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Signal transducer and activator of transcription (Stat)-3 sig-
nals mediate many of the metabolic effects of the fat cell-
derived hormone, leptin. In mice, brain-specific depletion of
either the long form of the leptin receptor (Lepr) or Stat3
results in comparable obese phenotypes as does replacement
of Lepr with an altered leptin receptor locus that codes for a
Lepr unable to interact with Stat3. Among the multiple brain
regions containing leptin-sensitive Stat3 sites, cells express-
ing feeding-related neuropeptides in the arcuate nucleus of
the hypothalamus have received much of the focus. To deter-
mine the contribution to energy homeostasis of Stat3 ex-
pressed in agouti-related protein (Agrp)/neuropeptide Y
(Npy) arcuate neurons, Stat3 was deleted specifically from
these cells, and several metabolic indices were measured. It
was found that deletion of Stat3 from Agrp/Npy neurons re-

sulted in modest weight gain that was accounted for by in-
creased adiposity. Agrp/Stat3-deficient mice also showed hy-
perleptinemia, and high-fat diet-induced hyperinsulinemia.
Stat3 deletion in Agrp/Npy neurons also resulted in altered
hypothalamic gene expression indicated by increased Npy
mRNA and decreased induction of suppressor of cytokine sig-
naling-3 in response to leptin. Agrp mRNA levels in the fed or
fasted state were unaffected. Behaviorally, mice without Stat3
in Agrp/Npy neurons were mildly hyperphagic and hypore-
sponsive to leptin. We conclude that Stat3 in Agrp/Npy neu-
rons is required for normal energy homeostasis, but Stat3
signaling in other brain areas also contributes to the regula-
tion of energy homeostasis. (Endocrinology 149: 3346–3354,
2008)

LEPTIN IS A HORMONE that is synthesized in fat cells.
Loss-of-function mutations in the genes for leptin or its

receptor are associated with massive obesity in man or ro-
dents (1). In mice, the obesity phenotype was reproduced
when the leptin receptor gene (Lepr) was deleted specifically
from neurons, thereby implicating the brain as a major leptin
target organ (2). Lepr is expressed in a number of brain
regions and is concentrated in hypothalamic, midbrain, and
brain stem regions involved in energy homeostasis (3–6).

Lepr is a member of the class I cytokine receptor family and

signals through activation of the Janus tyrosine kinase-2
bound to the cytoplasmic tail of the receptor (7). Activation
of Janus tyrosine kinase-2 stimulates activity in several sig-
naling pathways, the best characterized of these being acti-
vation of the transcription factor, signal transducer and ac-
tivator of transcription (Stat)-3. The major metabolic effects
of leptin have been shown to be mediated by Stat3 because
specific neuronal deletion of Stat3 recapitulated the obesity
phenotype seen in Lepr-deficient (db/db) mice (8). This con-
clusion was supported by knocking-in mutated Lepr alleles
that prevented Lepr-Stat3 interactions and reproduced much
of the db/db phenotype (9).

Initial models of a hypothalamic neural circuit for energy
homeostasis highlighted Lepr expression in two distinct neu-
ronal subtypes within the arcuate nucleus. Neurons express-
ing proopiomelanocortin (Pomc) where shown to be stimu-
lated to synthesize Pomc and increase firing in response to
leptin (10, 11). Conversely, neighboring neurons expressing
agouti-related peptide (Agrp) and neuropeptide Y (Npy)
were shown to decrease the synthesis of these neuropeptides
and inhibit firing in response to leptin (12). The processing
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of Pomc to melanocortin products provides agonist mole-
cules for melanocortin receptors (MCRs), which, when acti-
vated, suppress weight gain. Agrp functions as an antagonist
at these receptors. Both Agrp and Npy have been shown to
stimulate feeding when injected into the brains of rodents
(13, 14). Both Pomc and Agrp/Npy neurons send projections
to extraarcuate sites expressing MCRs, and the differential
action of leptin on the Pomc and Agrp/Npy neurons was
seen to mediate leptin’s metabolic effects by promoting and
inhibiting delivery of agonist and antagonist molecules, re-
spectively, to MCRs. For example, fasting-induced stimula-
tion of appetite was thought to result from fasting-induced
suppression of circulating leptin with consequent increases
in Agrp and Npy expression and decreased Pomc expression.

