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Abstract: Objectives: In the present study, we investigate the effects of Mas oncogene-related gene (Mrg) C recep-
tors (MrgC) on the expression and activation of spinal Gi protein, N-methyl-D-aspartate receptor subunit 2B (NR2B), 
and neuronal nitric oxide synthase (nNOS) in mouse model of bone cancer pain. Methods: The number of sponta-
neous foot lift (NSF) and paw withdrawal mechanical threshold (PWMT) were measured after inoculation of tumor 
cells and intrathecal injection of MrgC agonist bovine adrenal medulla 8-22 (BAM8-22) or MrgC antagonist anti-
MrgC for 14 days after operation. Expression of spinal MrgC, Gi protein, NR2B and nNOS and their phosphorylated 
forms after inoculation was examined by immunohistochemistry and Western blotting. Double labeling was used 
to identify the co-localization of NR2B or nNOS with MrgC in spinal cord dorsal horn (SCDH) neurons. The effects of 
intrathecal injection of BAM8-22 or anti-MrgC on nociceptive behaviors and the corresponding expression of spinal 
MrgC, Gi protein, NR2B and nNOS were also investigated. Results: The expression of spinal MrgC, Gi protein, NR2B, 
and nNOS was higher in tumor-bearing mice in comparison to sham mice or normal mice. Intrathecal injection of 
MrgC agonist BAM8-22 significantly alleviated bone cancer pain, up-regulated MrgC and Gi protein expression, and 
down-regulated the expression of spinal p-NR2B, t-nNOS and p-nNOS in SCDH on day 14 after operation, whereas 
administration of anti-MrgC produced the opposite effect. Meanwhile, MrgC-like immunoreactivity (IR) co-localizes 
with NR2B-IR or nNOS-IR in SCDH neurons. Conclusions: The present study demonstrates that MrgC-activated spi-
nal Gi-NR2B-nNOS signaling pathway plays important roles in the development of bone cancer pain. These findings 
may provide a novel strategy for the treatment of bone cancer pain.
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Introduction

Bone cancer pain (BCP) that is characterized by 
persistent pain hypersensitivity, such as spon-
taneous pain and mechanical hyperalgesia, is  
a clinically challenging problem to be resolv- 
ed [1]. As an agonist of Mas oncogene-related 
gene (Mrg) C receptor (MrgC), bovine adren- 
al medulla 8-22 (BAM8-22), a synthesized 15- 
amino acid peptide, has been demonstrated to 
relieve neuropathic pain and inflammatory pain 
by activating MrgC [2, 3]. However, the effect of 
MrgC on bone cancer pain is still unclear.

MrgC belongs to the Mas oncogene-related ge- 
ne (Mrg) G protein-coupled receptors, and is 
exclusively expressed in small-sized neurons in 

trigeminal (TG), spinal cord dorsal horn (SCDH) 
and dorsal root ganglia (DRG) in mammals [4]. 
After nociceptive stimulation, immunoreactive 
neuronal MrgC is reported to be increased in 
SCDH in adult male rats [5]. Activated MrgC 
may couple to different downstream targets 
(e.g., Gi and Gq), which can cause different cel-
lular effects [6]. The precise mechanisms that 
underlie the analgesic effects of MrgC agonist 
remain unclear.

Abundant studies indicate that N-methyl-D-as- 
partate (NMDA) receptors containing a 2B sub-
unit (NR2B) are restrictedly distributed in noci-
ceptive transmission pathways such as SCDH, 
and are critical in various pain states [7, 8]. 
Similarly, our previous study also shows that 
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bone cancer pain hypersensitivity is associat- 
ed with the up-regulation of spinal NR2B, and 
intrathecal administration of NR2B subunit-
specific antagonist ifenprodil attenuates bone 
cancer pain in a mouse model [9].

