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A B S T R A C T   

Pain highly impacts the quality of life of patients. Morphine is used for pain treatment; however, its side effects, 
especially morphine tolerance, limit its use in the clinic. The problem of morphine tolerance has plagued health 
workers and patients for years. Unfortunately, the exact mechanism of morphine tolerance has not been fully 
clarified. The mechanisms of morphine tolerance that are currently being studied may include μ-opioid receptor 
(MOR) desensitization and internalization, mitogen-activated protein kinase (MAPK) pathway activation and 
crosstalk, the effects of microglia and the increase in inflammatory factors. Morphine tolerance can be alleviated 
by improving the pathophysiological changes that lead to morphine tolerance. Previous studies have shown that 
a cannabinoid type 2 (CB2) receptor agonist could attenuate morphine tolerance in a variety of animal models. 
Many studies have shown an interaction between the cannabinoid system and the opioid system. The CB2 re-
ceptor may modulate the effect of morphine through a pathway that is common to the MOR, since both receptors 
are G protein-coupled receptors (GPCRs). This study introduces the potential mechanism of morphine tolerance 
and the effect of CB2 receptor agonists on reducing morphine tolerance, which can provide new ideas for re-
searchers studying morphine and provide beneficial effects for patients suffering from morphine tolerance.   

Introduction 

Pain, especially chronic pain, seriously affects the quality of life of 
patients, including those suffering from cancerous pain, inflammatory 
pain and neuropathic pain (Zhang et al., 2016; Zhang et al., 2018; Ma 
et al., 2021). Although morphine is ubiquitously used for pain treat-
ment, the development of tolerance limits its clinical application (Eidson 
and Murphy, 2019). Although many studies have been performed on the 
mechanism of morphine tolerance, the exact mechanism is still not fully 
understood. To date, it has been suggested that the desensitization and 
internalization of the μ-opioid receptor (MOR), crosstalk signaling 
activated by the mitogen-activated protein kinase (MAPK) pathway, the 
role of microglia, and an increase in inflammatory cytokines could 
explain morphine tolerance. 

The endocannabinoid system is a complex system involving 
numerous lipid agonists and multiple receptors and is involved in a 
broad range of physiopathological processes, such as energy meta-
bolism, inflammation and pain transmission (Ozdemir, 2020). Canna-
binoid type 2 (CB2) receptors are a family of G protein-coupled receptors 
(GPCRs) that are expressed by glia and neurons in the central and pe-
ripheral nervous systems (Romero-Sandoval et al., 2008). Moreover, 
many studies have suggested that CB2 receptor agonists could decrease 

morphine tolerance in models such as the Walker 256 tumor-bearing rat 
model (Zhang et al., 2016; Zhang et al., 2017; Kong et al., 2022), an 
inflammatory pain model in C57BL6/J mice (Yuill et al., 2017) and an 
anti-retroviral toxic neuropathy model (Carey et al., 2023). CB2 receptor 
agonists inhibit the development of morphine tolerance. 

The molecular mechanisms and intercellular signaling pathways 
involved in morphine tolerance are complicated. There may be exten-
sive interactions between CB2 and opioid receptors. Despite previous 
studies, the specific mechanism by which CB2 receptor agonists affect 
morphine tolerance has not been fully elucidated. To help patients 
suffering from chronic pain, it is imperative to conduct more in-depth 
research on alleviating pain. In this review, we attempt to summarize 
the recent findings on the current understanding of the role of CB2 re-
ceptor agonists in morphine analgesia and tolerance and then explore 
potential targets and seek new paths to provide new study directions for 
medical workers and guide clinical drug use. 

Methods: literature search strategy 

Relevant literature was identified by screening PubMed and Embase. 
To find the mechanism of morphine tolerance, we input keywords such 
as morphine or opioid tolerance, opioid receptor (only MOR was 
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included), microglia and inflammatory factors (such as interleukin, IL- 
1β, IL-6, and TNF-α), the MAPK pathway, transient receptor potential 
vanilloid 1 (TRPV1), Toll-like receptor 4 (TLR4) and NLRP3 inflamma-
some, and selected two, three or more keywords for pair-based combi-
nations. A total of 615 literature were searched from January 1990 to 
July 2023, 132 relevant articles of which mentioned the mechanism of 
tolerance, and 74 met the inclusion criteria. On the reduction of 
morphine tolerance tolerance with CB2 receptor agonists, 47 papers 
were searched, and the last 18 met the inclusion criteria. The articles 
were filtered based on the search results. The submission deadline was 
July 10, 2023. 

Mechanisms of opioid/morphine tolerance 

Morphine tolerance is defined as a decrease in the effects of a drug 
following prolonged management, resulting in the loss of drug potency 
and an increase in dose to maintain its analgesic effects (Zhang et al., 
2016; Zhang et al., 2017). From known studies, morphine tolerance 
involves multiple mechanisms. 

MOR expression, desensitization and internalization 

Many types of opioid receptors (e.g., μ, κ, δ) are present in the ner-
vous system, and they are all typical inhibitory GPCRs (Zhou et al., 
2021). MOR is the main receptor associated with the effects of morphine 
and is widely expressed in the peripheral and central nervous systems, 
including the cerebral cortex, striatum, limbic system, hippocampus, 
thalamus, locus coeruleus, superficial laminae of the spinal cord (SC) 
dorsal horn, dorsal root ganglion (DRG) and peripheral nerves (Liu et al., 
2019). MOR is the most well-studied opioid receptor in pain manage-
ment and morphine tolerance. 

Many mechanisms have been proposed to explain opioid tolerance, 
including the desensitization, internalization, and downregulation of 
MOR (Meuser et al., 2003; Lin-Xin et al., 2021). Chronic morphine 
treatment upregulates the expression of certain miRNAs (miR-16), 
which are partially complementary and bind to the 3′-UTR of MOR 
mRNA to halt MOR translation (Dai et al., 2018; Zhang et al., 2019). 
However, several studies have shown that, in comparison to other opi-
oids, morphine does not result in MOR downregulation (Arttamangkul 
et al., 2008; Mcpherson et al., 2010). Therefore, the role of MOR 
downregulation in morphine tolerance may remain controversial. 

