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Abstract
Cannabis sativa is the most widely used illicit drug in the world. Its main psychoac-
tive component is delta- 9- tetrahydrocannabinol (THC), one of over 100 phytocan-
nabinoid compounds produced by the cannabis plant. THC is the primary compound 
that drives cannabis abuse potential and is also used and prescribed medically for 
therapeutic qualities. Despite its therapeutic potential, a significant subpopulation 
of frequent cannabis or THC users will develop a drug use syndrome termed can-
nabis use disorder. Individuals suffering from cannabis use disorder exhibit many of 
the hallmarks of classical addictions including cravings, tolerance, and withdrawal 
symptoms. Currently, there are no efficacious treatments for cannabis use disorder 
or withdrawal symptoms. This makes both clinical and preclinical research on the 
neurobiological mechanisms of these syndromes ever more pertinent. Indeed, basic 
research using animal models has provided valuable evidence of the neural molecular 
and cellular actions of cannabis that mediate its behavioral effects. One of the main 
components being central action on the cannabinoid type- one receptor and down-
stream intracellular signaling related to the endogenous cannabinoid system. Back- 
translational studies have provided insight linking preclinical basic and behavioral 
biology research to better understand symptoms observed at the clinical level. This 
narrative review aims to summarize major research elucidating the molecular, cellular, 
and behavioral manifestations of cannabis/THC use that play a role in cannabis use 
disorder and withdrawal.
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1  | INTRODUC TION

Cannabis has been used for millennia for both its recreational and 
medicinal qualities (Clendinning, 1843; O'Shaughnessy, 1843). 
Worldwide it is currently the most widely used illicit drug (Smart & 
Pacula, 2019; Carliner et al., 2017; United Nations Office on Drugs 
and Crime, 2019). As its name suggests, the cannabis plant is unique 
in its ability to produce molecular compounds called cannabinoids. 
Cannabinoids are lipophilic terpenoid molecules that can readily 
enter all organs upon consumption. When these compounds are 
plant derived, they are called phytocannabinoids, as opposed to 
endocannabinoids (eCB) that are endogenously synthesized by an-
imals. In addition are synthetic cannabinoids that act on the same 
receptors as phytocannabinoids and eCBs. In its whole plant form, 
cannabis is comprised of over 100 phytocannabinoid compounds 
(Ahmed et al., 2015; Hanus et al., 2016). The main psychoactive com-
ponent of cannabis is delta- 9- tetrahydrocannabinol (THC), and this 
compound is primarily responsible for the cognitive and peripheral 
effects contributing to the “high” achieved by recreational use. It is 
also one of the major phytocannabinoids used medicinally and the 
most widely researched in terms of its therapeutic potential. While 
THC has indeed received considerable focus, synthetic molecules 
that mimic THC’s action on the eCB system are also used in the lab-
oratory to study effects of exogenous cannabinoids on the brain 
and behavior. These compounds are also used recreationally in illicit 
drugs such as “spice” or “K2”, and while they have effects somewhat 
similar to cannabis/THC, for example, intoxicating effects and with-
drawal symptoms following chronic use (Tai & Fantegrossi, 2014), 
their pharmacology and metabolism do differ from THC, and can 
have considerable toxicological and psychiatric effects on users.

While there certainly may be medicinal and therapeutic potential 
of phyto-  and synthetic cannabinoid use, negative effects of using 
these compounds, both in the short (acute) and long (chronic) term 
must be carefully considered and understood. A significant subpop-
ulation of regular cannabis users will develop a drug use disorder 
termed cannabis use disorder (CUD). These individuals experience 
many of the hallmarks of more well- known substance use disor-
ders including tolerance and withdrawal symptoms. Changes in the 
societal attitudes about cannabis and its legal status in countries 
around the world (Carliner et al., 2017; Hasin et al., 2019; Smart & 
Pacula, 2019) make it increasingly important that we understand 
the underlying neurobiological substrates of cannabis use and use 
disorder.

1.1 | Focus of this review

This review will introduce the behavioral, cellular, and molecular 
substrates of acute cannabis or THC administration in humans and 
animal models. However, the acute effects of cannabis, THC, and 
THC- like compounds have been well characterized and reviewed 
elsewhere. Thus, our primary focus will be on chronic use and molec-
ular substrates of cannabis tolerance, dependence, and withdrawal 

symptoms (Figure 1), and in particular as they pertain to the eCB 
system.

2  | BEHAVIOR AL COMPONENTS OF 
C ANNABIS USE AND WITHDR AWAL

2.1 | Cannabis use in humans

In the past it had been difficult to perform controlled objective clini-
cal research on the effects of this cannabis on human behavior. This 
difficulty has eased somewhat because of the recent movement to-
wards reclassification of the legal scheduling of cannabis, yet still 
much of what is known is derived from subjective reports from rec-
reational consumption or human laboratory setting. Despite this, 
there appears to be enough evidence to form some consensus on 
the time frame over which cannabis produces its effects acutely, and 
how these effects change after prolonged, or chronic, use. Likewise, 
there is accumulating evidence supporting a relative timeline for 
withdrawal effects from cannabis use.

2.1.1 | Absorption and pharmacokinetics

The most common route of cannabis administration in humans is 
smoking; either via inhalation of smoke from burning the plant, or 
vapors from vaporization of phytocannabinoids in plants or extracts. 
Other common routes include oral consumption of cannabis infused 
foods or tablets, sublingual oromucosal absorption of tinctures, and 
transcutaneous absorption of topical creams or dermal patches. 
Less common routes typically only found in research or medicinal 
applications include rectal and intravenous administration. Each of 
these routes have their own absorption pharmacokinetics with peak 
plasma THC concentrations occurring most rapidly via intravenous 
and smoking routes after roughly 10 min, followed by sublingual and 
rectal administration, and oral and transcutaneous peak THC occur-
ring on the order of 1– 5 hr with great variability between formula-
tions (Huestis, 2007).

Upon consumption, THC can readily enter all organs and shows 
relatively slow pharmacokinetics, particularly in lipid- rich compart-
ments, including the brain (Grotenhermen, 2003; Huestis, 2007), 
despite rapid first pass hepatic metabolism (Alozie et al., 1980; 
Matsunaga et al., 1995). Indeed, following acute intake of cannabis 
drugs, detectable THC metabolite levels have been shown to per-
sist for 1– 2 days (Huestis et al., 1995) despite substantial conver-
sion to the inactive metabolite THC- COOH occurring only 1– 2 hrs 
after smoking (Huestis, 2007; Mason & McBay, 1985). In chronic 
users THC itself can remain detectable in whole- blood samples even 
7 days into abstinence (Karschner et al., 2009). This slow removal 
likely allows the compound to continue acting on molecular targets, 
at least at a low level, for prolonged periods after drug taking. This 
pharmacokinetic profile must be borne in mind when considering 
abstinence/withdrawal following THC and cannabis drug exposure.
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2.1.2 | Acute behavioral effects

Regardless of the route of administration, the acute behavioral effects 
of cannabis use in first- time or inexperienced users have been docu-
mented (Gonzalez, 2007; Metrik et al., 2011; Sexton et al., 2019; Solowij 
et al., 2019; Spindle et al., 2018) and reviewed in several bodies of work 
(Ashton, 2001; Johns, 2001; Karila et al., 2014). Briefly, behavioral ef-
fects of cannabis use occur within minutes of smoking, or obviously 
longer with other administration routes, and can last for several hours. 
Behavioral effects include euphoria, or ‘high’, decreased anxiety and de-
pression, and increased sociability (Ashton, 2001). Conversely, it is not 
uncommon for new users to experience negative affective processes 
such as general anxiety and aggravation, and in more extreme cases, 
panic, paranoia, and other forms of psychosis (Johns, 2001). It is not 
yet entirely clear why some individuals experience positive and others 
negative psychological effects early in cannabis use, however, setting 
and pre- existing expectations or psychiatric conditions can play a role 
(Cooper & Williams, 2019; Johns, 2001; Karila et al., 2014). In addition to 
profound behavioral effects in the awake state, acute administration of 
cannabis produces alterations during sleep (Babson et al., 2017; Kesner 
& Lovinger, 2020). Non- cognitive effects of acute cannabis use include 
conjunctival injection (‘red- eye’), increased appetite, dry mouth, and 
tachycardia (American Psychiatric Association, 2013).

2.1.3 | Behavioral effects of prolonged cannabis use

Tolerance. While there is no exact definition for ‘chronic’ cannabis 
use, there is a general consensus that it constitutes frequent use 

ranging from several times a week to several times a day, ultimately 
resulting in tolerance. Tolerance is characterized by a decrease in 
the effect of a given amount of the drug, or conversely an increase in 
amount of the drug needed to produce desired effects. Depending 
on the regularity of cannabis administration, tolerance can occur 
quite rapidly. Generally, any regular consumption of cannabis that 
maintains tissue THC levels between doses over an extended period 
will produce tolerance, and a study by Jones and colleagues dem-
onstrated significant tolerance to intoxicating effects of cannabis in 
humans following just four days after administering 10mg/kg doses 
every four hours (Jones et al., 1981).

We will expound upon the cellular and molecular changes that 
drive behavioral effects associated with chronic cannabis use in 
later sections, and several other articles have provided in- depth re-
views on chronic use and the development of tolerance in humans 
(Colizzi & Bhattacharyya, 2018; Cooper & Haney, 2009; D'Souza 
et al., 2008; Hollister, 1978; Jones et al., 1976, 1981). Interestingly, 
a double- blind study by D’Souza et. al. compared the acute effects 
of various doses of THC given to frequent cannabis users and non- 
users. They found that while psychological, cognitive, and anxio-
genic effects of THC are indeed blunted in chronic cannabis users, 
the euphoric effects remained unaltered. The same study found that 
cortisol levels were also lower in the frequent users, but heart- rate 
was similarly elevated in both groups (D'Souza et al., 2008). These 
findings indicate variability in development of tolerance to different 
THC actions.

Blunted or not when compared to acute exposure, the psycho-
logical and physiological effects of cannabis in experienced users 
are driven by activity of the cannabinoid 1 receptor (CB1), which is 

F I G U R E  1   Effects of acute cannabis/THC exposure, chronic use, and withdrawal on behavior and synaptic eCB signaling. The stage 
of cannabis/THC use is listed inside arrows across the top of the figure, with the relevant synaptic cellular/molecular components and 
behavioral elements beneath. In the synapse cartoons, the left (acute use) includes many of the well- established components, while middle 
(chronic use) and right (withdrawal) cartoons have bolded the critical changes associated with that stage, while the other components 
are dimmed. For behavioral elements, the subtitles indicate whether the behavior(s) occur in clinical (human) or preclinical (animal model) 
settings
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the major molecular target for THC actions in the brain. Exposure 
to the CB1 inverse agonist rimonabant (SR141716), significantly 
reduced subjective levels of intoxication and tachycardia (Huestis 
et al., 2001).

Dependence. As defined by the Diagnostic and Statistical Manual 
of the American Psychiatric Association (DSM- 5), prolonged canna-
bis use can lead to CUD. Many of the hallmarks of CUD are observed 
in other drug use disorders and addictions— including tolerance 
resulting in escalation of amounts used, unsuccessful attempts to 
curb or stop use, craving, using despite adverse consequences, and 
withdrawal symptoms during early abstinence (American Psychiatric 
Association, 2013). In a 2020 systematic review and meta- analysis, 
Lueng and colleagues found that roughly 22% of individuals who use 
cannabis (lifetime users, recent users, or weekly/daily users) had de-
veloped CUD to some degree (Leung et al., 2020).

2.2 | Cannabis withdrawal symptoms in humans

The occurrence of cannabis withdrawal symptoms (CWS) or syn-
drome in response to cessation of regular cannabis use was conten-
tious during the 1970s through the 1990s (Budney & Hughes, 2006; 
Rohr et al., 1989), despite reports of withdrawal symptoms as early as 
the 1940s (Bouquet, 1944; Fraser, 1949; Williams et al., 1946). These 
early reports were largely ignored, possibly because of contrasting 
findings in other studies (Gaskill, 1945; Leite & Carlini, 1974), and 
the relative mildness of the reported withdrawal symptoms when 
compared to other narcotic drugs (Smith, 2002). Likewise, it is pos-
sible that the withdrawal symptoms experienced by cannabis users 
in the early twentieth century and earlier may have been milder than 
later in the century and current times because of the much lower 
THC content, and thereby potency, of the cannabis being consumed 
earlier in the century (ElSohly et al., 2016; Hart, 1984; Turner, 1983). 
With publication of methodologically rigorous and well- controlled 
studies in the late 1990s and 2000s (Budney et al., 1999, 2001, 2003, 
2007, 2008; Crowley et al., 1998; Haney et al., 1999a, 1999b; Kouri 
& Pope, 2000; Kouri et al., 1999; Vandrey et al., ,2005, 2008), the 
diagnosis of CWS has become far less contentions and indeed is now 
described in the DSM- 5 (American Psychiatric Association, 2013) as 
a key feature of CUD.

The DSM- 5 defines cannabis withdrawal as experiencing at least 
three of the following symptoms upon cessation of regular cannabis 
use: (1) Irritability/aggression, (2) nervousness/anxiety, (3) disrupted 
sleep, (4) hypophagia and weight loss, (5) restlessness, (6) depressed 
mood, (7) somatic symptoms causing discomfort, for example, ab-
dominal pain, shakes, sweating, fever/chills, and headache (American 
Psychiatric Association, 2013). Other cannabis withdrawal symp-
toms have also been reported including vivid unpleasant dreams or 
nightmares (Budney et al., 2003), feeling tense or unable to achieve 
goals (Bahji et al., 2020), changes in libido, boredom, and craving 
cannabis (Copersino et al., 2006). Increased appetite and weight gain 
have also been observed in individuals abstaining from cannabis, but 
this is typically reported later in withdrawal (Copersino et al., 2006; 

Levin et al., 2010), and could potentially be a post- withdrawal symp-
tom (Boggs et al., 2013).

These symptoms also typically follow a reliable time course 
(Allsop et al., 2011; Budney et al., 2003; Hesse & Thylstrup, 2013), 
with sleep disturbances, somatic symptoms, and decreased appetite 
more prevalent during the initial several days of abstinence, followed 
by irritability, restlessness, and anxiety. Aggression and anger are 
more prominent after the first week or so of abstinence (Budney 
et al., 2003; Hesse & Thylstrup, 2013). Interestingly, while sleep dis-
ruption is strongest early in abstinence, vivid/unpleasant dreams can 
begin at a similar time point but extend for several weeks following 
cessation (Budney et al., 2003; Vorspan et al., 2010).

There appears to be a common misconception that cannabis 
withdrawal symptoms are mild, and therefore perhaps clinically 
irrelevant. In reality, there is strong evidence that cannabis with-
drawal symptom severity is similar to that of tobacco/nicotine 
withdrawal (Budney & Hughes, 2006), and correlates with func-
tional impairment and higher relapse rates (Allsop et al., ,2011, 
2012; Chung et al., 2008). As with other drugs of abuse, several 
factors can contribute to the severity of cannabis withdrawal 
symptoms, such as psychiatric comorbidities, setting (inpa-
tient or outpatient), duration of use prior to cessation, whether 
the individual is treatment seeking, and the rate of cessation 
(HealthQuest (NSW) 2008; Budney & Hughes, 2006; Budney 
et al., 2004). Regardless of the symptom profile, timeline, or 
severity, research has shown that 40%– 50%, or more, of regu-
lar cannabis users will experience withdrawal symptoms (Bahji 
et al., 2020; Hasin et al., 2008).

2.3 | Sex and gender differences in CUD and CWS

Over the past decade more studies have considered sex as a bio-
logical variable pertaining to cannabis use, development of CUD, 
and strength of CWS (Cooper & Craft, 2018). A 2016 study of 
2374 users in Washington State, where cannabis is legal for rec-
reational use, found men are more likely to use cannabis for recre-
ational purposes and consume at higher quantities, while women 
are more likely to report using for medical reasons and first using 
cannabis when older than 30 years (Cuttler et al., 2016). A 2020 
human laboratory study reported female young- adult regular can-
nabis users had lower peak concentrations of THC and its me-
tabolites than males, and found little differences in subjective 
drug effects between sexes using a visual analog scale method 
(Matheson et al., 2020). Several studies have noted that the dura-
tion from first use to onset of CUD is shorter for females than in 
males (Hernandez- Avila et al., 2004; Khan et al., 2013), a phenom-
enon termed ‘telescoping’. During withdrawal men are more likely 
than women to report sleep disturbances, while women are more 
likely to experience nausea and anxiety (Cuttler et al., 2016). In 
general, women typically report greater withdrawal intensity and 
negative impact of withdrawal (Copersino et al., 2010; Schlienz 
et al., 2017; Sherman et al., 2017).
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Several biological factors likely contribute to observed sex dif-
ferences in cannabis use, abuse, and withdrawal. Indeed, there is 
accumulating evidence at the preclinical level that the eCB system 
itself is sexually dimorphic (Bradshaw et al., 2006; Craft et al., 2013; 
Farquhar et al., 2019), and these dimorphisms likely drive differences 
in effects of endogenous cannabinoids (Craft et al., ,2012, 2013). 
Likewise, circulating sex hormones certainly contribute to effects 
of cannabis and cannabinoid administration (Castelli et al., 2014; 
Marusich et al., 2015; Struik et al., 2018; Winsauer et al., 2012). A 
2020 study correlated functional magnetic resonance imaging (fMRI) 
measurements with cannabis use and responses to cannabis- related 
cues (Prashad et al., 2020), and while neural response did not differ 
between males and females, females did have stronger subjective 
craving relative to males.

In addition to sex- differences, careful consideration should be 
given to gender differences pertaining to cannabis use. Gender 
norms are societal based and one's gender identity can play a 
role in patterns of cannabis use (Brabete et al., 2020; Greaves & 
Hemsing, 2020). Future studies should consider gender biases when 
examining subjective effects of cannabis use, as these biases can 
manifest in questionnaires and may skew data (Altman et al., 2021), 
masking important outcomes.

2.4 | Synthetic cannabinoids, 
dependance and withdrawal

Synthetic cannabinoids (SC) were initially developed by research 
groups to study cannabinoid receptor actions. The SCs are heteroge-
neous in structure but all act as potent agonists for CB1 and cannabi-
noid 2 receptor (CB2), that is, they are cannabimimetic (Castaneto 
et al., 2014). As their initial use was in academic laboratories, the 
methods for chemically synthesizing these drugs were published 
and readily available. While governments have scheduled many SCs 
as illegal, by continuously altering the molecular structure of these 
compounds, commercial producers of SCs are able to sell them, for 
the most part legally, in convenience stores or online.

Once consumed, typically via inhalation from smoking or via e- 
cigarette type products, most of these compounds are potent full 
CB1 agonists (Fantegrossi et al., 2014) with binding affinities or-
ders of magnitude higher than THC (see Table 1 of van Amsterdam 
et al., 2015 and Table 4 of Castaneto et al., 2014). Similarly, some 
SCs can interact with targets outside the eCB system (Baumann 
et al., 2014; Cooper, 2016) but little is known about how these in-
teractions contribute to their physiological and psychic affects. 
These differences from THC likely drive adverse effects of these 
drugs leading to increased hospitalizations in recent years (Karila 
& Benyamina, 2019). Additionally, the potency and pharmacoki-
netics of SCs like contribute to the rapid induction of dependance 
and relative strength of withdrawal symptoms compared to THC 
(Cooper, 2016).

Acute psychoactive effects of SCs include altered mood, in-
creased heart rate, dry mouth, red- eye (Auwarter et al., 2009), 

irritability, anxiety, short- term memory and cognitive impairment, 
and acute psychosis (see Tables 2 and 3 of Castaneto et al., 2014). 
It is known that both animals (Tai & Fantegrossi, 2014) and hu-
mans (Zimmermann et al., 2009) develop tolerance to these drugs. 
Tolerance is likely induced via mechanisms similar to THC since cross- 
tolerance occurs between SCs and THC (see Tables 1 of Castaneto 
et al., 2014). After chronic use and development of tolerance, ces-
sation of SCs also produces withdrawal effects, often times occur-
ring more rapidly and greater in strength than with THC/cannabis 
(Pehlivan et al., 2020; Sampson et al., 2015; Tai & Fantegrossi, 2014; 
Zimmermann et al., 2009). A recent study indicates the development 
of SC dependance and withdrawal symptoms may have genetic com-
ponents as well (Pehlivan et al., 2020).

Clearly, there are similarities in the effects of SCs and THC/
cannabis, and the DSM- 5 groups patients experiencing substance 
use disorder related to abusing SCs together with cannabis. Indeed, 
the manual indicates that CUD ‘refer[s] to all forms of cannabis- like 
substances, including synthetic cannabinoid compounds’ (American 
Psychiatric Association, 2013). Yet, it is also clear that SCs have con-
siderably more profound negative side- effects, ultimately leading to 
hospitalization and sever overdose events, which are considerably 
rarer in relation to phytocannabinoid use.

2.5 | Pre- clinical models of cannabis use, 
abuse, and withdrawal

Animal models provide valuable information about the underlying 
physiological mechanisms that govern biological phenomena ob-
served in humans. Often, elucidating these mechanisms is extremely 
difficult, if not impossible, to do in humans given confounding 
pre- existing conditions, environmental factors, and ethical con-
siderations. Indeed, animal models have proved invaluable in un-
derstanding the biological manifestations of cannabis use and the 
physiological changes that occur during chronic use and withdrawal.

2.5.1 | Behavioral effects of acute cannabinoid 
administration in animal models

Cannabis, THC, or SCs are known to produce four classic physiologi-
cal effects known as the ‘tetrad’ via their prominent action on CB1— 
analgesia, hypothermia, hypoactivity, and catalepsy (Metna- Laurent 
et al., 2017). Despite their frequent use in rodent cannabinoid be-
havioral research, when compared to the reported behavioral ef-
fects of acute cannabis/THC use in humans discussed above, they 
offer little translational validity beyond determining whether a phar-
macological phenomenon is potentially mediated by CB1 activity. A 
caveat to this statement might be analgesia because of the potential 
for development of cannabinoid- based pain medications. The tetrad 
behaviors and other behavioral effects of cannabinoid administra-
tion often have clear dose responses, with higher doses being mainly 
disruptive and inhibitory and low doses potentially stimulatory. For 
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example, locomotor activity is suppressed at higher doses of THC or 
synthetics cannabinoids while lower doses can have a stimulatory 
effect that increases locomotion and behavioral activities (Chaperon 
& Thiebot, 1999; Stark & Dews, 1980).