Another response to neuronal activation in the 
sensory spinal cord areas is the expression of 
neuronal nitric oxide synthase (nNOS), which 
plays an important role in the development and 
maintenance of pain. Previous studies show 
that nNOS immunoreactive neurons in the lum-
bar enlargement of spinal cord are increased 
significantly, and induce pain-related behaviors 
[10, 11]. In addition, intraperitoneal injection of 
nonspecific NOS antagonist significantly reduc-
es thermal hyperalgesia caused by nerve dam-
age [12]. Studies show that nNOS can be acti-
vated by NMDA receptor post-synaptically, and 
nitric oxide (NO)-producing neurons maintain 
and facilitate hyperalgesia [13, 14]. NR2B inte-
grates dynamically with cytoskeletal proteins 
and signal transduction factors such as nNOS 
and hence, participating in nociceptive signal 
transduction [15]. NR2B may be involved in 
nNOS-mediated synthesis of NO. Based on pre-
vious studies, we hypothesize that activation of 
spinal MrgC-Gi-NR2B-nNOS pathway mediates 
BCP in mouse model. In the present study, we 
investigate the effects of MrgC agonist BAM8-
22 and antagonist anti-MrgC on the expression 
and activation of spinal MrgC, Gi protein, NR2B 
and nNOS in BCP.

Materials and methods

Animals

Adult male C3H/HeJ mice (4-6 weeks old; we- 
ighing 18-22 g) were obtained from Beijing Vital 
River Experimental Animal Center. Mice were 
habituated individually under a 12-h alternating 
light-dark cycle at constant room temperature 
(21 ± 1°C). The mice had free access to food 
and water. All experiments were approved by 
the Institutional Animal Care and Use Com- 
mittee at the Medical School of Nanjing Uni- 
versity and conformed to the guidelines for the 
use of laboratory animals [16]. All efforts were 
made to minimize animal suffering and to re- 
duce the number of animals used in this study.

Cells

Osteosarcoma NCTC 2472 cells (2087787; Am- 
erican Type Culture Collection, Manassas, VA, 

USA) were incubated and subcultured in NCTC 
135 medium (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 10% horse serum 
(Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA) at 37°C in an atmosphere of 5% CO2 and 
95% air (Thermo Fisher Scientific, Waltham, 
MA, USA). The cells were passaged twice a 
week. The mouse model of BCP was construct-
ed according to methods described by Schwei 
[17]. Briefly, the mice were anesthetized with 
intraperitoneal injection of 50 mg/kg pento- 
barbital sodium (1% in normal saline), and a 
superficial incision was made in the skin overly-
ing the right articulatio genu with eye scissors. 
Gonarthrotomy was performed to expose the 
femur condyles. A light depression was made 
using a dental bur. A 30-gauge needle was 
used to perforate the cortex, and then a volume 
of 20 μl α-minimum essential medium contain-
ing no (sham group) or 2 × 105 NCTC 2472 cells 
(BCP group) were injected into the intramedul-
lary space of the femur with a 25 μl microsyrin-
ge. Hereafter, dental amalgam was used to 
seal the injection hole, and normal saline was 
used for copious irrigation. The wound was 
closed at last.

Drug treatments

According to Jiang et al. [3], BAM8-22 (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 
normal saline and then diluted to a final con-
centration of 8.0 nmol. Anti-MrgC (Biorbyt, San 
Francisco, CA, USA) was also dissolved in saline 
at a ratio of 1:20. Saline was used for vehicle 
treatment. The mice were divided into five gr- 
oups: normal group (mice without any treatme- 
nt, n = 12), sham group (mice injected with cul-
ture medium + vehicle, n = 20), BCP group (tu- 
mor-bearing mice + vehicle, n = 20), BCP + B 
group (tumor-bearing mice + BAM8-22, n = 20), 
and BCP + A group (tumor-bearing mice + anti-
MrgC, n = 20). BAM8-22 solution (5 µl) or anti-
MrgC solution (5 µl) were injected intrathecally 
(i.t.) on day 14 after operation according to 
Hylden and Wilcox [18]. The sham or BCP 
groups received 5 μl vehicle injection. The  
number of spontaneous foot lift (NSF) and paw 
withdrawal mechanical threshold (PWMT) were 
measured during a 2-week period: day 0 before 
operation and days 3, 5, 7, 10 and 14 after 
operation (including 0.5 h before intrathecal 
administration and 1 h, 2 h, 12 h, and 24 h 
after administration on day 14 after 
operation).
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Behavioral tests

