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Pain vulnerability and DNA
methyltransferase 3a involved in the
affective dimension of chronic pain

Wei Wang1, Caiyue Li1, Youqing Cai1 and Zhizhong Z Pan1

Abstract

Chronic pain with comorbid emotional disorders is a prevalent neurological disease in patients under various pathological

conditions, yet patients show considerable difference in their vulnerability to developing chronic pain. Understanding the

neurobiological basis underlying this pain vulnerability is essential to develop targeted therapies of higher efficiency in

pain treatment of precision medicine. However, this pain vulnerability has not been addressed in preclinical pain

research in animals to date. In this study, we investigated individual variance in both sensory and affective/emotional

dimensions of pain behaviors in response to chronic neuropathic pain condition in a mouse model of chronic pain.

We found that mice displayed considerably diverse sensitivities in the chronic pain-induced anxiety- and depression-like

behaviors of affective pain. Importantly, the mouse group that was more vulnerable to developing anxiety was also

more vulnerable to developing depressive behavior under the chronic pain condition. In contrast, there was relatively

much less variance in individual responses in the sensory dimension of pain sensitization. Molecular analysis revealed that

those mice vulnerable to developing the emotional disorders showed a significant reduction in the protein level of DNA

methyltransferase 3a in the emotion-processing central nucleus of the amygdala. In addition, social stress also revealed

significant individual variance in anxiety behavior in mice. These findings suggest that individual pain vulnerability may be

inherent mostly in the emotional/affective component of chronic pain and remain consistent in different aspects of negative

emotion, in which adaptive changes in the function of DNA methyltransferase 3a for DNA methylation in central amygdala

may play an important role. This may open a new avenue of basic research into the neurobiological mechanisms underlying

pain vulnerability.
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Background

Chronic pain is one of the most prevalent neurological
diseases; however, clinical reports have clearly shown
that individuals vary substantially in their pain responses
and vulnerability to developing chronic pain.1 This indi-
vidual pain vulnerability can be manifested as large
variability in developing chronic pain under a similar
pathological condition, in variable pain magnitude and
sensitivity under acute and chronic pain conditions, and
in differential responses to analgesic drugs.2,3 In many
pain-causing injuries or diseases, not all patients actually
develop chronic pain.1,2,4,5 Besides the intrinsic features
such as gender and age, there are many known risk fac-
tors that can predispose individuals to the development

of chronic pain, including genetic and epigenetic
changes, biological adaptations, neuropsychological
disorders, and prior stressful life events including pain
experience. Understanding of these risk factors is critical
in order to develop targeted therapies with much
increased analgesic efficiency for treatment of chronic
pain. However, while some studies have addressed
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genetics-based group variance in pain experience and
responses,1,2,6 preclinical research is absent in addressing
individual vulnerability for developing chronic pain and
underlying neurobiological mechanisms in animals.

Pain as a subjective and adverse experience has two
dimensions: sensory and affective.7–9 Clinically, affective
dimension of pain includes sensory pain-induced emo-
tional disorders such as stress, anxiety, and depression,
which are often comorbid with chronic sensitization of
sensory pain and further exacerbate pain sensitivity,
chronicity, and experience with substantial variance in
individual vulnerability and drug response.10–13 In pre-
clinical research, numerous studies have shown that
chronic pain induces anxiety- and depression-like behav-
iors of affective pain in animal models of pain.14–22

As affective pain is processed and modulated by the cor-
ticolimbic circuits including the amygdala that integrate
many brain functions including emotion, reward, and
memory,23–25 it may greatly influence individual variabil-
ity and susceptibility in pain experience and substantially
contribute to the development of chronic pain. In fact,
the central nucleus of the amygdala (CeA) is known as
a key brain structure that regulates emotion-related
behaviors and integrates responses to chronic pain
and resultant emotion disorders in both humans and
animals.24,26–29

Mechanistic studies on individual pain vulnerability
and associated risk factors require valid animal pain
models, which are currently lacking. Among the poten-
tial risk factors, a prominent one is likely epigenetic
changes, as adaptive chromatin modifications are
induced by life events and experience that are individual
based.1 Recently, epigenetic mechanisms have been crit-
ically implicated in the pathogenesis of chronic pain in
rapidly growing numbers of studies including ours.30–37

Particularly, DNA methylation, a more persistent chro-
matin modification for gene repression,38–42 attracts
increased attention for the mechanisms of chronic pain
in the most recent studies.43–45 Therefore, in this study,
we analyzed individual variance and vulnerability in
development of chronic pain-induced behaviors of affect-
ive/emotion disorders as well as sensory pain sensitization,
and explored potential involvement of DNA methyltrans-
ferase 3a (Dnmt3a), a key epigenetic regulator for DNA
methylation, in pain vulnerability.

