
Self-Administration of Cannabinoids by Experimental Animals
and Human Marijuana Smokers

Zuzana Justinova1, Steven R. Goldberg1, Stephen J. Heishman3, and Gianluigi Tanda2,✉

1Preclinical Pharmacology Section, Behavioral Neuroscience Research Branch, Intramural Research
Program, National Institute on Drug Abuse, National Institutes of Health, Department of Health and Human
Services, Baltimore, MD 21224, USA

2Psychobiology Section, Medications Discovery Research Branch, Intramural Research Program, National
Institute on Drug Abuse, National Institutes of Health, Department of Health and Human Services, Baltimore,
MD 21224, USA

3Clinical Pharmacology and Therapeutics Branch, Intramural Research Program, National Institute on Drug
Abuse, National Institutes of Health, Department of Health and Human Services, Baltimore, MD 21224, USA

Abstract
Drug self-administration behavior has been one of the most direct and productive approaches for
studying the reinforcing effects of psychoactive drugs, which are critical in determining their abuse
potential. Cannabinoids, which are usually abused by humans in the form of marijuana, have become
the most frequently abused illicit class of drugs in the United States. The early elucidation of the
structure and stereochemistry of delta-9-tetrahydrocannabinol (THC) in 1964, which is now
recognized as the principal psychoactive ingredient in marijuana, activated cannabinoid research
worldwide. This review examines advances in research on cannabinoid self-administration behavior
by humans and laboratory animals. There have been numerous laboratory demonstrations of the
reinforcing effects of cannabinoids in human subjects, but reliable self-administration of
cannabinoids by laboratory animals has only recently been demonstrated. It has now been shown
that strong and persistent self-administration behavior can be maintained in experimentally and drug-
naïve squirrel monkeys by doses of THC comparable to those in marijuana smoke inhaled by humans.
Furthermore, reinforcing effects of some synthetic CB1 cannabinoid agonists have been recently
reported using intravenous and intracerebroventricular self-administration procedures in rats and
mice. These findings support previous conclusions that THC has a pronounced abuse liability
comparable to other drugs of abuse under certain experimental conditions. Self-administration of
THC by squirrel monkeys provides the most reliable animal model for human marijuana abuse
available to date. This animal model now makes it possible to study the relative abuse liability of
other natural and synthetic cannabinoids and to preclinically assess new therapeutic strategies for
the treatment or prevention of marijuana abuse in humans.
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Introduction
Cannabis derivatives are the most frequently abused illicit drugs in the United States and other
countries (Johnston et al., 2003; Compton et al., 2004). In the United States, cannabinoids are
most often abused by humans in the form of marijuana, made from the dry leaves and flowers
of the plant Cannabis sativa, which has been used for centuries, primarily for its euphoric
effects. Other names for the plant or its products include hemp, weed, hashish, charas, ganja,
dagga and bhang. The potency of the marijuana product depends on the method of plant
growing and processing, which can lead to different levels of psychoactive cannabinoid
components.

At the end of 19th century the compound cannabinol was isolated from Cannabis sativa and
was mistakenly considered the psychoactive principle of marijuana. It was later proven that it
is only a minor constituent of cannabis, with weak psychotropic properties. More progress was
made in the 1940’s when the major inactive component cannabidiol was isolated. This was of
considerable importance, since the elucidation of the structure of cannabidiol (Mechoulam and
Shvo, 1963) was a basis for the later elucidation of the structure and stereochemistry of delta-9-
tetrahydrocannabinol (THC), which is now recognized as the principal psychoactive
component of marijuana. THC was first isolated in the laboratory of Raphael Mechoulam
(Gaoni and Mechoulam, 1964) and this discovery reactivated cannabinoid research worldwide.

Although cannabinoids are usually smoked, they are also eaten in fat-containing foods or drunk
as a tea and are very rarely injected intravenously. When marijuana is smoked, THC is rapidly
absorbed into the bloodstream from the lungs and reaches the brain within 8-10 seconds. This
rate of absorption accounts for the rapid onset of effects from smoked marijuana. Plasma
concentration of THC peaks immediately at the end of smoking (Huestis et al., 1992b) and is
usually in the range of 70 to 160 ng/ml (Lindgren et al., 1981; Heishman et al., 1990; Azorlosa
et al., 1992; Huestis et al., 1992a) (Figure 1b). Because THC is a highly lipophilic molecule,
it leaves the blood rapidly and is deposited in the fatty tissues of the body. As a result, after
smoking, plasma THC concentration rapidly falls below 20 ng/ml within 30-45 minutes (Figure
1b). A very similar profile of THC plasma levels is produced by intravenous injection of THC
(e.g., Lindgren et al., 1981; Figure 1a). Also, reports of THC-produced “highs” peak at around
20 minutes and are virtually gone 3 hours after both smoking of marijuana and intravenous
administration of THC in human subjects (Lindgren et al., 1981; Ohlsson et al., 1980).

Subjective and motivational effects of cannabinoids
Marijuana produces clear subjective reports of pleasurable effects, associated with
motivational responses in humans, like drug-seeking and drug-taking behavior (Maldonado,
2002). Many different animal and human models are used to assess the consequences of acute
and chronic exposure to THC and the abuse liability of related cannabinoids. Tolerance and
physical dependence development can be assessed with specific behavioral and biochemical
tests, but they provide only a partial correlate of the abuse liability of cannabinoids. The ability
of abused cannabinoids to induce drug-seeking behavior due to positive reinforcing or reward
related effects is likely the best correlate of motivational properties that contribute to their
abuse liability and these effects can be evaluated using several models of animal behavior.