All tests were performed during the light phase. 
Mice were allowed to acclimatize for at least 30 
min before each test. For spontaneous lifting 
behavioral test, the mice were housed in indi-
vidual plexiglass compartments (10 cm × 10 
cm × 15 cm) for 30 min and observed to count 
NSF of the right hind limb during 2 min. Every 
lift of the right hind limb not related to walking 
or grooming was considered to be one flinch. 
For mechanical allodynia test, von Frey fila-
ments (Stoelting, Wood Dale, IL, USA) were 
used to assess mechanical allodynia as des- 
cribed by Chaplan et al. [19]. Mice were placed 
in individual transparent plexiglass compart-
ments (10 cm × 10 cm × 15 cm) on a metal 
mesh floor (graticule: 0.5 cm graticule 0.5 cm). 
Mechanical threshold was measured using a 
set of von Frey filaments (0.16 g-2.0 g bend- 
ing force). The filaments were poked vertically 
against the plantar surface with a sufficient 
force until causing slight bending against the 
paw. The force was held for 6-8 s with a 10- 
min interval between stimulations. Positive re- 
sponse was defined as brisk withdrawal or paw 
flinching. Sequentially increasing and decreas-
ing stimulus strength (the “up-and-down” meth-
od) was used to determine PWMT. Each mouse 
hind paw was tested five times per stimulus 
strength. The cutoff force was 2.0 g. The lowest 
von Frey filaments that had three or more posi-
tive responses were regarded as PWMT.

Western blotting

Tissue samples were obtained from mice of 
each group at each time point. Mice were killed 
rapidly by decapitation after deep anesthesia. 
The spinal cord L3-L5 segments were removed 
rapidly and stored in liquid nitrogen. Tissue 
samples were homogenized in lysis buffer. The 
homogenate was centrifuged at 13,000 rpm 
for 10 minutes at 4°C, and the supernatant 
was removed. BCA Protein Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA) was used 
to determine protein concentrations, following 
the manufacturer’s instructions. Then, protein 
samples were separated on SDS-PAGE gel and 
transferred to polyvinylidene difluoride filters 
(Millipore, Billerica, MA, USA). The filters we- 
re blocked with 5% nonfat milk and then incu-
bated with rabbit anti-MrgC primary antibody 
(1:500; Biorbyt, San Francisco, CA, USA), mou- 
se monoclonal anti-NR2B antibody (1:1000; 

Abcam, Cambridge, UK) and mouse monoclo-
nal anti-nNOS antibody (1:500; Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA), 
respectively. The membranes were washed 
with Tris-HCl buffer and incubated with second-
ary antibody of polyclonal goat anti-rabbit IgG 
(1:5000; Abcam, Cambridge, UK) or polyclonal 
goat anti-mouse IgG (1:5000; Abcam, Cam- 
bridge, UK). Immunoblots were visualized in el- 
ectro-chemi-luminescence solution (Santa Cr- 
uz Biotechnology, Dallas, TX, USA) for 1 minute 
and exposed to hyper-films (Amersham Bios- 
ciences, Piscataway, NJ, USA) for 1 to 10 min-
utes. β-actin (1:1000; Abcam, Cambridge, UK) 
was used as a loading control for total protein. 
The gray value of each band was quantified 
with a computer-assisted imaging analysis sys-
tem (IPLab software, Scanalytics, Fairfax, VA, 
USA).

