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Abstract
Hypothalamic POMC neurons regulate energy balance via interactions with brain melanocortin
receptors (MC-Rs). POMC neurons express the MC3-R which can function as an inhibitory
autoreceptor in vitro. We now demonstrate that central activation of MC3-R with icv infusion of the
specific MC3-R agonist, [D-Trp8]-γ-MSH, transiently suppresses hypothalamic Pomc expression
and stimulates food intake in rats. Conversely, we also show that icv infusion of a low dose of a
selective MC3-R antagonist causes a transient decrease in feeding and weight gain. These data
support a functional inhibitory role for the MC3-R on POMC neurons that leads to changes in food
intake.
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1. Introduction
1.1 The melanocortin system

The hypothalamic melanocortin system involving proopiomelanocortin (POMC), the central
melanocortin receptors MC3- and MC4-R and the endogenous melanocortin receptor
antagonist AGRP, plays a major role in regulating feeding behavior and energy balance.
POMC, a precursor protein synthesized in multiple tissues including the arcuate nucleus, is
post-translationally cleaved in a tissue-specific manner to yield the melanocortin neuropeptides
α-MSH, γ3-MSH, and β-MSH (7,13,32,33). α-MSH is an MC3/4-R agonist that inhibits feeding
and stimulates energy expenditure while γ3-MSH is a potent and somewhat selective MC3-R
agonist whose effects have yet to be fully characterized. In humans, POMC mutations that
result in deficiency of POMC and its cleavage products, cause a syndrome of early-onset
obesity, adrenal insufficiency, and red hair pigmentation (23). Mouse models with POMC
deficiency display a similar phenotype of obesity, absence of normal adrenal gland
development and function, and yellowish coat pigmentation (35). These mice experience
substantial weight loss when treated with α-MSH (35). Inactivation of the MC4-R in both mice
and humans also results in an obese phenotype, and additional rodent studies have demonstrated
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that the majority of the anorectic effects of α-MSH and its analogues are primarily mediated
by MC4-R (1,8,9,30). However, the manner in which the MC3-R modulates energy
homeostasis is not entirely clear.

1.2 The role of the melanocortin-3 receptor (MC3-R)
While mice deficient in MC4-R demonstrate an obesity syndrome characterized by
hyperphagia, hyperinsulinemia, as well as increased lean body mass and longitudinal growth,
MC3-R knockout mice are relatively hypophagic with increased feed efficiency. MC3-R null
mice exhibit reduced lean body mass and are only mildly hyperinsulinemic (8,16). MC3-R
deficient mice also have a higher respiratory quotient compared to wild type animals when
placed on a high fat diet suggesting that the MC3-R may affect fat oxidation (5). Moreover,
mice lacking both MC3 and MC4 receptors are significantly heavier than mice lacking only
MC4-R (8). In addition, MC4-R knockout mice are relatively protected from disease induced
cachexia while MC3-R deficient animals demonstrate enhanced susceptibility with
exacerbated weight loss (26,27,29). These data imply that MC3 and MC4-R possess distinct,
non-redundant functions in mediating energy balance.

Several rodent studies have demonstrated that the role of the MC3-R in regulating feeding is
complex and not straight forward. Feeding studies with MC3-R knockout mice have yielded
quite varied results that have included no difference in food consumption, modest hypophagia,
and even slight hyperphagia compared to wildtype animals (5,6,9). MC3-R signaling has also
been implicated in mediating some of the effects of leptin on feeding (36). Zhang et al showed
that the absence of MC3-R impairs the ability of leptin to reduce food intake and postulated
that MC3-R which is found on both AGRP/NPY and POMC neurons may have a role in setting
leptin response thresholds among these neuronal populations (36).

