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Unravelling the mysterious roles of melanocortin-3 receptors
in metabolic homeostasis and obesity using mouse genetics
C Girardet1, K Begriche1, A Ptitsyn2, RA Koza2 and AA Butler1

The central nervous melanocortin system maintains body mass and adiposity within a ‘healthy’ range by regulating satiety
and metabolic homeostasis. Neural melanocortin-4 receptors (MC4R) modulate satiety signals and regulate autonomic outputs
governing glucose and lipid metabolism in the periphery. The functions of melanocortin-3 receptors (MC3R) have been less
well defined. We have observed that food anticipatory activity (FAA) is attenuated in Mc3r�/� mice housed in light:dark or
constant dark conditions. Mc3r�/� mice subjected to the restricted feeding protocol that was used to induce FAA also
developed insulin resistance, dyslipidaemia, impaired glucose tolerance and evidence of a cellular stress response in the liver.
MC3Rs may thus function as modulators of oscillator systems that govern circadian rhythms, integrating signals from nutrient
sensors to facilitate synchronizing peak foraging behaviour and metabolic efficiency with nutrient availability. To dissect the
functions of MC3Rs expressed in hypothalamic and extra-hypothalamic structures, we inserted a ‘lox-stop-lox’ (TB) sequence
into the Mc3r gene. Mc3rTB/TB mice recapitulate the phenotype reported for Mc3r�/� mice: increased adiposity, accelerated
diet-induced obesity and attenuated FAA. The ventromedial hypothalamus exhibits high levels of Mc3r expression; however,
restoring the expression of the LoxTB Mc3r allele in this nucleus did not restore FAA. However, a surprising outcome came
from studies using Nestin-Cre to restore the expression of the LoxTB Mc3r allele in the nervous system. These data suggest that
‘non-neural’ MC3Rs have a role in the defence of body weight. Future studies examining the homeostatic functions of MC3Rs
should therefore consider actions outside the central nervous system.
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The central nervous melanocortin system forms a neural ‘nutrient-
sensing’ network, connecting signals of metabolic state with
centres of the brain that regulate ingestive behaviours and
metabolic homeostasis.1 Genetic screens using morbidly obese
individuals identified carriers with mutations in the melanocortin
system, indicating that studying the melanocortin system has
clinical relevance.2 Nonsense mutations in the Proopiomelanocortin
(POMC) gene 3 or the melanocortin-4 receptor (MC4R) gene are
associated with hyperphagia and obesity.4,5 MC3R mutations have
also been suggested to be a predisposing factor for excessive
weight gain,6 although the association between MC3R mutations
and obesity is less clear when compared with MC4R mutations.

Data obtained from human genetics and animal models
suggested that further study of the central nervous melanocortin
system, and particularly MC4Rs, could lead to new therapies
against obesity.7 Although this outcome has yet to be realized, the
information gathered from investigating this system significantly
advanced the understanding of neural systems governing satiety
and metabolic homeostasis. The distribution of Mc3r mRNA
expression in the hypothalamic and limbic regions of the brain
also suggests functions related to the control of metabolic
homeostasis and control of complex behaviours related to
feeding.8--10 MC3Rs are presumed to be regulated in parallel with
MC4Rs in response to signals of metabolic state, and the actions of
both are related to the control of adiposity.11,12 However,
although the initial studies using knockout mice indicated a role

for MC3Rs in energy homeostasis, they yielded few insights into
the exact functions related to maintaining adiposity and energy
balance.11,12 The purpose of this review is to discuss recent data
published by our laboratory and others that have provided some
insights into the potential roles of this receptor in metabolic
homeostasis.13--18