The administration of a psychoactive drug to humans produces a set of interoceptive, subjective
feelings, that include reports of liking, and these subjective reports are often used as indirect
measures of a drug’s reinforcing effects. The presence or absence of discriminable
interoceptive CNS effects of a compound can be evaluated in animals with two-lever choice
drug-discrimination procedures. Discriminative-stimulus effects of THC in animals show a
high degree of pharmacological specificity and provide a reliable animal model of subjective
effects of marijuana or THC in humans (Balster and Prescott, 1992; Barrett et al., 1995; Wiley
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et al., 1995b). Usually, only other cannabinoids that are active at central cannabinoid CB1
receptors reliably produce THC-like discriminative effects in animals (Barrett et al., 1995;
Wiley et al., 1995b; Jarbe et al., 2001). It is interesting to note, however, that the endogenous
cannabinoid CB1 receptor ligand anandamide either does not produce THC-like discriminative
effects in monkeys or rats (Wiley et al., 1997; Burkey and Nation, 1997; Wiley et al., 1998;
Jarbe et al., 2001) or does so to limited degree only at extremely high doses that markedly
depress responding by the subjects (Wiley et al., 1995a; Alici and Appel, 2004). The rapid
disappearance of anandamide after its administration due to its fast metabolism through the
fatty acid amide hydrolase (FAAH) enzyme and the fact that studies of anandamide have
employed the intraperitoneal (i.p.) route of administration, which does not favor rapid entry
into the brain before metabolic breakdown, may explain the difficulties encountered in
demonstrating THC-like discriminative effects of anandamide in animals. Among non-
cannabinoid drugs, only pentobarbital and diazepam have been found to produce partial
generalization to a cannabinoid training stimulus (Mokler et al., 1986; Balster and Prescott,
1992; Barrett et al., 1995; Wiley and Martin, 1999; Alici and Appel, 2004). Since this effect
of diazepam is not blocked by the cannabinoid CB1 receptor antagonist rimonabant (SR
141716), it is probably mediated by an interaction through the GABAergic system (Wiley and
Martin, 1999).

Another way to indirectly assess the reinforcing or rewarding effects of cannabinoids in
experimental animals is to study their ability to modulate the reinforcing effects of other
rewarding events. These models include intracranial electrical self-stimulation techniques.
Consistent with a role of cannabinoids in the motivational effects of other events that can
function as rewards or reinforcers, it has been shown that THC lowers the threshold for
electrical brain-stimulation reward in Lewis and Sprague-Dawley rat strains, and that
withdrawal from a single administration of THC can elevate brain-stimulation reward
thresholds (Gardner et al., 1988; 1989; Lepore et al., 1996; Gardner and Vorel, 1998). However,
these findings contrast with the lack of THC effects in the Fisher rat strain (Lepore et al.,
1996), and the lack of effects of the synthetic CB1 receptor agonist CP 55,940 using the same
procedure and a comparable range of doses (Arnold et al., 2001).

A more direct way to assess the reinforcing or rewarding effects of cannabinoids in
experimental animals is to study the development of cannabinoid-induced conditioned place
preferences. Surprisingly, THC, as well as synthetic cannabinoid agonists, like CP 55,940
(McGregor et al., 1996), WIN 55,212-2 (Chaperon et al., 1998) and HU 210 (Cheer et al.,
2000), generally induce conditioned place avoidance or aversion rather than place preference
in rats (Parker and Gillies, 1995; Sanudo-Pena et al., 1997; Hutcheson et al., 1998; Mallet and
Beninger, 1998) and mice (Valjent and Maldonado, 2000), although THC-induced conditioned
place preferences have been reported at limited dose-ranges and under restricted experimental
conditions in Long Evans rats and in mice (Lepore et al., 1995; Valjent and Maldonado,
2000; Ghozland et al., 2002) and CP 55,940-induced conditioned place preferences have been
reported in Wistar rats (Braida et al., 2001a).

There has been a great deal of work done during the last two decades using biochemical and
electrophysiological methods to elucidate neurobiological mechanisms underlying the
reinforcing or rewarding effects of THC and other cannabinoids. It has been confirmed that
Δ9-THC shares many features with classical drugs of abuse, such as cocaine and heroin (for
review see Gardner and Vorel, 1998; Tanda and Goldberg, 2003; Lupica et al., 2004). For
example, THC lowers electrical brain-stimulation reward thresholds (Gardner et al., 1988),
and increases the firing rate of ventral tegmental area (VTA) dopaminergic neurons projecting
to the nucleus accumbens (French et al., 1997; Gifford et al., 1997), resulting in increased
extracellular levels of dopamine in the nucleus accumbens (e.g., Chen et al., 1990; Tanda et
al., 1997). It has also been shown that chronic cannabinoid administration leads to other
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significant neurobiological changes that resemble those already described for other drugs
abused by humans (Rodriguez de Fonseca et al., 1997; Diana et al., 1998; Tanda et al., 1999;
see Tanda and Goldberg, 2003 for review).

Evaluation of the reinforcing effects of THC and other synthetic cannabinoids
with operant self-administration procedures

Drugs that are abused by humans are also typically self-administered by both human and non-
human subjects under controlled laboratory conditions (Schuster and Thompson, 1969;
Johanson and Balster, 1978; Griffiths, 1980; Goldberg et al., 1981; Fischman and Schuster,
1982; Goldberg and Henningfield, 1988; Foltin and Fischman, 1991; Preston and Jasinski,
1991). Reliable and persistent intravenous self-administration behavior has been demonstrated
in laboratory animals for almost all drugs abused by humans, including psychostimulants,
opiates, ethanol, and nicotine (Goldberg et al., 1981; Collins et al., 1984; Young and Herling,
1986; Yokel, 1987) and, more recently, THC (Tanda et al., 2000; Justinova et al., 2003).
Reinforcing effects of a drug assessed by intravenous self-administration procedures in
experimental animals are considered one of the most reliable predictors of abuse potential in
humans (Deneau and Seevers, 1964; Schuster and Thompson, 1969; Johanson and Balster,
1978; Johanson, 1990; Henningfield et al., 1991; Brady, 1991). Providing access to drugs for
self-administration during limited daily sessions not only provides a reliable way to study
reinforcing effects but also a way to explore neuropharmacological mechanisms involved in
these effects (Koob and Weiss, 1990).

