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SIRT1 is a nicotinamide adenosine dinucleotide-dependent deacetylase that orchestrates key metabolic adaptations to nutrient depri-
vation in peripheral tissues. SIRT1 is induced also in the brain by reduced energy intake. However, very little is known about SIRT1
distribution and the biochemical phenotypes of SIRT1-expressing cells in the neuraxis. Unknown are also the brain sites in which SIRT1
is regulated by energy availability and whether these regulations are altered in a genetic model of obesity. To address these issues, we
performed in situ hybridization histochemistry analyses and found that Sirt1 mRNA is highly expressed in metabolically relevant sites.
These include, but are not limited to, the hypothalamic arcuate, ventromedial, dorsomedial, and paraventricular nuclei and the area
postrema and the nucleus of the solitary tract in the hindbrain. Of note, our single-cell reverse transcription-PCR analyses revealed that
Sirt1 mRNA is expressed in pro-opiomelanocortin neurons that are critical for normal body weight and glucose homeostasis. We also
found that SIRT1 protein levels are restrictedly increased in the hypothalamus in the fasted brain. Of note, we found that this
hypothalamic-specific, fasting-induced SIRT1 regulation is altered in leptin-deficient, obese mice. Collectively, our findings establish the
distribution of Sirt1 mRNA throughout the neuraxis and suggest a previously unrecognized role of brain SIRT1 in regulating energy
homeostasis.
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Introduction
Sirtuins belong to a family of proteins with pleiotropic effects that
are conserved across evolution from bacteria to humans (Michan
and Sinclair, 2007). The first sirtuin studied is the yeast Saccha-
romyces cerevisiae silent information regulator 2 (Sir2), a nicotin-
amide adenosine dinucleotide (NAD�)-dependent histone
deacetylase (Imai et al., 2000) that positively regulates longevity
(Kaeberlein et al., 1999; Lin et al., 2000). SIRT1 is the closest Sir2
homolog out of the seven mammalian sirtuins that have been
identified thus far (Frye, 2000; Imai et al., 2000). In addition to
histones, SIRT1 deacetylates numerous transcription factors and
cofactors that govern a wide range of different biological pro-
grams (Michan and Sinclair, 2007).

Several studies have shown that SIRT1 is a key regulator of
metabolism. SIRT1 contents increase in many tissues during con-

ditions of nutrient deprivation (Cohen et al., 2004). In fat cells
(adipocytes), reduced food intake triggers the release of free fatty
acid into the bloodstream to provide fuel supply to other tissues.
By negatively regulating peroxisome proliferator-activated
receptor-� (PPAR-�), a key adipogenic transcription factor
(Tontonoz et al., 1994), SIRT1 plays an important role in this
adaptive response to nutrient scarcity (Picard et al., 2004). Also,
by positively regulating PGC1-� (PPAR-� coactivator 1-�),
SIRT1 is thought to coordinate the increase in hepatic glucose
production and the switch from glucose to lipid oxidation in
skeletal muscle that occur during starvation (Rodgers et al., 2005;
Gerhart-Hines et al., 2007). Moreover, SIRT1 improves pancre-
atic �-cell function in part by inhibiting UCP2 (uncoupling pro-
tein 2), which is a negative player of glucose-induced insulin
secretion (Zhang et al., 2001; Moynihan et al., 2005). Collectively,
these findings support the view that SIRT1 links the status of
energy content with cellular function in many metabolically rel-
evant tissues.

Rapidly emerging evidences suggest that brain SIRT1 has di-
verse roles (e.g., controlling neurogenesis and neuroprotection).
For example, increased Sirt1 gene dosage seems to activate path-
ways aimed at reducing �-amyloid deposition (Qin et al., 2006).
This deposition is typical in Alzheimer’s disease (AD). Moreover,
pharmacological and genetic SIRT1 manipulations prevent neu-
rodegeneration in animal models of AD and amyotrophic lateral
sclerosis (D. Kim et al., 2007). SIRT1 is also a critical player in the
protective mechanisms against axonal degeneration (Araki et al.,
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2004). Furthermore, SIRT1 has been suggested to be part of the
molecular pathways determining the fate of neuronal progenitor
cells (Prozorovski et al., 2008).

Because of the established importance of peripheral SIRT1 in
metabolism, we hypothesized that SIRT1 may be expressed and
regulated by energy availability in brain sites governing energy
balance. To date, very little is known regarding the anatomical
distribution of this sirtuin throughout the neuraxis. To address
these issues, we have generated sensitive antisense RNA probes
for in situ hybridization histochemistry (ISHH) analyses. In ad-
dition, to unravel the biochemical phenotypes of SIRT1-
expressing neurons, single-cell reverse transcription (RT)-PCR
analyses were performed. Finally, we sought to determine the
brain sites in which SIRT1 expression/activity is regulated by
changes in energy availability and whether these regulations are
altered in a genetic model of obesity.

