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Anorexia and involuntary weight loss are common and debil-
itating complications of a number of chronic diseases and
inflammatory states. Proinflammatory cytokines, including
IL-1�, are hypothesized to mediate these responses through
direct actions on the central nervous system. However, the
neural circuits through which proinflammatory cytokines
regulate food intake and energy balance remain to be char-
acterized. Here we report that IL-1� activates the central
melanocortin system, a key neuronal circuit in the regulation
of energy homeostasis. Proopiomelanocortin (POMC) neu-
rons in the arcuate nucleus of the hypothalamus (ARC) were

found to express the type I IL-1 receptor. Intracerebroven-
tricular injection of IL-1� induced the expression of Fos pro-
tein in ARC POMC neurons but not in POMC neurons in the
commissural nucleus of the tractus solitarius. We further
show that IL-1� increases the frequency of action potentials
of ARC POMC neurons and stimulates the release of �-MSH
from hypothalamic explants in a dose-dependent fashion. Col-
lectively, our data support a model in which IL-1� increases
central melanocortin signaling by activating a subpopulation
of hypothalamic POMC neurons and stimulating their release
of �-MSH. (Endocrinology 148: 4217–4225, 2007)

ACTIVATION OF THE host immune system in response
to tissue injury or infection triggers the release of

proinflammatory cytokines that mediate a number of met-
abolic and behavioral responses including anorexia, pyrexia,
and malaise (1, 2). This illness behavior is hypothesized to be
elicited by cytokines exerting their actions on the central
nervous system) (3, 4). Acutely, these responses represent an
adaptive response that promotes survival of the host (5) but
may become harmful if sustained. For example, short-term
anorexia appears to promote survival because increased
mortality occurs with forced feeding of animals suffering
from illness (6). In contrast, prolonged anorexia, as occurs in
animals with cachexia or disease-associated wasting, pro-
motes increased morbidity and mortality (7). However, the
means by which cytokines alter energy regulation and the
relationship of cytokine signaling to neural systems previ-
ously shown to be involved in the regulation of energy ho-
meostasis remains largely unknown.

The central melanocortin system plays a critical role in the
regulation of food intake and energy homeostasis. This oc-
curs principally via the action of melanocortin peptides de-
rived from proopiomelanocortin (POMC) with a family of

five G protein-coupled melanocortin receptors (MC1R–
MC5R), and the endogenous melanocortin receptor antago-
nist agouti-related protein (AgRP) (8). In the mammalian
brain, the central melanocortin system is comprised of ad-
jacent populations of POMC- and AgRP/neuropeptide Y
(NPY)-coexpressing neurons in the arcuate nucleus of the
hypothalamus (ARC) and a caudal brainstem population of
POMC neurons in the commissural nucleus of the tractus
solitarius (NTS) (9, 10). Two melanocortin receptor subtypes,
the melanocortin-3 receptor (MC3R) and MC4R, are ex-
pressed in the brain and are thought to be the primary me-
diators of the behavioral and metabolic effects of melano-
cortin peptides (8, 11). The ability of POMC and AgRP/NPY
neurons to recognize and respond to a number of circulating
signals of energy balance including leptin, insulin, and gh-
relin strongly supports this system having a critical role in
the regulation of energy homeostasis (12–14). Leptin, a 16-
kDa protein resembling the structure of 4-�-helical bundle
cytokines (15), acts through leptin receptors present on ARC
POMC and AgRP/NPY neurons (16, 17) to suppress food
intake and increase energy expenditure by increasing the
release of �-MSH from POMC neurons and decreasing the
release of NPY and AgRP (12). The responsiveness of the
central melanocortin system to leptin raises the possibility
that it may play a role in mediating the anorexic effects of
additional cytokines.

The proinflammatory cytokine IL-1� is secreted by acti-
vated immune cells and plays a critical role in mediating the
inflammatory response of the host against infection and tis-
sue injury (18–20). Administration of IL-1�, peripherally or
centrally, induces anorexia, fever, and activation of the hy-
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pothalamo-pituitary-adrenal axis (19–21). Intracerebroven-
tricular (icv) administration of the IL-1 receptor antagonist
attenuates the anorexic effects of peripheral IL-1� and lipo-
polysaccharide administration (22). The effects of IL-1� in the
brain are mediated by the type I IL-1 receptor (IL-1R) (23).
Low to moderate levels of IL-1R mRNA are expressed by
neurons in regions of the brain associated with energy ho-
meostasis, including the ARC and brainstem (24). In previ-
ous work, IL-1� given iv to rats was shown to induce Fos
protein in POMC mRNA-expressing neurons in the ARC,
suggesting that the central melanocortin system may be a
target for IL-1� signaling and have a role in mediating the
behavioral effects of IL-1� (3). This hypothesis is strength-
ened by the observation that the anorexic effects of IL-1� can
be blocked by central administration of a nonspecific mela-
nocortin receptor antagonist (25).

In the present study, we report that IL-1� activates a sub-
population of POMC neurons in the ARC, but not in the NTS,
and stimulates the release of �-MSH from hypothalamic
explants in a dose-dependent manner. Our data also show
that POMC neurons in the ARC express IL-1R mRNA. Col-
lectively, our data support a model in which IL-1� increases
central melanocortin signaling by activating a subpopulation
of hypothalamic POMC neurons and stimulating them to
release �-MSH.

