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Melanocortin 4 Receptor-Mediated Hyperphagia and
Activation of Neuropeptide Y Expression in the Dorsomedial
Hypothalamus during Lactation
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In several hyperphagic models, including lactation, in which hypothalamic melanocortin signaling is reduced, a novel expression of NPY
mRNA in the dorsomedial hypothalamus (DMH) has been observed, suggesting that melanocortin signaling and the induced NPY in the
DMH may constitute unique neurocircuitry in mediating energy balance. Using lactating rats as a model, the present study first showed
that in the DMH abundant o-MSH and agouti-related protein fibers are in close apposition to NPY-positive cells. However, no NPY and
MCA4R (a melanocortin receptor) double-labeled neurons were observed. These data suggested that melanocortin input may synapse on
presynaptic terminals that then synapse on DMH NPY cells. To study the function of DMH MC4Rs in energy balance, an MC3/4R-selective
agonist, melanotan II (MTII), was injected bilaterally into the DMH. MTII injection significantly suppressed feeding induced by 24 hr
fasting or suckling-induced hyperphagia. Furthermore, MTII treatment greatly attenuated suckling-induced NPY expression in the
DMH. MTII treatment also stimulated uncoupling protein 1 activity in the brown adipose tissue of suckling female rats, indicative of
increased sympathetic outflow. In summary, the present study demonstrated that the melanocortin system in the DMH not only plays an
important role in inducing NPY expression in the DMH of lactating rats but also in regulating energy homeostasis, at least in part, by

modulating appetite and energy expenditure.
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Introduction

Proopiomelanocortin (POMC) gene-derived peptides in the hy-
pothalamus are a pivotal anorectic system in regulating energy
balance. Central administration of a-MSH, one of the POMC
gene products, suppresses feeding and elevates energy expendi-
ture (Cone, 1999; Vergoni and Bertolini, 2000), whereas POMC
null mice develop overt obesity (Yaswen et al., 1999). In the hy-
pothalamus, most POMC-producing neurons are found in the
arcuate nucleus (ARH), and these neurons project into wide-
spread brain regions, including the hypothalamus, septum,
amygdala, and brainstem (Mezey et al., 1985).

Of the five melanocortin receptor subtypes for POMC pep-
tides (Gantz and Fong, 2003), MC3R and MC4R are the two
major subtypes found in the CNS, and MCA4R is thought to be
responsible for mediating the central effects of POMC peptides in
energy homeostasis. For example, central administration of
MC4R-specific antagonists causes an increase in feeding and obe-
sity (Kask et al., 1998). Mice with MC4R deletion display hy-
perphagia, reduced energy expenditure, and obesity (Huszar et
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al.,, 1997). Moreover, overexpression of agouti-related protein
(AGRP), an endogenous MC4R antagonist (Shutter et al., 1997),
results in hyperphagia and obesity (Ollmann et al., 1997), further
reinforcing the importance of MC4Rs in energy balance.

One underlying mechanism of the anorectic effects of MC4R
action may involve the inhibition of hypothalamic NPY expres-
sion, a potent orexigenic system. In MC4R null mice, there is an
induction of NPY mRNA in neurons in the dorsomedial hypo-
thalamus (DMH) (Kesterson et al., 1997). Interestingly, neural
activity of NPY neurons in the ARH is not altered in this obese
model, despite the well documented role of ARH NPY neurons in
feeding regulation (Levine and Morley, 1984). These results sug-
gest that the hyperphagia associated with decreased MC4R action
may involve induction of NPY expression in the DMH. Similar
NPY expression in the DMH has been reported in two other
hyperphagic models, lactation (Li et al., 1998) and the diet-
induced obese mouse (Guan et al., 1998). The characteristic of
hyperphagia associated with these animal models has led to the
hypothesis that NPY in the DMH may be involved in feeding
regulation mediated by reduced MC4R signaling.

Lactation is a natural physiological state in which the energy
expenditure attributable to milk production is met by a large
increase in food intake [threefold to fourfold compared with
nonlactating rats (Wade and Schneider, 1992; Wade et al., 1996;
Brogan et al., 1999)]. Associated with the hyperphagia of lacta-
tion, the expression of the two orexigenic peptides in the ARH,



5092 - J. Neurosci., June 2, 2004 - 24(22):5091-5100

NPY and AGRP, is elevated (Li et al., 1998; Chen et al., 1999),
whereas the anorectic peptide, POMC, is reduced (Smith, 1993).
Thus, lactating rats also exhibit reduced MC4R signaling as a
consequence of reduced POMC and elevated AGRP expression,
consistent with the notion that reduced melanocortin signaling is
associated with the induction of NPY expression in the DMH (Li
et al., 1998).

In the present study, the lactating rat was used as a model to
first determine the neuroanatomical relationship among POMC
and AGRP nerve fibers and terminals, MC4R, and NPY neurons
in the DMH. Second, a MC4R/MC3R agonist, melanotan II
(MTII), was administered into the DMH to determine whether
activation of MC4Rs in the DMH can suppress DMH NPY ex-
pression and food intake during lactation.

Materials and Methods

Animals and tissue

Pregnant or cycling female Sprague Dawley rats (B & K Universal, Kent,
WA) were housed individually and maintained under a 12 hr light/dark
cycle (lights on at 7:00 A.M.) and constant temperature (23 * 2°C). Food
and water were provided ad libitum. The pregnant rats were checked for
the birth of the pups every morning; the day of delivery was considered
day 0 postpartum, and litters were adjusted to eight pups on day 2. All
animal procedures were approved by the Oregon National Primate Re-
search Center Institutional Animal Care and Use Committee.

For immunohistochemistry (IHC) studies, the animals were anesthe-
tized with an overdose of pentobarbital (125 mg/kg body weight, i.p.)
and perfused transcardially with 150 ml of 2% sodium nitrite in saline,
followed by 300 ml of 4% borax-paraformaldehyde, pH 9.5. The brain
was removed, and 25 wm sections were cut and collected in cryopro-
tectant and stored at —20°C until use. For in situ hybridization (ISH) and
real-time PCR studies, animals were killed by rapid decapitation. The
brains and interscapular brown adipose tissue (IBAT) were removed
quickly, frozen on powdered dry ice, and stored at —80°C. Coronal brain
sections (20 wm) were collected through the DMH/ARH areas and stored
at —80°C until use. Trunk blood was collected to assay plasma leptin
levels by RIA.

