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Purpose: Opioid tolerance remains a challenging problem, which limits prolonged drug
usage in clinics. Previous studies have shown a fundamental role of platelet-derived growth
factor receptor  submit (PDGFRf) in morphine tolerance. The aim of this study was to
investigate the mechanisms of spinal PDGFRJ activation in morphine tolerance.

Methods: Rats were treated with morphine for 7 days and the effect of drug was evaluated
by tail-flick latency test. By using Western blot and real-time PCR, the interaction between p
opioid receptor (MOR) and PDGFRJ in microglia activation, as well as related signaling
pathways during morphine tolerance were investigated.

Results: Chronic PDGFRp agonist could induce microglia activation in spinal cord and
decrease the analgesic effect of morphine. PDGFR inhibitor suppressed microglia activation
during the development of morphine tolerance. Furthermore, antagonizing MOR could effec-
tively inhibit the phosphorylations of PDGFRf and JNK. Blocking PDGFR had no influence on
JNK signaling, while JNK inhibitor could decrease the phosphorylation of PDGFR.
Conclusion: These results provide direct evidence that repeatedly activating MOR by
morphine could induce the transactivation of PDGFRf via JNK MAPK in spinal cord,
which leads to microglia activation during the development of morphine tolerance.
Keywords: mu opioid receptor, platelet-derived growth factor receptor p, microglia, INK

signaling, morphine tolerance

Introduction

Morphine is the most effective and frequently used analgesic for acute and chronic
pain. However, prolonged administration of morphine always leads to drug toler-
ance, in which a higher dose of morphine would be needed to achieve the same
analgesic effect. For decades, increasing studies have intended to explore the
mechanisms of morphine tolerance, including different signaling pathways,' opioid
receptor desensitization,” and specific endogenous neuropeptides.> However, more
efficient therapeutic strategies to prevent, attenuate, or reverse morphine tolerance
are still needed to be explored.

Microglia plays a significant role in neurodegenerative disorder, neuropathic pain,*
and spinal cord injury.5 During the development of morphine tolerance, microglia
could also be activated by various stimuli, such as opioid receptor agonist,” cytokines,’
and mitogen-activated protein kinases (MAPKs) signaling.® Previous studies showed
that platelet-derived growth factor receptor B submit (PDGFRJ) could be phosphory-
lated during chronic morphine treatment.” Although PDGF-BB could activate
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microglia through PDGFRP and produce tactile allodynia,”
whether there is a link between activations of microglia and
PDGFRB in the mechanism of morphine tolerance is still
unknown.

PDGFR is one of the receptor tyrosine kinases (RTKs)
which belong to the enzyme-linked receptors family. RTKs
have been reported to be involved in several cellular
processes including proliferation, differentiation, migra-
tion, and survival.'' Epidermal growth factor (EGF) is
another RTK.'? The transactivation of EGF receptor parti-
cipates in p opioid receptor (MOR)-mediated activation of
extracellular signal-regulated protein kinase."? Adaptive
changes in MOR and EGF receptor signal systems could
be both detected after chronic morphine treatment.'* The
evidence of PDGFRP phosphorylation by morphine'”
raises the possibility that PDGFRB might also interact
with MOR during the development of morphine tolerance.

In this study, we sought to investigate the interaction
between MOR and PDGFRP and their contributions to
microglia activation during the development of morphine
tolerance.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (220-240 g) were pur-
chased from Laboratory Animal Center, Tongji Medical
College, Huazhong University of Science and Technology.
A total of 174 rats were used in this study. Rats were housed
in a 22°C+0.5°C, relative humidity 40-60%, standard 12-
hour light/12-hour dark cycle, temperature- and humidity-
controlled environment with food and water ad libitum. All
experimental protocols and procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, and
experiments were carried out in accordance with the
National Institutes and Health Guidelines for the Care and
Use of Laboratory Animals.

