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Abstract

Research is beginning to outline a role for the endocannabinoid system in cocaine addiction. Human and animal studies indicate that
exogenous cannabinoids modulate the acute rewarding effects of cocaine. These studies, however, cannot directly investigate the necessity of
endocannabinoid transmission in cocaine addiction. Studies that do offer a direct assessment show that neither pharmacological antagonism
nor deletion of the CB; receptor alters the acute rewarding effects of cocaine. In contrast, CB; receptors appear to be involved in the
association of cocaine reward with environmental cues and reinstatement of cocaine self-administration. Together, these results point to CB,
receptor antagonists as potential anti-craving compounds in the treatment of cocaine addiction. Given the limitations of human population
studies, animal research may be useful in discerning causal inferences between cannabis and cocaine use. While animal research suggests
cannabis use may precipitate cocaine relapse, cross-sensitization between cannabinoids and cocaine has not been demonstrated and CB,
receptors do not mediate behavioral sensitization to cocaine. The effect of acute or chronic cocaine on endocannabinoid transmission in
reward-related areas of the brain is relatively under-researched. Acute cocaine administration increases anandamide levels in the striatum, an
effect that is mediated by dopamine D,-like receptors. Conversely, chronic cocaine exposure has no effect on anandamide, but decreases 2-
arachidonylglycerol levels in the limbic forebrain. This review highlights research indicating that the endocannabinoid system may subserve
certain aspects of cocaine addiction and suggests avenues for future investigation.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Endocannabinoids, such as arachidonylethanolamide
(anandamide) and 2-arachidonylglycerol (2-AG), are syn-
thesized in neurons and astrocytes, and are subject to
enzymatic degradation by fatty acid amide hydrolase
(FAAH) and also high affinity reuptake (Beltramo and
Piomelli, 2000; Beltramo et al., 1997; Bisogno et al., 1997,
2001; Desarnaud et al., 1995; Di Marzo et al., 1994, 1998;
Stella et al., 1997; Walter et al., 2002). A more detailed
picture of the distribution of cannabinoid (CB) receptors in
discrete brain circuits has been mapped out, especially in
reward-related areas of the brain (Freund et al., 2003;
Katona et al., 2001; Robbe et al., 2003). Furthermore,
endocannabinoids act as retrograde messengers, synthesized
on demand and released from the postsynaptic membrane to
activate presynaptically located CB; receptors that modulate
the release of neurotransmitters (Freund et al., 2003; Wilson
and Nicoll, 2001).

The science of the endocannabinoid system has advanced
our understanding of various disorders of the central
nervous system (CNS) (Freund et al., 2003; Porter and
Felder, 2001; van der Stelt and Di Marzo, 2003). Converg-
ing evidence indicates that the endocannabinoid system is
an important constituent of neural substrates involved in
drug addiction. For example, human studies have shown
that polymorphisms in components of the endocannabinoid
system, such as in genes encoding the cannabinoid CB,
receptor and FAAH, are associated with substance abuse
and dependence (Comings et al., 1997; Sipe et al., 2002).
Thus, the endocannabinoid system may offer a novel target
in the treatment of drug addiction. This may be especially
important in the treatment of cocaine abuse and dependence,
where no proven effective pharmacotherapies exist (de Lima
et al., 2002; van den Brink and van Ree, 2003). Further-
more, a role for endocannabinoid transmission in cocaine
addiction might provide a mechanism for the “gateway
hypothesis,” the view that exposure to cannabis might
heighten an individual’s susceptibility to becoming depend-
ent on cocaine.

Many studies show commonalities in the neuropharma-
cological actions of cannabinoids and cocaine, providing
prima facie evidence that endocannabinoids might play an
important role in cocaine addiction. Administration of
cannabinoids or cocaine increases expression of the
immediate early gene, c-fos, in reward-related brain regions
such as the nucleus accumbens (NAc) and the prefrontal
cortex (Arnold et al.,, 2001b; Erdtmann-Vourliotis et al.,
1999). Furthermore, exposure to cocaine or the main
psychoactive constituent of cannabis, A’-tetrahydrocanna-
binol (A’-THC), promotes an increase in the release of DA
in the NAc (Carboni et al, 1989; Chen et al., 1990;
Hernandez and Hoebel, 1988; Hurd et al., 1989; Pettit and
Justice, 1989; Tanda et al., 1997). In addition, injection of
either cannabinoids (Hoffman and Lupica, 2001; Manzoni
and Bockaert, 2001; Szabo et al., 2002) or cocaine (Nicola

et al., 1996) directly into the NAc promotes an inhibition of
excitatory synaptic transmission in this brain region.

