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Abstract

Dendritic arborization is required for proper neuronal connectivity. SIRT1, a NAD+ dependent histone deacetylase, has been
associated to ageing and longevity, which in neurons is linked to neuronal differentiation and neuroprotection. In the
present study, the role of SIRT1 in dendritic development was evaluated in cultured hippocampal neurons which were
transfected at 3 days in vitro with a construct coding for SIRT1 or for the dominant negative SIRT1H363Y, which lacks the
catalytic activity. Neurons overexpressing SIRT1 showed an increased dendritic arborization, while neurons overexpressing
SIRT1H363Y showed a reduction in dendritic arbor complexity. The effect of SIRT1 was mimicked by treatment with
resveratrol, a well known activator of SIRT1, which has no effect in neurons overexpressing SIRT1H363Y indicating that the
effect of resveratrol was specifically mediated by SIRT1. Moreover, hippocampal neurons overexpressing SIRT1 were
resistant to dendritic dystrophy induced by Ab aggregates, an effect that was dependent on the deacetylase activity of
SIRT1. Our findings indicate that SIRT1 plays a role in the development and maintenance of dendritic branching in
hippocampal neurons, and suggest that these effects are mediated by the ROCK signaling pathway.

Citation: Codocedo JF, Allard C, Godoy JA, Varela-Nallar L, Inestrosa NC (2012) SIRT1 Regulates Dendritic Development in Hippocampal Neurons. PLoS ONE 7(10):
e47073. doi:10.1371/journal.pone.0047073

Editor: Bernadette Allinquant, INSERM U894, France

Received September 25, 2011; Accepted September 12, 2012; Published October 4, 2012

Copyright: � 2012 Codocedo et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by Basal Center of Excellence in Aging and Regeneration (CONICYT-PFB12/2007) to NCI, Predoctoral fellowship from CONICYT
to CA and JFC, and Insertion of Postdoctoral Researchers in the Academy-CONICYT (Nu79090027) to LVN. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: ninestrosa@bio.puc.cl

. These authors contributed equally to this work.

Introduction

Neurons are highly polarized cells, most of which have a main

axon that relays information to other neurons and dendrites that

typically receive inputs from other neurons. Early neuronal

development consists of a stereotypic progression of events

beginning with neurite extension, differentiation of axon, dendritic

arborization and synaptic formation [1]. Dendritic arborization

correlates with the number and distribution of inputs that each

neuron can receive and process.

SIRT1 has been linked as a major player in caloric restriction

response and life span control, SIRT1 is localized mainly to the

nucleus and is functionally linked to insulin growth factor (IGF)

signaling pathway and activation of FOXO transcription factors,

NF-kb, p53, and induces the expression of their target genes

involved in stress protection, while inhibiting other target genes

involved in cell cycle arrest, senescence or apoptosis [2,3]. During

neuronal differentiation SIRT1 is involved in the redox potential

sensing, and this redox potential determines whether SIRT1 drives

cell towards neuronal or astroglial cell fates [4]. Under normal

conditions SIRT1 is important for neuronal differentiation, and its

nuclear activity is critical for its function [5].

The induction and activation of SIRT1 by caloric restriction in

the brain has been linked to the integrity of neurons. SIRT1 has

a neuroprotective role against Parkinson and Huntington diseases

as well as Alzheimer’s disease (AD) neuropathology [6,7]. It is

involved in the axonal protection against degeneration [8] and

protection in models of neuronal damage based on hyperpho-

sphorylation of the tau protein [7]. On the other hand, cell culture

experiments under acute neurotoxic stress showed a dramatic

reduction of SIRT1 similar to what has been observed in

senescence mice models [9]. The deacetylase activity of SIRT1

also promotes memory and normal cognitive function through

a mechanism distinct from the one described for the neuropro-

tective activity [10,11]. Finally, the SIRT1 activator resveratrol

(RES) which is a phytocompound found in red wine, was also

reported to have neuroprotective effects in vitro and in vivo against

oxidative stress and the amyloid-b peptide (Ab) toxicity [12].

We report here that SIRT1 regulates dendritic development

and increased dendritic arborization in hippocampal neurons.

SIRT1 overexpression was sufficient to change dendritic morpho-

genesis and enhance dendritic arborization at early stages of

development, while interfering with the catalytic deacetylase

activity of SIRT1 reduced the number of dendritic branches.

Furthermore, RES mimics the effect of SIRT1 on dendritic

arborization at early stages of development an effect that was not

observed in neurons overexpressing the dominant negative form of

SIRT1. Hippocampal neurons overexpressing SIRT1 are more

resistant against the cytotoxic damage induced by Ab peptide, and

avoid neuritic dystrophy. This effect depends on the deacetylase

activity of SIRT1, which has a role in the maintenance of dendritic

branching in a Rho kinase-dependent manner.
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A partial account of this work was presented at the Society for

Neuroscience Annual Meeting 2010 [13].

Materials and Methods

Reagents
Resveratrol and NAD+ were obtained from Sigma-Chemical,

St. Louis, MO; Hoescht from Invitrogen (Carlsbad, CA); Y-27632

(4-[(1R)-1-aminoethyl]-N-pyridin-4-yl-cyclohehaxe-1-carboxa-

mide), SP600125, TAT-TI-JIP were obtained from Calbiochem

(Darmstadt, Germany), rabbit anti-SIRT1 [14], b-catenin (Santa

Cruz Biotechnology Inc., Santa Cruz, CA), anti-acetyl histone H3

(Milipore Billerica, MA) antibodies, secondary antibodies labelled

with 488Alexa, 543Alexa or 633Alexa (Affinity Bio Reagents Inc.,

Golden, CO). Ab1240 peptides corresponding to the human

sequence (Bachem Inc., Torrance, CA, lot no. T-20964amd and

Genemed Synthesis Inc., South San Francisco, CA) were dissolved

in dimethyl sulphoxide (DMSO) at a concentration of 15 mg/ml

and immediately stored in aliquots at 220uC before assaying.

Ethics Statement
Sprague-Dawley rats used in these experiments were housed at

the Faculty of Biological Sciences of the P. Universidad Católica

de Chile and handled according to guidelines outlined and

approved by the Institutional Animal Care and Use Committee at

the Faculty of Biological Sciences of the P. Universidad Católica

de Chile. Animals were euthanized by anesthesia overdose.

