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Abstract Chronic visceral hypersensitivity is an important
type of chronic pain with unknown etiology and patho-
physiology. Recent studies have shown that epigenetic
regulation plays an important role in the development of
chronic pain conditions. However, the role of miRNA-325-
5p in chronic visceral pain remains unknown. The present
study was designed to determine the roles and mechanism
of miRNA-325-5p in a rat model of chronic visceral pain.
This model was induced by neonatal colonic inflammation
(NCI). In adulthood, NCI led to a significant reduction in
the expression of miRNA-325-5p in colon-related dorsal
root ganglia (DRGs), starting to decrease at the age of
4 weeks and being maintained to 8 weeks. Intrathecal
administration of miRNA-325-5p agomir significantly
enhanced the colorectal distention (CRD) threshold in a
time-dependent manner. NCI also markedly increased the
expression of CCL2 (C-C motif chemokine ligand 2) in
colon-related DRGs at the mRNA and protein levels
relative to age-matched control rats. The expression of
CXCL12, IL33, SFRS7, and LGI1 was not significantly
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altered in NCI rats. CCL2 was co-expressed in NeuN-
positive DRG neurons but not in glutamine synthetase-
positive glial cells. Furthermore, CCL2 was mainly
expressed in isolectin B4-binding- and calcitonin gene-
related peptide-positive DRG neurons but in few NF-200-
positive cells. More importantly, CCL2 was expressed in
miR-325-5p-positive DRG neurons. Intrathecal injection of
miRNA-325-5p agomir remarkably reduced the upregula-
tion of CCL2 in NCI rats. Administration of Bindarit, an
inhibitor of CCL2, markedly raised the CRD threshold in
NClI rats in a dose- and time-dependent manner. These data
suggest that NCI suppresses miRNA-325-5p expression
and enhances CCL2 expression, thus contributing to
visceral hypersensitivity in adult rats.

Keywords Visceral pain - Dorsal root ganglia - miRNA-
325-5p - CCL2 - Epigenetic regulation

Introduction

MicroRNAs (miRs), small non-coding RNA molecules,
contain 18-25 nucleotides [1]. They function in RNA-
silencing and the post-transcriptional regulation of gene
expression [2, 3]. It has been reported that miRs target
different ion channels and receptors to modulate various
physiological functions such as neurotransmission, immune
reactions, inflammation, neurodegeneration, and nocicep-
tion [4-6]. The dysregulation of miRs has been associated
with many diseases such as cancer and obesity, as well as
diseases of the gastrointestinal and nervous systems
[1, 7, 8]. In recent years, many studies have delineated
the post-transcriptional regulatory roles of miRs under
chronic visceral pain conditions [5]. It has been reported
that dysregulation of miR-146a-5p, miR-29a, and miR-199
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are closely associated with functional gastrointestinal
disorders such as functional dyspepsia (FD) and irrita-
ble bowel syndrome (IBS) [5, 9]. miR-325 has been
suggested to be associated with the risk of FD [10].
However, whether miR-325-5p is involved in IBS remains
unclear.

One of the targets of miR-325-5p predicted by bioin-
formatics is C-C motif chemokine ligand 2 (CCL2), a small
cytokine that belongs to the CC chemokine family [11].
CCL2 functions through its receptors CCR2 and CCR4,
which are seven-transmembrane-domain G-protein-cou-
pled receptors with a serine/threonine-rich intracellular
C-terminal domain and an acidic N-terminal extracellular
domain. An increasing body of evidence has demonstrated
that CCL2 and its receptors are involved in inflammatory
and neurodegenerative diseases including inflammatory
pain and neuropathic pain [11-13]. However, whether
CCL2 is involved in visceral pain and how it is regulated
remains largely unknown.

Therefore, we hypothesized that neonatal colonic
inflammation (NCI) suppresses miR-325-5p expression
and subsequently leads to an increase in CCL2 expression
in DRGs, thus contributing to the visceral hypersensitivity
of the rats in adulthood. In the present study, we used a
previously-established visceral pain model induced by
NCI. This model mimics the main pathophysiological
features of IBS in human patients [14, 15]. We showed for
the first time that NCI resulted in downregulation of miR-
325-5p in the DRGs of adult rats with colonic visceral
hypersensitivity. We also demonstrated that NCI signifi-
cantly enhanced the expression of CCL2 in DRGs. Our
results suggest that miR-325-5p/CCL2 signaling is crucial
for visceral pain and represents a potential strategy for the
treatment of chronic visceral hypersensitivity (CVH) in
patients with functional gastrointestinal disorders such as
IBS.

Materials and Methods
Animals

All animals in our experiments were male Sprague-Dawley
rats, weighing 180 g-250 g, provided by the Animal Care
and Use Committee of Soochow University (Suzhou,
China). Rats were housed under controlled conditions
(24 °C £ 2 °C lights on 06:00-18:00) and had free access
to food and water. We cared for and handled all rats
following the guidelines of the International Association
for the Study of Pain.
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Neonatal Colonic Inflammation and Measurement
of Chronic Visceral Hyperalgesia

Chronic visceral pain was induced by NCI as described
previously [14, 16]. In brief, when pups were 10 days old,
they were given an infusion of 0.2 mL acetic acid (0.5%,
diluted in normal saline) into the colon. Control pups were
given the same volume of normal saline (NS). Experiments
were carried out on these rats at 4 weeks—10 weeks of age.
Colorectal distention (CRD) was used to induce pain
behavior as described previously [14, 17]. Briefly, under
mild sedation (inhalation anesthesia by isoflurane), a
flexible latex balloon (6 cm) attached to Tygon tubing
was inserted 8 cm into the descending colon and rectum
via the anus and held in place by taping the tubing to the
tail. Rats were placed in small Lucite cubicles and allowed
to adapt for 30 min. To minimize possible insult from the
repetitive distention of the colon, the CRD threshold was
measured as the minimal distention pressure in mmHg to
evoke an abdominal visceromotor response to a steady
increase in distention pressure via a sphygmomanometer.

