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Background: Long-term use of morphine induces antinociceptive tolerance and limits its
clinical efficacy. Neuroinflammation in the spinal cord is thought to play a pivotal role in the
development of morphine tolerance. Toll-like receptor 4 (TLR4) and P2X7 receptor (P2X7R)
are key modulators of neuroinflammation. Recent studies show that the Nod-like receptor
protein 3 (NLRP3) inflammasome play a crucial role in microglia-mediated neuroinflamma-
tion. Thus far, the mechanism underlying NLRP3 inflammasome activation during morphine-
induced tolerance is not yet fully understood. Therefore, we sought to investigate the
mechanisms of NLRP3 inflammasome activation and its role in the development of mor-
phine-induced tolerance.

Methods: Repeated morphine treatment through intrathecal injection (15 pg once daily for 7 days)
was given to establish antinociceptive tolerance in mice. Tail-flick latency was used to evaluate
morphine-induced antinociception. NLRP3 knockout mice were used to assess the role of NLRP3
inflammasome in morphine tolerance. TLR4 knockout mice and A438079, a P2X7R antagonist,
were used to assess the role of TLR4 and P2X7R in chronic morphine-induced NLRP3 inflamma-
some activation. Western blot and immunofluorescence were used for quantitative comparison.
Results: Repeated morphine treatment increased the expression of NLRP3. Knockout of
NLRP3 attenuated morphine-induced tolerance and suppressed morphine-induced activation
of microglia. Knockout of TLR4 alleviated morphine tolerance and chronic morphine-
induced upregulation of spinal NLRP3. Inhibition of spinal P2X7R with A438079 not only
prevented the development of morphine-induced tolerance but also inhibited repeated mor-
phine treatment-induced upregulation of spinal NLRP3. Furthermore, spinal NLRP3, TLR4
and P2X7R were collectively colocalized with the microglia marker Ibal.

Conclusion: This study demonstrates that the NLRP3 inflammasome in microglia plays
a crucial role in morphine tolerance and that both TLR4- and P2X7R-dependent pathways
are required for NLRP3 inflammasome activation over the course of the development of
morphine-induced tolerance. Our results provide a new perspective for the targeted treatment
of morphine-induced tolerance.
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Introduction
Morphine, as a classic opioid analgesic, is a mainstay in the management of
moderate to severe pain throughout the world. However, the long-term use of
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morphine causes antinociception tolerance and reduces its
clinical efficacy. The mechanisms associated with mor-
phine tolerance are complicated, including the down-
regulation and internalization of opioid receptors,' the
ion channels,” and the activation of excitatory amino acid
receptors,” and others. Recently, microglia have emerged
as a key target for morphine-induced antinociceptive tol-
erance. Studies showed that microglia play an important
role in the development and maintenance of morphine-
induced antinociceptive tolerance,” and administration of
microglial inhibitors may significantly reduce morphine-
induced tolerance.””’ However, the key cellular substrates
and processes that increase microglial reactivity in
response to opioid treatment remain an important unre-
solved question.

The Nod-like receptor protein 3 (NLRP3) inflamma-
some has been demonstrated to be crucial for the regula-
tion of microglia-mediated neuroinflammation.®® It
consists of a cytosolic multiprotein complex, composed
of NLRP3,
(ASC), and procaspase-1, and can be activated by a wide

apoptosis-associated speck-like protein
range of exogenous and endogenous stimuli.'” The activa-
tion of the NLRP3 inflammasome involves a two-step
process. The priming signal (signal 1) is at the transcrip-
tional level. Stimuli such as toll-like receptors ligands'’
activate the transcription factor NF-xkB and enhance the
transcription of NLRP3 and interleukin 1 Beta (IL-1p). The
activation signal (signal 2) promotes the oligomerization
of NLRP3 with ASC and pro-caspase 1, and subsequently
leads to the conversion of pro-IL-1p to IL-1B. Adenosine
triphosphate (ATP),'> K* ionophores,'* and other factors'*
are reported to participate in signal 2. It was reported that
the inhibition of the NLRP3 inflammasome suppressed the
activation of microglia and alleviated morphine antinoci-
ception tolerance.'> However, the mechanism underlying
NLRP3

induced antinociceptive tolerance is

inflammasome activation during morphine-
not yet fully
understood.

