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Introduction

Morphine is used routinely for the treatment of severe pain-
ful conditions due to its potent analgesic effect. Repeated 
use of morphine, however, results in most cases in drug tol-
erance, which limits a its long-term clinical utilization [1]. 
For past decades, various studies have attempted to eluci-
date the mechanisms underlying morphine tolerance. Up 
to now, contributions of oxidative stress [2], mitochondrial 
dysfunction [3], opioid receptor desensitization [4], endocy-
tosis [5] have been demonstrated.

Despite increasing evidence of an important function in 
morphine-induced analgesic tolerance, the role of neuro-
inflammation is up to now only poorly understood. In spi-
nal cord, morphine can activate microglia, and induce the 
release of glia-derived proinflammatory cytokines, which 
enhance the neuronal excitability, facilitate pain transmis-
sion, and oppose morphine analgesia [6, 7]. However, the 
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Abstract
Background and Purpose: Morphine is amongst the most effective analgesics available for the management of severe pain. 
However, prolonged morphine treatment leads to analgesic tolerance which limits its clinical usage. Previous studies have 
demonstrated that melatonin ameliorates morphine tolerance by reducing neuroinflammation. However, little is known 
about the relationship between Toll like receptor 2 (TLR2) and neuroinflammation in morphine tolerance. The aim of this 
study was to explore the role of TLR2 in morphine tolerance and its connections with melatonin and Nod-like receptor 
protein 3 (NLRP3) inflammasome. Methods:  Sprague-Dawley rats were treated with morphine for 7 days and tail-flick 
latency test was performed to identify the induction of analgesic tolerance. The roles of TLR2 in microglia activation and 
morphine tolerance were assessed pharmacologically, and the possible interactions between melatonin, TLR2 and NLRP3 
inflammasome were investigated. Key Results: Morphine tolerance was accompanied by increased TLR2 expression and 
NLRP3 inflammasome activation in spinal cord. whereas melatonin level was down-regulated. Chronic melatonin admin-
istration resulted in a reduced TLR2 expression and NLRP3 inflammasome activation. Moreover, the analgesic effect of 
morphine was partially restored. Inhibition of TLR2 suppressed the microglia and NLRP3 inflammasome activation, as 
well as restored the spinal melatonin level while attenuated the development of morphine tolerance. Furthermore, the 
inhibition of microglia activation ameliorated morphine tolerance via inhibiting TLR2-NLRP3 inflammasome signaling 
in spinal cord. Conclusion: In this study, we directly demonstrate a TLR2-melatonin negative feedback loop regulating 
microglia and NLRP3 inflammasome activation during the development of morphine tolerance.
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detailed mechanisms of microglia-mediated neuroinflam-
mation remain to be defined.

Nod-like receptor proteins (NLRPs) inflammasome is 
a group of intracellular multimeric protein complexes, 
which is composed of NLRP sensor, adapter protein 
apoptosis-associated speck-like protein and procaspase-1 
procaspase-5 or both [8, 9]. Once identifying the pathogen-
associated molecular patterns (PAMPs) or damage -asso-
ciated molecular patterns (DAMPs), NLRP can assemble 
and form inflammasomes. Formation of this complex may 
trigger the transformation of procaspase-1 to caspase-1 
and active p10/p20 tetramer. And in turn, active caspase-1 
can cleave the cytokines such as pro-interleukin-1β (pro-
IL-1β) and pro-IL-18 from their immature form into their 
biologically active forms [10]. NLRP3 inflammasome has 
been demonstrated to be crucial in microglia-mediated 
host defense against infection. While excessive activation 
of microglia will lead to various auto-inflammatory condi-
tions and contribute to the development and progression of 
diseases including morphine tolerance [9, 11]. It has been 
reported that morphine could induce spinal NLRP3 inflam-
masome activation through Toll-like receptor 4 (TLR4) and 
TGF-β-activated kinase 1 pathway [12]. And procyanidins 
has been demonstrated to alleviate morphine tolerance by 
inhibiting the activation of microglial NLRP3 inflamma-
some [13]. However, the molecular mechanisms by which 
NLRP3 inflammasome is involved in the development of 
morphine tolerance still need to be explored.

