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Abstract
The central nervous melanocortin system is a neural network linking nutrient-sensing systems
with hypothalamic, limbic and hindbrain neurons regulating behavior and metabolic homeostasis.
Primary melanocortin neurons releasing melanocortin receptor ligands residing in the
hypothalamic arcuate nucleus are regulated by nutrient-sensing and metabolic signals. A smaller
group of primary neurons releasing melanocortin agonists in the nucleus tractus solitarius in the
brainstem are also regulated by signals of metabolic state. Two melanocortin receptors regulate
energy homeostasis. Melanocortin-4 receptors regulate satiety and autonomic outputs controlling
peripheral metabolism. The functions of melanocortin-3 receptors (MC3R) expressed in
hypothalamic and limbic structures are less clear. Here we discuss published data and preliminary
observations from our laboratory suggesting that neural MC3R regulate inputs into systems
governing the synchronization of rhythms in behavioral and metabolism with nutrient intake. Mice
subjected to a restricted feeding protocol, where a limited number of calories are presented at a 24
h interval, rapidly exhibit bouts of increased wakefulness and activity which anticipate food
presentation. The full expression of these responses is dependent on MC3R. Moreover, MC3R
knockout mice are unique in exhibiting a dissociation of weight loss from improved glucose
homeostasis when subject to a restricted feeding protocol. While mice lacking MC3R fed ad
libitum exhibit normal to moderate hyperinsulinemia, when subjected to a restricted protocol they
develop hyperglycemia, glucose intolerance, and dyslipidemia. Collectively, our data suggest that
the central nervous melanocortin system is a point convergence in the control of energy balance
and the expression of rhythms anticipating nutrient intake.

The paper represents an invited review by a symposium, award winner or keynote speaker at the
Society for the Study of Ingestive Behavior [SSIB] Annual Meeting in Pittsburg, July 2010.
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1. INTRODUCTION
The ability of organisms to maintain a constant physiological state by regulating their
internal environment was first described by Claude Bernard in the 19th century as the milieu
intérieur (the environment within); Walter Bernard Cannon later coined the now commonly
used term homeostasis in the early 20th Century [1]. Homeostasis is one of the basic tenets
of physiology, and many examples for the homeostatic regulation of essential physiologic
processes by neuroendocrine systems have been described. Recently, an increase in the
diagnosis of obesity and a concomitant increase in type 2 diabetes have raised interest in the
concept of energy homeostasis, or how a stable body weight is maintained in response to
variation in the availability of nutrients.

The problem faced by modern societies is that obesity increases risk for the Metabolic
Syndrome. The Metabolic Syndrome is a cluster of metabolic disorders that includes
impaired fasting glucose, atherogenic dyslipidemia and hypertension. These conditions
represent deteriorating homeostatic control of metabolic processes due to disruption of
internal sensors of metabolic state and nutrient flux [2-4]. Insulin resistance, the impaired
ability of insulin to suppress hepatic glucose output and stimulate glucose disposal, is a
defining feature of the Metabolic Syndrome [5]. The incidence of insulin resistance
increases markedly with obesity. Insulin resistance precedes type 2 diabetes, a condition of
persistent hyperglycemia due to the failure of β–cells to produce sufficient insulin [6]. This
form of diabetes is one of the most significant health issues facing the United States in the
21st Century. The Centers for Disease Control and Prevention (www.cdc.gov) estimates that
1 in 3 Americans are clinically obese; that nearly 24 million people in the United States have
diabetes, while a further 57 million have the pre-diabetic condition of impaired fasting
glucose, and are at risk of progressing to type 2 diabetes. Obesity-related morbidities such as
diabetes are projected to add significant stress to an already financially troubled health care
system, and may also result in a decline in life expectancy in the 21st Century [7, 8]. Also of
concern is the marked increase of these conditions in the children [9]. While the currently
available pharmacopeia is effective at delaying the progression of obesity-related metabolic
disorders, there remains a need for new therapies effective for treating these conditions over
longer periods.