Materials and Methods
Animals and surgical procedures

Male Sprague Dawley rats (300–350 g; Charles River Laboratories,
Wilmington, MA), wild-type C57BL/6J mice (4–5 wk of age; Jackson
Laboratory, Bar Harbor, ME), and transgenic C57BL/6J POMC-en-
hanced green fluorescent protein (EGFP) mice [6–8 wk of age; geno-
typing and breeding of mice were as described previously (26)] were
maintained on a normal 12-h light, 12-h dark cycle with ad libitum access
to food (Purina rodent diet 5001; Purina Mills, St. Louis, MO) and water.
Experiments were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and ap-
proved by the Animal Care and Use Committees of Oregon Health and
Science University and the Oregon National Primate Research Center.

The icv cannulation and injections

Male POMC-EGFP mice were anesthetized with a ketamine cocktail
and placed in a stereotaxic apparatus (Cartesian Instruments, Sandy,
OR). A sterile guide cannula with obdurator stylet was stereotaxically
implanted into the lateral ventricle (1.0 mm posterior to bregma, 0.5 mm
lateral to midline, and 2.3 mm below the surface of the skull). The
cannula was then fixed in place with dental cement. The animals were
individually housed after surgery for a minimum of 1 wk and were
handled and administered 1 �l icv injections of commercial artificial
cerebrospinal fluid (aCSF) (Harvard Apparatus, Holliston, MA) daily.
On the day of the experiment, mice were treated at 0900 h with 40 mg/kg
ip ketorolac (K1136; Sigma-Aldrich, St. Louis, MO) dissolved in sterile
saline or sterile saline. At 1000 h, mice received icv injections of 10 or 100
ng murine IL-1� (R&D Systems, Inc., Minneapolis, MN) dissolved in
aCSF or aCSF alone. Ninety minutes after treatment, mice were deeply
anesthetized and perfused transcardially with 0.9% saline followed by
ice-cold 4% paraformaldehyde in 0.01 m PBS. Brains were postfixed for
2 h in fixative and then stored overnight in 20% sucrose in PBS as a
cryoprotectant before being frozen at �80 C until use. The positions of
the cannulas were verified at the end of the experiment by histological
analysis.

Implantation of osmotic minipumps

ALZET micro-osmotic pumps (model 1007D; DURECT Corp., Cu-
pertino, CA) were filled with ketorolac (K1136; Sigma-Aldrich) dis-

solved in sterile saline (n � 12) or sterile saline (n � 18). Ketorolac-filled
pumps were calibrated to deliver a constant infusion of 1.0 mg/kg every
6 h. Male C57BL/6J mice were anesthetized with a ketamine cocktail,
and the pumps were implanted sc on the dorsal surface of each mouse.
Mice were allowed 2 d of recovery before use in hypothalamic peptide
secretion studies.

Immunohistochemistry for c-Fos and EGFP

Dual-immunofluorescence histochemistry was performed as previ-
ously described (27). Briefly, free-floating sections were cut at 30 �m
from perfused brains using a sliding microtome. Three sets of sections
were generated from the hypothalamus and hindbrain of each brain.
Hypothalamic sections were collected from the diagonal band of Broca
(bregma 1.0 mm) caudally through the mammillary bodies (bregma
�3.00 mm). Hindbrain sections were collected from the facial nucleus
(bregma �5.75 mm) caudally through the spinal cord (28). The sections
were incubated for 1 h at room temperature in blocking reagent (5%
normal donkey serum in 0.01 m PBS and 0.3% Triton X-100). After the
initial blocking step, the sections were incubated in rabbit anti-c-Fos
antibody (PC38; EMD Biosciences, Inc., San Diego, CA) diluted 1:75,000
in blocking reagent for 48 h at 4 C, followed by incubation in 1:500
donkey antirabbit Alexa 594 (Molecular Probes, Inc., Eugene, OR) for 1 h
at room temperature. Hindbrain sections were then incubated in rabbit
anti-GFP antibody directly conjugated to Alexa 488 (Molecular Probes)
diluted 1:4000 in blocking reagent for 1 h at room temperature. Hypo-
thalamic sections did not require this step. Between each stage, the
sections were washed thoroughly with 0.01 m PBS. Incubating the sec-
tions in the absence of primary antisera was used to ensure specificity
of the secondary antibodies. Sections were mounted onto gelatin-coated
slides, coverslipped using Vectashield mounting media (Vector Labo-
ratories, Burlingame, CA), and viewed under a fluorescence microscope
(Leica 4000 DM; Leica Microsystems, Bannockburn, IL).

Cell counting

The number of c-Fos-immunoreactive cells and double-labeled cells
was counted by eye in sections representing the ARC and the NTS by
investigators blinded to the treatments. Results are expressed as the
number of cells per section as well as the percentage double-labeled.
Each set of ARC sections contained seven to nine sections expressing
immunopositive cells, and each set of caudal brainstem sections con-
tained five to seven caudal brainstem sections expressing immunopo-
sitive cells. A cell was determined to be single-labeled when visible only
under the fluorescence filter corresponding to the emission wavelength
of the primary/secondary antibody complex used (e.g. 594 nm and not
488 nm for c-Fos). Cells were examined at multiple focal planes within
the section and at multiple magnifications to ensure that the cell was
indeed representative of a single-labeled cell. When the cell was visible
at both 594- and 488-nm filters, it was deemed to be double-labeled.
Double-labeled cells were examined at multiple focal planes within the
section and at multiple magnifications to ensure that the cell was indeed
representative of a single cell labeled with both antibody complexes and
not two single-labeled cells in close proximity within different levels of
the optical section. The cells were also examined under a third wave-
length (350 nm) not corresponding to the emission wavelength of either
of the secondary antibodies to ensure that the immunoreactivity was
specific.

