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Conservation of normal cognitive functions relies on the proper performance of the nervous system at the cellular and molecular level.
The mammalian nicotinamide-adenine dinucleotide-dependent deacetylase SIRT1 impacts different processes potentially involved in
the maintenance of brain integrity, such as chromatin remodeling, DNA repair, cell survival, and neurogenesis. Here we show that SIRT1
is expressed in neurons of the hippocampus, a key structure in learning and memory. Using a combination of behavioral and electro-
physiological paradigms, we analyzed the effects of SIRT1 deficiency and overexpression on mouse learning and memory as well as on
synaptic plasticity. We demonstrated that the absence of SIRT1 impaired cognitive abilities, including immediate memory, classical
conditioning, and spatial learning. In addition, we found that the cognitive deficits in SIRT1 knock-out (KO) mice were associated with
defects in synaptic plasticity without alterations in basal synaptic transmission or NMDA receptor function. Brains of SIRT1-KO mice
exhibited normal morphology and dendritic spine structure but displayed a decrease in dendritic branching, branch length, and com-
plexity of neuronal dendritic arbors. Also, a decrease in extracellular signal-regulated kinase 1/2 phosphorylation and altered expression
of hippocampal genes involved in synaptic function, lipid metabolism, and myelination were detected in SIRT1-KO mice. In contrast,
mice with high levels of SIRT1 expression in brain exhibited regular synaptic plasticity and memory. We conclude that SIRT1 is indis-
pensable for normal learning, memory, and synaptic plasticity in mice.

Introduction
Sir2, the yeast ortholog of mammalian SIRT1, was first identified
as a nicotinamide-adenine dinucleotide (NAD�)-dependent his-
tone deacetylase (HDAC) that extended replicative lifespan (Kae-
berlein et al., 1999). In mammals, SIRT1 orchestrates diverse
biological processes, including cell differentiation (Fulco et al.,

2008), apoptosis (Luo et al., 2001), autophagy (Lee et al., 2008),
development (Cheng et al., 2003), cancer (Kim et al., 2008), me-
tabolism (Picard et al., 2004; Li et al., 2007), and circadian
rhythms (Asher et al., 2008). SIRT1 modulates these functions by
deacetylating a variety of substrates, including histones, enzymes,
transcription factors, and critical components of signal transduc-
tion cascades (Michan and Sinclair, 2007).

Accumulating evidence suggests that SIRT1 plays critical roles
in several brain functions. SIRT1 protein levels decrease in the
cortex of SAMP8 (senescence-accelerated prone mice) over the
course of aging and in human Huntington’s disease compared
with the control strain SAMR1 (senescence-accelerated resistant
mice) or age-matched healthy humans (Pallàs et al., 2008), re-
spectively. SIRT1 also regulates neuronal differentiation (Hisa-
hara et al., 2008; Prozorovski et al., 2008), participates in
neuronal protection by ischemic preconditioning in hippocam-
pus (Raval et al., 2008), and prevents neurodegeneration in
mouse models of neuronal diseases, including amyotrophic lat-
eral sclerosis (Kim et al., 2007) and Alzheimer’s disease (Chen et
al., 2005; Qin et al., 2006). In neurons, SIRT1 prevents mitochon-
drial loss elicited by mutant �-synuclein or mutant huntingtin
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(Wareski et al., 2009) and modulates DNA damage response (Ha-
segawa and Yoshikawa, 2008). Furthermore, SIRT1 is regulated
by energy availability in hypothalamus (Ramadori et al., 2008),
and it is importantly involved in the regulation of the somato-
tropic axis (Cohen et al., 2009). Also, SIRT1 together with SIRT2
participates in the cocaine rewarding effect regulated by the nu-
cleus accumbens (Renthal et al., 2009). However, the role of
SIRT1 is not straightforward because SIRT1 inhibition protects
cultured cortical neurons against oxidative stress (Li et al., 2008).

Regulation of gene expression through histone acetylation
is an essential component of learning and memory (Fischer et
al., 2007). Long-term potentiation (LTP), an experimental
form of synaptic plasticity and a major cellular mechanism
underlying learning and memory, is enhanced by histone acet-
ylation (Levenson et al., 2004a). Notably, SIRT1 regulates
chromatin remodeling and histone acetylation (Vaquero et al.,
2004). Likewise, the activity of transcription factors such as
nuclear factor-�B (Meffert et al., 2003; Yeung et al., 2004; Ahn
et al., 2008) and myocyte enhancer factor 2 (Zhao et al., 2005;
Barbosa et al., 2008), as well as the insulin/IGF-1 and insulin
receptor substrate-2 (IRS-2)/extracellular signal-regulated ki-
nase 1 (ERK1) signaling pathways, which play important roles
in cognition, are also modulated by SIRT1 (Lemieux et al.,
2005; Li et al., 2008).

Although different studies suggest that SIRT1 is involved in
neuropathology, the role of this protein in normal cognitive
functions is not clear. In this study, we show that SIRT1 is ex-
pressed in neurons of the hippocampus, a critical structure for
learning and memory. We found that SIRT1 knock-out (KO)
mice exhibited a significant deficit in both short- and long-term
hippocampus-dependent memory. Interestingly, the cognitive
impairment was associated with decreased LTP in hippocampal
field CA1 without alterations in NMDA receptor function, basal
synaptic properties or dendritic spine architecture. However,
neurons from SIRT1-KO mice showed less dendritic branching
and decreased branch length and complexity of neuronal den-
dritic trees. Also, SIRT1 knock-out mice exhibited differential
hippocampal gene expression and decreased ERK1/2 phosphor-
ylation. In contrast, mice expressing high levels of SIRT1 in hip-
pocampus showed normal LTP and memory. Our data led us to
conclude that SIRT1 is essential for mouse normal cognitive
function but that its overexpression does not modify learning and
memory.

Materials and Methods
Animals. SIRT1-KO (McBurney et al., 2003) and NeSTO mice (Ober-
doerffer et al., 2008) were pathogen free housed in ventilated cages on a
12 h light/dark cycle at 22°C and 35% humidity with ad libitum access to
food and water. All testing was performed during the light phase of the
cycle.