Materials and Methods
Animals. Fed ad libitum male mice were used for all experiments unless
otherwise specified. Mice were housed with food and water available ad
libitum in light- and temperature-controlled environments. Care of mice
was within the Institutional Animal Care and Use Committee (IACUC)
guidelines, and all the procedures were approved by the University of
Texas Southwestern Medical Center IACUC.

Generation of Sirt1 cRNA probe. Sirt1-specific cRNA probes were gen-
erated as follows. Mouse hypothalamic RNAs were extracted using Trizol
Reagent (Invitrogen). RT-PCR (One-Step RT-PCR Kit from Invitrogen)
was performed using these RNAs as templates, and the following deoxy-
oligonucleotides as primers: T3-SIRT1, 5�-AATTAACCCTCACTA-
AAGGGAGActataccccatgaagtgcctc-3�; T7-SIRT1, 5�-TAATACGA-
CTCACTATAGGGAGAgacaagacgtcatcttcagag-3�.

Primers were designed according to the mouse Sirt1 mRNA sequence
NM_019812 from the National Center for Biotechnology Information
database. Lowercase letters are nucleotides 1337–1357 (Sirt1 exon 8) in
T3-SIRT1 and nucleotides 1950 –1970 (Sirt1 exon 9) in T7-SIRT1. RT-
PCR DNA products were loaded on a 1.5% agarose gel and resolved by
electrophoresis. The predicted amplicon size was visualized. RT-PCR
DNA products were purified using the QIAquick PCR purification kit
(Qiagen), sequenced at the McDermott Center core DNA sequencing
facility, University of Texas Southwestern Medical Center confirming
that amplicons were mouse Sirt1 sequences. These RT-PCR DNA prod-
ucts were subsequently used as templates for generation of RNA probes.
Sense or antisense 35S-labeled RNA probes were generated by in vitro
transcription with either T3 or T7 RNA polymerase, respectively.

ISHH analysis. Eight- to twelve-week-old C57BL/6 mice were deeply
anesthetized with 7% chloral hydrate and perfused with 10% buffered
formalin. Brains were removed, equilibrated with 20% sucrose solution,
and cut at 25 �m into five equal series. ISHH for Sirt1 ( 35S) mRNA was
performed as described previously (Elias et al., 1999). Brain sections were
mounted onto SuperFrost Plus slides, air dried, and stored in desiccated
boxes at �20°C until used for experiments. Before hybridization, sec-
tions were fixed in 4% formaldehyde in diethylpyrocarbonate (DEPC)-
treated PBS, pH 7, for 20 min at 4°C. Then, sections were dehydrated in
increasing concentrations of ethanol, cleared in xylenes for 15 min, re-
hydrated in decreasing concentrations of ethanol, and placed in pre-
warmed sodium citrate buffer (95–100°C, pH 6). While in sodium citrate
buffer, slices were placed in a microwave oven for 10 min at 20 –70%
power. Afterward, slices were dehydrated as before and then air dried.
One of the five series was hybridized with T7-transcribed, antisense 35S-
labeled RNA probes (10 6 cpm/ml) in a hybridization solution containing
50% deionized formamide, 10 mM Tris-HCl, pH 7.5, 1% sheared salmon
sperm DNA, 2.5% total yeast RNA, 5 mg of tRNA, 0.1% SDS, 0.1%
sodium thiosulfate, 100 mM DTT, 10% dextran sulfate, 0.6 M NaCl, 0.5
mM EDTA, pH 8, and 1� Denhardt’s solution. Coverslips were applied to
sections, which were then incubated at 57°C for 12–16 h. Next, coverslips
were removed and sections washed in 2� SSC buffer and incubated in
0.002% RNase A with 0.5 M NaCl, 40 mM Tris-HCl, pH 8, and 0.1 mM

EDTA, pH 8 for 30 min followed by 30 min incubation in the same buffer
minus the RNase. Stringency washes were applied as follows: 2� SSC, 1
mM DTT at 50°C for 1 h; 0.2� SSC, 1 mM DTT at 55°C for 1 h; 0.2� SSC,
1 mM DTT at 60°C for 1 h. Afterward, sections were dehydrated, air dried,
and placed in x-ray film cassettes with BMR-2 film from Kodak for 1–3 d.
Films were developed and slices dipped in Kodak NTB autoradiographic
emulsion, dried, and stored in desiccated, foil-wrapped boxes at 4°C for
2–3 weeks. Finally, slices were developed with Kodak Dektol developer,
counterstained with thionin, dehydrated, cleared in xylenes, and cover-
slipped with Permaslip. Another series was hybridized with T3-
transcribed, sense 35S-labeled RNA probes as described above and used
as negative control. ISHH patterns were visualized first on autoradio-
graphic films and then by observing slides dipped in photographic emul-
sion. Reference brain series were stained with thionin for determining
nuclei boundaries. Pictures were taken using either a Zeiss Axioskop or a
Zeiss Stemi 2000-C dissecting microscope with a Zeiss digital camera.

