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Abstract

Cannabis has been used recreationally and medically for centuries, yet research into understanding 

the mechanisms of its therapeutic effects has only recently garnered more attention. There is 

evidence to support the use of cannabinoids for the treatment of chronic pain, muscle spasticity, 

nausea and vomiting due to chemotherapy, improving weight gain in HIV-related cachexia, 

emesis, sleep disorders, managing symptoms in Tourette syndrome, and patient-reported muscle 

spasticity from multiple sclerosis. However, tolerance the risk for cannabis use disorder are 

two significant disadvantages for cannabinoid-based therapies in humans. Recent work has 

revealed prominent sex differences in the acute response and tolerance to cannabinoids in 

both humans and animal models. This review will discuss evidence demonstrating cannabinoid 

tolerance in rodents, non-human primates, and humans and our current understanding of the 

neuroadaptations occurring at the cannabinoid type 1 receptor (CB1R) that are responsible 

tolerance. CB1R expression is downregulated in tolerant animals and humans while there is 

strong evidence of CB1R desensitization in cannabinoid tolerant rodent models. Throughout the 

review, critical knowledge gaps are indicated and discussed, such as the lack of a neuroimaging 

probe to assess CB1R desensitization in humans. The review discusses the intracellular signaling 

pathways that are responsible for mediating CB1R desensitization and downregulation including 

the action of G protein-coupled receptor kinases, β–arrestin2 recruitment, c-Jun N-terminal 

kinases, protein kinase A, and the intracellular trafficking of CB1R. Finally, the review discusses 
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approaches to reduce cannabinoid tolerance in humans based on our current understanding of the 

neuroadaptations and mechanisms responsible for this process.
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1. Introduction

Cannabinoids have been used for recreational and medical purposes for many centuries with 

the first reported medical use reported by the Chinese emperor Sheng Nung in 2729 BC. 

In modern times, cannabis and cannabinoids represent the most widely used illicit drug in 

the world. Due to the recent legalization of medical and/or recreational use of cannabinoids, 

the prevalence of cannabis use in the United States (US) has been growing over the last ten 

years.

The Cannabis plant genus is made up of three species including C. sativa, C. indica, 

and C. ruderalis. Although the specific constituents vary between specific strains and 

species, these plants contain more than 560 identified compounds, of which 150 are 

phytocannabinoids (Hanus et al., 2016; Lewis et al., 2017; Pertwee, 2014). The most 

abundant of these cannabinoids are (−)-trans-delta-9-tetrahydrocannabinol (Δ9-THC) and 

(−)-cannabidiol (CBD). The psychoactive effects of cannabis have been attributed to the 

action of THC at neuronal type 1 cannabinoid receptors (CB1R) while CBD has been shown 

to exert anti-inflammatory actions via multiple molecular targets. The Δ9-THC content in 

medical and recreational cannabis strains has increased from 3% weight/volume (w/v) in 

strains in 1980s compared to more than 12% Δ9-THC that is found in modern cannabis 

strains. Thus, there is an increasing and urgent need to understand the impact of high 

Δ9-THC cannabis strains with chronic use and elevated dosage (ElSohly et al., 2016).

1.1. The Endocannabinoid System

Cannabinoids exert their physiological effects primarily through action on the endogenous 

cannabinoid system (ECS). The ECS is involved in pain, cognition, learning and memory, 

locomotion, gastrointestinal regulation, sleep, as well as, pulmonary, autonomic, and 

immunomodulatory control mechanisms (Cinar et al., 2017; Fehr et al., 1976; Gine et al., 

2017; Kesner and Lovinger, 2020; Martin et al., 1999; Rossi et al., 2013; Schoch et al., 

2018; Sibaev et al., 2009; Storr et al., 2004) (Figure 1). The ECS consists of three main 
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components: the endogenous ligands (endocannabinoids), the cannabinoid receptors, and the 

enzymes responsible for the synthesis and catabolism of endocannabinoids. CB1R and CB2R 

are two primary receptors of the endocannabinoid system and both are G protein-coupled 

receptors (GPCRs) that are coupled to Gi/o proteins (Howlett, 2005). However, CB1R can 

also couple to Gs and Gq/11 proteins under certain conditions (Glass and Felder, 1997; 

Lauckner et al., 2005). These Class A, rhodopsin-like GPCRs share less than half of their 

amino acid sequence identity, resulting in substantial differences in signaling outcomes.

CB1R is widely expressed throughout the central nervous system where it mediates the 

psychoactive effects of Δ9-THC (Devane et al., 1988; Herkenham et al., 1991; Herkenham 

et al., 1990; Mailleux and Vanderhaeghen, 1992; Matsuda et al., 1990; Tsou et al., 1998). 

However, CB1R is also present in peripheral “non-neuronal” tissues including the liver, 

adipose tissue, and the pancreas (Cota et al., 2003; Osei-Hyiaman et al., 2005; Ravinet 

Trillou et al., 2004). Within the brain, CB1R is most densely expressed in the cerebral 

cortex, amygdala, basal ganglia, hippocampus, and cerebellum (Herkenham et al., 1990; 

Mackie, 2005). However, CB1R is also found at moderate levels in brain and spinal cord 

regions associated with pain, such as the dorsal root ganglia, periaqueductal gray (PAG), 

rostro-ventral medulla, and the limbic system (Ahluwalia et al., 2000; Mitrirattanakul et al., 

2006; Wilson-Poe et al., 2021). Interestingly, CB1R is highly expressed in the cortico-limbic 

brain circuits that are central to the processing of affective components of pain (Burns et al. 

2007; Lee et al. 2013). Agonist activation of CB1R has been shown to lead to stimulation of 

mitogen-activated protein kinases (MAPK) (Bouaboula et al., 1995) and G protein-coupled 

inward rectifying potassium channels (GIRKs) (Mackie et al., 1995) as well as inhibition 

of adenylyl cyclase (AC) (Howlett, 1985; Howlett and Fleming, 1984; Howlett et al., 1986) 

and voltage-gated calcium channels (VGCCs) (Mackie et al., 1993; Mackie and Hille, 1992) 

(Figure 2). Functional selectivity has been demonstrated for CB1R with specific agonists 

exerting distinct and differential modulatory effects on these signaling pathways (Ibsen et 

al., 2017; Khajehali et al., 2015; Laprairie et al., 2016).

CB2R is also a Gαi/o-coupled GPCR that is expressed mainly on cells of the immune 

system although low neuronal expression of CB2R has been reported in the brain (Munro 

et al., 1993; Van Sickle et al., 2005). However, despite low expression of CB2R in neurons, 

the analgesic effects of cannabinoids are mediated via action at both CB1R and CB2R. 

Since CB2R is coupled to Gai/o proteins, it modulates many of the same intracellular 

signaling pathways as CB1R including inhibition of AC (Felder et al., 1995) and activation 

of MAPKs (Bouaboula et al., 1996), activation of Phosphoinositide-3 kinase (PI3K)-Akt/

Protein Kinase B signaling (Molina-Holgado et al., 2007), and GIRKS (Ho et al., 1999) 

(Figure 3). It has also been shown that when CB2R is transfected into primary hippocampal 

neurons, it can also inhibit VGCCs and synaptic transmission (Atwood et al., 2012a). A 

high degree of functional selectivity for the CB2R has been demonstrated with CP55,940 

but not WIN55,212-2 causing robust inhibition of VGCCs and β–arrestin2 recruitment 

(Atwood et al., 2012b). Several studies have also identified orphan GPCRs such as GPR3, 

GPR6, GPR12, GPR18, and GPR55 that can mediate the effects of some cannabinoids under 

certain circumstances (Allende et al., 2020; Morales et al., 2017; Nourbakhsh et al., 2019; 

Ryberg et al., 2007). Tolerance to cannabinoids is almost entirely due to neuroadaptations 

occurring at the CB1R with no tolerance occurring for CB2R selective agonists. Therefore, 

Piscura et al. Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the mechanisms responsible for these neuroadaptations at CB1R that cause tolerance to 

cannabinoids will be a main focus of this review.

Two primary endocannabinoids have been identified, N-arachidonoyl ethanolamine (AEA; 

anandamide) and 2-arachidonoyl-glycerol (2-AG) (Devane et al., 1992; Stella et al., 1997). 

In the brain, these endocannabinoids are produced on demand in post-synaptic neurons 

from plasma membrane phospholipids in response to increased levels of intracellular 

calcium and/or excitatory post-synaptic potential-induced depolarization of the plasma 

membrane (Maejima et al., 2001; Maejima et al., 2005). AEA can be produced from 

phosphatidylethanolamine (PE) can occur multiple synthetic pathways. Most 2-AG is 

produced through the action of phospholipase C to produce diacylglycerol (DAG) from 

phosphatidylinositol 4,5-bisphosphate (PIP2), followed by the action of sn-1-diacylglycerol 

lipase alpha and beta (DAGL α/β) to convert DAG to 2-AG (Bisogno et al., 2003).

The concentration of 2-AG (~10 nM) in the brain has been shown to be almost 1000-fold 

higher than that of AEA (~50 pM) (Stella et al., 1997). In vitro molecular pharmacological 

assays have shown that AEA is a partial agonist at cannabinoid receptors while 2-AG acts 

as a full agonist. Endocannabinoids diffuse in a retrograde manner across the synapse where 

they act at pre-synaptic CB1R to suppress neurotransmission (Kreitzer and Regehr, 2001; 

Maejima et al., 2001; Wilson and Nicoll, 2001). Both 2-AG and AEA exert antinociceptive 

effects on pain through their action at CB1R and CB2R (Guindon et al., 2006; Guindon 

et al., 2007; Woodhams et al., 2015). AEA can also exert modulatory effects on pain by 

acting as an endovanillioid signal at the transient receptor potential cation channel subfamily 

V member 1 (Fischbach et al., 2007; Smart et al., 2000; van der Stelt et al., 2005). The 

duration of action for endocannabinoid signaling is tightly regulated and transient since 

these lipid signals are rapidly degraded by hydrolytic enzymes after signaling has occurred 

(Di Marzo et al., 1994). Hydrolysis of AEA occurs via fatty-acid amide hydrolase (FAAH) 

(Cravatt et al., 1996). Breakdown of 2-AG is medicated predominately through the action 

of monoacylglycerol lipase (MAGL; 85% of 2-AG breakdown) (Dinh et al., 2002). The 

remaining 15% of 2-AG breakdown is mediated predominately by members of the alpha-

beta-hydrolase domain family including ABHD6 and ABHD12 (Blankman et al., 2007; 

Marrs et al., 2010).

1.2. Synthetic Cannabinoids

In addition to cannabis, and oral and inhaled formulations of Δ9-THC, a wide range of 

synthetic cannabinoids are also commonly used for recreational purposes. These synthetic 

cannabinoids are highly potent, full agonists at CB1R and the type 2 cannabinoid receptor 

(CB2R) and bind with a 10–100X higher binding affinity compared to Δ9-THC (Ford et al., 

2017; Gatch and Forster, 2016). These synthetic cannabinoids also exhibit increased potency 

relative to Δ9-THC in preclinical animal models (Gatch and Forster, 2016). Synthetic 

cannabinoids were originally synthesized as research tools during the 1980s and have been 

produced by clandestine laboratories since the early 2000s and sold as “legal cannabis”. 

Recreational synthetic cannabinoid compounds such as JWH-018, are typically sprayed 

onto organic herbal plant mixtures and have been marketed throughout Europe, Australia 

and New Zealand, and the US under the trade names “K2”, “Spice”, “Black Mamba”, 
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and “Scooby Snax”. The specific synthetic cannabinoids produced for these products is a 

constantly evolving subset of compounds that have undergone several generational changes 

to evade Drug Enforcement Agency scheduling and retain legal status (Ford et al., 2017).