Immunohistochemistry

The tissue samples were obtained from mice 
for immunohistochemistry. Under deep anes-
thesia with pentobarbital sodium (50 mg/kg, 
i.p.), the spinal cord L3-L5 segments were 
extracted and perfused transcardially with 4% 
paraformaldehyde in 0.1 M phosphate buffer at 
pH 7.4. The immunohistochemistry was per-
formed according to previously published meth-
ods [20]. Serially frozen spinal cord sections 
were cut on a sliding microtome to a thickness 
of 25 mm, collected in phosphate-buffered 
saline, and processed as free-floating sections. 
After washing in phosphate-buffered saline, the 
sections were blocked for 60 min at room tem-
perature with 10% (v/v) normal fetal bovine 
serum. The primary antibody of rabbit poly-
clonal anti-MrgC antibody (1:250; Biorbyt, San 
Francisco, CA, USA), mouse monoclonal anti-
NR2B antibody (1:500; Abcam, Cambridge, UK) 
and mouse monoclonal anti-nNOS antibody 
(1:250; Invitrogen, Thermo Fisher Scientific, 
Waltham, MA, USA) were used, and samples 
were then incubated for 48 hours at 4°C. After 
washing, the secondary antibody Alexa Fluor 
594 Goat anti-rabbit IgG (1:500; Abcam, Cam- 
bridge, UK) or/and Alexa Fluor 488 Goat anti-
mouse IgG (1:500; Abcam, Cambridge, UK) 
were used, and samples were further incubat-
ed at 4°C overnight. Sections were mounted  
on glass slides, air-dried, and covered with cov-
erslips by using Aquamount (Thermo Fisher 
Scientific, Waltham, MA, USA). Images were 
taken at 200× magnification by using the Leica 
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TCS SP2 multiphoton confocal microscope (Le- 
ica Microsystems, Wetzlar, Germany). Images 
were randomly selected for further analysis. 
Image-Pro Plus analysis software (Media Cy- 
bernetics, Inc., Rockville, MD, USA) was adopt-
ed to analyze the fluorescence intensities of 
these images from different groups. For double 
immunostaining of MrgC with NR2B and nNOS, 
MrgC-IR shows red, whereas NR2B-IR and 
nNOS-IR show green. Images were captured us- 
ing a laser scanning confocal microscope (TCS-
SP2, Leica Microsystems, Wetzlar, Germany). If 
they co-localized with each other, yellow is 
shown.

Statistical analyses

All data were expressed as means ± standard 
deviations. Animals were assigned to different 
treatment groups in a randomized way. Re- 
peated measures ANOVA was performed to 
determine overall differences at each time po- 
int in spontaneous lifting behavior and PWMT. 
One-way ANOVA was used to determine differ-

ences in the expression of proteins among all 
experiment groups. In both cases, when signifi-
cant main effects were observed, LSD post hoc 
tests were performed to determine the sou- 
rce(s) of differences. P < 0.05 was considered 
to be statistically significant.

Results

Mice with BCP have prolonged NSF and 
decreased PWMT compared with normal and 
sham groups of mice

To assess pain behaviors following operation, 
spontaneous lifting behavior and mechanical 
allodynia experiments were performed. Before 
operation, there was no significant difference in 
NSF or PWMT between groups. On day 3 after 
operation, both BCP and sham groups showed 
spontaneous lifting behavior in the right hind 
limb. On day 5, NSF gradually returned to the 
level before operation. However, BCP mice sh- 
owed spontaneous lifting behavior on day 7 
and NSF was gradually increased over time. By 
contrast, only occasional lifting of the right hind 
limb was observed in normal or sham group 
from day 7 to day 14 (Figure 1A). Moreover, the 
ipsilateral hind limb in both BCP and sham 
groups showed significantly decreased PWMT 
in response to von Frey filaments stimulation 
on day 3, and PWMT was recovered to the level 
on day 0 on day 5. However, BCP mice showed 
a decrease in PWMT of the right hind limb on 
day 7, and PWMT was gradually decreased over 
time until day 14. In addition, no significant dif-
ference was observed in PWMT of normal or 
sham group (Figure 1B). These results suggest 
that mice with BCP have prolonged NSF and 
decreased PWMT compared with normal and 
sham groups of mice.

