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In visceral pain, anxiety and pain occur simultaneously, but the etiogenesis of this effect is
not yet well-described. The anterior cingulate cortex (ACC) is known to be associated with
the affective response to noxious stimuli. The aim of the current study is to define the role
of ACC extracellular signal-regulated (ERK)-1 and-2 (ERK1/2) activity in the development of
pain-related anxiety/depression and the nocifensive response in acetic acid (AA)-elicited
visceral pain. The model of visceral pain was created by intraperitoneal (ip) injection of AA
to female Kunming mice. We found that AA injection resulted in a dynamic, bilateral
ERK1/2 activation pattern in the ACC. Inhibition of ERK1/2 activation 2 hr after AA injection
by subcutaneous (sc) injection of the mitogen-activating extracellular kinase (MEK) inhibitor,
SL327, had no effect on the nocifensive responses, but did attenuate anxiety-like behavior,
as determined by elevated plus-maze and open-field testing results. These data suggest that
AA-induced visceral pain activates expression of ACC ERK1/2, which regulates visceral pain-
related anxiety, but not the nocifensive response.

Key words: anterior cingulate cortex (ACC), extracellular signal-regulated kinase (ERK),

visceral pain, anxiety-like behavior

I. Introduction

Pain is related to sensory and affective parameters,
accompanied by feelings of unpleasantness. In a state of
chronic pain, negative factors, including anxiety and
depression, are well-known to be associated with the
perception of pain. It is widely accepted that pain-related
negative factors influence the perception pain and the
anxiety-decreased pain threshold [26]. In a recent study, we
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demonstrated that pain-related anxiety is dissociated from
pain perception following surgery [6]. The clinical features
of visceral pain, the most common form of pathological
pain, differ from those of somatic pain—a difference likely
due to differences in the underlying neurobiology [4, 11].
However, the underlying mechanism(s) responsible for the
influence of the negative factors associated with visceral
pain is still poorly understood.

Results from numerous human and animal studies
indicate that the anterior cingulate cortex (ACC), which
forms one of the largest parts of the limbic system, plays
an important role in the affective component of pain [8,
20]. It has been reported that surgical lesions to the ACC
region produce attenuation of the pain-related depression
and unpleasantness experienced by patients suffering from
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chronic pain [13]. Another study indicated that ACC mod-
ulates anxiety-like behavior in adult mice [14]. Anatomi-
cally, the interconnections between the ACC and other
limbic regions [1, 21] involved in pain modulation [22, 28]
provide pathways through which the ACC influences in the
emotional component of pain as well as the information
processing and modulation of the transmission of noxious
pain.

Members of the family of mitogen-activated protein
kinases (MAPKS), particularly extracellular signal-regulated
kinase (ERK), have received a great deal of attention in
the past few years. The ERK pathway is involved in the
regulation of a variety of cellular functions [3]. Our previ-
ous studies showed that pain-related anxiety and mechani-
cal hypersensitivity are tightly linked and regulated by ACC
ERK1/2 activation during the early phase of postoperative
pain, while pain-related anxiety—but not mechanical hyper-
sensitivity—requires ACC ERK1/2 activation in the late
phase [6]. In the present study, therefore, we addressed the
role of ACC ERKI1/2 in hypersensitivity and pain-related
anxiety behavior in visceral pain. We found that ERK1/2
was rapidly activated in non-gamma-aminobutyric acid
(GABA)ergic neurons after acetic acid (AA) injection in
mice. Inhibition of ERK1/2 activation by subcutaneous (sc)
injection of the inhibitor, SL.327, had no effect on abdomi-
nal contractions, but did reduce the anxiety-like behavior
of the mice. These findings reveal a novel role for ACC
ERK1/2 in regulating pain-related anxiety in visceral pain,
and suggest that ERK1/2 inhibitors represent potential
therapeutic strategies for the treatment of pain-related
anxiety disorders.