During intravenous drug self-administration studies in human subjects and experimental
animals, subjects are allowed to self-administer a drug by making operant responses, such as
pressing or pulling a lever or, with rodents, inserting their nose into a hole (a “nose-poke”
response) and these operant responses then have the consequence of activating a pump, which
intravenously delivers the drug (Figure 2). Behavioral measures usually employed include the
rate of responding (i.e. lever presses/minute), the frequency of self-administered injections and
the number of drug injections delivered within the session, together with the total drug-intake
during the session. Although there are many variations to this basic experimental procedure,
a commonly used method for assessing the reinforcing efficacy of a test drug in experimental
animals is to compare self-administration of the drug to self-administration of a standard drug
of known abuse potential and to a vehicle control in the same subject (e.g., Johanson and
Balster, 1978;Young and Woods, 1981;Bergman and Johanson, 1985;Tanda et al., 2000).
These studies are usually performed in rhesus monkeys (Macaca mulatta), squirrel monkeys
(Saimiri sciureus) or rats that have learned to self-administer a prototypical drug of abuse, such
as cocaine or codeine, under a schedule requiring a fixed number of responses to obtain each
injection (e.g., a 10-response, fixed-ratio schedule of drug injection, FR10) (Goldberg et al.,
1971;Goldberg, 1973;Marquis et al., 1989;Mansbach et al., 1994;Tanda et al., 2000). The drugs
to be tested are then substituted for the training drug and evaluated for their ability to maintain
levels of responding greater than those maintained during vehicle substitution. One must
consider, however, that the functional state of brain reward circuits in drug naïve subjects versus
experienced subjects that have chronically self-administered a training drug such as cocaine is
likely different, as recently demonstrated by findings that dopamine elevations in the nucleus
accumbens produced by cocaine are dramatically higher in experienced subjects compare to
naïve subjects (Duvauchelle et al., 2000;Zapata et al., 2003). Neurobiological adaptations that
occur over time in subjects that have repeatedly self-administered psychoactive drugs (e.g.,
Stefanski et al., 1999;Lu et al., 2003;Stefanski et al., 2004;Thompson et al., 2004) might
predispose them to self-administer a test drug or limit the self-administration of a test drug
(Young et al., 1981;Nader and Mach, 1996;Wojnicki and Glowa, 1996;Tella et al.,
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1996;Morgan et al., 2002). Thus, it can be important to study the acquisition of drug self-
administration behavior in drug naïve subjects (e.g., Deneau and Seevers, 1964).

Substitution or acquisition studies, however, give only limited information on the reinforcing
efficacy of tested drugs. One procedure that has been used to better assess reinforcing efficacy
of self-administered drugs is the progressive-ratio schedule of intravenous drug-injection, in
which the number of responses required for each injection increases progressively within a
session. This allows an estimation of the maximal effort an individual will put forth under a
specified set of conditions to obtain a particular dose of a test drug (e.g., Griffiths et al.,
1979; Arnold and Roberts, 1997). The behavioral measure usually obtained is the maximal
number of responses the subject will make in order to self-administer different doses of a drug,
often called the “break-point.” This is taken as a measure of the motivational strength of the
reinforcing event and is thought to predict reinforcing rewarding efficacy of test drugs (Hodos,
1961). So far, however, there have been no reports of successful self-administration of
cannabinoid compounds under a progressive-ratio schedule.

Human subjects and laboratory animals will self-administer addictive drugs by a variety of
routes, including oral, intragastric, intraperitoneal, and intracranial routes. Cannabinoids have
long been considered one of the exceptions to the close correspondence between drugs abused
by humans and those self-administered by laboratory animals (e.g., Griffiths, 1980; Woods,
1983; Johanson, 1990; Henningfield et al., 1991). Although there have been numerous
laboratory demonstrations of the reinforcing effects of cannabinoids in human subjects, reliable
self-administration of cannabinoids by laboratory animals has only recently been successfully
demonstrated. Self-administration of THC has now been repeatedly demonstrated in non-
human primates (Tanda et al., 2000; Justinova et al., 2003; Justinova et al., 2004) (Figures 2
and 3) and reliable self-administration of synthetic cannabinoids has been demonstrated in
rodents (Fattore et al., 2001; Braida et al., 2001b) (Figure 4).

Self-administration of cannabinoids in human subjects
Although THC is recognized as the main psychoactive ingredient of cannabis derivatives, there
is still frequent debate about the therapeutic efficacy of whole plant extracts versus pure THC
(See, for example, Wachtel et al., 2002; Russo and McPartland, 2003). Cannabis contains more
than 400 different chemicals, in addition to THC (ElSohly, 2002). While it is likely that some
of these compounds may themselves produce subjective and/or behavioral effects if consumed
in high enough concentrations (Whalley et al., 2004), some of them may also have a so-called
“entourage effect”, which has been described as a potentiation of the psychotropic effects of
THC. However, previous research has clearly identified THC as the primary psychoactive
agent associated with behavioral impairment following marijuana smoking (e.g., Heishman et
al., 1989; Foltin et al., 1993; Kelly et al., 1993). Moreover, several studies have provided
experimental data supporting THC’s integral role in the reinforcing effects of smoked
marijuana, when subjects are given a choice between marijuana cigarettes with different THC
contents (Mendelson and Mello, 1984; Chait and Zacny, 1992; Chait and Burke, 1994; Kelly
et al., 1994b; Haney et al., 1997; Kelly et al., 1997). Marijuana cigarettes with a greater THC
content have been shown to be consistently preferred to cigarettes with a lower THC content,
even when the choice between the two was not mutually exclusive (Haney et al., 1997; Kelly
et al., 1997; Ward et al., 1997). Also, the choice to self-administer a drug can often be shifted
when an effective alternative reinforcer, such as money or tokens is available (e.g., Ward et
al., 1997; Comer et al., 1998; Hart et al., 2000). However, there was little difference between
the self-administration of low or high potency marijuana cigarettes when snacks were used as
alternative reinforcers (Mendelson and Mello, 1984; Haney et al., 1997). In contrast, marijuana
self-administration was substantially reduced when it preceded a task reinforced by money that
required accurate and rapid performance (Haney et al., 1997; Ward et al., 1997).
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In human studies, there have been attempts to better define THC’s role as the primary
psychoactive ingredient with reinforcing effects in marijuana by systematically manipulating
THC content during smoked marijuana self-administration in controlled laboratory situations.
For example, in one early study, Cappell and colleagues (1973), investigated whether
experienced marijuana users would titrate their marijuana intake according to THC
concentration in order to achieve a defined subjective state. Male volunteers were smoking
cigarettes of defined concentration of delta-9-tetrahydrocannabinol (0.2, 0.4 or 0.8%) until they
reached a subjectively determined “optimal” high. The puff duration, number of puffs taken,
duration of inhalation holding, intervals between puffs and weight of material consumed were
measured. The experimenters observed a tendency for titration of THC intake. The failure to
see a higher degree of titration might have been partially due to the narrow range of THC
content studied and to psychological variables. The influence of nonpharmacological variables,
such as environmental setting, subject expectancy, and previous experience with drugs, on the
subjective effects of marijuana had been noticed very early in the human research with
marijuana (e.g., Hochman and Brill, 1971; Jones, 1971; Meyer et al., 1971).

