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Agrp Neurons Mediate Sirt1’s Action on the Melanocortin
System and Energy Balance: Roles for Sirtl in Neuronal
Firing and Synaptic Plasticity
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Sirt1 has been associated with various effects of calorie restriction, including an increase in lifespan. Here we show in mice that a central
regulatory component in energy metabolism, the hypothalamic melanocortin system, is affected by Sirt1, which promotes the activity and
connectivity of this system resulting in negative energy balance. In adult mice, the pharmacological inhibition of brain Sirtl activity
decreased Agrp neuronal activity and the inhibitory tone on the anorexigenic POMC neurons, as measured by the number of synaptic
inputs to these neurons. When a Sirt1 inhibitor (EX-527) was injected either peripherally (i.p., 10 mg/kg) or directly into the brain (i.c.v.,
1.5 nmol/mouse), it decreased both food intake during the dark cycle and ghrelin-induced food intake. This effect on feeding is mediated
by upstream melanocortin receptors, because the MC4R antagonist, SHU9119, reversed Sirt1’s effect on food intake. This action of Sirt1
required an appropriate shift in the mitochondrial redox state: in the absence of such an adaptation enabled by the mitochondrial protein,
UCP2, Sirtl-induced cellular and behavioral responses were impaired. In accordance with the pharmacological results, the selective
knock-out of Sirt1 in hypothalamic Agrp neurons through the use of Cre-Lox technology decreased electric responses of Agrp neurons to
ghrelin and decreased food intake, leading to decreased lean mass, fat mass, and body weight. The present data indicate that Sirtl has a

central mode of action by acting on the NPY/Agrp neurons to affect body metabolism.

Introduction
Sirtuins are NAD+-dependent class III deacetylases that are
highly conserved across species (Brachmann et al., 1995). Sirt1,
the mammalian ortholog of Sir2, has been implicated in caloric-
restriction-induced longevity (Kaeberlein et al., 1999; Lin et al.,
2000; Tissenbaum and Guarente, 2001; Cohen et al., 2004; Rogina
and Helfand, 2004; Chen et al., 2005). Nutrient deprivation upregu-
lates Sirtl in several tissues (Cohen et al., 2004; Ramadori et al.,
2008), which is crucial for the metabolic shift that occurs during
negative energy balance (Liu et al., 2008), a metabolic state in which
the energy expenditure is higher than the energy intake.

Evidence suggests that the effects of sirtuins mimic the bene-
ficial effects of calorie restriction, the only known physiological
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intervention that promotes a longer, healthier lifespan across
species (Kaeberlein et al., 1999; Lin et al., 2000; Tissenbaum and
Guarente, 2001; Cohen et al., 2004; Rogina and Helfand, 2004;
Chen et al., 2005; Chen and Guarente, 2007). The similarities
between the action of sirtuins and calorie restriction raise the
possibility that sirtuins may exert their effect, at least in part, by
affecting brain circuits controlling negative energy balance, the
metabolic state promoted by calorie restriction.

The central melanocortin system located in the arcuate nu-
cleus (ARC) of the hypothalamus is involved in the regulation
of energy metabolism (Cone, 2006). This system consists of
two components: a neuronal population that produces neu-
ropeptide Y (NPY), agouti-related protein (Agrp), and GABA,
which promotes feeding in response to hunger and thus, neg-
ative energy balance; and a neighboring cell population pro-
ducing proopiomelanocortin (POMC)-derived peptides, such as
a-melanocyte-stimulating hormone (a-MSH) and cocaine-and-
amphetamine-regulated transcript (CART) peptides, which pro-
motes satiety and thus, positive energy balance. The interaction
between these two sets of neurons is such that the NPY/Agrp
neurons maintain a unidirectional tonic inhibition onto the
POMC neurons (Horvath etal., 1992; Cowley et al., 2001; Pinto et
al., 2004). The selective elimination of the orexigenic NPY/Agrp
neurons in adult mice leads to cessation of feeding (Gropp et al.,
2005) and death (Luquet et al., 2005; Wu et al., 2009). The inter-
action and connectivity of these hypothalamic circuits are not
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static; they exhibit substantial plasticity depending on the meta-
bolic environment (Pinto et al., 2004; Gao et al., 2007), a process
that relies on the redox state and plasticity of the mitochondria
(Andrews et al., 2008).

Sirtl is expressed in the hypothalamus (Ramadori et al.,
2008), its function is redox dependent (Prozorovski et al., 2008),
and it is induced by negative energy balance (Cohen et al., 2004;
Chen et al., 2008; Ramadori et al., 2008). Therefore, Sirtl may
play a role in cellular adaptations in response to negative energy
balance. In the brain, the central melanocortin system regulates
energy metabolism (Cone, 2006) and its adaptive responses to a
changing metabolic environment include synaptic (Pinto et al.,
2004; Gao et al., 2007; Andrews et al., 2008) and mitochondrial
(Coppola et al., 2007; Andrews et al., 2008) plasticity. Here, we
examined whether Sirtl activity may play a role in these cellular
adaptations.

Materials and Methods

Animals. Adult male mice were used in the pharmacological studies. The
mice were at least 2 months old when single housed for food intake
measurements and they were allowed to habituate to single housing for at
least 2 weeks before the start of experiments. All animals were kept in
temperature and humidity controlled rooms, in a 12/12 h light/dark
cycle, with lights on from 7:00 A.M. to 7:00 P.M. Food and water were
provided ad libitum, unless otherwise stated. The total number of ani-
mals used for these experiments is 247.

Transgenic mice. UCP2 knock-out mice were generated as reported
previously (Zhang et al., 2001) and the original breeding pairs were
kindly provided by Dr. Bradford Lowell (Beth Israel Deaconess Medical
Center and Harvard Medical School, Boston, MA), and have been main-
tained in our laboratory on a mixed background. This transgenic mouse
is available from The Jackson Laboratory: B6.129-Ucp2tm1Lowl/], stock
number 005934). POMC-GFP and NPY-GFP mice were provided by Dr.
J. Friedman (Rockefeller University, New York, NY) and have been
maintained on a B6 background for >10 generations. Both the NPY-GFP
[B6.Cg-Tg(NPY-MAPT/Sapphire)1Rck/J; stock number 008321] and
the POMC-GFP [B6.Cg-Tg(Pomc-MAPT/GFP*)1Rck/], stock number
008322] mice are available from The Jackson Laboratory. Sirt]loxt/loxP
mice were purchased from The Jackson Laboratory (B6; 129-Sirt1"” Lguyy,
stock number 008041) and have been generated as published (Li et al.,
2007). Tg.AgrpCre mice have been maintained in our colony on a mixed
background (Kaelin et al., 2004; Xu et al., 2005a,b) and backcrossed to
the reporter line Rosa26 mice [B6.129S4-Gt(ROSA)26Sor 15— origi-
nally from The Jackson Laboratory]. All procedures were approved by
local committees (Institutional Animal Care and Use Committee from
Yale University and from Universidade Federal do Rio Grande do Sul).

