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Introduction: Spinal N-methyl-D-aspartate receptor (NMDAR) is vital in chronic pain, while NMDAR
antagonists have severe side effects. NMDAR has been reported to be controlled by G protein coupled
receptors (GPCRs), which might present new therapeutic targets to attenuate chronic pain. Dopamine
receptors which belong to GPCRs have been reported could modulate the NMDA-mediated currents,
while their exact effects on NMDAR in chronic bone cancer pain have not been elucidated.
Objectives: This study was aim to explore the effects and mechanisms of dopamine D1 receptor (D1DR)
and D2 receptor (D2DR) on NMDAR in chronic bone cancer pain.
Methods: A model for bone cancer pain was established using intra-tibia bone cavity tumor cell implan-
tation (TCI) of Walker 256 in rats. The nociception was assessed by Von Frey assay. A range of techniques
including the fluorescent imaging plate reader, western blotting, and immunofluorescence were used to
detect cell signaling pathways. Primary cultures of spinal neurons were used for in vitro evaluation.
Results: Both D1DR and D2DR antagonists decreased NMDA-induced upregulation of Ca2+ oscillations in
primary culture spinal neurons. Additionally, D1DR/D2DR antagonists inhibited spinal Calcitonin Gene-
Related Peptide (CGRP) and c-Fos expression and alleviated bone cancer pain induced by TCI which could
both be reversed by NMDA. And D1DR/D2DR antagonists decreased p-NR1, p-NR2B, and Gq protein, p-Src
expression. Both Gq protein and Src inhibitors attenuated TCI-induced bone cancer pain, which also be
reversed by NMDA. The Gq protein inhibitor decreased p-Src expression. In addition, D1DR/D2DR
aceutical
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antagonists, Src, and Gq inhibitors inhibited spinal mitogen-activated protein kinase (MAPK) expression
in TCI rats, which could be reversed by NMDA.
Conclusions: Spinal D1DR/D2DR inhibition eliminated NMDAR-mediated spinal neuron activation
through Src kinase in a Gq-protein-dependent manner to attenuate TCI-induced bone cancer pain, which
might present a new therapeutic strategy for bone cancer pain.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction Research, Testing, and Education issued by the New York Academy
Chronic bone cancer pain is one of the most common pains in
cancer patients with metastatic bone disease, and it has a severe
impact on their life quality [1]. Common tumors like breast, kidney,
prostate, and lung cancers easily metastasize to multiple bones to
promote bone cancer pain [2]. Chronic bone cancer pain is compli-
cated, and the mechanism is still not fully illuminated. The cancer
cells can invade and destroy the bone, and release a variety of prod-
ucts with other inflammatory cells, such as nerve growth factor
(NGF) and adenosine triphosphate (ATP) to activate the nociceptors
[3,4]. The noxious stimuli could also transmit to the spinal cord to
promote the presynaptic neurons to release a variety of excitatory
neurotransmitters, leading to the development of central sensitiza-
tion, which contributes to chronic bone cancer pain [3,4]. Gluta-
mate, the major excitatory neurotransmitter, acts on its receptors
to exert its postsynaptic effect in the central nervous system
(CNS) [5]. Among them, N-methyl-D-aspartate receptor (NMDAR)
exerts critical effects in modulating the plasticity of neurons and
excitatory synaptic transmission [6]. It is widely accepted that acti-
vated spinal NMDAR could promote the development of chronic
pain [7]. However, the mechanisms by which NMDAR is regulated
in bone cancer pain are still not fully elucidated, and the use of
NMDAR antagonists like ketamine and MK801 result in very severe
side effects that limit their clinical use [8,9].

NMDAR has been reported to be regulated by GPCR stimulation.
The dopamine receptors are GPCRs and have been reported to regu-
late NMDAR in different brain regions [10–13]. It has been reported
that D1DR couples to Gs/olf proteins to activate cyclic adenosine
monophosphate (cAMP) and that D2DR couples to Gi/o proteins to
inhibit adenylyl cyclase (AC) [14]. D1DR and D2DR might enhance
or decrease the NMDAR-mediated currents in a G-protein-
dependent or independent manner through different pathways in
the brain. However, the effects and mechanisms of D1DR and
D2DRmodulationof bone cancer pain alsohavenot beenelucidated.