Figure 1. Effect of modulators of SIRT1 in neuronal dendritic branching. Hippocampal neurons at 6 days in vitro (DIV) were treated for 24 h
with 10 mM resveratrol (Res), 1 mM NAD+ or 1 mM nicotinamide (NC). Neurons were fixed and MAP-2 immunostained for dendrite counting at 7 DIV.
(A) Representative images of MAP-2 immunostaining in control neurons (a), and neurons treated with Res (b), NAD+ (c), NC (d). Scale bar: 10 mm. (B,
C) Quantification of total dendritic branch tip number (TDBTN) (B), and covertures area of neurons (C) in all conditions normalized to control neurons.
(D) Sholl analysis control neurons (black circles), and neurons treated with RES (white circle), NAD+ (red triangle) or nicotinamide (blue triangle).
Resveratrol and NAD+ treatment significantly increased the number of intersection at 23–45 mm from the some compared to control neurons
(p,0.01 at 23–45 mm). Neurons treated with nicotinamide did not change the intersection number compared to control. Statistical analysis was
performed by Kruskal-Wallis/Dunn. n = 50 neurons. Error bars indicate S.E.M. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0047073.g001

Table 1. Effect of resveratrol, NAD+ or nicotinamide in the
number of primary and secondary dendrites.

Dendrites Control
Resveratrol
10mM NAD+1 mM

Nicotinamide
1 mM

Primary 11.460.9 15.060.8* 16.060.9* 8.460.7**

Secondary 4.860.7 7.360.7* 6.760.8* 3.160.7**

*p,0,01,
**p,0,05.
doi:10.1371/journal.pone.0047073.t001

SIRT1 in Dendritic Development
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Figure 2. SIRT1 deacetylase activity is present in Hippocampal neurons. Hippocampal neurons were transfected at 3 DIV with GFP, SIRT1/
GFP or SIRT1H363Y/GFP. Representative images are shown of the immunodetection of SIRT1 in control neurons transfected only with GFP (A’),
transfected with SIRT1/GFP (B’) or SIRT1H363Y/GFP (C’). SIRT1 deacetylase activity was detected with a specific antibody to detect acetylated histone
H3 in control neurons (A’’, white arrow), SIRT1 positive neurons (B’’, acetylated histone H3: white arrow and desacetylated histone H3 :white circle
with yellow arrow) and neurons transfected with SIRT1H363Y (C’’, acetylated histone H3: white arrow). GFP positive cells (A, B and C) and merged
images are also shown for the three experimental conditions (A’’’, B’’’ and C’’’). Scale bar, 10 mm.
doi:10.1371/journal.pone.0047073.g002
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Primary Cultures of Rat Hippocampal Neurons and
Transfection

Hippocampal neurons were obtained from 18-day-old Sprague-

Dawley rat embryos. Hippocampi were aseptically dissected and

trypsinized for 20 min. After centrifugations for 1 min, cells were

seeded in phenol red-free Dulbecco’s modified Eagle’s medium

plus 10% horse serum into 1% poly-L-lysine-coated plates. After

120 min, medium was removed, and Neurobasal medium was

added containing 1% B27 supplement from Invitrogen, plus

streptomycin and penicillin. On day 3 of culture, hippocampal

neurons were treated with 2 mM 1-b-D-arabinofuranosylcytosine

(AraC) for 24 h to reduce the number of proliferating non

neuronal cells [15]. Transfection was performed using the calcium

phosphate method for neurons as described previously [16] with

some modifications. Hippocampal neurons were transfected at 3

or 10 days in vitro (DIV 3, DIV10), and experiments were

performed at 6 or 14 DIV. Constructs used for the transfection

were: green fluorescent protein (GFP) from Clontech (Mountain

View, CA), the SIRT1 and SIRT1 H363Y which were a kind gift

from Dr. Tso-Pang Yao (Duke University, Durham, NC) and Dr.

Jeff Milbrandt (Washington University Medical School, St. Louis,

MO).

Ab Aggregation
The amyloid aggregates were obtained as previously described

[17,18]. Briefly, stock solutions were prepared by dissolving freeze-

dried aliquots of Ab in Me2SO. Peptide stock aliquots were diluted

in 0.1 M Tris-HCl (pH 7.4) to a final concentration of 100 mM

Ab. The solutions were stirred continuously (210 rpm) at room

temperature for 24 hrs to obtain fibrils or 1 h to obtain oligomers.

Cell Viability Assay (MTT Reduction)
MTT assays were performed as described previously [19,20].

Hippocampal neurons (26104 cells/100 ml/well) were assayed in

B27- and phenol red-free medium. Neurons were pre-incubated

for 2 h with 20 mM of resveratrol, 2 mM of NAD+ or medium

(control). Then, different concentrations of Ab aggregates was

added. Cells were incubated for 12 h at 37uC, after which cell

viability was measured by the MTT method. MTT reduction was

determined in a Lab Systems Uniskam I spectrophotometer at 540

and 650 nm.

Immunofluorescence
Hippocampal neurons were plated on polylysine-coated cover-

slips (30,000 neurons/cover). After 3 DIV neurons were

transfected and then fixed at DIV 6 for dendrite analysis. For

transfected neurons, transfection was carried out at 10 DIV and

fixation at 14 DIV for dendrite analysis or exposed to Ab fibrils.

Cells were rinsed twice in ice-cold PBS and fixed with a freshly

prepared solution of 4% paraformaldehyde in PBS for 20 min and

permeabilized for 5 min with 0.2% Triton X-100 in PBS. After

several rinses in ice-cold PBS, cells were incubated in 1% BSA in

PBS (blocking solution) for 30 min at room temperature, followed

by an overnight incubation at 4uC with primary antibodies. Cells

were extensively washed with PBS and then incubated with Alexa-

conjugated secondary antibodies (Molecular Probes, Carlsbad,

CA, USA) for 30 min at 37uC. Primary antibodies used were

monoclonal anti-MAP-2 (Santa Cruz Biotechnology Inc., Santa

Cruz, CA) and polyclonal anti-Tau (DAKO, Denmark). For

dendritic spines analyses, z-stacks were acquired with a 1006 oil

immersion Plan-Apochromat objective.

Sholl Analysis
Sholl analysis was performed with a semiautomated program, in

which the soma boundary is approximated by an ellipsoid and

dendrite intersections were assessed at radial distances from the

soma [21]. The dendritic tree was examined in 5 mm increments.

Statistical analysis was done with ANOVA followed by the

appropriate post hoc test.