As with many drugs of abuse, THC and THC- like synthetic 
cannabinoids have a long history of reward, reinforcement, and 
motivation- related research (Justinova, 2019). Naturally, re-
searchers are interested in studying the neural circuits involved 
in the addicting characteristics of THC. However, historically 
this has been difficult to do, as it is difficult to obtain ‘reward-
ing’ effects from THC using standard behavioral procedures 
(Chaperon & Thiebot, 1999; Justinova, 2019). This is clearly dif-
ferent from the case in humans, as many humans obviously readily 
self- administer cannabis, THC, and THC- like compounds. Acute 
administration of high doses of THC appears to be aversive as indi-
cated by conditioned place preference and taste aversion studies 
(Lepore et al., 1995). In these studies, THC is paired with a spe-
cific compartment within an arena, or with a novel food, and this 
will generally cause the animal to avoid that place or food in the 
future. This is likely because of the initial aversive and anxiogenic 
potential of THC administration in many animal models (Murray & 
Bevins, 2010). Indeed, pretreating mice with THC while they are in 
their home- cage appears to ameliorate the aversive effects of the 
drug in place preference paradigms (Valjent & Maldonado, 2000) 
and self- administration (Spencer et al., 2018), presumably by tem-
porally distancing the association of the initial treatment from the 
conditioning procedure. Interactions between high doses of THC 
and the endogenous opioid system may mediate these dysphoric 
effects (Maldonado et al., 2011), as genetic knockdown/knock-
out of genes involved in endogenous opioid signaling can block 
dysphoric and facilitate reinforcing effects of cannabinoid ad-
ministration (Cheng et al., 2004; Mendizabal et al., 2006; Zimmer 
et al., 2001).

The classic paradigm used in the pre- clinical setting to study 
drug abuse is the operant self- administration procedure. In this 
procedure, animals are typically tasked with pressing a lever or 
poking their nose into a hole to earn drug rewards. Usually, these 
rewards are brief intravenous (i.v.) infusions of the drug through a 
chronically implanted jugular catheter. Again, it has been histori-
cally quite difficult to obtain i.v. self- administration of THC in ani-
mal models, particularly in rodents (Lupica & Hoffman, 2018). That 
is not to say it is impossible, as there are a few studies reporting i.v. 
THC self- administration in rats (Spencer et al., 2018; Stringfield & 
Torregrossa, 2021; Takahashi & Singer, 1979; Wakeford et al., 2017). 
Most of these studies used smaller doses of THC than typically ad-
ministered in other behavioral experiments, though Stringfield and 
Torregrossa found that an escalation procedure potentially allowed 
adolescent rats to self- administer the drug at relatively higher doses 
(Stringfield & Torregrossa, 2021). There have been some recent ad-
vances in rodent THC/cannabis self- administration procedures that 
move away from i.v. administration, and instead allow the rodents to 
earn cannabis- infused dough pellets (Smoker et al., 2019) or brief ex-
posure to cannabis vapor (Freels et al., 2020). These later paradigms 

are particularly interesting as they better model human administra-
tion of these drugs.

While difficult in rodents, THC is readily self- administered by 
squirrel monkeys (Justinova et al., 2003; Tanda et al., 2000), pro-
viding a reliable non- human primate model to study behavioral 
pharmacology related to specific aspects of cannabis use (Panlilio & 
Justinova, 2018). The studies using squirrel monkeys and other non- 
human primates recapitulate most aspects of cannabinoid drug use, 
including acquisition (Justinova et al., 2003), maintenance (Justinova 
et al., 2013), relapse/reinstatement (Justinova et al., 2008, 2013), 
and withdrawal (Fredericks & Benowitz, 1980). These studies can 
provide valuable insight into pharmacological interventions with 
translational relevance related to these cannabinoid related drug 
abuse phenomena. However, it is harder to glean information about 
the cellular/molecular and systems level neural mechanisms under-
lying these phenomena because of the lack of transgenic and genetic 
techniques in non- human primates, as well as the lower availability 
of subjects and high cost of non- human primate research.

Lupica and Hoffman hypothesize that the difficulty in establish-
ing rodent models of cannabinoid self- administration may stem from 
their widespread action on CB1 receptors throughout the brain, and 
in particular in the hippocampus; an effect that can profoundly dis-
rupt coherence of network activity that is critical for learning asso-
ciations necessary to perform self- administration procedures. They 
further suggest that differences in experimental conditions between 
rodent and non- human primate studies might account for differ-
ences in the efficacy of self- administration procedures between 
these types of model organism, though they admit the underlying 
cause is unclear (Lupica & Hoffman, 2018).

2.5.2 | Preclinical models of cannabinoid tolerance

As in humans, it is well known that animals build tolerance to 
the effects of exogenous cannabinoid administration (Compton 
et al., 1990; Gonzalez et al., 2005; Lichtman & Martin, 2005), and 
animal studies have been valuable in elucidating the potential mo-
lecular mechanisms underlying this phenomenon (discussed fur-
ther below). While conclusions from early preclinical studies were 
somewhat limited from inconsistent use of dosage and delivery 
methods (Mcmillan et al., 1971), Bass and Martin rigorously char-
acterized tolerance- inducing THC treatment regimens in mice (Bass 
& Martin, 2000), which has been used by many with consistent re-
sults. In this study, mice were given morning and evening intraperi-
toneal injections of THC at a dose of 10mg/kg. The authors used two 
components of the tetrad, antinociception and hypoactivity as be-
havioral metrics of effects of THC and found tolerance in these be-
haviors after just 1.5 days of treatment. Tolerance was maximal after 
3.5 days and did not increase significantly thereafter. This 3– 4 day 
time frame for developing tolerance to THC appears to be consistent 
with other species and delivery methods, as a recent study found 
tolerance to hypothermic and antinociceptive effects of THC after 
4 days of chronic THC vapor inhalation in rats (Nguyen et al., 2018).



1680  |     KESNER aNd LOVINGER

2.5.3 | Pre- clinical models of cannabis withdrawal

Withdrawal from chronic treatment of cannabinoid drugs can be 
investigated in two ways: spontaneous or precipitated. For spon-
taneous withdrawal, the investigators treat animals to instill tol-
erance, then abruptly cease treatment and observe the natural 
behavioral response to no longer receiving the drug. Historically, 
the presence of cannabis/THC spontaneous withdrawal symptoms 
in animal models was contentious, with many early studies report-
ing absence or only mild symptoms. This was often attributed to 
the lipophilic nature and therefore long half- life of THC prolonging 
the drug's activity into early abstinence (Lichtman & Martin, 2002). 
Though research has found that somatic withdrawal symptoms 
(e.g. wet dog and head shaking, front paw tremor, hunched pos-
ture, body tremor, etc.) are reliably measured during spontane-
ous withdrawal from cannabis, THC, and synthetic cannabinoids 
(Gonzalez et al., 2005; Lichtman & Martin, 2002; Maldonado & 
Rodriguez de Fonseca, 2002; Trexler et al., 2018), these do not 
particularly model human withdrawal symptoms discussed above. 
That is not to say there is no preclinical evidence of withdrawal 
symptoms that model human CWS. Chronic treatment with 15mg/
kg THC had mild anxiogenic effects on female and anxiolytic ef-
fects in male adolescent rats during early THC abstinence (Harte- 
Hargrove & Dow- Edwards, 2012).

Procedurally, precipitated withdrawal differs from spontaneous 
withdrawal in that the researcher administers a CB1 antagonist, 
typically rimonabant, which immediately blocks the effects of the 
chronically administered cannabinoid drug (Aceto et al., 1995). 
Precipitated withdrawal reliably induces similar withdrawal symp-
toms as the spontaneous procedure, though they are typically more 
profound and intense in nature. In addition, precipitated withdrawal 
can induce withdrawal symptoms related to cognitive and emo-
tional processes (Marusich et al., 2014), which indeed more closely 
matches human CWS. An obvious caveat of precipitated withdrawal 
is that humans ultimately experience spontaneous withdrawal, so 
the extent to which these symptoms offer translational relevance 
is unclear.

3  | CELLUL AR AND MOLECUL AR 
MECHANISMS A SSOCIATED WITH 
CHRONIC C ANNABIS USE ,  TOLER ANCE , 
AND DEPENDENCE

3.1 | The endocannabinoid system

The following subsections review the basic cellular and molecu-
lar components of the eCB system. These sections are meant to 
bring readers up to speed on the molecular components of the 
eCB system to add context to the sections that follow, where 
we will describe how activity and changes in this system can 
contribute to behavioral phenomena described in the preceding 
sections.

3.1.1 | Anandamide and 2- arachidonoyl glycerol

eCBs are fatty acids produced by degradation of arachidonic acid- 
containing lipids. The two eCBs with prominent effects in the nerv-
ous system are arachidonoyl ethanolamide (AEA, also known as 
anandamide) and 2- arachidonoyl glycerol (2- AG) (Kano et al., 2009). 
Several enzymatic mechanisms for AEA production have been pro-
posed, and there is ongoing investigation into which pathway pre-
dominates in which body and brain region (Lu & Mackie, 2016). In 
contrast, it is clear that 2- AG is produced via degradation of dia-
cylglycerol catalyzed by diacylglycerol lipase (Bisogno et al., 1997; 
Prescott & Majerus, 1983; Sugiura et al., 2006). Degradation, and 
therefore, deactivation of the two eCBs is well characterized, with 
fatty acid amide hydrolase (FAAH) providing the major catalysis of 
AEA breakdown, and monoacylglycerol lipase (MGL) primarily cata-
lyzing 2- AG breakdown (Lu & Mackie, 2016). Cyclooxygenase- 2 cat-
alyzes oxidation of eCBs (Kozak et al., 2000), and this process can 
facilitate synaptic signaling through production of prostaglandins 
that signal through mitogen- activated protein kinase (MAPK) and in-
ositol 1,4,5- trisphosphate (IP3) (Yang & Chen, 2008). The two major 
eCBs can be produced in cells throughout the body and brain, and 
evidence indicates that upon production and release they produce 
juxtracrine actions on nearby cellular elements (Lovinger, 2007).

3.1.2 | eCB- mediated synaptic plasticity

Both AEA and 2- AG activate the G protein- coupled receptors 
(GPCR) CB1 and CB2, but the efficacy of 2- AG is demonstrably 
higher than that of AEA (Di Marzo & De Petrocellis, 2012). There 
is physiological evidence for CB1 activation by both eCBs in the 
central nervous system (CNS) (Sugiura et al., 1995). Synaptic de-
pression induced by these eCB actions involves decreased neu-
rotransmitter release probability and can persist for different 
durations. Depolarization of neurons can induce synaptic depres-
sion that persists for 10s of seconds. This depolarization- induced 
synaptic depression has been described at GABAergic synapses 
(labeled DSI) and glutamatergic synapses (labeled DSE) (Diana & 
Marty, 2004). The duration of this depression appears to coin-
cide with the duration of extracellular increases in eCBs (Kim & 
Alger, 2004; Liput et al., 2020; Pan et al., 2009). Pharmacological 
and genetic knockout experiments indicate that depolarization 
and activation of postsynaptic voltage- gated calcium channels 
(VGCCs) produces increased 2- AG production and release and 
this eCB traverses the synaptic cleft in a retrograde manner to act 
on presynaptic CB1 and induce depression (Castillo et al., 2012). 
Short- lasting eCB- mediated depression (STD) induced by synaptic 
activation or by agonists of Gq- coupled GPCRs involves mecha-
nisms similar to DSI/E. The major difference is that 2- AG produc-
tion in this case involves metabotropic GPCR/Gq- alpha activation 
of phospholipase C (PLC) - beta to form diacylglycerol, with dia-
cylglycerol lipase actions necessary for the final eCB synthesis 
step. A variety of metabotropic GPCRs have been implicated in 



     |  1681KESNER aNd LOVINGER

STD, most prominently metabotropic glutamate receptors (mGlus) 
and muscarinic acetylcholine receptors, but also some serotonin 
receptor subtypes, etc. The short- term forms of eCB- dependent 
synaptic depression have been observed throughout the CNS 
and peripheral nervous system (Best & Regehr, 2008; Burattini 
et al., 2014; Howlett et al., 2002; Parrish & Nichols, 2006; Yuan 
& Burrell, 2012).

Long- term depression (LTD) dependent on eCBs and CB1 has 
also been described at a number of CNS synapses. As the name 
implies, LTD is much longer lasting than DSI/E or STD. Indeed, 
pharmacological experiments indicate that LTD persists for much 
longer than the duration of extracellular eCB increases (Chevaleyre 
et al., 2007; Ronesi et al., 2004; Sjostrom et al., 2003). It appears 
that CB1 activation by retrograde eCB signaling sets into motion 
a sequence of molecular signals in the presynaptic terminal lead-
ing to decreased neurotransmitter release probability that per-
sists for hours (Yin et al., 2006). These signals include changes 
in cyclic AMP levels and possibly also altered phosphorylation of 
vesicle- associated proteins as well as increased protein translation 
(Castillo et al., 2012; Monday et al., 2018). Like the shorter- lasting 
forms of synaptic depression, eCB- LTD has been observed at both 
GABAergic and glutamatergic synapses (Castillo et al., 2012). 
Activation of group I mGlus is implicated in eCB- LTD induction at 
a many of these synapses, including at GABAergic synapses (e.g. 
Chevaleyre and Castillo, 2003). Thus, it is not surprising that Gq 
and PLC signaling as well as 2- AG are implicated in eCB- LTD induc-
tion at many of these synapses. However, there is evidence that 
eCB- LTD at some synapses, for example, in dorsal striatum and ba-
solateral amygdala, is resistant to alterations in 2- AG production, 
and may be mediated by AEA (Ade & Lovinger, 2007; Marsicano 
et al., 2002). Unfortunately, methods to reliably reduce AEA pro-
duction are not yet available, and thus this hypothesis awaits ad-
ditional testing.

The different forms of eCB- mediated synaptic depression have 
been implicated in a variety of in vivo neuronal functions and behav-
iors. It is thought that eCB- LTD contributes to maturation of synap-
tic weights in the developing CNS as well as learning and memory in 
the mature CNS (Augustin & Lovinger, 2018).

3.2 | Central effects of THC following cannabis use

3.2.1 | THC and cannabinoid receptors

Upon entry into the body/brain THC produces its actions via acti-
vation CB1 and CB2. These receptors both predominantly activate 
signaling through the G proteins that contain the alphai or alphao 
subunits in addition to the beta/gamma G protein subunit complex. 
Receptor- induced alphai/o subunit liberation inhibits AC leading to 
reduced intracellular cAMP levels (Howlett et al., ,1988, 2002; Rhee 
et al., 1998). The liberated beta/gamma subunit complex can bind to 
and alter ion channel function, including inhibition of VGCCs and ac-
tivation of potassium channels (Betke et al., 2012; Ikeda, 1996). This 

complex can also activate some subforms of PLC (Camps et al., 1992; 
Falkenburger et al., 2010; Katz et al., 1992; Smrcka et al., 1991; 
Taylor et al., 1991). Like many other GPCRs, the CB receptors can 
also activate signaling through the beta- arrestin protein (Breivogel 
et al., 2013; Priestley et al., 2017; Tonini et al., 2006). This signaling 
pathway has been implicated in control of cell surface receptor turn-
over via mechanisms involving CB1 phosphorylation by a G protein- 
coupled receptor kinase (GRK) (Jin et al., 1999; Morgan et al., 2014; 
Nealon et al., 2019; Nguyen et al., 2012). Through these signaling 
pathways CB receptors can influence a variety of cellular processes, 
including neurophysiology, membrane protein trafficking and gene 
expression (Sim- Selley, 2003).

Since THC is a partial agonist at the CB receptors, it is possible 
that effects on the nervous system and behavior reflect not only 
receptor activation but also interference in the actions of more ef-
ficacious endogenous CB agonists (discussed below). As mentioned 
previously, more efficacious synthetic CB agonists, that is, SCs, 
have been developed (D'Ambra et al., 1992) and these compounds 
generally produce in vivo effects similar to THC but with more 
pronounced actions on some behaviors and affective measures 
(e.g. catalepsy in rodents, aversive effects in humans) (Compton 
et al., 1992; Johnson et al., 2019; Karila & Benyamina, 2019; 
Richter & Loscher, 1994).

In the nervous system, CB1 is the predominant target of THC 
(Devane et al., 1988; Shao et al., 2016) and synthetic cannabi-
noid drugs (D'Ambra et al., 1992; Pacheco et al., 1991). CB1 is 
expressed predominantly, if not exclusively on presynaptic ter-
minals (Bacci et al., 2004; Ong & Mackie, 1999) where it inhibits 
neurotransmitter release (Castillo et al., 2012; Lovinger, 2008). 
The aforementioned inhibition of VGCCs is one mechanism 
implicated in this inhibition (Betke et al., 2012; Ikeda, 1996). 
However, G i/o- coupled GPCRs, including CB1, also inhibit release 
via mechanisms downstream of VGCCs, most likely via actions on 
vesicle- associated proteins (Gerachshenko et al., 2005; Hamid 
et al., 2014). Glutamatergic (Shen et al., 1996) and GABAergic 
synapses (Hoffman & Lupica, 2000; Katona et al., 1999) are the 
major loci of CB1 actions, with the result that CB1 can either 
reduce or enhance excitatory synaptic drive through direct mod-
ulation or indirect disinhibition (Freund et al., 2003). Release 
of other neurotransmitters and modulators is also modulated 
by CB1 including acetylcholine (Gifford & Ashby, 1996), and 
norepinephrine (Schlicker et al., 1997). In addition, there are a 
few reports of CB1 modulation of neuronal excitability through 
what appear to be actions on somata or dendrites (Marinelli 
et al., 2009; Seif et al., 2011), but the subcellular location of the 
receptors implicated in these actions is not yet clear. Through 
these modulatory mechanisms CB1Rs shape the input to and 
output of neurons in circuits throughout the brain. Thus, it is 
not surprising that CB1 receptor activation by THC or synthetic 
agonists has such profound effects on behavior, including anal-
gesic, appetitive, cataleptic, hypokinetic, memory altering, sleep 
promoting, and stress- response regulating actions (Cooper & 
Williams, 2019).
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3.3 | Potential physiological mechanisms underlying 
cannabis abuse

3.3.1 | Mechanisms of acute and chronic 
behavioral effects

As described in the previous section on chronic cannabis use in hu-
mans, repeated exposure to THC produces tolerance to the acute 
actions of the drug and can lead to dependence. These persistent ef-
fects may start to develop even after the first exposure to the drug. 
Indeed, acute exposure to THC decreases local glucose utilization in 
a variety or brain regions, with especially prominent effects in limbic 
areas (Sim- Selley, 2003; Whitlow et al., 2002). These decreases can 
persist for up to 24 hr in some regions. It is clear that CB1 receptors 
mediate THC dependence as the CB1 antagonist rimonabant is gen-
erally used to precipitate withdrawal symptoms (Trexler et al., 2018; 
Wilson et al., 2006). In addition, signs of dependence are lost in mice 
genetically engineered to lack the CB1 receptor (Ledent et al., 1999; 
Lichtman et al., 2001). Self- administration of synthetic cannabinoids 
is also lost in mice treated with CB1 antagonists (Ledent et al., 1999; 
Martellotta et al., 1998).

Tolerance develops to the inhibitory effect of THC on local glu-
cose utilization in some brain regions following chronic treatment 
with the drug for 7– 21 days (Whitlow, 2003). Notably, tolerance is 
less prominent in the mesocorticolimbic brain regions. Decreased 
psychostimulant- induced glucose utilization is also observed in sev-
eral brain regions in female, but not male, regular cannabis users 
(Wiers et al., 2016). Studies using functional magnetic resonance 
imaging have observed decreased activation of the ventral striatum 
during tasks involving monetary reward in abstinent regular canna-
bis users (Filbey et al., 2013; Yip et al., 2014). These changes are con-
sistent with observations in rats that chronic THC exposure alters 
dopamine transmission in the ventral striatum in response to drug 
reward (Cadoni et al., 2008).

3.3.2 | Tolerance and DSI, STD, LTD

It has been consistently demonstrated that chronic THC exposure 
reduces the synaptic depressant effect of CB1 activation, and this 
physiological tolerance has been observed at synapses in several 
brain regions. Most notably, synaptic tolerance has been observed 
at synapses in the nucleus accumbency/ventral striatum, dorsal 
striatum, hippocampal CA1 region, and the ventral tegmental area 
(Friend et al., 2017; Hoffman et al., 2003, 2007; Mato et al., 2005; 
Nazzaro et al., 2012). In the typical experimental procedure, effects 
of a CB1 agonist on GABAergic and glutamatergic transmission are 
examined in animals given several days of exposure to THC (usu-
ally via intraperitoneal injection) compared to vehicle- treated con-
trols. Brain slice recordings are used to assess agonist action and 
tolerance. However, effects of this chronic THC regimen on eCB- 
mediated synaptic plasticity induced by afferent stimulation have 
also been examined (Friend et al., 2017; Nazzaro et al., 2012). The 

chronic THC regimens used for these experiments are known to pro-
duce tolerance to many of the acute effects of the drug, including 
analgesia (Abood et al., 1993; Mato et al., 2005).

3.4 | Potential molecular mechanisms of cannabis 
withdrawal symptoms

3.4.1 | CB1 downregulation

Considering the observed loss of CB1- induced synaptic depression 
following chronic THC exposure, a decrease in receptor expression 
or cell- surface expression on presynaptic terminals would appear to 
be a reasonable mechanism for this tolerance. In general, radioligand 
binding measurements indicate receptor downregulation in several 
brain regions including cerebellum, globus pallidus and striatum, but 
this effect was not observed in all studies or brain regions (Breivogel 
et al., 1999; Martini et al., 2010; Romero et al., 1995, 1997; Tappe- 
Theodor et al., 2007; Tonini et al., 2006). For example, increased 
binding was observed in cerebellum and hippocampus following ex-
posure to a low THC dose that might not be sufficient to produce be-
havioral tolerance (Lee et al., 2003). When decreases were observed 
they were generally in the maximum specific binding for CB1 ligands, 
but decreased ligand affinity was also reported in striatum (Oviedo 
et al., 1993; Romero et al., 1995; Sim- Selley, 2003). Recent studies 
in humans using positron emission tomography- based CB1 imaging 
indicate decreased receptor availability during withdrawal in regular 
cannabis users (D'Souza et al., 2016; Hirvonen et al., 2012). Levels 
of the receptor appear to return to control values following pro-
longed abstinence in all brain regions examined except hippocampus 
(Hirvonen et al., 2012).