MOR phosphorylation is one of the most important methods of re-
ceptor internalization and desensitization (Williams et al., 2013). MOR 
internalization and desensitization occur via G protein-coupled receptor 
kinase (GRK) phosphorylation and adenylate cyclase (AC) sensitization 
after morphine and MOR binding (Sanna et al., 2020; Ram et al., 2021). 
In addition, multi-phosphorylation in a specific region of the 
carboxy-terminal tail of MOR has been demonstrated to be involved in 
MOR internalization (Bohn et al., 2000). However, another study indi-
cated that phosphorylation deficiency in the MOR C-terminus did not 
affect the development of tolerance (Kibaly et al., 2017). Moreover, 
β-arrestin is a fundamental molecule that suppresses G 
protein-associated signal transduction, and β-arrestin participates in the 
development of opioid tolerance by recruiting and reducing MOR 
(Kliewer et al., 2019; Singleton et al., 2021). 

MAPK pathway crosstalk and microglial activation 

Microglial cells are the primary immunocompetent cell type within 
the central nervous system (CNS). Emerging evidence indicates that glia 
and glia-derived proinflammatory cytokines, such as IL-1β, IL-6, and 
TNF-α, play a fatal role in morphine tolerance (Mayer et al., 1999; 
Watkins et al., 2005; Romero-Sandoval et al., 2008). According to 
existing studies, the expression of the CB2 receptor in microglial cells 
has received much attention. We only examined the expression of the 
CB2 receptor in microglia in this paper. Due to the wide expression of 

the CB2 receptor in immune cells, its anti-inflammatory effects have 
attracted increasing attention (Zhang et al., 2007; Adhikary et al., 2011; 
Elliott et al., 2011; Amenta et al., 2012; Ramirez et al., 2012; Ronca 
et al., 2015). In a model of adult male Sprague–Dawley rats (Tumati 
et al., 2012) and in a Walker 256 tumor-bearing rat model (Kong et al., 
2022), a CB2 receptor agonist inhibited microglial activation and the 
inflammatory cytokines IL-1β, IL-6 and TNF-α to attenuate morphine 
tolerance (Hutchinson et al., 2007; H Hutchinson et al., 2011). Intra-
cellular signaling cascades are the prime methods of communication 
between the plasma membrane and regulatory targets in various intra-
cellular compartments. Sequential activation of kinases is a common 
mechanism of signal transduction in many cellular processes. MAPKs, 
including p38 MAPK, ERK and c-Jun N-terminal kinase (JNK), are 
downstream of many kinases that regulate signal transmission. MAPK 
has a significant role in regulating pain hypersensitivity (Widmann 
et al., 1999). 

The phosphorylation of MAPK is a crucial step in morphine toler-
ance. The activated form of MAPK involves phosphorylation, and 
phosphorylated MAPK is regulated by enzymes. With long-term 
morphine treatment, morphine could inhibit the dephosphorylation of 
MAPK and MKPs (MKP-1, MKP-3) reduction, promote the phosphory-
lation of MAPK and p-p38, p-Akt, p-ERK1/2 and p-JNK increase. (Hor-
vath et al., 2010; Kong et al., 2022). Although morphine has different 
effects on MAPK-related enzymes (phosphatases and protein kinases), it 
increases phosphorylated MAPK (p-p38, p-Akt, p-ERK1/2 and p-JNK), 
ultimately leading to microglial activation and the release of the 
downstream factors IL-1β, IL-6 and TNF-α (Chen et al., 2008; Kong et al., 
2022). Since activated MAPK and inflammatory cytokines released by 
microglia are involved in morphine tolerance, reducing the activation of 
MAPK could ease tolerance. Dephosphorylation of MAPK reduced the 
production of proinflammatory factors and improved the outcomes of 
inflammation (Chen and Sommer, 2009; Kong et al., 2022). When JNK 
and ERK inhibitors were injected, morphine tolerance was attenuated by 
suppressing p38 activation and decreasing the release of IL-1β and 
TNF-α (Chen et al., 2008). However, morphine treatment increased 
p-ERK1/2 and p-Akt expression levels but did not modulate p-p38 or 
p-JNK1/2 in a murine microglial cell study (Merighi et al., 2012). This 
difference might involve differences such as in vitro and in vivo exper-
iments, doses, species and experimental conditions, but the exact reason 
is still unknown. In addition, a previous study showed that electro-
acupuncture (EA) could inhibit morphine tolerance. Specifically, EA 
inhibited activation of the PI3K/Akt/JNK1/2 signaling pathway and 
then inhibited the release of inflammatory cytokines to alleviate 
morphine tolerance (Jiang et al., 2021). 