Toll-like receptor 4 (TLR4), as an anti-inflammatory
pattern-recognition receptor, contributes to the develop-
ment of morphine tolerance.'®!” Both in vivo and
in vitro studies have confirmed that the proinflammatory
effects of repeated morphine were mediated by TLR4 in
microglia and astrocytes." Morphine binds to myeloid
differentiation protein 2 (MD-2), an accessory protein of
TLR4, and mediates the activation of microglia, result-
ing in the robust release of inflammatory cytokines,
including tumor necrosis factor (TNF), IL-1p, and

Interleukin 6 (IL-6).'®' In addition, systemic TLR4

antagonists tolerance.'®

20,21

attenuate morphine-induced
Furthermore, in other inflammatory disease models,
TLR4 acts as the upstream of NLRP3 inflammasome.
Therefore, we assessed whether the activation of the
NLRP3 inflammasome is dependent on TLR4 during
the development of morphine-induced antinociceptive
tolerance.

The P2X7 receptor (P2X7R) is an ATP-gated nonse-
lective cation channel receptor that has have been demon-
strated to play key roles in numerous inflammatory
diseases of the central nervous system.””* A recent
study demonstrated that repeated morphine treatment
potentiates P2X7R expression and function in microglia,
and that the Ysgy.354 site in the P2X7R intracellular
C-terminal domain gates morphine antinociception
tolerance.”> When the ATP binds to P2X7R, the ion chan-
nel on the cell membrane opens and leads the influx of Na"
and Ca®" and the efflux of K™** Interestingly, K™ efflux,
Ca”" mobilization, and Na* influx are implicated in acti-
vating the NLRP3 inflammasome.”> Hence, we sought
here to investigate the relationship between P2X7R and
NLRP3 inflammasome activation in the development of
morphine-induced antinociceptive tolerance.

In this study, we investigated the role of the NLRP3
inflammasome in the development of morphine-induced
antinociception tolerance. We also evaluated the effect of
TLR4 and P2X7R in inflammasome activation during the
development

of  morphine-induced antinociceptive

tolerance.

Materials and Methods

Animals

Male C57BL/6 mice (8-10-weeks-old; 20-25 g) were
purchased from Fudan University Medical Animal
Center, Shanghai, China. NLRP3 knockout mice and
TLR4 knockout mice were obtained from Dr. Xu at
Shanghai East Hospital and bred in our lab. Control mice
in each test consisted of age-matched littermates of the
knockout animals. Mice were housed such that they were
5 per cage and maintained in animal care quarters at
a temperature of 23 + 2°C, with a relative humidity of
55 £ 5%, and according to a 12-hour light/dark cycle.
Food and water were freely available. The protocol was
approved by the Animal Care and Use Committee of the
Shanghai Sixth People’s Hospital Affiliated to Shanghai
[SYXK (Shanghai, China)
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2011-0128, January 1, 2011] and followed the ARRIVE
guidelines for reporting experiments involving animals.?®
All animals were treated humanely, and all efforts were
made to minimize animal suffering and the number of
experimental animals.

Drugs and Injections

Morphine hydrochloride (Shenyang First Pharmaceutical
Factory, China) was diluted with saline (Baxter
Healthcare, USA), and injected (15 pg in 5 pL, i.t.) daily
for 7 days. To test the role of P2X7R in morphine-induced
antinociceptive tolerance, A438079, the P2X7R antagonist
(A9736, Sigma-Aldrich, USA), was dissolved with 25%
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) and
injected (80 mg/kg, i.p.) 30 min before each morphine
administration.?” Thirty minutes after the injection, mor-
phine-induced antinociception was assessed. On day 8, the
dose-responses of morphine were determined. Increasing
doses of morphine (1, 2, 4, 8.16, 32 ug) were injected
intrathecally every 1 h, and nociception was assessed
30min after drug administration using a tail-immersion
test. When maximal anti-nociception was obtained, the
process was stopped.

Behavioral Nociceptive Assay

A behavioral assay was performed 30 min after morphine
administration by the tail-immersion test every morning
during the treatment course. In brief, the mouse was gently
restrained and 2-3 cm of the tip of the tail was submerged
in the water bath, which was temperature at 52.5 + 0.5 °C
by a thermostatic regulator (Shanghai Thermo Factory
Co., China). A 10-second cut-off value was set to avoid
tissue damage. The latency of the tail withdrawal was
recorded. Baseline latencies were measured before the
daily treatment.

