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Leptin, the product of the ob gene, plays important roles in the
regulation of food intake and body weight through its receptor
in the hypothalamus. To identify novel transcripts induced by
leptin, we performed cDNA subtraction based on selective sup-
pression of the polymerase chain reaction by using mRNA pre-
pared from the forebrain of leptin-injected ob/ob mice. One of
the genes isolated was amouse homolog of human negative reg-
ulatory element-binding protein (NREBP). Its expression was
markedly increased by leptin in the growth hormone secreta-
gogue-receptor (GHS-R)-positive neurons of the arcuate nu-
cleus and ventromedial hypothalamic nucleus. The promoter
region of GHS-R contains one NREBP binding sequence, sug-
gesting that NREBP regulates GHS-R transcription. Luciferase
reporter assays showed that NREBP repressedGHS-R promoter
activity in a hypothalamic neuronal cell line, GT1-7, and its
repressive activity was abolished by the replacement of negative
regulatory element in GHS-R promoter. Overexpression of
NREBP reduced the protein expression of endogenous GHS-R
without affecting the expression of ob-Rb in GT1-7 cells. To
determine the functional importance ofNREBP in thehypothal-
amus, we assessed the effects of NREBP on ghrelin action.
Although phosphorylation of AMP-activated protein kinase �
(AMPK�) was induced by ghrelin in GT1-7 cells, NREBP re-
pressed ghrelin-induced AMPK� phosphorylation. These
results suggest that leptin-induced NREBP is an important reg-
ulator of GHS-R expression in the hypothalamus and provides a
novel molecular link between leptin and ghrelin signaling.

Obesity develops when food intake exceeds compensatory
increases in energy expenditure, and energy is accumulated as
fat (1). Food intake is controlled by the precise coordination
between the neural circuitry and peripheral factors that derive
from fat, gut, and pancreas. The peripheral factors transduce
their signals by binding to the receptors in the hypothalamus
and regulate production of the orexigenic and the anorexigenic
peptides in the specific subsets of hypothalamic neurons (2).
Thus, the hypothalamus is critical in integrating signals from
the peripheral factors in the neural circuitry.
Leptin, an adipocyte-derived hormone (3), is a key nega-

tive regulator of food intake and energy expenditure. Circu-
lating leptin enters the brain through the blood-brain barrier
(4) and exerts its effects through binding to the long form of
the leptin receptor ob-Rb (5) expressed in the hypothalamus,
including the arcuate nucleus, ventromedial hypothalamic
nucleus (VMH),2 dorsomedial hypothalamic nucleus, lateral
hypothalamic nucleus, and paraventricular hypothalamic
nucleus (6). For example, in the hypothalamic arcuate nu-
cleus, leptin suppresses food intake via decreased expression
of the orexigenic peptides, neuropeptide Y, and agouti-re-
lated peptide and increased expression of the anorexigenic
peptides, proopiomelanocortin, and cocaine- and amphet-
amine-regulated transcript (6–9).
Although the administration of leptin reverses obesity

caused by its deficiency in mice and humans (10, 11), obesity
caused by total deficiency of leptin is uncommon in humans.
Instead, most obese humans are characterized by resistance to
leptin. Some mechanisms are thought to be involved in the
development of leptin resistance: circulating factors that bind
to leptin and inhibit its physiological functions, such as C-reac-
tive protein and the soluble form of the leptin receptor (12, 13),
defects in the transport of leptin across the blood-brain barrier,
and impairments of the intracellular signaling cascade from
leptin receptor.
In the hypothalamus, binding of leptin to ob-Rb can mediate

transcription of target genes mainly via the activation of the
JAK2 signal transducer and activator of transcription 3 pathway
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(14). Among them, SOCS3 (suppressor of cytokine signaling 3)
negatively regulates hypothalamic leptin signaling via the sup-
pression of JAK2 activation and contributes to the development
of a leptin-resistant state (15). Previously, White et al. (2000)
have identified four novel leptin-induced transcripts (LRG-47,
T cell-specific guanine nucleotide triphosphate-binding pro-
tein, RC10-11, and Stra-13) from a hypothalamic neuronal cell
line, GT1-7, stimulated with leptin (16). However, the roles of
leptin-induced molecules in feeding behavior and energy
metabolism remain unknown except for neuropeptides and
SOCS3. Therefore, the identification of leptin-induced tran-
scripts is of substantial biomedical importance. In the present
study, we identified a mouse homolog of human negative reg-
ulatory element-binding protein (NREBP), a transcriptional
repressor, as a leptin-induced transcript, which repressed the
expression of growth hormone secretagogue-receptor (GHS-R)
in the hypothalamus.

