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Reduction in the activity of the a-melanocyte-stimu-
lating hormone (a-MSH) system causes obesity, and
infusions of a-MSH can produce satiety, raising the pos-
sibility that a-MSH may mediate physiological satiety
signals. Since a-MSH is coded for by the pro-opiome-
lanocortin (POMC) gene, we examined if POMC gene
expression would be inhibited by fasting in normal
mice or in models of obesity characterized by leptin
insufficiency (ob/ob} or leptin insensitivity (dfe/db). In
wild-type mice, hypothalamic POMC mRNA was
decreased >60% after a 2-day fast and was positively
correlated with leptin mRNA. Similarly, compared with
controls, POMC mRNA was decreased by at least 60% in
both db/db and ob/ob mice. POMC mRNA was nega-
tively correlated with both neuropeptide Y (NPY) and
melanin-concentrating hormone (MCH) mRNA. Finally,
treatment of both male and female ob/ob mice with lep-
tin stimulated hypothalamic POMC mRNA by about
threefold. These results suggest that impairment in
production, processing, or responsiveness to a-MSH
may be a common feature of obesity and that hypo-
thalamic POMC neurons, stimulated by leptin, may con-
stitute a link between leptin and the melanocortin sys-
tem. Diabetes 47:294-297, 1997

The obesity of yellow Ay mice is thought to be due to
ectopic expression of the product of the agouti
gene (1), an antagonist of the action of a-
melanocyte-stimulating hormone (a-MSH) acting

through the melanocortin-4 (MC-4) receptor (2). Furthermore,
disruption of the MCR-4 receptor (3) causes obesity. In addi-
tion, a-MSH agonists and antagonists can promote satiety and
feeding, respectively (4). Therefore a-MSH is a plausible can-
didate as a physiological mediator of satiety. Obese Ay mice
exhibit elevated expression of the gene coding for the hormone
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leptin (5). Mutations in leptin cause obesity (6), experimental
elevation of leptin reduces body weight and induces satiety (7),
and expression of leptin is reduced during fasting (5). The ele-
vation of leptin in obese Ay mice suggests that these mice are
resistant to the satiety effects of leptin; in turn, since the obe-
sity of Ay mice appears to be due to antagonism of a-MSH, these
data suggest the hypothesis that a-MSH mediates effects of lep-
tin. In contrast to the regulation of neuropeptide Y (NPY)
mRNA, which is inhibited by leptin (8), these observations
suggest that the synthesis and/or release of a-MSH might be
stimulated by leptin, and, conversely, inhibited in fasting mice
and in db/db and ob/ob mice, which are resistant to and deficient
in leptin, respectively. a-MSH is produced by proteolytic cleav-
age and modification of pro-opiomelanocortin (POMC). There-
fore, the present study assessed the hypothesis that in models
characterized by low leptin (fasting and ob/ob mice) and lep-
tin resistance (db/db), hypothalamic POMC mRNA would be
reduced, and, conversely, that hypothalamic POMC mRNA
would be elevated after leptin administration. Such a result
would be consistent with the hypothesis that POMC gene
products, in particular a-MSH, may mediate some effects of lep-
tin and other satiety factors.