Effects of chronic cannabinoid treatment on the CB1 protein 
measured with immunochemical approaches have also been ex-
amined. However, it is admittedly difficult to measure cell surface 
receptors in small subcellular compartments such as presynaptic 
terminals, even with confocal microscopy. Reduced cell surface 
CB1 immunostaining was observed in receptor- expressing cells 
following chronic exposure to different THC and full agonists 
(Hsieh et al., 1999; Rinaldi- Carmona et al., 1998). The full agonists 
produced a stronger response than THC. Using hippocampal neu-
rons in primary culture, Coutts and coworkers (2001) showed that 
chronic CB1 agonist application decreased cell surface CB1 immu-
nostaining following chronic agonist exposure (Coutts et al., 2001). 
Newly developed super- resolution imaging techniques should 
allow for such analysis. Indeed, using the STochastic Optical 
Reconstruction Microscopy, that is, STORM, approach Katona 
and coworkers have measured axon terminal- surface and inter-
nal receptors at GABAergic synapses in the hippocampus (Dudok 
et al., 2015). Furthermore, they showed that repeated treatment 
with THC reduced cell surface CB1 expression at these synapses in 
a dose- dependent manner. Recovery of receptors on the terminal 
surface required several weeks following the cessation of THC ex-
posure. This finding indicates that the function of CB1 receptors on 
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presynaptic terminals will likely be impaired for a considerable time 
following cessation of cannabis drug use.

Changes in CB1 mRNA are less consistent (Sim- Selley, 2003), 
perhaps indicating that receptor downregulation does not involve 
transcriptional changes or changes in mRNA stability. However, de-
creased CB1 mRNA expression has been observed in striatum during 
and after chronic THC exposure (Zhuang et al., 1998).

The role of decreased CB1 expression in altered receptor- 
induced signaling and tolerance to effects of synaptic transmission 
is not clear. For example, at synapses made by striatal projection 
neurons in downstream basal ganglia regions there is little to no de-
crease in receptor binding at time points when tolerance is clearly 
evident (Romero et al.,. ,1997, 1998, 1999; Rubino et al., 2000). It 
is also unclear if decreased CB1 expression and function contrib-
ute to dependence. Full recovery of receptor binding levels occurs 
at time points when behavioral measures of antagonist- precipitated 
withdrawal are already complete (Rubino et al., 1998). Furthermore, 
receptor function is still downregulated at time points when antago-
nist exposure no longer elicits withdrawal signs (Rubino et al., 1998; 
Rubino, Vigano, Massi, & Parolaro, 2000).

Mice expressing a mutant CB1 receptor resistant to receptor- 
phosphorylating GRKs (Jin et al., 1999) show delayed tolerance 
to some effects of THC and other agonist treatments (Morgan 
et al., 2014; Nealon et al., 2019). A similar effect was observed in 
beta- arrestin knockout mice (Nguyen et al., 2012). These findings in-
dicate that arrestin- associated GRK function may be involved in re-
ceptor trafficking/inactivation implicated in tolerance. Interestingly, 
differential effects on tolerance to different CB1 agonists were 
observed, and tolerance eventually developed for all agonists after 
prolonged drug treatment (Nealon et al., 2019). Thus, GRK- mediated 
phosphorylation appears to be only one mechanism involved in 
tolerance.

Chronic exposure to full CB1 agonists, such as those which are 
constituents of “spice” and other SC formulations, also produce neu-
roadaptations. As observed with THC, the full CB1 agonists such 
as CP55,940 and WIN 555– 212 produce downregulation of CB1, 
receptor- stimulated guanosine triphosphate (GTP) - gammaS acti-
vation, and other consequences of receptor activation in cerebel-
lum, cortex, hippocampus and striatum (Oviedo et al., 1993; Rubino, 
Vigano, Massi, & Parolaro, 2000; Sim- Selley & Martin, 2002).

3.4.2 | AC, cAMP and PKA

Chronic THC exposure has been shown to alter several intracellular 
signaling processes that could contribute to physiological and behav-
ioral changes during withdrawal. Receptor- stimulated GTPgammaS 
binding is decreased following chronic exposure to THC (Martin 
et al., 2004; Sim- Selley, 2003). This supports the idea that the first 
step in CB1- stimulated intracellular signaling, namely G- protein dis-
solution, shows tolerance following lasting receptor activation.

The inhibition of AC following CB1 activation of Gi/o- coupled G 
proteins occurs predominantly in presynaptic terminals given the 

localization of CB1 in this subcellular compartment. Decreased AC ac-
tivity will lower cAMP levels and decrease activation of downstream 
enzymes such as the cAMP- dependent protein kinase (PKA) and ex-
change protein directly activated by cAMP (EPAC). Changes in AC, 
cAMP and PKA activity have been observed following chronic THC 
exposure and withdrawal in both rat and mouse brains (Hutcheson 
et al., 1998; Rubino, Vigano, Massi, Spinello, et al., 2000). Enhanced 
function of AC isoforms that are inhibited upon acute CB1 activa-
tion may contribute to these effects (Rhee et al., 1998). However, 
in the case of antagonist- precipitated withdrawal in mouse, the in-
crease in cAMP appears to be confined to the cerebellum. Indeed, 
inhibition of PKA in cerebellum can block precipitated withdrawal 
signs in mouse, while PKA activation mimics precipitated withdrawal 
(Tzavara et al., 2000). Phosphorylation of CB1 mediated by the c- Jun 
terminal kinase has also been implicated in THC- induced tolerance 
(Henderson- Redmond et al., 2020).

3.4.3 | Endocannabinoids

Very few studies to date have examined changes in eCBs follow-
ing chronic THC or cannabinoid drug use. Chronic exposure to THC 
at a dose that produces behavioral tolerance in rat resulted in de-
creased tissue levels of AEA and 2- AG in striatum as measured by 
liquid chromatograph- mass spectrometry (Di Marzo et al., 2000). In 
contrast, AEA levels were increased in limbic forebrain (Di Marzo 
et al., 2000; Gonzalez et al., 2004). Enhanced expression of mRNA 
for MGL was observed in the hypothalamus following chronic THC 
exposure (DeVuono et al., 2018). There was no effect on FAAH, but 
this study only examined RS/1 Huntington's disease model mice 
(Dowie et al., 2010). Treatment with inhibitors of FAAH and MGL 
reduced precipitated withdrawal signs following chronic THC ex-
posure but is it unclear if this effect involved increases in AEA or 
2- AG and if changes in the function of these enzymes contribute 
to withdrawal effects (Schlosburg et al., 2009). Also of note are 
the profound effects on sleep of FAAH and MGL inhibitors (Pava 
et al., 2016), especially given the hypnogenic properties of cannabis/
THC and disrupted sleep during withdrawal.

3.5 | Other neurotransmitters implicated in 
cannabinoid actions

3.5.1 | Dopamine

Dopamine (DA) is a neuromodulator intimately involved in move-
ment control (Panigrahi et al., 2015), reward and reinforcement 
(Ilango et al., 2014; Ilango, Kesner, Keller, et al., 2014; Wise, 2004) 
and effects of drugs of abuse (Volkow & Morales, 2015). There 
is considerable evidence that exogenous cannabinoids indirectly 
modulate DA activity which has ramifications for development 
of CUD and CWS (for systematic review of this extensive litera-
ture see Rubino, et al., 2000; also see Bloomfield et al., 2016, 
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Covey et al., 2017, and El Khoury et al., 2012). Exposure to the 
SC HU- 210 for fourteen days enhances the locomotor effect of a 
peripherally injected D2 dopamine receptor antagonist (Moreno 
et al., 2005). It is unclear how prolonged and efficacious activa-
tion of CB1 would produce such an effect, but this may involve 
changes in eCB actions on midbrain dopaminergic neurons or 
changes in striatal neuron excitability or synaptic transmission. 
Indeed, chronic THC increases ligand binding to D2 and 3- type DA 
receptors and enhances the psychomotor effect of intra- striatal 
and midbrain administration of quinpirole, an agonist of these re-
ceptors (Tournier et al., 2016). Acute exposure to THC has been 
shown to increase extracellular DA levels in the striatum of ro-
dents (Tanda et al., 1999; Lecca et al., 2006; Tanda et al., 1997; 
Ng Cheong Ton et al., 1988) and humans (Bloomfield et al., 2014; 
Bossong et al., 2015; Stokes et al., 2010). There is emerging evi-
dence for changes in dopaminergic function during withdrawal 
following chronic THC exposure, including changes in dopaminer-
gic neuronal activity and evidence of altered dopamine levels and 
reduced psychostimulant- induced DA release in human striatum 
(Diana et al., 1998; Volkow et al., 2014).

3.5.2 | Endogenous opioid roles in THC 
dependence and tolerance

There is abundant evidence that endogenous opiates affect cannabi-
noid dependence. Indeed, mice genetically engineered to lack the 
opiate peptide precursor proenkephalin show reduced antagonist- 
precipitated withdrawal following chronic THC exposure (Lichtman 
et al., 2001). Similar results were obtained in mice lacking mu opiate 
receptors (MOPR), implicating this receptor in opiate peptide roles in 
cannabis withdrawal (Valverde et al., 2000). Ventral tegmental area 
microinjections of beta- endorphin, an endogenous opioid with ef-
fects mirroring abused opiate drugs, increases the ability of rats to 
discriminate effects of THC (Solinas et al., 2004), also implicating the 
opiate system in CUD and the abuse liability of THC.

Bidirectional cross- tolerance between morphine and THC has 
been observed in rodent studies (Robledo et al., 2008; Thorat & 
Bhargava, 1994; Vigano et al., 2005). Chronic treatment with THC 
at doses that induce tolerance to the analgesic, hypothermic, lo-
comotor and heart rate- altering drug actions in mice also reduces 
these responses to a subsequent morphine injection (Bloom & 
Dewey, 1978; Hine, 1985; Robledo et al., 2008; Tulunay et al., 1982). 
Similar reductions in THC effects on some of these measures were 
also observed following chronic morphine administration. The re-
warding effect of morphine, assessed with conditioned place pref-
erence, is also diminished during withdrawal following chronic 
exposure to THC (Jardinaud et al., 2006). Genetic components likely 
contribute to interaction between eCB and opiate systems related 
to THC reward, as the effects of adolescent cannabis exposure on 
heroin reinforcement in rats is strain dependent (Cadoni et al., 2015; 
Lecca et al., 2020). Moreover in addition to cross- talk between eCB 
and opiate systems related to THC reward, there appears to be 

important interactions between these systems and the DA system 
(Cadoni et al.,. ,,,,,2008, 2015).

However, in contrast to the rodent studies just discussed, chronic 
administration of a long- acting CB1 agonist to non- human primates 
did not alter opiate self- administration (Desai et al., 2013). Chronic 
exposure to a dose of THC that produced tolerance (as measured 
by a diminished analgesic effect) did not alter expression of delta 
opiate receptors, kappa opiate receptors, or MOPRs in mouse mid-
brain (Cichewicz et al., 2001; Thorat & Bhargava, 1994). Yet this THC 
treatment regimen was able to prevent receptor down- regulation 
when given in conjunction with a chronic morphine treatment that 
normally downregulates the receptors, and other studies have found 
altered MOPR function and levels in reward- related regions in rats 
treated with THC (Ellgren et al., 2007) or cannabinoid receptor ago-
nist WIN 55,212– 2 (Fattore et al., 2007).

Unlike the cross- tolerance seen with some opiate responses, 
enhanced locomotion produced by heroin appears to show cross- 
sensitization (i.e. is increased) following chronic THC (Cadoni 
et al., 2001; Lamarque et al., 2001; Pontieri et al., 2001a, 2001b; 
Singh et al., 2005). Levels of opiate peptides in hypothalamus are 
also increased following chronic THC exposure (Kumar et al., 1984).

3.5.3 | Corticotrophin releasing factor

Corticotrophin releasing factor (CRF), a neuropeptide known to be 
regulated by several drugs of abuse, is increased in central amyg-
dala during antagonist- precipitated withdrawal following chronic 
exposure to HU- 210 (Rodriguez de Fonseca et al., 1997). This stress- 
related neuropeptide may contribute to negative affect during 
withdrawal. Increased mRNA for CRF has also been noted in hypo-
thalamus following chronic exposure to THC and other CB1 agonists 
(Corchero et al., 1999; Corchero et al., 1999).

It should be clear from the foregoing subsections that chronic 
THC and CB1 agonist exposure alters the function of a variety of 
neurotransmitters and neuromodulators. However, interactions 
with the hundreds of other signaling molecules in the brain remain 
unexplored. Clearly, this is an area ripe for future investigation.

4  | TRE ATMENTS FOR CUD AND CWS

Clearly CUD and CWS are clinically relevant pathologies and over 
the past two decades there has been growing interest in therapeutic 
research towards symptom alleviation (Danovitch & Gorelick, 2012). 
Progress thus far in development of pharmacotherapies has been rel-
atively modest (Kondo et al., 2020; Sherman & McRae- Clark, 2016, 
2019; Vandrey & Haney, 2009).

Cannabinoid agonist replacement was one of the first CUD/CWS 
pharmacotherapies tested in the clinical setting, because of the past 
success of nicotine and opioid agonists in treating cigarette and opi-
oid addictions, respectively (Brezing & Levin, 2019). Indeed, this class 
of pharmacotherapy remains the most widely studied for treating 
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CUD/CWS. Drugs like the synthetic THC, dronabinol, and nabilone, 
a CB1- agonist with THC- like properties, appear to be effective at di-
minishing the abuse- potential- related acute effects of cannabinoids 
and reducing withdrawal symptoms (Budney et al., 2007; Haney 
et al.,. ,2004, 2013; Vandrey et al., 2013). In addition, combining THC 
with cannabidiol, another phytocannabinoid that is gaining signifi-
cant clinical interest, in formulations such as Nabiximols (also known 
as Sativex) has been shown to be effective in treating CWS (Allsop 
et al., 2014). While effective at reducing abuse and CWS, the overall 
efficacy of cannabinoid agonist replacement as a treatment for CUD 
is still controversial because of the relative ineffectiveness of these 
treatments at prolonging abstinence or increasing treatment reten-
tion (Kondo et al., 2020; however, see Brezing & Levin, 2020).

Also of note are clinical trials using the CB1 antagonist/inverse- 
agonist, rimonabant, to treat CUD and CWS. While this com-
pound showed initial promise in curbing CUD and CWS (Huestis 
et al., 2001, 2007), all clinical trials using this drug were halted be-
cause of adverse psychiatric effects such as anxiety, depression, 
and suicide (Roberfroid et al., 2010; Topol et al., 2010). However, 
others have speculated that rimonabant's inverse- agonist properties 
may be related to its adverse side effects, leading to the possibility 
that compounds with a more purely antagonist- like pharmacology 
may be as therapeutically efficacious without the troubling adverse 
side- effects (Balter et al., 2014; Brezing & Levin, 2020). Negative 
allosteric modulators of CB1 may also be considered for similar 
reasons.

Briefly, other therapies include: drugs targeting other neurotrans-
mitter or neuropeptides including serotonergic, noradrenergic, do-
paminergic, and oxytocin systems (Sherman & McRae- Clark, 2019); 
anticonvulsants (Mason, 2019); prodrug compounds such as N- 
acetylcysteine (Gray, 2019); antipsychotics and antidepressants 
(Arout et al., 2019); and non- pharmacological treatments such as 
cognitive behavioral and other psychosocial therapies (Aklin & 
Bedard- Gilligan, 2019; Kiselica & Duhig, 2019; Shurtleff, 2019). In 
addition, the α- 2A- adrenergic receptor agonist, guanfacine, was 
shown to ameliorate CWS (Haney et al., 2019), as did the fatty acid 
amide hydrolase inhibitor, PF- 04457845 (D'Souza et al., 2019). 
Interestingly, a small study examining the efficacy of the hormone 
progesterone in female heavy cannabis users indicated that the 
treatment may reduce craving and relapse (Sherman et al., 2019).

Sleep disturbance is one of the most commonly reported CWS 
symptoms and is often cited as a main driver of relapse to cannabis 
use during attempted abstinence (Babson et al., 2013; Bonn- Miller 
et al., 2014, 2019). As such, targeting this symptom to treat CWS and 
prevent relapse has become an attractive area of study. Indeed, it ap-
pears sleep disturbance is a common symptom in many, if not all sub-
stance use disorders (Brower & Perron, 2010; Roehrs & Roth, 2015). 
Two studies have assessed the effects of Zolpidem, a common pre-
scription medication used to treat insomnia, on CWS when given 
during early abstinence. While both studies reported positive ef-
fects in treating sleep disturbances during abstinence, neither found 
significant effects in ameliorating other CWS symptoms (Herrmann 
et al., 2016; Vandrey et al., 2011). Another study similarly tested the 

efficacy of lithium and the benzodiazepine, nitrazepam, on treating 
sleep disturbances during cannabis withdrawal, and found that lith-
ium in conjunction with nitrazepam showed positive effects on sleep 
disturbances, and that increases in sleep efficacy resulted in modest 
improvement in treatment retention (Allsop et al., 2015).

It is important to note that treatment of CUD and CWS remains 
an emerging and dynamic field and the long- term efficacy of many 
treatments remains unknown (Bonnet & Preuss, 2017).

5  | CONCLUSIONS AND SUGGESTIONS 
FOR FUTURE RESE ARCH

Much progress has been made at the clinical level in terms of char-
acterizing and understanding CUD and CWS since being brought 
to light roughly 30 years ago. Connections to earlier preclinical 
studies and back- translational studies have also provided con-
siderable understanding of the neurophysiological substrates of 
cannabinoid- related biological phenomena that may ultimately 
manifest as CUD and CWS. Still there clearly remains much to be 
learned.

One burgeoning area for further research is that of ge-
netic and epigenetic components of CUD. The fact that only a 
subpopulation of chronic cannabis users develop CUD or ex-
press CWS strongly suggests genetic predispositions might be 
at play (Agrawal & Lynskey, 2006; Blecha et al., 2019; Bogdan 
et al., 2016) / There are relatively few human genetics studies 
aiming to identify heritable genetic factors linked to CUD, includ-
ing familial transmission analysis (Gfroerer, 1987), twin studies 
(Vink et al., 2010), whole genome sequencing (Gizer et al., 2018; 
Sherva et al., 2016), and genome- wide association studies 
(Bogdan et al., 2016; Sherva et al., 2016). Clearly, there will be 
polygenic contributions to CUD and CWS, as is the case for all 
substance abuse disorders. In a recent review, Thorpe and co-
workers discussed several genes associated with different can-
nabis use phenotypes/stages of use (Thorpe et al., 2021). Among 
the most prominent genes associated with these phenotypes 
were FAAH, the CB1, the alpha2 nicotinic acetylcholine receptor 
subunit, and neuronal adhesion molecules such as Cell Adhesion 
Molecule 2. Further studies are needed to refine the endopheno-
types related to polymorphisms in these genes, and to determine 
if altering expression of the gene products alters CUD or CWS. 
Additional work examining genetic influences on components of 
the eCB signaling system and differences in responses to can-
nabinoid drugs in non- human animal models is also needed. The 
density of CB1 in the lateral globus pallidus and the ratio of N- 
acyl phosphatidylethanolamine- specific phospholipase D/FAAH 
mRNA expression in several brain regions is higher in Fisher 344 
rats than in the Lewis rat strain (Coria et al., 2014). These two 
strains show differences in self- administration of a variety of 
drugs, as well as THC effects on brain stimulation reward and 
thus genetic differences in the eCB signaling system between 
the two strains may contribute to abuse liability. As with genetic 
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studies, there have been only a few studies investigating epigen-
etic aspects of cannabis use and more work is clearly needed in 
this area (for review see Szutorisz & Hurd, 2016).

At the preclinical level, advances in neurotransmitter sensor 
technologies will likely provide valuable insight into the under-
lying systems neuroscience factors mediating behavioral symp-
toms of CUD and CWS. In these types of studies researchers use 
optical techniques, such as fiber photometry, to record changes 
in light intensity from neurons that express fluorescent proteins 
whose fluorescence is modulated by neurotransmitter action. 
Indeed there appears to be an ever expanding palette of sensors 
specific to different neurotransmitters and neuromodulators 
(O'Banion & Yasuda, 2020), including eCBs (Dong et al., 2020; 
Liput et al., 2020), which will allow for unprecedented analysis of 
how different neural circuits respond to various cannabis treat-
ment procedures.

Finally, there is a clear inconsistency in terms of cannabinoid 
compounds (particularly at the preclinical level), doses, routes of 
administration, and behavioral task conditions used in the studies 
discussed in this review. These inconsistencies are likely to explain 
the disparate conclusions obtained in many studies addressing CUD 
and CWS. It will be important for further research to address this, 
potentially using more translationally relevant paradigms (e.g. vapor 
self- administration in rodent models, or full spectrum cannabis/can-
nabis extracts in both clinical and preclinical settings). This would 
obviously be facilitated by government rescheduling of cannabis and 
phytocannabinoid compounds so both clinical and preclinical studies 
can be conducted to further our understanding and develop treat-
ments for CWS and CUD.

CONFLIC TS OF INTERE S T
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable -  no new data generated.

ORCID
Andrew J. Kesner  https://orcid.org/0000-0002-3902-1955 
David M. Lovinger  https://orcid.org/0000-0002-5454-6725 

R E FE R E N C E S
Abood, M. E., Sauss, C., Fan, F., Tilton, C. L., & Martin, B. R. (1993). 

Development of behavioral tolerance to Δ9- THC without alteration 
of cannabinoid receptor binding or mRNA levels in whole brain. 
Pharmacology Biochemistry and Behavior, 46, 575– 579. https://doi.
org/10.1016/0091- 3057(93)90546 - 6

Aceto, M. D., Scates, S. M., Lowe, J. A., & Martin, B. R. (1995). Cannabinoid 
precipitated withdrawal by the selective cannabinoid receptor an-
tagonist, SR 141716A. European Journal of Pharmacology, 282, R1– 2. 
https://doi.org/10.1016/0014- 2999(95)00447 - S

Ade, K. K., & Lovinger, D. M. (2007). Anandamide regulates postnatal de-
velopment of long- term synaptic plasticity in the rat dorsolateral stri-
atum. The Journal of Neuroscience: The Official Journal of the Society 
for Neuroscience, 27, 2403– 2409. https://doi.org/10.1523/JNEUR 
OSCI.2916- 06.2007

Agrawal, A., & Lynskey, M. T. (2006). The genetic epidemiology of canna-
bis use, abuse and dependence. Addiction, 101, 801– 812. https://doi.
org/10.1111/j.1360- 0443.2006.01399.x

Ahmed, S. A., Ross, S. A., Slade, D., Radwan, M. M., Khan, I. A., & 
ElSohly, M. A. (2015). Minor oxygenated cannabinoids from high po-
tency Cannabis sativa L. Phytochemistry, 117, 194– 199. https://doi.
org/10.1016/j.phyto chem.2015.04.007

Aklin, W. M., & Bedard- Gilligan, M. (2019). Non- pharmacological treat-
ments for cannabis use disorders. In I. Montoya & S. Weiss (Eds.), 
Cannabis use disorders (pp. 229– 236). Springer.