That an individual can maintain a relatively stable body weight while consuming millions of
calories over the lifespan suggests the evolution of mechanisms for preventing obesity. This
process is thought to include the active regulation of both sides of the energy balance
equation through controlling satiety and energy expenditure, balancing energy intake with
energy requirements and vice versa [10]. However, as shall be discussed later, recent data
supports the hypothesis that the timing of food consumption in relation to the internal clocks
controlling circadian rhythms in behavior and metabolic processes is also important for
maintaining health [11–14]. Moreover, the clocks governing circadian rhythms are fully
integrated into cellular pathways involved in the control glucose and fatty acid metabolism
at a transcriptional level [15]. The concept of the importance of food anticipation, which was
early considered to be mediated by a clock-like mechanism [16], as a homeostatic function
is not new. The work of Stephen C. Woods beginning in the 1970’s led to the proposal that
anticipation of nutrient consumptions by neuroendocrine systems governing glucose
homeostasis is essential for minimizing the impact of nutrient consumption on the body’s
organs and tissues [17, 18].
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2. THE MELANOCORTIN SYSTEM - AN INTERFACE BETWEEN SIGNALS OF
METABOLIC STATE AND NEURAL PATHWAYS GOVERNING SATIETY AND
METABOLISM

The cloning of leptin and its receptor [19, 20], and the characterization of the role of the
central nervous melanocortin system (reviewed in [21]), were landmark achievements in the
development of the modern theoretical models of energy homeostasis. The secretion of
leptin from adipocytes is a signal of nutrient sufficiency, and a decline in secretion
associated with fasting instigates behavioral and metabolic adaptation to nutrient scarcity
[22]. While functions for leptin in the periphery have been reported (see [23–25] for
examples), restoring leptin signaling in the brain is sufficient to rescue the obese metabolic
phenotype observed with mutations in the leptin receptor [26–28]. Melanocortin neurons
were one of the first targets of leptin identified in the brain, and are important mediators of
leptin action [29–31]. Leptin receptors expressed on melanocortin neurons are particularly
important for mediating the actions of leptin in maintaining glucose homeostasis, with a
more modest contribution to maintaining body [32, 33].

The melanocortin neurons governing satiety and ‘facultative’ thermogenesis (the ability to
“burn off” excess calories using oxidative metabolism) during times of plenty [34–39],
respond to sensors of metabolic state and nutrient intake/flux in the gut and adipose tissue
via endocrine and vagal afferents. The contribution of facultative thermogenesis to the
energy homeostasis equation has been debated [34, 36, 40, 41]. However, investigating the
mechanisms involved in maintaining body weight and glucose homeostasis by the leptin-
melanocortin pathway is important, with the potential to provide leads in the development of
drugs to treat obesity and diseases of the metabolic syndrome. In rodents, the leptin-
melanocortin system exerts regulatory control over glucose and lipid metabolism
independently of effects on ingestive behaviors and body weight [26, 42–46]. Mutations
affecting the activity of the leptin-melanocortin system are associated with childhood
obesity [47, 48], indicating similar functions in humans.