Cannabinoids interact with CB; receptors to produce
their rewarding actions, whereas cocaine inhibits mono-
amine carriers, such as dopamine (DA), serotonin and
noradrenaline transporters (Heikkila et al., 1979; Kuhar et
al., 1991; Ledent et al., 1999; Maldonado and Rodriguez de
Fonseca, 2002; Mansbach et al., 1996; Martellotta et al.,
1998; Rothman and Baumann, 2003). As such, evidence of
overlap between endocannabinoid and monoamine trans-
mission may also point to a role of endocannabinoids in
cocaine dependence. First, mRNA for DA D; and D,
receptors, as well as 5-HT g receptors, are co-localized with
CB,; receptors in the striatum (Hermann et al., 2002). This
co-localization implies that cross-talk may occur between
CB; and monoamine receptors at the level of signal
transduction. In support of this, Glass and Felder (1997)
demonstrated that stimulation of either CB; receptors or D,
receptors leads to a decrease in cAMP accumulation.
However, an increase in cAMP levels is promoted when
these receptors are stimulated together. Similarly, a recent
study observed that cells expressing CB, receptors alone
accumulate less cAMP when exposed to cannabinoids
(Jarrahian et al., 2004). When these cells are also transfected
with the D, receptor gene, cannabinoids act to increase
cAMP accumulation. Functional interactions thus exist
between the endocannabinoid system and monoamine
systems in reward-related areas of the brain.

Nonetheless, a more definitive analysis of the involve-
ment of the endocannabinoid system in cocaine addiction is
warranted. The current review will address human and
animal experiments that assess whether endocannabinoid
transmission plays a role in the habit-forming nature of
cocaine. Particular emphasis will be given to animal studies
where two main strategies have been implemented. Both
approaches infer the functional role of CB; receptors, either
through pharmacological blockade of CB; receptors, or by
using transgenic animals engineered to lack the gene
encoding the CB; receptor (CB; receptor knockout mice).
Exogenous cannabinoid modulation of cocaine reinforce-
ment will also be overviewed. Such research yields only
tentative information on endocannabinoid transmission but
may provide directives for future investigations. Finally,
behavioral research will be discussed in light of molecular
and neurochemical studies which underscore the involve-
ment of endocannabinoid transmission in the neuropharma-
cological actions of cocaine.

2. The endocannabinoid system and cocaine reward
2.1. Human studies
There exists a paucity of research into the role of the

endocannabinoid system in the acute rewarding effects of
cocaine. Two human studies provide evidence that canna-
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binoids might act to potentiate the euphoriant actions of
cocaine. The first of these studies observed that human
volunteers who smoked cannabis prior to intravenous (i.v.)
cocaine displayed a trend for a prolonged experience of the
“high” associated with these drugs (Foltin et al., 1993).
Another study revealed that smoking a A°-THC containing
cigarette prior to intranasal cocaine decreased the latency to
onset of cocaine-induced euphoria and decreased the
duration of cocaine’s dysphoric effects (Lukas et al.,
1994). High doses of A°-THC significantly increased the
peak plasma levels and bioavailability of cocaine, possibly
due to A’-THC-induced vasodilation of the nasal mucosa.
The authors argued that this would attenuate cocaine-
induced vasoconstriction, thereby increasing cocaine’s
absorption. However, it remains possible that pharmacody-
namic mechanisms might also explain the apparent inter-
action between the euphoriant actions of cannabinoids and
cocaine.

2.2. Intracranial self-stimulation

Animal studies may provide insight into the pharmaco-
dynamic mechanisms responsible for interactions between
the rewarding actions of cannabinoids and cocaine (see
Table 1). The intracranial self-stimulation (ICSS) model has
enabled the study of the neural and chemical profile of brain
reward systems (Wise, 1996). The rate-frequency curve-
shift method is the optimal procedure for measuring the
rewarding impact of a drug using ICSS (Esposito and
Kornetsky, 1977). Typically, animals are trained to bar-press
for a series of descending and/or ascending frequencies of
electrical stimulation that are supplied to the medial fore-
brain bundle. The advantage of this method is that it allows

the measurement of both the rewarding impact of the
stimulation, and also any performance deficits promoted by
the drug. Drugs of abuse, such as cocaine, lower the
frequency which supports half-maximal rates of responding,
i.e., the reward threshold.

Endocannabinoid transmission does not appear to be
involved in the acute rewarding effects of cocaine as
measured by ICSS. Vlachou et al. (2003) demonstrated that
pre-treatment with the CB, receptor antagonist, SR 141716
(0.02-0.3 mg/kg) had no effect on the threshold-lowering
effects of cocaine (5 mg/kg i.p.) in rats. However, higher
doses of SR 141716 may be required to unmask a role of
CB, receptors in acute cocaine reward given that only doses
in excess of 0.3 mg/kg decrease the sensitivity of electrical
brain stimulation (Arnold et al., 2001a; Deroche-Gamonet et
al., 2001). In any event, CB; receptor involvement in ICSS
complicates assessment of the role of the endocannabinoid
system in the threshold-lowering effects of cocaine.