Immunoblot Analysis
Neurons grown on 6-well culture plates were lysed in ice-cold

lysis buffer (10 mM Tris-HCl, pH 7.8, 100 mM NaCl, 10 mM

EDTA, 0.5% Nonidet P-40, and 0.5% sodium deoxycholate)

supplemented with protease and phosphatase inhibitors. Homo-

genates were maintained in ice for 30 min and then centrifuged at

10,000 rpm for 10 min (4uC). The supernatant was recovered and

protein concentration was determined by BCA protein assay kit

(Pierce, Rockford, IL, USA). Proteins were resolved in SDS-PAGE

(8% polyacrylamide), transferred to PVDF membrane and reacted

with primary antibodies. The reactions were followed by in-

cubation with secondary antibodies peroxidase labeled (Pierce)

and developed using the ECL technique (PerkinElmer, Waltham,

MA). Primary antibodies used were: mouse monoclonal anti-

MYPT1, 1:1000 (Becton Dickinson, NJ USA), rabbit polyclonal

anti-phospho MYPT1 Thr 853, 1:1000 (Cyclex, Nagano Japan)

and mouse monoclonal anti-a-tubulin 1:80.000 (Sigma, MO

USA).

Results

Resveratrol and NAD+ Increase Dendritic Branching
Complexity

In the embryonic rat brain, SIRT1 is expressed in the

ventricular and subventricular zones where SIRT1 has a role in

neuronal differentiation [5]. To address the potential role of

SIRT1 during differentiation of hippocampal neurons, dendrite

development was assessed in neurons treated with RES (a SIRT1

activator), NAD+ (a SIRT1 substrate) and Nicotinamide (an

inhibitor of SIRT1). Treatment was carried out at 3 days in vitro

(DIV), and neurons were analyzed at 6 DIV. Control untreated

neurons show a typical pyramidal morphology with several short

dendrites and in the presence of RES or NAD+, neurons showed

Table 2. Effect of SIRT1 in primary and secondary dendrite
number.

RES (mM) Primary Secondary

GFP 0 12.860.8 4.860.6

1 11.160.8 6.460.5

10 16.460.9* 7.160.7*

50 15.861.1* 9.860.6*

SIRT1 0 18.661.1* 9.160.8*

1 17.061.3* 9.360.5*

10 19.061.0* 13.460.7*

50 18.361.0* 16.761.1*

SIRT1H363Y 0 7.160.7* 2.460.6*

1 6.561.0* 2.760.8*

10 6.060.8* 2.960.5*

50 6.160.5* 3.060.5*

*p,0.01.
doi:10.1371/journal.pone.0047073.t002

SIRT1 in Dendritic Development

PLOS ONE | www.plosone.org 4 October 2012 | Volume 7 | Issue 10 | e47073



SIRT1 in Dendritic Development

PLOS ONE | www.plosone.org 5 October 2012 | Volume 7 | Issue 10 | e47073



longer dendrites with increased number of dendritic branches and

increased complexity (Figure 1A). Both treatments, RES and

NAD+, increased total dendritic branch tip number (TDBTN)

(Figure 1B) compared to control neurons, while Nicotinamide

significantly decreased TDBTN (control: 160.11; RES: 1.660.1;

NAD+: 1.460.1; Nicotinamide: 0.660.1). Treatment with RES

and NAD+ also increased primary and secondary dendrites

(Table 1) and consequently the coverage area of neurons

(Figure 1C), which was decreased by Nicotinamide treatment

(control: 100% 69.7; RES: 157.3% 68.6; NAD+: 164.4% 68.8;

Nicotinamide: 80.2% 67.0). Sholl analysis indicates that there is

an increase in dendritic arbor complexity after treatment with

RES and NAD+, while treatment with Nicotinamide induced no

changes in the branch order of dendrites (Figure 1D). RES and

NAD+ treatment significantly increases number of intersection at

23–45 mm from the soma compared with non treated neurons.

These results strongly suggest that SIRT1 may regulate dendritic

development.

SIRT1 Regulates Dendrite Growth in Hippocampal
Neurons

To further characterize the potential role of SIRT1 in dendrite

development, hippocampal neurons were co-tranfected at 3 DIV

with GFP and a vector coding for SIRT1 or its mutant version

SIRT1H363Y that lacks the catalytic activity acting as a dominant

negative of SIRT1 deacetylase [22,23]. As expected, neurons

overexpressing SIRT1 or SIRT1H363Y showed an increased

immunoreactivity against SIRT1 in their nuclei (Figure 2B’ and

2C’) as compared to control neurons transfected only with GFP

(Figure 2A’), since the polyclonal antibody anti-SIRT1 recognizes

both, the wild-type and mutant versions of SIRT1. However, only

neurons overexpressing wild-type SIRT1 show increased deace-

tylase activity as determined by decreased levels of acetylated

histone H3 (Figure 2B’’), one of the targets of deacetylase activity

of SIRT1 [24,25], as compared to control neurons (Figure 2A’’)

and neurons overexpressing SIRT1H363Y (Figure 2C’’).

Dendritic arborization was analyzed in transfected neurons at 6

DIV, in the presence or absence of increasing concentrations of

RES. Control neurons transfected only with GFP showed a typical

pyramidal morphology with long axons and several short dendrites

(Figure 3A). GFP positive neurons in the presence of RES, as well

as, neurons overexpressing SIRT1 show higher dendritic arbor

complexity (Figure 3A), with increased number of primary and

secondary dendrites (Table 2). On the contrary, neurons

transfected with SIRT1H363Y show a strong decrease in dendritic

arborization even in the presence of RES (Figure 3A, Table 2).