D1DR and D2DR have been reported to form heteromers in
brain, which in turn couple to Gaq protein [15]. Our previous
research also indicated that spinal D1DR and D2DR could form
complexes and promote chronic bone cancer pain through Gaq
protein. The activation of Gaq protein has been reported to
increase NMDAR function through Src protein-tyrosine kinase
[16,17]. Src kinase is a tyrosine kinase, and a Src inhibitor was
reported to inhibit NMDAR function [18] and attenuate bone can-
cer pain [19]. Herein, D1DR and D2DR were hypothesized can acti-
vate NMDAR to promote bone cancer pain through Src kinase in a
Gaq-reliant manner. For this purpose, intra-tibia inoculation of
Walker 256 mammary gland carcinoma cells was used to induce
bone cancer pain, which could mimic well the key features of
human bone cancer pain [20,21]. And this study may present a
new strategy for attenuating chronic bone cancer pain.

Materials and methods

Ethics statement

The study was performed in accordance with the Interdisci-
plinary Principles and Guidelines for the Use of Animals in
of Sciences Adhoc Committee on Animal Research. The animal test-
ing was approved by the Animal Experimentation Ethics Commit-
tee of China Pharmaceutical University (SYXK (Su) 2016–0011).
Materials

B-27, L-glutamic acid, deoxyribonuclease (DNase), fluorescent
dye, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
soybean trypsin inhibitor, fluo-8, and poly-l-lysine (PLL) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-p-p38
MAPK (p-p38), anti-p-JNK, anti-p-p44/42 MAPK (p-ERK1/2), anti-
p38 MAPK, anti-JNK, anti-ERK1/2, and anti-rabbit/mouse IgG anti-
bodies were purchased from Cell Signaling Technology (Beverly,
MA, USA). Donkey anti-rabbit/mouse secondary antibodies and
Alexa Fluor 488 were obtained from Jackson ImmunoResearch Lab-
oratories, Inc., (PA, USA). Fetal bovine serum, neurobasal medium,
RPMI 1640 medium, and trypsin were purchased from Gibco
(Gaithersburg, MD, USA). The Gaq inhibitor YM 254,890 was
obtained from Wako Pure Chemical Industries (Osaka, Japan). L-
741,626, SCH 23390, NMDA, and PP2, LY 23,959 were purchased
from Tocris Bioscience (Ellisville, MO, UK). YM 254,896 and PP2
were dissolved in 2% DMSO, L-741,626 was dissolved in 25% DMSO,
SCH 23390, NMDA and LY2359549 were dissolved in sterilized
saline.
Experimental animals

Sprague-Dawley female rats (60–80 g and 180–220 g) were
purchased from the Experimental Animal Center at Yangzhou
University (Jiangsu, China). The rats were housed three per cage
in a temperature and humidity controlled environment
(24 ± 2 �C; 45% to 50% humidity) on a 12 h light/dark cycle
(9:00 to 21:00) and randomly allocated to different groups based
on their weight. Behavioral test was performed during the light
cycle (9:00 to 17:00). Rats were anesthetized with sodium pento-
barbital (50 mg/kg, i.p.). There are several groups: Sham + Vehicle;
TCI + Vehicle; TCI + NMDA (0.05 lg/20 lL, i.t.); TCI + SCH 23,390
(20 lg/20 lL, i.t.); TCI + NMDA (0.05 lg/20 lL, i.t.) + SCH 23,390
(20 lg/20 lL, i.t.); TCI + L-741,626 (20 lg/20 lL, i.t.); TCI + NMDA
(0.05 lg/20 lL, i.t.) + L-741,626 (20 lg/20 lL, i.t.); TCI + SCH
23,390 (5 lg/20 lL, i.t.); TCI + LY 2,359,549 (5 ng/20 lL, i.t.);
TCI + L-741,626 (5 lg/20 lL, i.t.); TCI + SCH 23,390
(5 lg/20 lL, i.t.) + LY 2,359,549 (5 ng/20 lL, i.t.); TCI + L-
741,626 (5 lg/20 lL, i.t.) + LY 2,359,549 (5 ng/20 lL, i.t.);
TCI + PP2 (20 lg/20 lL, i.t.); TCI + NMDA (0.05 lg/20 lL, i.
t.) + PP2 (20 lg/20 lL, i.t.); TCI + YM 254,890 (20 lg/20 lL, i.
t.); TCI + NMDA (0.05 lg/20 lL, i.t.) + YM 254,890
(20 lg/20 lL, i.t.). The experimental unit is the unit of experimen-
tal material which is randomly assigned to receive a treatment
[22]. For each test, the experimental unit was an individual ani-
mal. And for behavioral test, n = 6 for each group, and for molec-
ular test, n = 4 for each group. In experiments for behavior test
and pharmacological studies, animals were randomized into
treatment groups by picking numbers out of a hat. The investiga-
tors are blinded during the test.
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Bone cancer pain induced by intra-tibial inoculation of Walker 256
cells