OVERVIEW OF THE CENTRAL NERVOUS MELANOCORTIN
SYSTEM
The central nervous melanocortin system comprises neurons
expressing the endogenous ligands and the receptors known to
be expressed in the brain (MC3R and MC4R).19 POMC neurons are
found in the arcuate nucleus of the hypothalamus (ARC), with a
smaller population in nucleus tractus solitarius (NTS) in the
hindbrain. Post-translational processing of POMC produces several
neuropeptides including the melanocyte-stimulating hormones
(a-, b- and g1�3 MSH). POMC neurons are thought to release MSH
in response to signals that inhibit food intake, such as for example
5HT2CR agonists20--22 or leptin.23--26 Activation of POMC neurons
restricts weight gain during periods of energy sufficiency
by controlling food intake, although these neurons may also be
important in maintaining metabolic homeostasis via control of
autonomic and pituitary functions. Central administration of
a-MSH reduces food intake and may also increase energy
expenditure, resulting in weight loss. b- and g-MSH have similar
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effects on food intake when administered intracerebroventricu-
larly, although they are less potent when compared with a-MSH.27

There are also important differences in the pharmacology of the
three peptides with respect to melanocortin receptor activation.
a-MSH functions as an MC3R and MC4R agonist, stimulating the
accumulation of cAMP through Gs.

28 b-MSH, although showing
species specificity in its presence, is also an agonist for both
receptors. In contrast, g-MSH differs in that it exhibits modest
selectivity for MC3Rs.8,28 However, g-MSH is still a functional MC4R
agonist; the behavioural responses observed to pharmacological
doses of this peptide likely involve the activation of both MC3R
and MC4R.

Another group of neurons in the ARC express agouti-related
peptide (AgRP), which has inverse agonist and antagonist
functions for the MC3R and MC4R.19 AgRP neurons also coexpress
the potent orexigen NPY,29 and are generally considered to have
opposing functions to POMC neurons. The activity of AgRP
neurons is essential for feeding behaviour, as ablation of these
neurons in adult mice results in death from anorexia.30,31 AgRP
neurons are inhibited by signals that reduce food intake, such as
activation of 5HT1BR by serotonin21 or leptin.32 On the other hand,
the orexigen ghrelin increases food intake through the stimulation
of AgRP neurons.33,34 Central administration of AgRP increases
weight gain, stimulates appetite and may also reduce energy
expenditure.

The orexigenic activity of AgRP neurons is generally thought to
be increased by nutrient scarcity.29,35--37 These neurons may thus
function to mediate an adaptive response, increasing the
motivation to seek food and attenuating satiety signals to allow
consumption of large meals. Outputs from these neurons may also
regulate metabolic adaptation, reducing energy expenditure and
promoting deposition of ingested energy into fat reserves.38--40 In
‘normal’ physiological conditions where activation of these
neurons occurs, weight gain would not be expected. However,
the attenuated response of AgRP (and POMC) neurons to normal
regulatory inputs in the obese state41 could contribute to the
metabolic syndrome associated with weight gain. On the other
hand, AgRP neurons may have functions related to maintaining
homeostasis in fed conditions. Insulin receptors expressed by
AgRP neurons have an important role in the suppression of
hepatic glucose output by insulin.42,43

POMC and AgRP neurons are heterogeneous populations (for
example, the expression of insulin and leptin receptors is not
universal44) that integrate signals from nutrient-sensing systems
in the periphery with outputs governing ingestive behaviours
and peripheral metabolic activity.1 The two populations of
‘primary’ or first-order neurons in the melanocortin system
respond to endocrine signals (‘inputs’) from nutrient-sensing
systems in the gut and adipose tissues. The main ‘outputs’ that
are known to be regulated by these primary neurons include
brain regions that regulate complex ingestive behaviours,
including the mesolimbic dopaminergic system. They influence
metabolism via links with preganglionic autonomic neurons
coupled to the sympathetic and parasympathetic nervous
system, and hypophysiotropic neurons that send projections to
the pituitary to control thyroid function. It is not the intent of this
review to provide a comprehensive description of POMC and
AgRP neurons; the reader is directed to several recent review
articles for a comprehensive overview of their neuroanatomy,
role and regulation.45,46

The actions of melanocortin ligands released in the central
nervous system are mediated by two melanocortin receptors
(MC3R, MC4R) that belong to a family of five rhodopsin-like seven
transmembrane domain G-protein-coupled receptors (GPCR). In
heterologous cell-based assays, the application of a- or g-MSH
stimulates cAMP accumulation by increasing adenylyl cyclase
activity via coupling to Gs.