Materials and methods

Animals

Adult male C57BL/6J mice and CD-1 strain mice
were used in this study. Mice were housed in constant
room temperature with free access to food and water.
All procedures involving the use of animals conformed
to the guidelines by the University of Texas MD

Anderson Cancer Center Animal Care and Use
Committee.

Neuropathic pain model

A mouse model of chronic neuropathic pain was induced
by partial sciatic nerve ligation (PNL) adopted from a
previous report.46 Surgical procedures were performed
under isoflurane anesthesia. After skin shaving and
cleaning on the right thigh, an incision of 1 cm long
was made below the pelvis. The muscles and tendons in
the area were then bluntly dissected to expose the sciatic
nerve at the mid-thigh level. The partial nerve injury was
produced by a ligature with 9-0 silk suture by approxi-
mately 1/3 to 1/2 of the diameter of the sciatic nerve.
In sham-operated control mice, the sciatic nerve was
exposed but left intact without ligation. The wound
was then closed with one muscle suture and two stainless
steel wound clips. After the surgery, the animals were
carefully monitored until fully ambulatory before being
returned to their home cages.

Measurement of sensory pain

Thresholds of sensory pain were measured by the paw-
withdrawal test with von Frey filaments for mechanical
allodynia and with the Hargreaves analgesia apparatus
(Stoelting, Wood dale, IL) for thermal hyperalgesia on a
freely moving mouse. Pain thresholds were measured one
day before the PNL or sham surgery for baseline and once
every three days after the surgery for up to 30 days.

Open field test

Open field test (OFT) is a well-established classic test for
anxiety-like behavior and general locomotor activity in
rodents.47–49 After habituation, a mouse was placed
in one corner of an open arena (length, width, and
height¼ 42 cm) and was allowed to freely explore and
move in the arena for 15min in a test session. A central
zone was defined by a 21� 21 cm area in the center of the
arena. Locomotor activity was recorded automatically
by an automated video-tracking system (EthoVision 8.0
software, Noldus, Attleboro, MA). Time the mouse
spent in the central zone (central time) and total distance
traveled during the 15min session were recorded and ana-
lyzed for each mouse. A decrease in the central time was
considered as an index of anxiety-like behavior. For ana-
lysis of individual variance, those PNL mice with central
times less than the averaged central time of sham control
mice were assigned to vulnerable group and those with
central times more than the control average assigned to
resistant group. This group assignment remained the same
for analyses of these two mouse groups in other behav-
ioral tests of emotion and sensory pain.
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Elevated plus maze test

The elevated plus maze test (EPMT) is another widely
used behavioral test for anxiety and the first-choice test
for screening anxiolytic drugs in rodents.48–50 The EPMT
apparatus was consisted of two opposite open arms and
two closed arms (31� 6.5� 15 cm) elevated 38 cm above
the floor. In an EPMT, a mouse was placed in the junc-
tion of the four arms facing an open arm and was
allowed 5min of free exploration. Time spent in open
and closed arms (expressed as % of time spent in the
open arms vs. the time spent in all arms) and total dis-
tance traveled during the 5min test period were recorded
and analyzed by the video-tracking system. A decrease in
the time spent in the open arms was considered as
an index of anxiety-like behavior. EPMT results of the
vulnerable and resistant mouse groups assigned by
OFT were compared, and each mouse was matched to
its performance in OFT.

Forced swim test

Forced swim test (FST) is a main behavioral test for
depression-like behaviors in rodents and for screening
antidepressant drugs.51 A mouse was placed in a clear
plastic cylinder filled with water (20–30 cm deep,
25� 1�C) for 6min and was recorded with the video-
tracking system. Time the animal spent immobile
during the test was considered as a measure of despair-
like behavior. Immobility was defined as cessation of
all active swimming and escaping activities. The same
vulnerable and resistant mouse groups as assigned by
OFT were compared for their performance in FST.