EXPERIMENTAL PROCEDURES

Animals—MaleC57BL/6J lean and ob/obmice (8 to 10weeks
old) were obtained from our breeding colony using heterozy-
gous (ob/�) breeding pairs. Mice were housed in specific
pathogen-free facilities, in light (12 h light/dark cycle), temper-
ature (22–25 °C), and humidity (50–60% relative humidity)
controlled conditions. Mice were fed a standard diet (MF; Ori-
ental Yeast, Tokyo, Japan) and water ad libitum. At all times,
the experiments were performed under the control of the Ani-
mal Research Control Committee in accordance with the
Guidelines for Animal Experiments of Wakayama Medical
University and Japanese Government Notification on Feeding
and Safekeeping of Animals (No. 6) and the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
Every effort was made to minimize the number of animals used
and their suffering.
Injection of Leptin in ob/obMice—Micewhohad fasted for 9 h

(starting from9:00 a.m.)were injected intravenouslywithPBS, pH
7.4, or recombinant mouse leptin (R&D Systems, Minneapolis,
MN) dissolved with PBS at a dose of 10 �g/g body weight.
Cloning of Leptin-induced Sequences—Total RNAs from the

forebrain of ob/ob mice 1 h after the intravenous injection of
PBS or mouse leptin were prepared using TRI reagent (Molec-
ular Research Center, Cincinnati, OH) as described previously
(17). Isolated mRNA from 200 �g of total RNA was obtained
with a FastTrack 2.0 mRNA isolation kit (Invitrogen). To select
leptin-induced transcripts in the forebrain, cDNA subtraction
based on selective suppression of PCR was performed with
PCR-Select cDNA subtraction kit (Clontech, Palo Alto, CA)
following the manufacturer’s protocol. Double-stranded cDNAs
were synthesized from 2 �g of mRNAs using avian myeloblas-
tosis virus reverse transcriptase and T4 DNA polymerase.
cDNAs derived from ob/ob mice injected with leptin (tester
pool) and cDNAs from ob/ob mice injected with PBS (driver
pool) were digested with the restriction enzyme RsaI. Two
types of adapter, provided by the manufacturer, were inde-
pendently ligated to the tester cDNAs. Each of the tester
cDNA pools was hybridized with excess from the driver cDNA
pool and incubated at 68 °C for 9 h (first hybridization). Then,
the two samples from the first hybridization was immediately

mixed (second hybridization), and the resulting annealed
material was amplified by suppression PCR: 27 cycles of
94 °C for 30 s, 66 °C for 30 s, and 72 °C for 1.5 min. The
amplified PCR products were subtractive, which presented the
differentially expressed genes in the tester population com-
pared with the driver population, and were ligated into the T/A
cloning vector pCRII (Invitrogen). The individual cDNA inserts
were sequenced using T7 primer by an automated sequencer
(ABI PRISM 310Genetic Analyzer, PerkinElmer Life Sciences).
Sequence homology searches were done using the Basic Local
Alignment Tool program against the National Center for Bio-
technology Informatics database, which includes entries from
GenBankTM, the European Molecular Biology Laboratory, and
DNA Database of Japan databases. To verify the selective
expression in the brain of ob/ob mice injected with leptin, we
analyzed differential expression of the individual cDNA
sequences onNorthern blots with total RNA from forebrains of
PBS- and leptin-injected ob/obmice.
Cell Culture—The mouse hypothalamic neuronal cell line,

GT1-7 (18), a gift from Dr. Pamela L. Mellon (University of
California, La Jolla, CA), was grown in DMEM with 10% fetal
calf serum, 100 units/ml of penicillin, and 100 �g/ml of strep-
tomycin (all from Invitrogen). Cells were grown at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air.
Preparation of Probes for NREBP—In the present study, we

prepared two types of fragments of NREBP: a 290-bp EcoRI-
SalI cDNA fragment of NREBP (coding region 1–275) and a
654-bp EcoRI-NotI cDNA fragment of NREBP (coding region
4492–5110). These fragments were ligated into pBluescript
SK(�) vector (Invitrogen) and linearized by cuttingwith appro-
priate restriction enzymes.
The probe for Northern blot analysis was prepared by using

Megaprime DNA labeling systems and [32P]dCTP (both from
Amersham Biosciences). The radioisotope-labeled probes for in
situ hybridization histochemistry were prepared by using appro-
priate RNA polymerases (T7 RNA polymerase for the antisense
probe and T3 RNA polymerase for the sense probe) and
[35S]dUTP (PerkinElmer Life Sciences). We used two types of
probes (coding region 1–275 and 4492–5110) for Northern blot
analysis and a radioisotope-labeled probe for in situ hybridization
histochemistry. Similar results were obtained with both probes.
We thus reported results with the probe prepared by using the
fragment of the NREBP (coding region 1–275).
Northern Blot Analysis—Northern blot analysis was per-

formed with some modifications as described previously (17).
Briefly, at 1 h after PBS or leptin injection, ob/ob mice were
deeply anesthetized with diethyl ether, and the brains were
quickly removed. Total RNA was isolated from mediobasal
hypothalami (defined caudally by the mammillary bodies, ros-
trally by the optic chiasm, laterally by the optic tract, and supe-
riorly by the apex of the hypothalamic third ventricle) by using
TRI Reagent. After separation on 1.2% agarose gels containing
2.4% formaldehyde, total RNA was transferred to positively
charged nylon membranes (Roche Diagnostics). For the tissue
blot analysis, mouse Multiple Tissue Northern blot was ob-
tained fromClontech Laboratories. Then, themembraneswere
hybridized with the 32P-labeled NREBP probe in a quick
hybridization solution (Stratagene, La Jolla, CA) at 68 °C for 2 h.
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After washing twice in 2� SSC buffer (1� SSC � 44.6 �mol/l
sodium chloride, 5�mol/l trisodium citrate, pH 7.0) containing
0.1% SDS at 68 °C for 15 min, and once in 0.1� SSC buffer
containing 0.1% SDS at 68 °C for 20 min, the membranes were
exposed to x-ray films for an appropriate period. The mem-
branes were stripped and rehybridizedwith probe for 18 S ribo-
somal RNA or GAPDH.
In Situ Hybridization Histochemistry—In situ hybridization