During the following quarter century, scientists attempted, mostly with little success, to further
demonstrate a THC dose-regulation phenomenon with smoked marijuana (Ashton et al.,
1981; Perez-Reyes et al., 1982; Wu et al., 1988; Chait, 1989; Zacny and de Wit, 1991; Kelly
et al., 1994a, but see also: Azorlosa et al., 1992; Harder and Rietbrock, 1997; Block et al.,
1998). However, Herning and colleagues (1986) observed that experienced marijuana smokers
took significantly more puffs with longer intervals between puffs while smoking high potency
(3.9% THC) compared to low potency (1.2% THC) marijuana cigarettes and they also inhaled
substantially larger (46%) volumes of air. The marijuana users appeared to be diluting the more
potent marijuana smoke, perhaps as a mechanism to down-regulate THC dose. In contrast with
these findings, Heishman and colleagues (1989) observed that moderate marijuana users were
taking smaller and shorter puffs and inhaling less air with each puff of a 2.7% THC cigarette
compared to a 1.3% THC cigarette. Another study by Nemeth-Coslett and colleagues (1986)
showed some compensatory changes in marijuana smoking in response to THC dose
manipulations in subjects who were given the opportunity to sample the different potency
cigarettes before self-administration behavior was measured. They demonstrated that expired
air carbon monoxide (CO) levels following marijuana smoking were inversely related to THC
content of the marijuana (1.29, 2.84 or 4.0% THC), suggesting that subjects reduced their
smoke intake as cigarette THC content increased. Despite the opportunity to learn the
difference in THC content of different marijuana cigarettes from previous experience, subjects
in a subsequent study by Chait (1989) failed to show a similar tendency to titrate their smoke
intake, possibly due to the choice of THC concentrations chosen for study (0.9 to 2.7% THC).

Generally, the range of the THC content in marijuana appeared to be relevant to the outcomes
of these studies in humans. Studies using marijuana cigarettes with maximal THC contents
ranging from 1.24 to 2.54% did not observe a significant titration of THC intake (e.g., Cappell
et al., 1973; Perez-Reyes et al., 1982; Wu et al., 1988; Chait, 1989; Kelly et al., 1994a), while
studies which observed a significant titration of THC intake used cigarettes with maximal THC
contents ranging from 3.9 to 4.0% (Herning et al., 1986; Nemeth-Coslett et al., 1986). It appears
that the ability of subjects to discriminate between different dose levels of THC might affect
their marijuana smoking behavior. It has been suggested that the differences in effects within
the lower dose-range of 1.3 to 2.7% of THC may be difficult to discriminate (Heishman et al.,
1989).

In one study investigating reports of subjective effects from smoking marijuana cigarettes with
different THC concentrations (Chait et al., 1988), 1.4% THC marijuana cigarettes produced
100% drug-appropriate responding in subjects trained to discriminate between effects of a 2.7%
THC marijuana cigarette and a placebo 0% THC cigarette, suggesting that subjects perceived
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the effects of 1.4 and 2.7% THC marijuana cigarettes as subjectively similar. Using a 100-
point scale, the subjects in the study by Heishman et al. (1989), who adjusted their smoking
of cigarettes that varied in THC content, also did not report differences in “drug high” or being
“stoned” between 1.2 and 2.7% THC cigarettes, but they were not asked to evaluate potency.
There have been dose-dependent increases in reports of subjective-effects ratings in several
studies investigating regulation of smoking patterns with different THC-content marijuana
cigarettes, regardless of the range of THC contents in the marijuana cigarettes used (low range
of THC contents: Perez-Reyes et al., 1982; Chait, 1989; high range of THC contents: Herning
et al., 1986; Zacny and de Wit, 1991). However, there have been studies using marijuana
cigarettes with higher ranges of THC content that did not observe this tendency. For example,
a study by Nemeth-Coslett and colleagues (1986) used a four-point scale to evaluate reported
strength of the marijuana cigarettes and found no dose-related differences, but the four-point
scale may not have been sufficiently sensitive to capture differences in subjective response
between 1.29, 2.84 and 4.0% THC marijuana cigarettes. Despite using a potentially more
sensitive 100-point scale to evaluate reported strength (THC content), “high” and drug effects,
subjects in a study by Kelly et al. (1994) also failed to differentiate between 2.0 and 3.5% THC
marijuana cigarettes. Drug ratings were sensitive to the presence or absence of THC in the
cigarettes, but not to differences in the amount of THC. Taking into an account the marked
differences in these different studies in the previous experience of subjects with marijuana
smoking, in the methodologies and the experimental conditions employed and in the marijuana
cigarettes preparations used, it is not possible to conclude that the THC dose-titration
phenomenon was either satisfactorily demonstrated or ruled out. The large intersubject
variability in puff and inhalation volume calls for precise methods of control over marijuana
smoking patterns in order to improve the accuracy of dosage delivery in future studies
(Heishman et al., 1989).

Although the majority of human studies have focused on the effects of smoked marijuana, a
few studies have investigated the psychoactive and reinforcing effects of oral THC (given, for
example, in the form of dronabinol - Marinol®). Dronabinol is a synthetic THC and is approved
for use as an appetite stimulant in AIDS patients experiencing anorexia associated with weight
loss and as an antiemetic in cancer patients experiencing nausea and vomiting associated with
chemotherapy. Interviews with addiction medicine specialists, oncologists, and HIV treatment
providers indicate no abuse or diversion of dronabinol for sale as a street drug (Calhoun et al.,
1998). An important pharmacokinetic distinction with respect to abuse liability between
dronabinol and smoked marijuana is the relatively slow onset of action of dronabinol. Peak
plasma THC concentrations and psychoactive effects of oral THC occur 2-3 hours after
ingestion and effects last up to 8 hours.

