc3r—/— mice during RF. Data shown represent hourly measurements during baseline
(AL) and RF. During AL, Mc3r—/ — mice exhibited an elevated RER in the early lights-on period perhaps related to the altered daily
pattern of food intake (*p << 0.05). Withdrawal of food led to a reduction in the RER close to 0.7, indicating oxidation of fat
reserves. RER rapidly increased with food presentation, consistent with oxidation of a low fat/high carbohydrate diet. By RF3, the
initial peak in RER during RF was similarin WT and Mc3r—/— mice. However, the duration of the peak was reduced in Mc3r—/—
mice compared with controls. The area under the curve for the increase in RER (AUC) was calculated using the pre-RF period as
baseline, and demonstrated a significant (*p << 0.01) reduction on RF3. Collectively, these data suggest that, on the third day of
RF, consumption and oxidation of energy in Mc3r—/— and WT mice was similar; however, Mc3r—/— mice exhibited an
abnormal preference for fat and carbohydrate oxidation in the postprandial phase.

motor output cycles kaput (Clock), neuronal PAS domain pro-
tein 2 (Npas2), and aryl hydrocarbon receptor nuclear
translocator-like (Bmall, also known as Arntl). Clock:Bmall and
Npas2:Bmall heterodimers activate transcription of Crypto-
chrome (Cry) and Period (Per) genes. These proteins then inhibit
the transcriptional activity of Clock:Bmall and Npas2:Bmall
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Figure 4. Entrainment of anticipatory increase in wakefulness to RF in WT but not
Mc3r—/— mice. Twenty-four hour patterns of wakefulness are shown for WT (4, n = 9) and
Mc3r—/— (B, n = 6) mice during AL (solid circles in both panels) or after 3 d of restricted
feeding (open circles). RF was associated with increased wakefulness in WT mice in the 2 h
period preceding food presentation and reduced wakefulness in the lights-off phase. In the
lights-on phase, Mc3r—/— mice exhibited increased wakefulness restricted to the 1 h after
food presentation. *p << 0.05 AL vs RF.

heterodimers, and comprise the negative limb. Npas2 is required
for normal regulation of Per2 expression in cultured cells and
forebrain (Reick et al., 2001; Dudley et al., 2003). The pattern of
oscillation of Npas2 and Per2 mRNA expression in the forebrain
is regulated by feeding time (Dudley et al., 2003). This association
may be critical for FAA, as homozygous null Per2 and Npas2 mice
both deficits in FAA (Dudley et al., 2003; Feillet et al., 2006). As
loss of Npas2, Per2 and Mc3r functions have similar effects on
behavioral adaptation to feeding time, we hypothesized that
Mc3r are critical for normal regulation of clock activity in the
brain.

Cortical expression of circadian oscillator genes was analyzed
10-12 week male Mc3r—/— and WT controls under conditions
of ad libitum feeding or RF. The results are shown in Figure 6,
with data from ad libitum fed mice provided in panels on the left,
and mice subject to RF on the right. Marked differences in corti-
cal Bmall, Npas2 and Per2 expression were observed in Mc3r—/—
mice compared with controls under ad libitum feeding condi-
tions (Fig. 6 A-C, left panels). In particular, cortical Bmall
mRNA expression was tenfold lower in Mc3r—/— mice during
the peak expression in WT mice at 0600 h. RF was also associated
with marked differences in amplitude of the circadian profile of
all three genes in the cortex of Mc3r—/— mice relative to controls
(Fig. 6A—C, right panels). These observations demonstrate that
Mc3r are required for normal patterns of clock activity in the
cortex.
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Regulation of clock gene expression in the forebrain by
infusion of melanocortin receptor antagonists

To determine whether inhibition of Mc3r acutely affects clock
activity, we examined the 24 h profile of clock genes in mice
administered with AgRP®*~"*! or ACSF through cannula’s target-
ing the lateral ventricle. Mice subject to RF were in a negative
energy balance, and lost weight during the treatment period.
However, AgRP infused mice adapted poorly to RF, consuming
less food (Fig. 7A) and losing more weight during the first week of
infusion (Fig. 7B). For the groups fed in the dark phase, mice were
provided 4.7 g of food at the onset of the dark phase. As expected,
there was a tendency ( p = 0.06) for AgRP-infused mice fed dur-
ing the dark period to gain more weight (Fig. 6 B). While food
intake data for the dark phase fed animals was not recorded,
visual examination indicated that after 2-3 d mice were eating
most of the food provided.

