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ABSTRACT. CANNABINOID SIGNALING in the central nervous system and
periphery of mammals is controlled through a mechanism known as the
endogenous cannabinoid system (ECS) that consists of the cannabinoid receptors 1
and 2, a growing family of endogenous neuromodulatory fatty acid amide ligands,
the “endocannabinoids”, and their principal inactivating enzyme, fatty acid amide
hydrolase (FAAH). The ECS represents a product of vertebrate nervous system
evolution that is now recognized as an important retrograde signaling pathway for
continuous modulation of the release of many classical neurotransmitters while also
having the potential to influence diverse and at times profoundly abnormal
neurobehavioral consequences under pathological conditions. The purpose of this
review is to summarize some of the recent advances in our knowledge of the ECS
and to propose a hypothesis for a role of the ECS as a risk factor for reward and
craving behaviors in some addictions. Evidence is presented that the ECS
influences addictive behavior in both animal models and human disorders of
reward and craving. These findings support the concept that brain endogenous
cannabinoid signaling may be a useful future target for novel therapeutic strategies
in selected addiction disorders.
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1. INTRODUCTION

HERBAL CANNABIS has been used and abused by
humans for thousands of years due to its medicinal
and psychoactive properties but only in slightly
more than one decade have the molecular
mechanisms of the brain endogenous cannabinoid
system (ECS) been revealed as a basis for
understanding cannabinoid neurobiological effects
(see ref. [1] for historical review). With the cloning
and sequencing of the rat [2] and human [3]
cannabinoid 1 receptor (CB1), it became evident
that the ECS is a phylogenetically ancient signaling
pathway that was only discovered recently and that
has the potential to be a unique modulator of
nervous system physiology and behavior. Both
exogenous cannabinoids like delta-9-tetrahydrocannabinol (THC), the main psychoactive component
of cannabis, and the neuromodulatory endogenous
cannabinoids bind the CB1 receptor located in the
presynaptic membrane of many synaptic terminals
to result in a retrograde signaling mechanism that
acts backwards to inhibit release of neurotransmitters in many neuronal circuits in the brain [4,5]. In
the reward and craving behaviors of drug abuse, the
most relevant neuronal circuits are located within
the ventral striatum in the mesolimbic addiction and
reward pathway where CB1 receptors are located on
inhibitory interneuron terminals on dopaminergic
synaptic projections to the nucleus accumbens septi
[6-8]. In this pathway, cannabinoids, binding to CB1
receptors may downregulate gamma amino butyric
acid (GABA) inhibitory transmission by depolarization induced suppression of inhibition [4,9,10] and
through GABA disinhibition may, in turn,
upregulate dopamine release in the nucleus
accumbens (FIG. 1) that has been associated with
addiction/reward behaviors [11]. In animal gene
deletion experiments, mice with CB1 receptor
deletion lack the addiction-reward response for
morphine [12] and alcohol [13]. Because
endogenous cannabinoids bind to the same CB1 Gprotein-coupled receptors in the brain as THC and
since cannabinoid signaling is involved in many
human reward behaviors, the hypothesis advanced
here is that ECS malfunction with increased
endocannabinoid tone in critical brain circuits could
result in the facilitation of reward and craving
behavior in some vulnerable individuals potentially
increasing susceptibility to some drugs of abuse or