Intrathecal Catheter Implantation

For drug administration, intrathecal catheter was implanted
using a lumbar approach, as described previously.'® The
sterile polyethylene tube (PE-10; outer diameter 0.5 mm,
inner diameter 0.3 mm; Anilab Software & Instruments,
China) filled with saline was inserted through L4/L5 inter-
vertebral space, and the tip of the tube was placed at the
spinal lumbar enlargement level. After surgery, rats were

individually housed, monitored postoperatively, and sub-
jected to infection management. A 7-day recovery period
was allowed before the following experiments. Correct
intrathecal catheter placement was verified by a temporary
motor block of both hind limbs after intrathecal injection of
10 pL of 2% lidocaine. Rats presenting with hind limb
paralysis or paresis after surgery were excluded and eutha-
nized by overdosed pentobarbital sodium.

Drug Administration

The drugs used in this study were prepared as follows.
Morphine hydrochloride (10 pg/5 pL, Shenyang First
Pharmaceutical Factory, China) and PDGFRp inhibitor
imatinib (10 pg/10 pL, LC Laboratories, USA)'® were
diluted in saline (Northeast Pharmaceutical Group, China),
respectively. Specific INK MAPK inhibitor SP600125 (50
ng/10 pL, MedChem Express, China)® and selective MOR
antagonist naloxone (10 pg/10 pL, Selleckchem, USA)'”
were dissolved in 20% dimethyl sulfoxide (DMSO, Sigma,
USA), respectively. PDGF-BB (10 pmol/10 pL, R&D
Systems, USA) was dissolved in PBS with 0.1% BSA."
Imatinib (10 pg), SP600125 (50 pg), or naloxone (10 pg)
was intrathecally injected 30 minutes before morphine
administration, respectively. PDGF-BB (10 pmol) was
intrathecally injected alone, then 10 pL of saline was used
to flush the catheter after intrathecal administration of
drugs.

Induction of Morphine Tolerance and

Behavioral Assessment

Rats were intrathecally administered with morphine (10 pg/5
pL, twice daily) for 7 days to induce chronic morphine toler-
ance. An equivalent volume of saline was administered to rats
in the control group at the same time points. To determine the
development of morphine tolerance, thermal pain thresholds
in rats were measured by a tail-flick latency test before drug
administration and 30 minutes after morphine administration
ondays 1, 3,5, and 7.16 The test was repeated three times with
an interval of 5 minutes and the mean of three trials was
considered as the final latency. The percentage of maximal
possible antinociceptive effect (%MPE) was calculated by
comparing the test latency before (baseline, BL) and after
drug administration (TL) using the following equation: %
MPE=[(TL-BL)/(cutoff time—BL)]x100. Rats were handled
under similar conditions and tested by a pain testing device

three times over a week before commencing experiments.
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Western Blots

Under deep anesthesia with 60 mg/kg of intraperitoneal
pentobarbital sodium, L3-L5 spinal cord segments of rats
were rapidly removed. Proteins were extracted from tissue by
using RIPA lysis buffer combined with a mixture of protei-
nase inhibitors.'® Protein concentration was measured by
using the bicinchoninic acid kit. Then 30 pg proteins from
each sample were separated on 10% SDS polyacrylamide
gel. Electrophoresis was conducted at 60 V constant voltage
for each gel. Then proteins were electro-transferred (250 mA,
30 or 120 minutes) to PVDF membranes (IPVHO00010,
Millipore, Billerica, MA, USA). The membranes were
blocked with 5% bovine serum albumin for 2 hours at
room temperature and incubated overnight at 4°C with
mouse anti-ionized calcium-binding adapter molecule 1
(Ibal) antibody (1:200; Santa Cruz, USA), rabbit anti-p-
JNK (Thr180/Tyr183) (1:1000; CST, USA), rabbit anti-phos-
pho-PDGFRS (1:1000; CST), rabbit anti-p-c-JUN (1:1000;
CST), or rabbit anti-GAPDH (1:2000; Aspen, China). After
being washed, the membranes were incubated with HRP-
conjugated goat anti-rabbit IgG (1:5000, Aspen) or HRP-
conjugated goat anti-mouse IgG (1:5000, Aspen) for 2
hours at room temperature. Proteins were finally detected
by SuperLumia ECL reagents (Abbkine, China) and a com-
puterized image analysis system (Bio-Rad, ChemiDoc
XRSC, USA). Image Lab software (Bio-Rad Laboratories)
was used to quantify the intensity of protein blots.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Under deep anesthesia with 60 mg/kg of intraperitoneal
pentobarbital sodium, L3-L5 spinal cord segments of rats
were rapidly removed and qRT-PCR was performed as
described previously.'® In brief, total RNA was extracted
from spinal cord using RNAiso Plus (Takara, Shiga, Japan)
according to the manufacturer’s instructions and the reverse
transcription procedure was performed to synthesize cDNA.
The mRNA expression was examined following the proto-
cols of SYBR Premix Ex Taq™ kit (Takara) on StepOne
Real-Time PCR System (Applied Biosystems, USA). Each
reaction was performed in triplicate. The mRNA expression
was normalized to GAPDH expression. Specific primers for
rat Ibal (Forward: 5'-CAGAAGCCAACTGGTCCCC-3%
Reverse: 5-TGTCATTAGAAGGTCCTCGGTC-3") and
housekeeping gene GAPDH (Forward: 5-CGCTAACAT
CAAATGGGGTG-3', Reverse: 5'-TGCTGACAATCTTGA
GGGAG-3') were obtained from GeneCopoeia Company

