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Abstract Morphine is a potent agonist of p-opioid receptor
and is widely used to relieve severe pain, including cancer
pain. Some chemokines, for example, CX3CL1 and CCL2,
participate in the regulation of opioid santinociception. In our
previous study, we found overexpression of chemokine
CXCL10/CXCR3 in spinal cord participated in the develop-
ment of cancer-induced bone pain, so we supposed that
CXCL10 may have influence in morphine analgesia in cancer
pain relief. In this study, we found that a single dose of
morphine could transiently increase the expression of
CXCL10 in spinal cord. Blocking the function of CXCL10
enhanced morphine antinociception in cancer-induced bone
pain rats. However, overexpression of CXCL10 induced acute
algesia and decreased the analgesic effect of morphine in
normal mice. The algesic effect of CXCL10 was blocked by
inhibition of CXCR3 and Gi protein. These results suggested
that CXCL10 in spinal cord serves as a novel negative regu-
lator of morphine analgesia and provided evidence that acti-
vation of CXCL10/CXCR3 in spinal cord may attenuate
antinociceptive potency of morphine in cancer pain relief.
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Introduction

Morphine, an agonist of 1 opioid receptor (MOR), is widely
used in clinical pain management, especially in the treatment
of cancer pain. When morphine binds to p opioid receptor,
GDP dissociates from the G subunit and is placed by GTP.
The G subunit bounding to GTP dissociates from the Gf3
and Gy subunits and interacts with the intracellular system.
Subsequently, the release of nociceptive neurotransmitters (for
example, substance P and glutamate) from the primary affer-
ent terminals in spinal cord was blocked, and then the analge-
sic effect was produced (Bovill 1997).

Chemokines are a family of small cytokines which
have the ability to induce directed chemotaxis in nearby re-
sponsive cells. They are involved in a wide range of biological
functions including neuroinflammation, tumor metastasis,
allergic diseases, and other neuropathies (Nguyen et al. 2009;
Sano et al. 2005; Yoon et al. 2007). Recent studies suggest that
chemokines are novel regulators of pain. In these chemokines,
the roles of CX3CL1 (Fractalkine) and CCL2 (MCP-1) in pain
are widely accepted, which implicate in the maintenance of
hypersensitivity in pain conditions (Dauvergne et al. 2013;
Zhuang et al. 2007). Chemokines also participate in the regu-
lation of opioid analgesia. Similar to opioid receptors, chemo-
kine receptors belong to the superfamily of G-protein coupling
receptors (GPCRs). Until now, CX3CL1, CCL5 (RANTES),
and CXCL12 (SDF-1) are known to interfere with the
antinociceptive effect induced by opioid agonists (Chen et al.
2007; Szabo et al. 2002). These chemokines block opioid
analgesia by rapid heterologous desensitization between opioid
receptors and chemokine receptors. CXCL10 (IP-10), a ligand
of CXC chemokine receptor CXCR3, is a potent
chemoattractant for various immune cells, including CD8+ T
cells, mast cells, natural killer cell, etc. (Harris et al. 2012;
Petreaca et al. 2012). Fentanyl, but not morphine, could inhibit
TNF-a-induced CXCL10 expression in human astroglial cells

@ Springer



572

J Mol Neurosci (2014) 53:571-579

(Davis et al. 2007). This suggests that opioids may regulate the
expression of CXCL10 in the central nervous system. In our
previous studies, we found that chemokine CXCLI10 and
CXCR3 in spinal cord were up-regulated in the process of
bone cancer and that activation of CXCL10/CXCR3 partici-
pated in the development of cancer-induced bone pain (CIBP)
(Bu et al. 2013). These demonstrated that CXCL10 was an
important regulator in pain mechanism. However, whether
CXCL10 could affect morphine antinociception in cancer pain
relief is still unknown. In this study, we investigated the effect
of morphine on CXCL10 expression and the role of CXCL10
in the regulation of morphine analgesia in CIBP rats and
normal mice.

Materials and Methods
Animals

Female Sprague—Dawley (SD) rats weighing 180-220 g and
male C57BL/6 mice weighing 18-22 g were used. The animals
were kept under controlled conditions (22 +0.5 °C, relative
humidity 40-60 %, alternate light-dark cycles, food and water
ad libitum). All experimental procedures were reviewed and
approved by our Institutional Animal Care and Use Committee
and carried out in accordance with the National Institutes of
Health guidelines for the Care and Use of Laboratory Animals.