Several studies have demonstrated that oral THC in acute doses up to 20 mg produces subjective
effects characterized as discriminable (“feel drug”), cannabis-specific (“stoned”), and related
to abuse liability (“like drug” and “want more drug”) (Chesher et al., 1990; Kirk et al., 1998;
Curran et al., 2002). Other studies have shown that the subjective effects produced by oral THC
are of comparable intensity to those of smoked marijuana (Wachtel et al., 2002; Hart et al.,
2002). For example, Hart and colleagues (2002) reported that oral THC (20 mg) and smoked
marijuana (3.1% THC) produced comparable increases in ratings of “high,” “good effects,”
and “liking.” Taken together, these subjective data suggest that oral THC may have abuse
potential which has not materialized, due to the availability of marijuana for smoking, with its
more rapid onset of pleasurable effects.

Only two studies have directly examined the reinforcing effects of oral THC. Chait and Zacny
(1992) used a between-subject design to compare oral THC and smoked marijuana. The
reinforcing effect of each drug was tested using a discrete-trial choice paradigm in which
subjects chose to self-administer active THC versus placebo on two separate occasions. All
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subjects chose marijuana cigarettes containing THC over placebo cigarettes, and all but one
subject chose active oral THC over placebo, leading the authors to conclude that oral THC can
function as a positive reinforcer. However, these choices to self-administer THC either orally
or by smoking were made in the absence of an alternative non-drug reinforcer, which can
modify drug-reinforced behavior (Carroll et al., 1989; Petry and Bickel, 1999). Using a similar
discrete-trial choice procedure, Hart et al. (in press) had subjects choose between different
doses of oral THC (0, 10, or 20 mg) and a $2.00 voucher that was redeemable as cash at the
end of the study. Subjects chose to self-administer active doses of THC significantly more
often than placebo; THC was chosen on 5 of 11 choice opportunities and placebo on 2 of 11
opportunities. However, oral THC produced less than robust reinforcing effects since it was
chosen on less than 50% of choice opportunities. The modest reinforcing effects of oral THC
observed in the laboratory, together with the virtual absence of evidence of abuse potential in
the treatment community (Calhoun et al., 1998), indicates that oral THC is not likely to be self-
administered for recreational purposes.

Self-administration of cannabinoids by laboratory animals
Over the last three decades, many attempts to demonstrate intravenous self-administration of
THC or of synthetic cannabinoid CB1 receptor agonists by experimental animals were
relatively unsuccessful (Pickens et al., 1973; Kaymakcalan, 1973; Harris et al., 1974; Carney
et al., 1977; van Ree et al., 1978; Mansbach et al., 1994) (Table 1). None of these studies clearly
demonstrated persistent, dose-related, self-administration behavior maintained by THC or
synthetic cannabinoids, which would be susceptible to vehicle extinction and subsequent
reinstatement in the absence of unusual “foreign” conditions. A study by Kaymakcalan
(1973) did demonstrate acquisition of THC self-administration behavior in two monkeys out
of six studied, but only after withdrawal from forced automatic i.v. injections of THC, when
signs of physical dependence on THC occurred. Takahashi and Singer (1979; 1980) reported
THC self-administration behavior above placebo levels in diet-restricted rats maintained at
80% of normal body weight, under conditions where a food pellet was automatically delivered
every minute. However, this self-administration behavior immediately decreased to placebo
levels when food restriction was discontinued. It has been repeatedly shown that diet restriction
can facilitate the initiation of drug self-administration behavior (Carroll et al., 1979; de la Garza
and Johanson, 1987; Cabeza de Vaca and Carr, 1998) and can increase already established self-
administration of drugs from each of the major classes of abused drugs (review by Carroll and
Meisch, 1984).

Although THC has not been found to maintain persistent self-administration in mice or rats,
there have been several recent reports of intravenous self-administration of synthetic
cannabinoid CB1 receptor agonists in rodents. The synthetic CB1 agonist WIN 55,212 has been
reported to maintain intravenous self-administration behavior in mice and rats (Martellotta et
al., 1998; Fattore et al., 2001; Navarro et al., 2001) and the synthetic CB1 agonist HU-210
maintains intravenous self-administration behavior in mice (Navarro et al., 2001). However,
these studies used experimental procedures that limited the generality of the findings. For
example, in both studies with mice (Martellotta et al., 1998; Navarro et al., 2001), one-day
experimental tests were used during which mice were severely restrained for acute intravenous
administration through the tail vein. There is very limited information available about
acquisition, extinction and relapse to drug self-administration behavior using this
methodology. Fattore and colleagues (2001) utilized unrestrained, freely-moving rats, which
were given the opportunity to intravenously self-administer WIN 55,212 over repeated sessions
under a one-response fixed-ration (FR1) schedule of drug injection with a 10-second time-out
after each injection. Rats acquired stable self-administration behavior in about 16 sessions with
peak rates of responding of about 25 injections in a 3-hour session at a dose of 12.5 μg/kg per
injection of WIN 55,212-2 (Figure 4a). However, when saline was substituted for WIN
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55,212-2, responding did not immediately decrease, but instead increased dramatically to about
70 injections per session and remained high for six consecutive sessions, before decreasing to
very low rates over the next five sessions. Also, chronic diet restriction (rats were maintained
at 80% of their normal body weight) was a necessary condition in this study by Fattore and
colleagues (2001), since rats on an unrestricted diet did not acquire cannabinoid self-
administration behavior. The synthetic cannabinoid CB1 receptor agonist CP 55,940 has not
yet been reported to be self-administered intravenously by experimental animals (e.g.,
Mansbach et al., 1994), but it has been reported to maintain self-administration behavior of
rats when injected intracerebroventricularly (Braida et al., 2001b). Finally, self-administration
behavior is not maintained by cannabinoid receptor antagonists in experimental animals
(Beardsley et al., 2002) (Table 1).