II. Materials and Methods

Animals

Adult female Kunming mice, weighing 18-22 g,
obtained from Central South University Animal Services
(Changsha, China) were used as visceral pain models. Mice
were adapted to their new environment for 3—4 days after
arrival. The experimental protocol was approved by the
Animal Care and Use Committee of Central South Uni-
versity and conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Visceral pain and ERK1/2 inhibitor SL327 intervention
models

Experimental mice (n=25) were gently grasped and
injected ip with 0.6% AA in saline (10 ml/kg). The
mitogen-activating extracellular kinase (MEK) inhibitor—
alpha-[amino[(4-aminophenyl)thio |methylene]-2-(trifluo-
romethyl)benzeneacetonitrie (SL327) (Sigma, St. Louis,
MO, USA)—was dissolved in 99.9% dimethyl sulfoxide
(DMSO), final concentration 7.5 mg/ml. Thirty min before
AA injection, one group of mice (n=8) were injected sc
with SL327 (30 mg/kg); the same amount of DMSO was
administered to another cohort of mice (n=8), as the vehicle
control group.

Assessment of visceral pain behavior

Visceral pain behavior was assessed blindly by count-
ing abdominal contractions for 60 min after AA injection,
as described in one of our previous studies [17].

Immunohistochemistry

Mice were treated with either saline or AA. Mice
were sacrificed 10 min, 30 min, 1 hr, and, 2 hr after
injection by administration of an overdose of 10% chloral
hydrate (80 mg/kg) and were then perfused transcardially
with warm saline, followed by 100 ml of ice-cold 4%
paraformaldehyde solution (pH 7.4). Brains were removed
and fixed for 24 hr in 4% paraformaldehyde, and cryo-
protected with 30% phosphate-buffered sucrose (pH 7.4)
overnight. Coronal sections (30 pm) of brains were made,
and free-floating sections were treated with 3% H,O, to
remove endogenous peroxidase, which was then blocked
by placing sections in 5% normal bovine serum in 0.01 M
phosphate-buffered saline (PBS) containing 0.1% Triton
with X-100 for 2 hr. Sections were then incubated with
rabbit anti-p-ERK1/2 antibody (1:1,000) (Cell Signaling
Technology, Danvers, MA, USA) at room temperature
for 2 hr, followed by incubation at 4°C overnight. Second-
ary reagents comprised biotinylated goat anti-rabbit IgG
(Vector Laboratories, Burlingame, CA, USA). Diamino-
benzidine tetrahydrochloride (DAB) (Sigma) was used as
a peroxidase substrate. Washing for all procedures was
accomplished in 0.01 M PBS, except for the blocking step.
Sections treated as above, but with no primary antibody
were used as negative controls, no immunostaining was
seen in these sections.

Immuno-positive phospho (p)-ERK1/2 cells in both
sides of the ACC were counted in six to eight sections from
each animal. Counts were averaged into a single value per
section per animal, and the average of measurements from
each mouse was used to calculate the group means [18]. In
order to avoid any bias, the researcher quantifying the
number was blinded to the treatment used.

Double labeling immunofluorescence of p-ERK1/2 and
GAD67

Localization of p-ERK1/2 and glutamic acid decarbox-
ylase (GAD)-67 in the ACC was identified by using double-
labeling, with several modifications to the method used in
our previous study [18]. Briefly, free-floating sections were
blocked for 2 hr with 5% normal bovine serum in 0.01 M
PBS containing 0.1% Triton X-100. They were then incu-
bated in a mixture of rabbit anti-p-ERK1/2 antibody
(1:1,000) (Cell Signaling Technology) and mouse anti
GADG67 (1:1,000) (Abcam, HongKong) at room tempera-
ture for 2 hr, followed by incubation overnight at 4°C. After
being thoroughly washed with 0.01 M PBS containing
0.05% Triton X-100 solution, sections were incubated in a
mixture of Alexa 488- or Cy3-labeled donkey anti-rabbit
or -mouse secondary antibodies (1:250) (Invitrogen, Grand
Island, NY, USA) in the dark at room temperature for 2 hr.
Following three washes, sections were mounted onto slides
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using vectashield mounting medium (Vector Laboratories).
Negative controls comprised slides treated as above, but
without primary or secondary antibodies. Sections were
viewed on a Nikon immunofluorescent microscope (Nikon,
Japan).