The finding that MC3-Rs are expressed in both AGRP and POMC neurons within the arcuate
has raised the possibility that one role of MC3-R is to mediate crosstalk between POMC and
AGRP neurons (2,18). Subsequently, in vitro data demonstrating increased inhibition of POMC
neuronal activity with MC3-R activation by the selective MC3-R agonist [D-trp8]-γ-MSH
suggested an autoinhibitory function for MC3-R (11). It would thus be predicted that MC3-R
activation would inhibit POMC activity and presumably stimulate feeding. An increase in food
intake is precisely what Marks et al observed after acute injection of the specific MC3-R agonist
[D-Trp8]-γ-MSH administered peripherally to mice (28). However, it should be noted that the
MC3-R is expressed in multiple peripheral tissues (10). Thus, as the authors themselves
acknowledge, the observed increase in food intake may potentially have been mediated by
activation of peripheral MC3-Rs. Whether selective central MC3-R stimulation would decrease
POMC levels and stimulate feeding was unknown. Here, using a rat model we have now been
able to show that central administration of [D-Trp8]-γ-MSH increases food intake. We also
demonstrate for the first time that selective central MC3-R activation with [D-Trp8]-γ-MSH
in the rat suppresses hypothalamic Pomc expression providing in vivo evidence to support the
hypothesis of MC3-R as an autoinhibitory receptor. In addition, we investigated whether
central infusion of a relatively selective MC3-R antagonist would, conversely, disinhibit
POMC with subsequent anorectic effects.

2. Materials and methods
2.1 Animals

All animal experiments were approved by the Columbia University Institutional Animal Care
and Use Committee. Male Sprague-Dawley rats weighing 250–275 g were purchased from
Charles River (Wilmington, MA, USA). Animals had ad libitum access to water and Purina
Rodent Chow 5001 (12% fat, 28% protein, 60% carbohydrate; Purina Mills, St Louis, MO,
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USA). They were acclimatized to a natural light/dark cycle for at least 1 week prior to any
surgery. In all experiments, rats were anesthetized with pentobarbital (50mg/kg) by
intraperitoneal (i.p.) injection for icv cannula placement. A 28-guage stainless steel cannula
connected by a vinyl catheter tubing to a 7-day osmotic pump (ALZET model 2001, Cupertino,
CA, USA) delivering 1 μL/hr of normal saline was inserted stereotaxically into the right lateral
ventricle (coordinates from bregma: lateral 1.3 mm; caudal 0.8 mm; depth from dura 3.5 mm).
After the initial surgery, animals were individually housed and allowed to recover for 7 days.
The animals were then divided into treatment groups of equivalent average weight and daily
food intake and anesthetized by 0.25 ml of ketamine(1 g/16.5 mL)/xylazine (130 mg/16.5 mL;
Exp. 1) or by inhaled isoflurane (Exp. 2 and MC3-R antagonist experiments) when the saline
pumps were replaced by new pumps delivering either continuous infusion of saline or peptide.
Each animal received either a new 3-day or 7-day osmotic pump (ALZET model 1003D, model
2001, Cupertino, CA, USA), depending on the experiment, filled with saline or peptide. Food
intake and body weight were recorded daily. Animals exhibiting signs of illness and whose
food consumption fell to less than 17 g on any given day were excluded from final analysis.

2.2 [D-Trp8]-γ-MSH and MC3-R antagonist peptides
[D-Trp8]-γ-MSH (15) (Phoenix Pharmaceuticals, Belmont, CA, USA) from lyophilized stock
was dissolved in normal saline immediately prior to icv infusion. Compound PG-932, Ac-Nle-
c[Asp-Pro-DNal(2′)-Arg-Trp-Lys]-Pro-Val-NH2, a selective MC3R antagonist was
synthesized as previously described (14). We have carefully reevaluated its binding affinity
and second messenger (adenylate cyclase (AC)) properties at the hMC3R, hMC4R, and
hMC5R receptors in HEK cells. At the hMC3R its binding affinity IC50 is 3.91 nM and its
EC50 in the AC function is >10,000 (it is a pure neutral antagonist); at the hMC4R its IC50 is
20 nM in binding affinity and its EC50 is 500 nM (partial agonist in the AC assay); at the
hMC5R its IC50 is 6.7 nM in binding affinity and its EC50 in the AC function assay is 8.1 nM
(full agonist). Therefore it would be expected to antagonize only the hMC3R activities in
vivo. The lyophilized PG-932 stock was also dissolved in normal saline immediately prior to
infusion.