An intra-tibial bone cavity administration of Walker 256 mam-
mary gland carcinoma cells was used to generate bone cancer pain
[21]. Walker 256 mammary gland carcinoma cells were purchased
from Cell Culture Center of Chinese Academy of Medical Sciences
(Beijing, China) and cultured in DMEM containing 10% v/v fetal
bovine serum (FBS) at 37 �C in a humidified atmosphere containing
5% CO2. For this procedure, 0.5 mL Walker 256 cells (5 � 106 cells/
mL) were intraperitoneally injected to rats weighting 60–80 g to
result in ascites. The ascites containing moreWalker 256 cells were
removed from the abdominal cavities of the rats and centrifuged
(450 g, 6 min). After washing 3 times with ice cold 0.01 M PBS
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4),
the cells were kept on ice at 1 � 105 cells/lL. Rats weighing
180–220 g were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.); after that, the hairs of the tibia were removed. The cells
(1 � 105 cells/lL, 5 lL) were then injected into the tibia of the left
leg. In the vehicle group, 5 lL PBS were injected instead. Finally,
the bone wax and dental materials were used to plug the injection
hole. Each rat was intramuscularly injected with 40,000 units peni-
cillin for the prevention of infection.

Behavioral assays for pain

Before testing, rats were acclimated to the environment, and
they were placed in separated clear plastic boxes for at least
15 min. Then, the hind paw of the rats was stimulated with Von
Frey hairs (1.4–15 g) (Woodland Hills, Los Angeles, USA). A valid
response was indicated by a quick licking or withdrawal of hind
paw after Von Frey stimulation. The exact force that induced a pos-
itive response was recorded; if not, the next higher or lower Von
Frey was applied. At least 3 positive responses were tested for each
rat to obtain the average threshold.

Intrathecal injection method

The rat was anesthetized with sodium pentobarbital (50 mg/kg,
i.p.), and the fur around L4-L6 region of the spinal cord was shaved.
The rat was placed in a prone position, and a stainless steel needle
(30 gauge) was used for a lumbar puncture injection. The injection
was conducted in the L4-L6 region of the spinal cord, and a tail flick
accompanied a proper injection [23].

Primary cultures of spinal neurons

On the 13th day of pregnancy, the embryo was removed in a
sterile environment, their spinal cords were separated and the
meninges were removed according to previous research [7,24].
Then, 0.15% trypsin was used to digest the spinal cords for
25 min at 37℃. After termination of the digestion, the spinal cords
were centrifuged (4 min, 200 g). And the supernatant was removed
and the sediment was resuspended in solution containing DNase
and soybean trypsin inhibitor. Then, a solution containing MgCl2
and CaCl2 was added to the cells. The supernatant was collected
and centrifuged (4 min, 200 g) at RT to obtain the cells 15 min later.
The cells were resuspended with a neurobasal plating medium that
contains 1% l-glutamine and 10% fetal bovine serum. The cells were
plated at of 2.5 � 106 cells/well onto 96-well clear-bottomed black
plates that were pre-coated with 0.1 mg/mL PLL for 1.75–2 h.