Allsop, D. J., Bartlett, D. J., Johnston, J., Helliwell, D., Winstock, A., 
McGregor, I. S., & Lintzeris, N. (2015). The effects of lithium carbon-
ate supplemented with nitrazepam on sleep disturbance during can-
nabis abstinence. Journal of Clinical Sleep Medicine, 11, 1153– 1162. 
https://doi.org/10.5664/jcsm.5090

Allsop, D. J., Copeland, J., Lintzeris, N., Dunlop, A. J., Montebello, M., 
Sadler, C., Rivas, G. R., Holland, R. M., Muhleisen, P., Norberg, M. M., 
Booth, J., & McGregor, I. S. (2014). Nabiximols as an agonist replace-
ment therapy during cannabis withdrawal: A randomized clinical trial. 
JAMA Psychiatry, 71, 281– 291. https://doi.org/10.1001/jamap sychi 
atry.2013.3947

Allsop, D. J., Copeland, J., Norberg, M. M., Fu, S., Molnar, A., Lewis, J., & 
Budney, A. J. (2012). Quantifying the clinical significance of canna-
bis withdrawal. PLoS One, 7, e44864. https://doi.org/10.1371/journ 
al.pone.0044864

Allsop, D. J., Norberg, M. M., Copeland, J., Fu, S., & Budney, A. J. (2011). The 
Cannabis Withdrawal Scale development: Patterns and predictors of 
cannabis withdrawal and distress. Drug and Alcohol Dependence, 119, 
123– 129. https://doi.org/10.1016/j.druga lcdep.2011.06.003

Alozie, S. O., Martin, B. R., Harris, L. S., & Dewey, W. L. (1980). 3H- 
delta 9- Tetrahydrocannabinol, 3H- cannabinol and 3H- cannabidiol: 
Penetration and regional distribution in rat brain. Pharmacology, 
Biochemistry, and Behavior, 12, 217– 221.

Altman, B. R., Mian, M. N., Dalal, D., Ueno, L. F., Luba, R., Slavin, M. N., 
& Earleywine, M. (2021). Gender- based differential item function-
ing in the Cannabis- Associated Problems Questionnaire: A replica-
tion and extension. Addictive Behaviors, 112, 106658. https://doi.
org/10.1016/j.addbeh.2020.106658

American Psychiatric Association. (2013). Diagnostic and statistical man-
ual of mental disorders (5th ed.). The American Psychiatric Association. 
https://doi.org/10.1176/appi.books.97808 90425596

Arout, C. A., Herrmann, E., & Haney, M. (2019). Human laboratory mod-
els of cannabis use disorder. In I. Montoya & S. Weiss (Eds.), Cannabis 
use disorders (pp. 75– 84). Springer.

Ashton, C. H. (2001). Pharmacology and effects of cannabis: A brief 
review. British Journal of Psychiatry, 178, 101– 106. https://doi.
org/10.1192/bjp.178.2.101

Augustin, S. M., & Lovinger, D. M. (2018). Functional relevance of 
endocannabinoid- dependent synaptic plasticity in the central 
nervous system. ACS Chem Neurosci, 9, 2146– 2161. https://doi.
org/10.1021/acsch emneu ro.7b00508

Auwarter, V., Dresen, S., Weinmann, W., Muller, M., Putz, M., & Ferreiros, 
N. (2009). 'Spice' and other herbal blends: Harmless incense or can-
nabinoid designer drugs? Journal of Mass Spectrometry, 44, 832– 837.

Babson, K. A., Boden, M. T., Harris, A. H., Stickle, T. R., & Bonn- Miller, 
M. O. (2013). Poor sleep quality as a risk factor for lapse following 
a cannabis quit attempt. Journal of Substance Abuse Treatment, 44, 
438– 443.

Babson, K. A., Sottile, J., & Morabito, D. (2017). Cannabis, cannabinoids, 
and sleep: A review of the literature. Current Psychiatry Reports, 19, 
23.

Bacci, A., Huguenard, J. R., & Prince, D. A. (2004). Long- lasting self- 
inhibition of neocortical interneurons mediated by endocanna-
binoids. Nature, 431, 312– 316. https://doi.org/10.1038/natur 
e02913

https://orcid.org/0000-0002-3902-1955
https://orcid.org/0000-0002-3902-1955
https://orcid.org/0000-0002-5454-6725
https://orcid.org/0000-0002-5454-6725
https://doi.org/10.1016/0091-3057(93)90546-6
https://doi.org/10.1016/0091-3057(93)90546-6
https://doi.org/10.1016/0014-2999(95)00447-S
https://doi.org/10.1523/JNEUROSCI.2916-06.2007
https://doi.org/10.1523/JNEUROSCI.2916-06.2007
https://doi.org/10.1111/j.1360-0443.2006.01399.x
https://doi.org/10.1111/j.1360-0443.2006.01399.x
https://doi.org/10.1016/j.phytochem.2015.04.007
https://doi.org/10.1016/j.phytochem.2015.04.007
https://doi.org/10.5664/jcsm.5090
https://doi.org/10.1001/jamapsychiatry.2013.3947
https://doi.org/10.1001/jamapsychiatry.2013.3947
https://doi.org/10.1371/journal.pone.0044864
https://doi.org/10.1371/journal.pone.0044864
https://doi.org/10.1016/j.drugalcdep.2011.06.003
https://doi.org/10.1016/j.addbeh.2020.106658
https://doi.org/10.1016/j.addbeh.2020.106658
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1192/bjp.178.2.101
https://doi.org/10.1192/bjp.178.2.101
https://doi.org/10.1021/acschemneuro.7b00508
https://doi.org/10.1021/acschemneuro.7b00508
https://doi.org/10.1038/nature02913
https://doi.org/10.1038/nature02913


     |  1687KESNER aNd LOVINGER

Bahji, A., Stephenson, C., Tyo, R., Hawken, E. R., & Seitz, D. P. (2020). 
Prevalence of cannabis withdrawal symptoms among people with 
regular or dependent use of cannabinoids: A systematic review and 
meta- analysis. JAMA Netw Open, 3, e202370.

Balter, R. E., Cooper, Z. D., & Haney, M. (2014). Novel pharmacologic ap-
proaches to treating cannabis use disorder. Current Addiction Reports, 
1, 137– 143. https://doi.org/10.1007/s4042 9- 014- 0011- 1

Bass, C. E., & Martin, B. R. (2000). Time course for the induction and 
maintenance of tolerance to Delta(9)- tetrahydrocannabinol in mice. 
Drug and Alcohol Dependence, 60, 113– 119.

Baumann, M. H., Solis, E. Jr, Watterson, L. R., Marusich, J. A., Fantegrossi, 
W. E., & Wiley, J. L. (2014). Baths salts, spice, and related designer 
drugs: The science behind the headlines. The Journal of Neuroscience: 
The Official Journal of the Society for Neuroscience, 34, 15150– 15158.

Best, A. R., & Regehr, W. G. (2008). Serotonin evokes endocannabinoid 
release and retrogradely suppresses excitatory synapses. The Journal 
of Neuroscience: The Official Journal of the Society for Neuroscience, 28, 
6508– 6515. https://doi.org/10.1523/JNEUR OSCI.0678- 08.2008

Betke, K. M., Wells, C. A., & Hamm, H. E. (2012). GPCR mediated regula-
tion of synaptic transmission. Progress in Neurobiology, 96, 304– 321. 
https://doi.org/10.1016/j.pneur obio.2012.01.009

Bisogno, T., Sepe, N., Melck, D., Maurelli, S., De Petrocellis, L., & Di 
Marzo, V. (1997). Biosynthesis, release and degradation of the novel 
endogenous cannabimimetic metabolite 2- arachidonoylglycerol in 
mouse neuroblastoma cells. The Biochemical Journal, 322(Pt 2), 671– 
677. https://doi.org/10.1042/bj322 0671

Blecha, L., Lafaye, G., & Benyamina, A. (2019). Genetic aspects of canna-
bis use disorder. In I. Montoya & S. Weiss (Eds.), Cannabis use disor-
ders (pp. 13– 20). Springer.

Bloom, A. S., & Dewey, W. L. (1978). A comparison of some pharmaco-
logical actions of morphine and delta9- tetrahydrocannabinol in the 
mouse. Psychopharmacology (Berl), 57, 243– 248.

Bloomfield, M. A., Ashok, A. H., Volkow, N. D., & Howes, O. D. (2016). 
The effects of Delta(9)- tetrahydrocannabinol on the dopamine sys-
tem. Nature, 539, 369– 377.

Bloomfield, M. A., Morgan, C. J., Egerton, A., Kapur, S., Curran, H. V., 
& Howes, O. D. (2014). Dopaminergic function in cannabis users 
and its relationship to cannabis- induced psychotic symptoms. 
Biological Psychiatry, 75, 470– 478. https://doi.org/10.1016/j.biops 
ych.2013.05.027

Bogdan, R., Winstone, J. M., & Agrawal, A. (2016). Genetic and envi-
ronmental factors associated with cannabis involvement. Current 
Addiction Reports, 3, 199– 213. https://doi.org/10.1007/s4042 
9- 016- 0103- 1

Boggs, D. L., Kelly, D. L., Liu, F., Linthicum, J. A., Turner, H., Schroeder, 
J. R., McMahon, R. P., & Gorelick, D. A. (2013). Cannabis with-
drawal in chronic cannabis users with schizophrenia. Journal of 
Psychiatric Research, 47, 240– 245. https://doi.org/10.1016/j.jpsyc 
hires.2012.10.010

Bonnet, U., & Preuss, U. W. (2017). The cannabis withdrawal syndrome: 
Current insights. Subst Abuse Rehabil, 8, 9– 37.

Bonn- Miller, M. O., Boden, M. T., Bucossi, M. M., & Babson, K. A. (2014). 
Self- reported cannabis use characteristics, patterns and helpfulness 
among medical cannabis users. American Journal of Drug and Alcohol 
Abuse, 40, 23– 30. https://doi.org/10.3109/00952 990.2013.821477

Bonn- Miller, M. O., Pollack, C. V., Casarett, D., Dart, R., ElSohly, M., 
Good, L., Guzmán, M., Hanuš, L., Hill, K. P., Huestis, M. A., Marsh, E., 
Sisley, S., Skinner, N., Spahr, J., Vandrey, R., Viscusi, E., Ware, M. A., 
& Abrams, D. (2019). Priority considerations for medicinal cannabis- 
related research. Cannabis Cannabinoid Res, 4, 139– 157. https://doi.
org/10.1089/can.2019.0045

Bossong, M. G., Mehta, M. A., van Berckel, B. N., Howes, O. D., Kahn, 
R. S., & Stokes, P. R. (2015). Further human evidence for striatal do-
pamine release induced by administration of 9- tetrahydrocannabinol 

(THC): Selectivity to limbic striatum. Psychopharmacology (Berl), 232, 
2723– 2729. https://doi.org/10.1007/s0021 3- 015- 3915- 0

Bouquet, J. (1944). Marihuana intoxication. Journal of the American 
Medical Association, 124, 1010– 1011. https://doi.org/10.1001/
jama.1944.02850 14005 6022

Brabete, A. C., Greaves, L., Hemsing, N., & Stinson, J. (2020). Sex-  and 
gender- based analysis in cannabis treatment outcomes: A system-
atic review. International Journal of Environmental Research and Public 
Health, 17. https://doi.org/10.3390/ijerp h1703 0872

Bradshaw, H. B., Rimmerman, N., Krey, J. F., & Walker, J. M. (2006). Sex 
and hormonal cycle differences in rat brain levels of pain- related 
cannabimimetic lipid mediators. American Journal of Physiology: 
Regulatory, Integrative and Comparative Physiology, 291, R349– 358. 
https://doi.org/10.1152/ajpre gu.00933.2005

Breivogel, C. S., Childers, S. R., Deadwyler, S. A., Hampson, R. E., Vogt, 
L. J., & Sim- Selley, L. J. (1999). Chronic delta9- tetrahydrocannabinol 
treatment produces a time- dependent loss of cannabinoid receptors 
and cannabinoid receptor- activated G proteins in rat brain. Journal of 
Neurochemistry, 73, 2447– 2459.

Breivogel, C. S., Puri, V., Lambert, J. M., Hill, D. K., Huffman, J. W., & 
Razdan, R. K. (2013). The influence of beta- arrestin2 on cannabinoid 
CB1 receptor coupling to G- proteins and subcellular localization 
and relative levels of beta- arrestin1 and 2 in mouse brain. Journal of 
Receptors and Signal Transduction, 33, 367– 379.

Brezing, C. A., & Levin, F. R. (2019). Cannabinoids to treat cannabis use 
disorders. In I. Montoya & S. Weiss (Eds.), Cannabis use disorders (pp. 
201– 205). Springer

Brezing, C. A., & Levin, F. R. (2020). Pharmacotherapy for the treatment 
of cannabis use disorder. Annals of Internal Medicine, 173, 247– 248.

Brower, K. J., & Perron, B. E. (2010). Sleep disturbance as a universal risk 
factor for relapse in addictions to psychoactive substances. Medical 
Hypotheses, 74, 928– 933.

Budney, A. J., & Hughes, J. R. (2006). The cannabis withdrawal syn-
drome. Current Opinion in Psychiatry, 19, 233– 238. https://doi.
org/10.1097/01.yco.00002 18592.00689.e5

Budney, A. J., Hughes, J. R., Moore, B. A., & Novy, P. L. (2001). Marijuana 
abstinence effects in marijuana smokers maintained in their home 
environment. Archives of General Psychiatry, 58, 917– 924. https://doi.
org/10.1001/archp syc.58.10.917

Budney, A. J., Hughes, J. R., Moore, B. A., & Vandrey, R. (2004). Review 
of the validity and significance of cannabis withdrawal syn-
drome. American Journal of Psychiatry, 161, 1967– 1977. https://doi.
org/10.1176/appi.ajp.161.11.1967

Budney, A. J., Moore, B. A., Vandrey, R. G., & Hughes, J. R. (2003). 
The time course and significance of cannabis withdrawal. 
Journal of Abnormal Psychology, 112, 393– 402. https://doi.
org/10.1037/0021- 843X.112.3.393

Budney, A. J., Novy, P. L., & Hughes, J. R. (1999). Marijuana withdrawal 
among adults seeking treatment for marijuana dependence. Addiction, 
94, 1311– 1322. https://doi.org/10.1046/j.1360- 0443.1999.94913 
114.x

Budney, A. J., Vandrey, R. G., Hughes, J. R., Moore, B. A., & Bahrenburg, 
B. (2007). Oral delta- 9- tetrahydrocannabinol suppresses cannabis 
withdrawal symptoms. Drug and Alcohol Dependence, 86, 22– 29. 
https://doi.org/10.1016/j.druga lcdep.2006.04.014

Budney, A. J., Vandrey, R. G., Hughes, J. R., Thostenson, J. D., & Bursac, 
Z. (2008). Comparison of cannabis and tobacco withdrawal: Severity 
and contribution to relapse. Journal of Substance Abuse Treatment, 35, 
362– 368. https://doi.org/10.1016/j.jsat.2008.01.002

Burattini, C., Battistini, G., Tamagnini, F., & Aicardi, G. (2014). Low- 
frequency stimulation evokes serotonin release in the nucleus ac-
cumbens and induces long- term depression via production of endo-
cannabinoid. Journal of Neurophysiology, 111, 1046– 1055. https://doi.
org/10.1152/jn.00498.2013

https://doi.org/10.1007/s40429-014-0011-1
https://doi.org/10.1523/JNEUROSCI.0678-08.2008
https://doi.org/10.1016/j.pneurobio.2012.01.009
https://doi.org/10.1042/bj3220671
https://doi.org/10.1016/j.biopsych.2013.05.027
https://doi.org/10.1016/j.biopsych.2013.05.027
https://doi.org/10.1007/s40429-016-0103-1
https://doi.org/10.1007/s40429-016-0103-1
https://doi.org/10.1016/j.jpsychires.2012.10.010
https://doi.org/10.1016/j.jpsychires.2012.10.010
https://doi.org/10.3109/00952990.2013.821477
https://doi.org/10.1089/can.2019.0045
https://doi.org/10.1089/can.2019.0045
https://doi.org/10.1007/s00213-015-3915-0
https://doi.org/10.1001/jama.1944.02850140056022
https://doi.org/10.1001/jama.1944.02850140056022
https://doi.org/10.3390/ijerph17030872
https://doi.org/10.1152/ajpregu.00933.2005
https://doi.org/10.1097/01.yco.0000218592.00689.e5
https://doi.org/10.1097/01.yco.0000218592.00689.e5
https://doi.org/10.1001/archpsyc.58.10.917
https://doi.org/10.1001/archpsyc.58.10.917
https://doi.org/10.1176/appi.ajp.161.11.1967
https://doi.org/10.1176/appi.ajp.161.11.1967
https://doi.org/10.1037/0021-843X.112.3.393
https://doi.org/10.1037/0021-843X.112.3.393
https://doi.org/10.1046/j.1360-0443.1999.94913114.x
https://doi.org/10.1046/j.1360-0443.1999.94913114.x
https://doi.org/10.1016/j.drugalcdep.2006.04.014
https://doi.org/10.1016/j.jsat.2008.01.002
https://doi.org/10.1152/jn.00498.2013
https://doi.org/10.1152/jn.00498.2013


1688  |     KESNER aNd LOVINGER

Cadoni, C., Pisanu, A., Solinas, M., Acquas, E., & Di Chiara, G. (2001). 
Behavioural sensitization after repeated exposure to Delta 
9- tetrahydrocannabinol and cross- sensitization with morphine. 
Psychopharmacology (Berl), 158, 259– 266.

Cadoni, C., Simola, N., Espa, E., Fenu, S., & Di Chiara, G. (2015). Strain de-
pendence of adolescent Cannabis influence on heroin reward and me-
solimbic dopamine transmission in adult Lewis and Fischer 344 rats. 
Addiction Biology, 20, 132– 142. https://doi.org/10.1111/adb.12085

Cadoni, C., Valentini, V., & Di Chiara, G. (2008). Behavioral sensitization 
to delta 9- tetrahydrocannabinol and cross- sensitization with mor-
phine: Differential changes in accumbal shell and core dopamine 
transmission. Journal of Neurochemistry, 106, 1586– 1593.

Camps, M., Carozzi, A., Schnabel, P., Scheer, A., Parker, P. J., & Gierschik, 
P. (1992). Isozyme- selective stimulation of phospholipase C- beta 2 
by G protein beta gamma- subunits. Nature, 360, 684– 686.

Carliner, H., Brown, Q. L., Sarvet, A. L., & Hasin, D. S. (2017). Cannabis 
use, attitudes, and legal status in the U.S.: A review. Preventive 
Medicine, 104, 13– 23. https://doi.org/10.1016/j.ypmed.2017.07.008

Castaneto, M. S., Gorelick, D. A., Desrosiers, N. A., Hartman, R. 
L., Pirard, S., & Huestis, M. A. (2014). Synthetic cannabinoids: 
Epidemiology, pharmacodynamics, and clinical implications. Drug 
and Alcohol Dependence, 144, 12– 41. https://doi.org/10.1016/j.druga 
lcdep.2014.08.005

Castelli, M. P., Fadda, P., Casu, A., Spano, M. S., Casti, A., Fratta, W., & 
Fattore, L. (2014). Male and female rats differ in brain cannabinoid 
CB1 receptor density and function and in behavioural traits pre-
disposing to drug addiction: Effect of ovarian hormones. Current 
Pharmaceutical Design, 20, 2100– 2113.

Castillo, P. E., Younts, T. J., Chavez, A. E., & Hashimotodani, Y. (2012). 
Endocannabinoid signaling and synaptic function. Neuron, 76, 70– 81.

Chaperon, F., & Thiebot, M. H. (1999). Behavioral effects of cannabinoid 
agents in animals. Critical Reviews in Neurobiology, 13, 243– 281.

Cheng, H. Y., Laviolette, S. R., van der Kooy, D., & Penninger, J. M. (2004). 
DREAM ablation selectively alters THC place aversion and analgesia 
but leaves intact the motivational and analgesic effects of morphine. 
European Journal of Neuroscience, 19, 3033– 3041.

Chevaleyre, V., Heifets, B. D., Kaeser, P. S., Sudhof, T. C., & Castillo, P. 
E. (2007). Endocannabinoid- mediated long- term plasticity requires 
cAMP/PKA signaling and RIM1alpha. Neuron, 54, 801– 812.

Chung, T., Martin, C. S., Cornelius, J. R., & Clark, D. B. (2008). Cannabis 
withdrawal predicts severity of cannabis involvement at 1- year fol-
low- up among treated adolescents. Addiction, 103, 787– 799.

Cichewicz, D. L., Haller, V. L., & Welch, S. P. (2001). Changes in opioid 
and cannabinoid receptor protein following short- term combination 
treatment with delta(9)- tetrahydrocannabinol and morphine. The 
Journal of Pharmacology and Experimental Therapeutics, 297, 121– 127.

Clendinning, J. (1843). Observations on the medicinal properties of the 
Cannabis Sativa of India. Journal of the Royal Society of Medicine, 26, 
188– 210. https://doi.org/10.1177/09595 28743 02600116

Colizzi, M., & Bhattacharyya, S. (2018). Cannabis use and the development 
of tolerance: A systematic review of human evidence. Neuroscience 
and Biobehavioral Reviews, 93, 1– 25. https://doi.org/10.1016/j.neubi 
orev.2018.07.014

Compton, D. R., Dewey, W. L., & Martin, B. R. (1990). Cannabis depen-
dence and tolerance production. Advances in Alcohol and Substance 
Abuse, 9, 129– 147.

Compton, D. R., Gold, L. H., Ward, S. J., Balster, R. L., & Martin, B. R. (1992). 
Aminoalkylindole analogs: Cannabimimetic activity of a class of 
compounds structurally distinct from delta 9- tetrahydrocannabinol. 
The Journal of Pharmacology and Experimental Therapeutics, 263, 
1118– 1126.

Cooper, Z. D. (2016). Adverse effects of synthetic cannabinoids: 
Management of acute toxicity and withdrawal. Current Psychiatry 
Reports, 18, 52. https://doi.org/10.1007/s1192 0- 016- 0694- 1

Cooper, Z. D., & Craft, R. M. (2018). Sex- dependent effects of cannabis and 
cannabinoids: A translational perspective. Neuropsychopharmacology, 
43, 34– 51. https://doi.org/10.1038/npp.2017.140

Cooper, Z. D., & Haney, M. (2009). Actions of delta- 9- tetrahydrocannabinol 
in cannabis: Relation to use, abuse, dependence. International Review 
of Psychiatry, 21, 104– 112. https://doi.org/10.1080/09540 26090 
2782752

Cooper, Z. D., & Williams, A. R. (2019). Cannabis and cannabinoid intox-
ication and toxicity. In I. Montoya & S. Weiss (Eds.), Cannabis use dis-
orders (pp. 103– 111). Springer.