2.3 [D-Trp8]-γ-MSH Experiments
2.3.1 Experiment 1—After 7 days of ICV saline infusion, rats were subdivided into two
groups of equivalent body weight prior to mini-pump exchange. One group (n = 8; mean weight
316 ± 3.8 g) then received 3-day mini -pumps delivering [D-Trp8]-γ-MSH at 0.5 μg/μL/hr (7.6
nmol/day), while the control group (n = 8; mean weight 318 ± 5.9 g) received saline infusion
at 1.0 μL/hr. For placement of pumps delivering either peptide or normal saline, animals were
anesthetized with ketamine/xylazine. After a 66 hour infusion period, rats were sacrificed by
decapitation after a 30-s exposure to CO2.

2.3.2 Experiment 2—Mean body weight prior to pump exchange was equivalent between
[D-Trp8]-γ-MSH (323 ± 3.4 g) and saline (323 ± 3.2g) treated animals. One group (n = 10)
received 3-day mini-pumps delivering D-Trp8-γ-MSH at 0.5 μg/μL/hr (7.6 nmol/day), while
the control group (n = 9) received saline infusion at 1.0 μL/hr. For pump placement, animals
were anesthetized by inhaled isoflurane. Before placing the new osmotic pumps, 10 μL of
either saline or [D-Trp8]-γ-MSH were injected into the vinyl catheter tubing attaching the pump
to the icv cannula. Thus, total infusion time prior to sacrifice was extended in this experiment
to 84 hours.

2.4 MC3-R antagonist (PG-932) experiments
2.4.1 High dose MC3-R antagonist infusion—Baseline weight was equivalent between
both the treatment (320 ± 6.0 g) and saline control (319 ± 6.7 g) groups (n = 10/group). Before
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placing new 7-day osmotic pumps, 10 μL of either saline or MC3-R antagonist were injected
into the vinyl catheter tubing that attaches the pump to the icv cannula. PG-932 was infused at
0.5 μg/μL/hr (9.8 nmol/day). Rats were sacrificed after a 7-day infusion period.

2.4.2 Low dose MC3-R antagonist infusion—Rats were divided into three groups
receiving either saline (n = 6) or MC3-R antagonist infused at a rate of 0.5 ng/hr (9.8 pmoles/
day; n = 6) or 2.0 ng/hr (39 pmoles/day; n = 7). Body weight was equivalent in all three groups
(mean weight, 318 g). Before placing new 3-day osmotic pumps, 10 μL of either saline or
MC3-R antagonist was injected into the vinyl catheter tubing that attaches the pump to the icv
cannula. After the 3-day infusion period, rats were sacrificed.

2.5 Plasma insulin and leptin
Trunk blood was collected into heparinized tubes immediately after decapitation and
centrifuged at 4° C to separate plasma that was then stored at −20° C. Plasma insulin
concentrations were measured via a radioimmunoassay (RIA) kit using rat insulin as a standard
(Sensitive Insulin RIA Kit, Linco, St Charles, MO, USA). Plasma leptin levels were measured
with the rat Linco RIA Kit.