Vlachou et al. (2003) also reported that the cannabinoid
receptor agonist, WIN 55,212-2 (0.3—1 mg/kg i.p.),
reversed the threshold-lowering effects of cocaine. This
effect is cannabinoid receptor mediated as pre-treatment
with SR 141716 reversed the reward-dampening effect of
WIN 55,212-2. The effect of WIN 55,515-2 on cocaine
reward occurred at doses of WIN 55,212-2 that do not
modulate ICSS when administered alone. This is consistent
with prior research showing that cannabinoids have no
affect on ICSS (Amold et al.,, 2001a; Kucharski et al.,
1983). However, Gardner and colleagues have shown that
A°-THC administration lowers ICSS thresholds in Lewis
rats (Gardner and Lowinson, 1991; Gardner and Vorel,
1998). In any case, if CB; receptor stimulation does enhance
the rewarding impact of ICSS, this would be expected to

Table 1

Endocannabinoid and exogenous cannabinoid modulation of cocaine reward as assessed by animal models of addiction

Model Species Treatment Effect Authors

Endocannabinoid transmission

1CSS? Rats SR 141716 No change Vlachou et al., 2003

Self-administration Squirrel monkeys SR 141716 No change Tanda et al., 2000
Rats SR 141716 No change De Vries et al., 2001
Mice CB1 KO* No change Cossu et al., 2001

Self-administration: Rats SR 141716 Reduced cocaine- and cue- but De Vries et al., 2001

Reinstatement not stress-primed response rate
CPP* Rats SR 141716 Reversed acquisition but did Chaperon et al., 1998
not alter expression

CPP Mice CBI1 KO No change Martin et al., 2000

Behavioral sensitization Mice CB1 KO No change Martin et al., 2000

Exogenous cannabinoid modulation

1CSS Rats WIN 55,212-2 Reversed cocaine reward Vlachou et al., 2003

Self-administration Rats WIN 55,212-2 Reduced response rate Fattore et al., 1999

Self-administration: Rats HU 210 Increased cocaine response rate De Vries et al., 2001

Reinstatement Rats A°-THC No change Schenk and Partridge, 1999

CPP: Extinction Rats A°-THC, cannabidiol Potentiated extinction Parker et al., 2004

Cross-sensitization Rats CP 55,940 None Arnold et al., 1998
Rats HU 210 None Ferrari et al., 1999

# ICSS—intracranial self-stimulation, CPP—conditioned place preference, KO—knock-out.
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enhance the rewarding actions of cocaine by way of an
additive interaction of these drugs on the rewarding impact
of electrical brain stimulation.

It is difficult to explain the ability of WIN 55,212-2 to
reduce the rewarding effects of cocaine on ICSS (Vlachou et
al., 2003). One hypothesis is based on research showing
CB, receptor activation acts as part of an inhibitory
feedback mechanism for excessive DA release in the
striatum (Giuffrida et al., 1999). Consonant with this,
cocaine has recently been shown to increase anandamide
levels in the striatum (Centonze et al., 2004). This appears to
be due to both an increase in anandamide’s synthesis and a
decrease in its degradation by FAAH. Increased endocan-
nabinoid transmission was dependent on D,-like receptor
stimulation promoted by cocaine-induced elevations in
synaptic DA levels. Further, electrophysiological recordings
in striatal slices revealed that cocaine-induced anandamide
release inhibited GABA transmission that was partially
mediated by CB,; receptors. In view of this, endocannabi-
noid transmission may function as a homeostatic mecha-
nism that attempts to offset excessive DA release in the
striatum. Thus, the use of exogenous CB; receptor agonists
in combination with cocaine might instigate this mechanism
and attenuate further DA release, consequently decreasing
the acute rewarding effects of cocaine.

2.3. Self-administration: acquisition and maintenance

The self-administration model has long been utilized to
assess the rewarding actions of cocaine. Drug self-admin-
istration studies have shown that animals can be trained to
voluntarily self-administer many different drugs of abuse
including psychostimulants such as cocaine (LeSage et al.,
1999). The advantage of this model is that it most closely
resembles the different stages of human drug dependence —
acquisition, maintenance and relapse — which has led to a
greater understanding of the neurobiological underpinnings
of addictive behavior (Balster, 1991; Cami and Farre, 2003;
Koob et al., 2004).

Research indicates that the endocannabinoid system does
not play a critical role in the acquisition or maintenance of
cocaine self-administration. Pre-treatment with SR 141716
fails to modulate cocaine self-administration in either rats or
squirrel monkeys (De Vries et al., 2001; Tanda et al., 2000).
Similarly, CB; receptor knockout mice can be trained to
acquire cocaine self-administration behavior (Cossu et al.,
2001). It is relevant to note that CB; receptor knockout mice
do not self-administer morphine, but can be trained to self-
administer other drugs of abuse, such as amphetamine and
nicotine (Cossu et al., 2001). This finding is consistent with
the considerable overlap between endocannabinoid and
endogenous opioid systems in the brain, particularly in
reward-related circuits (Chen et al., 1990; Gardner, 2002;
Tanda and Goldberg, 2003; Tanda et al., 1997; Zimmer et
al., 2001). Interestingly, CB; receptors play a crucial role in
morphine-induced DA release from the NAc (Mascia et al.,

1999). However, CB; receptors are not critical to cocaine-
induced DA release from this reward-related region
(referred to in Cossu et al., 2001 as unpublished
observations).