histochemistry using radioisotope-labeled probes was carried
out as described previously (19). Briefly, at 1 h after PBS or
leptin injection, ob/ob mice were deeply anesthetized with
diethyl ether and transcardially perfused with ice-cold 4%
paraformaldehyde in PBS. The brains were quickly dissected
and postfixed in the same fixative at 4 °C for 16 h. Then, the
brains were immersed in 30% sucrose in PBS, embedded in
Optimal Cutting Temperature compound (Sakura Finetek,
Torrance, CA), and frozen rapidly in cold n-hexane on dry ice.
Frozen sections were cut on a cryostat (6-�m thickness) and
stored at �80 °C.
After treatment with proteinase K (Roche Diagnostics), the

sections were postfixed in 4% paraformaldehyde, treated with
acetic anhydride, and dehydrated with ethanol. The sections
were then hybridized with a sense or antisense 35S-labeled
NREBP riboprobe at 55 °C for 16 h. After rinsing in 2� SSC
buffer containing 10 mM dithiothreitol, the sections were
treated with ribonuclease A (10 �g/ml; Wako Pure Chemical
Industries, Tokyo, Japan) at 37 °C for 30 min. The high strin-
gencywasheswere performed in 0.1� SSCbuffer at 55 °C for 15
min. After dehydration with ethanol, the sections were sub-
merged in emulsion (NTB-2; Kodak, Rochester, NY), exposed
for the appropriate number of days, and developed in D-19
developer (Kodak). The sections were counterstained with
Mayer’s hematoxylin through the emulsion and examined
under dark field lateral illumination microscopy (XF-WFL,
Nikon, Tokyo, Japan). The sense cRNA probe failed to hybrid-
ize in the brain (data not shown).
To evaluate the expression of NREBPmRNA in the hypothala-

mus, every fifth section was picked from a series of consecutive
hypothalamic sections (6�m), and three sections permousewere
counted for the arcuate nucleus, VMH, dorsomedial hypotha-
lamic nucleus, lateral hypothalamic nucleus, and paraventricular
hypothalamic nucleus. For each section, cells in the hypothalamus
were considered positive for NREBP gene expression if five or
more silver grains were found overlying the cell bodies.
In Situ Hybridization Histochemistry Combined with Im-

munohistochemistry—In situ hybridization histochemistry
combined with immunohistochemistry was performed with
some modifications as described previously (20). Briefly, the
sections were hybridized with an NREBP riboprobe, followed
by incubation with 5% normal donkey serum (Jackson Immu-
noResearch Laboratories, West Grove, PA). Then, the sections
were incubated with goat anti-GHS-R antibody (diluted at
1:200, catalog no. sc-10362, Santa Cruz Biotechnology, Santa
Cruz, CA) at 4 °C for 16 h. After washing, they were incubated
with biotinylated donkey anti-goat IgG antibody (diluted at
1:400, Jackson ImmunoResearch Laboratories), followed by
incubationwithHRP-conjugated streptavidin (DAKO, Carpin-
teria, CA). The peroxidase reaction product was visualizedwith

0.05% diaminobenzidine tetrahydrochloride (Sigma) and
0.01%H2O2. After the reaction, the sections were submerged
in the emulsion and counterstained with Mayer’s hematox-
ylin through the emulsion. The specificity of goat anti-
GHS-R antibody for immunohistochemistry was confirmed
by using the brain sections of GHS-R�/� mice (supplemental
Fig. S1, A and B).
To evaluate the colocalization of NREBPmRNA and GHS-R

in the hypothalamus, every fifth section was picked from a
series of consecutive hypothalamic sections (6 �m), and three
sections per mouse were counted for the arcuate nucleus and
VMH. For each section, cells in the arcuate nucleus and VMH
were considered positive for NREBP gene expression if five or
more silver grainswere foundoverlying the cell bodies andwere
considered positive for the protein expression of GHS-R if the
cell bodies were stained brown.
Plasmid—A fragment of the promoter region of the GHS-R

gene (�734 to �121) in pGL3-Basic vector (21) was provided
by Dr. Hidesuke Kaji (Kobe University School of Medicine,
Kobe, Japan). Full-lengthmouseNREBPcDNAwas obtained by
screening a mouse brain cDNA library (Invitrogen) using a
standard technique and was ligated into pCMV-SPORT2 vec-
tor (Invitrogen).
In Vitro Mutagenesis—In vitro mutagenesis was performed

with somemodifications as described previously (22). TheNRE
replacement mutant in the GHS-R promoter was made with a
QuikChange site-directed mutagenesis kit (Stratagene). The
template DNA (wild-type GHS-R promoter in pGL3-Basic vec-
tor) was amplified by using the complementary primer pairs:
5�-GAAGCGGGAGCGTGAGTTTTTTTTTCCGAAGCC-
CTGGGC-3� and 5�-GCCCAGGGCTTCGGAAAAAAAAA-
CTCACGCTCCCGCTTC-3� (the sites of the nucleotide
changes are in boldface type). The PCR amplification proto-
col was 95 °C for 2 min and then 12 cycles of 95 °C for 30 s,
64 °C for 1 min, 68 °C for 7 min, and a final 10 min extension
at 68 °C. To select the mutation-containing synthesized DNA,
the PCR product was treated with DpnI endonuclease, which
specifically digests the parental DNA template. The product
was then self-ligated by using a DNA ligation kit (version 2.1,
Takara Bio, Inc., Tokyo, Japan) at 16 °C for 30 min, followed by
the transformation into DH-5� competent cells (Invitrogen).
The sequences of the mutated regions in GHS-R promoter
were confirmed by using the primer pairs RVprimer3 and
GLprimer2 (Promega, Madison, WI), both designed for use
with pGL3-Basic vector.
Transient Transfection—Transient transfection was carried