Many of the adverse clinical effects associated with synthetic cannabinoid consumption 

also occur for cannabis and natural cannabinoids. For example, acute intoxication with 

synthetic cannabinoids typically causes euphoria, dizziness, somnolence, dry mouth, and 

nausea. Users of synthetic cannabinoids present to emergency departments for clinical care 

much more frequently than users of natural cannabis. The typical symptoms associated 

with acute synthetic cannabinoid intoxication include anxiety, panic, agitation, tremors, 

tachycardia, and emesis (Cooper, 2016). However, in some cases, serious, potentially life-

threatening cardiovascular, renal, neurological, and gastrointestinal conditions arise and 

require immediate treatment (Tait et al., 2016). Synthetic cannabinoid-induced tachycardia 

can often be associated with chest pain, dyspnea, and at least 8 cases of myocardial 

infarction have been reported (Armenian et al., 2018). Hypertension resulting from synthetic 

cannabinoid use has also been reported (Ford et al., 2017). Acute kidney injury is relatively 

rare, but overdose injury from synthetic cannabinoids has resulted in several deaths (Tait et 

al., 2016). Although less common, clinically significant hyperemesis and seizures have also 

been reported (Tait et al., 2016).

2. Clinical Use of Cannabinoids

2.1. Medical Cannabinoids

Medical cannabinoids refer to the use of cannabis or cannabinoids as medical therapy 

to treat disease or alleviate symptoms. These compounds can be natural such as 

herbal cannabis, cannabis extracts, or synthetics such as nabilone. Medically prescribed 

cannabinoids include dronabinol capsules, nabilone capsules, and the oromucosal spray 

nabiximols (Hazekamp et al., 2013). Some countries have legalized medicinal-grade 

herbal cannabis for chronically ill patients. Canada and the Netherlands have government-

run programs in which specialized companies supply quality-controlled herbal cannabis 

(Hazekamp et al., 2013). In the United States, 37 states plus the territories of Guam and 

Puerto Rico, and the District of Columbia, have introduced laws to permit the medical 

use of cannabis. There is evidence to support the use of cannabinoids for the treatment 

of chronic pain, muscle spasticity, nausea and vomiting due to chemotherapy, to improve 

weight gain in HIV infection, treatment of sleep disorders, and symptom management in 

Tourette syndrome (Whiting et al., 2015). The National Academies of Science published a 

report in January 2017 outlining the health effects of cannabinoids and cannabis in medicine 

(National Academies of Sciences and Medicine, 2017). The committee of experts tasked 

with this report resolved there was conclusive evidence that cannabis or cannabinoids are 

effective for the treatment of chronic pain, emesis, and patient-reported muscle spasticity 

from multiple sclerosis (MS). The report concludes there is moderate evidence that cannabis 

or cannabinoids are effective for sleep disturbances associated with obstructive sleep apnea, 

fibromyalgia, chronic pain, or MS. There is limited evidence that cannabis or cannabinoids 

are effective for the treatment of anxiety disorders, post-traumatic stress disorder, clinician-

reported MS muscle spasticity, cachexia and anorexia associated with HIV infection. 

Piscura et al. Page 5

Biochem Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Limited evidence also suggests that cannabinoids are not effective for improving dementia, 

intraocular pressure associated with glaucoma, depressive symptoms in chronic pain and MS 

patients.

2.2. Cannabinoid Use Disorder

However, the long-term use of cannabinoid for recreational purposes or as medicines 

for chronic diseases is associated with limitations and disadvantages including tolerance, 

dependence, and/or the risk for cannabis use disorder (CUD). The lifetime risk of developing 

CUD in individuals that have used cannabis is estimated to be ~9.1%. However, this value 

has been challenged as an underestimate by other research that projects the prevalence 

of CUD to be closer to 22% in non-naive individuals that have used cannabis more 

than 5 times (Leung et al., 2020). For daily or weekly cannabis users the risk for 

CUD increases to 33%. As defined by the Diagnostic and Statistical Manual (DSM-5) 

from the American Psychiatric Association, the criteria for diagnosis with CUD include 

tolerance (the primary topic of this review), escalation of use, unsuccessful attempts to 

stop use, craving, usage despite adverse consequences, and withdrawal symptoms during 

early abstinence (American Psychiatric Association, 2013). CUD is responsible for 16% 

of admissions to drug treatment facilities which use combinations of cognitive-behavior 

therapies, motivational enhancement, and contingency management approaches to promote 

abstinence (Elkashef et al., 2008). Other treatment approaches include the management of 

cannabis withdrawal syndrome using cannabinoid replacement therapies.

2.3. Cannabis Withdrawal Syndrome

Cannabis withdrawal syndrome (CWS) is defined as somatic and behavioral symptoms 

associated with abstinence from cannabinoid consumption in dependent users. CWS 

represents the hallmark of cannabis dependence and is one of the DSM-V diagnostic criteria 

for CUD. Physical dependence resulting from heavy use is a hallmark of CUD and may 

underlie the poor success rates in its treatment (Budney et al., 2008; Ramesh et al., 2011). 

Symptoms of CWS include anger, anxiety, decreased appetite, dysphoria, craving irritability, 

and sleep disturbances (Budney et al., 2007; Curran et al., 2016). The onset of CWS starts 

~24 hours after abstinence, peaks at ~2–3 days post abstinence, and continues for ~2–3 

weeks (Budney et al., 2004).

Decreased levels of striatal dopamine have been demonstrated in patients with CUD and the 

degree of striatal dopamine deficits correlated with the frequency of cannabis use and the 

severity of neurocognitive problems including poor working memory and inattention (van de 

Giessen et al., 2017). Inhalation of vaporized Δ9-THC reduced binding of [11C]raclopride, 

a PET ligand for dopamine D2 and D3 receptors, by 4% in the striatum of healthy controls 

suggesting that cannabinoids such as Δ9-THC causes modest increases in striatal dopamine 

release, a neurotransmitter change associated with drug reward. Although, this 4% decrease 

in D2/D3 availability demonstrates that Δ9-THC shares addictive properties with other drugs 

of abuse, it was relatively modest compared to the 10–30% reductions observed for other 

drugs of abuse such as alcohol, nicotine, cocaine, and amphetamine (Bossong et al., 2009).
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Sustained use and abuse of synthetic cannabinoids can also result in a withdrawal syndrome 

consisting of headache, tremors, emesis, anxiety, nightmares, and tachycardia that has 

been treated effectively with the atypical antipsychotic medication, quetiapine (Castaneto 

et al., 2014; Cooper, 2016). A recent emergency department case report described the use 

of lorazepam to treat tonic-clonic seizures in a heavy user of the synthetic cannabinoid, 

K2 (Sampson et al., 2015). A survey of synthetic cannabinoid users found that a subset 

of chronic users report a desire for clinical treatment to help reduce their consumption 

(Winstock and Barratt, 2013).

There are limited pharmacotherapies that have been tested for the treatment of CUD and 

none have been approved by the Food and Drug Administration. The use of oral Δ9-THC to 

treat CUD has yielded the most promising results and has been shown to attenuate CWS in a 

dose-dependent manner. However, the highest and most effective doses of oral Δ9-THC also 

produced intoxication and subjective “liking” effects that are indicative of potential abuse 

liability (Budney et al., 2007). Smoked cannabis has also been shown to reduce shown to 

reduce CWS (Haney et al., 1999). Other studies have shown that divalproex (Levin et al., 

2004), buproprion (Haney et al., 2001), buspirone (McRae-Clark et al., 2015), fluoxetine 

(Cornelius et al., 2010), or lithium (Johnston et al., 2014) were not effective for treatment of 

CUD or reducing CWS.

Animal studies have also demonstrated CWS in rodents (Aceto et al., 1995; Cook et 

al., 1998; Hutcheson et al., 1998; Lichtman et al., 2001a; Tsou et al., 1995; Wilson 

et al., 2006) or dogs (Lichtman et al., 1998) exposed to injected Δ9-THC or smoked 

cannabis. Rats exposed to repeated treatment with WIN55,212-2 exhibited signs of 

spontaneous withdrawal when drug treatment was stopped (Aceto et al., 2001). However, 

the existence of spontaneous CWS in animal models is controversial and has been difficult 

to demonstrate reliably. Therefore, most studies of CWS in animal models have used 

rimonabant (SR141716A), an inverse agonist at CB1R, to precipitate a CWS in mice 

chronically exposed to cannabinoids. Somatic symptoms of precipitated withdrawal in 

rodents include wet dog shakes, forepaw fluttering, head shakes, chewing, tongue rolling, 

scratching, retropulsion and ptosis (Aceto et al., 1995; Tsou et al., 1995). Precipitated 

withdrawal from Δ9-THC in mice also causes impairments of spatial memory (Wise et al., 

2011).

Precipitated withdrawal from Δ9-THC was absent in CB1R knock-out (KO) mice (Ledent et 

al., 1999) and reduced in mu opioid receptor (MOR) KO mice (Lichtman et al., 2001b) 

and pre-proenkephalin KO mice lacking endogenous ligands for the MOR (Valverde 

et al., 2000). Precipitated cannabinoid withdrawal in mice has been shown to elicit 

increases in adenylyl cyclase activity and cAMP levels in the cerebellum, implicating 

neuroadaptations in cAMP/Protein Kinase A (PKA) signaling as important modulators 

of cannabinoid withdrawal (Hutcheson et al., 1998; Tzavara et al., 2000). Treatment 

with RP-8Br-cAMP, a cAMP antagonist, reduced some somatic signs of precipitated 

withdrawal in Δ9-THC dependent mice providing further support for cAMP/PKA signaling 

in cannabinoid withdrawal (Tzavara et al., 2000). Corticotropin-releasing factor (CRF) 

signaling and c-fos expression, a biochemical marker of neuronal activation, are increased 

in the central nucleus of the amygdala of mice undergoing precipitated withdrawal 
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suggesting engagement of stress and negative affect pathways. Similar to human clinical 

trials, treatment with Δ9-THC reduces withdrawal signs occurring during precipitated 

withdrawal. In addition, enhancement of endocannabinoid tone, using inhibitors of the 

FAAH and MAGL, the enzymes that hydrolyze AEA and 2-AG, respectively, also can 

reduce precipitated withdrawal somatic signs (Schlosburg et al., 2009). This finding raises 

the intriguing possibility that FAAH or MAGL inhibitors might be useful as a therapeutic in 

humans to reduce CWS.

3. Cannabinoid Tolerance

3.1. Cannabinoid Tolerance in Humans

Multiple studies have documented tolerance to the effects of Δ9-THC or inhaled cannabis 

in human subjects (Benowitz and Jones, 1981; D’Souza et al., 2008; Gorelick et al., 2013; 

Hunt and Jones, 1980; Jones et al., 1976; Jones et al., 1981; Mason et al., 2021). Tolerance 

to the psychomimetic, amnestic, perceptual effects, anxiogenic, and cortisol increasing 

effects of intravenous Δ9-THC has been demonstrated in frequent cannabis users (D’Souza 

et al., 2008; Ranganathan et al., 2009). Interestingly, the euphoric effects of intravenous 

(IV) Δ9-THC were not blunted in cannabis users providing evidence that tolerance and 

the neuroadaptations associated with this process might develop in a response- and brain 

region-specific manner (D’Souza et al., 2008). Other studies have shown that tolerance 

develops to the intoxicating “high” effects of oral Δ9-THC (Gorelick et al., 2013) as well as 

the acute effects of Δ9-THC on functional connectivity between regions of the brain involved 

in reward signaling such as nucleus accumbens, ventral palladium, and cortex (Mason et al., 

2021).

Clinical studies done in the 1970s and 80s demonstrated that acute intake of cannabis or 

Δ9-THC caused increased heart rate, orthostatic hypotension, decreased skin temperature 

(hypothermia) and increased body weight in healthy controls (Benowitz and Jones, 1981; 

Hunt and Jones, 1980; Jones et al., 1981). However, the effects of Δ9-THC or cannabis 

on heart rate (Benowitz and Jones, 1981; Hunt and Jones, 1980; Jones et al., 1981), blood 

pressure (Benowitz and Jones, 1981; Jones et al., 1981), hypothermic (Hunt and Jones, 

1980), intoxicating “high” effects (Hunt and Jones, 1980), and body weight (Hunt and 

Jones, 1980) were attenuated in frequent cannabis users suggesting the development of 

tolerance. These studies typically used relatively high daily doses of Δ9-THC (60 mg/kg/day 

or greater) that caused partial 50% tolerance within 4 days and near complete 80% 

tolerance by 10–12 days of chronic treatment (Jones et al., 1981). One possible mechanistic 

explanation was that increases in Δ9-THC metabolism and clearance might account for 

this observed tolerance. However, the very modest changes in the Δ9-THC metabolism and 

renal clearance of Δ9-THC metabolites that were detected are not sufficient to account for 

the magnitude of tolerance observed in clinical studies (Benowitz and Jones, 1981; Hunt 

and Jones, 1980). These early findings suggested that cannabinoid tolerance was mediated 

by pharmacodynamic changes in CB1R function rather than differences in cannabinoid 

pharmacokinetics.

