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In many mammals, body weight increases continuously throughout adulthood until late middle
age. The hormone leptin is necessary for maintaining body weight, in that high levels of leptin
promote negative energy balance. As animals age, however, their increase in body weight is
accompanied by a steady rise in circulating leptin levels, indicating the progressive development
of counterregulatory mechanisms to antagonize leptin’s anorexigenic effects. Hypothalamic neu-
rons coexpressing agouti-related peptide (AgRP) and neuropeptide Y are direct leptin targets.
These neurons promote positive energy balance, and they inhibit anorexigenic proopiomelano-
cortin (POMC) neurons via direct neuropeptide action and release of �-aminobutyric acid. We show
here that AgRP and neuropeptide Y innvervation onto POMC neurons increases dramatically with
age in male mice. This is associated with progressive increase of inhibitory postsynaptic currents and
decrease of POMC firing rate with age. Neuronal activity is significantly attenuated in POMC
neurons that receive a high density of AgRP puncta. These high-density AgRP inputs correlate with
leptin levels in normal mice and are nearly absent in mice lacking leptin. The progression of
increased AgRP innervation onto POMC somas is accelerated in hyperleptinemic, diet-induced
obese mice. Together our study suggests that modulation of hypothalamic AgRP innervation
constitutes one mechanism to counter the effects of the age-associated rise in leptin levels, thus
sustaining body weight and fat mass at an elevated level in adulthood. (Endocrinology 154:
172–183, 2013)

In humans, men and women 40–59 yr of age in every
major racial and ethnic group have much greater prev-

alence of obesity compared with those 20–39 yr of age (1).
Age is an important contributing factor in the develop-

ment of obesity in the general population and may reflect
the biological regulation of body weight at an individual
level (2, 3). Leptin, an adipose-derived hormone, circu-
lates at levels proportional to the body’s fat mass to convey
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the abundance of peripheral energy stores to the brain.
Administration of leptin into the hypothalamus of mice
reduces food intake and body weight. Most obese humans
and rodents exhibit hyperleptinemia yet are resistant to
leptin’s effects on food intake and weight loss, a condition
termed leptin resistance (4). Recent studies have demon-
strated that hyperleptinemia, but not obesity alone, is re-
quired for the development of leptin resistance (5).
Chronic elevation of leptin levels via transgenic overex-
pression of leptin predisposes lean mice to develop leptin
resistance and diet-induced obesity later in life (6–9).
These studies suggest that leptin plays a role in the devel-
opment of leptin resistance. In many mammals, body ad-
iposity as well as plasma leptin concentrations increases
from early adulthood through late middle age (10, 11),
suggesting the development of leptin resistance with age.
Functional age-associated leptin resistance has been dem-
onstrated in rodents, in which leptin’s weight loss effects
are attenuated in middle-aged vs. young adult rats when
leptin is directly injected into the brain (12). Despite the
realization of age-dependent leptin resistance, the under-
lying mechanisms are undefined.

Located in the arcuate nucleus (ARC) of the hypothal-
amus, the anorexigenic proopiomelanocortin (POMC),
and the orexigenic agouti-related peptide (AgRP)-express-
ing neuronal subpopulations are essential for body weight
regulation. POMC and AgRP neurons express leptin re-
ceptor long form (LepRb) and are regulated by leptin in an
opposing fashion. High levels of leptin promote negative
energy balance by activating POMC neurons and inhib-
iting AgRP neuronal function (13). These AgRP neurons
are exclusively located within the ARC, release �-ami-
nobutyric acid (are GABAergic), and coexpress another
potent orexigen, neuropeptide Y (NPY). AgRP neurons
function by directly inhibiting downstream targets, in-
cluding POMC neurons (14, 15). The release of NPY and
�-aminobutyric acid (GABA) from AgRP neurons po-
tently hyperpolarizes POMC neurons (15, 16). Thus,
AgRP neurons exert their orexigenic effects to an impor-
tant extent by tonically inhibiting the activity of POMC
neurons. In this study, we show that AgRP and NPY in-
nervation onto POMC neurons undergoes a progressive
and pronounced increase with age, which may constitute
a mechanism to counter the effects of rising plasma leptin
levels during age progression.

Materials and Methods

Animal use and care
Male mice used were of C57BL/6J background except LepRb-

Cre, Stat3f/f mutants were on mixed genetic background (17).

Body composition was measured using dual-energy x-ray ab-
sorptiometry with a PIXImusII scanner (Lunar, Madison, WI).
Mice were housed in a pathogen-free, temperature- (22 C), hu-
midity-, and light (lights on 0700–1900 h)-controlled environ-
ment with ad libitum chow (Purina mouse diet 5058, 21.6% kcal
from fat; Purina, St. Louis, MO) and water access. Wild-type
plasma leptin levels were acquired using the same cohort of mice
and were measured with leptin ELISA kits (Crystal Chem, Chi-
cago, IL). For the high-fat feeding experiment, 16-wk-old
C57BL/6Tac wild-type male mice were obtained from Taconic
Farms (Hudson, NY). Diet-induced obese mice had been placed
on high-fat diet (Research Diets, D12492, 60% kcal from fat;
Research Diets Inc., New Brunswick, NJ) at 6 wk of age, whereas
controls were fed regular chow (NIH no. 31M Rodent Diet;
National Institutes of Health, Bethesda, MD). All procedures
were approved by the University of California, San Francisco,
Institutional Animal Care and Use Committee.