(USA). Relative quantification of mRNA was performed by
27 2ACt method.

Statistical Analysis

All data were expressed as mean+SEM. The sample num-
ber was selected based on the previous study that using
PDGFRp inhibitor imatinib could reverse morphine
tolerance.'” No data point was excluded from statistical
analysis in any experiments. All the groups for each
experiment signified independent values, and statistical
analysis was performed using these independent values.
Animal behavior data were analyzed by two-way repeated
measure ANOVA (treatment groupxtime) followed by
Bonferroni’s test. These post hoc tests were run only if
F-value achieved the level of statistical significance and
there was no significant variance inhomogeneity. The
results of qRT-PCR and Western blots were analyzed by
one-way ANOVA. P<0.05 was considered to be statisti-
cally significant. Statistical analyses were performed with
IBM SPSS 19.0 (IBM Corporation, USA) and figures were
drawn with GraphPad Prism 6 (GraphPad Software
Inc. USA).

Results
Chronic Morphine Administration

Activates Microglia in Spinal Cord

Rats were intrathecally administered with morphine
(10 pg/5 uL) or saline (5 plL) twice daily for 7 days
consecutively. Behavioral tests were conducted before
drug administration and 30 minutes after the last drug
administration on days 1, 3, 5, and 7. The results showed
that rats receiving morphine exhibited higher %MPE on
days 1 and 3 when compared to the saline-treated rats,
while there was no significant difference in %MPE level
between morphine-treated and saline-treated rats on days 5
and 7 (Figure 1A).

To investigate the effect of morphine on microglia acti-
vation, the expression of Ibal in spinal cord was examined.
Figure 1B and C show that the levels of Ibal mRNA and
protein in morphine-treated rats were increased when com-
pared to those in saline-treated rats.

PDGFR[ Mediates Microglia Activation
During the Development of Morphine

Tolerance
To investigate the effect of PDGFRJ activation on microglia,
rats were intrathecally administered with PDGF-BB (10
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Figure | Expression of Ibal in spinal cord of rats. (A) Thermal pain threshold of rats was assessed using the percentage of maximal possible antinociceptive effect (%MPE)
according to the tail-flick latency. The %MPE in rats receiving morphine (10 pg, twice daily, intrathecally) on days 5 and 7 were decreased compared with the baseline on day
|. ¥¥¥P<0.001, **%P<0.0001, vs NS rats. (B, C) The expressions of Ibal mRNA (B) and protein (C) were significantly increased in morphine-tolerant rats measured by real-

time PCR and Western blots, respectively. *P<0.01, vs NS rats. Values represent mean+SEM. n=6 in each group.
Abbreviations: NS, normal saline; MT, morphine tolerance; %MPE, the percentage of maximal possible antinociceptive effect.

pmol/10 uL) or PBS (10 uL) once daily for 5 days consecu-
tively. Behavioral tests were conducted before drug admin-
istration and 30 minutes after the last drug administration.
Figure 2A shows that PDGF-BB had no influence on the pain
threshold of rats. And the phosphorylation of PDGFRf and
expressions of Ibal in spinal cord were both increased in rats
receiving PDGF-BB (Figure 2B-D), compared to those in
PBS-treated rats.