The distribution of melanocortin system peptides

in the DMH and their anatomical relationship with

DMH NPY neurons

IHC for a-MSH or AGRP immunoreactivity

To investigate whether ARH POMC or AGRP neurons sends fiber pro-
jections to the DMH area, single-label IHC for a-MSH or AGRP was
performed. A one-in-six series of 25 pum tissue sections from three
diestrous and three lactating animals and covering the entire rostral to
caudal extent of the DMH was used for each antibody. Tissue sections
were rinsed in 0.05 M potassium PBS (KPBS), followed by treatment
with 1% NaBH,—KPBS solution. Sections were incubated in sheep
anti-a-MSH antibody (1:5000; Chemicon, Temecula, CA) or rabbit anti-
AGRP (1:5000; Phoenix Pharmaceuticals, Bont, CA) in KPBS with 0.4%
Triton X-100 (KPBSX) for 48 hr. After incubation, the tissue was rinsed
in KPBS and incubated in FITC-conjugated donkey anti-sheep or anti-
rabbit IgG (1:300; Jackson ImmunoResearch, West Grove, PA) in KPBSX
for 1 hr at room temperature. The tissue sections were then mounted on
gelatin-coated glass slides and coverslipped with buffered glycerol.

Double-label ISH-IHC for NPY mRNA and a-MSH, AGRP, or
NPY immunoreactivity

To investigate the anatomical relationship between melanocortin pep-
tide fibers and DMH NPY neurons, double-label ISH-IHC was per-
formed. Free-floating tissue sections (one-in-four series; covering the
entire rostral to caudal extent of the DMH) from lactating D12 animals
were used in this study. The NPY cRNA probe was made from a 511 bp
rat cDNA, into which digoxigenin (dig)-UTP (Roche Molecular Bio-
chemicals, Indianapolis, IN) was incorporated (it should be noted that
we could not use IHC to label NPY cell bodies because NPY immunore-
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activity (-ir) is not visible in hypothalamic cell bodies without colchicine
treatment). The tissue sections were rinsed with sodium phosphate buft-
ers, treated with a fresh solution containing 0.25% acetic anhydride in 0.1
M triethanolamine, pH 8.0, followed by a rinse in 2X SSC. After the
prehybridization wash, the free-floating sections were prehybridized in
hybridization buffer containing 2 mg/ml torula yeast RNA for 2 hr at
55°C, followed by incubation in the hybridization buffer containing 2
pg/ml dig-NPY cRNA for 15 hr at 55°C. After incubation, the tissue
sections were washed in SSC that increased in stringency, in RNase, in
0.1X SSC at 60°C, and then were incubated in a primary antibody mix-
ture of mouse anti-dig monoclonal antibody IgG (1:10,000; Jackson
ImmunoResearch) and one of the following antibodies: (1) sheep anti-
a-MSH antibody IgG (1:5000; Chemicon); (2) rabbit anti-AGRP
(1:5000; Phoenix Pharmaceuticals, Belmont, CA); or (3) rabbit anti-NPY
(1:4000; provided by Dr. Phillip J. Larsen, Rheoscience, Rodovre, Den-
mark). When a double-label IHC and ISH was performed to detect
AGRP-ir and NPY mRNA simultaneously, the AGRP antibody failed to
detect AGRP-ir staining in the DMH in this particular procedure. Thus,
NPY immunostaining was used to identify NPY-positive fibers as an
alternative marker for AGRP-ir fibers. This is based on the findings that
almost all ARH NPY neurons coexpress AGRP (Hahn et al., 1998; Chen
etal., 1999). Furthermore, our laboratory has shown that the majority of
NPY fibers in the DMH are also AGRP positive (Grove et al., 2003).
Therefore, NPY-ir fiber staining is representative of AGRP, providing
evidence of the neuroanatomical connections between AGRP-ir fibers
and NPY neurons in the DMH. After incubation for 48 hr at 4°C, the
tissue sections were washed and incubated in donkey biotinylated anti-
mouse IgG (1:600) and donkey anti-sheep, anti-rabbit, or anti-goat
IgG—tetramethylrhodamine isothiocyanate (1:300; Jackson ImmunoRe-
search) for 1 hr at room temperature. This was followed by a 30 min
incubation at room temperature in ABC solution (1:225, Vectastain ABC
Elite kit; Vector Laboratories, Burlingame, CA), followed by application
of biotinyl tyramide (1:200, TSA-Indirect kit; PerkinElmer Life Sciences,
Boston, MA) for 15 min. Finally, streptavidin—Cy2 (1:1000; 1 hr at room
temperature) was applied to the tissue sections to visualize mRNA en-
coding NPY. The tissue sections were then mounted on gelatin-coated
glass slides, counterstained with Hoechst 33258 (Molecular Probes, Eu-
gene, OR) for visualization of cell nuclei, and coverslipped with buffered
glycerol.

Confocal microscopy image analysis

Close appositions between a-MSH- or AGRP-positive fibers and DMH
NPY neurons were analyzed with confocal laser scanning microscopy as
described previously (Li et al., 1999). The TSC NT confocal system
(Leica, Nussloch, Germany) consisted of an RBE inverted microscope
(Leica) equipped with an Ar laser producing light at 467 nm and 488 nm,
a Kr laser for 568 nm, and a HeNe laser for 647 nm. Various objectives
[25X/numerical aperture (NA) 0.75, 40X/NA 1.25, and 100X/NA 1.4)
were used to scan the images. A series of continuous optical sections, at
0.2 um intervals along the z-axis of a tissue section, were scanned for
fluorescent signals. The signals obtained for each fluorophore on one
series of optical sections were stored separately as a series of 512 X 512
pixel images. The stacks of individual optical slices (0.2 wm resolution)
were analyzed using the MetaMorph imaging system (Universal Imag-
ing, West Chester, PA) to determine the close appositions of melanocor-
tin system fibers on the NPY neurons. The confocal images are presented
as projections of a stack of optical images.

