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Abstract

Cannabis use has been increasingly accepted legally and in public opinion. However, cannabis has 

the potential to produce adverse physical and mental health effects and can result in cannabis use 

disorder (CUD) in a substantial percentage of both occasional and daily cannabis users. Many 

people have difficulty discontinuing use. Therefore, it would be beneficial to develop safe and 

effective medications for treating CUD. To achieve this, methods have been developed for 

screening and evaluating potential medications using animal models and controlled experimental 

protocols in human volunteers. In this chapter we describe: 1) animal models available for 

assessing the effect of potential medications on specific aspects of CUD; 2) the main findings 

obtained so far with these animal models; 3) the approaches used to assess potential medications 

in humans in laboratory experiments and clinical trials; and 4) the effectiveness of several potential 

pharmacotherapies on the particular aspects of CUD modeled in these human studies.
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1. Introduction

Cannabis has long been used for medicinal and recreational purposes, and both of these uses 

are becoming increasingly accepted legally and in public opinion. However, these societal 

trends should not obscure the fact that —like other medicinal/recreational drugs— cannabis 

has the potential to produce adverse effects on physical and mental health. It should also be 

recognized that currently-available strains of high-potency cannabis and synthetic 

cannabinoid “spice” drugs can have adverse effects that are substantially worse than those 

associated with traditional strains of marijuana.

Cannabis-derived materials such as marijuana and hashish contain a large number of 

chemical constituents, but the abuse-related euphorigenic effects result from the actions of 

THC on CB1 receptors in the brain (Le Foll & Goldberg, 2005; Williams and Kirkham, 

2002). Like other drugs of abuse including opioids and psychostimulants, THC and synthetic 

cannabinoids increase dopamine signaling in neurons projecting from the ventral tegmental 

area to the nucleus accumbens and prefrontal cortex (Oleson & Cheer, 2012). These effects 

on dopamine are believed to underlie the rewarding/reinforcing effects that induce users to 

repeatedly seek out and take the drug.

Cannabis, THC and synthetic cannabinoids can also produce adverse emotional effects 

(anxiety, panic), cognitive impairment (amnesia, difficulty concentrating), schizophrenia-like 

effects (paranoia, delusions) and cardiovascular effects (hypertension, tachycardia) (Hall, 

2015; Karila et al., 2014; Panlilio, Goldberg, & Justinova, 2015). Cannabis smoking also has 

adverse effects on the respiratory system (Gates, Jaffe, & Copeland, 2014). Synthetic 

cannabinoids are typically more potent than THC (Gates et al., 2014) and have stronger 

effects at the CB1 receptor because they are full agonists, unlike THC, which is only a 

partial agonist (Fantegrossi, Moran, Radominska-Pandya, & Prather, 2014). Furthermore, 

the ingredients and doses in spice drug preparations are highly variable, and these 

preparations have been associated with large numbers of emergency room visits.

In addition to these direct adverse effects, cannabis can have indirect adverse effects 

associated with its illegality and the fact that many employers do not tolerate its use. These 

many direct and indirect adverse effects exert a limiting effect on cannabis use, and in many 

cases may be sufficient to lead to abstinence. As with other drugs of abuse (Heyman, 2009), 

it is likely that most users either control or discontinue their cannabis use without the aid of 

psychosocial or pharmacologic intervention. However, many individuals have difficulty 

controlling their use. Cannabis use disorder (CUD) is recognized in DSM-5 (American 

Psychiatric Association, 2013) and diagnosed in terms that mirror those of other substance 

use disorders, including inability to curtail use despite a desire to do so, continued use 

despite the consequent loss of important social, occupational and recreational activities, and 

showing symptoms of drug craving, tolerance and withdrawal. As of 2010, over 760,000 

people per year were being treated specifically for cannabis use in the United States (Batts et 

al., 2014). On average, individuals seek treatment after more than 10 years of daily use and 

more than 6 serious attempts to quit (Budney, Roffman, Stephens, & Walker, 2007).
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There are currently no medications approved specifically for treating CUD. The purpose of 

this chapter is to review basic methods that are used to evaluate compounds that might be 

developed into such medications. Animal models are useful for understanding the basic 

neurobiology that underlies the effect of cannabinoid, and for screening novel drugs for 

potentially therapeutic effects. Controlled studies in human volunteers are critical for 

determining whether a medication can be effective. So far, most of this research in humans 

has involved testing medications that are already approved for other purposes, including 

pharmaceutical formulations of THC, which might function as a replacement therapy 

analogous to methadone as a treatment for heroin addiction. The goals of this human and 

animal research are to provide treatments that can help decrease or stop cannabis use, reduce 

withdrawal symptoms, and prevent craving and relapse.

2. Animal models

Most animal research relevant to medications development for the treatment of CUD has 

been conducted in rats, mice and squirrel monkeys. In general, the basic mechanisms and 

functions of the central nervous system in rodents and nonhuman primates are similar 

enough to humans to provide useful information concerning the effects of drugs on human 

behavior. Consequently, animal models have been indispensable to the fields of 

psychopharmacology and behavioral neuroscience. However, there are obviously differences 

in behavior across species, and the differences between rodents and primates happen to be 

more striking with respect to the rewarding effects of cannabinoids that they are with other 

drugs of abuse. That is, rats will self-administer most of the drugs that are abused by 

humans, but they do not show robust self-administration of THC. The reasons for this 

difference are not clear, but rodents still play an important role in cannabinoid research 

because they do self-administer the synthetic cannabinoid WIN 55,212-2 (Fattore, Cossu, 

Martellotta, & Fratta, 2001; Lefever, Marusich, Antonazzo, & Wiley, 2014; Mendizabal, 

Zimmer, & Maldonado, 2006), and they also display other abuse-relevant effects of THC. In 

contrast with rats, squirrel monkeys readily self-administer THC and other cannabinoids 

(Justinova, Solinas, Tanda, Redhi, & Goldberg, 2005; Justinova, Tanda, Redhi, & Goldberg, 

2003; Justinova, Yasar, Redhi, & Goldberg, 2011; Tanda, Munzar, & Goldberg, 2000), and 

we believe this behavior represents the best available model of human cannabis use for 

testing potential medications (Panlilio, Justinova, & Goldberg, 2010).

Drug discrimination procedures are used to model the subjective, perceived effects of 

drugs (Solinas, Panlilio, Justinova, Yasar, & Goldberg, 2006). In a typical procedure, 

animals (usually rats) are trained to detect the effects of a drug. They are given an injection 

before each daily training session, during which they can obtain food pellets by pressing one 

of two levers. Some days the injection contains THC, and some days it contains only vehicle 

(placebo), and the type of injection signals which of the two levers produces food on that 

day. For example, a rat might always receive food for pressing the left lever on THC days 

and the right lever on vehicle days. Once this discrimination has been established, tests can 

be performed with novel compounds to determine whether they block, enhance, or mimic 

the effects of THC. Although it cannot be determined exactly what aspects of the drug effect 

the rat is responsive to, this type of procedure can provide reliable information about the 

pharmacological specificity of a drug for receptor classes and subtypes, and whether a test 
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compound can block or mimic the effects of THC. Training for this procedure can take 

weeks or months, but well-trained rats can be tested repeatedly, which is ideal for screening 

novel compounds.