Nissl staining, immunohistochemistry, and Western blotting. SIRT1
wild-type (WT) and KO brains were perfused with 4% formaldehyde,
postfixed for 2 h, and sucrose cryoprotected for 15 h. Coronal sections
(30 �m) were stained with cresyl violet for Nissl staining or antigen
retrieved for immunostaining. Mouse SIRT1 at 1:1000 (Millipore),
neuronal-specific nuclear protein (NeuN) at 1:500 (Millipore), or glial
fibrillary acidic protein (GFAP) at 1:500 (Sigma) antibodies were used as
primary antibodies, and Alexa Fluor-488 and Alexa Fluor-568 at 1:500
(Invitrogen) were used as secondary antibodies. Half brains from NeSTO
and Nestin–Cre mice were fixed for 24 – 48 h in 4% formaldehyde and
paraffin embedded, and 5-�m-thick coronal sections were cut. Slices
were deparaffinized, rehydrated, and microwave irradiated for antigen
retrieval. Sections were incubated with primary antibodies overnight at
4°C. Z-stacks were obtained with an Olympus confocal microscope using

Kalman filter and sequential scanning mode. For immunoblotting, pro-
teins from hippocampal lysates were separated by SDS-PAGE and elec-
trotransferred to a polyvinylidene difluoride membrane. An anti-mouse
SIRT1 polyclonal antibody (Millipore) was used for immunoblotting,
and results were quantified using the ImageQuant software.

Open field. A gray Plexiglas (49 cm length � 49 cm width � 40 cm
height) wood-stick bedded box was used as the open-field arena. Mice
were handled for 6 d, followed by 3 d of habituation to the open-field
arena (30 min the first day and 15 min the next 2 d). On the day of testing,
animals were placed in the center of the arena and left to explore it for 30
min while activity was automatically recorded with a video tracking sys-
tem (VideoMot2; TSE Systems).

Y-maze test. The Y maze was a three-arm maze, made of black
Plexiglas with equal angles between all arms. Two- to 5-month-old
mice were individually tested by placing them within one arm of the
maze and allowing them to move freely throughout the three different
arms of the maze over an 8 min period. The sequence and entries in
each arm were recorded, and alternation was determined from suc-
cessive consecutive entries to the three different arms on overlapping
triads in which all arms were represented. For example, a sequence of
entries to the three arms ABC, ACBABCABAB, would generate five
“successful” alternations, ACB, CBA, ABC, BCA, and CAB; the total
number of possible alternations corresponded to the number of arm
entries minus two (for this example, total number would equal eight).
The percentage of alternations per total entries was then calculated
(Hughes, 2004).

Novel object recognition test. Two pairs of identical objects were alter-
natively used for this experiment. One pair was placed in the wood-stick
bedded open-field arena described above. Habituated mice were placed
in the arena and left to interact with the pair of objects for 15 min. Mice
were placed back in their cages and left rest for 1.5 h. Afterward, one of
the familiar objects was replaced by a novel object, and animals were
allowed to explore the arena for 5 min. Object interaction was automat-
ically recorded with a video tracking system (VideoMot2; TSE Systems).
Discrimination index was calculated as the proportion of time the ani-
mals explored the novel object minus the proportion exploring the fa-
miliar object during the testing period.

Fear conditioning. Five- to 10-month-old mice were trained in the
conditioning chamber. After a 3 min baseline period, three tone–foot-
shock pairings (tone, 20 s, 80 dB, 2 kHz; footshock, 1 s, 0.8 mA) separated
by 1 min intervals were delivered. Contextual fear conditioning was as-
sessed 24 h after training by placing back the mouse in the same test
chamber for 5 min. Freezing to altered context was tested in a novel
chamber 48 h after training for 3 min. Afterward in this second chamber,
the training tone was delivered for 5 min to evaluate tone conditioning.
Freezing behavior, defined as the absence of all visible movement of the
body, except from movement necessitated by respiration, was scored and
expressed as percentage of the observation period.

Barnes maze. The maze consisted of a white platform (91 cm in
diameter, 91 cm height) with 20 holes (5 cm in diameter) located 2.5
cm from the perimeter (San Diego Instruments) (Barnes, 1979). A
black escape box (EB) was placed under one of the holes, and 19 false
target boxes were placed under all other holes. Two-month-old mice
were brought into the testing room 1 h before the experiment. Each
mouse was randomly assigned a unique position for the EB, and it was
always located underneath the same hole for a particular mouse. All
mice were trained once daily from day 0 to 7 and tested twice daily
from day 1 to 7. During training sessions, the mouse was placed in the
middle of the maze in a start chamber for 30 s and then allowed to
freely explore the maze until either entering the EB or after 2 min
elapsed. Once mouse entered the EB, it was left there for 30 s. If the
mouse did not enter the EB by itself, it was gently guided to and
allowed to stay in the EB for 30 s. After the training session, mice were
tested twice daily for 7 d. Testing was similar to training, but if after 2
min the mouse did not find the escape box, it was directly returned to
its home cage. Latency (the time taken to enter the EB), number of
errors (defined as nose pokes and head deflections over any false
target hole), deviation of the first error (how many holes away from
the EB was the first error), and strategy used by the mouse to locate
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the EB were recorded for each testing. Search strategies were classified
as random (localized hole searches separated by crossings through the
maze center), serial (systematic hole searches in a clockwise or coun-
terclockwise direction), or spatial (navigating directly to the EB with
both error and deviation scores of no more than 3). Success rate for
each test was either 100% (finding the EB within 2 min) or zero (not
finding the EB within 2 min). For mice that did not find the EB within
2 min, the latency was scored as 120 s (Bach et al., 1995). All measures
were averaged from two tests to obtain each mouse daily value. Re-
tention was assessed by testing each mouse once on day 14.

Vision test. Pupillary reflexes were examined
by shining a bright light into the eye. To test
visual perception, a black bar was inserted
quickly into the home cage, and mouse escape
behavior was examined. Also, we used the vi-
sual placing test in which the mouse was held
by its tail at a height of �15 cm from a table
surface. As the mouse was gradually lowered,
extension of its forepaws for a “soft landing” in
the horizontal surface was observed. We fur-
ther tested mice vision in a cue test in the water
maze. Habituated mice were allowed to swim
to complete four trials per day during 2 d with
a visible platform marked with a flag. Initial
position of the mouse and the platform were
changed in each trial, and latency was automat-
ically recorded with a video tracking system
(VideoMot2; TSE Systems).

Eye morphology. The eyes of SIRT1-KO and
WT mice were examined in live animals for
cataract and other abnormality. For retinal
sections, eyes isolated from SIRT1-KO and
WT control mice were fixed in 4% parafor-
maldehyde and frozen in OCT. Fourteen-
micrometer-thick sections were mounted on
slides, rinsed with PBS, and stained with hema-
toxylin and eosin by standard methods for gen-
eral morphology. For immunohistochemistry,
retinal sections were blocked in PBS with 0.1%
Triton X-100 and 5% bovine serum albumin.
Sections were incubated overnight with Griffo-
nia Bandeiraea simplicifolia isolectin B4 conju-
gated with Alexa Fluor-594 (catalog #I21413;
Invitrogen) and primary antibodies against
GFAP (1:500; catalog #ab7260; Abcam), fol-
lowed by anti-rabbit secondary antibodies
conjugated with Alexa Fluor-488 (1:200; cata-
log #A11034; Invitrogen) and counterstained
with 4�,6�-diamidino-2-phenylindole (DAPI)
(catalog #H-1200; Vector Laboratories). Im-
ages were taken with a fluorescence micro-
scope (Axio Observer Z1; Carl Zeiss).