Model of social defeat stress

Mouse model of social defeat stress (SDS) was induced
according to the procedures in previous reports.52,53

CD1 mice were screened and selected for use as aggres-
sors. For SDS, a C57BL/6J mouse was exposed to a
novel CD1 aggressor for 5min daily in a home cage
and then separated from the aggressor by a perforated
barrier for the remainder of the day. This procedure was
repeated for 10 consecutive days. Control mice were sub-
jected to the same procedures but without the presence of
an aggressor. After the last social defeat episode, the
stressed and control mice were housed individually.
Behavioral test of social interaction (SI) was performed
24 h after the last defeat episode in an open arena that
included a small wire-mesh enclosure centered against
one wall of the arena. An interaction zone was defined
by an area projecting 8 cm around the wire-mesh enclos-
ure. In an SI test, a stressed or control mouse was placed
in a corner of the arena, and locomotor activity was
recorded for 250 s without an aggressor, followed imme-
diately by an additional 250 s recording with a novel

CD1 aggressor in the wire-mesh enclosure. Locomotor
activity, including time spent in the interaction zone
(interaction time) and total distance traveled, was auto-
matically recorded with the video-tracking system. An SI
ratio was calculated for each mouse by: SI ratio¼ inter-
action time with the aggressor/interaction time without
the aggressor. In the stressed group, mice with an SI
ratio <1 was assigned to susceptible group and those
with an SI ratio >1 to resilient group.53

Western blots

After the behavior experiment, the mouse was deeply
anesthetized by isoflurane and decapitated within 1 h.
The brain was cut in a vibratome in cold (4�C) artificial
cerebrospinal fluid to obtain brain slices (0.5mm thick).
Both sides of CeA from mice of vulnerable and resistant
groups were punched out from the slices with a blunt-end
syringe needle (0.8mm inner diameter). CeA tissues were
frozen in liquid nitrogen and stored in a �80�C freezer.
Tissue homogenates were prepared with radioimmuno-
precipitation assay buffer (Cell signaling), and protein
concentration was determined by bicinchoninic acid ana-
lysis (Thermo). Equal protein amount (10 mg) of samples
was used for immunoreactivity of Dnmt3a and b-actin
(Abcam Biotechnology, Cambridge, MA). The immuno-
positive signals were quantified by Quantity One soft-
ware (Bio-Rad), and protein levels were normalized to
b-actin.

Statistics analysis

Unpaired, two-tailed student’s t test was used to com-
pare simple averages of two groups. One-way analysis
of variance (ANOVA) with post hoc analysis was
used to compare and analyze experimental data of mul-
tiple groups for multiple comparisons. Behavioral data
with multiple measurements were analyzed by two-way
ANOVA for repeated measures. The Bonferronic
method was used for post hoc tests in both one-way
and two-way ANOVA. Data are presented as
mean�SEM, and p< 0.05 was considered statistically
significant. All statistical analyses were performed with
the Prism software version 6 (GraphPad Software, La
Jolla, CA).

Results

Nerve injury induces chronic sensitization of sensory
pain with little individual variance

We used the mouse model of chronic pain induced by
PNL46–49 to analyze the sensory pain-associated negative
emotion behaviors. Compared to control mice that
received sham surgery, PNL mice displayed significant
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and long-lasting sensitized behavior of sensory pain
as mechanical allodynia and thermal hyperalgesia.
The allodynia reached maximum three days after PNL
surgery and remained for more than 30 days without
recovery (Time: F(4, 68)¼ 20.0, p< 0.0001; PNL:
F(1, 17)¼ 207.8, p< 0.0001; Interaction, F(4, 68)¼ 12.3,
p< 0.0001, Figure 1(a)). The hyperalgesia had a similar
time course, lasting more than 30 days with little recovery
(Time: F(4, 68)¼ 4.7, p< 0.001; PNL: F(1, 17)¼ 87.6,
p< 0.0001; Interaction, F(4, 68)¼ 4.5, p< 0.001,
Figure 1(b)). We then examined the data of individual
mice in both groups 30 days after the surgery to determine
individual variance in the behavior of sensory pain.
As shown in Figure 1(c) and (d), the sham mice and
PNL mice were clearly separated into two groups with
little overlap in their distribution of pain behaviors of
both allodynia and hyperalgesia. This suggests that
nerve injury induces strong behavioral sensitization of
sensory pain in all mice with minimal individual variance.