Western Blotting

After 7 consecutive days of drug treatment, mice were
sacrificed under an overdose of pentobarbital intraperito-
neal injection (50 mg/kg. i.p.), and the lumber section of
the spinal cords were rapidly removed and homogenized in
ice-cold RIPA buffer (Thermo Fisher Scientific, USA)
supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific, USA). The lysates were then
centrifuged at 12,000x g for 15 min at 4°C to isolate the
proteins. The protein concentrations of the samples were
determined with a BCA protein assay kit (Beyotime,
China). Samples containing 50 pg protein were denatured

by heating at 95°C for 5 min, separated on 10% SDS—
polyacrylamide gels, and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, USA). The mem-
branes were blocked with 5% non-fat milk in Tris-buffered
saline with Tween (TBST) for 2 h at room temperature and
incubated overnight at 4°C with the following primary
antibodies: Recombinant Rabbit polyclonal NLRP3 anti-
body (ET1610-93, 1:1000, HuaBio, China); mouse poly-
clonal TLR4 antibody (sc-293,072,1:1000, Santa Cruz,
USA); rabbit polyclonal P2X7 antibody (P8232, 1:500,
Sigma-Aldrich, USA); mouse anti-B-actin (EM2001-07,
1:5000, HuaBio, China); mouse monoclonal GAPDH
(EM1101, 1:5000, HuaBio, China). After washing with
TBST, the membranes were incubated for 1 h at room
temperature with horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse IgG secondary antibody (1:5000,
HuaBio, China). Next, the protein bands were detected by
Image Quant Ai600 (General Electric Co., USA) with an
enhanced ECL substrate (Thermo Fisher Scientific). The
results were analyzed and quantified using Imagel soft-
ware (version 2.0.0, USA).

Immunofluorescence

After 7 consecutive days of drug treatment, the mice were
anaesthetized with pentobarbital (50 mg/kg, i.p.) and trans-
cardially perfused with 4% cold paraformaldehyde, after
which the lumbar spinal cords were excised and fixed in
4% paraformaldehyde overnight. Next, the spinal cords
were immersed in ascending sucrose solutions (10%,
2030%) overnight for dehydration, then cut into 15-um
sections with a cryostat. Next, frozen sections were incu-
bated in blocking solution with 10% goat serum for 2 h at
room temperature and incubated overnight at 4°C with the
following primary antibodies: mouse polyclonal NLRP3
antibody (AG20B-0014-C100, 1:200, AdipoGen, USA);
mouse polyclonal TLR4 antibody (sc-293,072, 1:200,
Santa Cruz, USA); rabbit polyclonal P2X7 antibody
(P8232, 1:50, Sigma-Aldrich, USA); rabbit polyclonal
Ibal Antibody (019-19,741, 1:200, Wako, Japan); mouse
monoclonal Ibal antibody (RT1316, 1:200, HuaBio,
China) with the tissue sections in 1% normal goat serum
and 0.01% Triton-X-100 (Sigma-Aldrich, USA). The sec-
tions were then washed and incubated with appropriate
fluorescent secondary antibodies (1:500, Alexa Fluor 488
or 567; Invitrogen, USA) for 1 h at room temperature.
Next, the sections were incubated with DAPI (F6057,
Sigma-Aldrich, USA) for 5 min. Images were acquired
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using a confocal microscope (FV1000; Olympus, Tokyo,
Japan).

Statistical Analysis

All data are presented as the mean + SEM and were
analyzed with GraphPad Prism 7 (GraphPad Software,
San Diego, CA, USA). The behavioral latencies were
expressed as a percentage of the maximum possible effect
(%MPE), defined as: %MPE= 100x(response latency-
baseline latency)/(cut-off time-baseline latency). Tail-flick
latencies were analyzed using a two-way (time and treat-
ment) analysis of variance (ANOVA), followed by Tukey’s
test for multiple comparisons. Unpaired Student’s t-tests
were used for comparisons between two groups. The ana-
lysis of immunoreactivity was carried out using a one-way
ANOVA. For presentation of all statistical analyses, ***
indicates p < 0.001, **p < 0.01, *p < 0.05, and p < 0.05
was considered to indicate statistical significance.
Observers who performed the behavioral tests, protein
quantitation and all data analysis were blinded to group

allocation.