Double-label ISH of dig-NPY and *P-MC4R mRNAs

Fresh frozen tissue sections from lactating D12 animals (20 wm; one-in-
three series) were used. A 600 bp antisense rat MC4R cRNA probe was
transcribed from the cDNA in which 25% of the UTP was *’P labeled
(PerkinElmer Life Sciences). The specific activity of the probe was 5-6 X
10° dpm/ug. The same dig-NPY cRNA probe, as described above, was
used in this study. Brain sections were fixed and washed as described
above and were exposed to the mixture of **P-MC4R (5 X 107 cpm/ml)
plus dig-NPY (2 wg/ml) cRNA probes in a moist chamber for 15 hr at
55°C. After incubation and posthybridization washes, slides were treated
with a similar IHC protocol as described above, except that chromogen
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(DAB) was used to visualize NPY mRNA. The slides were air dried and
dipped in NTB-4 emulsion (Eastman Kodak, Rochester, NY), exposed
for 30 d at 4°C, developed, counterstained with cresyl violet, and cover-
slipped with DPX mounting medium (BDH Chemicals, Poole, UK).

Double-label ISH of dig-NPY and *>S-GAD®” mRNAs

The same protocol for double-label ISH, as described above, was used. A
220 bp antisense rat GAD *” cRNA probe was transcribed from the cDNA
in which 20% of the UTP was >°S labeled (PerkinElmer Life Sciences).
The specific activity of the probe was 45 X 10® dpm/pg. The slides were
dipped and exposed to NTB-4 emulsion for 7 d.

Effects of an MC4R agonist injected into the DMH on food
intake, DMH NPY expression, and peripheral markers of
energy metabolism

Bilateral cannulation of the DMH area

Female rats were anesthetized with tribromoethanol (20 mg/100 gm
body weight) and placed in a stereotaxic apparatus. The double-guide
cannula (28 gauge; center-to-center, 1.0 mm; tubing length below ped-
estal, 8.4 mm; Plastics One, Roanoke, VA) was inserted into the area
surrounding the compact zone of DMH [DMHp; coordinates: 3.3 mm
caudal, 0.5 mm lateral to bregma, and 8.4 mm ventral to the dura, ac-
cording to the atlas of Paxinos and Watson (1998)], the area containing a
high density of suckling-activated NPY neurons. The guide cannula was
secured to the skull by acrylic dental cement and anchored with stainless-
steel bone screws. A dummy cannula (32 gauge; tip extends 0.5 mm
below the guide cannulas; Plastics One) was inserted into the guide can-
nula to maintain patency until the time of injections. Rats were handled
daily during the recovery period, and only animals displaying normal
food intake and weight gain after surgeries were used.

MTII treatment paradigm
Nonlactation groups. A group of eight cycling females were ovariecto-
mized and implanted with a bilateral DMH cannula 8 d before the MTII
(Phoenix Pharmaceuticals, Mountain View, CA) treatment. The rat
chow was removed from the animals 24 hr before the treatment. On the
day of treatment, freely moving rats were remotely injected at 9:00 A.M.
with MTII (0.3 nmol in 0.4 ul per side per animal; n = 4) or vehicle [0.4
wl double-filtered sterile artificial CSF (aCSF; n = 4) through the internal
cannula (32 gauge; tip extended 0.5 mm below the guide cannula) that
was connected via PE50 tubing to a Hamilton syringe. Injected solutions
were manually pushed through over a 1 min period, and the internal
cannula stayed in situ for 1 min after the injection. Immediately after
injections, preweighted rat chow was placed in cages. The dose of MTII
was extrapolated from the literature as causing a maximal suppression of
food intake when given intracerebroventricularly or directly into specific
brain nuclei (Fan et al., 1997). Food intake was measured 2, 4, 8, and 24
hr after injection. After the completion of the experiment, animals were
killed by decapitation. The brains were collected, sectioned, and coun-
terstained with thionin to verify the placements of guide cannulas.
Lactation groups. The acute suckling paradigm was used to induce
DMH NPY expression. Sixteen lactating animals with eight-pup litters
were implanted with bilateral DMH cannulas on day 2 postpartum, and
the animals were returned to their litters to resume suckling and to recu-
perate from the surgery. At 6:30 P.M. on day 9 postpartum, litters were
separated from their dams and placed with foster animals until 6 hr
before the MTII injection. After 48 hr of pup separation, the dams re-
ceived bilateral injections of MTII (n = 8; 0.4 nmol in 0.4 ul per side) or
vehicle (n = 8; 0.4 ul of double-filtered sterile aCSF per side). Pups were
returned to the animals immediately after the injection to resume suck-
ling for 9 hr. A 9 hr acute suckling stimulus was chosen based on prelim-
inary studies showing that 9 hr of suckling was sufficient to induce near
maximal expression of NPY mRNA in the DMH while minimizing alter-
ations in energy expenditure attributable to milk production. Thus, in
this acute suckling paradigm, the expression of NPY in the DMH is
primarily the result of neural stimulation induced by suckling. Animals
had ad libitum access to food and water during the experiment. The
interactions between the dams and the pups were observed during the
first 15 min and the last 15 min of the 9 hr suckling period. Most dams
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started retrieving and suckling their pups within 3 min of returning the
litter. During the last 15 min of the suckling period, most dams were
observed to be in the kyphosis suckling position. To ensure that suckling
and milk production occurred, each of the eight pups’ bellies was dis-
sected and graded 0-3, depending on the amount of the contents (24
would be the maximum score for an eight-pup litter). The food intake of
each dam was measured at the end of the 9 hr period of resuckling. Brain
tissue, BAT, and trunk blood were collected. Brain tissue was sectioned
(20 wm coronal sections) and then subjected to ISH for NPY mRNA

To ensure that alteration of DMH NPY expression was a direct result
of the MTII treatment and not secondary to the feeding-suppressive
effect of MTII, another group of 16 lactating animals (8 received MTII
injections, 8 received vehicle injections) were subjected to the same ex-
periment paradigm, except that during the 9 hr period of resuckling,
animals had no access to food but ad libitum access to water. Our pre-
liminary studies showed that animals receiving 9 hr of acute suckling in
the absence of food expressed a comparable intensity of DMH NPY
mRNA as fed animals.