The above model has been tested using cell-specific dele-
tions of Lepr or Stat3 from Pomc and Agrp/Npy neurons.
Cell-specific loss of Lepr from Pomc neurons resulted in a
modest obesity phenotype with decreased transcript levels of
Pomc and Agrp with no change in mRNA for Npy (15).
Cell-specific loss of Stat3 in Pomc neurons also resulted in a
modest obesity and decreased Pomc mRNA (16). In a pre-
vious study (17), we reported the surprising result of normal
Agrp expression in both fed and fasted states in Agrp/Npy
neurons lacking Stat3. In the present study, we report that
despite normal Agrp transcript levels, Stat3 in Agrp/Npy
neurons is required for normal body weight regulation and
that loss of Stat3 from these cells resulted in elevated Npy
mRNA, modest hyperphagia and obesity, hyperleptinemia,
and reduced sensitivity to leptin.

Materials and Methods
Animal care

All animal procedures in this study were approved by the Wayne
State University Institutional Animal Care Use Committee. Mice were
maintained on 12-h light, 12-h dark cycles with normal chow and water
ad libitum.

BAC AgrpCre mouse

Methods and results on the further characterization of the AgrpCre
transgenic mouse are presented in supplemental data files published
on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org.

Metabolic profiling

Locomotor activity, calorimetric, and body composition measure-
ments were performed at the Mouse Metabolic Phenotyping Center at
the University of Washington. Eight- to 12-wk-old CON and DEL lit-
termate controls were individually housed and acclimated to metabolic
cages for 3 d. Activity and calorimetric measurements were continu-
ously recorded over a 24-h period during which food was available ad
libitum. Determinations of body lean and fat mass were made in con-
scious mice using quantitative magnetic resonance (EchoMRI 3-in-1
machine whole body composition analyzer; Echo Medical Systems,
Houston, TX). Locomotor activity was assessed by the infrared beam
break method using an Opto-Varimetrix-3 sensor system, whereas food
and water intake were measured with the Feed-Scale System (Columbus
Instruments, Columbus, OH). Indirect calorimetry was performed with
a computer-controlled open circuit calorimetry system (Oxymax; Co-
lumbus Instruments). Rates of oxygen consumption (VO2) were deter-
mined at 6-min intervals and were normalized to lean body mass. The
wet weights of epididymal fat pads were recorded. Plasma leptin levels
were determined using a mouse leptin ELISA kit (R&D Systems, Min-
neapolis, MN). Plasma insulin was determined by a rat/mouse insulin

ELISA kit (Linco Research, St. Charles, MO). Plasma corticosterone was
measured by ELISA using the Octeia corticosterone kit (Immunodiag-
nostics, Fountain Hills, AZ). Blood glucose levels were determined pho-
tometrically using the HemoCue B-glucose kit (HemoCue, Mission
Viejo, CA). Mice placed on a high-fat diet were fed a 60 kilocalories %
(kcal%) fat diet (Research Diets, New Brunswick, NJ).

Quantitative RT-PCR (QRT-PCR)