We next investigated whether microglia activation induced
by PDGF-BB has any influence on the antinociceptive effect
of morphine. After intrathecal administration of PDGF-BB
(10 pmol/10 pL) or PBS (10 pL) once daily for 4 days
consecutively, rats were intrathecal injected with a single
dose of morphine on day 5. The %MPE in rats receiving
PDGF-BB and morphine was lower than that in rats receiving
PBS and morphine (Figure 2E).
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Figure 2 The effect of PDGFRp agonist PDGF-BB on Ibal expression. (A) PDGF-BB had no influence on %MPE of rats. (B—-D) The phosphorylation of PDGFRp (B) and the
expressions of Ibal mRNA (C) and protein (D) were significantly increased in rats received PDGF-BB measured by real-time PCR and Western blots, respectively. *P<0.05,
*P<0.01 vs PBS rats. (E) Rats were intrathecally injected with PDGF-BB or PBS once daily for 4 days, followed by a single dose of morphine on day 5. The %MPE in rats
receiving PDGF-BB and morphine was decreased. **P<0.01, vs PBS+Morphine rats. (F) The %MPE in rats receiving imatinib 30 minutes before morphine administration were
higher than those in morphine-tolerant rats from day 5 to 7. **P<0.01, vs Morphine+NS rats. (G) Pretreatment with imatinib inhibited the increased expression of Ibal
induced by morphine measured by Western blots. *P<0.05, vs NS+NS rats; #P<0.05, vs Morphine+NS rats. Values represent mean+SEM. n=6 in each group.
Abbreviations: NS, normal saline; PBS, phosphate buffered saline; %MPE, the percentage of maximal possible antinociceptive effect.
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To verify the effect of PDGFRJ activation on microglia
in morphine tolerance, rats were intrathecally injected with
PDGFRB inhibitor imatinib (10 pg/10 pL) 30 minutes before
morphine administration for 7 days. A single dose of imatinib
did not affect the antinociceptive effect of morphine onday 1,
while consecutive administration of imatinib could signifi-
cantly attenuate the development of morphine tolerance
(Figure 2F). Besides, the increased expression of Ibal in
spinal cord induced by morphine was inhibited by imatinib
pretreatment (Figure 2G).

Repeatedly Activating MOR Promotes
PDGFRp Activation via JNK MAPK in

Morphine Tolerance

To investigate the interaction between MOR and PDGFR,
rats were intrathecally injected with MOR antagonist
naloxone (50 pg/10 puL) 30 minutes before morphine
administration for 7 days. The %MPE in rats treated with
naloxone and morphine was higher than those in mor-
phine-tolerance rats from day 5 to 7 (Figure 3A). The
phosphorylation of PDGFR and the increased expression
of Ibal induced by morphine were both inhibited by
naloxone (Figure 3B and C).

To explore the mechanism of MOR-mediated PDGFRf
activation, we then examined the expression of JNK in
spinal cord. Figure 4A shows that the phosphorylation of
JNK induced by morphine was inhibited by naloxone
when compared to that in morphine-tolerant rats.

Next, rats were intrathecally injected with SP600125
(50 pg/10 pL, twice daily), a specific inhibitor of JNK, 30
minutes before morphine administration for 7 days.
SP600125 had no effect on baseline tail-flick responses of
rats and did not affect the antinociceptive effect of morphine
on day 1. While consecutive administration of SP600125
could significantly attenuate the development of morphine
tolerance (Figure 4B). SP600125 inhibited the increased
expressions of p-c-Jun and Ibal induced by morphine
(Figure 4C and E), as well as the phosphorylation of
PDGFR (Figure 4D).