Individual variance and pain vulnerability
are inherent in anxiety behavior

We determined affective behaviors of negative emotion in
these control mice and in PNL mice with chronic neuro-
pathic pain, using established behavioral tests for anxiety
and depression in rodents. OFT is a well-established

behavioral test for anxiety and locomotor activity in
rodents.47–49 In OFT, we found that, 30 days after the
surgery, the PNL mice showed significant anxiety-like
behavior with significantly reduced time spent in the cen-
tral zone (central time) when compared to the sham mice
(sham, 109.0� 9.1 s; PNL, 73.5� 8.0 s, t¼ 2.89, p< 0.01,
Figure 2(a) and (b)). Further analyzing the data of indi-
vidual mice, we found a surprisingly wide distribution of
central times as the index of anxiety among individual
mice in both sham and PNL groups. In the sham group,
these control mice displayed large variance in central
times (Figure 2(c)), indicating that mice under normal
conditions are quite variable in this anxiety-related behav-
ior as measured by OFT. The PNLmice with chronic pain
for 30 days also displayed a wide range of central times.
Although the distribution data of sham and PNL mice
appeared continuous, more PNL mice, compared to
sham mice, were clustered to a range of less central
times (Figure 2(c)), resulting in the significantly less
central times (more anxiety) in the group average of
PNL mice as shown in Figure 2(b).

To facilitate the analysis and comparison of the dif-
ference in the anxiety level among the PNL mice, we used
the group average of the sham mice (central time-
¼ 109.0 s) as a cutoff line to approximately assign each
PNL mouse into two groups: vulnerable group with
central time< 109.0 and resistant group with central

Figure 1. Nerve injury induces chronic neuropathic pain. Paw-withdrawal thresholds for mechanical allodynia (a) and paw-withdrawal

latencies for thermal hyperalgesia (b) were measured over a 30 days period in sham-operated mice (n¼ 10) and in mice operated with

partial sciatic nerve ligation (PNL, n¼ 9). Baseline thresholds were measured 1 day before the surgery operated on day 0 (arrows). (c) and

(d) Data distribution of individual mice for the sensory pain behaviors in the same sham and PNL mice at 30 days after the surgery.

**p< 0.01, ****p< 0.0001.

PNL: partial sciatic nerve ligation.
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time >109.0, with a separation margin of more than
�7% from the sham average (Figure 2(c)). This arbitrary
group assignment provided an initial means for further
analysis of anxiety levels and levels of other emotion
behaviors among individual mice although the anxiety
levels within each group were recognizably variable.
A similar analytic method has been used in previous
studies of stress in mice, which also display large indi-
vidual variance in stress-induced social avoidance behav-
iors in both control and stressed group.53–55 In our
results, one-way ANOVA showed that there was a sig-
nificant difference among the sham, vulnerable PNL
(vul/PNL), and resistant PNL (res/PNL) groups, F(2,
41)¼ 23.23, p< 0.0001, and post hoc analysis revealed
that the central time of vulnerable PNL group was

significantly less than that of sham mice (sham,
109.0� 9.1 s; vul/PNL, 55.0� 5.2 s, p< 0.001) and than
that of resistant PNL mice (res/PNL, 135.0� 8.4 s,
p< 0.001), but no difference between sham and resistant
PNL groups (Figure 2(c)). In contrast, there was no sig-
nificant difference in the total distance traveled by mice
among the three mouse groups (Figure 2(d)), which
is consistent with a previous report under similar experi-
mental conditions,56 suggesting little influence of
locomotor activity on the results of OFT 30 days after
the surgery. There was also no significant difference in
the PNL-induced sensitization of sensory pain between
vulnerable and resistant PNL mice (Figure 2(e) and (f)).
Taken together, these results suggest that mice display
considerable and inherent individual variance and

Figure 2. Chronic pain-induced anxiety-like behavior displays large individual variance. (a) Traces of locomotor activity in a sham and a

PNL mouse in an open field test (OFT). (b) Averaged group data of the time spent in the central zone (central time) in sham (n¼ 18) and

PNL (n¼ 26) mice. (c) Individual data of the same mice groups as in (b), with the PNL mice divided into vulnerable (vul/PNL) group (mice

with central times below the group average of central time in sham mice (109.0 s, n¼ 18) indicated by the dashed line, n¼ 20) and resistant

(res/PNL) group (mice with central times above the average, n¼ 6). (d) Individual data of total distance traveled in the three mouse groups.