Indeed, as the ability to probe pharmacodynamic changes in CB1R availability in humans 

using neuroimaging became possible as effective positron emission tomography (PET) 
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radioligands were developed, it became evident that pharmacodynamic neuroadaptations 

in CB1R played a critical role in cannabinoid tolerance. Multiple studies have demonstrated 

that CB1R is downregulated in cannabis users meeting the diagnostic criteria for CUD 

using CB1R selective PET radioligands. Downregulation of CB1R in cannabis users was 

less profound in subcortical brain regions compared to cortical regions. The finding of 

brain-region specific CB1R downregulation in cortical brain areas but not subcortical regions 

in humans is consistent with studies assessing CB1R down-regulation in animal models that 

will be discussed later in this review.

PET neuroimaging found that CB1R was downregulated by 20% in chronic cannabis users 

and that these decreases occurred primarily in cortical versus subcortical brain regions 

(Hirvonen et al., 2012). This study also found that decreased CB1R levels were reversed 

after 28 days of abstinence suggesting that chronic cannabis use doesn’t cause long-term 

changes. A subsequent study probed the amount of time required for CB1R downregulation 

to recover in chronic cannabis users by performing PET neuroimaging after two and 28 

days of abstinence. This work found that CB1R availability decreased by ~15% across most 

brain regions in dependent cannabis users but these differences in CB1R levels were no 

longer detectable after two days of abstinence (D’Souza et al., 2016). There was also a 

strong negative correlation between CB1R levels and the severity of withdrawal symptoms, 

suggesting that CB1R down-regulation is strongly involved in CWS. Other studies using 

different PET neuroimaging ligands found that CB1R availability was decreased by ~11% 

in chronic cannabis users compared to healthy controls with little evidence of CB1R down-

regulation in sub-cortical brain regions (Ceccarini et al., 2015).

3.2. Cannabinoid Tolerance in Animal Studies

Cannabinoid agonists have been shown to elicit well-characterized “tetrad” effects in 

animals that include tail-flick antinociception, decreased body temperature, decreased 

locomotor activity, and catalepsy (Janoyan et al., 2002; Moore and Weerts, 2022; Ryan et al., 

1995). Tetrad effects are absent in CB1R KO mice or in mice treated with CB1R antagonists 

such as rimonabant (Rinaldi-Carmona et al., 1994). As mentioned above, the antinociceptive 

effects of cannabinoids in the context of pathological and/or chronic pain is also partially 

mediated by CB2R. However, CB2R agonists have been shown to have minimal effects on 

tail-flick tests of antinociception that are mediated predominately by spinal mechanisms (Lin 

et al., 2018; Yuill et al., 2017).

Tolerance occurs with repeated, chronic drug administration resulting in a progressive 

decrease in response. Tolerance to the “tetrad” effects (antinociception, hypothermia, 

catalepsy, and hypoactivity) of twice-daily injections of 10 m/kg Δ9-THC has been 

demonstrated in mice (Abood et al., 1993; Bass and Martin, 2000; Oviedo et al., 1993). This 

dosing paradigm caused a 27-fold rightward shift in the dose response curve (ED50) for Δ9-

THC due to the development of tolerance (Abood et al., 1993). Tolerance to antinociceptive 

and hypoactive effects of Δ9-THC developed rapidly with mice demonstrating the onset 

of robust partial tolerance after only 3 injections of 10 mg/kg Δ9-THC with compete 

tolerance occurring following 7 injections (Abood et al., 1993). This study also found 

that tolerance to the motility and antinociceptive effects of Δ9-THC were fully reversed 
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by 7.5 days and 11.5 days of abstinence, respectively (Abood et al., 1993). Another study 

found that Δ9-THC tolerance developed in a manner that was dose-dependent in mice with 

higher doses producing increased tolerance (McKinney et al., 2008). Tolerance has also 

been demonstrated for the inhibitory effects of Δ9-THC on electrically-evoked contractions 

of the vas deferens (Pertwee et al., 1993), for the diuretic effects of Δ9-THC (Chopda 

et al., 2016), and for the effects of Δ9-THC on brain glucose utilization (Whitlow et al., 

2003). Interestingly, tolerance to the effects of cannabinoids on memory and neuroendocrine 

functions took much longer (weeks to months) to occur suggesting that cannabinoid 

tolerance develops in a response-specific manner (de Miguel et al., 1998; Gonzalez et al., 

1999; Hampson et al., 2003).

While tolerance to many of the effects of Δ9-THC have been demonstrated across many 

studies, tolerance to the endocannabinoids, AEA and 2-AG, has only been investigated 

more recently. Chronic administration of exogenous AEA to FAAH KO mice caused 

modest shifts in the dose-response curve for AEA compared to the dose response curves 

for Δ9-THC in FAAH KO mice chronically treated with Δ9-THC (Falenski et al., 2010). 

Neuroadaptations such as CB1R downregulation and desensitization have been demonstrated 

to occur with chronic cannabinoid drug treatment and will be discussed in detail later in 

this review. Interestingly chronic AEA treatment produced less CB1R downregulation and 

desensitization compared to chronic treatment with Δ9-THC. Treatment with the MAGL 

inhibitor JZL184 has been shown to dramatically increase 2-AG levels and elicit “tetrad” 

effects (Long et al., 2009). However, repeated treatment with 40 mg/kg JZL184 resulted in 

tolerance to these effects while also causing CB1R neuroadaptations such as downregulation 

and downregulation (Schlosburg et al., 2014). Supporting the finding that tolerance develops 

for the effects of 2-AG, the effects of WIN55,212-2 on cannabinoid “tetrad” behaviors 

and synaptic plasticity in the hippocampus were blunted in MAGL KO mice (Pan et al., 

2011; Schlosburg et al., 2010). Tolerance to the antinociceptive and gastroprotective effects 

of JZL184 can be prevented using lower drug doses (4 mg/kg) that don’t cause CB1R 

downregulation and desensitization, suggesting that tolerance to 2-AG is concentration/dose-

dependent (Kinsey et al., 2013). Taken together these results suggest that tolerance develops 

for 2-AG to a much greater extent than it does for AEA. However, tolerance to both 

endocannabinoids seems to be less pronounced than tolerance to chronically administered 

exogenous cannabinoids such as Δ9-THC, WIN55,212-2, and CP55,940.

Tolerance to the “tetrad” effects of synthetic cannabinoids such as CP55,940 and WIN55–

212,2 have also been demonstrated (Fan et al., 1996; Gomez et al., 2021; Nealon et al., 

2019; Sim-Selley and Martin, 2002). Tolerance to the hypothermic effects of commonly 

abused synthetic cannabinoids found in “K2” or “Spice” including AB-PINACA, 5F-AB-

PINACA, 5F-ABD-PINACA, and JWH-018 has also demonstrated (Wilson et al., 2022). 

Interestingly, tolerance was much less for 5F-AB-PINACA, 5F-ABD-PINACA than for 

JWH-018 suggesting agonist-specific differences in tolerance. Indeed, we and others have 

demonstrated tolerance develops at different rates for many cannabinoid agonists with 

synthetic, high-potency, full cannabinoids such as WIN55,212-2 and CP55,940 often 

showing slower tolerance compared to Δ9-THC (Figure 4) (Henderson-Redmond et al., 

2020; Nealon et al., 2019; Wilson et al., 2022). These observations suggest the possibility 
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of agonist-specific mechanisms of cannabinoid tolerance that will be elaborated on in detail 

later in this review.

Supporting this hypothesis is recent work that assessed tolerance for PNR-4-20, a G 

protein biased CB1R agonist. While PNR-4-20 produced similar tolerance to Δ9-THC 

for its antinociceptive effects, tolerance was lower than Δ9-THC for the hypothermic and 

cataleptic effects of this biased agonist. In addition, cross-tolerance between Δ9-THC and 

PNR-4-20 was unidirectional with chronic Δ9-THC treatment causing tolerance to the 

effects of PNR-4-20, but chronic PNR-4-20 did not cause tolerance for Δ9-THC (Ford et al., 

2019). In addition, tolerance was rapidly reserved by abstinence for PNR-4-20 but tolerance 

for the effects of Δ9-THC and JWH-018 persisted following 7–12 days of abstinence. 

Importantly, chronic PNR-4-20 caused much less downregulation of CB1R compared to 

chronic treatment with either Δ9-THC or JWH-018.

Treatment of rhesus monkeys with Δ9-THC caused tolerance to the discriminative and 

locomotor effects of Δ9-THC (Hruba et al., 2012). Treatment with Δ9-THC also produced 

cross-tolerance to subjective discriminative effects of the synthetic cannabinoids, CP55,940, 

JWH-018, and JWH-073 in rhesus monkeys (Hruba et al., 2012). Other studies demonstrated 

that tolerance developed to the sedative and cognitive effects of 1 mg/kg Δ9-THC in squirrel 

monkeys (Withey et al., 2021). However, tolerance to these effects of Δ9-THC was not 

altered by co-administration of 3 mg/kg CBD. Interestingly, this study found that tolerance 

didn’t develop for the ability of Δ9-THC to cause fragmented sleep patterns. Taken together, 

these data demonstrate robust tolerance to cannabinoids across a wide range of species 

including rodents, non-human primates, and humans.

Many drugs of abuse including cannabinoids and opioids cause dopaminergic neurons of the 

ventral tegmental area to release dopamine within the ventral striatum (Gomez et al., 2021). 

This dopaminergic signaling between the VTA and striatum is an essential neurochemical 

signal for drug-induced reward and reinforcement. Tolerance to the effects of cannabinoids 

on striatal dopamine release has also been recently demonstrated. Chronic exposure to 

WIN55,212-2 produced tolerance to the effects of WIN55,212-2 on striatal dopamine 

release as well as cross-tolerance for the ability of heroin to elicit dopamine signaling 

(Gomez et al., 2021). Other studies have demonstrated that acute Δ9-THC causes decreased 

food intake as well as sleep disturbance including increased non-rapid eye movement 

(NREM) sleep and decreased REM sleep. This work found that chronic exposure to Δ9-THC 

caused tolerance to the effects on sleep and feeding behavior (Kesner et al., 2022). Recent 

work has assessed tolerance to the antinociceptive effects of orally consumed Δ9-THC in 

mice with chronic neuropathic pain caused by spared nerve ligation surgery (Abraham et 

al., 2020). This study demonstrated that tolerance developed for the ability of morphine 

but not Δ9-THC to alleviate mechanical sensitivity and hyperalgesia associated in mice 

with neuropathic pain. Interestingly, non-neuropathic mice given oral Δ9-THC also did not 

display tolerance to the “tetrad” effects of challenge injection of Δ9-THC suggesting that 

the route of administration (oral vs. systemic injection) likely plays an important role in the 

development of tolerance.
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Historically, tolerance to cannabinoid compounds has been associated with downregulation 

and desensitization of CB1R (Martin et al., 2004). The role of CB2R in tolerance, conversely, 

is thought to be minimal. Numerous in vivo models of neuropathic pain have found that 

CB2R agonists provide significant antinociception without the development of tolerance 

(Blanton et al., 2019; Deng et al., 2015; Li et al., 2019; Lin et al., 2018). Similar findings 

of CB2R-mediated antinociception without tolerance are observed using inflammatory, 

postoperative, osteoarthritic, and hyperalgesia pain models (Yao et al., 2009; Yao et al., 

2008; Yuill et al., 2017). However, tolerance to the immunosuppressive effects of the mixed 

cannabinoid agonist CP55,940 was found to be associated with CB2R, rather than CB1R, 

activity (Yao et al., 2008). In vitro studies have also found that CB2R agonists can induce 

desensitization and downregulation of the CB2R receptor in Chinese hamster ovary and 

HL-60 cells (Shoemaker et al., 2005a; Shoemaker et al., 2005b).