Results
Repeated Morphine Treatment Induced
Antinociceptive Tolerance Accompanied
by an Upregulation of NLRP3 and
Microglial Activation

Repeated administration of morphine (15 pg, i.t.) daily for
7 days (Figure 1A) induced an obvious antinociceptive
tolerance (Figure 1C; ANOVA with Tukey’s test, F(1,
20) = 874.6; day 1:+30 min (MOR group) vs day 7:+30
min (MOR group); p < 0.0001). The tail-flick latency was
tested before and 30 min after intrathecal injection.
Treatment with morphine induced an acute increase in tail-
flick latency. However, this antinociceptive effect was
reduced after repeated intrathecal morphine injections
1B). In group,

a significant increase in NLRP3 protein expression within

(Figure the morphine there was
the lumbar spinal cord (Figure 1D; unpaired z-test, t=3.4;
p = 0.0068, compared with the group).
Additionally, the staining data

showed that the microglia were activated (with Ibal as

control

immunofluorescence

a microglia marker) in the lumbar spinal cord of the
morphine group (Figure 1E; unpaired #-test, t=6.289;
p <0.001, compared with the control group).

NLRP3 Depletion Prevented the
Development of Tolerance Induced by
Chronic Morphine Treatment and
Suppressed the Activation of Microglia

NLRP3 knockout mice were used to assess the effect of
NLRP3 inflammasome in morphine tolerance. Genotyping
and Western blotting demonstrated the knockout efficacy
of NLRP3 (Figure 2A and B). Compared with the wild-
type (WT) mice, an improved potent analgesic effect of
morphine was observed in the NLRP3 KO mice through-
out the 7 days of treatment (Figure 2C). On day 7, mor-
phine antinociception was significantly attenuated in the
WT group (Figure 2D; unpaired #-test, t = 29.78 p <
0.0001 compared with day 1), while the analgesic potency
of morphine was retained on day 7 in NLRP3 KO mice
(Figure 2D; unpaired ¢-test, t = 5.574, p=0.0003 compared
with the WT+morphine group). In addition, the %AMPE
between days 1 and 7 showed that the morphine-induced
tolerance was prevented in the NLRP3 KO group (Figure
2E; ANOVA with Tukey’s test, F(3,20) = 204.7; p <
0.0001, compared with the WT + morphine group).

To further assess the effect of the NLRP3 inflamma-
some on microglial activation in morphine tolerance, we
examined the co-localization of NLRP3 with Ibal (an
indicator of microglia activation) by immunofluorescence
(Figure 2F). Double staining of NLRP3 and Ibal predo-
minantly confirmed this co-localization, thereby support-
ing the fact that NLRP3 was expressed in the activated
microglia in the spinal cord of mice who had developed
a certain degree of morphine tolerance (Figure 2G;
ANOVA with Tukey’s test, F(2,18) = 111.9, p <0.0001
compared with the WT+saline group). Furthermore, in
NLRP3 KO plus morphine treatment mice, the number
of NLRP3- and Ibal-positive cells was significantly
decreased (Figure 2G; ANOVA with Tukey’s test, F
(2,18) = 111.9; p <0.0001 compared with the WT+mor-
phine group).

TLR4 Knockout Decreased the
Activation of the NLRP3 Inflaimmasome
During the Development of Morphine

Tolerance

To investigate the role of TLR4 in NLRP3 inflammasome
activation during the development of morphine-induced anti-
nociceptive tolerance, we used a line of TLR4 knockout
mice. The knockout of TLR4 was confirmed by genomic

submit your manuscript

574

Dove

Journal of Inflammation Research 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Wang et al

-+ CON
A B - MOR
121
Morphine/Saline 15ug/day i.t @
h ‘5’,10- H I
= 84 h ]
ooy sl ]
ay 5 S |
ay 2 3 4 5 6 7 £ o ':' :: ", ’I
= 1
Threshold E o ,"' ; i / ,1
S ! H / / / ]
1
Eol 0 Y /I
/ /
BL 30Mins — ha a  m E E
* BL+30BL+30BL+30BL+30BL+30BL+30BL+30
Dayl Day2 Day3 Day4 Day5 Day6 Day7
C D CON MOR
CON
MOR —— e s —
L NLRP3 -— e s
2 1204 ik
s GAPDH S R R 30
S 1001 s
H
£ 804 _
.g = 2.5+ *ok
g 604 S
= S
£ © 2.04
5 404 N
@ <
= =
= 204 E 15
? : 1.0
= o , ’ i
Dayl: +30min  Day7: +30min £ 0.5-
e
Z 0.0
CON MOR
seskeok
80+
e
@
t
60+
B 2%
E
24"
£
g
201
<
=
0-
CON MOR

