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Abstract
Enhancing the effects of endogenously-released cannabinoid ligands in the brain might provide
therapeutic effects more safely and effectively than administering drugs that act directly at the
cannabinoid receptor. Inhibitors of fatty acid amide hydrolase (FAAH) prevent the breakdown of
endogenous ligands for cannabinoid receptors and peroxisome proliferator-activated receptors
(PPAR), prolonging and enhancing the effects of these ligands when they are naturally released.
This review considers recent research on the effects of FAAH inhibitors and PPAR activators in
animal models of addiction and cognition (specifically learning and memory). These studies show
that FAAH inhibitors can produce potentially therapeutic effects, some through cannabinoid
receptors and some through PPAR. These effects include enhancing certain forms of learning,
counteracting the rewarding effects of nicotine and alcohol, relieving symptoms of withdrawal
from cannabis and other drugs, and protecting against relapse-like reinstatement of drug self-
administration. Since FAAH inhibition might have a wide range of therapeutic actions but might
also share some of the adverse effects of cannabis, it is noteworthy that at least one FAAH-
inhibiting drug (URB597) has been found to have potentially beneficial effects but no indication
of liability for abuse or dependence. Although these areas of research are new, the preliminary
evidence indicates that they might lead to improved therapeutic interventions and a better
understanding of the brain mechanisms underlying addiction and memory.
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1. Introduction
Cannabis has been used as a drug for millennia, but only recently have we begun to
understand the brain systems that cannabis affects and to develop safer, more effective ways
to manipulate these systems for therapeutic purposes. Like THC, which is the main
psychoactive constituent of cannabis, endogenous cannabinoid ligands activate inhibitory
presynaptic CB1 receptors that are richly expressed in the hippocampus, basal ganglia,
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cerebellum and cerebral cortex (see reviews by Freund et al., 2003; Piomelli, 2003;
Lovinger, 2008; Pertwee et al., 2010). These endocannabinoids are synthesized and released
on demand by the postsynaptic cell and limit the activity of glutamate, GABA, glycine,
acetylcholine, norepinephrine and serotonin neurons (Schlicker & Kathmann, 2001; Szabo
& Schlicker, 2005). Thus, an important role of CB1 receptors seems to be providing a
damping function when these transmitter systems become overactive, such as during stress
(Katona & Freund, 2008; Hill et al., 2010).

Endocannabinoids such as anandamide and arachidonoylglycerol (2-AG) are believed to
have a number of beneficial effects, such as modulating anxiety, depression and pain (see
reviews by Schlosburg et al., 2009b; Zanettini et al., 2011). However, simply administering
these compounds exogenously as therapeutic agents is problematic because they are rapidly
degraded in vivo. One way to deal with this problem is to develop longer-acting forms of
these ligands, such as methanandamide (Abadji et al., 1994). An alternative and potentially
more desirable way is to prolong the effects of endogenously-released cannabinoids, using a
general strategy that has been successful with endogenously-released serotonin (Taylor et
al., 2011) and dopamine (Godfrey, 2009). This can be achieved by inhibiting the enzymes
responsible for the degradation of endocannabinoids. An advantage of this approach is that it
might be specific with regard to site of action, enhancing endocannabinoid actions locally
when and where they are endogenously released. In contrast, administration of directly-
acting ligands affects receptors globally, relatively independent of endogenous activity. A
potential disadvantage of inhibiting degradation is that it is less specific chemically; the
degradation mechanisms are shared by families of ligands, and the ligands within a family
do not all target the same type of receptor. [Allosteric modulators that enhance or diminish
the actions of endogenously released cannabinoids also have the potential to provide
therapeutic effects without the drawbacks of direct agonist drugs (Price et al., 2005);
although this would presumably be more specific chemically than FAAH inhibition, the
behavioral effects of these compounds have yet to be characterized.]