Single-neuron RT-PCR. Transgenic mice expressing humanized Re-
nilla green fluorescent protein (hrGFP) only in pro-opiomelanocortin
(POMC) neurons were used (Parton et al., 2007). Mice were deeply
anesthetized and transcardially perfused with an artificial CSF (aCSF)
solution (in mM: 126 sucrose, 21.4 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 1.2
MgCl2, 2.4 CaCl2, and 11 D-glucose). Mice were then decapitated and the
entire brain removed. After removal, brains were immediately sub-
merged in ice-cold, carbogen-saturated (95% O2/5% CO2) aCSF (in mM:
2.5 NaCl, 126 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3,
and 11.1 glucose). A brain block containing the hypothalamus was made.
Coronal sections (200 –250 �m) were cut with a Leica VT1000S Vi-
bratome, and epifluorescence was used to target fluorescent cells using a
Zeiss Axioskop FS2 Plus. Individual cells were patched with a glass pi-
pette and harvested by applying a negative pressure. After reverse tran-
scription, the cDNAs for SIRT1, POMC, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were amplified by PCR using the
following primers (these pairs of primers are all designed across at least
one intron, allowing discrimination between genomic- and cDNA-
specific amplicons): SIRT1, 5�-GCAGATTAGTAAGCGGCTTGAGG-3�
and 5�-AGCACATTCGGGCCTCTCCGTA-3�; POMC, 5�-CAGACC-
TCCATAGATGTGTGGAGC-3� and 5�-CTCAGCAACGTTGGGGTA-
CAC-3�; GAPDH, 5�-CCCGTAGACAAAATGGTGAAGGTC-3� and
5�-GCCAAAGTTGTCATGGATGACC-3�.

Colocalization of �-endorphin and GFP. Pomc-GFP transgenic mice
were perfused with 10% formalin, and the brains were sectioned at 25
�m (1:5 series) on a freezing sliding microtome. Immunofluorescence
was performed using rabbit �-endorphin antisera followed by Cy3-
conjugated donkey anti-rabbit-IgG antibodies as previously described
(Parton et al., 2007).

Western blot analysis. Eight-week-old wild-type FVB/N and C57BL/6
mice and ob/ob C57BL/6 mice were fed ad libitum or fasted for 24 h.
Fasted mice were starved for 24 h by removing only food (water was
provided ad libitum) 2 h before the onset of the dark cycle the day before
they were killed. Fed and fasted mice were all killed 2 h before the onset of
the dark cycle, and brains were quickly removed. After hypothalamus was
dissected out, the remaining brain tissue was divided into two parts by a
coronal cut at the border between the midbrain and hypothalamus. The
rostral and caudal parts are referred to as forebrain (without hypothala-
mus) and hindbrain, respectively. All procedures were performed under
a stereomicroscope. Samples were then snap frozen in liquid nitrogen
and subsequently stored at �80°C. Proteins were extracted by homoge-
nizing samples in lysis buffer [20 mM Tris, 5 mM EDTA, 1% (v/v) NP-40,
and protease inhibitors (P2714-1BTL from Sigma)], then resolved by
SDS-PAGE, and finally transferred to a nitrocellulose membrane by elec-
troblotting. SIRT1 was detected using rabbit polyclonal antisera against
the N terminus (amino acids 1–131) of mouse SIRT1 (Millipore). Acety-
lated p53 was detected using rabbit polyclonal antisera against the lysine
379 of mouse p53 (Cell Signaling). �-Actin, used as loading control, was
detected with rabbit polyclonal antisera (Abcam).

Laser-capture microdissection. Eight- to twelve-week-old C57BL/6
mice were anesthetized, and brains were quickly removed and frozen on
dry ice on a bed of OCT on aluminum foil. Brains were stored �80°C
until ready to cryosection. Brains were sectioned at 7–25 �m in a cryostat
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at approximately �15°C onto cold silanized slides. Afterward, sections
were stored at �80°C. Then, sections were dehydrated and stained as
follows: 75% ethanol for 1 min, DEPC water for 30 s, drip thionin onto
slide for 30 s, DEPC water for 30 s, 75% ethanol for 1 min, 95% ethanol
for 1 min, 100% ethanol for 1 min, xylenes for 10 min, and then air dry
briefly until xylenes are evaporated. Single nuclei were captured as de-
scribed in the Arcturus manual (Molecular Devices). RNA extraction
buffer (50 �l; PicoPure RNA Isolation Kit; Molecular Devices) was added
to the collected tissues, which were then incubated at 42°C for 30 min.
Samples were stored at �80°C. RNA isolation was done according to the
PicoPure protocol.