47 The analysis of receptor activity using
cell-based assays suggests that MC3Rs also use other signalling

pathways, including b-arrestins, the phosphoinotisol-3 kinase
pathway, extracellular signalling-regulated kinase (ERK) and
mobilizing intracellular calcium stores.9 We have observed
increased ERK phosphorylation in a heterologous cell-based assay,
and observed an increase in the number of neurons staining for
phosphorylated ERK in the dorsomedial hypothalamus of mice
treated intracerebroventricularly with g-MSH.13

AgRP was initially proposed to function as an antagonist/inverse
agonist at the MC3R and MC4R.35,36 Recent observations suggest
that a-MSH and AgRP function as biased agonists for these
receptors. Both AgRP and a-MSH stimulate b-arrestin recruitment
and receptor internalization; however, although a-MSH stimulates
coupling with the stimulatory subunit (Gs), AgRP stimulates
coupling with the inhibitory subunit of the heterotrimeric
G-protein complex (Gi/o).48 In addition, recent data have suggested
the possibility that the MC3R and MC4R form heterodimers with
other GPCRs. For example, MC3R may form heterodimers with the
ghrelin receptor (GHSR).49 These findings add complexity to
the pharmacology of the system, and also suggest additional points
of interaction between melanocortins and other ligand--receptor
couplings with roles in metabolic homeostasis.

Targeted deletion of the mouse Mc4r gene and loss-of-function
mutations in the human MC4R gene are associated with severe
obesity that primarily results from hyperphagia, although reduced
energy expenditure and nutrient partitioning favouring fat storage
may contribute to the phenotype.38,50--54 The LoxTB Mc4r model,
where transcription is blocked by insertion of a ‘lox-stop-lox’
sequence, has been very useful for investigating the functions of
the central nervous melanocortin system. Reactivation of the
LoxTB Mc4r allele in the brain is sufficient to restore a normal
phenotype.55 Although not excluding a role for MC4Rs expressed
in non-neural tissues, a large body of literature exists suggesting a
mechanism for the regulation of metabolic activity in the
periphery. MC4Rs expressed by preganglionic autonomic neurons
have an important role in regulating glucose homeostasis,56--59

although earlier studies indicated that functional MC4Rs are
necessary for the stimulation of the autonomic nervous system
and energy expenditure by melanocortins.11,53,60,61 MC4Rs also
appear to be the dominant receptor involved in the stimulation of
thyroid-stimulating hormone synthesis in the paraventricular
nucleus by a-MSH.62

A ROLE FOR MELANOCORTIN-3 RECEPTORS IN THE DEFENCE
OF BODY WEIGHT AND REGULATION OF ‘NUTRIENT PARTI-
TIONING’
The use of mouse genetics has also had an important role in
experiments investigating the functions of melanocortin-3 receptors
(MC3Rs). Mc3r�/� mice fed standard rodent chow exhibited very
modest differences in body weight; there was an increase in
adiposity due to reduced lean mass and increased fat mass.11,12

Mc3r�/� mice also exhibit an accelerated diet-induced obese
phenotype when fed high-fat diets.12,50,51,63--65 One study
reported evidence of a mild hyperphagia in Mc3r�/� mice fed a
high-fat diet;51 however, the general consensus is that obesity
results from abnormal metabolism and/or reduced physical
activity. Reduced fat oxidation may also contribute to the nutrient
partitioning phenotype.50,51 However, MC3Rs in normal conditions
do not appear to be required for glucose homeostasis. In chow-
fed conditions, Mc3r�/� mice exhibit a very mild metabolic
disorder when compared with the severe insulin-resistant
phenotype observed in Mc4r�/� mice (for example, fasting
hyperinsulinaemia, impaired glucose tolerance, hepatomegaly,
severe hepatic steatosis and dyslipidaemia).11,12,16,18,50,53,64--67 On
the other hand, a therapeutic role for melanocortin receptors
other than MC4Rs in improving insulin sensitivity may be possible,
as treatment of obese Mc4r�/� mice with melanocortin
analogues significantly improves fasting hyperinsulinaemia.18
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As discussed above, the potential mechanisms that link neural
MC3Rs with metabolic pathways in the periphery are unclear. The
experimental evidence available supports a role for MC4R in the
brain in controlling autonomic outputs involved in metabolic
homeostasis. MC3Rs also cannot compensate for the loss of
MC4Rs, and activation of MC3Rs by centrally administered
melanocortin analogues in mice lacking MC4Rs does not result
in altered autonomic nervous activity.59,60,63