SIRT1 overexpression strongly increased TDBTN (Figure 3B),

while overexpression of the dominant negative form of SIRT1

significantly decreased TDBTN (GFP: 1.060.1; SIRT1/GFP:

1.860.2; SIRT1H363Y/GFP: 0.560.1). Treatment of control

GFP transfected neurons with RES increased TDBTN in a dose-

dependent manner (1 mM: 1.360.1; 10 mM: 1.560.1; 50 mM:

2.160.3), and there is a stronger effect of RES in SIRT1/GFP

transfected neurons (1 mM: 2.460.2; 10 mM: 3.260.3; 50 mM:

3.860.3). Interestingly, the effect of RES was completely

prevented in neurons transfected with SIRT1H363Y/GFP

(1 mM: 0.660.2; 10 mM: 0.660.1; 50 mM: 0.660.2), indicating

that RES increases dendritic arbor complexity via the deacetylase

activity of SIRT1 (Figure 3B). Accordingly, SIRT1 overexpression

and RES treatment increased dendritic coverage area, while

SIRT1H363Y overexpression prevented the effect of RES

(Figure 3C). Sholl analysis indicates that there is an increase in

dendritic arbor complexity in neurons overexpressing SIRT1 as

well as in neurons treated with 10 mM RES (Figure 3D). SIRT1

transfection significantly increases the number of intersection at

25–80 mm from the soma compared to control GFP transfected

neurons (p,0.01 at 25–80 mm), and an additive effect was

observed in neurons overexpressing SIRT1 and treated with

10 mM RES (Figure 3D), which show increased number of

intersections at 40–90 mm from the soma compared to control

neurons (p,0.001 at 40–90 mm). On the other hand, neurons

transfected with the SIRT1H363Y construct showed decreased

dendrite branching as determined by Sholl analysis and strongly

decreased the effect of RES (Figure 3E). These results indicate that

the deacetylase activity of SIRT1 is implicated in the development

of the dendritic arbor in hippocampal neurons.

The Effect of RES on Dendrite Morphogenesis Involves
ROCK Activity

To further elucidate the signaling pathway downstream of

SIRT1, we studied the contribution of the Jun-terminal kinase

(JNK), a downstream target of Rac [26,27]. We used SP600125

a specific JNK inhibitor as well as, a small peptide TAT-TI-JIP

that inhibits JNK and it is structurally unrelated to SP600125 [28].

Neurons treated with SP600125 or TAT-TI-JIP decreased

dendritic arbor complexity, but these inhibitors were not able to

prevent the effect of RES (Figure 4A). This is clearly shown in the

TDBTN quantification and the coverage area of neurons

(Figure 4B) and in the number of intersections (Figure 4C), which

were strongly induced by RES even in the presence of SP600125

and TAT-TI-JIP, suggesting that RES activates dendritogenesis by

a JNK-independent pathway.

Then, we tested the contribution of Rho GTPases in dendritic

development. We first assayed the contribution of RhoA by

inhibiting its downstream effector Rho-associated protein kinase

(ROCK), using the specific ROCK inhibitor Y227632 [29,30].

Neurons treated with Y227632 showed increased morphology

complexity (Figure 4A), with increased TDBTN and coverage area

(Figure 4B, TDBTN: control: 160.1; Y227632:1.660.2; Cover-

age area: control: 10069.7; Y227632:160.0611.2). Treatment

with Y227632 in the presence of RES did not further increase

TDBTN (Y227632+ RES: 1.660.2), or coverage area of neurons

Figure 3. SIRT1 deacetylase activity regulates dendritic arbor complexity in hippocampal neurons. Neurons at 3 DIV were transfected
with EGFP, SIRT1/EGFP or SIRT1H363Y/EGFP, then were treated at 4 DIV with Res (1, 10 or 50 mM), fixed at 6 DIV and immunostained against MAP-2
for dendrite analysis. (A) Representative images of control neurons transfected with EGFP (left column), SIRT1/EGFP (middle column) or SIRT1H363Y/
EGFP (right column) and treated with different concentration of Res. Scale bar, 10 mm. (B, C) Quantification of TDBTN (B), and coverage area (C) in the
presence or absence of different concentrations of Res (1, 10 or 50 mM). Ten fields were randomly selected photography. Values were normalized
against control neuron transfected with EGFP. (D) Sholl analysis of neurons tansfected with GFP (black circles), GFP + Res 10 mM (white circle), SIRT1/
GFP (red triangle) or SIRT1/GFP + Res 10mM (blue triangle). Both, Res treatment and SIRT1 transfection significantly increases the number of
intersection at 25–80 mm from the soma (p,0.01 at 25–80 mm) and a higher increase in the number of intersection at 40–90 mm from the some
(p,0.001 at 40–90 mm). (E) Sholl analysis of neurons transfected with the dominant negative of SIRT1. EGFP (black circles), SIRT1H363Y/EGFP (white
circle), SIRT1H363Y/EGFP + Res (red triangle). SIRT1H363Y/EGFP transfection significantly decreased the number of intersection at 28–45 mm from the
soma compared to control EGFP trasfected neurons (p,0,01 at 28–45 mm), and it prevented the effect of Res. Experiments were made triplicate and
p values were determined by Kruskal-Wallis/Dunn. Error bars indicate S.E.M. n = 50–60 neurons. *p,0.01; **p,0.001.
doi:10.1371/journal.pone.0047073.g003
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(Y227632+ RES: 180.069.8). The same occurs with the number

of intersections (Figure 4E), suggesting that RES modulates the

complexity of the dendritic arbor trough the inhibition of ROCK.

Treatment with RES was carried out in the presence of different

doses of Y227632 from 1 to 200 mM. A concentration-dependent

increase in TDBTN was observed by Y227632 treatment

(Figure 4E), however none of the concentrations of Y227632

was able to further increase the effect of RES supporting that the

same pathway is involved in the effect of Y227632 and RES, and

therefore that ROCK inhibition is involved in the effect of RES.

Finally, and to evaluate whether RES modulate ROCK activity,

we evaluated the phosphorylation state of myosin phosphatase

targeting protein 1 (MYPT1, also known as Myosin Binding

Subunit MBS) in its residue T853, an exclusive target of ROCK

[31]. Hippocampal neurons were treated for 24 h with 50 mM

RES in the presence or absence of 2 mM Fasudil. At this

concentration, Fasudil is a potent and selective inhibitor of ROCK

[30,32]. As shown in Figure 4F, treatment with RES and Fasudil

decreased the levels of phosphorylated MYPT1. The same effect

was observed by co-treatment with RES plus Fasudil. This result

strongly support that RES acts through inhibition of ROCK.

SIRT1 Deacetylase Activity Regulates the Maintenance of
the Dendritic Arbor

To examine if the regulatory effect of SIRT1 in dendritic

morphogenesis is restricted to early stages of development,

neurons were transfected with GFP, SIRT1/GFP or

SIRT1H363Y/GFP at 10 DIV and analyzed at 14 DIV

(Figure 5A). Overexpression of SIRT1 did not result in a significant

change in TDBTN (GFP: 160.1; SIRT1/GFP: 1.260.1),

dendritic coverage area (GFP: 10068.5%; SIRT1/GFP:

114.764.5%), or arbor complexity compared to control neurons

(Figure 5B and 5C). However, overexpression of the catalytically

inactive SIRT1H363Y decreased TDBTN (SIRT1H363Y/GFP:

0.8260.07) and coverage area of neurons (SIRT1H363Y/GFP:

82.666.6%), and significantly decrease the number of intersection

at 18–45 mm compared to control neurons (p,0.01 at 18–45 mm)

suggesting the deacetylase activity of SIRT1 also regulates the

maintenance of the denritic arbor (Figure 5A–C).