Assessment of mRNA content. Eight- to twelve-week-old C57BL/6 mice
were fed ad libitum or fasted for 24 h. Fasted mice were starved for 24 h by
removing only food (water was provided ad libitum) 2 h before the onset
of the dark cycle the day before they were killed. Fed and fasted mice were
all killed 2 h before the onset of the dark cycle, and brains were quickly
removed. Hypothalamus, forebrain (without hypothalamus), and hind-
brain were dissected as described above. Samples were snap frozen in
liquid nitrogen and subsequently stored at �80°C. RNAs were extracted
using Trizol reagent (Invitrogen). Complementary DNA was generated
by Superscript II (Invitrogen) and used with SYBR Green PCR master
mix (Applied Biosystem) for quantitative real-time PCR (q-RTPCR)
analysis. Sirt1 mRNA contents were normalized to �-actin mRNA con-
tents. Sequences of deoxy-oligonucleotides primers used are outlined
here: Sirt1, 5�-TGCTGGCTTAATAGACTTGCA-3� and 5�-GCACCGT-
GGAATATGTAACGA-3�; �-actin, 5�-CATCGTGGGCCGCTCTA-3�
and 5�-CACCCACATAGGAGTCCTTCTG-3�. For nucleus-specific
q-RTPCR analyses, Sirt1 sense and antisense primers, MGB probe [5�-
FAM; Applied Biosystems; assay on demand (Mn00490758_m1)] were
used. Sirt1 mRNA levels were normalized to the housekeeping 18S ribo-
somal RNA. All assays were performed using an Applied Biosystems
Prism 7900HT sequence detection system.

Results
Distribution of Sirt1 mRNA in brain
ISHH analyses with antisense 35S-labeled RNA probes spanning
Sirt1 exons 8 and 9 sequences were performed to determine the
anatomical distribution of Sirt1 mRNA in the mouse brain. These
analyses revealed that in the forebrain Sirt1 mRNA is expressed at
moderate to high levels in the islands of Calleja (ICj) (Fig. 1A).
Also, we found that within the cerebral cortex, Sirt1 mRNA is
expressed in virtually all structures with the piriform cortex dis-
playing the highest levels of hybridization (Fig. 1A–F). Striatal
structures exhibited low to moderate hybridization with no re-
markable differences in expression levels between the nucleus
accumbens, caudate–putamen, globus pallidus, and substantia
innominata (Fig. 1A–F and data not shown). Low to moderate
Sirt1 mRNA expression was present throughout the septum, with
moderate to high levels of expression in the bed nucleus of the
stria terminalis (BST), bed nucleus of anterior commissure
(BAC), triangular septal nucleus (TS), and lateral septal nucleus
(LS) (Fig. 1B–D). In the hippocampal formation, all fields, CA1,
CA2, CA3, and the dentate gyrus exhibited intense hybridization
(Fig. 1F). In the epithalamus, high levels of expression were ob-
served in the medial habenular nucleus (MHb) (Fig. 1F). Within
the thalamus, moderate to high levels of hybridization were
present in the anterodorsal thalamic nucleus (AD) and the ante-
rior paraventricular thalamic nucleus (PVA), and low to moder-
ate Sirt1 mRNA expression was present in virtually all other sites
(Fig. 1D–F and data not shown).

In the hypothalamus, Sirt1 mRNA was preferentially abun-
dant in medial structures such as arcuate (ARH), ventromedial

Figure 1. A series of low-power photomicrographs summarizing the distribution of Sirt1 mRNA in the mouse brain. A–I, ISHH with antisense probes. J, ISHH with sense probes (negative control).
Pir, Piriform cortex; Hipp, hippocampus. Scale bar: (in J ) A–J, 1 mm.
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(VMH), dorsomedial (DMH), paraventricular (PVH), supraop-
tic (SO), and suprachiasmatic (Sch) nuclei (Figs. 1D–F, 2A,B,K).
Although at lower levels, Sirt1 mRNA was also expressed in lateral
hypothalamus (Fig. 1F). Throughout the rostral-to-caudal and
dorsal-to-ventral extent of midbrain, pons, and medulla oblon-
gata, Sirt1 mRNA was expressed broadly (Fig. 1G–I and data not
shown). However, the dorsal raphe nucleus (DR) in the midbrain
and the nucleus of the solitary tract (NTS) and the dorsal motor
nucleus of the vagus (DMV) in the caudal hindbrain were found
to display moderate levels of hybridization (Figs. 1G,I, 2C). Sirt1
mRNA was highly expressed in the cerebellum (Fig. 1H). We also
found that Sirt1 mRNA is moderately to highly expressed in sev-
eral circumventricular organs, such as the organum vasculosum
of the lamina terminalis (OVLT) (Fig. 1B), the subfornical organ
(SFO) (Fig. 1D), and the area postrema (AP) in the caudal hind-
brain (Figs. 1 J, 2C). We observed no specific hybridization when
sense 35S-labeled RNA probes were used as a negative control
(Fig. 1 J).