Western blotting

Mice were anesthetized with an overdose of 10%
chloral hydrate (80 mg/kg), and the brains removed rapidly
following decapitation. The ACC was dissected on ice,
according to the method of Franklin and Paxinos [9], then
quickly frozen with liquid nitrogen. Frozen samples were
homogenized in a lysis buffer containing phenylmethyl-
sulfonyl fluoride (PMSF) and protease inhibitor cocktails
(CWhio tech, Beijing, China). Samples were then centri-
fuged at 12,000 rpm for 15 min at 4°C. The supernatants
were collected and used for Western blotting. The BCA
protein assay kit (CWhbio tech, Beijing, China) was used to
measure protein concentration in the ACC. ACC extracts
were subjected to SDS-polyacrylamide gel electrophoresis
in 10% polyacrylamide gels and transferred to a nitrocellu-
lose membrane (BOSTER, Wuhan, China). The membrane
was blocked with 10% nonfat milk for 3 hr at room
temperature and then incubated overnight at 4°C with
rabbit anti-p-ERK1/2 (1:1,000) (Cell Signaling Technology)
and mouse anti-GAP dehydrogenase (GAPDH) (1:1,000)
(BOSTER) antisera. After washing with 0.02 M tris-
buffered saline/Tween 20 (TBST) buffer, blots were incu-
bated with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit immunoglobulin (1:1,000) (Pierce, Rockford,
IL, USA) at room temperature for 2 hr. Membranes were
washed three times with TBST and signals detected by
enhanced chemiluminescence (ECL) (Thermo Scientific,
Shanghai, China), followed by exposure to X-ray films for
1-10 min. Films were scanned with a laser scanner, and
densitometry analysis was performed using the BIORAD
Image Analysis System (Bio-Rad Laboratories, Hercules,
CA, USA).

Elevated plus-maze test

Anxiety-like behavior was examined by the elevated
plus-maze (EPM) test, as described previously [6, 16].
Testing was carried out 2 hr after injection of AA. Briefly,
after adaptation for ~1 day in the experimental room, each
animal was placed in the center square facing the closed
arms, and allowed to move freely for 5 min. The test was
recorded for 5 min with a video camera. The percentage of
time spent in the open arms was recorded and used for
statistical analysis.

Open field test

The open field test was used to detect anxiety-like
behavior, as described in our previous studies [6, 16].
Movements of the animal within the area were recorded
during the 5-min testing session. An observer, blinded to
the experimental conditions, coded the videotapes.

Statistical analyses

Statistical analyses were performed using Graphpad
Prism 5.01 software (Graphpad Software, San Diego, CA,
USA). Data are presented as meantSEM. Differences
between groups were compared using one-way analysis of
variance (ANOVA), followed by post hoc Dunnett testing.
Unpaired two-tailed Student’s #-test was used when only
two groups were applied. A value of p<0.05 was considered
as statistically significant.

III. Results

Biphasic ERK1/2 activation in the ACC Following AA
injection

We determined that 0.6% AA injection induces ab-
dominal contractions in female Kunming mice (data not
shown). We also found that ERK1/2 was rapidly activated
(phosphorylated) after AA injection. Expression of p-
ERK1/2 was localized mainly in pyramidal-shaped neurons
(Fig. 1). One-way ANOVA revealed that there was a sig-
nificant increase in the number of p-ERK1/2-labeled cells
compared with those of the control group (89.72+7.316
versus 28.61£7.201 (Fig. 1B, F), F42=7.415, p<0.001) 10
min after AA injection. However, this increase was transient
and returned to baseline levels 30 min after AA injection
(41.46%10.543) (Fig. 1C). Interestingly, p-ERK1/2 expres-
sion increased again 1 hr after AA injection (60.8+£10.673)
(Fig. 1D, F), but returned to baseline levels 2 hr after AA
injection (56.12+5.266) (Fig. 1E). Western blotting further
confirmed this fluctuating expression pattern of ACC p-
ERK1/2 (Fig. 2A). Both p-ERK-1 (44 kDa) and p-ERK-2
(42 kDa) significantly increased in the ACC at 10 min
(2.415£0.404 versus 0.248+0.088, respectively) in the con-
trol group (Fig. 2A, B), decreased at 30 min, and increased
again at 1 hr (1.005+0.134 versus 0.248+0.088, respec-
tively) (Fig.2A, B) after AA injection. No significant
changes in total ERK1/2 levels were found between groups
at any of the time points examined (F425=0.2602, p=0.9006)
(Fig. 2A, C).

ACC localization of p-ERK1/2 and GAD following AA
injection

To reveal neurochemical phenotypes of activated ACC
neurons following AA injection, p-ERK1/2 and GAD67
(a marker for GABAergic-neurons) double immunofluo-
rescence labeling was performed. As shown in Figure 3,
p-ERK1/2 (shown in green in Fig. 3A) was localized mainly
in neuronal cytoplasm and dendrites, whereas GAD67
(shown in red in Fig. 3B) was localized in the cell mem-
brane of neurons. No co-localization of p-ERK1/2 and
GAD67 was found in ACC neurons following AA injection
(Fig. 3C).