The main degradation mechanism for anandamide is enzymatic breakdown by fatty acid
amide hydrolase (FAAH). A variant, FAAH-2, has been found to occur in humans and some
other vertebrates, but not in rats or mice (Wei et al., 2006). There are a number of highly-
selective FAAH inhibitors available, including URB597, OL-135, PF-3845 and AM3506,
although the preponderance of studies have involved URB597 (Lichtman et al., 2004;
Piomelli et al., 2006; Vandevoorde, 2008; Ahn et al., 2009; Godlewski et al., 2010;
Petrosino & Di Marzo, 2010). The main degrading enzyme for the endocannabinoid 2-AG is
monoacylglycerol lipase (MGL), and there are inhibitors available for this enzyme (e.g.,
JZL184), and also dual inhibitors that are equipotent for FAAH and MGL (e.g., AM6701).
Research into the effects of endocannabinoids has also been facilitated by the development
of knockout mice that lack either FAAH (Cravatt et al., 2001) or MGL (Pan et al., 2011). An
additional means by which anandamide is deactivated is by a transport mechanism that
removes it from the synapse; inhibitors of this recently discovered FAAH-like anandamide
transporter (FLAT), such as AM404, VDM11, UCM707, OMDM-1 and ARN272,
selectively inhibit anandamide deactivation (Fu et al., 2012). This finding raises the
possibility that lipid transporters might be found in the future that selectively deactivate
other FAAH substrates such as oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA) or MGL substrates such as 2-AG.

Inhibition of FAAH increases endogenous levels of the fatty acid ethanolamides (FAEs)
anandamide, oleamide, PEA and OEA. Among these, only anandamide and oleamide act at
cannabinoid CB1 receptors, but all are considered members of the extended
endocannabinoid family (O’Sullivan, 2007; Pistis & Melis, 2010). Anandamide also acts at
peroxisome proliferator-activated receptors (PPARs), specifically the PPAR-α and PPAR-γ
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subtypes (Bouaboula et al., 2005; Sun et al., 2006; Sun et al., 2007). PEA and OEA act at
PPAR-α, and OEA also acts at PPAR-β/δ (Fu et al., 2003; Lo Verme et al., 2005a). FAAH
and FAAH-2 degrade the endogenous sleep-inducing factor oleamide (Wei et al., 2006),
which is a CB1 agonist (Leggett et al., 2004) and weak PPAR-γ agonist (Dionisi et al.,
2012) and may also act by other mechanisms (Fedorova et al., 2001). N-acyltaurines, which
are agonists of transient receptor potential calcium channels (TRP), are also FAAH
substrates (Saghatelian et al., 2006).

1.1. Overview
Since FAAH inhibition affects PPAR ligands, it is natural to consider the effects of FAAH
inhibition and PPAR activation together. Since FAAH inhibition increases levels of the
endocannabinoid anandamide, it is also natural to relate the findings obtained with FAAH
manipulations to those obtained by administering cannabinoid-receptor agonists and
antagonists. This review will focus on research into the effects of these manipulations in two
relatively new but promising areas, cognition (specifically learning and memory) and
addiction. PPARs have received much attention for their roles in lipid metabolism, energy
balance, feeding, inflammation, and neuroprotection. Some of their effects on cognition and
addiction may actually be extensions of these other roles. In some cases, activation of PPAR
and CB1 systems may have opposing effects. Since CB1 receptors mediate the abuse-related
effects of cannabis and possibly other drugs, it is important to evaluate the possibility that
FAAH inhibitors and other potentially therapeutic drugs that affect the endocannabinoid
system might themselves have abuse and addiction liability. By the same token, the ability
of the endocannabinoid system to modulate the effects of drugs and drug-associated
environmental cues makes this system a potential target for treating addiction.