Determination of intracellular Ca2+ concentration

The cells were incubated in 96-well plates with 4 lM fluo-8
(100 lL/well, diluted in warm Locke’s buffer (8.6 mM HEPES,
5.6 mM KCl, 5.6 mM D-Glucose, 1.0 mM MgCl2, 2.3 mM CaCl2,
154 mM NaCl, 0.0001 mM glycine, pH 7.4) at 37℃ for 1 h on the
9th day. Then, the dye buffer was replaced with warm (37℃)
Locke’s buffer to wash 5 times. Finally, for the group that was given
only one drug, 175 lL Locke’s buffer were left in each well, and for
the group that received two drugs, 150 lL Locke’s buffer were
finally left. Then, 25 lL of 8 � compounds were added to the cor-
responding cells. The first compound was added at 300 s after the
fluorescence was measured with fluorescent imaging plate reader
(FLIPR) (Molecular Devices, Sunnyvale, CA, USA), and the second
compound was added at the 600 s after the fluorescence was
taken; after that, another 600 s is needed for further fluorescence
reading [7].
Western blotting

In brief, after the rats were anesthetized, the spinal cords (L4-
L6) of rats were removed out and were lysed with RIPA (50 mM
Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate).
Sodium dodecyl sulfate–polyacrylamide gels were used to separate
the proteins according to their different molecular weights. After
that, the proteins were transferred onto 0.22 lm polyvinylidened-
ifluoride membranes and incubated with different primary anti-
bodies (1:1000) for 24 h at 4 ℃ and 3 h at RT after blocking with
5% bovine serum albumin (BSA). After the secondary antibodies
(1:3000) were incubated at RT for approximately 2 h, the mem-
branes were incubated with ECL reagents. The signals were
detected and analyzed with Quantity One-4.6.5 (Bio-Rad Laborato-
ries, USA), then divide the test proteins by GAPDH correspondingly
and finally normalize it by the control protein.
Immunofluorescence

After the rats were anesthetized, they were perfused with
200 mL 0.01 M PBS and 200 mL 4% paraformaldehyde (PFA). After
that, the spinal cords of the rats were collected and placed in the
4% PFA at 4 ℃ for another 24 h. Then, the spinal cords were dehy-
drated in 30% sucrose for 3–5 days until they sank to the bottom.
After they were cut into 25 lm thick slices, they were incubated
with primary and secondary antibodies after they were blocked
with 10% donkey serum (containing 3‰ Triton-X-100). The signals
were detected with laser-scanning microscopy (Carl Zeiss LSM700,
Germany) and analyzed with Image Pro Plus 6.0 (Media Cybernet-
ics, Silver Spring, MD, USA). Rabbit IgG was used as an isotype con-
trol. The expression of c-Fos was counted with its numbers in the
field of the same size in the superficial layer (lamina I and II) of dif-
ferent groups.
Statistical analysis

Sample size estimation was determined by G*Power 3.1 [25]
and the powers (1-b err prob) were greater than 0.9 which was suf-
ficient to detect differences between two different groups. Data is
analyzed by SPSS Rel 15 (SPSS Inc., Chicago, IL, USA) software.
Alteration of expression of the proteins detected and the behav-
ioral responses were tested with one-way analysis of variance
(ANOVA) and the differences in latency over time among groups
were tested with two-way ANOVA, followed by Bonferroni’s
post-hoc tests. The results are expressed as mean ± standard error,
and the behavior test has been repeated for 3 times. Results
described as significant are based on a criterion of P < 0.05 was
considered significant. The amendments are highlighted using
yellow highlights in the revised manuscript.



Fig. 1. The D1DR/D2DR antagonists-induced antinociception in TCI rats was mediated by NMDAR. (a, b) The mechanical thresholds of TCI rats after coadministration of SCH
23390/L-741,626 with NMDA (0.05 lg/20 lL, i.t.) (NMDA was administered 30 min before SCH 23390/L-741,626 treatment). (c, d) The mechanical thresholds of TCI rats after
coadministration of SCH 23390/L-741,626 SCH 23,390 with LY359549 (n = 6, # P < 0.05, ## P < 0.01, compared with TCI + SCH 23390/L-741,626 group, * P < 0.05, ** P < 0.01,
compared with 0 h, &P < 0.05, &&P < 0.01, compared with Sham + Vehicle group, D1DR antagonist SCH 23390, D2DR antagonist L-741,626, NMDAR antagonist LY 359549, and
NMDAR agonist NMDA, Vehicle: 25% DMSO).
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Results

