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SIRT1 Decreases Emotional Pain Vulnerability with
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Emotional disorders are common comorbid conditions that further exacerbate the severity and chronicity of chronic pain. However,
individuals show considerable vulnerability to the development of chronic pain under similar pain conditions. In this study on male rat
and mouse models of chronic neuropathic pain, we identify the histone deacetylase Sirtuin 1 (SIRT1) in central amygdala as a key
epigenetic regulator that controls the development of comorbid emotional disorders underlying the individual vulnerability to chronic
pain. We found that animals that were vulnerable to developing behaviors of anxiety and depression under the pain condition displayed
reduced SIRT1 protein levels in central amygdala, but not those animals resistant to the emotional disorders. Viral overexpression of local
SIRT1 reversed this vulnerability, but viral knockdown of local SIRT1 mimicked the pain effect, eliciting the pain vulnerability in
pain-free animals. The SIRT1 action was associated with CaMKII� downregulation and deacetylation of histone H3 lysine 9 at the
CaMKII� promoter. These results suggest that, by transcriptional repression of CaMKII� in central amygdala, SIRT1 functions to guard
against the emotional pain vulnerability under chronic pain conditions. This study indicates that SIRT1 may serve as a potential thera-
peutic molecule for individualized treatment of chronic pain with vulnerable emotional disorders.
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Introduction
Chronic pain is a prevalent neurological disease, for which an
effective treatment is currently lacking. Chronic pain consists of a

sensory-discriminative component and an affective-emotional
component with exacerbating interactions between the two com-
ponents (Price, 2000; Liu and Chen, 2014). However, for the last
few decades, basic research on pain mechanisms has mainly fo-
cused on the sensory component of chronic pain. The affective-
emotional component of chronic pain, whose importance is
increasingly recognized recently, is mainly manifested by chronic
sensory pain-induced emotional disorders, such as anxiety and
depression (Liu and Chen, 2014; Usdin and Dimitrov, 2016),
which further exacerbate the severity and chronicity of the pain
condition, leading to a vicious cycle that exerts a devastating
effect on the quality of life in patients with chronic pain (Wiech
and Tracey, 2009; Failde et al., 2018; Kosson et al., 2018).

Another important feature of chronic pain is individual vul-
nerability, as clinical data clearly show that some patients are
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Significance Statement

Chronic pain is a prevalent neurological disease with no effective treatment at present. Pain patients display considerably variable
vulnerability to developing chronic pain, indicating individual-based molecular mechanisms underlying the pain vulnerability,
which is hardly addressed in current preclinical research. In this study, we have identified the histone deacetylase Sirtuin 1 (SIRT1)
as a key regulator that controls this pain vulnerability. This study reveals that the SIRT1–CaMKIIa� pathway in central amygdala
acts as an epigenetic mechanism that guards against the development of comorbid emotional disorders under chronic pain, and
that its dysfunction causes increased vulnerability to the development of chronic pain. These findings suggest that SIRT1 activa-
tors may be used in a novel therapeutic approach for individual-based treatment of chronic pain.
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more vulnerable, while others are relatively resilient, to the devel-
opment of chronic pain under similar pain conditions (Denk et
al., 2014). Nevertheless, the underlying mechanisms for this
individual vulnerability are unknown and hardly addressed in
current preclinic pain studies on animal models of chronic pain.
Recently, epigenetic mechanisms have emerged with increasing
prominence in individual susceptibility to various environmental
factors, mediating the development of multiple diseases including
neuropsychiatric disorders, drug addiction, and cardiometabolic
disorders (Sillivan et al., 2017; Egervari et al., 2018; Palumbo et al.,
2018; Wang et al., 2018).

Sirtuins (SIRTs) 1–7, NAD�-dependent histone deacetylases
(HDACs), regulate diverse cellular processes including aging, in-
flammation, apoptosis, autophagy, and cell metabolism by mod-
ifying the acetylation status of histone and nonhistone proteins
(Herranz and Serrano, 2010; Herskovits and Guarente, 2014;
Chalkiadaki and Guarente, 2015). Recent studies have suggested
that SIRTs have important roles in the pathophysiology of emo-
tional disorders. Decreased SIRT1 and SIRT2 levels and increased
SIRT6 level in hippocampus have been shown to contribute to
the chronic stress-elicited depression-like behavior (Liu et al.,
2015; Abe-Higuchi et al., 2016). Increased SIRT1 levels in the
nucleus accumbens (NAc) plays an essential role in regulating
mood-related behavioral abnormalities induced by chronic so-
cial defeat stress (Kim et al., 2016). SIRT2 knockout blocks the
development of social defeat stress-induced depression-like be-
havior (Zhang et al., 2018). Clinical studies also suggest that
SIRT1 and SIRT2 gene polymorphisms are associated with de-
pressive disorder (Porcelli et al., 2013; Nivoli et al., 2016), and
decreased expression of SIRT1, SIRT2, and SIRT6 genes has been
found in patients with a mood disorder (Abe et al., 2011; Luo and
Zhang, 2016). These data suggest that SIRT1, SIRT2, and SIRT6 in
different brain regions play important roles in the emotional disor-
ders. However, how SIRTs are involved in chronic pain-induced
emotional disorders or pain vulnerability remains unexplored.

In this study, we investigated the roles of SIRT1, SIRT2, and
SIRT6 in the central nucleus of the amygdala (CeA), a key brain
structure that regulates emotion-related behaviors (Gilpin et al.,
2015; Janak and Tye, 2015; Neugebauer, 2015; Thompson and
Neugebauer, 2017; Babaev et al., 2018), in the development of
chronic pain-induced emotional disorders of affective pain com-
ponent, focusing on individual variances in the epigenetic
changes and behavioral responses for individual vulnerability to
chronic pain.