other addictive disorders.
2. THE ENDOGENOUS CANNABINOID SYSTEM

(ECS)
Cannabinoid signaling in the mammalian central
nervous system (CNS) and periphery is mediated by
a growing family of endogenous neuromodulatory
fatty acid amide lipids known as the
“endocannabinoids” [14,15]. The molecular binding
targets of the endocannabinoids are the two known
cannabinoid receptors, CB1 and CB2, which also
bind the main psychoactive compound of cannabis,
THC [1,16]. CB1 receptors are expressed at high
levels in specific CNS regions and selected tissues
throughout the body, mostly in peripheral nervous
system endings and innervated organs, including the
gut, heart, lung, and reproductive organs [1]. CB2 is
present mainly in immunocytes, particularly
lymphocytes, macrophages and natural killer cells
[17,18]. This system, now known as the endogenous
cannabinoid system [19], is a retrograde signaling
pathway with the capacity to modulate the ongoing
release of chemical signals and transmitters [10,2022]. In the nervous system, endocannabinoids act to
inhibit the release of most of the known excitatory,
inhibitory and specialized neurotransmitters by
activation of the presynaptic G-protein coupled
receptor, CB1 in the CNS or elsewhere in the body
[14,19]. It would be expected that if endocannabinoids serve an important signaling role in the
nervous system or in the body, these amidated lipids
would be closely linked to a rapid inactivating
mechanism (catabolic enzyme) capable of locally
modulating endocannabinoid levels at multiple sites
of action [15].
Recently, an integral cell membrane enzyme in
CNS synapses and liver cells was found to
inactivate expeditiously a variety of the endogenous
neuromodulatory fatty acid amides that are ligands
for CB1 and this enzyme has been designated the
fatty acid amide hydrolase (FAAH) [15,23]. FAAH
was isolated, cloned and sequenced in humans and
lower mammals where comparative analysis
demonstrates phylogenetic conservation with greater
than 80% amino acid sequence identity [24,25].
Several studies now show that FAAH is capable of
inactivating many endogenous fatty acid primary
amides and N-acyl-ethanolamides with similar
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FIGURE 1. SCHEMATIC DIAGRAM OF ENDOCANNABINOID ACTIONS IN THE VENTRAL STRIATUM. Elevated ANA (anandamide) and 2AG (2-arachidonylglycerol) due to impaired FAAH function could inhibit GABA inhibition in the VTA and increase long term
depression in nucleus accumbens (NAc) excitatory glutamatergic synapses by translating post synaptic glutamatergic signaling
to presynaptic CB1 signaling. Both mechanisms may increase dopamine levels and induce long-term synaptic plasticity in the
mesolimbic dopamine addiction/reward circuits.

hydrolytic efficiencies [26]. FAAH was found to
hydrolyze rapidly anandamide and several other
bioactive fatty acid amides including 2-arachidonyl
glycerol, N-palmitoyl ethanolamide and the sleepinducing lipid, oleamide [19,26]. Most of these
bioactive lipids are endogenous ligands for receptors
of the endocannabinoid system, and anandamide,
both a CB1 and CB2 agonist, is the most well
studied of these [14,27]. Thus, one of the most
biologically relevant properties of FAAH is that this
enzyme appears to be the principal inactivating

enzyme for a broad range of fatty acid amides that
are being increasingly recognized as serving a wide
variety of neuromodulatory functions in the CNS
with behavioral consequences together with
functions in other peripheral organs. Genetically
engineered mice with functional deletion of FAAH
showed markedly elevated levels of brain
anandamide and supersensitivity to the biological
effects of injected anandamide suggesting that
FAAH controls both the amplitude and duration of
the endocannabinoid response in vivo and that
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abnormal FAAH function may have neurobehavioral sequelae [28]. Moreover, the pharmacological
activity of different endocannabinoids appears to be
regulated by FAAH activity in vivo [29].
3. ENDOCANNABINOID SIGNALING IN
MAMMALIAN BRAIN
Recent reviews of the ECS have demonstrated
the widespread distribution of CB1 receptors,
FAAH and endogenous ligands in specific brain
regions known to be important in memory, motor
control and drug abuse and reward behaviors [1,30].
Iverson [31] has summarized the current literature
on cannabinoids and the brain, including the
endocannabinoids and their distribution in the
mammalian brain. Using specific high affinity
cannabinoid receptor ligands or antibodies, the
neuroanatomical distribution of CB1 receptors and
FAAH has been mapped in the brain of mammals
[1,32,33]. These studies reveal that CB1 receptors
are mainly present on synaptic terminals and axons
but are mostly absent from neuron cell bodies and
dendrites. The highest densities of CB1 receptors in
animals and man are in the cerebral cortex,
especially the frontal regions, the hippocampus and
anterior cingulate cortex, the basal ganglia including
the ventral striatum (mesolimbic addiction/reward
pathway including the medial forebrain bundle and
nucleus accumbens), and the cerebellum. High
levels of FAAH protein expression were found to be
correlated with brain regions enriched in CB1
receptors [30] and this supports the concept that
FAAH is positioned for prompt regulation of
endocannabinoid levels locally at the synaptic level
in critical brain circuits [29].
The current model of the brain ECS is one of an
important retrograde signaling mechanism [4] in
which endocannabinoids are released by the postsynaptic cell in response to synaptic activation by
many types of neurotransmitters, then travel
backward across the synaptic cleft to bind the CB1
receptor and produce inhibition of pre-synaptic
transmitter release by activating G-protein coupled
signaling cascades and subsequently are inactivated
by FAAH situated in the postsynaptic membrane.
The crystal structure of FAAH has recently been
elucidated and confirms the membrane bound
hydrolytic characteristics of this enzyme that