Figure | Repeated morphine treatment induced antinociceptive tolerance accompanied by an upregulation of NLRP3 and the activation of microglia. (A) Schematic
representation of the experimental timeline. Mice received morphine (I5 pg, i.t.) or normal saline (NS) (15 pL, i.t.) daily for 7 days. On each day, the baseline thermal
threshold (BL) before treatment and a threshold of 30 min (+30 min) after treatment were tested by a tail-immersion test. (B) The withdrawal latency in the tail-immersion
test before and 30 min after treatment. (C) The %MPE of mice treated with saline (CON) and morphine (MOR) on day | and day 7, **p < 0.001. (D) Expression of NLRP3
of mice treated with saline and morphine. Columns and errors are presented as mean + SEM. n = 6, **p<0.01. (E) Immunofluorescence of Ibal (red) in the dorsal horn of
the spinal cord of mice treated with saline (CON) and MOR. Scale bar = 50 um. Columns and errors are presented as mean * SEM; n = 7, **p<0.001.

polymerase chain reaction and Western blotting (Figure 3A
and B). TLR4 depletion greatly suppressed the chronic mor-
phine-induced expression of NLRP3 (Figure 3C; ANOVA
with Tukey’s test, F(2,9) = 69.43, TLR4 KO + morphine vs
WT + morphine: p = 0.0042), while TLR4 knockout alone
did not induce NLRP3 expression changes (Figure 3C).
TLR4 depletion also prevented the development of mor-
phine-induced antinociceptive tolerance. Morphine showed

a more potent analgesic effect in TLR4 KO mice than in WT
mice throughout the 7 days (Figure 3D). On day 7, morphine-
induced antinociception was significantly attenuated in WT
mice (Figure 3E; unpaired #test, t = 34.03; p < 0.0001
compared with day 1: +30 min), while the analgesic potency
of morphine was still powerful in TLR4 KO mice (Figure 3E;
unpaired #-test, t = 11.7; p<0.0001 compared with the WT +

morphine group).

575

Journal of Inflammation Research 2020:13

submit your manuscript

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

Figure 2 Depletion of NLRP3 prevented the development of tolerance induced by chronic morphine treatment and suppressed the activation of microglia. (A) NLRP3
genotyping. (B) Western blot showing NLRP3 expression in the spinal cord in littermate controls and NLRP3 KO mice. (C) The withdrawal latencies of NLRP3 KO and wild-
type (WT) mice before and 30 min after morphine treatment. (D) The %MPE of WT and KO mice treated with morphine on days | and 7. Columns and errors are
presented as mean * SEM; n = 6, **p<0.01. (E) The %AMPE of WT and KO mice treated with saline or morphine from days | to 7. *p < 0.01. (F and G) NLRP3 (red)
colocalization with Ibal (green) in the dorsal horn of the spinal cord of littermate controls and NLRP3 KO mice treated with saline or morphine. Scale bar = 50 pm.
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Figure 3 Depletion of TLR4 prevented the development of morphine antinociceptive tolerance and inhibited the morphine-tolerant-induced upregulation of NLRP3. (A)
TLR4 genotyping. (B) Western blot results showing TLR4 expression in the spinal cord of littermate controls and TLR4 KO mice. (C) Western blot showing NLRP3
expression in the spinal cord of littermate controls and TLR4 KO mice treated with saline or morphine. Columns and errors are presented as mean + SEM; n = 6, *p<0.01,
*¥p < 0.001. (D) The withdrawal latencies of TLR4 KO and wild-type (WT) mice before and 30 min after morphine treatment. (E) The %MPE of WT and KO mice treated
with morphine on days | and 7. Columns and errors are presented as mean * SEM; n = 6, **¥p<0.001.