Place-conditioning procedures are typically used as a relatively simple means of studying 

the rewarding effects of drugs in rodents. Training takes place in an apparatus with two 

distinctive compartments. During training, one of the compartments is paired with the 

effects of THC or another cannabinoid agonist by injecting the rat before confining it to the 

compartment. The other compartment is paired with vehicle in a similar manner. During a 

test, the rat is given access to both compartments, and the relative amount of time spent in 

each compartment is measured. If the drug has a rewarding effect, this typically imparts a 

conditioned rewarding effect to the drug-paired compartment through Pavlovian 

conditioning, and the rat spends more time there (i.e., exhibits a conditioned place 

preference). In contrast, if the drug has aversive effects, the rat avoids the drug-paired 

compartment and spends more time in the vehicle-paired compartment. In most studies with 

cannabinoid agonists, rats have shown either conditioned place avoidance or no clear 

preference for either compartment (Cheer, Kendall, & Marsden, 2000; Klein et al., 2011; 

Polissidis et al., 2009; Robinson, Hinder, Pertwee, & Riedel, 2003; Vlachou, Nomikos, 

Stephens, & Panagis, 2007). This suggests that cannabinoid reward is weak in rats, or that it 

is masked by aversive effects of THC (e.g., anxiety).

Drug self-administration procedures provide the most direct evidence of rewarding effects 

of a drug (Panlilio & Goldberg, 2007). Typically, a rat or monkey is given an intravenous 

catheter and allowed to press a lever that activates a syringe pump that delivers a drug 

through the catheter. Squirrel monkeys self-administer THC at rates similar to the rates at 

which they self-administer cocaine, methamphetamine and nicotine (Justinova, Ferre, et al., 

2011; Justinova et al., 2015; Panlilio et al., 2015; Schindler et al., 2010). In many ways, the 

basic drug self-administration procedure is a close analog of human drug use, modeling the 

contingencies that critically influence drug-seeking behavior. For example, in both the drug 

abuse environment and the animal model, drug-seeking can be induced by environmental 

cues that signal the availability of a drug, and it can be maintained over time by presenting 

cues that have been associated with the effects of the drug. Thus, the basic drug self-

administration procedure can be modified to study treatments that might have therapeutic 

treatment on specific phases of addiction. In the study of potential treatments for CUD, four 

such procedures have been used with THC self-administration in squirrel monkeys: 

maintenance tests, drug-induced reinstatement, cue-induced reinstatement and second-order 

schedules.

Maintenance tests involve establishing a stable baseline level of THC self-administration, 

then testing the effects of a treatment drug on this baseline. Except for the treatment, all 

other aspects of the baseline and test sessions are held constant, including response 

requirements, drug delivery and cue presentations. Typically, baseline behavior is recorded 

for at least a week, then the treatment is given for five consecutive sessions, followed by a 

return to baseline. This procedure is designed to assess the potential of a treatment for 

decreasing ongoing cannabis use, and to determine whether the effects are consistent over 
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time (i.e., whether an effect is immediately apparent or builds over time, and whether it is 

continues to occur with extended treatment).

Drug-induced reinstatement and cue-induced reinstatement procedures are used to 

model the effects of a treatment on relapse to drug use after a period of abstinence (Bossert, 

Marchant, Calu, & Shaham, 2013). In humans, relapse can be triggered by re-exposure to 

the drug, to cues that signal the availability of the drug, or to cues that have been paired with 

effects of the drug. In both the drug-induced and cue-induced and reinstatement procedures 

used with squirrel monkeys, extinction is used to impose abstinence; that is, drug delivery is 

discontinued. However, the two procedures differ with respect to the effect of lever 

responding during the extinction phase. When imposing abstinence prior to a drug-induced 

reinstatement test, vehicle is simply substituted for THC (i.e., the usual cue signals the 

availability of an injection, and responding produces the usual visual cues as well as any 

interoceptive cues from intravenous injection). In contrast, when imposing abstinence prior 

to a cue-induced reinstatement test, the visual cue previously associated with drug 

availability is not presented, and responding has no programmed effect (i.e., it does not 

produce cues or injections). Under both of these extinction procedures, responding decreases 

to a very low level after a few sessions, at which point a reinstatement test can conducted. 

For drug-induced reinstatement, the only procedural difference between the extinction phase 

and the test session is that the monkey is given an automatic intravenous injection of THC 

just before the test session. This re-exposure to THC typically has a priming effect, causing 

lever responding to increase substantially. For cue-induced reinstatement, no THC injection 

is given before the test, but the normal cues are presented and responding produces vehicle 

injections during the session. Like drug priming, re-exposure to the cues that were 

previously associated with THC typically causes a relapse-like increase in the drug-seeking 

response. To screen potential medications for CUD, the test drug is given before the drug-

induced or cue-induced reinstatement session to see if it will prevent the effects of drug or 

cue re-exposure. Potential medications are also tested alone to determine whether they might 

have effects of their own that are liable to induce relapse.

Second-order schedules of drug self-administration are used to model the long sequences 

of behavior that are involved in obtaining, preparing and ingesting drugs (Schindler, Katz, & 

Goldberg, 1988). In the second-order schedule that has been used with THC self-

administration (Justinova et al., 2008), squirrel monkeys press a lever that produces brief (2 

second) presentations of a cue light for every tenth response. After 30 minutes has elapsed 

since the beginning of the session, the next cue light that is presented is extended to 90 

seconds, during which 10 injections of THC are delivered intravenously. Thus, all THC is 

delivered at the end of the session, and responding during the session is not directly 

influenced by the pharmacological effects of THC, and responding during the session can be 

described specifically as THC seeking. This drug seeking is maintained at high rates because 

it produces the brief stimulus, and the stimulus has this effect because it is associated with 

the drug. The effects of this end-of-session THC delivery are clear because: 1) when the 

drug is not delivered, responding decreases substantially in the next session; and 2) when 

THC delivery is resumed, responding resumes in the next session (see Figure 1A). The 

powerful effects of the brief stimulus are clear from the fact that response rates are about six 
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times higher under baseline conditions compared to when the brief stimulus is not presented 

(see Figure 1B). Thus, with the monkey receiving no THC until to the end of the session, it 

can be determined whether a pretreatment drug specifically affects drug seeking (i.e., the 

motivation to receive the drug), as opposed to altering the effects of THC after it is received, 

such as in a maintenance test.

Withdrawal symptoms can occur when heavy, prolonged cannabis use is discontinued (Lee 

et al., 2014). DSM-5 diagnostic criteria for cannabis withdrawal include symptoms such as 

irritability, anxiety, insomnia, decreased appetite and depressed mood. Avoidance of such 

symptoms might be one factor that contributes to the persistence of chronic cannabis use, 

and medications that relieve such symptoms might be helpful for people attempting to quit 

cannabis smoking. In animals, cannabis withdrawal is usually studied in rodents. However, 

simply discontinuing regular THC administration in animals does not produce prominent, 

easily observable symptoms. Therefore, withdrawal is usually precipitated by administering 

a cannabinoid antagonist, which rapidly blocks CB1 receptors even if there is still THC in 

the system (Lichtman, Fisher, & Martin, 2001; Tai et al., 2015). Precipitated withdrawal in 

rodents produces symptoms such as scratching, face rubbing, licking and wet-dog shakes.