MELANOCORTIN-3 RECEPTORS AS MODULATORS OF THE
ANTICIPATORY RESPONSE TO NUTRIENTS
Our interest in food anticipatory activity (FAA) stemmed from
unpublished observations obtained while one of the authors
(Butler) was a post-doctoral fellow in the laboratory of Dr Roger
Cone at the Vollum Institute in Portland, OR. The Mc3r�/� strain
had recently been generated and the initial characterization of the
obesity phenotype published by Cone’s laboratory11 coincided
with a report from the Merck Research Laboratories in Rahway, NJ
in which essentially the same phenotype was observed.12 The mild
obesity phenotype compared with Mc4r�/� mice11,12,53 and the
retention of acute feeding response to melanocortin agonists led
us to explore alternative hypotheses for MC3R function. Work
dating back to the 1970s by Dr Friedrich Stephan at Florida State
University in Tallahassee, FL suggested that circadian rhythms are
influenced by photic and caloric cues, and that the response to
caloric cues was not dependant on the ‘master clock’ found to
reside in the suprachiasmatic nucleus of the hypothalamus.68

Mechanisms for timing FAA have been proposed to exist that
would ‘optimize foraging and metabolic efficiency’ with nutrient
availability,69 in effect synchronizing peaks in capacity for foraging
and the metabolic processing of nutrients with the time when
food resources are available. Around this time, Dr Mary Dallman
had speculated that the ventromedial hypothalamus (VMH) might
contain a ‘food entrainable oscillator’ (FEO).70 As the VMH is one of
the few areas in the brain exhibiting very high levels of Mc3r
expression (8), we examined whether Mc3r�/� mice would
express FAA, a readout used frequently to investigate entrainment
to food presentation.69

FAA is a progressive increase in locomotor activity before the
presentation of food in a restricted feeding (RF) regime. Our RF
regime involved feeding mice a reduced amount of energy (70%
of normal intake), with food presented every 24 hours at some
time in the lights-on period [typically 1300 h in mice housed in a
12-hour light--dark cycle, with lights on from 0600 to 1800 h).
Using Mc3r�/� and wild-type littermate controls on a mixed
129;B6 background housed in wheel cages, we observed
attenuated FAA in Mc3r�/� mice. Although the outcomes of this
experiment were not published, they were later replicated by
experiments using the same Mc3r�/� mice backcrossed onto the
C57BL/6J background. These mice also exhibit attenuated FAA
when subjected to RF in a light--dark and constant dark
settings.13,14,17 Mc3r�/� mice also lost more weight when food
access was limited to a 4-hour interval in the lights-on period,
primarily because of reduced food intake.13 The studies using
mice housed in light--dark and constant dark settings also found
that the activity of the circadian oscillators that govern the
expression of circadian rhythms was compromised in the cortex of
Mc3r�/� mice during RF.14,16,17 We also observed shortened
period length (t) and reduced rhythm amplitude, suggesting a
weakened rhythm, in free-running Mc3r�/� mice housed in
constant dark (Figures 1a--c). Moreover, actions involving MC3Rs
may also affect the sensitivity of the circadian clock to light cues,
as loss of Mc3r results in a faster resynchronization to a new light--
dark cycle following a 5-h phase advance.17 However, this
hypothesis requires further investigation, as the shortened t
observed in Mc3r�/� mice (Figures 1a--c) could also affect the
response to a phase advance in the light--dark cycle.