The central nervous melanocortin system comprises neurons expressing the endogenous
ligands and the two melanocortin receptors expressed in the brain (MC3R, MC4R) (see [49]
and [50] for recent reviews). Melanocortin receptor agonists are released by neurons
expressing proopiomelanocortin (POMC). POMC is a prohormone modified
posttranslationally by prohormone convertases to produce the endogenous melanocortin
receptor agonists melanocyte stimulating hormones (α/β/γ–MSH) and adrenocorticotropic
hormone (ACTH), and other peptides such as β–endorphin and lipotropin (LPH). The largest
population of POMC neurons is located in the arcuate nucleus of the hypothalamus (ARC);
a second smaller population is found in the nucleus tractus solitarius (NTS) in the brainstem.
MSH exhibit agonist activity at the melanocortin receptors, increasing cAMP accumulation
through Gs activation of adenylyl cyclase [21]. Central administration of MSH peptides is
associated with a reduction of food intake [51, 52]. Release of MSH from POMC neurons
also supports energy expenditure during periods of caloric sufficiency, and has a stimulatory
effect on the autonomic nervous system and thyroid function [53]. A second population of
ARC neurons release agouti-related peptide (AgRP); AgRP was first shown to act as a
competitive antagonist at the MC3R and MC4R [54, 55]. Subsequent studies suggested
inverse agonist functions [56] and actions as a biased agonist, with AgRP promoting
signaling through the Gi [57]. Central administration of AgRP increases food intake and
reduces energy expenditure through suppression of autonomic output and inhibition of the
thyroid.
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POMC and AgRP neurons are regulated by systemic and neural signals of metabolic state
[50]. For example, POMC neurons express receptors for leptin and insulin (although the
receptors are expressed by two distinct populations of POMC neurons [58]), and also exhibit
a response to glucose [59, 60] . AgRP neurons also respond to leptin and insulin, and
express receptors for the stomach hormone ghrelin [61]. Both neuronal populations express
enzymes which sense nutrient flux, including AMP kinase [60] and Sirt1 [62, 63]. The
actions of the endogenous melanocortin ligands produced in the central nervous system to
affect energy homeostasis involve two melanocortin receptors. MC4R are widely expressed
throughout the brain [64–66], and are necessary for the regulation of satiety, autonomic
function and the thyroid by melanocortin agonists [67–72]. Loss of function mutations in the
MC4R gene causes a hyperphagic obesity syndrome in mice [73]. MC4R haploinsufficiency
remains the most frequently observed single-gene mutation associated with childhood
obesity [47].

3. THE FUNCTIONS OF MELANOCORTIN-3 RECEPTOR ARE SUBTLE BUT
NECESSARY FOR ENERGY HOMEOSTASIS

When compared to MC4R, the distribution of MC3R expression in the brain is more limited,
with expression limited to the hypothalamic and limbic regions [74]. Targeted deletion of
the mouse Mc3r gene also compromises energy homeostasis, and is associated with
increased accumulation of fat mass [75, 76]. However, in chow-fed conditions the obese
phenotype is far less severe than that observed in Mc4r knockout (−/−) mice. When the
effects of centrally administered MSH on satiety, sympathetic activity and thyroid function
were assessed using various melanocortin receptor knockout strains, it is evident that MC3R
cannot compensate for loss of MC4R [67, 69, 70, 72, 76, 77]. Moreover, obesity observed in
Mc3r−/− mice is not due to hyperphagia. This raises the question as to what, and whether,
‘homeostatic’ processes are regulated by MC3R. MC3R expressed in the limbic regions
could regulate “non-homeostatic” ingestive behaviors related to food seeking and reward.
However, the accelerated weight gain and accumulation of extra fat mass relative to controls
observed when Mc3r−/− mice on high fat diets independently of hyperphagia suggests an
important role in regulating peripheral metabolism [76, 78-80].

Our laboratory has focused on a role for MC3R in the expression of circadian rhythms in
anticipatory behavior [81, 82]. Recently, this research was extended to investigate whether
neural MC3R regulate rhythms in metabolic processes in the periphery [83]. The over
arching hypothesis is that MC3R transmit signals of metabolic status of nutrient intake into
the systems governing the expression of rhythms anticipating nutrient intake. This
hypothesis was based on earlier studies indicating that lesions in the ventromedial
hypothalamic area (VMH), which exhibits dense MC3R expression [74], result in the loss of
food anticipatory activity in rats [84]. It is important to note that, since these studies started,
results from other laboratories suggest that the dorsomedial hypothalamus may have
functions related to the entrainment of anticipatory rhythms to food intake [85, 86]. More
recently, the results from other laboratories have led to a debate whether hypothalamic
neurons have any role in the expression of rhythms anticipating food intake [87, 88].

The results from our studies examining whether MC3R regulate inputs into systems
governing the entrainment of behavior to food presentation suggest functions that could be
considered as “non-homeostatic”. The ability to synchronize rhythms of increased vigilance
and food seeking behaviors that anticipate nutrient consumption require functional MC3R
[81]. However, our studies suggest a novel homeostatic function for MC3R in regulating
glucose and fatty acid metabolism during periods of nutrient scarcity [83]. This role may be
similar to that posulated by Stephen C. Woods, that the ability of the organism to anticipate
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nutrient intake is an important homeostatic function which facilitates “food tolerance”,
readying organisms nutrient-processing pathways for the ingestion of large meals [17].