D1DR/D2DR antagonists-induced antinociception in TCI rats was
mediated by NMDAR

The behavior test was conducted on the 14th day after the
transplantation of Walker 256 cells into the tibia bone. Herein,
the intrathecal administration of the NMDAR agonist (0.05 lg/
20 lL) was found to abolish both the D1DR antagonist SCH
23,390 (20 lg/20 lL, i.t.) (Fig. 1a) and D2DR antagonist L-
741,626 (20 lg/20 lL, i.t.) (Fig. 1b) production of antinociception
in TCI rats. The intrathecal administration of the D1DR antagonist
SCH 23,390 (5 lg/20 lL), D2DR antagonist L-741,626
(5 lg/20 lL) and NMDAR antagonist (5 ng/20 lL) had no effect
on the thresholds of mechanical allodynia (Fig. 1c, d), while the
combined administration of D1DR/D2DR antagonists (5 lg/20 lL)
with NMDAR antagonist (5 ng/20 lL) could also attenuate TCI-
induced bone cancer pain, which might suggest that D1DR/D2DR
might exert antinociception synergistically with NMDAR.
D1DR/D2DR antagonists abolished NMDA-triggered Ca2+ up-regulation
and inhibited the expression of p-NR1, p-NR2B in the spinal cord, and
D1DR/D2DR antagonists induced inhibition of spinal neurons could
be reversed by NMDA

The NMDA agonist NMDA (10 lM) was found to induce an obvi-
ous increase in Ca2+ oscillations, and the D1DR/D2DR antagonists
(10 lM) could suppress the Ca2+ oscillations in spinal neurons
(Fig. 2a, trace 2,3 and 4, Fig. 2b). Pretreatment with the D1DR/
D2DR antagonists could suppress the NMDA induced up-
regulation of Ca2+ oscillations (Fig. 2a, trace 5–6, Fig. 2b). Herein,
the spinal inhibition of D1DR/D2DR with antagonists
(20 lg/20 lL) was also found inhibited the expression of CGRP
and c-Fos. Additionally, the intrathecal administration of NMDA
could reverse the D1DR/D2DR antagonists-induced inhibition of
c-Fos and CGRP, suggesting that the D1DR/D2DR antagonists-
induced inhibition of spinal neurons activation was mediated by
NMDAR (Fig. 2f, g and h). It has been reported that NMDAR sub-
units, p-NR1 and NR2B were upregulated in chronic bone cancer
pain, this article confirmed the upregulated expression of p-NR1
and p-NR2B in the spinal cord of TCI rats, and D1DR/D2DR antag-
onists could inhibit the upregulated p-NR1 and p-NR2B in the
spinal cord (Fig. 2c, d and e).
D1DR/D2DR antagonists-induced down-regulation of phosphorylated
MAPK expression could be reversed by NMDAR agonist

Intrathecal administration of the D1DR/D2DR antagonists
(20 lg/20 lL) was confirmed to decrease spinal p-p38, p-JNK,
and p-ERK1/2 expression in TCI rats. Herein, NMDA was also found
could abolish the inhibitory effects of D1DR (Fig. 3a, b, and c) and
D2DR antagonists (Fig. 3d, e and f) on the expression of p-ERK1/2,
p-p38, and p-JNK, suggesting that the D1DR/D2DR antagonists-
induced inhibition of spinal MAPKs was mediated by NMDAR.