Surgical Procedure of Bone Cancer Models

CIBP modeling was prepared following previous report
(Cao et al. 2010). Briefly, rats were deeply anesthetized
with pentobarbital sodium (50 mg/kg, intraperitoneal injec-
tion). The right tibia was carefully exposed. Walker 256 cells
(10 uL, 4% 10%/mL) or D-Hanks solution (10 pL) were slowly
injected into the bone cavity using a 50-pL. Hamilton
microsyringe. The injection site was closed using bone wax
as soon as the syringe was removed. Then, the wound was
closed after being carefully disinfected. Animals were placed
in a warm pad until they had regained consciousness and were
returned to their home cages.

Intrathecal Injections

For rats, intrathecal drug administration was performed by a
PE-10 catheter. Under the same surgical conditions to CIBP
modeling, rats were intrathecally implanted with PE-10
catheter to the subarachnoid cavity at the level of lumbar
enlargement, according to the method described previously
(Yaksh and Rudy 1976). Proper intrathecal location was con-
firmed by a temporary motor block of both hind limbs after the
injection of 10 uL 2 % lidocaine. The animals were allowed a
7-day recovery period before used in experiments.
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For mice, intrathecal drug administration was performed in
unanesthetized mice at the L5 and L6 intervertebral space as
described by Hylden and Wilcox (1980). Briefly, after the
mouse was lightly restrained to maintain the position of the
needle, a volume of 3 uL of drug was intrathecally (i.t.)
injected with a 50-uL Hamilton microsyringe. Puncture of
the dura was indicated by a slight flick of the tail.

Behavioral Experiments

The changes of pain threshold in animals were assessed by
measuring paw withdrawal thresholds (PWTs) as described
previously (Liu et al. 2012). Briefly, animals were allowed to
acclimatize to the boxes for 15 min before testing. Von Frey
filaments, with ascending order of forces (0.04, 0.07, 0.16,
0.4,0.6,1,2,4,6,8, 10, 15, 26, 60, 100, and 300 g), were
applied to the region between foot pads in the plantar aspect of
the right hind paw. Abrupt paw withdrawal, licking, and
shaking were considered as positive responses. Once a with-
drawal response was established, the test was repeated starting
with the next descending filament until no response occurred.
The lowest amount of force which could elicit a response was
recorded as the PWT (in grams).

Experiment 1. Effect of CXCL10 on Morphine Analgesia
in CIBP Models

To detect the effect of CXCL10 on morphine analgesia in
CIBP models, on the 14th day after modeling, CIBP rats
received intrathecal (i.t.) injection of 100 ng neutralizing
rabbit anti-CXCL10 antibody (anti-CXCL10, Peprotech,
USA), followed by i.t. injection of 10 pg morphine (NEPG,
China). Saline or normal rabbit IgG was injected as control. At
30 min after the last drug injection, the PWTs of rats in each
group were measured, respectively.

Experiment 2. The Effect of CXCLI10 on the PWTs of Normal
Mice

To evaluate if overexpression of CXCL10 has influence on the
pain threshold, mice were i.t. injected with 30 ng recombinant
murine CXCL10 protein (rmCXCL10, PeproTech, USA) or
saline (3 pL). Then, PWTs were measured at 15, 30, 60, 90,
and 120 min after drug injection.

Experiment 3. The Role of CXCR3 in CXCLI10-Induced
Algesia

To evaluate if CXCL10 induced algesia via its receptor
CXCR3, mice were i.t. injected with lentivirus encoding
siRNA sequence targeting mouse CXCR3 (CXCR3i,
NM_009910, GeneChem, China) ornon-targeting RNA
(GeneChem, China). At 7 days after CXCR3i injection, mice
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were i.t. administrated with rmCXCL10 (30 ng). The PWTs
were measured as experiment 2.

Experiment 4. The Role of CXCL10 in Morphine Analgesia
in Normal Mice

To detect if overexpression of CXCL10 could influence the
antinociceptive effect of morphine, mice were i.t. administrated
with 30 ng rmCXCL10, followed by s.c. injection of 10 mg/kg
morphine. The PWTs were measured as experiment 2.