Reliable and persistent intravenous self-administration of THC was first demonstrated in our
laboratory using a primate species (the squirrel monkey), THC doses, a THC vehicle and a
rapid injection speed not previously employed (Tanda et al., 2000; Justinova et al., 2003;
Justinova et al., 2004). Monkeys utilized in our initial study (Tanda et al., 2000) were not diet
restricted, but had a history of intravenous cocaine self-administration (Figure 3). In contrast
to some earlier studies by others, THC was not substituted directly for cocaine in an attempt
to facilitate acquisition of THC self-administration behavior. Instead, all monkeys had access
to THC only after at least one week of saline extinction (wash-out from cocaine exposure and
extinction of drug-seeking behavior) and one week of vehicle extinction was always kept
between self-administration of different THC doses. THC was dissolved in a Tween-80 vehicle
resulting in a clear solution that was rapidly delivered (0.2 ml injection delivered in 200 ms)
through a chronic indwelling intravenous catheter. THC doses (1-8 μg/kg/injection) employed
in this study were in a clinically relevant range, which means they were several times lower
than doses generally used in previous attempts to demonstrate THC self-administration in
monkeys and comparable to those delivered by an average marijuana cigarette (Agurell et al.,
1986; Tanda et al., 2000). Monkeys were given the opportunity to intravenously self-administer
THC under a 10-response, fixed-ratio (FR10) schedule of drug injection with a 60-second time-
out after each injection (Figure 2). Under these conditions, monkeys rapidly acquired THC
self-administration behavior and peak rates of responding were maintained by a 4 μg/kg
injection dose of THC (mean values of 0.22 ± 0.07 response/sec, 29.92 ± 5.32 injections/session
and 119.67 ± 21.27 μg/kg/session) (Figure 3). Once acquired, self-administration behavior was
rapidly extinguished either by substituting vehicle injections for THC injections or by
administering the cannabinoid CB1 receptor antagonist, rimonabant (SR 141716) before the
session, demonstrating that the THC self-administration behavior was mediated by actions at
cannabinoid CB1 receptors.

Since monkeys in our initial study (Tanda et al., 2000) had a history of cocaine self-
administration, this raised the possibility that persistent neurobiological adaptations from prior
cocaine exposure might subsequently predispose animals to self-administer THC (as suggested
by Maldonado, 2002). This was unlikely, since earlier attempts to obtain THC self-
administration behavior in monkeys with a previous cocaine self-administration experience
had been unsuccessful, even when THC was directly substituted for cocaine with no intervening
vehicle extinction (Harris et al., 1974). However, we resolved this issue in a recent study with
squirrel monkeys that were experimentally and drug naive at the start of the experiments
(Justinova et al., 2003). As in the previous study with squirrel monkeys (Tanda et al., 2000),
low clinically relevant doses of THC (1-16 μg/kg/injection) were employed and THC was
dissolved in a Tween-80 vehicle to produce a clear solution (Figure 3). Under the same FR10
schedule of intravenous drug injection and identical experimental conditions, THC self-
administration behavior was rapidly initiated, subsequently maintained with very high rates of
responding and easily extinguished, even though the monkeys had no history of exposure to
other drugs. The peak rates of responding maintained by 4 μg/kg i.v. dose of THC in this study
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were similar to or greater than the peak rates of responding maintained by intravenous injections
of cocaine, d-amphetamine, nicotine, methohexital or midazolam in previous studies using the
same primate species and the same schedule of intravenous drug injection (Goldberg, 1973;
Spear et al., 1991; Sannerud et al., 1994; Munzar et al., 2001). Interestingly, overall response
rates, injections per session and total THC intake per session in this study with drug-naïve
monkeys (Justinova et al., 2003) were greater than in our previous study (Tanda et al., 2000)
in which monkeys had a previous history of cocaine self-administration. At a dose of 4 μg/kg
per injection of THC, mean rate of responding was 0.88 ± 0.21 response/sec, with a mean of
48.89 ± 2.61 injections/session and a total session intake of THC of 195.6 ± 10.45 μg/kg, values
almost three-fold higher than in our previous study with cocaine-experienced monkeys (Figure
3). There were no obvious differences in age or source of monkeys or laboratory conditions in
these two studies. It appears, then, that rather than predisposing animals to self-administer
THC, a history of cocaine self-administration might limit the intensity of subsequent THC self-
administration behavior, although we cannot exclude the possibility of random interindividual
variability.

The possibility of a limiting effect of contrasting drug history on subsequent drug self-
administration has been previously reported with drugs from other pharmacological classes
(e.g., Schlichting et al., 1970; Hoffmeister and Schlichting, 1972; Bergman and Johanson,
1985; Young and Herling, 1986; Hoffmeister et al., 1988). For example, the antitussive agent
dextrorphan maintained self-administration behavior by monkeys above vehicle levels when
substituted for ketamine but not when substituted for codeine (Young and Woods, 1981). In
another study, diazepam maintained self-administration behavior by monkeys when
substituted for pentobarbital but not when substituted for cocaine (Bergman and Johanson,
1985). A potential explanation for these observed effects is that ketamine and dextrorphan
share some discriminative-stimulus effects (Holtzman, 1980; Herling et al., 1981), as do
diazepam and pentobarbital (Colpaert et al., 1976; Shannon and Herling, 1983). However,
attempts to directly substitute THC for drugs thought to have some discriminative-stimulus
effects in common with THC (such as phencyclidine, phenobarbital or ethanol) have been
unsuccessful in generating THC self-administration behavior (Harris et al., 1974; Mansbach
et al., 1994).

The availability of an animal model of THC self-administration provides an opportunity to
intervene behaviorally and pharmacologically in order to gain a better understanding of the
neurobiological mechanisms underlying marijuana abuse and to test therapeutic strategies
against marijuana abuse. For example, THC self-administration can be blocked by treatment
with the cannabinoid CB1 receptor antagonist rimonabant (SR 141716) and these suppressant
effects are not due to nonselective depressant effects on behavior, since rimonabant had no
effect in monkeys responding for cocaine (Tanda et al., 2000) or food (Goldberg et al.,
unpublished observations) under identical conditions. Selective blockade of THC self
administration behavior by rimonabant indicates that actions of THC at cannabinoid CB1
receptors are primarily responsible for its abuse-related reinforcing effects.