4. THE LINK BETWEEN CIRCADIAN RHYTHMS AND ENERGY
HOMEOSTASIS

The basic premise for energy homeostasis is that the neural systems governing behavior and
metabolism respond to signals of nutrient intake and energy balance; this premise is intuitive
and based on simple thermodynamic laws (i.e., energy intake must equal energy expended).
However, as stated above balancing intake and expenditure is not the only component of the
energy homeostasis equation.

Most organisms, including primitive single celled bacteria to complex metazoans, exhibit an
ability to express a circadian rhythm. At a systems level, the ability of an organism to
develop internal models allowing for the prediction of cyclical changes in the environmental
milieu, such as the flux of nutrient-bearing waters into the tidal zone or the presentation of
nectar by flowering plants, would have clear selective advantages. The ability to predict
nutrient intake may also be an important homeostatic function, both in terms of competition
with other organism for limited resources and for maintaining metabolic homeostasis [17,
18].

In most vertebrate species, photoperiod serves as the dominant zeitgeber (“time giver”). The
initial investigation of how rhythms are maintained identified a master clock residing in the
suprachiasmatic nucleus of the hypothalamus (SCN) which senses signals of photoperiod via
the retinohypothalamic tract and, in the absence of daylight, is responsible for maintaining
the circadian rhythm [89]. However, the laboratory rodent exhibits an ability to entrain their
circadian rhythm to food presentation; an ability that is retained when the SCN is destroyed.
The existence of a second independent “food entrainable oscillator” (FEO) was suggested
soon after the discovery of the SCN [16].

Caloric intake and signals of metabolic state are important inputs into, and are regulated by,
the molecular clocks responsible for maintaining a rhythm [15, 90–93]. The finding that
some clock mutants still express food anticipatory behaviors has, however, cast some doubts
on the importance of the known clock in food entrainment [94]. However, inconsistencies in
the literature exist, with others showing that critical clock genes are needed for the
expression of food anticipatory rhythms [95]. The reason for the inability of various
laboratories to replicate the results of others is problematic, but is not new in the field of
behavioral research [96, 97]. What is clear is that the timing of food intake in relation to the
internal clock has a significant effect on metabolic homeostasis. Forced desynchronization
of rhythms in food intake and activity away from the normal 24 h rhythm entrained to
photoperiod results in a metabolic syndrome [11, 12].

The use of forward genetic screens and molecular biology led to the identification of genes
encoding transcription factors and repressors which are components of the clock.
Transcription factors include the members of retinoic orphan receptor family (ROR-alpha/
beta/gamma), the aryl hydrocarbon receptor nuclear translocator-like family (BMAL1/2),
circadian locomoter output cycles kaput (CLOCK). Members of Period gene family
(PER1/2/3) and Cryptochrome (CRY1/2) family, and members of the Reverb family
(NR1D1) have complex roles as both repressors of the transcription factors, and are also
regulate other outputs controlled by the clock (reviewed in [98, 99]). At the same time, it
became apparent that the molecular components of circadian clocks are essentially
ubiquitous, and possess functions beyond being simple time keepers. Clock genes possess
“housekeeping” functions, and regulate basic cellular processes in most cells, including for
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example the regulation of the cell cycle, regulation of gene transcription and the regulation
of glucose and fatty acid metabolism [15, 91, 100].

Many groups have attempted to locate the FEO, and some of the published data suggests
that hypothalamic (and perhaps extra-hypothalamic) structures outside of the SCN regulate
inputs into the FEO [85, 86, 101–103]. Calorie intake is the dominant zeitgeber for clocks
residing outside the SCN in the brain, and for clocks residing in the periphery [104]. Indeed,
it has been proposed that that the FEO does not reside in a single definable structure within
the brain, and that entrainment to feeding involves the response of clocks dispersed
throughout the central nervous system and periphery to autonomous signals of metabolic
state [88, 102, 105]. Cultured cells exhibit an ability to respond autonomously to nutrient
flux via sensors of redox state, suggesting a cell autonomous response to altered nutrient
flux [15]. Non-caloric signals may also be involved. In the whole animal, oscillators in the
periphery can entrain to modest fluctuations in body temperature [106].