Materials and Methods
Animals. Adult male Wistar rats (weight, 200 –300 g) and 8-week-old
male mice were used in this study. B6;129-Sirt1 tm1Ygu/J (SIRT1 flox/wt)
mice were purchased from The Jackson Laboratory. SIRT1 flox/wt mice
were intercrossed to generate SIRT1 w/w and SIRT1 flox/flox mice. Geno-
types of mice were identified by PCR using the following primer
sequences: 5�-GGT TGA CTT AGG TCT TGT CTG-3� (forward) and
5�-CGT CCC TTG TAA TGT TTC CC-3� (reverse). All animals were on
a 12 h light/dark cycle and received food and water ad libitum. Animal
care and experimental procedures were approved by and performed in
accordance with the Institutional Animal Care and Use Committee.

Model of chronic neuropathic pain. The model of chronic trigeminal
neuropathic pain was established by chronic constriction injury (CCI) of
the unilateral infraorbital nerve (ION) according to the method de-
scribed in previous studies (Kim et al., 2014). Under anesthesia, an ani-
mal was restrained on an operation table in a supine position. An 8- to
10-mm-long incision was made along the gingiva-buccal margin in the
buccal mucosa, beginning distal to the first molar. The ION was freed
from the surrounding connective tissue and tied loosely with two chro-

mic gut ligatures (4.0) under a surgical microscope. The incision was
sutured with 4.0 silk sutures. Animals in sham groups underwent the
same surgical procedure but without the ION ligation.

Measurement of mechanical pain. Mechanical allodynia was evaluated
as described in previous reports (Wei et al., 2008; Kim et al., 2014). After
a 30 min accommodation period, animals were held loosely and a series
of von Frey filaments (North Coast Medical) of varying force was applied
to the vibrissa pad region. A brisk head withdrawal, escape or attack
reactions, or short-lasting facial grooming behaviors were defined as
positive responses. Each von Frey filament was applied five times at an
interval of 10 s. The EF50 value, defined as the von Frey filament force (g)
that produced a 50% positive response, was calculated to evaluate me-
chanical pain sensitivity.

Open field test. Open field test was performed as described previously
(Fernando and Robbins, 2011; Haller and Alicki, 2012). Twenty-eight
days after CCI-ION or sham surgery, an animal was placed in the corner
of an open arena (72 � 72 � 30 cm for rats; 42 � 42 � 30 cm for mice)
and allowed to move freely for 15 min. Locomotor activity of the animal
was video recorded and analyzed by an automated video-tracking system
(EthoVision XT, Noldus; or ANY-maze, Stoelting). In an analysis for
individual variance, the average time the sham control animals spent in
the central zone (central time) during the test was used to divide the
CCI-ION rats into a vulnerable group (central time below the sham
average) and a resistant group (central time above the sham average).

Forced swim test. A forced swim test was performed as previously de-
scribed (Fernando and Robbins, 2011; Slattery and Cryan, 2012). The
next day after the open field test (29 d after CCI-ION or sham surgery), a
15 min pretest was performed. An animal was placed in a clear cylinder
(height � diameter: rats, 45 � 30 cm; mice, 25 � 12 cm) filled with water
(depth: rats, 30 cm; mice, 12 cm) at 25 � 1°C. Twenty-four hours after
the pretest, the animal was allowed to swim in the cylinder for 6 min and
the immobility time during the last 5 min period was recorded. Immo-
bility was defined as the cessation of all active swimming and escaping
activities. Similarly, based on the averaged immobility time of sham an-
imals, CCI-ION animals were divided into a vulnerable group (immo-
bility time above the sham average) and a resistant group (immobility
time below the sham average) in the analysis.

Adeno-associated virus vectors and viral microinjections. An adeno-
associated virus (AAV)2/9-CaMKII�-SIRT1–3*flag-GFP (AAV-SIRT1)
vector and a control vector AAV2/9-CaMKII�-GFP (AAV-GFP) were
obtained from Hanbio and microinjected bilaterally (1 �l each side) into
the CeA of rats (�2.1 mm anteroposterior, �4.5 mm mediolateral, �8.6
mm dorsoventral from the bregma) at a rate of 0.1 �l/min. An AAV9-
CaMKII�-Cre-EGFP (AAV-Cre) vector and a control vector AAV9-
CaMKII�-EGFP-3flag (AAV-EGFP) were obtained from Shanghai
Genechem and microinjected bilaterally (0.5 �l each side) into the CeA
of mice (�1.2 mm anteroposterior, �2.75 mm mediolateral, �4.8 mm
dorsoventral from the bregma) at a rate of 0.1 �l/min. Stereotaxic sur-
geries were performed to microinject the viral vectors into the CeA. After
the injections, animals were allowed to recover for 2 weeks. Fifteen days
after the vector injection, CeA tissues were collected for analysis. Viral
injection sites were histologically verified by confirming the GFP or
EGFP signal in the CeA of brain slices with a fluorescence microscope.

Immunofluorescence staining. Animals were deeply anesthetized with
chloral hydrate and transcardially perfused with 4% paraformaldehyde
in PBS. The brain tissues were removed and postfixed in 4% paraformal-
dehyde for 4 – 6 h at 4°C, followed by dehydration with 30% sucrose
solution. Coronal slices (30 �m) containing the amygdala (�1.8 to �3.3
mm from bregma) were obtained with a cryostat (Leica) at �20°C. After
reaction blockade with 10% normal goat serum in PBS and 0.3% Triton
X-100, the sections were incubated with the following primary antibod-
ies: mouse anti-SIRT1 (1:200; Abcam); rabbit anti-CaMKII� (1:200; Ab-
cam); rabbit anti-GAD67 (1:100; Cell Signaling Technology); and rabbit
anti-vGluT2 (1:50; Cell Signaling Technology). After washes, sections
were then incubated with suitable secondary antibodies, as follows: Alexa
Fluor 594 goat anti-mouse IgG or Alexa Fluor 488 goat anti-rabbit IgG
(Thermo Fisher Scientific) in dark for 2 h. The stained sections were
examined with an LSM880 confocal laser-scanning microscope (Zeiss).
Quantitative analyses were performed by using tissue sections from three
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rats (three sections per rat) and examining an area of 213 � 213 �m in
CeA by an experimenter blinded to the treatment groups.

