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Abstract

Melatonin (Mel) and its receptors (MTI and MT2) have a well-documented efficacy in treating
different pain conditions. However, the anti-nociceptive effects of Mel and Mel receptors in
neuropathic pain (NP) are poorly understood. To elucidate this process, pain behaviors were
measured in a dorsal root ganglia (DRG)-friendly sciatic nerve cuffing model. We detected
up-regulation of MT2 expression in the DRGs of cuff-implanted mice and its activation by the
agonist 8-M-PDOT (8MP). Also, Mel attenuated the mechanical and thermal allodynia induced by
cuff implantation. Immunohistochemical analysis demonstrated the expression of MT2 in the DRG
neurons, while MT1 was expressed in the satellite cells. In cultured primary neurons, microarray
analysis and gene knockdown experiments demonstrated that MT2 activation by 8MP or Mel
suppressed calcium signaling pathways via MAPKI, which were blocked by RAR-related orphan
receptor alpha (RORAQ) activation with a high dose of Mel. Furthermore, expression of nitric oxide
synthase 1 (NOSI) was down-regulated upon Mel treatment regardless of MT2 or RORa.
Application of Mel or 8MP in cuff-implanted models inhibited the activation of peptidergic neurons
and neuro-inflammation in the DRGs by down-regulating c-fos, calcitonin gene-related peptide
[CGRP], and tumor necrosis factor-1a [TNF-1a] and interleukin-1 [IL-18]. Addition of the MT2
antagonist luzindole blocked the effects of 8MP but not those of Mel. In conclusion, only MT2 was
expressed in the DRG neurons and up-regulated upon cuff implantation. The analgesic effects of
Mel in cuff-implanted mice were closely associated with both MT2-dependent (MAPK-calcium
channels) and MT2-independent (NOSI) pathways in the DRG.
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Introduction

Neuropathic pain (NP) is a chronic pain that
results from injury of the peripheral nervous system
(PNS) or the central nervous system (CNS) [1]. The
most prominent features of NP include dysesthesia,
allodynia, and hyperalgesia [2, 3]. In the USA, it is
estimated that 25 million (11.2%) adults suffer from

chronic daily pain and up to 23 million (10%) adults
have severe pain [4]. In Europe, the situation is not
much different, with up to 7-8% of the European
population complaining of refractory chronic pain
that was reported to be severe in 5% of participants
[5, 6].
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Melatonin (Mel) is a circadian hormone that has
been widely reported to possess anti-oxidant and
anti-inflammatory properties [7-9]. It was previously
demonstrated that Mel receptors in the CNS are
critical in melatonin-induced anti-nociception in
inflammatory and NP models [10-12]. However, the
existence and biological function of Mel receptors in
the PNS remains largely unknown. The dysfunction
of pain transmission in the PNS, particularly the
dorsal root ganglia (DRG), is likely involved in NP
development. Injury to a peripheral afferent fiber
results in hyper-excitability in axotomized DRG
neurons, which promote ectopic firing and induce
central sensitization and clinical allodynia [13-16].
Further, the neuroimmune activation of neurons in
the DRG can also sensitize and lower the threshold for
neuronal firing, leading to peripheral and central
sensitization as well as the development of chronic
NP [17, 18]. Stimulation of the DRG reduces the
intensity of pain as well as stabilizes and decreases the
hyper-excitability of DRG neurons [19]. It has been
reported that extracellular application of Mel inhibits
high-voltage activated calcium channels and reduces
the intracellular free Ca?* concentration in cultured
DRG neurons based upon the whole-cell patch clamp
and the fura-2 fluorescence ratio Ca?*-imaging
techniques [20]. Mel can also modulate the Ca?* entry
induced by diabetes or 2.45-GHz electromagnetic
radiation through the transient receptor potential
melastatin 2 (TRPM2) and transient receptor potential
vanilloid type 1 (TRPV1) [21, 22]. In light of these
observations, it is essential to explore the regulatory
mechanism of Mel in the DRG.

Although melatonin has been widely reported to
possess significant analgesic effects in several pain
models [23-27], the anti-nociceptive effect of Mel in
neuropathic pain (NP) is controversial and largely
unknown. In mice with NP induced by sciatic nerve
ligation (SNL), Mel treatment reduced the thermal
hyperalgesia ~ without significantly = improving
mechanical allodynia [28], while it was only effective
in treating mechanical allodynia in a chronic
constriction injury (CCI) model [29]. These
inconsistencies could be attributed to the
characteristics of these NP models, which always
promote significant injury on the DRG and primary
afferents [30, 31]. The SNL model is easily exposed to
infection and often causes a severe motor deficit [30].
The degree of allodynia produced in the CCI models
is subject to variation in the snugness of ligation that
leads to pronounced individual differences among the
treated animals [30]. Therefore, we choose the cuff
implantation model to re-assess the analgesic effects
of Mel on NP in the DRG [31]. Cuff implantation

promotes ipsilateral allodynia and hyperalgesia as
early as on day 1 of post-surgery day without an
inflammatory component and behavior injury. In this
study, we explored the analgesic effects of Mel in a
cuff implantation NP model as well as the biological
function of Mel receptors in the DRG, and the findings
will ultimately lead to advances in therapeutic
techniques for NP.

Materials and Methods

Reagents

Mel, luzindole (MT1 and MT2 antagonist),
ramelteon (MT1 and MT2 agonist),
8-methoxy-2-propionamidotetralin ~ (8MP, = MT2
agonist) 4-phenyl-2-propionamidotetralin (4PP, MT2
antagonist), CGP52608 (RAR-related orphan receptor
alpha [RORa] receptor agonist), and ML-176 (RORa
receptor inverse agonist) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). All
reagents were dissolved in vehicle (1% ethanol
diluted in sterile saline). The lysis buffer, protease and
phosphatase inhibitors, bovine serum albumin (BSA),
Tris-HCl buffer, bicinchoninic acid (BCA) Kkit,
hematoxylin, and Tris-buffered saline with Tween-20
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Sodium dodecyl sulfate (SDS) polyacrylamide
gels and diaminobenzidine tetrahydrochloride (DAB)
were purchased from Bio-Rad Laboratories (Hercules,
CA, USA) and Doujin (Kumamoto, Japan),
respectively. Trizol reagent and the PrimeScript RT
reagent kit were purchased from Takara (Dalian,
Liaoning, China). Mouse interleukin-1 beta (IL-1p)
and tumor necrosis factor alpha (TNF-a)
enzyme-linked immunosorbent assay (ELISA) Kkits,
Advanced Dulbecco’s modified Eagle medium
(DMEM), lipofectamine 3000, and Opti-MEM were
acquired from Thermo Fisher Scientific (Waltham,
MA, USA). The antibodies and siRNA sequences used
in this study are listed in Table 1.

Sciatic nerve cuffing model and experimental
design

A total of 100 adult male C57BL/6] mice
weighing 22-25 g were obtained from the
experimental animal center of the Fourth Military
Medical University. Mice were allowed a 2-week
acclimatization period and housed under a 12-hour
light/dark cycle with food and water available ad
libitum. The experimental protocol was revised and
approved by the Institutional Animal Care and Use
Committee of Fourth Military Medical University. All
measures were taken to minimize the animal suffering
and decrease the number of mice used in this study.
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Table 1. The detail information of primers, antibody and siRNA.