Immunofluorescence
Mouse brains were perfused with paraformaldehyde, cryo-

sectioned, and immunostained as previously described (18–20).
To reveal POMC cell bodies and/or projections, the antibodies
used were mouse anti-ACTH (Abcam, Cambridge, MA), guinea
pig anti-ACTH (National Hormone and Peptide Program, Tor-
rance, CA), or rabbit anti-ACTH (National Hormone and Pep-
tide Program). The mouse and guinea pig anti-ACTH antibodies
required a citrate boiling unmasking step. Guinea pig anti-AgRP
(Abcam), rabbit anti-NPY (Peninsula Laboratories, Belmont,
CA), and rabbit anti-c-fos (Abcam) antibodies were also used.
c-Fos immunoreactivity was best revealed after serial 10-min
unmasking steps of base solution (1% NaOH, 1% H2O2), PBS
with 0.3% glycine, and PBS with 0.3% sodium dodecyl sulfate.
Neuronal somas were detected using an antihuman neuronal
protein HuC/D antibody (Invitrogen, Carlsbad, CA). Secondary
antibodies used included Alexa 488, 555, 594, and 633 (Molec-
ular Probes, Eugene, OR). Sections were mounted using
Vectashield with 4�,6�-diamino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA). Images were blinded for
analysis.

Radioimmunoassays
Hypothalami were dissected from 2-month-old and 14- to

16-month-old male mice, homogenized in an acetic acid solution
containing peptide inhibitors. ACTH was measured by an RIA
developed in the laboratory of Dr. Eduardo Nillni (Division of
Endocrinology, The Warren Alpert Medical School of Brown
University/Rhode Island Hospital, Providence, RI) using com-
mercially available peptides and primary antibodies as previ-
ously described (21).

Quantification of immunofluorescence images

Quantification of high-density AgRP/NPY puncta
clusters

Fluorescence images were captured using a Zeiss Axioscope2
wide-field microscope equipped with an AxioCam digital cam-
era(Carl Zeiss, New York, NY). Images were viewed as fol-
lowed, using either Adobe Photoshop (San Jose, CA) or ImageJ
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(National Institutes of Health, Bethesda, MD). AgRP/NPY and
DAPI stains were viewed and high-density clusters were quan-
tified. High-density clusters were counted if they met the follow-
ing criteria: 1) contained more than 10 distinct puncta; 2) had a
diameter that was approximately the width of a cell soma (10–20
�m); 3) formed a full circle; and 4) contained a single nucleus
within the structure. When POMC staining was also used, the
AgRP/NPY stains were hidden, and the ACTH staining was ob-
served to quantify and locate the POMC somas. Finally, the
AgRP/NPY staining was overlaid with the POMC staining to
reveal which POMC somas were surrounded by previously iden-
tified clusters. Counting of the same images on separate occa-
sions yielded approximately 90–95% confidence. Sections were
groupedaccording to regionas follows:posterior, bregma�2.30
to �2.46 mm; medial, bregma �1.94 to �2.06 mm; and ante-
rior, bregma �1.58 to �1.70 mm. At least two sections per
mouse per region were quantified and then averaged to obtain a
value for that particular mouse. Values for at least three mice
were averaged to obtain the high-density input cluster count for
a specific age/region group.

Confocal analysis and quantification of puncta
density

Optical sections were acquired using a Leica SL upright con-
focal microscope (Buffalo Grove, IL). Because the medial/ante-
rior regions of the ARC are more densely populated with POMC
neurons than the posterior regions, brain sections between
bregma �1.76 to �1.88 mm were stained for POMC and AgRP
or NPY. Images were taken every 3 �m using the same laser,
photomultiplier tube, and pinhole settings. Color channels were
kept separate as images were analyzed with ImageJ. For each
immunoreactive POMC cell, the image containing the soma with
the widest circumference was manually identified. To eliminate
selection bias, all somas that immunostained for POMC were
analyzed. The circumference of each soma was traced and mea-
sured. The trace of that soma was then transferred to the image
of the AgRP or NPY puncta within the same focal plane. The
number of distinct inputs that came directly into contact with the
trace were manually counted and then normalized to the cir-
cumference of the POMC soma. Sixteen to 72 cells per animal
were analyzed, averaged per mouse, and then grouped according
to age/condition. Averages and percentages were configured
based on individual mice within a particular group. The thresh-
old of AgRP input density onto POMC neurons was determined
at the beginning of the project as 3 SD above the median for high
density (27 or more puncta per 100 �m membrane of POMC
perikarya) and 1 SD for low density (1.5 or less puncta per 100 �m
membrane of POMC perikarya). These criteria resulted in an
even proportion of high- and low-density neurons for 9-month-
old fed mice and were used throughout the entire study. The
cutoff for high density in the confocal analysis corresponded to
a density similar to that as a high-density cluster in a wide-field
image.