Melatonin (N-acetyl-5-methoxytryptamine) is the pre-
dominant neuroendocrine hormone secreted by pineal gland 
with marked antioxidant and metabolic properties [14]. Pre-
vious studies about melatonin mainly focused on the treat-
ment of sleep disturbances and circadian regulations [15]. 
Recently, the immune-modulatory and anti-inflammatory 
effects of melatonin attract more and more attention [16]. It 
has been proved that melatonin could decrease the levels of 
tumor necrosis factor-α, IL-1β, IL-6, and the phosphoryla-
tion of mammalian target of rapamycin (mTOR) in the hip-
pocampus of aging mice and attenuate isoflurane-induced 
cognitive impairment [17]. And nuclear factor-erythroid 
2-related factor 2 (NRF2) signaling pathway could also be 
stimulated by melatonin to reduce LPS-induced reactive 
oxygen species generation in rat brain [18]. Recent study 
showed that exogenous melatonin could pronouncedly ame-
liorate airway inflammation in murine model via suppress-
ing TLR2-NLRP3 signal [19]. TLRs are the members of 
pattern recognition receptors (PRRs) and expressed on cell 
membrane after being triggered by PAMPs and DAMPs. 
The activation of TLRs can induce a series of signal cas-
cades including microglia activation [20], oxidative stress 
[21] and autophagy [22], etc. in response to difference stim-
ulations [23]. Previous studies have confirmed the roles of 

TLR2, TLR4 and TLR5 in chronic pain [24, 25]. TLR4 has 
been proved to contribute to the development of morphine 
tolerance [12, 26, 27]. Microglia can express all the mem-
bers of TLRs, in which TLR2 and TLR4 were most widely 
studied [28]. Once being triggered by exogenous stimula-
tors, microglial TLR2 can activate NLRP3 inflammasome, 
and subsequently induce the caspase-1-mediated release of 
mature IL-1β and IL-18 [29]. However, the role of TLR2 
in morphine tolerance remains unknown. In this study, 
we speculate that chronic morphine administration could 
increase the expression of TLR2 and subsequently activate 
NLRP3 inflammasome in spinal cord. We further explored 
the relationship between melatonin and TLR2-NLRP3 sig-
nal during the development of morphine tolerance. This 
study sought to provide theoretical evidences for develop-
ing the preventive and therapeutic strategies for morphine 
tolerance.

Materials and Methods

Animals

Adult male Sprague-Dawley rats weighing 220–250  g 
were provided by the Laboratory Animal Center of Tongji 
Medical College, Huazhong University of Science and 
Technology (Wuhan, Hebei, China). All the animals were 
individually housed in cages to adapt to the environment for 
1 weeks before experiments. The controlled conditions were 
21 ± 1 ℃, 12-h light/dark cycles, and free access to food 
and water. The animals were randomly assigned to different 
group using a Research Randomizer.

All the experimental protocols and procedures were 
reviewed and approved by the Institutional Animal Care and 
Use Committee of Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan, 
Hebei, China. The experiments were carried out in accor-
dance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and the guidelines of 
the International Association for the Study of Pain (Zim-
mermann, 1983).

Intrathecal Catheterization

For drug delivery, intrathecal catheters were implanted as 
described previously [7]. Briefly, rats in morphine group 
or sham-operated group were deeply anesthetized with 
1% pentobarbital sodium [60 mg/kg, intraperitoneal injec-
tion (i.p.)]. And the skin of lumbar region was shaved 
and disinfected. A sterile PE-10 catheter (outer diameter 
0.5 mm, inner diameter 0.3 mm. Anilab Software & Instru-
ments, Ningbo, China) filled with saline was implanted into 
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subarachnoid cavity between L4 and L5 vertebrae. The tip of 
catheter was placed at the spinal lumbar enlargement level. 
The catheter was subcutaneously tunneled, externalized and 
fixed to the back of neck. Wound was sutured after disinfec-
tion with 75% (v/v) ethanol. Proper location of catheter was 
confirmed by a temporary motor block of both hind limbs 
after intrathecal injection of 10 µL of 2% lidocaine. The rats 
were housed individually after surgery and allowed a 7-day 
recovery period before the following experiments. Rats with 
hind limb paralysis or paresis after surgery were excluded 
and euthanized with overdose of pentobarbital sodium. Rats 
in naïve group didn’t get any operation.

Morphine Tolerance

In this study, a pure spinal mechanism was explored. There-
fore, intrathecal administration was chosen to develop tol-
erance in analgesia. Rats were intrathecally injected with 
morphine (10 µg/5 µL) twice daily for consecutive 7 days 
to induce the tolerance to morphine.Equivalent volumes of 
vehicle were administered to the sham-operated rats at the 
same time points. The development of morphine tolerance 
was assessed by behavioral tests on day 1, 3, 5 and 7.