While the endocannabinoid system does not mediate
cocaine reward, exposure to exogenous cannabinoids
appears to modulate cocaine self-administration. Fattore et
al. (1999) demonstrated that WIN 55,212-2 (0.25—1 mg/kg
i.v.) pre-treatment decreased i.v. self-administration of
cocaine using a fixed ratio (FR1) schedule of reinforcement
in rats, an effect mediated by CB, receptors. Assuming that
a decrease in response rate indicates hedonic satiation, such
findings suggest that CB; receptor activation magnifies the
rewarding impact of cocaine. To this degree, given that DA
receptor agonists decrease the rate of responding for cocaine
in rats, it has been postulated that such agents might be
clinically useful in the treatment of cocaine dependence
(LeSage et al., 1999). Thus, cannabinoid receptor agonists
might also be utilized clinically, acting to decrease the
frequency of cocaine use in dependent individuals. Not-
withstanding, cannabinoid agents with less abuse liability
than WIN 55,212-2 could be used as this compound is self-
administered by animals (Fattore et al., 2001).

The opposing effects of WIN 55,212-2 on cocaine
reward as measured by Fattore et al. (1999) using the self-
administration model and Vlachou et al. (2003) using the
ICSS paradigm is challenging to reconcile. However,
Fattore et al. (1999) is consistent with earlier human studies
showing that cannabinoid exposure potentiates the reward-
ing impact of cocaine (Foltin et al.,, 1993; Lukas et al.,
1994). Such research parallels investigations showing that
the individual administration of A’-THC or cocaine
enhances the release of DA from the NAc (Chen et al.,
1990; Hernandez and Hoebel, 1988; Hurd et al., 1989; Pettit
and Justice, 1989; Tanda et al., 1997). Future investigations
could assess whether co-administration of a CB; receptor
agonist with cocaine acts additively or synergistically to
enhance DA release from the NAc, and therefore provide a
neural correlate for the action of WIN 55,212-2 on the rate
of cocaine self-administration (Fattore et al., 1999).

2.4. Self-administration: reinstatement

Reinstatement of cocaine self-administration is an animal
model of relapse observed in cocaine dependent individuals
(de Wit and Stewart, 1981; Epstein and Preston, 2003;
Gerber and Stretch, 1975). Typically, rats are first trained to
self-administer i.v. cocaine before this behavior is extin-
guished. Following extinction, cocaine self-administration
behavior can be reinstated by the presentation of cues (e.g.,
a tone paired with cocaine), the administration of a cocaine-
priming injection, or stress exposure (e.g., footshock).
Employing this model, De Vries et al. (2001) demonstrated
that pre-treatment with SR 141716 (1-3 mg/kg) reduced
reinstatement of cocaine seeking promoted by cocaine-
associated cues or cocaine-priming injections, yet failed to
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reverse stress-induced reinstatement. Therefore, while the
endocannabinoid system does not appear to subserve the
acquisition or maintenance of cocaine self-administration,
these data suggest that activation of CB; receptors is
critically involved in relapse to cocaine seeking.

In addition, De Vries et al. (2001) showed that admin-
istration of the potent cannabinoid receptor agonist, HU 210
(4—-100 pg/kg), dose-dependently promoted reinstatement
of cocaine seeking via CB; receptor activation. Inconsistent
with this, Schenk and Partridge (1999) failed to demonstrate
that A°-THC (0.3—3 mg/kg) reinstated cocaine self-admin-
istration. The utilization of different cannabinoid receptor
agonists might explain these discordant results. The plant-
derived A°-THC has a different chemical structure to HU
210, which is a synthetic analogue of A-THC (Mechoulam
et al.,, 1987; Mechoulam et al., 1988). Consequently, HU
210 has much higher affinity and intrinsic activity at
cannabinoid receptors than A’-THC (Howlett et al., 2002).
Further, cannabinoid receptor agonists, including HU 210
and A°-THC, appear to have agonist-specific actions on
signal transduction pathways that may bestow different
behavioral effects (Bonhaus et al., 1998). Methodological
differences might also account for these contradictory
findings; for example, the period of extinction was much
longer in the De Vries et al. (2001) study than in the work of
Schenk and Partridge (1999) (14 days versus 3 h). Thus, it is
possible the residual pharmacological effects of cocaine
may have overshadowed the ability of A’-THC to reinstate
cocaine self-administration in the Schenk and Partridge
(1999) study.