Up-regulation of MrgC, Gi, t-nNOS, p-NR2B and 
p-nNOS proteins are involved in the develop-
ment and maintenance of BCP

To determine the influence of BCP on MrgC- 
Gi-NR2B-nNOS pathway, Western blotting was 
performed to study the expression levels of spi-
nal MrgC, Gi, NR2B and nNOS proteins and 
their phosphorylation state on days 3, 5, 7, 10 
and 14 after operation. The data showed that 
inoculation of tumor cells in mice up-regulated 
the expression levels of MrgC, Gi, p-NR2B, 
t-nNOS and p-nNOS. The expression levels of 
spinal MrgC, Gi, p-NR2B, t-nNOS and p-nNOS of 
BCP mice began to increase on day 7 after 
operation, and gradually increased over time 

Figure 1. Changes in pain behaviors of the right hind 
limb over time in BCP mice, sham mice and nor-
mal mice (n = 8 each). A. NSF over 2 min in BCP, 
sham and normal mice. B. Paw withdraw mechanical 
threshold (PWMT) in BCP, sham and normal mice. 
NSF and PWMT were examined at six time points 
(day 0 before operation and days 3, 5, 7, 10 and 14 
after operation). *, P < 0.05 compared with baseline; 
#, P < 0.05 compared with normal group; Δ, P < 0.05 
compared with sham group.
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compared with normal and sham mice (P < 
0.05). Meanwhile, there was no significant dif-
ference in the expression of total NR2B among 
groups (Figure 2). These results indicate that 

up-regulation of MrgC, Gi, t-nNOS and phos-
phorylation of NR2B and nNOS proteins are 
involved in the development and maintenance 
of BCP.

Figure 2. Changes in spinal MrgC, Gi, NR2B, p-NR2B, nNOS and p-nNOS protein expression after tumor cell inocula-
tion (n = 6 each). (A) Protein expression of MrgC, Gi, t-NR2B, p-NR2B, t-nNOS and p-nNOS assessed using Western 
blotting. β-actin was used as a loading control. Quantification of the normalized OD of (B) MrgC/β-actin, (C) Gi/β-
actin, (D) t-NR2B/β-actin, (E) t-nNOS/β-actin, (F) p-NR2B/β-actin, and (G) p-nNOS/β-actin. *, P < 0.05 compared 
with sham group.
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Intrathecal administration of MrgC agonist or 
antagonist changes pain behaviors induced by 
BCP

To study the effect of MrgC on cancer pain, we 
measured NSF and PWMT on day 14 after oper-
ation. Compared with the baseline before injec-
tion or vehicle-injected BCP mice at the same 
time point, intrathecal injection of BAM8-22 
reduced NSF and increased PWMT in the ipsi-
lateral hind paw of BCP mice (P < 0.05). By  
contrast, NSF was dramatically increased and 
PWMT was dramatically decreased after injec-
tion of anti-MrgC (P < 0.05). Of note, the effica-
cy of BAM8-22 and anti-MrgC reached maxi-
mum at 2 h, but declined at 12 h and vanished 
at 24 h. At all time points, NSF and PWMT never 
reached the level of sham group (Figure 3). 
These results suggest that intrathecal adminis-
tration of MrgC agonist or antagonist changes 
pain behaviors induced by BCP.