Drugs Administration

Drugs used in this study were prepared as follows. Morphine 
hydrochloride (10  µg/5 µL, Northeastern Pharmaceutical 
Group, Shenyang, China) and Minocycline hydrochloride 
(30 µg/5 µL, Selleckchem, USA) [30] were diluted in saline 
(Northeast Pharmaceutical Group, China), respectively. 
Melatonin (60 µg/5 µL, Selleckchem, USA) [31] and TLR2 
inhibitor CU-CPT22 (3 µg/5 µL, Selleckchem, USA) [32] 
were dissolved in 20% (v/v) dimethyl sulfoxide (DMSO, 
Sigma, USA), respectively. Melatonin (60  µg/5 µL, i.t.), 
minocycline hydrochloride (30 µg/5 µL, i.t.), or Cu-CPT22 
(3  µg/5 µL, i.t.) was injected 30  min before morphine 
administration, respectively, followed by 10 µL of saline for 
flushing. Rats in sham-operated r group received equivalent 
volumes of saline or20% DMSO .

Behavioral Assessment

Thermal pain thresholds in rats were measured by a tail-flick 
latency test before drug administration and at 30 min after 
morphine administration on day 1, 3, 5, and 7 [33]. Briefly, 
rat was placed in container to restrain its body but not head 
and tail, with one third of tail immersed into water. The 
temperature of water was adjusted to 50 ± 0.2 ℃ to main-
tain an average tail-flick latency of 2–4 s in naïve rats. The 
rapid removal of tail from water was defined as a positive 
response and the time of removal was recorded. To avoid 

the damage of tail, a cutoff time of 15 s was set. The test 
was repeated thrice for each rat at a 5-min interval between 
tests. And the mean value of three tests was considered as 
the final latency. The analgesic effect of morphine or the 
influence of different drugs to chronic morphine administra-
tion was evaluated by transforming latency to the percent-
age of maximum possible antinociceptive effect (%MPE), 
which was calculated by comparing the test latency before 
(baseline, BL) and after (TL) drug administration using fol-
lowing equation: %MPE = [(TL - BL) / (cutoff time - BL)] 
× 100. The behavioral assessments were conducted by the 
experimenter who was unaware of animal grouping.

Western Blots

Under deep anesthesia with 60  mg/kg of intraperitoneal 
pentobarbital sodium, the rats were sacrificed. The spinal 
lumbar enlargements (L3-L5) were quickly removed on ice 
and homogenized in ice-cold radio-immunoprecipitation 
assay lysis buffer combined with a mixture of proteinase 
inhibitors and phosphatase inhibitors, according to the man-
ufacturer’s instructions (Boster, Wuhan, China). The lysate 
was subject to centrifugation at 12,000  rpm for 15  min 
at 4 ℃, and the supernatant was collected. The Bradford 
method was used to measure the protein concentration of 
supernatants. The extract was denatured by boiling water 
for 10 min and 30 µg protein per sample was loaded onto 
8%, 10% or 12% sodium dodecyl sulfate polyacrylamide 
gel. Electrophoresis was conducted at 60 V for stacking gel 
and 90 V for separating gel. Then the protein was electro-
transferred (250 mA) to polyvinylidene fluoride membranes 
(IPVH00010; Millipore, Billerica, MA, USA). The mem-
branes were blocked with 5% non-fat dry milk or 5% (v/v) 
bovine serum albumin dissolved in Tris-buffered saline 
and Tween-20 buffer for 2  h at room temperature (22–24 
℃), and subsequently incubated overnight at 4 ℃ with fol-
lowing primary antibodies: mouse anti-Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) antibody (1:10000; 
ABclonal, China), TLR2 (1:1000; ABclonal, China), rab-
bit anti-ionized calcium-binding adapter molecule 1 (Iba1) 
antibody (1:500; ABclonal, China), mouse anti-Caspase-1 
antibody (1:200; Santa Cruz, USA), mouse anti-IL-1β anti-
body (1:200; Santa Cruz, USA). After being washed in 
Tris-buffered saline and Tween 20 for three times, the mem-
branes were incubated with HRP conjugated goat anti-rabbit 
IgG (1:5000, Aspen, China) or HRP conjugated goat anti-
mouse IgG (1:5000, Aspen, China) for 2 h at room tempera-
ture. Super-Lumia enhanced chemiluminescence Plus HRP 
Substrate Kit (Abbkine, USA) and a computerized image 
analysis system (Bio-Rad, ChemiDoc XRSC, USA) were 
used to detect the proteins. The intensity of protein blots 
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Statistical Analysis

Data are presented as the mean ± standard error of the mean 
(SEM). Statistical analysis was performed with Graph-
Pad Prism 7 (GraphPad Software, San Diego, CA, USA). 
The data of behavioral tests were analyzed by using two-
way analysis of variance with repeated measures followed 
by Bonferroni test. The data of Western blots and qRT-
PCR were analyzed by one-way analysis of variance with 
repeated measures ANOVA (treatment group × time) fol-
lowed by Bonferroni test. No data point was excluded from 
statistical analysis in any experiments. P < 0.05 was consid-
ered statistically significant.