Generation of Agrp-Sirt] KO mice. To evaluate the role of Sirtl in
relation to NPY/Agrp neurons and the regulation of metabolism, we used
Cre/Lox technology to knockdown the catalytic domain of Sirtl in this
population of cells. Transgenic mice expressing Cre recombinase selec-
tively in the Agrp-expressing cells (Kaelin et al., 2004; Xu et al., 2005a,b)
were bred with mice harboring a targeted mutant Sirt1 allele (Sirt1’*")
(Li et al., 2007). The Sirt1’*"**" mice contain loxP sequences flanking
the exon 4 of the Sirtl gene, which encodes 51 aa of the Sirt1 catalytic
domain. When bred with the AgrpCre™ mice, the deleted Sirt1 allele
(Sirt12°%) transcribes a mutant protein that has no apparent residual
Sirtl activity or dominant negative effects (Cheng et al., 2003; Li et al.,
2007). Thus, we used this knockdown model of Sirtl in the NPY/Agrp
neurons to further elucidate the role of this sirtuin in body metabolism.
We describe our data by referring to “control” and “Agrp-Sirtl KO”
mice.

To generate Agrp-specific Sirt] KO mice, we used established breeding
strategies similar for this Cre line (Xu et al., 2005a,b; see supplemental
Fig. 7, available at www.jneurosci.org as supplemental material). To eval-
uate the specificity and efficacy of the Cre deletion, we used Rosa26
reporter mice (Soriano, 1999). We found rates of ectopic expression of
Cre (~30-40%) similar to those reported previously (Xu et al., 2005a,b).
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This Cre line has been validated in several previous reports (Xu et al.,
2005a,b; Kitamura et al., 2006; Konner et al., 2007).

By breeding Tg.AgrpCre *-Sirt1'*”" with Sirt1****" mice, we were
able to get Mendelian ratios of Cre and floxed alleles in the offspring. In
the first characterization period, we found that the Cre deleted heterozy-
gote mice for the Sirt1*" allele (Tg.AgrpCre *-Sirt1 24/*) exhibited an
intermediate phenotype compared to control littermates and homozy-
gote KO mice (Tg.AgrpCre *-Sirt] 4*#4ex4) The mice carrying the
AgrpCre allele and their Cre-negative controls showed no differences in
phenotype (data not shown), in accordance with previous reports (Xu et
al., 2005a,b; Pierce and Xu, 2010). Thus, we pooled the Cre-negative mice
(control group) and Cre-positive mice without the floxed allele.

Metabolic chamber recordings. Adult female mice (n = 11) were accli-
mated in metabolic chambers (TSE Systems—Core Metabolic Pheno-
typing Center, Yale University) for 4 d before the start of the recordings.
Mice were continuously recorded for 3 d with the following measure-
ments being taken every 30 min: water intake, food intake, ambulatory
activity (in X and Z axes), and gas exchange (O, and CO,) (using the TSE
LabMaster system). VO,, VCO,, and energy expenditure were calculated
according to the manufacturer’s guidelines (PhenoMaster Software, TSE
Systems). The respiratory exchange rate was estimated by calculating the
ratio of VCO,/VO,. Values were adjusted by body weight to the power of
0.75 (kg ~%7°) where mentioned.

For the fasting response study, the same mice used above were accli-
mated to the cages for 4 d and then food was removed from the cages 2 h
before the dark cycle. The metabolic parameters (cited above) were re-
corded during zeitgeber time (ZT) 12-18 and the data were analyzed as
above.

Body composition. Adult male (n = 13) and female (n = 11) control
and Agrp-Sirtl KO mice were scanned in a Lunar PIXImus Densitometer
(GE Medical Systems) in the Department of Orthopedics at Yale Univer-
sity, and their body composition was estimated based on manufacturer’s
algorithms. All mice were sedated with a mixture of ketamine and xyla-
zine before scanning.

Food intake measurements. For nocturnal food intake, animals were
weighed and injected 30—60 min before the beginning of the dark cycle
(ZT 11). Food pellets were weighed and added to the mouse cage at the
start of the dark cycle (ZT 12). Food intake was measured after 4 h (ZT
16) and overnight (ZT 0). For ghrelin-induced feeding, mice received the
first treatment (i.p., 1 ug/g of body weight) in the middle of the light cycle
(ZT 6) and the second injection 30—60 min later (ZT 7). Food pellets
were then weighed and added to the mouse cages 30 min after the last
injection, and food intake was measured every hour for 4 h. Before the
start of the experiments, the home cages were changed to avoid biased
results due to mice eating food that may have been deposited in the
bedding of the cages. After the experiments, all cages were inspected for
food spillage, and those mice in cages with visible food deposits in the
bedding were excluded from the studies. However, it is important to
note that very few mice had to be excluded from our experiments due
to food spillage (2 mice out of 173). We observed that giving mice
fewer food pellets (but enough for ad libitum feeding) in the cage
during the single housing acclimatization period resulted in consid-
erably less food spillage.

For the experiments in which food intake, water intake, and locomotor
activity were followed concomitantly, mice were allowed to acclimate to
the metabolic chambers (TSE Systems) for 4 d before the start of the
recording. Mice were recorded for 24 h before and after EX-527 treat-
ment. For the dose-response and SHU9119 studies, mice were recorded
overnight (bin size for all experiments = 30 min). All measurements
were taken automatically through the use of the LabMaster Phenotyping
system (TSE Systems).

Intracerebroventricular cannulation. Mice were injected with bu-
prenorphine (0.05 mg/kg, s.c.) 30 min before surgery. They were anes-
thetized using a mixture of ketamine (100 mg/kg) and xylazine (10 mg/
kg) given intraperitoneally. Mice were placed in a stereotaxic apparatus
(KopfInstruments), and a small cut was made in the skin above the skull.
A drop of a pharmaceutical H,0O, solution was placed on the skull for
better visualization of bregma and lambda. A small hole was carefully
drilled into the skull, enough to insert the cannula (26 ga, Plastics One).
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Coordinates were +1.0 mm (lateral), —0.5 mm (posterior), +2.0 mm
(caudal) from bregma (Paxinos and Franklin, 2001). Animals were kept
warm and proper postsurgical care was taken.

Drug injections. For intraperitoneal injections, 10 ml/kg solution was
injected, and for intracerebroventricular injections, 3 ul was slowly in-
jected into the lateral ventricles, using a 5-10 ul Hamilton syringe (Ham-
ilton) connected to a calibrated polyethylene tube. After the experiments,
cannula placement was confirmed by injecting methylene blue. Of the
219 mice, 6 were excluded due to misplaced cannulas.