RESEARCH DESIGN AND METHODS
Animals. C57B1/6J, CBA, db/db (along with control C57Bl/KsJ), and ob/ob (along
with control C57B1/6J) mice were obtained at 2 months of age from The Jackson
Laboratory. Mice were individually housed with free access to feed and water
under 12:12 h light-dark cycle (lights on at 0700). All studies had been approved by
the appropriate Institutional Animal Review Board. To assess effects of nutritional
status, mice were fasted for 48 h or fed ad lib (n = 4-12 per group); in some cases,
food was removed from cages of ad lib fed mice for 7 h during the day to ensure
acute nutritional status was equivalent in all mice. To assess effects of leptin
replacement, male ob/ob mice and wild-type controls were injected intraperi-
toneally with 3 ug/g body wt daily for 5 days; in this study, POMC mRNA was
assessed by Northern blots. In a second study, female ob/ob mice were either fed
ad lib or fasted for 48 h; during the period of fasting, the ad lib fed mice and the fast-
ing mice were injected every 12 h with saline or leptin (0.5 ug/g body wt, i.p.) with
the final, fifth injection 30 min before being killed; in this study POMC mRNA was
assessed by in situ hybridization. Mice were killed just before lights out (except for
the mice in the leptin replacement study, who were killed 2 h after lights on) under
anesthesia by CO2 narcosis. Brain blocks were removed, frozen on dry ice and stored
at -70°C until sectioning on a cryostat or preparation of RNA.
Template production and probe labeling. POMC template was prepared by
amplifying a source plasmid DNA using polymerase chain reaction (PCR) with
N-terminal primer: 5'-CCTGTGAAGGTGTACCCCAATGTC-3' and C-terminal
primer 5'-CACGTTCTTGATGATGGCGTTC-3'. NPY template was prepared in the
same way with N-terminal primer: 5'-CTAGGTAACAAACGAATGGGG-3' and C-
terminal primer: 5'-CCACATGGAAGGGTCTTCAAG-3'. MCH template was pre-
pared from mouse hypothalamic RNA by reverse transcription-polymerase chain
reaction (RT-PCR) with N-terminal primer: 5'-CCAAGTCCATCAGGAACGTA-3'
and C-terminal primer: 5'-TTGTGGACCAGCAGGTATCA-3'. Leptin template was
prepared as described previously (5). The amplified fragments were gel-purified,
diluted to 50 ng/ul and stored at -20°C. Single-stranded internally labeled DNA
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probes were produced by amplified primer extension labeling by using only C-
terminal primer (5).
Northern blot analysis. RNA from mediobasal hypothalamus (microdissected
as described previously [9]) was extracted in TRIzol (GIBCO BRL, Gaithersburg,
MD) and 3 ug of total RNA (determined by UV absorbance corroborated by ethid-
ium bromide-stained integrity gels) was subjected to Northern blot analysis to detect
POMC mRNA and NPY mRNA in the hypothalamus, and leptin mRNA in adipose
tissue from gonadal fat pad. Northern blot analysis was performed as described pre-
viously (5). To monitor RNA loading, membranes were reprobed and hybridized with
^P-labeled probe encoding 18S ribosomal RNA to ensure equal loading in all lanes.
In situ hybridization histochemistry. Frozen coronal sections (10 um thick)
through the mouse hypothalamus were cut, fixed in 3% paraformaldehyde in 0.1
mol/1 phosphate buffer (pH 7.0) containing 0.03% DEPC, dehydrated, and stored
at -20°C until use. Sorting on the basis of histology was carried out to ensure sec-
tions were matched for anterior-posterior level. Sections were prehybridized in
2 X SSC, 5 mmol/1 EDTA, 2.5 X Denhard's solution, 5 mmol/1 DTT, 100 mg/ml her-
ring sperm DNA, 100 mg/ml yeast tRNA, 5 mg/ml single-stranded calf thymus DNA
and 50% deionized formamide for 2 h at 42°C. Hybridization was carried out in the
same buffer containing 10% dextran sulfate and labeled probe (^P: 2 x 106dpm
per 20 ul per section) at 42°C overnight. Sections (two sections per matched A-
P level) were washed twice in 1 X SSC for 15 min and in 0.1 x SSC overnight at
room temperature, followed by a final wash in 0.1 x SSC for 1 h at 55°C. Slides
were dehydrated, air dried, and apposed to autoradiography film.
Data analysis. The total integrated densities of hybridization signals were deter-
mined by computerized densitometric scanning (MCID System, St. Catherine's,
Ontario, Canada) as described previously (10). Statistical analysis was performed
by analysis of variance (ANOVA) followed by Tukey-Kramer pair-wise compar-
isons, or by linear regression, with criterion for significance as P < 0.05.