Behaviors of mechanical (e) and thermal (f) pain responses in the three mouse groups. *p< 0.05. ***p< 0.001.

PNL: partial sciatic nerve ligation.
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differential vulnerabilities to sensory pain-induced anxi-
ety-like behavior of affective pain, but little variance in
behaviors of sensory pain.

Pain vulnerability is consistent in different anxiety tests

We next examined the anxiety-like behavior of the same
mice with the EPMT, another commonly used test for
anxiety behavior and for screening anxiolytic drugs in
rodents.48–50 When group averages of sham mice and
all PNL mice were compared, PNL mice spent signifi-
cantly less time in open arms (Sham, 11.4� 2.5%; PNL,
5.6� 1.1%, t¼ 2.25, p< 0.05, Figure 3(a) and (b)), sug-
gesting again anxiety-like behavior as measured in
EPMT in the pain mice 30 days after PNL. Using the
same group assignment obtained in OFT above, we ana-
lyzed individual data of the vulnerable and resistant PNL
mice groups as well as the sham group in EPMT. We
found that, while all mouse groups displayed a range of
variance in open-arm time, there was a significant differ-
ence among sham, vul/PNL, and res/PNL groups as
revealed by one-way ANOVA, F(2, 24)¼ 5.31, p¼ 0.01.
More importantly, the vulnerable PNL mice displayed
a higher level of anxiety with significantly reduced
open-arm time when compared to sham mice (Sham,
14.6� 3.4%; vul/PNL, 4.2� 1.1%, p< 0.05), whereas

the resistant PNL mice showed no difference from
sham mice in open-arm time (sham, 14.6� 3.4%; res/
PNL, 13.4� 2.7%, p> 0.05, Figure 3(c)). There was no
significant difference in total distance traveled during the
EPMT among the three groups (Figure 3(d)), indicating
minimal effect of locomotor activity in the results of
EPMT. These results indicate that vulnerable mice
defined in OFT were also mostly vulnerable in EPMT
for chronic pain-induced anxiety-like behavior although
some overlap was present between the two PNL groups.
Thus, it appears that the individual variance or vulner-
ability to developing chronic pain-induced anxiety
behavior of affective pain in mice is largely consistent
across the two behavioral tests that measure differential
aspects of anxiety,48,49 further supporting individual pain
vulnerability inherent and manifested in the variable
degrees of anxiety behavior in chronic pain development.

Stress vulnerability is also manifested
in anxiety behavior

To further assess the pain vulnerability as observed in
anxiety behavior induced by sensory pain, an aversive
stressor, we examined the effect of stress, another
neuropsychological disorder that shows great individual
susceptibility in humans, using the mouse model of SDS,

Figure 3. Individual pain vulnerability to anxiety is consistent in a different test of anxiety. (a) Traces of locomotor activity in a sham and

PNL mouse in an elevated plus maze test (EPMT). (b) Averaged group data of % time spent in open arms (open-arm time) from the sham

mice (n¼ 11) and PNL mice (n¼ 16) in EPMT. Individual data of open-arm times (c) and total distance traveled (d) in sham mice (n¼ 11)

and in the vulnerable (n¼ 12) and resistant (n¼ 4) PNL mice, which were divided by the OFT above.