Primers

Gene ID Primer

MAPK1  Forward: 5-TGTTCCCAAATGCTGACTCC-3',
Reverse: 5'-AGCCTGTTCAACTTCAATCCTC-3';
Cacnalb  Forward: 5'-ACCATCCGCATCCTATTGTG-3',
Reverse: 5'-GATACTGGTGTCATCATCAAGGG-3}
Cacnale Forward: 5'-CTAGGCCTCGGCAAGAGATG-3',
Reverse: 5'-GCACCACCTTTGGCGATTTT-3}
Grm1 Forward: 5'-GGGTCAGATTAAGGTCATACGG-3,,
Reverse: 5'-CGAGGTAACGGATAGTAATGGG-3;
Grin2a Forward: 5-TTTGAGGACGCCAAGACAC-3',
Reverse: 5'-AGACTGAAATGAGACCCGATG-3';
NOSs1 Forward: 5'- CGATCGGCCCTTGGTAGA-3,
Reverse: 5'-AGGCAATGCCCCTGAGAAC-3;
B-actin Forward: 5'-CTGTCGAGTCGCGTCCAC-3,

Reverse: 5'-GTTTGTGTAAGGTAAGGTGTG-3'.
Antibodies used in Western blot
rabbit anti-MT1: ab203038, 1:200, Abcam; rabbit anti-MT2: ab203346, 1:200,
Abcam; rabbit anti-MAPK1: ab32081, 1:400, Abcam; rabbit anti-Cacnalb:
ab97284, 1:300, Abcam; rabbit anti-Cacnale SAB4300837 1:200 Sigma; rabbit
anti-Grm1: ab82211, 1:200, Abcam; rabbit anti-Grin2a: ab124913, 1:400,
Abcam; rabbit anti-NOS1: ab76067, 1:300, Abcam; rabbit anti-c-fos: ab190289
1:200, Abcam; rabbit anti-CGRP: AB5920, 1:1000, Millipore; anti-RORa:
ab60134, 1:200, Abcam; rabbit anti-p-actin: ab8227, 1:400, Abcam;
HRP-conjugated anti-rabbit donkey IgG: 1:5000; Zhongshan, Beijing, China.
Antibodies used in immunohistochemical staining
rabbit anti-MT1: ab203038, 1:100, Abcam; rabbit anti-MT2, ab203346, 1:100,
Abcam; biotinylated goat anti-rabbit IgG, ab64256, 1:400, Abcam.
Antibodies used in immunofluorescent staining
rabbit anti-MT1: ab203038, 1:100, Abcam; rabbit anti-MT2: ab203346, 1:100,
Abcam; chicken anti-NeuN: ab134014, 1:1000, Abcam; chicken anti-GFAP:
ab50738, 1:100, rabbit anti-CGRP: AB5920, 1:1000, Millipore;
anti-rabbit-conjugated AlexaFluor 594: ab150116, 1:1000, Abcam;
anti-chicken-conjugated AlexaFluor 488: A-11039, 1:1000, Thermo Fisher
Scientific, Shanghai, China. The IB4 were detected with fluorochromes with
FITC (FITC-IB4: FL-1201, 1:200, Vector).
The siRNA used for gene knocking down
MAPK1 (sc-35336), Cacnalb (sc-42699), Cacnale (sc-42703), Grm1 (sc-61027),
Grin2a (sc-36084), RORa (sc-38863) or control siRNA (sc-37007) were
purchased from Santa Cruz Biotechnology.

The sciatic nerve cuffing model was prepared as
described previously [31]. Briefly, following
anesthesia, mice were placed on a warm mat (37°C) in
a left lateral position, and the surgical procedure was
performed under aseptic conditions. The common
branch of the right sciatic nerve was exposed, and a
2-mm split polyethylene tubing (PE-20, Harvard
Apparatus, Dave Hollis, MA, USA) was placed
around it. The shaved skin layer was closed using a
suture. The sham-operated mice underwent the same
procedures described above without the cuff
implantation (Sham group).

Following recovery, all mice underwent pain
behavioral testing, and only mice displaying
significant pain behavior were used for the different
treatment protocols: 1) Cuff+Vel group: mice received
ip. injection of 100 ml/kg vehicle (1%
ethanol/normal saline) via intraperitoneal (i.p.)
injection; 2) Cuff+Mel group: mice received i.p.
injection of 100 mg/kg Mel [28]; 3) Cuff+8MP group:
mice received i.p. injection of 100mg/kg 8MP; 4)
Cuff+R+4PP group: mice received i.p. injection of 50

mg/kg ramelteon and 20 mg/kg 4PP. Additionally,
biochemical test data were obtained for the following
groups: 1) Cuff+tMel+L group: mice received i.p.
injection of 100 mg/kg Mel and 20 mg/kg luzindole;
and 2) Cuff+8MP+L group: mice received i.p.
injection of 100 mg/kg 8MP and 20 mg/kg luzindole.
Drug treatments were administered every day for 21
days following cuff implantation.

Behavioral testing for pain

Mice were placed in clear Plexiglas boxes (7 cm x
9 cm x 7 cm) and were allowed 30 min for
acclimatization. Also, mice were allowed an
additional 15 min for exploration and grooming
behaviors. The mechanical allodynia was performed
using the von Frey hair test as detailed previously
[32]. Briefly, calibrated von Frey filaments (Stoelting,
Kiel, WI, USA) were applied to the plantar surface of
each hindpaw in a series of ascending forces (range,
0.4-15 g). Rapid pulling back and shaking of the
ipsilateral hind limb of the cuffing model was
regarded as a positive sign of withdrawal response.
Each filament was tested 5 times per paw, and the
mechanical threshold was defined as 3 or more
withdrawals observed out of the five trials. The
thermal hyperalgesia was evaluated using the
Hargreaves method [33]. The infrared beam of a
radiant heat source (8 V, 50 W; Ugo Basile, Comerio,
VA, Italy) was applied to the plantar surface of each
hindpaw. The cut-off period was set at 15 s to prevent
skin damage. Three measures of the paw withdrawal
latency were taken in the ipsilateral hind limb of the
cuffing model and averaged for each hindpaw.
Behavioral exams were performed before cuffing or
sham surgery and at days 2, 5 7, 14, and 21
post-surgery.

Culture and treatment of primary DRG
neurons

The neonatal mouse DRG neurons were isolated
using the Felix method as described previously [34].
Briefly, 5-9 day old neonatal mice were decapitated
using surgical scissors. Next, mice were placed in a
prone position, and a longitudinal incision was made
to expose the cervical, thoracic, and lumbar regions of
the vertebral column. Another midline incision was
made through the first vertebral arch and extended to
expose the spinal cord. Next, the spinal cord was
carefully pulled away and the DRG was removed
from the vertebral column and placed into a 35-mm
Petri dish containing 2 ml Advanced DMEM.
Subsequently, DRG neurons were transferred into a
dissociating medium solution and incubated for 40
min at 37°C with 5% CO,. Next, cells were dissociated
using a fire-polished glass Pasteur pipette and
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centrifuged for 2 min at 300 r/min at room
temperature. The supernatant was discarded and 1 ml
fresh Advanced DMEM was added. Finally, the cell
suspension was seeded on coverslips coated with
poly-L-lysine and incubated for at least 3 h at 37°C
with 5% COzin 1 ml Advanced DMEM. These culture
conditions enabled the maintenance of neurons under
optimal conditions for up to 7 d. By the end of the
fourth day, we added different drug treatments to the
medium, and the cells were incubated for an
additional 24 h until the final collection followed by
subsequent experiments.