2. Interactions between the endocannabinoid and peroxisome proliferator-
activated receptor systems

Cannabinoid CB1 and CB2 receptors and all PPAR isoforms (α, β/δ and γ) are widely
expressed in the central and peripheral nervous systems (Mackie, 2005; Pistis & Melis,
2010). The endocannabinoid system consists of cannabinoid receptors, the genes that encode
them, their endogenous ligands (endocannabinoids like anandamide and 2-AG), and
mechanisms for the synthesis, uptake and metabolism of these ligands (Pertwee, 2006). CB1
receptors are G protein-coupled receptors that are localized mainly at the terminals of central
and peripheral neurons, where they typically mediate inhibition of ongoing neurotransmitter
release (Szabo & Schlicker, 2005). CB1 receptors are implicated in the pathophysiology of
many psychiatric and neurological disorders, including schizophrenia, depression,
Alzheimer’s disease, Parkinson’s disease, eating disorders, addiction, chronic pain, and
anxiety (Porter & Felder, 2001; Croxford, 2003; Iversen, 2003). CB2 receptors are located
predominantly in immune cells and modulate immune processes like cell migration and
cytokine release in the periphery and the brain (Pertwee, 2005). However, there is mounting
evidence that CB2 receptors are also expressed by neuronal, glial and endothelial cells
within the brain (reviewed by Onaivi et al., 2012). Recently, CB2 receptors were implicated
in neurological disorders involving neuroinflammation and neuropathic pain (Ashton &
Glass, 2007; Arevalo-Martin et al., 2008; Guindon & Hohmann, 2008; Cabral & Griffin-
Thomas, 2009), and also depression and drug abuse (Onaivi et al., 2006; Ishiguro et al.,
2007; Torres et al., 2010; Xi et al., 2011). Both types of cannabinoid receptor can inhibit
adenylyl cyclase and activate mitogen-activated protein kinase by signaling through Gi/o
proteins (Howlett, 2005), and CB1 receptors can also signal through Gs proteins (Glass &
Felder, 1997).
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PPARs are ligand-activated transcription factors that bind to sequence-specific promoter
elements of target genes and directly regulate the genes’ expression (Glass, 2006). In
addition to these genomic effects in the cell nucleus, PPARs have more recently been
recognized to have rapid, non-genomic, extranuclear effects, such as affecting protein
kinases (e.g., Melis et al., 2010); genomic and non-genomic effects probably occur in the
same cells and mutually influence each other (Luconi et al., 2010). PPARs are expressed in
tissues throughout the body, including many areas of the brain (Moreno et al., 2004). They
are known to modulate inflammation and immune responses and lipid/glycidic homeostasis.
Activators of PPAR-α are used to treat lipid disorders such as hypercholesterolemia, and
activators of PPAR-γ are used to treat disorders of glucose metabolism such as type-2
diabetes. The functions of the β/δ subtype, are less well established, but it might be involved
in regulation of metabolism and differentiation of keratinocytes, adipocytes and
oligodendrocytes (Matsuura et al., 1999; Jehl-Pietri et al., 2000; Saluja et al., 2001; Barish et
al., 2006). Since the pharmacology of the endocannabinoid and PPAR systems has been
reviewed in detail elsewhere (Piomelli, 2003; O’Sullivan, 2007; Sun & Bennett, 2007;
O’Sullivan & Kendall, 2010; Pertwee et al., 2010; Pistis & Melis, 2010), we will concentrate
on interactions between these systems.

The unusually large ligand-binding domain of PPARs can be activated by natural and
synthetic ligands of vastly different chemical structures, including endogenous FAEs,
natural and synthetic cannabinoids, and members of the clinically-used fibrate (PPAR-α
agonists) and thiazolidinedione (PPAR-γ agonists) drug classes. Many of these ligands also
bind to cannabinoid receptors and/or are metabolized by FAAH (Lenman & Fowler, 2007).
Anandamide has been found to directly activate PPAR-γ (Bouaboula et al., 2005) and
PPAR-α (Sun et al., 2006). 2-AG can also directly activate PPAR-γ (Bouaboula et al.,
2005). Other endocannabinoids, virodhamine and noladin ether, activate PPAR-α (Sun et
al., 2006) but not PPAR-γ. The endocannabinoid N-arachidonoyl-dopamine (NADA) was
shown to increase transcriptional activity of PPAR-γ (O’Sullivan et al., 2009). The FAEs
and FAAH substrates OEA and PEA activate PPAR-α (Fu et al., 2003; Sun et al., 2006), but
neither increases transcriptional activity of PPAR-γ (Fu et al., 2003; Lo Verme et al., 2006).
The natural phytocannabinoids THC and cannabidiol activate transcriptional activity of
PPAR-γ (O’Sullivan et al., 2005, 2009). Synthetic CB1 agonists that activate PPAR-γ
include HU210, WIN 55,212-2 and CP 55,940 (Matias et al., 2006; O’Sullivan, 2007). WIN
55,212-2 also activates PPAR-α (Sun et al., 2006).