Electrophysiology

Standard electrophysiological techniques were used, as previously
described (26). Briefly, 8-wk-old male POMC-EGFP mice were anesthe-
tized with isoflurane and killed quickly by decapitation. Coronal hy-
pothalamic slices containing the ARC were cut at 185 �m with a vi-
brating slicer (Leica VT1000S) under ice-cold aCSF solution of the
following composition (in mm): 126 NaCl, 2.5 KCl, 1.2 MgCl2/6H2O, 2.4
CaCl2/2H2O, 1.2 NaH2PO4/H2O, 21.4 NaHCO3, and 11.1 glucose (sat-
urated with 95% O2/5% CO2). Slices were stored for at least 1 h in a
holding chamber with aCSF at room temperature and continuously
bubbled with 95% O2/5% CO2. Individual slices were submerged in a
recording chamber and superfused continuously with carbogenated
aCSF at 35 C (3–5 ml/min). All recordings were made from ARC POMC
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neurons, identified by bright green fluorescence (26). Electrode resis-
tances were 2–4 m� when filled with an intracellular solution of the
following composition (in mm): 128 K-gluconate, 10 HEPES, 1 EGTA, 10
KCl, 1 MgCl2, 0.3 CaCl2, 5 (Mg)ATP, 0.3 (Na)GTP. Current-clamp re-
cordings were performed in whole-cell configuration with an Axopatch
200B amplifier (Axon Instruments, Foster City, CA). Data were filtered
at 2 kHz and then sampled at 50–100 kHz by pClamp 8.2 software (Axon
Instruments). Data were stored on a hard disk for analysis using Mini
Analysis (Synaptosoft, Inc., Decatur, GA). Only neurons with stable
holding currents not exceeding 100 pA for the 10-min baseline were
studied. Approximately 10 min of baseline data were recorded for each
arcuate neuron before drug application. Murine IL-1� (R&D Systems)
was applied at specified concentrations to the superfusion medium by
gravity perfusion for approximately 3 min, and data were recorded for
approximately 15 min after drug was discontinued. All data are pre-
sented as mean � sem. Differences in drug effects were tested by either
a one-sample Student’s t test with a hypothetical mean of 0 mV (mem-
brane potential) or with Student’s t test (firing rate). For drug-induced
changes in firing rate, changes are normalized to the 5-min period
immediately before drug application. Only cells with a minimum av-
erage of five action potentials per 20-sec bin during baseline were in-
cluded in the analysis to avoid the potential of overestimating changes
in firing rate with extremely low-firing cells.

Hypothalamic peptide secretion

Male C57BL/6J mice (n � 30) were anesthetized with isoflurane and
killed quickly by decapitation. The brain was removed (with care taken
to ensure that there was no contamination of the hypothalamic portion
with residual pituitary), and a 2-mm slice was prepared using a vibrating
microtome (Leica VS 1000) to include the paraventricular and arcuate
nuclei. Individual hypothalami received a 1-h equilibration period with
aCSF [126 mm NaCl, 0.09 mm Na2HPO, 6 mm KCl, 4 mm CaCl2, 0.09 mm
MgSO4, 20 mm NaHCO3, 8 mm glucose, 0.18 mg/ml ascorbic acid, and
0.6 trypsin inhibitory unit (TIU) aprotinin/ml] at 37 C. Hypothalami
were then incubated for 45 min at 37 C in 700 �l aCSF (basal period)
before being challenged with a single concentration of murine IL-1�
(R&D Systems) (0.0001–1.0 nm) in 700 �l aCSF for 45 min at 37 C. Tissue
viability was verified by a 45-min exposure to 700 �l aCSF containing
56 mm KCl. Treatments were performed in quadruplicate. At the end of
each treatment period, supernatants were removed and frozen at �80
C until assayed by RIA. Hypothalamic explants that failed to show
peptide release three times above that of basal in response to aCSF
containing 56 mm KCl were excluded from data analysis.

Hypothalamic peptide secretion after ketorolac treatment

Male C57BL/6J mice that had been implanted with ketorolac-filled
(n � 12) or saline-filled osmotic pumps (n � 18) were divided into five
groups of six animals each. Mice from all groups were anesthetized with
isoflurane and killed quickly by decapitation. Brains were removed and
processed on a vibrating microtome as described above. Individual
hypothalami received a 1-h equilibration period with aCSF at 37 C. A
single group of hypothalami from mice that received saline pumps (n �
6) were incubated for 45 min at 37 C in 700 �l aCSF plus ketorolac (121
�m) (basal period) before being challenged with 0.1 nm murine IL-1� in
700 �l aCSF plus ketorolac (121 �m) for 45 min at 37 C. Hypothalami
from the remaining four groups were incubated for 45 min at 37 C in 700
�l aCSF (basal period) before being challenged with either 0.05 nm (n �
6 for saline and ketorolac-treated mice) or 0.1 nm (n � 6 for saline and
ketorolac-treated mice) murine IL-1� in 700 �l aCSF for 45 min at 37 C.
Tissue viability was verified by a 45-min exposure to 700 �l aCSF
containing 56 mm KCl. Treatments were performed in quadruplicate. At
the end of each treatment period, supernatants were removed and frozen
at �80 C until assayed by RIA. Hypothalamic explants that failed to
show peptide release three times above that of basal in response to aCSF
containing 56 mm KCl were excluded from data analysis.