Results

Chronic Morphine Administration Induced drug 
Tolerance

Rats were intrathecally administered with morphine 
(10 µg/5 µL) twice daily for consecutive7 days to induce 
morphine tolerance. Behavioral tests were conducted before 
and 30 min after drug administration on day 1, 3, 5, and 7. 
As shown in Fig. 1b, rats received morphine exhibited sig-
nificantly higher %MPE when compared to saline-treated 
rats on day 1 of morphine administration. Repeated mor-
phine administration produced a progressive decline of 
%MPE level from day 3 and no between-group difference 
was detected on day 7. There was no significant difference 
in %MPE level between naïve and saline-treated rats during 
the 7-day observation period. These results demonstrated 
that rats have developed morphine tolerance on day 7.

Spinal Microglia and NLRP3 Inflammasome were 
Activated in morphine-tolerant rats

Given the importance of microglia activation in neuroin-
flammation, we first examined the expression of microglia 
marker Iba1 and TLR2 in spinal cord by western blots and 
qRT-PCR. As shown in Fig. 2a-d, the mRNA and protein 
levels of Iba1 and TLR2 were significantly increased on day 
7 of morphine administration. We next tested the expres-
sion of NLRP3 inflammasome and the effectors in spinal 

was quantified by using Image Lab software (Bio-Rad Lab-
oratories, Hercules, CA, USA).

Quantitative real-time Polymerase Chain Reaction 
(qRT-PCR)

Under deep anesthesia with 60  mg/kg of intraperitoneal 
pentobarbital sodium, the rats were sacrificed and L3-L5 
spinal cord segments of rats were rapidly removed. Total 
RNA was extracted from spinal cord by using trizol (Takara, 
Shiga, Japan) according to the manufacturer’s instructions 
and RNA concentration was quantified by a spectropho-
tometer (Eppendorf, Germany). One microgram of RNA 
was used for reverse transcription to synthesize cDNA. The 
mRNA expression was examined following the protocols 
of SYBR Premix Ex TaqTM kit (Vazyme, China) on Ste-
pOne Real-Time PCR System (Applied Biosystems, USA). 
The primers used in experiments are listed in Table 1. Rela-
tive expression levels were measured by 2−ΔΔCt formula. 
GAPDH was used for normalization.

Enzyme-linked Immunosorbent Assay (ELISA)

Melatonin level was determined by enzyme-linked immu-
nosorbent assay. Under deep anesthesia with 60 mg/kg of 
intraperitoneal pentobarbital sodium, L3-L5 spinal cord 
segments of rats were rapidly removed and homogenized 
in ice-cold phosphate-buffered saline according to the mass 
(mg) volume (uL) ratio of 1:9. Then the lysate was cen-
trifuged at 12,000  g for 15  min at 4 ℃. The supernatant 
was collected and analyzed using rat Melatonin sandwich 
ELISA kits (E-Bioscience, USA) according to the manufac-
turer’s instructions. Briefly, 100 µL of sample or calibrator 
was added per well. The plate was sealed and incubated at 
room temperature for 2 h, then washed three times and the 
detection antibody was added. Then the plate was sealed 
and incubated at room temperature for 1  h. And the read 
buffer was added. The photometric measurements were 
performed at 450 nm using a microplate reader (Varioskan 
Flash, Thermo Scientific, USA). The concentration of target 
protein was calculated according to the standard curve.

Table 1  Primers for Real-time PCR
Name Forward primer (5‘→3’) Reverse primer (3‘→5’)
Rat GAPDH ACCCAGCCCAGCAAGGATAC TCAGCAACTGAGGGCCTCTC
Rat Iba1 GATCCCAAGTACAGCAGTGATGAGG AACCCCAAGTTTCTCCAGCATTCG
Rat TLR2 CTGGATCTTGATGGCTGTGATAGGC GCTTCTTTGTGTTTGCTGTGAGTC
Rat NLRP3 GAGCTGGACCTCAGTGACAATGC AGAACCAATGCGAGATCCTGACAAC
Rat Caspase-1 AAGGTCCTGAGGGCAAAGAG GTGTTGCAGATAATGAGGG
Rat IL-1β AATCTCACAGCAGCATCTCGACAAG TCCACGGGCAAGACATAGGTAGC
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blots. The results in Fig.  3b showed that the increased 
expression of TLR2 protein induced by repeated morphine 
administration was inhibited by CU-CPT22. These results 
indicate that the activation of TLR2 contributed to the 
development of morphine tolerance.

