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Abstract.
BACKGROUND: Sirtuin 1 (SIRT1) is a NAD+-dependent enzyme that has important roles in many biological processes
involved in aging, including cell growth and repair, inflammation, and energy regulation. SIRT1 activity is modulated in
response to certain nutritional interventions that increase healthspan and longevity in rodents, including calorie restriction
(CR) and intermittent fasting (IF). In addition to positively influencing cardiometabolic health, SIRT1 is important for brain
health and may be critical in the preservation of memory processes that deteriorate during aging.
OBJECTIVE: To investigate the role of brain-associated SIRT1 expression in the acquisition of fear memory in mice at 45
and 65 weeks of age.
METHODS: Mice with brain-specific knock-out or overexpression of Sirt1 were assessed on a fear conditioning paradigm
to determine the role of SIRT1 in fear memory acquisition.
RESULTS: In the current study, mice lacking the expression of brain SIRT1 could not learn the fear conditioning paradigm
during training, context, or cue phases.
CONCLUSIONS: The results of the study indicate that SIRT1 expression in the brain is critical for the formation of fear
memory in male mice at two distinct ages, highlighting the essential role of SIRT1 in fear memory acquisition during aging.
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1. Introduction

Mammalian sirtuins are a conserved family of
seven NAD+-dependent deacetylases that regulate
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many biological aging processes, including cell
growth and repair, inflammation, development, and
energy regulation [1, 2]. Sirtuin 1 (SIRT1) has impor-
tant roles in neurobiological processes that include
cognitive and behavioural responses during aging
including classical conditioning memory [3]. It is
well known that SIRT1 activity can modulated by
nutritional interventions that improve healthspan and
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lifespan, including calorie restriction (CR) and inter-
mittent fasting (IF) [4]. In addition to those nutritional
interventions, it has been suggested that pharma-
cologically increasing brain SIRT1 expression may
provide a promising avenue for the hinderance and
treatment of neurodegenerative disease including
Alzheimer’s disease (AD) and related dementias
[5].

SIRT1 expression in the nervous system is essential
for hippocampus-dependent and independent mem-
ory processes during aging [6]. As aging is the
greatest risk factor for the development of neu-
rodegeneration, SIRT1 may be a plausible target to
prevent the onset of neurodegenerative disease [7,
8]. Moreover, SIRT1 activity in the brain declines
with age [9] possibly contributing to a reduction in
hippocampal synaptic plasticity and memory func-
tion. There have been recent studies [10, 11] that
have investigated the role of central nervous system
SIRT1 expression in behavioral-memory responses
in mice, but few have looked at the effect of SIRT1
expression on memory in mice of different ages.
Therefore, the current study builds upon the previ-
ous literature by assessing the role of central nervous
system SIRT1 expression in a classically conditioned
fear memory paradigm in mice of two distinct ages,
thereby providing insights into the role of brain spe-
cific SIRT1 expression on memory responses in aging
mice.

In humans, the gradual loss of contextual memory
is a main hallmark of the aging brain, hippocampus
degeneration, and the onset of neurodegenerative dis-
ease [12, 13]. Therefore, the purpose of the current
study was to examine the role of SIRT1 expression
in contextual and cued memory responses in male
C57/B6 mice. Mice with either brain-specific knock-
out (KO) or overexpression (OE) of Sirt1 versus
age-matched littermate controls (LM) were assessed
on the fear conditioning behavioural paradigms to
determine the role of centrally expressed SIRT1 in
classically conditioned fear memory in 45 weeks old
and 65 weeks old male mice.

2. Materials and methods

2.1. Animal husbandry and diets

Mice with brain-specific knockout (KO) and over-
expression (OE) of Sirt1 were generated using
the Nestin-Cre system on C57BL/6 background as

previously described [3]. Mice were housed 3 – 4 per
cage with ad-libitum access to water at the National
Institute on Aging (Baltimore, MD, USA). Body
weight and food consumption measurements were
taken bi-weekly and mice were routinely checked for
health status. Mice were fed house chow (2018 Teklad
Global 18% protein rodent diet, 2018S, Envigo, Som-
erset NJ) with all necessary vitamins and minerals for
optimal rodent growth and development. Measures of
lean, fat, and fluid mass were acquired in live mice
by NMR (Minispec LF90, Bruker Optics, Billerica,
MA, USA). This study was approved by the National
Institute on Aging, animals care and use committee
(352-TGB-2015). All mice were treated and cared
for in accordance with the guidelines of the National
Institute on Aging (NIA).