controls and terminates brain endocannabinoid
signaling at synapses [34]. Thus, endocannabinoids
are critically positioned with abundant synaptic
expression in brain regions associated with the
reward and craving aspects of drug abuse.
Considering that elevated dopamine levels in the
striatum and mesolimbic addiction/reward pathway
are thought to be of central importance in the
rewarding aspects of several drugs of abuse [35],
endocannabinoid activity has been linked to the
inhibition GABA release which in turn can result in
increased dopamine levels in the nucleus accumbens
of the addiction/reward pathway [9]. Therefore,
pathophysiological alterations of FAAH function or
other components of the ECS may be in a position
to alter behavior that could increase the risk of
reward or craving behaviors in susceptible
individuals.
4. NEUROBIOLOGY OF ENDOCANNABINOIDS
IN THE BRAIN
Several remarkable studies demonstrating the
critical neurophysiological role of endocannabinoids
have recently been published by different research
groups. In the brain, the phenomenon of
depolarization induced suppression of inhibition
(DSI), a fast feedback system from post-synaptic
neurons to pre-synaptic inhibitory terminals was
shown by Wilson and Nichol [4] to be due to
endocannabinoids acting as retrograde transmitters
to suppress release of an inhibitory transmitter.
Independent experimental work by Ohno-Shosaku
et al. [22] reached the same conclusion about DSI
and identified the inhibition of GABA release as the
neurotransmitter altered by cannabinoid effects.
Additional support came from Varma et al. [36]
who reported that DSI was entirely absent in
hippocampal slice preparations from mice with CB1
receptor gene deletion. Kreitzer and Regehr [37]
determined that retrograde signaling is not limited to
inhibitory synapses by demonstrating an
endocannabinoid mechanism in depolarizationinduced suppression of excitation (DSE). The CB1
receptor and endocannabinoids are present in brain
memory regions [10,38] and a recent study found
extinction of aversive memories by selective
cannabinoid inhibitory effects on GABA inhibitory
networks in the amygdala [39]. Recent studies have
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shown that long-term depression (LTD) in the
striatum and nucleus accumbens is mediated by
endocannabinoids acting as retrograde messengers
[8,40] in these brain circuits associated with drug
reward and craving. Collectively, these studies
confirm that endocannabinoids are involved in both
rapid, short-term and long-term modulation of
several types of neurotransmitters in multiple
neuronal networks or circuits and thus, may play an
important role in modulation of neural activity and
the associated psychomotor behaviors, for example
reward/craving, controlled by these circuits [41].
5. PRECLINICAL EVIDENCE OF THE ECS IN
DRUG REWARD AND CRAVING
Recently studied animal models of drug abuse
have provided accumulating evidence of
endocannabinoid modulation of synaptic transmission in brain regions associated with drug reward or
craving. As noted above, activation of CB1
receptors in the ventral tegmental area inhibits
GABA inhibitory transmission that in turn increases
dopamine release in the nucleus accumbens of the
addiction/reward pathway [9]. In addition, a CB1
receptor agonist reduced psychostimulant drug selfadministration in rats while a CB1 receptor
antagonist significantly increased it, suggesting that
the ECS could play different roles depending on the
particular drug of abuse under study [42]. It has
been further suggested that psychodepressant drugs
such as morphine and heroin are likely to be under
the tonic control of the ECS [35]. Tanda and
Goldberg [43] have reviewed the recent preclinical
data on the neurochemical mechanisms of the
cannabinoids underlying drug reward and
dependence. This report summarizes the major
functional interactions between the endogenous
cannabinoid, opioid and dopamine neurotransmitter
systems in drug reward, reinforcement and
tolerance. Animal models of cannabinoid addiction
have also been the subject of a recent review and the
evidence provides support for interaction with
opioid and dopamine transmission in brain reward
circuits [44]. Morphine dependent rats were recently
found to have region-dependent changes in CB1
receptor binding sensitivity in regions implicated in
drug dependence [45].
Behavioral studies have demonstrated that the
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selective CB1 receptor antagonist, SR141716A,
attenuates relapse to cocaine in a drug reinstatement
paradigm while a synthetic CB1 receptor agonist,
HU210, provokes a relapse to cocaine seeking after
prolonged withdrawal in laboratory rats [46]. The
endocannabinoid, 2-arachidonyl-glycerol (2-AG)
was recently shown to attenuate naloxoneprecipitated withdrawal signs in morphine
dependent mice suggesting a role for cannabinoid
signaling mechanisms in morphine dependence [47].
Because there is functional cross-talk between
cannabinoid and opioid systems, a study designed to
evaluate the reward and motivational effects of
heroin revealed that these effects are mediated at
least in part by CB1 receptors in the ECS [48] and
this work suggested a rationale for the use of
cannabinoid antagonists in the treatment of opioid
addiction. Inhibition of methamphetamine selfadministration in rats was also shown by the use of
the cannabinoid receptor antagonist, AM251, again
suggesting a role for synthetic antagonists in the
treatment of stimulant abuse [49]. These and other
preclinical studies add to the mounting evidence that
endocannabinoids and their receptors [50] are
involved in a constant process of modulation and
adaptation within the brain addiction/reward
pathways that may influence the reward and craving
aspects of drug seeking behavior and that could
contribute to reward or reinforcement in chronic
drug abuse (reviewed in Gerdeman et al. [41]). In
addition to the direct addictive potential of
cannabinoids [51], there is evidence that cannabis
may influence the sensitivity or vulnerability to
other drugs of abuse [51-53]. Thus, in both animal
and human studies, there is evidence from
independent studies that repeated use of
cannabinoids might facilitate progression to the
consumption of other illicit drugs in vulnerable
individuals [51,54-56].
6. POTENTIAL ROLE OF THE ECS IN HUMAN
DISORDERS