Copersino, M. L., Boyd, S. J., Tashkin, D. P., Huestis, M. A., Heishman, 
S. J., Dermand, J. C., Simmons, M. S., & Gorelick, D. A. (2006). 
Cannabis withdrawal among non- treatment- seeking adult can-
nabis users. American Journal on Addictions, 15, 8– 14. https://doi.
org/10.1080/10550 49050 0418997

Copersino, M. L., Boyd, S. J., Tashkin, D. P., Huestis, M. A., Heishman, 
S. J., Dermand, J. C., Simmons, M. S., & Gorelick, D. A. (2010). 
Sociodemographic characteristics of cannabis smokers and the expe-
rience of cannabis withdrawal. American Journal of Drug and Alcohol 
Abuse, 36, 311– 319. https://doi.org/10.3109/00952 990.2010.503825

Corchero, J., Fuentes, J. A., & Manzanares, J. (1999). Chronic treatment 
with CP- 55,940 regulates corticotropin releasing factor and proop-
iomelanocortin gene expression in the hypothalamus and pituitary 
gland of the rat. Life Sciences, 64, 905– 911.

Corchero, J., Manzanares, J., & Fuentes, J. A. (1999). Repeated adminis-
tration of delta9- tetrahydrocannabinol produces a differential time 
related responsiveness on proenkephalin, proopiomelanocortin and 
corticotropin releasing factor gene expression in the hypothalamus 
and pituitary gland of the rat. Neuropharmacology, 38, 433– 439.

Coria, S. M., Roura- Martinez, D., Ucha, M., Assis, M. A., Miguens, M., 
Garcia- Lecumberri, C., Higuera- Matas, A., & Ambrosio, E. (2014). 
Strain differences in the expression of endocannabinoid genes and in 
cannabinoid receptor binding in the brain of Lewis and Fischer 344 
rats. Progress in Neuro- Psychopharmacology and Biological Psychiatry, 
53, 15– 22.

Coutts, A. A., Anavi- Goffer, S., Ross, R. A., MacEwan, D. J., Mackie, K., 
Pertwee, R. G., & Irving, A. J. (2001). Agonist- Induced Internalization 
and Trafficking of Cannabinoid CB1Receptors in Hippocampal 
Neurons. The Journal of Neuroscience, 21, 2425– 2433.

Covey, D. P., Mateo, Y., Sulzer, D., Cheer, J. F., & Lovinger, D. M. (2017). 
Endocannabinoid modulation of dopamine neurotransmission. 
Neuropharmacology, 124, 52– 61. https://doi.org/10.1016/j.neuro 
pharm.2017.04.033

Craft, R. M., Kandasamy, R., & Davis, S. M. (2013). Sex differences in 
anti- allodynic, anti- hyperalgesic and anti- edema effects of Delta(9)- 
tetrahydrocannabinol in the rat. Pain, 154, 1709– 1717.

Craft, R. M., Marusich, J. A., & Wiley, J. L. (2013). Sex differences in 
cannabinoid pharmacology: A reflection of differences in the en-
docannabinoid system? Life Sciences, 92, 476– 481. https://doi.
org/10.1016/j.lfs.2012.06.009

Craft, R. M., Wakley, A. A., Tsutsui, K. T., & Laggart, J. D. (2012). Sex dif-
ferences in cannabinoid 1 vs. cannabinoid 2 receptor- selective antag-
onism of antinociception produced by delta9- tetrahydrocannabinol 
and CP55,940 in the rat. The Journal of Pharmacology and Experimental 
Therapeutics, 340, 787– 800.

Crowley, T. J., Macdonald, M. J., Whitmore, E. A., & Mikulich, S. K. (1998). 
Cannabis dependence, withdrawal, and reinforcing effects among 
adolescents with conduct symptoms and substance use disorders. 
Drug and Alcohol Dependence, 50, 27– 37.

Cuttler, C., Mischley, L. K., & Sexton, M. (2016). Sex differences in can-
nabis use and effects: A cross- sectional survey of cannabis users. 
Cannabis Cannabinoid Res, 1, 166– 175.

D'Ambra, T. E., Estep, K. G., Bell, M. R., Eissenstat, M. A., Josef, K. A., 
Ward, S. J., Haycock, D. A., Baizman, E. R., & Casiano, F. M. (1992). 

https://doi.org/10.1111/adb.12085
https://doi.org/10.1016/j.ypmed.2017.07.008
https://doi.org/10.1016/j.drugalcdep.2014.08.005
https://doi.org/10.1016/j.drugalcdep.2014.08.005
https://doi.org/10.1177/095952874302600116
https://doi.org/10.1016/j.neubiorev.2018.07.014
https://doi.org/10.1016/j.neubiorev.2018.07.014
https://doi.org/10.1007/s11920-016-0694-1
https://doi.org/10.1038/npp.2017.140
https://doi.org/10.1080/09540260902782752
https://doi.org/10.1080/09540260902782752
https://doi.org/10.1080/10550490500418997
https://doi.org/10.1080/10550490500418997
https://doi.org/10.3109/00952990.2010.503825
https://doi.org/10.1016/j.neuropharm.2017.04.033
https://doi.org/10.1016/j.neuropharm.2017.04.033
https://doi.org/10.1016/j.lfs.2012.06.009
https://doi.org/10.1016/j.lfs.2012.06.009


     |  1689KESNER aNd LOVINGER

Conformationally restrained analogs of pravadoline: Nanomolar po-
tent, enantioselective, (aminoalkyl)indole agonists of the cannabi-
noid receptor. Journal of Medicinal Chemistry, 35(1), 124– 135. https://
doi.org/10.1021/jm000 79a016

Danovitch, I., & Gorelick, D. A. (2012). State of the art treatments for 
cannabis dependence. Psychiatric Clinics of North America, 35, 309– 
326. https://doi.org/10.1016/j.psc.2012.03.003

Desai, R. I., Thakur, G. A., Vemuri, V. K., Bajaj, S., Makriyannis, A., & 
Bergman, J. (2013). Analysis of tolerance and behavioral/physical 
dependence during chronic CB1 agonist treatment: Effects of CB1 
agonists, antagonists, and noncannabinoid drugs. The Journal of 
Pharmacology and Experimental Therapeutics, 344, 319– 328.

Devane, W. A., Dysarz, F. A. 3rd, Johnson, M. R., Melvin, L. S., & Howlett, 
A. C. (1988). Determination and characterization of a cannabinoid 
receptor in rat brain. Molecular Pharmacology, 34, 605– 613.

DeVuono, M. V., Hrelja, K. M., Sabaziotis, L., Rajna, A., Rock, E. M., 
Limebeer, C. L., Mutch, D. M., & Parker, L. A. (2018). Conditioned 
gaping produced by high dose Delta(9)- tetrahydracannabinol: 
Dysregulation of the hypothalamic endocannabinoid system. 
Neuropharmacology, 141, 272– 282.

Di Marzo, V., Berrendero, F., Bisogno, T., Gonzalez, S., Cavaliere, P., 
Romero, J., Cebeira, M., Ramos, J. A., & Fernandez- Ruiz, J. J. (2000). 
Enhancement of anandamide formation in the limbic forebrain and 
reduction of endocannabinoid contents in the striatum of delta9- 
tetrahydrocannabinol- tolerant rats. Journal of Neurochemistry, 74, 
1627– 1635.

Di Marzo, V., & De Petrocellis, L. (2012). Why do cannabinoid receptors 
have more than one endogenous ligand? Philosophical Transactions 
of the Royal Society of London. Series B, Biological Sciences, 367, 
3216– 3228.

Diana, M. A., & Marty, A. (2004). Endocannabinoid- mediated short- term 
synaptic plasticity: Depolarization- induced suppression of inhibition 
(DSI) and depolarization- induced suppression of excitation (DSE). 
British Journal of Pharmacology, 142, 9– 19.

Diana, M., Melis, M., Muntoni, A. L., & Gessa, G. L. (1998). Mesolimbic 
dopaminergic decline after cannabinoid withdrawal. Proceedings of 
the National Academy of Sciences of the United States of America, 95, 
10269– 10273.

Dong, A., He, K., Dudok, B., Farrell, J. S., Guan, W., Liput, D. J., Puhl, H. 
L., Cai, R., Duan, J., Albarran, E., Ding, J., Lovinger, D. M., Soltesz, I., 
& Li, Y. (2020). A fluorescent sensor for spatiotemporally resolved 
endocannabinoid dynamics in vitro and in vivo. bioRxiv. https://doi.
org/10.1101/2020.10.08.329169

Dowie, M. J., Howard, M. L., Nicholson, L. F., Faull, R. L., Hannan, A. 
J., & Glass, M. (2010). Behavioural and molecular consequences of 
chronic cannabinoid treatment in Huntington's disease transgenic 
mice. Neuroscience, 170, 324– 336. https://doi.org/10.1016/j.neuro 
scien ce.2010.06.056

D'Souza, D. C., Cortes- Briones, J., Creatura, G., Bluez, G., Thurnauer, H., 
Deaso, E., Bielen, K., Surti, T., Radhakrishnan, R., Gupta, A., Gupta, S., 
Cahill, J., Sherif, M. A., Makriyannis, A., Morgan, P. T., Ranganathan, 
M., & Skosnik, P. D. (2019). Efficacy and safety of a fatty acid amide 
hydrolase inhibitor (PF- 04457845) in the treatment of cannabis with-
drawal and dependence in men: A double- blind, placebo- controlled, 
parallel group, phase 2a single- site randomised controlled trial. 
The Lancet Psychiatry, 6(1), 35– 45. https://doi.org/10.1016/s2215 
- 0366(18)30427 - 9

D’Souza, D. C., Cortes- Briones, J. A., Ranganathan, M., Thurnauer, 
H., Creatura, G., Surti, T., Planeta, B., Neumeister, A., Pittman, B., 
Normandin, M. D., Kapinos, M., Ropchan, J., Huang, Y., Carson, R. 
E., & Skosnik, P. D. (2016). Rapid changes in cannabinoid 1 recep-
tor availability in cannabis- dependent male subjects after absti-
nence from cannabis. Biological Psychiatry: Cognitive Neuroscience 
and Neuroimaging, 1(1), 60– 67. https://doi.org/10.1016/j.
bpsc.2015.09.008

D'Souza, D. C., Ranganathan, M., Braley, G., Gueorguieva, R., Zimolo, Z., 
Cooper, T., Perry, E., & Krystal, J. (2008). Blunted psychotomimetic 
and amnestic effects of delta- 9- tetrahydrocannabinol in frequent 
users of cannabis. Neuropsychopharmacology, 33, 2505– 2516.

Dudok, B., Barna, L., Ledri, M., Szabó, S. I., Szabadits, E., Pintér, B., 
Woodhams, S. G., Henstridge, C. M., Balla, G. Y., Nyilas, R., Varga, C., 
Lee, S.- H., Matolcsi, M., Cervenak, J., Kacskovics, I., Watanabe, M., 
Sagheddu, C., Melis, M., Pistis, M., … Katona, I. (2015). Cell- specific 
STORM super- resolution imaging reveals nanoscale organization of 
cannabinoid signaling. Nature Neuroscience, 18, 75– 86. https://doi.
org/10.1038/nn.3892

El Khoury, M. A., Gorgievski, V., Moutsimilli, L., Giros, B., & Tzavara, 
E. T. (2012). Interactions between the cannabinoid and dopami-
nergic systems: Evidence from animal studies. Progress in Neuro- 
Psychopharmacology and Biological Psychiatry, 38, 36– 50. https://doi.
org/10.1016/j.pnpbp.2011.12.005

Ellgren, M., Spano, S. M., & Hurd, Y. L. (2007). Adolescent cannabis ex-
posure alters opiate intake and opioid limbic neuronal populations 
in adult rats. Neuropsychopharmacology, 32, 607– 615. https://doi.
org/10.1038/sj.npp.1301127

ElSohly, M. A., Mehmedic, Z., Foster, S., Gon, C., Chandra, S., & Church, 
J. C. (2016). Changes in cannabis potency over the last 2 de-
cades (1995– 2014): Analysis of current data in the United States. 
Biological Psychiatry, 79, 613– 619. https://doi.org/10.1016/j.biops 
ych.2016.01.004

Falkenburger, B. H., Jensen, J. B., & Hille, B. (2010). Kinetics of M1 mus-
carinic receptor and G protein signaling to phospholipase C in living 
cells. Journal of General Physiology, 135, 81– 97.

Fantegrossi, W. E., Moran, J. H., Radominska- Pandya, A., & Prather, P. L. 
(2014). Distinct pharmacology and metabolism of K2 synthetic can-
nabinoids compared to Delta(9)- THC: Mechanism underlying greater 
toxicity? Life Sciences, 97, 45– 54.

Farquhar, C. E., Breivogel, C. S., Gamage, T. F., Gay, E. A., Thomas, B. F., 
Craft, R. M., & Wiley, J. L. (2019). Sex, THC, and hormones: Effects 
on density and sensitivity of CB1 cannabinoid receptors in rats. Drug 
and Alcohol Dependence, 194, 20– 27.

Fattore, L., Vigano, D., Fadda, P., Rubino, T., Fratta, W., & Parolaro, D. 
(2007). Bidirectional regulation of mu- opioid and CB1- cannabinoid 
receptor in rats self- administering heroin or WIN 55,212– 2. European 
Journal of Neuroscience, 25, 2191– 2200.

Filbey, F. M., Dunlop, J., & Myers, U. S. (2013). Neural effects of positive 
and negative incentives during marijuana withdrawal. PLoS One, 8, 
e61470. https://doi.org/10.1371/journ al.pone.0061470

Fraser, J. D. (1949). Withdrawal symptoms in cannabis indica addicts. 
Lancet, 2, 747. https://doi.org/10.1016/S0140 - 6736(49)92263 - 1

Fredericks, A. B., & Benowitz, N. L. (1980). An abstinence syndrome fol-
lowing chronic administration of delta- 9- terahydrocannabinol in rhe-
sus monkeys. Psychopharmacology (Berl), 71, 201– 202.

Freels, T. G., Baxter- Potter, L. N., Lugo, J. M., Glodosky, N. C., Wright, H. 
R., Baglot, S. L., Petrie, G. N., Yu, Z., Clowers, B. H., Cuttler, C., Fuchs, 
R. A., Hill, M. N., & McLaughlin, R. J. (2020). Vaporized cannabis 
extracts have reinforcing properties and support conditioned drug- 
seeking behavior in rats. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience, 40, 1897– 1908. https://doi.
org/10.1523/JNEUR OSCI.2416- 19.2020

Freund, T. F., Katona, I., & Piomelli, D. (2003). Role of endogenous can-
nabinoids in synaptic signaling. Physiological Reviews, 83, 1017– 1066. 
https://doi.org/10.1152/physr ev.00004.2003

Friend, L., Weed, J., Sandoval, P., Nufer, T., Ostlund, I., & Edwards, J. G. 
(2017). CB1- dependent long- term depression in ventral tegmental 
area GABA neurons: A novel target for marijuana. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 37, 
10943– 10954.

Gaskill, H. S. (1945). Marihuana, an Intoxicant. American Journal of 
Psychiatry, 102, 202– 204. https://doi.org/10.1176/ajp.102.2.202

https://doi.org/10.1021/jm00079a016
https://doi.org/10.1021/jm00079a016
https://doi.org/10.1016/j.psc.2012.03.003
https://doi.org/10.1101/2020.10.08.329169
https://doi.org/10.1101/2020.10.08.329169
https://doi.org/10.1016/j.neuroscience.2010.06.056
https://doi.org/10.1016/j.neuroscience.2010.06.056
https://doi.org/10.1016/s2215-0366(18)30427-9
https://doi.org/10.1016/s2215-0366(18)30427-9
https://doi.org/10.1016/j.bpsc.2015.09.008
https://doi.org/10.1016/j.bpsc.2015.09.008
https://doi.org/10.1038/nn.3892
https://doi.org/10.1038/nn.3892
https://doi.org/10.1016/j.pnpbp.2011.12.005
https://doi.org/10.1016/j.pnpbp.2011.12.005
https://doi.org/10.1038/sj.npp.1301127
https://doi.org/10.1038/sj.npp.1301127
https://doi.org/10.1016/j.biopsych.2016.01.004
https://doi.org/10.1016/j.biopsych.2016.01.004
https://doi.org/10.1371/journal.pone.0061470
https://doi.org/10.1016/S0140-6736(49)92263-1
https://doi.org/10.1523/JNEUROSCI.2416-19.2020
https://doi.org/10.1523/JNEUROSCI.2416-19.2020
https://doi.org/10.1152/physrev.00004.2003
https://doi.org/10.1176/ajp.102.2.202


1690  |     KESNER aNd LOVINGER

Gerachshenko, T., Blackmer, T., Yoon, E. J., Bartleson, C., Hamm, H. 
E., & Alford, S. (2005). Gbetagamma acts at the C terminus of 
SNAP- 25 to mediate presynaptic inhibition. Nature Neuroscience, 
8, 597– 605.

Gfroerer, J. (1987). Correlation between drug use by teenagers and drug 
use by older family members. American Journal of Drug and Alcohol 
Abuse, 13, 95– 108. https://doi.org/10.3109/00952 99870 9001502

Gifford, A. N., & Ashby, C. R. (1996). Electrically evoked acetylcholine 
release from hippocampal slices is inhibited by the cannabinoid re-
ceptor agonist, WIN 55212– 2, and is potentiated by the cannabinoid 
antagonist, SR 141716A. Journal of Pharmacology and Experimental 
Therapeutics, 277, 1431– 1436.

Gizer, I. R., Bizon, C., Gilder, D. A., Ehlers, C. L., & Wilhelmsen, K. C. 
(2018). Whole genome sequence study of cannabis dependence in 
two independent cohorts. Addiction Biology, 23, 461– 473. https://
doi.org/10.1111/adb.12489

Gonzalez, R. (2007). Acute and non- acute effects of cannabis on brain 
functioning and neuropsychological performance. Neuropsychology 
Review, 17, 347– 361. https://doi.org/10.1007/s1106 5- 007- 9036- 8

Gonzalez, S., Cebeira, M., & Fernandez- Ruiz, J. (2005). Cannabinoid tol-
erance and dependence: A review of studies in laboratory animals. 
Pharmacology, Biochemistry, and Behavior, 81, 300– 318. https://doi.
org/10.1016/j.pbb.2005.01.028

Gonzalez, S., Fernandez- Ruiz, J., Di Marzo, V., Hernandez, M., Arevalo, 
C., Nicanor, C., Cascio, M. G., Ambrosio, E., & Ramos, J. A. (2004). 
Behavioral and molecular changes elicited by acute administration 
of SR141716 to Delta9- tetrahydrocannabinol- tolerant rats: An 
experimental model of cannabinoid abstinence. Drug and Alcohol 
Dependence, 74, 159– 170.

Gray, K. M. (2019) Prodrugs as treatments for cannabis use disorder: 
N- Acetylcysteine as a case example. In: Cannabis use disorders, pp. 
221– 227.

Greaves, L., & Hemsing, N. (2020). Sex and gender interactions on 
the use and impact of recreational cannabis. International Journal 
of Environmental Research and Public Health, 17, 509. https://doi.
org/10.3390/ijerp h1702 0509

Grotenhermen, F. (2003). Pharmacokinetics and pharmacodynamics of 
cannabinoids. Clinical Pharmacokinetics, 42, 327– 360.

Hamid, E., Church, E., Wells, C. A., Zurawski, Z., Hamm, H. E., & Alford, 
S. (2014). Modulation of neurotransmission by GPCRs is depen-
dent upon the microarchitecture of the primed vesicle complex. 
The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 34, 260– 274.

Haney, M., Cooper, Z. D., Bedi, G., Herrmann, E., Comer, S. D., Reed, S. C., 
Foltin, R. W., & Levin, F. R. (2019). Guanfacine decreases symptoms 
of cannabis withdrawal in daily cannabis smokers. Addiction Biology, 
24, 707– 716.

Haney, M., Cooper, Z. D., Bedi, G., Vosburg, S. K., Comer, S. D., & Foltin, 
R. W. (2013). Nabilone decreases marijuana withdrawal and a labo-
ratory measure of marijuana relapse. Neuropsychopharmacology, 38, 
1557– 1565.

Haney, M., Hart, C. L., Vosburg, S. K., Nasser, J., Bennett, A., Zubaran, 
C., & Foltin, R. W. (2004). Marijuana withdrawal in humans: Effects 
of oral THC or divalproex. Neuropsychopharmacology, 29, 158– 170.

Haney, M., Ward, A. S., Comer, S. D., Foltin, R. W., & Fischman, M. W. 
(1999a). Abstinence symptoms following oral THC administration 
to humans. Psychopharmacology (Berl), 141, 385– 394. https://doi.
org/10.1007/s0021 30050848

Haney, M., Ward, A. S., Comer, S. D., Foltin, R. W., & Fischman, M. W. 
(1999b). Abstinence symptoms following smoked marijuana in 
humans. Psychopharmacology (Berl), 141, 395– 404. https://doi.
org/10.1007/s0021 30050849

Hanus, L. O., Meyer, S. M., Munoz, E., Taglialatela- Scafati, O., & Appendino, 
G. (2016). Phytocannabinoids: A unified critical inventory. Natural 

Products Reports, 33, 1357– 1392. https://doi.org/10.1039/C6NP0 
0074F

Hart, R. H. (1984). On psychiatric syndromes associated with cannabis. 
Alabama Medicine, 54, 34– 36.

Harte- Hargrove, L. C., & Dow- Edwards, D. L. (2012). Withdrawal from 
THC during adolescence: Sex differences in locomotor activity 
and anxiety. Behavioral Brain Research, 231, 48– 59. https://doi.
org/10.1016/j.bbr.2012.02.048

Hasin, D. S., Keyes, K. M., Alderson, D., Wang, S., Aharonovich, E., & 
Grant, B. F. (2008). Cannabis withdrawal in the United States: Results 
from NESARC. Journal of Clinical Psychiatry, 69, 1354– 1363. https://
doi.org/10.4088/JCP.v69n0902

Hasin, D. S., Shmulewitz, D., & Sarvet, A. L. (2019). Time trends in US 
cannabis use and cannabis use disorders overall and by socio-
demographic subgroups: A narrative review and new findings. 
American Journal of Drug and Alcohol Abuse, 45, 623– 643. https://doi.
org/10.1080/00952 990.2019.1569668

HealthQuest (NSW). (2008). NSW drug and alcohol withdrawal clinical 
practice guidelines. NSW Department of Health.