�-MSH RIA

�-MSH immunoreactivity was measured with a rabbit anti-�-MSH
specific for �-MSH (Phoenix Pharmaceuticals, Inc., Belmont, CA). The
antibody cross-reacts fully with the mature �-MSH (N-acetylated

�-MSH), and partially (46%) with desacetylated �-MSH, but not with
NPY or AgRP. 125I-labeled �-MSH was prepared by the iodogen method
and purified by high-pressure liquid chromatography (University of
Mississippi Peptide Radioiodination Service Center, University, MS). All
samples were assayed in duplicate. The assay was performed in a total
volume of 350 �l 0.06 m phosphate buffer (pH 7.3) containing 1% BSA.
The sample was incubated for 3 d at 4 C before the separation of free and
antibody-bound label by goat antirabbit IgG serum (Phoenix Pharma-
ceuticals). One hundred microliters of supernatant were assayed. The
lowest detectable level that could be distinguished from the zero stan-
dard was 0.30 fmol/tube. The intraassay coefficient of variation was
determined by replicate analysis (n � 10) of two samples at �-MSH
concentrations of 2 and 10 fmol/tube, and the results were 7.8 and 7.5%,
respectively. The interassay coefficients of variation were 10.7 and 12.1%
for the range of values measured.

Double-label in situ hybridization histochemistry

Simultaneous visualization of POMC and IL-1R mRNA in the rat
brain (n � 3) was performed as previously reported (29), with slight
modifications. Coronal sections (20 �m) were cut on a cryostat and
thaw-mounted onto Superfrost Plus slides (VWR Scientific, West Ches-
ter, PA). Hypothalamic sections were collected in a 1:6 series from the
diagonal band of Broca (bregma 0.50 mm) caudally through the mam-
millary bodies (bregma �5.00 mm). Hindbrain sections were collected
in a 1:6 series from the facial nucleus (bregma �10.00 mm) caudally
through the spinal cord (30). Antisense 33P-labeled rat IL-1R riboprobe
(corresponding to bases 207–930 of rat IL-1R; GenBank accession no.
M95578) (0.2 pmol/ml) and antisense digoxigenin-labeled rat POMC
riboprobe (corresponding to bases 49–644 of rat POMC; GenBank ac-
cession no. AF510391) (concentration determined empirically) were de-
natured, dissolved in hybridization buffer along with tRNA (1.7 mg/
ml), and applied to slides. Controls used to establish the specificity of
the IL-1R riboprobe included slides incubated with an equivalent con-
centration of radiolabeled sense IL-1R riboprobe or radiolabeled anti-
sense probe in the presence of excess (1000�) unlabeled antisense probe.
Slides were covered with glass coverslips, placed in a humid chamber,
and incubated overnight at 55 C. The following day, slides were treated
with RNase A and washed under conditions of increasing stringency.
The sections were incubated in blocking buffer and then in Tris buffer
containing antidigoxigenin fragments conjugated to alkaline phospha-
tase (Roche Molecular Biochemicals, Indianapolis, IN), diluted 1:250, for
3 h at room temperature. POMC cells were visualized with Vector Red
substrate (SK-5100; Vector Laboratories) according to the manufactur-
er’s protocol. Slides were dipped in 100% ethanol, air dried, and then
dipped in NTB-2 liquid emulsion (Eastman Kodak Co., Rochester, NY).
Slides were developed 13 d later and coverslipped. Determination of
cells expressing both IL-1R and POMC mRNA was performed using
criteria previously described (29). Briefly, POMC-mRNA-containing
cells were identified under fluorescent illumination, and custom-de-
signed software was used to count the silver grains (corresponding to
radiolabeled IL-1R mRNA) over each cell. Signal-to-background ratios
for individual cells were calculated; an individual cell was considered
to be double-labeled if it had a signal-to-background ratio of 2.5 or more.
For each animal, the amount of double-labeling was calculated as a
percentage of the total number of POMC-mRNA-expressing cells and
then averaged across animals to produce mean � sem.

