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ABSTRACT

Leptin is a protein product of the obese (0b) gene, which is secreted by adipocytes and functions as a satiety factor to regulate
food intake. The expression of the leptin receptor in several hypothalamic nuclei suggests that multiple neuronal subtypes are
targets for leptin's action. Products of the proopiomelanocortin (POMC) gene are known to affect feeding behavior, and POMC
neurons share a similar distribution with leptin receptor mRNA in the arcuate nucleus. We used double label in situ hybridization
and computerized image analysis to test the hypothesis that POMC neurons coexpress the leptin receptor. Quantitative analysis
confirmed that POMC neurons in the hypothalamus express leptin receptor mRNA. Based on this observation, we infer that
POMC neurons and the products of the POMC gene may be part of the signaling pathway mediating leptin's action on feeding

and perhaps other physiological functions.

Leptin is a protein hormone that plays an important role
in the regulation of body weight. Leptin circulates in
concentrations that are proportional to the degree of body
adiposity and acts as a satiety factor to regulate food intake
and metabolism (1-4). Leptin has also been implicated as a
metabolic gate linking nutrition and fertility (5-8). Since
feeding behavior and many aspects of metabolism and
reproduction are regulated by the brain, particularly the
hypothalamus, neurons in this area are likely targets for the
action of leptin. Indeed, leptin receptor (OB-R) mRNA is
expressed in several hypothalamic regions, including the
ventromedial, dorsomedial, and arcuate nuclei (9,10);
however, the full identification of the target cells for leptin in
the brain is just beginning. Likely candidates include
neuropeptide Y (NPY) and proopiomelanocortin (POMC)
neurons, which are thought to be involved in the control of
feeding and reproduction (11-16).

NPY-expressing neurons are plausible targets for the
action of leptin (10,17) and recent evidence indicates that
NPY-containing neurons may express the leptin receptor (18,
19). A compelling case can be made for an important
modulatory function for NPY in the control of reproduction
and NPY neurons appear to be part of the signaling pathway
that mediates leptin's effect on food intake (17,20), but
whether NPY is essential in these processes has been
challenged with the observation that mice with targeted
mutations of the NPY gene exhibit relatively normal
phenotypes with respect to their body weight regulation and
fertility (21). Moreover, crossing NPY-deficient mice with
obese mice (ob/ob), which lack a functional leptin gene and
overexpress NPY, results in offspring that are still somewhat
obese (22). These observations suggest that other factors,
besides NPY, are involved in the mediation of leptin's action
in the hypothalamus.
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POMC-expressing neurons in the arcuate nucleus are
another possible target for leptin's action in the regulation of
both feeding and reproduction. Short term food restriction can
significantly attenuate POMC gene expression (12,13).
Furthermore, two of the peptide products of the POMC gene,
B-endorphin (BEND) and ai-melanocyte-stimulating hormone
(oMSH) have been implicated in the regulation of
gonadotropin secretion and feeding behaviors (11-16,23). We
tested the hypothesis that POMC neurons themselves are
direct targets for the action of leptin by identifying POMC-
containing neurons in the hypothalamus that coexpress leptin
receptor mRNA.

Materials and Methods

Animals. Adult female Sprague-Dawley rats (n=2) were
purchased from Simonsen Laboratories (Gilroy, CA). They
were housed in temperature- and light-controlled conditions
(12:12 light/dark cycle with lights on at 0600 h) and were fed
ad libitum on standard rodent chow. Animals were
asphyxiated in carbon dioxide, decapitated and their brains
were rapidly removed, frozen on dry ice, and stored at -80°C.
Twenty-micron coronal brain sections were cut through the
hypothalamus on a cryostat, thaw-mounted onto Superfrost
Plus Microscope Slides (Fisher Scientific, Pittsburgh, PA),
and stored at -80°C until in situ hybridization was conducted.

OB-R riboprobe synthesis. The plasmid vector containing a
cDNA to mouse OB-R mRNA was generously provided by
Dr. Joseph Kuijper (ZymoGenetics, Inc, Seattle, WA). An
EcoRI/Xbal fragment (bases 2415 to 2750) that maps to the
transmembrane domain of both the short and long OB-R form
was subcloned into pBluescript II KS (Stratagene, La Jolla,
CA). Antisense cRNA probe was synthesized using the
Ambion MB{}XIscript kit (Ambion, Austin, TX) in the
presence of ~ P-UTP (Dupont NEN, Boston, MA).