Henderson- Redmond, A. N., Nealon, C. M., Davis, B. J., Yuill, M. B., 
Sepulveda, D. E., Blanton, H. L., Piscura, M. K., Zee, M. L., Haskins, 
C. P., Marcus, D. J., Mackie, K., Guindon, J., & Morgan, D. J. (2020). c- 
Jun N terminal kinase signaling pathways mediate cannabinoid toler-
ance in an agonist- specific manner. Neuropharmacology, 164, 107847. 
https://doi.org/10.1016/j.neuro pharm.2019.107847

Hernandez- Avila, C. A., Rounsaville, B. J., & Kranzler, H. R. (2004). Opioid- , 
cannabis-  and alcohol- dependent women show more rapid progres-
sion to substance abuse treatment. Drug and Alcohol Dependence, 74, 
265– 272. https://doi.org/10.1016/j.druga lcdep.2004.02.001

Herrmann, E. S., Cooper, Z. D., Bedi, G., Ramesh, D., Reed, S. C., Comer, S. 
D., Foltin, R. W., & Haney, M. (2016). Effects of zolpidem alone and in 
combination with nabilone on cannabis withdrawal and a laboratory 
model of relapse in cannabis users. Psychopharmacology (Berl), 233, 
2469– 2478.

Hesse, M., & Thylstrup, B. (2013). Time- course of the DSM- 5 cannabis 
withdrawal symptoms in poly- substance abusers. BMC Psychiatry, 13, 
258.

Hine, B. (1985). Morphine and delta 9- tetrahydrocannabinol: Two- way 
cross tolerance for antinociceptive and heart- rate responses in the 
rat. Psychopharmacology (Berl), 87, 34– 38.

Hirvonen, J., Goodwin, R. S., Li, C.- T., Terry, G. E., Zoghbi, S. S., Morse, 
C., Pike, V. W., Volkow, N. D., Huestis, M. A., & Innis, R. B. (2012). 
Reversible and regionally selective downregulation of brain canna-
binoid CB1 receptors in chronic daily cannabis smokers. Molecular 
Psychiatry, 17(6), 642– 649. https://doi.org/10.1038/mp.2011.82

Hoffman, A. F., & Lupica, C. R. (2000). Mechanisms of cannabinoid in-
hibition of GABAASynaptic transmission in the hippocampus. The 
Journal of Neuroscience, 20, 2470– 2479.

Hoffman, A. F., Oz, M., Caulder, T., & Lupica, C. R. (2003). Functional 
tolerance and blockade of long- term depression at synapses in the 
nucleus accumbens after chronic cannabinoid exposure. Journal 
of Neuroscience, 23, 4815– 4820. https://doi.org/10.1523/JNEUR 
OSCI.23- 12- 04815.2003

Hoffman, A. F., Oz, M., Yang, R., Lichtman, A. H., & Lupica, C. R. (2007). 
Opposing actions of chronic Delta9- tetrahydrocannabinol and 
cannabinoid antagonists on hippocampal long- term potentiation. 
Learning and Memory, 14, 63– 74.

Hollister, L. E. (1978). Cannabis and the development of tolerance. 
Advances in Bioscience, 22– 23, 585– 589.

Howlett, A. C., Barth, F., Bonner, T. I., Cabral, G., Casellas, P., Devane, W. 
A., Felder, C. C., Herkenham, M., Mackie, K., Martin, B. R., Mechoulam, 
R., & Pertwee, R. G. (2002). International union of pharmacology. 
XXVII. Classification of cannabinoid receptors. Pharmacological 
Reviews, 54, 161– 202. https://doi.org/10.1124/pr.54.2.161

https://doi.org/10.3109/00952998709001502
https://doi.org/10.1111/adb.12489
https://doi.org/10.1111/adb.12489
https://doi.org/10.1007/s11065-007-9036-8
https://doi.org/10.1016/j.pbb.2005.01.028
https://doi.org/10.1016/j.pbb.2005.01.028
https://doi.org/10.3390/ijerph17020509
https://doi.org/10.3390/ijerph17020509
https://doi.org/10.1007/s002130050848
https://doi.org/10.1007/s002130050848
https://doi.org/10.1007/s002130050849
https://doi.org/10.1007/s002130050849
https://doi.org/10.1039/C6NP00074F
https://doi.org/10.1039/C6NP00074F
https://doi.org/10.1016/j.bbr.2012.02.048
https://doi.org/10.1016/j.bbr.2012.02.048
https://doi.org/10.4088/JCP.v69n0902
https://doi.org/10.4088/JCP.v69n0902
https://doi.org/10.1080/00952990.2019.1569668
https://doi.org/10.1080/00952990.2019.1569668
https://doi.org/10.1016/j.neuropharm.2019.107847
https://doi.org/10.1016/j.drugalcdep.2004.02.001
https://doi.org/10.1038/mp.2011.82
https://doi.org/10.1523/JNEUROSCI.23-12-04815.2003
https://doi.org/10.1523/JNEUROSCI.23-12-04815.2003
https://doi.org/10.1124/pr.54.2.161


     |  1691KESNER aNd LOVINGER

Howlett, A. C., Johnson, M. R., Melvin, L. S., & Milne, G. M. (1988). 
Nonclassical cannabinoid analgetics inhibit adenylate cy-
clase: Development of a cannabinoid receptor model. Molecular 
Pharmacology, 33, 297– 302.

Hsieh, C., Brown, S., Derleth, C., & Mackie, K. (1999). Internalization and 
recycling of the CB1 cannabinoid receptor. Journal of Neurochemistry, 
73, 493– 501. https://doi.org/10.1046/j.1471- 4159.1999.07304 93.x

Huestis, M. A. (2007). Human cannabinoid pharmacokinetics. Chemistry 
and Biodiversity, 4, 1770– 1804. https://doi.org/10.1002/cbdv.20079 
0152

Huestis, M. A., Boyd, S. J., Heishman, S. J., Preston, K. L., Bonnet, D., 
Le Fur, G., & Gorelick, D. A. (2007). Single and multiple doses of ri-
monabant antagonize acute effects of smoked cannabis in male can-
nabis users. Psychopharmacology (Berl), 194, 505– 515. https://doi.
org/10.1007/s0021 3- 007- 0861- 5

Huestis, M. A., Gorelick, D. A., Heishman, S. J., Preston, K. L., Nelson, 
R. A., Moolchan, E. T., & Frank, R. A. (2001). Blockade of effects of 
smoked marijuana by the CB1- selective cannabinoid receptor antag-
onist SR141716. Archives of General Psychiatry, 58, 322– 328. https://
doi.org/10.1001/archp syc.58.4.322

Huestis, M. A., Mitchell, J. M., & Cone, E. J. (1995). Detection times of 
marijuana metabolites in urine by immunoassay and GC- MS. Journal 
of Analytical Toxicology, 19, 443– 449. https://doi.org/10.1093/
jat/19.6.443

Hutcheson, D. M., Tzavara, E. T., Smadja, C., Valjent, E., Roques, B. P., 
Hanoune, J., & Maldonado, R. (1998). Behavioural and biochemical 
evidence for signs of abstinence in mice chronically treated with 
delta- 9- tetrahydrocannabinol. British Journal of Pharmacology, 125, 
1567– 1577.

Ikeda, S. R. (1996). Voltage- dependent modulation of N- type calcium 
channels by G- protein beta gamma subunits. Nature, 380, 255– 258.

Ilango, A., Kesner, A. J., Broker, C. J., Wang, D. V., & Ikemoto, S. (2014). 
Phasic excitation of ventral tegmental dopamine neurons poten-
tiates the initiation of conditioned approach behavior: Parametric 
and reinforcement- schedule analyses. Frontiers in Behavioural 
Neurosciences, 8, 155.

Ilango, A., Kesner, A. J., Keller, K. L., Stuber, G. D., Bonci, A., & Ikemoto, 
S. (2014). Similar roles of substantia nigra and ventral tegmental do-
pamine neurons in reward and aversion. The Journal of Neuroscience: 
The Official Journal of the Society for Neuroscience, 34, 817– 822.

Jardinaud, F., Roques, B. P., & Noble, F. (2006). Tolerance to the reinforc-
ing effects of morphine in delta9- tetrahydrocannabinol treated mice. 
Behavioral Brain Research, 173, 255– 261.

Jin, W., Brown, S., Roche, J. P., Hsieh, C., Celver, J. P., Kovoor, A., 
Chavkin, C., & Mackie, K. (1999). Distinct domains of the CB1 
cannabinoid receptor mediate desensitization and internaliza-
tion. The Journal of Neuroscience: The Official Journal of the Society 
for Neuroscience, 19, 3773– 3780. https://doi.org/10.1523/JNEUR 
OSCI.19- 10- 03773.1999

Johns, A. (2001). Psychiatric effects of cannabis. British Journal of 
Psychiatry, 178, 116– 122. https://doi.org/10.1192/bjp.178.2.116

Johnson, K. R., Boomhower, S. R., & Newland, M. C. (2019). Behavioral 
effects of chronic WIN 55,212– 2 administration during adolescence 
and adulthood in mice. Experimental and Clinical Psychopharmacology, 
27, 348– 358. https://doi.org/10.1037/pha00 00271

Jones, R. T., Benowitz, N., & Bachman, J. (1976). Clinical studies of can-
nabis tolerance and dependence. Annals of the New York Academy of 
Sciences, 282, 221– 239. https://doi.org/10.1111/j.1749- 6632.1976.
tb499 01.x

Jones, R. T., Benowitz, N. L., & Herning, R. I. (1981). Clinical relevance of 
cannabis tolerance and dependence. Journal of Clinical Pharmacology, 
21, 143S– 152S. https://doi.org/10.1002/j.1552- 4604.1981.tb025 
89.x

Justinova, Z. (2019). Animal models of cannabis use disorder. In I. Montoya 
& S. Weiss (Eds.), Cannabis use disorders (pp. 63– 74). Springer.

Justinova, Z., Mangieri, R. A., Bortolato, M., Chefer, S. I., Mukhin, A. 
G., Clapper, J. R., King, A. R., Redhi, G. H., Yasar, S., Piomelli, D., 
& Goldberg, S. R. (2008). Fatty acid amide hydrolase inhibition 
heightens anandamide signaling without producing reinforcing ef-
fects in primates. Biological Psychiatry, 64, 930– 937. https://doi.
org/10.1016/j.biops ych.2008.08.008

Justinova, Z., Mascia, P., Wu, H.- Q., Secci, M. E., Redhi, G. H., Panlilio, 
L. V., Scherma, M., Barnes, C., Parashos, A., Zara, T., Fratta, W., 
Solinas, M., Pistis, M., Bergman, J., Kangas, B. D., Ferré, S., Tanda, 
G., Schwarcz, R., & Goldberg, S. R. (2013). Reducing cannabinoid 
abuse and preventing relapse by enhancing endogenous brain levels 
of kynurenic acid. Nature Neuroscience, 16, 1652– 1661. https://doi.
org/10.1038/nn.3540

Justinova, Z., Tanda, G., Redhi, G. H., & Goldberg, S. R. (2003). Self- 
administration of delta9- tetrahydrocannabinol (THC) by drug naive 
squirrel monkeys. Psychopharmacology (Berl), 169, 135– 140.

Kano, M., Ohno- Shosaku, T., Hashimotodani, Y., Uchigashima, M., & 
Watanabe, M. (2009). Endocannabinoid- mediated control of syn-
aptic transmission. Physiological Reviews, 89, 309– 380. https://doi.
org/10.1152/physr ev.00019.2008

Karila, L., & Benyamina, A. (2019). Synthetic cannabinoid use. In I. 
Montoya & S. Weiss (Eds.), Cannabis use disorders (pp. 169– 176). 
Springer.

Karila, L., Roux, P., Rolland, B., Benyamina, A., Reynaud, M., Aubin, H. J., 
& Lancon, C. (2014). Acute and long- term effects of cannabis use: A 
review. Current Pharmaceutical Design, 20, 4112– 4118.

Karschner, E. L., Schwilke, E. W., Lowe, R. H., Darwin, W. D., Pope, H. 
G., Herning, R., Cadet, J. L., & Huestis, M. A. (2009). Do Delta9- 
tetrahydrocannabinol concentrations indicate recent use in chronic 
cannabis users? Addiction, 104, 2041– 2048.

Katona, I., Sperlagh, B., Sik, A., Kafalvi, A., Vizi, E. S., Mackie, K., & Freund, 
T. F. (1999). Presynaptically located CB1 cannabinoid receptors reg-
ulate GABA release from axon terminals of specific hippocampal 
interneurons. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 19, 4544– 4558. https://doi.org/10.1523/
JNEUR OSCI.19- 11- 04544.1999

Katz, A., Wu, D., & Simon, M. I. (1992). Subunits beta gamma of heterotri-
meric G protein activate beta 2 isoform of phospholipase C. Nature, 
360, 686– 689.

Kesner, A. J., & Lovinger, D. M. (2020). Cannabinoids, endocannabinoids 
and sleep. Frontiers in Molecular Neuroscience, 13, 125. https://doi.
org/10.3389/fnmol.2020.00125

Khan, S. S., Secades- Villa, R., Okuda, M., Wang, S., Perez- Fuentes, G., 
Kerridge, B. T., & Blanco, C. (2013). Gender differences in cannabis 
use disorders: Results from the National Epidemiologic Survey of 
Alcohol and Related Conditions. Drug and Alcohol Dependence, 130, 
101– 108. https://doi.org/10.1016/j.druga lcdep.2012.10.015

Kim, J., & Alger, B. E. (2004). Inhibition of cyclooxygenase- 2 potenti-
ates retrograde endocannabinoid effects in hippocampus. Nature 
Neuroscience, 7, 697– 698. https://doi.org/10.1038/nn1262

Kiselica, A. M., & Duhig, A. (2019). Cannabis use disorder treatment and 
reimbursement. In I. Montoya & S. Weiss (Eds.), Cannabis use disor-
ders (pp. 245– 252). Springer.

Kondo, K. K., Morasco, B. J., Nugent, S. M., Ayers, C. K., O'Neil, M. E., 
Freeman, M., & Kansagara, D. (2020). Pharmacotherapy for the treat-
ment of cannabis use disorder: A systematic review. Annals of Internal 
Medicine, 172, 398– 412. https://doi.org/10.7326/M19- 1105

Kouri, E. M., & Pope, H. G. Jr (2000). Abstinence symptoms during 
withdrawal from chronic marijuana use. Experimental and Clinical 
Psychopharmacology, 8, 483– 492.

Kouri, E. M., Pope, H. G. Jr, & Lukas, S. E. (1999). Changes in aggres-
sive behavior during withdrawal from long- term marijuana use. 
Psychopharmacology (Berl), 143, 302– 308.

Kozak, K. R., Rowlinson, S. W., & Marnett, L. J. (2000). Oxygenation 
of the endocannabinoid, 2- arachidonylglycerol, to glyceryl 

https://doi.org/10.1046/j.1471-4159.1999.0730493.x
https://doi.org/10.1002/cbdv.200790152
https://doi.org/10.1002/cbdv.200790152
https://doi.org/10.1007/s00213-007-0861-5
https://doi.org/10.1007/s00213-007-0861-5
https://doi.org/10.1001/archpsyc.58.4.322
https://doi.org/10.1001/archpsyc.58.4.322
https://doi.org/10.1093/jat/19.6.443
https://doi.org/10.1093/jat/19.6.443
https://doi.org/10.1523/JNEUROSCI.19-10-03773.1999
https://doi.org/10.1523/JNEUROSCI.19-10-03773.1999
https://doi.org/10.1192/bjp.178.2.116
https://doi.org/10.1037/pha0000271
https://doi.org/10.1111/j.1749-6632.1976.tb49901.x
https://doi.org/10.1111/j.1749-6632.1976.tb49901.x
https://doi.org/10.1002/j.1552-4604.1981.tb02589.x
https://doi.org/10.1002/j.1552-4604.1981.tb02589.x
https://doi.org/10.1016/j.biopsych.2008.08.008
https://doi.org/10.1016/j.biopsych.2008.08.008
https://doi.org/10.1038/nn.3540
https://doi.org/10.1038/nn.3540
https://doi.org/10.1152/physrev.00019.2008
https://doi.org/10.1152/physrev.00019.2008
https://doi.org/10.1523/JNEUROSCI.19-11-04544.1999
https://doi.org/10.1523/JNEUROSCI.19-11-04544.1999
https://doi.org/10.3389/fnmol.2020.00125
https://doi.org/10.3389/fnmol.2020.00125
https://doi.org/10.1016/j.drugalcdep.2012.10.015
https://doi.org/10.1038/nn1262
https://doi.org/10.7326/M19-1105


1692  |     KESNER aNd LOVINGER

prostaglandins by cyclooxygenase- 2. Journal of Biological Chemistry, 
275, 33744– 33749.

Kumar, M. S., Patel, V., & Millard, W. J. (1984). Effect of chronic admin-
istration of delta 9- tetrahydrocannabinol on the endogenous opioid 
peptide and catecholamine levels in the diencephalon and plasma of 
the rat. Subst Alcohol Actions Misuse, 5, 201– 210.

Lamarque, S., Taghzouti, K., & Simon, H. (2001). Chronic treatment with 
Delta(9)- tetrahydrocannabinol enhances the locomotor response to 
amphetamine and heroin. Implications for vulnerability to drug ad-
diction. Neuropharmacology, 41, 118– 129.

Lecca, D., Cacciapaglia, F., Valentini, V., & Di Chiara, G. (2006). Monitoring 
extracellular dopamine in the rat nucleus accumbens shell and core 
during acquisition and maintenance of intravenous WIN 55,212– 2 
self- administration. Psychopharmacology (Berl), 188, 63– 74. https://
doi.org/10.1007/s0021 3- 006- 0475- 3

Lecca, D., Scifo, A., Pisanu, A., Valentini, V., Piras, G., Sil, A., Cadoni, 
C., & Di Chiara, G. (2020). Adolescent cannabis exposure increases 
heroin reinforcement in rats genetically vulnerable to addiction. 
Neuropharmacology, 166, 107974. https://doi.org/10.1016/j.neuro 
pharm.2020.107974

Ledent, C., Valverde, O., Cossu, G., Aubert, J. F., Beslot, F., Bohme, G. 
A., Imperato, A., Pedrazzini, T., Roques, B. P., Vassart, G., Fratta, 
W., & Parmentier, M. (1999). Unresponsiveness to cannabinoids 
and reduced addictive effects of opiates in CB1 receptor knock-
out mice. Science, 283, 401– 404. https://doi.org/10.1126/scien 
ce.283.5400.401

Lee, M. C., Smith, F. L., Stevens, D. L., & Welch, S. P. (2003). The role 
of several kinases in mice tolerant to delta 9- tetrahydrocannabinol. 
The Journal of Pharmacology and Experimental Therapeutics, 305, 
593– 599.

Leite, J. R., & Carlini, E. A. (1974). Failure to obtain "cannabis- directed 
behavior" and abstinence syndrome in rats chronically treated with 
cannabis sativa extracts. Psychopharmacologia, 36, 133– 145.

Lepore, M., Vorel, S. R., Lowinson, J., & Gardner, E. L. (1995). Conditioned 
place preference induced by delta 9- tetrahydrocannabinol: 
Comparison with cocaine, morphine, and food reward. Life Sciences, 
56, 2073– 2080.

Leung, J., Chan, G. C. K., Hides, L., & Hall, W. D. (2020). What is 
the prevalence and risk of cannabis use disorders among peo-
ple who use cannabis? a systematic review and meta- analysis. 
Addictive Behaviors, 109, 106479. https://doi.org/10.1016/j.
addbeh.2020.106479

Levin, K. H., Copersino, M. L., Heishman, S. J., Liu, F., Kelly, D. L., 
Boggs, D. L., & Gorelick, D. A. (2010). Cannabis withdrawal symp-
toms in non- treatment- seeking adult cannabis smokers. Drug and 
Alcohol Dependence, 111, 120– 127. https://doi.org/10.1016/j.druga 
lcdep.2010.04.010

Lichtman, A. H., & Martin, B. R. (2002). Marijuana withdrawal syndrome 
in the animal model. Journal of Clinical Pharmacology, 42, 20S– 27S. 
https://doi.org/10.1002/j.1552- 4604.2002.tb059 99.x

Lichtman, A. H., & Martin, B. R. (2005). Cannabinoid tolerance and de-
pendence. Handbook of Experimental Pharmacology, 691– 717.

Lichtman, A. H., Sheikh, S. M., Loh, H. H., & Martin, B. R. (2001). Opioid 
and cannabinoid modulation of precipitated withdrawal in delta(9)- 
tetrahydrocannabinol and morphine- dependent mice. The Journal of 
Pharmacology and Experimental Therapeutics, 298, 1007– 1014.

Liput, D. J., Puhl, H. L., Dong, A., He, K., Li, Y., & Lovinger, D. M. (2020) 
2- Arachidonoylglycerol mobilization following brief synaptic stimu-
lation in the dorsal lateral striatum requires glutamatergic and cho-
linergic neurotransmission. bioRxiv.

Lovinger, D. M. (2007). Endocannabinoid liberation from neurons in 
transsynaptic signaling. Journal of Molecular Neuroscience, 33, 87– 93.

Lovinger, D. M. (2008). Presynaptic modulation by endocannabinoids. 
In T. C. Südhof & K. Starke (Eds.), Pharmacology of neurotransmitter 

release. Handbook of experimental pharmacology (Vol. 184). Springer. 
https://doi.org/10.1007/978- 3- 540- 74805 - 2_14

Lu, H. C., & Mackie, K. (2016). An introduction to the endogenous canna-
binoid system. Biological Psychiatry, 79, 516– 525.

Lupica, C. R., & Hoffman, A. F. (2018). Cannabinoid disruption of learning 
mechanisms involved in reward processing. Learning and Memory, 25, 
435– 445. https://doi.org/10.1101/lm.046748.117

Maldonado, R., Berrendero, F., Ozaita, A., & Robledo, P. (2011). 
Neurochemical basis of cannabis addiction. Neuroscience, 181, 1– 17. 
https://doi.org/10.1016/j.neuro scien ce.2011.02.035

Maldonado, R., & Rodriguez de Fonseca, F. (2002). Cannabinoid ad-
diction: Behavioral models and neural correlates. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 22, 
3326– 3331.