Real-time PCR was performed using an iCycler (Bio-Rad, Hercules,
CA) and the manufacturer’s SYBR green protocol. The assays were run
in 96-well format. Expression of a given gene was determined in trip-
licate. Expression of the reference gene, mouse �-actin, was determined
for each plate in triplicate. cDNA samples were evaluated for DNA
contamination by performing QRT-PCR using an intron-spanning
primer pair for �-actin and running an ethidium bromide-stained aga-
rose gel of the products. For QRT-PCR, 2 �l of cDNA were added to 1
�l of primers (2.5 �m each), 12 �l of double-distilled H2O, and 15 �l of
iQTM SYBR green supermix (Bio-Rad). The reaction was initiated by
denaturation at 95 C for 3 min followed by 40 cycles of 15 sec at 95 C,
30 sec at 58 C, and 30 sec at 72 C. PCR primers were: Npy forward,
5�-CTGACCCTCGCTCTATCTCTG-3�, reverse, 5�-AGTATCTGGC-
CATGTCCTCTG-3� (accession no. NM 023456.2); Pomc forward, 5�-
CCCAAGGACAAGCGTTACGG-3�, reverse, 5�-GTGCGCGTTCTT-
GATGATGG-3� (accession no. NM 008895.3); Agrp forward, 5�-
TTGTGTTCTGCTGTTGGCACT-3�, reverse, 5�-AGCAAAAGGCATTG-
A AGAAGC-3� (accession no. NM 007427.2); �-actin forward, 5�-CAAC-
GAGCGGTTCCGATG-3�, reverse, 5�-CACTGTGTTGGCATAGAGG-3�
(accession no. NM 007393.2); suppressor of cytokine signaling (Socs)
forward, 5�-AGAAGATTCCGCTGGTACTG-3�, reverse, 5�-GGGT-
CACTTTCTCATAGGAG-3� (accession no. NM 007707.2).

Melt-curve analysis was performed immediately after the amplifi-
cation to test for primer-dimer formation using the following conditions:
1 min denaturation at 95 C, 1 min annealing at 55 C, 80 cycles of 0.5-C
increments (10 sec each) beginning at 55 C. Melt-curve results plotting
�d(fluorescence)/dT vs. temperature (the negative rate change in flu-
orescence as a function of temperature) were captured and plotted by
the iCycler iQ data analysis software module. To determine primer pair
PCR amplification efficiency, cDNA was made from total RNA of whole-
mouse brain (CLONTECH BD Biosciences, Palo Alto, CA) using the
Omniscript reverse transcription kit (QIAGEN, Valencia, CA) and di-
luted to final concentrations of 0.005, 0.05, 0.5, 5, and 50 ng for QRT-PCR
as described above. Each primer pair was run in triplicate at each input
concentration. Primer concentrations were those used for QRT-PCR
described above. Plots of threshold cycle (CT) vs. input concentration
were determined and the correlation coefficients, slopes, and efficiencies
calculated by the iCycler iQ data analysis software module. The effi-
ciency of PCR was calculated using the equation E � 10�1/s � 1 where
s is the slope of the log input concentration vs. �CT (18).

Relative expression was calculated using the 2-��CT method (19) by
determining the � cycle threshold (�CT) as the CT of the gene of interest
CT � the CT of the housekeeping gene CT. S�CT-C�CT was the difference
between the sample �CT and the control �CT, and relative expression
was calculated as 2-(S�CT-C�CT).

Immunohistochemistry

Mice were killed by anesthesia and transcardial perfusion of saline
followed by 4% paraformaldehyde. The brains were excised and placed
in ice cold 4% paraformaldehyde for 4 h and then in 20% sucrose at 4
C overnight.

For the detection of c-fos like immunoreactivity (CFLIR) by immu-
nofluorescence, mice were killed and the brains removed and sectioned
as described above. CFLIR was detected using a rabbit anti-c-fos primary
antibody (no. PC05; Oncogene Research Products, San Diego, CA) at
1:500 dilution and an Alexa Fluor 568 goat anitrabbit secondary antibody
(Molecular Probes, Eugene, OR). The Alexa 568 and enhanced green
fluorescent protein (Egfp) fluorophores were visualized and acquired
using an IX70 inverted Olympus microscope (Olympus, Mellville, NY)
with mercury arc illumination with a standard filter cube and a KP-
D590P charge-coupled device color camera (Hitachi, Tokyo, Japan).