Mice infused with AgRP®*~"*" exhibited abnormal cortical
clock gene expression (Fig. 7C-E, right and left panels).
Bmalland Npas2 expression was abnormal under both ad libitum
and RF conditions. Per2 expression was similar between ACSF
and AgRP during nocturnal pair feeding; however during RF
feeding AgRP®*"*! infusion was associated with asynchronous
rhythms (Fig. 6 E, compare right and left panels). These results
demonstrate that central infusion of a melanocortin receptor an-
tagonist disrupts normal regulation of clock genes in the
forebrain.

Discussion

When food is freely available, periods of wakefulness are associ-
ated with peak ingestive behavior. However, the entrainment of
rhythms in behavior anticipating nutrient availability confers a
selective advantage in nutrient poor environments. Entrainment
to light and calories involves a complex regulation of clock sys-
tems distributed throughout the CNS and periphery. The master
pacemaker clock residing in the SCN is a light entrainable oscil-
lator. The location and characterization of the “master” food
entrainable oscillator (FEO) is controversial. The DMH may be
involved in maintaining entrainment to feeding time (Gooley et
al., 2006; Mieda et al., 2006; Fuller et al., 2008). Dense Mc3r
expression has been reported in this area (Roselli-Rehfuss et al.,
1993), and the similarities in the behavioral phenotype associated
with lesions in the DMH and Mc3r signaling are highly sugges-
tive. However, other studies have demonstrated retention of food
entrainment in DMH-lesioned animals (Landry et al., 2006,
2007). Nevertheless, our results are significant in demonstrating
the involvement of the hypothalamic melanocortin system acting
through Mc3r in the expression of adaptive entrainment of be-
havior in response to feeding cues. While melanocortin neurons
located in the NTS regulate ingestive behavior (Cone, 2005,
2006), the highest density of Mc3r mRNA was observed in the
hypothalamus, with no expression observed in the brainstem
(Roselli-Rehfuss et al., 1993).

Systems governing circadian rhythms are important for an
organism’s ability to predict daily recurrent events. Our findings
suggest that Mc3r containing neurons regulate inputs maintain-
ing proper cyclic oscillation of core circadian oscillator genes in
the forebrain. Mc3r deficiency results in impaired synchroniza-
tion of clock genes in the forebrain during AL feeding, as well as
impaired adaptive behavioral responses associated with RF. Cen-
tral infusion of AgRP, which acts as an antagonist at the Mc3r,
also affects clock activity in the forebrain. Indeed, AgRP-infused
mice adapted poorly to daytime feeding. Mice infused with AgRP
fed during the dark period gained more weight, consistent with



12952 - J. Neurosci., November 26, 2008 - 28(48):12946 —12955

the anabolic actions of this neuropeptide.
However, AgRP-infused mice fed during
the daytime fared worse than ACSF-
infused controls, requiring 7 d of RF be-
fore ingesting the full amount of food
available and losing more weight.

We assessed entrainment of wakeful- 0

ness to periodic nutrient availability, dem-
onstrating a clear distinction in wakeful- 7.
ness between WT and Mc3r—/— mice 7T
during the period preceding food presen-
tation. This period corresponds with data
showing anticipatory wheel running be-
havior in WT mice subject to RF. The ob-
servations presented here also suggest that
Mc3r plays a role in the homeostatic drive
regulating clocks residing outside the
SCN. Precedence between the function of
clock systems and rhythms of arousal has
been established in previous studies (La-
posky et al., 2005), where impaired levels
of sleep state and wakefulness were re-
ported in mice with mutated Bmall/Mop3
gene expression. Loss of the Clock ho-
molog, Npas2, and of the clock output
gene Per2 also results in delayed expres-
sion or loss of FAA, respectively (Dudley et
al., 2003; Feillet et al., 2006). Mc3r—/—
mice have reduced synchronization of 2
both Npas2 and Per2 in the forebrain dur-
ing RF. Alterations in oscillation of both or
either of genes could play a role in the im-
paired entrainment of Mc3r—/— mice to
RF.