2.2. Fear conditioning

Male brain-specific KO, brain-specific OE and lit-
termate (LM) control mice at 45 and 65 weeks of
age underwent fear conditioning. Before testing, mice
were habituated to the testing room for a minimum of
2 hours. For training, individual mice were placed in a
sound-proof contextual conditioning chamber (Med
Associates, St Albans, VT, USA) containing a metal
grid on the floor. At the end of a 2-min exploration
time, mice were subjected to three sessions of audio
tone (conditioned stimulus) directly followed by a
mild foot shock (unconditioned stimulus). The audio
tone (5 kHz, 70 dB) was played for 30 s followed
by a 0.5 mA foot shock for 2 s from the metal grid
floor. Thirty seconds separated each tone and shock
in the training session. Mice were returned to the
same conditioning chamber 24 h after the initial train-
ing session for 5 min, but without any shock or audio
tone. The percentage of freezing time was recorded
by the software and used as an index of contextual
memory. The cued test was performed 2 h after the
contextual test. First, a non-toxic chocolate fragrance
was applied lightly to the bedding to change the smell
of the chamber, and black and white striped pictures
were placed on the back and side chamber walls to
change the chamber appearance. Mice were let to
explore for 5 min without any audio tone, followed by
three tones (without a foot shock) that were played for
30 s each. The percentage of freezing time during and
after the audio tones was recorded by the software and
used as a measure of cued memory response. Data are
presented as the percentage of freezing time during
each test.
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Fig. 1. Body composition analysis in male mice. (A) Fat mass and lean mass in mice with brain-specific knockout (KO) or overexpression
(OE) of SIRT1 vs. littermate controls (LM) at 45 and 65 weeks of age. n = 4-10 mice per experimental group. (B) Body weight measurement;
n = 4-10 mice per experimental group. ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, ∗∗∗∗p<0.0001. Error bars represent the mean ± SEM. Different letters
(a,b,c) indicate statistically significant differences as determined from the Dunn’s post-hoc test corrected for multiple comparisons. a = group
is significantly different to KO; b = group is significantly different to LM; c = group is significantly different to OE.

2.3. Statistical analysis

First, a D’Agostino and Pearson test was per-
formed to determine whether the data were normally
distributed. To account for the uneven group sizes,
a nonparametric Kruskal-Wallis test - one-way anal-
ysis of variance (ANOVA) coupled with a Dunn’s
post-hoc test with a correction for multiple compar-
isons was to determine the differences among the
groups. Data are represented as means ± SEM and p
values of less than 0.05 were considered statistically
significant.

3. Results

3.1. SIRT1 brain-specific KO mice exhibit
changes in fat mass, lean mass, and body
weight

It has been well-established that SIRT1 plays a
critical role in mitochondrial function and energy
expenditure [14]. Therefore, we investigated whether
the mice in the current study exhibited changes in total
body weights or body composition. When compared
to age-matched SIRT brain-specific OE and LM mice,
SIRT1 brain-specific KO animals at 45 weeks of
age exhibited a significantly lower fat mass (n = 5-
8 mice per group, p < 0.01), while the 65-week-old
SIRT1 brain specific KO mice had a nearly significant
(p = 0.0513) reduction in fat mass (n = 4-10 mice per

group). Similarly, a significant reduction in lean mass
(Fig. 1A) and body weight (Fig. 1B) was observed
in SIRT1 brain-specific KO mice of both ages when
compared to the age-matched SIRT brain-specific OE
and LM controls.

3.2. SIRT1 is required for normal fear
conditioning response in male mice

In addition to affecting cardiometabolic health,
SIRT1 may also be critical for memory responses
in aging mice [7]. Therefore, a well-established fear
conditioning paradigm was carried out to deter-
mine if brain-specific SIRT1 influenced classically
conditioned fear memory. A fear conditioning test
measured the acquisition of contextual and cued
memory in an adverse classical conditioning learning
paradigm. There were significant differences among
the groups during the training phase where the SIRT1
brain-specific KO mice of both ages were unable to
learn to associate the tone with an adverse outcome
during the three stimulus parings during training
on day 1 (Fig. 2) SIRT1 brain-specific KO mice at
45 (Fig. 2A) and 65 weeks (Fig. 2B) of age could
not learn to associate the same environment with
a foot shock (contextual) nor the tone with a foot
shock (cued) during either testing phase. The lack
of differences in fear conditioned memory between
brain-specific OE and LM mice of both ages suggests
that SIRT1 overexpression does not improve contex-
tual or cued fear conditioning memory in male mice.
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Fig. 2. Fear conditioning responses in male mice. Data are presented as the percentage of freezing time during testing. Fear conditioning
responses in (A) 45-week-old and (B) 65-week-old mice. n = 5-8 mice (A) and 4-10 mice (B) per experimental group. KO = brain-specific
SIRT1 knock-out, OE = brain-specific SIRT1 overexpression, LM = littermate controls. ∗∗p<0.01, ∗∗∗p<0.001. Error bars represent the
mean ± SEM. Different letters (a,b,c) indicate statistically significant differences as determined from the Dunn’s post-hoc test corrected
for multiple comparisons. a = group is significantly different to KO; b = group is significantly different to LM; c = group is significantly
different to OE.