The mechanisms of cannabinoid-PPAR interactions are not completely clear, but there is
evidence for several types of mechanism (Fig. 1; see reviews by O’Sullivan, 2007; Sun &
Bennett, 2007; O’Sullivan & Kendall, 2010). Some studies have demonstrated direct
binding of cannabinoid ligands (anandamide, OEA, WIN 55,212-2, virodhamine and
noladin ether) to PPARs that cause changes in target gene expression (Fu et al., 2003;
Bouaboula et al., 2005; Sun et al., 2006). Direct binding of these highly lipophilic
cannabinoids to nuclear PPARs requires that the cannabinoids pass through plasma
membranes and are transported into the nucleus. Transport through the membrane may
depend on certain membrane and intracellular transporters such as the FAAH-like
anandamide transporter (Fu et al., 2012) and the fatty acid binding proteins FABP5 or
FABP7 (Kaczocha et al., 2009; Fu et al., 2012). Some endocannabinoids also have fatty
acid, ethanolamine, COX-2 or LOX metabolites that bind to PPARs. For example, COX-2
metabolites of anandamide or LOX metabolites of 2-AG have been shown to activate
PPARs (Kozak et al., 2002; Rockwell & Kaminski, 2004). Finally, activation of cannabinoid
receptors at the cell surface may initiate intracellular signaling cascades leading to PPAR
activation. Ligand-binding to cannabinoid receptors increases activity of mitogen-activated
protein kinase (MAPK), which can regulate PPAR activation through direct phosphorylation
(Gelman et al., 2005). Although much remains to be explained about cannabinoid-PPAR
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interactions, it is clear that PPAR activation provides a mechanism by which cannabinoids
can regulate gene transcription, producing long-term exposure consequences and potentially
therapeutic effects.

3. Fatty acid amide hydrolase inhibition and cognition
3.1. Learning and memory

Although marijuana and CB1 agonists are well known for their amnestic effects, and FAAH
inhibition increases levels of the CB1 agonist anandamide, several studies have indicated
that FAAH inhibition might enhance learning and memory. Varvel et al. (2007) studied
effects of the FAAH inhibitor OL-135 and of genetic deletion of FAAH in mice. Both
FAAH manipulations enhanced acquisition of spatial learning in a water maze, and this
enhancement was blocked by treatment with the CB1 antagonist/inverse agonist rimonabant,
suggesting the enhancement was mediated by CB1 receptors. FAAH deletion also enhanced
acquisition of a spatial learning task designed to focus on working memory (Varvel et al.,
2006); however, the FAAH inhibitor OL-135 and the PPAR agonists OEA, PEA had no
effect on learning in this working memory procedure, either in FAAH(−/−) or FAAH(+/+)
mice.

Mazzola et al. (2009) found that the FAAH inhibitor URB597 enhanced passive avoidance
learning only when given before the learning trial (to test for effects on acquisition), not
when given immediately after the learning trial (to test for effects on consolidation) or
before the test trial (to test for effects on retrieval). While this enhancement of acquisition,
like that observed by Varvel et al. (2007), was attenuated when the CB1 antagonist/inverse
agonist rimonabant was given before the FAAH inhibitor, Mazzola et al. (2009) also found
that it could be attenuated by the PPAR-α antagonist MK886. As described below (in the
Peroxisome proliferator-activated receptors and cognition section), this led to further
investigation of passive avoidance learning with selective PPAR-α ligands.

The water-maze and passive avoidance procedures of Varvel et al. (2006, 2007) and
Mazzola et al. (2009) involved aversively-motivated learning (i.e., escape from deep water
or avoidance of a footshock-associated area, respectively). The tests that have been
performed thus far with appetitively-motivated tasks have not detected enhancing effects of
FAAH inhibition. Wise et al. (2009) compared the effects of FAAH deletion in aversively
and appetitively motivated versions of the Barnes maze that involved either reward with
drinking water or escape from bright light and air turbulence. FAAH null mice showed
accelerated acquisition in the aversively-motivated task, but did not differ from controls in
the appetitively-motivated task. The enhancement of escape learning was blocked by
treatment with rimonabant, suggesting that this effect of FAAH deletion was due to
anandamide’s action at CB1 receptors.

In another appetitively-motivated task (water-reinforced delayed nonmatching to position),
Goonawardena et al. (2011) found that working memory in rats was impaired by the FAAH
inhibitor URB597, the anandamide uptake inhibitor AM404, and methanandamide. FAAH
inhibition and methanandamide also suppressed hippocampal ensemble activity in a manner
similar to that of the synthetic CB1 agonists THC and WIN 55,212-2. This disruption of
baseline patterns of neural activity was seen during encoding, but not during recall. In
another working memory task (T-maze with food reward), URB597 produced impairments
(Seillier et al., 2010), but paradoxically it reversed impairments induced by subchronic
treatment with phencyclidine.