A previous study reported that activation of PDGFRf
could induce vascular proliferation via JNK MAPK.'® To
investigate whether PDGFRp has any influence on JNK in
morphine tolerance, rats were treated with imatinib (10 pg/
10 pL) 30 minutes before morphine administration for 7
days. Figure 4F shows that the increased p-JNK induced
by chronic morphine treatment was not affected by imati-
nib pretreatment.

Discussion

In this study, we found that spinal microglia was activated
by chronic morphine treatment or PDGF-BB injection.
Inhibiting PDGFRP could suppress the activation of
microglia. Moreover, the activations of PDGFRf and
microglia induced by morphine could be inhibited by
MOR antagonist or JNK inhibitor. Taken together, our
results provide direct evidence that repeatedly activating
MOR by morphine could induce the transactivation of
PDGFRJ via JNK MAPK, which leads to microglia acti-
vation in morphine tolerance.

Morphine exerts its antinociceptive effect mainly through
binding to MOR. The roles of MOR desensitization and
endocytosis in morphine tolerance have been well reported.-
219" A broad range of central nuclei are involved in the
mechanisms of morphine tolerance, including locus coeru-
leus, paragigantocellularis, ventral tegmental areas, etc. The
activity of specific endogenous neuropeptides has recently
been found to be critical in regulation of opioid tolerance
within both spinal and supraspinal areas.® Moreover, the
mechanism in spinal level play an essential role in morphine
tolerance. Microglia in spinal cord could be activated by
long-term morphine exposure,”’ and participates in the
development of morphine tolerance via releasing nitric

2 and tumor necrosis

oxide,”! proinflammatory cytokines,”
factor-a.® Furthermore, MOR can mediate the modulation
of microglia activity through the AKT/KATP/ERK/HSP70
pathway in morphine tolerance.® A similar phenomenon was
detected in our study that chronic morphine treatment
increased spinal microglia activation, which could be sup-
pressed by MOR antagonist. These provided fundamental
information for the following experiments in this study.
PDGEF is involved in the development of bone cancer
pain through AKT-ERK signaling pathway.”* Recently,
PDGFRS in spinal cord is activated after chronic morphine
administration, and antagonizing PDGFRp could reverse
morphine tolerance.'®> Here, we explored the intrinsic
mechanism of this phenomenon and provided the first
evidence of the contribution of PDGFRf to microglia
activation in morphine tolerance. PDGF-BB could induce
tactile allodynia by mediating spinal microglia.'® A pre-
vious study has reported that inhibiting PDGFR had an
anti-inflammatory effect.”> It has been widely accepted
that neuroinflammation plays a key role in pathophysiolo-
gical processes in the central nervous system. Moreover,
neuroinflammation caused by microglia activation is an

important mechanism of morphine tolerance.?? Our results
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Figure 3 The effect of MOR antagonist naloxone on activations of PDGFRB and microglia. (A) The %MPE in rats receiving naloxone 30 minutes before morphine
administration were higher than those in morphine-tolerant rats from day 5 to 7. *P<0.05, **P<0.001, vs Morphine+DMSO rats. (B, C) Pretreatment with naloxone
inhibited the phosphorylation of PDGFRp (B) and the increased expression of Ibal (C) induced by morphine measured by Western blots. *P<0.05, *¥P<0.01, vs NS+DMSO
rats; "P<0.05, vs Morphine+DMSO rats. Values represent mean+SEM. n=6 in each group.

Abbreviations: NS, normal saline; DMSO, dimethyl sulfoxide; %MPE, the percentage of maximal possible antinociceptive effect.

indicate that PDGFp-mediated microglia activation, which
leads to the occurrence of neuroinflammation in the spinal
cord, might be a novel mechanism of morphine tolerance.