PNL: partial sciatic nerve ligation.
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which has been demonstrated to display overlapping
behaviors of anxiety and depression with large individual
variability.53,55 We found that control mice showed a
range of variances in the time spent interacting with
the aggressor mouse (interaction time); and stressed
mice also displayed a similar range of variances in inter-
action times with a continuous distribution (Figure 4(a)).
These individual variances were also reflected in the SI
ratio (defined by interaction time with the aggressor/
interaction time without the aggressor) in both control
and stressed groups (Figure 4(b)). According to the

criteria used in previous studies53–55 the SI ratio of 1
(the SI time is equal with and without the aggressor)
was used as the threshold to divide the stressed mice
into susceptible (SI ratio< 1) and resilient (SI ratio> 1)
groups. As shown in Figure 4(c), there was a main dif-
ference in the SI ratio of control, susceptible, and resili-
ent mouse groups, F(2, 12)¼ 6.04, p¼ 0.01. Post hoc
analysis revealed significant difference between control
and susceptible groups (p< 0.01) and between suscep-
tible and resilient groups (p< 0.05), but not between
control and resilient groups (p> 0.05). Similar results

Figure 4. Social stress induces anxiety with individual variability. Individual data of the time spent in the interaction zone (interaction

time, (a)) and social interaction (SI) ratios (b) in control mice (n¼ 6) and in mice treated with social defeat stress (SDS, n¼ 9). Averaged

data of SI ratios (c) and interaction time (d) in control mice (n¼ 6) and in stressed mice of susceptible group (SI ratio< 1, n¼ 5) and of

resilient group (SI ratio> 1, n¼ 4). Individual data of central times (e) and total distance traveled (f) in the control mice (n¼ 6) and in the

susceptible (n¼ 5) and resilient (n¼ 4) groups of stressed mice defined above in OFT.

SDS: social defeat stress; SI: social interaction.
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were obtained in the interaction time among the three
mouse groups (main: F(2, 12)¼ 4.96, p< 0.05; control vs.
susceptible: p< 0.05; susceptible vs. resilient: p< 0.05;
control vs. resilient: p> 0.05, Figure 4(d)). These results
of group differences and data distributions are consistent
with those reported in the original studies on the
SDS model.54,55

We then determined the anxiety-like behavior in the
SDS model with OFT. We found that the stress treat-
ment had a significant effect on anxiety behavior among
the three mouse groups, F(2, 12)¼ 4.6, p< 0.05.
Compared to the control group, both susceptible and
resilient groups of stressed mice showed significantly
increased anxiety reflected in decreased central time (con-
trol, 53.0� 9.4 s; sus/stress, 26.9� 3.4 s, p< 0.05; res/
stress, 25.3� 6.3 s, p< 0.05, Figure 4(e)), an observation
in line with the previous study.55 There was no difference
in total distance traveled among the three mouse groups
(Figure 4(f)). This result of social stress-induced anxiety
in both stress-susceptible and stress-resistant mice is in
strong contrast to that of chronic pain-induced anxiety
varying considerably among individual mice, indicating
that individual vulnerability in anxiety is dependent on
and impacted by different types of stressors such as
chronic pain and social stress. These results also further
support behavioral validity of the pain-induced
individual vulnerability measure by the behavioral tests
for anxiety in mice.

Pain vulnerability is consistent in depression behavior

Next, we determined another behavior of negative emo-
tion, depression-like behavior, in the vulnerable and
resistant PNL mice as assigned in OFT, using the FST
30 days after the surgery. When averages of the sham
mouse group and the pain group of pooled PNL mice
were compared, the pain group spent significantly
more time in immobility (sham, 94.2� 11.6 s; PNL,
139.7� 9.7 s, t¼ 3.02, p< 0.01, Figure 5(a)), indicating
chronic pain-induced depressive behavior. When the vul-
nerable and resistant PNL mice as defined in OFT were
compared with the sham group, the pain had a signifi-
cant effect on the animal behavior of depression, F(2,
36)¼ 12.2, p< 0.0001. Interestingly, the anxiety-vulner-
able mice displayed a significantly higher level of the
depression index when compared to either the sham
mice (vul/PNL, 158.4� 9.1 s; sham, 94.2� 11.6 s,
p< 0.001) or the anxiety-resistant mice (vul/PNL,
158.4� 9.1 s; res/PNL, 89.7� 10.3 s, p< 0.01) with no
difference between the sham and res/PNL groups
(p> 0.05, Figure 5(b)). These findings support an
intriguing notion that individual pain vulnerability is
inherent in the chronic pain-induced negative emotion
that is consistently manifested at least in mouse behaviors
of anxiety and depression.