Hippocampal slices preparation. Mice at 3– 4
months of age (SIRT1-KO and WT) or 9 –12
months of age (Nestin–Cre and NeSTO) were
anesthetized with halothane and decapitated.
Brains were quickly removed and transferred
to oxygenated, ice-cold, high-magnesium arti-
ficial CSF (ACSF) cutting medium (in mM: 124
NaCl, 26 NaHCO3, 10 glucose, 3 KCl, 1.25
KH2PO4, 5 MgSO4, and 3.4 CaCl2). Hip-
pocampal transversal slices (400-�m-thick)
were made using a McIlwain-type tissue chop-
per and maintained for 40 min in a recovery
chamber with oxygenated ACSF at room tem-
perature. Slices were then transferred to an in-
terface recording chamber and exposed to a
warm, humidified atmosphere of 95% O2/5%
CO2 with preheated (33 � 0.5°C) oxygenated
ACSF perfused at 1 ml/min.

Field recording. After a minimum of 1 h incubation in the recording
chamber, a single glass pipette filled with normal ACSF (yielding a resis-
tance of 3–5 M�) was used to record field EPSPs (fEPSPs) with twisted
nichrome wires (single bare wire diameter, 50 �m). Before each experi-
ment, the input/output (I/O) relations was examined, and the stimula-
tion intensity was adjusted to obtain 40 –50% of the maximum fEPSP
amplitude without spike component in the response. The adjusted stim-
uli (test pulses) were then delivered at 0.05 Hz, and responses were re-
corded. After establishing a 10 min stable baseline, LTP was induced by

Figure 1. Absence of SIRT1 in hippocampal neurons of knock-out mice does not impact normal gross brain anatomy. A,
Representative images of SIRT1-KO and WT Nissl-stained coronal brain sections. SIRT1-KO brains show normal gross neuroanat-
omy. B, Immunofluorescence of coronal brain sections from SIRT1-KO and WT mice. SIRT1 and NeuN are colocalized in WT
hippocampal neurons in different areas, including the dentate gyrus, CA1, and CA3. SIRT1-KO sections show absence of SIRT1 in
hippocampal neurons yet unaltered NeuN staining.
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using two different protocols (supplemental
Fig. 2 A, available at www.jneurosci.org as sup-
plemental material). Paired-pulse facilitation
(PPF) responses were examined on different
slices than those used for LTP. Five different
interpulse intervals were tested: 30, 50, 100,
200, and 300 ms. Data were collected and dig-
itized by NAC 2.0 Neurodata Acquisition Sys-
tem (Theta Burst Inc.). Each fEPSP was
analyzed for its initial falling slope. PPF of
fEPSP amplitude was obtained from the fol-
lowing calculation: PPF � [(second fEPSP �
first fEPSP)/first fEPSP] � 100%.

Dendritic analysis. Seven-month-old brains
were fixed in 10% Formalin, and coronal tissue
blocks were dissected out, which encompassed
the parietal cortex and the underlying hip-
pocampus. Tissue was stained using the rapid
Golgi method (Valverde, 1976). In this tech-
nique, the dendritic arbor and soma of �5% of
all neurons are randomly impregnated with a
silver chromate precipitate. The blocks were
dehydrated, and the tissue blocks were then
subsequently embedded in nitrocellulose and
sectioned at 120 �m thickness. Sections were
cleared in �-terpineol, rinsed in xylene, and
coverslipped under Permount. All brains were
re-coded, and the studies were performed
blind as to group or paradigm.

Analysis of dendritic spines was performed
on the apical tree of hippocampal CA1 pyrami-
dal neurons of stratum radiatum. Spines were
counted along segments at various distances
from the soma. In addition to spine density
(e.g., spines per segment length), spines were
also evaluated in terms of spine configuration
or morphology. From each brain, spines from
five CA1 neurons were evaluated. Only spines
from CA1 pyramidal neurons of hippocampus
that were well stained and whose branches
were not obscured by other CA1 dendrites,
blood vessels, or nondescript precipitates were
quantified. Spine density and morphology
were counted along three terminal tip seg-
ments from each neuron. All visible flanking
spines were counted along terminal tip seg-
ments of a variable length (usually 20 –30 �m
long). This exact segment distance was mea-
sured using a digitizing tablet, and spine den-
sity (spines per unit length) was calculated. The
distances of the analyzed segments from the
soma were also measured. Granule cells of both
upper and lower blades of hippocampal den-
tate gyrus were randomly selected for dendritic
branching analysis. Camera lucida drawings of the dendritic branches of the
selected neurons were prepared and examined using Sholl analysis. Statistical
significance was evaluated using different tests, including the unpaired Stu-
dent’s t test, Wilcoxon’s signed rank test, and Mann–Whitney test.

Microarray analysis. Hippocampi were carefully dissected, and total
RNA was isolated with Trizol reagent (Invitrogen). For Affymetrix ex-
pression analysis, total RNA was hybridized to the mouse genome 430 2.0
array. CEL files were analyzed for significance and fold changes between
experimental groups with the statistical software R using the Affymetrix
package (Gautier et al., 2004). The microarray data were processed using
the invariant-set normalization (Li and Hung Wong, 2001), followed by
the model-based (model-based expression index) summarization (Li
and Wong, 2001) to obtain expression for each probe set.

Statistical analysis. Y-maze and fear conditioning data were analyzed
by Student’s t test. For Barnes maze, rotarod, and open-field data,

ANOVA was used with post hoc analysis. For the water maze data, a
two-way or a two-way with repeated measures ANOVA followed by a
Fisher’s protected least significant difference test were used. For electro-
physiological data, each slice was considered as an individual n. Statistical
significance was assessed by either two-way ANOVA or two-tailed un-
paired Student’s t test. An � level of 0.05 was used as the criterion for
significance for all analyses.