Marinelli, S., Pacioni, S., Cannich, A., Marsicano, G., & Bacci, A. (2009). 
Self- modulation of neocortical pyramidal neurons by endocannabi-
noids. Nature Neuroscience, 12, 1488– 1490. https://doi.org/10.1038/
nn.2430

Marsicano, G., Wotjak, C. T., Azad, S. C., Bisogno, T., Rammes, G., Cascio, 
M. G., Hermann, H., Tang, J., Hofmann, C., Zieglgänsberger, W., Di 
Marzo, V., & Lutz, B. (2002). The endogenous cannabinoid system 
controls extinction of aversive memories. Nature, 418, 530– 534. 
https://doi.org/10.1038/natur e00839

Martellotta, M. C., Cossu, G., Fattore, L., Gessa, G. L., & Fratta, W. 
(1998). Self- administration of the cannabinoid receptor agonist WIN 
55,212– 2 in drug- naive mice. Neuroscience, 85, 327– 330. https://doi.
org/10.1016/S0306 - 4522(98)00052 - 9

Martin, B. R., Sim- Selley, L. J., & Selley, D. E. (2004). Signaling pathways 
involved in the development of cannabinoid tolerance. Trends in 
Pharmacological Sciences, 25, 325– 330. https://doi.org/10.1016/j.
tips.2004.04.005

Martini, L., Thompson, D., Kharazia, V., & Whistler, J. L. (2010). 
Differential regulation of behavioral tolerance to WIN55,212– 2 
by GASP1. Neuropsychopharmacology, 35, 1363– 1373. https://doi.
org/10.1038/npp.2010.6

Marusich, J. A., Craft, R. M., Lefever, T. W., & Wiley, J. L. (2015). The im-
pact of gonadal hormones on cannabinoid dependence. Exp Clin 
Psychopharmacol, 23, 206– 216. https://doi.org/10.1037/pha00 00027

Marusich, J. A., Lefever, T. W., Antonazzo, K. R., Craft, R. M., & Wiley, J. 
L. (2014). Evaluation of sex differences in cannabinoid dependence. 
Drug and Alcohol Dependence, 137, 20– 28. https://doi.org/10.1016/j.
druga lcdep.2014.01.019

Mason, A. P., & McBay, A. J. (1985). Cannabis: Pharmacology and inter-
pretation of effects. Journal of Forensic Sciences, 30, 615– 631.

Mason, B. J. (2019). Anticonvulsants to treat cannabis use disorder. In 
I. Montoya & S. Weiss (Eds.), Cannabis use disorders (pp. 213– 220). 
Springer.

Matheson, J., Sproule, B., Di Ciano, P., Fares, A., Le Foll, B., Mann, R. E., 
& Brands, B. (2020). Sex differences in the acute effects of smoked 
cannabis: Evidence from a human laboratory study of young adults. 
Psychopharmacology (Berl), 237, 305– 316. https://doi.org/10.1007/
s0021 3- 019- 05369 - y

Mato, S., Robbe, D., Puente, N., Grandes, P., & Manzoni, O. J. (2005). 
Presynaptic homeostatic plasticity rescues long- term depression 
after chronic Delta 9- tetrahydrocannabinol exposure. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 25, 
11619– 11627.

Matsunaga, T., Iwawaki, Y., Watanabe, K., Yamamoto, I., Kageyama, T., & 
Yoshimura, H. (1995). Metabolism of delta 9- tetrahydrocannabinol 
by cytochrome P450 isozymes purified from hepatic microsomes of 
monkeys. Life Sciences, 56, 2089– 2095.

Mcmillan, D. E., Harris, L. S., & Dewey, W. L. (1971). Characteristics of 
tetrahydrocannabinol tolerance. Annals of the New York Academy of 
Sciences, 191, 83.

https://doi.org/10.1007/s00213-006-0475-3
https://doi.org/10.1007/s00213-006-0475-3
https://doi.org/10.1016/j.neuropharm.2020.107974
https://doi.org/10.1016/j.neuropharm.2020.107974
https://doi.org/10.1126/science.283.5400.401
https://doi.org/10.1126/science.283.5400.401
https://doi.org/10.1016/j.addbeh.2020.106479
https://doi.org/10.1016/j.addbeh.2020.106479
https://doi.org/10.1016/j.drugalcdep.2010.04.010
https://doi.org/10.1016/j.drugalcdep.2010.04.010
https://doi.org/10.1002/j.1552-4604.2002.tb05999.x
https://doi.org/10.1007/978-3-540-74805-2_14
https://doi.org/10.1101/lm.046748.117
https://doi.org/10.1016/j.neuroscience.2011.02.035
https://doi.org/10.1038/nn.2430
https://doi.org/10.1038/nn.2430
https://doi.org/10.1038/nature00839
https://doi.org/10.1016/S0306-4522(98)00052-9
https://doi.org/10.1016/S0306-4522(98)00052-9
https://doi.org/10.1016/j.tips.2004.04.005
https://doi.org/10.1016/j.tips.2004.04.005
https://doi.org/10.1038/npp.2010.6
https://doi.org/10.1038/npp.2010.6
https://doi.org/10.1037/pha0000027
https://doi.org/10.1016/j.drugalcdep.2014.01.019
https://doi.org/10.1016/j.drugalcdep.2014.01.019
https://doi.org/10.1007/s00213-019-05369-y
https://doi.org/10.1007/s00213-019-05369-y


     |  1693KESNER aNd LOVINGER

Mendizabal, V., Zimmer, A., & Maldonado, R. (2006). Involvement of 
kappa/dynorphin system in WIN 55,212– 2 self- administration in 
mice. Neuropsychopharmacology, 31, 1957– 1966.

Metna- Laurent, M., Mondesir, M., Grel, A., Vallee, M., & Piazza, P. V. 
(2017) Cannabinoid- induced tetrad in mice. Current Protocols in 
Neuroscience 80, 9.59.51– 9.59.10.

Metrik, J., Kahler, C. W., McGeary, J. E., Monti, P. M., & Rohsenow, D. J. 
(2011). Acute effects of marijuana smoking on negative and positive 
affect. Journal of Cognitive Psychotherapy, 25. https://doi.org/10.189
1/0889- 8391.25.1.31

Monday, H. R., Younts, T. J., & Castillo, P. E. (2018). Long- term plasticity 
of neurotransmitter release: emerging mechanisms and contribu-
tions to brain function and disease. Annual Review of Neuroscience, 41, 
299– 322. https://doi.org/10.1146/annur ev- neuro - 08031 7- 062155

Moreno, M., Lopez- Moreno, J. A., Rodriguez de Fonseca, F., & Navarro, 
M. (2005). Behavioural effects of quinpirole following withdrawal of 
chronic treatment with the CB1 agonist, HU- 210, in rats. Behavioural 
Pharmacology, 16, 441– 446. https://doi.org/10.1097/00008 877- 
20050 9000- 00017

Morgan, D. J., Davis, B. J., Kearn, C. S., Marcus, D., Cook, A. J., Wager- 
Miller, J., Straiker, A., Myoga, M. H., Karduck, J., Leishman, E., Sim- 
Selley, L. J., Czyzyk, T. A., Bradshaw, H. B., Selley, D. E., & Mackie, 
K. (2014). Mutation of putative GRK phosphorylation sites in the 
cannabinoid receptor 1 (CB1R) confers resistance to cannabinoid 
tolerance and hypersensitivity to cannabinoids in mice. Journal of 
Neuroscience, 34(15), 5152– 5163. https://doi.org/10.1523/jneur 
osci.3445- 12.2014

Murray, J. E., & Bevins, R. A. (2010). Cannabinoid conditioned reward 
and aversion: Behavioral and neural processes. ACS Chemical 
Neuroscience, 1, 265– 278.

Nazzaro, C., Greco, B., Cerovic, M., Baxter, P., Rubino, T., Trusel, M., 
Parolaro, D., Tkatch, T., Benfenati, F., Pedarzani, P., & Tonini, R. 
(2012). SK channel modulation rescues striatal plasticity and control 
over habit in cannabinoid tolerance. Nature Neuroscience, 15, 284– 
293. https://doi.org/10.1038/nn.3022

Nealon, C. M., Henderson- Redmond, A. N., Hale, D. E., & Morgan, D. 
J. (2019). Tolerance to WIN55,212– 2 is delayed in desensitization- 
resistant S426A/S430A mice. Neuropharmacology, 148, 151– 159.

Ng Cheong Ton, J. M., Gerhardt, G. A., Friedemann, M., Etgen, A. M., 
Rose, G. M., Sharpless, N. S., & Gardner, E. L.(1988). The effects of 
delta 9- tetrahydrocannabinol on potassium- evoked release of dopa-
mine in the rat caudate nucleus: An in vivo electrochemical and in 
vivo microdialysis study. Brain Research, 451, 59– 68.

Nguyen, J. D., Grant, Y., Kerr, T. M., Gutierrez, A., Cole, M., & Taffe, M. 
A. (2018). Tolerance to hypothermic and antinoceptive effects of 
9- tetrahydrocannabinol (THC) vapor inhalation in rats. Pharmacology, 
Biochemistry, and Behavior, 172, 33– 38. https://doi.org/10.1016/j.
pbb.2018.07.007

Nguyen, P. T., Schmid, C. L., Raehal, K. M., Selley, D. E., Bohn, L. M., & 
Sim- Selley, L. J. (2012). beta- arrestin2 regulates cannabinoid CB1 re-
ceptor signaling and adaptation in a central nervous system region- 
dependent manner. Biological Psychiatry, 71, 714– 724.

O'Banion, C. P., & Yasuda, R. (2020). Fluorescent sensors for neuronal 
signaling. Current Opinion in Neurobiology, 63, 31– 41. https://doi.
org/10.1016/j.conb.2020.02.007

Ong, W. Y., & Mackie, K. (1999). A light and electron microscopic study 
of the CB1 cannabinoid receptor in primate brain. Neuroscience, 92, 
1177– 1191. https://doi.org/10.1016/S0306 - 4522(99)00025 - 1

O'Shaughnessy, W. B. (1843). On the preparations of the Indian hemp, 
or Gunjah*-  cannabis indica their effects on the animal system in 
health, and their utility in the treatment of tetanus and other convul-
sive diseases. Provincial Medical Journal and Retrospect of the Medical 
Sciences, 5, 363– 369.

Oviedo, A., Glowa, J., & Herkenham, M. (1993). Chronic cannabinoid 
administration alters cannabinoid receptor binding in rat brain: A 

quantitative autoradiographic study. Brain Research, 616, 293– 302. 
https://doi.org/10.1016/0006- 8993(93)90220 - H

Pacheco, M., Childers, S. R., Arnold, R., Casiano, F., & Ward, S. J. (1991). 
Aminoalkylindoles: Actions on specific G- protein- linked receptors. 
The Journal of Pharmacology and Experimental Therapeutics, 257, 
170– 183.

Pan, B., Wang, W., Long, J. Z., Sun, D., Hillard, C. J., Cravatt, B. F., & Liu, 
Q. S. (2009). Blockade of 2- arachidonoylglycerol hydrolysis by selec-
tive monoacylglycerol lipase inhibitor 4- nitrophenyl 4- (dibenzo[d]
[1,3]dioxol- 5- yl(hydroxy)methyl)piperidine- 1- carboxylate (JZL184) 
Enhances retrograde endocannabinoid signaling. The Journal of 
Pharmacology and Experimental Therapeutics, 331, 591– 597.

Panigrahi, B., Martin, K. A., Li, Y., Graves, A. R., Vollmer, A., Olson, L., 
Mensh, B. D., Karpova, A. Y., & Dudman, J. T. (2015). Dopamine is re-
quired for the neural representation and control of movement vigor. 
Cell, 162, 1418– 1430. https://doi.org/10.1016/j.cell.2015.08.014

Panlilio, L. V., & Justinova, Z. (2018). Preclinical studies of cannabinoid 
reward, treatments for cannabis use disorder, and addiction- related 
effects of cannabinoid exposure. Neuropsychopharmacology, 43, 
116– 141. https://doi.org/10.1038/npp.2017.193

Parrish, J. C., & Nichols, D. E. (2006). Serotonin 5- HT(2A) receptor activa-
tion induces 2- arachidonoylglycerol release through a phospholipase 
c- dependent mechanism. Journal of Neurochemistry, 99, 1164– 1175.

Pava, M. J., Makriyannis, A., & Lovinger, D. M. (2016). Endocannabinoid 
signaling regulates sleep stability. PLoS One, 11, e0152473. https://
doi.org/10.1371/journ al.pone.0152473

Pehlivan, S., Aytac, H. M., Kurnaz, S., Pehlivan, M., & Cetinay Aydin, P. 
(2020). Evaluation of COMT (rs4680), CNR2 (rs2501432), CNR2 
(rs2229579), UCP2 (rs659366), and IL- 17 (rs763780) gene vari-
ants in synthetic cannabinoid use disorder patients. Journal of 
Addictive Diseases, 38, 495– 505. https://doi.org/10.1080/10550 
887.2020.1787770

Pontieri, F. E., Monnazzi, P., Scontrini, A., Buttarelli, F. R., & Patacchioli, 
F. R. (2001a). Behavioral sensitization to heroin by cannabinoid pre-
treatment in the rat. European Journal of Pharmacology, 421, R1– 3. 
https://doi.org/10.1016/S0014 - 2999(01)01056 - 1

Pontieri, F. E., Monnazzi, P., Scontrini, A., Buttarelli, F. R., & Patacchioli, 
F. R. (2001b). Behavioral sensitization to WIN55212.2 in rats pre-
treated with heroin. Brain Research, 898, 178– 180.

Prashad, S., Hammonds, R. P., Wiese, A. L., Milligan, A. L., & Filbey, F. 
M. (2020). Sex- related differences in subjective, but not neural, cue- 
elicited craving response in heavy cannabis users. Drug and Alcohol 
Dependence, 209, 107931.

Prescott, S. M., & Majerus, P. W. (1983). Characterization of 
1,2- diacylglycerol hydrolysis in human platelets. Demonstration of 
an arachidonoyl- monoacylglycerol intermediate. Journal of Biological 
Chemistry, 258, 764– 769.

Priestley, R., Glass, M., & Kendall, D. (2017). Functional selectivity at can-
nabinoid receptors. Advances in Pharmacology, 80, 207– 221.

Rhee, M. H., Bayewitch, M., Avidor- Reiss, T., Levy, R., & Vogel, Z. (1998). 
Cannabinoid receptor activation differentially regulates the various 
adenylyl cyclase isozymes. Journal of Neurochemistry, 71, 1525– 1534.

Richter, A., & Loscher, W. (1994). (+)- WIN 55,212– 2, a novel cannabinoid 
receptor agonist, exerts antidystonic effects in mutant dystonic 
hamsters. European Journal of Pharmacology, 264, 371– 377. https://
doi.org/10.1016/0014- 2999(94)00490 - 0

Rinaldi- Carmona, M., Le Duigou, A., Oustric, D., Barth, F., Bouaboula, 
M., Carayon, P., Casellas, P., & Le Fur, G. (1998). Modulation of CB1 
cannabinoid receptor functions after a long- term exposure to ago-
nist or inverse agonist in the Chinese hamster ovary cell expression 
system. The Journal of Pharmacology and Experimental Therapeutics, 
287, 1038– 1047.

Roberfroid, D., Lachat, C., & Lucet, C. (2010). Termination of the 
CRESCENDO trial. Lancet, 376, 1983– 1984.author reply 1984– 1985. 
https://doi.org/10.1016/S0140 - 6736(10)62254 - 4

https://doi.org/10.1891/0889-8391.25.1.31
https://doi.org/10.1891/0889-8391.25.1.31
https://doi.org/10.1146/annurev-neuro-080317-062155
https://doi.org/10.1097/00008877-200509000-00017
https://doi.org/10.1097/00008877-200509000-00017
https://doi.org/10.1523/jneurosci.3445-12.2014
https://doi.org/10.1523/jneurosci.3445-12.2014
https://doi.org/10.1038/nn.3022
https://doi.org/10.1016/j.pbb.2018.07.007
https://doi.org/10.1016/j.pbb.2018.07.007
https://doi.org/10.1016/j.conb.2020.02.007
https://doi.org/10.1016/j.conb.2020.02.007
https://doi.org/10.1016/S0306-4522(99)00025-1
https://doi.org/10.1016/0006-8993(93)90220-H
https://doi.org/10.1016/j.cell.2015.08.014
https://doi.org/10.1038/npp.2017.193
https://doi.org/10.1371/journal.pone.0152473
https://doi.org/10.1371/journal.pone.0152473
https://doi.org/10.1080/10550887.2020.1787770
https://doi.org/10.1080/10550887.2020.1787770
https://doi.org/10.1016/S0014-2999(01)01056-1
https://doi.org/10.1016/0014-2999(94)00490-0
https://doi.org/10.1016/0014-2999(94)00490-0
https://doi.org/10.1016/S0140-6736(10)62254-4


1694  |     KESNER aNd LOVINGER

Robledo, P., Berrendero, F., Ozaita, A., & Maldonado, R. (2008). Advances 
in the field of cannabinoid– opioid cross- talk. Addict Biol, 13, 213– 
224. https://doi.org/10.1111/j.1369- 1600.2008.00107.x

Rodriguez de Fonseca, F., Carrera, M. R., Navarro, M., Koob, G. F., & 
Weiss, F. (1997). Activation of corticotropin- releasing factor in the 
limbic system during cannabinoid withdrawal. Science, 276, 2050– 
2054. https://doi.org/10.1126/scien ce.276.5321.2050

Roehrs, T. A., & Roth, T. (2015). Sleep disturbance in substance use dis-
orders. Psychiatric Clinics of North America, 38, 793– 803. https://doi.
org/10.1016/j.psc.2015.07.008

Rohr, J. M., Skowlund, S. W., & Martin, T. E. (1989). Withdrawal sequelae 
to cannabis use. International Journal of the Addictions, 24, 627– 631. 
https://doi.org/10.3109/10826 08890 9047302

Romero, J., Berrendero, F., Garcia- Gil, L., de la Cruz, P., Ramos, J. A., & 
Fernandez- Ruiz, J. J. (1998). Loss of cannabinoid receptor binding 
and messenger RNA levels and cannabinoid agonist- stimulated [35s]
guanylyl- 5′- O- (thio)- triphosphate binding in the basal ganglia of aged 
rats. Neuroscience, 84, 1075– 1083. https://doi.org/10.1016/S0306 
- 4522(97)00552 - 6

Romero, J., Berrendero, F., Garcı ́a- Gil, L., Lin, S. Y., Makriyannis, A., 
Ramos, J. A., & Fernández- Ruiz, J. J. (1999). Cannabinoid receptor 
and WIN- 55,212- 2- stimulated [35S]GTPγS binding and cannabi-
noid receptor mRNA levels in several brain structures of adult male 
rats chronically exposed to R- methanandamide. Neurochemistry 
International, 34, 473– 482. https://doi.org/10.1016/S0197 
- 0186(99)00020 - 0

Romero, J., Garcia, L., Fernandezruiz, J. J., Cebeira, M., & Ramos, J. A. 
(1995). Changes in rat- brain cannabinoid binding- sites after acute 
or chronic exposure to their endogenous agonist, anandamide, or 
to Delta(9)- tetrahydrocannabinol. Pharmacology Biochemistry and 
Behavior, 51, 731– 737.

Romero, J., GarciaPalomero, E., Castro, J. G., GarciaGil, L., Ramos, J. A., & 
FernandezRuiz, J. J. (1997). Effects of chronic exposure to Delta(9)- 
tetrahydrocannabinol on cannabinoid receptor binding and mRNA 
levels in several rat brain regions. Molecular Brain Research, 46, 
100– 108.

Ronesi, J., Gerdeman, G. L., & Lovinger, D. M. (2004). Disruption of en-
docannabinoid release and striatal long- term depression by postsyn-
aptic blockade of endocannabinoid membrane transport. The Journal 
of Neuroscience: The Official Journal of the Society for Neuroscience, 
24, 1673– 1679.

Rubino, T., Patrini, G., Massi, P., Fuzio, D., Vigano, D., Giagnoni, G., & 
Parolaro, D. (1998). Cannabinoid- precipitated withdrawal: A time- 
course study of the behavioral aspect and its correlation with 
cannabinoid receptors and G protein expression. The Journal of 
Pharmacology and Experimental Therapeutics, 285, 813– 819.

Rubino, T., Vigano, D., Massi, P., & Parolaro, D. (2000). Changes in the 
cannabinoid receptor binding, G protein coupling, and cyclic AMP 
cascade in the CNS of rats tolerant to and dependent on the syn-
thetic cannabinoid compound CP55,940. Journal of Neurochemistry, 
75, 2080– 2086.

Rubino, T., Vigano, D., Massi, P., Spinello, M., Zagato, E., Giagnoni, G., 
& Parolaro, D. (2000). Chronic Delta- 9- tetrahydrocannabinol treat-
ment increases cAMP levels and cAMP- dependent protein kinase ac-
tivity in some rat brain regions. Neuropharmacology, 39, 1331– 1336.

Sami, M. B., Rabiner, E. A., & Bhattacharyya, S. (2015). Does cannabis 
affect dopaminergic signaling in the human brain? A systematic re-
view of evidence to date. European Neuropsychopharmacology, 25, 
1201– 1224.

Sampson, C. S., Bedy, S. M., & Carlisle, T. (2015). Withdrawal seizures 
seen in the setting of synthetic cannabinoid abuse. American Journal 
of Emergency Medicine, 33(1712), e1713.

Schlicker, E., Timm, J., Zentner, J., & Gothert, M. (1997). Cannabinoid CB1 
receptor- mediated inhibition of noradrenaline release in the human 

and guinea- pig hippocampus. Naunyn- Schmiedeberg's Archives of 
Pharmacology, 356, 583– 589.

Schlienz, N. J., Budney, A. J., Lee, D. C., & Vandrey, R. (2017). Cannabis 
withdrawal: A review of neurobiological mechanisms and sex differ-
ences. Current Addiction Reports, 4, 75– 81.

Schlosburg, J. E., Carlson, B. L., Ramesh, D., Abdullah, R. A., Long, J. Z., 
Cravatt, B. F., & Lichtman, A. H. (2009). Inhibitors of endocannabinoid- 
metabolizing enzymes reduce precipitated withdrawal responses 
in THC- dependent mice. American Association of Pharmaceutical 
Scientists Journal, 11, 342– 352.

Seif, T., Makriyannis, A., Kunos, G., Bonci, A., & Hopf, F. W. (2011). The 
endocannabinoid 2- arachidonoylglycerol mediates D1 and D2 recep-
tor cooperative enhancement of rat nucleus accumbens core neuron 
firing. Neuroscience, 193, 21– 33.

Sexton, M., Cuttler, C., & Mischley, L. K. (2019). A survey of cannabis 
acute effects and withdrawal symptoms: Differential responses 
across user types and age. Journal of Alternative and Complementary 
Medicine, 25, 326– 335.

Shao, Z., Yin, J., Chapman, K., Grzemska, M., Clark, L., Wang, J., & 
Rosenbaum, D. M. (2016). High- resolution crystal structure of the 
human CB1 cannabinoid receptor. Nature, 540, 602– 606.