2.6 Measurement of hypothalamic Pomc and Agrp RNA levels
The MBH was dissected and total RNA was isolated as previously described (22). RNA used
to generate standard curves and 32P-labeled RNA probes were synthesized using commercial
transcription kits (Promega, Madison, WI, USA). Sense and antisense Agrp mRNAs were
synthesized from plasmid vectors containing T3 and T7 promoters and a 175-bp rat Agrp cDNA
fragment (21). Sense and antisense Pomc mRNAs were synthesized from a plasmid vector
containing the Sp6 promoter and a 538-bp Pomc cDNA fragment spanning part of exon 3 (3).
Sense and antisense Cyclophilin (Cyc) mRNAs were synthesized using plasmid vectors
containing T3 and T7 promoters and a 117-bp rat Cyc cDNA fragment (12). Sense RNAs were
quantified spectrophotometrically and used to generate standard curves in the hybridization
assays. Hybridizations with Pomc, Agrp and Cyc riboprobes were performed together in the
same tube followed by the addition of S1 nuclease. Samples were then phenol-chloroform
extracted, precipitated and electrophoresed on a 4% nondenaturing acrylamide gel. The
protected Pomc and Agrp bands were quantified by phosphoimager analysis and compared
with the standard curve. Because the protected hybrids were smaller than the cellular
transcripts, results were normalized to the full-length RNA species: 0.7 kb for full-length mouse
Agrp cytoplasmic RNA; 1.0 kb for full-length mouse Pomc cytoplasmic RNA. Cyc mRNA
was measured as an internal control and Pomc and Agrp results are expressed as pg/100 pg
Cyc.

2.7 Statistical Analysis
Statistical analysis was performed with Student’s t test. ANOVA for repeated measures was
used when values over different times were analyzed. P < 0.05 was considered statistically
significant. Results are reported as mean values ± SEM.

3. Results
3.1 Effects of [D-trp8]-γ-MSH on Feeding, Body Weight, and Hypothalamic Pomc and Agrp

3.1.1 Experiment 1—In Experiment 1, saline or [D-Trp8]-γ-MSH was infused at a rate of
0.5 μg/hr (7.6 nmol/day) for a total infusion time of 66 hours prior to sacrifice. There was an
equivalent fall in food intake in both groups on day 1 that is characteristic of the animals’
response to the ketamine/xylazine anesthesia used on the day of pump exchange in this
experiment (Figure 1). On day 2 of this study, there was a trend towards greater food intake
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by [D-Trp8]-γ-MSH rats versus saline controls (25.9 ± 1.5 g vs. 23.6 ± 1.2 g; p = 0.24, Figure
2). Mean daily body weight throughout the infusion period as well as cumulative weight gain
were equivalent between the [D-Trp8]-γ-MSH and saline groups. The mean cumulative weight
gain was 12.2 ± 2.5 g ([D-Trp8]-γ-MSH) vs. 10.9 ± 1.8 g (saline). After 66 hours of peptide
infusion, there was a significant decline in Pomc mRNA concentration in [D-Trp8]-γ-MSH
rats (1.42 ± 0.15 pg/100 pg Cyc) compared to controls (2.13 ± 0.2 pg/100 pg Cyc; p = 0.012,
Figure 1). Agrp mRNA levels were not significantly different compared to saline rats (Figure
1). There was no difference between [D-Trp8]-γ-MSH and saline treated animals in plasma
leptin (2.3 ± 0.3 vs. 2.0 ± 0.2 ng/mL) or insulin (2.8 ± 0.5 vs. 2.6 ± 0.2 ng/mL) levels.

3.1.2 Experiment 2—In Experiment 2, while the dose of [D-Trp8]-γ-MSH remained the
same at 0.5 μg/hr (7.6 nmol/day), the infusion time was extended to 84 hours. Another point
of difference from Experiment 1, was the use of inhaled isoflurane as the anesthetic during the
pump exchange. Notably, there was no decline in food intake by either [D-Trp8]-γ-MSH or
saline rats on the day after pump exchange performed with inhaled isoflurane anesthesia. A
statistically significant increase in food intake among rats infused with [D-Trp8]-γ-MSH (28.7
± 0.6 g) compared to saline controls (25.7 ± 0.6; p = 0.003) was observed on day 2 of infusion
(Figure 2). There was no difference in body weight or cumulative weight gain between
treatment groups. Mean cumulative weight gain among [D-Trp8]-γ-MSH rats was 17.3 ± 1.5
g vs. 19.1 ± 2.1 g among saline controls. There was no difference between [D-Trp8]-γ-MSH
and saline treated animals in plasma leptin (1.2 ± 0.2 vs. 0.8 ± 0.1 ng/mL) or insulin (2.1 ± 0.1
vs. 2.2 ± 0.1 ng/mL) levels. With peptide infusion extended to 84 hours, no significant
differences between [D-Trp8]-γ-MSH and controls in Pomc (1.9 ± 0.2 vs. 2.1 ± 0.3 pg/100 pg
Cyc, respectively) or Agrp (1.6 ± 0.2 vs. 1.8 ± 0.1 pg/100 pg Cyc) mRNA concentrations were
detected.