Western blotting analysis. The frozen CeA tissues were homogenized
with N-PER Neuronal Protein Extraction Reagent (Thermo Fisher Sci-
entific) containing Phosphatase Inhibitor Cocktails 2, 3, and a Protease
Inhibitor Cocktail (Sigma-Aldrich). Supernatants were collected after
centrifugation at 13,000 � g for 10 min at 4°C, and protein concentra-
tions were determined with DC Protein Assay Kits according to the man-
ufacturer instruction (Bio-Rad). Equal amounts of protein samples were
separated by SDS-PAGE and transferred onto a nitrocellulose mem-
brane. The membrane was incubated with the primary antibodies in-
cluding anti-SIRT1 (Cell Signaling Technology), anti-CaMKII� (Cell
Signaling Technology), and anti-�-actin (BioWorld), followed by incu-
bation with the appropriate secondary antibodies (Li-Cor). An Infrared
Imaging System (Gene Company Limited) was used to detect immune-
reactive bands.

Chromatin immunoprecipitation assay. Chromatin immunoprecipita-
tion (ChIP) assays were performed with an EpiQuik ChIP Kit (Epigen-
tek). After chromatin cross-linking with 1% formaldehyde and DNA
shearing by sonication, chromatin–protein complexes were immuno-
precipitated with antibodies against acetylated H3K9 (H3K9Ac; Abcam)
and acetylated H4K16 (H4K16Ac; Cell Signaling Technology). An anti-
body against normal IgG (anti-mouse) was used as a negative control.
Immunoprecipitated DNA was subjected to quantitative real-time PCR
with the following primers: CaMKII� (rat): forward, 5�-ACAGGGCGT
TTCGG-3�, CaMKII� (rat): reverse, 5�-TCGGGACTAGGACTGG-3�;
CaMKII� (mouse): forward, 5�-ACGGACTCAGGAAGAGGGATA-3�;
and CaMKII� (mouse): reverse, 5�-CTTGCTCCTCAGAATCCATTG-
3�. The cumulative fluorescence for each amplification was normalized
to input amplification.

Experimental designs and statistical analyses. Most experiments used a
between-subject design for comparisons between the treatment group
and corresponding control group, such as comparisons for a nerve
injury-induced pain group versus a sham-operated group, an AAV-
SIRT1-overexpressing group versus an AAV-GFP group, and SIRT1-
knock-down mice versus corresponding wild-type (WT) mice. The pain
group was further divided into vulnerable and resistant groups based on
behavioral parameters of individual data, and each was compared with
the control group. Behavioral responses of sensory pain were monitored
daily by repeated measures on the same animals. The experimenter per-
forming the behavioral tests was blind to the treatment groups of ani-
mals. Each emotional test was conducted only once on each animal. All
individual data from each animal were included and analyzed. Number
of animals for each group was determined by power analysis and based
on our previous results of similar experiments and on individual data
distribution. Two-group comparisons were made by the Student’s t test,
and three-group comparisons were performed with one-way ANOVA
followed by LSD post hoc test. Behavioral data of sensory pain thresholds
with multiple measurements were analyzed by two-way ANOVA for re-
peated measures with LSD post hoc analysis. A � 2 test was performed to
analyze the percentage of animals in vulnerable and resistant groups, and
a Pearson correlation test was performed to analyze cross-vulnerability of
each animal to anxiety and depression. p � 0.05 was considered statisti-
cally significant. All statistical analyses were performed with Prism soft-
ware version 7. Data are expressed as the mean � SEM.

Results
Chronic sensory pain induces anxiety- and depression-like
behaviors with significant individual variance
We used CCI of the ION to induce chronic trigeminal neuropathic
pain, and an EF50 value was determined to evaluate mechani-
cal pain sensitivity. As shown in Figure 1A, rats with CCI-ION,
compared with sham-operated rats, displayed significant me-
chanical allodynia with reduced EF50 values in the ipsilateral ION
territory on days 14 (p � 0.05), 21 (p � 0.01), and 28 (p � 0.01)
after the CCI-ION surgery, demonstrating chronic sensitization
to mechanical pain. A transient decrease in EF50 values was ob-
served in sham rats on day 3 after surgery, which might be caused

by surgical incision and local inflammation. To examine individ-
ual variance in this pain sensitization, we analyzed the EF50 values
of individual rats on day 28 after surgery. As shown in Figure 1B,
there was nearly no overlap in EF50 values between sham rats and
CCI-ION rats, suggesting that all rats developed a similar degree of
mechanical allodynia or that there is little individual variance in the
nerve injury-induced sensory pain sensitization.

We then determined anxiety- and depression-like behaviors
in sham rats and CCI-ION rats with chronic pain, using the open
field test and the forced swim test, respectively. We found that,
compared with sham rats, CCI-ION rats showed significant anx-
iety behavior with decreased time spent in the central zone (cen-
tral time, p � 0.05) in open field test 28 d after the surgery (Fig.
1C). To determine individual variance and vulnerability to anx-
iety, we analyzed the distribution of central times for the variance
of individual rats. Rats in the sham group displayed a large vari-
ance in central times, suggesting that individual animals are
largely variant in response to environmental stimulus of anxiety
in normal conditions. For the purpose of analyzing individual
vulnerability to anxiety under the pain condition, we used the
averaged central time in sham rats as an arbitrary cutoff line and
a reference index of anxiety vulnerability to approximately divide
the CCI-ION rats into a vulnerable group (central time below the
sham average) and a resistant group (central time above the sham
average). We found that the averaged central time in the vulner-
able group of CCI-ION rats was significantly less than that in
sham rats (p � 0.01), but the resistant group of CCI-ION rats was
not significantly different from sham rats in the averaged central
time (Fig. 1D). The difference in the variability of anxiety (distri-
bution of central times) between the sham group and the CCI-
ION group was not significant (coefficient of variance: sham,
73.88%; CCI-ION, 91.89%; F � 0.09). There was no significant
difference in total distance traveled and travel velocity between
sham rats and CCI-ION rats (Fig. 1E,F), or among sham rats,
vulnerable CCI-ION rats, and resistant CCI-ION rats (Fig.
1G,H), indicating that the locomotor activity of the rats was not
affected by CCI-ION 28 d after the surgery. These results suggest
that the chronic sensory pain induces significant anxiety-like be-
havior of negative emotion in CCI-ION group. In reference to the
average of control rats, the pain rats have large individual vari-
ance in the pain-induced anxiety behavior, with some pain rats
significantly more vulnerable to anxiety, but other pain rats re-
sistant to anxiety and similar to the control average.