out with some modifications as described previously (23).
Briefly, GT1-7 cells were plated in 24-well plates at a density
of 6 � 104 cells/well for the luciferase assays or plated in
six-well plates at a density of 3 � 105 cells/well for Western
blot analysis. After incubation in the standard medium for 1
day, the cells were transfectedwith plasmids ofmock orNREBP
at indicated concentrations using FuGENE 6 transfection re-
agent (Roche Diagnostics). For luciferase assays, all transient
transfections also included 0.5 �g of the wild type or mutant
GHS-R promoter in pGL3-Basic vector and 0.1 �g of Renilla
luciferase control reporter plasmid (pRL-TK; Promega). All
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cells were transfected with FuGENE 6 transfection reagent (�l)
and DNA (�g) at a ratio of 3:1.
Luciferase Assay—Luciferase assay was performed by using a

Dual-Luciferase reporter assay system according to the manu-
facturer’s instructions (Promega) with some modifications as
described previously (22). Briefly, at 48 h after the transfection,
the cells were washed twice with PBS and lysed by passive lysis
buffer (Promega). The luciferase activities were defined as the
ratio of Photinus pyralis luciferase activity from pGL3-Basic
derivatives relative toRenilla reniformis luciferase activity from
pRL-TK, which reflected the efficiency of transfection.
Treatment of Ghrelin in Mock- or NREBP-transfected GT1-7

Cells—At 3 days after the transfection of mock or NREBP,
GT1-7 cells were treated with saline or ghrelin (Peptide Insti-
tute, Osaka, Japan) dissolved with saline at a dose of 100 nM.
Five min after treatment, the cells were used as samples for
Western blot analysis.

Western Blot Analysis—Western blot analysis was performed
with some modifications as described previously (20).
Briefly, at 3 h after PBS or leptin injection, ob/ob mice were
deeply anesthetized with diethyl ether, and the brains were
quickly removed. Lysates from the cultured cells or the
mediobasal hypothalami were prepared by using RIPA buffer
(Upstate Biotechnology, Lake Placid, NY) containing protease
inhibitor mixture (Upstate Biotechnology), 1 mM orthovana-
date, 1 mM sodium fluoride, and 1 mM phenylmethylsulfonyl
fluoride. The protein concentrations in the lysates were deter-
mined by using a BCA protein assay kit (Pierce, Rockford, IL).
Tenmicrograms of protein from cultured cells or 20 �g of pro-
tein from the tissues were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (GE Healthcare). After
blocking with 5% ECL blocking reagent (GE Healthcare) at
room temperature for 1 h, the blotted membranes were incu-
bated with rabbit anti-GHS-R antibody (diluted at 1:500, cata-

FIGURE 1. The structure of mouse NREBP. A, amino acid sequence of mouse NREBP. The white box, shaded box, and black box indicate son-c, son-b, and son-a
repeats, respectively. The Lys-rich, Pro-rich, and SR domain are underlined. The region that came from cDNA subtraction is underlined twice (clone 1-42).
B, schematic representation of homology between human NREBP and mouse NREBP. The percentage of amino acid homology between corresponding regions
of human NREBP and mouse NREBP is indicated.

FIGURE 2. Expression of NREBP in the hypothalamus of PBS- or leptin-injected ob/ob mice. A, Northern blot analysis of NREBP mRNA in the hypothalamus
of PBS- or leptin-injected ob/ob mice. Two micrograms of total RNA isolated from the hypothalamus were separated on agarose gels and then transferred to
nylon membranes. The membranes were hybridized with 32P-labeled NREBP probe. The membranes were stripped and rehybridized with probe for 18 S
ribosomal RNA to control for loading of the lanes. RNA size markers (in kilobase pairs) are shown to the right. B and C, dark field views of in situ hybridization
histochemistry for NREBP in the brain of PBS- (B) or leptin-injected (C) ob/ob mice (n � 4 per group). The sections were hybridized with 35S-labeled NREBP probe.
The boxed regions indicated in B and C are shown at a higher magnification in each inset. Cx, cortex; Hi, hippocampus; Th, thalamus; PC, piriform cortex; Am,
amygdala; Hy, hypothalamus. Scale bars, 1 mm; 200 �m in insets. D and E, semi-bright field views of in situ hybridization histochemistry for NREBP in the
hypothalamus of PBS- (D) or leptin-injected (E) ob/ob mice (n � 4 per group). The arcuate nucleus and VMH are shown by the dotted lines. ARC, arcuate nucleus;
3v, third ventricle. Scale bars, 200 �m. F and G, NREBP-expressing cells in PBS- (white bar) or leptin-injected (black bar) ob/ob mice were quantified as the
percentage of positive neurons in the total neurons of the arcuate nucleus (F) and VMH (G). Data represent the means � S.E. *, p � 0.05 Student’s t test.
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log no. sc-20748, Santa Cruz Biotechnology), rabbit anti-leptin
receptor antibody (diluted at 1:500, catalog no. 07–096,
Upstate Biotechnology), or rabbit antiphospho-AMP-activated
protein kinase � (AMPK�) antibody (diluted at 1:500; Cell Sig-
naling Technology, Beverly, MA) at 4 °C for 16 h, followed by
incubation with HRP-conjugated donkey anti-rabbit IgG
(diluted at 1:4,000, GE Healthcare). Labeled proteins were
detected with chemiluminescence using ECL detection reagent
(GE Healthcare) according to the manufacturer’s instructions.
The membranes were exposed to Hyperfilm ECL (GE Health-
care) for an appropriate period. Then the blotted membranes
were stripped in 0.25M glycine, pH2.5, at room temperature for
10 min and incubated with mouse anti-�-actin antibody
(diluted at 1:10,000; Sigma) or rabbit anti-AMPK� antibody
(diluted at 1:500; Cell Signaling Technology) at 4 °C for 16 h,
followed by incubation with HRP-conjugated donkey anti-rab-
bit IgG (diluted at 1:4,000, GE Healthcare) or HRP-conjugated
donkey anti-mouse IgG (diluted at 1:20,000, Jackson Immu-
noResearch Laboratories) at room temperature for 1 h. The
specificity of rabbit anti-GHS-R antibody for Western blot
analysis was confirmed by using the hypothalamus of GHS-
R�/� mice (supplemental Fig. S1C).
Quantitative Real-time PCR—Quantitative real-time PCR