TLR4, which is a member of the Toll-like receptor family, recognizes 
specific danger-associated molecular patterns and initiates an immune 
response. TLR4 functions as a prime signal that triggers the downstream 
signaling pathway, enhancing the transcription of NLRP3 and pro IL-1β. 
Subsequently, a second signal triggers several NLRP3 submits to form a 
protein complex known as the inflammasome, which then recruits 
caspase-1 and eventually leads to the maturation and secretion of IL-1β 
and TNF-α (Qu et al., 2017; Mangan et al., 2018; Wang et al., 2020; Chen 
et al., 2021; Wang et al., 2021; Carranza-Aguilar et al., 2022). The innate 
immune receptor TLR4 mediates morphine-induced cytokine release 
(Hutchinson et al., 2010). Repeated treatment with morphine increased 
the total expression of spinal TLR4 (Eidson et al., 2017), transforming 
growth factor β activated kinase 1 (TAK1) (Wang et al., 2021), NLRP3 
and phosphorylated TAK, suggesting that TLR4-TAK1-NLRP3 signaling 
during neuroinflammation was related to tolerance. Moreover, heat 
shock protein 70 (HSP70) participates in activating microglia and trig-
gering TLR-mediated neuroinflammation during morphine tolerance by 
activating the HSP70-TLR4-NLRP3 signaling pathway (Qu et al., 2017). 
When TLR4 was inhibited and knocked out or the NLRP3 inflammasome 
was inhibited, morphine tolerance could be attenuated (Eidson and 
Murphy, 2013; Wang et al., 2021). Repeated morphine administration in 
glial and neuronal cells in the dorsal raphe nucleus (DRN) in rats and 
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NLRP3-dependent pyroptosis played a role in morphine tolerance 
(Carranza-Aguilar et al., 2020). TLR4 and NLRP3 signaling, including 
pyroptosis, is critical for opioid tolerance and should be given more 
attention. 

Other mechanisms 

Studies have also shown that miRNAs play a critical role in the 
development and pathophysiology of the nervous system (Follert et al., 
2014; Sun and Shi, 2015; Qu et al., 2020), and miR-128 was suggested to 
be downregulated in murine microglial cells in a spinal cord injury (SCI) 
mouse model. Conversely, overexpression of miR-128 significantly 
promoted the conversion between the M1 phenotype and M2 phenotype 
and decreased the concentrations of IL-1β, IL-6 and TNF-α, which sug-
gested that miR-128 was involved in morphine tolerance via different 
microglial activation states (Yang et al., 2017), although the target of 
miR-128 and the exact mechanism are unknown. In addition, 
miRNA-30a-5p promoted morphine tolerance, and a miRNA-30a-5p 
inhibitor could decrease the levels of TNF-α or IL-1β in microglia and 
suppress the phosphorylation of NF-κB p65 via AMPK-autophagy acti-
vation to reduce tolerance in the SC in mice (Li et al., 2022). This is a 
new target for alleviating morphine-induced tolerance. 

TRPV channels are a subgroup of conserved integral membrane 
proteins that can regulate noxious stimuli and thermal pain (Samanta 
et al., 2018). Morphine tolerance was related to an increase in the 
protein expression of TPRV1 in a model of cancer pain (Chen et al., 
2008). In the morphine tolerance model, TRPV1 increased, and when 
phosphorylated MAPK was inhibited, TRPV1 decreased correspond-
ingly, suggesting that MAPK played a certein regulatory role in 
morphine induced by TRPV1 (Chen et al., 2008). Studies have also 
shown that chronic morphine administration can activate 
platelet-derived growth factor receptor-β (PDGFRβ) signaling, which is a 
specific mediator that regulates opioid tolerance (Li[a] et al., 2020; Jia 
et al., 2021). Morphine treatment activates PDGFRβ, and PDGFRβ in-
duces the activation and expression of HSP27 via the p38/MAPK and 
PI3K/Akt signaling pathways. PGDFRβ-mediated HSP27 activation 
participates in morphine tolerance (Li et al., 2020). In a model of 
morphine tolerance in rats, activating PDGFR in spinal microglia 
induced autophagy in GABAergic neurons via the p38/MAPK pathway, 
and autophagy inhibition attenuated the development of morphine 
tolerance (Jia et al., 2021). The detailed mechanisms of PDGFR and 
autophagy deserve further exploration. 

Although inflammatory immune responses are critical contributors 
to the regulation of the opioid receptor, how inflammatory factors act on 
the opioid receptor and how they affect opioid analgesic tolerance are 
still not entirely clear. Because of the complexity of the pathway of 
opioid tolerance, it is difficult to develop a single drug to inhibit all 
associated signaling. 

Introduction to the CB2 receptor 

Neurochemical, behavioral, and electrophysiological studies have 
demonstrated that CB2 receptor activation can modulate inflammatory 
nociception (Guindon and Hohmann, 2008). Inflammation and nerve 
injury dramatically increase the expression of CB2 receptors in microglia 
and astrocytes. In glia, CB2 receptor activation serves as a negative 
feedback mechanism to regulate glial activity. 

CB2 plays a critical role in the neuroinflammatory response by 
mediating central immune signaling. Proinflammatory and anti- 
inflammatory signals are related to microglial phenotypes. The activa-
tion of CB2 receptor regulated M1/M2 polarization by switching 
microglia to the M2 phenotype, which downregulated proinflammatory 
cytokines and upregulated anti-inflammatory cytokines (Mecha et al., 
2015). Studies have shown that during the neuroinflammatory response, 
The activation of CB2 receptor does not simply inhibit microglial acti-
vation or switch microglia to the M2 phenotype but also inhibits the 

neuroinflammatory response by decreasing the M1/M2 microglial ratio 
(Honig et al., 2019; Guley et al., 2019; Tanaka et al., 2020). In addition, 
the activation of CB2 receptors has been shown to exert antinociceptive 
effects on animal models of pain (Reichenbach et al., 2022). 

The effect of CB2 receptor agonists on morphine tolerance 

The level of CB2 receptor increases after sustained morphine treat-
ment in the SC, and CB2 receptor agonists AM1241 reduce chronic 
morphine-induced CB2 receptor expression (Zhang et al., 2017; Zhang 
et al., 2018). In paclitaxel-treated mice, a prior history of CB2 receptor 
agonist M1710 treatment delayed the development of antinociceptive 
tolerance to morphine and attenuated morphine-induced physical 
dependence (Li et al., 2019), which suggested that the CB2 receptor was 
involved in morphine tolerance (Table 1). 