In the forced swim test on the same rats, we found similar
individual variance in data distribution and individual vulnera-
bility to depression-like behavior. The CCI-ION rats as a group
showed significant depression-like behavior with increased im-
mobility time when compared with the sham group (Fig. 1I).
Individually, those CCI-ION rats assigned as vulnerable similarly
with immobility time above the average of the sham rats dis-
played depression-like behavior with significantly increased im-
mobility time than sham controls (p � 0.01), but those resistant
CCI-ION rats (immobility time below the average of sham rats)
were compatible to sham rats in immobility time (Fig. 1J). These
results indicate that chronic sensory pain also induces depression-
like behavior of negative emotion with large individual variance,
and, similarly, those pain rats below the average depression reference
of control rats are significantly more vulnerable to depression under
the pain condition.

We further analyzed the data to determine whether individual
rats were consistent in their vulnerability to developing the anx-
iety and depression behaviors. Our results showed that those
anxiety-vulnerable CCI-ION rats as a group also displayed signif-
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icant depression-like behavior, with significantly increased
immobility time when compared with sham rats (p � 0.01),
whereas those anxiety-resistant CCI-ION rats did not show signifi-
cant depression-like behavior (Fig. 1K). Conversely, depression-
vulnerable CCI-ION rats also displayed significant anxiety-like
behavior (p � 0.05; Fig. 1L). However, depression-resistant CCI-
ION rats also showed, to a lesser degree, anxiety-like behavior
(Fig. 1L). For each individual animal, however, there was no sig-
nificant correlation in its cross-vulnerability to anxiety and de-
pression in the CCI-ION group (anxiety-vulnerable vs depression
vulnerability: r � 0.04, p � 0.89; depression-vulnerable vs anxiety
vulnerability: r ��0.17, p � 0.50), and in the sham group (anxiety-
vulnerable vs depression vulnerability: r � 0.17, p � 0.59;
depression-vulnerable vs anxiety vulnerability: r � 0.16, p �
0.70). These results suggest that, under chronic pain conditions,
rats that are vulnerable to developing anxiety also tend to be more
vulnerable to developing depression, and vice versa. Individually,
however, an anxiety-vulnerable animal is not necessarily also vul-

nerable to depression, and vice versa, either in normal condition
or with chronic pain. Thus, it appears that the anxiety test can be
used to approximately measure and simulate individual vulner-
ability to chronic sensory pain-induced behaviors of negative
emotion or emotional pain vulnerability, which may largely reflect
the characteristic attribute of the individual rather than the types of
emotional behaviors.

SIRT1 in GABAergic CeA neurons is involved in emotional
pain vulnerability
To investigate the underlying molecular mechanism for the indi-
vidual pain vulnerability of negative emotion, we determined the
role of sirtuin family members SIRT1, SIRT2, and SIRT6 in the
CeA of the same groups of sham and CCI-ION rats as above. We
found that the protein level of SIRT1 in CeA of CCI-ION rats was
significantly decreased (p � 0.01), but not that of SIRT2 or
SIRT6, when compared with sham rats (Fig. 2A–C). We then
determined whether SIRT1 was associated with the emotional

Figure 1. Chronic sensory pain induces anxiety- and depression-like behaviors with significant individual variance. A, Mechanical pain thresholds in sham-operated rats and in rats with CCI of the
ION up to 28 d after the surgery. B, Distribution of mechanical pain thresholds (EF50) in individual rats 28 d after CCI-ION surgery. C, Traces of locomotor activity (top) and the time rats spent in the
central zone (central time, bottom) in an open field test in sham rats and CCI-ION rats. D, Individual data of central time in the same rats as in C, with the CCI-ION rats divided into a vulnerable group
(Vul; defined by the central time of each CCI-ION rat below the averaged central time in sham rats, n �17) and a resistant group (Res; with central time above the sham average, n �5). E, F, Average
group data of distance traveled (E) and travel velocity (F ) in the sham rats and CCI-ION rats. G, H, Individual data of distance traveled (G) and travel velocity (H ) in the same rats as in E and F. I, J,
Group averages (I ) and individual data (J ) of immobility time in the forced swim test in the sham rats and CCI-ION rats. CCI-ION rats were divided into a vulnerable group (immobility time above sham
average, n � 18) and a resistant group (immobility time below sham average, n � 4). K, Immobility time of depressive behavior in sham rats, in anxiety-vulnerable CCI-ION rats (Anx-Vul; n � 17),
and in anxiety-resistant CCI-ION rats (Anx-Res; n � 5). L, Central time of anxiety behavior in sham rats, in depression-vulnerable CCI-ION rats (Depr-Vul; n � 18), and in depression-resistant CCI-ION
rats (Depr-Res; n � 4). N � 22 both in the sham group and the CCI-ION group. Errors bars are SEM. *p � 0.05, **p � 0.01, ****p � 0.0001.
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pain vulnerability. Interestingly, we found
that both anxiety-vulnerable rats and
depression-vulnerable rats displayed a
significantly reduced level of SIRT1 in
CeA, but no change was found in anxiety-
resistant rats or depression-resistant rats
(Fig. 2D,E). These data indicate that
SIRT1 may act as a key epigenetic regula-
tor in the pain vulnerability to negative
emotion.