SIRT1 Activity Regulates the Density of Dendritic Spines
in Hippocampal Neurons

Dendritic spines play a major role in memory acquisition and

LTP [33]. Number, size and shape of dendritic spines are critical

parameters to determine neuronal function and provide the

structural basis for synaptic plasticity. To assess the potential role

of SIRT1 on dendritic spines morphogenesis, neurons were

transfected at 10 DIV with GFP, SIRT1/GFP or SIRT1H363Y/

GFP and analyzed at 21 DIV (Figure 6A). For this analysis,

dendritic spines were classified into 3 classes: (1) mushroom spines:

the diameter of the head is much higher than the diameter of the

neck; (2) stubby spines: the diameter of the neck is similar to that of

the head; (3) thin spines: the length is greater than the diameter,

and length is less than 3 mm [34]. Although no significant changes

were observed in the density of dendritic spines by SIRT1 or the

dominant negative SIRT1H363Y overexpression (Figure 6B,

spines per 10 mm length: GFP: 12.260.8; SIRT1/GFP:

13.760.6; SIRT1H363Y/GFP: 12.360.6), a strong increase in

the density of thin spines and a decrease in stubby and mushroom

spines were observed in neurons overexpressing SIRT1 (Figure 6C,

GFPstubby: 5.060.6; GFPthin: 3.560.6; GFPmushroom: 3.760.4;

SIRT1/GFPstubby: 3.160.6; SIRT1/GFPthin: 9.260.7; mush-

room: 1.360.24). Neurons overexpressing SIRT1H363Y showed

increased density of stubby and decreased number of mushroom

spines (SIRT1H363Y/GFPstubby: 6.560.6; SIRT1H363Y/

GFPthin: 3.160.6; SIRT1H363Y/GFPmushroom: 2.760.3). These

results suggest that the catalytic activity of SIRT1 modulates spine

architecture.

SIRT1 Protects Against Neuritic Dystrophy Induced by Ab
Aggregates

Considering our findings, we next evaluate whether SIRT1

could have a protective role against dendritic damage induced by

the Ab peptide. First, we evaluated the effect of the two activators

of SIRT1, RES and NAD+ in neurons treated with 5 and 10 mM

Ab oligomers. As determined by immunofluorescence against tau,

neurons treated with 10 mM Ab showed a strong dendritic

dystrophy (Figure 7A), which is partially prevented by 20 mM RES

and 2 mM NAD+. Apoptotic nuclei detected by Hoechst staining,

was also decreased by co-treatment with RES or NAD+

(Figure 7B). Cell viability was also assessed by MTT assay in

neurons treated with increasing doses of Ab aggregates (0–20 mM).

A dose-dependent decrease in cell viability was observed in Ab-

treated neurons, and neurotoxicity was partially prevented by co-

treatment with 20 mM RES and 2 mM NAD+ (Figure 7C). The

neuroprotection induced by RES and 2 mM NAD+ suggests that

the activation of SIRT1 could have a neuroprotective role against

Ab neurotoxicity.

To evaluate the neuroprotective properties of SIRT1, neurons

were transfected at 10 DIV with GFP, SIRT1/GFP or

SIRT1H363Y/GFP and treated with 5 mM Ab fibrills. GFP

transfected neurons show an altered dendritic morphology

(Figure 8A), and a decreased dendritic arbor complexity as

determined by a decrease in TDBTN (GFP: 160.1; GFP+Ab:

0.660.1), neuronal area (GFP 100% 67.5; GFP+Ab: 69.9%

66.4) and intersections of neurites (Figure 8B–D). All these

parameters were improved in SIRT1-transfected neurons but not

in neurons transfected with the dominant negative form

SIRT1H363Y (TDBTN = SIRT1/GFP+Ab: 1.160.4;

SIRT1H363Y/GFP+Ab: 0.660.2; Coverage area = SIRT1/

Figure 4. ROCK activity is involved in the regulatory effect of RES on dendrite development. Hippocampal neurons were treated at 3 DIV
with 5 mM TAT-TI-JIP, 1mM SP600125 or 100 mM Y-27632 in the presence or absence of 50 mM RES. Neurons were fixed at 6 DIV and immunostained
against MAP-2. (A) Representative images of MAP-2 immunostaining in all experimental conditions. Scale bar, 10 mm. (B) Quantification of TDBTN
and coverage area of neurons in all conditions shown in (A). Values were normalized against control neurons. (C) Sholl analysis of control neurons
(black circles), and neurons treated with TAT-TI-JIP (cian circle), TAT-TI-JIP + RES (red triangle), SP600125 (blue triangle), SP600125+RES (green square),
RES treatment reverts the JIP and SP600125 effect significantly increasing the number of intersection at 26–50 mm from the soma compared to non
treated neurons (p,0,01 at 26–50 mm). Error bars indicate S.E.M. n = 50–60 neurons. (D) Sholl analysis of control neurons (black circles), and neurons
treated with Y227632 (red circle), Y227632+ RES (blue triangle). Treatment with Y227632 in the presence or absence of RES significantly increases
the number of intersection at 24–70 mm from the some compared with non treated neurons (p,0,01 at 24–70 mm). (E) Quantification of TDBTN in
neurons treated with different doses of Y227632 in the presence or absence of Res. (F) Representative immunoblot against total Myosin
Phosphatase Target 1 (MYPT1) and MYPT 1 phosphorylated at T853 (pMYPT), a specific substrate of ROCK kinase. Densitometric values of pMYPT1
bands were normalized against total MYPT1, and then each condition expressed as relative to the control condition without treatment. Experiments
were carried out in triplicate. Students t-test, *p,0.01.
doi:10.1371/journal.pone.0047073.g004
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GFP+Ab: 104.6% 65.6; SIRT1H363Y/GFP+Ab: 58.9% 65.8).

Transfection with SIRT1 was also able to prevent the increase in

the number of neurons with apoptotic nuclei observed by

treatment with Ab (Figure 8E). Altogether, these results indicate

that the deacetylase activity of SIRT1 could help to maintain the

integrity of the dendritic tree in the presence of Ab.