Recent investigation into the mechanisms of cannabinoid tolerance has revealed possible 

mechanisms for CB2R downregulation. However, this critical question remains largely 

unanswered, and this knowledge gap requires additional investigation. The c-Jun N-terminal 

kinase (JNK) signaling pathway can mediate cannabinoid tolerance to mixed cannabinoid 

agonists in both inflammatory and neuropathic pain models (Henderson-Redmond et al., 

2020) and this mechanism will be discussed in detail later in this review. Inhibition of this 

JNK pathway produced antinociception in the formalin model of pain that was mediated by 

CB2R alone in female mice and was associated with upregulation in the mRNA for CB2R 

and decreased levels of β-arrestin1 transcript (Blanton et al., 2021). Research on the role of 

β-arrestin2 in cannabinoid tolerance revealed a role in CB1R and CB2R internalization that 

was only modestly increased by overexpression of GRK (Ibsen et al., 2019). Furthermore, 

this internalization was caused by 2-AG and CP55,940 but not by Δ9-THC. The role of 

β-arrestin in CB2R downregulation is further supported by the finding that the β-arrestin-

biased CB2R agonist GW833972A produced greater tolerance than the cAMP-biased CB2R 

agonist, JWH-133 (Mlost et al., 2021). Recent in vitro studies suggest that the mechanism of 

CB2R-mediated β-arrestin2 recruitment is not through the classical GRK-mediated pathway, 

but rather through phosphomimetic C-terminal aspartate residues (Patel et al., 2022).

CB2R agonists are being explored as clinical analgesics due to the wealth of preclinical data 

demonstrating that they don’t cause tolerance and might also reduce opioid tolerance (Bie 

et al., 2018). CB2R agonists can delay or reverse morphine tolerance, possibly by reversing 

opioid-mediated inflammation, through a mechanism that involves activation of MAPK 

phosphatases 1 and 3 and reversal of opioid-mediated MAPK phosphorylation (Carey et 

al., 2023; Kong et al., 2022; Reichenbach et al., 2022). Whether CB2R agonists might also 

reduce tolerance for other GPCR agonists, including cannabinoid agonists acting through 

CB1R, has not been investigated to date and should be addressed in future studies. Two 

independent Phase 2 clinical trials on the analgesic potential of CB2R agonist Olorinab for 

abdominal pain due to Crohn’s disease and irritable bowel syndrome revealed significant 

relief of abdominal pain without the development of tolerance (Chang et al., 2023; 

Yacyshyn et al., 2021). The anti-inflammatory potential of the CB2R agonist, Lenabasum, 

was evaluated in patients with either cystic fibrosis or dermatomyositis, and was found 

to produce significant reductions in inflammatory markers without evidence of tolerance 

(Chmiel et al., 2021; Werth et al., 2022). While some preclinical data suggests the possibility 
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of tolerance for CB2R agonists, current clinical data has yet to show such an effect and the 

numerous ongoing and planned clinical trials for CB2R -mediated analgesics will help bring 

further clarity to this critical question.

4. Mechanisms of Cannabinoid Tolerance

4.1. CB1R Neuroadaptations Involved in Cannabinoid Tolerance

As mentioned earlier, chronic cannabinoid treatment causes multiple CB1R neuroadaptations 

such as desensitization and downregulation that lead to tolerance. In this review, we define 

the process of desensitization as the functional uncoupling of the receptor from its G protein 

signaling moieties, a process that typically involves phosphorylation of the receptor by 

GRKs and the recruitment of β–arrestin protein (Figure 5). In contrast, downregulation 

corresponds to the permanent removal of receptor from the plasma member due to 

internalization and trafficking to lysosomal pathways for degradation. Both processes cause 

reductions in agonist-stimulated receptor signaling that are, at least partially, responsible for 

tolerance.

Early work demonstrated that tolerance due to chronic cannabinoid treatment was associated 

with robust down-regulation of CB1R. For example, chronic treatment with WIN55,212-2, 

CP55,940, or Δ9-THC resulted in a loss of cannabinoid receptor binding sites throughout 

the brains of tolerant mice and rats (Breivogel et al., 1999; Di Marzo et al., 2000; 

Romero et al., 1997). Chronic treatment with Δ9-THC caused time- and region-dependent 

downregulation of [3H]-WIN55,212-2 binding sites corresponding to ~20% loss of CB1R 

in the cerebellum, hippocampus, and striatum, with the hippocampus displaying the highest 

level of downregulation. Downregulation of CB1R was detected in the hippocampus and 

striatum after only three days of treatment with 10 mg/kg Δ9-THC, reaching maximal levels 

after 14–21 days of chronic Δ9-THC treatment (Breivogel et al., 1999). Importantly, chronic 

Δ9-THC treatment did not cause CB1R down-regulation in subcortical areas of the brain 

such as the globus pallidus, consistent with reports of CB1R availability in human cannabis 

users. In general, this study and others did not observe any change in radioligand binding 

affinity in Δ9-THC-tolerant rodents.

Other studies examining CB1R downregulation in Δ9-THC-tolerant rats also found that 

CB1R was decreased in the cerebellum, striatum, cerebral cortex, hippocampus, and 

brainstem, but not in the limbic forebrain (Di Marzo et al., 2000). Tolerance and CB1R 

downregulation in Δ9-THC and CP55,940-treated rodents was found to be dose-dependent 

with higher cannabinoid doses producing stronger tolerance and greater magnitudes of 

CB1R downregulation (McKinney et al., 2008; Oviedo et al., 1993). While some studies 

have found that Cnr1 transcript is decreased in the whole brains of Δ9-THC-tolerant rats, 

other studies have found no difference or increases in CB1R mRNA levels (Abood et al., 

1993; Sim-Selley et al., 2006). Recent work has used Stochastic Optical Reconstruction 

Microscopy super-resolution imaging to assess CB1R distribution at a nanoscale level in the 

brains of Δ9-THC-tolerant mice (Dudok et al., 2015). This study found that chronic Δ9-THC 

caused 74% downregulation of CB1R and an increase in the ratio of internalized CB1R in 

the perisomatic boutons of hippocampal GABAergic interneurons. CB1R downregulation 

was partially rescued after 11 days of abstinence, although complete recovery of CB1R 
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downregulation took 6 weeks. These results demonstrate that downregulation of CB1R 

might be persistent and long-lasting in Δ9-THC-tolerant rodents.

CB1R downregulation in the hippocampus and striatum of Δ9-THC-tolerant mice is 

generally longer acting than desensitization with recovery of CB1R levels taking 7 or 14 

days of sustained abstinence in striatum and hippocampus, respectively, to achieve. This 

finding demonstrates that recovery of CB1R in tolerant animals occurs faster in some brain 

regions (striatum) than others (hippocampus) and these differences might explain response-

specific differences in the development of and recovery from tolerance. In contrast, the 

recovery of CB1R desensitization generally takes between 3–7 days to occur depending on 

brain region (Sim-Selley et al., 2006). Interestingly, the recovery of CB1R downregulation 

during Δ9-THC abstinence did not correspond to and could not be explained by concurrent 

compensatory changes in CB1R transcript expression.

Chronic treatment with either Δ9-THC or WIN55,212-2 produced robust tolerance to the 

“tetrad” effects of these agonists. While chronic Δ9-THC and WIN55,212-2 treatments 

produced equivalent levels of CB1R downregulation, these agonists produced differing 

amounts of desensitization. Treatment with Δ9-THC produced greater (~2-fold) CB1R 

desensitization compared to WIN55,212-2, providing early evidence that cannabinoid 

tolerance might be mediated by agonist-specific neuroadaptations. As mentioned earlier 

in this review, the G protein-biased cannabinoid agonist, PNR-4-20, produced less tolerance 

than unbiased cannabinoid agonists such as Δ9-THC and JWH-018 (Ford et al., 2019). This 

study found that PNR-4-20 produced less CB1R downregulation in the hypothalamus and 

thalamus compared to Δ9-THC. Although chronic treatment with AEA did not induce CB1R 

downregulation (Falenski et al., 2010), chronic enhancement of 2-AG in MAGL KO mice 

did cause robust downregulation of CB1R, similar to the amount of downregulation that is 

observed in the brains of Δ9-THC-tolerant mice (Schlosburg et al., 2010). These findings 

raise the possible that G protein-biased agonists and therapeutics that enhance AEA levels 

might be able to yield sustained therapeutic efficacy due to reduced CB1R downregulation 

and tolerance for these agonists.

Many of the studies described above examining CB1R downregulation also assessed 

CB1R desensitization. These studies typically use agonist-stimulated [35S]-GTPγS binding 

assays to measure G protein activation and coupling in ex vivo tissue preparations to 

assess CB1R desensitization. For GPCRs, including CB1R, desensitization is linked to the 

phosphorylation of the GPCR by a G protein receptor kinase (GRK) and interaction of the 

phosphorylated receptor with an arrestin protein, such as β–arrestin2 (DeWire et al., 2007; 

Moore et al., 2007). GRKs phosphorylate serine and threonine residues, typically at residues 

in the 3rd intracellular loop or the C-terminus of the GPCR. For the CB1R, transfection 

of Xenopus oocytes with GRK 3 and β-arrestin2 was sufficient for CB1R desensitization, 

suggesting that these GRK and β-arrestin isoforms are sufficient for this process (Jin et 

al., 1999). However, it is likely that other GRKs and arrestin proteins can mediate CB1R 

desensitization in certain cell types where these other forms are expressed.

Chronic treatment with 10 mg/kg Δ9-THC for 21 days resulted in region-specific 

CB1R desensitization in mouse brain sections and membrane homogenates subjected to 
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autoradiographic analysis of WIN55,212-2-stimulated [35S]-GTPγS binding (Sim et al., 

1996). This study found widespread CB1R desensitization in most brain regions of Δ9-

THC-tolerant mice that were examined including the hippocampus, cortex, striatum, and 

cerebellum. Notably, CB1R desensitization was not detected in the PAG, an area of the 

brain involved in antinociception and pain processing. Additional studies using a shorter 5 

day duration of chronic Δ9-THC treatment detected CB1R desensitization in the substantia 

nigra but not in the globus pallidus or striatum (Romero et al., 1998). Furthermore, 

chronic Δ9-THC treatment can also produce neuroadaptations in the opioid system including 

increased agonist-stimulated mu opioid receptor signaling (Corchero et al., 1999). Multiple 

studies have found CB1R desensitization is rapid and can be detected after only 1–3 days 

of chronic Δ9-THC, while the magnitude of desensitization increases progressively with 

longer durations of Δ9-THC treatments (Breivogel et al., 1999; Corchero et al., 1999). 

Similar to CB1R downregulation in humans and animal models, desensitization was less 

pronounced in subcortical regions of the brain including the globus pallidus and striatum 

compared to cortical structures such as the hippocampus (Breivogel et al., 1999). Also 

similar to CB1R downregulation in animal models, desensitization was found to be both 

dose- and agonist-dependent (McKinney et al., 2008; Sim-Selley and Martin, 2002). While 

chronic treatment with Δ9-THC or WIN55,212-2 produced equivalent amounts of CB1R 

downregulation, Δ9-THC produced greater desensitization in some brain regions providing 

early evidence of agonist differences in CB1R neuroadaptations associated with cannabinoid 

tolerance (Sim-Selley and Martin, 2002). Abstinence from chronic Δ9-THC resulted in more 

rapid recovery of desensitized receptors in striatum compared to hippocampus (Sim-Selley 

et al., 2006). The restoration of WIN55,212-2-stimulated [35S]-GTPγS binding to control 

levels in Δ9-THC-tolerant mice took 14 days in the hippocampus compared to 3 days in 

the striatum. This finding demonstrates that the development of CB1R desensitization, as 

well as the recovery of this process can occur in a region-specific way that might underly 

response-specific differences in cannabinoid tolerance.