Western blotting

The DRG neurons and primary cultured neurons
were lysed in a lysis buffer supplemented with
protease and phosphatase inhibitors on ice. Protein
concentrations were estimated using the BCA
method. Samples were heated in boiling water for 5
min, loaded onto 10% SDS polyacrylamide gels, and
transferred to polyvinylidene difluoride (PVDEF)
membranes (Millipore, Billerica, MA, USA). The
membranes were then blocked with a 5% BSA
solution for 2 h and probed with the specific primary
antibodies overnight at 4°C. Subsequently, the
membranes were incubated with horseradish
peroxidase (HRP)-conjugated antibody for 2 h and
rinsed three times with Tris-buffered saline with
Tween-20. Protein blot densities were analyzed using
Labworks Software (Ultra-Violet Products, UK).

Immunostaining

Paraffin sections of DRGs were prepared a
detailed previously [35]. Briefly, following anesthesia,
mice were intracardially perfused with 4%
paraformaldehyde for 10 min. The DRG neurons were
quickly removed and fixed overnight at 4°C before
being directly dehydrated in a graded ethanol series
and processed for embedding in paraffin wax.
Sections of 3-4 pm thickness were cut according to
standard procedures, mounted on gelatin-coated
slides, and finally air-dried. Before immunostaining,
sections were placed in a bath solution of 3% H>O»
and 60% methanol PBS (pH 7.4) for 30 min and treated
with 0.01 mol/L sodium citrate buffer using a
pressure cooking method for antigen retrieval [36].
Sections were blocked with 10% donkey serum. For
ABC-DAB staining, sections were incubated with the
primary antibody at 4°C overnight. Subsequently,
sections were incubated with biotinylated IgG diluted
in PBS for 4 h followed by analysis with the
avidin-biotin-peroxidase complex (ABC) Elite Kit
(1:100; Vector, Burlingame, CA, USA) in 0.01 M PBS
(pH=7.4) for 2 h. Finally, antibody immunoreactivity
was visualized in 0.05M Tris-HCI buffer (pH=7.6)

containing 0.04% DAB and 0.003% H2O; followed by
hematoxylin staining of nuclei. For
immunofluorescence, sections were incubated with
the primary antibody overnight at 4°C. Subsequently,
sections were detected by the corresponding
secondary antibody with DAPI nuclear staining. The
specificities of the immunohistochemical and
immunofluorescent staining were examined by
omitting the specific primary antibodies.

Image analysis

For immunofluorescence staining, images were
captured by a Leica SP5 confocal microscope (Leica)
and recorded sequentially using Leica Application
Suite Software (Leica). For DAB staining, images were
obtained by a DMR-X microscope coupled to a DC500
digital camera (Leica, Wetzlar, Germany) and the
image analysis system Quantimet Q550 (Leica). Nine
randomly selected discontinuous fields
(magnification, 20x) per sample were evaluated, and
the integrated optical density of MT2 for each neuron
was quantified using Image-Pro Plus software (Media
Cybernetics, Baltimore, MD, USA). According to the
MT2 immunostaining intensity, neurons were
classified as either high MT2-expressing neurons
(optical density >50%) or low MT2-expressing
neurons (optical density <50%). Next, the average
soma diameters for the high-expressing neuron were
calculated by averaging the major diameter with the
minor diameter; the major and minor diameters were
the longest and shortest axes, respectively, through
the nucleolus.

Real-time qPCR analysis

Total RNA from DRGs and the primary cultured
neurons was extracted using Trizol reagent. RNA was
transcribed to cDNA with PrimeScript RT reagent kit
following the standard protocol. Then, real-time
qPCR was performed using the CFX96TM real-time
system (Bio-Rad) and the relative gene expression was
normalized according to the internal control B-actin.
The primer sequences for the SYBR Green probes for
the target genes are presented in Table 1.

Microarray and computational analyses

DRG neurons were cultivated for 4 days and 1
mM Mel, 100 pM 8MP, or control vehicle were added
to the culture medium for an additional 24 h. For
microarray analysis, the Agilent Array platform was
employed. Briefly, total RNA from each sample was
isolated, amplified, and transcribed into fluorescent
cRNA using Agilent’s Quick Amp Labeling protocol
(version 5.7). The arrays were scanned and analyzed
by the Agilent Scanner G2505B and Agilent Feature
Extraction software (version 10.5.1.1). Quantile
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normalization and subsequent data processing were
performed using the GeneSpring-GXv11.5 software.
The microarray data discussed in this manuscript
were deposited in NCBI Gene Expression Omnibus
and are accessible through GEO Series accession
number GSE89289.

Differentially expressed genes (DEGs) in the 100
M 8MP group (between 100 pM 8MP and control
vehicle treatment) and the 1 mM Mel group (between
1 mM Mel and control vehicle treatment) with an up-
or down-regulated fold change of >2.0 were identified
through the random variance model among the
different treatment groups. The Gene Ontology was
analyzed for the main functions of the DEGs, and
Fisher’s exact test, x2 test, and the false discovery rate
were calculated to adjust the P-value [37-39]. The
Gene Ontology terms were considered significant if
the P-value and false discovery rates were <0.05. Also,
the DEGs in pain-related Gene Ontology terms were
identified including GO0048265 (in response to pain),
GO0051930 (regulation of sensory perception of pain),
GO0050966 (detection of mechanical stimulus
involved in sensory perception of pain), GO0048266
(the behavioral response to pain), GO0019233 (the
sensory perception of pain), GO0050968 (detection of
chemical stimulus involved in sensory perception),
and GO0050965 (detection of temperature stimulus
involved in sensory perception). The KEGG database
and Cytoscape were also used to build the network of
genes according to the relationship among these
pain-related DEGs [40-43].

Cell treatment and siRNA interference

The DRG neurons were cultivated for 4 days,
and the culture medium was refreshed. The different
treatments were directly added to the medium
starting from the fourth day, and the cells were
incubated for an extra 24 h. Cells were plated in 6-well
plates at 80% confluence before transfection.
Individual siRNAs (at 5 nM), Lipofectamine 3000, and
Opti-MEM were mixed and incubated at room
temperature for 20 min. The siRNA-lipofectamine
complexes were added to the DRG neurons for 24 h,
and the medium was replaced by fresh Advanced
DMEM after transfection. Experiments were
performed 48 h after transfection. The knockdown
efficiency of siRNA was assessed by Western blotting
(Suppl Figure S1).

ELISA

Following extraction and quantification of the
DRG neurons protein lysates, the IL-13 and TNF-a
concentrations were determined using the
commercially available ELISA kits according to the
manufacturer's protocols (Sangon Biotech, Shanghai,

China). Each cytokine sample was analyzed in
duplicate, and the mean cytokine concentration was
calculated. IL-1p and TNF-a levels were expressed as

pg/mg.
Statistical analysis

Data associated with both DRG neurons were
normalized according to the left side of the Sham
group for each experiment. There was no statistical
difference between the right/left DRGs in the Sham
group and the right DRG. Statistical analyses were
performed by Student’s f-test, one-way analysis of
variance (ANOVA), or two-way repeated-measures
ANOVA followed by Bonferroni's multiple
comparison tests as appropriately indicated. All data
are expressed as mean * standard error of the mean
(SEM). A P value <0.05 was considered to be
statistically significant.