Statistical analysis

Data are expressed as mean � sem for each group. Statistical analysis
was performed using SPSS (version 14.0) and Prism (version 3.03) soft-
ware. All data were analyzed with a one-sample t test (electrophysiology
data), an unpaired t test (immunohistochemistry data), one-way
ANOVA followed by a post hoc analysis using a Bonferroni corrected t
test (c-Fos with ketorolac data), or a two-way ANOVA followed by a
one-way ANOVA with post hoc analysis using a Bonferroni multiple
comparison test (secretion study with ketorolac). For all analyses, sig-
nificance was assigned at the P � 0.05 level.
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Results
IL-1� selectively activates c-Fos expression in ARC POMC-
EGFP neurons

To test whether IL-1� activates ARC and NTS POMC-
EGFP neurons, we examined the expression of c-Fos in
POMC-EGFP neurons after icv injection of IL-1�. In agree-
ment with the literature, icv administration of IL-1� (10 ng)
induced c-Fos immunoreactivity in the ARC (aCSF, 21 � 2
cells per section, n � 4; IL-1�, 79 � 2 cells per section, n �
5; P � 0.0001) (Fig. 1, B, E, H, and J) and NTS (aCSF, 3 � 1
cells per section, n � 4; IL-1�, 49 � 5 cells per section, n �
4; P � 0.0001) (Fig. 2, B, E, and J). In the ARC, few POMC-
EGFP neurons expressed c-Fos in aCSF-treated animals (7 �
2% coexpression) (Fig. 1, C and K). IL-1� increased the c-Fos
expression in ARC POMC-EGFP neurons by about 4-fold
(31 � 2% coexpression, P � 0.0001) (Fig. 1, F, I, and K). No
additional increase in the number of POMC-EGFP neurons
activated by IL-1� was observed when higher doses (100 ng)
of IL-1� were administered (data not shown). In contrast to
the arcuate POMC-EGFP neurons, NTS POMC-EGFP neu-
rons were unresponsive to IL-1�. Expression of c-Fos by NTS
POMC-EGFP neurons was very low in aCSF-treated animals
(2 � 0.5% coexpression) (Fig. 2, F and K) and remained low
after IL-1� treatment (3 � 0.5% coexpression, P � 0.05) (Fig.
2, F, I, and K).

Activation of ARC POMC-EGFP neurons by IL-1� is
decreased by inhibition of cyclooxygenase activity

To determine whether the synthesis of prostaglandin in-
termediates is necessary for the activation of ARC POMC
neurons by IL-1�, we examined the expression of c-Fos in

ARC POMC-EGFP neurons from mice that had received an
ip injection of ketorolac (40 mg/kg) or saline 1 h before
receiving an icv injection of IL-1� (10 ng) or aCSF. The overall
expression of c-Fos immunoreactivity in the ARC of mice that
received IL-1� was significantly reduced in animals that had
received ip ketorolac compared with animals that had re-
ceived an ip injection of saline (saline, 45 � 2 cells per section,
n � 4; ketorolac, 25 � 1 cells per section, n � 6; P � 0.001)
but was still significantly increased compared with animals
that had received ketorolac and an icv injection of aCSF (18 �
1 cells per section, n � 4; P � 0.01) (Fig. 3A). As before, the
expression of c-Fos in ARC POMC-EGFP neurons was in-
creased by icv IL-1� in animals that had received ip saline
injections (aCSF, 10 � 1% coexpression, n � 4; IL-1�, 23 � 1%
coexpression, n � 4; P � 0.001) (Fig. 3B). Pretreatment with
ketorolac reduced the expression of c-Fos in ARC POMC-
EGFP neurons after IL-1� treatment (ketorolac, 16 � 1%
coexpression, n � 6; saline, 23 � 1% coexpression, n � 4; P �
0.01) but failed to completely attenuate activation compared
with animals that had received ip saline and icv aCSF (P �
0.05) (Fig. 3B).

IL-1� increases the firing rate of ARC POMC-EGFP
neurons

Using EGFP-labeled cells in ARC slices from male POMC-
EGFP mouse brains, we observed that bath-applied IL-1� (1
nm) depolarized 11 of 15 (73%) POMC-EGFP neurons tested
(2.5 � 0.9 mV; P � 0.05, one-sample Student’s t test). In four
of 15 (27%) POMC-EGFP neurons tested, IL-1� induced a
small hyperpolarization (1.2 � 0.1 mV; P � 0.05, one-sample
Student’s t test).
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FIG. 1. IL-1� activates POMC-EGFP neurons in the hypo-
thalamus. A, D, and G, Expression of EGFP in the hypo-
thalamus of POMC-EGFP mice; B, expression of c-Fos (red)
in aCSF-treated animals (icv, n � 4) is low; C, few POMC
neurons express c-Fos after aCSF treatment. E and H, ex-
pression of c-Fos in IL-1�-treated animals (10 ng, icv, n �
5) is increased; F and I, IL-1� activates c-Fos in POMC
neurons; G, H, and I, enlargement of D–F shown for clarity
(white boxes denote regions of enlargement); J, IL-1� in-
creases the expression of c-Fos in the ARC by about 3.5-fold
(two-tailed Student’s t test; ***, P � 0.0001 vs. aCSF); K,
about 30% of POMC neurons are activated by icv IL-1� (10
ng, two-tailed Student’s t test; ***, P � 0.0001 vs. aCSF).
Scale bars, 65 �m (A–F) and 60 �m (G–I). 3V, Third ven-
tricle.
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Of the spontaneously firing POMC-EGFP neurons (12 of 15
tested), IL-1� (1 nm) increased the firing frequency of 10 cells
(83%) (Fig. 4A). To avoid overestimation of drug-induced
increases in firing rate that occurs if extremely low-firing
cells are assessed, two cells were excluded from analysis.
IL-1� increased the firing rate 78.8 � 12.1% from baseline to
the 10-min washout period (n � 8; P � 0.0001) (Fig. 4B).
During its peak effect during the first 250 sec after IL-1�
addition to the bath (Fig. 4B), IL-1� increased POMC-EFGP
neuronal activity by 87.4 � 15.4% above baseline (P �
0.0001).