To independently test whether Sirt1 mRNA is expressed in the
aforementioned nuclei, we used laser-capture microdissection
techniques (Segal et al., 2005). This approach allowed us to ob-
tain enriched RNA from specific nuclei as represented by pho-
tomicrographs of brain slices before (Fig. 2G,H) and after (Fig.
2 I, J) hypothalamic nuclei were isolated. Nucleus-specific RNA
samples were then used for q-RTPCR assays for Sirt1 mRNA
contents. Liver was used as a positive control because Sirt1
mRNA has been previously reported to be expressed in this organ
(Rodgers et al., 2005). As shown in Figure 2K, nuclei scored

positive for Sirt1 mRNA expression by ISHH were also found to
express this messenger RNA when independently assayed by
q-RTPCR. Collectively, these findings reveal that Sirt1 mRNA is
broadly expressed throughout the mouse neuraxis and at higher
levels mainly in metabolically relevant sites such as nuclei in me-
dial hypothalamus and caudal hindbrain.

SIRT1 is expressed in POMC neurons
Because POMC neurons are localized in the ARH and the NTS in
the rodent brain (Bronstein et al., 1992; Elias et al., 1999), and
they have been shown to be important regulators of energy me-
tabolism (Yaswen et al., 1999; Balthasar et al., 2004; Parton et al.,
2007), we asked whether SIRT1 is expressed in these cells. The
generation of genetically engineered mice in which fluorescent
proteins are expressed in a cell-specific manner has greatly facil-
itated the ability to assess whether a gene is expressed in a given
cell of interest (Liu et al., 2003; Adamantidis et al., 2007). Thus,
mice expressing GFP only in POMC cells (Pomc-GFP mice) were
used to address this question. These mice were generated by clon-
ing the coding sequence of humanized Renilla GFP into a Pomc
bacterial artificial chromosome (Parton et al., 2007). Colocaliza-
tion studies validated Pomc-GFP mice, because the vast majority
of neurons containing �-endorphin (one of POMC products)
also expressed GFP (Fig. 3A). By single-cell RT-PCR analysis, we
found that 9 of 10 fluorescent cells express Pomc mRNA (Fig. 3B),
a finding that further corroborates the colocalization studies. Im-
portantly, Sirt1 mRNA was expressed in eight of nine ARH
POMC neurons (Fig. 3B). Also, in agreement with the wide dis-

Figure 2. Sirt1 mRNA in metabolically relevant nuclei of the mouse brain. A–C, Dark-field photomicrographs demonstrating the expression of Sirt1 mRNA (white dots) in PVH, DMH, ARH, VMH,
NTS, AP, and DMV. D–F, Nissl staining of reference sections appearing in A–C. G–J, Photomicrographs of thionin-stained brain slices before (G, H ) and after (I, J ) laser-capture microdissection. K,
Results of nucleus-specific q-RTPCR analysis of Sirt1 mRNA contents in samples pooled from four to six different animals. Liver was used as a positive control. PMV, Ventral premammillary
hypothalamic nucleus; RCN, retrochiasmatic hypothalamic nucleus; dmVMH, dorsomedial, ventromedial hypothalamic nucleus; vlVMH, ventrolateral, ventromedial hypothalamic nucleus; 3V, third
ventricle; cc, central canal. Scale bar: (in A) A–J, 100 �m.
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tribution of Sirt1 mRNA within the ARH (Fig. 2B), other POMC
neighboring cells were found to express this sirtuin (Fig. 3B).
These results suggest that ARH POMC neurons express SIRT1.

Fasting increases SIRT1 protein levels only in hypothalamus
within the brain
Reduced nutrient availability leads to increased SIRT1 protein
contents in the brain (Cohen et al., 2004). However, unknown are
the sites at which this regulation occurs. To gather more insights
in regards to the brain regions in which SIRT1 expression is reg-
ulated by energy availability, we compared Sirt1 mRNA levels and
SIRT1 protein contents and activity in the hypothalamus, the
forebrain (without the hypothalamus), and the hindbrain be-
tween the fed and fasted states in adult C57BL/6 mice. q-RTPCR
analysis revealed no differences at the mRNA level in all these
regions (data not shown). It is known that the expression of
specific hypothalamic genes is oppositely regulated by fasting.
For example, ARH Pomc and VMH Bdnf mRNA contents dimin-
ish, whereas ARH Agrp and Npy mRNA contents increase after
fasting (Sanacora et al., 1990; Chua et al., 1991; Kim et al., 1996;
Mizuno et al., 1998; Mizuno and Mobbs, 1999; Xu et al., 2003).
Thus, to test whether the lack of differences in Sirt1 mRNA levels
may have been the result of opposite fluctuations in the hetero-
geneous hypothalamic populations, nucleus-specific q-RTPCR
assays were performed. Our results showed that Sirt1 mRNA lev-
els in ARH and VMH are similar between the fed and fasted states

(data not shown). Together, these data
suggest that brain SIRT1 is not induced by
fasting at the mRNA level.