3. Findings from research with animal models

The fact that there are large numbers of cannabis users who have difficulty controlling their 

use and who seek treatment is not well-recognized by the public. Even among researchers, 

the possibility of developing medications to treat CUD has received little attention compared 

to medications for psychostimulant, opioid, nicotine or alcohol use disorders. This lack of 

attention stems at least in part from the fact that the adverse effects of these other drugs tend 

to be more devastating than those of cannabis, to both the user and to society. But, it also 

stems from the fact that cannabinoid self-administration procedures are relatively difficult to 

implement and have only been established in a few laboratories. Nonetheless, the studies 

conducted so far have identified some pharmacologic strategies that might eventually lead to 

approved medications.

The most straightforward approach to preventing the rewarding effects of cannabis would be 

to administer a CB1 receptor antagonist. This would be analogous to opioid antagonist 

therapy as a treatment for heroin addiction. The CB1 antagonist rimonabant blocks THC 

self-administration in squirrel monkeys in maintenance tests and second-order schedules 

(see Figure 1C) (Justinova et al., 2008; Tanda et al., 2000), and it also blocks the rewarding 

effects of WIN 55,212-2 in rodents (Fattore et al., 2001; Lefever et al., 2014; Martellotta, 

Cossu, Fattore, Gessa, & Fratta, 1998). CB1 antagonist treatment also blocks the effects of 

THC in drug discrimination procedures with rats and monkeys (Wiley, Lowe, Balster, & 

Martin, 1995). Another potentially advantage of CB1 antagonists is that they decrease both 

drug-induced and cue-induced reinstatement in squirrel monkeys (Justinova et al., 2008), 

which could be a highly valuable property given that relapse to drug use is a substantial 

impediment to most therapeutic interventions. Cannabinoid antagonists also decrease self-

administration and cue-induced reinstatement of drug seeking for some non-cannabinoid 

drugs (De Vries & Schoffelmeer, 2005; Maccioni, Colombo, & Carai, 2010; Schindler et al., 

2010) and might therefore be beneficial for the treatment of polydrug abuse. One drawback 
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to this treatment strategy is that CB1 antagonists could precipitate withdrawal if taken while 

a person is cannabinoid dependent. It should be noted that rimonabant has not only 

antagonist effects (blocking the effects of THC at the CB1 receptor), but also inverse agonist 

effects (producing effects opposite to those of THC). These inverse agonist properties might 

be responsible for the depression-like side effects that have been associated with rimonabant 

(Le Foll, Gorelick, & Goldberg, 2009). Neutral antagonists of CB1 can presumably block the 

effects of THC effectively and precipitate withdrawal (Tai et al., 2015), but might not 

produce depression-like effects in humans (Bergman et al., 2008).

Another general approach to treating CUD involves manipulating non-cannabinoid 

transmitter systems that interact with the endocannabinoid system. This strategy has been 

applied with squirrel monkey THC self-administration procedures to investigate drugs that 

affect opioid, adenosine, and acetylcholine receptors. It is well established that the 

cannabinoid and opioid systems of the brain interact, and there is evidence from animal 

models suggesting that mu-opioid receptor antagonists might decrease the rewarding effects 

of cannabis. In squirrel monkeys, the opioid antagonist naltrexone decreased THC self-

administration in maintenance tests with a simple fixed-ratio schedule, in which THC was 

delivered for every 30th response (Justinova, Tanda, Munzar, & Goldberg, 2004), and under 

the second-order schedule described in the section above (Justinova et al., 2008). However, 

even though this effect of naltrexone was consistent when tested for five full days of testing 

under the simple fixed-ratio schedule, the effect only lasted for about two days under the 

second-order schedule, in which high rates of drug seeking are maintained by the 

presentation of environmental cues (see Figure 1D),. These findings suggest that an opioid 

antagonist would probably not be as effective as a cannabinoid antagonist at decreasing 

cannabinoid use, perhaps because they decrease the rewarding effects of THC but do not 

alter the effects of THC-associated cues.

The endogenous cannabinoid system is also influenced by adenosine A2A receptors, which 

are known to form heteromeric complexes with CB1 receptors. Two studies were conducted 

looking at the effects of A2A antagonists on THC self-administration in squirrel monkeys 

((Justinova, Ferre, et al., 2011) (Justinova, Redhi, Goldberg, & Ferre, 2014). These studies 

showed that selective antagonism of presynaptic A2A receptors can block the rewarding 

effects of THC, while selective antagonism of postsynaptic receptors (or nonselective 

antagonism) has the opposite effect, increasing the rewarding effects of THC. These findings 

suggest that selectively presynaptic A2A receptors should be further developed as candidate 

medications for CUD.

Like A2A antagonists, α7 nicotinic acetylcholine receptor antagonists such as 

methyllycaconitine can decrease corticostriatal glutamate signaling, which might be an 

important component of cannabinoid reward circuitry (Solinas et al., 2007). 

Methyllycaconitine blocked the interoceptive effects of THC in a drug discrimination 

procedure and blocked THC’s ability to increase dopamine levels in the shell of the nucleus 

accumbens in rats (Solinas et al., 2007). Since direct orthosteric α7 antagonists, such as 

methyllycaconitine, tend to have adverse side effects, Justinova et al. (2013) studied the 

effects of Ro 61-8048, a negative allosteric modulator of α7 receptors which increases 

endogenous levels of kynurenic acid. Negative allosteric modulators differ from orthosteric 
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antagonists in that they do not directly affect the receptor, but alter the effects of receptor 

ligands when they bind to the receptor. Thus, kynurenic acid decreases the effects of 

acetylcholine on the neuron. Ro 61-8048 showed promising effects in several models of 

cannabinoid reward, including maintenance tests with THC self-administration in squirrel 

monkeys (Figure 2A), cue-induced reinstatement of WIN 55,212-2 seeking in rats, drug-

induced and cue-induce reinstatement of THC seeking in squirrel monkeys (Figures 2B and 

2C), and THC-induced elevation of dopamine levels in the nucleus accumbens of rats. Drug 

discrimination procedures indicated that KMO inhibition blocked the subjective effects of 

THC in monkeys but not in rats, perhaps consistent with THC discrimination not being 

indicative of non-reward-related effects in rats. Overall, Ro 61-8048 was highly effective in 

behavioral, neurochemical and electrophysiological models of cannabinoid reward and 

reward-related effects. These findings suggest that enhancing endogenous levels of 

kynurenic acid might be an effective and safe strategy for treating CUD.

Depression is known to be associated with heavy use of cannabis and other drugs, and 

cannabis might serve a self-medicating function in depressed users (Degenhardt, Hall, & 

Lynskey, 2003). Consistent with this hypothesis, THC shows positive effects in some animal 

models of depression, including olfactory bulbectomy in rats (Rodriguez-Gaztelumendi, 

Rojo, Pazos, & Diaz, 2009). Amchova et al. (2014) tested the effects of bulbectomy on self-

administration of the synthetic cannabinoid WIN55-212 in rats, finding that it caused rats to 

self-administered about twice as much drug as control rats. Because serotonin 5-HT1B 

receptors has been implicated in depression and has also been found to decrease the self-

administration of some drugs, Amchova et al. tested the effects of a 5-HT1 agonist on 

WIN55-212 self-administration in bulbectomized and control rats. However, the agonist did 

not decrease cannabinoid self-administration in either group of rats.