To determine the cell types for SIRT1
location in CeA neurons, we used immu-
nohistochemistry to examine the colocal-
ization of SIRT1 and a cell marker in CeA
cells that expressed CaMKII� or the
GABAergic cell marker GAD-67. We
found that, in DAPI-labeled CeA cells,
	84.5 � 3.6% were stained for SIRT1 and
82.6 � 2.6% expressed GAD-67. In
CaMKII�-positive cells, 	44.5 � 7.1%
were also labeled for SIRT1, and in
GAD67-positive cells, 93.4 � 1.4% also
expressed SIRT1 (Fig. 3). These immuno-
histochemical data suggest that the major-
ity of CeA cells are GABAergic cells,
consistent with previous reports (Tye et
al., 2011), and SIRT1 is widely expressed in
CeA cells and predominantly in GABAergic
cells.

SIRT1 overexpression in CeA decreases
emotional pain vulnerability
We then investigated whether overcom-
ing the pain-induced SIRT1 reduction, by
SIRT1 overexpression in CeA neurons,
would alter anxiety- and depression-like
behaviors in separate groups of sham and
CCI-ION rats. An AAV vector expressing
SIRT1 and GFP under the control of
CaMKII� promoter (AAV-SIRT1) was
microinjected into the CeA of CCI-ION
rats. Control rats were injected with an
AAV vector that expresses GFP only. Sen-
sory pain and emotion behaviors were
evaluated 15 d after the AAV microinjec-
tion and 28 d after the CCI-ION surgery.
GFP fluorescence images demonstrated
that CeA cells were successfully trans-
fected virally in CCI-ION rats (Fig. 4A).
We found that intra-CeA infusion of
AAV-SIRT1 significantly upregulated the
SIRT1 protein in CCI-ION rats, reversing
the pain-induced SIRT1 reduction (p �
0.05; Fig. 4B). Interestingly, the SIRT1
overexpression did not alter the mechan-
ical threshold of sensory pain (Fig. 4C).
However, the SIRT1 overexpression re-
versed the effect of chronic sensory pain
on anxiety behavior, with significantly in-
creased central time in open field test in the CCI-ION rats after
SIRT1 overexpression when compared with the AAV-GFP-
infused CCI-ION rats (p � 0.05; Fig. 4D). There was no change in
total distance traveled or travel velocity among the three groups

of sham and AAV-GFP-infused or AAV-SIRT1-infused CCI-
ION rats (Fig. 4E,F). In the forced swim test, SIRT1 overexpres-
sion in CeA also inhibited the pain effect with significantly
decreased immobility time in CCI-ION rats (p � 0.05; Fig. 4G).

Figure 2. SIRT1 in CeA neurons is involved in emotional pain vulnerability. A–C, Western blots (top) and group data (bottom) of SIRT1,
SIRT2,SIRT6,and�-actinproteinsintheCeAinshamratsandCCI-IONrats28daftertheshamorCCI-IONsurgery.D,Westernblots(top)and
group data (bottom) of SIRT1 and�-actin proteins in the CeA of sham rats, anxiety-vulnerable CCI-ION rats (n�17), and anxiety-resistant
CCI-ION rats (n�5). E, Similar data of CeA SIRT1 and�-actin proteins in sham rats, in depression-vulnerable CCI-ION rats (n�18), and in
depression-resistant CCI-ION rats (n � 4). N � 22 both in the sham group and in the CCI-ION group. **p � 0.01.

Figure 3. Cellular localization of SIRT1 in CeA cells. A–H, Representative images with immunohistochemical staining for
CaMKII� (green; A, B), GAD67 (green; E, F ), and for SIRT1 (red; C, G), and merged images of B and C for colocalization of CaMKII�
and SIRT1 (D) and merged images of F and G for colocalization of GAD67 and SIRT1 (H ). Scale bars: A, E [showing CeA and
basolateral amygdala (BLA)], 100 �m; B–D and F–H (showing a randomly selected area in CeA), 20 �m. I, J, Graphs showing
percentage of GAD67-positive ( �) and SIRT1 � cells in DAPI-labeled CeA cells (I ), and the percentage of SIRT1 � cells in CaMKII�-
labeled and in GAD67-labeled CeA cells (J ).
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Furthermore, SIRT1 overexpression significantly increased the
number of depression-resistant CCI-ION rats compared with
total CCI-ION rats from 5 of 17 (29%) to 12 of 17 (71%; p � 0.05;
Fig. 4H). The SIRT1 overexpression also increased the number of
anxiety-resistant rats from 3 of 17 (18%) to 6 of 17 (35%), al-
though it did not reach statistical significance (Fig. 4I). These
results suggest that the overexpression of SIRT1 in CeA neurons

is able to counteract and inhibit chronic
sensory pain-induced behaviors of nega-
tive emotion, reducing the vulnerability
to emotional pain.

To determine whether SIRT1 overex-
pression in CeA would alter the emotional
behaviors regardless of the pain condi-
tion, we examined the effects of SIRT1
overexpression in sham animals. We
found that similar SIRT1 overexpression
in the CeA of sham rats had no significant
effect on the anxiety-like or depression-
like behavior (Fig. 4J–M). This suggests
that increasing the CeA level of SIRT1
may not affect emotional behaviors in
general under normal conditions.

SIRT1 knockdown in CeA increases
emotional pain vulnerability
Next, to further confirm the causal role of
SIRT1 in the emotional pain vulnerability,
we infused an AAV vector expressing Cre
recombinase and EGFP under the control
of CaMKII� promoter into the CeA of
SIRT1 flox/flox mice to knock down CeA
SIRT1. WT mice (SIRT1 w/w) with CeA in-
fusion of Cre and SIRT1 flox/flox mice with
CeA infusion of AAV-EGFP were used as
two control groups. An EGFP fluores-
cence image showed that CeA cells were
transfected virally in Cre-infused SIRT1flox/flox

mice (Fig. 5A). The AAV-Cre infusion sig-
nificantly knocked down the protein level
of SIRT1 in the CeA of SIRT1 flox/flox mice
when compared with both of the two con-
trol groups (Fig. 5B). Behaviorally, we
found that the SIRT1 knockdown induced
significant anxiety- and depression-like
behaviors in AAV-Cre-infused SIRT1 flox/