Results

Increased MT2 activation in DRG neurons of
the cuff-implanted mice suppressed
mechanical allodynia and thermal hyperalgesia

In the cuff group, unilateral cuff implantation
caused a significant ipsilateral decrease in the latency
for paw withdrawal at days 2, 5, 7, 14, and 21
post-surgery compared to that in mice in the Sham
group (P<0.01, Fig. 1A). The exogenous i.p.
administration of 100 mg/kg Mel or 50 mg/kg 8MP
induced a moderate but significant attenuation of the
thermal allodynia response as well as mechanical
allodynia compared with that in the Sham group
(P<0.01, Fig. 1A). The exogenous i.p. administration of
50 mg/kg ramelteon and 20 mg/kg 4PP did not affect
the thermal or mechanical allodynia response induced
by cuff implantation (Fig. 1A).

Western blotting revealed that the cuff
implantation caused a significant increase in MT2
expression in the ipsilateral DRGs compared with
levels in the Sham group at days 2, 5, 7, 14 and 21
post-surgery without altering the MT1 expression in
ipsilateral DRGs (P<0.001, Fig. 2B).

MTI1 and MT2 exhibit different expression
patterns in mouse DRG

We used immunohistochemical and
immunofluorescence staining to examine the exact
distribution of MT1 and MT2 receptors in control
C57BL/ 6] mice. MT1 was localized in the DRG mainly
with the glial population as verified by MT1 and
GFAP double immunostaining (Fig. 2A-E). In
contrast, MT2 was mainly expressed in neurons as
verified by MT2 and NeuN double immunostaining
(Fig. 2F-I). Further analysis revealed that MT1
receptor immune-reactive product was localized in
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the satellite cells of the DRG (Fig. 2K-L), while
expression of MT2 was observed in the cytoplasm of
DRG neurons (Fig. 2M). Measurement of soma
diameters of the high MT2-expressing neurons
demonstrated that 63.61+2.21% had a diameter of
10-20 pm, 29.14+3.11% had a diameter of 20-40 pm,
and 7.2541.25% had a diameter greater than 40 pm
(Fig. 2N). Immunofluorescence staining also verified
that all calcitonin gene-related peptide (CGRP)- and
isolectinB4 (IB4)-positive cells expressed MT2 (Fig.
20-X).

MT2 activation by 100 yM 8MP suppressed
calcium channel activity via MAPKI in DRG
neurons

Microarray analysis was used to assess the
biological functions of MT2 activation by 100 ptM 8MP
(Fig. 3A). Gene Ontology analysis revealed that the in
the group treated with 100 pM 8MP, DEGs were
mainly involved in the regulation of transcription and

translation (Fig. 3A). A total of 39 pain-related DEGs
were selected in the 100 pM 8MP group based on
pain-related Gene Ontology terms. The pathway
network analysis indicated that the MAPK and
calcium signaling pathways were the chief players in
the MT2-related pain signaling (Fig. 3B). Compared
with the control group, DRG neurons treated with 100
pm 8MP for 24 h showed obvious down-regulation of
the gene and protein expression of mitogen-activated
protein kinase 1 (MAPK1), voltage-dependent N-type

calcium channel subunit alpha-1B (Cacnalb),
voltage-dependent R-type calcium channel subunit
alpha-1E ~ (Cacnale), metabotropic  glutamate

receptorl (Grml), and the glutamate receptor
ionotropic, NMDA2A (Grin2a; Fig. 3C). Additionally,
incubation with 100 pm luzindole (MT1 and MT2
antagonist) reversed the inhibitory effects of 100 pm
8MP (P<0.001, Fig. 3C).
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13 = Cuff+Vel 81 = Cuff+Vel
2 Cuff+Mel - Cuff+Mel
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Figure 1. Activation of increased MT2 in the DRG suppressed mechanical allodynia and thermal hyperalgesia in cuff-implanted mice. (A) Sham group included the
sham-operated mice without cuff implantation. The mechanical and thermal latency of different time points were measured in the Sham group and cuff-implanted mice
with different treatments (the ipsilateral left paws): the Cuff+Vel group (treated with i.p. injection of vehicle), Cuff+Mel group (treated with i.p. injection of 100 mg/kg
Mel), Cuff+8MP group (treated with i.p. injection of vehicle), and Cuff+R+4PP group (treated with i.p. injection of 50 mg/kg ramelteon and 20 mg/kg 4PP), *P<0.01 vs.
the Sham group; ##P<0.01 vs. Cuff group, n=8 for each group; (B) Representative immunoblots of MT1/MT2 in the DRG of mice subjected to cuff implantation with
[-actin as an internal standard. The expression of MT2 was up-regulated by cuff implantation (**P<0.001 vs. baseline); n=8 for all groups.
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Figure 2. MT1 and MT2 had different expression patterns in the DRG in control C57BL/6) mice. (A-E) Inmunofluorescence staining of MT1 and GFAP
in the DRG in control C57BL/6] mice: Panel D is the merged image of panel A, B, and C. Panel E shows a magnified section of the panel D (bar=30 pym in A-D; bar=9
pm in E); (F-J) Immunofluorescence staining of MT2 and NeuN in the DRG in control C57BL/6] mice: Panel | is the merged image of panel F, G and H. Panel ] is a
magnified section of the panel | (bar=30 pm in F-I; bar=9 pm in J); (K-N) DAB staining of MT1 and MT2 in the DRG in control C57BL/6] mice: Panels L and N show
magnified sections of panel K and M, respectively. The arrows in L indicate the MTIl-immunoreactive satellite cells. The arrows in N represent the
MT2-immunoreactive neurons. (bar=80 um in K and M; bar=18 pm in L and N.); (O) Bar chart representing the soma diameters of the high MT2-expressing neurons
(**P<0.001; n=8 for each group); (P-Y) Double-label staining of MT2 and CGRP/IB4. Panels T and Y are magnified sections of merged panels S and X, respectively
(bar=30 pym in P-S and U-X; bar=9 pm in T and Y).
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Figure 3. MT2 activation by 100 uM 8MP suppressed calcium channel signaling via MAPKI1 in DRG neurons (Part I). (A) The biological process of

Gene Ontology analysis of MT activation by 100 uM 8MP in primary DRG neurons;

(B) The pathway network analysis of 39 pain-related DEGs in the 100 uM 8MP

group; (C) Real-time PCR and Western blotting results obtained from different groups with B-actin as an internal standard. Bar chart represents the fold increases
in expression of different genes and proteins isolated from primary cultured DRG neurons following 24-h incubation with different treatments: Vel group (treated
with vehicle), 100 uM 8MP group (treated with 100 yM 8MP) and 100 uM 8MP+L group (treated with 100 uM 8MP and 100 pM luzindole). (**P<0.001 vs. Vel;

##P<0.001 vs. 100 uM 8MP; n=8 for each group).

We examined the interaction between the
MAPKT1 and calcium signaling pathways. We treated
the DRG neurons with siRNA for MAPK1, Cacnalb,
Cacnale, Grml, or Grin2a, which significantly
down-regulated the expression of each target protein
(Suppl Fig. S1). Suppression of MAPK1 expression
inhibited the gene and protein expression of Cacnalb,
Cacnale, Grml, and Grml (P<0.001, Fig. 4A).
However, MAPK1 expression was not affected by
knock down of any of the four genes (Fig. 4B).

