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Abstract

The brain’s reward circuitry consists of an “in series” circuit of dopaminergic (DA) neurons in the ventral tegmental area (VTA), nucleus
accumbens (Acb), and that portion of the medial forebrain bundle (MFB) which links the VTA and Acb. Drugs which enhance brain reward (and
have derivative addictive potential) have common actions on this core DA reward system and on animal behaviors relating to its function. Such
drugs enhance electrical brain-stimulation reward in this reward system; enhance neural firing and DA tone within it; produce conditioned place
preference (CPP), a behavioral model of incentive motivation; are self-administered; and trigger reinstatement of drug-seeking behavior in
animals extinguished from drug self-administration. Cannabinoids were long considered different from other reward-enhancing drugs in reward
efficacy and in underlying neurobiological substrates activated. However, it is now clear that cannabinoids activate these brain reward processes
and reward-related behaviors in similar fashion to other reward-enhancing drugs. This brief review discusses the roles that endogenous
cannabinoids (especially activation of the CB1 receptor) may play within the core reward system, and concludes that while cannabinoids
activate the reward pathways in a manner consistent with other reward-enhancing drugs, the neural mechanisms by which this occurs may differ.
Published by Elsevier Inc.
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1. Introduction

The brain’s reward circuitry consists of synaptically
interconnected neurons which link the ventral tegmental
area (VTA), medial forebrain bundle (MFB), nucleus
accumbens (Acb) (and closely-related structures ventral to
the Acb, including the olfactory tubercle), ventral pallidum
(VP), and medial prefrontal cortex (MPFC). Laboratory
rodents, canines, and non-human primates avidly self-
administer mild electrical stimulation to these loci, which
is also reported by humans to be intensely pleasurable. This
core reward circuitry is strongly implicated in the neural
processes underlying drug addiction. Activation of this
circuit correlates with drug-seeking and drug-taking behav-
iors. Inhibition of this circuit is implicated in withdrawal
dysphoria and dysphoria-mediated drug craving. These
brain mechanisms are believed to have evolved to subserve
biologically essential natural rewards. Although considered
for years to lack action on this core reward circuitry,
cannabinoids (which have euphorigenic and addictive
potential in humans) are now known to interact with these
brain mechanisms and influence drug-seeking and drug-
taking behaviors in a manner strikingly similar to that of

other reward-enhancing drugs. At the same time, very recent
advances in understanding the endogenous cannabinoid
system(s) of the brain make it increasingly likely that while
cannabinoids activate the reward pathways in a manner
consistent with other reward-enhancing drugs, the cellular
mechanisms through which this occurs may well differ.

2. Loci and mechanisms of brain reward

2.1. Neuroanatomical, neurophysiological, and neurochem-
ical substrates of brain reward

The neuroanatomical, neurophysiological, and neuro-
chemical substrates of brain reward involve neural loci
and mechanisms associated with the MFB, located
primarily in the ventral limbic midbrain/forebrain (Gard-
ner, 1997). Wise and Bozarth (1984) were the first to
formally suggest that these reward substrates consist of
“first-stage,” “second-stage,” and “third-stage” reward-
related neurons “in series” with one another, a suggestion
corroborated by subsequent work (for review, see Gardner,
1997). Anatomical and electrophysiological studies (e.g.,
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Gallistel et al., 1981) have shown that the “first-stage”
neurons originate from ventral limbic forebrain loci anterior
to the hypothalamus. These “first-stage” neurons are the
ones directly activated by rewarding electrical brain
stimulation. These neurons (of unknown neurotransmitter
type) project posteriorly through the MFB to synapse on
VTA DA cells. These “second-stage” DA neurons project
anteriorly through the MFB to synapse in the Acb. From
Acb, “third-stage” neurons carry the reward signal onward
to VP and other loci important for the expression of
reward-related and incentive-related behaviors (Bardo,
1998; Napier and Mitrovic, 1999; McBride et al., 1999).
Some of these “third-stage” neurons utilize the neuro-
transmitter y-aminobutyric acid (GABA), and GABAergic
medium spiny Acb output neurons are implicated in brain
reward functions (Carlezon and Wise, 1996a). This core
brain reward system receives extensive additional neural
input from numerous modulatory systems—including
opioidergic, serotonergic, GABAergic, and glutamatergic
(Gardner, 1997). The GABAergic and glutamatergic neural
inputs appear especially important to the regulation of
reward processes and reward-driven behaviors (Gardner,
2000; Vorel et al., 2001). From single-neuron -electro-
physiological recording studies (e.g., Schultz et al., 1997;
Redgrave et al., 1999; Woodward et al., 1999), the
argument has been made that the core brain reward system
may encode a great deal more than simple hedonic tone. In
fact, it has been argued that the encoding of hedonic tone
per se may be less important than the encoding of reward
expectancy, disconfirmation of reward expectancy, priori-
tized reward, and other more complex aspects of reward-
driven learning and reward-related incentive motivation
(Gardner and Lowinson, 1993; Di Chiara, 1995; Wick-
elgren, 1997; Berridge and Robinson, 1998; Everitt et al.,
1999). However, others have argued compellingly that,
even if other reward-related functions are mediated by the
core VTA-MFB—Acb reward system, one of the primary
functions of this system is to compute hedonic tone and
neural “payoffs” (Kornetsky and Bain, 1992; Kornetsky
and Duvauchelle, 1994; Shizgal, 1997; Peoples et al.,
1999). As noted by Goldstein (2001), these brain reward
mechanisms presumably evolved to subserve natural,
biologically significant rewards, and their activation by
addictive drugs constitutes a form of pharmacological
“hijacking” of normal brain reward functions.

2.2. Brain reward mechanisms as affected by addictive
drugs

Addictive drugs activate the core brain reward system,
primarily by activating the “second-stage” DA neurons of
the VTA—Acb axis, thus producing the pleasurable/
euphoric effects that constitute the “high” or “blast”
(Simon and Burns, 1997) sought by drug addicts. Some
addictive drugs such as amphetamines or cocaine activate
these reward mechanisms directly, at the DA terminal loci

in the Acb. Other addictive drugs such as opiates activate
these reward mechanisms neurons indirectly (Gardner,
1997). Pharmacologically induced reward and drug
potentiation of electrical brain-stimulation reward (BSR)
appear to have common actions within these reward
substrates (Wise, 1996). The key to the reward-enhancing
power of addictive drugs is that pharmacologically
induced reward is more powerful and immediate than
the reward produced by natural, biologically essential
reinforcers (Goldstein, 2001). It is in this context that
addictive drugs may be said, as noted above, to “hijack”
these reward substrates.

2.3. Dysregulation of brain reward substrates as a cause of
addiction

The question arises—why can some people use
addictive drugs on an occasional non-addictive basis
(e.g., the occasional glass of wine with dinner), while
others deteriorate into a self-destructive, addictive pattern
of use (e.g., the repeated, obsessional, compulsive pattern
of use seen in those meeting diagnostic criteria for
alcoholism)? Genetic factors play an important role,
perhaps accounting for as much as 50% of the variance
in people with clinically defined alcohol or drug addiction
(Uhl et al., 1993). The importance of genetic factors at
the animal level, both in terms of drug-taking behavior
and the ease with which environmental cues acquire
positive incentive salience from being paired with
addictive drugs, is also clear (George and Goldberg,
1989; Suzuki et al., 1989; Guitart et al., 1992; Kosten et
al., 1994). These genetic vulnerability factors may, in
turn, produce deficiency states in DA function within
VTA—-Acb DA reward-related neurons. It has been
reported (e.g., Beitner-Johnson et al., 1991; Guitart et
al., 1992, 1993; Nestler, 1993; Kosten et al., 1994, 1997;
Self and Nestler, 1995) that, in laboratory animals,
genetic vulnerability to drug-seeking and drug-taking
behavior correlates with a DA deficiency at the MFB—
Acb interface in the reward system, as a result of cellular
changes in the “second-stage” DA reward-related neurons
(see Gardner, 1999, for review). Another hypothesis
involving “functional” DA deficiency in the VTA—Acb
brain reward axis focuses on a deficiency in DA receptors
rather than in DA itself. Blum and colleagues have long
hypothesized that a deficit in normal DA D2 receptor
function in meso-accumbens brain reward loci may confer
vulnerability to drug addiction (e.g., Blum et al.,
1996a,b). Recently, this hypothesis has received support
from human neuroimaging findings of diminished DA D2
receptor levels in brain reward loci of drug addicts
(Volkow et al., 1996, 1997, 2001), from findings that low
levels of DA D2 receptors in human brain reward loci
predict rewarding versus non-rewarding subjective
responses to psychostimulants (Volkow et al., 1999),
and from animal studies in which overexpression of DA
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D2 receptors decreases drug-seeking and drug-taking
(e.g., Thanos et al., 2001). A more complex explanatory
scheme of the neurobiological processes underlying both
initial vulnerability and relapse to drug addiction—involv-
ing a cascade of homeostatic dysregulations within both
the brain’s VTA—MFB—Acb reward substrates and in
circuits interconnecting with these reward substrates—has
been proposed by Koob and Le Moal (1997) and Koob
(1999). In this view, vulnerability to drug abuse conferred
by genetic factors, drug use, or withdrawal dysphoria is
conceived to involve decreased VTA-MFB—Acb reward
function coupled with increases in the brain-stress neuro-
transmitter corticotropin releasing factor (CRF) in the
central nucleus of the amygdala (CeA). In this view, it is
the combination of decreased positive drug-induced
reward, increased opponent neural processes within
reward loci, and recruitment of brain-stress neural systems
within the extended amygdala which provides the
allostatic change in overall hedonic set point that leads
to the compulsive drug-seeking and drug-taking that
characterizes drug abuse (Koob et al., 1993; Koob and
Le Moal, 1997; Koob, 1999).