6.1. DRUG ABUSE/ADDICTION AND ALCOHOL
A number of studies have investigated possible
connections of the ECS with human disorders but
most have focused on the possible role of the CB1
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FIGURE 2. BAR GRAPH OF ALL WHITE SUBJECTS WHO DENIED ANY STREET DRUG USE (N = 1688) AND WHO WERE SELECTED
RANDOMLY AND GENOTYPED FOR THE FAAH 385 LOCUS. Proportion of genotypes are shown for normal weight subjects (BMI =
16-25) and combined overweight and obese subjects (BMI = 25-62). The homozygous 385 A/A mutation genotype is overrepresented in the overweight/obese group (Fisher exact test; P = 0.0069, odds ratio = 0.43).

receptor in neurobehavioral disorders or drug
addiction. Typically, investigations have not shown
an association of CB1 gene mutations with
psychiatric disorders or addiction except in the case
of isolated reports of a triplet repeat polymorphism
in the CB1 promoter associated with mood disorders
[57] and intravenous drug use [58]. Cannabinoid
transmission in the reward/reinforcement circuits
has been implicated in the addictive potential of
cannabinoids in vulnerable individuals [52,59] and
suggests a potential mechanism for activation of
reward-relevant
pathways
by
endogenous
cannabinoids.
Self-administration or craving
behavior has recently been demonstrated in a
primate model maintained by the psychoactive
ingredient of marijuana [60]. Another study has
shown blockade of the effects of smoked marijuana
in humans by the selective CB1 antagonist,

SR141716A [61]. These and other studies [43] have
suggested a potential role for the ECS in human
disorders characterized by abnormal reward or
craving responses.
In an evaluation of potential ECS genetic risk
factors for reward/reinforcement, Sipe et al. recently
published a population study of the gene encoding
fatty acid amide hydrolase (FAAH), the principal
inactivating enzyme for most endocannabinoids and
identified a naturally occurring missense mutation in
FAAH (cDNA 385 C→A) that results in a
conserved amino acid substitution, Proline
129→Threonine (P129T) and was associated with
increased likelihood of street drug use and drug or
alcohol abuse [62]. Biochemical studies of the
P129T variant revealed an increased sensitivity of
this mutant FAAH protein to proteolysis [62].
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Subsequent FAAH enzyme activity studies in
isolated human lymphocytes have shown a
statistically significant >2-fold deficiency of FAAH
enzymatic activity in homozygous FAAH 385 A/A
mutant subjects compared to wild type 385 C/C
matched control subjects (Sipe et al., unpublished
data).
Alcohol abuse may be under different complex
controls than some of the other drugs of abuse but
there are suggestions that endocannabinoids may
also play a neuromodulatory role in the
development of alcoholism [63]. One recent report
observed an association of a CB1 receptor gene
polymorphism with severe alcohol dependence and
increased risk of delirium [64]. Endocannabinoid
signaling is involved in ethanol preference in mice
since CB1 inhibitors and CB1 gene deletion results
in significantly reduced ethanol and sucrose intake
[65,66]. However, in our population study of the
FAAH 385 mutation associated with street drug
abuse there was no observable association of this
missense mutation with alcohol overuse [62].
6.2. NATURAL REWARDS: OVERWEIGHT AND
OBESITY