RESULTS
As assessed by Northern blots in C57B1/6J mice, a 48-h fast
significantly reduced hypothalamic POMC mRNA by -60%
(Fig. LA, D) and at the same time induced hypothalamic NPY
mRNA by about fourfold (Fig. IB, E), with no change in the
18S ribosomal RNA band (Fig. 1C, F). In these mice, leptin
mRNA was reduced -80% by the 48-h fast (FED: 100 ± 9%;
FASTED: 16 ± 2%, expressed as percentage of fed controls).
POMC mRNA was positively correlated with leptin mRNA (r
= 0.89, P < 0.01), and negatively correlated with NPY mRNA
(r = -0.88, P < 0.01). These data were corroborated in a sep-
arate study and using an RNAse protection assay for POMC
mRNA, which also demonstrated a 60% decrease by fasting
(data not shown). The effects of fasting were also corrobo-
rated by in situ hybridization in a separate study in which fast-
ing reduced POMC mRNA by over 80% throughout the arcu-
ate nucleus (Fig. 1G). In the same mice, NPY was increased
over 300% (Fig. 1H), and leptin mRNA was reduced by fast-
ing over 90% (FED: 100 ± 11%; FASTED: 7.3 ± 2%).

Leptin resistance in nonfasted db/db mice was associated
with significant reduction in POMC mRNA of -80%, compared
with nonfasted wild-type C57/KsJ mice (Fig. 2A-C). In wild-
type KsJ mice, fasting (Fig. 2C) was associated with significant
decreases in POMC mRNA. In db/db mice, fasting was asso-
ciated with a further significant reduction in POMC mRNA (Fig.
2(7). NPY mRNA was elevated in db/db mice compared with
wild-type controls under all conditions, and, interestingly, fast-
ing caused a further elevation in db/db mice (Fig. 2D). Similarly,
MCH mRNA was significantly elevated in every circumstance
in which POMC mRNA was reduced (Fig. 2E). POMC mRNA
was significantly negatively correlated with both NPY mRNA
(r = -0.79, P < 0.001) and MCH mRNA (r = -0.59, P < 0.05),
while NPY mRNA and MCH mRNA were significantly positively
correlated with each other (P = 0.46, P < 0.05).

As assessed by Northern blot analysis, hypothalamic
POMC mRNA was reduced by -90% in leptin-deficient non-
fasted ob/ob male mice, compared with wild-type controls
(Fig. 3A). Injection of leptin over 5 days significantly ele-
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FIG. 1. Effect of a 48-h fast on hypothalamic POMC 04), NPY (J3), and
18S RNA (C). Quantification of Northern blots shown in A-C: POMC
(D), NPY CE), or 18S RNA (F) band, mean ± SE, expressed as per-
centage of fed controls. Quantification of POMC (G) or NPY (.//)
mRNA signal after in situ hybridization; in fed or fasted mice; n = 4-12
per group. Abscissa in G and H indicates number of microns from
beginning af arcuate nucleus, thus representing almost the entire
extent on the nucleus in mice. *Significant (P < 0.05) effect of fast ver-
sus comparable fed.

vated hypothalamic POMC mRNA in 06/06 mice (Fig. 3A),
although at these doses over this period of time, POMC
mRNA was not restored completely to wild-type levels. As
expected, NPY mRNA was elevated in ob/ob mice, but like
POMC mRNA, at this dose and period of injection, NPY
mRNA was only partially corrected (Fig. SE). These results
were corroborated in fed and fasted female ob/ob mice, in
which leptin injection elevated hypothalamic POMC mRNA
to about the same degree as observed in male mice as
assessed by Northern blots (Fig. 3(7).
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FIG. 2. Effect of db/db genotype or fasting on POMC, NPY, and MCH
mRNA. A and B: POMC mRNA, indicating in situ hybridization in
groups as indicated. Quantification of POMC (C), NPY (D), or MCH
mRNA (£7), mean ± SE, n = 6-8/group, expressed as percentage of fed,
wild-type controls. Groups with different letters are statistically dif-
ferent (i» < 0.05).
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FIG. 3. Effect of ob/ob genotype and leptin replacement on POMC (A~)
and NPY (2?) mRNA levels, as assessed by Northern blot analysis in
male mice, and POMC mRNA in fed and fasted ob/ob female mice (C).
Mean ± SE, n = 4-8/group, expressed as percentage of wild-type,
saline-injected (Sal) mice (A and D), or percentage of fed ob/ob
saline-injected mice (C). Groups with different letters are statistically
different (P < 0.05, ANOVA, followed by Tukey-Kramer).