Drug Administration

In behavioral experiments, miR-325-5p and negative
control (NC) agomir/antagomir (from GenePharma, Shang-
hai, China) were delivered by intrathecal injection as
reported previously [18, 19]. Briefly, under isoflurane
inhalation anesthesia, rats were placed in a prone position
and the L5-6 interspinous space was the puncture point.
The vertical distance between the puncture point and the
highest point in the rat’s back was > 3 cm. The left side of
the hip joint is located in the L5-6 spinous process space.
The left thumb and middle finger were placed on both sides
of this space and spread outward. The needle of a micro-
syringe held in the right hand was inserted vertically and
slowly into the gap. When a tail-flick occurred, an assistant
compressed the jugular vein on one side. Cerebrospinal
fluid was withdrawn from the syringe and then the injection
was performed. A tail-flick often occurred during the
injection, indicating successful intrathecal administration.
Bindarit (T6413, TargetMol, Boston, MA) was dissolved in
dimethylsulfoxide and diluted with NS. The CRD threshold
was measured after drug microinjection and tested until the
effect of the drug had disappeared. The drug doses were
chosen according to previous reports [20]. CCL2 (250-10,
Peprotech, Rocky Hill, USA) was dissolved in ddH,O and
diluted with NS to 10 ng/pL. The dose of CCL2 used was
10 pL per rat, as in previous reports [21].
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Western Blotting

Western blotting experiments were carried out as in our
previous report [19]. The membrane was either incubated
with anti-CCL2 antibody (1:500, ab25124, Abcam, Cam-
bridge, UK) or anti-GAPDH antibody (1:200, sc-25778,
Santa Cruz, CA, USA). All membranes were analyzed
using ImageJ software (BIO-RAD, CA, USA). The CCL2
protein (~ 25 KD) expression was normalized to GAPDH
(~ 37 KD).

Real-Time Quantitative PCR (QPCR)

RNA was extracted from the DRGs of control and NCI rats
with TRIzol (15596026, Ambion, Shanghai, China). The
cDNA of miR-325-5p and U6 was synthesized from total
RNA using a reverse transcription kit (Applied Biosystems,
Thermo Fisher Scientific, New York, USA); other cDNA
were synthesized from total RNA using a reverse tran-
scription kit (AE301-03, Transgen Biotech, Beijing, China)
following the supplier’s instructions. Bulge-loop melting
temperature miRNA Q-RT primer sets specific for miR-
325-5p and U6 (as an internal control) were designed by
RiboBio (Guangzhou, China). The sequences of the
primers used for QPCR are listed in Table 1.

Immunofluorescence Study and Fluorescence In Situ
Hybridization

First, rats were deeply anesthetized and transcardially
perfused with NS followed by 4% paraformaldehyde
(Sinopharm Chemical Reagent Co. Ltd, Shanghai, China).
The T13-L2 DRGs were then removed and postfixed for
0.5 h in paraformaldehyde and dehydrated in 10%, 20%,

Table 1 Primer sequences.

Primers Sequences (5" to 3')

CCL2-F CTGTAGCATCCACGTGCTGT
CCL2-R AGTTCTCCAGCCGACTCATTG
CXCLI12-F TGCATCAGTGACGGTAAGCC
CXCL12-R TGAAGGGCACAGTTTGGAGT
LGII-F TCCCAAGACCTGCCTTACCA
LGII-R TGCAAAGCCATCCCGCTTAT
SFRS7-F CCGACGAAGAAGAAGCAGGT
SFRS7-R CCTGGATCTTGATCTCGACCTT
IL33-F TAGCAAGCATGAAGGGAGGC
IL33-R TGCAGGAAAGGAAGACTCGT
GAPDH-F TGGAGTCTACTGGCGTCTT
GAPDH-R TGTCATATTTCTCGTGGTTCA

and 30% sucrose (Sinopharm Chemical Reagent Co. Ltd)
in succession until sinking. The DRGs were cut at 14 pm
on a freezing microtome (Leica, Wetzlar, Germany). For
immunofluorescence, the sections were washed three times
for 5 min each with phosphate-buffered saline, and incu-
bated with blocking solution for 1h, with primary
antibodies overnight at 4°C, and then with secondary
antibody [Alexa Fluor 488 (1:500, A21206, Molecular
Probes New York, USA) and 555 (1:100, A31570,
Molecular Probes New York, USA)] for 2 h at room
temperature (RT). The primary antibody was omitted in
negative controls. The primary antibodies used in the
immunohistochemistry  experiments were anti-CCL2
(1:1000, ab25124, Abcam, Cambridge, UK), anti-NeuN
(1:50, MAB377, Merck Millipore, Germany), anti-GS
(1:200, Abcam, Cambridge, UK), anti-CGRP (1:200,
ab81887, Abcam, Cambridge, UK), anti-NF-200 (1:200,
ab134306, Abcam, Cambridge, UK), and anti-IB4 (1:500,
L2895, Sigma, St. Louis, MO).