ISH to detect DMH NPY mRNA

The same rat NPY cRNA and ISH procedures as described above were
used, except that the NPY cDNA probe was labeled with *>S-UTP. The
specific activity of the probe was 5-6 X 10® dpm/ug, and the saturating
concentration for the probe used in the assay was 0.3 pg/ml-kb.

Quantification of DMH NPY mRNA

Only animals with the cannula necrosis tracks within the DMH bound-
ary were used for the analysis. Brain sections containing DMH were used
for the NPY mRNA analysis (20 wm; one-in-three coronal sections).
Tissue sections from all groups were processed in one batch to avoid
interassay variations. For data analysis, the brain sections were anatom-
ically matched across animals from all groups. The hybridization signals
were quantitated using the OPTIMUS image analysis system, version 6.2
(Media Cybernetics, Silver Spring, MD). Brain section images were cap-
tured individually by a CCD camera (Cohu, San Diego, CA) and dis-
played on a computer monitor. The system identified silver grains by the
brightness of the image. An estimate for silver grains over the entire
DMH on each tissue section was given as the area occupied by silver
grains within the region of interest (ROI). The brightness, threshold, and
ROI were kept constant for all the sections analyzed. A ROI was drawn to
encompass all the NPY-positive neurons in the DMH. However, because
the NPY neurons were scattering around the compact zone, it was not
possible to exclude the compact zone, where low levels of NPY mRNA
were present in both lactating and nonlactating animals. Therefore, an-
other ROI was drawn to outline the compact zone, and the silver grain
area within was analyzed and subtracted from the readout obtained from
the ROI that covered the whole DMH, so that silver grain clusters asso-
ciated only with NPY neurons were counted. The sum of the silver grain
area was divided by number of sections quantified for each animal and
was expressed as silver grain area per section.

Statistical analysis

The data were expressed as the area occupied by grains per section. The
mean area occupied by grains per section was determined for each ani-
mal. Because all of the slides could not be processed in one assay, the
results were normalized to the vehicle-treated controls. Data are pre-
sented as the means = SEM. Differences between groups were evaluated
using one-way ANOVA and post hoc Fisher’s tests. Differences were con-
sidered significant if p < 0.05.

Real-time PCR assay for uncoupling protein expression in BAT

BAT was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA),
and total cellular RNA was isolated according to the manufacturer’s spec-
ifications. The quality and completeness of the RNA were determined by
nanoassay bioanalysis using the 2100 Bioanalyzer (Agilent, Foster City,
CA) and measuring the area under the curve of the peaks corresponding
to 18S and 28S rRNA. The concentration of the RNA was determined by
measuring the absorbance at 260 and 280 nm. Real-time quantitative
PCR amplification reactions were performed in an ABI Prism 7700 se-
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quence detection system (Applied Biosystems, Foster City, CA) to mea-
sure uncoupling protein 1 (UCP1) mRNA levels. The principle of Taq-
Man real-time PCR is based on DNA amplification and cleavage of an
internal probe that is hybridized to the amplified DNA by the 5'-3’
exonuclease activity of the TagDNA polymerase during PCR cycles. RNA
samples were prepared for real-time PCR by random-primed reverse tran-
scription reaction using random hexamer primers (Promega, Madison, WI)
and 1 ug of RNA. The final concentration of the reverse transcriptase prod-
uct was determined by measuring the absorbance at 260 and 280 nm. The
reaction was then diluted to 10 ng/ul for PCR analysis. Reactions were con-
ducted in duplicate for increased accuracy. Ten microliters of reaction mix-
ture contained 5 ul of TagMan Universal PCR Master Mix, 300 nwm specific
target gene primers, 80 nMm glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene primers, 250 nM specific probes, and 2 ul (20 nm) of cDNA.
The amplification was performed as follows: 2 min at 50°C, 10 min at 95°C,
then 40 cycles each at 95°C for 15 sec and 60°C for 60 sec in the ABI/Prism
7700 Sequence Detector system. After PCR was completed, baseline and
threshold values were set to optimize the amplification plot, and the data
were exported to an Excel spreadsheet. Standard curves were drawn on the
basis of the log of the input RNA versus the critical threshold (CT) cycle,
which is the cycle in which the fluorescence of the sample was greater than
the threshold of baseline fluorescence. These standard curves allowed for the
CT values to be converted to relative RNA concentration for each sample.
The primers and probes were designed using the Primer Express software
(Applied Biosystems). The sequence of the primer and probes used was:
UCP1: forward TCCCTCAGGATTGGCCTCTAC, reverse GTCAT-
CAAGCCAGCCGAGAT, probe Fam-AACGCCTGCCTCTTTGGGAAG-
CAA-Tamra; GAPDH: forward AGAACATCATCCCTGCATCCA, reverse
GGCCATGCCAGTGAGCTT, probe Vic-TGGTGCCAAGGCTGTG-
GGCAA-Tamra.

RIA for serum leptin

Serum leptin levels were determined with a commercial leptin RIA kit
(Linco Research, St. Charles, MO). The range of standard concentrations
was between 0.5 and 50 ng/ml, which is within the limit of linearity. All
samples were measured in the same assay.