Increases in MOR protein and mRNA expression 

CB2 receptor agonists are commonly used by researchers to atten-
uate morphine tolerance. Coadministration of a nonanalogetic dose of 
AM1241 (CB2 receptor agonist) with morphine increased MOR protein 
expression in the SC and DRG and MOR mRNA expression in the SC in a 
Walker 256 tumor-bearing rat model (Zhang et al., 2016). CB2 receptor 
agonists attenuated morphine tolerance by regulating the expression of 
MOR. However, the exact pathway linking the CB2 receptor and MOR is 
still unclear, and the drug metabolism that occurs in rats after the 
binding of CB2 receptor agonists with CB2 receptor is unknown. How 
CB2 receptor agonists manage the related biological transformation 
process and expression in the body requires subsequent drug studies. 
Perhaps this can be used as a starting point to identify a new therapeutic 
target for reducing morphine tolerance in patients. Previous studies 
have shown that the expression and activation of MOR in the brainstem 
were attenuated by SR144528 (CB2 receptor antagonist) via the CB2 
receptor (Páldy et al., 2008). AM630 (CB2 receptor antagonist) inhibited 
MOR expression, but JWH015 (CB2 receptor agonist) markedly induced 
MOR expression in Jurkat T cells. These regulatory events were medi-
ated by the signal transducer and activator of transcription 5 (STAT 5) 
-IL-4-STAT6 signaling pathway (Börner et al., 2006). IL-4 expression has 
been detected in astrocytes in multiple sclerosis lesions (Hulshof et al., 
2002) and in lipopolysaccharide (LPS)-activated microglia (Park et al., 
2005). IL-4 induced MOR transcription in primary neurons (Kraus et al., 
2001). Based on these studies, we hypothesize that CB2 receptor ago-
nists induce MOR expression via an IL-4-dependent pathway in 
morphine tolerance models. Next, IL-4 and its upstream and down-
stream signaling pathways were explored, which may identify the role of 
IL-4 in morphine tolerance in different models of pain. 

However, in a C57BL6/J mouse tolerance model, the administration 
of O-1966 (CB2 receptor agonist) prior to each morphine injection led to 
significantly more pronounced tolerance than when morphine was 
administered prior to O-1966 during the chronic dosing regimen. O- 
1966 decreased morphine-induced acute antinociception and increased 
morphine-induced antinociceptive tolerance, which was related to O- 
1966 decreasing the functional activation of the MOR (Reichenbach 
et al., 2022). 

CB2 receptor agonists inhibit the MAPK pathway and microglial activation 

Microglial cells, which are a hub for information transmission, play a 
critical role in morphine tolerance because morphine promotes the 
release of inflammatory cytokines in microglia. Activation of the CB2 
receptor reduced the inflammatory response in glial cells (Kong et al., 
2022). Tolerance is related to a complex mechanism by which CB2 re-
ceptor regulates microglial phenotype during the neuroinflammatory 
response. Research has demonstrated that spinal CB2 receptor activation 
reduces glial activation (Romero-Sandoval et al., 2008). Coadministra-
tion of the selective CB2 receptor agonist AM1241 and morphine 
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reduced morphine-mediated glial activation (Tumati et al., 2012; Zhang 
et al., 2018). In a chemotherapy-induced neuropathy model, AM1710 
(CB2 receptor agonist) inhibited morphine tolerance by decreasing 
TNF-a mRNA level (Deng et al., 2015; Carey et al., 2023). In male Wistar 
rats, JWH133 and JWH015 (CB2 receptor agonist) inhibited inflam-
matory cytokines to ease morphine tolerance (Klegeris et al., 2003; 
Mlost et al., 2021). 

MAPK activation and glial proinflammatory mediator release have 
been linked to morphine tolerance (Raghavendra et al., 2002; Yu et al., 
2006; Mika et al., 2007). Administration of theCB2 receptor agonist 
JWH015 reduced phosphorylation of the p38 MAPK pathway in 
neuropathic pain (Paszcuk et al., 2011) and morphine-induced inflam-
matory responses in activated microglial cells (Merighi et al., 2012). 
MAPK mainly involves ERK, p38 and JNK expression. A previous study 
showed that AM1710 inhibited forskolin-induced cAMP production and 
induced enduring activation of ERK1/2 phosphorylation in HEK cells 
that were stably expressing mCB2 (Li et al., 2019). Another study sug-
gested that CB2 receptor agonist JWH133 induced ERK dephosphory-
lation to reduce microglial accumulation in inflammation-induced 
secondary brain injury after germinal matrix hemorrhage (GMH) in rats 
(Tang et al., 2015). JWH015 (CB2 receptor agonist) could inhibit 
ERK1/2 phosphorylation and decrease the subsequent production of 
downstream factors to alleviate tolerance (Merighi et al., 2012). In 
addition, coadministration with JWH-133 (CB2 receptor agonist) pro-
tected against the development of morphine tolerance might by inhib-
iting the JNK pathway (Yuill et al., 2017). 

Mitogen-activated protein kinase phosphatases 1 and 3 (MKP-1 and 
MKP-3) are major regulators of MKPs. MKP-3 is a selective ERK pathway 
inhibitor, and MKP-1 mainly downregulates p38 or JNK but can regulate 
ERK (Kawakami et al., 2003; Eljaschewitsch et al., 2006; Zhou et al., 

2007). In morphine-tolerant mice, intrathecal injection of AM1241 
increased MKP-1 and MKP-3 in the SC and reduced p-p38, p-ERK1/2 and 
the downstream cytokines IL-1β, IL-6 and TNF-a in microglia. In addi-
tion, the effect of AM1241 on morphine tolerance was blocked by MKP-1 
and MKP-3 antagonists (Kong et al., 2022). CB2 receptor agonists can 
regulate the state of MAPK through enzymes, affect microglia and 
reduce the release of inflammatory factors to reduce morphine toler-
ance. CB2 receptor agonists bind to MAPK, and how to regulate the 
biological effects of enzymes is worthy of further study. In sciatic nerve 
injury-induced neuropathic pain in male C57BL/6 J mice, JWH015 
inhibited the nitric oxide-cGMP-PKG-JNK signaling pathway to ease 
tolerance (Hervera et al., 2012). LY2828360 (CB2 receptor agonist) 
inhibited morphine tolerance through arrestin recruitment, CB2 recep-
tor internalization and the inhibition of forskolin-stimulated cAMP 
accumulation and ERK1/2 phosphorylation (Lin et al., 2017). 