PDGFR is one of receptor tyrosine kinases (RTKs),
and many studies have investigated the interaction
between receptor tyrosine kinases (RTKs) (ie, EGFR and
PDGFR) and G protein-coupled receptors (GPCRs) (ie,
MOR, NMDAR, and dopamine receptor).”**® The trans-
activation of MOR to PDGFR had a compounding effect
on angiogenic signaling in mouse retinal endothelial cells.-
26 The co-activation between MOR and PDGFR( in the
kidney was also found in sickle mice.?” Given the influ-
ences of MOR and PDGFRJ on microglia, we speculated
that the activations of MOR and PDGFRf during the
development of morphine tolerance might share a similar
molecular mechanism. Moreover, in addition to the activa-
tion of PDGFRp induced by morphine, MOR antagonist

inhibited PDGFRJ phosphorylation induced by chronic
morphine administration. These results confirm that
PDGFRp could be transactivated by MOR, which med-
iates microglia activation in morphine tolerance. Since our
preliminary study found that phosphorylated PDGFRf was
co-localized with microglia marker Ibal and neuronal
marker NeuN in the spinal cord after chronic morphine
treatment (Feng Gao et al, unpublished data), the interac-
tion between MOR and PDGFR[} might be an intracellular
and/or intercellular effect.

JNK is the intracellular mediator of morphine analgesia
after MOR activation. The roles of the MAPKSs family were
confirmed in the mechanism of morphine tolerance.'* In our
study, the JNK inhibitor attenuated the development of mor-
phine tolerance, and JNK phosphorylation could be inhibited
by naloxone, indicating the participation of JNK in MOR-
mediated morphine tolerance. In addition, the JNK inhibitor
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Figure 4 Involvement of JNK signaling in MOR-induced PDGFRp activation in morphine tolerance. (A) Pretreatment with naloxone 30 minutes before morphine
administration inhibited the phosphorylation of JNK induced by morphine measured by Western blots. **P<0.01, vs NS+DMSO rats; #P<0.05, vs Morphine+DMSO rats.
(B) The %MPE in rats receiving JNK inhibitor SP600125 30 minutes before morphine administration were higher than those in morphine-tolerant rats from day 5 to 7.
*#P<0.01, vs Morphine+DMSO rats. (C—E) Pretreatment with SP600125 reduced increased expressions of p-c-Jun (C), p-PDGFRp (D), and Ibal (E) induced by morphine
measured by Western blots. *P<0.05, *¥P<0.001, vs NS+DMSO rats; #P<0.05, #P<0.01, vs Morphine+DMSO rats. (F) Pretreatment with imatinib had no influence on the

increased expression of p-JNK induced by morphine measured by Western blots. **P<0.01, vs NS+NS rats. Values represent mean+SEM. n=6 in each group.
Abbreviations: NS, normal saline; DMSO, dimethyl sulfoxide; %MPE, the percentage of maximal possible antinociceptive effect.

reduced the activation of PDGFRJ induced by chronic mor-
phine treatment, while JNK phosphorylation was not affected
by PDGFR} inhibitor, indicating the regulatory effect of INK
on PDGFR. JNK participates in the activation of RTKs
signaling cascade'” and also PDGFR-mediated cellular pro-
liferation, migration, and gene expression.'® JNK activation
could up-regulate the expression of PDGFR in drosophila.”’
In rat brain astrocytes, transactivation of PDGFR dependents
on activated c-Src,*® which could be regulated by JNK.*'
Taken together, INK might be the mediator of the transacti-
vation of PDGFRP in morphine tolerance. However, the
source of endogenous PDGFRp agonist'> and the mechanism
of PDGFR-mediated microglia activation in morphine tol-
erance still need to be further explored. Besides the effect of
JNK, we cannot exclude the existence of heterodimers
between MOR and PDGFRp.

Conclusion

Our study provides the first evidence that activated MOR
could increase the activity of microglia through PDGFRf
transactivation during the development of morphine tolerance,

and JNK MAPK might participate in the initiation of PDFGRf}
activation. These findings enrich the mechanisms of interac-
tion between MOR and PDGFRJ, and implicate a significant
therapeutic strategy in prophylactically inhibiting morphine
tolerance. However, further studies are needed to elucidate
detailed interaction between these receptors.
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