POMC riboprobe synthesis. The plasmid vector containing a
¢DNA to mouse pituitary POMC precursor was kindly
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provided by Dr. Michael Uhler. A 925-basepair HindIII-
EcoRI fragment was subcloned into pSp64 (Promega Biotec,
Madison, WI). Antisense digoxigenin-labeled POMC cRNA
probe was synthesized with digoxigenin-labeled-rUTP
(Boehringer Mannheim, Indianapolis, IN) and the Ambion
MAXIscript kit.

Double Label In Situ Hybridization. We performed double-
label in situ hybridization to identify cells containing both
OB-R mRNA and POMC mRNA following a protocol
described previously (24), with modification. Briefly,
processed tissues were hybridized with riboprobe-
hybridization buffer mix, which contained the 33P-labeled OB-
R cRNA probe (~2x108 cpm/ml) and the digoxigenin-labeled
POMC cRNA probe (optimal concentration for digoxigenin-
labeled riboprobes was empirically determined to be 1:50).
Overnight hybridization at 55°C was followed by RNase
treatment, a series of stringent SSC washes, and a wash at
60°C. The slides were then blocked with 2% normal sheep
serum, incubated with antidigoxigenin antibody conjugated to
alkaline phosphatase (Boehringer Mannheim, Indianapolis,
IN) at 37°C, and subjected to a chromagen reaction containing
NBT and BCIP (Sigma, St. Louis, MO). All slides were then
air-dried, dipped in 3% parlodion followed by NTB3 nuclear
emulsion (Kodak, Rochester, NY) and exposed for 2 months
at 4°C. All slides were processed, hybridized, exposed, and
developed together.

Image Analysis. Tissue sections were analyzed according to a
protocol published previously (25). Briefly, sections were
viewed using a Zeiss Axioskop microscope (Zeiss, New York,
NY) and a Dage model 85 camera (Dage-MTI, Inc, Michigan
City, IN). Digoxigenin-labeled neurons were outlined under
bright field illumination and silver grains were counted over
the outlined neurons under darkfield illumination. Signal to
background ratios (SBRs) were calculated as previously
described (25).

Statistical Analysis. To ascertain whether POMC neurons
expressed detectable amounts of leptin receptor, SBRs for all
of the cells measured in an animal were averaged to obtain a
mean SBR for each animal. A one-sample Student's t-test was
then used to determine whether these mean SBR differed
significantly from 1 (the value that would be expected if there
was no specific signal).

Results

POMC mRNA-containing neurons, represented by cell
bodies with deep blue color products, were widely distributed
throughout the arcuate nucleus and the retrochiasmatic area of
the hypothalamus. Many POMC neurons had silver grain
clusters lying directly over the cells, reflecting the presence of
leptin receptor mRNA (Fig. 1). Automated image analysis
showed that with a signal to background ratio of 3 as the
criterion, approximately half of the digoxigenin-labeled
POMC mRNA-containing neurons can be said to express
leptin receptor mRNA (Table 1). The number of grains over
the POMC neurons was significantly higher than background
(p<0.05) (Fig. 2).

Vol

Fig. 1. Photomicrograph showing digoxigenen-labeled POMC
neurons (darkly stained) in the arcuate nucleus. White silver grains
mark the presence of leptin receptor mRNA. White arrows point to
two cells that appear to express both POMC and leptin receptor
mRNA. Whether the other POMC neurons in this picture express
leptin receptor mRNA is less certain. This uncertainty underscores
the importance of quantitative analysis.

TABLE 1. Percentage of double-labeled neurons under
various signal to background ratio (SBR) criteria.

SBR Mean % of Double Labeled Neurons
0 100
1 89.6+3.2
2 722+23
3 509+32
4 32.8+2.6
Discussion

Considerable evidence suggests that POMC gene
products are involved in the regulation of body weight and
reproduction. A recent study in humans highlights the
potential importance of the POMC gene itself in the regulation
of body weight. Comuzzie and co-workers have reported that
polymorphisms associated with obesity and leptin levels map
near the POMC gene (26). Additional studies in rats have
demonstrated that POMC gene products, acting within the
central nervous system, influence both food intake and
gonadotropin secretion (14,15,27) and that POMC neurons
establish synaptic contacts with GnRH neurons (28,29).
However, these earlier studies do not offer a clear explanation
for how POMC neurons might integrate the control of
reproduction and body weight. The observation that POMC
neurons express the leptin receptor marks them as potentially
key elements in mediating leptin's influence on feeding and
reproduction.