MT2 activation by low-dose Mel suppressed
calcium channel and MAPKI signaling in DRG
neurons

Next, we added low-dose Mel (100 pm) to
activate MT2 in the primary DRG neurons. Real-time
PCR and Western blotting demonstrated that 100 pm
Mel suppressed the expression of MAPK1, Cacnalb,
Cacnale, Grm1, and Grin2a at the protein and RNA
levels (P<0.001, Fig. 5A), and this down-regulation
was blocked by 100 pm luzindole (P<0.001, Fig. 5A).
However, there were no significant differences in the
expression levels of any of the genes and their
respective proteins upon addition of high dose (1
mM) Mel compared with the levels in the

vehicle-treated neurons (Fig. 5B).

Activation of RORa receptor by Mel inhibited
down-regulation of MAPKI1

Following MAPK1 knockdown, the treatment of
DRG neurons with 1 mM Mel induced significant
decreases in the gene and protein expression of
Cacnalb, Cacnale, Grml, and Grin2a (P<0.001, Fig.
6A). We assessed the effects of RORa receptor on
MAPKT1 expression in DRG neurons. Compared with
1 mM Mel alone, the combination of 1 mM Mel with
200 pM ML-176 (RORa receptor inverse agonist)
induced decreases in MAPK1 gene and protein
expression (P<0.001, Fig. 6B). The knockdown of
RORa receptor induced a significant decrease in the
expression of RORa receptor (Suppl Fig. SIF).
Following knock down of RORa receptor, 1 mM Mel
could also induce down-regulation of MAPK1 gene
and protein expression (P<0.001, Fig. 6B). The
combination of 1 mM Mel with RORa siRNA induced
significant decreases in the gene and protein
expression of Cacnalb, Cacnale, Grml, and Grin2a
(P<0.001, Fig. 6C). However, addition of 200 pM
CGP52608 (RORa receptor agonist) significantly
increased the expression of MAPKI1 in the primary

http://www.thno.org



Theranostics 2017, Vol. 7, Issue 7

2023

DRG neurons treated with 100 pM Mel or 100 pM
8MP (P<0.001, Fig. 6D and E, respectively), which
could be reversed by knock down of RORa receptor

of the MT2 antagonist luzindole (200 uM) promoted
the expression of MAPK1 in 100 pM Mel-treated DRG
neurons (P<0.001, Fig. 6D).

(P<0.001, Fig. 6D and E, respectively). The application
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Figure 4. MT2 activation by 100 uM 8MP suppressed calcium channel signaling via MAPKI1 in DRG neurons (Part Il). Real-time PCR and Western
blotting from different groups with B-actin as an internal standard: Primary cultured DRG neurons were subjected to different treatments as follows: (A) Con siRNA
group (treated with the control siRNA) and MAPKI siRNA (treated with the MAPK siRNA), **P<0.001 vs. Con siRNA group; (B) Con siRNA group (treated with
the control siRNA), Con Cacnalb group (treated with the Cacnalb siRNA), Cacnale siRNA group (treated with the Cacnale siRNA), Grm1siRNA group (treated
with the Grm1siRNA) and Grin2a siRNA group (treated with the Grin2a siRNA); n=8 in all groups.
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Figure 5. Low-dose Mel suppressed calcium channel and MAPKI expression in DRG neurons. Real-time PCR and Western blotting from different
groups with 3-actin as an internal standard: Primary cultured DRG neurons were subjected to different treatments as follows: (A) Vel group (treated with vehicle),
100 UM Mel group (treated with 100 UM Mel) and 100 UM Mel+L group (treated with 100 uM Mel and 100 pM luzindole), **P<0.001 vs. Vel group, ##P<0.001 vs. 100
puM Mel; (B) Vel group (treated with vehicle) and 1 mM Mel group (treated with 1 mM Mel), **P<0.001 vs. Vel group; n=8 in all groups
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Figure 6. RORa activation by Mel inhibited MAPKI and calcium channel down-regulation via MT2. Real-time PCR and Western blotting from different
groups with -actin as an internal standard: Primary cultured DRG neurons were subjected to different treatments as follows: (A) 1 mM Mel+Con siRNA group
(treated with | mM Mel and control siRNA), I mM Mel+MAPK1 siRNA group (treated with | mM Mel and MAPKI siRNA), **P<0.001 vs. 1 mM Mel+Con siRNA; (B)
and (C) 1 mM Mel group (treated with | mM Mel), I mM Mel+200 uM ML-176 group (treated with I mM Mel and 200 uM ML-176), 1 mM Mel+RORa siRNA group
(treated with | mM Mel and RORa siRNA), #P<0.01 vs. | mM Mel **P<0.001 vs. | mM Mel; (D) 100 pM Mel group (treated with 100 uM Mel), 100 uM Mel+C group
(treated with 100 pM Mel and 200 uM CGP52608), 100 uM Mel+C+RORa siRNA group (treated with 100 pM Mel, 200 uM CGP52608 and RORa siRNA), 100 pM
Mel+L group (treated with 100 pM Mel and 200 pM luzindole), **P<0.001 vs. 100 uM Mel, ##P<0.001 vs. 100 uM Mel+C; (E) 100 uM 8MP group (treated with 100
uM 8MP), 100 uM 8MP+C group (treated with 100 uM 8MP and 200 uM CGP52608), 100 uM 8MP+C+RORa siRNA group (treated with 100 uM 8MP, 200 uM
CGP52608 and RORa siRNA), “*P<0.001 vs. 100 uM Mel, ##P<0.001 vs. 100 pM Mel+C; n=8 for all groups.
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Figure 7. Regulation of NOSI signaling in the DRG neurons was independent from the MT2 receptor and RORa nuclear receptor. (A) Gene
Ontology analysis of MT activation by 1 mM Mel in primary DRG neurons; (B) Pathway network analysis of 19 pain-related DEGs in the 1 mM Mel group; (C) The
Venn diagram analysis of the 46 pain-related DEGs in the | mM Mel group and 100 uM 8MP group (the black number represents the overall DEGs and the red number
represents the pain-related DEGs); (D) Real-time PCR and Western blotting of NOSI under different treatments in DRG neurons. The primary cultured DRG
neurons were treated with different reagents as follows: Vel group (treated with vehicle), | mM Mel group (treated with 1 mM Mel), 1 mM Mel+L group (treated with
I mM Mel and 200 pM luzindole), 100 M Mel+ML-176 group (treated with 100 uM Mel and 200 yM ML-176), 100 uM 8MP group (treated with 100 uM 8MP), and
200 uM CGP52608 group (treated with 200 uM CGP52608); “*P<0.001 vs. Vel; n=8 for each group.