DISCUSSION

In the present studies, two forms of genetic obesity (db/db and
ob/ob) were associated with decreased hypothalamic POMC
mRNA. Since mutations in the leptin gene have now been
associated with obesity in humans (11), and mutations in the
leptin receptor also produce obesity in rats as well as in db/db
mice (12), it will be of interest to assess if hypothalamic
POMC mRNA is also reduced in genetic obesity of these
species. Mice in which the basic helix-loop-helix Nhlh2 gene
has been deleted become obese, and these mice also exhibit
reduced hypothalamic POMC mRNA, whereas other hypo-
thalamic gene products such as NPY, tyrosine hydroxylase,
galanin, and arginine vasopressin were not influenced in these

obese mice (13). Another form of genetic human obesity
entails mutation of the PC-1 peptide processing enzyme
which leads (among other impairments) to impaired ability to
process the POMC precursor peptide into its components
(14), presumably leading to impaired production of a-MSH.
Similarly, the obesity of the fatty/fatty mouse is due to a muta-
tion in another processing enzyme, carboxypeptidase E (15),
which leads (among other impairments) to impaired pro-
cessing of the POMC precursor (16). Finally, the obesity of the
yellow Ay mouse entails overproduction (1) of an antagonist
of the action of a-MSH (2). Similarly, disruption of the MC4
receptor through which a-MSH acts also causes obesity (3).
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Several forms of acquired obesity are also associated with
decreased hypothalamic POMC mRNA A syndrome of obesity
produced by distemper-related virus is associated with
reduced hypothalamic POMC mRNA (17). Finally, the process
of aging, particularly in rats, is associated with the develop-
ment of obesity, and hypothalamic POMC mRNA decreases
during aging (18). Taken together, these studies indicate that
impaired production, processing, or sensitivity to a-MSH is a
feature common to many forms of obesity.

The present study suggests that the effect of fasting to
reduce hypothalamic POMC mRNA is robust, since results
were similar in several strains of wild-type mice, consistent
with previous studies in rats (19-20). The following evidence
from the present study suggested that the effect of fasting to
reduce POMC mRNA is mediated in part by a fall in leptin: i)
leptin decreased with fasting in normal mice, and POMC
mRNA was positively correlated with leptin; 2) leptin resis-
tance (in db/db mice) was associated with reduced hypo-
thalamic POMC mRNA; 3) leptin insufficiency (in ob/ob
mice) was associated with reduced POMC mRNA; and 4)
leptin injection significantly stimulated hypothalamic POMC
mRNA in ob/ob mice. The effect of leptin replacement was
independent of effects on food intake and body weight, since
the effects were comparable in fed and in fasted ob/ob mice,
and leptin did not significantly reduce body weight or plasma
glucose beyond the effect of fasting (not shown). The
hypothesis that hypothalamic POMC gene products mediate
some effects of leptin is consistent with other reports, includ-
ing the following: 1) in agouti mice, in which the basis of the
obesity is an antagonism of a-MSH, leptin is elevated (5),
suggesting a leptin resistance in agouti mice which has been
recently directly demonstrated (21); 2) the peri-arcuate
nuclear region, the main site of POMC synthesis (22) in the
brain, is the area most sensitive to the satiety effects of lep-
tin (23); and 3) leptin receptors colocalize with POMC-con-
taining neurons (24). Nevertheless, since POMC mRNA was
reduced (and NPY was elevated) by fasting in db/db mice, it
is plausible that other factors, such as insulin and glucose, also
stimulate POMC mRNA and inhibit NPY mRNA. The present
studies, in which MCH mRNA was elevated in db/db and
fasted mice, were also consistent with a role for MCH, which
stimulates feeding and is elevated in ob/ob mice (25), in fast-
ing and obesity. MCH can antagonize the effect of a-MSH on
behavior (26). Therefore, a plausible hypothesis is that prod-
ucts of the POMC gene and the MCH gene are inversely
expressed and act in opposition (though possibly through dif-
ferent receptors) to regulate body weight. Such a hypothesis
suggests that a-MSH agonists may, like leptin (27), reverse or
attenuate some effects of fasting.