5. MELANOCORTIN-3 RECEPTORS ARE INVOLVED IN THE EXPRESSION
OF RHYTHMS ANTICIPATING NUTRIENT INTAKE

The basic thesis investigated by our laboratory is that the hypothalamic melanocortin system
forms a nexus between systems governing energy balance and the expression of rhythms
anticipating food presentation. The data supporting this conclusion was discussed in our
earlier articles [81, 82]. Here, we extend the discussion to include recently published data
further integrating pathways linked to energy homeostasis and circadian function, and
include a discussion on our recently published data suggesting a role for MC3R in
maintaining normal rhythms in the expression of clock genes in the liver [83].

The expression of food anticipatory activity (FAA) in the C57BL/6J (B6) mouse can be
induced by a restricted feeding protocol (RF). In our laboratory, this has involved a 30–40%
reduction in the amount of calories presented as a single meal at 1300 h in mice housed in a
12 h light:dark setting (lights on 0600–1800). Male B6 mice subjected to the RF protocol
exhibit FAA after 2–3 days, and will continue to express the behavior for as long as the
protocol is maintained (Fig. 1A, B). We also measured FAA using a non-food seeking
behavior (sleep), with wild type (WT) and Mc3r−/− B6 mice sent to a collaborator Dr
Jidong Fang at the Department of Psychiatry, Pennsylvania State College of Medicine.
Within 3 days of RF, it is evident that WT mice exhibit an increase in wakefulness 2 h prior
to food presentation (Fig. 1C). The increased wakefulness anticipating food presentation is
not observed in Mc3r−/− mice (Fig. 1D). Mc3r−/− mice do exhibit the marked increase in
wakefulness in the hour after food presentation (Fig. 1C, D). This period coincides with
gorging, as we and others have observed that mice subject to protocols involving restricted
access to food will rapidly consume all of the food presented to them [107].

The food anticipatory phenotype of Mc3r−/− mice is not sensitive to genetic background,
and has been reproduced in three separate laboratories. The Mc3r−/− mice used for the
studies shown here were back crossed onto the B6 background. However, a similar
phenotype was observed in Dr Roger Cone’s laboratory when the mice were on the outbred
on the 129/Sv;B6 backgrounds. Moreover, in unpublished studies we have observed this
behavior in Mc3r deficient mice on a mixed FVB/NJ;B6 background.

The metabolic response of Mc3r−/− mice to restricted feeding was also of interest. Previous
studies of the insulin resistant phenotype of this model yielded unremarkable results, with a
modest hyperinsulinemia considered to be commensurate with the mild increase in fat mass
[75, 76, 79, 83]. It has been suggested that Mc3r−/− mice fed a high fat diet are a model of
obesity without, or at worst very mild, increase in insulin resistance relative to controls [79,
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80, 108]. A delay in the onset of inflammation associated with the obese state may
contribute to this mild phenotype [80, 108]. However, the significance of this observation is
unclear, as MC3R expressed in the immune system are generally considered to be pro-
inflammatory [109]. Moreover, with prolonged exposure to high fat diets indicators of the
inflammatory state are similar in Mc3r−/− and Mc4r−/− mice of comparable adiposity
[108].

We also assessed the activity of clocks in the forebrain and liver using the expression of
clock genes as readouts of oscillator activity. For studies examining the response of Mc3r−/
− mice to restricted feeding, we collected samples at 6 h intervals. The mice were not fed on
the last day allowing for an analysis of clock-driven processes (as opposed to the gene
regulation by nutrients). We observed that while Mc3r−/− mice fed ad libitum exhibited
relatively normal insulin and serum glucose levels, restricted feeding in Mc3r−/− mice
induces a diabetic-like condition. Despite weight loss due to reduced calories intake, Mc3r−/
− mice subjected to the restricted feeding protocol exhibit hyperglycemia and
hyperinsulinemia (Fig. 2A, B), and are glucose intolerant (Fig. 2C). The response of mice
where obesity is induced by impaired MC4R signaling (Mc4r−/−, Ay/a) is that predicted for
weight loss, with an improvement in glucose tolerance (Fig. 2C and unpublished data).