was performed with some modifications as described previ-
ously (24). Briefly, at 3 h after PBS or leptin injection, ob/ob
mice were deeply anesthetized with diethyl ether, and the
brains were quickly removed. Total RNA was extracted from
mediobasal hypothalami as described above. The cDNA from
the total RNAwas synthesized with TaqMan reverse transcrip-
tion reagents (Applied Biosystems, Foster City, CA). The fol-
lowing TaqMan gene expression assays (Applied Biosystems)

were used: NREBP (Mm00490912_m1), GHS-R (Mm00616415_
m1), and 18 S (Hs99999901_s1). Quantitative real-time PCR for
each gene was performed using StepOnePlus real-time PCR
system (version 2.0, Applied Biosystems) and TaqMan gene
expression master mix (Applied Biosystems). The PCR ampli-
fication protocol was 50 °C for 2min, 95 °C for 10min, and then
40 cycles of 95 °C for 15 s and 60 °C for 1 min. The relative
abundance of transcripts was normalized by the expression of
18 S mRNA and analyzed using ��CT method.
Statistical Analysis—Results were shown as means � S.E.

Statistically significant differences for the results fromWestern
blot analysis of pAMPK� and AMPK� in GT1-7 cells were
determined by analysis of variance followed by a post hoc Bon-
ferroni test. All other results were analyzed by a Student’s t test.
The criterion for statistical significance was p � 0.05.

RESULTS

Identification of Mouse NREBP—To identify the novel genes
induced by leptin in the hypothalamus, we performed cDNA
subtraction based on selective suppression of PCR using
mRNAs from the forebrain of leptin-deficient ob/obmice at 1 h
after intravenous injection of PBS ormouse leptin.We chose at
random 100 clones in the subtractive library, sequencing their
inserts to identify and exclude redundant clones. Inducibility of
the genes encoded by the inserts was validated byNorthern blot
analysis, using the insert as a probe (data not shown). Among
them, a gene encoded by a clone 1–42 insert was the mouse
homolog of human NREBP. Mouse NREBP consisted of 2281
amino acids and showed 78% homology to human NREBP at
the amino acid level. The important domains, Lys-rich, Pro-
rich, and Ser/Arg domains, were well preserved between

FIGURE 3. The effect of leptin on the expression of GHS-R in the hypothalamus of ob/ob mice. A, Western blot analysis of GHS-R in the hypothalamus of
PBS- or leptin-injected ob/ob mice (n � 4 per group). Lysates prepared from the hypothalamus of PBS- or leptin-injected ob/ob mice were separated by
SDS-PAGE and immunoblotted with anti-GHS-R antibody. The blots were then stripped and reprobed with anti-�-actin antibody to ensure equal loading of
proteins. Apparent molecular masses are indicated on the right. B, quantitative analysis of the protein expression of GHS-R in the hypothalamus of PBS- (white
bar) or leptin-injected (black bar) ob/ob mice. The band intensities of GHS-R were normalized with the band intensities of �-actin and are shown as a percentage
relative to the intensities of PBS-injected mice in the bar graphs. C, expression of GHS-R mRNA in the hypothalamus of PBS- or leptin-injected mice (n � 3 per
group). Quantitative real-time PCR was performed by using mRNA prepared from the hypothalamus of PBS- (white bar) or leptin-injected (black bar) ob/ob mice.
Data represent the means � S.E. *, p � 0.05 Student’s t test.
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human and mouse NREBP (Fig. 1B). In addition, the unique
repeats, son-a, son-b, and son-c repeats, also showed high
homologies in human and mouse: 99% in the son-a, 94% in the
son-b, and 93% in the son-c repeat (Fig. 1B).
Induction of NREBP by Leptin in Hypothalamus—The intense