Experiment 5. The role of Gi Protein in CXCL10-Induced
Algesia

As CXCR3 is a member of GPCRs, we detected if Gi protein
plays roles in CXCL10-induced algesia. Mice were i.t.
injected with 100 ng pertussis toxin (PTX, a special inhibitor
of Gi protein; Sigma, USA), followed by injection with
rmCXCL10 (30 ng, i.t.) 30 min later. The PWTs were mea-
sured as experiment 2.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA extraction of spinal cord and the reverse transcrip-
tion procedure were performed using RNAiso Plus (Takara,
Shiga, Japan) according to the manufacturer’s instructions. One
microgram of total RNA from each sample was added into a
20-pL reaction of reverse transcription, respectively. Specific
primers for mouse CXCL10 and for the endogenous control
mouse GAPDH were obtained from gqPrimerDepot (Table 1).
StepOne Real-Time PCR System (Applied Biosystems, USA)
was used to conduct the qRT-PCR. Relative quantification of
mRNA was performed by 27" method. Data were presented
as fold changes normalized to control group.

Double-Immunofluorescent Staining
At 14 days after modeling, CIBP rats were perfused with

saline, followed by 4 % paraformaldehyde. The L3-L5 spinal
cord segments were removed and post-fixed for 24 h at 4 °C

Table 1 Primers for the real-time PCR

GenBank
accession no.

Product
length (bp)

Target Primers

genes

CXCL10 NM 021274.2 Forward: 5'-CTCATCCTG 107
CTGGGTCTGAG-3'

Reverse: 5'-CCTATGGCC
CTCATTCTCAC-3'
Forward:5-AAATGGTGAA 90
GGTCGGTGTGAAC-3’
Reverse:5'-CAACAATCTCC

ACTTTGCCACTG-3'

GAPDH NM_008084.2

and then dehydrated in 30 % sucrose solution. After increas-
ing membrane permeability and blocking nonspecific binding,
30-pum-thick sections were incubated overnight at 4 °C with a
mixture of the following primary antibodies: rabbit anti-MOR
antibody (1:400, Millipore, USA) and goat anti-CXCL10
antibody (1:50, Santa Cruz, CA, USA). Then, sections were
incubated with NorthernLights 557 Fluorochrome-labeled don-
key anti-goat IgG (1:100, R&D, USA) and NorthernLights 493
Fluorochrome-labeled donkey anti-rabbit IgG (1:100, R&D,
USA) for 3 h at room temperature (RT) and lastly stained with
4,6-diamidino-2-phenylindole (DAPI, Sigma, USA) for
10 min. Fluorescent images were captured using a fluorescence
microscope (Leica, German).

Western Blots

The proteins of spinal cord tissue from each group were
extracted using RIPA lysis buffer according to the instruction
(Beyotime, China). After being denatured by boiling, 30 pg
protein from each sample was loaded on 10 % SDS polyacryl-
amide gel. Electrophoresis was conducted at 200-mA constant
current for each gel. After that, the proteins were electro-
transferred (200 mA, 25 or 90 min) to PVDF membranes.
The membranes were blocked non-specific binding with 5 %
non-fat milk in Tris-buffered saline for 2 h at room tempera-
ture and incubated with rabbit anti-CXCR3 (1:200, Abnova),
rabbit anti-CXCL10 (1:200, Peprotech, USA), or rabbit anti-
GAPDH (1:1,000, Boster, China) overnight at 4 °C. After
having been washed, the membranes were incubated with
HRP-conjugated goat anti-rabbit IgG (1:5,000, Boster,
China) for 2 h at RT. Finally, proteins were detected by ECL
reagents (Beyotime, China) and visualized by exposure to
Kodak film. The density was quantified by densitometric
scanning. The level of CXCL10 and CXCR3 was exhibited
as density relative to the density of GAPDH.