Dnmt3a in central amygdala is involved
in pain vulnerability

Finally, to explore a potential epigenetic mechanism that
underlies the pain vulnerability in negative emotion
behaviors described above, we targeted CeA, a brain
site critical in processing and integrating emotion-related
behaviors including pain, and determined the CeA pro-
tein level of the Dnmt3a, which catalyzes de novo DNA
methylation in response to environmental and patho-
logical conditions38,39,41,42,57 and has recently been impli-
cated in pain mechanism in peripheral nociceptive
neurons.45,58 In CeA tissues collected from different
groups mice after the behavioral experiments above, we
found that the CeA Dnmt3a protein was dramatically
decreased in the mice with chronic pain 30 days after
the PNL surgery (t¼ 2.38, p< 0.05, Figure 6(a)). When
the two PNL groups of vulnerable and resistant mice
with differential pain vulnerability were considered in
data analysis, pain also had a significant overall effect
on the mouse groups, F(2, 21)¼ 4.9, p< 0.05. More
interestingly, we found that the anxiety-vulnerable

Figure 5. Individual pain vulnerability is consistent in depression-

like behavior. (a) Group data of immobility time in a forced swim

test in sham (n¼ 17) and PNL (n¼ 22) mice. (b) Individual data of

immobility times in the sham mice (n¼ 17) and PNL mice

divided into vulnerable (n¼ 16) and resistant (n¼ 6) mice by

the OFT above.

PNL: partial sciatic nerve ligation.
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group of pain mice displayed a significant decrease
in CeA Dnmt3a protein (p< 0.05), but not in the anxi-
ety-resistant group of pain mice (Figures 6(b)). These
findings indicate that Dnmt3a in CeA may play an
important role in mediating pain vulnerability reflected
in the various degrees of negative emotion behaviors
under chronic pain.

Discussion

In this study, we have presented original evidence to
demonstrate that (1) mice display considerable individ-
ual variance in and vulnerability to chronic pain-induced
negative emotion of affective pain, but relatively much
less in nociceptive response of sensory pain, (2) the pain

vulnerability remains largely consistent in different
aspects of negative emotion (anxiety and depression),
and (3) Dnmt3a in CeA as a key regulator of DNA
methylation may play an important role in the pain
vulnerability.

Individual variability is a key factor for the develop-
ment of precision medicine with individual-based, tar-
geted therapies for treatment of various diseases
including chronic pain. Identifying vulnerable individ-
uals and underlying risk factors and mechanisms are
pivotal process to achieve the goals. However, despite
the prevalent clinical evidence for the individual variance
in pain responses and vulnerability to developing chronic
pain, this issue has not been addressed in current animal
studies of pain either in study designs or in data analysis.
A close area of pain studies that has well developed is
research of pain responses based on sub-populations of
humans and animals, i.e., on populations of different
genders or differential genetic background.59 Based on
our findings in this study, it appears that individual
pain vulnerability is likely inherent in the negative emo-
tion responses of affective pain. The affective component
of chronic pain is processed by the corticolimbic circuits
of the brain that integrate sensory pain information, cur-
rent emotional and cognitive state, and memory of prior
pain and other psychophysiological experience,7,23,60

which are highly individual dependent. Thus, the affect-
ive processing and evaluation of pain conditions and
resultant behavioral responses is likely a very important
factor that largely accounts for the pain vulnerability
and plays a key role in the exacerbation and chronifica-
tion of pain development. The current study presents
original evidence supporting this notion and provides
an animal model for studies on individual pain vulner-
ability and underlying mechanisms.

It is highly intriguing to find in this study that the
individual pain vulnerability holds true across different
aspects of negative emotion under the chronic pain con-
ditions, at least in anxiety- and depression-like behaviors
in mice. In other words, mice that are vulnerable to
developing anxiety are generally also vulnerable to
developing depression under the pain conditions. Given
the multidimensional nature of negative emotion, one
behavioral test can only evaluate certain aspects of the
complex behaviors, and different tests may assess differ-
ential as well as overlapping features of the emotion
behaviors in rodents.48,49 Our findings with different
behavioral measurements provide general and funda-
mental, though not comprehensive, evaluation of the
animals’ emotional status under the chronic pain condi-
tions. Yet, the consistency in this individual pain vulner-
ability of the animals’ emotional status suggests that
some common factors or adaptive responses contribute
to the pain vulnerability, which are less prominent in
resistant individuals.