Comparing c-fos reactivity with AgRP puncta
density

Nine-month-old C57BL6/J male mice that expressed a mi-
crotubule-associated protein tau (MAPT)-topaz green fluores-
cent protein under the transcriptional control of the mouse
POMC-� promoter (Jackson Laboratories, Bar Harbor, ME)

were used to identify the POMC somas. Mice were injected with
3 mg/kg of leptin 45 min before perfusion. Confocal analysis was
performed as described above, with images taken every 1 �m. In
addition, somatic POMC/Topaz and c-fos staining were then
viewed simultaneously to determine c-fos reactivity. A total of
123 cells from three different animals were quantified.

Electrophysiology

Brain slice preparation for electrophysiology
Coronal mouse brain slices (250–300 �m) were cut with a

vibration microtome (Thermo Scientific, Waltham, MA) under
cold (4 C), carbogenated (95% O2 and 5% CO2), glycerol-based
modified artificial cerebrospinal fluid (22) to enhance the via-
bility of neurons. Glycerol-based modified artificial cerebrospi-
nal fluid contained the following (in millimoles): 250 glycerol,
2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10 HEPES, 21
NaHCO3, 5 glucose (pH 7.2, �310 mOsm). Brain slices were
transferred into carbogenated artificial cerebrospinal fluid
(aCSF), first kept for 20 min at 35 C (recovery bath) and then at
room temperature (24 C) for at least 30 min before recording.
Slices were transferred to the recording chamber (�3 ml volume)
and continuously superfused with carbogenated aCSF at a flow
rate of approximately 2 ml/min�1. aCSF contained the following
(in millimoles): 125 NaCl, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2
NaH2PO4, 21 NaHCO3, 10 HEPES, and 5 glucose (pH 7.2,
�310 mOsm).

Patch clamp recordings
Current and voltage clamp recordings were performed in

mice that expressed enhanced green fluorescent protein selec-
tively in POMC neurons of the hypothalamus (14), either in the
whole-cell or perforated patch clamp configuration. Neurons
were visualized with a fixed stage upright microscope (BX51WI;
Olympus, Tokyo, Japan) using with infrared differential inter-
ference contrast optics (23) and fluorescence optics. Electrodes
with tip resistances between 3 and 5 M� were fashioned from
borosilicate glass (0.86 mm inner diameter; 1.5 mm outer diam-
eter; Science Products, Hofheim, Germany) with a vertical pi-
pette puller (Narishige, Tokyo, Japan). Recordings were made at
room temperature. All recordings were performed with an
EPC10 patch-clamp amplifier (HEKA, Lambrecht, Germany)
controlled by the program Patch-Master (version 2.32; HEKA).
Data were sampled at 10 kHz and low-pass filtered at 2 kHz with
a four-pole Bessel filter. The calculated liquid junction potential
between intracellular and extracellular solution was also
compensated.

Perforated-patch clamp recordings
Perforated patch recordings were conducted using modified

protocols (24, 25). aCSF was used as extracellular solution. Re-
cordings were performed with ATP and GTP free pipette solu-
tion containing the following (in millimoles): 128 K-gluconate,
10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl2 (pH 7.3, �300 mOsm).
The liquid junction potential (�14.6 mV) was compensated.
ATP and GTP were omitted from the intracellular solution to
prevent uncontrolled permeabilization of the cell membrane
(26). The patch pipette was tip filled with internal solution and
backfilled with 0.02% tetraethylrhodamine-dextran (Invitro-
gen). Amphotericin B (Sigma, St. Louis, MO) was dissolved in
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dimethyl sulfoxide (27). The dimethyl sulfoxide concentration
(0.1–0.3%) had no obvious effect on the investigated neurons.
Amphotericin B had a final concentration of was approximately
200 �g/ml and was added to the modified pipette solution shortly
before use. During the perforation process, access resistance was
constantly monitored and experiments were started after access
resistance and the action potential amplitudes were stable
(�15–30 min). A change to the whole-cell configuration was
indicated by diffusion of tetraethylrhodamine-dextran into the
neuron, and because we used an ATP-free pipette solution, a
change to the whole-cell configuration was obvious by a spon-
taneous hyperpolarization of the neuron (due to ATP-sensitive
potassium channel activation). Such experiments were rejected.
Firing rate and membrane potential were determined as the mean
over a 5-min interval after they had reached stable values after
the perforation process (15–30 min).

Measurements of postsynaptic currents
Postsynaptic currents (PSCs) were measured in the whole-cell

configuration. aCSF was used as extracellular solution. Patch
pipettes were filled with the following (in millimoles): 140 KCl,
10 HEPES, 0.1 EGTA, 5 MgCl2, 5 K-ATP, 0.3 Na-GTP (pH 7.3,
�300 mOsm). The high intracellular chloride concentration in
the recording pipettes shifted the chloride equilibrium potential
to a more depolarized potential, which reversed the polarity of
GABAA receptor-mediated currents from outward to inward,
and made their detection easier by increasing the driving force on
the chloride ions. Cells were voltage clamped at �60 mV and
data were sampled at 10 kHz. The liquid junction potential
(�3.6 mV) was compensated. The contribution of excitatory
(EPSCs) and inhibitory PSCs (IPSCs) to the synaptic input was
determined in three steps. First, the overall frequency of PSCs
was measured. Second, glutamatergic EPSCs were blocked with
DL-2-amino-5-phosphonopentanoic acid (D-AP5; 50 �M;
Sigma) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10
�M; Sigma) to isolate the IPSCs, which were identified as GABAe-
rgic (inhibitory) PSCs by their sensitivity to picrotoxin (100 �M;
Sigma). The overall PSC frequency was determined after the re-
cording had stabilized (�10 min after break in) for a 2-min in-
terval. The IPSC frequency was measured after 10–15 min of
D-AP5/CNQX application for a 2-min interval. The EPSC fre-
quency was determined by subtracting the IPSC frequency from
the overall frequency. The data were digitally filtered and the DC