expression of mouse NREBPmRNAwas observed in the brain as
well as heart, spleen, liver, skeletal muscle, kidney, and testis (sup-
plemental Fig. S2). To investigate whether leptin up-regulates the
expression of NREBP in the hypothalamus, we performedNorth-
ern blot analysis using the total RNA from the whole hypothala-
mus of ob/ob mice at 1 h after intravenous injection of PBS or
leptin. In the hypothalamus, a major band corresponding to
NREBP was detected in PBS-injected ob/obmice (Fig. 2A), which
increased in the leptin-injected ob/obmice (Fig. 2A).
In situ hybridization histochemistry revealed that NREBP

mRNA was moderately expressed in some neurons of the brain
including the cortex, hippocampus, and piriform cortex in PBS-
injected ob/obmice (Fig. 2B). However, the expression of NREBP
was very weak in the hypothalamus. In addition, the expression of
NREBPwas increased by leptin exclusively in the hypothalamus at
1 h after leptin administration without affecting NREBP expres-
sion in the other regions of the brain (Fig. 2, B andC).
To determine the localization of leptin-induced NREBP

mRNA in the hypothalamus, we measured the number of

NREBP-positive cells in the hypothalamus. The number of
NREBP-positive cells was increased by leptin in the arcuate
nucleus (PBS-injected, 13.7 � 2.0%; leptin-injected, 23.5 �
2.7%; Fig. 2,D–F) and VMH (PBS-injected, 21.4� 2.5%; leptin-
injected, 37.5 � 1.9%; Fig. 2,D, E, andG). There were no differ-
ences in the expression of NREBP between PBS-injected or lep-
tin-injected ob/ob mice in the other hypothalamic regions:
dorsomedial hypothalamic nucleus (PBS-injected, 11.8� 2.1%;
leptin-injected, 12.2 � 1.3%), lateral hypothalamic nucleus
(PBS-injected, 8.4 � 1.2%; leptin-injected, 9.2 � 1.2%), and
paraventricular hypothalamic nucleus (PBS-injected, 14.9 �
3.0%; leptin-injected, 13.7 � 1.7%).
Suppression of GHS-R Expression by Leptin inHypothalamus—

Next, we explored the transcriptional targets of leptin-induced
NREBP in the arcuate nucleus and VMH. Particular attention
was paid to GHS-R, which is the ghrelin receptor and mainly
expressed in the arcuate nucleus and VMH in the hypothala-
mus.However, it is unclearwhether leptin regulates the expres-
sion of GHS-R in the hypothalamus. To test this possibility, we
examined the expression of GHS-R at the mRNA and protein
levels in the hypothalamus of ob/ob mice at 3 h after leptin
injection. The expression levels of GHS-R mRNA and protein
in the hypothalamus of leptin-injected mice were significantly
low compared with those in PBS-injected mice (Fig. 3, A–C),

FIGURE 4. The possibility of a repressive effect of NREBP on the promoter activity of GHS-R. A, optimal NREBP binding sites in the promoter region of
GHS-R. The GHS-R promoter region contains a consensus sequence of NRE (from �452 to �444), as shown by the black box. Underlined sequences indicate the
putative binding sites for transcription factors or the initiator-like sequence. B and C, colocalization of NREBP mRNA and GHS-R in the hypothalamus of PBS- (B)
or leptin-injected (C) ob/ob mice (n � 4 per group). The boxed regions indicated in B and C are shown at a higher magnification in each inset. Arrowheads indicate
GHS-R-positive neurons (brown) with signals for NREBP mRNA (white dots). The arcuate nucleus and VMH are shown by the dotted lines. ARC, arcuate nucleus;
3v, third ventricle. Scale bars, 200 �m; 15 �m in insets. D and E, NREBP- and GHS-R double-positive neurons in PBS- (white bar) or leptin-injected (black bar) ob/ob
mice were quantified as the percentage of double-positive neurons in the GHS-R-positive neurons of the arcuate nucleus (D) and VMH (E). Data represent the
means � S.E. *, p � 0.05 Student’s t test.
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suggesting that leptin regulates GHS-R expression in the
hypothalamus.
Colocalization of NREBP andGHS-R in Arcuate Nucleus and

VMH—In the promoter region of human GHS-R (21), there
was one NREBP binding sequence, called NRE (25), from�452
to �444 (Fig. 4A). In addition, NREBP mRNA was colocalized

with GHS-R in the hypothalamus of
PBS-injected ob/ob mice, and the
number of NREBP/GHS-R-double-
positive cells was increased by leptin
in the arcuate nucleus (PBS-in-
jected, 26.3 � 5.0%; leptin-injected,
51.9 � 7.7%; Fig. 4, B–D) and VMH
(PBS-injected, 17.8 � 0.6%; leptin-
injected, 42.1 � 0.9% Fig. 4, B, C,
and E) at 1 h after the injections.
These results strongly suggested
that NREBP may play an important
role, including transcriptional regula-
tion, in GHS-R-expressing neurons.
Repression of GHS-R Promoter

Activity by NREBP in GT1-7 Cells—
To examine the effects ofNREBP on
the promoter activity of GHS-R, we
performed luciferase assay using
the fusion construct of luciferase
reporter and wild-type promoter of
GHS-R from �734 to �121 (�734
WT), which contains the NRE from
�452 to�444 (Fig. 5A). In addition,
we used a hypothalamic neuronal
cells, GT1-7, to accomplish this aim
because GT1-7 cells express GHS-R
endogenously. The luciferase activ-
ities of GHS-R promoter (�734
WT) were repressed in NREBP-
transfected GT1-7 cells compared
with those in mock-transfected
GT1-7 cells (60.7 � 6.7%; Fig. 5B).