Results
SIRT1 localizes in neurons important for cognition
To investigate the role of SIRT1 in learning and memory, we first
examined brain histology in WT and SIRT1-KO mice (McBurney
et al., 2003). No discernable gross neuroanatomical differences
were observed by Nissl staining (Fig. 1A) or immunohistochem-
istry with the neuronal marker NeuN (Fig. 1B). To determine

Figure 2. The lack of SIRT1 does not affect exploratory behavior but leads to deficits in immediate memory. A, B,
SIRT1-KO mice showed normal exploratory behavior in the open field compared with WT as revealed by distance traveled
(A) and time spent in the center of the arena (B) (n � 4 per genotype; WT, 3.6 � 1. 05%; KO, 3.4 � 1.5%). C, Novel object
recognition test shows normal discriminatory ability to a novel object in SIRT1-KO mice (n � 4 per genotype; training WT,
7 � 5; training KO, 12 � 6; test WT, 30 � 12; KO test, 40 � 13; p 	 0.5). D, Decreased spontaneous alternation in the Y
maze compared with WT mice (n � 16 per genotype; WT 58 � 4 vs KO 48 � 2%; *p 
 0.05). Data represent means �
SEM. E, Cross sections of retinas from SIRT1-KO and WT mice show normal morphology of all retinal layers (ONL, outer
nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer) by hematoxylin and eosin staining as well as by isolectin
(red), GFAP (green), and DAPI (blue) staining (F ). Scale bars, 100 �M.
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whether endogenous SIRT1 was expressed in brain areas impor-
tant for cognitive functions, we studied its distribution in brain
sections using a mouse-specific anti-SIRT1 antibody. In WT
mice, SIRT1 was colocalized with NeuN and DAPI staining but
not with the glial marker GFAP throughout the hippocampus,
including the granule neurons in dentate gyrus and the pyramidal
neurons in CA3 and CA1 areas (Fig. 1B) (supplemental Fig. S4,
available at www.jneurosci.org as supplemental material). The
absence of fluorescence in hippocampal neurons of SIRT1-KO
mice confirmed that the antibody specifically recognizes SIRT1.
Nonspecific labeling was detected in the mossy fibers, as observed
previously with other antibodies. Our data indicate that SIRT1 is
highly expressed in brain areas that play crucial roles in memory
formation and normal cognitive performance and that gross neu-
roanatomy is not impacted by the lack of SIRT1.

SIRT1 knock-out mice show defects in immediate memory
First, we tested SIRT1-KO mice in the open field to examine
locomotor activity and exploratory behavior. During 30 min of
exploration, SIRT1-KO mice traveled similar distance as WT
mice (Fig. 2A) and spent equal time in the center of the arena,
showing no differences in exploratory behavior (Fig. 2B). To
assess the effect of SIRT1 in cognition, we tested short-term
memory of SIRT1-KO mice in the Y maze. Animals were allowed
to move freely in the maze, and spontaneous alternation (SA)
behavior was determined by examining the sequence of visits to
all three arms on consecutive choices. A high rate of alternation
reflects a higher capacity to discern which arm was entered last. In
this paradigm, SIRT1-KO mice exhibited a moderate but signif-
icantly lower SA than WT mice (Fig. 2D) despite higher total
entries (supplemental Fig. S1A, available at www.jneurosci.org as
supplemental material). Gender analysis also revealed a signifi-
cant SA decrease in KO males (supplemental Fig. S1B, available at
www.jneurosci.org as supplemental material), whereas the num-
ber of entries was similar to that of WT mice (supplemental Fig.
S1C, available at www.jneurosci.org as supplemental material).
However, no differences were detected between female geno-
types, although KO females were more active than WT females
(supplemental Fig. S1B,C, available at www.jneurosci.org as sup-
plemental material). Also, both strains had similar object explor-
atory behavior during training in the novel object recognition test
(NORT) (Ennaceur et al., 1997) and equivalent discriminatory
capacity when a novel object was replaced by a familiar object,
showing that conservation of short-term object recognition
memory in SIRT1-KO female mice was not affected (Fig. 2C).

In addition, we analyzed pupillary reflex and visual perception
(see Material and Methods) and found no differences between
genotypes (data not shown). Furthermore, a detailed examina-
tion showed that isolated eyes from both groups had comparable
size, the lenses were clear with no visible signs of opacity or struc-
tural alteration, and retinal cross sections also revealed normal
morphology of neurons and blood vessels with comparable retina
thickness (Fig. 2E). Similarly, GFAP staining in retinas of
SIRT1-KO and WT mice indicated absence of retinal injury or
stress in the eyes of both groups of mice (Fig. 2F). Together, these
data demonstrate that SIRT1-KO mice have an intact eye struc-
ture and visual perception.

Lack of SIRT1 impairs short-term and long-term
associative memory
We next used the classical Pavlovian paradigm of fear condition-
ing to assess associative memory. In this task, mice learn to asso-
ciate an emotionally neutral conditioned stimulus such as an

environmental static cue (context) or auditory cue (tone) with an
aversive unconditioned stimulus, usually an electrical footshock.
After training, mice exposed to the same cues without the uncon-
ditioned stimulus elicit a natural defensive fear-induced freezing
response, reflecting associative memory strength. During train-
ing, SIRT1-KO mice exhibited slightly higher activity levels than
WT animals but showed similar exploratory movements, behav-
ior, and footshock responses, including jumping, rushing, and
freezing (Fig. 3A). Short-term and long-term contextual associa-
tive memories were examined in the same training box without
delivering the unconditioned stimulus 1.5 and 24 h after training,
respectively. In both cases, SIRT1-KO mice showed significantly
lower freezing behavior compared with WT mice (Fig. 3B,C). To
assess the ability of WT mice to discriminate the testing context,
animals were transferred to a different box with a novel environ-
ment and static cues. Here, no difference between strains was
observed in freezing responses (Fig. 3D). Furthermore, WT mice
showed the expected decrease in freezing behavior in response to
a new context compared with that observed in the training box.
In contrast, SIRT1-KO mice displayed similar freezing in the two
contexts, confirming their impairment in associating the uncon-
ditioned stimulus with the training context (Fig. 3, compare C, D
for each genotype). Next, we explored the ability of mice to
associate an auditory cue to the unconditioned stimulus. In
the altered context box, the same tone that preceded the electric

Figure 3. SIRT-KO mice are markedly impaired in associative memory. A, SIRT1-KO mice
show slightly higher activity (n � 4 per genotype; WT, 5.5 � 0.6 cm/s; KO, 8 � 1.2 cm/s;
*p 
 0.05) yet similar responses to electric shock than WT mice during training. B, C,
Conditioning to context short term (B) (n � 4 per genotype; WT, 49 � 7%; KO, 14 � 9%;
*p 
 0.05) and long term (C) (WT, n � 13, 48 � 6%; KO, n � 10, 4 � 1.5%; **p 

0.001). D, Freezing to altered context did not reveal differences between genotypes (WT,
n � 13; KO, n � 10). In contrast to SIRT1-KO, wild-type mice show significantly decreased
fear responses in the altered context compared with that in the training context (6 � 3 vs
48 � 6%, respectively; p 
 0.001). E, In conditioning to tone, SIRT1-KO mice (n � 10;
14 � 4%) also displayed decreased performance compared with WT mice (n � 13; 31 �
6%; *p 
 0.05). Data represent means � SEM.
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shock in the training phase was delivered
and freezing behavior was monitored.
SIRT1-KO mice exhibited a significantly
lower freezing to tone compared with WT
mice (Fig. 2E). Accordingly, gender anal-
ysis showed that both male and female an-
imals lacking SIRT1 performed poorly in
context-dependent tasks (supplemental
Fig. S1D, available at www.jneurosci.org
as supplemental material) and in fear con-
ditioning to tone (supplemental Fig. S1E,
available at www.jneurosci.org as supple-
mental material).