Figure 5. SIRT1 regulates the maintenance of the dendritic tree. Hippocampal neurons at 10 DIV were transfected with GFP, SIRT1/EGFP or
SIRT1H363Y/EGFP. Neurons were fixed at 14 DIV and immunostained against Tau protein. (A) Representative images of Tau immunodetection in
trasfected GFP positive neurons. Scale bar, 10 mm. (B) Quantification of TDBTN and coverage area in transfected neurons. (C) Sholl analysis of neurons
tansfected with GFP (black circles), SIRT1/GFP (white circle), or SIRT1H363Y/GFP (black triangle). The number of intersections does not change in
neurons transfected with SIRT1 compared to control GFP neurons. SIRT1H363Y/GFP transfection significantly decrease the number of intersection at
18–45 mm compared to control neurons (p,0.01 at 18–45 mm). Error bars indicate S.E.M. Experiments were made in triplicate n = 50 neurons. p
values were determined by Kruskal-Wallis/Dunn. *p,0.05.
doi:10.1371/journal.pone.0047073.g005

SIRT1 in Dendritic Development

PLOS ONE | www.plosone.org 9 October 2012 | Volume 7 | Issue 10 | e47073



Discussion

In this study we describe an important link between SIRT1 and

dendritic growth regulation. In addition, we have demonstrated

that SIRT1 not only regulates dendritic branching in hippocampal

neurons, but it also maintains dendritic arbor in normal conditions

as well as under neurotoxic damage of Ab.

The rate of dendritic growth and arborization during normal

development is relatively stable from 3 to 12 DIV [35]. We

observed that SIRT1 overexpression induced an increase in

dendritic arborization in young neurons at 6 DIV, an effect that

was also observed for RES, a SIRT1 activator, and the SIRT1

substrate NAD+. These results strongly suggest a relevant role for

the enzyme in dendrite morphogenesis. Consistent with this idea,

the loss of deacetylase activity of SIRT1 or the treatment with

Nicotinamide, the inhibitor of SIRT1, affected normal dendritic

development. The increase of dendritic growth in mature neurons

results in dendritic filopodia that are more likely to encounter

near-by axons and form spines, which are also specialized actin-

based structures [36]. Indeed, we observed no changes in spine

density in neurons expressing SIRT1 or SIRT1H363Y. These

results are consistent with previous observations made in neurons

of adult SIRT1 knock-out mice, which had a severely reduced

dendritic tree compared with the wild-type strain, but had no

changes in the density of dendritic spines [11]. However, when

analyzing the different subtypes of spines, we observed a significant

change in the relative proportion of mushroom, stubby and thin

spines in SIRT1 or SIRT1H363Y, in contrast to observations in

the animal-SIRT1 KO. These differences could be due to

dendritic analysis methods. In the study by Michán and coworkers,

Golgi staining was used, which has number of drawbacks

compared to other methods of dendritic analysis. For example, it

underestimates spine density by a factor of 3 compared to

fluorescence methods [37]. It is assumed that a portion of spines is

not detected because the image is usually analyzed in 2D,

therefore the spines that protrude in the z plane, are poorly

detected [38]. Our results suggest that SIRT1 is relevant for spine

morphology, at least at the stage of development examined.

In knock-out mice it cannot be determined whether the

phenotype results from defects during development and/or in

the maintenance of the dendritic tree. To this end, we have

determined a positive effect of SIRT1 on dendritic development

and in mature neurons at 14 DIV, the deacetylase activity of

SIRT1 was shown to be required for the maintenance of the

dendritic arbor since the loss of the catalytic activity decreased the

complexity of the dendritic tree. On the other hand, SIRT1

overexpression in mature neurons had no effect on dendritic

arborization, which may imply a differential role for SIRT1 in the

development and maintenance of the dendritic arbor.

In an attempt to investigate downstream effectors that

ultimately control the dynamics of the cytoskeleton and underlies

the observed structural changes of dendrites, we studied the

potential role of the family of Rho GTPases, which includes the

proteins RhoA, Rac1 and Cdc42; these are key intracellular

switches that regulate dendritic growth and maintenance [39]. In

both, neuronal cell lines and primary neuronal cultures, activation

of RhoA inhibits dendritic growth, while Rac1/Cdc42 activation

promotes it. For this reason, it has been suggested that for the

normal development and formation of functional neuronal

circuits, it is required the activation of Rac1/Cdc42 simultaneous

Figure 6. The effect of SIRT1 expression on dendritic spine density. (A) Hippocampal Neurons were transfected at 10 DIV and analyzed at 21
DIV. Representative images of dendritic spines in neurons expressing GFP, SIRT1/GFP or SIRT1H363Y/GFP. (B) Dendritic spine density (per 10 mm) in
transfected neurons at 21 DIV. (C) Density of the different kinds of dendritic spines (per 10 mm) in transfected neurons. p values were determined by
Kruskal-Wallis/Dunn. Error bars indicate S.E.M. n = 40 neurons. *p,0.01; **p,0.001.
doi:10.1371/journal.pone.0047073.g006
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to the inhibition of RhoA [40]. As expected, pharmacological

inhibition of JNK, a downstream effector of Rac1, caused

a decrease in dendritic growth. Conversely, inhibition of ROCK,

a downstream effector of RhoA, produced a significant increase in

dendritic growth in cultured neurons. Regarding the effect of RES,

we determined that the increase in dendritic growth is in-

dependent of Rac1/JNK activation, as inhibitors of this pathway

did not prevent the effects of RES. On the other hand, our results

suggest that inhibition of RhoA/ROCK are part of the same

pathway of SIRT1 since the co-application of RES with the

inhibitor of RhoA/ROCK did not produce an additive effect on

dendritic growth.

In addition, we determined that RES inhibits ROCK activity in

neurons, as treatment with RES decreased the levels of MYPT1

phosphorylated at threonin 853 that is a specific phosporylation

target of ROCK. Morover, and in line with our previous results,

co-application of RES plus the specific pharmacological inhibitor

of ROCK fasudil did not produce a further inhibition of MYPT1

phosphorylation at threonin 853. Interestingly, MYPT1 phos-

phorylated by ROCK, inhibits the activity of Myosin Light Chain

(MLC) phosphatase and thereby indirectly increases MLC

phosphorylation and actomyosin contractility [40–42], which

may deacrease dendritic arborization. Therefore, the decrease in

MYPT1 phosphorylation at threonin 853 by RES could be part of

the mechanism involved in the effect of RES on dendritic

arborization. As a whole, our findings strongly suggest that

inhibition of the RhoA/ROCK pathway, is part of the mechanism

downstream the activation of SIRT1 by RES.