Fluorescence in situ hybridization (FISH) was per-
formed with Enhanced Sensitive ISH Detection Kit I
(POD, Boster MK1030, Wuhan, China). A locked nucleic
acid probe with complementarities to miR-325-5p was
labeled with 5 and 3’-digoxigenin and synthesized by
Exiqgon (Woburn, MA, USA). The slides were pre-hy-
bridized for 2 h—4 h at 37°C, and then 1 pg/pL of probe in
60 pL—100 pL of hybridization mixture was added to each
slide and incubated overnight at 37°C. Slides were
incubated with 3% H,0O, for 30 min at RT to block
endogenous peroxidases before applying horseradish per-
oxidase-conjugated antibodies. After washing, slides were
incubated in blocking buffer for 30 min at RT, then 100
UL—150 pL antibodies were added and the slides were
incubated for 30 min at RT. The slides were imaged under
a fluorescence microscope, and the images were trimmed
with Carl.Zeiss.AxioVision (Jena, Germany).

Quantification and Statistics

All data are shown as the mean = SEM. Statistical tests
were applied depending upon the number of groups being
compared. Normality was first examined for all data. When
only two means were involved, a two-tailed t-test with
unequal variances was used. When more than two means
were involved, one-way analysis of variance (ANOVA) or
Friedman ANOVA was first carried out to obtain a global
test of the null hypothesis. If the global P value for the test
was < 0.05, post hoc comparisons between the different
groups using Dunn’s post hoc test were applied. The Mann-
Whitney test was used when the value was not normal. A
comparison was considered statistically significant when
the P value was < 0.05.
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Results

NCI Downregulated miR-325-5p Expression
in Colon-Related DRGs

Our previous studies have shown that NCI induces
significant chronic visceral hypersensitivity [14, 22], and
this was further confirmed by the present study. The
distention thresholds of NCI rats were markedly lower than
in control (CON) rats at 6 weeks and 8 weeks of age
(P < 0.05 and < 0.01 versus CON, Mann-Whitney test)
but did not differ at 4 weeks and 10 weeks (Fig. 1F-I). The
distention thresholds in NCI rats were 32.10 £ 0.85
(n = 10 rats), 25.78 &+ 1.38 (n = 6), 25.29 £ 1.51 (n = 7),
and 34 + 0.62 mmHg (n = 6), and in CON rats were 32.79
+ 088 (n=9), 3578 £ 0.84 (n=9), 3343 £ 1.56
(n=7), and 35.56 £ 0.47 mmHg (n =6) at 4 weeks,
6 weeks, 8 weeks, and 10 weeks, respectively. To deter-
mine whether miR-325-5p is involved, we used QPCR to
measure its expression in colon-related DRGs (T13-L2)
from NCI and CON rats at 2 weeks, 4 weeks, 6 weeks,
8 weeks, and 10 weeks of age (Fig. 1A-E). The relative
miRNA levels in NCI rats at 2 weeks, 4 weeks, 6 weeks,
8 weeks, and 10 weeks were 1.59 &= 0.15 (n =4 rats),
043 £ 0.11 (n=3), 0.16 = 0.08 (n=75), 0.07 £ 0.04
(n=175), and 0.98 £ 0.10 (n = 4), and in CON rats were
1.00 £ 0.25 (n=4), 1.00 £ 0.10 (n =3), 1.00 + 0.15
(n=4), 1.00 £ 0.19 (n=4), and 1.00 & 0.14 (n = 4),
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Fig. 1 NCI downregulated the expression of miR-325-5p in colon-
related DRGs. A Quantification of QPCR assays showing that miR-
325-5p expression was not changed in the colon-related T13-L2
DRGs of NCI rats at 2 weeks of age when compared with age-
matched CON rats. B-D MiR-325-5p expression was significantly
lower in the T13-L2 DRGs of NCI rats at 4 weeks, 6 weeks, and
8 weeks than in age-matched CON rats. E MiR-325-5p expression in
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CON NCI

respectively. Statistical analysis showed that the miR-325-
5p level was significantly lower in NCI than in CON rats at
4 weeks, 6 weeks, and 8 weeks (P < 0.05 and < 0.01 vs
CON, two-tailed two-samples f-test). Furthermore, corre-
lation analysis showed that the changes in distention
threshold and miR-325-5p level had significant positive
correlations at 6 weeks, 8 weeks, and 10 weeks (r = 0.99,
P =0.02). The (X, Y) values of the three points were (0.07,
25.29), (0.16, 25.78), and (0.98, 34.00). The values of
distention threshold at 6, weeks 8 weeks, and 10 weeks
were 25.78, 25.29 and 34.00 mmHg, respectively. The
miR-325-5p levels at the corresponding time points were
0.16, 0.07, and 0.98, respectively (Fig. 1J). In addition, the
expression of miR-325-5p was assessed in the cervical
(C1-7) and lumbar (L4-6) DRGs as well as in the T13-L2
spinal cord at 6 weeks (Fig. SIA—C). The relative mRNA
levels in NCI rats (n = 4) were 0.99 £ 0.10, 0.67 + 0.10
and 0.68 + 0.13, and in CON rats were 1.00 & 0.06
(n=4), 1.00 £ 0.11 (n=4), and 1.00 £ 0.22 (n = 3).
There was no significant change in these tissues when
compared with age-matched control rats (P > 0.05 vs
CON, two-tailed two-sample -test). To validate the speci-
fic involvement of miR-325-5p in the visceral hypersen-
sitivity of NCI rats, we also assessed the expression of
other microRNAs. The relative mRNA levels of miR-7b,
miR-466, and miR-142 in NCI rats were 0.69 + 0.18
(n = 4 rats), 1.29 £ 0.17 (n = 6), and 1.06 £ 0.14 (n = 3),
and in CON rats were 1.00 £+ 0.18, 1.00 £+ 0.23, and
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T13-L2 DRGs did not differ between NCI and CON rats at 10 weeks.
F, I The distension thresholds of NCI and CON rats did not differ at
4 weeks (F) and 10 weeks (I). G, H The distension threshold of NCI
rats was markedly lower at 6 weeks and 8 weeks than in CON rats.
J Correlation analysis showing a positive correlation between the
CRD thresholds and miR-325 levels in NCI rats at 6 weeks, 8 weeks,
and 10 weeks (r = 0.99, P = 0.02).