The mechanism by which the endocannabinoid system
subserves cue- and cocaine-, but not stress-primed reinstate-
ment of cocaine self-administration is of interest. Research
is emerging that delineates distinct neuronal circuitry
underlying reinstated cocaine seeking that is primed by
cocaine-related cues, cocaine or stress. It appears that cue-
priming relies on DA projections from the ventral tegmental
area (VTA) to the basolateral amygdala (BLA), that in turn
sends afferent fibres to the prefrontal cortex (Grimm and
See, 2000; Kalivas and McFarland, 2003). Cocaine-primed
reinstatement seems to be mediated by connections between
the VTA and prefrontal cortex (Kalivas and McFarland,
2003). Further, while not well established, stress-primed
reinstatement may involve markedly different circuitry,
possibly comprised of noradrenergic nerves in the extended
amygdala that send projections to the prefrontal cortex via
the VTA (Kalivas and McFarland, 2003; McFarland et al.,
2004). It is therefore likely that the varied distribution of
endocannabinoid mediators and cannabinoid receptors in
these circuits might explain the effectiveness of SR 141716
in reversing cue- and cocaine-, but not stress-primed
reinstatement of cocaine self-administration.

Much evidence indicates that the mesocorticolimbic DA
system is involved in cocaine-primed reinstatement of
cocaine self-administration (Kalivas and McFarland, 2003;
Shalev et al., 2002; Stewart, 2000). Explanations of how

CB; receptor blockade impairs cocaine-primed relapse are
limited by our insufficient understanding of the role of
endocannabinoid transmission in the mesocorticolimbic
system. As minimal CB; receptor protein or mRNA is
expressed in the VTA or the NAc (Egertova and Elphick,
2000; Mailleux and Vanderhaeghen, 1992; Tsou et al.,
1998), it is unlikely SR 141716 directly affects neurons in
these structures to inhibit cocaine seeking. Nevertheless,
structures that innervate the NAc, such as the prefrontal
cortex and the BLA, contain higher densities of CB;
receptors. This has led to investigations into the contribution
of such afferent innervation to NAc function (Katona et al.,
2001; Pistis et al., 2004; Robbe et al., 2001).

Such research has provided a new conceptualization for
how cannabinoids engender their rewarding effects (Robbe
et al., 2001; van der Stelt and Di Marzo, 2003). According
to this model, cannabinoids act on presynaptic CB;
receptors found on cortical glutamatergic afferents to the
NAc (Robbe et al.,, 2001). The ensuing decrease in
glutamate release is proposed to restrain the inhibitory
action that GABAergic medium spiny neurons have on the
VTA. Consequently, disinhibition of the VTA would lead to
DA release downstream in the NAc (Szabo et al., 2002).
Thus, HU 210 may increase the release of DA in the NAc
and act as a trigger to reinstate cocaine seeking (De Vries et
al., 2001). Conversely, assuming significant endocannabi-
noid tone, blockade of presynaptic CB; receptors with SR
141716 at the cortical-NAc synapse might promote gluta-
mate release, initiating enhanced GABAergic transmission
and thus inhibition of the VTA. As DA is an important
mediator of cocaine-primed relapse (Shalev et al., 2002), the
resulting decrease in DA release from the NAc might
attenuate necessary synaptic transmission for cocaine
relapse. Unfortunately, this theory might over-emphasize
the role of DA in cocaine-primed reinstatement with
mounting evidence supporting the notion that glutamate
might contribute more than DA (Cornish et al., 1999;
Cornish and Kalivas, 2000; Kalivas, 2004). Clearly, the
specific nature of endocannabinoid involvement in the
reinstatement of cocaine seeking needs to be further
examined.

The De Vries et al. (2001) study has two far-reaching
implications. First, it implies that cannabinoid consumption
may enhance vulnerability to cocaine seeking in humans.
Indeed, one clinical study demonstrates that prior cannabis
use hastens relapse in abstinent cocaine dependent individ-
uals (Rawson et al., 1986). Accordingly, treatment programs
could adopt strategies to prevent cannabis use in abstinent
cocaine users. Such developments will be assisted by
research that further characterizes the phenomenon of
cannabinoid-induced cocaine seeking in humans. The
second implication of the De Vries et al. (2001) study is
that CB; receptor antagonists, such as SR 141716, may
prove useful in the pharmacotherapy of cocaine addiction.
While many compounds have been trialed to reduce cocaine
relapse, none have yet been established as effective (de
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Lima et al., 2002; van den Brink and van Ree, 2003). CB;
receptor antagonists may thus provide new therapeutic
candidates in relapse prevention for cocaine addiction.

2.5. Conditioned place preference

The role of the endocannabinoid system in cocaine-
induced conditioned place preference (CPP) has been
investigated in several studies. CPP assesses the perception
of the rewarding value of reinforcers (Carr et al., 1989;
Chaperon and Thiebot, 1999). Animals are subjected to a
conditioning phase where they are injected with a drug of
abuse or vehicle on alternate days and then placed in a
distinctive environment for each injection. Control animals
are injected with vehicle on every day. Following con-
ditioning, animals are tested drug-free, with rats expressing
a preference for the drug-paired environment over the
vehicle-paired one. Drug-seeking behavior is therefore
elicited by environmental cues associated with the reward-
ing effects of a drug.