Several compounds have been shown to modulate Sirt1 activity. More
recently, synthetic compounds acting directly on Sirtl have also been
developed with higher affinity and specificity (Napper et al., 2005). One
of these compounds, EX-527 (Napper et al., 2005) has been extensively
studied (Napper et al., 2005; Solomon et al., 2006; Nie et al., 2009;
Pacholecetal., 2010); EX-527 is alow-molecular-weight, cell-permeable,
biostable molecule that binds directly to the Sirtl catalytic domain and
inhibits its activity (Huhtiniemi et al., 2006; Pacholec et al., 2010). Thus,
we have chosen to use this molecule to pharmacologically inhibit Sirt1
activity. EX-527 (Tocris Bioscience) was freshly prepared, dissolved in
dimethylsulfoxide (DMSO) to a stock concentration of 50 mm, and then
diluted in ultrapure water to a final concentration of between 0.3 and 3.0
nmol/3 pl (with the DMSO final concentration between 1 and 2%);
appropriate vehicles were used as controls. Mice were injected with 3 ul
(i.c.v.) of drug solution or vehicle. For the SHU9119 experiment,
SHU9119 (Sigma-Aldrich—140 pmol/mouse) was injected concomi-
tantly with EX-527 (1.5 nmol/mouse). All solutions were sterile filtered
through 0.2 wm syringe filters (Pall).

Immunohistochemistry for GFP and c-fos. GFP and c-fos double immu-
nohistochemistry was performed by sequential addition of primary an-
tibodies. Coronal brain sections (50 wm) were washed several times in
phosphate buffer (PB, 0.1 M), pH 7.4, reacted with 1% H,O, in 0.1 M PB
solution for 15 min to block endogenous peroxidase activity, and prein-
cubated with Triton X-100 for 30 min. Sections were then washed several
times and blocked with 2% normal goat serum and incubated with
chicken anti-GFP (1:8000, 4°C, 48 h; Abcam). After, sections were exten-
sively washed and incubated with biotinylated donkey anti-chicken sec-
ondary antibody [1:500, 2.5 h at room temperature (RT), Jackson
ImmunoResearch Laboratories]. After washing, sections were incubated
in ABC and washed, and immunoreactivity was visualized using diami-
nobenzidine (DAB). Sections were then washed extensively and incu-
bated with rabbit anti-c-fos (1:20,000 at 4°C for 48 h; Oncogene).
Following several washes, sections were incubated with biotinylated goat
anti-rabbit secondary antibody (1:500, 2.5 h, RT, Vector Laboratories),
then washed again and incubated in avidin—biotin complex (Vectastain,
ABC Elite kit, Vector Laboratories) for 90 min at RT. Immunoreactivity
for c-fos was visualized with nickel diaminobenzidine (Ni-DAB) reaction
for 5 min or until desired staining. This approach visualized nuclear c-fos
as a black precipitate and NPY-GFP neurons as brown cytoplasmic stain-
ing, allowing for easy identification and quantification of NPY/c-fos cells.
Sections were then mounted and coverslipped with Depex mounting
medium. Unbiased stereology methods were used to quantify NPY/c-
fos-immunoreactive cells in the ARC. Cells were visualized by a Zeiss
microscope and relayed via a MicroFibre digital camera to a computer,
where they were counted using the optical fractionator with the Stereo-
Investigator software (MicroBrightField). Two sections, 200 wm apart
(—1.50 mm to —1.70 mm from bregma), were collected through the
ARC and all NPY, c-fos, and NPY/c-fos cells were counted, using a 63X
oil objective, in grids randomly positioned by the software in the
outlined counting area through all optical planes, thus creating a
three-dimensional counting area. Cells were only counted if they
touched the inclusion border or did not touch the exclusion border of
the sampling grid. Data are reported as the relative number of double-
stained cells (c-fos positive and GFP positive) divided by the total
number of GFP-positive cells.

Immunohistochemistry for POMC. In these studies, adult male mice on
amixed background (B6.129) were used. Mice were injected with EX-527
or vehicle before the dark cycle (ZT 11) and were perfused at ZT 17. Mice
were deeply anesthetized and the left ventricle of the heart was rapidly
cannulated and flushed with 0.9% saline containing heparin followed by
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freshly prepared fixative (paraformaldehyde 4%, gluteraldehyde 0.1%,
picric acid 15%, in PB 0.1 M, pH 7.4). Usually, the time between opening
the thoracic cavity and the heart cannulation was <30 s. Brains were then
dissected out and postfixed overnight in fixative without gluteraldehyde.
After vigorous washing in cold PB (0.1 m), vibratome sections were cut
(40-60 wm) containing the ARC of the hypothalamus. Sections were
washed in PB several times, cryoprotected, and subsequently frozen and
thawed three times in liquid nitrogen. After extensive washing in PB,
slices were incubated with H,O, (1%, 20 min, RT, shaking) to block
endogenous peroxidase activity. After washing again with PB, sections
were incubated with primary antibody (anti-POMC, 1:4000, 48 h, 4°C,
gentle shaking). Sections were extensively washed, incubated with sec-
ondary antibody (2 h, RT), washed again, put in ABC, and developed
with DAB. Sections were then osmicated (15 min in 1% osmium tetrox-
ide in PB) and dehydrated in increasing ethanol concentrations. During
the dehydration, 1% uranyl acetate was added to the 70% ethanol to
enhance ultrastructural membrane contrast. Dehydration was followed
by flat embedding in Durcupan. Ultrathin sections were cut on a Leica
ultra microtome, collected on Formvar-coated single-slot grids, and an-
alyzed with a Tecnai 12 Biotwin (FEI) electron microscope. All investi-
gators were blinded to the experimental groups during the entire
procedure.

Quantitative synaptology and mitochondria counting. The analysis of
synapse number was performed in an unbiased manner (Cowley et al.,
2001; Gao et al., 2007) and is presented as number of synapses per 100
pm of cell membrane. For mitochondrial counting, random sections
containing POMC cells with a visible nucleus were analyzed. Mitochon-
dria were counted in the POMC cells and the trans-sectional area of each
mitochondrion was measured. The data are expressed as number of mi-
tochondria per cell area (in square micrometers) or total mitochondria
trans-sectional area (in square micrometers) per cell area (in square mi-
crometers). Therefore, the ratio of the total mitochondria area divided by
the cell area can give a very good estimation of the percentage of the cell
body occupied by mitochondria. Additionally, the trans-sectional area of
each mitochondrion counted and their circularity were measured as in-
dexes of mitochondria morphology. Macnification 1.6 and MatLab
R2009a were used for analysis.

Electrophysiology. Four-week-old POMC-GFP male mice were kept in
aroom with an inverted light/dark cycle (lights on from 8:00 P.M. to 8:00
A.M.) for at least 2 weeks before electrophysiological recordings. Mice
were killed at the beginning of the dark cycle, and the ARC was sliced into
250 pm slices (2/mouse), containing the POMC-GFP cells. Slices were
then incubated with vehicle or EX-527 at 35°C for 4 h before cells were
transferred to recording chambers. For NPY-GFP cell recording, 4- to
7-week-old male NPY-GFP mice were killed at the beginning of the light
phase and the ARC was cut into 250 um slices (2/mouse), containing
NPY-GEP cells. After stabilization in ACSF, slices were transferred to the
recording chamber and perfused with ACSF plus vehicle or EX-527. For
ghrelin-induced cell activation, the basal firing rate was recorded for at
least 10 min. The slice was then incubated with ghrelin (0.05 um) for
8—10 min, followed by a washout (with no ghrelin). Either vehicle or
EX-527 (50 um) was kept in the bath solution during the entire recording
period.