R. Wu et al.: Regulation of CCL2 by miRNA325-5p in Visceral Pain

795

1.00 £ 0.11 (n = 4/group), respectively. There were no
significant differences in the miR-7b, miR-466 and miR-
142 levels between NCI and CON rats (P > 0.05 vs CON,
two-tailed two-samples t-test, Fig. SID-F). These results
suggested that NCI suppresses the expression of miR-325-
5p in colon-related DRGs.

Overexpression of miR-325-5p Reversed Visceral
Hypersensitivity

To confirm the role of miR-325-5p in visceral hypersen-
sitivity, we determined whether miR-325-5p antagomir
induces visceral hypersensitivity in control rats. The CRD
thresholds were measured in CON rats at 0.5 h, 1 h, 2 h,
4 h, and 8 h after intrathecal injection of miR-325-5p
antagomir (10 pL, 20 pmol/L) or the same volume of
antagomir-NC(negative control) (20 pmol/L). The CRD
thresholds in control rats (n = 8 rats) treated with miR-325-
Sp antagomir were 19.31 4+ 0.42, 19.25 + 0.50,
20.75 £ 0.23, 27.00 £ 0.77, and 28.43 + 1.17 mmHg,
and in those treated with antagomir-NC (n = 6 rats) were
29.16 £ 0.38, 28.41 £ 0.25, 28.92 £+ 0.40, 28.66 + 0.42,
and 28.25 + 0.42 mmHg, respectively. The visceral hyper-
sensitivity in the miR-325-5p antagomir group was signif-
icantly lower than in the antagomir-NC group from 0.5 h to
2 hbut not at 4 h and 8 h (Fig. 2A, P < 0.001 vs NC, two-
way ANOVA). In addition, we determined whether
intrathecal injection of miR-325-5p agomir attenuates the
visceral hypersensitivity in NCI rats (Fig. 2A). We first
assessed the acute effect of miR-325-5p agomir by
measuring the distention threshold 30 min after intrathecal
injection of 10 pL (20 pmol/L) miR-325-5p agomir or
agomir-NC. The distension thresholds of NCI rats at 0.5 h,
1 h,2 h, 4 h, and 8 h after injection of miR-325-5p agomir

were 23.05 £ 0.73, 27.43 £ 0.55, 29.81 £ 0.35,
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Fig. 2 Effects of miR-325-5p agomir and antagomir on visceral
hypersensitivity. A CRD thresholds in control rats (CON, 6 weeks
old) given miR-325-5p antagomir once (10 pL, 20 pmol/L) were
significantly lower than in age-matched rats given the same volume of
antagomir-NC (20 pmol/L) from 0.5 h to 2 h but not at 4 h and 8 h.
The CRD thresholds in NCI rats given miR-325-5p agomir once (10

19.24 £ 0.64, and 18.76 £ 0.17 mmHg (n = 7 rats), and
after injection of agomir-NC were 19.11 £ 0.44,
19.44 £ 0.47, 19.88 £ 0.36, 19.66 £ 0.33, and
19.22 £ 0.23 mmHg (n = 6 rats), respectively. The dis-
tension threshold of NCI rats was significantly higher in the
miR-325-5p agomir group than in the agomir-NC group at
0.5 h, 1 h, and 2 h after injection (Fig. 2A, P < 0.01 and
P < 0.001 vs NC, two-way ANOVA).

Then we examined the chronic effect of miR-325-5p
agomir. The same dose of miR-325-5p agomir or agomir-
NC was injected every other day for a week (4 injections in
total). After administration, the time-course of CRD
thresholds was determined again. The CRD thresholds of
NCI rats (6 weeks old) treated with miR-325-5p agomir
were  30.27 £ 0.68, 30.19 £ 0.66, 31.81 £ 0.48,
35.81 £ 1.06, 30.38 £ 0.35, 32.28 &+ 0.64, 31.61 £ 0.35,
20 £+ 0.60, and 19.33 & 0.71 mmHg (n = 7 rats) for 2 h,
4 h,8 h,and 12 h, and 1, 2, 3, 4, and 5 days, while those of
NCI rats treated with agomir-NC were 20.16 £ 0.83,
21.00 £ 0.72, 20.00 £ 0.40, 20.41 £ 0.52, 19.91 + 0.68,
19.58 £ 0.53, 19.08 £ 1.27, 19.25 £ 0.57, and
19.16 £ 0.99 mmHg (n = 8 rats), respectively. The CRD
thresholds in the miR-325-5p agomir group were signifi-
cantly higher from 2 h to 3 days (Fig. 2B, P < 0.001 vs
NC, two-way ANOVA) but not at 4 and 5 days (Fig. 2B,
P > 0.05 vs NC, two-way ANOVA). These results sug-
gested that overexpression of miR-325-5p reverses NCI-
induced visceral hypersensitivity.