Collectively, these data suggest that Mc3r�/� mice are a form
of circadian mutant with an attenuated response of the oscillators
governing circadian rhythms to caloric cues and exaggerated
dependency on light cues. MC3Rs may thus act as central
modulators of the circadian rhythm, ‘reinforcing’ rhythms in
response to signals from nutrient sensors during normal condi-
tions and having a more pronounced role in situations of nutrient
scarcity where entrainment to nutrient availability would have a
selective advantage (Figure 1d).

To investigate whether MC3Rs expressed in the VMH are
involved in regulating the anticipatory response, we used a
genetic approach allowing selective restoration of Mc3r expre-
ssion. The approach was the same used for developing the LoxTB
Mc4r mouse.55 A ‘lox-stop-lox’ sequence was inserted into the
50 untranslated region of the MC3R gene using C57BL/6J
embryonic stem cells. Homozygous carriers of the ‘blocked’ allele
(Mc3rTB/TB) exhibit undetectable levels of Mc3r expression in the
brain and have the same obesity phenotype previously reported for
Mc3r�/� mice: increased fat mass, reduced lean mass and
accelerated diet-induced obesity.15 VMH Mc3r expression was
rescued using the steroidogenic factor-1 (SF-1) Cre mouse used by
several laboratories to target this nucleus. Both Sf1-Cre; Mc3rTB/TB

and Mc3rTB/TB mice exhibited attenuated FAA, indicating that the
VMH MC3Rs are not sufficient to restore the expression of this
complex group of behaviours.15

In retrospect, this outcome is not that surprising, as data
published over the past 10 years indicate that the VMH does not
contain a ‘FEO’.71 Indeed, although some studies suggest that the
anticipatory response to feeding involves the dorsomedial
hypothalamus,71--75 it has been debated whether the FEO resides
in a single, definable structure.76 Clocks responding to caloric cues
have been observed in many organ systems, and are now thought
to be distributed throughout the body.77 It is therefore possible
that the expression of the anticipatory response is an emergent
feature involving the collective actions of a distributed system.
The LoxTB Mc3r model will allow us to determine whether the
expression of FAA can be restored by reactivating Mc3r expression
in a few areas of the central nervous system or whether it requires
the actions of a distributed network of neurons (and perhaps
other cell types) expressing this receptor.

When the experiments investigating FAA in Mc3r�/�mice were
performed in Dr Roger Cone’s laboratory, the physiological
significance and relevance of rhythms in behaviour and meta-
bolism to obesity were not clear. However, interest in the role of
circadian rhythms in metabolic homeostasis increased markedly
following the report that C57BL/6J mice that are homozygous
carriers of a mutation in the Clock gene that disrupts rhythms
exhibit an obese phenotype.78 The proteins that comprise the
core circadian oscillator are now known to regulate, and be
regulated by, transcription factors that regulate the expression of
genes involved in metabolic homeostasis.77,79 The importance of
rhythms in human health was also indicated by several clinical
studies showing that misalignment of circadian rhythms rapidly
led to a deterioration in metabolic homeostasis.80 The central
nervous melanocortin system has an important role in metabolic
homeostasis.1 In addition, Mc3r mRNA expression is observed in
hypothalamic regions known to be involved in metabolic home-
ostasis.8,9 We were therefore interested in determining the
metabolic response of Mc3r�/� mice to RF.