3. Reward-related behaviors
3.1. Using animal behaviors to model addiction

Addictive behavior at the human level can be
successfully modeled at the animal level, with seemingly
good face validity to the human situation (Gardner, 2000;
Wise and Gardner, 2004). These models include con-
ditioned place preference, drug self-administration, and
reinstatement.

3.1.1. Conditioned place preference

Conditioned place preference (CPP) was developed to
study drug-seeking behavior at the laboratory animal level,
and—from that—to infer incentive motivational value of
addictive drugs (Mucha et al., 1982; van der Kooy, 1987;
Schechter and Calcagnetti, 1993; Tzschentke, 1998). The
CPP procedure is based upon the ability of neutral
environmental cues or contexts to acquire incentive salience
(Bindra, 1968; Robinson and Berridge, 1993) by being
paired with the subjective state produced by addictive drugs.
Important for present purposes, CPP is DA dependent (Wise
and Gardner, 2002, 2004).

3.1.2. Drug self-administration

The drug self-administration paradigm is used to study
drug-taking behavior, and offers the most obvious animal
model of addiction—all the more so because laboratory
animals self-administer addictive drugs in the absence of
physical dependence (Bozarth and Wise, 1984; Gardner,
1997, 2000). An especially informative version of this
model is that in which progressive ratio (PR) reinforce-

ment is used (Richardson and Roberts, 1996). In PR drug
self-administration, a progressively increasing work-load
is imposed on the animal (in order to receive the next
drug injection) until the animal’s responding falls off
(usually abruptly)—the so-called PR “break-point.” This
“break-point” is taken as a measure of the drug’s
rewarding efficacy, and parallels human verbal reports
of drug “appeal” (Gardner, 2000). Important for present
purposes, drug self-administration in laboratory animals is
DA dependent (Gardner, 2000; Wise and Gardner, 2002,
2004).

3.1.3. Reinstatement

The “reinstatement” paradigm allows relapse to drug-
seeking and drug-taking behavior to be studied. In this
paradigm animals are trained to self-administer, then
subjected to extinction of the drug-taking habit (by with-
holding the drug reward), and then various stimuli are used
to provoke relapse to the extinguished drug-seeking
behavior. Three types of stimuli provoke relapse in this
model—a single non-contingent “priming” administration
of drug (de Wit and Stewart, 1981, 1983; Stewart, 1984;
Stewart and de Wit, 1987), stress (Shaham and Stewart,
1995; Erb et al., 1996; Shaham et al., 1996), or environ-
mental cues previously associated with the drug-taking habit
(Meil and See, 1996; McFarland and Ettenberg, 1997;
Katner et al., 1999). These are the same stimuli that provoke
relapse to drug-taking at the human level (Gardner, 2000).
The Acb and the neurotransmitter DA are essential for drug-
triggered reinstatement (Grimm and See, 2000; Shalev et al.,
2002). The basolateral amygdala (BLA) and the neuro-
transmitter glutamate are essential for cue-triggered rein-
statement (Grimm and See, 2000; Hayes et al., 2003). The
CeA, bed nucleus of stria terminalis (BNST), lateral
tegmental noradrenergic projection system, and the CRF
projection pathway from the CeA to the BNST are essential
for stress-triggered reinstatement (Shalev et al., 2002).
Important for present purposes, the drugs and doses which
“prime” relapse to drug-seeking in humans and animals are
drugs and doses which increase DA function within the core
VTA-MFB—Acb DA reward system (Stewart and Vezina,
1988; Wise et al., 1990).

3.2. Reward-related behaviors as “probes” of addictive
drug action

Very few drugs support drug-seeking and drug-taking at
the laboratory animal level (Griffiths et al., 1978; Brady and
Lucas, 1984; Yokel, 1987). It is in this context that the
reward-related behaviors cited above become important to
understanding brain reward substrates and mechanisms.
With few exceptions, addictive drugs support CPP (Mucha
et al., 1982; Schechter and Calcagnetti, 1993; Tzschentke,
1998; Wise and Gardner, 2004). With few exceptions,
addictive drugs support voluntary self-administration by
laboratory animals (and drugs that are dysphorigenic in



E.L. Gardner / Pharmacology, Biochemistry and Behavior 81 (2005) 263—284 267

humans are negative reinforcers in laboratory animals)
(Griffiths et al., 1978; Brady and Lucas, 1984; Amit et al.,
1987; Brady et al., 1987; Meisch and Carroll, 1987; Weeks
and Collins, 1987; Yanagita, 1987; Yokel, 1987; Gardner,
1997, 2000; Wise and Gardner, 2004). With few exceptions,
addictive drugs “prime” or trigger relapse to drug-seeking
behavior (de Wit and Stewart, 1981, 1983; Stewart, 1984;
Stewart and de Wit, 1987; Stewart and Vezina, 1988; Wise
et al., 1990; Shaham et al., 1996; Gardner, 2000; Shalev et
al., 2002; Wise and Gardner, 2004). Thus, CPP, self-
administration, and reinstatement can be used as behavioral
indices of central reward processes.

4. Cannabinoid and endocannabinoid brain substrates
4.1. Cannabinoid receptors in the brain

The prototypical psychoactive cannabinoid—A’-tetrahy-
drocannabinol (THC)—was isolated and identified from
marijuana and hashish in the 1960s (Gaoni and Mechoulam,
1964). The binding site in the brain at which THC acts was
cloned, identified, and designated as the CB1 receptor in the
1990s (Matsuda et al., 1990). The CBI receptor, found in
brain, and the subsequently identified CB2 receptor, found
in peripheral tissues, are both coupled to inhibitory G;/G,
proteins (for review see Pertwee, 1997). At present, there is
evidence for at least one additional novel cannabinoid
receptor in the brain (Breivogel et al., 2001), and quite
possibly even more new cannabinoid receptors (Hajos et al.,
2001; Hajos and Freund, 2002). The CB1 receptor is found
widely throughout the brain (Herkenham et al., 1990, 1991;
Hohmann and Herkenham, 2000).

4.2. Second-messenger transduction mechanisms activated
in brain by cannabinoids

The CBI1 receptor is linked to a surprisingly large
number of second messenger transduction mechanisms in
the brain. The CBI1 receptor activates potassium channels
and MAP kinase, and inhibits adenylyl cyclase and voltage-
dependent calcium channels (Bidaut-Russell et al., 1990;
Henry and Chavkin, 1995; Twitchell et al., 1997; Hoffman
and Lupica, 2000). It has only recently become evident that
the CB1 receptor, by activating or inhibiting these various
membrane-associated transduction mechanisms, may well
play an important regulatory role, especially on glutamater-
gic and GABAergic neurons, in the core VTA-MFB—Acb
reward axis (see below for further explication).

4.3. Endogenous cannabinoid neurotransmitters/neuromo-
dulators (endocannabinoids)

As was the case when the initial discovery of opioid
receptors in the brain (|, 9, K, etc.) was soon followed by the
discovery of endogenous neurotransmitters/neuromodulators

acting upon those receptors (endorphins, enkephalins,
dynorphins, etc.), so too has a similar path of discovery
uncovered endogenous neurotransmitters/modulators that act
as natural ligands at cannabinoid receptors in the brain. The
first to be discovered was anandamide (named by its
discoverer for the Sanskrit word meaning “bliss”), followed
by 2-arachidonylglycerol (2-AG) (for review, see Mechou-
lam et al., 1998). This is currently a very active area of
research, with very real prospects for the identification of
additional endocannabinoids functioning as synaptic mes-
sengers.

4.4. Endocannabinoid synaptic function

Remarkably, endocannabinoids appear to act as retro-
grade neurotransmitters—released from postsynaptic neu-
rons upon membrane depolarization, migrating in
retrograde fashion to an adjacent presynaptic membrane,
activating presynaptic CB1 receptors, and inhibiting neuro-
transmitter release presynaptically (Alger, 2002; Wilson
and Nicoll, 2002). This retrograde neurotransmitter func-
tion of endocannabinoids has been identified in both the
VTA and Acb of the brain’s core reward-related neural axis
(Robbe et al., 2002; Melis et al., 2004), a point we shall
return to.

5. Brain reward substrates are pharmacologically
activated by cannabinoids

Although denied by some (e.g., Felder and Glass, 1998),
the evidence that cannabinoids have addictive potential is
impressive (Kozel and Adams, 1986; Kleber, 1988; Gold-
stein and Kalant, 1990; Anthony et al., 1994; Hall et al.,
1994; MacCoun and Reuter, 1997; Crowley et al., 1998).
The question arises—do cannabinoids derive their addictive
potential by activating the core VTA-MFB—Acb reward
system, or by other neuropharmacological actions? Evi-
dence from a number of reward-related paradigms speaks to
this question.