Recently we have extended the study of the neurobiological basis of cannabinoid dependence
to endogenous opioid systems. Most of the evidence for a role of endogenous opioid systems
in the modulation of the reinforcing or rewarding effects of THC or cannabinoids is indirect
and comes from behavioral studies of locomotion (Ghozland et al., 2002) or electrical brain
stimulation reward (Gardner et al., 1989) or from in-vivo brain microdialysis studies in rodents
(Chen et al., 1990; Tanda et al., 1997). More direct evidence for a role of opioid
neurotransmitter systems in the modulation of the reinforcing effects of cannabinoids comes
from recent rodent drug self-administration studies in which naloxone pretreatment reduced
intravenous drug self-administration behavior maintained by the synthetic cannabinoid CB1
receptor agonists WIN 55,212-2 and HU-210 (Navarro et al., 2001) and CP 55,940 (Braida et

Justinova et al. Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2009 May 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 2001a; b). In a recent study by Spano and colleagues (2004), priming injections of either
WIN 55,212-2 or heroin, but not cocaine, given before the session were shown to reinstate
extinguished WIN 55,212-2 drug-seeking behavior (Figure 4b) and these reinstatement effects
were blocked by naloxone administration. In a recent study with squirrel monkeys self-
administering THC under a second-order schedule, we found that extinguished THC-seeking
behavior was reinstated by priming injections of either THC or morphine, but not cocaine,
before the session (Goldberg et al., 2002; Justinova et al., unpublished observations). However,
previous studies in other assays in primates (e.g., withdrawal precipitation in THC-dependent
monkeys, antinociception) did not detect robust interactions between opioid and cannabinoid
systems (Beardsley et al., 1986; Vivian et al., 1998). The findings that cocaine does not reinstate
cannabinoid-seeking behavior, though increasing, like cannabinoid CB1 agonists, dopamine
transmission in the mesolimbic system, cannot be fully explained at this time because of the
complexity of behavioral and pharmacological history preceding the reinstatement tests, and
the complexity of the, still not well characterized, role of the mesolimbic dopamine
transmission in cannabinoid-seeking behavior.

We tested the hypothesis that endogenous opioid systems may play an important role in
modulating the reinforcing effects of THC by treating squirrel monkeys self-administering
different doses of THC with the opioid antagonist naltrexone, a drug that shows some
therapeutic value in the treatment of opiate (e.g., Mello et al., 1981; Kreek et al., 2002) and
alcohol (e.g., Volpicelli et al., 1992; Sinclair, 2001) dependence. Pretreatment with naltrexone
significantly reduced THC self-administration behavior by the monkeys (by about 50%; Figure
5; Justinova et al., 2004). These findings support the hypothesis that blockade of opioid
receptors can modulate addictive effects of THC in non-human primates and are in agreement
with a number of other preclinical studies showing that blockade of opioid receptors also
modulates other behavioral and neurochemical effects of cannabinoids (Chen et al., 1990;
Tanda et al., 1997; Braida et al., 2001a; b). Naltrexone has also been used in several recent
studies with humans investigating opioid system involvement in the subjective responses to
smoked marijuana or oral THC, but effects with naltrexone have either been limited and small
(Greenwald and Stitzer, 2000), non-existent (Wachtel and de Wit, 2000) or in the opposite
direction (Haney et al., 2003). Further studies are needed to reconcile the different results in
human and animal studies.

Summary
The preclinical findings with squirrel monkeys support the notion that cannabis derivatives
have a pronounced abuse liability comparable to other drugs of abuse. Moreover, THC has the
ability to support the acquisition and persistent maintenance of robust drug-taking behavior in
subjects with no history of exposure to other drugs. Finally, endogenous opioid systems appear
to play an important facilitative role in modulating the reinforcing effects of THC in squirrel
monkeys. Although parallel effects have been found with synthetic cannabinoid CB1 receptor
agonists such as WIN 55,212-2 in rodents, there is no evidence yet that THC itself can support
intravenous self-administration behavior by rodents. Intravenous self-administration of THC
by squirrel monkeys provides a reliable animal model of human marijuana abuse, suitable for
comparative studies of the relative abuse liability of THC and other natural and synthetic
cannabinoids and for preclinical assessment of new therapeutic strategies for the treatment or
prevention of marijuana abuse in humans.
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Figure 1.
Average plasma levels (± SD) of Δ9-THC in two groups of marijuana smokers (heavy and light
users) after intravenous administration of Δ9-THC (5 mg; panel A) and after smoking a
marijuana cigarette (heavy: 12.7 ± 1.3 mg of THC smoked; light: 13.4 ± 1.6 mg of THC smoked;
panel B). See Lindgren et al., 1981 for more detailed information on methods and plasma levels.
Modified from Lindgren et al., 1981.
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Figure 2.
Schematic drawing of a squirrel monkey sitting in a self-administration chair. During daily
one-hour sessions, monkeys sat inside the experimental chamber, restrained in the seated
position by a waist lock on the Plexiglas chair. At the start of each session, a white-house light
was turned off and a green stimulus light was turned on; ten lever presses turned off the green
light and produced a 2-s amber light paired with i.v. injection of THC (0.2 ml in 0.2 s) delivered
from a syringe pump outside the chamber. There was a 60-s time-out period after each injection,
during which the chamber was dark and lever presses had no programmed consequences (a
10-response, fixed-ratio schedule of i.v. THC injection with a 60-s time-out; FR 10, TO 60 s).
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Figure 3.
THC dose-response curves in squirrel monkeys with no history of exposure to other drugs (n
= 3) and in squirrel monkeys with a history of cocaine self-administration (n = 4). Numbers of
injections per session (left panel), overall rates of responding in the presence of a green light
signalling THC availability (middle panel) and total THC intake per session (right panel) are
presented as a function of injection dose of THC. Each symbol represents the mean (± S.E.M.)
of the last three sessions under each THC injection dose condition and under a vehicle condition
from three or four monkeys, with the exception of the values for the 1 μg/kg/injection dose of
THC, which represent mean results from two monkeys. *P < 0.05, **P < 0.01 post-hoc
comparisons with the vehicle conditions after significant one-way ANOVA for repeated
measures main effect, Dunnett’s test. Modified from Tanda et al., 2000 and Justinova et al.,
2003.
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Figure 4.
A. Intravenous self-administration of WIN 55,212-2 by rats. Each bar represents the mean ±
S.E.M number of injections per session during 6 consecutive sessions immediately after 3 days
of stable responding (n = 12-14). Doses are expressed as μg/kg per injection. **P<0.01 and
*P<0.05 significant difference from vehicle group. Modified from Fattore et al., 2001. B.
Effects of acute priming injections of WIN 55,212-2, heroin or cocaine on reinstatement of
cannabinoid-seeking behavior following prolonged abstinence. Each bar represents the mean
± S.E.M of active nose-pokes over the last 3 days of cannabinoid self-administration
(training), over the last five consecutive sessions of extinction (EXT) and during reinstatement
test sessions (priming). Doses are expressed as mg/kg (i.p.). *P<0.001 vs respective
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EXT; #P<0.05, ##P<0.01 and ###P<0.001 vs respective training; §P<0.05 between primings
of the two doses of WIN 55,212-2. ANOVA followed by post hoc test (n=7-8). Modified from
Spano et al., 2004.
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Figure 5.
Effects of pretreatment with 0.03 and 0.1 mg/kg naltrexone on self-administration responding
maintained by THC over consecutive sessions. Number of injections per session during THC
(4 μg/kg/injection) self-administration sessions after pretreatment with vehicle (sessions 1-3
and 9-11) or naltrexone (sessions 4-8), and numbers of injections per session during self-
administration sessions when saline was substituted for THC (sessions 4-8) are shown.
Symbols represent the means (± S.E.M.) of injections per session from 4 monkeys. **P<0.01,
post-hoc comparisons with the last THC session before naltrexone pretreatment or saline
substitution (session 3) after significant one-way ANOVA for repeated measures main effect,
Dunnett’s test. Modified from Justinova et al., 2004.
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Table 1
Evaluation of the reinforcing effects of cannabinoids with operant self-
administration procedures in laboratory animals