The first of these studies indicates that endocannabi-
noid transmission mediates the association of the reward-
ing effects of cocaine with environmental cues. Co-
administration of SR 141716 with cocaine in the
conditioning phase abolishes the acquisition of CPP to
cocaine in rats (Chaperon et al., 1998). However, Martin
et al. (2000) demonstrated cocaine-induced CPP in CB;
receptor knockout mice. It is possible that such contra-
dictory observations could be due to species differences.
Alternatively, CB; receptor knockout mice may express
adaptations that compensate for the functional loss of this
receptor from the earliest stages of development (Crawley,
1999). A further explanation is based on the inverse
agonist properties of SR 141716 (Bouaboula et al., 1997;
Seifert and Wenzel-Seifert, 2002). Constitutively active
CB; receptors may be critical to CPP to cocaine. This
activity may be reversed by the administration of SR
141716 that shifts the CB; receptor into an inactive
conformation.

A final view that might explain the disparate findings of
Chaperon et al. (1998) and Martin et al. (2000) is based on
recent evidence indicating SR 141716 might antagonize, in
addition to the CB; receptor, an uncharacterized cannabi-
noid receptor that is located in the CNS (Freund et al., 2003;
Hajos et al., 2001; Pistis et al., 2004). If this unknown
cannabinoid receptor was solely responsible for cocaine-
induced CPP, then this would explain why pharmacological
blockade of this receptor with SR 141716, but not targeted
deletion of the CB receptor, impairs the acquisition of CPP
to cocaine. Future studies could observe whether the
administration of selective CB; receptor antagonists, such
as AM 251 (Pistis et al.,, 2004), are also ineffective in
modulating cocaine-induced CPP. Further, if indeed an
additional cannabinoid receptor is cloned, it could be
examined whether animals lacking the gene for this receptor
do not express cocaine-induced CPP.

It has recently been reported that the endocannabinoid
system might be involved in extinction of CPP to cocaine
(Parker et al., 2004). Low doses of the plant-derived
cannabinoids, A°-THC and cannabidiol, potentiate extinc-
tion of cocaine-induced CPP. The results of Parker et al.
(2004) are consistent with a critical role for the endocanna-
binoid system in the extinction of conditioned fear
(Marsicano et al., 2002). However, these findings are
inconsistent with cannabinoid-induced relapse to cocaine
seeking (De Vries et al., 2001), as the results of Parker et al.
(2004) imply cannabinoid administration would decrease
the propensity to relapse from exposure to cocaine
associated cues. The different cannabinoid receptor agonists
used in these studies might explain this contradiction. In
addition, the mechanisms responsible for extinction of
cocaine CPP may be distinct from those involved in
cannabinoid-primed reinstatement of cocaine seeking
(Parker et al., 2004).

3. The endocannabinoid system and neuroadaptive
change: cocaine sensitization

Neuroadaptations in the mesolimbic DA system that
accompany chronic drug use offer an explanation for why
drug abusers frequently relapse after discontinuing use
(Koob, 1996; Koob et al., 2004; Robbins and Everitt, 1999;
Robinson and Berridge, 1993). In the field of neuro-
pharmacology, sensitization of the mesolimbic DA system
is thought to herald the expression of such neuroadaptations.
Accordingly, repeated intermittent exposure to drugs such as
cocaine, amphetamine, nicotine or heroin produces pro-
gressively greater drug-induced increases in DA efflux in
the NAc, a phenomenon referred to as neurochemical
sensitization. This is coupled to a progressively greater
locomotor response to the drug (behavioral sensitization)
and increased positively reinforcing effects of the drug and
drug-related cues (incentive sensitization).

Only one study has directly examined whether the
endocannabinoid system is implicated in behavioral sensi-
tization to cocaine. Martin et al. (2000) reported that
behavioral sensitization to cocaine occurs in CB; receptor
knockout mice. In contrast, these same animals did not
develop behavioral sensitization to morphine, reaffirming
the important role CB; receptors have in the habit-forming
nature of opioids (Cadoni et al., 2001; Chen et al., 1990;
Maldonado and Rodriguez de Fonseca, 2002; Mascia et al.,
1999; Tanda et al., 1997). It is possible, however, that
compensatory adaptations in knockout mice might make the
CB; receptor redundant in behavioral sensitization to
cocaine. To avoid such problems, CB; receptor antagonists
could be utilized in future studies. Furthermore, it would be
interesting to assess whether a progressive increase in
endocannabinoid release occurs in reward-related areas of
the brain, such as the striatum, in animals undergoing
behavioral sensitization to cocaine.
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One mechanism thought to be responsible for sensitiza-
tion to the locomotor-stimulant effects of cocaine is long-
term depression (LTD) in the NAc (Thomas et al., 2001).
This form of experience-dependent synaptic plasticity has
been proposed to contribute to neuroadaptations that
subserve addictive behavior (Gerdeman et al., 2003). LTD
is promoted by high frequency stimulation of glutamatergic
afferents to medium spiny neurons in the striatum.
Consequently, the NAc becomes refractory to excitatory
input through long-term inhibition of glutamate release.
Studies indicate anandamide is critically involved in LTD by
acting as a retrograde messenger and activating presynap-
tically located CB, receptors (Gerdeman et al., 2002; Robbe
et al., 2002). It is noteworthy that CB; receptors mediate
amphetamine-induced LTD at synapses in the amygdala
(Huang et al., 2003). However, at this point in time, no
studies have assessed whether cocaine-induced LTD
requires endocannabinoid transmission in the striatum.