Inhibiting TLR2 Suppressed the Activation of Spinal 
Microglia and NLRP3 Inflammasome and Partially 
Restored the Expression of Melatonin in morphine-
tolerant rats

To further investigate the intrinsic mechanism of TLR2 
activation in morphine tolerance, we examined the effect 
of CU-CPT22 on the activation of spinal microglia and 
NLRP3 inflammasome. The results in Fig. 3c and f showed 
that CU-CPT22 pretreatment could inhibit the upregulation 
of Iba1 protein and the increased levels of spinal NLRP3, 
P20 and IL-1β induced by chronic morphine administration, 
respectively. Furthermore, the results of ELISA showed that 
chronic morphine administration resulted in a decrease of 
melatonin levels in spinal cord, which could be partially 
restored by CU-CPT22. The basal level of melatonin, 
however, was not affected by CU-CPT22 (Fig. 3g). These 

cord. The results in Fig.  2e-g showed that the morphine 
significantly increased the mRNA levels of NlRP3, IL-1β 
and Caspase-1 in morphine-tolerant rats. At the same time, 
the spinal protein levels of P20 and IL-1β, the active forms 
of procaspase-1 and pro-IL-1β, respectively, were both up-
regulated (Fig. 2h and i) These findings suggest the activa-
tion of the spinal NLRP3 inflammasome and its effectors 
induced by chronic morphine treatment.

TLR2 Activation in Spinal cord Contributed to the 
Development of Morphine Tolerance

To identify whether TLR2 participates in the development 
of morphine tolerance, a TLR2 antagonist CU-CPT22 was 
intrathecally injected (3 µg/5 µL) 30 min before morphine 
administration twice daily for 7 days. Behavioral tests 
showed that CU-CPT22 itself had no effect on the baseline 
tail-flick responses of rats. And from day 5 to 7, the %MPE 
in rats treated with morphine and CU-CPT22 was signifi-
cantly higher than those in morphine-treated rats (Fig. 3a), 
demonstrating that the development of morphine tolerance 
was partially prevented by CU-CPT22. We next examined 
the effect of CU-CPT22 on TLR2 expression using Western 

Fig. 1  Chronic administration 
of morphine induced analge-
sic tolerance (a) A schematic 
profile illustrating the experi-
mental design of the hot-water 
tail-flick test with a short-term 
morphine treatment (b) Thermal 
pain threshold was assessed by 
the hot-water tail-flick test and 
represented as the percentage of 
maximal possible antinocicep-
tive effect (%MPE). The %MPE 
in rats treated with morphine 
(10 µg/ 5 µl, twice daily, intrathe-
cally) on days 5 and 7 were dra-
matically decreased when com-
pared with the baseline on day 
1. (**p < 0.01, ****p < 0.0001 
vs. NS group. n = 6 per group). 
n = number of animals. MT, 
morphine treatment; NS, normal 
saline; NA, naive
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behavioral tests showed that melatonin itself did not exhibit 
an analgesic effect. From day 5 to 7, however, the %MPE 
in rats treated with morphine and in addition with melatonin 
was significantly higher than those in morphine-treated rats, 
demonstrating that pretreatment with melatonin can prevent 
the development of morphine tolerance.

Previous study reported that melatonin could inhibit the 
activation of TLR2 in allergic airway inflammation [19]. 
Therefore, the effect of melatonin on TLR2 expression in 
spinal cord was investigated in the context of morphine tol-
erance. As shown in Fig. 4b and c, the expression of spi-
nal TLR2 mRNA and protein did not change after repeated 
administration of melatonin alone. The increase of TLR2 

indicate that TLR2 could increase spinal microglia, activate 
NLRP3 inflammasome and down-regulate the expression of 
melatonin.