component was removed using the smooth (10 msec time period)
and the DC remove (10 msec time period) functions in the Spike2
software (CED, Milwaukie, OR). PSCs were automatically de-
tected when the signal crossed a threshold that was set and ad-
justed manually depending on the noise level of the signal. This
semiautomated detection procedure was verified by visual
inspection.

Statistical analyses
SPSS software (Chicago, IL) was used for statistical analysis.

Unless noted, analysis was performed by a two-tailed Student’s
t test. For the leptin vs. age curves, repeated-measures ANOVA
with multiple pairwise comparisons were configured using esti-
mated marginal means with least significant difference adjust-
ment. For statistics involving percentages, a nonparametric in-
dependent samples Mann-Whitney U test was performed.
Significance in difference of distribution plots was calculated by
an independent-samples two-tailed Kolmogorov-Smirnov test.
Linear regression analysis was used to calculate the significance
of a correlation. For the c-fos reactivity experiment, significance
was determined by a �2 test based on the number of cells in each
group. Groups being compared are described in the figure leg-
ends. For the electrophysiology studies, data analysis was per-
formed with Spike2 (version 6; CED), Igor Pro 6 (Wavemetrics,
Lake Oswego, OR), and GraphPad Prism (version 5.0b; Graph-
Pad Software Inc., San Diego, CA). To determine differences in
means, a one-way ANOVA was performed; post hoc pairwise
comparisons were performed using Student’s t tests with the
Newman-Keuls method for P value adjustment. A significance
level of P � 0.05 was accepted for all tests (*, P � 0.05; **, P �

0.01;***, P � 0.001 vs. controls). Data are presented as the
mean � SEM.

Results

Body weight gain in mice during adulthood is
associated with a progressive increase in AgRP
innervation in the hypothalamus

In C57BL/6 male mice, body weight as well as fat mass
increased with age (Fig. 1, A and B). Circulating leptin

FIG. 1. Age-associated increases in body weight, fat mass, and circulating leptin levels. A and B, Body weight and fat mass increase during
adulthood (n � 6–10 for ages 2–6 months, n � 15–26 for ages 9–12 months). C, Leptin levels continually rise into middle age. Plasma leptin
levels were measured at different ages from the same cohort of mice under normal chow-fed condition (n � 6). Data are presented as mean �
SEM. *, P 	 0.05, **, P � 0.01, ***, P � 0.001 compared with 2 months of age (A and B) and compared with previous leptin level (C).
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levels rose steadily and significantly with age (Fig. 1C).
The coexistence of high leptin levels and elevated body
weight indicates the development of counterregulatory
mechanisms to antagonize leptin’s effects on weight loss.
To gain an understanding of the age-dependent regulation
of energy balance, we first examined projection patterns of
POMC as well as AgRP/NPY neurons in the hypothalami
of young adult (2 months old) and late middle-aged (9–12
months old) male mice. There were no differences in the
number of NPY or POMC cell bodies found within the
arcuate nucleus of young adult vs. late middle-aged mice
(data not shown). No gross morphological alterations in
either NPY (Fig. 2A) or POMC projection patterns were
detected. However, upon close inspection, a number of
clusters containing a high-density of NPY puncta were
observed in the hypothalami of middle-aged but not in
young adult mice (Fig. 2, B and C). No such clustering of
POMC innervations was observed in similar hypotha-
lamic regions of middle-aged animals.

Because NPY and AgRP are coexpressed in the same
neurons in the ARC (28), we examined AgRP projection
and puncta patterns in young and middle-aged mice using

an AgRP-specific antibody. Consistent with the above ob-
servation, numerous high-density puncta clusters were de-
tected in the hypothalamus of middle-aged but not in the
young adults (Fig. 3A). By double-immunofluorescence
analysis, AgRP and NPY immunoreactivity was com-
pletely colocalized in projections and puncta including all
of the aforementioned high-density clusters (Fig. 3B).
These clusters were not observed in the cortex, in which
the NPY-expressing cells do not express AgRP. Because
AgRP neurons are exclusively expressed in the arcuate
nucleus, the above results indicate that the high-density
puncta clusters are innervations originating from the
AgRP neurons within the arcuate nucleus. These high-
density structures were most abundant in the arcuate nu-
cleus and also present in dorsomedial and lateral hypo-
thalamus. No such structures were discernible in the
parabrachial nucleus or in the paraventricular hypothal-
amus, possibly due to the high degree of AgRP innervation
the paraventricular hypothalamus normally receives.
These AgRP puncta in these clusters surround neurons
because the receiving cells were positive for HuC/D (Fig.