It has been proposed that SIRT1 activity may play an

important role in neuroprotection. SIRT1 and caloric restriction

show neuroprotective properties in mouse models for Alzheimer’s

[7,43] and Parkinson’s [44] diseases. SIR2 orthologs can also

protect against neuronal dysfunction due to poly-glutamine

toxicity in C. elegans and mammalian cells [45]. However, the

mechanisms by which SIRT1 confers neuroprotection, are poorly

understood. Previous studies in AD-type model transgenic mice,

Figure 7. NAD+ and RES protect neurons from toxicity produced by Ab aggregates. Hippocampal neurons at 21 DIV were treated with 5
and 10 mM Ab oligomers for 12 h in the presence or absence of 50 mM RES or 2 mM NAD+. (A) Representative images of control and treated neurons
inmunostained against Tau (red) and Hoeschst (blue). Scale bar 10 mM. (B) Percentage of apoptotic nuclei in neurons in the different experimental
conditions. (C) MTT assay of hippocampal neurons treated with different concentration of Ab fibrils with or without RES or NAD+ and *p,0.01.
doi:10.1371/journal.pone.0047073.g007
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show that SIRT1 has a role in preventing AD by promoting the

non-amyloidogenic pathway of APP processing, a process associ-

ated with decreased levels of ROCK1 [46]. In our experimental

model, overexpression of SIRT1, as well as their pharmacological

activation also increases dendrite integrity and cell viability on

hippocampal neurons exposed to Ab aggregates, which therefore

involves a mechanism independent of APP processing. NAD+ can

supply the possible deficiency of cellular level of NAD+ present in

neurons close to amyloid aggregate and activate SIRT1 pathway

[47]. On the other hand, RES can act like a SIRT1 activator and

regulates some transcription factors like PPARc that protects

against neurotoxicity of Ab aggregates by preventing an increase

of cytoplasmic calcium [48]. Another possibility involves forkhead

proteins FKHR (FOXO1) and FKHR-L1 (FOXO3a) that prevent

oxidative damage produced by Ab aggregates, by a pathway that

involves antioxidant proteins like Mn-superoxide dismutase and

catalase [49].

In summary, we have demonstrated that SIRT1 and its

deacetylase activity plays multiple roles in the development and

maintenance of neuronal morphology by affecting dendritic

branching and regulating dendritic spine morphogenesis. Potential

targets of the desacetylase activity of SIRT1 could include the

IGF-1 pathway. It has been reported that SIRT1 deacetylates in

vivo and in vitro IRS-1 (insulin receptor substrate-1), a cytoplas-

matic protein phosphorylated by the IGF-1 receptor [50,51]. The

interaction of IRS-1 with downstream effectors such as PI3K may

inhibit RhoA/ROCK [52,53]. Besides, it was shown in a mice

model of AD that concomitantly with the increase in SIRT1

activity by caloric restriction, there was a decrease in ROCK1

protein levels, which may be associated to the effect of SIRT1

deacetylase activity over transcription factors such as FOXO and

p53 [46]. Further studies will help to fully elucidate the

mechanisms by which SIRT1 and its desacetylase activity

influences neuronal morphogenesis and the formation of neural

circuits.

Acknowledgments

We thank to Dr. Tso-Pang Yao (Duke University, Durham, NC) and Dr.

Jeff Milbrandt (Washington University, St. Louis, MO) for the SIRT1 and

SIRT1 H363Y constructs which they kindly share with us.

Author Contributions

Conceived and designed the experiments: CA LVN JFC NCI. Performed

the experiments: CA JFC JG. Analyzed the data: CA LVN JFC NCI.

Contributed reagents/materials/analysis tools: NCI. Wrote the paper: CA

LVN JFC NCI.

References

1. Urbanska M, Blazejczyk M, Jaworski J (2008) Molecular basis of dendritic

arborization. Acta Neurobiol Exp 68: 264–288.

2. Vaquero A, Reinberg D (2009) Calorie restriction and the exercise of chromatin.

Genes & Dev 23: 1849–1869.

3. Vaquero A, Scher M, Lee D, Erdjument-Bromage H, Tempst P, et al. (2004)

Human SirT1 interacts with histone H1 and promotes formation of facultative

heterochromatin. Mol Cell 16: 93–105.

4. Prozorovski T, Schulze-Topphoff U, Glumm R, Baumgart J, Schröter F, et al.
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16. Köhrmann M, Haubensak W, Hemraj I, Kaether C, Lessmann VJ, et al. (1999)

Fast, convenient, and effective method to transiently transfect primary

hippocampal neurons. J Neurosci Res 58: 831–835.

17. Santos MJ, Quintanilla RA, Toro A, Grandy R, Dinamarca MC, et al. (2005)

Peroxisomal proliferation protects from beta-amyloid neurodegeneration. J Biol
Chem 280: 41057–41068.

18. Dinamarca MC, Sagal JP, Quintanilla RA, Godoy JA, Arrázola MS, et al.
(2010) Amyloid-beta-Acetylcholinesterase complexes potentiate neurodegenera-

tive changes induced by the Abeta peptide. Implications for the pathogenesis of
Alzheimer’s disease. Mol Neurodegener 5: 4.

19. Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival:

application to proliferation and cytotoxicity assays. J Immunol Methods 65: 55–
63.

20. Farı́as GG, Vallés AS, Colombres M, Godoy JA, Toledo EM, et al. (2007) Wnt-
7a induces presynaptic colocalization of alpha 7-nicotinic acetylcholine receptors

and adenomatous polyposis coli in hippocampal neurons. J Neurosci 27: 5313–
5325.

21. Charych EI, Akum BF, Goldberg JS, Jörnsten RJ, Rongo C, et al. (2006)
Activity-independent regulation of dendrite patterning by postsynaptic density

protein PSD-95. J Neurosci 26: 10164–10176.

22. Ghosh HS, Spencer JV, Ng B, McBurney MW, Robbins PD (2007) Sirt1
interacts with transducin-like enhancer of split-1 to inhibit nuclear factor

kappaB-mediated transcription. Biochem J 408: 105–111.