Administration of THC or synthetic CB1 agonists in rodents increases the synthesis of 

pregnenolone, the precursor of all steroid hormones, including neurosteroids synthesized 

directly in the brain (Vallee et al., 2014). Using the tetrad test (THC-induced 

hypolocomotion, hypothermia, catalepsy and analgesia) and neurochemical and 

electrophysiological measures of dopamine activity in the nucleus accumbens, Vallee et al. 

(2014) obtained results suggesting that pregnenolone decreases the effects of THC through 

negative feedback, acting as an allosteric modulator of CB1 (altering the effects of THC 

when it binds to the receptor). When pregnenolone was given to mice trained to self-

administer the CB1 agonist WIN55-212, it decreased cannabinoid intake, and it decreased 

the number of responses mice performed to obtain the cannabinoid when the requirement 

was progressively increased during the session. These results suggest that pregnenolone 

decreases the motivation to receive cannabinoid reward. Allosteric modulators also have two 

advantages over orthosteric antagonists such as rimonabant: they should not inhibit all CB1 

receptor activities (and might therefore be less prone to side effects), and their effects should 

not be surmountable even if cannabis intake is increased. Thus, treatment with pregnenolone 

or other allosteric modulators of CB1 represent another new strategy that should be further 

developed and assessed for treating CUD.

Noting that some of the symptoms of cannabis withdrawal resemble bipolar mood disorder, 

which is treated with the mood stabilizer lithium, Cui et al. (2001) studied the effects of 
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lithium on precipitated withdrawal from a synthetic cannabinoid agonist in rats. They found 

that lithium prevented withdrawal symptoms, that this effect was blocked when lithium was 

combined with an oxytocin antagonist, and that administration of oxytocin could also 

prevent precipitated withdrawal. However, when lithium was subsequently tested during 

withdrawal in treatment-seeking cannabis users, it prevented certain symptoms (loss of 

appetite, stomach aches, and nightmares/strange dreams), but it did not reduce overall 

withdrawal scores or increase (Johnston et al., 2014).

Another potential strategy for treating withdrawal is to increase levels of endogenous 

cannabinoid ligands, such as anandamide and 2-arachidonoylglycerol. For example, levels of 

anandamide can be increased by administering an inhibitor of fatty acid amide hydrolase 

(FAAH), the main enzyme responsible for the inactivation of anandamide. The FAAH 

inhibitor URB597 increases anandamide levels in the brain, which could potentially prevent 

withdrawal symptoms when cannabis use is discontinued. Importantly, URB597 does not 

produce adverse THC-like effects in animal models, suggesting that it would not be liable to 

be abused, to reinstate cannabis use, or have cannabis-like side effects. Stewart and 

McMahon (2011) tested URB597 in a withdrawal-related drug discrimination procedure. 

Rhesus monkeys were chronically treated with the CB1 agonist WIN55-212 and trained to 

detect the effects of the CB1 antagonist rimonabant, essentially combining drug 

discrimination and precipitated withdrawal procedures. They found that URB597 did not 

block the interoceptive effects of rimonabant in this model, which suggests that it would not 

block all the subjective effects of cannabis withdrawal in humans. However, the strategy of 

relieving withdrawal by increasing endogenous cannabinoid levels should be further 

investigated, because other FAAH inhibitors and monoacylglycerol lipase inhibitors (which 

increase levels of 2-arachidonoylglycerol) can have different effects than URB597, and 

because the results might also be different with precipitated withdrawal versus simple 

discontinuation of cannabinoid administration. Other experiments with this discrimination 

procedure showed that treatment with the CB1 agonist WIN55-212 or the alpha(2)-

adrenergic agonist clonidine partially blocked withdrawal symptoms ((Stewart and 

McMahon (2010); see also Lichtman et al. (2001)).

4. Human laboratory approaches

Recent systematic reviews indicate a growing interest to explore different therapeutic 

options for the treatment of CUD (Laprevote, Schwan, Schwitzer, Rolland, & Thome, 2015; 

Marshall, Gowing, Ali, & Le Foll, 2014). In this section we will describe two different 

approaches that have been used to study a variety of potentially therapeutic options for the 

treatment of CUD: human laboratory studies and randomized clinical trials. Detailed results 

obtained using different pharmacotherapies on human studies will be described in more 

detail in the next section.

Human laboratory studies have allowed for advances in drug abuse research in a variety of 

ways. They are an invaluable tool for the study of potential pharmacotherapies for drug 

dependence, and they also provide a means of investigating the mechanisms underlying 

drugs’ addictive effects and the ways that experimental treatments alter these effects. Human 

laboratory studies can be used to test the effects of different doses of the same medication, to 
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compare the effectiveness of different medications and even to assess preference for 

medication vs. placebo (e.g. self-administration studies, see below), often using a single 

sample of participants (e.g. within-subject designs) and short-term treatments (e.g. 5 or 7 

days). Laboratory studies using within-subject designs usually control for possible carryover 

effects of the different doses or medications by administering the different treatments on a 

counter-balanced order and by including inter-treatment clearance phases in which 

participants can often consume drugs as usual (i.e. smoke cannabis as usual). Due the 

intrinsic nature of these studies only those participants not seeking for treatment are 

included.

The number of human laboratory studies for CUD has increased over the past decade. 

Several studies have investigated the effects of pharmacological interventions involving 

diverse neurotransmitter systems, including GABA (agonist: baclofen), norepinephrine/

serotonin (e.g. antidepressants; mirtazapine, nefazodone), norepinephrine/dopamine (e.g., 

bupropion), α2A-adrenergic receptors (e.g. agonist; lofexidine), CB1 agonists (e.g. THC, 

Dronabinol, nabilone) and histamine (e.g., antagonist: quetiapine). However, so far, the 

majority of human laboratory studies have been focused on studying the effects of CB1 

agonists on cannabis withdrawal symptoms (Budney, Vandrey, Hughes, Moore, & 

Bahrenburg, 2007; Haney et al., 2013; Haney et al., 2008; Haney et al., 2004). Succeeding 

studies in laboratory settings exploring the effects of Sativex (a ~1:1 combination of THC 

and cannabidiol) on withdrawal are expected to provide further input in this respect (Trigo et 

al., 2016). Several human laboratory studies by Haney et al., have also explored the ability 

of a variety of compounds including THC, baclofen, mirtazapine and quetiapine (Cooper et 

al., 2013; Haney et al., 2013; Haney et al., 2010) on preventing marijuana relapse. Therefore, 

laboratory studies can be used to study the effects of pharmacotherapy, in participants who 

are not seeking treatment, on different aspects of the addictive process including drug taking, 

withdrawal and relapse.

Drug self-administration studies are a subtype of human laboratory studies that allows 

participants who are not seeking treatment to consume drugs under controlled conditions. 