Research has examined modulation of the endocannabi-
noid system in animals undergoing chronic treatment with
cocaine. In two related studies, endocannabinoid and CB;
receptor levels were analysed in the CNS of rats following
administration of cocaine (15 mg/kg) twice daily for 10 days
(Gonzalez et al., 2002a,b). Compared to pre-treatment with
nicotine and ethanol, cocaine had the smallest impact on
endocannabinoid levels in the brain (Gonzalez et al.,
2002a). Cocaine promoted a significant decrease in 2-AG
levels in the limbic forebrain (this includes the NAc and the
BLA). However, no change was observed in levels of
anandamide in the same brain region. Anandamide and 2-
AG levels in other reward-related areas of the CNS, such as
the midbrain, striatum and the cerebral cortex, were all
unaffected by chronic cocaine exposure.

The second of these studies measured the effects of
chronic cocaine on CB; receptor protein and mRNA levels
using autoradiography and in situ hybridization respectively
(Gonzalez et al., 2002b). Consistent with their previous
study, differences were observed between cocaine and the
other drugs examined, morphine and alcohol. This suggests
that endocannabinoids have a diverse role in the habit-
forming nature of drugs of abuse, rather than a simple,
common role across all drug classes. Chronic pre-treatment
with cocaine altered CB; receptor mRNA levels in the
ventromedial hypothalamus and the superficial and deep
layers of the cerebral cortex. Reward-related structures in
the limbic forebrain were unaffected in either mRNA or CB,
receptor levels. It was concluded that while chronic cocaine
administration does not affect the basal level of CB;
receptors, it might inhibit gene transcription or mRNA
stability. Nonetheless, it is possible that alterations in CB;
receptor levels may be expressed at a later time than
examined in this study. Interestingly, neuroadaptations
associated with behavioral sensitization may arise weeks
or months following cocaine withdrawal (Vezina, 2004).
Indeed, long-term depression is observed at cortico-NAc
synapses weeks after the cessation of a schedule of

administration that promoted behavioral sensitization to
cocaine (Thomas et al., 2001). Accordingly, more pro-
nounced alterations in the endocannabinoid system may
occur after a longer withdrawal period from cocaine
administration.

4. The “gateway” theory

The “gateway” theory, a phenomenon often alleged by
politicians, holds that cannabis use may predispose users to
the administration of other “harder” drugs of abuse, such as
cocaine. The most extensive research pertinent to the
gateway theory are longitudinal studies conducted by
Kandel and colleagues (Kandel et al., 1997; Kandel and
Yamaguchi, 1993; Kandel and Davies, 1992). These
researchers uncovered a highly predictable sequence of
drug use in American adolescents which starts with alcohol
and tobacco, is followed by cannabis (which is almost
invariably the first illicit drug used) then hallucinogens and
tranquilizers, before finally moving to cocaine or heroin.

While human population data indicate that cannabis use
is associated with cocaine use, it is very difficult to claim
cannabis use per se causes cocaine use (Kandel, 2003;
Morral et al., 2002). One recent study explored this
causative link by using a large sample of Australian twins
(Lynskey et al., 2003). It was hypothesized that if cannabis
use does not cause cocaine use, the risk of using cocaine
should be the same for early initiating cannabis users
compared to their discordant co-twins who began using
cannabis later in life. However, it was found that early
initiating cannabis users were more likely than their
discordant co-twins to become dependent on cocaine.
Therefore, it was hesitantly concluded that cannabis use
causes a progression to cocaine use and dependence.
Nonetheless, many early initiating cannabis users did not
progress to cocaine use and dependence, and it has also been
noted that the distinct life experiences of twins may in part
explain the results (Kandel, 2003).