TLR4 activation has been shown to enhance the production of 
proinflammatory cytokines, including IL-1β, IL-6 and TNF-a. In a 
morphine tolerance model, microglial activation is caused by a TLR4- 
independent mechanism (Fukagawa et al., 2013). In addition, compel-
ling evidence has suggested that morphine induces spinal microglial 
activation by binding with TLR4, which activates the downstream 
intracellular signaling pathway and leads to the release of cytokines via 
the inflammatory response (Pan et al., 2016; Ma et al., 2021). Animals 
treated with the selectiveCB2 receptor agonist O-1966 has a significant 
reduction in TLR4 (Adhikary et al., 2011). A study also suggested that 
the CB2 receptor had a protein–protein interaction with TLR4 and 
inhibited TLR4 expression by directly binding with it (Wei et al., 2018). 
AM630 inhibited the interaction between the CB2 receptor and TLR4 in 
primary macrophages and attenuated the inhibition of TLR4 by CB2 in 
the tumor microenvironment (Wei et al., 2018). CB2 receptor agonists 

Table 1 
the Effect of CB 2 receptor agonist on morphine tolerance (“↑”: increase, “↓”: decrease).  

CB2 receptor 
agonist 

CB2 receptor 
antagonist 

Model Tissue or cell Mechanism Behavioral assay Reference 

AM1241 AM630 cancer pain-morphine tolerance 
rat 

SC, DRG the protein of TLR4 and p38 
MAPK ↑ 

Thermal withdrawal 
latency 

Ma et al., 2021 

AM1241 AM630 Male Institute of Cancer Research 
(ICR) mice 

SC the protein of MKP-1 and MKP- 
3 ↓, microglial activation ↓ 

Hot plate test Kong et al., 2022 

AM1241 AM630 Walker 256 tumor-bearing rat SC, DRG MOR protein ↑ Mechanical hyperalgesia 
test and Thermal 
nociception test 

Zhang et al., 
2016 

AM1241  Adult male Sprague–Dawley rat microglia microglial activation ↑ Thermal hyperlgesia, 
Mechanical allodynia 

Tumati et al., 
2012 

AM1241 AM630 walker 256 tumor-bearing rat DRG TRPV1 protein ↓ Paw withdrawal latency Zhang et al., 
2017 

AM1241 AM630 ICR SC IL-1β, TNF-α and IL-6 ↓ The von Frey filament test, 
Hot plate test 

Zhang et al., 
2018 

O-1966 SR144528 C57BL6 mice CHO cell MOR internalization ↓ Hot plate withdrawal 
latency 

Reichenbach 
et al., 2022 

JWH133 SR144528 inflammatory pain in C57BL6/J 
mice  

inflammatory cytokines ↓ AUC of pain behavior Yuill et al., 2017 

JWH133  Male Wistar rat  inflammatory cytokines ↓  Mlost et al., 2021 
JWH 015   Jurkat T cell the protein of MOR ↑  Börner et al., 

2006 
JWH 015 SR144528  human 

monocytic cell 
THP-1 

inflammatory cytokines ↓  Klegeris et al., 
2003 

JWH 015 AM630 sciatic nerve injury-induced 
neuropathic pain in Male C57BL/ 
6 J mice  

cGMP–PKG–JNK signaling 
pathway ↓ 

the von Frey fifilaments and 
cold plate test 

Hervera et al., 
2012 

AM1710   HEK 293 cell p-ERK1/2 and JNK ↓ Mechanical allodynia 
Cold allodynia 

Li et al., 2019 

AM1710 AM630 in a chemotherapy-induced 
neuropathy model 

DRG, SC mRNA level of TNF-α ↓ Paw withdrawal threshold 
and Cold allodynia 

Deng et al., 2015 

AM1710  Adult male/female C57BI6/J mice DRG mRNAs of IL-1β and TNF-α ↓  Carey et al., 
2023 

LY2828360  Adult male/female C57BI6/J mice DRG mRNAs of IL-1β and TNF-α ↓ Paw withdrawal threshold 
and Cold allodynia 

Carey et al., 
2023 

LY2828360  wildtype (WT) mice Hek cell p-ERK1/2 ↓ Paw withdrawal threshold 
and Cold allodynia 

Lin et al., 2017  
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might inhibit TLR4 signal activation and reduce the expression of 
proinflammatory cytokines to suppress morphine tolerance. 

Moreover, a study showed that activation of the MAPK signaling 
pathway promoted TLR4 activation, and inhibiting MAPK phosphory-
lation reduced TLR4 protein expression (Zhang[a] et al., 2019). TLR4 
also participated in p38 phosphorylation induced by morphine (Pan 
et al., 2016). These results suggested that TLR4 and MAPK are involved 
in the reduction of morphine tolerance by CB2 receptor agonists. CB2 
receptor agonists inhibited microglia from releasing IL-1β, IL-6 and 
TNF-a, which is the last process in the MAPK-TLR4 pathway, to alleviate 
morphine tolerance. There are complex trafficking mechanisms and 
conduction networks between them, which should be explored in future 
studies. 