5.1. Cannabinoids enhance electrical brain-stimulation
reward (BSR)

THC at low and pharmacologically meaningful doses
(e.g., 1.0 mg/kg) enhances electrical BSR (i.e., lowers brain
reward thresholds) in the VTA-MFB—Acb reward axis in
laboratory animals (Gardner et al., 1988a; Gardner and
Lowinson, 1991; Gardner, 1992; Lepore et al., 1996). This
enhancement of brain reward has been reported from
experiments in which two very different quantitative
electrophysiological reward-threshold measurement techni-
ques were applied, the auto-titration threshold measurement
technique and the rate-frequency curve-shift threshold
measurement technique. This congruence of findings using
two different techniques adds credence to the reports.
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5.2. Cannabinoids enhance DA neuronal firing in the VTA—
MFB—Acb reward axis

In vivo single-neuron electrophysiological recording has
been used to determine whether cannabinoids augment DA
function in the VTA—MFB—Acb reward system by enhanc-
ing DA neuronal firing per se, as do nicotine and opioids
(Gysling and Wang, 1983; Grenhoff et al., 1986; Gardner,
1997), or by enhancing DA release or inhibiting DA
reuptake at the Acb DA terminals, as do cocaine and
amphetamines (for review, see Gardner, 1997). The weight
of the evidence is that THC and the potent synthetic
cannabinoids WIN-55212-2 and CP-55940 enhance neuro-
nal firing of DA neurons in forebrain reward loci (Melis et
al., 1996; French, 1997; French et al., 1997; Diana et al.,
1998a; Gessa et al., 1998; but see Gifford et al., 1997). This
effect is also seen in other DA neural systems, but is more
pronounced in the VTA—MFB—Acb DA reward axis than in
other DA systems (French et al., 1997). This is congruent
with the known preferential action of other addictive drugs
on DA neurons of the VTA—MFB—Acb axis (Di Chiara,
1995; Pontieri et al., 1995; Di Chiara and Imperato, 1986;
Gardner, 1997). The effect is blocked by the selective CB1
cannabinoid receptor antagonist SR-141716A (French,
1997; French et al., 1997; Diana et al., 1998a), but not by
the opiate antagonist naloxone (French, 1997). This
observation is relevant, because naloxone does attenuate
cannabinoid-induced elevations of Acb DA (see below), and
shall be returned to. Cannabinoids also enhance neuronal
burst firing (Diana et al., 1998a), a neuronal firing pattern
that produces supra-additive DA release at Acb axon
terminals (Gonon, 1988; Overton and Clark, 1997).

5.3. Cannabinoids enhance synaptic DA in the VIA—MFB—
Acb reward axis

5.3.1. In vitro assays

As studied by in vitro assays, THC enhances DA
synthesis (Bloom, 1982; Navarro et al., 1993) and inhibits
DA neuronal reuptake (Banerjee et al., 1975; Johnson et al.,
1976; Hershkowitz et al., 1977; Poddar and Dewey, 1980),
as do other cannabinoids (Bloom et al., 1977). With respect
to cannabinoid effects on DA release, as studied by in vitro
assays, the picture is unclear. Enhancement (Poddar and
Dewey, 1980; Jentsch et al., 1998), no effect (Szabo et al.,
1999), and inhibition (Cadogan et al., 1997) of DA release
by cannabinoids have all been reported.

5.3.2. In vivo assays

Using in vivo brain microdialysis in awake animals,
Gardner and colleagues were the first to report that
cannabinoids enhance extracellular DA overflow in brain
reward axon terminal loci (Ng Cheong Ton and Gardner,
1986, Ng Cheong Ton et al., 1988; Chen et al., 1989,
1990a,b). Subsequent work was confirmatory (e.g., Taylor
et al., 1988; Tanda et al., 1997; Malone and Taylor, 1999;

but see Castafieda et al., 1991). This DA-enhancing effect is
tetrodotoxin-sensitive, calcium-dependent, and naloxone-
blockable (Chen et al., 1990b; Gardner et al., 1990a;
Gardner and Lowinson, 1991; Gardner, 1992; Tanda et al.,
1997), is blocked by the CB1 antagonist SR-141716A, and
is also produced by the potent synthetic cannabinoid WIN-
55212-2 (Tanda et al., 1997). THC’s DA-enhancing effect is
anatomically selective to the Acb “shell” subdivision
(Tanda et al., 1997), which is congruent with a large body
of evidence identifying the shell subdivision as mediating
drug-enhanced brain reward (Johnson et al., 1995; Pontieri
et al., 1995; Carlezon and Wise, 1996a; Gardner, 1997;
McBride et al., 1999). Gardner and colleagues were also the
first to report that cannabinoids enhance extracellular DA
overflow as measured by in vivo voltammetry (Ng Cheong
Ton et al., 1988; Gardner and Lowinson, 1991). At this
point, the issue is beyond dispute.

5.4. Cannabinoid action on brain reward substrates is
genetically variable

An interesting feature of addictive drug action is that the
behavioral phenotypes of “drug-seeking” and “drug-tak-
ing” are subject to a high degree of genetic variation
(George and Meisch, 1984; Khodzhagel’diev, 1986; Cannon
and Carrell, 1987; George, 1987; George and Goldberg,
1989; Suzuki et al., 1989; Guitart et al., 1992; Nestler, 1993;
Kosten et al., 1994, 1997). The Lewis rat strain has been
particularly useful as a laboratory model of this variability,
as they are inherently drug-seeking and drug-preferring
(George and Goldberg, 1989; Suzuki et al., 1989; Guitart et
al., 1992; Nestler, 1993; Kosten et al., 1994, 1997). The
question arises—do cannabinoid effects on brain reward
processes mimic the genetic variations shown by other
addictive drugs? The answer appears to be “yes”. Using
quantitative electrophysiological BSR techniques, THC has
been found to produce robust BSR enhancement in the
drug-preferring Lewis rat strain, moderate enhancement in
the drug-neutral Sprague—Dawley strain, and no change in
the drug-resistant Fischer 344 strain (Gardner et al., 1988Db,
1989a; Lepore et al., 1996). Using in vivo brain micro-
dialysis, THC has been found to produce robust enhance-
ment of Acb DA in the drug-preferring Lewis rat strain,
moderate enhancement in the drug-neutral Sprague—Daw-
ley strain, and no change in the drug-resistant Fischer 344
strain (Gardner et al., 1989a; Chen et al., 1991).

5.5. Cannabinoid withdrawal and brain reward substrates

As noted above, enhancement of BSR and DA in brain
reward loci are distinct neuropharmacological “signatures”
of addictive drugs. Conversely, withdrawal from addictive
drugs produces inhibition of BSR and DA in the VTA-
MFB-Acb brain reward axis (Schaefer and Michael, 1986;
Frank et al., 1988; Parsons et al., 1991; Pothos et al., 1991;
Rossetti et al., 1992; Schulteis et al., 1994; Wise and Munn,
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1995)—equally distinct neuropharmacological “signatures”
of addictive drugs. The question arises—does cannabinoid
withdrawal mimic withdrawal from other addicting drugs
with respect to these two additional neuropharmacological
“signatures”? The answer is “yes”. Withdrawal from as
little as a single 1.0 mg/kg dose of THC produces significant
inhibition of BSR (Gardner and Vorel, 1998), of neuronal
cell firing (Diana et al., 1998b), and of Acb shell DA (Tanda
et al., 1999)—all in the core VTA—MFB—Acb reward axis.
Another distinguishing “signature” of addictive drugs is
CREF elevation in the CeA during drug withdrawal (Koob et
al., 1993; Merlo Pich et al., 1995; Koob, 1996). This is
provocative, as the amygdala appears to mediate an emo-
tional memory system that facilitates drug-seeking behavior
(Cador et al., 1989; Everitt et al., 1989, 1999; Hiroi and
White, 1991; Gaffan, 1992; White and Hiroi, 1993; Hayes et
al., 2003). The question arises—does cannabinoid with-
drawal mimic withdrawal from other addictive drugs in this
regard? The answer is “yes”. Significant elevation of
extracellular CeA CRF is seen during cannabinoid with-
drawal (Rodriguez de Fonseca et al., 1997). Thus, canna-
binoid withdrawal mimics withdrawal from other addictive
drugs with respect to effects in the two main brain loci
mediating drug-taking, drug-seeking, and relapse—the core
VTA-MFB—Acb brain reward axis and the amygdala
(Koob, 1999).