flox mice without chronic sensory pain,
manifested by reduced central time in the
open field test (Fig. 5C) and increased im-
mobility time in the forced swim test (Fig.
5D), respectively. The total distance trav-
eled or travel velocity in the open field test
was not changed by the SIRT1 knock-
down (Fig. 5E,F). Interestingly, after the
knockdown of CeA SIRT1, the number of
depression-vulnerable mice significantly
increased from 3 of 10 (30%) and 3 of 9
(33%) in the two control groups to 6 of 7
(86%) in the SIRT1 knock-down group
(Fig. 5G). For anxiety behavior, the
knockdown of CeA SIRT1 also increased the
number of anxiety-vulnerable mice, al-
though it did not reach statistical signifi-

cance when compared with the two control groups of mice (Fig.
5H). On sensory pain, the SIRT1 flox/flox mice showed a small,
nonsignificant decrease in baseline pain threshold when com-
pared with WT mice for unclear reasons; however, the SIRT1
knockdown did not alter this baseline threshold of mechanical
pain (Fig. 5I). Thus, it appears that the decreased function of
SIRT1 in CeA neurons is sufficient to cause behaviors of negative

Figure 4. SIRT1 overexpression in CeA decreases emotional pain vulnerability. A, GFP fluorescence in CeA after CeA infusion of
AAV-GFP (control) or AAV-SIRT1 under the control of CaMKII� promoter in low- and high-magnification images. B, Western blots
(top) and group data (bottom) of SIRT1 and �-actin proteins 28 d after the surgery in sham and CCI-ION rats with CeA infusion of
AAV-GFP, and in CCI-ION rats with CeA infusion of AAV-SIRT1. N � 6 each group. C, Mechanical pain thresholds in the same three
groups of rats as in B (n � 17 each group). D–F, Locomotor traces (top) and central time (bottom; D), distance traveled (E), and
travel velocity (F ) in the open field test in the same three groups of rats as above. G, Immobility time of depression-like behavior
in forced swim test in the same three groups of rats. H, Percentage of depression-vulnerable and depression-resistant rats (num-
bers in columns refer to the number of rats) in CCI-ION rats with CeA infusion of AAV-GFP or AAV-SIRT1 (n � 17 each group). I, The
percentage of anxiety-vulnerable and anxiety-resistant rats in AAV-GFP and AAV-SIRT1-infused CCI-ION rats (n � 17 each group).
J–L, Central time (J ), distance traveled (K ), and travel velocity (L) in open field test in sham rats with CeA infusion of AAV-GFP or
AAV-SIRT1 28 d after the surgery. M, Immobility time of depression-like behavior in forced swim test in sham rats with CeA infusion
of AAV-GFP or AAV-SIRT1 30 d after the surgery. N � 8 each group. *p � 0.05, **p � 0.01.
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emotion with increased vulnerability
to negative emotion in the absence of
chronic pain.

SIRT1-mediated decrease in emotional
pain vulnerability is associated with
downregulation of CaMKIIa� and
deacetylation of histone H3K9
Finally, we determined whether SIRT1 di-
rectly regulated CaMKII� as a regulation
target in CeA for its effect on the emo-
tional pain vulnerability. We found that
CaMKII� protein in CeA was signifi-
cantly increased in CCI-ION rats with
chronic pain 28 d after surgery ( p �
0.05), and, importantly, this increase
was completely reversed by AAV-
SIRT1-mediated SIRT1 overexpression
in CeA ( p � 0.05; Fig. 6A). Moreover, in
AAV-Cre-infused SIRT1 flox/flox mice with
no chronic sensory pain, the knockdown
of CeA SIRT1 that induced behaviors of
negative emotion (Fig. 5C,D) also signi-
ficantly increased the CeA level of
CaMKII� protein (Fig. 6B), as in CCI-
ION rats with chronic sensory pain. These
findings suggest a repressive relationship
between SIRT1 and CaMKII� in CeA and
indicate that SIRT1 may decrease the
emotional pain vulnerability by down-
regulating CaMKII� in CeA.

As an HDAC, SIRT1 has been reported to
directly regulate many genes by deacetylating
histone H3 at lysine 9 (H3K9) and histone H4
at lysine 16 (H4K16) at the promoters of
these genes, leading to their transcrip-
tional repression (Imai et al., 2000; Dang
et al., 2009; Bagul et al., 2015; Jing and Lin,
2015). To determine whether SIRT1 de-
creased the CaMKII� level in CeA by di-
rect deacetylation, we used ChIP assays to
examine the levels of H3K9Ac and
H4K16Ac at the promoter of CaMKII�.
Our results showed that the H3K9Ac level
on the CaMKII� promoter was signifi-
cantly increased in CCI-ION rats with
chronic pain (p � 0.05), and this increase
was reversed by SIRT1 overexpression
(p � 0.01; Fig. 6C). In contrast, compared
with controls, the H4K16Ac level was not
altered by CCI-ION-induced chronic
pain or by SIRT1 overexpression, with no
significant difference in the H4K16Ac levels among the three
groups (Fig. 6D). Furthermore, the knockdown of CeA SIRT1
also significantly increased, as chronic pain in rats, the level of
H3K9Ac (Fig. 6E), but not that of H4K16Ac (Fig. 6F), on the
CaMKII� promoter in AAV-Cre-infused SIRT1 flox/flox mice
without chronic sensory pain. Together, these results indicate
that, under chronic pain, decreased SIRT1 in CeA may cause
reduced H3K9 deacetylation, or increased H3K9 acetylation, at
the CaMKII� promoter region, which promotes the transcrip-
tion of CaMKII� in CeA neurons, contributing to the emotional
pain vulnerability.

Discussion
Our present results have demonstrated that rats with chronic
sensory pain display considerable individual variability and dis-
tinct vulnerability to emotional disorders (anxiety and depres-
sion), which is likely mediated partly by reduced function of
SIRT1 in CeA, causing reduced deacetylation, or increased acet-
ylation, of histone H3K9 at the CaMKII� promoter in CeA neu-
rons. This may represent an epigenetic mechanism underlying
the individual pain vulnerability to emotional disorders under
chronic pain conditions.