Our studies investigating FAA in the Mc3r�/� (and Mc3rTB/TB)
models use a purified low-fat, high-carbohydrate diet (Research
Diets 12450B; 10% kJ/fat, 20% kJ/protein and 70% kJ/carbohy-
drate). The rationale for using this diet is that it can be difficult for
mice to obtain sufficient energy when using rodent chows. On this
diet, Mc3r�/� mice can exhibit a mild form of hyperinsulinism
that is commensurate with a modest increase in fat mass;
however, the metabolic phenotype in general is mild.50 We have
also observed normal glucose tolerance in Mc3r�/� mice fed
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low-fat or chow diets (unpublished data).50 Indeed, the control
group for the study examining the metabolic response to RF
exhibited normal insulin and blood glucose levels throughout
most of the day.16 However, Mc3r�/� mice subjected to RF
rapidly develop hyperinsulinaemia, hyperglycaemia, impaired
glucose tolerance and dyslipidaemia. We proposed that
Mc3r�/� mice subjected to RF were developing a ‘mixed
insulin-resistant’ phenotype, as the liver appeared to be exhibiting
a normal response to elevated insulin. Compared with wild-type
controls, the liver of Mc3r�/�mice exhibited increased expression
of enzymes involved in lipogenesis and triglyceride synthesis and
suppression of gluconeogenic enzymes. Microarray analysis of
liver gene expression using the same protocol previously reported
by our laboratory81 produced a similar outcome (Figure 2a). The
microarray data also suggested the upregulation of a cellular
stress response in the liver of Mc3r�/� mice, with increased
expression of genes involved in autophagy (Figures 2b and c), and
in genes expressing heat-shock proteins and ubiquitination (our
unpublished observations). The combination of hyperinsulinaemia
and increased expression of genes involved in autophagy is
unique. Insulin is generally considered to inhibit autophagy,
although autophagy has been suggested to regulate the release
of fatty acids from lipids stores in hepatocytes.82 These differences
were not observed in previous studies using microarray for the
analysis of gene expression in the liver of Mc3r�/� mice in ad
libitum-fed conditions (our unpublished data). Although further
research is required to investigate these responses at the protein
level, these observations nevertheless suggest that Mc3r�/� mice
are not able to maintain metabolic homeostasis when fed during
the daytime, resulting in the development of a diabetic phenotype
and metabolic stress.

Another recent observation that is worthy of mention here is
the finding of abnormal metabolic adaptation of Mc3r�/� mice to
fasting.83 Renquist et al. found that fasted Mc3r�/� mice do not
exhibit increased lipolysis and also exhibit reduced activation of
the hypothalamo--pituitary--adrenal axis. The increase in the
expression of orexigenic neuropeptides in the hypothalamus is
also attenuated (including AgRP). These findings are relevant to
our studies, as RF involves periodic bouts of fasting for at least
twenty hours. Indeed, we have also observed reduced food intake
of Mc3r�/� mice when food access is restricted using a
mechanical barrier to 4-h periods in the middle of the light
cycle.13 It would be interesting to investigate whether increased
AgRP expression in the ARC occurs in anticipation of food access
during RF. Indeed, several groups have reported a role for ghrelin
in the expression of FAA,84--87 whereas the release of AgRP and
NPY from these neurons is critical for the orexigenic response to
this gut hormone.33

One criticism of the FAA phenotype observed in Mc3r�/� mice
is whether it is secondary to the metabolic consequence of
obesity. However, the Mc3r�/� mice fed the low-fat diet ad
libitum exhibited very subtle differences in adiposity and minor
differences in indicators of glucose homeostasis.16,17 Moreover,
although the SF1-Cre transgene improved metabolic homeostasis,
it did not improve FAA.15 What was also remarkable about the
metabolic phenotype of the Mc3r�/� mice used in our studies
was that severe metabolic disturbances develop after the mice are
subjected to RF. Weight loss associated with RF actually improved
the metabolic phenotype of the lethal yellow Ay/a strain, which
develops obesity and severe glucose intolerance owing to
ubiquitous expression of the agouti protein, an MC1R and MC4R
antagonist.16 To the best of our knowledge, Mc3r�/� mice are
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thus unique in showing evidence of increased lipogenesis,
hyperinsulinaemia and impaired glucose tolerance in situations
of negative energy balance. Our findings may therefore suggest a
specific deficit in the ability of Mc3r�/� mice to adapt
metabolically to daytime feeding.