LY2828360 inhibited morphine tolerance and reversed established 
morphine tolerance, and it was more effective in male mice than female 
mice in a model of anti-retroviral toxic neuropathy, but these effects 
were eliminated when the CB2 receptor was removed (Carey et al., 
2023). This difference in the results is novel, and the mechanism of the 
difference in the tolerance retention effect of LY2828360 in males and 
females needs to be further investigated. Furthermore, in a clinical 
setting, the ability of drugs to reverse established tolerance may be 
critical. Interestingly, in the absence of LY2828360, female and male 
mice developed tolerance to morphine to a similar extent (Carey et al., 
2023). Further experiments are necessary to examine whether differ-
ences in CB2 receptor expression in male and female mice can be 
detected in regions of nociceptive circuitry (such as primary afferent 
neurons) that control the development of morphine tolerance (Corder 
et al., 2017). Moreover, further experiments are needed to determine 
whether CB2 receptor stimulation produces more upregulation of MOR 
mRNA in male mice or is more effective in inhibiting the opiate-induced 
increase in proinflammatory cytokines in male mice than in female 
mice. 

TRPV1 phosphorylation 

TRPV1 is critical in the development of thermal and mechanical 
hyperalgesia in inflammatory, neuropathic and cancer pain (Zhang 
et al., 2012) and is involved in morphine tolerance in normal animals 
(Nguyen et al., 2010). A study showed that the CB2 receptor and TRPV1 
are colocalized in human and rat DRG sensory neurons (Anand et al., 
2008). Coadministration of a nonanalgesic dose of AM1241 and 
morphine attenuated TRPV1 protein expression and inhibited tolerance 
in a cancer pain rat model that was evaluated by measuring paw with-
drawal latency to radiant heat stimulation, and the effect of AM1241 
was abolished by AM630 (Zhang et al., 2017). A selective TRPV1 
antagonist decreased TRPV1 immunoreactivity and attenuated 
morphine tolerance and dependence in normal rats (Qian et al., 2020). 
CB2 receptor agonist L759656 could indirectly mediate TRPV1 phos-
phorylation by inhibiting AC and depleting cAMP (Spahn et al., 2013), 
but further elucidation of the association between CB2 receptor agonists 
and TRPV1 in morphine tolerance is needed. Moreover, inhibiting 
MAPK phosphorylation reduced the increase in TRPV1 protein expres-
sion, and the increase in TRPV1 immunoreactivity contributed to 
morphine tolerance in a MAPK-dependent manner (Chen et al., 2008). 
Although it is generally accepted that cannabinoid agonists can reduce 
morphine tolerance in most studies, it has been shown that cannabinoid 
inhibitors can reduce tolerance, and some effects of CB2 receptor ago-
nists and antagonists on morphine-induced antinociceptive tolerance 
remain controversial. JTE907 (CB2 receptor antagonist) decreased 
morphine analgesia and attenuated morphine antinociceptive tolerance 
in rats, as shown by the tail-flick and hot-plate tests of antinociception 
(Ahmet et al., 2015). Differences in experimental paradigms, biased 
signaling of the CB2 receptor agonist used, or the presence/absence of a 
pathological pain state may explain these disparities. 

Conclusion 

The present review summarized the mechanisms of morphine 
tolerance and the possible effect of CB2 receptor agonists on tolerance, 
as shown by a literature search. Despite this conclusion, the exact 
mechanism of this intercellular regulation is still not fully understood. 
Since the combination of CB2 receptor agonist and morphine is benefi-
cial to morphine-induced tolerance, it provides some inspiration for 
further research and development of drugs to inhibit morphine toler-
ance. The benefits of combination therapy include reduced doses, 
consequent reductions in side effects, precise regulation of analgesia, 
and synergies that may enhance the efficacy of combination therapy. 
Moreover, this strategy is beneficial to patients, as it can not only reduce 
pain but also reduce their economic burden. 

Morphine mainly exert biological effects with MOR, many previous 
studies have reported that MOR is located in the CNS, while CB2 re-
ceptor is widely present in the CNS, including the immune system. Both 
of CB2 receptor and MOR are GPCRS. The use of CB2 receptor agonist 
AM1241 increases the expression of MOR and reduces morphine toler-
ance (Zhang et al., 2016). Börner reported that CB2 receptor agonist 
JWH015 increased the mRNA expression of MOR dependent on the CB2 
receptor (Börner et al., 2006). Morphine also induced upregulation of 
neuronal expressed CB2 receptor in the spinal cord (Grenier et al., 
2021). CB2 receptor and MOR might coexpression in the nervous system 
through previous studies. The interplay between CB2 receptor agonist 
and morphine may be due to the colocalization of the CB2 receptor to 
the MOR receptor. 

However, how the CB2 receptor and MOR interact remains to be 
studied. MAPK pathway, as a common signal pathway information ex-
change transfer station, transmits information upward and exerts bio-
logical effects on downward regulation. In the study of morphine 
tolerance, MAPK phosphorylation play an important role that promotes 
the release of downstream inflammatory factors, which induced 
morphine tolerance. CB2 receptor agonist reduced the release of 
proinflammatory by reducing MAPK phosphorylation, thereby reducing 
tolerance.In addition, a signal transducer and activator of transcription 
(STAT)-IL-4-STAT6 signal pathway was involved in MOR mRNA 
expression relulation by CB2 receptor agonist (Börner et al., 2006). 
Nevertheless, more experiments are needed to explore the regulation 
between CB2 receptor and MOR, whether there is a feedback system and 
whether there are other signaling pathways involved. 

CB2 receptor agonists have been used in rat models of morphine 
tolerance, but drugs targeting MOR are still in preclinical or early clin-
ical studies designed to evaluate their impact on opioid tolerance. We 
should further our understanding of the opioid lifecycle, as well as the 
underlying molecular mechanisms of morphine tolerance and CB2 re-
ceptor agonists, to address this matter. In addition, prior to planning 
clinical trials, it is critical to improve our understanding of how CB2 
receptor agonists interact with opioid receptors and which CB2 receptor 
agonist-mediated pharmacological methods (including excitation, 
antagonism, and allosteric regulation), mode and route of administra-
tion, dose, and duration of treatment regulate morphine tolerance. 
Direct effects on one of the signaling molecules may be beneficial in 
reducing side effects. Moreover, multicenter randomized controlled 
clinical trials are needed in the future. With the development of bio-
markers and genetic diagnostic tests, opioid treatment could be 
personalized, which may aid in addressing opioid tolerance and 
improving therapeutic outcomes for individual patients  (Fig. 1). 
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In this review, we attempt to summarize the recent findings about 
the currently possible understanding of the role of CB2 receptor agonist 
on morphine analgesia and tolerance, so as to provide new targets and 
new treatment strategies for future research. 
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Hervera, Arnau, Leánez, Sergi, Pol, Olga, 2012. The inhibition of the nitric oxide-cGMP- 
PKG-JNK signaling pathway avoids the development of tolerance to the local 
antiallodynic effects produced by morphine during neuropathic pain. Eur. J. Pharm. 
685, 42–51. 