We have observed that the percentage of POMC neurons
that can be accepted as coexpressing the leptin receptor varies
as a function of SBR. With a SBR criterion of 2,
approximately 70% of POMC neurons would appear to
express the leptin receptor, whereas at a SBR of 4, about 35%
of these cells would be said to express the receptor. The idea
that some, but not all POMC neurons may express the leptin
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Fig. 2. Frequency histogram showing the percentage of POMC
neurons expressing different grain counts (solid line) reflecting leptin
receptor mRNA, The shaded area represents the 95% confidence
limits of the background grain count estimates over nearby areas not
containing POMC neurons.

receptor suggests that only a subset of the cells are directly
involved in regulation of body weight by the action of leptin.
Indeed, considerable evidence suggests that POMC neurons in
the arcuate nucleus are a highly heterogeneous population
involved in a myriad of physiological functions (30).
However, considering the threshold-dependent nature of
assigning a particular value for the percentage of cells co-
expressing the receptor, it can't be ruled out that all POMC
neurons express the leptin receptor. These variable
determinations, reflecting the relative stringency of the
acceptance criteria, underscore the importance of quantitative
analysis of the double-labeling technique as well as its
limitations.

There are several peptide products of the POMC gene that
could be involved in leptin's action in areas of the brain that
control metabolism and reproduction. One candidate is B-
endorphin (BEND), which has been implicated in the
regulation of food intake and gonadotropin secretion, based on
several lines of evidence (11). First, BEND levels are elevated
in ob/ob mice (31). Second, the central administration of
BEND increases food intake and induces hyperglycemia in the
rat (32). Third, BEND has a potent inhibitory effect on LH
secretion, presumably by blocking the release of
gonadotropin-releasing hormone (GnRH), whereas opiate
receptor blocking agents accelerate the frequency of pulsatile
GnRH secretion. The possible significance of BEND in
leptin's signaling pathway in the hypothalamus is clouded by
the fact that none of the classical opiate receptor subtypes (|,
K and 8) appear to be expressed by GnRH neurons (33). In
addition, PEND-deficient mice apparently have normal
reproductive function (34).

Recent studies have revealed that «MSH, a non-opioid
product of the POMC gene, may also be involved in mediating
the interaction of POMC-containing neurons and GnRH
neurons, and perhaps even leptin's role in bridging nutrition
and reproduction. oMSH is synthesized by POMC neurons in
the arcuate nucleus and binds to the MC4 receptor (MC4-R)
(35). Mice with MC4-R inactivation have adult-onset obesity,

and the administration of MC4-R agonists to normal mice
results in decreased food intake similar to that seen with leptin
treatment (16,23). Together, these observations suggest a
working framework in which, as a derivative of POMC,
oMSH tonically inhibits centrally mediated feeding activity
and leptin stimulates tMSH expression, which in turn induces
satiety. Can this idea be integrated with what's known about
the effects of leptin and oMSH on the neuroendocrine
reproductive axis? First, leptin exerts a powerful stimulatory
effect on the reproductive axis (5-8), and second, oMSH
stimulates the release of GnRH (14,15). Thus, it's at least
conceivable that leptin's role in stimulating the reproductive
axis and in promoting satiety are both mediated by oMSH. It
will be interesting to identify the phenotypes of cells
expressing the MC4-R and to determine whether GnRH
neurons express this receptor—indeed, if this were the case, it
would support the hypothesis that leptin's action on both
feeding and reproduction are coordinated by oMSH. A recent
study by Kesterson and co-workers, however, shows that
POMC mRNA levels remain unchanged in both ob/ob mice
and mice which have chronically antagonized MC4-R (36).
This observation suggests that either the regulation of «MSH
is post-translational or that non-POMC gene products in
POMC neurons mediate leptin's signaling action.

In summary, we have identified POMC neurons in the
arcuate nucleus as a probable target for leptin's action in the
hypothalamus by demonstrating that these cells express leptin
receptor mRNA. Based on the observations that the
neuropeptide products of the POMC gene have been shown to
participate in the regulation of food intake and gonadotropin
secretion, we infer that at least some of the effects of leptin on
feeding and reproduction may be mediated by POMC neurons.