Self-administration procedures have been used to study preferences for different 

concentrations of addictive substances (e.g. nicotine or THC), or whether certain treatments 

are able to modify drug self-administration (Haney, Ramesh, et al., 2015; Hart, Haney, Ward, 

Fischman, & Foltin, 2002). Drug self-administration studies have been also useful for 

evaluating motivation for different types of reinforcers (i.e. if participants would prefer the 

drug to alternative reinforcers as food or money), for assessing whether the decision to take 

a drug can be affected by monetary contingencies (Haney, Comer, Ward, Foltin, & 

Fischman, 1997; Ward, Comer, Haney, Foltin, & Fischman, 1997), or for determining 

whether a treatment affects how much participants are willing to pay (i.e. using study 

earnings) to self-administer marijuana (Haney et al., 2008). Laboratory conditions on drug 

self-administration studies have allowed assessment of marijuana dose-response function for 

both subjective ratings (i.e. “high” or “good effect”) and relevant functioning parameters 

such as psychomotor activity, attention, cardiovascular effects, etc. (Ramesh, Haney, & 

Cooper, 2013). This type of experimental design can also be used to compare the 

effectiveness of fixed vs. self-administered doses of a particular pharmacotherapy on CUD 
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or to assess preferences in medication dosage (e.g. if, when given the opportunity, 

participants choose lower doses as compared with an imposed high fixed dose) (Trigo et al., 

2016).

Cannabis withdrawal syndrome has been included, after years of debate, in DSM-5. The 

relevance of including cannabis withdrawal syndrome as a mental disorder is underlined by 

the fact that relapse to cannabis use is associated with greater severity of withdrawal 

symptoms (Allsop et al., 2012) and that 65% of treatment-seekers reports report using 

marijuana to alleviate withdrawal symptoms (Budney, Novy, & Hughes, 1999; Vandrey, 

Budney, Kamon, & Stanger, 2005). Before this inclusion, several laboratory studies modeled 

cannabis withdrawal under controlled conditions (Haney et al., 2004; Haney, Ward, Comer, 

Foltin, & Fischman, 1999a, 1999b; Hart, Ward, et al., 2002; Jones, Benowitz, & Bachman, 

1976; Jones, Benowitz, & Herning, 1981). These studies showed the existence of “negative” 

effects (e.g. anxiety, sleep difficulty, feeling “irritable” “depressed” or “miserable”) during 

abstinence (e.g. 4–5 days with no marijuana or only placebo preparations). These “negative” 

effects were evident even following low daily doses of THC (Haney et al., 1999a; Hart, 

Haney, et al., 2002) or short time administration of THC (e.g. 3–7 days). In a typical 

laboratory study modeling cannabis withdrawal, marijuana smokers will be alternatively 

exposed to active marijuana (oral or smoked preparations) followed by placebo. The effects 

of both marijuana and the absence of it will be then evaluated using subjective/objective 

measures (e.g. feeling “high”, “irritable” / food intake, psychomotor performance).

Randomized clinical trials can provide the strongest evidence for the efficacy of preventive 

and therapeutic procedures and are an essential step towards approval for clinical use. 

Clinical trials for CUD typically test the effectiveness of a particular medication, in 

combination with counseling (see below), in reducing craving/withdrawal and cannabis use 

as compared with a placebo control group of treatment seekers.

Recent systematic reviews have shown an increasing incidence of double-blind randomized 

placebo-controlled trials evaluating treatments for CUD (vs. the total number of relevant 

studies on the literature, ~ 1:3 ratio) (Laprevote et al., 2015; Marshall et al., 2014). Clinical 

trials have evaluated the effectiveness of both psychotherapy and pharmacotherapy (alone or 

in combination) for CUD. Therefore, several clinical trials have evaluated the effects of 

brief/extended cognitive-behavioral interventions, motivational enhancement therapy plus 

cognitive behavioral therapy and adolescent community reinforcement approach, on CUD 

with, in general, better outcomes for extended (vs. brief) treatments (Copeland, Swift, 

Roffman, & Stephens, 2001; Dennis et al., 2004; Marijuana Treatment Project Research, 

2004; Stephens, Roffman, & Curtin, 2000). On the other hand, randomized clinical trials 

have been also used to test the effects of different pharmacotherapies including 

antidepressants (e.g. escitalopram, nefazodone and bupropion), anticonvulsants (e.g. 

divalproex sodium and gabapentin) and CB1 agonists (e.g. dronabinol and Sativex), usually 

in combination with cognitive-behavior therapy or other type of counseling to increase 

coping skills (Allsop et al., 2014; Carpenter, McDowell, Brooks, Cheng, & Levin, 2009; 

Levin et al., 2011; Levin et al., 2004; Mason et al., 2012; Weinstein et al., 2014).

Panlilio et al. Page 11

Int Rev Neurobiol. Author manuscript; available in PMC 2017 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Findings from clinical trials and laboratory studies in human volunteers

Currently used medications with wide variety of mechanisms have been assessed for 

treatment of CUD in humans. However, most of them have failed to decrease cannabis use, 

withdrawal symptoms or laboratory measures of relapse (Balter, Cooper, & Haney, 2014; 

Marshall et al., 2014). Among the ineffective medications were antidepressants, anxiolytics, 

and antipsychotics, including fluoxetine, venlafaxine, escitalopram, atomoxetine, buspirone, 

bupropion, nefazodone, mirtazapine, and quetiapine (Balter et al., 2014). Here, we will 

concentrate on medications that showed some effectiveness in human studies or are currently 

in clinical testing, particularly cannabinoid CB1 agonists and antagonists and opioid ligands.

The CB1 agonists that were studied as a replacement therapy for CUD are dronabinol and 

nabilone. Dronabinol (Marinol) is a synthetic form of THC that has been approved for 

treatment of chemotherapy-associated nausea and for appetite stimulation in patients with 

AIDS or cancer. Nabilone is a synthetic, highly-bioavailable THC analogue with clinical 

indications similar to those of dronabinol. Dronabinol was tested in several small within-

subject, placebo-controlled human-laboratory studies for its effect on withdrawal symptoms. 

Several studies found a dose-dependent reduction of withdrawal symptoms and reversal of 

the anorexia and weight loss associated with withdrawal while observing minimal adverse 

effects (Budney, Vandrey, et al., 2007; Haney et al., 2008; Haney et al., 2004; Vandrey et al., 

2013) (Figure 3). However, dronabinol did not reduce cannabis self-administration or relapse 

(Haney et al., 2008; Hart, Haney, et al., 2002). Levin and colleagues (Levin et al., 2011) 

conducted the first randomized, double-blind, placebo-controlled clinical trial that evaluated 

the safety and efficacy of dronabinol in combination with behavioral therapies in treating 

cannabis dependence. Both placebo and dronabinol groups showed a reduction in marijuana 

use over time, but there were no differences in cannabis use outcomes. Although it failed to 

improve abstinence, agonist substitution pharmacotherapy with dronabinol reduced 

withdrawal symptoms and improved retention in treatment with few adverse events. 

Nabilone, which has higher bioavailability, clearer dose-linearity, and longer duration of 

action than dronabinol, also showed promise as a potential treatment medication for 

marijuana dependence (Bedi, Cooper, & Haney, 2013; Haney et al., 2013). Nabilone 

maintenance produced a robust attenuation of marijuana withdrawal symptoms and a 

laboratory measure of relapse in a small within-subject study (Haney et al., 2013). Another 

clinical study is currently evaluating nabilone as a treatment for cannabis dependence and 

aims to assess the correlation of neuropsychological performance to brain changes using 

functional MRI brain scans (ClinicalTrials.gov).