MrgC activity regulates the expression of spi-
nal Gi, NR2B and nNOS proteins in BCP

To investigate the effect of activated MrgC on 
Gi-NR2B-nNOS pathway in spinal dorsal horn, 

we measured the expression of MrgC, Gi, 
t-NR2B, p-NR2B, t-nNOS and p-nNOS using 
Western blotting. Compared with the BCP group 
of mice that received vehicle by intrathecal 
injection on day 14 after operation, MrgC ago-
nist BAM8-22 up-regulated the expression of 
spinal MrgC and Gi proteins, but down-regulat-
ed p-NR2B, t-nNOS and p-nNOS proteins on 
day 14 after operation. Moreover, MrgC antago-
nist anti-MrgC down-regulated the expression 
of spinal MrgC and Gi proteins, but up-regulat-
ed p-NR2B, nNOS and p-nNOS proteins com-
pared with BCP mice that received intrathecal 
injection of vehicle on day 14 after operation. 
The effect of BAM8-22 on MrgC, Gi, p-NR2B, 
t-nNOS and p-nNOS expression began at 1 h 
after administration, reached maximum at 2 h, 
attenuated at 12 h and disappeared at 24 h 
(Figure 4). To identify the co-localization of 
MrgC receptors with NR2B or nNOS, immuno-
histochemical staining was performed. Staining 
for MrgC receptors was diffusely distributed 
throughout the cytoplasm except for the nucle-
us. In addition, NR2B or nNOS was localized in 
the soma of small- and medium-sized SCDH 
neurons. Co-localization of MrgC receptors with 
NR2B or nNOS was indicated by yellow staining 
(Figure 5). These results suggest that activa-
tion of MrgC function up-regulates the expres-
sion of Gi protein and down-regulates the 
expression of proteins in the NR2B/nNOS path-
way, while inhibition of MrgC activity produces 
the opposite effect.

Discussion

The present study and our previous studies 
demonstrate that inoculation of sarcoma cells 
in the femur of male C3H/HeJ mice produces 
progressive spontaneous flinches and mechan-
ical allodynia, and tumor infiltration and bone 
destruction induced by sarcoma cells have 
been demonstrated by hematoxylin-eosin sta- 
ining and X-ray imaging [20, 21]. BCP-related 
behaviors tend to be stable on day 14 after 
operation, so we chose the time point to stu- 
dy the analgesic effect of activated MrgC on 
Gi-NR2B-nNOS pathway in BCP mice model.

Recent studies suggest that spinal sensitiza-
tion may be one of the underlying mechanisms 
for the development of chronic cancer pain, 
including BCP [22]. Our results show that hyper-
algesia and allodynia induced by BCP are asso-
ciated with the up-regulation of MrgC, Gi, and 
p-NR2B and nNOS in the spinal cord on day 14 

Figure 3. The effect of intrathecal injection of BAM8-
22 and anti-MrgC on BCP-related behaviors on day 
14 (n = 8 each). (A) The number of spontaneous 
flinches (NSF) over 2 min and (B) paw withdraw me-
chanical threshold (PWMT) were tested at 0.5 h pre-
injection and 1 h, 2 h, 12 h, and 24 h after injection. 
*, P < 0.05 compared with BCP + vehicle group; #, 
P < 0.05 compared with baseline before injection.
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after operation compared with that of normal 
group or sham group, indicating that spinal 
MrgC, Gi, NR2B and nNOS play an important 
role in the development of BCP. NMDA receptor, 

as an ionotropic glutamatergic, and voltage- 
and ligand-gated receptor, demonstrates high 
permeability to Ca2+ and is responsible for pain 
signal transduction and regulation induced by 