3C). To gain an understanding of the
relationship between age and occur-
rence of these AgRP-containing clus-
ters, we quantified the number of clus-
ters in various regions of the arcuate
nucleus from 2-, 6-, and 9-month-old
mice, as described in Materials and
Methods. Age progression was accom-
panied by a continual and significant
increase in the number of AgRP-posi-
tive clusters (Fig. 3D).

POMC neurons are among the
targets of the age-dependent
increase in AgRP and NPY
innervation

POMC neurons are known to be di-
rect inhibitory targets of AgRP neurons
(14, 16). No significant age-related dif-
ferences were detected in the expression
of the POMC derivative, ACTH
(young: 0.36 � 0.04 vs. middle-aged:
0.40 � 0.11 pg ACTH per milligram
total protein, P � 0.77). In the anterior
arcuate nucleus in which POMC neu-
rons are most abundant, close to 90%
of the clusters containing a high-density
of AgRP puncta were found on POMC
neurons in 9- to 12 month-old mice
(Fig. 4A). Confocal Z-stack reconstruc-
tion showed that these visibly identifi-

FIG. 2. Age-dependent appearance of clusters containing a high density of NPY puncta
within the arcuate nucleus of the hypothalamus. Immunofluorescence images of NPY fibers
and puncta in the medial basal hypothalamus of young adult (2 months) and middle-aged (12
months) mice. A, Low magnification showing projection NPY projection patterns in young
and middle age mice. B and C, A notable number of clusters containing a high density of NPY
inputs (marked by arrows) was present in the arcuate nucleus of middle aged mice but not in
young adults (2 month). 3V, Third ventricle; ME, median eminence; FX, fornix. Scale bar,
25 �m.
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able clusters represented dense AgRP puncta juxtaposing
the POMC perikarya. Confocal quantification of the den-
sity of NPY inputs onto POMC perikarya revealed that the
percentage of POMC neurons with a high density (27 or
more puncta per 100 �m membrane of POMC perikarya,
see Materials and Methods for further details) of NPY
inputs increased significantly in 9-month-old compared
with 2-month-old mice. This magnitude is similar to the
increase in percentage of POMC neurons surrounded by
the visually identifiable high-density AgRP/NPY clusters
(Fig. 4, B and C). On average, POMC perikarya from

9-month-old mice received twice as
many NPY puncta compared with
young adult mice (Fig. 4D). The distri-
bution of POMC neurons categorized
by density of AgRP inputs was signifi-
cantly shifted with age, in that, as a pop-
ulation, POMC neurons in 9-month-
old mice received a higher density of
AgRP inputs compared with 2-month-
old animals (Fig. 4, E and F). Thus, the
age-related increase in proportion of
POMC neurons receiving a high den-
sity of inputs is indicative of a progres-
sive increase in AgRP and NPY inner-
vation with age.

POMC firing frequency decreases
with age with concomitant
increase in inhibitory tone onto
POMC neurons

To evaluate whether POMC neuro-
nal activity correlates with the extent of
AgRP innervation onto these neurons,
we first compared the expression of c-
fos, a commonly used marker for neu-
ronal excitation, in POMC neurons
that received either a high or low den-
sity (1.5 or less inputs per 100 �m
POMC soma) of AgRP inputs in
9-month-old mice. Mice were injected
with leptin (3 mg/kg) 45 min before per-
fusion to increase c-fos reactivity of lep-
tin-responsive cells. We showed that
POMC neurons receiving a low density
of AgRP innervation exhibited signifi-
cantly higher c-fos immunoreactivity
compared with POMC neurons that re-
ceived a high density (Fig. 5A). These
results suggest that high-density AgRP
innervation onto POMC neurons in-
hibits the activity of these neurons.

AgRP neurons can hyperpolarize
and inhibit POMC neurons through the release of the neu-
ropeptides AgRP and NPY as well as through classical
fast-acting inhibitory neurotransmitter such as GABA. To
this end, we performed perforated patch-clamp recordings
on POMC neurons from mice of different ages. This anal-
ysis revealed that action potential frequency of POMC
neurons was highest at 2 wk of age, gradually decreased at
15 wk of age, and was significantly reduced by 70% at the
age of 30 wk (Fig. 5, B and E). Concomitantly, the mem-
brane potential gradually hyperpolarized with age, result-

FIG. 3. NPY and AgRP puncta are colocalized in the same clusters and their number increases
with age. A, Representative AgRP immunoreactivity in the arcuate nucleus of a young (2
months) and middle aged (12 months) wild-type male mouse. Note the numerous, visually
identifiable, high-density AgRP clusters (indicated by arrows) in the middle-aged mouse. 3V,
Third ventricle; ME, median eminence. B, Double-immunofluorescence analysis showing
colocalization of AgRP and NPY immunoreactivity in high puncta clusters. A representative
field showing clusters containing a high density of AgRP/NPY puncta (marked by arrows) in
the arcuate nucleus of a 12-month-old wild-type male mouse. DAPI marks all nuclei in the
field. C, High-density puncta clusters represent a dense degree of AgRP innervation onto
neuronal cell bodies. Examples of neuronal somas (indicated by a HuC/D positive cytoplasmic
region) receiving a high density of AgRP contacts are marked by arrows. Scale bar, 25 �m for
A–C. D, Average number of high-density AgRP clusters per section in the arcuate nucleus of
2-, 6-, and 9-month-old mice (n � 3–4 mice per group; n � 2–4 sections per region per
mouse). Error bars denote SEM. *, P 	 0.05, **, P 	 0.01 compared with previous age group.
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ing in a significant decrease of resting membrane potential
at 30 wk of age (Fig. 5, C and E). Consistent with the above
findings, the proportion of electrically silent POMC neu-
rons gradually increased with age, from 0% at 2 wk of
age to 23% at 15 wk and 53% at 30 wk (Fig. 5D). We
next performed whole-cell patch clamp recordings to
analyze PSCs on POMC neurons. This experiment re-
vealed that the absolute frequency of IPSCs (in the presence
of D-AP5 and CNQX) also increased with age (Fig. 5, F and