While the assertion that cannabis use causes cocaine use
is contentious, the association of cannabis exposure and
cocaine use may arise for many reasons. One possibility is
that cannabis use may expose human users to a social
“gateway” where drugs such as cocaine become more
accessible via the criminal social nexus through which
cannabis is obtained. This is the fundamental premise that
has underpinned the de facto decriminalization of cannabis
in The Netherlands where the dissociation of cannabis
supply from the supply of “harder” drugs has been a
primary aim. Interestingly, it appears this strategy has been
at least partially achieved, with cannabis users in the US
being more likely to acquire a cocaine addiction than their
counterparts in The Netherlands (MacCoun and Reuter,
2001). Alternatively, a common underlying factor, such as a
“drug using propensity,” might explain the cannabis “gate-
way” phenomenon (Morral et al., 2002). This factor could
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be comprised of various genetic and environmental charac-
teristics. Thus, the correlation between cannabis use and
cocaine use may reflect no more than a global vulnerability
to addiction in these persons. A third possible explanation,
that does not necessarily exclude the first two, is that
cannabis use affects the mesolimbic DA system so that the
user is “sensitized” to becoming dependent on another
substance (Robinson and Berridge, 1993).

In animal research, pre-exposure to one drug may also
sensitize rats to the behavioral, neurochemical and incentive
effects of another drug (cross-sensitization) and it is this
phenomenon that offers a model of the “gateway” effects
presumed to occur in humans. Minimal research has
examined whether chronic cannabinoid exposure can
“cross-sensitize” the effects of other drugs. From the
studies that have been conducted, it appears that cross-
sensitization occurs between cannabinoids and morphine, or
cannabinoids and amphetamine (Cadoni et al., 2001; Gorriti
et al., 1999; Lamarque et al., 2001). However, studies
assessing interactions between cannabinoids and cocaine
have failed to demonstrate cross-sensitization (Arnold et al.,
1998; Ferrari et al., 1999). Such results are consistent with
the lack of CB; receptor involvement in behavioral
sensitization to cocaine (Martin et al., 2000).

The first study conducted in this area examined cross-
sensitization between cannabinoids and cocaine in a number
of ways (Armold et al.,, 1998). Following intermittent
exposure to the cannabinoid receptor agonist, CP 55,940
(10-50 pg/kg i.p.), no augmented locomotor response to
cocaine (15 mg/kg i.p.) was observed in cannabinoid pre-
treated rats. Similarly, animals intermittently administered
cocaine did not show any alteration in the locomotor-
depressant actions of CP 55,940 following a challenge
injection. As such, cross-sensitization was not observed in
either the cannabinoid—cocaine or cocaine—cannabinoid
direction. Furthermore, when CP 55,940 was co-adminis-
tered with cocaine under an intermittent schedule of
administration, this reduced, but did not completely abolish,
the progressive increase in the locomotor-stimulant effects
of cocaine. However, this co-administration of cocaine and
CP 55,940 did not inhibit the development of behavioral
sensitization to cocaine, as no difference was observed
between the cocaine pre-treated and the cocaine—cannabi-
noid co-administration groups when both were challenged
with cocaine alone. The findings of Arnold et al. (1998) are
consistent with a later study by Ferrari et al. (1999) who did
not observe cross-sensitization between cocaine and HU
210 (6.25-100 pg/kg i.p.) using a similar methodology.

It is perplexing why cross-sensitization with cannabi-
noids can be demonstrated for amphetamine but not
cocaine. One possible reason is based on differences in
the mechanism of action of these drugs. While cocaine
inhibits monoamine transporters (Reith et al., 1986, 1997;
Rocha et al., 1998), amphetamine causes the release of
DA from vesicles and reverses the action of the DA
transporter (Heikkila et al., 1975; Jones et al., 1998; Liang

and Rutledge, 1982; Raiteri et al., 1975). This in turn
promotes a much greater extracellular level of DA than
that observed following cocaine administration (Carboni et
al., 1989; Carboni et al., 2001). Therefore, the ability of
amphetamine to promote markedly greater extracellular
DA levels may provide sufficient neurochemical condi-
tions supportive of cross-sensitization to cannabinoids. It
is also possible that previous studies investigating cross-
sensitization between cannabinoids and cocaine have not
implemented the correct experimental conditions to reveal
such an effect. Studies illustrating cross-sensitization
between cannabinoids and amphetamine used A’-THC,
rather than synthetic cannabinoid receptor agonists, which
was administered at higher doses and under a distinct
schedule of administration (Gorriti et al., 1999; Lamarque
et al., 2001). Further, Lamarque et al. (2001) demonstrated
cross-sensitization within a narrow period of time and
only in a drug-preferring sub-population of Sprague—
Dawley rats. Moreover, Gorriti et al. (1999) used more
elaborate measures of behavior and utilized various doses
of the challenge injection, offering a wider range to detect
cross-sensitization.

5. Conclusion

This review highlights that endocannabinoid transmis-
sion subserves different aspects of cocaine addiction.
Evidence to date suggests that the endocannabinoid system
is not involved in the acute rewarding effects of cocaine. In
contrast, CB; receptors may mediate the association of
cocaine reward with environmental cues and reinstatement
of cocaine self-administration. Cannabis use in humans may
thus precipitate relapse and CB; receptor antagonists may
prove to be effective in preventing relapse in cocaine
addiction. Further advances in our understanding of the
endocannabinoid system’s role in the actions of cocaine may
provide new avenues in the pharmacotherapy of cocaine
abuse and dependence.
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