SIRT1 is necessary for normal
spatial learning
We next explored spatial learning in
SIRT1-KO mice using the Barnes maze. In
this paradigm, mice were trained to locate
the unique hole that leads to a black shel-
ter box among 20 holes located around
the perimeter of an open circular dry-land
platform. To find the escape hole, mice
must learn, memorize, and use the rela-
tionships among the visual cues in the
room. Although both strains steadily im-
proved in the ability to locate the target
hole over the acquisition phase, SIRT1-KO
mice exhibited a significantly lower per-
centage of success than WT mice (Fig.
4A). Accordingly, latency to locate the es-
cape box decreased markedly faster in WT
than in KO mice (Fig. 4B). This was ac-
companied by a reduced error rate in WT
mice, which reached statistical signifi-
cance at the end of the testing phase (Fig.
4C). When we analyzed the deviation be-
tween the first error and the target hole,
we found that WT mice decreased devia-
tion after day 4, whereas SIRT1-KO mice
did not improve (Fig. 4D). Consistent
with this, search strategy analysis indi-
cated that SIRT1-KO mice used inferior
strategies compared with WT mice. Al-
though both strains initially used a random search (42% for WT
vs 60% for KO), differences emerged over the course of the ac-
quisition phase. WT mice rapidly abandoned the random strat-
egy and steadily shifted to an equal use of spatial and serial
strategies, and, by the end, spatial strategy represented 83% of
their search pattern (Fig. 4E). In contrast, although SIRT1-KO
animals decreased the use of the random strategy by half over the
course of 6 d (from 60 to 30%), they only displayed a very limited
use of direct search (20%) and eventually showed preference for
the serial strategy (50%) (Fig. 4F). In addition, we found that, 7 d
after the last training session, each genotype maintained its ability
to solve the maze at a level similar to that on the last day of the
acquisition phase (Fig. 4A–F, day 7 vs day 14), suggesting that
memory retention is not affected in SIRT1-KO mice.

SIRT1 knock-out mice exhibit impaired
long-term potentiation
The impairment in immediate, associative, and spatial memories
but without visible neuroanatomical alterations in mice lacking

SIRT1 led us to further investigate whether these learning deficits
were correlated with defects in electrophysiological events under-
lying cognition such as LTP. To address this question, we first
measured I/O responses produced by stimulation at different
intensities of the Schaffer collateral pathway in hippocampus. As
shown in Figure 5A, there was no significant difference in input/
output curves between genotypes. Also, normal PPF was re-
corded in slices from SIRT1-KO mice (Fig. 5B), indicating that
lack of SIRT1 does not cause a deleterious effect on basal synaptic
transmission or presynaptic events at Schaffer collateral CA1
synapses.

We next assessed changes in long-lasting forms of synaptic
plasticity by using two LTP protocols (Fig. 6A,B). Average fEPSP
slopes measured 30 – 40 min after 5 � 3 theta burst stimulation
(TBS) were not different between strains. However, hippocampal
slices from SIRT1-KO mice exhibited significantly diminished
LTP elicited by 10 � 10 TBS compared with WT (Fig. 5C,E),
although short-term potentiation (STP) was normal (Fig. 5C,D).
Because currents through NMDA receptor channels significantly

Figure 4. SIRT1-KO mice show spatial learning and memory impairment. A, Success of SIRT1-KO mice (n � 5; open circles) to
find the escape box in the Barnes maze was lower than for WT mice (n � 6; *p 
 0.001; filled circles). B, Latency to find the escape
box significantly decreased in WT mice compared with SIRT1-KO (*p 
 0.001). C, D, Number of total errors (C) and
deviations from the first error (D) (*p 
 0.001) were both higher in SIRT1-KO mice than WT mice. E, F, Search strategy of
WT (E) and SIRT1-KO (F ) mice (serial strategy, yellow; spatial strategy, green; random strategy, red). Data represent
means � SEM. Statistical significance values correspond to the differences between curves analyzed all over the acquisi-
tion phase. *p 
 0.05, days with statistical significance.
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participate in the overall burst responses, we determined whether
NMDA receptor function was altered in SIRT1-KO hippocam-
pus. Analysis of synaptic responses during theta bursts did not
reveal significant differences between slices from SIRT1-KO and
WT mice, suggesting that LTP deficits in SIRT1-KO mice were
not attributable to alterations in NMDA receptor function (Fig.
6C,D). Together, these results indicate that the lack of SIRT1 in
hippocampal neurons does not modify the basic features of syn-
aptic transmission but results in a substantial deficit in LTP at
CA3–CA1 synapses.

Conserved dendritic spine structure but altered dendritic
architecture in neurons of SIRT1-KO mice
CA1 pyramidal cells and their dendritic spines play a major role
in the trisynaptic circuit, thus importantly impacting memory
acquisition and LTP. Number, size, and shape of dendritic spines
are critical parameters for determining neuronal function and
provide the structural bases of synaptic plasticity. Therefore, we

performed a morphometric analysis of
dendritic spines in CA1 pyramidal neu-
rons stained by Golgi staining. Spine den-
sity on CA1 apical trees in stratum
radiatum was similar in WT and
SIRT1-KO mice when analyzed per seg-
ment, neuron, or brain. Different subtypes
of spines, including filopodia, dimple,
nubby, mushroom, and lollipop, were
found in similar numbers in both pheno-
types (supplemental Table S1, available at
www.jneurosci.org as supplemental ma-
terial). In contrast, we found significant
differences in dendritic arborization of
granule cells in the dentate gyrus between
WT and SIRT1-KO mice, whereas spine
density or soma size were conserved (data
not shown). As revealed by the Sholl anal-
ysis, SIRT1-KO mice showed significantly
less dendritic material at all distances
from neuronal soma (Fig. 7A). The cumu-
lative total number of intersections with
the Sholl concentric circles (e.g., total
hits), which estimates total dendritic
length, indicated that dendritic arbors in
SIRT1-KO mice have significantly less
dendritic length than in WT mice (Fig.
7B). Accordingly, determination of the
number of bifurcation branch points in
the dendritic arbor demonstrated that neu-
rons from SIRT1-KO mice have signifi-
cantly less dendritic complexity compared
with WT mice (Fig. 7C). Although not
significant, the complexity ratio, deter-
mined by the number of terminal tip
segments over the number of primary
branches emanating from the soma, ex-
hibited a similar decrease in SIRT1-KO
mice. Together, our data suggest that
lack of SIRT1 was not associated with
abnormalities in spine architecture but
rather with marked alterations in the
conformation of neuronal dendritic
trees.