3.2 Effects of a Relatively Selective MC3-R Antagonist (PG-932) on Feeding, Body Weight,
and Hypothalamic Pomc and Agrp

Infusion of PG-932 at a high dose of 0.5 μg/hr (9.8 nmol/day) resulted in a significant increase
in food intake (PG-932: 327.2 ± 9.2 vs. saline: 198.1 ± 8.2; p < 0.0001) and cumulative weight
gain (PG-932: 102.1 ± 3.1 g vs. saline: 39.5 ± 3.5; p < 0.0001, Figure 3). Leptin and insulin
levels were also significantly higher among rats treated with PG-932 compared to saline (Table
1). Hypothalamic Agrp levels were significantly lower in the PG-932 group compared to saline
(p < 0.0001) while Pomc tended to be higher in the PG-932 group (p = 0.07; Table 1).

These results were consistent with antagonist effects at MC4-R resulting in increased feeding
and weight gain. When a dose response study was conducted, this demonstrated an effect of
increasing food intake at escalating doses over a range of 20 to 500 ng/hr (data not shown).
The effect of infusing the antagonist at 0.5 vs. 2.0 ng/hr compared to saline was then further
investigated.

Within 24 hours, rats infused with the 0.5 ng/hr (9.8 pmoles/day) dose demonstrated a
significant weight loss of −5.8 ± 1.1 g compared to both saline (−0.5 ± 2.0 g) and the 2.0 ng/
hr (39 pmoles/day) group (1.2 ± 2.0 g) (Figure 4; p < 0.05). 24 hours after infusion a significant
reduction in food intake in the 0.5 compared to the 2.0 ng/hr was also noted with rats consuming
25.9 ± 1.2 g and 29.8 ± 1.1 g, respectively (p < 0.05). A tendency towards decreased food
intake among 0.5 ng/hr rats compared to saline controls who consumed 28.9 ± 1.0 over the
first 24 hours was also noted (p = 0.07; Figure 4). After the first 24 hour period of infusion, no
significant difference in daily food intake or weight gain was again noted. However, overall,
there was a tendency for food intake to decrease over time (72h) in rats treated with the 0.5 ng/
hr dose compared to saline (p = 0.055 by ANOVA, repeated measures).
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4. Discussion
4.1 ICV administration of [D-trp8]-γ-MSH

These studies examined the effects of central administration of a specific MC3-R agonist [D-
Trp8]-γ-MSH on food intake and hypothalamic expression of Pomc and Agrp in the rat. Early
studies had suggested that the MC3-R did not participate in regulating ingestive behavior (1,
9,30). However, Marks et al recently demonstrated that peripheral administration of [D-
Trp8]-γ-MSH stimulated food intake in wild type mice (28). This increase in feeding was of
short duration that did not persist beyond 4–6 hours. They found that peripheral [D-Trp8]-γ-
MSH had no effect on feeding when administered to MC3-R knockout mice, whereas in MC4-
R deficient mice the effect of stimulating food intake was maintained (28). These data indicated
that the effects of [D-Trp8]-γ-MSH on feeding were indeed being mediated by MC3-R.
However, as MC3-R is also present in the periphery, it was not entirely certain if these results
were the product of peripheral or central MC3-R action.

We have now demonstrated in rats that food intake is stimulated when [D-Trp8]-γ-MSH is
given ICV, consistent with a central mechanism of action. This increase in food intake occurs
within the first 24–48 hours of continuous infusion of the peptide, and similar to the results of
Marks et al, this effect on feeding is transient (28). Our results are also consistent with the
finding by Marks et al that with repeated daily injections of [D-Trp8]-γ-MSH, the stimulatory
effect on food intake was no longer seen.