Inspection of the serum glucose and insulin data in the restricted feeding group shown in
Fig. 2A and 2B suggest the involvement of a circadian mechanism. Mc3r−/− mice were
hypoinsulinemic at ZT0 (6 AM, the onset of the lights-on period); at ZT6, 12 and 18 they
were hyperinsulinemic. The fasting hyperglycemia observed at ZT0 in Mc3r−/− mice
suggests that the β–cells are not producing sufficient insulin; the hyperinsulinemia observed
at later time points is sufficient to reduce serum glucose to normal levels. This suggests that
the combination of hyperglycemia and hypoinsulinemia at ZT0 is not a result of β–cell
failure. This data can be interpreted as suggesting desensitization of β–cells to high glucose,
inhibition of insulin release via autonomic inputs, or a programmed absence of insulin
output at this period owing to clock activity in the β–cell being “out of phase” with the
timing of food intake. Using a sensitive technique combining PCR with Southern blotting,
Gantz and colleagues observed that the Mc3r transcript might be expressed in the pancreas
[110]. However, little is known about whether melanocortins have direct actions on β–cells
in the pancreas. Therefore, it is not possible to state at this time whether the phenotype is
due to altered melanocortin signaling in the pancreas, or indicates altered autonomic control
of β–cell function by MC3R expressed in the central nervous system.

While the mechanisms are unclear, it is nevertheless apparent that the inability of Mc3r−/−
mice to develop an anticipatory response to food presentation has a metabolic consequence
which be interpreted as a form of “food intolerance” [17]. An analysis of the response of
liver genes involved in metabolic processes related to digestion and nutrient processing
provides further evidence of metabolic distress. These studies used a high carbohydrate meal
(Research Diets 12450B); an assessment of the expression of lipogenic enzymes and serum
triglyceride levels indicates that Mc3r−/− mice are converting glucose into fatty acids, with
an increase in serum ketones indicating oxidation. This suggests a “futile cycle” of sorts,
with the mice using energy to convert glucose to fatty acid for oxidation despite being in a
situation where the amount of energy available is limited. These data also suggests that the
insulin resistance observed in Mc3r−/− mice is restricted to certain tissues. The stimulation
of the expression of lipogenic enzymes, and the suppression of gluconeogenic genes, is
preserved in the liver of Mc3r−/− mice. The glucose intolerance and hyperinsulinemia
observed in Mc3r−/− mice subject to the restricted feeding protocol is therefore probably
due to insulin resistance in skeletal muscle.
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The rhythms in the expression of clock genes in the liver which are known to regulate
gluconeogenic and lipogenic enzymes [111, 112] was also shown to be abnormal (Fig. 3A-
C). The amplitude in the rhythms in the expression of Bmal1 and Reverba was reduced in
Mc3r−/− mice, particularly during restricted feeding (Fig. 2A, B). Not all oscillators were
altered, however, as rhythms in the expression of Per2 were still observed (Fig. 2C).
Importantly, we observed that central infusion of AgRP, which inhibits activity of the
MC3R and MC4R, also reduced rhythmicity in the expression of Bmal1 and Reverba (Fig.
3D, E). Signaling through MC3R thus appears to be required for the normal regulation of the
clock in the liver, particularly during restricted feeding. Whether this regulation is direct via
autonomic innervation of the liver [113], or is an indirect consequence from changes in the
metabolic state of hepatocytes owing to external signals, is not clear at this time.

6. DO MELANOCORTIN-3 RECEPTORS REGULATE INPUTS INTO “FOOD
ENTRAINABLE OSCILLATORS”?

The published data from our investigation of the role of MC3R in entrainment to nutrient
intake in our laboratory used mice housed in the 12 h light:dark setting. Such studies provide
information about the expression of anticipatory behavior, but do not provide an indication
of the importance of this receptor in the expression of circadian rhythms per se. Determining
whether MC3R regulate inputs into clocks capable of governing an actual circadian rhythm
requires assessing the activity of mice housed in constant dark. In this setting, rhythms are
maintained by the activity of the master clock residing in the SCN.