Dose range Vehicle Species Procedure Results Reference

Delta-9-Tetrahydrocannabinol (Δ9-THC)

25-100 μg/kg/inj. PVP,
Saline Rhesus Monkeys IVSA Substitution for

phencyclidine Inhalation

Low rates of
responding; No clear
evidence that
responding for THC
could persist above
vehicle control levels
over repeated daily
sessions

Pickens et al.,
1973

100-400 μg/kg/inj.
Tween-20, Saline Rhesus Monkeys IVSA Naïve subjects

Substitution for cocaine

Negative results in
naïve subjects 2
monkeys out of 6
acquired THC IVSA
after physical
dependence to THC
had been established
and 1 monkey
following cocaine self-
administration

1Deneau and
Kaymakcalan,

1971;
Kaymakcalan et

al., 1973

25-300 μg/kg/inj. PVP,
Saline Rhesus Monkeys

IVSA Naïve subjects;
Substitution for cocaine,
cocaine-THC mixture;
IVSA measured after
exposure to programmed
infusions of THC

Negative results Harris et al., 1974

Cannabis resin
suspension (contained
30-330 μg of THC/ml)

Rats Oral SA Negative results
2Leite and

Carlini, 1974

Aqueous hashish
suspension (contained

1.25-125 μg of THC/ml)
Rats Oral SA Negative results

3Corcoran and
Amit, 1974

3-300 μg/kg/inj. EL-620,
Ethanol, Saline Rhesus Monkeys IVSA Substitution for

cocaine Negative results Carney et al.,
1977

7.5-300 μg/kg/inj.
Tween-20, Saline Rats IVSA Naïve subjects

Low incidence of lever-
pressing; Maximal
incidence of rats self-
administering THC
was only 40 % on the
highest dose

Van Ree et al.,
1978

6.25-50 μg/kg/inj.
Tween-80, Saline Rats IVSA Naïve Subjects

IVSA in food-deprived
rats when a pellet of
food was automatically
delivered at 1-min
intervals; Behavior
immediately
disappeared when a
diet restriction or the
automatic food
presentation was
discontinued

Takahashi and
Singer, 1979;

1980

17-100 μg/kg/inj.
EL-620, Ethanol, Saline Rhesus Monkeys IVSA Substituted for

phencyclidine Negative results Mansbach et al.,
1994

2-8 μg/kg/inj. Tween-80,
Ethanol, Saline Squirrel Monkeys

IVSA Substituted for
cocaine after saline
extinction period

Persistent and reliable
IVSA; Peak rates of
responding at THC
dose of 4 μg/kg/inj.

Tanda et al., 2000

1-16 μg/kg/inj.
Tween-80, Ethanol,

Saline
Squirrel Monkeys IVSA Naïve Subjects

Persistent and reliable
IVSA; Peak rates of
responding at THC
dose of 4 μg/kg/inj.

Justinova et al.,
2003; 2004
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Dose range Vehicle Species Procedure Results Reference

WIN 55,512-2

10-500 μg/kg/inj.
Cremophor, Saline Mice IVSA Naïve subjects

Positive results; Single
IVSA session in
restrained mice

Martellotta et al.,
1998

100 μg/kg/inj.
Cremophor, Saline Mice IVSA Naïve subjects

Positive results in wild-
type mice (CB1

+/+)
Negative results in
CB1 receptor knockout
mice (CB1

-/-)

Ledent et al.,
1999

10-100 μg/kg/inj.
Cremophor, Saline Mice IVSA Naïve subjects

Positive results; Single
IVSA session in
restrained mice

Navarro et al.,
2001

6.25-50 μg/kg/inj.
Tween-80, Saline Rats IVSA Naïve subjects

Positive results; Peak
rates of responding at
WIN 55,212-2 dose of
12.5 μg/kg/inj.; Freely
moving rats; Diet-
restriction necessary to
demonstrate self-
administration

Fattore et al.,
2001; Spano et

al., 2004

CP 55,940

0.3-3 μg/kg/inj. EL-620,
Ethanol, Saline Rhesus Monkeys IVSA Substituted for

phencyclidine Negative results Mansbach et al.,
1994

0.1-1.6 μg/infusion
ACP, Cremophor, Saline Rats ICVSA Naïve subjects

Positive results, Water-
restricted rats;
Concurrent delivery of
water with each
infusion

Braida et al.,
2001

HU-210

5 μg/kg/inj. Cremophor,
Saline Mice IVSA Naïve subjects

Positive results; One-
session self-
administration in
restrained mice

Navarro et al.,
2001

SR 141716 (Rimonabant)

1-100 μg/kg/inj. EL-620,
Ethanol, Saline Rhesus Monkeys IVSA Substitution for

cocaine Negative results Beardsley et al.,
2002

IVSA - Intravenous Self-administration; ICVSA - Intracerebroventricular Self-administration; PVP - Polyvinylpyrollidone; EL-620 - Emulphor ; ACP -
artificial cerebrospinal fluid
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