In contrast, Western blot analysis re-
vealed an increase in SIRT1 protein con-
tents specifically in the hypothalamus, but
not in the rest of the forebrain or in the
hindbrain after 24 h of food deprivation
(Fig. 4) (SIRT1/�-actin in hypothalamus,
mean � SEM: fed � 1.628 � 0.197;
fasted � 2.227 � 0.169; n � 5; p � 0.05).
Of note, this hypothalamic-specific,
fasting-induced SIRT1 regulation was also
observed in mice that are on a different
genetic background (i.e., FVB/N mice)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
Because SIRT1 biological effects are
mainly determined by its deacetylation ac-
tivity, we next asked whether fasting would
lead to an increase in SIRT1 activity. The
acetylation status of SIRT1’s target p53 is
considered a marker of SIRT1 activity in
vivo (E. J. Kim et al., 2007b; Kim et al.,
2008; Zhao et al., 2008). Therefore, we in-
vestigated SIRT1 activity by using the lev-
els of acetylated lysine 379 (K379) in p53 as
a readout. In accordance with an increase
in SIRT1 protein contents, SIRT1 activity
seemed also to be elevated in the fasted
hypothalamus. Indeed, the levels of acety-
lated K379 in p53 were reduced in this
brain site (Fig. 4) [p53(Ac-K379)/�-actin
in hypothalamus, mean � SEM: fed �
2.456 � 0.255; fasted � 1.514 � 0.180; n �
5; p � 0.05]. Surprisingly, this effect was
even more pronounced in the fasted hind-

brain (Fig. 4) [p53(Ac-K379)/�-actin in hindbrain, mean �
SEM: fed � 6.919 � 1.340; fasted � 2.738 � 0.440; n � 5; p �
0.05]. Of note, these fasting-induced changes in the levels of
acetylated K379 in p53 were brain-area specific, because no dif-
ferences were detected in the rest of the forebrain between the fed
and fasted states (Fig. 4). Collectively, these data suggest that
SIRT1 protein contents increase only in the hypothalamus in the
fasted brain and that fasting-induced regulation of SIRT1 activity
is brain-area specific.

SIRT1 regulation by fasting is aberrant in leptin-deficient,
obese mice
We found that SIRT1 protein contents are specifically increased
in the hypothalamus after fasting (Fig. 4; supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). It has
been shown that fasting-dependent regulations of several genes
known to govern body weight homeostasis are altered in obesity
(Sanacora et al., 1990; Korner et al., 2000). Thus, to gather in-
sights into whether SIRT1 may play a role in body energy ho-
meostasis, we tested whether fasting-induced regulation of SIRT1
is intact in the brains of obese mice. Mice lacking the adipostatic
hormone leptin (ob/ob mice) are hyperphagic and hypometabolic
and, as a consequence of both, develop obesity (Zhang et al.,
1994). Therefore, we assayed SIRT1 protein contents in the hy-
pothalamus, the forebrain (without the hypothalamus), and the
hindbrain of fed and fasted ob/ob mice. As observed in wild types,

Figure 3. POMC neurons express Sirt1 mRNA. A, Photomicrographs of brain slices from Pomc-GFP mice stained for
�-endorphin. Green represents GFP fluorescence, and red represents �-endorphin immunofluorescence (IF). Arrows indicate
neurons expressing both GFP and �-endorphin. B, Agarose-gel analysis of single-cell RT-PCR. Fluorescent (GFP) and POMC
neighboring, nonfluorescent (no-GFP) cells were harvested from Pomc-GFP hypothalami. PCR products corresponding to SIRT1,
POMC, and GAPDH were visualized. All pairs of primers were designed across at least one intron, allowing discrimination between
genomic- and cDNA-specific amplicons. Hypothalamic cDNA was used as positive control (�), whereas the same PCR mix without
template was used as negative control (�).

Figure 4. Nutritional regulation of SIRT1 protein and activity levels in the brain of C57BL/6 mice. SIRT1, acetylated lysine (K)
379 in p53 and �-actin (used as loading control) protein levels were assessed in the hypothalamus, the forebrain (without the
hypothalamus), and the hindbrain between the fed and fasted states by Western blot analysis. Western blot data represent the
results of 5–10 samples.
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fasting did not cause any change in the lev-
els of SIRT1 protein in the forebrain (with-
out the hypothalamus) of ob/ob mice (Fig.
5). In contrast to the nonobese mice, fast-
ing failed to increase SIRT1 protein levels
in the hypothalamus of ob/ob mice (Fig. 5).
Furthermore, fasting caused an abnormal
reduction in SIRT1 protein contents in the
hindbrain of ob/ob mice (Fig. 5) (SIRT1/�-
actin in hindbrain, mean � SEM: fed �
2.600 � 0.262; fasted � 1.382 � 0.172; n �
5; p � 0.005). The levels of acetylated K379
in p53 were also abnormally regulated in
the brain of fasted ob/ob mice. Indeed, the
levels of acetylated K379 in p53 were elevated (not reduced as in
wild types) in the fasted hindbrain (Fig. 5) [p53(Ac-K379)/�-
actin in hindbrain, mean � SEM: fed � 1.228 � 0.116; fasted �
2.815 � 0.266; n � 5; p � 0.005]. Also, these were unchanged
(not reduced as in wild types) in the fasted hypothalamus of ob/ob
mice (Fig. 5). Collectively, our results suggest that SIRT1 regula-
tion by reduced energy availability is altered in the brain of leptin-
deficient, obese mice.