Six-week-old Agrp-Sirtl KO-GFP and control-GFP mice were fasted
overnight and killed at the beginning of the light cycle. Whole-cell
current-clamp recording was performed using low-resistance (3—4 M())
pipettes. The composition of the pipette solution was as follows (in mm):
K-gluconate 125, MgCl, 2, HEPES 10, EGTA 1.1, Mg-ATP 4, Na,-
phosphocreatin 10, and Na,-GTP 0.5, pH 7.3 with KOH. The composi-
tion of the bath solution was as follows (in mm): NaCl 124, KCI 3, CaCl,
2, MgCl, 2, NaH,PO, 1.23, glucose 2.5, sucrose 7.5, and NaHCO, 26.
After a gigaohm seal and whole-cell access were achieved, membrane
potential and action potentials were recorded under current clamp at 0
pA. Ghrelin (0.05 wm) was applied to the bath solution and perfused to
the slice. All data were sampled at 3-10 kHz and filtered at 1-3 kHz with
an Apple Macintosh computer using Axograph 4.9 (Molecular Devices).
Electrophysiological data were analyzed with Axograph 4.9 and plotted
with KaleidaGraph 3.6 (Synergy Software) and Igor Pro 5.04 (WaveMet-
rics). Membrane potential and action potentials were detected and mea-
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sured with an algorithm in Axograph 4.9. The
frequency of action potential and membrane
potential were expressed as mean = SEM.

Statistical analysis. We used software pack-
ages to analyze the data (Matlab R2009a and
PASW Statistics 18.0) and plot the figures.
First, we tested the homogeneity of variance
across the different experimental conditions
using Levene’s or Bartlett’s test.

When the p value was >0.05 in these tests,
homogeneity was assumed, and a parametric
ANOVA test was used. The Student’s ¢ test was
used to compare two groups. One-, two-, or
three-way ANOVA was used as the other tests
unless stated otherwise. Multiple comparisons
were performed as described below. For re-
peated measures analysis we used a mixed-
model ANOVA with time as a “within-subject
repeated-measures” factor and treatments/ge-
notype as a “between-subject” factor. Signifi-
cant effects were followed with Fisher’s PLSD
post hoc test with Bonferroni’s correction.
When homogeneity was not assumed, the
Kruskal-Wallis nonparametric ANOVA was
used and the Mann—Whitney U test was used to
determine post hoc significant of differences
between groups. Fisher’s exact test was used to
find differences in the number of cells activated
by ghrelin in the electrophysiology recordings.
A value of p < 0.05 was considered statistically
significant. All data are shown as mean * SEM
unless stated otherwise.

Vehicle

Figure 1.
Results
Sirtl inhibition decreases the
excitability of NPY/Agrp neurons
Negative energy balance is supported by
the activity of ARC NPY/Agrp neurons.
To test whether sirtuin action affects
NPY/Agrp neurons, we evaluated whether
Sirtl inhibition changes the excitability of these cells. First, we
measured the membrane potential of NPY/Agrp neurons in acute
slices from 4- to 7-week-old male NPY-GFP mice. After an initial
stabilization of the slices in ACSF, they were incubated in EX-527
(50 um) for at least 30 min followed by a washout with ACSF
(containing vehicle). We found that Sirtl inhibition by EX-527
hyperpolarized the neuronal membrane potential of NPY neu-
rons (vehicle = —49.12 = 1.40; EX-527 = —51.74 * 1.53; A =
—2.61 * 0.56 mV; n = 4 cells/4 mice, 5y = 4.66, p < 0.05) (see
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), while decreasing the firing rate of these cells
(vehicle = 100 = 31%; EX-527 = 46.6 £ 10.8%; n = 4 cells/4
mice; 3, = 4.20, p < 0.05), indicating a decreased excitability of
these neurons.

Next, we sought to determine whether Sirt1 inhibition could
also impair the activation of NPY/Agrp neurons induced by gh-
relin, a hormone that is elevated during negative energy balance.
We found that the pretreatment of slices with EX-527 (50 um) for
30 min impairs the ghrelin-induced NPY/Agrp cell activation: in
the vehicle group, 13 of 14 cells (7 mice) were activated by ghrelin,
whereas only 1 of 4 cells (4 mice) were activated in the EX-527-
treated group (p < 0.05, Fisher’s exact test). To understand
whether our findings in slice preparation could translate to in
vivo activation of NPY-GFP cells, we injected mice with EX-527
(i.c.v., 1.5 nmol, 3 ul, according to dose—response below) 30 min
before injecting ghrelin (i.p., 1 ug/g body weight). As shown in

*p < 0.05, **p < 0.01.

Bregma -1.50 mm

+ Vehicle
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Il vehicle [l Ghrelin

*
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0.20 + akad

Relative number of c-fos
positive Npy-GFP cells

EX-527

Vehicle

EX-527
+ Ghrelin

EX-527
+ Vehicle

Vehicle
+ Ghrelin

Sirt1 inhibition decreases ghrelin-induced c-fos expression in NPY/Agrp neurons. EX-527 (i.c.v., 1.5 nmol/mouse), a
pharmacological inhibitor of Sirt1 (Napper et al., 2005; Pacholecetal., 2010), diminished the number of c-fos labeled NPY-GFP cells
after ghrelin treatment (i.p.). a, Slices from the brain highlighting the ARC (in yellow) where the NPY-GFP and c-fos cells were
counted (between bregma —1.50 mm to —1.70 mm). b, Histogram showing quantification of double-labeled NPY-GFP/c-fos
cells in the ARC of mice injected with vehicle/EX-527 and vehicle/ghrelin. c—f, Representative pictures of double immunohisto-
chemistry for GFP (DAB, brown) and c-fos (nickel DAB, black). White arrows indicate double-stained cells. n = 4 -5 mice/group.

Figure 1, ghrelin induced the activation of NPY-GFP cells as mea-
sured by the number of NPY-GFP neurons that coexpressed c-fos
in their nuclei (ANOVA: F; 5y = 6.79, p < 0.01; 179 * 8.33%
compared to vehicle control, post hoctest p < 0.01). EX-527 per se
did not change the ratio of c-fos/NPY-GFP cells, but it signif-
icantly attenuated the activation of NPY-GFP neurons by gh-
relin (61 = 16.38% compared to ghrelin control, post hoc test
p < 0.05).