Figure 6. Chronic pain decreases Dnmt3a in central amygdala of

only vulnerable mice. (a) Western blots (top) and group data

(bottom) of Dnmt3a protein levels in the central nucleus of the

amygdala (CeA) from sham mice (n¼ 13) and PNL mice (n¼ 11)

30 days after the surgery. (b) Western blots (top) and group data

(bottom) of CeA Dnmt3a protein in sham mice (n¼ 12) and in

vulnerable (n¼ 9) and resistant (n¼ 3) groups of PNL mice 30 days

after the surgery. All Dnmt3a proteins were normalized to b-actin

and expressed as levels relative to the average of sham mice.

PNL: partial sciatic nerve ligation; Dnmt3a: DNA methyltransfer-

ase 3a.
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DNA methylation as a longer lasting chromatin
modification that represses gene expression has been
implicated in the pathogenesis of many chronic neuro-
logical diseases and recently in the mechanisms of
chronic pain.39–42,44 Specifically, most recent reports
demonstrate Dnmt3a as an important regulator of
DNA methylation in the maladaptive responses of per-
ipheral nociceptive neurons.45,58 Our current results sug-
gest that sensory pain-induced adaptive response in the
gene-regulating functions of CeA Dnmt3a could be a
crucial process in the development of pain vulnerability
to negative emotion. Apparently, our finding of the
Dnmt3a involvement is just an important first step to
identify the function of CeA Dnmt3a in the pain vulner-
ability, and extensive further studies are warranted to
determine the causal role of CeA Dnmt3a and
Dnmt3a-mediated DNA methylation and gene repres-
sion in the pain vulnerability. As DNA methylation is
a rather general gene-repressing process, and Dnmt3a
targets many genes, much more studies are needed to
identify the target genes in CeA that are responsible
for adaptive changes in CeA circuits and for the conse-
quent emotion behaviors of pain vulnerability.

Our results show that individual mice in sham control
group had a wide range of distribution in the indices for
anxiety and depression behaviors, indicating that indi-
viduals are different in dealing with stressful stimulation
(e.g., pain) and environment under normal conditions.
This brings an interesting question of whether mice
with higher sensitivity in the behavioral indices of nega-
tive emotion in normal conditions would also be more
sensitive and vulnerable to developing negative emotion
under chronic pain. Answering this question would
require repeating all the behavioral tests on the same
animal before and 30 days after the surgery. The poten-
tial issues with this experiment approach include a pos-
sible effect of memory with repeated behavioral tests that
would confound the test results and a possible impact of
surgery itself on the emotion behavior. It is worth point-
ing out that it is somewhat arbitrary to use the average of
sham group to divide the pain group into vulnerable and
resistant groups, but it provides an initial step to address
the relative vulnerability of pain mice. Further studies
with more assigned groups of pain animals and with
same-animal comparisons could better address the indi-
vidual pain vulnerability that appears to have a continu-
ous distribution among individual animals.

It is interesting to note that it seems that a prolonged
period (weeks to one month) of pain condition was
required for the animals to develop significant affective
behaviors of negative emotion. It may reflect a slow pro-
cess in which constant pain stimulation induces molecu-
lar and cellular adaptations in the corticolimbic network
that integrates prior and current neuropsychological
and environmental factors, and ultimately mediates the

emotion behaviors. The individual variance itself would
also delay the behavioral measurements to reach a
statistically significant level when group averages are
compared. Based on the processing nature of affective
pain, it is likely that the longer the pain condition is
present, the more individuals there are that would
develop behavioral disorders of affective pain and the
more severe the emotion disorders become, an intriguing
topic to be explored in future studies.

In summary, the current study provides some key
characteristics of individual variance and pain vulner-
ability in mice and presents important initial evidence
for CeA Dnmt3a as an epigenetic regulator in pain
vulnerability. This study may open a new avenue of
basic research addressing the issues of individual pain
vulnerability in animals. Such future studies will reveal
further psychophysiological characteristics of pain
vulnerability and identify underlying cellular and
molecular mechanisms. Characterization and under-
standing of individual variability and vulnerability to
chronic pain-induced affective disorders in animals will
ultimately provide important insights that are critical for
the development of individually targeted strategies in
clinical treatment and prevention of chronic pain.
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