Natural rewards such as food and sweets are
likely to be controlled by the same or similar neural
reward and craving circuits modulated by the ECS.
Available evidence indicates that endocannabinoids
regulate
both
feeding
behavior
through
reward/craving pathways [67] and body fat
metabolism via hypothalamic peptidergic circuits
[68,69]. Down-regulation (activation) of CB1
receptors associated with dietary obesity was found
in the nucleus accumbens and hippocampus of rats
suggesting an endocannabinoid role in the hedonic
aspects of eating [70]. The evidence for a role of
cannabinoid signaling in both the homeostatic and
hedonic control of eating has recently been
reviewed by Harrold and Williams [71] and leptin
regulated tonic endocannabinoid activity appears to
be involved in maintaining food intake [72]. To
assess the possible role of the ECS in dietary
overweight and obesity, Sipe et al. recently
completed a preliminary study of the frequency of
the FAAH 385 mutation in nearly 1700 white nondrug using subjects stratified by body mass index
(BMI) while attending a health maintenance clinic
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for annual examinations (FIG. 2). The frequency of
the FAAH 385 homozygous A/A mutation was
found to be approximately 2% in normal BMI
subjects (N=594) but nearly 5% (>2-fold increase)
in overweight and obese subjects (N=1094) (Fisher
exact test, P=0.0069) (Sipe et al., unpublished data).
This epidemiological study suggests that the FAAH
385 A/A (P129T) mutation may be one risk factor in
Whites for susceptibility to reward behaviors,
including street drug abuse and natural food rewards
associated with overeating and obesity. Collectively,
these findings support the hypothesis that abnormal
brain cannabinoid signaling may constitute
important risk factors for both natural and druginduced disorders of reward and craving and suggest
a potentially expanded view of reward or craving
behavioral consequences associated with the
homozygous FAAH 385 A/A naturally occurring
mutation that may range from drug abuse to natural
rewards in susceptible individuals.
7. FUTURE CONSIDERATIONS
In a current review of mechanisms of drug
addiction, Cami and Farre [73] emphasize the
multiple and complex factors influencing drug abuse
and dependence. These include the properties of
individual
drugs
of
abuse,
concurrent
neurobehavioral or psychiatric disorders, genetic
risk factors and social or environmental factors
among others. Understanding the complex picture of
drug abuse and addictive disorders will require a
detailed evaluation of the factors associated with
specific drugs of abuse to determine the exact role
and degree of contribution of each factor. In the
future more data will be available to test the
hypothesis of the ECS as a risk factor for
vulnerability to disorders associated with reward
and craving behaviors. Current work includes
evaluating the frequency of the FAAH 385 mutation
in subjects with abuse of the major classes of drugs
of abuse and in different overweight/obese ethnic
groups to more precisely correlate this risk factor
with specific drug or natural reward disorders.
The ECS is now an attractive candidate in
humans and other mammals for the study of
addiction and reward behavior since it has been
linked to modulation of critical brain functions and
behavior under normal physiological circumstances
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and has been implicated as a potential pathological
mechanism during endocannabinoid malfunction.
Genetic or protein abnormalities could produce
functional dysregulation of the ECS with potential
clinical consequences but the specific risk factors
for at least the initial reward or craving aspects of
drugs, food or other addictions remain to be
elucidated. Nonetheless, the ECS appears to be
gaining importance as a possible clinical therapeutic
target in reward and craving disorders through the
application of novel synthetic chemical, genome or
proteome based technologies.
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