Enzyme-Linked Immunosorbent Assay

The proteins of spinal cord tissue were extracted as
detailed earlier. Total unboiled proteins of each sample
were diluted to the same concentration of 500 pg/mL.
The levels of CXCL10 protein were measured using a
mouse CXCL10 ELISA kit (Boster, China). Briefly,
100 pL of protein samples and standards was added
to the plate and incubated for 90 min at 37 °C. Then,
proteins were incubated with antibody, ABC solution,
and TMB substrate solution in sequence. Finally, 100 pL
stop solution was added to each well and the absorbance
of optical density was determined at 450 nm using a
plate reader. The concentration of CXCL10 was calculat-
ed by CurveExpert. The levels of CXCL10 protein were
presented as pg/g total protein.
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Statistical Analysis

All data were presented as mean + SEM. Statistical signifi-
cance (P<0.05) was determined using a two-way ANOVA
(treatment group*xmin) to detect the changes to PWTs after
drug injection over time. Individual comparisons were made
with unpaired #test. The change of CXCL10 expression and
PWTs in CIBP rats was tested using one-way ANOVA.

Results
The Co-localization of MOR and CXCL10 in Spinal Cord

The co-localization of MOR and CXCL10 was detected by
double-immunofluorescent staining. Results showed that
MOR was distributed in the lamina I of spinal cord with
several pericellular ring-like structures (Fig. 1. b, f, h), which
suggested that the MOR was distributed as a membrane
protein. CXCL10 was also distributed in the lamina II,with
punctiform structures (Fig. 1. a, e). The merged pictures
showed that MOR and CXCL10 were co-localizated in the
lamina II of spinal cord (Fig. 1d, h).

Single Injection of Morphine Transiently Increased
the Expression of CXCL10 in Mice

The effect of morphine on expression of CXCL10 was mea-
sured by real-time PCR and ELISA. Mice were treated with
single morphine (10 mg/kg, s.c.). Then, the expression of
CXCL10 in spinal cord was measured at 1, 2, 3, 6, and 12 h
after drug administration, respectively. Results showed that a
single dose of morphine could increase the level of CXCL10

mRNA in spinal cord from 1 h after drug administration
(7.18+1.70 vs. 1.13+£0.37, compared with saline-treated
mice, P<0.01) (Fig. 2a). The upregulation of CXCL10
mRNA lasted to 3 h after drug administration (3.23+1.49).
A single dose of morphine could also increase the level of
CXCL10 protein in spinal cord. CXCL10 protein in
morphine-treated mice was significantly increased at 3 h after
drug administration (5,112.21+607.95 vs. 3,202.01+
322.94 pg/g, compared with saline-treated mice, P<0.01)
(Fig. 2b). The expression of CXCL10 was returned to the
base level at 6 and 12 h.

Blocking of CXCL10 Function Enhanced Morphine
Analgesia in CIBP Rats

To detect if blocking CXCL10 function has influence on
morphine analgesia in CIBP rats, on the 14th day after model-
ing, CIBP rats were treated with anti-CXCL10 (100 ng, i.t.)
and (or) morphine (10 pg, i.t.). Results showed that the
expression of CXCL10 was increased in CIBP rats com-
pared with sham rats (34.68+1.92 vs. 20.97+2.92 %,
P<0.05; Fig. 3a). The CXCR3 level was also higher in
CIBP rats than that in sham rats (21.27+£1.09 vs. 14.51+
0.80 %, P<0.05; Fig. 3a). On postoperative day 14, the
PWTs of saline-treated CIBP rats were decreased com-
pared with sham rats (0.93+0.52 vs. 11.33£2.69 g,
P<0.01). Both anti-CXCL10 and morphine treatment
increased the PWTs in CIBP rats (9.5£2.81 vs. 0.93+
0.52 g; 17+6.68 vs. 0.93+£0.52 g, compared with saline-
treated CIBP rats, P<0.01; Fig. 3b). While blocking the
function of CXCL10 by pre-treatment with anti-
CXCL10, the analgesic effect of morphine in CIBP rats
was enhanced compared with that in rats which were