IL-1� stimulates the release of �-MSH from murine
hypothalamic explants

To investigate the effect of IL-1� on �-MSH release in vitro,
hypothalamic explants harvested from male C57BL/6 mice
were incubated with IL-1� (0.01, 0.1, 1.0, 3.0, and 30.0 nm; n �
4 per IL-1� dose). These doses were chosen based on pre-
vious work estimating basal IL-1� concentration in the hy-
pothalamus at 0.01–0.02 nm and increasing approximately
10-fold during pathological conditions (31). IL-1� signifi-
cantly increased the release of �-MSH from hypothalamic
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FIG. 3. Ketorolac reduces IL-1� activation of POMC-
EGFP neurons in the hypothalamus. A, Expression
of c-Fos in the ARC of POMC-EGFP mice receiving ip
ketorolac (40 mg/kg) or saline followed by icv injec-
tion of IL-1� (10 ng) or aCSF 1 h later (saline � aCSF,
n � 4; saline � IL-1�, n � 4; ketorlac � aCSF, n �
4; ketorolac � IL-1�, n � 6); B, reduced expression of
c-Fos in ARC POMC-EGFP neurons in mice receiving
ip ketorolac (40 mg/kg) or saline followed by icv in-
jection of IL-1� (10 ng) or aCSF 1 h later (saline �
aCSF, n � 4; saline � IL-1�, n � 4; ketorlac � aCSF,
n � 4; ketorolac � IL-1�, n � 6). Data are expressed
as mean � SEM, and statistics were calculated by
one-way ANOVA followed by a post hoc analysis us-
ing a Bonferroni corrected t test; a, P � 0.001 vs.
saline � aCSF; b, P � 0.01 vs. saline � aCSF; c, P �
0.001 vs. ketorolac � aCSF; d, P � 0.01 vs. ketorolac
� aCSF; e, P � 0.001 vs. ketorolac � IL-1; f, P � 0.01
vs. ketorolac � IL-1.
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FIG. 2. IL-1� does not activate POMC-EGFP neurons in
the NTS. A, D, and G, Expression of EGFP in the NTS of
POMC-EGFP mice; B, expression of c-Fos (red) in aCSF-
treated animals (icv, n � 4) is very low; F, few POMC
neurons express c-Fos after aCSF treatment; E and H, ex-
pression of c-Fos in IL-1�-treated animals (10 ng, icv, n �
4) is increased; F and I, IL-1� does not activate c-Fos in
POMC neurons; G–I, enlargements of D–F shown for clarity
(white boxes denote regions of enlargement); J, IL-1� in-
creases the expression of c-Fos in the NTS by about 16-fold
(two-tailed Student’s t test, ***, P � 0.0001 vs. aCSF); K,
IL-1� does not increase the number POMC neurons acti-
vated in the NTS (two-tailed Student’s t test, P value non-
significant vs. aCSF). Scale bars, 100 �m (A–F) and 60 �m
(G–I). CC, Central canal.
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explants with a calculated EC50 of 5.9 � 10�11 m (Fig. 5). These
results demonstrate that in vivo hypothalamic concentrations
of IL-1� that are produced during pathological conditions are
able to potently stimulate the in vitro release of �-MSH from
hypothalamic explants.

Ketorolac treatment does not block IL-1�-stimulated release
of �-MSH from murine hypothalamic explants

To determine whether inhibition of prostaglandin synthe-
sis would reduce the IL-1�-stimulated release of �-MSH
from hypothalamic explants, we repeated our explant stud-
ies using two doses of IL-1� (0.05 and 0.1 nm) in the presence
of ketorolac. We observed that acutely blocking prostaglan-
din synthesis by incubating the explants in aCSF containing
ketorolac (121 �m) did not alter either basal or IL-1�-stim-
ulated �-MSH release (P � 0.01 vs. aCSF) (Fig. 6). To inves-
tigate the effects of chronic blockade of prostaglandin syn-
thesis on IL-1�-stimulated �-MSH release, we implanted
osmotic pumps containing either ketorolac or saline 2 d be-
fore the explant study. Both doses of IL-1� stimulated �-MSH
release from hypothalamic explants from mice that had re-
ceived saline-filled pumps, although only the higher dose of
0.1 nm reached significance (P � 0.001 vs. aCSF) (Fig. 6). Mice
with ketorolac-filled pumps had reduced �-MSH release in
response to both doses of IL-1� used compared with mice
with saline pumps. However, this reduction did not achieve
statistical significance for either dose of IL-1� (P � 0.05 vs.
saline pump groups), and �-MSH release was still signifi-
cantly increased in animals that had received ketorolac
pumps at the high dose of IL-1� (P � 0.05 vs. aCSF) (Fig. 6).
No significant interaction was found between method of
infusion and dose of IL-1� by two-way ANOVA.