4. Discussion

The link between SIRT1 expression and activity
with brain health has been extensively investigated.
SIRT1 is important for maintaining neuronal mito-
chondrial respiration and to reduce apoptosis [15],
attenuate inflammation [16], preserve axons, and
improve neurite outgrowth during aging [17]. SIRT1
also contributes to the maintenance of memory pro-
cesses that deteriorate during normal aging [18]. For
example, the deacetylation of SIRT1 target proteins
and the modulation of several pathways, including
SIRT1-p53 and SIRT1-AMPK, are known to influ-
ence memory capacity measured using cognitive and
behavioural tasks in mice [19]. Additionally, it is
well known that SIRT1 activity is increased with
dietary patterns that improve cardiometabolic health
and delay the onset of neurodegenerative disease
in rodents. Some of those common dietary patterns
include CR, IF, and low-protein, high carbohydrate
(LPHC) diets [20]. The results of the current study
provide additional support to suggest that adherence
to these diets may be protective against associative
memory loss during aging, partly due to increased
brain SIRT1 activity and expression levels.

There have been a number of cognitive-behavioral
studies that investigated the role of central nervous
system SIRT1 in memory response in mice but most
assessed memory responses at only one age. Gao and
colleagues assessed tone and contextual fear con-
ditioning memory responses in 5 – 6 months old
SIRT1 knockout mice. Comparable to our study, the

authors found that the mutant mice lacking brain
SIRT1 exhibited a significant decrease in freezing
behaviour when compared to LM controls [10]. Sim-
ilarly, Michán and colleagues assessed the role of
SIRT1 expression in fear conditioning response in
mice aged 5-10 months and again demonstrated a
similar result to the current study [3]. The purpose of
this study, therefore, was twofold: (1) Confirming the
results of those previous studies which demonstrated
the importance of brain specific SIRT1 expression in
classically conditioned fear memory in mice; and (2)
Including a novel dimension by testing mice at two
developmental stages to provide insight into the role
of central nervous system expression during aging.
The result here provides continued evidence for the
importance of central nervous system SIRT1 expres-
sion in classically conditioned memory responses
during aging [9].

One possible explanation for how SIRT1 confers
neuroprotection is its role in the regulation of energy
metabolism and mitochondrial function during aging.
Mitochondrial dysfunction increases with age which,
in the brain, partly contributes to memory impairment
[21]. It has been established that abnormal energy
metabolism may be associated with adverse health
outcomes, including neurodegenerative disease, dur-
ing aging. SIRT1 has been implicated in glucose
and lipid metabolism and energy expenditure, partly
by influencing hypothalamic pathways [14]. There-
fore, in the current study, we investigated whether
brain-specific SIRT1 influenced body weights and
lean and fat mass. In the current study, the SIRT1
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brain-specific KO mice exhibited reduced fat mass,
lean mass, and body weight when compared to the
other groups of animals. There have been several
studies that assessed several metabolic parameters in
SIRT1-null mice with ad-libitum access to food. The
SIRT1-null mice weighed less and had lower activity
measures and respiratory exchange ratios than their
littermate counterparts [22]. Our study suggests that
brain-specific SIRT1 expression may be key for the
maintenance of gross body weight and body compo-
sition during aging.

The hippocampus is one of the first regions of the
rodent and human brain that deteriorates with aging
and neurodegenerative diseases [23]. Fear condition-
ing is a well-established cognitive-behavioural test
to examine memory during aging. There is emerg-
ing evidence to suggest that fear memory is mediated
by several brain areas, including the prefrontal cor-
tex [24]. A well-established consensus, however, is
that fear memory relies heavily on the amygdala and
hippocampus, both of which lie in the limbic sys-
tem. There is emerging evidence to suggest that both
the hippocampus and the amygdala are important for
both contextual and cued memory [25]. Additionally,
the amygdala and the hippocampus form an intricate
connection and both are highly involved in the for-
mation of emotional memory. Therefore, damage or
reduced function associated with either region may
contribute to the early decline of emotional memory,
which is often an early symptom of neurodegenera-
tive disease including dementia [26].