5.6. Cannabinoid actions on brain reward substrates are
mediated by an endogenous opioid peptide mechanism

As noted above, the core VTA-MFB-Acb brain
reward axis is anatomically interconnected with endoge-
nous brain opioid peptide systems, which exert a modu-
latory influence on it (Gardner, 1997, 2000). This is the
substrate of yet another distinguishing “signature” of
addictive drugs—the fact that the enhanced brain reward
produced by addictive drugs (including non-opiates, e.g.,
ethanol, barbiturates, cocaine) is blocked or attenuated by
opiate antagonists (Gardner, 1997). The question arises—
are cannabinoid effects on brain reward systems similarly
blocked or attenuated by opiate antagonists? The answer is
“yes”. Using quantitative electrophysiological BSR meas-
urements, the opiate antagonist naloxone attenuates THC-
induced enhancement of BSR (Gardner et al., 1989b;
Gardner and Lowinson, 1991; Gardner, 1992). Using in
vivo brain microdialysis measurements, the opiate antag-
onist naloxone attenuates THC-induced enhancement of
Acb DA (Chen et al., 1989, 1990b; Gardner et al., 1989b,
1990a; Gardner and Lowinson, 1991; Gardner, 1992;
Tanda et al., 1997). The selective p; opiate antagonist
naloxonazine does also (Tanda et al., 1997). These findings
using in vivo brain microdialysis are congruent with older
in vitro biochemical data that naloxone attenuates THC-
enhanced DA synthesis (Bloom and Dewey, 1978). In the
self-administration behavioral assay, opioid antagonism
significantly attenuates THC self-administration (Braida

et al., 2001b; Justinova et al., 2004; see also below).
Provocatively, cannabinoid and opioid receptors are
coupled to similar postsynaptic transduction mecha-
nisms—activation of Gj proteins, inhibition of adenylyl
cyclase, and decreased cAMP production (Childers et al.,
1992). As CBI1 cannabinoid receptors are co-localized with
n opioid receptors in the Acb (Navarro et al., 1998), it has
been suggested that cannabinoids and opioids may interact
at the level of these postsynaptic transduction mechanisms
(Thorat and Bhargava, 1994). Additional interaction may
take place at the receptor level, as brain opioid receptors
are modulated by cannabinoids (Vaysse et al., 1987) and
brain cannabinoid receptors are modulated by opiates
(Rubino et al., 1997). A peculiarity is that while opiate
antagonism attenuates cannabinoid enhancement of BSR
and Acb DA (see above for references), and attenuates
cannabinoid self-administration (see further mention
below), it does not alter cannabinoid enhancement of the
firing rates of VTA-MFB—-Acb DA neurons (French,
1997; Gessa and Diana, 2000). We shall return to this
point, and its possible implications for underlying neural
mechanisms.

6. Reward-related behaviors are pharmacologically
activated by cannabinoids

As noted above, certain characteristic animal behaviors
are evoked rather uniquely by addictive drugs and can thus
be used as pharmaco-behavioral “signatures” of addictive
drug action. As noted, such “signature” behaviors of
addictive drug action include enhancement of CPP, self-
administration, and the triggering of relapse (reinstatement)
to drug-seeking behavior in animals extinguished from the
drug-taking habit. The question arises—do cannabinoids
support CPP, self-administration, and reinstatement? The
answer appears to be “yes”.

6.1. Cannabinoids produce CPP

Although some workers have reported that cannabinoids
produce conditioned place aversion (CPA) (Parker and
Gillies, 1995; McGregor et al., 1996; Safiudo-Pefia et al.,
1997; Chaperon et al., 1998; Hutcheson et al., 1998;
Mallet and Beninger, 1998; Cheer et al., 2000a), three
research groups have independently reported robust can-
nabinoid-induced CPP (Lepore et al., 1995; Valjent and
Maldonado, 2000; Braida et al., 2001a). The crucial
differences appear to be cannabinoid dose (Lepore et al.,
1995), timing (Lepore et al., 1995; Valjent and Maldonado,
2000), and potency (Braida et al., 2001a). When the CPP
pairing interval was 24 h (within the post-cannabinoid
dysphoric rebound—see above section on cannabinoid
withdrawal), Lepore et al. (1995) found that 1.0 mg/kg
THC produced no CPP, while 2.0 or 4.0 mg/kg produced
robust CPP. When the CPP pairing interval was 48 h (past
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the post-drug dysphoric rebound) 1.0 mg/kg THC pro-
duced robust CPP, while 2.0 or 4.0 mg/kg produced CPA.
The interpretation is that at the shorter pairing interval the
post-cannabinoid rebound dysphoria attenuated THC’s
rewarding effect, eliminating the reward of the 1.0 mg/kg
dose and lowering the 2.0 and 4.0 mg/kg doses into the
rewarding range. At the longer pairing interval, the post-
cannabinoid dysphoric rebound had passed, accentuating
the effects of all doses—allowing the 1.0 mg/kg dose to
become rewarding, and pushing the 2.0 and 4.0 mg/kg
doses up into an aversive dose range. Such dose-dependent
switches from reward to aversion (low dose-reward; high
dose-aversion) have also been seen with other addictive
drugs (Fudala et al., 1985; Jorenby et al., 1990; Gardner,
1992). A parallel phenomenon exists at the human level—
low-to-moderate THC doses produce reward but higher
doses produce aversion (Noyes et al., 1975; Raft et al.,
1977; Laszlo et al.,, 1981). Also, timing of drug admin-
istration during place conditioning is as strong a determi-
nant of CPP or CPA as the drug itself (Fudala and
Iwamoto, 1990), and this appears so with cannabinoid-
induced CPP (Valjent and Maldonado, 2000). When a long
conditioning period was used and care taken to avoid
dysphoric rebound from prior THC administrations, THC
produced a robust CPP (Valjent and Maldonado, 2000).
Also, the potent synthetic cannabinoid CP-55940 produced
a robust CPP (Braida et al., 2001a). Notably, given the
attenuation of cannabinoid-induced effects in other reward
paradigms by opiate antagonists, CP-55940’s induction of
CPP was fully antagonized by naloxone (Braida et al.,
2001a).

Thus, under proper experimental circumstances, canna-
binoids do produce rewarding effects in the CPP paradigm,
a behavioral “signature” of addictive drugs. This rewarding
effect of cannabinoids is attenuated by opiate antagonists,
another distinctive “signature” of addictive drugs.

6.2. Cannabinoids are self-administered

The older animal behavioral literature on cannabinoid
self-administration was mixed, with some reports (dubious
on methodological grounds) of success (e.g., Deneau and
Kaymakgalan, 1971; Kaymakgalan, 1972; Pickens et al.,
1973; Takahashi and Singer, 1979, 1980), and many reports
of failure (e.g., Kaymakcgalan, 1972, 1973; Corcoran and
Amit, 1974; Leite and Carlini, 1974; Harris et al., 1974,
Carney et al., 1977; Takahashi and Singer, 1981; Mansbach
et al., 1994). Recently, however, several groups have
independently reported cannabinoid self-administration in
laboratory animals under methodologically clean condi-
tions. The potent synthetic cannabinoid agonist WIN-
55212-2 is intravenously self-administered by drug-naive
mice (Fratta et al., 1997; Martellotta et al., 1998; Ledent et
al., 1999), the self-administration being blocked by the
selective CB1 antagonist SR-141716A. The potent synthetic
cannabinoid agonist CP-55940 is also self-administered by

laboratory rats (by the intracerebroventricular route) (Braida
et al., 2001b), again being blocked by SR-141716A.
Notably, in view of the involvement of endogenous opioid
mechanisms in mediating reward-related behaviors, the
cannabinoid self-administration was blocked by the opiate
antagonist naloxone (Braida et al., 2001b). Low-dose
intravenous THC is robustly self-administered by squirrel
monkeys (Tanda et al., 2000; Justinova et al., 2003), and this
self-administration is blocked by either the CB1 antagonist
SR-141716A (Tanda et al., 2000) or the opiate antagonist
naltrexone (Justinova et al., 2004). The THC doses which
supported self-administration in these studies are compara-
ble to doses found in marijuana smoke inhaled by human
users (Tanda et al., 2000; Justinova et al., 2003), and are
from 5000 to 25,000-fold lower than the doses required to
induce cannabinoid physical dependence in rats or mice
(Tsou et al., 1995; Aceto et al., 1996, 2001; Hutcheson et
al., 1998; Cook et al., 1998; Ledent et al., 1999; Tzavara et
al., 2000).

6.3. Cannabinoids and reinstatement

As noted above, the reinstatement model of relapse to
drug-seeking behavior is an animal behavioral model which
also reveals a characteristic “signature” of addictive drugs.
Relapse to drug-seeking behavior in the reinstatement model
is characteristically “primed” or triggered by drugs with
addictive properties. The relatively small amount of work
which has been done with cannabinoids in this model
reveals that cannabinoids fit the same pattern as other
addictive drugs. The synthetic cannabinoid receptor agonist
HU-210 dose-dependently reinstates cocaine-seeking and
heroin-seeking behavior in laboratory rats behaviorally
extinguished from intravenous drug self-administration
(De Vries et al., 2001). The CB1 receptor antagonist SR-
141716A blocks reinstatement to drug-seeking behavior
triggered by cocaine, heroin, or cocaine-associated environ-
mental cues in this model (De Vries et al., 2001), but not
relapse induced by exposure to stress, suggesting a role for
endocannabinoid mechanisms in the neurobiological sub-
strates of addiction.