Other studies have assessed CB1R desensitization by measuring the desensitization of 

cannabinoid-mediated synaptic plasticity in hippocampal neurons. Depolarization of post-

synaptic hippocampal neurons has been shown to suppress pre-synaptic glutamatergic 

signaling through a mechanism mediated by endocannabinoid release that causes a process 

known as depolarization-induced suppression of excitation (DSE). However, pretreatment 

with cannabinoid agonists such as WIN55,212-2 caused partial desensitization of DSE 

within 2 hours, while 24 hours of treatment resulted in complete desensitization of DSE 

(Kouznetsova et al., 2002). Desensitization of DSE was reduced by dominant negative forms 

of GRK2 and β–arrestin2, demonstrating that GRK signaling and β–arrestin signaling are 

critical for the process of CB1R desensitization (Kouznetsova et al., 2002).

Subsequent work demonstrated that the acute response to Δ9-THC was enhanced while 

tolerance for Δ9-THC was decreased in β–arrestin2 KO mice (Breivogel et al., 2008; 

Nguyen et al., 2012). This finding was similar to work demonstrating that the acute response 

to agonists such as morphine at MOR, another GPCR that is dependent on β–arrestin2, was 

enhanced in β–arrestin2 KO mice (Bohn et al., 1999). Deletion of β–arrestin2 enhanced 

WIN55,212-2 and CP55,940 [35S]-GTPγS binding but not binding of the CB1R selective 

antagonist, [3H]-SR141716A, demonstrating that CB1R -stimulated G protein signaling was 
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enhanced in β–arrestin2 KO tissues without increases in the number of CB1R binding sites 

(Nguyen et al., 2012). Furthermore, deletion of β–arrestin2 reduced tolerance to the effects 

of Δ9-THC and reduced downregulation and desensitization of CB1R in the cerebellum, 

spinal cord, and PAG. Consistent with previous findings in humans and animal models, 

CB1R downregulation and desensitization in wild-type mice was less in subcortical brain 

regions compared to cortical areas. Cannabinoid tolerance was not changed in mice lacking 

βa-rrestin1 suggesting that β–arrestin2 is the primary arrestin isoform responsible for this 

process (Breivogel and Vaghela, 2015).

Our work and others have demonstrated the critical role of several putative protein kinase 

phosphorylation sites in CB1R that are critical for desensitization. Protein kinase C (PKC) 

has been shown to attenuate the effects of cannabinoid agonists on ion channels including 

the activation of GIRK channels and inhibition of VGCCs (Garcia et al., 1998). The effect 

of PKC on CB1R ion channel signaling is mediated by phosphorylation at S317 on the 

3rd intracellular loop of the receptor. Phosphorylation of S426 and S430 by GRKs and 

β–arrestin2 recruitment to these phosphorylated residues is essential for desensitizing the 

effects of CB1R on GIRK channels and MAPK signaling (Daigle et al., 2008a; Jin et al., 

1999). CB1R desensitization occurred rapidly (within ~5 minutes) and the expression of 

alanine point mutations at residues S426 and S430 had no effect on internalization despite 

reducing desensitization by ~75% (Daigle et al., 2008a).

4.2. Mechanism of GRK/β–arrestin2-Mediated Cannabinoid Tolerance

The expression of the S426A/S430A point mutations in mice caused an enhancement in the 

acute duration of “tetrad” effects for a single injection of Δ9-THC while causing a decrease 

in tolerance for the tetrad effects of chronically administered Δ9-THC (Morgan et al., 

2014). Desensitization and downregulation of CB1R was reduced in S426A/S430A versus 

wild-type mice chronically treated with Δ9-THC, demonstrating that the neuroadaptations 

responsible for cannabinoid tolerance were partially prevented in mice lacking the putative 

GRK phosphorylation sites responsible for CB1R desensitization. Tolerance was also 

decreased for the antinociceptive effects of cannabinoids on formalin pain (LaFleur et 

al., 2018) and chemotherapy-evoked neuropathic pain (Nealon et al., 2019). Tolerance 

to the effects of WIN55,212-2 was much more profoundly affected than tolerance to 

Δ9-THC, suggesting that the role of GRKs and β–arrestin in cannabinoid tolerance is 

agonist-dependent (Nealon et al., 2019). These findings in mice with point mutations in 

GRK phosphorylation sites that mediate desensitization closely resemble the effects on acute 

cannabinoid response and tolerance that were observed in β–arrestin2 KO mice (Nguyen et 

al., 2012).

Early studies only assessed cannabinoid tolerance in male S426A/S430A mutant mice. 

Subsequent work assessing tolerance in female S426A/S430A mutant mice suggest that the 

effect of these point mutations might be more pronounced in male versus female mice, 

raising the possibility of sex differences in cannabinoid tolerance that will be discussed in 

detail later in this review (Henderson-Redmond et al., 2021; Henderson-Redmond et al., 

2022). Recently published work has examined cannabinoid response tolerance in S426A/

S430A × β–arrestin2 KO double mutant mice and found that deletion of β-arrestin2 did 
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not significantly change acute cannabinoid response or tolerance relative to S426A/S430A 

mutants (Piscura et al., 2023). This finding suggests that phosphorylation at S426 and S430 

accounts for most of the effects of β–arrestin2 on cannabinoid response and tolerance. 

However, this study did not assess CB1R desensitization or downregulation in double mutant 

mice, so it’s not possible to know whether these two mutations might have additive effects 

preventing CB1R neuroadaptations associated with tolerance.

4.3. Role of CB1R Internalization in Cannabinoid Tolerance

Agonist-induced internalization leads to two predominant outcomes for the CB1R: either 

internalization followed by rapid recycling back to the cell surface or sorting to lysosomal 

pathways and degradation (Figure 6). These two distinct fates have disparate molecular and 

functional consequences. For example, lysosomal degradation depletes surface receptors 

from the membrane, a process that drives tolerance. On the contrary, trafficking and 

restoration of receptors to the plasma membrane is essential for CB1R resensitization. 

CB1R internalization is a tightly controlled mechanism that is initiated with ligand binding 

followed by activation of heterotrimeric G proteins, recruitment of GRKs that phosphorylate 

serine and threonine residues on the C-terminus of the, and β-arrestin recruitment to those 

phosphorylated residues.

Work in heterologous cells found that truncation of CB1R at residue 460 prevented agonist-

stimulated internalization in AtT20 cells (Hsieh et al., 1999). WIN55,212-2 treatment 

causes robust internalization and intracellular trafficking of CB1R in hippocampal neurons 

(Coutts et al., 2001). Subsequent work found that agonist-stimulated internalization of 

CB1R is mediated by phosphorylation and recruitment of β–arrestin2 to a second set of 

more distal C-terminal GRK phosphorylation sites (Daigle et al., 2008b). These studies 

indicate that specific residues differentially mediate CB1R desensitization (S426 and S430) 

and internalization (T461, S463, S465, T466, T468, and T469) (Daigle et al., 2008a). 

CB1R internalization also likely plays important roles in cannabinoid tolerance since this 

process is required for the trafficking and re-sensitization in early endosomes where CB1R 

is de-phosphorylated, allowing it to be recycled to the membrane. In contrast, trafficking 

of CB1R to the lysosome mediates the opposing process of degradation. The mechanism 

responsible for directing internalized GPCRs including CB1R to the degradative lysosomal 

pathways versus endosomal re-sensitization pathways are not fully understood. However, G 

protein associated sorting protein 1 is critical for sorting internalized CB1R for degradation 

and downregulation, a process critical for the development of tolerance to WIN55,212-2 

(Martini et al., 2007). It is not known whether G protein associated sorting protein 1 deletion 

also modulates tolerance for other cannabinoid agonists such as Δ9-THC and CP55,940 

and this knowledge gap should be addressed in future work. A critical determinant of 

receptor internalization is “endocytic dwell time”, which is defined as the time taken by 

the receptors to cluster with β–arrestins in clathrin pits. Agonists with smaller dwell times 

such as WIN55, 212–2 elicit little to no β-arrestin signaling whereas agonists with longer 

dwell times such as 2-AG produce high β-arrestin activation (Flores-Otero et al., 2014). 

Such agonist-driven differences in endocytic dwell time and CB1R regulation of could have 

implications for understanding how tolerance is produced by CB1R ligands.
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Despite convincing cell culture studies demonstrating distinctive actions of these residues 

for desensitization versus internalization, the role that these six putative “internalization” 

residues play in tolerance and dependence for CB1R agonists in animals is not known. 

We propose the novel hypothesis that blocking CB1R internalization in mice will cause 

more rapid and pronounced cannabinoid tolerance and dependence since internalization is 

essential for the re-sensitization and recycling of inactive, desensitized CB1R by allowing 

the receptor to be trafficked and de-phosphorylated inside the cell and recycled to the cell 

surface. Although the effects of CB1R internalization on cannabinoid tolerance have not 

been studied in vivo, there is good evidence from the opioid field to support our prediction. 

For example, expression of rapidly internalizing and recycling forms of the mu-opioid 

receptor delays tolerance to mu agonists in vivo and in cell culture systems (Finn and 

Whistler, 2001; Kim et al., 2008).

Two alternatively spliced CB1R interacting proteins, 1A (CRIP1a) and 1B, were identified 

and found to bind to the C-terminal tail of CB1R. Early work found that CRIP1a could 

co-immunoprecipitate with CB1R, suggesting that these two proteins interact as part of 

the same protein-protein complex (Niehaus et al., 2007). Co-injection of CRIP1a and 

CB1R into cervical ganglia was found to suppress tonic inhibition of VGCCs by CB1R, 

providing early evidence that CRIP1a modulates CB1R signaling. Molecular modeling 

suggests that CRIP1a interacts with the last 9 residues of CB1R including several putative 

GRK phosphorylation sites that mediate CB1R internalization (S464, T465, and T467) 

and are mutated in the six point mutant mice described above (Ahmed et al., 2014). 

Subsequent work found that CRIP1a competes with β–arrestin for binding at this site 

on CB1R that includes the six residues responsible for CB1R internalization (Blume et 

al., 2017). Overexpression of CRIP1a in HEK293 cells attenuated the agonist-stimulated 

internalization and downregulation of CB1R with no effect on desensitization (Blume et al., 

2016; Smith et al., 2015). Based on the ability of CRIP1a to modulate agonist-stimulated 

CB1R down-regulation in cell lines by competing with β–arrestin2 for binding at C-terminal 

phosphorylated residues on CB1R, it seems likely that this protein might also be involved in 

cannabinoid tolerance. In order to address this knowledge gap, cannabinoid tolerance should 

be assessed in recently produced CRIP1a KO mice in future studies.

4.4. Opioid Tolerance

Opioid receptors belong to the rhodopsin subfamily of Gi/o-coupled GPCRs. Similar to 

CB1R, activation of opioid receptors results in reduced cellular levels of cAMP, increased 

MAPK signaling and modulation of GIRK channels (Fukuda et al., 1996; Hampson et 

al., 2000). Moreover, CB1R and opioid receptors are generally localized to presynaptic 

terminals where their activation inhibits neurotransmitter release. Additionally, there is 

evidence of asymmetric cross-modulation of pharmacological responses induced by opioids 

and cannabinoids such as antinociception, hypolocomotion, catalepsy, and hypothermia 

(Cichewicz et al., 1999). Cross-tolerance has been reported for the acute antinociceptive 

effects of Δ9-THC in mice or non-human primates treated with morphine (Gerak et al., 

2015; Maguma and Taylor, 2011; Thorat and Bhargava, 1994b). Reciprocal experiments 

have shown that chronic exposure to Δ9-THC or CP55,940 produces cross-tolerance to 

the effects of morphine exposure (Garzon et al., 2009; Hine, 1985; Thorat and Bhargava, 
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1994b). Mice lacking pre-proenkephalin exhibit a decrease in the development of tolerance 

to the antinociceptive properties of Δ9-THC (Valverde et al., 2000). However, tolerance to 

opioid-induced antinociception was not altered in CB1R KO mice (Ledent et al., 1999).