CFLIR fluorescence intensity was determined by acquiring �20 im-
ages with an IX-81 microscope (Olympus, Tokyo, Japan) equipped with
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automated filter controls and an ORCA cooled charge-coupled device
camera (Hamamatsu, Bridgewater, NJ). The images were analyzed using
Image-Pro Plus 4.5 (Media Cybernetics, Silver Spring, MD) to count and
identify cells of above-background fluorescence intensity (FI) and sum
the intensities across pixels for each cell within an area of interest (the
arcuate nucleus). FI across cells were summed to determine total FI from
all cells within the area of interest. Image-Pro Plus (Media Cybernetics)
was also used to generate a pseudocolor surface plot to obtain a three-
dimensional representation of the intensities of Alexa 568 fluorescence
with warmer hues representing pixels of higher FI.

Leptin sensitivity

Singly caged, adult (20 wk) CON and DEL mice, monitored daily for
food intake and body weight, were challenged with leptin (2.5 mg/kg,
ip, twice daily, at 1000 and 1630 h) for 4 d. Daily body weight and food
intake were measured for 18 d, and the following day mice were killed
and whole hypothalami and fat pads removed for analysis. Hypothal-
ami were dissected by placing the brain ventral side up in an ice-cooled
stainless steel brain matrix with 1-mm coronal slice intervals (Zivic
Instruments, Pittsburgh, PA). A 2-mm-thick coronal slice was cut just
caudal to the optic chiasm, placed on a cooled glass dissecting dish, and
trimmed with cuts in the sagittal plane at 1 mm on either side of the
midline and a cut in the horizontal plane 1 mm from the base of the brain.

The effects of leptin on neuropeptide gene expression was deter-
mined in another experiment in which 24-wk-old CON (n � 9) and DEL
(n � 9) mice had food removed on d 1. On the same day, mice from each
group were injected with 5 mg/kg ip leptin (n � 5/group) or vehicle
(n � 4/group) at 1000 and 1600 h. On the following day, the same mice
were injected again with leptin (5 mg/kg ip) or vehicle at 900 h and were
killed 1 h later. The brains were removed and whole hypothalami dis-

sected for QRT-PCR analysis of neuropeptides and Socs-3 transcript
levels.

Results

All results are from male mice unless otherwise indicated.
Loss of Stat3 in Agrp/Npy neurons leads to increased body
weight and adiposity and hyperleptinemia

Targeted deletion of Stat3 from brain and undefined hy-
pothalamic neurons has been shown to promote increased
body weight and adiposity (8, 20). In this study, DEL mice
showed a 22% increase relative to CON mice by 16 wk of age
(Fig. 1, A and B). This effect was also apparent in females
(24% increase) (Fig. 1B). AgrpCre/� mice weighed the same
as CON mice at all ages. Increased body mass was accounted
for by increased fat mass (Fig. 1C) with greater than 2-fold
increase in adiposity (Fig. 1D) and no change in lean body
mass (Fig. 1E). Epididymal fat pad weight was doubled in
DEL mice in both the fed and fasted states but was not
increased in AgrpCre/� mice.

There were no detectable differences between CON and
DEL mice measures of VO2, respiratory exchange ratio (CO2
production to VO2), heat production (kilocalories per hour),
or locomotor activity (data not shown).

Plasma levels of the fat-derived hormone, leptin, have
been shown to correlate with adiposity (21), and this rela-

FIG. 1. Loss of Stat3 from Agrp/Npy
neurons resulted in increased adipos-
ity. A, CON mice (n � 6–22) and DEL
littermates (n � 5–21) were weighed
weekly for 20 wk. Two-way ANOVA in-
dicated statistically significant effects
of both time and genotype (P � 0.001)
and a significant interaction between
these factors (P � 0.05). B, Body
weights of 12-wk-old males (n �
5/group) and females (n � 8–11/group)
showed DEL mice to weigh more (P �
0.001) than littermate controls. Twelve-
week-old males (n � 5/group) were an-
alyzed for body fat (C and D) and lean
mass (E) as described in Materials and
Methods. F, Weights of epididymal fat
pads from 20-wk-old fed or fasted (48 h)
mice (n � 4 mice/group). Statistical
analysis by two-way ANOVA indicates
significant effects of genotype (P � 0.01)
and fasting (P � 0.05) but no interaction
effect. Values are means � SEM. *, Sta-
tistical significance at P � 0.05; ***, P �
0.001 by two-tailed unpaired t test.
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tionship was confirmed in DEL mice in which plasma leptin
was increased 2-fold or greater in both fed and fasted states
(Fig. 2, A). Plasma insulin and corticosterone levels and
blood glucose all varied by metabolic state (fed vs. fasting)
but did not differ by genotype (Fig. 2, B–D).