Figure 4. Changes in spinal MrgC, Gi, NR2B, p-NR2B, t-nNOS and p-nNOS protein expression at different time points 
after intrathecal injection of BAM8-22 and anti-MrgC on day 14 after operation (n = 6 each). (A) Protein expression 
of MrgC, Gi, t-NR2B, p-NR2B, t-nNOS and p-nNOS assessed using Western blotting. β-actin was used as a loading 
control. Quantification of the normalized OD of (B) MrgC/β-actin, (C) Gi/β-actin, (D) t-NR2B/β-actin, (E) nNOS/β-
actin, (F) p-NR2B/β-actin, and (G) p-nNOS/β-actin. *, P < 0.05 compared with sham + vehicle group; #, P < 0.05 
compared with BCP + vehicle group.
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various kinds of tissue injury. Specifically, NR2B 
subunit-dependent synaptic plasticity in the 
pain pathway may contribute to central sensiti-
zation [23] and may be involved in the activa-
tion of nNOS and the synthesis of NO, referring 
to an increased synaptic excitability based on 
somatosensory neurons in the spinal cord and 
underlying the central mechanisms of BCP [24, 
25]. In addition, intrathecal administration of 
NR2B-selective NMDA receptor antagonists 
ifenprodil or Ro25-6981, produces great anal-
gesic effects in various pain models, including 
BCP [9]. Furthermore, phosphorylation of NR2B 
at Tyr1472, which is important for stable sur-
face expression of NMDA receptor, regulates 
NMDA receptor activity and plays a key role in 
synaptic plasticity [26]. Therefore, a series  
of studies are carried out, focusing on NR2B  
and p-NR2B, the key modulators in pain signal 
transduction. However, NR2B antagonists have 
limited utility in clinical patients because acti-
vated NMDA receptor is essential for many key 
physiological functions, and numerous intoler-
able side effects, such as memory impairment 
and psychotomimetic effects. Therefore, ex- 
ploring novel ways to modulate NMDA receptor 
without affecting basal receptor activity may be 
a better analgesic strategy.

Some studies show that MrgC plays an impor-
tant role in pain sensation [2, 27]. Activation of 
MrgC produces analgesia in neuropathic pa- 
in and inflammatory pain. As MrgC are highly 
restrictedly distributed in DRG, activation of 
MrgC only exhibits analgesic activity instead of 
adverse effects [28]. Therefore, MrgC may be 
the potential target of persistent pain condi-
tions, leading to the discovery of effective ther-
apeutic agents. In the present study, the ex- 
pression of spinal MrgC is up-regulated on day 
14 after operation, and MrgC agonist BAM8-22 
significantly inhibits NSF and PWMT induced by 
BCP in mice at 2 h after intrathecal administra-
tion. The antihyperalgesic efficacy reaches ma- 
ximum, but pain behaviors are still not restored 
to the level of sham mice. Relief of BCP behav-
iors by BAM8-22 attenuates at 12 h and disap-
pears at 24 h. However, spinal NR2B and nNOS 
are decreased after BAM8-22 injection. The- 
refore, our results indicate that changes of 
MrgC activity affect the expression of MrgC,  
Gi, p-NR2B, t-nNOS and p-nNOS. Furthermore, 
activation of MrgC attenuates BCP-induced 
NR2B and nNOS expression, and MrgC co-
localizes with NR2B or nNOS in SCDH neurons. 
First, MrgC is located specifically in small-diam-
eter DRG neurons, which is involved in pain sig-

Figure 5. Confocal images showing the localization of (A) NR2B-IR or (B) nNOS-IR with MrgC-IR in SCDH neurons. (A) 
NR2B-IR neurons are identified by Alexa Fluor 488 fluorescence (green), whereas MrgC-IR-positive neurons by Alexa 
Fluor 594 (red). Co-localization of NR2B-IR with MrgC-IR in DRG neurons is identified by yellow. (B) nNOS-IR neurons 
are identified by Alexa Fluor 488 fluorescence (green) whereas MrgC-IR-positive neurons by Alexa Fluor 594 (red). 
Co-localization of nNOS-IR with MrgC-IR in DRG neurons is identified by yellow. Scale bar = 50 μm.
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nal transmission. After peripheral nerve injury, 
the expression of MrgC in SCDH is increased, 
being similar to pain behaviors [2]. Our research 
has confirmed that the expression of MrgC is 
increased during BCP, and intrathecal injection 
of BAM8-22 inhibits pain behaviors. In addition, 
enhancement of MrgC activity reduces NSF 
and increases PWMT. Second, a recent study 
suggests that MrgC may couple to Gi pathways 
and thus cause analgesia effects [29]. The inhi-
bition of high-voltage-activated Ca2+ channels 
by BAM8-22 is pertussis toxin-sensitive, indi-
cating the involvement of Gi pathway [30]. 
Activation of MrgC inhibits HVA Ca2+ currents  
in native rodent DRG neurons. MrgC agonists 
reduce presynaptic neurotransmitter release 
into dorsal horn, thereby inhibiting pain. In addi-
tion, MrgC have no effect in pain processing 
under normal conditions, because activation of 
MrgC does not alter the basal nociceptive th- 
resholds [31]. Therefore, activated MrgC/Gi sig-
naling pathway may play a crucial role in periph-
eral analgesia.