NCI Promoted CCL2 Expression in Colon-Related
DRGs

miRs play their roles by acting on their downstream
targets. We identified targets of miR-325-5p using two
bioinformatics prediction online software (targetscan.org
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pL, 20 pumol/L) were significantly higher from 0.5 h to 2 h after
injection than in age-matched NCI rats. This effect disappeared 4 h
after injection. B NCI rats (6 weeks old) given miR-325-5p agomir
(10 pL, 20 umol/L) every other day for a week (4 injections in total)
had higher CRD thresholds than age-matched NCI rats given the same
dose of agomir-NC from 2 h to 3 days but not for 4 and 5 days.
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and miRNA.org) and assessed the expression of CCL2 and
CXCL12 that are related to CVH. QPCR analysis showed
that the relative mRNA levels of CCL2 were 2.27 £ 0.38
(n=5) in NCI rats and 1.00 & 0.22 (n = 6) in CON rats
and those of CXCL12 were 1.23 £ 0.10 (n = 4 rats) in
NCI and 1.00 £ 0.32 (n = 3 rats) in CON. Interestingly,
we found that NCI upregulated the expression of CCL2
(Fig. 3A, P < 0.05 vs CON, two-tailed two-sample z-test)
but not CXCL12 (Fig. 3C, P > 0.05 vs CON, two-tailed
two-sample 7-test). In addition, we identified three high-
score targets, IL33 (Interleukin 33), SFRS7 (Serine/
arginine-rich splicing factor 7), and LGI1 (Leucine-rich
glioma-inactivated protein 1), in the T13-L2 DRGs of
6-week-old rats (Fig. 3D-F). QPCR showed that the
relative mRNA levels in NCI rats were 1.23 £ 0.15
(n=3 rats), 075008 (rn=4), and 091 £ 0.02
(n=4), and in CON rats were 1.00 &+ 0.15 (n = 3),
1.00 £ 0.23 (n =3), and 1.00 & 0.05 (n = 3), respec-
tively. There was no significant difference in the levels of
these three molecules between the CON and NCI groups
(P > 0.05 vs CON, two-tailed two-sample ¢-test). Further-
more, the protein level of CCL2 in T13-L2 DRGs at
6 weeks of age was assessed by western blotting (Fig. 3B).
The relative densitometry of CCL2 in NCI rats was
0.40 £ 0.03 (n = 5) and 0.15 £ 0.04 for CON (n = 5), and
the protein expression of CCL2 in T13-L2 DRGs was
significantly higher (P < 0.01 vs CON, two-tailed two-
sample #-test). This result was consistent with the mRNA
levels of CCL2. These results suggested that NCI upreg-
ulates the expression of CCL2.

Fig. 3 Expression of CCL2,
CXCL12, IL33, SFRS7, and
LGI1 mRNA, and protein
expression of CCL2. A Quan-
tification of QPCR assays
showing significant up-regula-
tion of CCL2 mRNA expression
in T13-L2 DRGs of 6-week-old
NCI rats compared with age-
matched CON rats. B Protein
expression of CCL2 in T13-L2
DRGs was significantly higher
than in CON rats at 6 weeks. C—
F mRNA levels of CXCL12,
1L33, SFRS7, and LGII in the
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CCL2 Expression was Time-Dependent and Tissue-
Specific

To further determine the time-course and specificity, the
expression of CCL2 at 4 weeks, 8 weeks, and 10 weeks
after NCI was then determined in T13-L2 DRGs by QPCR
(Fig. 4A—C). The relative mRNA levels of CCL2 in NCI
rats at 4 weeks, 8 weeks, and 10 weeks were 1.09 + 0.20
(n = 5rats), 2.29 4+ 0.25 (n = 4), and 0.96 &+ 0.21 (n = 3),
while those in CON rats were 1.00 £ 0.17 (n=5),
1.00 £ 0.18 (n = 4) and 1.00 £ 0.11 (n = 3), respectively,
showing a significant increase at 8 weeks (P < 0.01 vs
CON, two-tailed two-sample #-test) but not at 4 weeks and
10 weeks (P > 0.05 vs CON, two-tailed two-sample #-
test). We also assessed the expression of CCL2 in the
cervical DRGs (C1-7) of 6-week-old rats, and the QPCR
results showed that the relative mRNA levels of CCL2
were 1.15 £ 0.17 (NCI, n=3 rats) and 1.00 & 0.14
(CON, n = 4); furthermore, these values in lumbar DRGs
(L4-6) from age-matched rats were 0.68 £ 0.08 (NCI,
n=4) and 1.00 £ 0.21 (CON, n = 3). There was no
significant change of CCL2 expression in C1-7 DRGs and
L4-6 DRGs (P > 0.05 vs CON, two-tailed two-sample #-
test) (Fig. 4D, E). More importantly, correlation analysis
showed that the mRNA levels of CCL2 and the miRNA
level of miR-325-5p were significantly negatively corre-
lated at 6 weeks, 8 weeks, and 10 weeks (r = -0.997,
P = 0.046, Fig. 4F). The values of the relative miR-325-5p
levels at 6 weeks, 8 weeks, and 10 weeks were 0.16, 0.07,
and 0.98, while those of of CCL2 were 2.27, 2.29, and
0.96, respectively. The (X, Y) values of the 3 points in
Fig. 4F were (0.07, 2.29), (0.16, 2.27), and (0.98, 0.96).
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Fig. 4 CCL2 expression was time-dependent and tissue-specific.
A QPCR data showing that the mRNA expression of CCL2 in T13-
L2 from NCI rats did not differ from CON rats at 4 weeks of age.
B QPCR analysis showing that the mRNA level of CCL2 was
significantly higher in NCI rats than CON rats at 8 weeks of age.
C QPCR analysis also showed no significant difference of CCL2 in