Figure 5. SIRT1 knockdown in CeA increases emotional pain vulnerability. A, Staining images of EGFP in CeA after CeA infusion
of AAV-EGFP (control) or AAV-Cre under control of CaMKII� promoter in low- and high-magnification images. B, Western blots
(top) and group data (bottom) of SIRT1 and �-actin proteins 15 d after the intra-CeA infusions in WT type (SIRT1 w/w) and
SIRT1-floxed (SIRT1 fl/fl) mice (n � 6 each group). C, Locomotor traces (top) and central time (bottom) in an open field test 15 d
after intra-CeA infusion of AAV-Cre in SIRT1 w/w mice (n � 10) and in SIRT1 fl/fl mice (n � 7), and AAV-EGFP in SIRT1 f/f mice (n �
9). D, Immobility time in a forced swim test 15 d after similar CeA infusions of AAV-Cre in SIRT1 w/w mice (n � 10) and in SIRT1 fl/fl

mice (n � 7), and AAV-EGFP in SIRT1 fl/fl mice (n � 9). E, F, Distance traveled (E) and travel velocity (F ) in an open field test in the
same three groups as in C. G, H, Percentage of depression-vulnerable rats (G) and anxiety-vulnerable rats (H ) after similar
intra-CeA infusions of the AAV vectors in the three groups of mice. I, Thresholds of mechanical pain in the three groups of mice
(SIRT1 w/w�AAV-Cre, n � 10; SIRT1 fl/fl�AAV-Cre, n � 7; SIRT1 fl/fl�AAV-EGFP, n � 9). *p � 0.05 (SIRT1 fl/fl�AAV-Cre vs
SIRT1 w/w�AAV-Cre); #p � 0.05 (SIRT1 fl/fl�AAV-Cre vs SIRT1 fl/fl�AAV-EGFP). **p � 0.01.
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Clinical studies have shown that emotional disorders such as
anxiety and depression are common comorbidities of chronic
pain that further exacerbate a pain condition (Poole et al., 2009;
Liu and Chen, 2014; Yalcin et al., 2014; Usdin and Dimitrov,
2016). Thus, anti-depression and anxiolytic drugs have been
commonly used to treat patients with chronic pain, although
with limited success (Fernando and Robbins, 2011; Haller and
Alicki, 2012; Denk et al., 2014). However, in preclinical research
using animal models of chronic pain, the affective/emotional
component of chronic pain has been much less studied, possibly
due to the extended time (	4 weeks) required to induce behav-
iors of negative emotion (vs minutes to induce sensory pain) in
animal models and, importantly, to the large individual variance
that often results in nonsignificant changes in comparisons of
group averages. Recently, a growing number of preclinical studies
have demonstrated that chronic sensory pain can induce anxiety-
and depression-like behaviors in rodents (Narita et al., 2006; Cas-
pani et al., 2014; Barthas et al., 2015; Wang et al., 2015, 2017;
Gambeta et al., 2018). Nevertheless, in contrast to well docu-

mented clinical reports of individual vulnerability to the devel-
opment of chronic pain in patients (Denk et al., 2014), pain
vulnerability remains severely understudied in pain research on
animal models. The present study provides original evidence sug-
gesting that individual pain vulnerability lies predominantly in
brain processing of emotional responses, rather than in body
responses to sensory pain, and that this individual emotional pain
vulnerability is largely consistent in response to different types of
stressful factors (anxiety and depression) under chronic pain.

SIRTs have been shown to play important roles in cerebral
ischemia (Zhang et al., 2011; Yang et al., 2013; Khoury et al.,
2018), drug addiction (Renthal et al., 2009; Ferguson et al., 2015;
Engel et al., 2016), synaptic plasticity (Herskovits and Guarente,
2014; Kim et al., 2019; Zhang et al., 2019), and cognition and
aging (Kim et al., 2007; Gao et al., 2010; Zhang et al., 2011).
Recent studies have suggested that SIRT1, SIRT2, and SIRT6 are
associated with anxious and depressive disorders (Porcelli et al.,
2013; Abe-Higuchi et al., 2016; Kim et al., 2016; Nivoli et al.,
2016). CeA is known for its role in the regulation of emotional
behaviors and modulation of pain (Veinante et al., 2013; Thomp-
son and Neugebauer, 2017). CeA receives nociceptive informa-
tion from the spinal cord through the spino–parabrachio–
amygdaloid pain pathway (Bernard et al., 1993; Gauriau and
Bernard, 2002) and processed polymodal information from the
cortex through basolateral amygdala (Neugebauer, 2015). Thus,
CeA functions as a pivotal structure to integrate peripheral noci-
ceptive information and process affective information from cor-
tical structures for concerted emotional responses. The present
study provides three lines of evidence supporting a causal role of
SIRT1 in CeA regulation of emotional pain vulnerability, as fol-
lows: (1) CeA SIRT1 level is reduced only in vulnerable animals
with anxiodepressive behavior under chronic pain; (2) gain of
CeA SIRT1 function inhibited pain-induced negative emotion in
vulnerable animals; and (3) loss of CeA SIRT1 function mimics
the chronic pain effect, increasing emotional pain vulnerability in
normal animals. These SIRT1 manipulations did not change an-
imal responses to sensory pain, indicating that CeA SIRT1 may
not be involved in the modulation of sensory pain. This is in
striking contrast to previous studies showing that SIRT1 in the
spinal cord alleviates sensory neuropathic pain induced by vari-
ous pain conditions (Yin et al., 2013; Shao et al., 2014; Zhou et al.,
2017; Chen et al., 2018; Zhang et al., 2019). Our results highlight
the distinct SIRT1 functions in the brain and in the spinal cord in
the regulation of different components of chronic pain. Given the
known roles of CeA in the regulation of sensory pain, the present
results also suggest segregated CeA circuits for processing re-
sponses to emotional factors and to nociceptive stimulation, a
notion supported by a recent study on CeA circuits (Cai et al.,
2018).