Altered gene expression in hippocampus of SIRT1-KO mice
We next analyzed whether spatial or associative learning modi-
fied SIRT1 levels in hippocampus. Western blots of wild-type
mice trained in the fear conditioning (contextual/tone) and water
maze (supplemental Fig. S3C–E, available at www.jneurosci.org
as supplemental material) showed that SIRT1 levels were not
changed at 1 or 24 h after fear conditioning (supplemental Fig.
S3A, available at www.jneurosci.org as supplemental material)
and at 14 d of water maze training (supplemental Fig. S3B, avail-
able at www.jneurosci.org as supplemental material). We also
assessed whether levels of SIRT1 in hippocampus may be regu-
lating the levels of proteins involved in synaptic signaling in hip-
pocampal neurons. Protein extracts of isolated hippocampi
analyzed by Western blots had similar levels of synapsin and
synaptophysin (supplemental Fig. S2A, available at www.
jneurosci.org as supplemental material). However, as we showed
previously, ERK1/2 phosphorylation was decreased in hip-
pocampus of SIRT1-KO mice (data not shown) (Li et al., 2008).

Figure 5. Lack of SIRT1 decreases hippocampal synaptic plasticity. A, I/O plots of field EPSP slopes versus current input (micro-
amperes) were similar in WT (n � 7; filled circles) and SIRT1-KO (n � 8; open circles) mice, indicating that lack of SIRT1 does not
alter baseline synaptic transmission. B, Paired-pulse facilitation (n � 3 each genotype) shows similar presynaptic plasticity in WT
and SIRT1-KO mice. C, LTP in hippocampal CA1 field elicited by 5 � 3 and 10 � 10 TBS (EPSP slopes; WT, n � 5, filled circles;
SIRT1-KO mice, n � 7, open circles). Five burst of 3 � 100 Hz stimulation evokes LTP in both genotypes, whereas 10 bursts of 10 �
100 Hz trains stimulation leads to a long-lasting form of LTP in control but not in SIRTI-KO mouse. D, EPSP slopes averages during
the first 2 min after TBS (short-term potentiation) were similar in both genotypes. E, EPSP slopes averages 30 – 40 min after
applying the 10 � 10 TBS protocol show significant differences in LTP induction in WT animals compared with SIRT1-KO mice
(*p 
 0.05, t test). Data represent means � SEM.
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Regulation of gene expression also
plays a key role in memory, learning, and
synaptic plasticity. Because we showed
previously that SIRT1 regulates important
transcriptional changes during aging in
mouse cerebral cortex, we examined
SIRT1-dependent gene regulation in hip-
pocampus. RNA harvested from WT and
SIRT1-KO was analyzed using Affymetrix
gene chips. We found that only few tran-
scripts in SIRT1-KO were detected at levels
that differed by 1.3-fold from WT (sup-
plemental Fig. S2B, Table S2, available at
www.jneurosci.org as supplemental ma-
terial). Among the genes differentially reg-
ulated in SIRT1- KO hippocampi were
those involved in synaptic function,
membrane fusion, myelination, and
amino acid and lipid metabolism (supple-
mental Fig. S2C, available at www.jneurosci.
org as supplemental material). Interestingly,
some of those genes are also regulated by
IGF-1, IRS-2, and/or ERK1/2, as shown in
supplemental Table S3 (available at www.
jneurosci.org as supplemental material).

High levels of SIRT1 in hippocampus
has no effect on synaptic plasticity
or memory
Next, we tested whether higher SIRT1 lev-
els in hippocampal neurons would be suf-
ficient to enhance LTP. To increase brain
SIRT1 levels, we bred the floxed SIRT1
transgenic mice (Firestein et al., 2008)
with the brain-specific Nestin–Cre mice
(Tronche et al., 1999). Hippocampus of
double-transgenic mice (referred to as
NeSTO) expressed 16-fold excess of
SIRT1 compared with levels in Nestin–
Cre control mice, as assessed by Western
blots (Fig. 8A). Brain immunohistochem-
istry indicated that SIRT1 in transgenic
NeSTO mice was distributed like the en-
dogenous protein in granule cells of the
dentate gyrus as well as in pyramidal neu-
rons of CA1 and CA3. In addition, over-
expressed SIRT1 also colocalized with NeuN and DAPI but not
with the glial protein GFAP (supplemental Fig. S4, available at
www.jneurosci.org as supplemental material).

Electrophysiological data obtained in hippocampal slices
from NeSTO and Nestin–Cre mice showed that the I/O curve
was shifted to the left in NeSTO mice compared with that in
Nestin–Cre mice (Fig. 8 B), suggesting increased basal synaptic
excitability. However, no significant differences between ge-
notypes were detected in PPF (Fig. 8C), STP or LTP (Fig. 8 D),
or 5 � 3 TBS burst responses (Fig. 6 E). In contrast to the
SIRT1-KO results, NeSTO hippocampal neurons exhibited a
significant facilitation in 10 � 10 TBS burst responses (Fig.
6 F). Thus, SIRT1 overexpression in the hippocampus does not
alter synaptic plasticity, although it results in increased excit-
ability, possibly as a result of changes in some properties of
AMPA receptors.

We also tested whether increased SIRT1 levels in hip-
pocampus could elicit behavioral effects opposite to those
observed in knock-out mice, for instance, by promoting im-
proved associative learning. In agreement with the LTP re-
sults, we did not detect any differences in fear conditioning to
either context (Fig. 8 E) or tone (Fig. 8 F) between NeSTO and
Nestin–Cre mice, even when two different mice cohorts were
trained with two different protocols, receiving five (Fig. 8 E) or
three (supplemental Fig. S5B,C, available at www.jneurosci.
org as supplemental material) footshocks during training. We
also tested spatial memory in the water maze (supplemental
Fig. S5 D, E, available at www.jneurosci.org as supplemental
material) and object recognition memory (Fig. S5A) and again
did not find any differences (data not shown). Together, the
data obtained with the transgenic mice suggest that high levels
of SIRT1 in brain neither impair nor enhance cognition.