Spinal P2X7 Receptor Inhibition
Alleviated the Activation of the NLRP3
Inflalmmasome During the Development

of Morphine Tolerance

In order to assess the role of the P2X7 receptor in NLRP3
inflammasome activation during the development of mor-
phine-induced antinociceptive tolerance, we used
A438079, an antagonist of the P2X7 receptor, to inhibit
P2X7 receptors. In the morphine group, chronic morphine
induced an significant increase in P2X7 receptor protein
expression within the lumbar spinal cord, and A438079

suppressed the morphine-induced expression of P2X7

receptors (Figure 4A and B; ANOVA with Tukey’s test,
F(3,20) = 35.5, CON vs MOR: p <0.0001; MOR vs A +
MOR: p <0.0001). A438079 suppressed the morphine-
induced expression of NLRP3 and A438079 alone did
not alter NLRP3 expression (Figure 4A and B; ANOVA
with Tukey’s test, F(3,20) = 6.322, MOR vs A+MOR:
p =0.006). Simultaneously, A438079 prevented the devel-
opment of chronic morphine-induced anti-nociceptive tol-
erance. Morphine showed a more potent analgesic effect in
the A+MOR group than in the MOR group (Figure 4C).
On day 7, morphine-induced antinociception was signifi-
cantly attenuated in the morphine group (Figure 4D;
unpaired #-test, t = 43.28; p < 0.0001 compared with day
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Figure 4 A438079 prevented the development of morphine antinociceptive tolerance and inhibited the morphine-tolerant-induced upregulation of NLRP3. (A) Western
blot showing the expression of P2X7R and NLRP3 in the spinal cord of mice treated with saline (CON), morphine (MOR), A438079+morphine (A+MOR) and A438079. (B)
Columns and errors are presented as mean + SEM; n = 6, *p<0.01, ***p < 0.001. (C) The withdrawal latencies of WT mice treated with morphine, A438079+morphine or
25%DMSO+Morphine before and 30 min after morphine treatment. (D) The %MPE of WT mice treated with morphine or A438079+morphine on days | and 7. Columns
and errors are presented as mean * SEM; n = 6, ***p<0.001. (E) Repeated morphine treatment produced a significant rightward shift in the morphine dose-response curve
on day 8. A438079 pretreated mice showed elevated response to morphine, and morphine response curve was shifted to the left. The IDsq of morphine in mice treated with
morphine and treated with A438079+morphine on day8 were 29.04 ug and 7.254ug (n=6). (F) P2X7R (red) colocalization with Ibal (green) in the dorsal horn of spinal cord

of WT mice treated with morphine.

1:+30 min), while the analgesic potency of morphine was
retained in the A+MOR group (Figure 4D; unpaired #-test,
t = 4.79, p=0.0007 compared with the MOR group).
On day 8, mice pretreated with A438079 showed elevated
response to morphine and prevented the rightward shift of
the morphine dose-response curve (Figure 4E; n=6).

Double-labelling fluorescence staining demonstrated the
colocalization of the P2X7 receptor with Ibal, which con-
firmed that, just like the NLRP3 inflammasome, the P2X7
receptor was also expressed in the activated microglia in
the spinal cord of mice during the development of mor-
phine-induced antinociceptive tolerance (Figure 4F).
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Discussion

In this study, we demonstrated that NLRP3 protein levels
increased, accompanied by microglial activation, over the
course of morphine tolerance development. NLRP3 knock-
out markedly potentiated the analgesic effects of morphine
and inhibited the activation of microglia evoked by
a chronic morphine treatment. These findings clearly indi-
cated that the NLRP3 inflammasome in microglia plays
a crucial role in morphine-induced antinociceptive toler-
ance. Next, TLR4 knockout was found to exert an inhibi-
tory effect on the development of morphine-induced
antinociceptive tolerance, as well as chronic morphine-
induced spinal NLRP3 expression. Furthermore, we showed
an increased expression of spinal P2X7 receptors after the
development of chronic morphine-induced antinociceptive
tolerance. Inhibition of spinal P2X7 receptors not only
decreased chronic morphine-induced antinociception toler-
ance and the expression levels of P2X7 receptors but also
rectified the increase in spinal NLRP3 expression levels
during the development of morphine-induced antinocicep-
tive tolerance. Spinal TLR4 or P2X7 receptor-dependent
signaling-induced NLRP3
microglia contributes to the development of morphine-

inflammasome activation in

induced antinociceptive tolerance.