In Experiment 1, food intake tended to be higher in [D-Trp8]-γ-MSH rats compared to saline
treated animals, whereas in Experiment 2, the increase was statistically significant. It is possible
that the fall in food intake experienced by both [D-Trp8]-γ-MSH and saline treated animals in
response to the ketamine/xylazine anesthesia used during the pump exchange in Experiment
1 may have attenuated the magnitude of the modest feeding difference induced by [D-Trp8]-
γ-MSH, thus obscuring a statistically significant effect. Because the animals recover much
more rapidly from inhaled isoflurane anesthesia compared to ketamine/xylazine, there was no
decline in feeding immediately after pump exchange.

In vitro, the selective MC3-R agonist [D-Trp8]-γ-MSH inhibits POMC neuronal activity, a
finding that prompted the hypothesis that MC3-R functions as an autoinhibitory receptor on
POMC neurons (11). We have now generated in vivo evidence in a rat model to support this
theory. ICV administration of [D-Trp8]-γ-MSH suppresses hypothalamic Pomc gene
expression compared to rats receiving only ICV saline. Although Agrp neurons in the arcuate
also express MC3-R, no significant effect of [D-Trp8]-γ-MSH was observed on hypothalamic
Agrp gene expression. Whether, the reduction in Pomc is a direct effect of [D-Trp8]-γ-MSH
activation of MC3-R on POMC neurons or a product of increased GABA mediated inhibition
on POMC by [D-Trp8]-γ-MSH activation of MC3-R on AGRP/NPY neurons, as suggested by
the electrophysiological data from Cowley et al, or a combination of both, still remains to be
determined (11). Finally, the reduction in Pomc cannot be attributed to changes in levels of the
peripheral hormones leptin or insulin as they did not differ between treatment or control groups.

Suppression of Pomc expression by [D-Trp8]-γ-MSH is a transient effect. Although rats
subjected to a longer infusion time of 84 hours tended to have lower Pomc levels, the degree
of suppression was statistically significant only in the experiment with a shorter infusion time.
The transient nature of Pomc suppression parallels the short duration of the feeding effect. It
is conceivable that receptor down regulation may be responsible for the short-lived suppression
of Pomc, but other explanations are also possible. For example, a reduction in POMC levels
may very well be accompanied by a concurrent decrease in the release of the POMC derived
peptide β-EP. β-EP also exerts autoinhibitory effects on POMC neurons which are known to
express mu-opioid receptors. Moreover, β-EP, as well as other opioids, has been shown to
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hyperpolarize POMC neurons in a manner similar to what has been reported for D-trp8-γ-MSH
(4,11,19). Thus, a concomitant decline in β-EP might actually tend to restore Pomc expression
levels. Conversely, mu-opioid antagonism has been shown to stimulate Pomc gene expression
and peptide release (17,25). Thus, both γ-MSH and β-EP may exert inhibitory effects on POMC
via different inhibitory autoreceptors. It is therefore possible that [D-Trp8]-γ-MSH induced
suppression of Pomc results in decreased β-EP release, leading to restoration of Pomc
expression and termination of the temporary increase in feeding behavior. Ultimately, further
study is needed to clarify the mechanisms that contribute to the short-term decline in Pomc
observed with [D-Trp8]-γ-MSH administration.