The FEO system has been suggested not
to reside in a single area, but represent a
system that is distributed throughout the
brain and periphery (Stephan, 2002).
Mc3r appear to regulate many aspects of
ingestive behavior, arousal, and metabo-
lism, likely through actions that are dis-
tributed throughout the brain. Indeed,
melanocortin neurons dispersed through-
out the forebrain and brainstem affect
many aspects of energy homeostasis
(Cone, 2005). Hypothalamic melanocor-
tin neurons are also logical candidates for
transmitting feeding-related inputs into
neurons governing the development of an-
ticipatory behaviors. These neurons form
a distributed neural network in the brain
that responds to humoral indicators of meal consumption, such
as ghrelin, insulin, and cholecystokinin (Cone, 2005). Studies
using scheduled feeding protocols have demonstrated that Pomc
neurons respond rapidly to meals (Johnstone et al., 2006; Singru
etal., 2007). AgRP neurons also receive inputs from orexin neu-
rons in the lateral hypothalamus, providing further connectivity
with arousal and sleep state (van den Top et al., 2004). Pomc and
AgRP neurons innervate hypothalamic areas involved in entrain-
ment of anticipatory behaviors to feeding (Bagnol et al., 1999;
Haskell-Luevano et al., 1999; Singru et al., 2007). The dorsome-
dial part of the VMH and the ventral tegmental area, implicated
in anticipatory and reward-seeking behaviors (Choi et al., 1998;
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Effect of a 5 h phase advance on activity initiation in Mc3r—/— mice and WT mice. WT and Mc3r—/— littermates
were placed into wheel running cages and physical activity was monitored in 6 min bins/24 h. A, Averaged wheel running
actograms from WT and Mc3r—/— mice showing baseline activity and response to a 5 h phase advance. The yellow and black
sections indicate the lights-on and lights-off periods, respectively. Mean wheel running activity is shown for WT (+/+,n = 18)
and Mc3r-deficient (—/—, n = 20) mice using a gray scale, with white representing no or minimal activity, and black represent-
ing peaks in activity. B, Averaged ratio of wheel running activity for each hour of the phase advance adjusted for normal activity
(average normal wheel running for the 5 h after lights off) over the three experimental days. Onset of wheel running was
dependent on genotype and was statically significant (*) between Mc3r—/— compared with WT mice, on hour 1 of day 1( p <
0.05), on hour 2 on day 3 (*p << 0.05), and on hour 4 on day 6 ( p < 0.02). n = 1820 per group. One-way ANOVA with Tukey's
post hoc test was performed to detect significant differences in wheel running data.

Gooley et al., 2006), exhibit dense Mc3r mRNA expression
(Roselli-Rehfuss et al., 1993).

In peripheral tissues, clocks respond to local and humoral
inputs of energy status (Rutter et al., 2002; Stephan, 2002; Korn-
mann et al., 2007). Whether Mc3r are involved in specifically
entraining behavior to meal time, or are also required for entrain-
ment of peripheral clocks regulating metabolism, requires fur-
ther investigation. In the current study, we observed no differ-
ence in daily EE of Mc3r—/— mice during conditions of ad
libitum or restricted feeding, while the profile of the TEF associ-
ated with food presentation was also normal. The observation of
normal EE in Mc3r—/— mice regardless of caloric intake agrees
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Figure6.  Core circadian oscillator gene expression is asynchronous in Mc3r—/— mice com-
pared with WT mice. Double plotted gene expression data for (4) Arntl/BmalT (B) Naps2 and (C)
Per2 under AL (left panels, gray squares represents lights off) or RF conditions (right panels,
feeding time is indicated by a dark gray rectangle). Lights off phase is indicated by a light gray
shade. Significant differences (*) in gene expression were observed between Mc3r—/— mice
compared with WT at each time point ( p << 0.05) (n = 4-5 per group).

with previous studies using indirect calorimetry to assess metab-
olism and diet-induced thermogenesis (Butler et al., 2000; Chen
et al., 2000; Butler, 2006; Sutton et al., 2006). There was however
evidence of abnormal substrate metabolism in Mc3r—/— mice
during RF. This was not observed immediately before or after
food presentation, but was most noticeable 45 h after food pre-
sentation. Altered nutrient partitioning is a significant factor
contributing to the obese phenotype of Mc3r deficient mice (But-
ler, 2006); the results of this study indicate a failure to regulate
fatty acid and carbohydrate metabolism during periods of inter-
mittent nutrient availability. Studies investigating entrainment
and metabolic adaptation in the peripheral tissues of Mc3r—/—
mice to RF are clearly warranted.