Multiple studies have shown that MOR desensitization, phosphorylation, endocytosis, and 

β-arrestin recruitment are involved in the development of opioid tolerance (Zhou et al., 

2021). Prolonged agonist stimulation causes phosphorylation of MOR at specific residues in 

the intracellular domains of the receptor by GRKs. This phosphorylation causes β-arrestin 

recruitment to these phosphorylated residues that results in steric inhibition of the ability 

of G proteins to associate with and couple to MOR (Williams et al., 2013). Both GRK2 

and GRK3 have been shown to desensitize MOR in vitro (Kovoor et al., 1998). GRK3 KO 

mice exhibit reduced tolerance to the antinociceptive effects of fentanyl, but not morphine, 

suggesting that opioid tolerance occurs via agonist-specific mechanisms (Terman et al., 

2004). Studies have also demonstrated an essential role of β-arrestin2 in opioid tolerance. 

Morphine-induced antinociception is prolonged and enhanced in mice lacking β-arrestin2 

(Bohn et al., 1999). Interestingly, tolerance to the antinociceptive effects and desensitization 

of MOR does not occur in β-arrestin2 knockout mice following chronic morphine treatment 

(Bohn et al., 2000; Bohn et al., 2002).

Additionally, non-GRK kinases such as JNK, PKC, PKA, CAMKII and MAPK have been 

shown to phosphorylate the receptor (Liu and Anand, 2001). Phosphorylation by these 

kinases might contribute to homologous or heterologous desensitization and tolerance 

(Williams et al., 2013). Studies have demonstrated that inhibition of JNK prevented 

tolerance to the antinociceptive and antiallodynic effects of the morphine but not fentanyl 

(Marcus et al., 2015; Melief et al., 2010; Yuill et al., 2016). The effect of JNK on morphine 

tolerance was found to be mediated by JNK2-mediated desensitization of MOR (Melief 

et al., 2010). Additional work demonstrated that PRDX6 modulates acute tolerance for 

the antinociceptive effects of morphine via a pathway that involves JNK signaling and 

recruitment of PRDX6 to the plasma membrane, where it regulates Gαi palmitoylation 

through the generation of reactive oxygen species (ROS) (Schattauer et al., 2017).

5. Signaling Pathways Involved In Cannabinoid Tolerance

5.1. c-Jun N-Terminal Kinase (JNK)-mediated Cannabinoid Tolerance

Treatment with Δ9-THC has been shown to stimulate JNK signaling in heterologous cells 

(Bosier et al., 2008). However, experiments assessing the activation of JNK by Δ9-THC 

treatment in animals has not been examined. Additional work measuring JNK activation 

in mice treated with cannabinoids including Δ9-THC, CP55,940, and WIN55,212-2 is 

necessary to address this knowledge gap and determine whether JNK signaling might be 

activated by cannabinoids in an agonist-dependent manner. Tolerance to the effects of 

morphine but not fentanyl is reduced by pre-treatment with the selective JNK inhibitor, 

SP600125, suggesting that opioid tolerance is mediated by JNK signaling in an agonist-

specific manner (Marcus et al., 2015; Melief et al., 2010). Similar to morphine tolerance, 

pretreatment with the same JNK inhibitor prevented tolerance to the effects of Δ9-THC 

but not WIN55,212-2, providing additional evidence that cannabinoid tolerance is mediated 

through agonist-specific mechanisms (Henderson-Redmond et al., 2020).
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However, several important questions and knowledge gaps exist regarding the role of JNK 

signaling on cannabinoid tolerance. First, the isoform of JNK responsible for cannabinoid 

tolerance is not known. Three isoforms of JNK that have been detected in neurons including 

JNK1, JNK2, and JNK3 that could potentially be involved in cannabinoid tolerance. 

Tolerance to morphine was disrupted in KO mice for JNK1, JNK2, or JNK3 (Yuill et 

al., 2016), although JNK2 has been implicated as the primary contributor to this process 

suggesting that this might also be the case for cannabinoids (Melief et al., 2010). Second, 

the impact of JNK inhibition on CB1R desensitization and downregulation has not been 

assessed making it unclear which of these processes, or both, are responsible for JNK-

mediated cannabinoid tolerance. Desensitization of MOR was reduced in JNK2 KO mice 

treated with morphine demonstrating that JNK signaling modulates opioid tolerance by 

impacting receptor desensitization, raising the likelihood that JNK-mediated cannabinoid 

tolerance might also occur via CB1R desensitization (Melief et al., 2010). Third, the other 

components of the signaling pathway through which JNK impacts cannabinoid tolerance 

are not known. JNK-mediated morphine tolerance has been shown to be mediated by the 

recruitment of PRDX6 to the plasma membrane where it regulates Gαi palmitoylation 

through generation of ROS (Schattauer et al., 2017). Therefore, additional studies are needed 

to determine whether PRDX6, G protein palmitoylation, and/or ROS might also be involved 

in cannabinoid tolerance. Fourth, it is not known whether JNK mediates cannabinoid 

tolerance though direct phosphorylation of CB1R or by indirect phosphorylation of other 

signaling pathway components involved in this process. Fifth, although we observe evidence 

of sex differences in the role of GRK/β–arrestin2 signaling on cannabinoid tolerance in 

S426A/S430A mutant mice, it is not known whether sex differences exist for the role of 

JNK in cannabinoid tolerance. Taken together, it is evident that many unanswered questions 

exist regarding the mechanism/s of JNK-mediated cannabinoid tolerance that need to be 

addressed by additional research.

5.2. Role of PKA Signaling in Cannabinoid Tolerance

Other signaling pathways may also contribute to the process of cannabinoid tolerance. 

Activation of CB1R and Gi/o proteins coupled to this receptor causes a reduction in 

cAMP formation and PKA signaling. The use of PKA inhibitors has been shown to 

reverse tolerance to the “tetrad” effects of Δ9-THC in tolerant mice (Bass et al., 2004; 

Lee et al., 2003). In contrast, a subsequent study found that tolerance to Δ9-THC is not 

associated with any changes in PKA activity (Dalton et al., 2005). However, dynorphin 

levels in cerebrospinal fluid was increased in Δ9-THC-tolerant rats and this increase was also 

reversed using PKA inhibitors. Although, cAMP-PKA signaling does not appear to play a 

role in the development of cannabinoid tolerance, these studies demonstrate this signaling 

pathway plays a critical role in maintaining tolerance once it has been established.

5.3. Role of PKC Signaling in Cannabinoid Tolerance

As mentioned earlier in this review, PKC-mediated phosphorylation of the third intracellular 

loop of CB1R at S317 modulates cannabinoid-induced calcium and potassium currents 

(Garcia et al., 1998). Furthermore, mutant mice lacking PKC epsilon (PKCε) isoform are 

more sensitive to the antinociceptive and hypothermic effects of WIN55,212-2 and display 

increased tolerance to this cannabinoid with no effect on response or tolerance to CP55,940 
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(Wallace et al., 2009). This finding provides additional evidence that cannabinoid tolerance 

occurs via agonist-specific mechanisms. It would be interesting to test whether Δ9-THC 

tolerance is disrupted in PKCε mutant mice, and this question should be answered. Other 

studies demonstrated that, unlike PKA, inhibition of PKC had no effect on the reversal 

of cannabinoid tolerance. These results suggest a complicated role for PKC signaling in 

cannabinoid tolerance that requires further investigation. The production and assessment 

of cannabinoid response and tolerance in point mutant mice where the putative PKC 

phosphorylation site at S317 is mutated to alanine would be a valuable tool and approach for 

examining this question. It is likely that S317A point mutant mice would exhibit disrupted 

tolerance and an increased response for WIN55,212-2 but not CP55,940, consistent with 

previous studies (Garcia et al., 1998; Wallace et al., 2009). However, it is important to point 

out that point mutation of S317 would disrupt all PKC signaling not just that done by the 

PKCε isoform.

5.4. Role of NMDA Receptor Signaling in Cannabinoid Tolerance

Glutamate serves as a primary excitatory neurotransmitter in the central nervous system 

and it’s release from presynaptic neuronal terminals can be suppressed by CB1R activation 

(Kano et al., 2009; Szabo and Schlicker, 2005). Work suggests that glutamatergic signaling 

can also modulate cannabinoid tolerance. For example, activation of the glutamate 

transporter-1 (GLT-1) by ceftriaxone, a beta-lactam antibiotic, dose-dependently mitigates 

tolerance to WIN 55,212-2 in mice (Gunduz et al., 2011). In addition, inhibition of 

N-methyl-D-aspartate receptors (NMDARs), a calcium-permeable ion channel activated 

by glutamate, reduced sensitivity to WIN55,212-2 and WIN55,212-2-stimulated CB1R 

internalization. Other studies found that MK-801 (dizocilpine), a NMDAR antagonist, 

suppressed Δ9-THC-induced antinociception but had no effect on the development of 

Δ9-THC tolerance (Thorat and Bhargava, 1994a). However, several studies have found 

that NMDAR antagonism attenuates the development opioid tolerance (Deng et al., 2019; 

Manning et al., 1996; Trujillo and Akil, 1994). Nitric oxide is a retrograde messenger 

that is produced in response to NMDAR activation (Garthwaite et al., 1988) and has 

been shown to be involved in opioid tolerance. Inhibition of nitric oxide synthesis (NOS) 

reduced morphine tolerance while administration of L-Arginine, the precursor for nitric 

oxide enhanced tolerance (Babey et al., 1994; Bhargava, 1995). Studies have produced 

conflicting results regarding whether cannabinoid tolerance is modulated by nitric oxide 

signaling (Banafshe et al., 2005; Spina et al., 1998; Thorat and Bhargava, 1994a). Early 

work found that pre-treatment with NG-monomethyl-L-arginine (L-NMMA), an inhibitor 

of NOS, had no effect on tolerance to Δ9-THC (Thorat and Bhargava, 1994a). However, 

other studies have shown that pre-treatment with either N(omega)-nitro-L-arginine methyl 

ester (L-NAME), another NOS inhibitor, or cyclosporin, a calcineurin inhibitor, that also 

inhibits NOS, both prevent tolerance to some WIN55,212-2 tetrad effects (Banafshe et al., 

2005; Spina et al., 1998). These findings suggest that nitric oxide signaling might modulate 

tolerance to WIN55,212-2, but not other cannabinoid agonists, providing additional evidence 

to support the premise that cannabinoid tolerance develops via agonist-specific mechanisms.
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5.5. Role of Other Protein Kinases in Cannabinoid Tolerance

Some studies have shown that inhibition of the receptor tyrosine kinase Src by PP1 could 

reverse tolerance for “tetrad” effects of Δ9-THC (Bass et al., 2004) while other work found 

that Src inhibition only reversed tolerance for the motor effects of cannabinoids (Lee et al., 

2003). Inhibition of PKG, PI3K, or GRK using selective kinase inhibitors also had no effect 

on the reversal of cannabinoid tolerance (Lee et al., 2003).

6. Sex Differences in Cannabinoid Response, Tolerance and Use Disorder

6.1. Sex Differences in Cannabinoid Use and Response

Evidence suggests that biological sex influences multiple cannabinoid-related outcomes 

including the prevalence of CUD (Hernandez-Avila et al., 2004; Khan et al., 2013) abuse 

liability (Cooper and Haney, 2014), withdrawal severity (Copersino et al., 2006; Herrmann 

et al., 2015; Levin et al., 2010; Sherman et al., 2017), treatment outcomes (Cuttler et al., 

2020), and neuronal activity in those with CUDs (Wetherill et al., 2015). Presently, more 

men than women report using marijuana recreationally in their lifetime (Cuttler et al., 2016; 

Johnson-Davis et al., 2016). However, more women than men use medical cannabis for pain 

relief (Cuttler et al., 2016). Women also report a greater incidence and severity of chronic 

pain compared to men (Dahlhamer et al., 2018; Nahin, 2015). Therefore, it is imperative that 

we understand how gender and biological sex (denoted as men and women in clinical studies 

and males and females in preclinical studies) may influence various cannabinoid-mediated 

effects that in turn can influence prolonged use and subsequent tolerance.

The results of clinical studies assessing sex differences in the acute effects of are mixed. 

Some studies show that women may be more sensitive to cannabinoids (Cooper and Haney, 

2014; Roser et al., 2009; Wardle et al., 2015) while others found that women are less 

sensitive (Haney, 2007; Penetar et al., 2005) than men to the subjective (“high”) effects 

of cannabinoids. Some other studies found no sex differences in cannabinoid response 

(Anderson et al., 2010; Cooper and Haney, 2016). The effects of cannabis may also be 

impacted by the route of administration in a sex-dependent manner. Men and women 

reported that inhaled cannabis decreased their subjective pain ratings for headache and 

migraine; however, pain relief was greater in men than women (Cuttler et al., 2020). 