Results

Neuroanatomical connections between AGRP, a-MSH fibers,
and NPY neurons in the DMH

THC and ISH techniques were used to establish the neuroana-
tomical relationship between melanocortin-producing neuronal
projections (AGRP, a-MSH) and DMH NPY neurons. Analysis
of single-label IHC demonstrated that there was abundant
a-MSH-ir (Fig. 1a) and AGRP-ir (Fig. 2a) fiber staining through-
out the DMH area of the lactating rats. To investigate the ana-
tomical relationship between the melanocortin peptides and
suckling-activated NPY neurons in the DMH, we applied double-
label fluorescent histological staining to simultaneously label the
fibers and NPY cell bodies. The double-label fluorescent IHC—
ISH technique was sensitive enough to stain a comparable
amount of a-MSH-ir fibers (red) as was detected with single-
label THC, and NPY mRNA-containing neurons (green) were
observed scattering around the DMHp (Fig. 1b). With the aid of
confocal microscopy, many close appositions were observed be-
tween a-MSH-ir fibers and NPY neurons. An examination of 0.2
pm single optical sections through each NPY neuron confirmed
the close apposition of a-MSH-ir fibers with the cell bodies (Fig.
lc,d). In the AGRP-ir/NPY mRNA double IHC-ISH studies,
AGRP-ir was represented by NPY-ir. As shown in Figure 2b, we
observed robust NPY-ir fibers and NPY mRNA staining in the
DMH. When examined under higher magnification, many close
appositions between NPY-ir fibers and NPY neurons were found,
and the close appositions were confirmed after examining a series
of 0.2 um confocal optical sections.
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Localization of NPY mRNA (green) and ce-MSH-ir (red) fibers in the DMH. a, Low-

Figure 1.
power stacked confocal images showing abundant single labeling of c:-MSH-ir fibers in the
DMH. 3V, Third ventricle. b, Many NPY mRNA-containing neurons (green) were found scattering
outside the compact zone of DMH (DMHp; dotted line). ¢, d, Representative high-magnification
confocal images showing NPY mRNA (green) and «-MSH-ir (red) fibers in the DMH. Close
appositions (arrows) of a-MSH-ir fibers on NPY neurons were observed in this area. The scale
bars represent micrometers.

MC4R and NPY mRNA expression in the DMH

These studies examined the relationship between the melanocor-
tin signaling system, MC4R, and DMH NPY neurons. Double-
label ISH of MC4R and NPY was examined with dark-field and
bright-field microscopy. In the DMH area, both MC4R (silver
grain clusters) (Fig. 3a,¢) and NPY (brown cytoplasmic staining)
(Fig. 3b,d) neurons were scattering next to each other, outside of
the DMHp; however, no colocalization of the two substances was
observed. To ensure that the lack of coexpression was not attrib-
utable to decreased sensitivity of the double-label ISH technique,
other brain regions were examined in which both MC4R and
NPY were found. Examples of neurons coexpressing MC4R and
NPY were observed in the cortical area (Fig. 3e,f).

GAD®” and NPY mRNA expression in the DMH

These studies examined the anatomical relationship between
GABAergic and NPY neurons in the DMH. Double-label ISH of
GAD® and NPY was examined with dark-field and bright-field
microscopy. In the DMH area, both GAD® (silver grain clusters)
(Fig. 3g) and NPY (brown cytoplasmic staining) (Fig. 3/) neu-
rons were scattering next to each other outside of the DMHp.
However, no colocalization of the two substances was observed.
To ensure that the lack of coexpression was not attributable to
decreased sensitivity of the double-label ISH technique, ARH
NPY neurons, the majority of which have been shown to be
GABAergic (Horvath et al., 1997), were examined. Figure 3i
shows several examples of GAD ®”/NPY double-labeled neurons
in the ARH.

Effect of DMH MTII injection on the refeeding response of 24
hr food-deprived nonlactating female rats

The effects of MTII were first examined in nonlactating animals
to determine whether direct injections into the DMH and the
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Figure 2.
ventricle. b, Many NPY mRNA-containing neurons (green) were surrounded by NPY-ir fibers (red) in the DMH. The insets are
high-magpnification confocal images of the yellow-boxed areas showing NPY-ir fibers (red) in close apposition (arrows) to NPY-
producing neurons in the DMH. The scale bars represent micrometers.

dose of MTII were effective in suppressing food intake. The
refeeding response after a 24 hr fast was used to maximize food
intake in the vehicle-treated animals. Bilateral administration of
MTII into the DMH after a 24 hr period of fasting produced a
significant inhibition of food intake at all time points measured
when compared with the vehicle treatment (Fig. 4). The suppres-
sive effect of MTII on the refeeding response seems to be long
lasting, because the cumulative food intake consumed by the
MTII-treated group was still significantly lower than that of the
vehicle-treated animals 24 hr after the drug infusion (Fig. 4).

Effect of DMH MTII injection on food intake and DMH NPY
expression in lactating rats
Having established the effectiveness of the MTII treatment, an
acute suckling paradigm was used to examine the effects of in-
creased melanocortin signaling in the DMH on suckling-induced
hyperphagia and induction of NPY expression. Rats receiving
vehicle or MTII injections into the DMH exhibited normal ma-
ternal behavior. When eight-pup litters were returned to the in-
jected animals, they retrieved the pups and started suckling
within 3 min. After 9 hr of suckling, the stomach contents of pups
from MTII and vehicle groups were examined and found to not
be different (vehicle, 19.71 * 1.40; MTTL, 16.25 * 2.02; p = 0.09),
indicating a similar level of milk ingestion by the pups. The
vehicle-treated lactating animals consumed ~13 gm of rat chow
in the 9 hr time period. The hyperphagic effects of the suckling
stimulus were already in evidence because animals that received
no suckling stimulus after a 48 hr pup separation ate only ~56%
of the amount of food consumed by acute resuckled rats during a
similar 9 hr period. Suckled animals receiving bilateral DMH
MTII injections ate significantly less than the vehicle-injected
suckled animals in the same period of time (74% decrease)
(Fig. 5d).

Suckling eight pups for 9 hr induced the expression of NPY in
a population of neurons located around the compact zone in the
DMH (Fig. 5a). This expression pattern was comparable with
that found in animals resuckled for 24 hr or during chronic lac-
tation (Li et al., 1998). In animals receiving MTII treatment,
DMH NPY mRNA was 33% of the level observed in the vehicle-
treated animals ( p < 0.05, respectively) (Fig. 5b,¢). It should be
noted that the low levels of NPY mRNA signal observed in the
DMHp did not change in response to treatment.

a, Low-power stacked confocal images showing abundant single labeling of AGRP-ir fibers in the DMH. 3V, Third
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Suckling eight pups for 9 hr in the ab-
sence of food induced a comparable inten-
sity of DMH NPY mRNA expression as
was observed in the ad libitum fed group.
Treatment with MTII caused approxi-
mately a 70% reduction of NPY mRNA
expression compared with the vehicle-
treated animals ( p < 0.05). There was no
difference in stomach contents of the pups
between the vehicle- and MTII-treated
groups (vehicle, 15.67 * 2.50; MTIIL,
15.33 = 2.20; p = 0.46), indicating a sim-
ilar level of milk ingestion by the pups.