The tentative conclusion that FAAH inhibition or deletion enhances memory most
effectively in animal models that involve aversive situations suggests that this enhancement
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is due to modulation of the response to stressful situations. This would be consistent with
findings that FAAH inhibitors have anxiolytic effects under moderately but not mildly
stressful conditions in rats (Haller et al., 2009) and that a gene variant that decreases FAAH
expression in humans is associated with low stress reactivity (Gunduz-Cinar et al., 2012). If
FAAH inhibitors enhance learning by increasing the ability to cope with stress (as suggested
by Haller et al., 2009), as opposed to increasing the salience of aversive stimuli, these
compounds might improve memory deficits associated with anxiety disorders and
depression.

Two recent studies indicate that, by regulating anandamide levels, FAAH has important
effects on the basolateral amygdala related to stress, anxiety, and learning. Chronic stress in
mice increased FAAH content of the amygdala, increased anxiety-like behavior, and
induced FAAH-dependent changes in amygdalar structure and function (Hill et al., 2012).
The FAAH inhibitor AM3506 facilitated extinction learning through a CB1-mediated
mechanism in a fear-conditioning procedure with mice (Gunduz-Cinar et al., 2012; see
Extinction learning section, below). In brain slices, AM3506 enhanced synaptic plasticity in
the basolateral amygdala consistent with a lasting suppression of GABA release from
amygdala interneurons (Gunduz-Cinar et al., 2012).

The effects of inhibiting MGL, the main deactivating enzyme of the endogenous CB1
agonist 2-AG, have received less research attention than those of inhibiting FAAH.
However, Pan et al. (2011) have found that mice lacking MGL show enhanced learning in
water-maze and object recognition procedures. MGL knockout mice also exhibited changes
in the synaptic plasticity of hippocampal neurons indicating that MGL determines the time
course of CB1-mediated depression of inhibitory postsynaptic potentials. The effect of
genetic deletion of MGL on spatial learning in the water maze was reversed by the CB1
antagonist/inverse agonist AM251, suggesting that enhanced learning and memory in these
mice was due to actions of 2-AG at CB1 receptors. Thus, sustained elevation of 2-AG had
effects opposite to the amnestic effects that are typically produced by systemic
administration of exogenous CB1 agonists such as THC (Zanettini et al., 2011), but similar
to those of sustained elevations of anandamide and endogenous PPAR ligands in FAAH
knockout mice (Varvel et al., 2006, 2007).

3.2. Paradoxical effects?
In light of the known amnestic effects of CB1 agonists and the fact that FAAH inhibition
increases endogenous levels of the CB1 agonist anandamide, findings that FAAH inhibition
enhances learning and that this enhancement can be blocked by a CB1 antagonist are
puzzling. It might be that learning enhancements produced by FAAH inhibition are not truly
CB1 mediated, but are blocked by rimonabant due to rimonabant’s inverse agonist effects at
the CB1 receptor. It should also be noted that endogenous ligands of the extended
endocannabinoid family tend to interact. For example, even though FAAH does not play a
prominent role in degradation of the endogenous CB1 agonist 2-AG (Di Marzo &
Maccarrone, 2008), FAAH inhibition or genetic inhibition of anandamide degradation has
been observed to decrease 2-AG levels, possibly as a compensatory response to increased
levels of anandamide (Maccarrone et al., 2008; Justinova et al., 2008a). Also, the wider
spectrum of effects caused by inhibiting degradation of a family of neurochemicals (i.e., an
“entourage” effect; Mechoulam et al., 1998) might be more powerful than the more selective
effects caused by manipulating a single member of the family. Finally, it should be noted
that systemic injection of CB1 agonists would be expected to affect all populations of CB1
receptors, and therefore could produce CB1-mediated effects that are quite different from
those produced by FAAH inhibitors or FAAH deletion, which presumably have a more
specific effect, magnifying the effects of anandamide when and where it is released
(Kathuria et al., 2003; Fegley et al., 2005). For example, FAAH knockout mice and wild-
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type rats given URB597 have higher levels of anandamide (and other fatty acid amides) than
controls, but their baseline behavioral profile does not resemble that of animals given
exogenous anandamide or THC in the tetrad test of cannabinoid effects (Smith et al., 1994;
Cravatt et al., 2001; Fegley et al., 2005).