ACKNOWLEDGMENTS

This work was supported by a grant from the National Insti-
tutes of Health (DK-50110) to C.V.M.

REFERENCES
1. Bultman SJ, Michaud EJ, Woychik RP: Molecular characterization of the

mouse agouti locus. Cell 71:1195-1204,1992
2. Lu D, Willard D, Patel IR, Kadwell S, Overton L, KostT, Luther M, Chen W, Woy-

chik RP, Wilkison WO, Cone RD: Agouti protein is an antagonist of the
melanocyte-stimulating-hormone receptor. Nature 371:799-802,1994

3. Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier
LR, Gu W, Kesterson RA, Boston BA, Cone RD, Smith FJ, Campfield LA, Burn
P, Lee F: Targeted disruption of the melanocortin4 receptor results in obesity
in mice. Cell 88:131-141,1997

4. Fan W, Boston BA, Kesterson RA, Hruby VJ, Cone RD: Role of melanocortin-
ergic neurons in feeding and the agouti obesity syndrome. Nature 385:165-168,
1997

5. Mizuno TM, Bergen H, Funabashi T, Kleopoulos SP, Zhong YG, Bauman WA,
Mobbs CV: Obese gene expression: reduction by fasting and stimulation by
insulin and glucose in lean mice, and persistent elevation in acquired (diet-
induced) and genetic (yellow agouti) obesity. Pmc Natl Acad Sci USA 93:
3434-3438,1996

6. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM: Posi-
tional cloning of the mouse obese gene and its human homologue. Nature
372:425-432,1994

7. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lallone
RL, Burley SK, Friedman JM: Weight-reducing effects of the plasma protein
encoded by the obese gene. Science 269:543-546,1995

8. Schwartz MW, Baskin DG, Bukowski TR, Kuijper JL, Foster D, Lasser G,
Prunkard DE, Porte D Jr, Woods SC, Seeley RJ, Weigle DS: Specificity of lep-
tin action on elevated blood glucose levels and hypothalamic neuropeptide Y
gene expression in ob/ob mice. Diabetes 45:531-535,1996

9. Mobbs CV, Fink G, Pfaff DW: HIP-70: a protein induced by estrogen in the brain
and LH-RH in the pituitary. Science 247:1477-1479,1990

10. Bergen HT, Mobbs CV: Ventromedial hypothalamic lesions produced by gold
thioglucose do not impair induction of fasting. Brain Res 707:266-271,1996

11. Montague CT, Farooqi IS, Whitehead JP, Soos MA, Rau H, Wareham NJ,
Sewter CP, Digby JE, Mohammed SN, Hurst JA, Cheetham CH, Earley AR, Bai%
nett AH, Prins JB, O'Rahilly S: Congenital leptin deficiency is associated with
severe early-onset obesity in humans. Nature 387:903-908, 1997

12. Chua SC Jr, White DW, Wu-Peng XS, Liu SM, Okada N, Kershaw EE, Chung WK,
Power-Kehoe L, Chua M, Tartaglia LA, Leibel RL: Phenotype of fatty due to
Gln269Pro mutation in the leptin receptor (LepR). Diabetes 45:1141-1143,1996