G). Similarly, the ratio of IPSCs to EPSCs
significantly increased, indicating that
both the GABAergic inputs and overall
inhibitory tone onto POMC neurons in-
creases with age.

Mice deficient in leptin or leptin
signaling do not exhibit the age-
associated increase in AgRP
innervation

As described in Fig. 1, leptin levels
increase steadily with age. To deter-
mine whether leptin contributed to the
age-dependent increase in AgRP inner-
vations, we used two mouse models of
leptin signaling deficiency: Lepob/ob

mice, which lack leptin; and mutant
mice lacking signal transducer and ac-
tivator of transcription 3 (Stat3), a ma-
jor leptin signaling mediator, in cells ex-
pressing leptin receptor long form
(LepRb-Cre, Stat3flox/flox mice) (17). In
stark contrast to wild-type animals, the
number of high-density AgRP puncta
clusters was greatly reduced in both
middle aged Lepob/ob and LepRb-
Cre,Stat3flox/flox mutant mice (Fig. 6, A
and B), indicating that chronic leptin
action is required for the age-associated
increase in clusters containing a high-
density of NPY inputs. To dissociate
obesity from the lack of leptin signal-
ing, we quantified the density of NPY
innervation in 9- to 10-month-old di-
et-induced obese (DIO) mice. These
DIO mice had similar body weights
(59.4 � 1.5 g) to those of the LepRb-
Cre,Stat3flox/flox mice (57.8 � 7.7 g)
of the same age. However, the number
of high-density AgRP/NPY puncta
clusters was similar between these
DIO mice and age-matched, chow-fed
control mice (not shown). Because
DIO and leptin signaling deficiency

exerted opposite effects on AgRP innervation, it sug-
gests that deficiency in leptin signaling, rather than obe-
sity alone, is responsible for the lack of age-dependent
increase of AgRP innervation onto POMC neurons. The
requirement of leptin on age-associated increase in
AgRP puncta suggests that differences in leptin levels in
early adulthood could influence the development of
AgRP innervation later in life. To this end we measured

FIG. 4. POMC neurons are among the targets of age-dependent increase in AgRP/NPY
innervation. A, Wide-field image from a middle-aged mouse (9 months) depicting POMC
neurons in the arcuate nucleus receiving a dense degree of NPY inputs. NPY
immunoreactivity is shown in red and ACTH (POMC product) is in green. Scale bar, 25
�m. B, Percentage of POMC neurons that were surrounded by clusters containing a high
density of AgRP/NPY puncta in young adult (2 months) and middle-aged (9 months) mice.
C, Confocal quantification of the percentage of POMC neurons that received a high
density of NPY inputs. D, Average number of NPY puncta per 100 �m POMC soma in
young and middle-aged mice. E and F, Distribution plots for the percentage of POMC
cells receiving a given density of NPY inputs in 2-month-old and 9-month-old mice. C–E,
n � 3–5, n � 16. Error bars denote SEM. *, P 	 0.05, **, P 	 0.01, ***, P � 0.001
compared with 2 months.
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leptin levels in 5-month-old mice and quantified the number of
theseclusters inthesamemiceat12monthsofage.Leptin levels
at 5 months of age varied among different animals, but they
positively correlated with the number of the AgRP-containing

clusters at 12 months of age (Fig. 6C). This result suggests that
elevation of leptin levels in early adulthood may promote the
age-dependent increase of AgRP innervation later in life, thus
supporting the notion that this is a progressive phenomenon.

FIG. 5. Inhibitory tone on POMC neurons increases, whereas POMC firing frequency decreases with age. A, POMC somas that receive a high
density of AgRP inputs have reduced c-fos expression. A collapsed z-stack confocal immunofluorescence image of c-fos expression in POMC cell
somas receiving different degrees of AgRP innervation is shown. Quantification of the percentage of cells within the given density group that
display c-fos reactivity is also shown. A total of 123 cells from three animals were analyzed. B–E, Perforated patch clamp recordings of POMC
neurons. In older mice the action potential frequency gradually decreased (B), the membrane potential hyperpolarized (C), and the percentage of
silent POMC neurons (F 	 0.5 Hz) increased (D). E, Original POMC neuron recordings in mice of the age groups shown in B–E. F, Whole-cell patch
clamp recordings of POMC neurons. In the 20-wk-old mice, the absolute frequency of IPSCs and the ratio of IPSCs to EPSCs are increased. G,
Original PSC recordings in mice of the age groups shown in F. The left panels show the recordings under control conditions with IPSCs and EPSCs.
In the right panels, the EPSCs are pharmacologically blocked with CNQX and D-AP5. Number of POMC neurons recorded is shown in parentheses.
W, Weeks in age. Error bars denote SEM. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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Consumption of a high-fat diet accelerates an
increase in AgRP innervation onto POMC neurons
in early adulthood