The NLRP3 inflammasome is abundantly expressed in
the central nervous system (CNS) and acts to detect harmful
substances or irregularities.”*’ An activated NLRP3 inflam-
masome leads to the activation of caspase-1, which subse-
quently promotes the maturation of IL-1p and interleukin-18
(IL-18). IL-1B and IL-18 further trigger inflammatory
responses through a complex array of downstream signaling
pathways, leading to a  vicious cycle of
neuroinflammation.**! Neuroinflammation has been heavily
implicated in the formation of morphine-induced antinoci-
ceptive tolerance.*” Inhibiting NLRP3 signaling to decrease
neuroinflammation has been reported to alleviate morphine-
induced antinociception tolerance in previous studies®>~*
Furthermore, with regard to neuropathic status, miR-223 has
been reported to downregulate and suppress the activities of
the NLRP3 inflammasome to relieve morphine-induced anti-
nociception tolerance in rats.>> Studies have shown that
morphine can also modulate immune responses by promot-
ing IL-1P release, while the inhibition of IL-1B prevents
morphine-induced antinociception tolerance.® These find-
ings point to an important role of NLRP3 in modulating
neuroinflammation and in the development of morphine-

induced antinociceptive tolerance.

In previous research, TLR4 signaling has been reported
to contribute to the development of morphine tolerance in
the spinal cord®” and midbrain ventrolateral periaqueductal
gray.'” Morphine binds to MD-2, the accessory protein of
TLR4, thereby activating TLR4 and triggering proinflam-
matory signaling,'® such as by the release of IL-1p** and
soluble TNF,!” subsequently increasing robust neuroin-
flammatory responses, and ultimately increasing neuroex-
citation. Systemic antagonism of TLR4 has been reported
to attenuate the development of morphine-induced antino-
ciception tolerance.'® Nevertheless, apparently no attempt
has been made to isolate the downstream signal of TLR4
that is responsible for opioid tolerance. As mentioned
above, the activation of the NLRP3 inflammasome is
a two-step process. Danger-associated cytokines, such as
TNF-a and IL-1f binding to TLRs, may provide the initial
signal and lead to the upregulation of NLRP3 and pro-IL
-1p at the transcriptional level.*® In this study, the protein
expression of NLRP3 was inhibited in TLR4 "~ mice after
indicating that TLR4
induces the development of morphine-induced tolerance
through the NLRP3 inflammasome pathway. Pro-IL-1p is
not normally expressed, and the basal levels of NLRP3 are

chronic morphine application,

not sufficient for efficient inflammasome formation,'!
meaning that the failure of TLR4 " mice to activate the
NLRP3 inflammasome after morphine tolerance may be
due to insufficient levels pro-IL-1p and NLRP3 levels.
Besides, we found that A438079, the antagonist of
P2X7R, also inhibited the chronic morphine-induced expres-
sion of NLRP3, pointing to a key role of the ATP/P2X7R
axis as an alternative signaling pathway in the activation of
NLRP3 during the development of morphine-induced anti-
nociceptive tolerance. P2X7R is an ATP-gated nonselective
cationic channel which is vastly expressed in immune cells
such as macrophages*’ and microglial cells.*' High concen-
trations of ATP, which occur under pathological circum-
stances, bind to P2X7R and induce the opening of cationic
channels on cell membranes. Related studies showed that in
the CNS, the influx of Ca®" in the microglia through the
activation of P2X7R can promote neuroinflammatory
responses through p38/MAPK** or IL-1p signaling
pathways.** Furthermore, Ca®" influx may promote the alter-
native activation of NLRP3 inflammasome activation.
Hence, we hypothesized that the action of the NLRP3
inflammasome and subsequent release of inflammatory cyto-
kines is P2X7R-dependent during the development of mor-
phine-induced tolerance.

antinociceptive Findings

demonstrating that the expression of P2X7R was increased
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Figure 5 Possible mechanism of TLR4/P2X7-dependent NLRP3 inflammasome activation in morphine-induced antinociceptive tolerance.

in microglia in the morphine-tolerant mice and that A438079
markedly inhibited the tolerance and the upregulated expres-
sion of NLRP3 support our hypothesis and further suggest
that the chronic morphine-induced activation of the NLRP3
inflammasome occurred mainly in the microglia. Some pre-
vious research has discussed the role of P2X7R in morphine-
induced antinociceptive tolerance,’*** but to the best of our
knowledge, this is the first study to confirm that P2X7R
antinociceptive tolerance

promotes morphine-induced

through the NLRP3 inflammasome pathway in microglia.

Conclusions

In conclusion, this work demonstrates that the NLRP3
inflammasome in microglia plays a crucial role in mor-
phine-induced antinociceptive tolerance and that both

TLR4- and P2X7R- dependent pathways are alternative
signaling pathways required for NLRP3 inflammasome
activation during the development of morphine-induced
antinociceptive tolerance (summarized in Figure 5). This
work provides a new perspective to inform the targeted
treatment of morphine-induced antinociception tolerance.
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