13. Good DJ, Porter FD, Mahon KA, Parlow AF, Westphal H, Kirsch IR: Hypogo-
nadism and obesity in mice with a targeted deletion of the Nhlh2 gene. Nat
Genet 15:397-401, 1997

14. Jackson RS, Creemers JWM, Ohagi S, Raffin-Sanson M-L, Sanders L, Montague
CT, Hutton JC, O'Rahilly S: Obesity and impaired prohormone processing asso-
ciated with mutations in the human prohormone convertase 1 gene. Natuw
Genetics 16:303-306,1997

15. Naggert JK, Flicker LD, Varlamov O, Nishina PM, Rouille Y, Steiner DF, Car-
roll RJ, Paigen BJ, Leiter EH: Hyperproinsulinaemia in obese fat/fat mice
associated with a carboxypeptidase E mutation which reduces enzyme activ-
ity. Nature Genetics 10:135-142,1995

16. Cool DR, Nonnant E, Shen F, Chen HC, Pannell L, Zhang Y, Loh YP: Car-
boxypeptidase E is a regulated secretory pathway sorting receptor: genetic oblit-
eration leads to endocrine disorders in Cpe(fat) mice. Cell 88:73-83,1997

17. Nagashima K, Zabriskie JB, Lyons MJ: Virus-induced obesity in mice: associa-
tion with a hypothalamic lesion. JNeumpathol Exp Neuml 51:101-109,1992

18. Lloyd JM, Scarbrough K, Weiland NG, Wise PM: Age-related changes in proo-
piomelanocortin (POMC) gene expression in the periarcuate region of
ovariectomized rats. Endocrinology 129:1896-1902,1991

19. Kim EM, Welch CC, Grace MK, Billington CJ, Levine AS: Chronic food restric-
tion and acute food deprivation decrease mRNA levels of opioid peptides in
arcuate nucleus. Am J Physiol 270:R1019-R1024,1996

20. Brady LS, Smith MA, Gold PW, Herkenham M: Altered expression of hypo-
thalamic neuropeptide mRNAs in food-restricted and food-deprived rats.
Neutvendocrinology 52:441-447,1990

21. Halaas JL, Boozer C, Blair-West J, Fidahusein N, Denton DA, Friedman JM:
Physiological response to long-term peripheral and central leptin infusion in
lean and obese mice. Pmc Natl Acad Sci USA 94:8878-8883,1997

22. Gee CE, Chen CL, Roberts JL, Thompson R, Watson SJ: Identification of
proopiomelanocortin neurones in rat hypothalamus by in situ cDNA-mRNA
hybridization. Nature 306:374-376, 1983

23. Satoh N, Ogawa Y, Katsuura G, Hayase M, Tsuji T, Imagawa K, Yoshimasa Y,
Nishi S, Hosoda K, Nakao K: The arcuate nucleus as a primary site of satiety
effect of leptin in rats. Neurosci Lett 224:149-152, 1997

24. Cheung CC, Thornton JE, Clifton DK, Steiner RA: Coexpression of leptin
receptor (OB-R) mRNA with POMC and NPY in the central nervous system
of the rat (Abstract). Endocr Soc Abstr 79:379,1997

25. Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ,
Mathes WF, Przypek R, Kanarek R, Maratos-Flier E: A role for melanin-con-
centrating hormone in the central regulation of feeding behavior. Nature
380:243-247,1996

26. Sanchez M, Baker BI, Celis M: Melanin-concentrating hormone (MCH) antag-
onizes the effects of alpha-MSH and neuropeptide E-I on grooming and loco-
motor activities in the rat. Peptides 18:393-396,1997

27. Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B, Maratos-Flier E,
Flier JS: Role of leptin in the neuroendocrine response to fasting. Nature
382:250-252, 1996

DIABETES, VOL. 47, FEBRUARY 1998 297