4.2 ICV administration of PG-932, an MC3-R antagonist
To examine whether antagonism of MC3-R would inhibit feeding, rats were infused with
PG-932, an MC3-R antagonist. Opposite to what was expected, an infusion dose of 0.5 μg/hr
(9.8 nmol/day) resulted in significant increases in food intake and body weight with elevations
in leptin and insulin. A significant suppression of hypothalamic Agrp mRNA levels and a
tendency for a rise in Pomc levels were also noted, as might be expected as a consequence of
the increase in body weight and leptin levels that were observed. These effects are remarkably
similar in magnitude to what we have seen previously with chronic ICV AGRP infusion in the
rat using the same minipump infusion protocol (22) and are consistent with antagonism at
MC4-R with high dose PG-932 infusion. Although PG-932 functionally has selectivity for
MC3-R, as assessed by assays with human MC3-R and MC4-R transfected into HEK cells,
this compound might have some activity at MC4-R (IC50 of 20 nM) at relatively high doses,
though it is only a weak partial agonist. Moreover, it is known that there are differences in
binding affinity between human and rodent MC-Rs. Schiöth et al demonstrated that while rat
and human MC3-R did not have any major differences in binding properties, rat MC4-R in
general had higher affinity than human MC4-R for several MSH peptides tested (31). Cell type
can also affect binding affinity. For example, when assays were performed with human MC3-
and MC4-R transfected into CHO cells, PG-932 demonstrated 7-fold greater selectivity for
hMC4-R than hMC3-R (14). It is thus likely, in contrast to studies with the human MC4-R in
vitro, that PG-932 can act in the rat as an MC4-R antagonist when administered at high doses
in vivo.

Thus, in order to attempt to isolate effects to the MC3-R, a very low dose of peptide was infused.
Rats were treated with either 0.5 ng/hr (a dose 1000 fold less than the dose demonstrating
effects consistent with MC4-R antagonism) or 2.0 ng/hr and compared to saline controls. Rats
treated with 0.5 ng/hr of PG-932 exhibited significant weight loss compared to saline controls
as well as compared to rats infused with PG-932 at 2.0 ng/hr within the first 24 hours. Overall,
there was also a tendency for a decline in food intake among rats treated with 0.5 ng/hr of
PG-932, as well. Consistent with MC3-R as an inhibitory autoreceptor on POMC neurons,
these results suggest that selective MC3-R antagonism may transiently suppress food intake
with a modest reduction in weight gain.

4.3 Effects of MC3-R Modulation on Feeding Behavior
Although our findings are consistent with the hypothesis that MC3-R functions as an inhibitory
autoreceptor on POMC neurons, the MC3-R is also expressed by other neurons in regions of
the hypothalamus outside of the arcuate and our findings may be mediated by these receptors
as well. The role of the MC3-R in regulating feeding behavior and energy balance is complex
and not fully understood. Chen et al have documented hypophagia among MC3-R knockout
mice fed a regular chow diet (8). In contrast, Butler et al did not discern any difference in food
intake between MC3-R deficient mice and wildtypes on rodent chow with relatively low dietary
fat content (12.5% kJ/fat), but did note the development of slight hyperphagia that occurred
primarily during the lights-on phase among MC3-R deficient mice provided a purified high fat
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diet (5,6). MC3-R knockout mice have also been shown to demonstrate a transient hyperphagia
as the initial response to leptin administration with a subsequent delayed anorectic response to
leptin (36). In addition, there is some evidence that AGRP can stimulate feeding in MC4-R
null mice, an orexigenic effect presumably mediated by antagonism at the MC3-R (20,30).
However, results from studies with genetic knockout models must be interpreted with caution
as they can be subject to influences from developmental compensation and may not be solely
isolable to selective MC3-R blockade. The role of MC3-R in modulating feeding is clearly
complex and can differ depending upon diet composition, diurnal feeding patterns, as well as
genetic background. Further studies with more specific and potent MC3-R antagonists and
with conditional or site specific MC3-R genetic approaches are warranted to more fully
understand the role of the MC3-R in regulating energy balance.