Fig. 1 The co-localization of MOR and CXCL10 in the spinal cord of rat
as detected by immunofluorescence. MOR was distributed in the lamina II
with ring-like structures (white arrowheads; b, f). CXCL10 was distributed
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in the lamina II with punctiform structures (a, e). The yellow spots in the
merged pictures show the co-localization of MOR and CXCL10 (d, h). The
nuclei were stained with DAPI (¢, ). Scale bar a—d, 200 pm; e-h, 50 um
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Fig. 2 Changes of CXCL10 mRNA and protein expression as induced
by a single dose of morphine in the spinal cord. CXCL10 levels were
measured at 1, 2, 3, 6, and 12 h after morphine injection (10 mg/kg, s.c.). a
CXCL10 mRNA was increased at 1, 2, and 3 h after morphine treatment,
measured by real-time PCR. **P<(.01, vs. saline-treated mice; n=6 in
each group. b CXCL10 protein was increased at 3 h after morphine
injection, measured by ELISA. **P<(.01, vs. saline-treated mice; n=6
in each group

treated by morphine only (41.17£19.19 vs. 17+6.68 g,
P<0.01; Fig. 3b).

Overexpression of CXCL10 Induced Algesia in Mice Via
Receptor CXCR3

To detect if overexpression of CXCL10 in normal mice affects
pain threshold, mice were i.t. injected with 30 ng rmCXCL10.
The PWTs of rmCXCL10-treated mice decreased from
15 min (0.35+£0.17 vs. 0.60+0.22 g, compared with saline-
treated mice, P<0.01). This decrease of PWTs lasted up to
120 min until the test was finished (0.32+0.12 vs. 0.73+
0.21 g, compared with saline-treated mice, P<0.01) (Fig. 4).
These results suggested that rmCXCL10 induced an algesic
effect in mice. To detect if CXCR3 participated in CXCL10-
induced algesia, mice were i.t. injected with lentiviral vectors
carrying siRNA-targeting murine CXCR3 (CXCR31, 4 uL, 1
E+8 TU) or non-targeting RNA (LV-con, 4 uL, 1 E+8 TU).
At 7 days after infection, mice were i.t. administrated with
30 ng rmCXCL10. While rmCXCL10-treated LV-con-treated
mice showed a significant decrease of PWTs by 0.10+£0.05 g
from 30 min after injection, the PWTs of rmCXCL10-treated
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Fig. 3 The effect of blocking CXCL10 on morphine analgesia in CIBP
rats. a On day 14 post-modeling, CXCL10 and CXCR3 levels in each
group were measured by western blots. CXCL10 and CXCR3 protein
levels in spinal cord were higher in CIBP rats than those in sham rats
(P<0.05). *P<0.05; n=3 in each group. b On day 14, CIBP rats were i.t.
injected with anti-CXCL10 and (or) morphine. Anti-CXCL10 was
injected 30 min before morphine. Behavioral tests were accessed
30 min after the last drug injection. The PWTs of CIBP rats were
significantly decreased (P<0.01, vs. sham rats). Morphine- or anti-
CXCL10-treated rats showed a significant increase of PWTs (P<0.01,
vs. saline-treated CIBP rats). Rats receiving a combination of morphine
and anti-CXCL10 showed higher PWTs compared with rats receiving
morphine treatment only (P<0.01). &&P<0.01, compared with sham
rats;  P<0.01, compared with saline-treated CIBP rats; #p<0.01, com-
pared with morphine-treated CIBP rats (n=6 in each group)

CXCR3i-mice still maintained a high level of 0.53+0.10 g at
30 min (Fig. 5a). The PWTs of rmCXCL10-treated CXCR3i-
mice had no significant changes during the experiment
(P>0.05, compared with PWTs at time 0; Fig. 5a). To verify
the downregulation of gene induced by CXCR31, the CXCR3
level was measured by western blots. Results showed that
CXCR3 siRNA downregulated CXCR3 protein level in spinal
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Fig. 4 Administration with rmCXCL10 induced algesic effect in normal
mice. RmCXCL10 (30 ng, i.t.) or saline (3 pL) was given to the mice.
The mice that received rmCXCL10 treatment showed a significant de-
crease of PWTs than the saline-treated mice (P<0.01). **P<0.01, vs.
saline-treated mice; n=6 in each group

cord (Fig. 5b). These results suggested that CXCL10 induced
algesia via coupling receptor CXCR3.