23. Pfister JA, Ma C, Morrison BE, D’Mello SR (2008) Opposing effects of sirtuins

on neuronal survival: SIRT1-mediated neuroprotection is independent of its
deacetylase activity. PloS One 3: e4090.

24. Yuan J, Pu M, Zhang Z, Lou Z (2009) Histone H3-K56 acetylation is important
for genomic stability in mammals. Cell cycle 8: 1747–1753.

25. Das C, Lucia MS, Hansen KC, Tyler JK (2009) CBP/p300-mediated

acetylation of histone H3 on lysine 56. Nature 459: 113–117.

Figure 8. SIRT1 preserves dendritic integrity in hippocampal neurons challenged with Ab fibrils. Hippocampal neurons at 10 DIV were
transfected with EGFP, SIRT1/EGFP or SIRT1H363Y/GFP and then treated at 14 DIV with 5 mM Ab for 12 h and then fixed and immunostained against
Tau to analyze dendrites. (A) Representative images of EGFP transfected neurons with or without treatment with Ab 5 mM, and neurons transfected
with SIRT1/GFP or SIRT1H363Y/GFP challenged with Ab. Scale bar, 10 mm. (B,C) Normalized TDBTN (B) and coverage area (C) of experimental
conditions shown in (A). (D) Sholl analysis of transfected neurons: GFP (black circles), GFP + Ab 5 mM (with circle), SIRT1/GFP + Ab 5 mM (red triangle),
SIRT1H363Y/GFP + Ab 5 mM (blue triangle). Treatment with Ab fibrils significantly decrease the number of intersection at 28–110 mm from the soma
compared with GFP transfected neurons (p,0,01 at 28–100 mm). (E) Percentage apoptotic nuclei under the different condition assayed. p values
were determined by Kruskal-Wallis/Dunn (*p,0.01). Error bars indicate S.E.M. n = 40 transfected neurons.
doi:10.1371/journal.pone.0047073.g008

SIRT1 in Dendritic Development

PLOS ONE | www.plosone.org 13 October 2012 | Volume 7 | Issue 10 | e47073



26. Weston CR, Davis RJ (2002) The JNK signal transduction pathway. Curr Opin

Genet Dev 12: 14–21.
27. Kita Y, Kimura KD, Kobayashi M, Ihara S, Kaibuchi K, et al. (1998)

Microinjection of activated phosphatidylinositol-3 kinase induces process

outgrowth in rat PC12 cells through the Rac-JNK signal transduction pathway.
J Cell Sci 111: 907–915.

28. Farı́as GG, Alfaro IE, Cerpa W, Grabowski CP, Godoy JA, et al. (2009) Wnt-
5a/JNK signaling promotes the clustering of PSD-95 in hippocampal neurons.

J Biol Chem 284: 15857–15866.

29. Ishizaki T, Uehata M, Tamechika I, Keel J, Nonomura K, et al. (2000)
Pharmacological properties of Y-27632, a specific inhibitor of rho-associated

kinases. Mol Pharmacol 57: 976–983.
30. Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism of

action of some commonly used protein kinase inhibitors. Biochem J 351: 95–
105.

31. Grassie ME, Moffat LD, Walsh MP, MacDonald JA (2011) The myosin

phosphatase targeting protein (MYPT) family: a regulated mechanism for
achieving substrate specificity of the catalytic subunit of protein phosphatase type

1d. Arch Biochem Biophys 510: 147–159.
32. Yamashita K, Kotani Y, Nakajima Y, Shimazawa M, Yoshimura S, et al. (2007)

Fasudil, a Rho kinase (ROCK) inhibitor, protects against ischemic neuronal

damage in vitro and in vivo by acting directly on neurons. Brain Res 1154: 215–
224.

33. Alvarez VA, Sabatini BL (2007) Anatomical and physiological plasticity of
dendritic spines. Annu Rev Neurosci 30: 79–97.

34. Harris KM, Jensen FE, Tsao B (1992) Three-dimensional structure of dendritic
spines and synapses in rat hippocampus (CA1) at postnatal day 15 and adult

ages: implications for the maturation of synaptic physiology and long-term

potentiation. J Neurosci 12: 2685–2705.
35. Yu X, Malenka RC (2004) Multiple functions for the cadherin/catenin complex

during neuronal development. Neuropharmacology 47: 779–786.
36. Rao A, Craig AM (2000) Signaling between the actin cytoskeleton and the

postsynaptic density of dendritic spines. Hippocampus 10: 527–541.

37. Wallace W, Bear MF (2004) A morphological correlate of synaptic scaling in
visual cortex. J Neurosci 24: 6928–6938.

38. Shen H, Sesack SR, Toda S, Kalivas PW (2008) Automated quantification of
dendritic spine density and spine head diameter in medium spiny neurons of the

nucleus accumbens. Brain Struct Funct 213: 149–157.
39. Redmond L, Ghosh A (2001) The role of Notch and Rho GTPase signaling in

the control of dendritic development. Curr Opin Neurobiol 11: 111–117.

40. Govek E-E, Newey SE, Van Aelst L (2005) The role of the Rho GTPases in

neuronal development. Genes & Dev 19: 1–49.

41. Kimura K, Ito M, Amano M, Chihara K, Fukata Y, et al. (1996) Regulation of

myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). Science

273: 245–248.

42. Kawano Y, Fukata Y, Oshiro N, Amano M, Nakamura T, et al. (1999)

Phosphorylation of myosin-binding subunit (MBS) of myosin phosphatase by

Rho-kinase in vivo. J Cell Biol 147: 1023–1038.

43. Patel NV, Gordon MN, Connor KE, Good RA, Engelman RW, et al. (2005)

Caloric restriction attenuates Abeta-deposition in Alzheimer transgenic models.

Neurobiol Aging 26: 995–1000.

44. Duan W, Mattson MP (1999) Dietary restriction and 2-deoxyglucose

administration improve behavioral outcome and reduce degeneration of

dopaminergic neurons in models of Parkinson’s disease. J Neurosci Res 57:

195–206.

45. Parker JA, Arango M, Abderrahmane S, Lambert E, Tourette C, et al. (2005)

Resveratrol rescues mutant polyglutamine cytotoxicity in nematode and

mammalian neurons. Nat Genet 37: 349–350.

46. Qin W, Yang T, Ho L, Zhao Z, Wang J, et al. (2006) Neuronal SIRT1

activation as a novel mechanism underlying the prevention of Alzheimer disease

amyloid neuropathology by calorie restriction. J Biol Chem 281: 21745–21754.
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