Honig Marcia, G., Del Mar Nobel, A., Henderson Desmond, L., Ragsdale Tyler, D., Doty 
John, B., Driver Jake, H., Li Chunyan, Fortugno Andrew P, Mitchell William M, Perry 
Aaron M, Moore Bob M, Reiner Anton, 2019. Amelioration of visual deficits and 
visual system pathology after mild TBI via the cannabinoid Type-2 receptor inverse 
agonism of raloxifene. Exp. Neurol. 322. 

Horvath, R.J., Landry, R.P., Romero-Sandoval, E.A., DeLeo, J.A., 2010. Morphine 
tolerance attenuates the resolution of postoperative pain and enhances spinal 
microglial p38 and extracellular receptor kinase phosphorylation. Neuroscience 169, 
843–854. 

Hulshof, Sandra, Montagne, Lisette, De Groot, Corline J.A., Der Valk, Paul Van, 2002. 
Cellular localization and expression patterns of interleukin-10, interleukin-4, and 
their receptors in multiple sclerosis lesions. Glia 38, 24–35. 

Hutchinson, Mark R., Bland, Sondra T., Johnson, Kirk W., Rice, Kenner C., Maier, Steven 
F., Watkins, Linda R., 2007. Opioid-induced glial activation: mechanisms of 
activation and implications for opioid analgesia, dependence, and reward. 
ScientificWorldJournal 7, 98–111. 

Hutchinson, Mark R., Shavit, Yehuda, Grace, Peter M., Rice, Kenner C., Maier, Steven F., 
Watkins, Linda R., 2011. Exploring the neuroimmunopharmacology of opioids: an 
integrative review of mechanisms of central immune signaling and their implications 
for opioid analgesia. Pharm. Rev. 63, 772–810. 

Fig. 1. The mechanisms of morphine tolerance.  

D. Cui et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref1
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref1
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref1
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref1
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref2
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref2
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref2
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref2
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref3
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref3
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref3
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref3
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref4
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref4
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref4
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref5
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref5
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref5
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref6
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref6
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref6
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref7
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref7
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref7
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref7
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref7
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref8
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref8
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref8
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref8
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref8
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref9
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref9
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref9
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref9
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref10
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref10
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref10
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref11
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref11
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref12
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref12
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref12
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref12
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref12
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref13
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref13
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref13
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref14
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref14
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref14
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref15
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref15
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref15
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref15
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref16
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref16
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref16
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref16
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref17
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref17
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref17
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref17
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref17
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref18
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref18
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref18
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref19
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref19
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref19
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref19
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref20
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref20
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref21
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref21
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref21
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref22
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref22
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref22
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref22
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref23
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref23
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref23
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref24
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref24
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref24
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref25
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref25
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref25
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref25
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref26
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref26
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref27
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref27
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref27
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref27
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref28
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref28
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref28
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref28
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref28
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref29
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref29
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref29
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref29
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref30
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref30
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref30
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref31
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref31
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref31
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref31
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref32
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref32
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref32
http://refhub.elsevier.com/S2667-2421(23)02283-2/sbref32


IBRO Neuroscience Reports 16 (2024) 43–50

49

Hutchinson, Mark R., Zhang, Yingning, Shridhar, Mitesh, Evans, John H., 
Buchanan, Madison M., Zhao, Tina X., Slivka, Peter F., Coats, Benjamen D., 
Rezvani, Niloofar, Wieseler, Julie, Hughes, Travis S., Landgraf, Kyle E., 
Chan, Stefanie, Fong, Stephanie, Phipps, Simon, Falke, Joseph J., Leinwand, Leslie 
A., Maier, Steven F., Yin, Hang, Rice, Kenner C., Watkins, Linda R., 2010. Evidence 
that opioids may have toll-like receptor 4 and MD-2 effects. Brain Behav. Immun. 24, 
83–95. 

Bin, Jiang, Xuemei, Zhong, Junfan, Fang, Aijun, Zhang, Wen, WangD., Yi, Liang, 
Jianqiao, Fang, Feng, Chen, Junying, Du, 2021. Electroacupuncture attenuates 
morphine tolerance in rats with bone cancer pain by inhibiting PI3K/Akt/JNK1/2 
signaling pathway in the spinal dorsal horn. Integr. Cancer Ther. Jan. -Dec:20. 

Jia, Xiaoqian, Zhang, Anqi, Li, Zheng, Peng, Xiaoling, Tian, Xuebi, Gao, Feng, 2021. 
Activation of spinal PDGFRβ in microglia promotes neuronal autophagy via p38 
MAPK pathway in morphine-tolerant rats. J. Neurochem 158, 373–390. 