Overexpression of CXCL10 Attenuated Morphine Analgesia
in Normal Mice

As previous studies showed, some chemokine blocked
morphine antinociception (Chen et al. 2007). Next, we
investigated if overexpression of CXCL10 could change
the antinociceptive effect of morphine. Mice were i.t. ad-
ministrated with rmCXCL10 (30 ng), followed by mor-
phine (10 mg/kg, s.c.). In morphine-treated mice, the
PWTs were increased from 15 min and reached a peak of
14.17£2.04 g at 60 min after drug administration.
However, in rmCXCL10-pretreated mice, the increase of
PWTs induced by morphine reached a lower level of 7.00+
2.76 g than that in morphine-treated mice at 60 min
(P<0.01; Fig. 6a). These results suggested that overexpres-
sion of CXCLI10 in spinal cord partly inhibited morphine-
induced analgesic effect.

CXCL10-Induced Algesia Involved Gi Protein

CXCR3 is a member of GPCRs family. Gi protein plays an
important role in the initiation of intracellular signal transduc-
tion induced by active GPCRs. PTX was used to detect the
role of Gi protein in CXCL10-induced algesia. Mice were i.t.
injected with 100 ng PTX. At 30 min later, mice were treated
with rmCXCL10 (30 ng, i.t.) or saline. Results showed that
PTX pretreatment partially blocked the decrease of PWTs
induced by rmCXCL10 (PTX-rmCXCL10-treated mice
vs. saline-rmCXCL10-treated mice, at 30 min with 0.32
+0.12 vs. 0.11£0.05 g, P<0.01, and at 90 min with
0.43+0.08 vs. 0.19£0.15 g, P<0.05) (Fig. 6b). These
results demonstrated that the algesic effect induced by
CXCL10 was mediated by Gi proteins.
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Fig. 5 RmCXCL10-induced algesia involved CXCR3. a Mice that re-
ceived i.t. injection of lentiviral vectors containing CXCR3siRNA or
control RNA. At 7 days later, the mice were i.t. injected with 30 ng
rmCXCL10 or 3 pL saline. The PWTs of rmCXCL10-treated LV-con
mice were significantly decreased. However, in CXCR3i-rmCXCL10-
treated mice, the PWTs had no statistical differences in the time course.
*P<0.05, **P<0.01, vs. rmCXCL10-treated LV-con mice; n=6 in each
group. b Mice were i.t. injected with lentivirus encoding CXCR3i or
control RNA. At 7 days later, the spinal cord of mice was removed to
detect the level of CXCR3 protein by western blots. CXCR3 level was
significantly decreased in CXCR3i-treated mice compared with naive
mice and LV-con-treated mice (P<0.05). *P<0.05, vs. naive mice.
#P<0.05, vs. LV-con-treated mice; n=3 in each group

Discussion

Our study demonstrated the role of CXCL10 in morphine
analgesia. Acute morphine administration increased the ex-
pression of CXCL10 in spinal cord in mice. Blocking the
function of CXCL10 in spinal cord enhanced morphine
antinociception in CIBP rats. However, overexpression of
CXCL10 in spinal cord blocked the analgesic effect of mor-
phine and produced algesic effect via activation of CXCR3
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Fig. 6 RmCXCL10-attenuated morphine analgesia. a The mice were i.t.
injected with 30 ng rmCXCL10 or saline and subsequently s.c. injected
with 10 mg/kg morphine. The PWTs of mice that received saline—mor-
phine treatment increased from 30 min after the last drug injection. Co-
treatment of morphine and rmCXCL10 also induced increase of PWTs,
but to a significantly lesser extent. **P<0.01, vs. saline-morphine-treated
mice; n=6—7 in each group. b Mice were pre-treated with i.t. injection of
100 ng PTX or saline. At 30 min later, mice were i.t. injected with 30 ng
rmCXCL10. The PWTs of saline-rmCXCL10-treated mice were signif-
icantly decreased. However, pre-treatment with PTX partly blocked the
algesic effect induced by rmCXCL10. *P<0.05, **P<0.01, vs. saline—
rmCXCL10-treated mice; n=6 in each group

and Gi protein. This is a novel finding that CXCL10 plays a
role in the regulation of pain management.