7. Cannabinoid enhancement of reward—possible mod-
ulation of VTA-MFB—-Acb DA-dependent substrates at
the level of the VTA

As noted above, a major puzzle exists with respect to
endogenous opioid substrates involved in cannabinoid
enhancement of brain reward mechanisms. Opiate antago-
nists attenuate cannabinoid-induced enhancement of BSR
(Gardner et al.,, 1989b; Gardner and Lowinson, 1991;
Gardner, 1992), cannabinoid-induced enhancement of Acb
DA (Chen et al., 1989, 1990b; Gardner et al., 1989b, 1990a;
Gardner and Lowinson, 1991; Gardner, 1992; Tanda et al.,
1997), and cannabinoid self-administration by laboratory
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rodents and monkeys (Braida et al., 2001b; Justinova et al.,
2004). Yet, opiate antagonists do not alter cannabinoid
enhancement of the firing rates of VTA-MFB—-Acb DA
neurons (French, 1997; Gessa and Diana, 2000). The
question arises—what mechanisms within the core VTA—
MFB—Acb reward axis can be suggested that might help
explain this seeming conundrum?

As also noted above, opiates act within the VTA to
disinhibit DA neuronal activity, leading to enhancement of
DA neural firing and consequent enhancement of Acb DA.
Could cannabinoids do the same? Single-neuron electro-
physiological recording studies have indeed shown that
THC and other potent CBI receptor agonists (e.g., WIN-
55212-2, CP-55940, HU-210) enhance neuronal firing rates
in the VTA, both in intact animals (French et al., 1997,
Gessa et al., 1998; Wu and French, 2000) and also in brain
slices containing the VTA (Cheer et al., 2000b). Importantly,
the cannabinoid-induced enhancement of DA neuronal
firing was accompanied by increased DA neuronal burst
firing (French et al., 1997; Diana et al., 1998a), which is
important because (as noted above) DA neuronal burst-
pattern firing produces dramatically augmented terminal
axonal DA release (Gonon, 1988). Of equal importance in
these experiments, the cannabinoid-induced enhancements
in DA neuronal firing were attenuated by the CBI
antagonist SR-141716A, clearly implicating an endocanna-
binoid mechanistic substrate. The straightforward interpre-
tation of such findings is that cannabinoid-induced
enhancement of the VTA—-MFB—Acb DA core reward axis
(which then leads to, e.g., enhanced extracellular Acb DA)
results from cannabinoid-induced enhancement of DA
neuronal firing and burst firing of VTA DA neurons.
Further, the fact that the CB1 agonist HU-210 increases
the activity of VTA DA neurons in brain slice preparations
is strongly suggestive of two alternative possibilities. First,
that cannabinoids may act on the VTA DA neurons
themselves. Second, that cannabinoids may act on local
circuits within the VTA to enhance DA neuronal firing and
bursting.

7.1. Cannabinoid action directly on VTA DA neurons

It was originally believed that CBl-mediated direct
action of cannabinoid agonists on VTA DA neurons was
not possible, in view of the inability of early studies to find
CBI1 receptors on those DA neurons (Herkenham et al.,
1990, 1991). However, more recent reports reveal co-
localization of immunoreactivity for the CB1 receptor and
for tyrosine hydroxylase (synthesizing enzyme for DA, a
commonly used cellular marker for the presence of DA
neurons) in the VTA (Wenger et al., 2003). This means that
direct action of cannabinoid agonists on DA cells in the
VTA appears to be anatomically and morphologically
possible.

Supporting functional evidence comes from studies in
which local microinjections of cannabinoids have been

made directly into the VTA and local VTA extracellular
DA overflow measured by in vivo brain microdialysis
(Chen et al., 1993). In those studies, THC microinfusions
into the VTA dose-dependently enhanced local DA within
the VTA. This suggests that cannabinoid-enhanced brain
reward functions and reward-related behaviors driven by
substrates and mechanisms within the VTA could be due
to direct local cannabinoid actions on DA neurons within
the VTA.

7.2. Cannabinoid action on local VTA circuits to indirectly
enhance DA neurons

In the slice preparation work alluded to above (Cheer et
al., 2000a,b), it was found that the excitatory actions on
VTA DA neurons of the potent cannabinoid agonist HU-210
were blocked by prior application of the GABA, receptor
antagonist bicuculline. This is an important observation, as
it suggests that CB1 receptors may increase local VTA DA
neuronal activity by means of local disinhibitory mecha-
nisms involving GABAergic substrates in the VTA—similar
to the manner in which opioids act within the VTA to
enhance VTA—MFB—Acb reward functions (e.g., Johnson
and North, 1992). This possibility gains further credence
from recent experiments showing that local application of
the cannabinoid WIN-55212-2 in brain slices containing the
VTA attenuates electrically evoked inhibitory postsynaptic
currents mediated by GABA 4 receptors (Szabo et al., 2002).
Additionally, this effect seems to be mediated by CBI
receptors on inhibitory GABAergic neurons within the VA,
as it is blocked by application of SR-141716A and not seen
following dendritic application of the GABA, agonist
muscimol. Also, tetrodotoxin-resistant spontaneous inhib-
itory postsynaptic currents were unaffected by cannabinoid
agonist application, suggesting that the GABAergic inhib-
itory postsynaptic currents were not altered at a postsynaptic
location by the cannabinoid application. The implication is
that the effect is mediated presynaptically. This is compel-
ling, as presynaptic inhibition of neurotransmitter release is
perhaps the most well-established action of CB1 receptor
activation in the brain (Hoffman and Lupica, 2000, 2001).
Furthermore, CB1 receptors are found prolifically on
GABAergic terminals (e.g., Freund et al., 2003), positioning
them well for the kind of disinhibitory mechanism
proposed. An important caveat is in order, however. In the
experiments by Szabo et al. (2002) cited above, the affected
neurons were not satisfactorily characterized as DAergic.
Thus, the disinhibitory scheme involving a GABA, sub-
strate sketched out above, while attractive—especially in its
parallel to opioid-activated mechanisms within the VTA—
MFB-Acb reward substrates—is far from proven. Indeed, it
is difficult to even posit a probability estimate for its
accuracy. Adding additional complexity and difficulty for
this model are recent experiments showing that cannabi-
noids and endocannabinoids, acting in retrograde fashion,
inhibit glutamate release within the VTA (Melis et al.,
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2004). Such release would therefore atfenuate excitatory
inputs to VTA DA neurons, reducing the probability of DA
firing and burst firing (see, e.g., Kitai et al., 1999).

Adding additional complexity and interest for this model
is the fact that additional CB1 receptors are located on axon
terminals in the VTA which originate from GABAergic
medium spiny output neurons in the Acb (Walaas and
Fonnum, 1980; Heimer et al., 1991). Importantly, these Acb
medium spiny GABAergic output neurons run caudally into
the VTA where they synapse on GABAp receptors on DA
neurons (Sugita et al., 1992). These additional CBI
receptors appear to inhibit GABAg-mediated synaptic
currents in the VTA (Riegel et al., 2003). The importance
of this finding is great, because (when taken together with
the previously noted work of Szabo et al., 2002) it suggests
that cannabinoids may have a dual GABAergic inhibitory
action in the VTA—inhibiting VTA GABAergic substrates
derived from both intrinsic and extrinsic sources. The action
on GABAg substrates is especially intriguing, in view of a
now-extensive body of evidence implicating GABAergic
substrates—acting specifically via the GABAg receptor—in
the neurobiological mechanisms subserving addiction to
heroin (Xi and Stein, 1999), nicotine (Dewey et al., 1999),
and cocaine (Roberts et al., 1996; Dewey et al., 1998;
Ashby et al.,, 1999) (for review, see Gardner, 2000).
Furthermore, it is activation of the GABAg receptor that
appears to have anti-addiction properties in animal models
(Roberts et al., 1996; Dewey et al., 1998, 1999; Ashby et al.,
1999; Xi and Stein, 1999), lending inferential support to
models implicating CB1 receptor-mediated inhibition of
GABAg-mediated synaptic currents in pro-addiction mech-
anisms (Riegel et al., 2003).

In summary, the data and suggestions cited above make
it likely that cannabinoids have multiple potential sites and
mechanisms of action within the VTA, involving GABAer-
gic disinhibition of VTA DA neurons, by which they can
enhance VTA DA reward-related substrates. The fact that
such disinhibition mechanistically parallels opiate action on
DA substrates in the VTA has made these conceptions
appealing to many. However appealing these models may
be, though, it is crucial to keep aware of the major puzzle
with which this section opened—namely, that while opiate
antagonists attenuate cannabinoid-induced enhancement of
BSR, cannabinoid-induced enhancement of Acb DA, and
cannabinoid self-administration (see above for references),
opiate antagonists do not alter cannabinoid enhancement of
the firing rates of VTA-MFB—-Acb DA neurons (see
above for references). Two conclusions seem warranted.
First, that while the action of cannabinoids on CBI1
receptors in the VTA may account for some aspects of
cannabinoid-enhanced brain-reward and reward-related
behaviors, additional sites and mechanisms both within
and without the VTA must be considered. Second, parallel
or perhaps even redundant substrates and mechanisms that
do not involve an opioid component must be equally
considered.