We next evaluated whether consumption of a high-fat
diet would accelerate the progression of AgRP innervation
in younger animals. Using mice that had been fed a high-
fat diet since 6 wk of age, we examined the density of AgRP
puncta onto POMC cells at 3.5 months of age. The POMC
neurons from diet-induced obese animals received more
AgRP inputs compared with age-matched, chow-fed mice,
especially at higher densities (Fig. 7), indicating that diet-
induced obesity accelerates the increase of AgRP innerva-
tions in young adulthood.

Discussion

An age-associated increase in body ad-
iposity in the face of elevated leptin lev-
els is widely observed in mammals, but
its underlying mechanisms are poorly
understood. In this study, we describe
an age-dependent remodeling of the hy-
pothalamic feeding circuit, accounting
for one potential mechanism to explain
the age-dependent regulation of adi-
posity. On the one hand, increasing lep-
tin levels should act to enhance the an-
orexigenic actions of POMC neurons;
on the other hand, chronic elevation of
leptin could promote an increase in
AgRP innervation onto the POMC neu-
rons, thereby inhibiting their activity.
The inhibition of POMC neuronal ac-
tivity would act to counter leptin’s
weight-reducing effects and to allow
the maintenance of elevated body adi-
posity associated with normal age pro-
gression. Although our findings are not
mutually exclusive to cell-autonomous,
age-related changes, they introduce a
model in which progressive changes of
inputs onto target cells play a role in
age-associated decrease of POMC
function. Our current study focuses
POMC neurons as a key AgRP target,
but other AgRP target neurons could
undergo similar age-dependent regula-
tion and further contribute to the in-
creased body weight.

Although the percentage of POMC
neurons surrounded by high-density
AgRP clusters is low (10–15%), they
represent cells with the heaviest inner-

vations, and hence, they are visually identifiable in wide-
field fluorescence images. However, the age-related in-
crease in AgRP innervation is not restricted to only this
percentage of neurons. POMC neurons in 9-month-old
mice receive, on average, a 2-fold increase in the number
of AgRP/NPY puncta compared with 2-month-old mice.
The density distribution plot shows that there is a signif-
icant shift of the entire POMC population toward higher
densities in 9-month-old mice when compared with
2-month-old mice. Thus, a much higher proportion of the
POMC neurons, not just 10–15%, receive increased
AgRP/NPY innervations with age at various degrees. In
addition, although this study focused on AgRP innerva-

FIG. 6. Age-associated increase of AgRP/NPY innervations is leptin dependent. A,
Representative NPY immunostaining of the arcuate nucleus of control mice, mice lacking
leptin (Lepob/ob), and mice lacking functional Stat3 in leptin receptor neurons (LepRb-Cre,
Stat3flox/flox). Note the lack of visually identifiable NPY-containing clusters in the arcuate
nucleus of Lepob/ob and LepRb-Cre, Stat3flox/flox mice. Scale bar, 25 �m. 3V, Third ventricle;
ME, median eminence. B, Quantification of AgRP/NPY-positive clusters in the arcuate nucleus
(n � 3–4; n � 2–4 sections per region per mouse). All mice were 9–12 months of age. C,
Leptin levels measured in 5-month-old mice correlated with the number of clusters that
contained a high density of AgRP/NPY puncta from the same mice at 12 months of age (n �
6; n � 2–4). Error bars denote SEM. **, P � 0.01, compared with controls.
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tion onto POMC neuronal somas, inputs from AgRP neu-
rons onto other parts of POMC neurons, such as den-
drites, could also influence membrane potential and
neuronal activity. It is highly likely that AgRP, NPY, and
GABA act in concert to exert inhibitory effects on POMC
neurons. NPY and GABA have been shown to colocalize
in the same boutons (14), but GABA released onto POMC
somas could also come from non-AgRP/NPY neurons.
The inhibitory role of AgRP/NPY peptides on POMC ac-
tivity is also supported by the previous finding that NPY
inhibits POMC firing (16) and our observation that AgRP
input density inversely correlates with c-fos expression in
POMC neurons.

One finding of this study is the requirement of leptin for
the age-associated changes in hypothalamic feeding cir-
cuits. The lack of the age-related increase in AgRP inner-
vation in Lepob/ob and LepRb-Cre, Stat3flox/flox mice does
not appear to be caused by reduced fiber density in the
arcuate nucleus, in which most of the clusters containing
AgRP puncta are observed. Obesity in leptin signaling-
deficiency models also does not account for the lack of
age-related increase in AgRP innervation because wild-
type mice with diet-induced obesity exhibit the opposite
phenotype. There are, however, several potential mecha-
nisms by which leptin underlies this age-associated phe-
notype. One such mechanism could be that leptin exerts