Sensitivity to a high-fat diet (HFD)

Twelve-week-old CON and DEL mice were placed on a 60
kcal%HFD for 6 wk, then fasted overnight, killed the next
day, and blood and epididymal fat pads collected. Body
weights were measured from 6 wk of age. The HFD increased
body weight in both groups (Fig. 3A) over those kept on
normal chow (compare with Fig. 1A) and, if anything, re-
duced the body weight difference between the genotypes.
Consumption of HFD also increased epididymal fat pad
weight for both groups (compare Fig. 1F with 3B) and pre-
vented the genotypic difference in fat pad weight seen on
normal chow. Plasma insulin, leptin, and blood glucose were
elevated by HFD (compare fasting levels of Fig. 1, A–C, with
Fig. 3, C–E) in both groups. DEL mice exhibited both hy-
perinsulinemia and hyperleptinemia relative to controls.

Fasting-induced CFLIR is reduced in Stat3-deleted Agrp/
Npy neurons

For a 48-h fast, food was removed from the cages between
1000 and 1100 h, and the mice were killed 48 h later. Water
was continuously available. A 48-h fast induced CFLIR in the
arcuate nucleus (Fig. 4, A and B). Using AgrpCre/ROSA26Egfp
and PomcEgfp (10) mice, it was shown that fasting-induced
CFLIR was restricted to Agrp/Npy neurons (Fig. 4, C–H). To
determine whether Stat3 deletion from these neurons af-
fected fasting-induced CFLIR, CON and DEL mice were

fasted for 48 h and their arcuate nuclei immunostained for
CFLIR. As shown in Fig. 4, I–Q, Agrp/Npy neurons without
Stat3 showed a marked reduction of CFLIR in response to
fasting.

Loss of Stat3 in Agrp/Npy neurons results in decreased
sensitivity to leptin

To determine whether Stat3 deletion from Agrp/Npy neu-
rons would affect responses to leptin, adult mice were in-
jected with leptin twice a day for 4 d, and body weight and
food intake were measured daily. In response to leptin, DEL
mice lost less weight and decreased food intake less than
controls (Fig. 5, A–C). Also, during the 15-d postleptin treat-
ment period, DEL mice exhibited a small (12%) but statisti-
cally significant difference in cumulative food intake, com-
pared with CON mice (CON, 61.1 � 1.7 g vs. DEL, 68.6 � 1.5 g;
P � 0.01 by two-tailed unpaired t test). Postmortem analysis
of relative transcript levels in these mice indicated no sig-
nificant differences, although mRNA for Npy showed a ten-
dency to be elevated in DEL mice (Fig. 5, D). Weights of
epididymal fat pads were also determined (CON � 0.56 �
0.08 g, DEL � 1.33 � 0.16 g; P � 0.01 by two-tailed, unpaired
t test) and exhibited the genotypic differences seen previ-
ously (Fig. 1F).

The effects of leptin on hypothalamic gene expression was
determined in a separate experiment in which 24-wk-old
CON (n � 9) and DEL (n � 9) mice were fasted and chal-
lenged with leptin or vehicle as described in Materials and
Methods. As seen in Fig. 6, the leptin regimen was without
effect on neuropeptide mRNA (Fig. 6, A–C). Npy was ele-
vated in vehicle-injected DEL mice. In both groups, leptin
treatment was associated with increased hypothalamic

FIG. 2. Hormones and glucose levels of
20-wk-old fed or fasted (48 h) CON and
DEL littermates (n � 4–6/group). Val-
ues are means � SEM. *, P � 0.05; **,
P � 0.01; ***, P � 0.001 by two-tailed
unpaired t test between indicated com-
parisons. For all measures, a two-way
ANOVA indicated a significant fasting
effect with no interaction. Only leptin
showed a significant (P � 0.001) effect
of genotype.
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Socs-3 mRNA, although this response was smaller in leptin-
injected DEL mice.