Sirt1 inhibition affects synaptic input organization of
hypothalamic POMC neurons

A major efferent projection exists from the Agrp neurons to their
neighboring POMC cells, and it is an inhibitory, GABAergic pro-
jection (see supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). Thus, next we studied the effects of
EX-527 administered directly into the brain on the synaptic input
organization of the POMC neurons in the ARC. Adult male wild-
type mice were treated with EX-527 (i.c.v., 1.5 nmol) 30— 60 min
before the dark cycle and were killed 4 h later to analyze synapses
on POMC neurons (by electron microscopy). We found that
EX-527 blocked the recruitment of synapses onto POMC
perikarya (vehicle = 63.4 * 9.2, EX-527 = 38.9 * 6.1 synapses
per 100 wm perikarya; Mann—-Whitney U = 83.00, p < 0.05),
which was predominantly the result of a decreased number of
symmetric synapses (putatively inhibitory—vehicle = 43.4 *
7.8, EX-527 = 26.8 = 4.3 synapses per 100 wm perikarya; Mann—
Whitney U = 87.00, p < 0.05) but not asymmetric synapses
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Figure2. Sirtlinhibition affects synapticinputs and mitochondrial numberin POMC neuronsin the hypothalamus. Ina, EX-527 ~ action time X treatment F, g) = 9.33,p <

(i.c.v.) was administered to wild-type adult mice at the beginning of the dark cycle and synaptic inputs were measured on POMC
neurons 4 h later. EX-527 decreased the recruitment of inputs onto POMC neurons, mainly affecting symmetric, putatively inhib-
itory, inputs, and not asymmetric, putatively excitatory synapses. Data are mean == SEM; n = 15-21 cells. b, Electrophysiological
recordings showing decreased frequency of mIPSCs in POMC-GFP neurons treated with EX-527 (mean = SEM, n = 12 cells). ¢-f,
SirtTinhibition by EX-527 affects mitochondrial density in POMC neurons. Sirt1 inhibition increased mitochondrial density (c) and
relative area (d) in POMC cells (mean == SEM, n = 13-20 cells), without affecting indexes of mitochondrial morphology, specif-
ically the cross-sectional mitochondrial area (e) and circularity (f) (data are median = interquartile range, n > 500). *p << 0.05;

*#) < 0,01,

(putatively excitatory—vehicle = 20.0 = 3.7, EX-527 = 12.1 =
2.6 synapses per 100 wm perikarya) during the first 4 h of the dark
cycle (Fig. 2a; see supplemental Fig. 3, available at www.jneurosci.
org as supplemental material). An elevated number of inhibitory
synapses on POMC neurons in the vehicle control group is con-
sistent with a synaptic arrangement that promotes the suppressed
activity of these satiety-signaling cells at the time of increased
feeding. To confirm that Sirtl inhibition blocks the recruitment
of inhibitory synapses onto POMC neurons, we also analyzed
POMC-GFP cells from acute slices using whole-cell patch elec-
trophysiological recording after incubation with Sirtl inhibitor
(EX-527, 50 uM, 4 h). In corroboration of the morphological
data, we found that Sirtl inhibition blocked the increase in the
frequency of miniature IPSCs (mIPSCs) of the POMC-GEFP cells
[(vehicle = 3.6 = 0.7, EX-527 = 2.4 = 0.3 Hz; n = 12 cells/4
mice/group; 5y = 1.99, p < 0.05 (one-tail] (Fig. 2b).

Sirt1 inhibition increases mitochondrial density in POMC
neurons of the hypothalamus

Since decreased inhibition of POMC neurons leads to increased
melanocortin tone, an adaptation of the mitochondria machin-
ery in these cells may be expected. Indeed, both mitochondrial
density (vehicle = 0.33 = 0.02, EX-527 = 0.51 * 0.04 mitochon-
dria per cell area; t5,, = 3.34, p < 0.01) (Fig. 2¢) and area (vehi-
cle = 0.035 = 0.002, EX-527 = 0.054 * 0.005 > mitochondria
area per cell area; t3;, = 2.96, p < 0.01) (Fig. 2d) were increased
in POMC cells after Sirtl inhibition, an event consistent with
increased activity of these cells. However, no changes in mito-
chondrial morphology were observed as evidenced by the distri-
bution of the cross-sectional area of each mitochondria (Fig. 2e)
and their circularity (Fig. 2f). Together, these data suggest that
Sirtl contributes to the appropriate synaptic and mitochondrial

0.05) (Fig. 3a), a period of the circadian
cycle during which orexigenic stimuli pre-
dominate in nocturnal animals. To fur-
ther evaluate the acute effects of Sirtl
inhibition in the modulation of food in-
take, we injected EX-527 (10 mg/kg) daily
into adult wild-type mice and measured
food intake. In agreement with our acute
data, daily peripheral injection of EX-527
given just before the dark cycle induced a
robust and consistent decrease in food intake, which persisted
until the day after cessation of the treatment (treatment F, 5) =
24.53, p < 0.05; time X treatment F(, 4, = 2.38, p < 0.05) (Fig.
3b). In the first 2 d, 24 h food intake was not significantly differ-
ent. When analyzed closely, it was apparent that EX-527 reduced
overnight food intake (e.g., day 1: vehicle = 4.85 *= 0.26, EX-
527 = 3.83 = 0.21 g t = 3.06, p < 0.05), without statistical
differences in food intake during the light phase (vehicle =
1.04 = 0.14, EX-527 = 1.61 = 0.20). On the remaining days (e.g.,
day 5), EX-527 continued to reduce overnight food intake (vehi-
cle = 5.98 * 0.50, EX-527 = 4.45 = 0.28; t(5, = 2.67, p < 0.05)
without causing rebound feeding during the light cycle (vehi-
cle = 0.59 = 0.17, EX-527 = 0.54 £ 0.07).

Next, we injected EX-527 directly into the cerebral ventricles
to evaluate whether the effects we found were due to inhibition of
brain Sirtl activity. Indeed, EX-527 injected directly into the ce-
rebral ventricles also inhibited food intake in a dose-dependent
manner (effect of time: F(,; 5,,) = 228.39, p < 0.001; effect of
treatment: F; s,,) = 4.36, p < 0.05; interaction time X treatment:
Fo527) = 4.28, p < 0.001) (Fig. 3c). We then repeated these
experiments using conditions similar to the peripherally admin-
istered EX-527 experiment (Fig. 3a), injecting the intermediate
dose of EX-527 (i.c.v., 1.5 nmol), and found that it inhibited food
intake in a manner comparable to the peripheral treatment (sup-
plemental Fig. 5, available at www.jneurosci.org as supplemental
material). To further evaluate the effects of central inhibition of
Sirt1, we injected mice with EX-527 (i.c.v., 1.5 nmol) and simul-
taneously monitored food consumption, water intake and ambu-
latory activity (supplemental Fig. 6, available at www.jneurosci.
org as supplemental material). The data obtained on food intake
corroborated our previous findings, while no statistical differ-
ences in water intake were found. Finally, treatment with central
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ambulatory activity of mice (supplemen-
tal Fig. 6, available at www.jneurosci.org . EX-527 Z0p
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To further evaluate the relevance of the 2= —+— EX=527 (3.0 nmol)
melanocortin system in the inhibition of ¢_§ %
Sirtl on feeding, we analyzed the effect of EE ,
the melanocortin 4-receptor antagonist, 33 e *
SHU9119, on EX-527’s effect on food (P
intake. SHU9119 was able to reverse the oso; FEX %
inhibition of food intake promoted by Y 15 18 21 0 —
EX-527 (effect of time: F 53 5,4 = 495.75, Zeitgeiber time (ZT) -
p < 0.001; effect of treatment: F, ,) = d %’
4.15, p < 0.05; interaction time X treat- T ————————— s
ment: Fig ,76) = 2.74, p < 0.001; post hoc: 10 -_5 0-25¢
vehicle X EX-527, p < 0.05; EX-527 X 5 S
EX-527+SHU9119, p < 0.05) (Fig. 3d), L& 8 .
indicating that the effect of Sirtl inhibi- g % 6
tion on food intake uses the melanocortin EE 0
receptors as a downstream effector. In the 33 4 ) 0-60 min
dose used in this study, we found no hd s ==Velucia [l Vehicle/Saline
changes in food intake when SHU9119 :E§:2§; JSHUBTE \é;'l';;%g:ﬁ:
was injected alone (data not shown). b 5 B . ) [ EX-527/Ghrelin
These data are in agreement with the re- Zeitgeiber time (ZT)
sults of a recent study (Cakir et al., 2009).