4.3 Conclusions
We have demonstrated that the selective MC3-R agonist [D-Trp8]-γ-MSH centrally delivered
suppresses Pomc mRNA levels and can modestly stimulate feeding in rats. The feeding effect
is transient as is the reduction in Pomc mRNA mediated by central [D-Trp8]-γ-MSH
administration. Our findings corroborate those of Marks et al who showed an increase in food
intake in mice treated peripherally with [D-Trp8]-γ-MSH (28). Our data also provide
physiologic in vivo evidence to support the hypothesis that one function of MC3-R is as an
inhibitory autoreceptor on POMC neurons. Correspondingly, we also found that administration
of an MC3-R antagonist produces a modest and transient anorectic effect. At the same time,
however, MC3-R knockout mice are known to be obese. Thus, the role of MC3-R in modulating
melanocortin tone and energy homeostasis is complex. MC3-R appears to have dual functions,
both restraining melanocortinergic tone by inhibiting POMC neurons as well as playing a
critical role in curtailing the development of obesity. Further investigation with selective MC3-
R antagonists should help refine our understanding of how MC3-R modulation contributes to
the pathogenesis of two debilitating disorders of energy balance, both cachexia and obesity.
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Figure 1. Effects of ICV [D-Trp8]-γ-MSH Infusion in Experiment 1
(A). Food Intake: On day 1, there was a decline in food intake characteristic of the animals’
response to ketamine/xylazine anesthesia in both the [D-Trp8]-γ-MSH and the saline control
groups. On day 2, a trend toward greater food intake among [D-Trp8]-γ-MSH rats vs. saline
controls was noted but this was not significant (n = 8/group; p = 0.24). (B & C). Hypothalamic
Pomc and Agrp Expression (expressed as pg/100 pg Cyc): Pomc mRNA levels were
significantly decreased in [D-Trp8]-γ-MSH animals compared to controls (*p = 0.012); Agrp
mRNA levels tended to be lower in the [D-Trp8]-γ-MSH group but this was not significant (p
= 0.1).
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Figure 2. Effects of ICV [D-Trp8]-γ-MSH Infusion in Experiment 2
(A). Mean Body Weight: [D-Trp8]-γ-MSH infusion did not have any significant effect on
body weight or weight gain which was similar to that of saline controls. (B). Mean Food
Intake: A significant increase in food intake among [D-Trp8]-γ-MSH rats (28.7 ± 0.6 g; *p =
0.003; n = 10) compared to saline controls (25.7 ± 0.6 g; n = 9) was observed on day 2 of
infusion. In contrast to Exp. 1, there was also no decline in food intake by either [D-Trp8]-γ-
MSH or saline rats on the day after pump exchange in this experiment using inhaled isoflurane
anesthesia.

Lee et al. Page 12

Peptides. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effects of ICV High Dose PG-932 Infusion
Infusion of 0.5 μg/hr of peptide PG-932 vs. saline. (A) Weight Gain: PG-932 caused
significant increases in cumulative weight gain (p < 0.0001) and (B) Food Intake: PG-932
resulted in a significant increase in cumulative food intake (p < 0.0001)(n = 10/group).
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Figure 4. Effects of ICV Low Dose PG-932 Infusion
(A) Body Weight: Rats treated with PG-932 at a dose of 0.5 ng/hr demonstrated significant
weight loss (−5.8 ± 1.1 g; *p < 0.05, n = 6) compared to saline (−0.5 ± 2.0 g; n = 6) as well as
to rats infused with PG-932 at 2.0 ng/hr (1.2 ± 2.0 g; n = 7) (p < 0.05). (B) Food Intake: A
significant decline in food intake in the rats treated with the 0.5 ng/hr dose compared to the
2.0 ng/hr dose was noted 24 hours after infusion (*p < 0.05) as well as a tendency towards
decreased food intake compared to saline controls (p = 0.07).
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Table 1
Effect of Central Infusion of MC3-R Antagonist (9.8 nmol/day)

PG-932 Saline

Insulin (ng/mL) 11.2 ± 1.4* 2.2 ± 0.3
Leptin (ng/mL) 20.2 ± 1.1* 2.7 ± 0.2

POMC (pg/100 pg Cyc) 2.5 ± 0.2 1.9 ± 0.2
AGRP (pg/100 pg Cyc) 0.8 ± 0.1* 1.6 ± 0.1

*
p < 0.0001 compared to saline controls.
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