Location of CCL2 in Colon-Related DRGs

We then determined the location of CCL2 in DRGs using
immunofluorescence. We co-labelled CCL2 with

T13-L2 DRGs between NCI and CON rats at 10 weeks of age. D,
E NCI did not change the expression of CCL2 of cervical (C1-7)
DRGs and lumbar (L4-6) DRGs at 6 weeks of age. F Significant
negative correlation in the relative mRNA levels of CCL2 and miR-
325 at 6 weeks, 8 weeks, and 10 weeks (r = — 0.997, P < 0.05).

glutamine synthetase (GS) (a marker of satellite glial cells)
or NeuN (a marker of neurons) to determine the localiza-
tion of CCL2 in colon-related DRGs (Fig. 5A). The results
showed that CCL2 was co-expressed in neurons but not

Fig. 5 Immunofluorescence analysis of CCL2 in colon-related
DRGs. A CCL2-positive DRG cells (middle row) were co-labeled
as neuron-positive (upper left second, red) but not with GS-positive
cells (upper left first, red). CCL2 was co-expressed in IB4-positive
(upper right first, green), CGRP-positive (upper middle, red) and NF-

A GS NeuN CGRP NF-200

100 -

@
o
L

[e2]
o
1

IS
o
1

CCL2 positive cells (%)
N
o

NeuN B4 CGRP NF-200 GS
200-positive (upper right second, red) DRG neurons. Merges of CCL2
with GS, NeuN, CGRP, NF-200, and IB4 are shown in the lower row.
Scale bar, 50 pm. B Quantification showing that CCL2 was mainly
located in small and medium sensory neurons labeled with IB4 and
CGRP but a few with NF-200.
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satellite glial cells. Furthermore, we co-stained CCL2 with
NF-200 (a marker of large neurons), isolectin B4 (IB4, a
marker of non-peptidergic small and medium neurons), and
calcitonin gene-related peptide (CGRP, a marker of small
and medium peptidergic neurons) by immunofluorescence
and showed that CCL2 was mainly located in small and
medium sensory neurons labeled with IB4 and CGRP but
in few with NF-200. Analysis showed that the percentage
co-localization of CCL2 with NeuN, IB4, CGRP, NF-200.
and GS was 79.17, 57.59, 54.8, 3.99, and 0% (n = 3),
respectively (Fig. 5B).

Overexpression of miR-325-5p Reversed the In-
crease of CCL2 Expression at the Protein Level

A precondition for a reaction between miR-325-5p and
CCL2 is that the two molecules are co-expressed in the
same type of cell, so we used an RNA probe of miR-325-5p
to perform FISH and determine whether the two molecules

are co-localized in T13-L2 DRGs. As shown in Fig. 6A,
miR-325-5p was co-expressed with CCL2 in the same
neurons of colon-related DRGs; the percentage of miR-
325-5p co-labeled with CCL2 and NeuN was 82.46% and
87.35% (n =3) (Fig. 6B). To verify the hypothesis that
down-regulation of miR-325-5p contributes to visceral
hypersensitivity via up-regulation of CCL2 in DRGs, we
first overexpressed miR-325-5p by intrathecal injection of
its agomir, and 0.5 h later measured the protein expression
of CCL2 in T13-L2 DRGs (Fig. 6C). The results showed
no significant difference in CCL2 protein expression
between NCI rats given miR-325-5p agomir and those
given agomir-NC (P > 0.05, two-tailed two-sample #-test).
Then, the expression of CCL2 in T13-L2 DRGs of NCI
rats was assessed 12 h after delivery of miR-325-5p agomir
or agomir-NC. Western blots showed that the relative
densitometry of CCL2 in NCI rats treated with miR-325-5p
agomir was 0.21 £ 0.06 (n = 4), and in those treated with
agomir-NC was 0.42 £+ 0.03 (n = 4). The CCL2 protein
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NeuN CCL2 agomir miR-325-5p
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Fig. 6 Reactions of miR-325-5p and CCL2. A Fluorescence in situ
hybridization for miR-325-5p and CCL2 showing CCL2-positive
cells (green, upper left) and miR-325-5p-positive cells (red, upper
middle) co-expressed in DRG neurons (upper right), and NeuN-
positive cells (red, lower left) co-expressed with miR-325-5p (green,
lower middle). Lower right merged miR-325-5p with NeuN. Scale
bar, 50 um. B Analysis showing that miR-325-5p was mainly co-
expressed with CCL2 in colon-related DRG neurons. C Western blots
and quantification of CCL2 expression in T13-L2 DRGs showing no
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significant difference between NCI 6-week-old rats given miR-325-5p
agomir and those given agomir-NC at 0.5 h after injection. D Western
blots and quantification of CCL2 in T13-L2 DRGs showing that NCI
rats (6 weeks) given miR-325-5p agomir showed a significant
decrease compared with age-matched NCI rats given agomir-NC at
12 h after injection. E CCL2 mRNA expression was not significantly
altered 12 h after intrathecal injection of miR-325-5p agomir when