Previous study showed that 24 h of treatment with fentanyl
could inhibit the increase of CXCL10 induced by TNF-x
in vitro (Davis et al. 2007). Morphine can activate a pro-
inflammatory response via increasing the production of cyto-
kines or chemokines (Loram et al. 2012; Schwarz et al. 2013).
In our study, a single dose of morphine increased CXCL10
level in spinal cord of mice in the first 3 h after drug injection.
This suggested that the expression of CXCL10 induced by
opioids may be complicated, which involves not only
astroglia but also other cells. We also detected the co-
localization of MOR and CXCLI10 in spinal cord, which
provided evidence that the upregulation of CXCL10 can be
explained as the activation of neuroinflammation directly
induced by single morphine administration.

In clinical treatment, morphine is widely used for cancer
pain relief. However, chronic administration of morphine
usually induced antinociceptive tolerance or hyperalgesia,

which limited its use for pain relief. Furthermore, morphine
antinociception could be blocked by many factors (Jackson
and Damaj 2013; Weibel et al. 2013). Chemokines contributed
to the development of morphine tolerance (Zhao et al. 2012)
and also induced loss of acute morphine analgesia (Rivat et al.
2013). There are several changes in spinal cord associated
with cancer-induced pain condition, including excitatory syn-
aptogenesis (Ke et al. 2013), activation of glial cells (Mao-
Ying et al. 2012), increasing of pro-hyperalgesic factors, and
chemokine upregulation (Hu et al. 2012; Suzuki et al. 2012;
Wang et al. 2012). In this study, we found that chemokine
CXCL10 was upregulated in spinal cord of CIBP rats. When
we blocked CXCL10 function with neutralizing antibody, the
antinociceptive effect of morphine was enhanced. This sug-
gested that the upregulation of CXCL10 induced by bone
cancer may play a negative role to the analgesia induced by
morphine. In the subsequent studies, we investigated the role of
CXCL10 in morphine-induced analgesia in normal mice. After
overexpression of CXCL10 by acute injection of rmCXCL10,
mice exhibited hyperalgesia immediately. This algesic effect of
CXCL10 was promised by coupling to CXCR3. Meanwhile,
injection of rmCXCL10 attenuated morphine analgesia. These
strongly support that CXCL10 is an algesic molecule and that
activation of CXCL10/CXCR3 signaling plays a negative
feedback role in the regulation of morphine analgesia.

Chemokine receptors are members of GPCR families. Gi
protein coupling chemokine receptor could activate Erk and
Akt signals and then mediated chemotaxis of T cells, prolif-
eration, and survival of immune cells (Koriejewska et al.
2011; Sanchez-Sanchez et al. 2004; Smit et al. 2003; Willox
etal. 2010). Moreover, chemokine-mediated tumor metastasis
also involves Gi protein. Inhibitor of Gi protein, PTX, could
inhibit SDF-1a-induced cancer cell adhesion and CXCL12-
mediated chemotactic responses of cancer cells (Akekawatchai
et al. 2005; Hidalgo et al. 2001). PTX-sensitive Gi protein also
participated in chemokine CCL2-induced CGRP release in the
DRG neurons and activation of primary sensory neurons
(Belkouch et al. 2011; Qin et al. 2005). These suggest that Gi
protein plays an important role in the chemokine-mediated
regulation of chronic pain and other pathological conditions.
However, there is still lack of direct evidence. In our study,
pretreatment with PTX blocked CXCL10-induced algesia in
mice. It can be concluded that CXCR3 coupling to Gi protein
contributed to the regulation of the pain induced by CXCL10.

Based on these data, we presume that there may be a cross-
talk between MOR and CXCR3. Activation of CXCR3 may
interfere with the function of p opioid receptor via rapid
heterologous desensitization, which subsequently attenuates
morphine analgesia. Another possible hypothesis is that acti-
vation of CXCR3 may block the downstream signals of p
opioid receptor, for example, activation of p38 MAPK-
mediated nuclear NF-kB activation. However, these hypoth-
eses need to be confirmed in further studies.

@ Springer



578

J Mol Neurosci (2014) 53:571-579

The findings of this study may have significant therapeutic
implications. As blocking CXCL10 function enhanced mor-
phine analgesia in CIBP rats and upregulation of CXCL10
induced algesia in normal mice, targeting at inhibiting the
function of CXCL10/CXCR3 may prove to be an effective
adjunctive strategy in cancer pain relief with morphine.
However, further studies need to be done to investigate more
details and the underlying mechanism of the cross-talk be-
tween chemokines and opioids.
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