The activation of CB1 receptors can also be achieved by pharmacological inhibition of the 

enzymes that degrade the endogenous CB1 agonists anandamide and 2-arachidonoylglycerol 

(2-AG). The inhibitors of fatty acid amide hydrolase (FAAH) or monoacylglycerol lipase 

enhance and prolong the effects of endocannabinoids at the sites of their release in the brain, 

and might therefore be effective as a replacement therapy or for attenuation of withdrawal 

symptoms. The FAAH inhibitor PF-04457845 was well tolerated in previous clinical trials in 

healthy subjects and patients with osteoarthritis of the knee (Huggins, Smart, Langman, 

Taylor, & Young, 2012; Li et al., 2012), in which no cannabis-like adverse effects were 
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reported. Currently, PF-04457845 is being tested in a clinical trial as a treatment for 

marijuana withdrawal (ClinicalTrials.gov).

Cannabidiol is a major non-psychoactive ingredient in marijuana that has been shown to 

exert multiple pharmacological effects, mediated by multiple mechanisms (Devinsky et al., 

2014; Izzo, Borrelli, Capasso, Di Marzo, & Mechoulam, 2009). For example, cannabidiol 

has a low affinity for CB1 and CB2 receptors, increases anandamide level via FAAH 

inhibition, acts as an agonist at TRPV1,2 and 5HT1A receptors, and acts as an antagonist at 

the orphan GPR55 receptor and nicotinic alpha 7 receptors (Grotenhermen, 2005; Izzo et al., 

2009; Mahgoub et al., 2013; Mechoulam, Parker, & Gallily, 2002; Pertwee et al., 2010; 

Ryberg et al., 2007). Cannabidiol has been shown to have anticonvulsant, neuroprotective 

and anti-inflammatory effects in animal models and anxiolytic and antipsychotic effects in 

humans (Bergamaschi, Queiroz, Zuardi, & Crippa, 2011; Crippa et al., 2011; Devinsky et 

al., 2014; Leweke et al., 2012). Cannabidiol alone or in combination with THC (nabiximols, 

Sativex) has been investigated in clinical trials for management of CUD (Allsop et al., 2014; 

Haney, Malcolm, et al., 2015). It is hypothesized that when administered in combination 

with THC, cannabidiol likely adds anxiolytic, antidepressant, and antipsychotic effects to the 

simple agonist THC substitution approach, and facilitates the safe delivery of the THC doses 

needed to control cannabis cravings (Allsop, Lintzeris, Copeland, Dunlop, & McGregor, 

2015). In a double-blind, randomized, placebo-controlled, inpatient clinical trial (Allsop et 

al., 2014), 6-day treatment with nabiximols attenuated cannabis withdrawal symptoms and 

improved patient retention in treatment, but was no more effective than placebo in 

encouraging long-term reductions in cannabis use. Recently, Haney and colleagues (Haney, 

Malcolm, et al., 2015) conducted double-blind, randomized within-subject laboratory study 

and showed that acute oral administration of cannabidiol alone does not reduce the 

reinforcing, physiological or positive subjective effects of smoked cannabis. There are 

several clinical trials currently underway or have recently been completed that will hopefully 

shed more light on effectiveness of cannabidiol or nabiximols on cannabis use outcomes.

Drugs that prevent activation of cannabinoid CB1 receptors may represent an alternative 

approach to the treatment of cannabis addiction, by directly blocking the subjective and 

reinforcing effects of THC. Huestis and colleagues showed that acute and repeated 

administration of CB1 antagonists/inverse agonist rimonabant attenuated the subjective and 

physiological effects of smoked marijuana (Gorelick et al., 2006; Huestis et al., 2007; 

Huestis et al., 2001). CB1 antagonists/inverse agonists (like rimonabant, taranabant, and 

surinabant) showed effectiveness in treatment of obesity and in smoking cessation, but were 

eventually pulled from clinical use and further development due to reports of psychiatric 

side effects (anxiety, depression, suicidality) (Le Foll et al., 2009). It is possible that CB1 

antagonists that lack inverse-agonist effects (neutral antagonists) would effectively block the 

abuse-related effects of THC, but without alteration of endocannabinoid activity and thus be 

safer than rimonabant (Janero & Makriyannis, 2009). Prototypical and best characterized 

neutral CB1 antagonists (e.g., AM4113) have not yet been tested clinically, but a natural 

cannabinoid tetrahydrocannabivarin was shown to be acting as a neutral CB1 antagonist at 

lower doses (McPartland, Duncan, Di Marzo, & Pertwee, 2015). In healthy subjects, 

tetrahydrocannabivarin was found to increase neural responding to rewarding and aversive 

stimuli (Tudge, Williams, Cowen, & McCabe, 2015) and when administered in combination 
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with THC, it significantly inhibited THC-induced impairment to delayed recall as well as 

THC-induced increase of heart rate (Englund et al., 2016). Although tetrahydrocannabivarin 

was well tolerated among the participants in these studies, and no serious adverse effects 

were observed, a larger study is needed to confirm the findings and safety profile of 

tetrahydrocannabivarin.

So far, we described compounds that bind to the orthosteric site of the CB1 receptor, where 

endogenous cannabinoid ligands also bind. Cannabinoid receptors can also contain allosteric 

binding sites that are discrete from the orthosteric site (Ross, 2007). Allosteric modulators 

are ligands that bind to the allosteric site and induce conformational changes that lead to 

alteration of affinity and/or efficacy of orthosteric ligands (Bosier, Muccioli, Hermans, & 

Lambert, 2010). Newly developed CB1 allosteric modulators can have complex effects and 

unclear mechanism of action (Keov, Sexton, & Christopoulos, 2011), but can also potentially 

be signaling-specific and regulate only some of the functions of the receptor, which could 

lead to a more targeted action compared to orthosteric compounds (Ross, 2007). Thus, 

allosteric modulation of CB1 receptors represents a new approach for development of 

medications modulating function of cannabinoid system that could potentially avoid the 

adverse effects associated with orthosteric agonism or antagonism of these receptors. 

Recently, inactive precursor of steroid hormones, pregnenolone that acts as negative 

allosteric modulator of CB1 receptors, was shown to block behavioral and neurobiological 

effects of cannabinoid drugs in rodents (Vallee et al., 2014). Based on these and other 

preclinical results, a clinical study has been initiated that will investigate the effect of acute 

administration of pregnenolone on cue-related craving in individuals with CUD 

(ClinicalTrials.gov).