Figure 6. Burst responses in field CA1 of hippocampal slices from SIRT1-KO and NeSTO mice. Two different protocols of TBS,
followed by 40 min of test-pulse recording were used. A, 5 � 3 TBS, five bursts at 5 Hz (theta burst), each burst consisting of three
pulses at 100 Hz. B, 10 � 10 TBS, 10 theta bursts, each burst consisting of 10 pulses at 100 Hz. The duration of each pulse within
TBS was double that of the test pulse. For each burst response during LTP induction, the area under the curve was measured and
each burst area was normalized to the first burst area. (The bottom panels of simulated responses were not scaled.) C, D,
SIRT1-KO (open circles) and WT (filled circles) burst responses elicited by 5 � 3 TBS (C) and 10 � 10 TBS (D). E, F, NeSTO
(gray bars) and Nestin–Cre (black bars) burst responses elicited by 5 � 3 TBS (E) and 10 � 10 TBS (F ) ( p 
 0.005,
two-way ANOVA). Data represent mean � SEM.
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Discussion
Our results indicate that SIRT1 plays an important role in cellular
mechanisms underlying learning and memory in mice. Here we
show that SIRT1 localizes in the nuclei of pyramidal and granule
neurons of the hippocampus, a structure critically involved in
cognitive processes. The lack of SIRT1 leads to significant
behavioral alterations in different classical paradigms assess-
ing formation of immediate, associative, and spatial memo-

ries. Although SIRT1-KO mice exhibit normal exploratory be-
havior in the open field and discriminatory ability in the novel
object recognition test, a significant deficit in immediate
memory was revealed by decreased spontaneous alternation in
the Y maze. However, hippocampal-dependent memories
showed the most dramatic impairment. The negligible fear
behavior exhibited by SIRT1-KO mice when assessed for con-
textual associative memory compared with the ability of WT
mice to discriminate between training and novel contexts
tested at either short term or long term, together with the
impaired spatial abilities of mutant animals in the Barnes
maze, indicate the important role of SIRT1 in hippocampus-
dependent cognitive learning. Although SIRT1-KO mice are
less spontaneously active than WT mice (Boily et al., 2008), we
found that activity levels displayed during each cognitive test
were similar or even higher in SIRT1-KO mice compared with
WT mice perhaps because these tests performed during the
inactive (light) period. In addition, despite the delayed and
incomplete eyelid opening in knock-out animals (McBurney
et al., 2003), our tests of pupillary reflexes, visual perception,
and cues, together with the normal capacity of object identifi-
cation and discrimination in the NORT, indicated that their
visual functions were unaltered. In accordance, eye size, lens,
and retina appeared to be normal in both WT and SIRT1
knock-out mice. Thus, our data suggest that neither the le-
thargic phenotype nor the eyelid defect is likely to account for
the impaired behavioral performance in SIRT1-KO mice.

In agreement with our behavioral results, LTP, which is widely
considered to represent a cellular mechanism for the formation
of specific types of memory, including spatial and contextual
learning (McHugh et al., 1996; Chen and Tonegawa, 1997),
was impaired in SIRT1-KO mice. In contrast, STP as well as
basic electrophysiological properties of synaptic transmission,
including presynaptic mechanisms and ionotropic receptor
functions, were unaltered in SIRT1-deficient mice, suggesting
that SIRT1 acts downstream of glutamate receptors to regulate
LTP formation/consolidation. Based on our data, SIRT1 dele-
tion does not impair LTP induction but instead impairs the
maximum expression of LTP. One possibility is that SIRT1
participates in the regulation of AMPA receptor trafficking.

Despite the fact that SIRT1-KO mice have reduced body
and organ sizes, including brain size, which is 20% smaller
than that of WT mice (Boily et al., 2008), we did not find
alterations in gross brain architecture. In addition, normal
dendritic spine density and morphology of CA1 pyramidal
neurons, as well as normal expression of synapsin and synap-
tophysin in SIRT1-KO mice, suggest that neither microana-
tomical differences in spine structure or alterations in levels of
synaptic proteins could account for the synaptic plasticity def-
icits found in SIRT1-KO mice. However, the significant de-
creases in branching, length, and complexity of neuronal
dendritic arborizations of granule cells in the dentate gyrus of
SIRT1-KO mice could explain some of the phenotypic differ-
ences with WT animals. Furthermore, the decreased dendritic
complexity observed in SIRT1-KO mice may be related to
their small brain size, similarly to other genes disruptions such
as IGF-1 (Beck et al., 1995; Niblock et al., 2000), BDNF
(Patterson et al., 1996; Gorski et al., 2003), or methyl-CpG
binding protein 2 (Zhou et al., 2006), in which brain size
closely correlates with dendritic conformation.

It is well documented that changes in the levels of histone
acetylation modify synaptic plasticity and learning abilities

Figure 7. Neuronal dendritic trees from SIRT1-KO mice show less branching and com-
plexity than WT mice. A, Sholl analysis shows significantly less dendritic material over the
entire neuronal tree in SIRT1-KO mice; p 
 0.0001. B, Dendritic branch length was 22%
lower in SIRT1-KO (100 � 5.1%) than WT mice (122 � 10%; p 
 0.05). C, Neuronal
dendritic arbors show less complexity in SIRT-KO mice ( p 
 0.05). SIRT1-KO and WT for all
analysis correspond to n � 4 brain and n � 20 neurons (5 neurons per brain). Data
represent mean � SEM. Statistical significance values correspond to the differences be-
tween curves analyzed over the entire neuronal trees. Asterisks show the shells from the
soma with statistical significance of p 
 0.05.
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(Alarcón et al., 2004; Levenson et al.,
2004a; Fischer et al., 2007). Regulation
of chromatin remodeling and gene ex-
pression through histone acetylation
is critical in memory consolidation
(Levenson et al., 2004b). Specific inhibi-
tors of Class I, II, and IV HDACs, such as
TSA and sodium butyrate, have been
shown to induce dendritic sprouting, in-
crease the number of synapses, and re-
verse LTP and memory deficits observed
under various conditions (Alarcón et
al., 2004; Fischer et al., 2007). In con-
trast, our data show that a lack of SIRT1,
an NAD �-dependent HDAC (Class III),
leads to memory and synaptic plasticity
impairment, indicating that both types
of histone deacetylases play essential
roles in cognition, although their activ-
ities differentially impact molecular and
cellular process underlying learning
and memory. These results indicate
that more information is required re-
garding the identity and functions of the
targets of these different classes of
deacetylases.

Although the gene expression differ-
ences in the microarray between SIRT1-KO
and WT hippocampus were small, we
identified deregulation in the expression
of genes involved in synaptic function,
membrane fusion, myelination, and lipid
and amino acid metabolism. However, to
link these changes in gene expression with
the memory impairments observed in
SIRT1-KO mice, it is necessary to test the
role of reduced expression of a number of
these genes in the behavior phenotypes of
the SIRT1-KO mice.