Shen, M., Piser, T. M., Seybold, V. S., & Thayer, S. A. (1996). Cannabinoid 
receptor agonists inhibit glutamatergic synaptic transmission in 
rat hippocampal cultures. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience, 16, 4322– 4334.

Sherman, B. J., Caruso, M. A., & McRae- Clark, A. L. (2019). Exogenous 
progesterone for cannabis withdrawal in women: Feasibility trial of 
a novel multimodal methodology. Pharmacology, Biochemistry, and 
Behavior, 179, 22– 26.

Sherman, B. J., & McRae- Clark, A. L. (2016). Treatment of cannabis use 
disorder: Current science and future outlook. Pharmacotherapy, 36, 
511– 535.

Sherman, B. J., & McRae- Clark, A. L. (2019). Neurotransmitter and neu-
ropeptide targets for cannabis use disorder treatment. In I. Montoya 
& S. Weiss (Eds.), Cannabis use disorders (pp. 207– 211). Springer.

Sherman, B. J., McRae- Clark, A. L., Baker, N. L., Sonne, S. C., Killeen, T. K., 
Cloud, K., & Gray, K. M. (2017). Gender differences among treatment- 
seeking adults with cannabis use disorder: Clinical profiles of women 
and men enrolled in the achieving cannabis cessation- evaluating N- 
acetylcysteine treatment (ACCENT) study. The American Journal on 
Addictions, 26, 136– 144.

Sherva, R., Wang, Q., Kranzler, H., Zhao, H., Koesterer, R., Herman, A., 
Farrer, L. A., & Gelernter, J. (2016). Genome- wide association study 
of cannabis dependence severity, novel risk variants, and shared ge-
netic risks. JAMA Psychiatry, 73, 472– 480.

Shurtleff, D. (2019). Mindfulness- based practices for the treatment of 
cannabis use disorder. In I. Montoya & S. Weiss (Eds.), Cannabis use 
disorders (pp. 237– 243). Springer.

Sim- Selley, L. J. (2003). Regulation of cannabinoid CB1 receptors in the 
central nervous system by chronic cannabinoids. Critical Reviews in 
Neurobiology, 15, 91– 119.

Sim- Selley, L. J., & Martin, B. R. (2002). Effect of chronic adminis-
tration of R- (+)- [2,3- Dihydro- 5- methyl- 3- [(morpholinyl)methyl]
pyrrolo[1,2,3- de]- 1,4- benzoxaz inyl]- (1- naphthalenyl)methanone 
mesylate (WIN55,212– 2) or delta(9)- tetrahydrocannabinol on canna-
binoid receptor adaptation in mice. The Journal of Pharmacology and 
Experimental Therapeutics, 303, 36– 44.

Singh, M. E., McGregor, I. S., & Mallet, P. E. (2005). Repeated exposure 
to Delta(9)- tetrahydrocannabinol alters heroin- induced locomotor 
sensitisation and Fos- immunoreactivity. Neuropharmacology, 49, 
1189– 1200.

Sjostrom, P. J., Turrigiano, G. G., & Nelson, S. B. (2003). Neocortical LTD 
via coincident activation of presynaptic NMDA and cannabinoid re-
ceptors. Neuron, 39, 641– 654.

https://doi.org/10.1111/j.1369-1600.2008.00107.x
https://doi.org/10.1126/science.276.5321.2050
https://doi.org/10.1016/j.psc.2015.07.008
https://doi.org/10.1016/j.psc.2015.07.008
https://doi.org/10.3109/10826088909047302
https://doi.org/10.1016/S0306-4522(97)00552-6
https://doi.org/10.1016/S0306-4522(97)00552-6
https://doi.org/10.1016/S0197-0186(99)00020-0
https://doi.org/10.1016/S0197-0186(99)00020-0


     |  1695KESNER aNd LOVINGER

Smart, R., & Pacula, R. L. (2019). Early evidence of the impact of cannabis 
legalization on cannabis use, cannabis use disorder, and the use of 
other substances: Findings from state policy evaluations. American 
Journal of Drug and Alcohol Abuse, 45, 644– 663.

Smith, N. T. (2002). A review of the published literature into canna-
bis withdrawal symptoms in human users. Addiction, 97, 621– 632. 
https://doi.org/10.1046/j.1360- 0443.2002.00026.x

Smoker, M. P., Mackie, K., Lapish, C. C., & Boehm, S. L. 2nd (2019). Self- 
administration of edible Delta(9)- tetrahydrocannabinol and associ-
ated behavioral effects in mice. Drug and Alcohol Dependence, 199, 
106– 115.

Smrcka, A. V., Hepler, J. R., Brown, K. O., & Sternweis, P. C. (1991). 
Regulation of polyphosphoinositide- specific phospholipase C activ-
ity by purified Gq. Science, 251, 804– 807. https://doi.org/10.1126/
scien ce.1846707

Solinas, M., Zangen, A., Thiriet, N., & Goldberg, S. R. (2004). Beta- 
endorphin elevations in the ventral tegmental area regulate the 
discriminative effects of Delta- 9- tetrahydrocannabinol. European 
Journal of Neuroscience, 19, 3183– 3192.

Solowij, N., Broyd, S., Greenwood, L.- M, van Hell, H., Martelozzo, D., 
Rueb, K., Todd, J., Liu, Z., Galettis, P., Martin, J., Murray, R., Jones, 
A., Michie, P. T., & Croft, R. (2019). A randomised controlled trial 
of vaporised Δ9- tetrahydrocannabinol and cannabidiol alone and 
in combination in frequent and infrequent cannabis users: Acute 
intoxication effects. European Archives of Psychiatry and Clinical 
Neuroscience, 269(1), 17– 35. https://doi.org/10.1007/s0040 6- 
019- 00978 - 2

Spencer, S., Neuhofer, D., Chioma, V. C., Garcia- Keller, C., Schwartz, D. 
J., Allen, N., Scofield, M. D., Ortiz- Ithier, T., & Kalivas, P. W. (2018). 
A model of Delta(9)- tetrahydrocannabinol self- administration and 
reinstatement that alters synaptic plasticity in nucleus accumbens. 
Biological Psychiatry, 84, 601– 610.

Spindle, T. R., Cone, E. J., Schlienz, N. J., Mitchell, J. M., Bigelow, G. E., 
Flegel, R., Hayes, E., & Vandrey, R. (2018). Acute effects of smoked 
and vaporized cannabis in healthy adults who infrequently use can-
nabis: A crossover trial. JAMA Netw Open, 1, e184841.

Stark, P., & Dews, P. B. (1980). Cannabinoids. I. Behavioral effects. The 
Journal of Pharmacology and Experimental Therapeutics, 214, 124– 130.

Stokes, P. R., Egerton, A., Watson, B., Reid, A., Breen, G., Lingford- 
Hughes, A., Nutt, D. J., & Mehta, M. A. (2010). Significant decreases 
in frontal and temporal [11C]- raclopride binding after THC challenge. 
NeuroImage, 52, 1521– 1527.

Stringfield, S. J., & Torregrossa, M. M. (2021). Intravenous self- 
administration of delta- 9- THC in adolescent rats produces long- 
lasting alterations in behavior and receptor protein expression. 
Psychopharmacology (Berl), 238, 305– 319.

Struik, D., Sanna, F., & Fattore, L. (2018). The modulating role of sex and 
anabolic- androgenic steroid hormones in cannabinoid sensitivity. 
Frontiers in Behavioural Neurosciences, 12, 249.

Sugiura, T., Kishimoto, S., Oka, S., & Gokoh, M. (2006). Biochemistry, 
pharmacology and physiology of 2- arachidonoylglycerol, an endog-
enous cannabinoid receptor ligand. Progress in Lipid Research, 45, 
405– 446.

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K., 
Yamashita, A., & Waku, K. (1995). 2- Arachidonoylglycerol: A possible 
endogenous cannabinoid receptor ligand in brain. Biochemical and 
Biophysical Research Communications, 215, 89– 97.

Szutorisz, H., & Hurd, Y. L. (2016). Epigenetic effects of cannabis expo-
sure. Biological Psychiatry, 79, 586– 594.

Tai, S., & Fantegrossi, W. E. (2014). Synthetic cannabinoids: Pharmacology, 
behavioral effects, and abuse potential. Current Addiction Reports, 1, 
129– 136.

Takahashi, R. N., & Singer, G. (1979). Self- administration of delta 
9- tetrahydrocannabinol by rats. Pharmacology, Biochemistry, and 
Behavior, 11, 737– 740.

Tanda, G., Loddo, P., & Di Chiara, G. (1999). Dependence of mesolim-
bic dopamine transmission on Δ9- tetrahydrocannabinol. European 
Journal of Pharmacology, 376, 23– 26. https://doi.org/10.1016/S0014 
- 2999(99)00384 - 2

Tanda, G., Munzar, P., & Goldberg, S. R. (2000). Self- administration be-
havior is maintained by the psychoactive ingredient of marijuana in 
squirrel monkeys. Nature Neuroscience, 3, 1073– 1074. https://doi.
org/10.1038/80577

Tanda, G., Pontieri, F. E., & Di Chiara, G. (1997). Cannabinoid and heroin 
activation of mesolimbic dopamine transmission by a common mu1 
opioid receptor mechanism. Science, 276, 2048– 2050.

Tappe- Theodor, A., Agarwal, N., Katona, I., Rubino, T., Martini, L., 
Swiercz, J., Mackie, K., Monyer, H., Parolaro, D., Whistler, J., Kuner, 
T., & Kuner, R. (2007). A molecular basis of analgesic tolerance to 
cannabinoids. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 27, 4165– 4177. https://doi.org/10.1523/
JNEUR OSCI.5648- 06.2007

Taylor, S. J., Chae, H. Z., Rhee, S. G., & Exton, J. H. (1991). Activation of 
the beta 1 isozyme of phospholipase C by alpha subunits of the Gq 
class of G proteins. Nature, 350, 516– 518.

Thorat, S. N., & Bhargava, H. N. (1994). Evidence for a bidirectional 
cross- tolerance between morphine and Δ9- tetrahydrocannabinol 
in mice. European Journal of Pharmacology, 260, 5– 13. https://doi.
org/10.1016/0014- 2999(94)90003 - 5

Thorpe, H. H. A., Talhat, M. A., & Khokhar, J. Y. (2021). High genes: 
Genetic underpinnings of cannabis use phenotypes. Progress in 
Neuro- Psychopharmacology and Biological Psychiatry, 106, 110164. 
https://doi.org/10.1016/j.pnpbp.2020.110164

Tonini, R., Ciardo, S., Cerovic, M., Rubino, T., Parolaro, D., Mazzanti, M., 
& Zippel, R. (2006). ERK- dependent modulation of cerebellar syn-
aptic plasticity after chronic Delta9- tetrahydrocannabinol exposure. 
The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 26, 5810– 5818.

Topol, E. J., Bousser, M.- G., Fox, K. A. A., & Montelescot, G. (2010). 
Termination of the CRESCENDO trial –  Authors' reply. The Lancet, 
376, 1984– 1985. https://doi.org/10.1016/S0140 - 6736(10)62256 - 8

Tournier, B. B., Tsartsalis, S., Dimiziani, A., Millet, P., & Ginovart, N. 
(2016). Time- dependent effects of repeated THC treatment on do-
pamine D2/3 receptor- mediated signalling in midbrain and striatum. 
Behavioral Brain Research, 311, 322– 329. https://doi.org/10.1016/j.
bbr.2016.05.045

Trexler, K. R., Nass, S. R., Crowe, M. S., Gross, J. D., Jones, M. S., McKitrick, 
A. W., Siderovski, D. P., & Kinsey, S. G. (2018). Novel behavioral as-
says of spontaneous and precipitated THC withdrawal in mice. Drug 
and Alcohol Dependence, 191, 14– 24. https://doi.org/10.1016/j.druga 
lcdep.2018.05.029

Tulunay, F. C., Ayhan, I. H., & Sparber, S. B. (1982). The effects of mor-
phine and delta- 9- tetrahydrocannabinol on motor activity in rats. 
Psychopharmacology (Berl), 78, 358– 360.

Turner, C. E. (1983). Cannabis -  the plant, its drugs, and their effects. 
Aviation Space and Environmental Medicine, 54, 363– 368.

Tzavara, E. T., Valjent, E., Firmo, C., Mas, M., Beslot, F., Defer, N., 
Roques, B. P., Hanoune, J., & Maldonado, R. (2000). Cannabinoid 
withdrawal is dependent upon PKA activation in the cerebel-
lum. European Journal of Neuroscience, 12, 1038– 1046. https://doi.
org/10.1046/j.1460- 9568.2000.00971.x

United Nations Office on Drugs and Crime. (2019). World Drug Report 
2019. (U. N. N. York ed.). United Nations New York.

Valjent, E., & Maldonado, R. (2000). A behavioural model to re-
veal place preference to delta 9- tetrahydrocannabinol in mice. 
Psychopharmacology (Berl), 147, 436– 438.

Valverde, O., Maldonado, R., Valjent, E., Zimmer, A. M., & Zimmer, 
A. (2000). Cannabinoid withdrawal syndrome is reduced in 
pre- proenkephalin knock- out mice. Journal of Neuroscience, 20, 
9284– 9289.

https://doi.org/10.1046/j.1360-0443.2002.00026.x
https://doi.org/10.1126/science.1846707
https://doi.org/10.1126/science.1846707
https://doi.org/10.1007/s00406-019-00978-2
https://doi.org/10.1007/s00406-019-00978-2
https://doi.org/10.1016/S0014-2999(99)00384-2
https://doi.org/10.1016/S0014-2999(99)00384-2
https://doi.org/10.1038/80577
https://doi.org/10.1038/80577
https://doi.org/10.1523/JNEUROSCI.5648-06.2007
https://doi.org/10.1523/JNEUROSCI.5648-06.2007
https://doi.org/10.1016/0014-2999(94)90003-5
https://doi.org/10.1016/0014-2999(94)90003-5
https://doi.org/10.1016/j.pnpbp.2020.110164
https://doi.org/10.1016/S0140-6736(10)62256-8
https://doi.org/10.1016/j.bbr.2016.05.045
https://doi.org/10.1016/j.bbr.2016.05.045
https://doi.org/10.1016/j.drugalcdep.2018.05.029
https://doi.org/10.1016/j.drugalcdep.2018.05.029
https://doi.org/10.1046/j.1460-9568.2000.00971.x
https://doi.org/10.1046/j.1460-9568.2000.00971.x


1696  |     KESNER aNd LOVINGER

van Amsterdam, J., Brunt, T., & van den Brink, W. (2015). The adverse 
health effects of synthetic cannabinoids with emphasis on psychosis- 
like effects. Journal of Psychopharmacology, 29, 254– 263.

Vandrey, R. G., Budney, A. J., Hughes, J. R., & Liguori, A. (2008). A within- 
subject comparison of withdrawal symptoms during abstinence 
from cannabis, tobacco, and both substances. Drug and Alcohol 
Dependence, 92, 48– 54.

Vandrey, R., Budney, A. J., Kamon, J. L., & Stanger, C. (2005). Cannabis 
withdrawal in adolescent treatment seekers. Drug and Alcohol 
Dependence, 78, 205– 210.

Vandrey, R. G., Budney, A. J., Moore, B. A., & Hughes, J. R. (2005). A 
cross- study comparison of cannabis and tobacco withdrawal. The 
American Journal on Addictions, 14, 54– 63.

Vandrey, R., & Haney, M. (2009). Pharmacotherapy for cannabis depen-
dence: How close are we? CNS Drugs, 23, 543– 553.

Vandrey, R., Smith, M. T., McCann, U. D., Budney, A. J., & Curran, E. M. 
(2011). Sleep disturbance and the effects of extended- release zolp-
idem during cannabis withdrawal. Drug and Alcohol Dependence, 117, 
38– 44.

Vandrey, R., Stitzer, M. L., Mintzer, M. Z., Huestis, M. A., Murray, J. A., & 
Lee, D. (2013). The dose effects of short- term dronabinol (oral THC) 
maintenance in daily cannabis users. Drug and Alcohol Dependence, 
128, 64– 70.

Vigano, D., Rubino, T., & Parolaro, D. (2005). Molecular and cellular basis 
of cannabinoid and opioid interactions. Pharmacology, Biochemistry, 
and Behavior, 81, 360– 368.

Vink, J. M., Wolters, L. M., Neale, M. C., & Boomsma, D. I. (2010). Heritability 
of cannabis initiation in Dutch adult twins. Addictive Behaviors, 35, 
172– 174. https://doi.org/10.1016/j.addbeh.2009.09.015

Volkow, N. D., & Morales, M. (2015). The brain on drugs: From reward to 
addiction. Cell, 162, 712– 725.

Volkow, N. D., Wang, G. J., Telang, F., Fowler, J. S., Alexoff, D., Logan, J., 
Jayne, M., Wong, C., & Tomasi, D. (2014). Decreased dopamine brain 
reactivity in marijuana abusers is associated with negative emotion-
ality and addiction severity. Proceedings of the National Academy of 
Sciences, 111, E3149– 3156. https://doi.org/10.1073/pnas.14112 
28111

Vorspan, F., Guillem, E., Bloch, V., Bellais, L., Sicot, R., Noble, F., Lepine, J. 
P., & Gorelick, D. A. (2010). Self- reported sleep disturbances during 
cannabis withdrawal in cannabis- dependent outpatients with and 
without opioid dependence. Sleep Medicine, 11, 499– 500.

Wakeford, A. G. P., Wetzell, B. B., Pomfrey, R. L., Clasen, M. M., Taylor, 
W. W., Hempel, B. J., & Riley, A. L. (2017). The effects of cannabidiol 
(CBD) on Delta(9)- tetrahydrocannabinol (THC) self- administration 
in male and female Long- Evans rats. Experimental and Clinical 
Psychopharmacology, 25, 242– 248.

Whitlow, C. (2003). Functional consequences of the repeated ad-
ministration of Δ9- tetrahydrocannabinol in the rat. Drug and 
Alcohol Dependence, 71, 169– 177. https://doi.org/10.1016/S0376 
- 8716(03)00135 - 2

Whitlow, C. T., Freedland, C. S., & Porrino, L. J. (2002). Metabolic map-
ping of the time- dependent effects of delta 9- tetrahydrocannabinol 
administration in the rat. Psychopharmacology (Berl), 161, 129– 136.

Wiers, C. E., Shokri- Kojori, E., Wong, C. T., Abi- Dargham, A., Demiral, S. 
B., Tomasi, D., Wang, G. J., & Volkow, N. D. (2016). Cannabis abus-
ers show hypofrontality and blunted brain responses to a stimulant 
challenge in females but not in males. Neuropsychopharmacology, 41, 
2596– 2605. https://doi.org/10.1038/npp.2016.67

Williams, E. G., Himmelsbach, C. K., Wikler, A., Ruble, D. C., & Lloyd,, B. J. 
(1946). Studies on marihuana and pyrahexyl compound. Public Health 
Reports, 61, 1059– 1083. https://doi.org/10.2307/4585762

Wilson, D. M., Varvel, S. A., Harloe, J. P., Martin, B. R., & Lichtman, A. 
H. (2006). SR 141716 (Rimonabant) precipitates withdrawal in 
marijuana- dependent mice. Pharmacology, Biochemistry, and Behavior, 
85, 105– 113. https://doi.org/10.1016/j.pbb.2006.07.018

Winsauer, P. J., Filipeanu, C. M., Bailey, E. M., Hulst, J. L., & Sutton, J. 
L. (2012). Ovarian hormones and chronic administration during 
adolescence modify the discriminative stimulus effects of delta- 
9- tetrahydrocannabinol (Delta(9)- THC) in adult female rats. 
Pharmacology, Biochemistry, and Behavior, 102, 442– 449.

Wise, R. A. (2004). Dopamine, learning and motivation. Nature Reviews 
Neuroscience, 5, 483– 494.

Yang, H., & Chen, C. (2008). Cyclooxygenase- 2 in synaptic signaling. 
Current Pharmaceutical Design, 14, 1443– 1451.

Yip, S. W., DeVito, E. E., Kober, H., Worhunsky, P. D., Carroll, K. M., & 
Potenza, M. N. (2014). Pretreatment measures of brain structure 
and reward- processing brain function in cannabis dependence: An 
exploratory study of relationships with abstinence during behavioral 
treatment. Drug and Alcohol Dependence, 140, 33– 41.

Yuan, S., & Burrell, B. D. (2012). Long- term depression of nociceptive 
synapses by non- nociceptive afferent activity: Role of endocannabi-
noids, Ca(2)+, and calcineurin. Brain Research, 1460, 1– 11.

Zhuang, S.- Y., Kittler, J., Grigorenko, E. V., Kirby, M. T., Sim, L. J., Hampson, 
R. E., Childers, S. R., & Deadwyler, S. A. (1998). Effects of long- term 
exposure to Δ9- THC on expression of cannabinoid receptor (CB1) 
mRNA in different rat brain regions. Molecular Brain Research, 62, 
141– 149. https://doi.org/10.1016/S0169 - 328X(98)00232 - 0

Zimmer, A., Valjent, E., Konig, M., Zimmer, A. M., Robledo, P., Hahn, 
H., Valverde, O., & Maldonado, R. (2001). Absence of delta 
- 9- tetrahydrocannabinol dysphoric effects in dynorphin- deficient 
mice. The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 21, 9499– 9505.

Zimmermann, U. S., Winkelmann, P. R., Pilhatsch, M., Nees, J. A., 
Spanagel, R., & Schulz, K. (2009). Withdrawal phenomena and de-
pendence syndrome after the consumption of "spice gold". Deutsches 
Aerzteblatt Online, 106, 464– 467. https://doi.org/10.3238/arzte 
bl.2009.0464

How to cite this article: Kesner AJ, Lovinger DM. Cannabis 
use, abuse, and withdrawal: Cannabinergic mechanisms, 
clinical, and preclinical findings. J Neurochem. 
2021;157:1674– 1696. https://doi.org/10.1111/jnc.15369

https://doi.org/10.1016/j.addbeh.2009.09.015
https://doi.org/10.1073/pnas.1411228111
https://doi.org/10.1073/pnas.1411228111
https://doi.org/10.1016/S0376-8716(03)00135-2
https://doi.org/10.1016/S0376-8716(03)00135-2
https://doi.org/10.1038/npp.2016.67
https://doi.org/10.2307/4585762
https://doi.org/10.1016/j.pbb.2006.07.018
https://doi.org/10.1016/S0169-328X(98)00232-0
https://doi.org/10.3238/arztebl.2009.0464
https://doi.org/10.3238/arztebl.2009.0464
https://doi.org/10.1111/jnc.15369