Effect of DMH MTII administration on
the IBAT UCP1 gene expression in the
lactating rats

It has been shown that central injection of
an MC4R agonist activates a host of pe-
ripheral responses to increase energy ex-
penditure, including increases in oxygen
consumption (Hwa et al., 2001), sympathetic outflow to BAT,
(Haynes et al., 1999), UCP1 mRNA expression (Williams et al.,
2003), and core body temperature (Murphy et al., 2000). In ad-
dition, the DMH has been implicated in playing a key role in
regulating sympathetic activity and thermogenesis. To provide
additional information of the effects of MTII injections in the
DMH, UCP1 mRNA levels in IBAT were used as a marker for
changes in peripheral energy metabolism. Figure 6a shows the
standard curves of UCP1 and GAPDH RNA, which serves as a
reference standard to normalize the DNA quality and quantity
among different samples. Along the five serial 10-fold dilutions,
both tested genes showed linear amplification within the range
used for this study, with correlation coefficients >0.99.

Animals suckling eight pups for 9 hr had significantly lower
UCP1 mRNA in the BAT than nonlactating females (nonlactat-
ing females, 0.63 * 0.16; acute resuckled, 0.25 * 0.03 relative
units; n = 7 for both groups; p < 0.05), similar to that described
previously (Xiao et al., 2004). In animals resuckled for 9 hr in the
presence of food, bilateral MTII injections into the DMH pre-
vented the suckling-induced suppression of UCP1 activity in the
BAT (Fig. 6b) and restored levels to those observed in nonlactat-
ing females. In contrast, MTII failed to prevent the suckling-
induced suppression in UCP1 mRNA in BAT in lactating rats
suckling for 9 hr in the absence of food (Fig. 6¢).

Effect of DMH MTII administration on plasma leptin levels in
the lactating rats

Serum leptin measurements were made to obtain another mea-
sure of the effects of MTII administration on peripheral signals of
energy metabolism. Our previous studies showed that lactating
rats have markedly decreased serum leptin levels, and removal of
the suckling stimulus for 48 hr results in leptin levels that are
much higher than normal, reflecting the increased body fat of
lactating animals (Brogan et al., 1999; Xiao et al., 2004). Com-
pared with the results obtained in our previous study, the leptin
levels (2.8 £ 0.5 ng/ml) (Table 1) in animals receiving 9 hr of
acute suckling after 2 d of pup removal were lower than animals
receiving no acute suckling stimulus (~4.5 ng/ml) but not as
suppressed as levels observed in chronic lactating rats (~0.4 ng/
ml). These data suggest that animals receiving 9 hr of suckling
were still in the process of adjusting their peripheral physiological
responses to adapt to the negative energy balance associated with
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prolonged milk production. Rats suckling
for 9 hr in the absence of food exhibited
significantly lower plasma leptin levels
than the ad libitum-fed lactating rats (Ta-
ble 1). DMH MTII injections resulted in a
modest reduction of plasma leptin levels
in both the ad libitum and food-deprived
groups; however, the differences were not
statistically significant (Table 1). It has
been suggested that the sympathetic ner-
vous system exerts an inhibitory control
over leptin production and release
(Donahoo et al.,, 1997); Pierroz et al.
(2002) observed a significant downregula-
tion of plasma leptin levels in mice receiv-
ing 4 d of intracerebroventricular MTII
treatment, but not in the pair-fed controls.
These results might explain why we failed
to see a significant effect of MTII on circu-
lating leptin levels of resuckled animals af-
ter only 9 hr of MTII treatment.

Discussion

In the present study, we used an acute re-
suckling paradigm as a model to deter-
mine whether MC4Rs in the DMH play an
important role in (1) the regulation of
food intake and energy expenditure, par-
ticularly under conditions in which there
is a strong hyperphagia, such as lactation,
and (2) the activation of NPY expression
in the DMH during lactation. The short
suckling duration (9 hr) used in the study
reflects, to a greater extent, the neural ef-
fects of suckling and, to a lesser extent, the
state of negative energy balance that
comes from long-term milk production.
This conclusion is supported by the results
showing that leptin levels in animals re-
ceiving 9 hr of suckling were not sup-
pressed to the same level as those of
chronic lactating rats. The additional re-
duction in serum leptin levels in food-
deprived suckled animals provides addi-
tional support for the notion that leptin
levels are a good indicator of the degree of
negative energy balance.

In agreement with other studies (Mezey
etal., 1985; Haskell-Luevano et al., 1999), we
found intense a-MSH and AGRP fibers and
terminals within the DMH area. The close
apposition of a-MSH fibers with NPY neu-
rons in the DMH provides a neuroanatomi-
cal framework for melanocortin peptides to
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Figure 3.  Expression of MC4Rs, GAD®’, and NPY mRNA in the rat brain. a, b, Low-power dark-field () and bright-field ()
photomicrographs of DMH showing the distribution of MC4Rs (silver grain clusters, red arrows) and NPY neurons (brown cyto-
plasmic deposit, yellow arrows) scattering next to each other around the compact zone of DMH (DMHp). No apparent colocaliza-
tion between the two signals was observed in this area. 3V, Third ventricle. ¢, d, High-power photomicrographs of the boxed areas
in a and b to further illustrate that no colocalization of MC4R and NPY was found in the DMH. The inset in d depicts the high-
magnification bright-field photomicrograph of the area delineated by the black rectangle in d. e and fshow an example of MC4R-
and NPY-coexpressing neurons (indicated by the blue arrows) identified in the cerebral cortex. g, h, Low-power dark-field  g) and
bright-field ( h) photomicrographs of DMH showing GAD © mRNA-positive neurons (brown cytoplasmic deposit, yellow arrows).
Note that little colocalization was observed between the two signals in the DMH. i, Low-power brightfield photomicrograph of the
ARH showing that the majority of NPY neurons (brown cytoplasmic deposit, indicated by the blue arrows) coexpressed GAD
(clusters of black speckles, indicated by the blue arrows). Scale bars, 100 pum.