The close correlation between nNOS and pain 
has been reported. NO-producing neurons ma- 
intain and facilitate hyperalgesia [32]. Periph- 
eral nerve injury may result in increased excit-
ability of spinal cord neurons through the acti-
vation of nociceptive afferents, leading to spi-
nal production of NO. Therefore, an altered 
expression of spinal nNOS and its enhanced 
catalytic activity may contribute to neuroplasti-
city after nerve injury and may play an impor-
tant role in central sensitization. In our previous 
study, BCP also produces a unilateral increase 
in the level of nNOS positive neurons in the 
superficial layers within laminae I-III [33]. Ma- 
rked increase of nNOS expression in DRG and 
spinal cord contributes to spinal sensory pro-
cessing in neuropathic pain model [34]. Intra- 
thecal injection of selective nNOS inhibitor 
7-nitroindole in NOS-deficient mice reveals that 
nNOS is the most important NO-producing 
enzyme in the spinal cord during the develop-
ment and maintenance of neuropathic pain 
[35]. As a downstream target of NMDA recep-
tor, nNOS contributes greatly to the incidence 
of pain [15]. The selective NR2B antagonist can 
inhibit the increase of nNOS activity in the spi-
nal cord. Reuss and Reuss report that NMDA 
receptor activates NOS postsynaptically to pro-
duce NO release to pre-synaptically membrane 
and up-regulates the function of NMDA recep-

tor [36]. Therefore, NMDA receptor and NOS 
comprise a local circuit that amplifies the sig-
nals of nociceptive transmission. Our data 
show that the activation of NMDA-nNOS path-
way contributes to the development of BCP, 
and that the phosphorylation of both NR2B and 
nNOS is inhibited by BAM8-22. It is reported 
that BAM8-22 reduces inflammatory pain and 
neuropathic pain, which may be associated 
with the inhibition of the up-regulation of nNOS, 
transient receptor potential vanilloid subfamily 
member 1 and calcitonin gene related peptide 
as well as c-Fos expression in SCDH or DRG [3, 
37]. Intrathecal BAM8-22 dose-dependently 
diminishes NMDA-evoked nocifensive behav-
iors [38]. No system or NMDA receptor system, 
as important pathway to modulate nociceptive 
transmission, may be involved in these noci-
ceptive effects. Our results show that MrgC 
agonist BAM8-22 administered intrathecally 
inhibits hyperalgesic effect, suggesting that 
NR2B and nNOS may be involved in hyperalge-
sia elicited by BCP. Therefore, our results indi-
cate that analgesic effect induced by BAM8-22 
may be related with the activation of spinal 
MrgC-Gi-NR2B/nNOS signal pathway in BCP. 
However, the mechanism of this regulation 
needs further investigation. In conclusion, the 
present study demonstrates that the expres-
sion of MrgC, Gi, NR2B and nNOS in spinal cord 
is increased by BCP in mice, and intrathecal 
MrgC agonist BAM8-22 reduces hyperalgesic 
effect and nociceptive behavioral responses. 
MrgC antagonist anti-MrgC induces pain behav-
iors and inhibits the activity of MrgC-Gi-NR2B-
nNOS signaling pathway, which may be mediat-
ed by Gi-NR2B system-nNOS system in the 
spinal cord. These results potentially help un- 
derstand the roles of MrgC in pain transmis-
sion. The preclinical findings of BAM8-22 in the 
present study have positive effects on the clini-
cal applications of this drug in the treatment of 
BCP-related behaviors.
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