Fig. 2. D1DR/D2DR antagonists abolished NMDA-triggered Ca2+ up-regulation and inhibited the expression of p-NR1, p-NR2B in the spinal cord, and D1DR/D2DR antagonists
induced inhibition of spinal neurons could be reversed by NMDA. (a, b) Representative traces and AUCs of SCH 23,390 (trace 2)/L-741,626 (10 lM) (trace 3), NMDA (trace 4) of
the Ca2+ oscillations and the effect of SCH 23390/L-741,626 on NMDA (trace 5, 6)-induced upregulation of Ca2+ in spinal neurons (n = 3, # P < 0.05, ## P < 0.01, compared with
Vehicle group, * P < 0.05, ** P < 0.01, compared with NMDA group, Vehicle: Locke’s buffer). (c, d, e) The expression of p-NR1 and p-NR2B in TCI rats after administration of SCH
23,390 and L-741,626 (n = 4, # P < 0.05, ## P < 0.01, compared with Sham + Vehicle group, *P < 0.05, **P < 0.01, compared with TCI + Vehicle group, p-NR1/NR1 is the
expression of (p-NR1/GAPDH)/(NR1/GAPDH), p-NR2B/NR2B is the expression of (p-NR1/GAPDH)/(NR1/GAPDH)). (f, g, h) Immunofluorescence results indicated spinal CGRP
and c-Fos expression in TCI rats after SCH 23390/L-741,626 was administrated for 2 h or after the coadministration of NMDA with SCH 23390/L-741,626, respectively (NMDA
was administrated 15 min before SCH 23,390 or L-741,626) (n = 4, # P < 0.05, ## P < 0.01, compared with Sham + Vehicle group, * P < 0.05, ** P < 0.01, compared with
TCI + Vehicle group, & P < 0.05, && P < 0.01, compared with TCI + SCH 23390/L-741,626 group).
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Fig. 3. D1DR/D2DR antagonists-induced down-regulation of phosphorylated MAPKs expression could be reversed by NMDAR agonist. (a, b, and c) The expression of p-p38, p-
ERK, and p-JNK in TCI rats after coadministration of SCH 23,390 with NMDA. (d, e, and f) The expression of p-p38, p-JNK, and p-ERK in TCI rats after coadministration of L-
741,626 with NMDA (n = 4, # P < 0.05, ## P < 0.01, compared with Sham + Vehicle group, *P < 0.05, **P < 0.01, compared with TCI + Vehicle group, & P < 0.05, && P < 0.01,
compared with TCI + SCH 23390/L-741,626 group, p-MAPKs/MAPKs is the expression of (p- MAPKs/GAPDH)/(MAPKs/GAPDH)).
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D1DR/D2DR antagonists inhibited Src to suppress NMDAR and
downstream MAPKs to attenuate bone cancer pain

The D1DR/D2DR antagonists were found to suppress the
expression of spinal p-Src in TCI rats (Fig. 4b). And an intrathecal
injection of Src kinase inhibitor PP2 (20 lg/20 lL) could attenuate
chronic bone cancer pain in TCI rats (Fig. 4a). PP2 was also found to
inhibit the expression of spinal p-p38, p-JNK, and p-ERK1/2 in TCI
rats (Fig. 4c, d, and e). In addition, intrathecal administration of
NMDA could reverse PP2-induced antinociception and inhibition
of spinal MAPKs in TCI rats.

D1DR/D2DR activated NMDAR-MAPKs to promote bone cancer pain
through Src kinase in a Gaq protein-dependent manner

This research found that the D1DR/D2DR antagonists could also
inhibit the expression of Gaq protein (Fig. 5b). The intrathecal
administration of the Gaq inhibitor YM 254,890 could attenuate
TCI-induced bone cancer pain (Fig. 5a) and inhibit p-JNK, p-p38,
p-ERK1/2 expresison in TCI rats, which could both be reversed by
NMDA (0.05 lg/20 lL) (Fig. 5d, e, f). Additionally, further results
indicated that Gaq inhibitor YM 254,890 also suppressed the
expression of p-Src (Fig. 5c).
Discussion

This article indicated that (1) D1DR/D2DR antagonists could
inhibit the NMDAR-induced Ca2+ upregulation in spinal primary
cultures neurons; (2) the D1DR/D2DR antagonists-induced inhibi-
tion of activated spinal neurons in TCI rats was mediated by
NMDA; (3) D1DR/D2DR antagonists could inhibit NMDAR medi-
ated spinal neurons activation to alleviate bone cancer pain in
TCI rats through Src kinase in a Gaq-dependent manner.