compared with the agomir-NC group.
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expression was significantly lower 12 h after intrathecal
injection of miR-325-5p agomir than in the agomir-NC
group (Fig. 6D, P < 0.05 vs NC, two-tailed two-sample #-
test). In contrast, CCL2 mRNA expression was not
significantly altered after intrathecal injection of miR-
325-5p agomir when compared with the agomir-NC group
(Fig. 6E, P > 0.05 vs NC, two-tailed two-sample #-test).

Inhibition of CCL2 Attenuates Visceral Hypersen-
sitivity in NCI Rats

CCL2, also known as monocyte chemoattractant protein-1,
is a chemokine. Recent studies have reported that it plays
an important role in pain [11]. To confirm its role in CVH
induced by NCI, we used Bindarit, a selective inhibitor of
CCL2. Bindarit at 1, 10, and 100 umol/L was adminis-
tered. The baseline CRD thresholds of the 4 groups of NCI
rats before drug administration were 18.91 £ 0.24 (NS,
n = 6 rats), 19.91 + 0.20 (1 pmol/L, n = 6), 17.78 + 0.34
(10 pmol/L, n = 7), and 20.87 £ 0.33 mmHg (100 pumol/
L, n = 6). After treatment with 1, 10, and 100 pumol/L
Bindarit for 1 h and 2 h, the CRD thresholds were
2033 +£036 ((m=6) and 1975+ 036 (n=0);
2664 £ 129 (n=7) and 2721 £ 0.56 (n=06); and
3475 £ 1.22 (n=6) and 37.58 £ 1.29 mmHg (n = 6),
respectively. NS or 1 pumol/L Bindarit did not change the
CRD thresholds of NCI rats (P > 0.05 vs baseline, two-
way ANOVA), but 10 and 100 pmol/L Bindarit both
induced a significant increase in CRD threshold at 1 h and
2 h (Fig. 7A, P < 0.001 vs baseline, two-way ANOVA).
We next determined the time-course of the Bindarit effect
at 10 pmol/L. Bindarit was injected once daily for 7
consecutive days. The CRD threshold before injection was

18.66 &= 0.56 mmHg (n = 6 rats) and after administration
for I, h2h,4h,8h, and 12 h, and 1, 2, and 3 days was
29.08 + 0.32, 30.36 £ 0.54, 30.7 &+ 1.21, 34.4 + 2.07,
33.2 £ 1.45, 28.2 £ 1.19, 19.2 £+ 1.07, and
19.48 £ 0.44 mmHg, respectively, showing a significant
increase from 1h and lasting for 1 day (Fig. 7B,
P < 0.001 vs baseline, one-way ANOVA). To determine
whether CCL2 induces CVH in 6-week-old naive rats, their
thresholds were measured after intrathecal delivery of
CCL2 (100 ng per rat). The CRD threshold before injection
was 30.69 £+ 0.34 mmHg (n = 8 rats) and 0.5 h, 1 h, 2 h,
4 h, and 8 h after administration was 26.83 + 0.46,
26.38 + 0.63, 25.6 £+ 0.69, 28.44 + 0.50, and
31.09 + 0.42 mmHg, respectively. These results showed
that intrathecal CCL2 significantly reduced the CRD
thresholds at 0.5 h, 1 h, 2 h, and 4 h (Fig. 7C, P < 0.001
vs baseline, two-way ANOVA), indicating that CCL2 is
involved in the CVH induced by NCIL

Discussion

In the present study, we demonstrated for the first time that
miR-325-5p is involved in the colonic CVH induced by
NCI, a conclusion based on the following findings. The
expression of miR-325-5p was significantly decreased in
the colon-related DRGs of rats with visceral pain. The
down-regulation of miR-325-5p in these DRGs appeared at
4 weeks, 6 weeks, and 8 weeks, which well matched the
visceral pain responses of NCI rats. Importantly, up-
regulation of miR-325-5p by intrathecal injection of miR-
325-5p agomir markedly raised the CRD threshold of NCI
rats. In contrast, inhibition of miR-325-5p by intrathecal

A ONS B 1 ymol/L B Bindarit 10 umol/L ‘ c CCL2 10 ng/pL
50 @10 umol/L  O100 umol/L 40 - xx 40 -
*k%k
> *kk = ke FHE I =
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g S0 2€ €
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Pre 1h 2h Pre 1h 2h 4h 8h 12h 1d 2d 3d Pre 0.5h 1h 2h 4h 8h

Time post injection

Fig. 7 Suppression of CVH by Bindarit. A Distension thresholds of
NClI rats 1 h and 2 h after delivery of NS and 1, 10, and 100 pmol/L.
Bindarit showed no difference between NCI rats given NS or 1 umol/
L Bindarit and baseline (Pre). The CRD thresholds for NCI rats given
10 and 100 pmol/L were significantly higher than baseline (Pre).
B Time-dependent effect of 10 pumol/L Bindarit showed significant

Time post injection

Time post injection

changes in the CRD thresholds of NCI rats from 1 h to 1 day relative
to baseline (Pre). This effect disappeared after 1 day. C Intrathecal
injection of CCL2 significantly reduced the CRD threshold of
6-week-old naive rats at 0.5 h, 1 h, 2 h, and 4 h compared with
baseline (Pre).
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injection of miR-325-5p antagomir remarkably lowered the
CRD threshold of healthy control rats. Therefore, we add
new evidence to support an idea that microRNAs are
critical in the development of the CVH associated with
functional gastrointestinal disorders.