Discussion

The brain-specific deletion of Stat3 in mice has been shown
to produce a phenotype marked by massive obesity indis-
tinguishable from mice (db/db) with loss-of-function muta-
tions in Lepr (8). This phenotype is also reproduced in mice
with a mutated knocked-in Lepr allele designed to prevent
Lepr-Stat3 interactions (9). Given the known role of Stat3 in
the Lepr signal transduction pathway, it would appear that
normal energy homeostasis requires the expression of Stat3
in the brain.

Our previous work had shown that the AgrpCre/Stat3flox/
flox (DEL) mice lack Stat3 in arcuate neurons that express Npy
(17). In the present study, results with an Egfp reporter
strains indicate that Cre recombinase expression was re-
stricted to the arcuate nucleus (see supplemental data files).

Loss of Stat3 in Agrp/Npy neurons resulted in a 5- to 6-g
weight gain (22–24% increase) in adult mice of both sexes.
This modest increase was entirely accounted for by a greater
than 2-fold increase in whole-body fat mass with no change
in lean body mass. The increased adiposity was reflected by
a doubling of epididymal fat pad mass and plasma leptin
levels. On normal chow, blood glucose and insulin levels
were not affected, which is consistent with Stat3-indepen-

dent effects of leptin previously shown for glucose ho-
meostasis (23). These changes were consistent with the pres-
ence of leptin resistance seen when mice are fed a HFD (24).
A proposed mechanism for leptin resistance has focused on
overstimulation of Lepr by high leptin levels and subsequent
overproduction of a Stat3-inducible gene, Socs-3. Socs-3 has
been shown to serve a negative regulatory function by lim-
iting activation of Stat3 and possibly inhibiting other Lepr-
activated signaling pathways (25). The absence of leptin-
induced activation of Stat3 in Agrp/Npy neurons in DEL
mice (17) would be expected to result in cell-specific leptin
resistance in these cells because the metabolic actions of
leptin are thought be mediated by Stat3 (8, 9). When DEL
mice were placed on a HFD, epididymal fat pad weight
increased 2.5-fold and leptin levels rose by 6-fold, indicating
that these mice were fully susceptible to further leptin re-
sistance. Also, the fact that body weights of CON and DEL
mice appear to converge on a HFD suggests that one con-
sequence of high-fat feeding might be reduced Stat3 function
in Agrp/Npy neurons. Previous work by others has shown
reduced Stat3 activation within the arcuate nucleus of diet-
induced obese mice (26). Taken together, results from DEL
mice indicating modest weight gain on normal chow and
susceptibility to further leptin resistance on a HFD are in
keeping with other studies using cell-specific genetic dissec-
tion of leptin-regulated energy homeostatic pathways in the

FIG. 3. Effect of 6-wk HFD on meta-
bolic indices of CON and DEL litter-
mates. Mice were 18 wk old and fasted
for 24 h before they were killed (n �
5/group). A, Two-way ANOVA of mice
switched to HFD at wk 12 indicated sig-
nificant (P � 0.0001) effects of both age
and genotype on body weight. Data for
mice maintained on chow for 18 wk are
from Fig. 2A and are presented here for
comparison with mice switched to HFD
at wk 12. B, Body weights for mice at 18
wk of age either maintained on chow
(data from Fig 2A) or switched from
chow to HFD at 12 wk of age. C–F, Ad-
ditional metabolic indices of mice on
HFD. Statistical analyses for B–F are
by two-tailed, unpaired t tests: ***, P �
0.001; *, P � 0.05; values are means �
SEM.
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brain, namely that the system is distributed across multiple
hypothalamic and extrahypothalamic loci (24, 27).