Similarly, in regular cannabis smokers, while cannabis was shown to increase pain tolerance 

for both men and women in the cold pressor test, antinociception was greater in men 

(Cooper and Haney, 2016). In contrast, only women were found to display antinociception 

following oral administration of 1 mg/kg nabilone, a synthetic Δ9-THC analog, in the 

heat pressor test (Redmond et al., 2008). Additional studies in experienced cannabis users 

found that women are less sensitive to the tachycardic (Cooper and Haney, 2016; Penetar 

et al., 2005) effects of cannabinoids. A study assessing sex-differences in acute cannabis 

effects found that there was no difference in subjective drug effects, mood, heart rate, blood 

pressure, or cognitive effects in men and women given a cannabis cigarette containing 

12.5% Δ9-THC content (Matheson et al., 2020). Interestingly, women smoked less of the 

cannabis cigarette than men and had lower peak concentrations of Δ9-THC and its inactive 

metabolite, 11-Nor-carboxy-THC leading to the conclusion that women experienced the 

same acute effects of smoked cannabis as men at lower doses of Δ9-THC. Taken together, 
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these results suggest that women and men may be able to titrate their cannabis intake 

adding an additional confounder to determineing how sex may mediate the acute effects of 

cannabis.

The use of preclinical models allows more precise control of experimental variables to 

study sex differences in cannabinoid response. Studies in our lab using wild-type mice on 

a C57BL/6 background have found that male mice are more sensitive to the antinociceptive 

effects of Δ9-THC and CP55,940 compared to female littermates (Henderson-Redmond et 

al., 2021; Henderson-Redmond et al., 2022; LaFleur et al., 2018; Piscura et al., 2023). This 

finding was consistent across models of acute tail-flick (Henderson-Redmond et al., 2022; 

Piscura et al., 2023) and inflammatory (LaFleur et al., 2018) antinociception and chronic 

chemotherapy-induced neuropathic pain (Henderson-Redmond et al., 2021). In contrast, a 

different study found no sex differences in WIN55,212-2-mediated antinociception between 

male and female wild-type mice (Blednov et al., 2003).

In contrast to the paucity of studies examining cannabinoid-mediated analgesia in mice, 

there is a much greater depth of literature examining this phenomenon in rats. The 

observation of decreased sensitivity to cannabinoids in female mice seems to vary by 

species. For example, work in both adult Sprague-Dawley and Wistar rats finds that 

females are more sensitive than males to the antinociceptive and antiallodynic effects of 

cannabinoids including Δ9-THC and CP55,940 (Craft et al., 2013a; Craft et al., 2013b; 

Craft et al., 2012; Romero et al., 2002; Wakley and Craft, 2011; Wakley et al., 2014b). 

This effect of increased sensitivity to cannabinoids in female rats has been consistent 

across multiple pain modalities, including the acute tail immersion and paw withdrawal 

tests (Craft et al., 2012; Romero et al., 2002; Tseng and Craft, 2001; Wakley et al., 

2014b) and complete Freund’s adjuvant (CFA) induced model of persistent inflammatory 

pain (Craft et al., 2013a). However, not all studies in rats find females to be more 

sensitive to the antinociceptive effects of cannabinoids than males. For example, male 

Sprague-Dawley rats displayed increased sensitivity to the anti-inflammatory effects of 

arachidonylcyclopropylamide, a selective CB1R agonist, in a CFA-induced orofacial pain 

model (Niu et al., 2012). The methylated cannabinoid, cannabidiolic acid, elicited anti-

hyperalgesic effects in male rats yet had little to no effect in female rats (Zhu et al., 2020).

In contrast to cannabinoid-induced antinociception, female mice are more sensitive to the 

locomotor effects of Δ9-THC than male littermates (Wiley, 2003). Female Sprague-Dawley 

rats also display increased locomotor effects of Δ9-THC than male rats (Tseng and Craft, 

2001; Tseng et al., 2004). Other studies have found that male rats are more sensitive 

to the hyperphagic effect of cannabinoids than female rats (Diaz et al, 2009). Female 

Sprague-Dawley were able to discriminate lower doses of Δ9-THC more easily from vehicle 

compared to male rats, indicating that female rats are more sensitive to lower doses of 

Δ9-THC than their male counterparts (Wiley et al., 2021). In contrast, this study did not 

detect sex differences in drug discrimination for Δ9-THC in C57BL/6 mice.

6.2. Sex Differences in Cannabinoid Tolerance

Chronic cannabinoid use, which leads to tolerance, varies based on sex. Despite an increased 

lifetime use and a greater incidence of developing CUDs in men, women display an 
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accelerated advancement (also called telescoping) from casual use to the development 

of CUD (Farmer et al., 2015; Kerridge et al., 2018). One possible interpretation of this 

enhanced telescoping in women is that they might show more rapid tolerance to cannabis 

compared to men (Towers et al., 2023). Women progress faster to seeking treatment for 

CUD than men (Hernandez-Avila et al., 2004) and show increased escalation of usage 

compared to men (Ehlers et al., 2010; Kerridge et al., 2018; Khan et al., 2013). Women 

experience greater severity of CWS compared to men (Copersino et al., 2006; Herrmann et 

al., 2015; Sherman et al., 2017) and some studies report that women exhibit worse treatment 

outcomes compared to men (McRae-Clark et al., 2015). These data suggest that women may 

be more predisposed to develop tolerance to cannabis and CUD than men.

Studies examining sex differences in cannabinoid tolerance in human subjects are limited 

and the ones that exist have typically assessed this question using a retrospective analysis. 

In a study assessing the analgesic effects of cannabis in regular cannabis users, researchers 

found that men showed greater cannabis-induced antinociception in the cold pressor test 

compared to women (Cooper and Haney, 2016). One possible interpretation of the result 

that women displayed reduced antinociceptive effects of cannabis is that they were more 

tolerant compared to men. Another study assessing the cardiovascular effects of cannabis 

cigarettes containing 1% Δ9-THC found that naive users, both men and women, showed 

robust tachycardia following the first cigarette. However, the decrease in tachycardia 

following the second Δ9-THC cigarette due to tolerance was more pronounced in women 

than men, suggesting tolerance to the cardiovascular effects of Δ9-THC develops faster in 

women (Cocchetto et al., 1981). Since the neuroadaptations that lead to tolerance (CB1R 

desensitization and downregulation) also cause withdrawal, the observation of greater CWS 

in women supports the possibility that cannabinoid tolerance is greater in women compared 

to men. However, this question requires much more thorough and controlled investigation. In 

particular, additional studies where the dose of cannabinoid is adjusted for body weight are 

desperately needed since the body weight of women is generally less than men. Therefore, 

past studies examining cannabinoid response and tolerance in subjects given standard doses 

(not adjusted for body weight) may not fully capture critical and significant sex differences.

By administering equal doses (based on gram per kilogram of body weight), preclinical 

studies are better able to assess the effectiveness of a single dose of cannabinoid agonist over 

time allowing investigators to gain a better understanding of sex differences in cannabinoid. 

Studies using both rats and mice have consistently shown that female rodents develop 

tolerance faster than their male counterparts for the antinociceptive (Henderson-Redmond et 

al., 2021; Henderson-Redmond et al., 2022; Nguyen et al., 2020; Nguyen et al., 2018; Parks 

et al., 2020; Wakley et al., 2014b), locomotor (Wiley, 2003), and hypothermic (Nguyen 

et al., 2020; Nguyen et al., 2018; Piscura et al., 2023; Wakley et al., 2014b) effects of 

cannabinoid administration.

Some rodent studies have attempted to assess tolerance using cannabinoid doses that were 

equally efficacious in males and females. For example, since female rats have been shown to 

be more sensitive than male rats to the equivalent doses of Δ9-THC, Wakley and colleagues, 

opted to use doses that were approximately 30% less potent (5.4 mg/kg) in female Sprague-

Dawley rats compared to males (7.6 mg/kg). This work found that following 9.5 days of 
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twice-daily Δ9-THC injections, that female rats showed significantly greater ED50 values 

for tail withdrawal and paw pressure than male littermates, indicating greater tolerance to 

antinociceptive effects of Δ9-THC in female rats (Wakley et al., 2014b). Similar experiments 

using equally efficacious doses of Δ9-THC were used to assess sex differences in the 

antiallodynic effects of Δ9-THC using doses that produced the same acute effects in male 

(6 mg/kg) and female (10 mg/kg) mice. This work found that tolerance to the antiallodynic 

effects of Δ9-THC developed faster in female C57BL/6 mice with chemotherapy-evoked 

neuropathic pain compared to male littermates (Henderson-Redmond et al., 2021). In Wistar 

rates repeatedly exposed to Δ9-THC vapor inhalation, only females but not males, showed 

any evidence of any tolerance to the antinociceptive and hypothermic effects of Δ9-THC 

(Nguyen et al., 2020; Nguyen et al., 2018). These data suggest that congruent with clinical 

observations of “telescoping” in the advancement of first use to CUD development, female 

rodents show faster development of tolerance to the effects of cannabinoids and may cause 

them to be predisposed for cannabinoid dependence.

Differences in CB1R density, downregulation, and/or desensitization are mechanisms that 

have been proposed as potential reasons for sex differences in cannabinoid response and/or 

tolerance. Previous work found differences in CB1R density and desensitization between 

male and female rodents (Castelli et al., 2014; Farquhar et al., 2019; Gonzalez et al., 

2005; Wiley et al., 2021). Although, multiple studies have demonstrated sex differences in 

Δ9-THC-induced antinociception, these same Δ9-THC doses did not cause sex differences in 

the acute hypothermic response raising the possibility that cannabinoid sex differences might 

be response-specific. This finding could be due to underlying differences in cannabinoid 

signaling within the specific brain regions such as the periaqueductal gray, spinal cord, and 

hypothalamus that mediate these different responses.

Although there are no sex differences in CB1R levels across some regions of the mouse 

brain including the cerebellum (Wiley et al., 2021), less is known about possible sex 

differences in CB1R levels in areas that control antinociception. That said, a recent 

study determined that females have higher levels of CB1R on GABAergic neurons in 

the ventrolateral PAG compared to males and that this could be responsible for sex 

differences in cannabinoid-mediated antinociception (Jiang et al., 2022). It is also possible 

that response-specific sex differences in cannabinoid response could be due to differences 

in other important endocannabinoid signaling components such endocannabinoid levels, G 

protein coupling, CB2R levels, and β–arrestin expression. For example, previous work has 

demonstrated that endocannabinoid levels vary as a function of sex (males had lower levels 

of 2-AG and AEA than females) and estrous cycle (females had greater levels of 2-AG and 

AEA in diestrus compared to all cycle stages) in the hypothalamus of Sprague–Dawley rats 

(Bradshaw et al., 2006).

Our own work found that tolerance to the antinociceptive effects of Δ9-THC and CP55,940 

was reduced in male but not female mice expressing a desensitization-resistant form of 

CB1R (Henderson-Redmond et al., 2020; LaFleur et al., 2018), suggesting that the S426A/

S430A mutation plays a sex-specific role in cannabinoid tolerance. As previously described, 

the S426A/S430A mutation prevents β-arrestin2 recruitment and CB1R desensitization. 

Mice lacking β–arrestin2 display enhanced Δ9-THC-induced antinociception, delayed 
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tolerance to Δ9-THC-mediated antinociception, and decreased CB1R downregulation and 

desensitization in the PAG and spinal cord (Breivogel et al., 2008; Nguyen et al., 2012). 

However, it is not known whether β–arrestin2 KO deletion impacts these cannabinoid effects 

in a sex-specific manner and this question should be addressed by future work.

Previous work has also shown inhibition of JNK signaling in male mice disrupts 

cannabinoid tolerance in an agonist-specific manner (Henderson-Redmond et al., 2020). It 

is not known whether sex differences might exist for JNK-mediated cannabinoid tolerance. 