8. Cannabinoid enhancement of reward—possible
modulation of VTA-MFB—Acb DA-independent
substrates at the level of the Acb

In the present author’s opinion, many of the conceptual
difficulties with the models cited in the previous section
derive from an over-emphasis upon the VTA as the crucial
site of action for the reward-enhancing properties of
cannabinoids. In truth, there seems no reason for such
over-emphasis. The ascending DA neural component of the
VTA-MFB—-Acb core reward axis is crucial to drug-
enhanced reward and reward-related behaviors because of
neural events that occur at the site to which those DA
neurons project—the Acb (Wise and Gardner, 2002). It
makes sense, then, to look to the Acb for both DA-
independent (this section) and DA-dependent (next section)
mechanisms that might help to explain cannabinoid
enhancement of brain reward and reward-related behaviors.

In fact, several classes of addictive drugs have direct
effects on synaptic events in the Acb (Wise and Gardner,
2002). Importantly, a number of such drugs (e.g., cocaine,
opioids, phencyclidine) are self-administered by laboratory
animals directly into the Acb (Carlezon and Wise, 1996a;
McBride et al., 1999; Wise and Gardner, 2002) and, when
exogenously microinjected into the Acb, enhance MFB
electrical brain-stimulation reward (Carlezon and Wise,
1996b).

Provocatively, many of these addictive drugs inhibit
GABAergic and glutamatergic neurotransmission in the
Acb, by either pre- or post-synaptic mechanisms (Harvey
and Lacey, 1997; Martin et al., 1997; Chieng and
Williams, 1998; Nicola and Malenka, 1998). Even more
provocatively, Hoffman and Lupica (2001) have shown
that cannabinoid agonist administration inhibits GABA
release onto Acb medium spiny projection neurons by
means of activating CBI receptors on inhibitory axon
terminals, a very important finding independently con-
firmed by Manzoni and Bockaert (2001). Based upon these
findings, and other considerations cited above, Lupica et
al. (2004) have proposed that at least some of the reward-
enhancing properties of cannabinoids are referable to
direct action within the Acb, a suggestion previously
made by Gardner and colleagues (e.g., Gardner, 1992;
Gardner and Lowinson, 1991; Gardner and Vorel, 1998;
Wise and Gardner, 2002). However, Lupica et al. (2004)
present a very different—and in many ways, very attrac-
tive—model than that of Gardner and colleagues. They
base their model on the hypothesis (made previously by
Carlezon and Wise, 1996a; see also Wise and Gardner,
2002) that the essential reward-related neural event in the
Acb is not the activation of the ascending MFB DA fibers,
but rather the event immediately postsynaptic to that one,
i.e., inhibition of the GABAergic medium spiny neurons of
the Acb. Logically, if that neural event can be accom-
plished by means other than activation of the ascending
DA component of the VTA-MFB—Acb system, the end
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result should be identical—enhancement of reward and
reward-related behaviors. Provocatively, the GABAergic
medium spiny neurons of the Acb appear to receive
GABAergic neural input from both intrinsic GABAergic
interneurons (Koos and Tepper, 1999) and from recurrent
axon collaterals of the GABAergic medium spiny neurons
themselves (Plenz, 2003). No compelling data currently
exist to identify which source of GABAergic inhibition in
the Acb is inhibited by CB1 receptor activation. Equally,
no compelling data currently exist to conclude, if both
sources are inhibited by cannabinoids, whether the intrinsic
and recurrent collateral GABAergic inhibitory substrates
are equally inhibited by cannabinoids, or if one GABAer-
gic Acb substrate is disproportionally affected by canna-
binoid-induced inhibition.

Once again, cannabinoid actions on glutamatergic sub-
strates in Acb add complexity to this model. Cannabinoid
agonists inhibit glutamate release onto Acb medium spiny
GABAergic neurons, through activation of CB1 receptors
linked to voltage-dependent potassium channels in the
glutamatergic axon terminals (Robbe et al., 2002). If the
essential neural substrate of reward in the Acb is inhibition
of the GABAergic medium spiny neurons (Carlezon and
Wise, 1996a), these various cannabinoid-evoked Acb
mechanisms may interact with each other to affect that
reward substrate in a complex manner. Obviously, more
work is needed to ascertain to what degree any of these
conceptual models is correct.

9. Cannabinoid enhancement of reward—possible
modulation of VTA-MFB—-Acb DA-dependent
substrates at the level of the Acb

The recent discovery (noted above) that CB1 receptors
are found on DA terminals in the Acb and the olfactory
tubercle (increasingly recognized as a ventral extension of
the Acb vis-a-vis reward functions—see, e.g., Ikemoto,
2003; Ikemoto and Wise, 2004) opens up the distinct
possibility that hypothetical models of cannabinoid action
on the VTA—MFB—Acb reward axis should re-focus their
sights on the Acb (Wenger et al., 2003). Such a refocusing
of attention would have at least three benefits. First, such
models of direct cannabinoid action on Acb DA-dependent
reward substrates would have the appeal of simplicity and
parsimony. Second, such models might offer a way around
the pernicious difficulties raised for other models by the
facts (cited above) that while cannabinoid-induced enhance-
ment of VTA—-MFB—Acb DA neuronal firing is not
attenuated by opiate antagonism (e.g., French, 1997),
cannabinoid-induced enhancement of Acb DA is markedly
attenuated by opiate antagonism (Chen et al., 1990b; Tanda
et al.,, 1997). Third, such models may be better suited to
incorporate additional data relating to cannabinoid actions
within the Acb, both directly and inferentially. We shall deal
briefly with each of these considerations.

With respect to simplicity and parsimony, it is obvious
that models of cannabinoid action on the VTA—MFB—Acb
core reward axis that focus on mechanisms closely linked to
axon terminal DA release in the Acb would perhaps be the
most parsimonious models of all, and attractive on those
grounds per se.

With respect to endogenous opioid involvement, models
of cannabinoid action on the VTA—MFB—Acb core reward
axis that focus on mechanisms closely linked to axon
terminal DA release in the Acb would be able to more easily
accommodate the observation that opioid antagonism
attenuates cannabinoid-enhanced brain-stimulation reward,
cannabinoid-enhanced Acb extracellular DA overflow, and
cannabinoid self-administration, as such models would
eliminate the need to implicate VTA mechanisms in such
cannabinoid-induced enhancement of brain reward and
reward-linked Acb functions. However, it must be clearly
admitted that such models would not easily accommodate
the finding that cannabinoid-induced enhancement of Acb
DA is markedly attenuated by intra-VTA opioid antagonist
microperfusion (Tanda et al., 1997). It seems that some form
of VTA involvement will, after all, be necessary for any
fully attractive explanatory model(s).

With respect to successfully accommodating additional
data relating to cannabinoid actions within the Acb, both
directly and inferentially, models of cannabinoid action on
the VTA-MFB—Acb core reward axis that focus on
mechanisms closely linked to axon terminal DA release in
the Acb may have their greatest appeal. First, such models
would fairly easily accommodate the observations that THC
microinjections into the Acb dose-dependently enhance Acb
DA while THC microinjections into the VTA (which dose-
dependently enhance local VTA DA) do not enhance Acb
DA (Chen et al.,, 1993). Such observations suggest that
cannabinoid-enhanced Acb DA (and reward-related func-
tions and behaviors deriving from such enhancement)
probably result from local CB1-mediated action(s) within
the Acb. Second, such models would fairly easily accom-
modate an additional observation regarding cannabinoid-
enhanced extracellular DA made using in vivo voltammetry
(Ng Cheong Ton et al., 1988). In those experiments, in vivo
voltammetric electrochemical measurement techniques were
used to obtain electrochemical “signatures” of the canna-
binoid-evoked extracellular DA overflow. It is well-estab-
lished that the voltammetric “signature” (in terms of
oxidation/reduction ratios and other electrochemical param-
eters) of DA reuptake blockers is distinctly different, and
easily recognizable, from that of presynaptic DA releasers
(Gardner et al., 1993). Therefore, in vivo voltammetric
electrochemistry was used to measure THC-induced extrac-
ellular DA overflow in forebrain DA terminal loci, and
showed that the THC-induced electrochemical “signature”
resembles that of a DA reuptake blocker rather than that of a
presynaptic DA releaser (Ng Cheong Ton et al., 1988).
Third, such models would fairly easily accommodate data
from additional studies on cannabinoid-enhanced extracel-
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lular Acb DA. These additional studies focused on the
effects of various combinations of THC and the DA
antagonist haloperidol on Acb DA using in vivo brain
microdialysis (Gardner et al., 1990b). The rationale for the
studies is that impulse-induced facilitation of DA release
underlies a synergistic effect between DA antagonists and
DA reuptake inhibitors (Westerink et al., 1987). Pretreat-
ment with the DA antagonist haloperidol was found to have
a synergistic effect on THC’s enhancement of Acb DA, and
THC pretreatment before haloperidol had a similar syner-
gistic effect on haloperidol’s enhancement of Acb DA
(Gardner et al., 1990b). Tetrodotoxin perfused locally into
the Acb abolished the synergism between THC and
haloperidol (Gardner et al., 1990b). This type of neuro-
pharmacological synergism on extracellular DA is a
distinctively characteristic “signature” of co-administration
of a DA antagonist and a DA reuptake blocker, such as
GBR-12909 (Shore et al., 1979; Westerink et al., 1987). The
finding of this characteristic synergistic “signature” when
THC and haloperidol were co-administered has a straight-
forward implication—that THC produces (either directly or
indirectly) DA reuptake blockade at Acb DA terminals
(Gardner et al., 1990b; Gardner and Lowinson, 1991;
Gardner, 1992). Fourth, such models would fairly easily
accommodate additional data on cannabinoid-enhanced
extracellular Acb DA, gathered from in vivo microdialysis
measurements of the DA metabolite 3-methoxytyramine (3-
MT) (Chen et al., 1994). While only a relatively minor DA
metabolite, 3-MT is uniquely useful for distinguishing DA
releasing agents from DA reuptake blockers (Wood and
Altar, 1988; Heal et al., 1990). DA releasers such as
amphetamine and methamphetamine increase 3-MT levels
while DA reuptake blockers such as bupropion and
nomifensine do not (Heal et al., 1990). In vivo brain
microdialysis experiments were therefore undertaken to
directly compare THC’s effect on Acb 3-MT levels with
those of the benchmark compounds amphetamine, cocaine,
and nomifensine. The benchmark DA releaser amphetamine
significantly increased both DA and 3-MT in Acb, while the
benchmark DA reuptake blockers cocaine and nomifensine
increased only DA. THC increased only DA, resembling the
DA reuptake blockers (Chen et al., 1994). These in vivo
findings are congruent with older in vitro studies showing
that cannabinoids have DA reuptake blockade actions in
brain tissue, as noted above (Banerjee et al., 1975; Poddar
and Dewey, 1980; Hershkowitz and Szechtman, 1979).