Fig. 4. D1DR/D2DR antagonists inhibited Src to suppress NMDAR and downstream MAPKs to attenuate bone cancer pain. (a) The mechanical thresholds of TCI rats after
administration of Src inhibitor PP2 or coadministration of Src inhibitor PP2 with NMDA (n = 6, * P < 0.05, ** P < 0.01, compared with 0 h, # P < 0.05, ## P < 0.01, compared with
TCI + Src inhibitor group, & P < 0.05, && P < 0.01, compared with Sham + Vehicle group, Vehicle: 2% DMSO) (NMDA was administered 30 min before PP2 treatment). (b) The p-
Src expression in TCI rats after administration of SCH 23390/L-741,626. (c, d, e) The p-p38, p-ERK, and p-JNK expression in TCI rats after coadministration of Src inhibitor PP2
with NMDA. (n = 4, # P < 0.05, ## P < 0.01, compared with control group, *P < 0.05, ** P < 0.01, compared with TCI + Vehicle group, & P < 0.05, && P < 0.01, compared with
TCI + Src inhibitor group, p-Src/Src is the expression of (p-Src/GAPDH)/(Src/GAPDH), p-MAPKs/MAPKs is the expression of (p- MAPKs/GAPDH)/(MAPKs/GAPDH)).
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NMDAR is vital in chronic pain, and spinal NMDAR inhibition
was reported to attenuate bone cancer pain [7]. NMDAR antago-
nists such as ketamine and MK801 have been used in clinical prac-
tice; however, their severe side effects limit their clinical use [8,9].
The modulation of NMDAR by dopamine receptors has been
reported in different parts of brain. D1DR activation might increase
NMDAR activities in a Gas dependent manner through the cAMP/
PKA pathways in different brain regions [10–12]. D1DR activation
also increased NMDAR function in acutely isolated PFC pyramidal
neurons via protein kinase C (PKC) activation [26]. However,
D1DR activation also could inhibit NMDAR by a direct protein–pro-
tein interaction [27] or through Src tyrosine kinase inhibition in a G
protein-independent manner [28]. In contrast to the enhancing
effect of D1DR on NMDAR mediated responses, D2DR activation
might lead to the inhibition of NMDAR function in the brain [13].
The mechanism might be through the inhibition of cAMP produc-
tion through the Gai protein. However, the effects and mecha-
nisms of D1DR and D2DR in the modulation of NMDAR in
chronic pain have not been explored.

It has been reported that a change in Ca2+ concentration is
important in the regulation of the plasticity of neurons [29]. The
activation of NMDAR has been reported to induce an obvious
upregulation in Ca2+ oscillations to increase the sensitivity of spinal
neurons and promote chronic pain [7,8]. This research indicated
that the administration of NMDA could induce an obvious rise in
Ca2+ concentration in spinal neurons, and both D1DR and D2DR
antagonists could decrease the NMDA-induced upregulation of
Ca2+ oscillations in spinal neurons. In addition, c-Fos and CGRP,
which are markers of spinal neurons [30,31], were upregulated in
the spinal cord, indicating the activation of spinal neurons in TCI
rats. The D1DR/D2DR antagonists could suppress the expression
of CGRP and c-Fos, which could be reversed by NMDA, indicating
that the D1DR/D2DR antagonists-induced inhibition of spinal neu-
rons was mediated by NMDA in TCI rats. The subunits of NMDAR,



Fig. 5. D1DR/D2DR activated NMDAR-MAPKs to promote bone cancer pain through Src in a Gaq protein-dependent manner. (a) The mechanical thresholds of TCI rats after
administration of Gaq inhibitor YM 254,890 or co-administration of YM 254,890 with NMDA (n = 6, * P < 0.05, ** P < 0.01, compared with 0 h, # P < 0.05, ## P < 0.01, compared
with TCI + Gaq inhibitor group, &P < 0.05, &&P < 0.01, compared with Sham + Vehicle group, Vehicle: 2% DMSO) (NMDA was administered 30 min before PP2 treatment). (b)
Gaq protein expression in TCI rats after administration of SCH 23390/L-741,626. (c) p-Src expression in TCI rats after administration of Gaq inhibitor YM 254890. (d, e, f) The
expression of p-p38, p-ERK, and p-JNK in TCI rats after co-administration of the Gaq inhibitor YM 254,890 with NMDA. (n = 4, # P < 0.05, ## P < 0.01, compared with
Sham + Vehicle group, * P < 0.05, ** P < 0.01, compared with TCI group, &P < 0.05, && P < 0.01, compared with TCI + Gaq inhibitor group, p-Src/Src is the expression of (p-Src/
GAPDH)/(Src/GAPDH), p-MAPKs/MAPKs is the expression of (p- MAPKs/GAPDH)/(MAPKs/GAPDH)).
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p-NR1 and p-NR2B which have been reported to play an important
role in bone cancer pain [32,33] also were detected. It turned out
that D1DR/D2DR antagonists both could inhibit the upregulated
p-NR1 and p-NR2B in the spinal cord of TCI rats. Although D1DR/
D2DR antagonists were found could inhibited the upregulated
expression of NMDA subunits p-NR1 and p-NR2B, the way of
D1DR/D2DR affected NMDA function and the specific assemnlies
of NMDA subunits regulated by D1DR/D2DR also need further
exploration. Further in vivo results indicated that the intrathecal
administration of D1DR/D2DR antagonists induced the attenuation
of bone cancer pain could be reversed by NMDA indicating that
blocking the NMDAR does unmask the analgesic effect of inhibition
of D1 or D2 receptors. Additionally, the combined administration
of the D1DR/D2DR antagonists with a NMDAR antagonist at
nonanalgesic doses could remit the bone cancer pain that was
induced by TCI. These results suggested that D1DR/D2DR agonists
might activate NMDAR to promote chronic bone cancer pain.