Discussion
The yeast Sir2 is a NAD�-dependent histone deacetylase (Imai et
al., 2000). The enzymatic activity of the mammalian Sir2 ortholog
(SIRT1) is not limited to histones but includes also transcription
factors and cofactors that govern different biological programs
(Michan and Sinclair, 2007). By deacetylating these factors,
SIRT1 orchestrates critical metabolic adaptations to reduced en-
ergy availability in peripheral tissues (Picard et al., 2004; Rodgers
et al., 2005; Gerhart-Hines et al., 2007). To date, very little has
been reported regarding SIRT1 distribution and regulation by
energy availability within the CNS. Here, we performed ISHH
analyses and found that Sirt1 mRNA is widely expressed through-
out the mouse neuraxis. Importantly, Sirt1 mRNA was abun-
dantly expressed in metabolically relevant areas, such as, for ex-
ample, the ARH, VMH, DMH, and PVH and the AP and NTS in
the hindbrain. In addition to these sites, Sirt1 mRNA was also
abundant in the piriform cortex, hippocampus, medial habenu-
lar nucleus, and cerebellum. Moreover, we found that Sirt1
mRNA is expressed in neurons critical for normal energy and
glucose balance such as the POMC neurons. Finally, our studies
identified the hypothalamus as the CNS site in which SIRT1 is
induced after fasting and that this response is aberrant in leptin-
deficient, obese mice.

In our study, the anatomical distribution of SIRT1 in the brain
was determined by ISHH analyses. In other studies, commercially
available SIRT1 antisera were used for immunohistochemistry
(IHC) analyses. These showed expression of SIRT1 protein in
neurons (Qin et al., 2006; Michan and Sinclair, 2007). Thus, ICC
analysis may have been an ideal approach to determine the dis-
tribution of this sirtuin in the CNS. However, when we tested the
specificity of these antisera in ICC applications, we found indis-
tinguishable staining between Sirt1 knock-out and control wild-
type tissues (G. Ramadori and R. Coppari, unpublished observa-
tion). Thus, we focused our efforts on mRNA distribution studies
and developed antisense RNA probes specific for Sirt1 mRNA. As
shown in Figure 1 J, the specificity of our ISHH protocol is sug-
gested by the fact that no hybridization was observed in brain
sections that were used for ISHH with sense Sirt1 RNA probes.
Moreover, the reliability of our assay is further supported by the
fact that nuclei in which Sirt1 mRNA was readily detected by

ISHH analysis were also found positive for the expression of this
messenger RNA when independently tested by q-RTPCR (Fig.
2K).

In addition, we used acetylated K379 in p53 to measure SIRT1
activity in vivo. There are inherent difficulties with assessing the
activity of an enzyme in vivo, and especially in nonhomogeneous
tissues as the brain. Thus, these issues must be taken into account
while considering our results. Nevertheless, SIRT1 regulates p53
acetylation both, directly by deacetylating p53 and indirectly by
inhibiting p300, which is one of the enzymes that acetylates p53
(Luo et al., 2001; Vaziri et al., 2001; Langley et al., 2002; Bouras et
al., 2005). Also, p53 is hyperacetylated in the absence of SIRT1 in
vivo (Cheng et al., 2003). Therefore, SIRT1 activity has been pre-
viously assessed by using the acetylation status of p53 as a readout
(E. J. Kim et al., 2007; Kim et al., 2008; Zhao et al., 2008). How-
ever, without direct experiments on samples from mice lacking
SIRT1 in specific CNS sites, we cannot conclude that the changes
in p53 acetylation status we have observed are solely dependent
on the activity of SIRT1.

Our study is the first to reveal the anatomical distribution of
Sirt1 mRNA in the CNS. Given the wide range of biological pro-
grams in which SIRT1 is involved, these findings are relevant for
multiple reasons. For example, SIRT1 has been suggested to play
a role in neuroprotection (Qin et al., 2006; D. Kim et al., 2007).
However, relatively little is known about whether SIRT1 is ex-
pressed in neurons. As reviewed above, previous studies have
shown expression of this protein in neurons (Qin et al., 2006;
Michan and Sinclair, 2007), although we found immunoreactiv-
ity in Sirt1 knock-out samples when similar antisera were used.
Nonetheless, our single-cell RT-PCR analysis results demon-
strate that SIRT1 is expressed in neurons (Fig. 3B). It is worth
noting at this point that SIRT1 neuroprotective effects are
thought to be mediated in part by deacetylation and hence inhi-
bition of the tumor suppressor p53 (D. Kim et al., 2007). We
found that reduced energy availability leads to diminished levels
of acetylated K379 in p53 only in hypothalamus and hindbrain
within the brain, an effect that is altered in leptin-deficient, obese
mice (Figs. 4, 5). If fasting-induced changes in p53 acetylation
status are part of pathways required to cope with reduced energy
supply, then the hypothalamus and/or the hindbrain of obese
mice should be more susceptible to stress-induced neuronal
damages. Future research efforts will be necessary to investigate
these possibilities.