10. Endocannabinoid mechanisms in the modulation of
brain reward functions

From the many studies and findings cited above, which
perforce deal with the effects of exogenous cannabinoids on
brain reward mechanisms and reward-related behaviors,
tentative conclusions may additionally be drawn concerning
the manner in which endocannabinoid mechanisms may

contribute to the regulation and modulation of endogenous
reward mechanisms in the brain. In fact, it is even possible
to postulate specific neural models by which such endo-
cannabinoid regulation of normal reward tone may function.
The present author and his colleagues have previously
proposed such neural models (e.g., Gardner and Lowinson,
1991; Gardner, 1992), but recent findings have rendered
those models less probable and other more recently
proposed models, especially by Lupica and his colleagues
(Lupica et al., 2004), more probable. Those more recently
proposed neural models have been alluded to above. They
will be more explicitly described in the following two
sections.

10.1. A model of endocannabinoid regulation of reward
tone via VIA mechanisms

Lupica et al. (2004) have proposed that, within the VTA,
CBI1 receptors on afferent GABAergic axon terminals
(arising both extrinsically from the Acb and intrinsically
within the VTA itself) and on afferent glutamatergic axon
terminals play a fundamental role in the regulation of
normal reward tone. They propose (on the basis of
reasonably well-established electrophysiological and histo-
chemical/anatomical data) that, within the VTA, CBI1
receptors regulating normal reward tone are found in three
specific locations: (1) on the GABAergic axon terminals
arising from cell bodies of GABAergic neurons intrinsic to
the VTA and synapsing on the intrinsic DA VTA cell bodies,
(2) on the GABAergic axon terminals arising extrinsically
in the Acb (from the medium spiny GABA neurons of the
Acb) and synapsing on the intrinsic DA VTA cell bodies,
and (3) on the glutamatergic axon terminals arising extrinsi-
cally (i.e., outside the VTA) and synapsing on the intrinsic
DA VTA cell bodies. In this model, endocannabinoid
transmitter(s) are released from the VTA DA neuronal cell
bodies and travel in retrograde fashion to CB1 receptors on
the GABAergic and glutamatergic axon terminals synapsing
on the VTA DA neuron. Such retrograde endocannabinoid
action could, theoretically, upregulate and downregulate the
excitatory and inhibitory synaptic inputs that the VTA DA
neuron receives, thus contributing to the probability of
neuronal firing of VTA—Acb DA neurons and thus to the
regulation of reward tone in the VTA—Acb reward-related
circuit. It is important to understand that, in this model, DA
neuronal tone is under the control of the GABAergic and
glutamatergic inputs to the VTA DA neuron, and the
endocannabinoid effect is thus a modulatory one—serving
perhaps to alter the balance of excitatory/inhibitory input to
the VTA DA neuron. Lupica et al. (2004) also propose the
presence of p opioid receptors on the cell bodies of the
GABAergic neurons intrinsic to the VTA, with endogenous
opioid axons synapsing on the intrinsic VTA GABA cell
bodies at the sites where the u opioid receptors are present.
This admittedly speculative addition to the model is an
attempt to account for the robust evidence (reviewed above)
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that the opioid antagonists naloxone and naltrexone block
the effects of THC in a wide variety of in vivo paradigms. It
is speculated that THC may act on the neural inputs to the p
opioid receptor—thus decreasing GABA release onto the
VTA DA neuron and, by a disinhibitory mechanism (e.g.,
Johnson and North, 1992), enhance DA neuronal activity.
This model is attractive, but—as noted previously—fails to
account for the apparent lack of action on Acb DA
extracellular overflow of cannabinoid microinjection into
the VTA (Chen et al., 1993). Also, this model fails to
stipulate a satisfactorily specific mechanism by which
exogenous cannabinoid administration activates endoge-
nous opioid inputs to the intrinsic VTA GABAergic
neurons.

10.2. A model of endocannabinoid regulation of reward
tone via Acb mechanisms

Lupica et al. (2004) have also proposed (in a model not
unlike that stipulated immediately above) that, within the
Acb, CBI1 receptors on GABAergic axon terminals (arising
both from recurrent axon collaterals of the Acb medium
spiny neurons and from axon terminals of intrinsic Acb
GABA interneurons) and on afferent glutamatergic axon
terminals (arising from neocortex, hippocampus, and
amygdala) play a fundamental role in the regulation of
normal reward tone. They propose (once again on the basis
of reasonably well-established electrophysiological and
histochemical/anatomical data) that, within Acb, CBI
receptors regulating normal reward tone are found in three
specific locations: (1) on GABAergic axon terminals arising
from cell bodies of GABAergic interneurons intrinsic to
Acb and synapsing on Acb medium spiny cell bodies, (2) on
GABAergic axon terminals arising collaterally in Acb
(from the Acb medium spiny GABA neurons) and synaps-
ing back on the intrinsic medium spiny GABA neuronal cell
bodies of the Acb, and (3) on the glutamatergic axon
terminals arising extrinsically (i.e., outside Acb; principally
from neocortex, hippocampus, and amygdala) and synaps-
ing into Acb. In this model, endocannabinoid transmitter(s)
are released from the Acb GABAergic medium spiny cell
bodies and travel in retrograde fashion to CB1 receptors on
the GABAergic and glutamatergic axon terminals synapsing
on the Acb medium spiny neurons. Such retrograde
endocannabinoid action could, theoretically, upregulate
and downregulate the excitatory and inhibitory synaptic
inputs onto the Acb medium spiny neurons, thus contribu-
ting to the probability of neuronal firing of Acb medium
spiny neurons and thus (via the Acb GABAergic outputs to
VTA,; or directly via the neural activity of the medium spiny
neurons themselves—see above discussion of the possible
homology between medium spiny neural inhibition and
reward) to the regulation of reward tone. Once again, as in
the case of the previous model centered on the VTA, it is
important to understand that in this model, reward tone
based upon underlying Acb neuronal tone is under the

control of the GABAergic and glutamatergic inputs to the
Acb medium spiny neuron, and the endocannabinoid effect
is thus a modulatory one—serving perhaps to alter the
balance of excitatory/inhibitory input to the medium spiny
neuron. This model has the merit, assuming that THC acts
locally in the Acb via activation of CBI receptors, of
complying both with the disinhibitory mechanistic model of
Johnson and North (1992) and the local neuronal site-of-
action model of cannabinoid activity that derives from the
work of Gardner and colleagues (Chen et al., 1993).

11. Addiction, habit-formation, synaptic plasticity, and
endocannabinoid function

One of the major conceptual advances in recent years in
the field of addiction research has been a re-centering of
attention on the fact that addiction is, at a fundamental level,
a disorder of behavioral habit and habit-formation. In these
terms, addiction is believed to be a disorder of DA-
dependent habit-formation (Di Chiara, 1999; Everitt et al.,
1999, 2001; Robbins and Everitt, 2002; Wise, 2004). The
DA-dependency appears crucial, as DA seems to be
essential for the “stamping in” of the response-reward and
stimulus-reward associations that underlie the pathogno-
monic behavioral symptoms of addiction—the aberrantly
strong motivational and reinforcing control over behavior of
drug-associated stimuli at the expense of other sources of
reinforcement (Di Chiara, 1999; Everitt et al., 2001;
Robbins and Everitt, 2002; Wise, 2004; Wise and Gardner,
2004). Viewed in this way, addiction is a disorder both of
reinforcement and of habit-formation, intricately intertwined
and perhaps mutually interdependent. This re-centering of
attention on the habit-formation and associationistic “stamp-
ing in” processes in addiction has led to dramatically
increased interest in the types of synaptic modulation or
synaptic plasticity that may underlie such aberrant habit-
formation. In line with such thinking, it has recently been
demonstrated (e.g., Thomas et al., 2001; Robbe et al., 2002;
Saal et al., 2003) that addictive drugs alter synaptic
plasticity within both the core VTA—MFB—Acb reward
circuitry and in the overlying dorsal neostriatal circuits that
have recently been implicated as a crucial site for
addiction’s habit-formation component (see, e.g., Di Chiara,
1999; Everitt et al., 2001; Robbins and Everitt, 2002).