effects on AgRP neurons such that in-
creasing leptin levels directly promote
synaptogenesis from AgRP neurons. In
support of this hypothesis, leptin ad-
ministration in postnatal animals stim-
ulates expression of synaptic proteins
syntaxin-1 and synaptosomal-associ-
ated protein-25 (29). Leptin has also
been shown to exert trophic effects on
neuronal projection outgrowth during
the early postnatal period (30). Inter-
estingly, leptin has more pronounced
effects on projection outgrowth from
the AgRP neurons than that from the
POMC neurons (30). Alternatively, the
increase in AgRP inputs on POMC so-
mas could result from homeostatic
plasticity. By this logic, leptin-induced
increases in POMC neuronal activity
would promote the recruitment of in-
hibitory inputs, such as those from
AgRP neurons. Therefore, leptin could
exert its action on presynaptic AgRP/
NPY neurons, postsynaptic POMC
neurons, or both. More comprehensive
studies will be required to understand

the detailed mechanisms that underlie leptin’s effects on
remodeling AgRP innervation.

Chronic elevation of leptin levels has been shown to
produce an effect that is distinct from that caused by acute
leptin administration. Although acute leptin administra-
tion causes anorexia and weight loss (4), transgenic mice
that overexpress leptin in skin, liver, or adipose tissues are
predisposed to leptin resistance and diet-induced obesity
(6–9). It has been shown that acute leptin administration
to Lepob/ob mice rapidly increases stimulatory synaptic
input onto POMC neurons and simultaneously reduces
inhibitory synaptic input onto these neurons (31). Our
study suggests that leptin may promote AGRP innervation
with increasing age. Opposing effects of acute and chronic
hormonal treatment have also been observed in animals
that receive insulin administration (32–34). The underly-
ing mechanism for these opposing effects is not clear, but
it could be due to differences in the duration and magni-
tude of hormonal treatments. Although the phenomenon
of an increased density of AgRP inputs is observed in mid-
dle-age mice as well as younger obese mice, its develop-
ment is likely a gradual process that begins weeks to
months before the specific time points we have observed.

Our finding that chronic high-fat feeding accelerates
this phenomenon in young adult animals suggests that the
same mechanism may contribute to the development of

FIG. 7. Young diet-induced obese mice have a premature increase in the density of AgRP
innervation onto POMC cells. A, Terminal plasma leptin levels of the chow-fed and high-fat
diet-fed mice. HFD, High-fat diet. B, Percentage of POMC neurons that received a high
density of AgRP inputs. C, Distribution plot for the percentage of POMC cells receiving a
given density of AgRP puncta in 3.5-month-old mice either fed regular chow or high-fat diet
for 10 weeks (n � 4, n � 25 cells per animal). Error bars denote SEM. *, P 	 0.05; ***,
P 	 0.001.
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leptin resistance in diet-induced obesity. Similar to age
progression, POMC neuronal firing rates are reduced in
diet-induced obesity (35). Leptin resistance often mani-
fests as reduction of signaling response to exogenous lep-
tin. Although it is true that diet-induced obese animals
show reduced phosphorylated STAT3 activation in re-
sponse to leptin administration, levels of phosphorylated
STAT3 signaling in the basal fed state are not reduced but
rather elevated in the hypothalamus of obese mice when
compared with chow-fed lean controls (5, 36). Although
changes in various signal transduction pathways could
play a role in maintaining an elevated body adiposity (4),
our study shows that organizational changes of the hypo-
thalamic feeding circuit could be involved.

Leptin’s contribution to its own resistance could rep-
resent a type of antagonistic pleiotropy. This notion pro-
poses that genes that are beneficial for the fitness of an
organism and propagation of the species can eventually
exert effects that are antagonistic to the gene’s function
and the organism’s health once the organism is out of
reproductive age (37). Among its many roles, leptin is im-
portant for proper maintenance of energy balance, glyce-
mia, and sexual reproduction, all of which ultimately con-
tribute to quality of health and life span of an animal. Mice
and humans lacking leptin or its receptor often have re-
duced fertility and exhibit premature mortality (38). Thus,
leptin is beneficial for the survival of the species but, as we
report here, may eventually contribute to its own
resistance.

Alternatively, a progressive elevation of leptin levels
may promote mechanisms that counter the anorexigenic
effects of increased leptin levels so that body adiposity can
be maintained at an elevated level. Upon food deprivation,
leptin levels fall significantly, which induces a potent hy-
perphagic response when food becomes available to en-
sure rapid replenishment of energy reserve. Thus, from an
evolutionary perspective, leptin was likely evolved to de-
fend body adiposity in an environment when food avail-
ability was often limited. In this regard, leptin’s contribu-
tion to its own resistance during normal age progression is
consistent with leptin’s overall physiological role in pre-
serving body adiposity. This notion is consistent with the
recent finding that hyperleptinemia, but not obesity alone,
is required for the development of leptin resistance in diet-
induced obesity (5). In addition, overexpression of leptin
receptors in hypothalamic POMC neurons increases sus-
ceptibility to diet-induced obesity (39). It is further sup-
ported by the evidence that transgenic animals overex-
pressing leptin are predisposed to development of leptin
resistance and diet-induced obesity (6–9). Development of
age-dependent leptin resistance may thus represent a nor-
mal physiological process that allows growth to continue

and body adiposity to be maintained at elevated levels in
times of food surplus.
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