The present data may also have implications regarding the
possible role of SIRT1 in regulating longevity. It is known that
calorie restriction (CR), that is, a dietary regimen of at least 20%
fewer calories than an organism would normally consume, pro-
longs lifespan (Koubova and Guarente, 2003). In lower metazo-
ans, SIRT1 homologues are required for this effect (Lin et al.,

Figure 5. Nutritional regulation of SIRT1 protein and activity levels in the brain of obese, ob/ob C57BL/6 mice. SIRT1, acetylated
lysine (K) 379 in p53 and �-actin (used as loading control) protein levels were assessed in the hypothalamus, the forebrain
(without the hypothalamus), and the hindbrain of obese mice between the fed and fasted statuses by Western blot analysis.
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2000; Rogina and Helfand, 2004; Lamming et al., 2005). How-
ever, in mammals, the molecular players and cell types that me-
diate CR’s effects are still unknown. One potential site is the
brain, as suggested by the fact that only two neurons in the head
of C. elegans mediate CR-induced longevity, possibly by raising
body metabolism (Bishop and Guarente, 2007). SIRT1 is in-
creased in the brain of CR rodents (Cohen et al., 2004), but
whether these increases occur in all brain structures or are re-
stricted to specific sites has not been established yet. Although we
have not analyzed SIRT1 in brains of CR mice, our data in Figure
4 and supplemental Figure 1 (available at www.jneurosci.org as
supplemental material) suggest that reduced energy availability
triggers SIRT1 accumulation in hypothalamus. Because neurons
in this site are known to control body metabolism, we anticipate
that future work will be aimed at directly testing whether this
metabolic-sensor protein in these metabolic-sensor neurons
plays a key role in mediating CR-induced longevity in mammals.

Of note, Sirt1 mRNA is abundantly expressed not only in sites
known to govern body metabolism. For example, the piriform
cortex, also called “paleocortex” because a similar structure is
found in fish, amphibians, and reptiles, is enriched in Sirt1
mRNA. Thus, from an evolutionary point of view, it may not be
surprising that Sirt1, an ancient gene, is highly expressed in this
ancient brain cortical structure. Recently, SIRT1 has been shown
to be part of the molecular pathways determining the fate of
neuronal progenitor cells (NPCs) (Prozorovski et al., 2008). In
the adult brain, within the hippocampal formation, the dentate
gyrus subgranular zone is rich in NPCs. Sirt1 mRNA is also abun-
dantly expressed in this region, and further studies directed to test
whether this gene in this region plays a role in neurogenesis and
learning and memory processes are warranted. The fact that
SIRT1 is expressed in brain neurons is also important in respect
to its suggested protective roles against axonal degeneration
(Araki et al., 2004) and neurodegenerative diseases (D. Kim et al.,
2007). Because axonal degeneration precedes neuronal death in
neurodegenerative states such as Parkinson’s and Alzheimer’s
diseases, pharmacological activation of SIRT1 may represent a
novel and potentially more effective approach in the fight against
these pathological conditions.

As discussed above, SIRT1 is a metabolic-sensor protein that
links the status of energy availability with cellular function in
many tissues (Picard et al., 2004; Rodgers et al., 2005; Gerhart-
Hines et al., 2007). Thus, it is of note that this protein is regulated
by energy availability in hypothalamus that has been long recog-
nized as critical for normal energy balance (Fig. 4; supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
Importantly, SIRT1 is also expressed in POMC neurons in the
hypothalamus (Fig. 3B). Therefore, it is formally possible that
fasting-induced SIRT1 accumulation in hypothalamus includes
POMC neurons. If this is true, then SIRT1 in these neurons may
be part of CNS mechanisms that coordinate energy balance. At
the molecular level, SIRT1 could suppress Pomc gene expression
through deacetylation (hence activation) of its target FoxO1
(Kitamura et al., 2005). It is indeed known that activated FoxO1
squelches Pomc transcription (Kitamura et al., 2006). The fact
that fasting-induced regulation of hypothalamic SIRT1 is abol-
ished in leptin-deficient, obese mice (Fig. 5) further suggests that
SIRT1 may play a role in brain-mediated control of energy ho-
meostasis. Future studies on neuron-specific, Sirt1 gene knock-
out mice will be necessary to assess the physiological relevance of
SIRT1 in these neurons on body energy homeostasis.

In conclusion, our study provides the anatomical landscape of
SIRT1 distribution and regulations by reduced energy availability

within the CNS. Also, our data establish that these regulations are
lost in a genetic model of obesity, suggesting a novel potential role
for brain SIRT1 in regulating energy balance.
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