Melatonin Prevented the Development of Morphine 
Tolerance via Inhibiting TLR2-NLRP3 Signal and 
Microglia Activation

Given the down-regulation of melatonin in morphine-tol-
erant rats, we investigated if melatonin might prevent the 
development of morphine tolerance. Here, exogenous mel-
atonin was intrathecally injected 30  min before morphine 
administration twice daily for 7 days. As showed in Fig. 4a, 

Fig. 2  Expression of spinal Iba1, 
TLR2 and NLRP3 inflammasome 
in morphine-tolerant rats (a-d) 
The mRNA and protein expres-
sion of IBA1 and TLR2 were 
increased measured by qRT-PCR 
and western blot.(****p < 0.0001 
,**p < 0.01, *p < 0.05 vs. NS 
group, n = 4 per group for qRT-
PCR, n = 5 per group for western 
blot) (e-g) The mRNA expression 
of NLRP3, Caspase-1 and IL-1β 
were increased measured by 
qRT-PCR.( (****p < 0.0001,vs. 
NS group, n = 4 per group) (h 
and i) The protein expression 
of matured caspase1, P20, and 
IL-1β were increased measured 
by western blot. (***p < 0.001, 
**p < 0.01vs. NS group, n = 5 per 
group for western blot.) n = num-
ber of animals. M, morphine; 
MT, morphine treatment; NS, 
normal saline; NA, naive
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decrease the upregulation of Iba1 protein and the increased 
levels of spinal NLRP3, P20 and IL-1β induced by chronic 
morphine administration, while melatonin alone had no 
effect (Fig.  4d-  g). Taken together, these results demon-
strate that melatonin attenuated morphine tolerance via 

induced by morphine, however, was remarkably reduced by 
melatonin.

We next investigated the influence of exogenous mela-
tonin to the increase of spinal microglia and the activation 
of NLRP3 inflammasome using Western blots and qRT-
PCR. The results showed that melatonin pretreatment could 

Fig. 3  Spinal TLR2 participated 
in the development of morphine 
tolerance via activating microg-
lia and NLRP3 inflammasome 
down-regulating the expression 
of melatonin The TLR2 inhibitor 
CU-CPT22 (3 µg/5 uL) was 
intrathecally injected 30 min 
before morphine administration 
twice daily for 7 days. (a) The 
%MPE in rats receiving TLR2 
inhibitor CU-CPT22 30 min 
before morphine administration 
were higher than those in mor-
phine-tolerant rats from day 5 to 
7. (###p < 0.001, ####p < 0.0001 
vs. Morphine + Vehicle group, 
****p < 0.0001, **p < 0.01 vs. 
NS + Vehicle group, n = 5 per 
group). (b-f) Pretreatment with 
CU-CPT22 reduced increased 
protein expressions of (b) TLR2, 
(c) Iba1, (e) P20, (f)IL-1β 
measured by western blot and 
reduced increased mRNA expres-
sion of (d) NLRP3 measured by 
qRT-PCR. (#p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 
vs. Morphine + Vehicle group; 
*p < 0.05, ***p < 0.001, 
****<0.0001 vs. NS + Vehicle 
group, n = 4 per group for qRT-
PCR , n = 5 per group for western 
blot.) (g) morphine inhibited 
melatonin expression, while 
CU-CPT22 partially restored the 
melatonin secretion in morphine-
tolerant rats measured by ELISA 
(**p < 0.01 vs. NS + Vehicle 
group, ##p < 0.01 vs. Mor-
phine + Vehicle group, n = 4 per 
group)%MPE, the percentage 
maximal possible antinociceptive 
effect; n = number of animals. 
MT, morphine treatment; M, 
morphine; NS, normal saline;
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minocycline hydrochloride was intrathecally injected 
30  min before morphine administration twice daily for 
7 days. The results of behavioral tests showed that mino-
cycline itself did not affect the %MPE of rats. Repeated 
administration of minocycline, however, significantly 
attenuated the development of morphine tolerance, as indi-
cated by the significant higher %MPE on day 5 and day 
7 in rats treated with morphine and minocycline as com-
pared to that of rats treated with morphine alone (Fig. 5a). 

suppressing TLR2-NLRP3 signal and the ameliorating the 
activation of spinal microglia.