The observation that the absence of FAA in Mc3r—/— mice
housed in metabolic chambers is not associated with altered EE
was surprising. However, it is possible that a comparably minor
increase in ambulation in a small chamber may have a minor
impact on EE. Indeed, while Mc3r—/— mice exhibit reduced
physical activity in the home cage, this has not been associated
with measurable reduction in daily EE. Physical activity in rela-
tively inactive conditions represents a minor (10%) component
of the total daily energy budget, thus minor changes in ambula-
tion may therefore be insufficient to markedly change total EE.
This may not be the case for mice housed in wheel cages, where
activity-based EE would be far greater. However, it is important
to note that the amount of food available was manipulated in
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Figure 7. Chronic infusion of AgRP®"" into the lateral ventricle is associated with im-

paired adaptation to RF. 4, Food intake during RF for mice receiving 0.05 nmol/d AgRP #2~"3" or
ACSF. B, Percentage change in body weight of mice receiving AgRP 8~"" or ACSF (n = 20/
group). These treatment groups were further split into two subgroups subject to RF, or an AL
group where mice receiving ACSF were fed the same amount of food with the AgRP#2~™3'
treated mice at 1800 h (=ZT12). Note that mice treated with AgRP #*~"" took longer adapt to
RF and to consume the total amount of food available (4), associated with significantly greater
weight loss during RF (B). *p << 0.05 versus ACSF within mice subject to RF. (—E, Pattern in the
thythm of cortical expression of clock genes is altered in mice treated with AgRP*2~"3" com-
pared with ACSF-treated controls under either ad /ibitum (left panels, n = 4 per time point) or
RF (right panels, n = 5 or 6 per time point RF) conditions. Mice were killed every 6 h and clock
genes analyzed by RT-PCR. Gene expression over 24 his double plotted. Gray shading represents
dark phase and dark gray vertical shading denotes meal time for RF feeding protocol. *p << 0.05
versus ACSF-treated.

mice housed in wheel cages subject to RF to prevent excess weight
loss. In addition, while RF was associated with FAA in WT mice
there was a compensatory reduction in activity during the dark
period (Fig. 1 B).

Neuronal populations outside of the SCN play a critical role in
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maintaining circadian rhythms of arousal and core body temper-
ature under conditions of ad libitum feeding and during RF
(Saper et al., 2005). Mc3r expressing neurons in the dorsomedial
part of the VMH may be involved in integrating nutrient signals
associated with AL or RF conditions, forming relays facilitating
timing of arousal with metabolic requirements associated with
food seeking behavior. Some but not all studies have demon-
strated that lesions of the VMH result in loss of FAA, increased
body weight, hyperphagia and hyperinsulinemia making it a po-
tential site of a FEO (Choi et al., 1998). The VMH is thought to
control ingestive behaviors, and the counter-regulatory re-
sponses to hypoglycemia (King, 2006). Compelling evidence also
exists for a clock mechanism driving a FEO residing in the DMH.
In a recent study where localization of chemical lesions was care-
fully analyzed, DMH lesions resulted in a loss of FAA whereas
VMH lesions amplified FAA (Gooley et al., 2006). It was also
recently demonstrated that the DMH is the only site within the
brain that exhibits robust entrainment and maintenance of a
clock-driven oscillator regulated by RF (Mieda et al., 2006). Neu-
rons contained in both the VMH and DMH may thus regulate
convergent and disparate aspects of food entrainment.

Extra-hypothalamic sites expressing Mc3r could also play a
role in the regulation of anticipatory behaviors. Mc3r mRNA are
expressed in the ventral tegmental area containing dopamine
neurons projecting to cortical regions involved in reinforcement
and decision making (Roselli-Rehfuss et al., 1993). Conditional
restoration of Mc3r in various areas of the hypothalamus may
prove useful for identifying specific neuronal populations in-
volved in entrainment.

Conclusions

Clocks integrate cues from the environment and systemic signals
of energy status to regulate diverse cellular and physiological
functions (Rutter et al., 2002; Kohsaka and Bass, 2007). As such,
clocks may represent a conduit through which the melanocortin
system coordinates multiple adaptive processes during periods of
limited nutrient availability. These results imply that the melano-
cortin system, acting through Mc3r, is an integral component of
the neural systems governing entrainment of rhythms in behav-
ior during limited nutrient availability.
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