A wealth of preclinical evidence indicates an interplay between the opioid (μ-opioid) and 

cannabinoid receptor systems in the mutual modulation of the addictive behavior and 

suggested that opioid antagonists block the reinforcing effects of cannabinoids (Fattore et 

al., 2004). Treatment with mu-opioid antagonists such as naltrexone represents a possible 

approach to reducing the reinforcing effects of THC (Justinova et al., 2004). In humans, 

acute naltrexone administration was shown to increase the positive subjective effects of oral 

THC or cannabis in marijuana smokers (Cooper & Haney, 2010; Haney, Bisaga, & Foltin, 

2003). In another study, acute naltrexone administration did not attenuate the effects of 

intravenous THC in healthy humans (Ranganathan et al., 2012). However, the drug history 

of the person might be an important determinant of the effects of naltrexone, as THC 

intoxication was blunted by naltrexone in marijuana users but not in naïve subjects (Haney, 

2007). A recent human laboratory study showed that chronic administration of naltrexone 

attenuates reinforcing and positive subjective effects in daily cannabis smokers (Haney, 

Ramesh, et al., 2015), which is encouraging for further testing in clinical trials (Figure 4). In 

fact, a clinical trial studying effectiveness of long-acting injectable naltrexone (Vivitrol) in 

patients with cannabis dependence is currently recruiting participants (ClinicalTrials.gov).

There are also several drugs from different pharmacological groups that showed some 

promise in humans. A study by Haney and colleagues (Haney et al., 2008) showed that 

combined treatment with the α2-adrenergic receptor agonist lofexidine and dronabinol 

decreased marijuana withdrawal, craving, and relapse in a small group of daily marijuana 
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smokers. Recently concluded, randomized, double-blind, placebo-controlled trial did not 

find the combination of dronabinol and lofexidine effective in promoting abstinence among 

a larger sample of cannabis-dependent patients (Levin et al., 2016). However, there is 

currently another clinical study underway that evaluates effectiveness of combination of 

dronabinol and another α2-adrenergic receptor agonist, clonidine, in cannabis-dependent 

schizophrenics (ClinicalTrials.gov). Based on the hypothesis of the involvement of 

glutamatergic pathways in the pathophysiology of addiction, an over-the-counter supplement 

N-acetylcysteine (NAC) has been suggested for the treatment of addiction. NAC restores 

extracellular glutamate levels and increases tonic activation of type 2 and 3 metabotropic 

glutamate receptors (mGluR2/3), thus inhibiting glutamate transmission and excitotoxicity 

(Asevedo, Mendes, Berk, & Brietzke, 2014). In young marijuana users, an open-label pilot 

study showed decreases in self-report measures of marijuana use and craving during 4 weeks 

of daily administration of NAC (Gray, Watson, Carpenter, & Larowe, 2010). This study was 

followed by a double-blind randomized placebo-controlled trial in cannabis-dependent 

adolescents. The treatment with NAC, when added to contingency management and brief 

cessation counseling, yielded improved cannabis abstinence during treatment compared to 

placebo (Gray et al., 2012). Currently, the National Institute on Drug Abuse Clinical Trials 

Network (NIDA CTN) is conducting a study to test the efficacy of NAC versus placebo, 

added to contingency management, for cannabis cessation in adults (McClure et al., 2014). 

Chronic cannabis use and withdrawal is associated with neural dysregulation in stress 

systems and the calcium channel/GABA modulating antiepileptic gabapentin can restore 

homeostasis in brain stress systems. In a proof-of-concept study in adults, gabapentin 

significantly decreased withdrawal severity and reduced cannabis use in (Mason et al., 

2012). Another randomized, double-blind, placebo-controlled clinical trial clinical trial in a 

larger sample is currently underway (ClinicalTrials.gov).

6. Conclusion

Current prevalence of cannabis use worldwide, together with the estimated prospect for 

developing dependence in occasional and daily cannabis users (7–9% and 10–20%, 

respectively), underline the necessity of efficacious tools to treat CUD. This chapter 

summarizes and provides an update on the different pre-clinical and clinical models for the 

screening and evaluation of medications for treating CUD.

Pre-clinical research is an early stage phase in pharmacotherapy development, and many of 

the aspects involved in drug dependence can be studied by using specific animal models. 

Among these models, the self-administration paradigm provides the most direct evidence of 

drug’s reinforcing properties. However, the infeasibility of modeling THC self-

administration in rodents has (so far) constituted a drawback in this area. Encouragingly, 

non-human primates readily self-administer THC, and do so reliably over long periods of 

time, providing a model of chronic use in humans. Therefore, THC self-administration in 

monkeys, together with other paradigms in rodents (e.g. drug discrimination), have allowed 

testing of the efficacy of several compounds for modifying the reinforcing/perceived effects 

of THC. In this respect, is interesting that findings in squirrel monkeys showing the ability 

of naltrexone to reduce THC’s reinforcing properties have been confirmed in human self-

administration studies, which supports the validity of this animal model. In addition to 
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nonhuman primate research, it is also possible to take advantage of the fact that rodents will 

self-administer synthetic cannabinoids such as WIN55-212. In fact, synthetic cannabinoids 

(e.g. agonists, FAAH inhibitors, antagonists) have are a useful tool in animal models of 

CUD and withdrawal, allowing manipulation of many different components of the 

endocannabinoid system.

Clinical research on CUD has been relatively scarce compared to other addictions, but there 

is a growing interest in this area, and human studies have become increasingly prevalent. 

Importantly, these human studies have modeled and established the existence of the cannabis 

withdrawal syndrome that is now included on DSM-5. Human laboratory studies and clinical 

trials have also produced relevant information regarding the effectiveness of different 

pharmacotherapies (and counseling). In this regard, THC analogues such as dronabinol and 

nabilone have been shown to be effective in reducing withdrawal symptoms, with no 

apparent changes on cannabis self-administration or relapse. Similarly, studies using a 

combination of THC/CBD (Sativex) showed reduced withdrawal with no changes in 

cannabis use. On the other hand, new pharmacological tools such as FAAH inhibitors, 

neutral CB1 antagonists, allosteric modulators of CB1 receptors, and drugs from different 

pharmacological groups as α2-adrenergic receptor agonists, NMDA/AMPA or GABA 

ligands have shown promising results in small or proof-of-concept studies and might yield 

relevant findings in ongoing clinical trials.
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Abbreviations

α7 nicotinic acetylcholine type alpha 1

AM4113 a neutral CB1 antagonist

A2A adenosine receptor type A2A

5-HT1 and 5-HT1B serotonin receptor type 1A and 1B

CUD Cannabis Use Disorder

CB1 cannabinoid receptor type 1

DSM-5 Diagnostic and Statistical Manual of Mental Disorders, 

Fifth Edition (2013)

FAAH fatty acid amide hydrolase

GABA gamma-aminobutyric acid

GPR55 G protein-coupled receptor 55

PF-04457845 a FAAH inhibitor
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NAC N-acetylcysteine

THC Δ9-tetrahydrocannabinol

TRPV1 2, transient receptor potential channels 1 and 2

URB597 a FAAH inhibitor

WIN55-212 a synthetic CB1 agonist
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Figure 1. 
Effects of pharmacological treatments and contingency-based environmental manipulations 

on THC seeking in squirrel monkeys. A second-order schedule was used to model the 

environmental cues that maintain cannabis-seeking behavior in humans. Under baseline 

conditions (the first 4 days in each panel), lever responding produced a brief stimulus 

presentation (2 s of amber cue light) for every 30th response. The first stimulus presentation 

that occurred at least 30 min after the start of the session was accompanied by THC (40 

mcg/kg, IP), after which the session ended. (A) When vehicle was substituted for THC 

(sessions 5–13), the rate of the THC-seeking response decreased to a low level, and when 
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THC delivery was reinstituted (sessions 14–17), responding resumed at a high rate. Note that 

the effects of these manipulations were evident in the second session of each condition, 

because injection occurred only at the very end of the session. (B) When presentation of the 

brief stimulus was discontinued (sessions 5–14), there was an immediate and sustained 

decrease in the THC-seeking response, even though THC was still delivered at the end of the 

session. This demonstrates the important role of environmental cues in maintaining THC-

seeking behavior when long sequences of responding are required to obtain the drug. (C) 

When the CB1-receptor antagonist/inverse-agonist rimonabant (0.3 mg/kg, IM) was given 

prior to the daily session (with cues presented and THC delivered as under the baseline 

conditions), there was an immediate and sustained decrease in THC seeking (sessions 5–14). 