While we did not directly assess any neuro-
physiological or biochemical parameters in current
investigation, there have been a number of recent
studies that looked at the roles of brain-specific
SIRT1 on physiological and biochemical processes
in the rodent hippocampus and amygdala. One study
showed that SIRT1 overexpression in the hippocam-
pus was sufficient to protect against Alzheimer’s
disease (A� and Tau) pathologies and improve spa-
tial and recognition memory in triple transgenic mice.
The authors hypothesised that the effects were largely
due to an increase in brain-derived neurotropic factors
and neuronal plasticity, and a decrease in proteostatic
dysfunction [8]. Additional studies have revealed that
SIRT1 overexpression in the brain has a direct impact
on anxiety and behavioural responses in mice. It
was hypothesised that this result may have partly
been due to changes in the concentrations of key
neurotransmitters involved in memory and cogni-
tion, including Serotonin and its main metabolite, 5
hydroxyindoleacetic acid [27]. Importantly, optimal

SIRT1 expression is necessary for optimal brain
health during aging and has been promoted in axon
and dendrite growth and branching [17].

The results of this study highlight the importance of
brain-associated SIRT1 expression in hippocampus-
dependent and hippocampus-independent forms of
fear-conditioning memory in mice. We found that
the SIRT1 brain-specific KO mice were unable to
learn to associate the same environment, nor tone,
with an adverse outcome. Moreover, these mice were
incapable to learn to associate the tone with an
adverse event during the three stimulus pairings dur-
ing training, which further highlights the importance
of SIRT1 in the first stages of memory acquisition.
There were no significant differences between the
SIRT1 brain-specific OE and LM mice of both ages,
which suggests that the overexpression of SIRT1 in
the brain does not improve memory.

Aging is the single greatest contributor to the
development of neurodegenerative disorders, includ-
ing Alzheimer’s disease [28]. The results of the
current study may have important implications for
aging research because it has been demonstrated that
SIRT1 levels in the brain decline during aging at both
transcriptional and translational levels [29]. There-
fore, increasing SIRT1 expression through dietary
or pharmacological means may be an effective way
to reduce the burden of neurodegenerative disease
in humans. One such example of a molecule that
may be used for this purpose is resveratrol (RSV),
which is an allosteric activator of SIRT1 [30]. In addi-
tion to reducing the major hallmarks of brain aging
in rodents, [31] there is now ample evidence that
RSV supplementation may also be effective to help
protect against neurodegenerative disease and mem-
ory loss in humans, largely through the activation of
SIRT1 [32].

There are several limitations to the current study.
Firstly, there was only a five-month age gap between
the two cohorts of mice (45 vs 65 weeks-old).
Nonetheless, the study provides insight into how
differential SIRT1 expression in the brain affects
memory at two time points and thus highlights the
importance of SIRT1 during aging in a validated
memory test. Secondly, only male mice were used
in the current study. Nevertheless, the results pro-
vide insight into the role of SIRT1 expression and
fear conditioning memory responses in a commonly
used rodent model. There is a consensus that male and
female rodents respond differently (largely due to dif-
ferences in sex hormones) to contextual behavioural
testing [33] and, therefore, it is imperative that future
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work in the field also includes female mice. The
observed cognitive changes in the 65-weeks-old mice
may have been partly due to a deterioration in
global cognitive function, rather than the effects of
SIRT1. Nonetheless, the study was well-controlled
by including separate groups of mice at distinct ages,
again highlighting the important role of brain-specific
SIRT1 in fear conditioned memory responses at two
distinct ages. Finally, although there were low num-
bers of mice in several groups, the memory effects of
knocking out brain-specific SIRT1 were so large that
we detected significant changes among the groups,
largely due to the increased effect size.

SIRT1 is required for normal fear conditioning
memory in C57BL/6 male mice at two different ages,
thus highlighting the critical role of brain-specific
SIRT1 in classically conditioned memory responses
during aging. SIRT1 KO mice could not learn the
fear conditioning task, suggesting that brain-specific
SIRT1 expression is crucially important for the acqui-
sition of cued and contextual memory. Moreover,
the overexpression of brain-specific SIRT1 did not
result in a significant improvement of classically con-
ditioned fear memory in the mice. Taken together,
the results of the current study suggest that targeting
SIRT1, either pharmacologically or through nutri-
tional interventions, may be a promising avenue for
the treatment or hinderance of neurodegenerative dis-
ease and related memory loss during aging.
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