Researchers in the field of miR signaling have demon-
strated that miR-325 plays an important role in cancer [23],
functional dyspepsia [10], and hypoxic-ischemic brain
injury [6]. However, whether miR-325 is involved in
visceral pain responses was unclear. Here, we showed that
miR-325-5p was down-regulated while the expression of
three other miRNAs was not altered, indicating a role of
miR-325-5p in chronic visceral pain. The expression of
miR-325-5p was not changed in other tissues such as DRGs
unrelated to the colon and in the dorsal spinal cord,
indicating tissue-specific up-regulation of miR-325-5p
expression. Although we cannot exclude roles of miR-7b,
miR-466, and miR-142 in chronic visceral pain, our data
suggest that down-regulation of miR-325-5p contributes to
visceral pain since application of miR-325-5p agomir
significantly reversed the CRD threshold of NCI rats.

Using a combination of bioinformatics resources with
enrichment of annotations based on functional ontologies
and a spatiotemporal expression dataset [24], we found that
miR-325-5p could bind to the 3’UTR of CCL2 mRNA.
MiR-325-5p has > 100 targets. The reason we studied
CCL2 was that it is involved in inflammatory pain,
neuropathic pain, and visceral hypersensitivity [25, 26].
We demonstrated here that CCL2 in colon-related DRGs
was involved in visceral pain in NCI rats. First of all, CCL2
was up-regulated at both the protein and mRNA levels in
the colon-related DRGs of NCI rats at 6 weeks and
8 weeks, while the expression of other targets did not
change. This is consistent with previous reports that CCL2
expression is enhanced under neuropathic pain conditions
[11, 27]. Second, inhibition of CCL2 by Bindarit signif-
icantly increased the CRD threshold of NCI rats. Once
upregulated, CCL2 may be released from the soma and
subsequently activate CCR2 and CCR4, thus enhancing
DRG neuronal excitability [28]. We also showed that the
Bindarit effect lasted only for one day, but we do not know
the exact reasons why this effect is so short. One possibility
is that Bindarit is degraded rapidly in vivo, another might
be that the upregulation of CCL2 is not the only
mechanism involved in colonic hypersensitivity. When
CCL2 is inhibited by Bindarit, other pathways may be
activated. Besides, a brief inhibitory effect of this drug has
been reported in many other models [29, 30]. In addition,
CCL2 in DRG neurons can be transported to central
terminals at the spinal cord level since it is present in the
central terminals of primary afferents in the superficial
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dorsal horn [31, 32]. Once released from the central
terminals, CCL2 activates its receptors on dorsal horn
neurons, thus enhancing synaptic transmission in the dorsal
horn. Thus, CCL2 might be a modulator to increase DRG
neuronal excitability and spinal synaptic transmission that
we have reported previously under NCI-induced visceral
pain conditions [14, 22].

MicroRNAs are involved in the regulation of cellular
life by targeting specific mRNAs to repress their translation
or degrade them. It was therefore of interest to determine
whether and how miR-325-5p modulates CCL2 expression.
We showed using immunofluorescence and FISH that miR-
325-5p was co-localized with CCL2 in DRG neurons,
indicating the anatomical possibility that miR-325-5p
regulates CCL2 expression. Then, application of miR-
325-5p agomir clearly reversed the up-regulation of CCL2
in colon-related DRGs at the protein level but not at the
mRNA level. These results seemed inconsistent but
suggested that miR-325-5p regulates CCL2 expression
through post-transcriptional machinery. One question that
remains is the mechanism by which CCL2 mRNA is up-
regulated under NCl-induced visceral pain conditions.
Since application of miR-325-5p agomir did not reverse the
up-regulation of CCL2 at the mRNA level, other mecha-
nisms might be involved, and this warrants a further
investigation. Beyond that, how miR-325 agomir has such
a rapid effect on the CRD threshold remains unknown.
Recently, Ji’s group demonstrated that miR-711 induces
inward currents and action potentials via transient receptor
potential ankyrin 1 in mouse DRG neurons, which suggests
that miRs can directly activate ion channels to affect
excitability [33]. This might be one of the mechanisms
underlying the rapid effects of miRs. In addition, how miR-
325-5p is suppressed also needs further investigation.
Nevertheless, our findings suggest that miR-325-5p nega-
tively modulates CCL2 expression most likely through a
post-transcriptional mechanism.

In summary, we demonstrated that miR-325-5p/CCL2
signaling is important in the development of visceral pain
in NCI rats. The current findings of miR-325-5p dysfunc-
tion in colon-related DRGs point to the importance of
future work investigating the role of miRs in understanding
chronic visceral pain in patients with functional gastroin-
testinal disorders such as IBS.
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