A series of recent studies has suggested that CaMKII� dys-
function may underlie multiple neuropsychiatric disorders in-
cluding depression and anxiety (Robison, 2014). CaMKII�, a
member of Ca 2�/calmodulin-dependent protein kinase family,
plays an important role in synaptic transmission, learning, and
memory (Lisman et al., 2002, 2012). It has been shown that the
upregulation of CaMKII� in the forebrain leads to increased
anxiety-like behavior (Hasegawa et al., 2009), while CaMKII�
knockdown in basolateral amygdala decreases 5-HT-induced
anxiety-like behavior and reverses repeated stress-induced de-
pression (Kim et al., 2015; Tran and Keele, 2016). In addition, the
suppression of CaMKII� expression in NAc is beneficial to the
antidepressant effect of fluoxetine (Robison et al., 2014). These
studies suggest a promoting effect of CaMKII� on these behav-

Figure 6. A SIRT1-mediated decrease in emotional pain vulnerability is associated with the
downregulation of CaMKII� and the deacetylation of histone H3K9. A, Western blots (top) and
group data (bottom) of CaMKII� and �-actin proteins in the CeA of AAV-GFP-infused sham rats
and CCI-ION rats, and of AAV-SIRT1-infused CCI-ION rats 28 d after the surgery (n � 7 each
group). B, Similar data of CaMKII� and �-actin proteins in AAV-Cre-infused SIRT1 w/w mice and
SIRT1 fl/fl mice. C, D, Levels of H3K9Ac (C) and H4K16Ac (D) on the CaMKII� promoter in the
same three groups of rats as in A, 28 d after the surgery. E, F, Levels of H3K9Ac (E) and H4K16Ac
(F ) on the CaMKII� promoter in the same three groups of mice as in B, 15 d after the vector
infusion. N � 6 each group. *p � 0.05, **p � 0.01.
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iors of negative emotion in these brain areas. However, it has also
been reported that antidepressant drugs desmethylimipramine
and SKF83959 promote CaMKII� activation in hippocampus,
frontal cortex, and striatum (Consogno et al., 2001; Hasbi et al.,
2009; Jiang et al., 2014). The present results are consistent with a
negative emotion-promoting role of CaMKII�, showing its pos-
itive correlation with chronic pain-induced behaviors of negative
emotion in CeA, a prominent brain site for emotion regulation.

SIRT1, the most studied sirtuin in recent mammalian re-
search, mediates protein deacetylation in a wide range of target
proteins and generally functions as a potent protector against
neurodegenerative diseases and neuropathological conditions,
including inflammation (Herranz and Serrano, 2010; Paraíso et
al., 2013; Herskovits and Guarente, 2014). The current study
presents molecular evidence showing that SIRT1 can repress
CaMKII� expression by deacetylating histone H3K9 at the
CaMKII� promoter in CeA neurons. This suggests that the
SIRT1–CaMKII� pathway in CeA may act as an epigenetic mech-
anism to guard against the development of negative emotion
under chronic pain, and its dysfunction increases this pain vul-
nerability to such development of emotional disorders. This is
consistent with the general protective roles of brain SIRT1 in
other pathological and disease conditions. It is currently un-
known whether this protection mechanism of SIRT1 identified
here in CeA is also involved in other SIRT1-related pathological
conditions beyond pain. Given the widely recognized roles of
SIRT1 in the neuropathological conditions, similar mechanisms
of SIRT1 protection in the amygdala are likely involved in the
altered emotional behaviors induced by other nonpain triggers.

For the cellular localization of SIRT1, our immunohisto-
chemical results suggest that SIRT1 is predominantly expressed
in GAD-67-positive GABAergic cells in CeA. As 
90% of CeA
cells are GABAergic (Tye et al., 2011), it indicates that GABAergic
CeA cells play a major role in the SIRT1 regulation of pain-related
emotional behaviors. CaMKII� is commonly localized in excit-
atory central neurons (Hudmon and Schulman, 2002). However,
recent studies have shown that many inhibitory GABAergic cells,
including those in CeA, also express CaMKII� (Jennings et al.,
2013; Dedic et al., 2018). Moreover, in line with the effects of the
AAV vectors under the control of the CaMKII� promoter for
manipulating SIRT1 expression in this study, optical activation of
neurons in the bed nucleus of the stria terminalis through CaMKII�
promoter-controlled channelrhodopsin produces GABAergic synaptic
currents (Jennings et al., 2013). Thus, CaMKII� is not an exclusive
marker for excitatory cells.

It is worth noting that, in our analysis, using the sham average
to divide the animals with chronic pain into vulnerable and re-
sistant groups is arbitrary, as the distribution of the emotional
parameters (central times and immobility times) in the pain an-
imals is continuous with no clear separation between the two
groups. In fact, this continuous distribution is also likely expected
in clinical cases where the patients’ pain vulnerability could vary
from highly vulnerable to highly resistant and anywhere in be-
tween. Nevertheless, this simplified analysis allowed simple com-
parisons for mechanistic studies, and the inclusion of these in
between individuals would only underestimate the difference be-
tween the vulnerable and resistant animals. Another point worth
discussing is the marginal insignificance between the depression-
resistant group and sham control in the anxiety test (Fig. 1L).
Only 4 of 22 pain animals (18%) were resistant to depression (Fig.
1J), so that the small group size of depression-resistant animals
might have contributed to the insignificance. Another possible
reason is that this analysis of vulnerability to both anxiety and

depression in the same animals introduced yet an additional fac-
tor (anxiety) with large individual variance to the analysis of
largely variable depression behavior.

In summary, the present study demonstrates that chronic
neuropathic pain decreases the function of SIRT1 and results in
transcriptional activation of CaMKII� in emotion-regulating
CeA, which likely mediates individual vulnerability to develop-
ment of affective disorders of negative emotion under chronic
pain conditions. These results suggest that SIRT1 activators may
be used in a novel therapeutic approach for individual-based
treatment of chronic pain.
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