Acknowledgements

We thank Drs. Jan Thornton, Emilia Kabigting, Scott
Weigle, and Joe Kuijper for their technical expertise. We also
thank Dr Patricia Finn and John Hohmann for their critical
evaluation of the manuscript. This work was supported by
USPHS (NIH) grants RO1 HD 27142, 5 T32 GMO07108
(CCC), and ZymoGenetics, Inc, Seattle, WA.

References

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

2. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P 1996
Recombinant mouse OB protein: evidence for a peripheral
signal linking adiposity and central neural networks. Science
269:546-549.

3.  Pelleymounter MA, Cullen MJ, Baker MB, Hecht R,
Winters D, Boone T, Collins F 1995 Effects of the obese gene
product on body weight regulation in ob/ob mice. Science
269:540-543.

4. Halaas JL, Gajiwala KS, Margherita M, Cohen SL, Chait
BT, Rabinowitz D, Lallone RL, Burley SK, Friedman JM
1996 Weight-reducing effects of the plasma protein encoded by
the obese gene. Science 269:543-546.

5. Chehab FF, Lim ME, Lu R 1996 Correction of the sterility
defect in homozygous obese female mice by treatment with the
human recombinant leptin. Nat Genet 12:318-320.

Downloaded from endo.endojournals.org on February 12, 2006

4491


http://endo.endojournals.org

4492

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

RAPID COMMUNICATIONS

Barash IA, Cheung CC, Weigle DS, Ren H, Kramer JM,
Fallon M, Kabigting EB, Kuijper JL, Clifton DK, Steiner
RA 1996 Leptin is a metabolic signal to the reproductive
system. Endocrinology 137:3144-3147.

Ahima RS, Prabakaran D, Mantzoros C, Qu D, Lowell B,
Maratos-Flier E, Flier JS 1996 Role of leptin in the
neuroendocrine response to fasting. Nature 382:250-252.
Cheung CC, Thornton JE, Kuijper KL, Weigle DS, Clifton
DK, Steiner RA 1997 Leptin is a metabolic gate for the onset of
puberty in the female rat. Endocrinology 138:855-858.

Mercer JG, Hoggard N, Williams LM, Lawrence CB,
Hannah LT, Trayhurn P 1996 Localization of leptin receptor
mRNA and the long form splice variant (Ob-Rb) in mouse
hypothalamus and adjacent brain regions by in situ
hybridization. FEBS Letters 387:113-116.

Schwartz MW, Seeley RJ, Campfield LA, Burn P, Baskin
DG 1996 Identification of targets of leptin action in rat
hypothalamus. J Clin Invest 98:1101-1106.

Kalra SP, Kalra PS 1996 Nutritional infertility: the role of the
interconnected hypothalamic neuropeptide Y-galanin-opioid
network. Front Neuroendocrinol 17:371-401.

Brady LS, Smith MA, Gold PW, Herkenham M 1990 Altered
expression of hypothalamic neuropeptide mRNA in food-
restricted and food-deprived rats. Neuroendocrinology 52:441-
447.

Bergendahl M, Wiemann JN, Clifton DK, Huhtaniemi I,
Steiner RA 1992 Short-term starvation decreases POMC
mRNA but does not alter GnRH mRNA in the brain of adult
male rats. Neuroendocrinology 56:913-920.

Scimonelli T, Celis ME 1990 A central action of alpha-
melanocyte-stimulating hormone on serum levels of LH and
prolactin in rats. J Endocrinol 124:127-32.

Caballero C, Celis ME 1993 The effect of the blockade of
alpha-melanocyte-stimulating hormone on LH release in the rat.
J Endocrinol 137:197-202.

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

Stephens TW, Basinski M, Bristow PK, Bue-Valleskey JM,
Burgett SG, Craft L, Hale J, Hoffmann J, MacKellar W,
Rosteck Jr PR, Schoner B, Smith D, Tinsley FC, Zhang X,
Helman M 1995 The role of neuropeptide Y in the anitobesity
action of the obese gene product. Nature 12:530-532.

Mercer JG, Hoggard N, Williams LM, Lawrence CB,
Hannah LT, Morgan PJ, Trayhurn P 1996 Coexpression of
leptin receptor and preproneuropeptide Y mRNA in arcuate
nucleus of mouse hypothalamus. J Neuroendocrinol 8:733-735.
Hakansson M, Hulting A, Meister B 1996 Expression of leptin
receptor mRNA in the hypothalamic arcuate nucleus -
relationship with NPY neurons. NeuroReport 7:3087-3092.
Kalra SP, Sahu A, Kalra PS, Crowley WR 1990
Hypothalamic neuropeptide Y: a circuit in the regulation of
gonadotropin secretion and feeding behavior. Ann N Y Acad Sci
611:273-283.