POMC mRNA coexpression with IL-1R mRNA in
the hypothalamus

Hypothalamic sections from rat brains were processed for
double-label in situ hybridization for POMC and IL-1R. The
pattern of silver grain clusters representing cells in the ARC
expressing IL-1R mRNA was similar to that previously re-
ported with a radiolabeled probe (24) (Fig. 7A). Including
excess unlabeled antisense probe with radiolabeled antisense
probe abolished all specific signal, and no signal was seen
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FIG. 4. IL-1� increases the firing rate of ARC POMC-EGFP neurons.
A, Example of raw data (15-min trace) showing bath application of
IL-1� (1 nM). IL-1� depolarized and increased spontaneous activity of
a single ARC POMC-EGFP neuron. The mean of the membrane po-
tential 5 min before IL-1� application was �54.5 mV; during appli-
cation (2.32 min), it was �51.4 mV. The mean peak depolarization
(from 1.5 min after start of drug application to 3.5 min into washout)
was �45.6 mV. The mean firing frequency 5 min before IL-1� appli-
cation was 0.52 Hz; during application, it was 1.86 Hz; and 5 min into
washout period, it was 1.48 Hz. B, IL-1� (1 nM) increases the firing
rate of ARC POMC-EGFP neurons (n � 8; P � 0.0001, baseline
compared with washout). Shaded region corresponds to time of IL-1�
addition to bath. Error bars represent SEM.
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FIG. 5. IL-1� stimulates in vitro release of �-MSH from murine hy-
pothalamic explants in dose-dependent manner with a calculated
EC50 of 5.9 � 10�11 M. Values are means � SEM (n � 4 for each dose).
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analysis using a Bonferroni multiple comparison test; *, P � 0.05 vs.
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with application of radiolabeled sense probes. A number of
POMC mRNA-expressing neurons in the ARC, represented
by cell bodies filled with fluorescent red precipitate, had
overlying clusters of silver grains, signifying coexpression of
IL-1R mRNA (Fig. 7B). Semiquantitative image analysis re-
vealed that with a signal-to-background ratio of 2.5 set as the
threshold for neurons to be considered double-labeled, 35 �
7% of the digoxigenin-labeled POMC neurons coexpressed
IL-1R mRNA. Technical limitations in obtaining consistent
labeling of POMC neurons in the NTS using digoxigenin-
labeled riboprobes prevented a thorough repetition of these
studies in the NTS. However, in instances in which POMC
neurons in the NTS were successfully labeled using digoxi-
genin-labeled riboprobes, no coexpression with IL-1R
mRNA was observed (not shown).

Discussion

Both obesity and cachexia of chronic disease are known to
be associated with increases in the circulating levels of proin-
flammatory cytokines (32, 33). Therefore, understanding
how these cytokines interact with and regulate central feed-
ing circuits is critical to our overall understanding of these
disorders of energy balance. Data from a number of previous
studies strongly suggested that the central melanocortin sys-
tem might play a significant role in mediating the anorexic
effects of IL-1�. Elevated cellular activity in ARC POMC
neurons, as indicated by an increase in c-Fos expression, has
been shown to occur in rats after IL-1� administration (3).
Furthermore, the anorexic effects of IL-1� can be attenuated
by central administration of either a mixed MC3R/MC4R
antagonist (SHU9119) (25) or a MC4R-selective small-mole-
cule antagonist (34). However, a comprehensive investiga-
tion of the sensitivity of the entire central melanocortin sys-
tem to IL-1� and a characterization of the role of IL-1� in the
biosynthesis and release of �-MSH from POMC neurons is
lacking. In the present study, we report that ARC POMC

neurons express IL-1R and that IL-1� selectively activates
ARC POMC neurons. We further demonstrate that in acute
hypothalamic slices, IL-1� depolarizes and increases the fre-
quency of action potentials of ARC POMC neurons. In hy-
pothalamic explants, IL-1� stimulates the release of �-MSH
in a dose-dependent fashion. These findings suggest that
IL-1� increases signaling at melanocortin receptors by tar-
geting ARC POMC neurons and stimulating the release of
�-MSH.

Our data suggest that ARC POMC neurons are distinct
from NTS POMC neurons, in that arcuate POMC neurons are
responsive to IL-1� as measured by the expression of c-Fos.
One explanation for our inability to observe activation of
NTS POMC neurons might be because of our central injec-
tions of IL-1� not stimulating vagal nerve afferents to the
NTS. This possibility is reinforced by data that support a role
for viscerosensory afferents of the vagus nerve mediating the
responsiveness of NTS neurons to peripheral administration
of compounds, including IL-1� (35). Indeed, cholecystoki-
nin-sensitive vagal afferents have been shown to directly
activate NTS POMC-EGFP neurons (36). However, neurons
in the brains of vagotomized animals retain sensitivity to
central injections of IL-1� (37), indicating that the absence of
IL-1�-mediated vagal signaling is an unlikely explanation for
our observed lack of POMC neuron activation in the NTS.

