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Abstract
In this study we show that chronic social defeat stress, an ethologically validated model of

depression in mice, stably induces SIRT1 levels in the nucleus accumbens, an area of the brain
that is associated with motivation and reward. We exposed rodents to chronic social defeat stress

for a period of ten days and then assessed the rodents on a social interaction test to determine
stress response. Rodents were then classified as susceptible or resilient to chronic stress. SIRT1
mRNA and protein levels were then measured in the nucleus accumbens. Results showed that

SIRT1 mRNA and protein levels were increased in susceptible rodents but not control or resilient
rodents. This supports our hypothesis that SIRT1 levels are associated with depression and

anxiety-like behaviors induced by chronic stress and may identify a novel signaling pathway for
the treatment of major depressive disorders. 
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Significance Statement

Current antidepressant medications such as monoamine oxidase inhibitors (MAOIs) and 
selective serotonin reuptake inhibitors (SSRIs) function by targeting the inhibition of serotonin, 
norepinephrine and/or dopamine reuptake in the brain.15 Although there are a variety of 
pharmacological treatment options, they do not always work quickly or effectively. According to
Slattery “ approximately 30-40% of patients do not respond to any therapy.”14 Therefore there is 
a great need to find new and better therapeutic targets for treating depression and anxiety. If 
SIRT1 can be proven to play a role in the NAc related to anxiety and depression-like behaviors a 
novel signaling pathway could be introduced as a target for the development of antidepressant 
drugs.16 

Introduction 

SIRT1 

Sirtuins (silent information regulator 2) related enzymes are responsible for a variety of functions
in the mammalian brain.1 They are histone deacetylases or ADP-ribosyl transferases. While 
initially their function was thought to be mostly in transcription silencing, it has been discovered 
that they also function to deacetylate nonhistone proteins- greatly increasing their scope of 
impact.2 They are regulator proteins that are thought to play a role in certain types of stress 
responses.3 SIRT1 is found in the cell nucleus and functions in metabolism, inflammation and 
neurodegeneration. It has been associated with p53 (a tumor suppressor protein)- over-expression
of SIRT1 has been shown to inhibit p53 and retard muscle differentiation. SIRT1 also targets 
PGC-1alpha which is the master regulator of mitochondrial biogenesis. SIRT1 may also serve a 
role in protecting axons in the nervous system.1  

SIRT1 has been linked to Major Depressive Disorder in a 2015 study published in Nature. Low-
coverage whole-genome sequencing of 5,303 Chinese women with recurrent Major Depressive 
Disorder identified two loci contributing to risk of MDD on chromosome 10; one was located 
near the SIRT1 gene.19

Nucleus Accumbens 

The nucleus accumbens (NAc) is located in the ventral striatum and is responsible for, among 
other things, motivation and reward in the vertebrate brain. 2 There are many neurotransmitters 
that function within the NAc, including serotonin, dopamine, and GABA. Due to it being a 
connection between the limbic and motor systems the NAc is thought to be a component in 
survival and reproduction drives. The NAc is also thought to regulate positive emotional 
responses in the brain.4 The NAc receives input from the ventral tegumental area, the substantial 
nigra, the subiculum, amygdala, hippocampus, thalamus, pre limbic and prefrontal cortex which 
are brain regions implicated in depression and anxiety. For example, the hippocampus has a high
density of stress hormone receptors and research shows that stress inhibits neurogenesis in this 
area of the brain. Inhibited neurogenesis has been implicated in the pathogenesis of depression 



and anxiety.5 Additionally, the amygdala plays a role in the conditioning of fear responses, 
associating non threatening stimuli with threatening stimuli when presented at the same time.6

Chronic Stress 

Stress is a normal biological response to certain environmental factors. Stress is beneficial at 
times and can promote adaptation to a changing environment. However chronic stress has been 
shown to lead to what McEwen7 refers to as “allostatic load.” He goes on to state that “allostatic 
load leads to impaired immunity, atherosclerosis, obesity, bone demineralization, and atrophy of 
nerve cells in the brain.” These are all processes that are seen in depression and anxiety 
disorders.7

Animal models of disease 

To study how chronic stress influences the development of depression, it is critical to have 
validated animal models for depression.8 Three methods to develop animal models of depression 
are currently used: “(1) genetic manipulation, (2) selective breeding for behavioral extremes, and
(3) environmental, physical or pharmacological manipulations or a combination of the above.”9 
For this study the third method is utilized by using chronic social defeat stress, which is an 
ethnologically validated model of depression in rodents.10,11,12 Conditioned behavior in these 
rodents is then measured with behavioral tests that have been designed under the premise that the
basic physiological mechanisms underlying fear in animals, in this case rodents, and humans are 
similar. Some examples of these tests are the open field test, the elevated maze test, the light-
dark exploration test, the social interaction test and the forced swim test, a task designed to 
measure features of anxiety and depression in humans.13

Materials and Methods

This is a randomized controlled trial where rodents are exposed to chronic social defeat stress in 
ten minute increments for a period of ten days and then observed and measured on several tests. 
The nucleus accumbens (NAc) is then harvested and SIRT1 mRNA and protein levels are tested 
at 48 hrs and ten days following harvestation. 