Kawakami, Yasuhiko, Rodríguez-León, Joaquín, Koth, Christopher M., Büscher, Dirk, 
Itoh, Tohru, Raya, Angel, Ng, Jennifer K., Esteban, Concepción Rodríguez, 
Takahashi, Shigeru, Henrique, Domingos, Schwarz, May-Fun, Asahara, Hiroshi, 
Belmonte Juan, Carlos Izpisúa, 2003. MKP3 mediates the cellular response to FGF8 
signalling in the vertebrate limb. Nat. Cell Biol. 5, 513–519. 

Klegeris, A., Bissonnette, C.J., McGee, P.L., 2003. Reduction of human monocytic cell 
neurotoxicity and cytokine secretion by ligands of the cannabinoid-type CB2 
receptor. Br. J. Pharm. 139, 775–786. 

Kliewer, A., Schmiede, F., Sianati, S., Bailey, A., Bateman, J.T., Levitt, E.S., Williams, J. 
T., Christie, M.J., Schulz, S., 2019. Phosphorylation-deficient G-protein-biased 
μ-opioid receptors improve analgesia and diminish tolerance but worsen opioid side 
effects. Nat. Commun. 10, 018–08162. 

Kibaly, Cherkaouia, Lin, Hong-Yiou, Loh, Horace H., Law, Ping-Yee, 2017. Spinal or 
supraspinal phosphorylation deficiency at the MOR C-terminus does not affect 
morphine tolerance in vivo. Pharm. Res 119, 153–168. 

Kong, Qingling, Tian, Songyu, Ma, Chao, Wang, Guonian, Zhang, Mingyue, 2022. 
Cannabinoid receptor type 2 agonist reduces morphine tolerance via mitogen 
activated protein kinase phosphatase induction and mitogen activated protein kinase 
dephosphorylation. Neuroscience 480, 56–64. 

Kraus, J., Borner, C., Giannini, E., Hickfang, K., Braun, H., Mayer, P., Hoehe, M.R., 
Ambrosch, A., Konig, W., Hollt, V., 2001. Regulation of mu-opioid receptor gene 
transcription by interleukin-4 and influence of an allelic variation within a STAT6 
transcription factor binding site. J. Biol. Chem. 276, 43901–43908. 

Li, Ai-Ling, Lin, Xiaoyan, Dhopeshwarkar, Amey S., Thomaz, Ana Carla, Carey, Lawrence 
M., Liu, Yingpeng, Nikas, Spyros P., Makriyannis, Alexandros, Mackie, Ken, 
Hohmann, Andrea G., 2019. Cannabinoid CB2 Agonist AM1710 Differentially 
Suppresses Distinct Pathological Pain States and Attenuates Morphine Tolerance and 
Withdrawal. Mol. Pharm. 95, 155–168. 

Li, Zheng, Jia, Xiaoqian, Peng, Xiaoling, Gao, Feng, 2020. The Interaction between spinal 
PDGFRβ and μ opioid receptor in the activation of microglia in morphine-tolerant 
rats. J. Pain. Res 13, 1803–1810. 

Liu, Dai-Qiang, Zhou, Ya-Qun, Gao, Feng, 2019. Targeting cytokines for morphine 
tolerance: a narrative review. Curr. Neuropharmacol. 17, 366–376. 

Chao, Ma, Mingyue, Zhang, Li, Liu, Pinyi, Zhang, Dandan, Liu, Xiaoyu, Zheng, 
Xuelai, Zhong, Guonian, Wang, 2021. - Low-dose cannabinoid receptor 2 agonist 
induces microglial activation in a cancer pain-morphine tolerance rat model. Life 
Sci. 264. 

Widmann, C., Gibson, S., Jarpe, M.B., Johnson, G.L., 1999. Mitogen-activated protein 
kinase: conservation of a three-kinase module from yeast to human. Physiol. Rev. 79, 
143–180. 

Mangan, Matthew S.J., Olhava, Edward J., Roush, William R., Seidel, H.Martin, 
Glick, Gary D., Latz, Eicke, 2018. Targeting the NLRP3 inflammasome in 
inflammatory diseases. Nat. Rev. Drug Discov. 17, 588–606. 

Mayer, D.J., Mao, J., Holt, J., Price, D.D., 1999. Cellular mechanisms of neuropathic 
pain, morphine tolerance, and their interractions. Proc. Natl. Acad. Sci. USA 96, 
7731–7736. 

McPherson, Jamie, Rivero, Guadalupe, Baptist, Myma, Llorente, Javier, Al- 
Sabah, Suleiman, Krasel, Cornelius, Dewey, William L., Bailey, Chris P., 
Rosethorne, Elizabeth M., Charlton, Steven J., Henderson, Graeme, Kelly, Eamonn, 
2010. μ-opioid receptors: correlation of agonist efficacy for signalling with ability to 
activate internalization. Mol. Pharm. 78, 756–766. 

Mecha, M., Feliú, A., Carrillo-Salinas, F.J., Rueda-Zubiaurre, A., Ortega-Gutiérrez, S., 
García de Sola, R., Guaza, C., 2015. Endocannabinoids drive the acquisition of an 
alternative phenotype in microglia. Brain Behav. Immun. 49, 233–245. 

Merighi, Stefania, Gessi, Stefania, Varani, Katia, Fazzi, Debora, Mirandola, Prisco, 
Borea, Pier Andrea, 2012. Cannabinoid CB(2) receptor attenuates morphine-induced 
inflammatory responses in activated microglial cells. Br. J. Pharm. 166, 2371–2385. 

Thomas, Meuser, Thorsten, Giesecke, Anja, Gabriel, Maria, Horsch, Rainer, Sabatowski, 
Jürgen, Hescheler, Stefan, Grond, Pierce, Palmer Pamela, 2003. - Mu-opioid receptor 
mRNA regulation during morphine tolerance in the rat peripheral nervous system. 
Anesth. Analg. 97, 1458–1463. 

Mlost, Jakub, Kostrzewa, Magdalena, Borczyk, Ma.łgorzata, Bryk, Marta, 
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