To define the effects ofNREBPon
NRE, wemade an NRE replacement
mutant in the GHS-R promoter
(�734 m; Fig. 5A) and performed
luciferase assay. In contrast to�734
WT, the luciferase activity of �734
m was not repressed by NREBP in
GT1-7 cells (Fig. 5B), suggesting
that NREBP represses GHS-R pro-
moter activity by binding to NRE.
Decrease of GHS-R Protein by

NREBP in GT1-7 cells—To investi-
gate whether the repression of pro-
moter activity of GHS-R by NREBP
leads to the decrease of protein
expression ofGHS-R, we performed
Western blot analysis for endoge-
nous GHS-R in mock- or NREBP-
transfectedGT1-7 cells. The endog-

enous protein expression of GHS-R was markedly decreased in
NREBP-transfected GT1-7 cells compared with that of mock-
transfected GT1-7 cells after 3 days of transfection (49.7 �
10.4%; Fig. 4,C andD). There were no significant differences in
the protein expression of ob-Rb between NREBP-transfected
and mock-transfected cells (Fig. 5, E and F).

FIGURE 5. Effects of NREBP on the expression of GHS-R and ob-Rb. A, schematic representation of wild-type
GHS-R promoter-luciferase fusion gene (�734 WT) and NRE replacement mutant of GHS-R promoter-luciferase
fusion gene (�734 m). B, effects of NREBP on the promoter activities of GHS-R in GT1-7 cells. Mock or NREBP (2.5 �g)
was transiently transfected with GHS-R promoter-luciferase fusion constract (0.5 �g) and Renilla luciferase control
reporter plasmid, pRL-TK (0.1 �g) into GT1-7 cells and incubated for 2 days. The promoter activities of GHS-R in
mock- (white bar) or NREBP-transfected (black bar) cells were normalized with Renilla luciferase activity and are
shown as a percentage relative to the activities of mock-transfected cells. Data represent the means � S.E. of three
independent experiments. *, p � 0.05 Student’s t test. C–F, effects of NREBP on the protein expression of endoge-
nous GHS-R (C and D) or ob-Rb (E and F) in GT1-7 cells. C and E, Western blot analysis of GHS-R (C) or ob-Rb (E) in mock-
or NREBP-transfected cells. After 3 days of transfection (5.0 �g), cell lysates from mock- (mock) or NREBP-transfected
(NREBP) cells were separated by SDS-PAGE and immunoblotted with anti-GHS-R (C) or anti-leptin receptor (E) anti-
bodies. Then, the blots were stripped and reprobed with anti-�-actin antibody to ensure equal loading of proteins.
Apparent molecular masses are indicated on the right. D and F, quantitative analysis of the protein expression of
GHS-R after 3 days of transfection with mock or NREBP. The band intensities of GHS-R or ob-Rb in mock- (white bar)
or NREBP-transfected (black bar) cells were normalized with those of �-actin and are shown in the bar graphs as a
percentage relative to the intensities of mock-transfected cells. Data represent the means � S.E. of three indepen-
dent experiments. *, p � 0.05 Student’s t test.
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Expression of GHS-R and NREBP in Hypothalamus of ob/ob
Mice—To test the effects of leptin-induced NREBP on the
expression of GHS-R in vivo, we compared the expression of
GHS-R between lean and leptin-deficient ob/ob mice in the
hypothalamus. The expression of GHS-R was increased in the
hypothalamus of ob/ob mice compared with that of lean mice
(Fig. 6, A and B). In addition, quantitative real-time PCR
revealed that the expression of NREBP was decreased in the

hypothalamus of ob/ob mice com-
pared with that of lean mice (Fig.
6C). Thus, the leptin signaling path-
way, including NREBP, appear to be
important to repress GHS-R ex-
pression in the hypothalamus.
Inhibition of Ghrelin-induced

AMPK Activation by NREBP in
GT1-7 Cells—Recently, hypotha-
lamic AMPK, a key enzyme modu-
lating fatty acid metabolism, is
essential for appetite stimulation by
ghrelin (26). To determine the
effects of NREBP on AMPK activa-
tion by ghrelin, we assessed ghrelin-
induced phosphorylation of AMPK�
in mock- or NREBP-transfected
GT1-7 cells. Consistent with Fig. 5
(C and D), the expression of GHS-R
was decreased in NREBP-trans-
fected cells compared with mock-
transfected cells (Fig. 7A). In mock-
transfected GT1-7 cells, ghrelin
markedly phosphorylated AMPK�
at 5min after ghrelin treatment (Fig.
7, A and B). However, phosphoryla-

tion of AMPK� was not increased by ghrelin in NREBP-trans-
fected GT1-7 cells (Fig. 7, A and B).