Erickson JC, Clegg KE, Palmitter RD 1996 Sensitivity to
leptin and susceptibility to seizures of mice lacking
neuropeptide Y. Nature 381:415-418.

Erickson JC, Hollopeter G, Palmiter RD 1996 Attenuation of
the obesity syndrome of ob/ob mice by the loss of neuropeptide
Y. Science 274:1704-1707.

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 1997
Targeted disruption of the melanocortin-4 receptor results in
obesity in mice. Cell 88:131-141.

Marks DL, Wiemann JN, Burton JM, Lent KL, Clifton DK,
Steiner RA 1992 Simultaneous visualization of two cellular

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Endo » 1997

Vol 138 « No 10

mRNA species in individual neurons by use of a new double in
situ hybridization method. Mol Cell Neurosci 3:395-405.

Chan YY, Grafstein-Dunn E, Delemarre-van de Waal HA,
Burton KA, Clifton DK, Steiner RA 1996 The role of galanin
and its receptor in the feedback regulation of growth hormone
secretion. Endocrinology 137:5303-5310.

Comuzzie AG, Hixson JE, Almasy L, Mitchell BD, Mahaney
MC, Dyer TD, Stern MP, MacCluer JW, Blangero J 1997 A
major quantitative trait locus determining serum leptin levels
and fat mass is located on human chromosome 2. Nature Genet
15:273-275.

Kalra S 1993 Mandatory neuropeptide-steroid signaling for the
preovulatory luteinizing hormone-releasing hormone discharge.
Endocr Rev 14:507-538.

Leranth C, MacLusky NJ, Shanabrough M, Naftolin F 1988
Immunohistochemical evidence for synaptic connections
between pro-opiomelanocortin-immunoreactive axons and LH-
RH neurons in the preoptic area of the rat. Brain Res 449:167-
176.

Chen W, Witkin JW, Silverman A 1989 Beta-endorphin and
gonadotropin-releasing hormone synaptic input to gonadotropin-
releasing hormone neurosecretory cells in the male rat. J Comp
Neurol 286:85-95.

Chowen-Breed JA, Clifton DK, Steiner RA 1989 Regional
specificity of testosterone regulation of proopiomelanocortin
gene expression in the arcuate nucleus of the male rat brain.
Endocrinology 124:2875-2881.

Khawaja XZ, Chatopadhyaya AK, Green IC 1991 Increased
p-endorphin and dynorphin concentrations in discrete
hypothalamic regions of genetically obese (0b/ob) mice. Brain
Res 555:164-168.

Hughes AM, Everitt BJ, Herbert J 1988 The effects of
simultaneous or separate infusions of some pro-
opiomelanocortin-derived peptides (B-endorphin, melanocyte
stimulating hormone, and corticotrophin-like intermediate
polypeptide) and their acetylated derivatives upon sexual and
ingestive behaviour of male rats. Neuroscience 27:689-698.
Sannella MI, Petersen SL 1997 Dual label in situ hybridization
studies provide evidence that luteinizing-hormone releasing
hormone neurons do not synthesize messenger ribonucleic acid
for u, x,8 opiate receptors. Endocrinology 138:1667-1672.
Rubinstein M, Mogil JS, Japon M, Chan EC, Allen RG, Low
M 1996 Absence of opioid stress-induced analgesia in mice
lacking p-endorphin by site-directed mutagenesis. Proc Natl
Acad Sci 93:3995-4000.

Mountjoy KG, Mortrud MT, Low MJ, Simerly RB, Cone
RD 1994 Localization of the melanocortin-4 receptor (MC4-R)
in neuroendocrine and autonomic control circuits in the brain.
Mol Endocrinol 8:1298-1308.

Kesterson RA, Huszar D, Lynch CA, Simerly RB, Cone RD
1997 Induction of neuropeptide Y gene expression in the dorsal
medial hypothalamic nucleus in two models of the agouti
obesity syndrome. Mol Endocrinol 11:630-637.

Downloaded from endo.endojournals.org on February 12, 2006


http://endo.endojournals.org