However, recent studies assessing the antinociceptive effects of the JNK inhibitor, SU-3327, 

provide some important clues. Our work assessing the antinociceptive effects of SU-3327 in 

formalin-induced inflammatory pain found that lower doses that produced antinociception 

in male mice had no effect in female mice (Blanton et al., 2021). Of note, the effects of 

SU-3327 were mediated by both CB1R and CB2R in male mice while they were mediated 

almost exclusively through CB2R in female mice.

Estrogen has been shown to interfere with the ability of Δ9-THC to bind to CB1R (Wakley 

et al., 2014b), and hormone fluctuations across phases of the estrous cycle impact G protein 

coupling to CB1R (Riebe et al., 2010). Additional work in rats found that the levels of 

endocannabinoids also fluctuate across the estrous cycle in several brain regions (Bradshaw 

et al., 2006; Gonzalez et al., 2000). Acute treatment of ovariectomized (OVX) female 

rats with a bolus injection of estradiol has been shown to decrease CP55,940-stimulated 

[35S]-GTPγS binding in the cortex and hippocampus, suggesting that estradiol can suppress 

CB1R signaling (Mize and Alper, 2000). However, another study in rats found that CB1R 

protein and WIN55,212-2-stimulated [35S]-GTPγS binding in the striatum is decreased in 

OVX females, suggesting an opposite finding that estrogen and/or progesterone enhance 

CB1R expression and signaling (Winsauer et al., 2011).

OVX enhanced the antinociceptive (but not cataleptic) effects of WIN55,212-2, and this 

effect was blocked by pretreatment with estradiol, but not progesterone, suggesting that 

estradiol could modulate sex differences in cannabinoid-induced antinociception (Kalbasi 

Anaraki et al., 2008). The finding that changes in catalepsy were not modulated by 

hormonal manipulations suggests the effects of sex hormones might be response-specific 

for antinociception. A second study showed that mifepristone and metyrapone, two anti-

progesterone drugs, enhanced the acute hypothermic effects of 25 mg/kg Δ9-THC in 

female mice (Pryce et al., 2003). In contrast to studies suggesting that estrous cycle may 

modulate Δ9-THC-induced antinociception, administration of estradiol, progesterone, or the 

combination of both in gonadally intact Sprague-Dawley rats did not alter Δ9-THC-induced 

antinociception (Wakley et al., 2014a). Inhalation of vapor containing 100 mg/mL Δ9-THC 

caused antinociception in Wistar rats that did not vary across estrous cycle stage (Falenski et 

al., 2010)

7. Conclusions and Future Directions

The results summarized in this review demonstrate that tolerance does develop to the 

effects of cannabinoids in both humans and animal models. We describe current knowledge 

about the mechanisms and signaling pathways that are responsible for cannabinoid 
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tolerance. Those mechanisms include neuroadaptations at CB1R such as downregulation 

and desensitization that are mediated by a range of signaling pathways and components 

including GRKs, β–arrestin2, JNKs, nitric oxide, and PKA. Some of the neuroadaptations 

such as CB1R downregulation have been demonstrated in human cannabis users while the 

process of desensitization has only been demonstrated in animal models where appropriate 

tools for assessing this process exist. Development of a neuroimaging tool to visualize CB1R 

desensitization in humans would represent a major advance that would allow investigators 

to assess whether this process contributes to cannabinoid tolerance in humans. Such a 

breakthrough would also likely be relevant to the assessment of desensitization for other 

GPCR including opioid receptors.

Many studies have demonstrated that phosphorylation of CB1R by GRKs and subsequent 

recruitment of β–arrestin2 play a critical role in the CB1R neuroadaptations responsible 

for cannabinoid tolerance. In addition to putative phosphorylation sites at S317, S426, 

S430A, T461, S463, S465, T466, T468, and S469 that have been studied so far, there 

are possible phosphorylation sites at S401, S411, S415, S442, S449, S453, and T454 

that have not been studied. Therefore, given the complexity of possible phosphorylation 

events in the C-terminal region of CB1R that regulate desensitization, downregulation, 

and trafficking, it is important to determine whether the “bar code” phosphorylation 

state of CB1R might be agonist specific. Another significant knowledge gap surrounding 

cannabinoid tolerance in preclinical studies is that most animal studies of tolerance has 

focused on purified cannabinoid compounds such Δ9-THC, CP55,940, WIN55,212-2, and 

CBD. Whether the mechanisms of tolerance discovered for these isolated cannabinoids 

also extends and is relevant to tolerance for cannabis, which contains many cannabinoid 

and terpene components, has been largely unstudied. This question is important because 

many studies and reports have documented entourage effects for cannabis or cannabinoid 

mixtures where the different constituents exert modulatory effects on each other. Therefore, 

the mechanisms of tolerance might be divergent depending on the specific mixture of 

compounds and signaling pathways that are activated by those components.

The topic of this review also raises the important clinical question of which approaches 

might be useful for the reduction of cannabinoid tolerance in humans. There are several 

possibilities arising from our current understanding of cannabinoid tolerance. First, early 

work on cannabinoid tolerance demonstrated that this process is dose dependent. Therefore, 

it is possible that the use of sufficiently low cannabinoid doses may be able to produce 

therapeutic effects without tolerance. Another possibility is that combination polypharmacy 

with therapeutics such as nonsteroidal anti-inflammatory drugs, opioids, anticonvulsants 

(gabapentin), and others might be useful for keeping cannabinoid doses low enough to 

prevent tolerance. Second, the use of cannabinoid agonists that promote rapid-recycling 

and resensitization of desensitized CB1R might reduce the development of tolerance. Third, 

animal studies indicate tolerance is undetectable for AEA and can be kept at a modest 

level for 2-AG, if sufficiently low doses of MAGL inhibitors (JZL184) are used. Therefore, 

it is possible that the use of endocannabinoid hydrolysis enzyme inhibitors might be able 

to elicit positive therapeutic effects without the development of tolerance. However, it is 

important to point out that clinical trials testing beneficial effects of FAAH inhibitors have 

been unsuccessful in yielding positive results. Fourth, preclinical studies have shown less 
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tolerance for G protein-biased cannabinoid agonists. This finding is consistent with the 

idea that cannabinoid agonists producing minimal β–arrestin2 signaling and recruitment, a 

protein involved in CB1R desensitization and downregulation, might produce less tolerance. 

Fifth, although not discussed so far in this review, the use of cannabinoid receptor allosteric 

modulators, rather than direct agonists represents another approach that might prevent 

tolerance. Allosteric modulators bind to allosteric sites on the receptor where they enhance 

the activity of endogenous or exogenous agonists bound at the orthosteric site. Thus, 

cannabinoid receptor allosteric modulators exert their effect by enhancing the effects of 

endocannabinoids, which have been shown to cause minimal (AEA) or modest (2-AG) 

tolerance.
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Abbreviations:

AC adenylyl cyclase

AEA anandamide

2-AG 2-arachidonylglycerol

CBD cannabidiol

CB1R cannabinoid type 1 receptor

CB2R cannabinoid type 2 receptor

CRIP CB1R interacting proteins

CUD cannabis use disorder

CWS cannabinoid withdrawal syndrome

DAG diaglycerol

DAGL diaglycerol lipase

DSE depolarization-induced suppression of excitation

ECS endocannabinoid signaling

FAAH fatty acid amide hydrolase

GIRK inward-rectifying potassium channel

GPCR G protein-coupled receptor

KO knock-out

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase
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MS multiple sclerosis

MAGL monoacylglycerol lipase

MOR mu opioid receptor

NOS nitric oxide synthesis

OVX ovariectomized

PAG periaqueductal gray

PET positron emission tography

PI3K phosphatidyl-inositol-3-kianse

PKA protein kinase A

PKC protein kinase C

Δ9-THC delta-9-tetrahydrocannabinol

VGCC voltage-gated calcium channel
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Figure 1. Roles of ECS in physiology and human health.
Endocannabinoids, such as the AEA and 2-AG, have been implicated in the modulation and 

maintenance of many human organ systems. These effects may be induced (+), suppressed 

(−), or variable (+/−) following endocannabinoid activation.
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Figure 2. CB1R modulation of intracellular signaling pathways.
Agonist-induced activation by CB1R causes inhibition of VGCCs and adenylyl cyclase and 

production of cAMP while stimulating GIRK potassium channels and MAPK signaling 

pathways such as extracellular-regulated kinase (ERK) 1/2, JNK, and p38. Activation 

of CB1R also increases PKC and PI3K signaling pathways. A major overall effect of 

CB1R activation is that it inhibits neuronal signaling by preventing neurotransmitter release 

(inhibition of VGCCs) and hyperpolarization of the membrane potential (activation of 

GIRKs).
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Figure 3. CB2R-mediated signaling pathways.
While the targets of CB2R signaling are largely similar to that of CB1R, differences in biases 

for these pathways account for significant differences in physiology and behaviors when 

activated. Additionally, CB2R activation has substantial anti-inflammatory components, 

which are produced through stimulation of ceramide and phospholipase C (PLC) pathways.
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Figure 4. Wildtype mice display faster tolerance to Δ9-THC compared to CP55,940, a strongly 
internalizing cannabinoid agonist.
Wild-type mice were treated with once-daily intraperitoneal injections of 0.3 mg/kg 

CP55,940 (red circles and line) or 30 mg/kg Δ9-THC (THC; black squares and line) 

once daily and tested for tail-flick antinociception and body temperature 1 hour after drug 

treatment. To measure antinociception, a Columbus Instruments TF-1 tail-flick analgesia 

meter (Columbus, OH) was calibrated to an intensity of 5. To avoid potential tissue damage 

to the tail, the instrument was programmed to a 10 s cut-off time. Tail-flick measurements 

were recorded between 2–5 times for each time point. The recorded measurements were 

used to calculate the antinociceptive response as a percent of the maximum possible effect 

(%MPE) using the following equation: %MPE = [(post-drug latency)-(pre-drug latency)]/

[pre-determined cut-off time (10 s)-(pre-drug latency)]x100. Hypothermia was assessed by 

taking each subject’s body temperature using a mouse rectal thermometer (Physiotemp 

Instruments, Clifton, NJ) prior to and 60 minutes following injection. Recorded values, in 
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°C, were used to calculate the percent change in body temperature (%Δ) = [(post-body 

temperature)-(pre-body temperature)/(pre-body temperature)]x100. Data represent mean 

values ± SEM and were analyzed by mixed two-way ANOVA with Bonferroni post-hoc 

tests (*p<0.05, **P<0.01, ***p<0.001, ****p<0.0001). For this experiment, tolerance is 

defined as the decrease in antinociceptive response each day that occurs with repeated 

dosing. There were significant effects of drug treatment (F1,46=28.56, p<0.0001), time 

(F4.417,195.8=11.74, p<0.0001), and a time × drug treatment interaction effect (F6,266=4.530, 

p<0.001) for the antinociceptive effects of CP55,940 versus Δ9-THC. There were significant 

effects of drug treatment (F1,50=112.3, p<0.0001), time (F3.858,187.1=94.36, p<0.0001), and 

a time × drug treatment interaction effect (F6,291=9.038, p<0.0001) for the hypothermic 

effects of CP55,940 versus Δ9-THC. The sample size of tested animals is designated in 

parentheses.
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Figure 5. CB1R desensitization.
Upon activation of CB1R by an agonist (A), the coupled G protein disassociates. While the 

alpha subunit participates in signaling mechanisms, the beta and gamma complex recruits 

GRK. Phosphorylation of the C-terminus of CB1R by GRK results in the recruitment of β–

arrestin2 (βArr2) which causes steric inhibition and prevents the G protein from interacting 

with CB1R. The association of β–arrestin2 with CB1R also causes recruitment of adaptor 

protein-2 (AP-2) and clathrin which facilitate endocytosis of the receptor. This mechanism 

of desensitization reduces response to CB1R activation and signaling, and repetitions of this 

process leads to downregulation and tolerance.
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Figure 6. CB1R downregulation.
Clathrin-mediated endocytosis results in internalization of CB1Rs, which is sorted to 

be degraded or recycled. Increased bioavailability of resensitized receptors may reduce 

tolerance, while degradation of the receptor and reduction of receptor bioavailability 

promotes tolerance.
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