To begin to assess whether MC3R have a role in the expression of circadian rhythms, we
completed a pilot study examining food entrainment using Mc3r−/− and control mice
housed in constant dark (Fig. 4). This study involved older mice (around 9 months, n=18–
20/group) which were allowed to free-run in constant dark for two weeks before being
subjected to the restricted feeding protocol for a further two weeks.

Analysis of activity of WT mice after 2 wk of restricted feeding during the subjective day
indicated a peak in wheel running activity anticipating the presentation of food at 1300h,
with inhibition of wheel running following food presentation (Fig. 4A). When the averaged
activity of all the Mc3r−/− mice used in study was assessed, a subtle difference was
observed in the distribution of activity around meal time (Fig. 4A, B). Significant
differences in activity where observed during blocks of time well outside the timing of food
presentation. When the activity of individual animals was inspected, it was evident that this
difference was due to restricted feeding having no effect on the free-running activity of half
of the Mc3r−/− mice (Fig. 4C-E). These results are preliminary, and future studies using
younger animals and a more prolonged period of restricted feeding (up to 4–6 wk) are
warranted.

Overall, our analysis of wheel activity in Mc3r−/− mice housed in constant dark suggests
that the master clock in the SCN is functional. MC3R are proposed to regulate inputs into a
system which can over ride outputs from the SCN, and which is capable of operating an
independent circadian rhythm. The location of this clock is not known. However, our
assessment of clock activity by measuring the expression of clock genes in the brain (Fig.
5A) and liver (Fig. 5B) suggest the MC3R may regulate the synchronization of clocks
throughout the body. On the other hand, it may be that the desynchronization of food intake
from the circadian rhythm in Mc3r−/− mice housed in constant dark is producing a
metabolic condition (e.g, glucose intolerance, dyslipidemia) which is interfering with the
normal activity of clocks.
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6. FUTURE DIRECTIONS
In the time since the cloning of the melanocortin receptors and the establishment of the link
between the melanocortin system and energy homeostasis, comparatively little attention has
been given to the role of MC3Rs expressed in the brain. The results from the studies
discussed here are the first to suggest that MC3R have a critical role in the regulation of
homeostatic processes. The metabolic phenotype of Mc3r−/− mice during restricted feeding
is particularly intriguing, indicating an inability to efficiently used glucose and the diversion
of carbohydrates into lipogenic pathways. Signaling through MC3R during the transition
between fasted and fed state thus appears to be important, if not essential, for the efficient
utilization of glucose. Why this is not observed in the well-fed conditions is unclear.
However, it raises the question about whether loss of MC3R function in the obese state
could contribute to the Metabolic Syndrome. Indeed, we have observed that improvements
in insulin sensitivity associated with the treatment of obese mice using potent melanocortin
analogs is not dependent on functional MC4R [69]. That treatment of Mc4r−/− mice with
potent melanocortin analogs improves glucose homeostasis raises the possibility that
MC3Rs are a potential target for treating disorders of metabolism.