The regulation of insulin/IGF-1 signal-
ing and IRS-2/ERK1/2 pathway may also
contribute to the effect of SIRT1 in mouse
cognition. SIRT1 upregulates IGF-1 by ei-
ther derepressing IGF binding protein-1
(Lemieux et al., 2005) or deacetylating
IRS-2 (Zhang, 2007; Li et al., 2008). In
turn, reduction of IGF-1 signaling can de-
crease the downstream mitogen-activated
protein kinase (MAPK), ERK1/2, and phosphatidylinositol 3 ki-
nase, which are important for various brain functions (Zhang,
2007; Huang et al., 2008). Mice with reduced IGF-1 levels have
impaired spatial learning, and this effect is partially reversed by
IGF-1 replenishment (Trejo et al., 2007). In agreement with this,
brain-specific SIRT1 mutant mice show somatotropic axis dis-
ruption and a marked IGF-1 reduction (Cohen et al., 2009). Also,
MAPK activation is required for several forms of LTP and for
spatial learning and fear conditioning (Selcher et al., 1999). In
addition, activation of ERK1/2 has been shown to be associated
with LTP induction as well as with learning and memory (Tri-
filieff et al., 2007). We showed previously that SIRT1 inhibi-
tion reduces ERK1/2 activity in part through the inactivation
of IRS-2 and that ERK1/2 phosphorylation decreases in hip-
pocampus of SIRT1-KO mice (Li et al., 2008). Interestingly,

we found that several genes regulated by SIRT1 in hippocam-
pus involved in myelination or lipid metabolism are also reg-
ulated by IGF-1, IRS-2, and/or ERK1/2 (supplemental Table
S3, available at www.jneurosci.org as supplemental material).
Thus, SIRT1 may function as a coordinator of multiple pro-
teins/enzymes involved in IGF-1 signaling, ranging from
IGF-1 binding proteins, to key components of the IGF-IR
signaling pathway involved in learning and memory, such as
MAPK and ERK1/2.

In contrast to the SIRT1-KO mice, increased brain levels of
SIRT1 in NeSTO mice did not affect LTP, immediate, spatial,
or associative memory, although these mice exhibited in-
creased synaptic excitability, possibly as a result of changes in
some properties of AMPA receptors. Normal synaptic plastic-
ity, together with unaltered associative learning in NeSTO

Figure 8. Overexpression of SIRT1 in hippocampus does not alter LTP or associative memory. A, Western blot shows
�16-fold SIRT1 protein increase in hippocampus of NeSTO mice compared with control Nestin–Cre animals. The numbers
below show SIRT1 levels relative to actin. B, I/O curve of field EPSP slope versus current input (microamperes) is shifted to
the left in NeSTO mice (n � 14; gray circles) compared with Nestin–Cre (n � 10; black circles; p 
 0.0001, two-way
ANOVA), suggesting increased basal synaptic excitability. C, Paired-pulse facilitation reveals normal presynaptic events in
NeSTO mice (n � 5 each genotype). D, Similar LTP was elicited by 5 � 3 and 10 � 10 TBS (EPSP slopes; n � 7 each
genotype) in mice overexpressing wild-type or increased levels of SIRT1. E, F, Fear conditioning to context (E) or tone (F )
in Nestin–Cre (n � 14) and NeSTO animals (n � 18) show similar associative learning capacities in both strains. Data
represent means � SEM.
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mice, led us to propose that the high levels of SIRT1 protein
(�16-fold increase than WT) reached in the hippocampus of
the transgenic mice may interfere with the potential effects of
SIRT1 overexpression. Thus, it is possible that LTP and cog-
nitive abilities might become unresponsive to the excessive
amounts of SIRT1 in NeSTO mouse brain. In agreement with
this idea, previous studies have shown that only low to mod-
erate levels of SIRT1 overexpression confer beneficial effects
in mouse heart (up to 7.5-fold) (Alcendor et al., 2007), intes-
tine (Firestein et al., 2008), and bone marrow lymphocyte
progenitors (Oberdoerffer et al., 2008) (threefold to fourfold
in both cases). Alternatively, it is possible that the excess pro-
tein did not assemble into the appropriate protein complexes
or that an NAD � decrease may have compensated for in-
creased SIRT1 levels. Also, it is important to stress that our
NeSTO animals, which showed no alterations in LTP and
memory, were analyzed at a relatively young age; it is therefore
possible that the effects of SIRT1 overexpression in cognition
would become evident during the course of aging. Interest-
ingly, a recent study shows that old but not young mice over-
expressing SIRT1 exhibited differences in NORT tested 24 h
after training (Kakefuda et al., 2009). Performing learning
tests in older NeSTO animals together with ongoing studies
using SIRT1 agonists in transgenic mice should provide more
insights regarding the effect of SIRT1 overexpression on
cognition.

Memory and synaptic plasticity are highly vulnerable to de-
cline with aging. Calorie restriction (CR) is a dietary regimen that
attenuates age-dependent degenerative processes, as well as both
cognitive deficits and synaptic plasticity (Weindruch et al., 1986;
Roth et al., 1995; Fontán-Lozano et al., 2007; Pearson et al., 2008).
SIRT1 is a potential mediator of the beneficial effects conferred
by CR (Cohen et al., 2004; Guarente, 2005), and it was shown
recently that CR does not increase lifespan of SIRT1-KO mice
(Boily et al., 2008; Li et al., 2008). Thus, our findings raise the
question of the potential role of this protein in CR-mediated
improvement of cognitive performance. However, here we found
that the deficit in synaptic plasticity caused by the lack of SIRT1 is
independent of NMDA receptors, opposite to the NMDA
receptor-dependent synaptic plasticity facilitation by CR (Fontán-
Lozano et al., 2007), and that high levels of SIRT1 in brain do not
alter synaptic plasticity.

In summary, our results indicate that the NAD�-dependent
deacetylase SIRT1 is critical for maintaining normal acquisition
and consolidation of short-term and long-term hippocampus-
dependent memories and synaptic plasticity, without modifying
basal synaptic properties, dendritic spine structure of CA1 neu-
rons, or synaptic proteins levels. An important decrease in neu-
ronal dendritic tree arborization, branch length, and complexity
may account for some of the deficits observed in SIRT1-KO mice.
Also, our work suggests that deficiency in the ERK1/2/MAPK
pathway in combination with altered expression of genes in-
volved in synaptic functions and myelination are some of the
mechanisms through which SIRT1 may regulate memory, learn-
ing, and synaptic plasticity in hippocampus. Additional studies
should provide insights into the unknown molecular mecha-
nisms through which SIRT1 regulates normal mouse cognitive
function.
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