DISCUSSION

It has been reported that NREBP represses the activities of
virus promoters, such as the core promoter of hepatitis B virus
(25). Although NREBP expresses in various tissues in human
(25) and mouse, the physiological roles of NREBP remain

FIGURE 6. Expression of GHS-R in the hypothalamus of ob/ob mice. A, Western blot analysis of GHS-R in the hypothalamus of ob/ob mice (n � 4 per group).
Lysates prepared from the hypothalamus of lean or ob/ob mice were separated by SDS-PAGE and immunoblotted with anti-GHS-R antibody. The blots were
then stripped and reprobed with anti-�-actin antibody to ensure equal loading of proteins. Apparent molecular masses are indicated on the right. B, quanti-
tative analysis of the protein expression of GHS-R in the hypothalamus of lean (white bar) or ob/ob mice (black bar). The band intensities of GHS-R were
normalized with the band intensities of �-actin and are shown as a percentage relative to the intensities of lean mice in the bar graphs. C, expression of NREBP
mRNA in the hypothalamus of lean or ob/ob mice (n � 4 per group). Quantitative real-time PCR was performed by using mRNA prepared from the hypothal-
amus of lean (white bar) or ob/ob mice (black bar). Data represent the means � S.E. *, p � 0.05 Student’s t test.

FIGURE 7. Functional roles of NREBP on the actions of ghrelin. A, inhibitory effects of NREBP on ghrelin-
induced AMPK activation in GT1-7 cells. Three days before the experiment, mock or NREBP (5.0 �g) was
transiently transfected into GT1-7 cells. The cells were then treated with ghrelin (100 nM) for 5 min. The lysates
from these cells were separated by SDS-PAGE and immunoblotted with the anti-pAMPK� or anti-GHS-R anti-
bodies. The blots were stripped and reprobed with anti-AMPK� or anti-�-actin antibody. Apparent molecular
masses are indicated on the right. B, quantitative analysis of the activation of AMPK. The band intensities of
pAMPK� of saline- (white bars) or ghrelin-treated (black bars) cells were normalized with the band intensities of
AMPK� and are shown in the bar graphs as a percentage relative to the intensities of mock-transfected saline-
treated cells. Data represent the means � S.E. of three independent experiments. *, p � 0.05 analysis of
variance followed by post hoc Bonferroni test.
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unclear. In the present study, we identified NREBP as a leptin-
induced gene in the mouse hypothalamus. In addition, NREBP
repressed the promoter activity of GHS-R via NRE in the hypo-
thalamic neurons. The present study is the first to report the
physiological function of NREBP in the hypothalamus.
In the hypothalamic neurons, both transcriptional activities

and expression levels ofGHS-Rwere reduced	45%byNREBP.
To confirm whether the 	45% reduction in the expression of
GHS-R plays an important role in the signal transduction of
ghrelin, we performed functional assays for ghrelin. In hypo-
thalamic neurons, ghrelin activates AMPK by binding to
GHS-R (27). In the present study, the overexpression of
NREBP completely abolished ghrelin-induced activation of
AMPK in a hypothalamic neuronal cell line, GT1-7. Thus,
NREBP is important in the regulation of ghrelin signaling, at
least in part, through the suppression of GHS-R expression in
hypothalamic neurons.
Leptin and ghrelin are inversely correlated in the plasma

levels, food intake, and activation of neuropeptide Y neurons
(28). Recently, Kohno et al. (29) have demonstrated that lep-
tin suppresses ghrelin-induced activation of neuropeptide Y
neurons via the phosphatidylinositol 3-kinase- and phos-
phodiesterase 3-mediated pathway. In addition, the expres-
sion of GHS-R is enhanced in the hypothalamus of fa/fa rats
(30), where normal leptin signaling is ablated by themutation of
leptin receptor, and theGHS-R expression in the hypothalamus
is suppressed by leptin treatment (30). However, the molecular
mechanisms bywhich leptin signaling regulatesGHS-R expres-
sion are largely unknown. In the present study, we also demon-
strated that the expression of GHS-R was enhanced in the
hypothalamus of ob/ob mice. Furthermore, leptin-induced
NREBP suppressed the expression and functional roles of
GHS-R in the hypothalamus. As the effect of leptin on the
expression ofGHS-RmRNA takes longer than 2h (30), suggest-
ing novel gene expression rather than themodulation of signal-
ing pathways, leptin may suppress ghrelin signaling by leptin-
induced NREBP.
Both ghrelin gain-of-function and leptin-deficient ob/ob

mice are hyperphagic and glucose-intolerant (31, 32), suggest-
ing that ghrelin and leptin regulate feeding behavior and glu-
cose metabolism as mutual antagonists. However, it has been
reported that the ablation of ghrelin improves the diabetic but
not obese phenotype of ob/obmice (33). These findings suggest
that factors other than ghrelin are responsible for the develop-
ment of obesity and hyperphagia in the leptin-deficient ob/ob
mice. On the other hand, the deficiency of leptin is compen-
sated for by the ghrelin deficiency in the development of diabe-
tes during obesity (33). In the present study, NREBP suppressed
ghrelin signaling via the regulation of GHS-R expression. In
addition, NREBP was one of the leptin-downstream genes, and
its functional abnormality could cause leptin resistance, result-
ing in insulin resistance. Although further studies are required
to determine the precisemechanism of the development of lep-
tin resistance by the mutation of NREBP gene, NREBP can reg-
ulate glucosemetabolism via linking between leptin and ghrelin
signaling and may be an effective target of treatment for diabe-
tes with obesity.

In conclusion, leptin induced the expression of NREBP in
the hypothalamus, which suppressed ghrelin signaling via
the regulation of GHS-R expression. Our study provides
strong evidence for the novel mechanism by which leptin
regulates ghrelin signaling in the hypothalamus. Functional
abnormality of NREBP may cause leptin resistance, resulting
in diabetes with obesity, as obesity is associated with hypotha-
lamic leptin resistance.
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