Inhibition of Microglial Activation Attenuated 
Morphine Tolerance by Inhibiting the Activation of 
TLR2 and NLRP3 Inflammasome

To clarify the regulatory effect of microglial TLR2 on the 
activation of NLRP3 inflammasome in morphine tolerance, 

Fig. 4  Supplement of exogenous 
melatonin improved the morphine 
tolerance via suppressing TLR2-
NLRP3 signal and the activation 
of spinal microglia (a) Melatonin 
(60 ug/5 uL) was intrathecally 
injected 30 min before morphine 
administration twice daily for 7 
days. The %MPE in rats receiv-
ing melatonin 30 min before mor-
phine administration were higher 
than those in morphine-tolerant 
rats from day 5 to 7. (##P < 0.01 
vs. Morphine + Vehicle group, 
****p < 0.0001, **p < 0.01 
vs. NS + Vehicle group,  n = 5 
per group.) (b-g) Pretreat-
ment with melatonin reduced 
increased protein expressions 
of (c) TLR2, (d) Iba1, (f) P20, 
(g)IL-1β measured by western 
blot and reduced increased 
mRNA expression of (b) TLR2 
and (e) NLRP3 measured by 
qRT-PCR. (#p<0.05, ##p < 0.01, 
####p < 0.0001 vs. Mor-
phine + Vehicle group; 
**p < 0.01, ****<0.0001 vs. 
NS + Vehicle group, n = 4 per 
group for qRT-PCR ,n = 5 per 
group for western blot.) n = num-
ber of animals. MT, morphine 
treatment; M, morphine; NS, 
normal saline;
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in microglia, via TLR2 contributes to morphine tolerance 
in rats.

Discussion

In this study, we found that the activation of TLR2 par-
ticipates in the mechanism of morphine tolerance. Chronic 
morphine administration down-regulated the expression 
of melatonin in spinal cord, whereas exogenous melatonin 
could attenuate the development of morphine tolerance. 
Furthermore, the activation of TLR2 could be partially 

Moreover, minocycline pretreatment resulted in a reduced 
increased protein level of Iba1 in spinal cord induced by 
morphine, suggesting a reduced spinal microglia activation 
by morphine under these conditions (Fig. 5b). Investigation 
of TLR2 and NLRP3 mRNA levels and P20 and IL-1β pro-
tein levels revealed that minocycline treatment alone had 
no significant effect of the respective expression level, as 
compared to the saline treated control group. The increased 
expression of TLR2, NLRP3, P20 and IL-1β induced by 
repeated morphine administration, however, was inhibited 
by minocycline (Fig. 5c and f). These results further support 
the hypothesis that activation of the NLRP3 inflammasome 

Fig. 5  Inhibition of microglial 
activation attenuate morphine 
tolerance by inhibiting activation 
of TLR2 and NLRP3 inflamma-
some Minocycline (30 ug/5 uL) 
was intrathecally injected 30 min 
before morphine administra-
tion twice daily for 7 days. (a) 
Pretreatment with minocycline 
attenuated the development of 
morphine tolerance. (**p < 0.01, 
****p < 0.0001 vs. Morphine 
group, #p < 0.05, ###p < 0.001, 
####p < 0.0001, vs. NS group, 
n = 5 per group.) (b-f) Pretreat-
ment with minocycline reduced 
increased protein expressions 
of (b)Iba1, (e) P20, (f)IL-1β 
measured by western blot and 
reduced increased mRNA 
expression of (c) TLR2 and (d) 
NLRP3 measured by qRT-
PCR. (#p < 0.05, ##p < 0.01, 
###p <0.001 vs. Mor-
phine + Vehicle group; *p < 0.05, 
**p < 0.01 vs.NS + Vehicle 
group, n = 4 per group for qRT-
PCR, n = 5 per group for western 
blot.) n = number of animals. M, 
morphine;MT, morphine treat-
ment; NS, normal saline;
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NLRP3 inflammasome, as the high-profile neuroinflam-
matory mechanism has also been confirmed to be associated 
with morphine tolerance. Previous study found that chronic 
morphine activation resulted in activation of the microglia 
NLRP3 inflammasome, and ultimately to an increase in the 
release of IL-1β, which mediated central sensitization and 
eventually morphine tolerance [12]. Consistently, knock-
down or pharmacological inhibition of the NLRP3 effec-
tively diminished the development of morphine tolerance 
by abolishing morphine-induced inflammasome activa-
tion, proving the important role of NLRP3 inflammasome 
in morphine tolerance [45]. Here, we confirm the increase 
of NLRP3 inflammasome activity in morphine-tolerant 
rats, by demonstrating an increased expression of NLRP3, 
P20 and IL-1β in spinal cord. Since NLRP3 inflammasome 
can be expressed in a variety of cells, including microglia, 
astrocytes and even neurons, the source of activated spi-
nal NLRP3 inflammasome in morphine tolerance needs to 
be further studied [46]. Although previous study reported 
NLRP3 inflammasome activated by chronic morphine 
treatment is mainly in microglia, other studies also show 
that the up-regulation of NLRP3 inflammasome in spinal 
neurons is an important mechanism for the maintenance of 
cancer pain [47]. Therefore, we cannot rule out the possi-
bility of the involvement of astrocytes or neurons NLRP3 
inflammasomes in morphine tolerance, and the glia-neuron 
interactions that may be involved may warrant further inves-
tigation. Previous studies showed activated TLR2-NLRP3 
inflammasome pathway is involved in various physiologi-
cal and pathological processes [48, 49]. In this study, we 
found CU-CPT22 inhibited NLRP3 inflammasome activa-
tion, ultimately leading to reduced mature IL-1β release in 
morphine tolerant-rats. Taken overall, our results suggest 
that spinal TLR2 mediated morphine tolerance most likely 
through the activation of microglia and NLRP3 inflamma-
some. As for the cellular localization of spinal TLR2, previ-
ous studies have reported that TLR2 can be expressed by a 
variety of immune cells and mainly expressed in glial cells 
including microglia and astrocytes in CNS [41, 42]. In this 
study, we found that inhibiting the activation of microglia 
can down-regulated the expression of TLR2 in spinal cord. 
The expression of TLR2 in microglia is up-regulated after 
chronic morphine, which in turn induces the activation of 
NLRP3 inflammasome and ultimately leads to the develop-
ment of morphine tolerance. However, due to the technical 
limitation, we didn’t explore whether TLR2 was specifi-
cally activated in microglia. Given that minocycline did 
not completely down-regulate the expression of TLR2, and 
the important role of TLR2 in astrocyte activation [50], the 
effect and extent of TLR2 activation in astrocytes in mor-
phine tolerance might also need further studies.