Regulation of NOSI signaling by Mel in DRG
neurons was independent of MT2 receptor and
RORa receptor

Microarray analysis was wused in primary
cultured DRG neurons treated with 1 mM Mel
followed by Gene Ontology annotations of DEGs
revealed the enrichment of genes in several pathways,
including the immune response, the response to
lipopolysaccharide, collagen fibril organization, and
the inflammatory response (Fig. 7A). Nineteen
pain-related DEGs in the 1 mM Mel group were used
to analyze the pathway network. The analysis
revealed that the calcium signaling pathway

accounted for most of the DEGs involved in the
Mel-related  pain  signaling including  P2X
purinoceptor 7 (P2rx7), nitric oxide synthase, brain
(NOS1), endothelin B receptor (Ednrb), and beta-2
adrenoceptor (Adrb2) (Fig. 7B). We subsequently
compared the pain-related DEGs between the 1 mM
Mel group and 100 pm 8MP group and observed the
existence of 12 common DEGs between the two
groups in the Venn diagram (Fig. 7C). The
upward/downward trends of the 12 common genes
in the 1 mM Mel and 100 pm 8MP group were similar
(Table 2). Further examination revealed that NOS1
was the unique gene in the calcium signaling pathway
in the 1 mM Mel group.
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Table 2. Trend of alteration in pain related DEGs in the ImM MT group and 100uM 8MP group

GeneID2  Overlap Info>  Style in MT groupc  Style in 8MP groupd  Description ¢ KegglIDf
Kenj10 MT group up MCG4485, isoform CRA_a mmu:16513
Gchl MT group up GTP cyclohydrolase 1 mmu:14528
Chrna4 MT group down Neuronal acetylcholine receptor subunit alpha-4 mmu:11438
Ttga2 MT group up Integrin alpha-2 mmu:16398
Cck MT group down Cholecystokinin mmu:12424
Nosl MT group down Nitric oxide synthase, brain mmu:18125
Tacl MT group down Protachykinin-1 mmu:21333
Oprd1 overlap down down Opioid receptor, delta 1 mmu:18386
Ednl overlap up up Endothelin-1 mmu:13614
Grikl overlap down down Glutamate receptor ionotropic, kainate 1 mmu:14805
Adrb2 overlap up up Beta-2 adrenoceptor mmu:11555
Grin2b overlap down down Glutamate receptor ionotropic, NMDA 2B mmu:14812
P2rx7 overlap up up P2X purinoceptor 7 mmu:18439
Grm3 overlap down down Grm3 protein mmu:108069
Ednrb overlap up up Endothelin B receptor mmu:13618
Gja4 overlap down down Gap junction alpha-4 protein mmu:14612
Crh overlap down down Corticoliberin mmu:12918
Tspo overlap up up Translocator protein mmu:12257
Vip overlap down down VIP peptides mmu:22353
Calca 8MP group down Calcitonin mmu:12310
Nign2 8MP group down Neuroligin-2 mmu:216856
Cacnalb  8MP group down Voltage-dependent N-type calcium channel subunit alpha-1B mmu:12287
Oprll 8MP group down Nociceptin receptor mmu:18389
Adrbl 8MP group down Beta-1 adrenergic receptor mmu:11554
Oxt 8MP group up Oxytocin-neurophysin 1 mmu:18429
Cacnale  8MP group down Voltage-dependent R-type calcium channel subunit alpha-1E mmu:12290
Thbs1 8MP group up Thrombospondin-1 mmu:21825
Thbs4 8MP group up Thrombospondin 4 mmu:21828
Grml 8MP group down Metabotropic glutamate receptor 1 mmu:14816
Rtn4 8MP group down Reticulon-4 mmu:68585
Crhr2 8MP group up Corticotropin releasing factor receptor type 2 beta mmu:12922
Grin2a 8MP group down Glutamate receptor ionotropic, NMDA 2A mmu:14811
Uchll 8MP group down Ubiquitin carboxyl-terminal hydrolase isozyme L1 mmu:22223
Reln 8MP group down Reelin splicing isoform MR-1A mmu:19699
P2ryl 8MP group down Purinergic receptor P2Y, G-protein coupled 1 mmu:18441
Mapk1 8MP group down Mitogen-activated protein kinase 1 mmu:26413
Fyn 8MP group down Tyrosine-protein kinase Fyn mmu:14360
Trpal 8MP group down Transient receptor potential cation channel subfamily A member 1 mmu:277328
Ephx2 8MP group up Epoxide hydrolase 2C mmu:13850
Npylr 8MP group down Neuropeptide Y receptor type 1 mmu:18166
Adra2c 8MP group down Alpha-2C adrenergic receptor mmu:11553
Nr2f6 8MP group down Nuclear receptor subfamily 2 group F member 6 mmu:13864
Scnl0a 8MP group up Sodium channel protein type 10 subunit alpha mmu:20264
Dlg2 8MP group up Disks large homolog 2 mmu:23859
P2rx3 8MP group down P2X purinoceptor 3 mmu:228139
Hoxb8 8MP group down Homeo box B8 mmu:15416

a: GenelD refers to the specific abbreviation of genes names in the GO database.

b: Overlap Info refers to the location of these pain related genes in the Venn analysis of the Figure 4. The MT group referred to genes expressed only in the ImM MT group
while the 8MP group referred to genes expressed only in the 100uM 8MP group. The overlap refers to the genes expressed in the both ImM MT group and 100pM 8MP

group

c: Style in MT group refers to alteration trend of pain related DEGs in the ImM MT group.
d: Style in 8MP group refers to alteration trends of pain related DEGs in the 100pM 8MP group.

e: Description refers to the full name of gene of corresponding GenelD.
f: KegglID refers to serial number of specific genes in the KEGG database.

Real-time PCR and Western blotting revealed
that 1 mM Mel induced a decrease in NOS1 gene and
protein expression, while there was no significant
change with 100 pm 8MP (P<0.001, Fig. 7D). Also,
addition of 100 pM luzindole or 200 pM ML-176 did
not significantly influence the NOS1 expression
compared with 1 mM Mel. Similarly, 200 pM
CGP52608 also did not induce down-regulation of
NOS1 (P<0.001, Fig. 7D).

Expression of c-fos, CGRP, and neuro-
inflammatory cytokines could be modulated
after MT2 activation by Mel or 8MP in the
DRG neurons of the cuff-implanted mice

Following the unilateral cuff implantation, we
harvested DRG neurons from mice 2 days
post-surgery. Unilateral cuff implantation induced an
ipsilateral increase in the expression of c-fos, which
could be blocked by injection of 100 mg/kg Mel or 50
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mg/kg 8MP (P<0.001, Fig. 8A). The addition of 20
mg/kg luzindole did not block the inhibitory effects
of 100 mg/kg Mel on c-fos expression, while addition
of 20 mg/kg luzindole suppressed the decrease in
c-fos expression induced by 50 mg/kg 8MP (P<0.001,
Fig. 8A). Furthermore, following the unilateral cuff
implantation, the up-regulated ipsilateral expression
of CGRP was attenuated by exogenous i.p. injection of
100 mg/kg Mel and 50 mg/kg 8MP. In the
Cuff+Mel+L group, CGRP expression did not
significantly differ from that in the 100 mg/kg Mel
treatment. In contrast, we observed a significant
increase in CGRP expression upon injecting 20 mg/kg
luzindole and 50 mg/kg 8MP in mice (P<0.001, Fig.
8A). Next, we investigated the neuro-inflammatory
response by examining the expression of TNF-a and
IL-1P. Results of ELISA assays demonstrated that both
TNEF-a and IL-1p were increased in the ipsilateral side
of cuff implantation in the Cuff+Vel group. The
injection of 100 mg/kg Mel or 50 mg/kg 8MP
suppressed the expression of TNF-a and IL-1p
compared to the Cuff+Vel control group (P<0.001,
Fig. 8B). The injection of 20 mg/kg luzindole along
with 8MP significantly increased the expression of
TNF-a and IL-18 in the 50 mg/kg 8MP group
(P<0.001, Fig. 8B). There were no significant
differences in the expression of c-fos, CGRP, and
cytokines between the Cuff+Vel and Cuff+8MP+L
groups.