The expression of IL-1R mRNA by a subset of ARC POMC
neurons indicates that these neurons may be direct targets for
the actions of IL-1�. Our observation that some, but not all,
ARC POMC neurons express IL-1R suggests that only a
distinct subset of neurons participate in IL-1�-mediated sig-
naling. This hypothesis is supported by our observation that
only 31 � 2% of POMC neurons express c-Fos in response to
IL-1�. However, recordings from ARC POMC neurons also
revealed that IL-1� induces a small hyperpolarization in 27%
of POMC neurons tested. Although the physiological rele-
vance of this hyperpolarization is unknown, it suggests that
the population of POMC neurons that express c-Fos after
IL-1� administration may represent only a fraction of the
total ARC POMC population that participates in IL-1�-me-
diated signaling. In addition, the expression of IL-1R mRNA
by ARC POMC neurons does not conclusively demonstrate
that IL-1� acts directly upon ARC POMC neurons. Indirect
mechanisms of IL-1�-mediated regulation of ARC POMC
neuronal activity remain a strong possibility. We observed
that ARC POMC neurons represented a minority population
of cells that expressed IL-1R mRNA in the ARC. However,
ARC POMC neurons not expressing IL-1R mRNA frequently
had IL-1R mRNA-expressing cells of unknown phenotype
directly adjacent to them. Data from previous studies suggest
that many of the neural responses to IL-1� are mediated by
the synthesis of endogenous prostaglandins. Blockade of
prostaglandin synthesis with cyclooxygenase inhibitors or
deletion of the Ptges gene that encodes for microsomal pros-
taglandin E synthase-1, the inducible terminal enzyme in the
PGE2 synthesizing pathway, attenuates important compo-
nents of the IL-1�-induced systemic response including hy-
pothalamo-pituitary-adrenal activation (38) and anorexia
(39). Indeed, IL-1�-mediated depolarization of magnocellu-
lar neurons in the paraventricular nucleus occurs indirectly
through the synthesis and secretion of prostaglandin E2 (40).

3V

A B

FIG. 7. Coexpression of POMC mRNA and IL-1R mRNA in the hy-
pothalamus. A, Representative dark-field photomicrograph showing
distribution of IL-1R mRNA (white silver grain clusters) in the ARC
of wild-type rats; B, double-label in situ hybridization revealed clus-
ters of silver grains representing IL-1R mRNA-expressing cells over-
lying ARC POMC mRNA-expressing neurons (red precipitate). Ar-
rows point to POMC neurons that coexpress IL-1R mRNA. Open
arrowheads represent POMC neurons that do not coexpress IL-1R
mRNA. Arrowheads represent silver grain clusters not overlying
POMC neurons. Scale bars, 300 �m (A) and 70 �m (B). 3V, Third
ventricle.
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Our results demonstrating that activation of c-Fos in ARC
POMC neurons and increased release of �-MSH from hy-
pothalamic explants in response to IL-1� is decreased but not
completely blocked in the presence of a cyclooxygenase in-
hibitor suggest that activation of these neurons can occur via
prostaglandin-independent mechanisms. IL-1� has also been
shown to alter the membrane potential and firing rates of
neurons in the anterior hypothalamus via prostaglandin E2-
independent regulation of �-aminobutyric acid neurons that
project onto these neurons (41). Future studies will be nec-
essary to determine the potential role that these indirect
mechanisms may play in mediating the observed effects of
IL-1� on the membrane potential and firing rates of ARC
POMC neurons.

Conflicting data exist concerning the role of the ARC in
mediating IL-1�-induced anorexia. One group previously
demonstrated that destruction of the ARC, by neonatal
monosodium glutamate treatment or knife-cut disruption of
vertical projections from the ARC to the paraventricular nu-
cleus, resulted in augmented anorexia in response to IL-1�
(3). Although data from these experiments do not support
our model of increased hypothalamic melanocortin signaling
mediating IL-1�-induced anorexia, it is important to high-
light important caveats of these two paradigms in the context
of our results. First, both experimental paradigms would
result in substantial disruption of numerous ARC neuropep-
tide systems. Of particular significance are AgRP neurons,
which coexpress NPY and make synaptic contact with
POMC neurons, forming a complex neural network whose
interplay produces both anorexic and orexigenic effects (42).
ARC AgRP/NPY neurons express c-Fos in response to pe-
ripheral IL-1� administration (3), and central injections of
both NPY and AgRP have been shown to reverse IL-1�-
induced anorexia (34, 43). Second, as discussed by the manu-
script’s authors, ablation of the ARC by monosodium glu-
tamate failed to completely eliminate all IL-1�-sensitive
POMC-expressing neurons in the hypothalamus. The com-
bined ability of these neurons to be activated by IL-1� cou-
pled with an impaired or absent compensatory AgRP/NPY
response could allow sufficient MC4R activation to drive the
observed heightened anorexia. Further characterization of
the response of ARC AgRP/NPY neurons to IL-1� may
prove essential in resolving this apparent conflict and elu-
cidating the integrated effect of IL-1� on the POMC-AgRP/
NPY neural network.

In summary, our results suggest that the hypothalamic
melanocortin system is an important target for IL-1� signal-
ing in the brain. The data presented here argue that IL-1� has
a predominately stimulatory effect on the activity of the
hypothalamic melanocortin system and that increased hy-
pothalamic melanocortin signaling may play a key role in
mediating the acute behavioral effects of IL-1�. The obser-
vation that IL-1R knockout mice are obese (44) indicates that
this system may also play a tonic role in body weight reg-
ulation and also provide a mechanism for anorexia and
weight loss in both acute and chronic disease states.
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