The immediacy of this effect suggests that rimonabant decreased the effectiveness of the 

brief stimulus in addition to blocking the rewarding effects of THC. Drug seeking gradually 

resumed when rimonabant treatment was discontinued (sessions 15–18). (D) When the μ-

opioid antagonist naltrexone (0.1 mg/kg, IM) was given before each daily session under 

maintenance conditions, THC seeking was immediately decreased, but this effect was 

diminished after the second day. This suggests that manipulation of opioid receptors can 

affect THC seeking, but that the effects might be less robust than those of direct 

manipulation of CB1 receptors. Asterisks indicate statistically significant differences 

between treatment and baseline (*p < 0.05, ** p < 0.01). Figure adapted from Justinova, Z., 
Munzar, P., Panlilio, L. V., Yasar, S., Redhi, G. H., Tanda, G., & Goldberg, S. R. (2008). 
Blockade of THC-seeking behavior and relapse in monkeys by the cannabinoid CB(1)-
receptor antagonist rimonabant. Neuropsychopharmacology, 33(12), 2870–2877. doi:
10.1038/npp.2008.21 with permission.
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Figure 2. 
Effects of treatment with Ro 61-8048 in squirrel monkey models of relapse to cannabis 

seeking after a period of abstinence. Ro 61-8048 increases endogenous levels of kynurenic 

acid, a negative allosteric modulator of the α-7 nicotinic receptor. Monkeys had extensive 

experience self-administering THC under a schedule in which a green light indicated that 

THC (4 mcg/kg, IV) could be obtained by pressing a lever 10 times (fixed-ratio 10). Under 

these training conditions (maintenance), sessions were 1 h long, and each THC delivery was 

accompanied by a brief stimulus (amber light), followed by a 60-s timeout period (lights off) 

before the green light signaled that another injection could be obtained. (A) Treatment with 

Ro 61-8048 (20 mg/kg, IM) decreased THC self-administration under these maintenance 

conditions, with all cues and THC delivery maintained. (B) To model relapse induced by 

reexposure to THC, abstinence was first imposed by simply substituting vehicle for THC 

(but continuing to present cues) for several sessions prior to and including the test session. 

Responding decreased to low levels, but increased substantially when THC (40 mcg/kg, IV) 

was given automatically prior to the test session. Ro 61-8048 blocked this THC-induced 

reinstatement effect. (C) To model relapse induced by reexposure to cannabis-associated 

cues, abstinence was first induced by discontinuing all intravenous injections and all visual 

cue presentations. Then, to test for cue-induced reinstatement, the green light was presented, 

and every 10th response produced the amber light and an intravenous vehicle injection (to 

provide interoceptive injection-related cues), but no THC was given. These cues reinstated 

THC seeking, but their effect was blocked when monkeys were pretreated with Ro 61-8048. 

Thus, Ro 61-8048 blocked the direct reinforcing effects of THC, and it also blocked 

reinstatement by reexposure to THC or THC-related cues. These findings suggest that 

enhancing kynurenic acid levels might be a useful strategy for decreasing cannabis smoking 

and also for preventing relapse when users who have achieved abstinence are re-exposed to 

the drug or to environmental cues associated with the drug. Double asterisks indicate 

statistically significant differences between treatment and baseline (p < 0.01). Figure 
adapted from Justinova, Z., Mascia, P., Wu, H. Q., Secci, M. E., Redhi, G. H., Panlilio, L. V., 
… Goldberg, S. R. (2013). Reducing cannabinoid abuse and preventing relapse by 
enhancing endogenous brain levels of kynurenic acid. Nature Neuroscience, 16(11), 1652–
1661. doi:10.1038/nn.3540 with permission.
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Figure 3. 
Effects of treatment with dronabinol on cannabis withdrawal symptoms in daily cannabis 

users. Significant withdrawal symptoms were observed during the placebo maintenance 

phase for subjective ratings of decreased appetite, diarrhea, nausea, stomach pain, irritability, 

sleep difficulty, total sleep time, subjective sleep quality, mood at morning awakening, 

alertness at morning awakening, restlessness, nervousness/anxiety, chills, increased 

aggression, increased anger, headaches, difficulty concentrating, and total withdrawal 

discomfort score (WDS). Significant dose-dependent effects of dronabinol were observed 

for each withdrawal item except “sleep difficulty” and “nervousness/anxiety.” Mean 

subjective withdrawal ratings (WDS) are presented as a function of dronabinol maintenance 

dose. Asterisks indicate statistically significant differences between dronabinol dose 

conditions and placebo. These results suggest that replacement therapy with a CB1 receptor 

agonist can decrease withdrawal symptoms, analogous to nicotine replacement therapy for 

tobacco smokers. Figure from 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) 
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maintenance in daily cannabis users. Drug and Alcohol Dependence, 128(1–2), 64–70. doi:
10.1016/j.drugalcdep.2012.08.001 with permission.
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Figure 4. 
Effects of naltrexone (NTX) or placebo treatment on cannabis self-administration by chronic 

cannabis users in a laboratory study. Points show the percentage of participants self-

administering inactive (0.0% THC) or active (5.5% THC) smoked cannabis as a function of 

time and naltrexone dose. Baseline refers to the session before naltrexone administration 

commenced. Post-NTX refers to the session that occurred at least 1 week following 

termination of naltrexone administration. All participants received placebo capsules during 

baseline and post-NTX sessions. Self-administration of inactive cannabis was low and not 

significantly influenced by naltrexone (left panel), but naltrexone significantly decreased 

self-administration of active cannabis relative to placebo (right panel). Asterisks indicate 

significant difference between the naltrexone and placebo groups. These findings suggest 

that opioid antagonists might be useful as medications for decreasing cannabis smoking. 

Figure from Haney, M., Malcolm, R. J., Babalonis, S., Nuzzo, P. A., Cooper, Z. D., Bedi, G.,
…Walsh, S. L. (2015). Oral cannabidiol does not alter the subjective, reinforcing or 
cardiovascular effects of smoked Cannabis. Neuropsychopharmacology. doi:10.1038/npp.
2015.367; Haney, M., Ramesh, D., Glass, A., Pavlicova, M., Bedi, G., & Cooper, Z. D. 
(2015). Naltrexone maintenance decreases Cannabis self-administration and subjective 
effects in daily Cannabis smokers. Neuropsychopharmacology, 40(11), 2489–2498. doi:
10.1038/npp.2015.108 with permission.
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