Our previous research indicated that in TCI rats, D1DR and
D2DR could form heterodimers in the spinal cord that in turn cou-
ple to Gaq protein (unpublished data). Furthermore, the activation
of Gaq-coupled receptors could enhance NMDAR function [16,17].
It has been reported that the activation of Gaq-coupled receptors
in brain, such as the metabotropic glutamate receptors 5 (mGlu5)
[34], and pituitary adenylate cyclase activating peptide (PACAP)
[16] could enhance NMDAR-mediated function via PKC/cellular
adhesion kinase b (CAKb)/Src signaling. The activation of Gaq could
also activate NMDAR via proline-rich tyrosine kinase 2 (Pyk2)/
CAKb/Src signaling in a PKC-independent manner [35]. The activa-
tion of Gaq coupled receptor postsynaptic adenosine A2A receptor
could activate the G protein/Src pathway to increase NMDAR func-
tion [36]. Herein, D1DR/D2DR antagonists inhibited the expression
of Gaq protein and that the Gaq inhibitor-induced antinociception
could be reversed by NMDAR agonists, which suggested that the
D1DR/D2DR antagonists-induced inhibition of NMDAR was medi-
ated by Gaq protein. However, Gaq protein was also found could
promote the Ca2+ release from intracellular stores to elevate
cytosolic Ca2+ which also could promote the development of
chronic bone cancer pain. So D1DR and D2DR were supposed that
could on one side active Gaq to directly active spinal neurons and
on the other side to activate NMDAR to activate spinal neurons to
promote chronic bone cancer pain.

Src kinase is part of the NMDAR complexes in neurons and
could phosphorylate NMDAR to activate NMDA [37]. GPCR ligands
like muscarine and lysophosphatidic acid have been reported to
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potentiate NMDAR function and trafficking by activating Src kinase
[17]. Additionally, D1DR was also reported to modulate NMDAR
function through Src [38]. Inhibiting Src has been reported could
attenuate TCI induced bone cancer pain. Oral gavage with Src inhi-
bitor Saracatinib [39,40], dasatinib [19] could attenuate intra-tibial
injection of rat mammary cancer cells induced bone cancer pain,
and PP2 was also reported could reduce cancer metastasis
[41,42]. Herein, D1DR/D2DR antagonists and Gaq inhibitors were
also found could inhibit spinal p-Src expression. Furthermore, the
Src inhibitor induced attenuation of chronic bone cancer pain could
be reversed by an NMDAR agonist. These results suggested that the
D1DR/D2DR antagonists-induced inhibition of NMDAR function
was mediated by Src kinase.

The activation of NMDAR has been reported to increase Ca2+

oscillations in spinal neurons, which could activate calcium-
regulated proteins like MAPKs, which include p-p38, p-ERK1/2,
and p-JNK, to further activate spinal neurons in TCI rats [7]. This
research indicated that the spinal injection of D1DR/D2DR antago-
nists, Src kinase and Gaq protein inhibitor could inhibit spinal p-
JNK, p-p38, and p-ERK1/2 expression, while the NMDAR agonist
could reverse this inhibition. These results indicated that MAPKs
may be the downstream effectors of NMDAR of D1DR/D2DR
antagonists-induced analgesia in TCI rats.
Conclusion

In conclusion, the inhibition of spinal D1DR/D2DR could
decrease the NMDAR-mediated activation of spinal neurons to
remit bone cancer pain induced by TCI. Further results indicated
that the D1DR/D2DR antagonists-induced inhibition of NMDAR
function in spinal neurons was mediated by Gaq protein and Src
kinase in TCI rats. This result may provide a new mechanism of
bone cancer pain and suggests that D1DR/D2DR could be therapeu-
tic targets to alleviate chronic pain, and they might reduce the side
effects of NMDAR antagonist in chronic bone cancer pain.
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