SL327 reduces AA-induced anxiety-like behavior but not
nociceptive pain

One-way ANOVA showed that there was no signifi-
cant difference in abdominal contractions between the AA,
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Time course of ERK1/2 activation in the ACC after AA injection. A, B: Representative photomicrographs showing p-ERK1/2

immunoreactivity in the ACC from coronal brain sections in control group (A) or at 10 min (B), 30 min (C), 1 hr (D) and 2 hr (E) after AA
injection. F: Quantitative analysis of number of p-ERK1/2 positive cells in both sides of ACC at indicated times points (n=5) for each group per
indicated time. Bar=200 pm. ACC, anterior cingulate cortex; p-ERK, phosphorylated extracellular signal-regulated kinase. *** p<(0.001 versus
control group. * p<0.05 versus control group.
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Fig. 2. Effect of AA injection on p-ERK 1/2 expression in the ACC by Western blot. A: Representative Western blot of p-ERK1/2, total-ERK 1/
2, and GAPDH in the ACC after AA injection. B, C: Semiquantitative analysis of p-ERK1/2 (B) and total-ERK 1/2 (C) relative to GAPDH. AA
injection induces an increase in the intensity of the band for p-ERK1/2. Increased p-ERK1/2 expression appears at 10 min after AA injection
and returns to baseline level 30 min after injection. At 1 hr after injection, p-ERK1/2 expression is increased again, and returns to baseline level
2 hr after injection (n=6 for each group). *** p<0.001 versus control, * p<0.05 versus control. GAPDH is the loading control. ACC, anterior
cingulate cortex; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 3. Localization of p-ERK1/2 and GAD67 in the ACC 10 min after AA injection. A, B: Representative photomicrographs of the double
labeling of p-ERK1/2 (green, A) with GAD (red, B). Arrows (A) indicate p-ERK1/2 immunoreactive cells. Arrowheads (B) indicate GAD67
immunoreactive cells. C: Merged pictures of A and B. Bar=50 um. GAD, glutamic acid decarboxylase.

150+

100+

50

Abdominal contractions
(Number /Hr)

)
Vehicle+AA

SL327+AA

Fig. 4. Effect of SL327 on abdominal contractions of mouse after
AA injection. SL327 was administered by sc injection 30 min
before AA injection. Abdominal contractions were recorded 1 hr
after AA injection. There was no significant difference in the
SL327-treated group compared with vehicle group (n=8 for each
group). SL327=alpha-[Amino[(4-aminophenyl)thio]methylene]-2-
(trifluoromethyl)benzeneacetonitrile.
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DMSO, and SL327 groups (107.75+£9.915, 92.44+11.699,
and 117£13.291, respectively; F>,,=1.146, p=0.3362) (Fig.
4). These results suggest that blocking ERK1/2 activation
has no effect on AA-induced abdominal contractions.

Two hours after AA injection, as shown by unpaired
two-tailed Student’s r-test, the percentage of time spent
in the open arm (54.73+£3.301 versus 7.486+1.138, respec-
tively) and the percentage of time in the inner area
(12.63£2.026 versus 6.75+1.424, respectively) were signif-
icantly longer in SL327-treated mice compared with control
animals. These data imply that inhibition of ERK1/2
activation contributes to decreased anxiety-like behavior, at
least at 2 hr after AA injection.

IV. Discussion

The present study investigated the mechanism(s)
underlying nocifensive responses and anxiety-like behavior
in an animal model of acute visceral pain—a state that
mimics clinical peritonitis or irritable bowel syndrome
(IBS) pain.
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Fig. 5. Effect of SL327 on anxiety-like behavior after AA injection. A: The percentage of time spent in the open arm in EPM test in vehicle and
SL327 groups. B: Open-field test shows increases in time spent in the inner square after SL327 injection (n=8 for each group). SL327=
alpha-[ Amino[(4-aminophenyl)thio]methylene]-2-(trifluoromethyl)benzeneacetonitrile. * p<0.05 versus the vehicle group, *** p<0.001 versus

vehicle group.
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Several important findings emerge from the current
study. First, we found that p-ERK1/2 was dynamically
activated after AA injection. Significantly, AA-induced
increases in expression of p-ERK1/2 reached a peak at 10
min, decreased briefly to baseline levels at 30 min,
increased again at 1 hr, and returned to baseline at 2 hr after
injection. Second, as shown by results of double-labeling,
AA-induced p-ERK1/2 activation occurred only in non-
GABAergic ACC neurons. Third, inhibition of p-ERK1/2
activation had no effect on abdominal contractions, but did
reduce the anxiety-like behavior resulting from administra-
tion of AA.