Leptin has been shown to regulate the firing rate of target
neurons in different loci and of differing neuronal pheno-
types (10, 12, 28) and is thought to inhibit the activity of
Agrp/Npy neurons (12, 29). In neurons, c-fos functions as an
activity-dependent immediate early gene, and c-fos expres-
sion has been used as an indicator of neuronal activity. The
rise in c-fos expression in the arcuate nucleus during fasting
has been interpreted as a sign of increased neuronal activity,
reflecting a release from inhibition by leptin, because leptin
levels fall during a fast (12).

Previous work by others has shown that leptin regulation
of CFLIR in the arcuate appeared to be independent of Stat3
(30) by showing that CFLIR was not inappropriately induced
in Agrp/Npy neurons in fed mice with mutated Lepr un-
coupled from Stat3. In contrast, db/db mice with complete

Lepr loss of function exhibit aberrant CFLIR expression in the
fed state.

The decreased CFLIR induction in Agrp/Npy neurons in
fasted DEL mice could reflect leptin-induced inhibition of
neuronal activity given the persistent hyperleptinemia in
these animals. This would imply that leptin effects on neu-
ronal firing are Stat3 independent, which would agree with
conclusions drawn in a recent paper (30), although it would
not explain how the chronic inhibition of these orexigenic
neurons would result in increased adiposity. On the other
hand, chronic leptin resistance (see below) might uncouple
CFLIR expression from changes in leptin levels associated
with different metabolic states. Alternatively, diverse hor-
monal, metabolic, and synaptic inputs in addition to leptin
have been shown to affect Agrp/Npy neuronal function, and
one or more of these could be altered in DEL mice to reduce
fasting-induced CFLIR in these cells (31–35).

FIG. 4. Fasting-induced rise in CFLIR
was decreased in Agrp/Npy neurons in
DEL mice. CFLIR by immunofluores-
cence in the arcuate nucleus in the fed
state (A) and after 48 h fasting (B). Fast-
ing-induced CFLIR (C) and green fluo-
rescent cells expressing Egfp (D) in
AgrpCre/ROSA26Egfp mice are
shown. E, Colocalization of CFLIR and
Egfp in AgrpCre/ROSA26Egfp mice.
Fasting-induced CFLIR (F) and green
fluorescent cells (G) expressing Egfp in
PomcEgfp mice. H, CFLIR and Egfp in
PomcEgfp mice. I, CFLIR by avidin bi-
otin complex staining in the arcuate of
48-h fasted 8- to 12-wk-old mice was
greater in CON mice (I–K) than DEL
littermates (L–N). O and P, Surface
plots of CFLIR by immunofluorescence
after 48 h fasting in CON (O) and DEL
littermates (P). Q, Means � SEM of
summed FI units for fasting-induced
CFLIR by immunofluorescence in arcu-
ate nucleus of CON and DEL litter-
mates (n � 4/group).
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When DEL mice were challenged with leptin, they lost less
weight and decreased feeding less than controls. Further-
more, daily food intake measurements indicated occasional
24-h hyperphagia by the DEL mice. This decreased sensitiv-
ity to leptin was consistent with mice already exhibiting signs
of leptin resistance, evidenced by increased adiposity and
hyperleptinemia measured in other DEL mice. In previous
work, we had shown a tendency for Npy to be elevated in
DEL mice (17), and this same tendency was also apparent in
these mice that were killed 2 wk after the last leptin injection.
The decreased responsiveness to leptin could be a direct
result of the loss of Stat3 in Agrp/Npy neurons or it could
reflect the altered metabolic state of the DEL mice.