affect NPY expression. At this time, it is not possible to provide an
empirical estimation of the relative contribution of ARH-derived
a-MSH fibers identified in the DMH. In addition to the ARH,
POMC/a-MSH-producing neurons are also found in the nucleus of
the solitary tract (Palkovits et al., 1987; Bronstein et al., 1992). How-
ever, DMH retrograde studies have shown that the majority of in-
puts to the DMH arise in the hypothalamus, with only a few projec-
tions from the brainstem (Thompson and Swanson, 1998; Chen and
Smith, 2003). Therefore, it is reasonable to conclude that POMC

neurons in the ARH are the major source of a-MSH fiber projec-
tions to the DMH that come in close apposition to NPY neurons.
Similarly, it is not possible to directly determine the relative
input of ARH-derived NPY-AGRP fibers to the DMH. Some of
the NPY fibers could be originating locally from DMH NPY cells.
In addition, NPY-producing neurons in the ventrolateral me-
dulla have been shown to send modest projections to the DMH
area (Allen et al., 1983; Thompson and Swanson, 1998; Chen and
Smith, 2003). Therefore, it remains possible that some of the
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Figure4. Bilateral DMH administration of MTII suppresses feeding. MTII (0.4 nmol) injected
directly to the DMH of 24 hr food-deprived ovariectomized rats produced a potent inhibition of
cumulative food intake (grams; mean == SEM; n = 4 for each group) compared with vehicle
control. *p << 0.05, significantly different from vehicle-treated rats at all time points.

NPY-ir fibers making close appositions on DMH NPY neurons
might come from NPY cells other than ARH. Taken together,
these results provide a neuroanatomical framework for a-MSH
and AGRP effects on NPY neurons in the DMH.

In the present study, we failed to detect NPY/MC4R double-
labeled cells in the DMH. This is not surprising because most
studies have demonstrated that MC4Rs couple with G, to activate
adenylyl cyclase (Cone et al., 1996). Thus, one would predict that
activation of MCA4R results in increased cell activity, which is
opposite to our hypothesis that decreased melanocortin system
signaling during lactation causes increased DMH NPY neuronal
activity. A likely explanation of the anatomical results is that
MC4Rs may be expressed on a separate population of neurons
within the DMH, which in turn make local synapses onto DMH
NPY neurons. These presynaptic terminals that express MC4Rs
may be the actual targets of the a-MSH and AGRP projections
(Fig. 7). Thus, the melanocortin peptides may synapse on the
inhibitory terminals that impinge on the NPY neurons. During
lactation, the decreased melanocortin system signaling could re-
sult in reduced inhibitory input to the NPY neurons, leading to
activation of NPY expression (Fig. 7). GABA is the prime candi-
date for the inhibitory input to the DMH NPY neurons, because
we and others have reported there are abundant GABA neurons
in the DMH (Okamura et al., 1990). In addition, the results from
double ISH of GAD®” and NPY indicate that, like MC4Rs, GABA
is not coexpressed with NPY but GABA neurons are in the vicin-
ity of the NPY neurons in the DMH. In addition, a-MSH has
been shown to modulate its downstream effectors via presynaptic
GABAergic inputs in the paraventricular nucleus (PVH) (Cowley
et al., 1999). A demonstration of colocalization of GABA and
MCA4R in the DMH would provide additional support for this
hypothesis.

To further substantiate the physiological significance of the
anatomical link between the ARH melanocortin system and
DMH NPY neurons, MTII, an MC3R/MC4R receptor agonist,
was injected directly into the DMH of both nonlactating and
lactating rats to examine (1) whether DMH is a target of POMC
through MC4R in modulating appetite and energy homeostasis
and (2) whether reversal of reduced melanocortin tone in the
DMH of lactating rats would prevent the activation of NPY neu-
rons in the DMH. In agreement with others (Kim et al., 2000), the
present study first showed that bilateral injections of MTII into
the DMH of ovariectomized nonlactating rats significantly atten-
uated the 24 hr fasting-induced refeeding. One possible down-

J. Neurosci., June 2, 2004 - 24(22):5091-5100 * 5097

Vehicle

g S
8 B

%

¥ &8 83 38

DMH NPY mRNA (9]
(% change from vehicle)

MTII MTII

Vehicle Vehicle

Figure5. Bilateral MTIl administration into the DMH suppresses suckling-induced DMH NPY
expression and hyperphagia in the lactating rats. a, Representative dark-field photomicrograph
showing the expression of NPY mRNA in the DMH area from a lactating rat treated with vehicle.
Suckling for 9 hrinduced prominent NPY silver grain clusters (representative clusters indicated
by the arrows) scattered in the DMH. b, DMH MTII injection resulted in a reduction in both
number and size of the silver grain clusters (several examples indicated by the arrows). The low
level of signal covering the DMHp was observed in all the animals examined. ¢, Quantitative
analysis of DMH NPY expression levels in the vehicle- and MTlI-treated groups. d, Summary of
accumulative food intake of animals treated with vehicle or MTII. MTII-treated lactating rats ate
significantly less than the vehicle-treated group. Data were expressed as means == SEM. *p <
0.05, significantly different from vehicle-treated group. 3V: third ventricle. Scale bar, 200 m

stream target of the DMH that is mediating this effect is the PVH,
because the DMH projects heavily to the parvicellular part of the
PVH (Thompson et al., 1996), which is a final common pathway
through which the brain controls feeding (Swanson and
Sawchenko, 1983). Although extensive studies have suggested a
direct pathway from ARH POMC neurons to MC4R-expressing
cells in the PVH to suppress feeding (Vergoni and Bertolini,
2000), our findings suggest yet an additional pathway for ARH
POMC peptides to regulate feeding, by way of the MC4R in the
DMH. This indirect pathway may allow the POMC system to
fine-tune its final output to PVH to regulate appetite.
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Figure 6.  UCP1 mRNA expression in the IBAT. g, The standard curves of UCP1 (4 ) and

GAPDH (M) for real-time PCR. GAPDH was selected as a reference standard to normalize the RNA
quality and quantity from IBAT across different groups. b, Bilateral DMH MTII administration
significantly stimulated IBAT UCP1 mRNA expression in the ad libitum-fed lactating rats. MTII
injection caused approximately a 128% increase of UCP1 mRNA expression compared with the
vehicle group. ¢, Direct DMH MTIl injections to the food-deprived lactating rats did not alter
UCPT mRNA expression in the IBAT when compared with the vehicle-treated rats. *p << 0.05,
significantly different from vehicle group.