Another critique stems from the observation of FAA in Mc3r�/�
mice crossed onto the leptin-deficient Lepob/Lepob background.
Lepob/LepobMc3r�/� mice exhibit an exaggerated FAA when
compared with Lepob/Lepob mice.88 However, the hypothalamic
neural circuitry involved in maintaining homeostasis fails to
develop normally in Lepob/Lepob mice. A postnatal surge in serum
leptin levels has a trophic effect on the development of
projections from the arcuate nucleus to other hypothalamic (and
perhaps extra-hypothalamic) nuclei, with the absence of the surge
in Lepob/Lepob mice leading to marked abnormalities in the
development of projections from the arcuate nucleus.89 When this
point is taken into consideration, along with the severe
neuroendocrinological deficits in Lepob/Lepob mice (for example,

hypogonadotropic hypogonadism, severe hypercorticosteronaemia),
the interpretation of the use of this model to study the neural
circuitry involved in mediating the anticipatory responses to RF is
questionable.

RESTORING THE LOXTB MC3R ALLELE IN THE NERVOUS
SYSTEM DOES NOT RESCUE OBESITY---ARE WE LOOKING IN
THE RIGHT PLACES?
When investigating the role of melanocortins in metabolic homeo-
stasis and obesity, melanocortin receptors expressed in the brain
have received most if not all of the attention. Indeed, reactivation of
the LoxTB Mc4r allele either globally by deleting the lox-stop-lox
sequence from the germ line or the nervous system of LoxTB Mc4r
mouse using the Nestin-Cre transgene has a similar effect to
completely rescue the obesity phenotype.55 For the LoxTB Mc3r
mouse, germ-line reactivation rescued the obese phenotype.
However, restoring expression in the nervous system using the
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involved in autophagy, which are under the control of clock genes,94 is also amplified in Mc3r�/�mice subjected to RF. *Po0.05 vs wild type.
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Nestin-Cre transgene only partially rescued the obese phenotype in
chow-fed conditions and did not rescue the accelerated diet-
induced obese phenotype.15 The published results used female
mice; our unpublished data suggest a similar outcome in male
mice, whereas preliminary observations of male mice where the
Nestin-Cre transgene was used to restore the expression of the
LoxTB Mc3r allele in the nervous system suggest that FAA is
rescued. These intriguing results suggest a functional divergence
between neural and non-neural MC3Rs. MC3Rs expressed in the
brain may have an important role in the expression of food
anticipatory behaviours, whereas MC3Rs in non-neural tissues may
have an important role in metabolic homeostasis particularly in
situations where dietary fat intake is high.

Of course, another possibility is that the Nestin-Cre transgene
has failed to restore the expression of the LoxTB Mc3r allele in a
small subset of neurons and that the normal activity of this subset
of MC3R-expressing neurons is critical for homeostasis. Another
pitfall is the phenotype of the Nestin-Cre transgenic strain
reported by Galichet et al.90 Nestin-Cre mice exhibit mild
hypopituitarism with reductions in the levels of pituitary
hormones, including growth hormone, adrenocorticotrophic
hormone and thyroid-stimulating hormone. The authors proposed
that the phenotype results from compromised hypothalamic
development, as Cre-activity was not observed in the pituitary. We
and others have also reported an adiposity phenotype, with
reduced lean mass and increased fat mass.15,91,92 We are currently
determining whether restoring the expression of the LoxTB Mc3r
allele using another neural-selective Cre strain results in similar
outcomes.

CONCLUDING COMMENTS
The results from our investigations suggest that Mc3r�/�mice are
a form of circadian mutant exhibiting an attenuated response to
caloric cues. More recent studies using the LoxTB Mc3r mouse
suggest that signaling via receptors expressed in non-neural
tissues may be important for protecting against diet-induced
obesity. The LoxTB Mc3r model will be a valuable tool to identify
subpopulations of MC3R-expressing neurons (and perhaps non-
neural cell types) that modulate the anticipatory response to
nutrients and further explore the role of peripheral MC3Rs in
protecting against diet-induced obesity.
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