Real-time PCR and Western blotting revealed
that 1 mM Mel induced a decrease in NOS1 gene and
protein expression, while there was no significant
change with 100 pm 8MP (P<0.001, Fig. 7D). Also,
addition of 100 pM luzindole or 200 pM ML-176 did
not significantly influence the NOS1 expression
compared with 1 mM Mel. Similarly, 200 pM
CGP52608 also did not induce down-regulation of
NOS1 (P<0.001, Fig. 7D).

Expression of c-fos, CGRP, and
neuro-inflammatory cytokines could be
modulated after MT2 activation by Mel or 8MP
in the DRG neurons of the cuff-implanted mice

Following the unilateral cuff implantation, we
harvested DRG neurons from mice 2 days
post-surgery. Unilateral cuff implantation induced an
ipsilateral increase in the expression of c-fos, which
could be blocked by injection of 100 mg/kg Mel or 50
mg/kg 8MP (P<0.001, Fig. 8A). The addition of 20
mg/kg luzindole did not block the inhibitory effects
of 100 mg/kg Mel on c-fos expression, while addition
of 20 mg/kg luzindole suppressed the decrease in
c-fos expression induced by 50 mg/kg 8MP (P<0.001,
Fig. 8A). Furthermore, following the unilateral cuff
implantation, the up-regulated ipsilateral expression

of CGRP was attenuated by exogenous i.p. injection of
100 mg/kg Mel and 50 mg/kg 8MP. In the
Cuff+Mel+L group, CGRP expression did not
significantly differ from that in the 100 mg/kg Mel
treatment. In contrast, we observed a significant
increase in CGRP expression upon injecting 20 mg/kg
luzindole and 50 mg/kg 8MP in mice (P<0.001, Fig.
8A). Next, we investigated the neuro-inflammatory
response by examining the expression of TNF-a and
IL-1P. Results of ELISA assays demonstrated that both
TNF-a and IL-1p were increased in the ipsilateral side
of cuff implantation in the Cuff+Vel group. The
injection of 100 mg/kg Mel or 50 mg/kg 8MP
suppressed the expression of TNF-a and IL-1p
compared to the Cuff+Vel control group (P<0.001,
Fig. 8B). The injection of 20 mg/kg luzindole along
with 8MP significantly increased the expression of
TNF-a and IL-18 in the 50 mg/kg 8MP group
(P<0.001, Fig. 8B). There were no significant
differences in the expression of c-fos, CGRP, and
cytokines between the Cuff+Vel and Cuff+8MP+L
groups.

Discussion

NP is an umbrella term that encompasses
different conditions caused by a lesion or disease of
the nervous system that signals somatosensory
information [44]. NP usually presents with several
clinical features, including pain in an area with partial
or complete sensory loss; different types of evoked
pain; specific complaints as burning pain; increased
pain after repetitive stimulation; and persisting pain
after stimulation [44, 45]. Allodynia (i.e., pain elicited
by a stimulus that normally does not cause pain) and
hyperalgesia (i.e, an increased pain response
produced by a stimulus that normally causes pain) are
two prominent symptoms of NP [46, 47]. Allodynia
and hyperalgesia are classified according to the
sensory modality used to elicit pain—i.e., mechanical
(dynamic, punctate, and static) or thermal (cold and
heat) stimuli, with their separate mechanisms [46, 47].
Mechanical allodynia is believed to be mediated by
low-threshold AP fibers, whereas thermal stimuli are
conducted via C fibers and Ad fibers [46, 47]. The
molecular mechanisms of mechanical allodynia and
thermal hyperalgesia are also distinct [46, 47].
Assessments of mechanical allodynia and thermal
hyperalgesia are generally carried out with the use of
monofilaments and thermotest equipment, and they
are widely applied in fundamental pain research [48,
49].

Mel is called a hormone of night as 80% is
secreted by the pineal body with a significant
circadian rhythm (low level of secretion during the
day and high levels during the night) [23, 26]. The

http://www.thno.org



Theranostics 2017, Vol. 7, Issue 7

2028

secretion of Mel was variable in different types of
chronic pain that induced sleep deprivation and
mood disorder [26]. Srinivasan et al. observed a
decrease in nighttime Mel secretion in cluster
headache patients compared with healthy controls as
well as a lower Mel level during the cluster headache
attacks compared with the remission period [26]. To
this end, here, we investigated the impact of Mel
administration on pain behavior in a cuff
implantation model.

In our present study, both mechanical allodynia
and heat hyperalgesia were relieved with exogenous
Mel application in the DRG-friendly cuff models. In
agreement with previous results, we observed that the
activation of MT2 by 8MP suppressed the cuff
implantation-induced pain behaviors similar to Mel,
while MT1 activation, using a combination of
ramelteon (MT1 and MT2 agonist) and 4PP (MT2
antagonist), did not produce a pronounced impact on
pain behavior [26]. Furthermore, it has been
suggested that the expression of Mel receptors can
respond to pain stimuli in the nervous system [50, 51].
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Western blotting demonstrated that only MT2 was
up-regulated in the DRGs while the levels of MT2 in
the spinal cord and MT1 expression in the DRGs and
spinal cord remained similar (Figs. 1B and 9A). More
importantly, Mel and MT1/2 exert anti-nociceptive
actions by acting at both spinal cord and supraspinal
levels [26]. To further understand the role of MT1/2 in
the pain signal transduction mechanism, we
performed immunostaining in both spinal cord and
DRGs samples. We observed that both MT1 and MT2
were widely expressed in the neurons of the anterior
angle and dorsal horn, whereas the expression of MT1
and MT2 presented completely different patterns in
DRG (Fig. 9B-C). MT2 was more prominently
expressed in small and median peptidergic/
non-peptidergic =~ (CGRP/IB4  immuno-reactive)
neurons (Fig. 9B), which are closely associated with
pain transmission [35]. Taken together, these findings
indicate is plausible to speculate that MT2 of DRG
neurons are critical in mediating the sensory
component of NP.
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Figure 8. Impact of MT and 8MP treatment on expression of c-fos, CGRP, and neuro-inflammatory cytokines in the DRG of the cuff-implanted
mice. (A) Western blotting for c-fos and CGRP obtained from different groups with B-actin as an internal standard: Sham group (sham-operated mice), Cuff+Vel
group (i.p. injection of vehicle), Cuff+Mel (i.p. injection of 100mg/kg Mel), Cuff+Mel+L group (i.p. injection of 100 mg/kg Mel and 20 mg/kg luzindole), Cuff+8MP group
(i.p. injection of 100mg/kg 8MP) and Cuff+8MP+L group (i.p. injection of 00 mg/kg 8MP and 20 mg/kg luzindole), **P<0.001 vs. Sham; ##P<0.001 vs. Cuff+Vel; n=8 for
each group. (B) Analysis of the inflammatory cytokines TNF-a and IL-1( by ELISA in different DRG treatment groups as above (**P<0.001 vs. Sham; ##P<0.001 vs.

Cuff+Vel; n=8 for each group).
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Figure 9. MT1 and MT2 were expressed in the neurons of spinal cord. (A) Representative immunoblots of MT1/MT2 in the spinal cord of mice subjected to
cuff implantation with B-actin as an internal standard. The baseline represented the 2 days before the implantation. Expression of MT1 and MT2 in the spinal cord was
not affected after cuff implantation. (**P<0.001 vs. baseline; n=8 for each group). (B) DAB staining of MT1 and MT2 in the spinal cord in control C57BL/6) mice. Both
MT1 and MT2 were expressed in the neurons of spinal cord. (bar=60 um in the middle panel; bar=18 pm in the right panel). (C) Immunofluorescence staining of
MT1/2 and NeuN in the spinal cord of normal C57BL/6) mice. The right panel is a magnified section of pictures in the left panel. (bar=30 um in the left panel; bar=9

Um in the right panel).