The rodents tested in this study are male C57BL/6J mice at 7-9 weeks old obtained from Jackson
Laboratory. They will be housed on  a 12 hour light-dark cycle with free access to food and 
water. They will be acclimated to the facility for one week prior to experimentation. The 
aggressor species is male CD1 retired breeder mice at 9-13 months old obtained from Charles 
River Laboratories. “All animal procedures were approved by Mount Sinai School of Medicine 
and University of Arizona Medical School Institutional Animal Care and Use Committees.”16

The test mice will be exposed to an aggressive unknown CD1 retired breeder mouse for ten 
minutes per day for up to ten days. After this exposure the test mouse will remain in the cage but 
will be separated from the breeder mouse by a barrier that allows sensory but no physical 



exposure to the aggressor mouse. A sub-maximal social defeat paradigm will also be performed 
to test whether an experimental manipulation may change the animal’s susceptibility to stress. In 
the sub-maximal defeat test the animal is exposed to the CD1 aggressor for five minutes 
followed by a fifteen minute break. This is repeated two more times with a different CD1 
aggressor each time. After the last social defeat interaction the test mice will be observed and 
measured in the open-field test to measure stress response and divided into susceptible or 
resilient phenotypes.17

In the open-field test the mice are exposed to the CD1 retired breeder in a cage and EthoVision 
video tracking based methods (Noldus) are used to record how much time was spent by the mice 
in different areas of the enclosure.16

Control mice will be housed in the same conditions but with animals of the same strain to 
replicate normal interaction. They will then be measured on the same tests as the test mice before
NAc collection.

After the animals have undergone social defeat and social interaction testing the animal will be 
euthanized and the NAc will be harvested. mRNA and protein levels will be measured at 48 
hours and ten days using the following methods:  

Immunoblotting (also known as western blot) will be used to measure NAc tissue protein levels.18

Immunohistochemistry also measures tissue proteins levels but is performed on tissue sections 
thereby allowing determination of the topographical expression profile of a protein.18

SIRT1 activity assay will be performed with a fluorescent assay kit (Cayman) according to the 
manufacturer’s instructions. 

RNA isolation and PCR18

Chronic stress is expected to induce SIRT1 mRNA levels in the NAc of susceptible mice 48 hrs 
after the last social defeat. Levels are expected to remain elevated ten days later. Increased 
SIRT1 protein expression in the NAc of susceptible mice at both 48 hrs and ten days is also 
expected. Changes are not expected in the levels of SIRT1 mRNA and protein expression in the 
the NAc of resilient animals at 48 hrs or ten days. Also no difference is expected in SIRT1 
mRNA levels in the NAc after sub-maximal defeat.

A one way Anova will be performed to determine significance. 27 animals will be needed in the 
control group and the test group to detect a 25% difference in protein expression for 80% 
statistical power with an alpha of 0.05. Software used is Stata version 14 (College Station, TX). 

Results will be processed by Graphpad (Graphpad Software, Inc).



Results

Male C57BL/6J mice rodents were first subjected to chronic social defeat stress by male CD1 
retired breeder mice for a period of ten days (Figure 1). They were then measured on a social 
interaction test (open field test) to determine stress response. This response determined whether 
the mice would be classified as susceptible or resilient. A control group not exposed to social 
defeat stress was also measured on the social interaction test. 

Figure 1

We then used a Wilcoxon Signed-ranks test to determine statistical significance of the time spent
interacting with the target in the social interaction test (Figure 2).  In the control group the 
interaction time spent with the target was statistically higher than with no target (Z= -2.380, p < 
0.0173 ). In the susceptible group the interaction time spent with the target was statistically lower
than with no target. (Z= 2.366, p < 0.0180). In the resilient group the interaction time spent with 
the target was statistically higher than with no target. (Z= -2.201, p < 0.0277)

Figure 2

We then wanted to determine whether there was a difference between the percentage of time 
spent in the social interaction zones between the control, susceptible and resilient groups. We 
observed a significant difference in the percentage between the control and resilient groups 
versus the susceptible group (Figure 3, F=12.913, p = 0.0016). Mean ± SEM

Sus ResControl



Figure 3

We then used real-time PCR to measure SIRT1 mRNA expression in the nucleus accumbens 48 
hours after the last social defeat episode. We also used immunoblotting to measure SIRT1 
protein expression for the same time period. 

We observed that chronic social defeat stress induced SIRT1 mRNA levels in the NAc of 
susceptible mice at 48 hours (Figure 4, F= 9.75, p = 0.001) Mean ± SEM, and 10 days (Figure 5, 
F = 5.99, p = 0.01) Mean ± SEM. No change was seen in resilient mice. 

Figure 4

 

Figure 5

 



We also observed that the induction of SIRT1 mRNA in the NAc at 48 hours was paralleled by 
increased protein expression in the same region in susceptible mice but not resilient mice (Figure
6, F = 4.13, p = 0.03). Mean ± SEM

Figure 6

Discussion

Our results demonstrate that chronic social defeat stress stably induces SIRT1 expression in the 
nucleus accumbens of susceptible mice. A recent publication in Nature identified a reproducible 
association of the SIRT1 locus in individuals with Major Depressive Disorder.19 This correlates 
with our results demonstrating that SIRT1 levels in the nucleus accumbens are associated with 
depression and anxiety-like behaviors induced by chronic stress. 

Additional support for the significance of these findings comes from Libert et al. (2011)22 who 
identified SNPs (rs10997870) in the SIRT1 gene associated with the risk of anxiety in humans. 
Similar findings were demonstrated using samples from 9000 adult Caucasian twins studied in 
the Virginia Adult Twin Study of Psychiatric and Substance Use Disorders (VATSPSUD).20 
Another study of Japanese subjects also found a significant association between another SIRT1 
SNP (rs10997875) and MDD.21 These results contribute to our hypothesis that SIRT1 plays a 
role in regulating depression and anxiety related behaviors and could possibly introduce a new 
pharmacological target for the treatment of MDD. 
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