If Sirtl is intrinsically important for  Figure 3. Inhibition of Sirt1 decreases food intake. a, Peripheral injection of a specific Sirt1 inhibitor, EX-527 (10 mg/kg),

the excitability of NPY/Agrp neurons,
then signals that are known to affect food
intake via these hypothalamic neurons
should have an altered effect on eating
when applied concomitantly with the
Sirtl inhibitor, EX-527. Ghrelin affects
feeding by activation of the NPY/Agrp
neurons. Thus, we injected wild-type
mice with ghrelin (30 ug/mouse, i.p.) to
induce food intake during the light phase of the circadian cycle,
and pretreated the mice with EX-527 (i.c.v., 1.5 nmol, 30— 60 min
before ghrelin). Feeding induced by the injection of ghrelin
(574 = 21% compared to vehicle control; Mann—Whitney U =
0.00, p < 0.001) was reversed by pretreatment with the Sirtl
inhibitor EX-527 (52 = 10% inhibition compared to vehicle plus
ghrelin; Mann—Whitney U = 99.50, p < 0.05), but did not alter
normal feeding in vehicle-treated mice (Fig. 3e).

The effects of brain Sirt1 inhibition are dependent

upon UCP2

Next, we evaluated whether the effects of Sirtl inhibition on
food intake may be altered in mice with an impaired mito-
chondrial redox adaptation (UCP2 KO mice). The Sirtl inhi-
bition by any of the three doses of EX-527 used above (data

decreased the overnight food intake with no effect in the first 4 h (mean == SEM, n = 5). b, Daily injection of EX-527 (10 mg/kg)
justbefore the dark cycle produces arobust and consistent decrease in food intake (mean == SEM, n = 4).¢, Injection of EX-527 into
the cerebral ventricles also inhibited food intake in a dose-dependent manner during the dark cycle (mean = SEM,n = 4-7).d,
SHU9119 (140 pmol, i.c.v.), a potent melanocortin receptor antagonist, counteracted the inhibitory effect of EX-527 on food intake
(mean == SEM, n = 4—6), highlighting the importance of downstream melanocortin signaling as an effector of Sirt1 inhibition on
food intake. e, Brain Sirt1 inhibition by EX-527 (i.c.v.) blunted the orexigenic effect of the gut hormone ghrelin, which depends on
redox adaptations in the NPY/Agrp neurons (Andrews et al., 2008) (mean = SEM, n = 7-13 mice). *p << 0.05, **p < 0.01,
*¥¥p <0.001. Scale bars, 50 m.

shown fori.c.v., 1.5 nmol dose) failed to show effects in UCP2
KO mice, while it suppressed feeding in wild-type animals
(effect of time F(, 5,, = 71.43, p < 0.001; effect of treatment
F 51 = 9.22, p < 0.01; interaction time X treatment X ge-
notype F(, 5, = 4.80, p < 0.05) (Fig. 4). EX-527 also failed to
block recruitment of inhibitory synapses onto POMC neurons
(total: vehicle = 43.68 = 5.21, EX-527 = 35.04 & 5.43; sym-
metric: vehicle = 28.67 * 3.89, EX-527 = 27.31 = 3.64; asym-
metric: vehicle = 15.01 = 2.95, EX-527 = 7.72 = 2.78
synapses per 100 wm of perikarya) or increase mitochondrial
density (vehicle = 0.57 = 0.05, EX-527 = 0.53 * 0.06 mito-
chondria per cell area) or area (vehicle = 0.050 = 0.004, EX-
527 = 0.049 = 0.005 > mitochondria area per cell area), nor
did it change any of the indexes of mitochondria morphology
(data not shown) in these cells during negative energy balance.
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Figure4. The effect of Sirt1 inhibition on food intake is UCP2 dependent. Inhibition of brain
Sirt1by EX-527 (30 — 60 min before dark cycle, 1.5 nmol, i.c.v.) decreased food intake during the
dark cycle in wild-type mice, but not in UCP2 KO mice (mean = SEM, n = 5-12). *p << 0.05.

Sirtl knockdown in Agrp neurons results in decreased
feeding and lower body weight

When weaned at 21 d of age, Agrp-Sirtl KO mice showed no
gross abnormalities, and both males and females had body weight
similar to that of their control littermates (Fig. 5a). However,
over time the Agrp-Sirt1 KO gained less weight than their control
littermates, and at 11 weeks, both males and females were leaner
than controls (Fig. 5a). Next, we analyzed the body composition
of these transgenic mice using DEXA scanning to estimate lean
and fat tissue weight. As presented in Figure 5a, females showed a
more marked phenotype with reductions in both lean and fat
tissue weights, while male Agrp-Sirtl KO mice showed a consis-
tent reduction in just lean, but not fat, mass (Fig. 5a).

Due to the more distinct phenotype of the females, we decided
to characterize the metabolic parameters of these mice in meta-
bolic chambers. Coinciding with a decreased body weight, female
Agrp-Sirt] KO mice exhibited a marked reduction in food intake
compared to controls (control = 39.85 = 2.88, KO = 33.91 *
0.86 kcal/72 h; t4) = 2.48, p < 0.05), which was mostly due to
decreased nocturnal, and not residual diurnal, food intake (data
not shown). Surprisingly, over the same period of time, there was
no difference in energy expenditure between control and Agrp-
Sirtl KO mice (control = 27.94 = 1.26, KO = 26.18 *= 0.68
kcal/72 h). Upon estimation of a relative energy balance (food
intake in kcal minus energy expenditure in kcal) for these
mice, we found that Agrp-Sirtl KO animals exhibited a re-
duced positive energy balance in relation to their littermate
controls (control = 11.91 * 1.83, KO = 7.73 = 0.088 kcal/72
h; t4) = 2.33, p < 0.05), indicating a dysregulation in energy
balance in which decreased food intake is not associated with
decreased energy expenditure.