Whether and where MC3R in the brain regulate inputs into food entrainable oscillators
governing the expression of circadian rhythms requires further investigation. However, the
data shown in Fig. 4 and 5 are important for suggesting that MC3R regulate inputs into
systems responsible for expression of a circadian rhythm in the absence of light. Future
studies will identify specific neuronal pathways involved in the regulation of food
entrainment and the regulation of glucose homeostasis by MC3R.
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Figure 1.
MC3R are required for food anticipatory activity. (A) Actograms of averaged wheel running
for WT and Mc3r−/− mice. The lights-on and dark period are indicated by the white and
black rectangles; the period of food access is indicated by the grey shading. (B) Wheel
running data showing activity of ad libitum fed mice, and during restricted feeding (RF;
60% of normal calories provided at 1300 h / ZT7). In both panels, it is clear that the
expression of anticipatory activity is severely attenuated in Mc3r−/− mice. (C, D) Increased
wakefulness anticipating food presentation is not observed in Mc3r−/− mice. 24h patterns of
wakefulness are shown for WT (C, n=9) and Mc3r−/− (D, n=6) mice during ad libitum (AL,
solid circles in both panels) or after 3d of restricted feeding (open circles). RF was
associated with increased wakefulness in WT mice in the 2h 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 1h after food presentation. * p<0.05
AL vs. RF. [Adapted from Sutton et al. J. Neuroscience copyright 2008 with permission
from The Society for Neuroscience]
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Figure 2.
Mc3r−/− mice develop insulin resistance when subjected to the restricted feeding protocol.
(A, B) Serum glucose (A) and insulin (B) levels in WT and Mc3r−/− mice are similar with
ad libitum feeding (left panel). However Mc3r−/− mice exhibit abnormal glucose levels and
altered insulinemia when subjected to restricted feeding (right panel). The altered insulin
observed in Mc3r−/− mice exhibits a circadian pattern; hypoinsulinemia is observed at ZT0,
while hyperinsulinemia is observed at ZT6 and ZT12. (C) Mc3r−/− mice are glucose
intolerant compared to Mc4r−/− and WT mice; all groups were subjected to the restricted
feeding for 2 weeks. * p<0.05 vs. WT within ZT [Adapted from Sutton et al. FASEB J.
copyright 2010 with permission from the Federation of American Societies for Experimental
Biology]
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Figure 3.
Mc3r signaling is required for normal liver clock activity during RF. (A–C) Double-plotted
expression pattern of Bmal1 (A), Reverbα (B), and Per2 (C) in liver of WT and Mc3r−/−
mice fed ad libitum or subjected to restricted feeding (RF, indicated by the grey bar). (D,E)
Double-plotted expression pattern of Bmal1 (D) and Rev-erbα (E) in liver of mice treated
i.c.v. with AgRP82–131 or acsf pair-fed a nonlimiting amount of food (4.5 g) at ZT12 (6:00
PM, onset of lights off; left panels) or subjected to RF (right panels). *p< 0.05 vs.
corresponding WT. AU, arbitrary units. [Adapted from Sutton et al. FASEB J. copyright
2010 with permission from the Federation of American Societies for Experimental Biology]
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Figure 4.
Preliminary results from an investigation of circadian rhythms in activity of WT and Mc3r−/
− mice subject to RF in constant dark. (A) Averaged wheel running data for WT and Mc3r
−/− mice as 30 min. bins. Each bin being the averaged of 3 d of activity after 2 wk of RF.
ZT0 is the time of food presentation (1300 h). (B) Analysis of activity data separated into
periods between and during meals. For this analysis, we separated this period into FAA
(ZT-2 to ZT0 - the two hours prior to food presentation), the first and second hour after food
presentation (most food is consumed in the first hour [81, 107]), and the period of post meal
activity (ZT4 to ZT8). ZT+10 to ZT-6 is the 8 h period between meals when WT showed
minimal activity. As predicted, WT subject to RF exhibited a period of increased activity of
about 12 h (ZT-4 to ZT+8) centered around food presentation. As a group, Mc3r−/− mice
appeared to exhibit FAA, with no significant difference from controls. However, activity
between meals and in the first hour after food presentation was markedly different: they
exhibited more activity the hour following food presentation (*, p<0.05), and were less
active after the meal (**, p<0.01). (C-E) Analysis of individual mice indicated that the
differences in activity shown in panel B were due to half of the Mc3r−/− mice not
entraining to food presentation. Representative actograms showing activity of individual
mice during the ad libitum free running period and subsequent RF are shown for a WT
mouse (C), and for two Mc3r−/− mice which did not entrain to RF (D, E). Collectively, the
analysis of wheel running data obtained in constant dark indicate that approximately half of
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the Mc3r−/− mice were not able to entrain their rhythm to nutrient intake after 2 wk of
restricted feeding.
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Figure 5.
Arrythmic circadian rhythms of clock gene expression in the brain and liver of Mc3r−/−
mice housed in constant dark. Tissues were collected from WT and Mc3r−/− mice at 6h
intervals (0600, 1200, 1800 and 2400 h) 4 days after a phase delay in food presentation, and
the expression patterns of clock genes assessed in the brain (A) and liver (B) using published
methods [81, 83]. The mice were not fed on the day of tissue collection.
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