Microarray analysis indicated that both calcium
and MAPK signaling pathways were largely inhibited
in the primary DRG neurons treated with 100 pM
8MP. Although the action of Mel on the intracellular
free Ca?* concentration varies in different tissues or
organs [52], previous studies demonstrated that
several types of calcium channels are involved in the
inhibition of intracellular Ca?* by Mel in DRG
neurons, including TRPM2, TRPV1, and high-voltage
activated calcium channels [20-22, 53]. Similar to Mel
treatment, our present work also verified that MT2
activation by 100 pM 8MP also suppressed a series of
calcium channels, including Cacnalb, Cacnale, Grm1,
and Grin2a. It is noteworthy that activation of a single
G-protein coupled receptor (MT2) could modulate
these calcium channels.

MAPKSs are important mitogen activated protein
kinases that often integrate signals from G
protein-coupled receptors [54]. In our transcriptome
microarray, not only MAPK1 but also
MAPK3\5\7\9\10\11 were inhibited by MT2
activation by 100 pM 8MP. However, only
knockdown of MAPKI1 could significantly inhibit a
series of calcium channels (data not shown). MAPK1
and MAPK2 are often phosphorylated (also referred

as pERK2 and pERKT1) following noxious stimulation
or inflammation in primary afferents, dorsal horn,
and brain regions involved in pain processing [55-57].
However, recent studies indicated an isoform-specific
role for a MAPK1 prototype in pain processing in
both the CNS and PNS [58]. Conditional deletion of
MAPKT1 in CNS neurons attenuated the development
of inflammatory and neuropathic pain [59], and
peripheral sensory neuron MAPK1 was necessary for
the  development of  inflammation-induced
hypersensitivity and cold sensation [58]. [60]. To the
best of our knowledge, this is the first report that
demonstrates that MAPK1 expression is regulated by
a neurohormone - Mel. Also, we provided a
connection between MAPK1 and calcium channels,
which will help promote research into the role of
MAPK1 in pain sensation. However, the exact
mechanism remains to be elucidated in future studies.

Due to the lack of systematic theoretical research
on Mel regulation in DRG neurons, we applied a
relatively high dose of Mel in order to fully activate
MT?2 in the DRG neurons. There was a limited number
of down-regulated genes in the microarray analysis of
the primary DRG neurons group subjected to 1 mM
Mel. A total of 6300 and 2124 probe sets representing
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6342 and 2148 DEGs were detected in the 100 pM 8MP
group and the 1 mM Mel group, respectively. The
high dose of Mel (1 mM) was not as effective at
suppressing MAPK1 and calcium channel expression
as 8MP (100 pM; Fig. 10A). Furthermore, the
inhibitory actions of 100 pM Mel and blockade by the
MT2 antagonist luzindole suggested a negative
regulation with the high dose Mel. Interestingly,
when RORa receptor was blocked, the high dose Mel
(1 mM) could suppress MAPK1 expression as well as
calcium channel expression. Activation of RORa
receptor by CGP53608 reversed the down-regulation
of MAPK1 in the 100 pM 8MP and 100 pM Mel
groups. This effect was inhibited by knocking down
the RORa receptor via siRNA. Therefore, RORa
receptor activation could reverse the MT2-induced
MAPK1 decrease, suggesting the presence of a
negative feedback between the membrane receptors
and nuclear receptors of Mel in the DRG neurons (Fig.
10B).

Although several types of NOSs were
demonstrated in the Mel signaling, the regulation by
Mel of NOSs depends on cell type and tissue origin.
For example, Mel inhibited iNOS in the heart tissue,
while it could promote eNOS in the aorta of rats with

metabolic syndrome [61]. Regulation of NOS1 (also
named nNOS) by Mel appears to be context
dependent. For example, Mel enhances NOSI1
expression in the HaCaT cells and heart [62], while it
attenuates NOS1 expression in the nodose ganglion of
acute hypoxic rats [63]. Therefore, the impact of Mel
on the NOSs needs further verification. In our present
study, although there was a negative feedback in the
high dose Mel (1 mM) group, the microarray analysis
identified NOS1 as a unique gene specific to the Mel
group. Previous studies demonstrated that NOS1
expression was mainly up-regulated insmall- and
medium-sized DRG sensory neurons ipsilateral to the
injury side starting from day 1 post-lumbar spinal
nerve ligation [64, 65]. Furthermore, NOS1 inhibitors
could significantly reduce mechanical allodynia and
thermal hyperalgesia in chronic constriction injury in
rats [66]. Therefore, the decrease in NOS1 expression
can be correlated with the Mel-mediated analgesic
effect in DRGs. Moreover, NOS expression was not
affected by specific drugs for MT2 or RORa receptor,
indicating that Mel decreased NOS1 via an
MT2-independent pathway in DRG neurons (Fig.
10B).
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Figure 10. Graphical representation for Mel regulation in DRG neurons. (A) Overview of altered trends in all DEGs in the MAPK and calcium signaling
pathways in the 1 mM Mel group and 100 uM 8MP group on microarray. There were more down-regulated genes in the MAPK and calcium signaling pathways in the
1 mM Mel compared to the 100 uM 8MP group. (B) Diagram of the proposed signaling pathway for Mel in the DRG neurons: 1: Activation of RORa by high-dose Mel
could inhibit the biological effects of MT2; 2: Inhibition of MAPK-calcium signaling pathways by MT2 activation could suppress c-fos, CGRP, TNF-1q, and IL-13; and 3:
Inhibition of NOSI1 by Mel was independent of MT2, and RORa was also involved in the pain-related regulation.
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Both MT2-dependent (MAPK-calcium channels)
and MT2-independent (NOS1) pathways have
well-documented roles in regulating neuronal
activation, peptidergic neurons and
neuro-inflammation [67-69]. To understand these
regulations in the mouse DRG, we measured
expression of c-fos, CGRP, and inflammatory
cytokines in the cuff models. The expression of c-fos
and activation of its protein FOS was correlated with
neuronal activity in the DRG, which is often
considered as a reflection of pain sensation [70, 71].
CGRP is a pain-transmitting neuropeptide present in
the DRG, which is always up-regulated in pain
conditions [72]. TNF-a and IL-1f are critical
Mel-mediated molecules in neuro-inflammation [53,
73], and their expression is associated with neuronal
excitability and sensitization [74, 75]. Our results
indicated that cuff implantation increased the
expression of c-fos, CGRP, and the inflammatory
cytokines TNF-1a and IL-1B, which indicated pain
sensation after cuff implantation. The increase in the
expression of various cytokines could be suppressed
by exogenous 100 mg/kg Mel or 50 mg/kg S8MP.
However, the addition of 20 mg/kg luzindole could
only reverse the analgesic effect of MT2 activation in
the 8MP-treated group but not in the Mel-treated
group. These results demonstrated that Mel could
also suppress NP via MT2-independent pathways in
DRG neurons. Taken together, our results indicate
that Mel suppresses NP via MT2-dependent and
-independent pathways in DRG neurons of mice.

Supplementary Material

Supplementary figure S1.
http:/ /www.thno.org/v07p2015s1.pdf
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