inhibited by exogenous melatonin and in turn spinal mela-
tonin administration could be restored by TLR2 inhibitor in 
morphine-tolerant rats. The activation of spinal microglia 
and NLRP3 inflammasome induced by morphine could be 
depressed by TLR2 inhibitor or exogenous melatonin. Inhib-
iting microglia activation could block morphine-activated 
NLRP3 inflammasome via partially inhibiting the activa-
tion of TLR2. In summary, we report on a possible feedback 
loop between TLR2 and melatonin that might contribute to 
the control spinal microglial activation and NLRP3 inflam-
masome induction in morphine-tolerant rats.

TLRs family is a group of PRRs, which are closely related 
to various diseases in CNS. It has been reported previously 
that spinal TLR2 expression is significantly increased in a 
rat neuropathic pain model [34, 35] and Botulinum toxin 
type A could alleviate neuropathic pain via down-regulating 
the expression of TLR2, thereby suppressing the release of 
proinflammatory cytokines such as IL-1β, IL-18, and IL-6 
from microglia [36]. Considering the important relationship 
between chronic pain and morphine tolerance, recent stud-
ies focused on the role of TLR2 in the development of mor-
phine tolerance. It has been reported that chronic morphine 
treatment-induced gut dysbiosis led to gut barrier disruption 
and bacterial translocation, initiating local gut inflamma-
tion through TLR2/4 activation, which resulted in the acti-
vation of proinflammatory cytokines [37]. Consistent with 
in involvement of TLR2 and TLR4 in morphine tolerance, 
morphine analgesic tolerance was prevented in TLR2 -/- 
and TLR4 -/- mice [38]. We now show, that the expression 
of TLR2 was also increased in spinal cord after 7 days of 
morphine administration, while TLR2 inhibitor could alle-
viate the development of analgesic tolerance. These results 
show that TLR2 plays an important role in the development 
of morphine tolerance.

TLR2 has been previously reported to play a role in vari-
ous nervous system diseases mainly by inducing neuroin-
flammation [39, 40]. Microglia, as the main inflammatory 
cell in CNS, has been proven to be closely related to mor-
phine tolerance [41, 42]. Our study also suggests an increase 
in activation of spinal microglia in morphine tolerant-rats, 
mainly manifested by increased expression of the microglia 
activation marker Iba1. The inhibitory effect of minocycline 
on microglia activation has been reported in previous studies 
[43, 44] In this study, minocycline was intrathecally injected 
before morphine administration. Here, minocycline signifi-
cantly diminished the development of morphine tolerance 
and inhibit the expression of Iba1. We demonstrated further 
on, that the TLR2 inhibitor CU-CPT22 also down-regulated 
the expression of Iba1 in spinal cord. Taken together, these 
data suggest that TLR2 mediates the development of mor-
phine tolerance, at least in part by activating microglia.
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