AA-induced ERK biphasic activation in ACC
Phosphorylation of ERK1/2 in the ACC is implicated
in the affective and sensory dimensions involved with
chronic [27], incisional [6] and inflammatory pain [2].
More recently, ERK1/2 was reported to be extensively
involved in visceral pain hyperalgesia [15]. Some studies
have shown that stimulation of noxious visceral pain, e.g.,
intracolonic application of mustard oil and capsaicin [10],
gastric distension [23] and colorectal distension [19],
induced ERK1/2 phosphorylation in spinal dorsal horn
neurons, indicating that spinal ERK1/2 may be involved in
visceral pain processing. In agreement with results of our
previous study, we hereby demonstrated that AA-induced
ACC ERK1/2 activation displays a biphasic pattern, despite
differences in the time points used in the two studies, which
may be attributed to the different pain models (visceral or
incisional pain) used as well as to differences in species
(mice versus rats) [6]. Furthermore, the p-ERK1/2 expres-
sion pattern in the present study is consistent with recently
reported findings, i.e., that in formalin-induced pain rapid
(<30 min) ERK1/2 activation is induced in the deep layers
(laminae V—VI) of the bilateral rostral ACC [2]. GABA is
the main inhibitory neurotransmitter in the nervous system,
and GABAergic inhibition is abnormal in pain states [24].
A number of studies have suggested the involvement of
spinal GABAergic neurotransmission in modulating pain
behavior evoked by chronic inflammatory pain states [29].
GABAergic neurons are critical components of the ACC,
and are rich in GAD67, the GABA-synthesizing enzyme
that is widely used as the marker for activated GABA neu-
rons [7, 25]. Surprisingly, as revealed by double-labeling,
no co-localization of GAD67 and p-ERK1/2 was found
in the ACC. One possible explanation for this is that p-
ERK1/2 is expressed in projection neurons, which trans-
mit messages to target neurons in other affective, asso-
ciated brain regions, e.g., the amygdalla and hippocampus.

AA-induced activation ACC ERK1/2 regulates anxiety-like
behavior but not the nocifensive response

Although pain-related anxiety is tightly coupled to
pain itself, growing evidence indicates that pain-related
anxiety is dissociated from pain perception in chronic back
pain patients [12]. Pain-related negative sequelae are more
disabling than pain itself, and have been shown to have

severe effects on daily activities of chronic pain patients [5].
Thus, it is crucial to explore the molecular signaling mech-
anism(s) underlying pain-related anxiety behavior. In the
current study, we found that SL327 injection did not reverse
abdominal contractions. This finding is in accordance with
our recent data that pain-related anxiety lasts longer than
does mechanical hypersensitivity in incisional pain [16].
The fact that ERK1/2 inhibitors attenuated induction of
pain-related anxiety, but not mechanical hypersensitivity,
indicates that the late-phase of ACC ERK1/2 activation is
responsible for the affective and perceptive aspects of
visceral pain. Moreover, our finding that ACC ERK1/2
activation modulates pain perception after AA injection is
in agreement with those of recent studies which demon-
strated that the ERK1/2 activation in the rostral ACC is
required for both induction and expression of affective pain,
but not nociceptive pain, in formalin-induced pain [2].
Additionally, previous studies demonstrated that the late
phase of ACC ERK1/2 activation regulates only the expres-
sion of pain-related anxiety, not mechanical hypersensitiv-
ity [6]. Taken together, these findings further demonstrate
that pain effects and mechanical hypersensitivity are tightly
coupled, whereas their expression may be dissociated.

In conclusion, the present study demonstrates that the
activation of p-ERK1/2 in the ACC, the brain area in control
of mood disorders and pain processing, is responsible for
acute visceral pain-related anxiety behaviors. Attenuation of
the overactivity of ACC p-ERK1/2 represents a potential,
valuable therapeutic strategy for relief of pain-related
anxiety.
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