We further analyzed the daily metabolism of the Agrp-Sirtl
KO mice by indirect calorimetry, estimating their oxygen con-
sumption (VO,), VCO,, energy expenditure, and locomotor ac-
tivity. We were unable to find statistical differences in any of these
parameters (Fig. 5b—e). We also estimated the respiratory quo-
tient (VCO,/VO,) and found no differences between control and
Agrp-Sirt] KO mice (data not shown).

Altogether, these data indicate that the knockdown of Sirtl in
the NPY/Agrp neurons promotes a decrease in food intake that is
not accompanied by a concomitant change in energy expendi-
ture. Moreover, these transgenic mice (Agrp-Sirtl KO) did not
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display any gross alteration in any of the metabolic parameters
analyzed when fed an ad libitum diet.

Agrp-Sirtl knock-out cells have diminished response

to ghrelin

Our observations highlighted an important role of Sirtl in the
NPY/Agrp neuronal regulation of overall metabolism, mainly
because the KO mice showed a marked decrease in food intake
and body weight gain, which was not associated with reductions
in energy expenditure. In an attempt to further understand the
physiology of these mutant animals, we bred our Agrp-Sirtl] KO
mice with NPY-GFP mice to generate animals that expressed GFP
in the NPY/Agrp cells (See material and methods and supple-
mental Fig. 7, available at www.jneurosci.org as supplemental
material for details). In 6- to 7-week-old control-GFP and Agrp-
Sirtl KO-GFP mice, using whole-cell current-clamp recordings,
we were able to register the membrane potential and firing rate of
the NPY/Agrp neurons.

We administered ghrelin in the incubation chamber to induce
NPY/Agrp cell activation and compared the effects in the control
and Sirtl KO cells. In the control-GFP cells, we were able to
replicate the effect of ghrelin to increase the excitability of the
NPY/Agrp neurons as measured by both a decrease in the mem-
brane potential (vehicle = —52.19 = 2.92, ghrelin = —41.40 =
1.14mV;n = 6 cells/6 mice; t5) = 3.26, p < 0.05) and an increase
in the firing rate of these cells (vehicle = 1.84 = 0.65, ghrelin =
5.37 = 1.18 Hz; n = 6 cells/6 mice/groups; t(sy = 4.60, p < 0.01).
In contrast to this, the Agrp-Sirtl KO-GFP neurons incubated
with ghrelin showed no statistical difference in either the mem-
brane potential (vehicle = —46.62 = 4.61, ghrelin = —40.99 =
2.63 mV; n = 6 cells/6 mice) or firing rate (vehicle = 2.55 * 0.62,
ghrelin = 2.46 = 0.49 Hz; n = 6 cells/6 mice). Finally, 100% of
the recorded neurons in the control group responded to ghrelin,
while only 16% of the cells responded in the Sirt1 KO group ( p <
0.01, Fisher’s exact test).

Sirtl knockdown in Agrp neurons results in impaired
responses to fasting

Because NPY/Agrp neurons play an important role in transition-
ing to negative energy balance, and their excitability was impaired
in Agrp-Sirt]l KO mice, we postulated that challenging these mice
with food deprivation could exacerbate their phenotype. Thus,
we repeated the experiments in the metabolic chambers using
identical conditions as before; however, we challenged the mice
by fasting them 2 h before the dark cycle and evaluating their
response during ZT 12-18 with no food available. Strikingly, the
Agrp-Sirt] KO mice showed a marked increase in ambulatory
activity compared to control mice (control = 1954 = 65, KO =
3115 * 336 counts; tg) = 2.53, p < 0.05), which was concurrent
with increased oxygen consumption (VO,, control = 1552 * 37,
KO=1783+64ml-h " -kg *7 14, = 2.54,p < 0.05), with no
differences in energy expenditure when adjusted for body weight
(control = 7.78 +0.23,KO = 8.77 = 0.31kcal *h ™" + kg 7*”) or
cumulative energy expenditure (control = 2.49 * 0.04, KO =
2.53 £ 0.08 kcal/6 h).

Discussion

We describe the effects of brain Sirtl inhibition on NPY/Agrp
neuronal excitability and on the synaptic and mitochondrial ad-
aptations of POMC neurons in the ARC of the hypothalamus.
Sirtl inhibition reduced NPY/Agrp neuronal firing and the syn-
aptic input onto the POMC neurons, mainly due to a decrease in
the number of inhibitory inputs on these cells. This observation is
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Agrp-Sirt1 KO mice have decreased food intake without concomitant adaptation in energy expenditure. a, Table showing the body weight at weaning and at 11 weeks old

in male and female control and Agrp-Sirt1 KO mice. The KO mice gained less weight than controls, which was due mostly to decreased lean mass. Female Agrp-Sirt1 KO mice also showed
a diminished fat tissue mass (mean = SEM, data in grams). b—d, Data from metabolic chambers showing VO,, VCO,, and energy expenditure, respectively, adjusted for body mass
(kg ~°7%). There were no statistical differences at any of the time points analyzed. In e, data on ambulatory activity of the same mice in the metabolic chambers showing no statistical

differences (mean == SEM, n = 4-7). *p < 0.05.

in agreement with the finding of an increase in mitochondrial
density, signifying an enhanced activity of POMC cells following
brain Sirtl inhibition. We also found that Sirtl inhibition de-
creased food intake during the dark cycle and ghrelin-induced
food intake in wild-type mice. The decrease in food intake in-
duced by Sirt1 inhibition was reversed by a melanocortin recep-
tor antagonist, implicating the melanocortin hypothalamic
system in the behavioral effects caused by Sirtl inhibition. The
behavioral and physiological effects of inhibition of Sirtl were
not observed in UCP2 KO mice, indicating a role of redox mech-
anisms involving UCP2 in Sirt1 effects.

Evidence for specificity of brain Sirt1 pharmacological

inhibition

In the first set of experiments, we pharmacologically inhibited
Sirt1 activity by EX-527, a specific Sirt] inhibitor. Several lines of
evidence support the idea that the effects seen in our experiments
were due to Sirt1 inhibition and not to side effects of EX-527: (1)
Sirtl inhibition decreased food intake in a time-delayed manner
only during the dark cycle and not during the light cycle (Fig. 3¢);
(2) Sirtl inhibition did not decrease food intake in UCP2 KO

mice (Fig. 4); (3) Sirtl inhibition did not change symmetric syn-
aptic and mitochondria number in UCP2 KO mice; and (4) Sirt1
inhibition had no effect on water intake and locomotor activity.
Also, we have shown that EX-527 increases acetylated forms of
Sirtl target proteins and that this effect is dependent on Sirtl
expression (Nie et al., 2009). Finally, we have also tested the effect
of EX-527 on a cell line that resembles the phenotype of NPY/
Agrp neurons (N-39), and found an increase in the acetylated
levels of Sirtl target proteins as well (data not shown). However,
while we have tested mice injected with central EX-527 acutely in
several tests to exclude possible side effects of this compound on
feeding, we have not tested for side effects after chronic treatment
(Fig. 3b).