A separate experiment testing the effects of leptin on neu-
ropeptide expression was unable to demonstrate any effect
of peripheral leptin on hypothalamic neuropeptide expres-
sion. In vehicle-treated mice, Npy was significantly elevated
in the DEL mice and again showed a tendency to be elevated
in leptin-injected DEL mice. Overall, these results indicate
that loss of Stat3 in Agrp/Npy neurons results in an up-
regulation of Npy expression, and this could play a role in
the modest hyperphagia seen in DEL mice. We attribute the
lack of a leptin effect on neuropeptide expression either to
strain differences or the age of the mice because we have
found small but significant decreases in Npy and Agrp and
increases in Pomc in younger mice of different strains (not
shown). Alternatively, leptin effects on neuropeptide expres-
sion might have been seen if a different time point had been
used. The leptin treatment appeared to effectively activate
hypothalamic leptin receptors because in the same hypotha-
lamic samples, leptin increased Socs-3 mRNA by 3.5-fold in
CON mice and 1.9-fold in DEL mice. The blunted Socs-3
response in DEL mice could directly reflect the Stat3 deletion
in Agrp/Npy neurons, or it could reflect a more general
leptin resistance due to chronic hyperleptinemia or some
other, presently unknown, consequence of obesity.

In previous work, we were surprised to see that loss of the
Stat site in the Agrp locus prevented fasting-induced up-
regulation of Agrp but that loss of Stat3 from Agrp/Npy
neurons had no effect on Agrp expression in the fed or fasted
states (17). This latter observation was again confirmed in the
present study. Recent work demonstrating a requirement for
the Foxo1 transcription factor in Agrp expression indicated
an inhibitory role for Stat3 via transcriptional squelching
(36). This mechanism would predict an up-regulation of
Agrp in DEL mice in the fed state, although is it possible that
this, but not all, actions of Stat3 could be replaced by
Stat5,which has been recently shown to also be regulated by
leptin in rat arcuate neurons (37). Regulation of Agrp and
Npy expression is clearly complex and has been shown to
also require signaling through the phosphatidylinositol-3
kinase pathway (38) and the brain-specific homeobox factor,
Bsx (39).

We do not currently have a clear explanation for the mod-
est obesity phenotype produced by Stat3 deletion in Agrp/
Npy neurons. It is possible that small decreases in energy
expenditure that were not detected in the metabolic profiling
are responsible. It is likely that the occasional 24-h hyperpha-
gia contributes to the phenotype, but to what extent remains
to be determined. Also unclear is the relationship between

FIG. 5. Effectof leptinonbodyweight (AandB)of22-wk-oldCONmiceand
DEL littermates (n �5/group). Leptin was administered as described in the
text. Two-way ANOVA of body weight from d 0 to d 19 indicated an effect
of genotype (P � 0.0001). B, Body weight differences from d 0 were deter-
mined for the 4 d of leptin treatment and group differences tested by two-
tailed unpaired t tests. C, Two-way ANOVA of food intake showed signif-
icant effects of both genotype (P � 0.0001) and time (P � 0.0001) with no
interaction. Group differences in daily food intake were analyzed by two-
tailed, unpaired t tests. Mice were killed after the last day of feeding mea-
surements, and neuropeptide and Socs-3 transcripts from whole hypothal-
amus(D)werequantified.*,P�0.05;**,P�0.01.Valuesaremeans�SEM.
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the hyperphagia and elevated Npy expression. Based on
work by others, we did not expect to see elevated Npy
mRNA. In mice with a mutated Lepr unable to activate Stat3
(s/s mice), Agrp mRNA but not Npy mRNA was elevated,
suggesting Stat3 regulation of Agrp but not Npy expression
(9). These discrepant Agrp results can be explained by results
from a recent work that shows that deletion of Stat3 specif-
ically in Lepr-expressing cell leads does not result in elevated
Agrp and Npy mRNA until the mice become severely obese
(22), a state not reached in the modest obesity of DEL mice.
It would appear that deletion of Stat3 in leptin-sensitive cells
has metabolic effects that, in turn, alter the expression of
hypothalamic neuropeptides involved in feeding. The severe
obesity seen in the whole-animal (9, 40) or brain-specific (8)
uncoupling of Stat3 from Lepr highlights the importance of
other, extraarcuate Stat3-mediated pathways in the control of
energy homeostasis (3–6, 27).

The present study demonstrates that cell-specific loss of
Stat3 in Agrp/Npy neurons results in a modest obesity phe-
notype accompanied by hyperphagia, hyperleptinemia, lep-
tin hyposensitivity, and elevated Npy mRNA despite normal
levels of Agrp mRNA.
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