Table 1. Plasma leptin levels in lactating rats receiving bilateral injections of MTII
or vehicle to the DMH

Leptin (ng/ml)

Vehicle (n =7) MTIl (n = 8)
Ad libitum fed 2.81 £ 0.50%*** 2.07 £ (.43%**xx
Food deprived 1.27 & 0.32%%*x*x* 0.74 £ (.25%**x*x*

% = 0.11; **p = 0.11;*%p = 0,01; ***p = 0.01.

Using the acute resuckling model, the present study showed
that 9 hr of resuckling was sufficient to not only induce hyperpha-
gia butalso to induce DMH NPY expression. This short period of
resuckling is not sufficient to increase NPY expression in the
ARH (Li et al., 1998), suggesting that the induction of NPY ex-
pression in the DMH is an important component of the hy-
perphagia of lactation. Activation of MC4Rs by direct injection of
MTII in the DMH oflactating rats greatly decreased (by 77%) the
suckling-induced increase in food intake. The MTII-induced de-
crease in food intake was coupled with a greatly attenuated ex-
pression of suckling-induced DMH NPY mRNA (Fig. 5). The
similar reduction of DMH NPY expression by the MTII treat-
ment, whether the animals were fed or not fed during the 9 hr
period of acute suckling, suggests that the reduction was a direct
result of the DMH MTII injections and not secondary to the
inhibitory effect of the MTII treatment on feeding. It is notewor-
thy that MTII treatment was equally effective in suppressing food
intake in nonlactating females that lack NPY expression in neu-
rons in the DMH. This result suggests that the appetite circuitry
involving DMH exerts a tonic input into the PVH to modulate

Chenetal. » Interactions between NPY and MC4R in the DMH

daily energy intake. When a large energy demand is present, such
as milk production, NPY expression in the DMH will provide an
additional signal to the PVH to further increase food intake. This
view is supported by the findings from Crowley et al. (2003)
showing that heightened NPY expression and lowered MC4R
signaling is the main driving force for the hyperphagia in lacta-
tion. This study showed that central injections of a NPY antago-
nist and a-MSH (at a dose much higher than normally used to
suppress feeding in normal female rats) reduced food intake of
lactating rats to ~40% of normal. Their results are in agreement
with our finding that when the extra population of NPY neurons
in the DMH was suppressed by the activation of MC4Rs in the
DMH, food intake of the lactating rats was significantly reduced
by 77%, indicating that DMH NPY neuronal population plays a
key role in inducing hyperphagia during lactation. Recently, Hill
and Levine (2003) showed that lactating mice lacking functional
NPY were still able to mount a comparable hyperphagia as the
wild-type controls, which seems to undermine the importance of
NPY in feeding during lactation. However, the apparent normal
feeding regulation in the NPY knock-out mice could be a result of
the developmental compensation by other redundant systems or
that the nonselective loss of NPY throughout the brain may not
be an accurate reflection of the role of the DMH NPY system in
feeding under certain circumstances such as lactation. The results
obtained in the present studies clearly showed that DMH NPY plays
a pivotal role in modulating lactation-associated hyperphagia.

In the present study, we showed that direct DMH MTII injec-
tions prevented the suckling-induced reduction of IBAT UCP1
mRNA in the ad libitum-fed resuckled rats. This result demon-
strates for the first time that MC4R signaling in the DMH is
involved in regulating sympathetic outflow to the BAT. There are
several possible pathways by which MC4R in the DMH may
modulate UCP1 expression in the BAT. First, the information
may be relayed via projections to the PVH that in turn influence
sympathetic neuronal activity that innervates BAT. Second,
DMH sends modest projections to the medullary nucleus raphé
pallidus (Thompson et al., 1996), an area shown to be the essen-
tial integration area mediating the thermogenic response in ro-
dent models (Madden and Morrison, 2003). Finally, it has been
shown that BAT UCP1 gene expression can be regulated by thy-
roid hormones (Masaki et al., 2000); therefore, it is possible the
DMH MC4R-responsive pathway may regulate thyrotropin-
releasing hormone neuronal activity in the PVH, which in turn
modulates UCP1 gene expression in the BAT via releasing thy-
roid hormones. Furthermore, Fekete et al. (2002) showed NPY in
the PVH can suppress the hypothalamic—pituitary—thyroid axis
and intracerebroventricular infusion of NPY greatly decreased
the expression of UCP1 in the BAT (Zakrzewska et al., 1999).
Taken together, it is conceivable that MTII in the DMH might
stimulate UCP1 gene production in the BAT via its suppression
of DMH NPY output to the PVH. However, the same MTII
treatment to the food-deprived lactating group did not pre-
vent the reduction in UCP1 mRNA expression in the BAT,
although NPY mRNA in the DMH was decreased. These data
suggest that the combination of energy expenditure (milk pro-
duction) and no energy intake (fasting) may activate protec-
tive energy adaptations to prevent additional energy loss and
thus override the effect of DMH MTII treatment in activating
UCPI activity in the BAT.

In conclusion, the present study provides a neuroanatomical
framework for the action of the melanocortin signaling system in
the DMH. The melanocortin system in the DMH not only plays
an important role in inducing NPY expression in the DMH of
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lactating rats but also in regulating energy homeostasis, at least in
part by modulating appetite and energy expenditure.
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