Participation of the melanocortin system in the effects of
brain Sirt1

In mammals, the melanocortin system is central to appetite reg-
ulation (Cone, 2006). Negative energy balance, which can be in-
duced by fasting, calorie restriction, or hormones that are active
during these situations (e.g., ghrelin) (Ravussin et al., 2001; Kim
et al., 2003), promotes the activity of NPY/Agrp neurons over
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POMC neurons in the ARC (Hahn et al., 1998; Chen et al., 2004).
Several lines of evidence suggest the involvement of Sirtl in the
functioning of the melanocortin system in the ARC. First, Sirt1 is
expressed in the ARC and its levels/activity are sensitive to nega-
tive energy balance (Ramadori et al., 2008). Recently, it was re-
ported that Sirtl regulates food intake in rats through the
melanocortin system: inhibition of melanocortin receptor signal-
ing by an antagonist reversed the decrease in food intake by a
Sirtl antagonist (Cakir et al., 2009). These data have been repli-
cated in mice in the present study (Fig. 3d). A significant compo-
nent of the effect of inhibition of Sirt1 on feeding was mediated by
the melanocortin system: inhibition of MC4R reversed the effect
of EX-527. It is important to note, however, that the overall
effect of Sirtl inhibition on feeding was not similar to acute
interference with MC4R signaling. Both activation and inacti-
vation of MC4R bring about acute changes in feeding (Cone,
2006). On the other hand, an acute inhibition of Sirt1 (present
data) leads to alterations in feeding in a relatively delayed
manner. We further investigated the mechanisms implicated
in the role of Sirtl in the regulation of energy metabolism, and
found evidence that Sirtl is important for the synaptic and
mitochondrial plasticity that occurs in the melanocortin sys-
tem. Specifically, pharmacological inhibition of Sirtl de-
creases the inhibitory but not excitatory inputs on POMC
cells. The effect of Sirtl inhibition on the synaptic plasticity of
POMC neurons was consistent with the food intake data, be-
cause it relies on a mechanism that was previously proposed to
have an enabling rather than an acute influence on neuronal
firing (Pinto et al., 2004; Gao et al., 2007; Andrews et al., 2008).
On the other hand, Sirt1 appears to be important for the main-
tenance of proper cellular machinery that allows the NPY/
Agrp neurons to respond to acute ghrelin administration.

Participation of the redox state on the effects of Sirt1

The effect of ghrelin on the hypothalamic melanocortin system is
well established. Ghrelin promotes feeding through the activa-
tion of NPY/Agrp neurons and inhibition of POMC cells, with a
consequent inhibition of MC4R in the paraventricular nucleus
(PVN) (Tschop et al., 2001, 2002; Wang et al., 2002; Chen et al.,
2004; Shaw et al., 2005). We showed that ghrelin activates mito-
chondria respiration and proliferation in NPY/Agrp neurons that
are critical for the increase in electrical activity and subsequent
increases in food intake (Andrews et al., 2008). The acute feeding
response to ghrelin as well as the synaptic plasticity and mito-
chondrial adaptation in the hypothalamus (Coppola et al., 2007;
Andrews etal., 2008) and hippocampus (Dietrich et al., 2008) rely
on UCP2-regulated shifts in oxidative processes. Intriguingly,
oxidative conditions (in contrast to reducing conditions) have
been shown to upregulate Sirtl activity in neurons (Prozorovski
etal., 2008). The present results indicate that Sirt1 participates
in the signaling involved in feeding, linking the redox state of
the hypothalamic melanocortin system to the activity of Sirtl
and its participation in the mechanisms of synaptic and mito-
chondrial plasticity. This assumption is reinforced by the facts
that Sirtl inhibition (1) reversed the orexigenic effects of gh-
relin (Fig. 3e) and (2) did not decrease feeding UCP2 KO mice
(Fig. 4).

Impaired response to food deprivation in Agrp-Sirtl KO mice
In addition to the pharmacological data, we developed a trans-
genic mouse model of Sirtl deficiency in the NPY/Agrp neurons
of the hypothalamus that resembles the phenotype of wild-type
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mice after pharmacological Sirtl inhibition in the brain. These
Agrp-Sirt] KO mice were leaner and had reduced food intake and
impaired adaptation of metabolic parameters to decreased en-
ergy intake.

Sirtl has been linked to shifts in metabolism that occur during
food deprivation (Rodgers and Puigserver, 2007). During fasted
states, Sirt] maintains hepatic gluconeogenesis and fatty acid ox-
idation (Rodgers and Puigserver, 2007; Nie et al., 2009), and the
knockdown of Sirtl in hepatocytes diminishes 3-oxidation in
this tissue (Rodgers and Puigserver, 2007; Purushotham et al.,
2009). Our present data are in agreement with the notion that
Sirtl activity contributes to a shifting from positive to negative
energy balance, because Agrp-Sirt1 KO mice showed an impaired
response to food deprivation by demonstrating increased loco-
motor activity and oxygen consumption compared to their con-
trol littermates.

Additionally, the impaired excitability of the Agrp-Sirtl
KO NPY/Agrp cells in response to ghrelin supports the in-
volvement of Sirt1 in shifting from positive to negative energy
balance. The role of Sirtl in modulating the transition to fatty
acid metabolism during periods of negative energy balance
(Rodgers and Puigserver, 2007; Purushotham et al., 2009),
together with the fact that the Agrp-Sirtl KO mice had im-
paired energy balance and adaptation to food deprivation,
corroborates our previous data, indicating that 3-oxidation
contributes to NPY/Agrp neuronal activation, which regulates
energy balance (Andrews et al., 2008).

Comparisons between Agrp-specific Sirt1 KO and
whole-body Sirt1 KO mice

Our results contrast with those from previous studies showing
that whole-body Sirt] KO mice are hyperphagic (Chen et al.,
2005; Pani et al., 2006). However, the data from studies using
Sirtl KO mice are difficult to interpret, because these mice have
profound developmental problems, and only a small number of
pups reach adulthood (Cheng et al., 2003; McBurney et al., 2003).
Once the knock-out mice reach adulthood, they gain ~60%
more body weight than their littermates (Chen et al., 2005). Thus,
the hyperphagic behavior of the Sirt1 KO mice is likely caused by
complex compensatory developmental mechanisms that have lit-
tle to do with Sirt] normal physiological mechanisms in the adult
brain. In our studies, we used an acute inhibition of or chronic
knockdown of Sirt1 specifically in the Agrp neurons (Agrp-Sirtl
KO mice). In contrast to the whole-body Sirtl KO mice, the
Agrp-Sirt] KO mice were born in Mendelian rates, had no gross
developmental problems compared to their littermates, and
demonstrated decreased feeding.

Concluding remarks

Our data on hypothalamic neurobiological events indicate that
Sirtl activation in NPY/Agrp neurons is a determinant of their
excitability, which consequently is important for appropriate
shifts in behavioral, autonomic, and endocrine processes to occur
for adaptation to negative energy balance. These findings reveal a
novel mechanism by which the selective activation of Sirt1 within
the NPY/Agrp neurons promotes negative energy balance that is
characteristic of calorie restriction, which promotes a longer,
healthier lifespan.
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