Here again, endocannabinoid function(s) appear to be
implicated. Strong evidence that synaptic transmission can
be endocannabinoid-dependent, albeit in the hippocampus,
was originally presented by Wilson and Nicoll (2001).
Following shortly upon that discovery came evidence
(Gerdeman et al., 2002) of a link between endocannabinoid
function and long-term depression (LTD—a type of synaptic
plasticity) in the dorsal striatum (for overview of LTD and
long-term potentiation [LTP], see Stanton, 1996; Malenka,
2003; for overview of the “Hebbian™ synaptic mechanisms
that LTD and LTP may underlie, see Stanton, 1996; Paulsen
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and Sejnowski, 2000; Munakata and Pfaffly, 2004; for
overview of the possible relationship of such synaptic
plasticities to addiction, see Wolf, 2002; Gerdeman et al.,
2003; for evidence that such synaptic plasticities may
constitute at least a portion of the cellular substrate of
reward learning, see Reynolds et al., 2001). Specifically,
what Gerdeman et al. (2002) reported was that endocanna-
binoid function through CBI1 receptors was necessary for
LTD to be seen in glutamatergic inputs to the GABAergic
medium spiny neurons of the dorsal striatum. Subsequently,
it was similarly reported that endocannabinoid function
through CB1 receptors was necessary for LTD to be seen in
glutamatergic inputs to the GABAergic medium spiny
neurons of the Acb (Gerdeman et al., 2002, 2003).
Furthermore, it was found that endocannabinoid release
was associated with the activation of metabotropic gluta-
mate type 5 (mGluR5) receptors, coupled with an increase
in markers of synaptic activity in the GABAergic medium
spiny neurons (Robbe et al., 2002). In conjunction, these
findings seem to show that retrograde endocannabinoid
signaling and CBI1 receptor activation is necessary for LTD-
type synaptic plasticity in both the Acb (core reward
pathway) and dorsal neostriatum (containing circuitry
proposed to subsume the habit-forming aspects of addiction,
and perhaps even to mediate the transition in addiction from
reward-driven drug-taking to compulsive non-rewarding

Acb VTA

Opiates
Ethanol
Barbiturates
Benzodiazepines
Nicotine
Cannabinoids

habit-driven drug-taking). Bringing many of these consid-
erations of synaptic plasticity in brain loci implicated in
addiction back to a grounding with DAergic substrates and
mechanisms, it is important to note that DA has been
strongly implicated in LTD and LTP for some years. More
than a decade ago, Calabresi et al. (1992) demonstrated that
DA is importantly involved in neostriatal LTD. In fact, LTD
required the presence of DA and the co-activation of D1 and
D2 DA receptors. These findings have subsequently been
well confirmed (Choi and Lovinger, 1997; Dos Santos Villar
and Walsh, 1999; Tang et al., 2001). Provocatively,
enhancement of brain reward (measured electrophysiolog-
ically, in terms of BSR thresholds) may similarly require the
co-activation of D1 and D2 DA receptors (Nakajima et al.,
1993). Also, LTP requires the activation of DA D1 receptors
(Kerr and Wickens, 2001). Although ill-understood at
present, the DA role in LTD and LTP may also importantly
involve specific patterns of DA activity. Thus, phasic DA
activation may bias neostriatal (and possibly Acb) synapses
towards LTP, while fonic DA activation may bias the same
synapses towards LTD (Reynolds and Wickens, 2002).
The DAergic and endocannabinoid substrates cited above
in this section may well be linked. Recent experiments have
shown that DA D2 receptor activation stimulates release of
the endocannabinoid anandamide (Giuffrida et al., 1999).
This release may be depolarization- and calcium-dependent

Amphetamine
Cocaine
Opiates
Cannabinoids
Phencyclidine
Ketamine

Fig. 1. Diagram of the brain reward circuitry of the mammalian (laboratory rat) brain, indicating sites of action (on the basis of the best presently available
evidence) of various drugs, including cannabinoids, that enhance brain reward and reward-related behaviors. ABN, anterior bed nuclei of the medial forebrain
bundle; Acb, nucleus accumbens, AMYG, amygdala; BNST, bed nucleus of the stria terminalis; BSR, brain-stimulation reward; CRF, corticotropin releasing
factor; DA, dopamine; DYN, dynorphin; END, endorphin; ENK, enkephalin; FCX, frontal cortex; GABA, gamma-aminobutyric acid; GLU, glutamate; HIPP,
hippocampus; SHT, 5-hydroxytryptamine (serotonin); HYPOTHAL, hypothalamus; LAT-TEG, lateral tegmental noradrenergic cell groups; LC, locus
coeruleus; NE, norepinephrine (noradrenaline); OFT, olfactory tubercle; OPIOID, endogenous opioid; PAG, periaqueductal grey matter; Raphé, Raphé nuclei
of the brain stem; RETIC, reticular formation of the brain stem; VP, ventral pallidum; VTA, ventral tegmental area.
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(Di Marzo et al., 1998). At the same time, similar experi-
ments have shown evidence for calcium-independent G-
protein-mediated enhancement of endocannabinoid release
(Ohno-Shosaku et al., 2002). Gerdeman and colleagues have
made the provocative suggestion that endocannabinoid
synthesis may act as a coincidence detector, detecting
coordinated synaptic activity of DA and glutamate on
GABAergic medium spiny neurons, resulting in LTD
induction (Gerdeman et al., 2003). Bringing such consid-
erations back to drug-taking choice behavior, Montague et
al. (1996) have proposed that fluctuations in DA release—
mimicking known fluctuations in VTA DA, and relating to
predictions about future receipt of reward—may alter
synaptic plasticity functions to produce alterations in choice
behavior.

Although a comprehensive attempt at integrating exog-
enous cannabinoid actions on reward mechanisms, endo-
cannabinoid functions, DAergic functions, GABAergic
functions, glutamatergic functions, the VTA-MFB-Acb
reward axis, the dorsal striatal habit-formation circuitry,
drug-seeking and drug-taking in animals, and the clinical
phenomena of human drug addiction is far beyond the scope
of this brief review, and likely beyond both present-day data
and conceptualizations, it seems likely to this author that
any satisfactory understanding of the substrates of addiction
will require such an integration. Even on the basis of our
present-day limited understandings, it appears that such an
integration will perforce involve endocannabinoid substrates
and mechanisms.

12. Summary

On the basis of extensive behavioral, biochemical, and
electrophysiological evidence, cannabinoids appear to
enhance brain reward processes and reward-related behav-
iors in similar fashion to other addictive drugs. Like other
drugs with addictive potential, cannabinoids enhance
electrical brain-stimulation reward in the core DAergic
VTA-MFB—Acb reward system of the brain; enhance
neural firing and DA tone within it; produce CPP, a
behavioral model of incentive motivation; are self-admin-
istered; and trigger relapse to drug-seeking behavior in the
reinstatement model—all hallmarks of addictive drug
action. Also on the basis of electrophysiological and
biochemical evidence, cannabinoid withdrawal appears to
activate the same brain withdrawal processes as activated
by withdrawal from other addictive drugs. Cannabinoids
were long considered different from other addictive drugs,
in terms both of addictive potential and underlying
neurobiological substrates activated. That stance is no
longer supportable, especially in view of recent strong
evidence for cannabinoid self-administration in laboratory
animals. The exact site(s) and substrate(s) of cannabinoid
action in the core VTA-MFB—Acb reward axis and on
reward-related behaviors are as yet unclear. While canna-

binoids activate the reward pathways in a manner
consistent with other addictive drugs, the neural mecha-
nisms by which this occurs may differ. Compelling
arguments can be made that cannabinoids enhance brain
reward substrates by modulating DA-dependent substrates
at the level of the VTA, DA-independent substrates at the
level of the Acb, and DA-dependent substrates at the level
of the Acb. The recent discovery of CB1 receptors on DA
neurons in VTA and Acb make the last of these possibilities
more plausible than had been previously thought. Cannabi-
noid action on brain reward substrates may well involve
GABAergic and glutamatergic mechanisms. Endocannabi-
noids appear importantly implicated in LTD and LTP, two
important forms of synaptic plasticity that may underlie the
transition from reward-driven behavior to the compulsive
habit-driven behavior that characterizes addiction. Any
comprehensive and satisfactory attempt to integrate exoge-
nous cannabinoid actions on reward mechanisms, endocan-
nabinoid functions, DAergic functions, GABAergic
functions, glutamatergic functions, the VTA-MFB—Acb
reward axis, the dorsal striatal habit-formation circuitry,
drug-seeking and drug-taking in animals, and the clinical
phenomena of human drug addiction must await additional
data and advances in conceptualizations. Even on the basis of
our current limited understandings, it appears to the present
author that such an integration will show endocannabinoid
substrates and mechanisms to be some of the most crucial in
the entire nervous system.
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