3.3. Extinction learning
The endocannabinoid system has been found to play a role in extinction learning, a
behavioral adaptation to situations where previously learned behavior is no longer
reinforced. This adaptation is considered a form of inhibitory learning, as opposed to
unlearning or forgetting of the original learning. In general, the effect of cannabinoid CB1
agonists on extinction learning has been opposite to those on other forms of learning, having
an enhancing rather than impairing effect (Zanettini et al., 2011). Enhanced extinction
learning could be useful for treating conditions, such as post-traumatic stress disorder, that
involve lasting effects of stressful experiences. Murillo-Rodriguez et al. (2001) found that
administration of oleamide facilitated extinction of passive avoidance in rats, presumably by
acting as a CB1 agonist. Also consistent with a role of the endocannabinoid system in
extinction learning, CB1 knockout mice and mice treated with rimonabant show
impairments of extinction learning (Marsicano et al., 2002; Suzuki et al., 2004; Varvel et al.,
2005). Varvel et al. (2007) studied extinction learning in FAAH knockout mice and in mice
treated with the FAAH inhibitor OL-135 in a water maze task. They found that both FAAH
manipulations enhanced extinction learning, and that the effect of OL-135 was blocked by
rimonabant (although it should be noted that rimonabant by itself impaired extinction
learning). They also showed that this was indeed an effect on extinction learning, as opposed
to forgetting, since exposure to extinction trials (not just the passage of time) was necessary
for the effect to occur. Gunduz-Cinar et al. (2012) found that the FAAH inhibitor AM3506
did not enhance acquisition or retrieval of fear conditioning in mice, but enhanced extinction
of fear conditioning when given during the extinction trials; this effect was reversed by
microinjection of rimonabant into the basolateral amygdala. In an addiction-related
procedure, Manwell et al. (2009) found that the FAAH inhibitor URB597 facilitated
extinction learning in a conditioned place-aversion procedure where a distinctive
environment was paired with morphine withdrawal during conditioning.

3.4. Neuroprotection
Another important way in which FAAH-related treatments might affect memory is by
protecting against insult from neurodegenerative disease, exposure to neurotoxic chemicals,
and traumatic brain injury. There is much evidence that the endocannabinoid system can
have a neuroprotective function, and there is some evidence that neuroprotective effects can
be achieved by manipulating endocannabinoid levels. Karanian et al. (2005) found that a
combined treatment that inhibited FAAH and blocked anandamide transport protected
against the effects of intracranial injection of excitotoxic doses of the glutamate analog
AMPA, protecting hippocampal cells and preventing memory impairment. Since FAAH
inhibition might have neuroprotective effects through both CB1 and PPAR mechanisms, this
is clearly an area that should be further investigated.

4. Peroxisome proliferator-activated receptors and cognition
4.1. Peroxisome proliferator-activated receptor-α

The effects of PPAR-α activators, per se, on learning and memory have received less
attention than the effects of FAAH inhibition, which enhances endogenous levels of ligands
for not only PPAR-α but also PPAR-γ, CB1 and TRP. As mentioned above, the PPAR
ligands OEA and PEA were not found to affect spatial working memory in mice (Varvel et
al., 2006). However, the results of two studies indicate that PPAR-α activation can enhance
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learning in other procedures. Mazzola et al. (2009), following up on the finding that the
learning enhancement induced by FAAH inhibition in a passive-avoidance procedure could
be blocked by the PPAR-α antagonist MK886, found that the synthetic PPAR-α agonist
WY14643 produced enhancing effects similar to those of the FAAH inhibitor URB-597 in a
passive-avoidance learning procedure; also like the effects of URB597, the effects of
WY14643 were blocked by the PPAR-α antagonist MK886.

Campolongo et al. (2009) also found evidence that PPAR-α activation can enhance learning;
administration of OEA enhanced learning in both a passive-avoidance procedure and a
spatial-learning procedure (water maze) in rats. In contrast to Mazzola et al. (2009), who
found that FAAH inhibition and WY14643 specifically facilitated acquisition, Campolongo
et al. (2009) found that OEA had effects when given immediately post-training, indicating
an effect on consolidation. This post-training effect also indicates that the effect of OEA was
not due to sensorimotor or motivational effects of PPAR-α during the learning trial (e.g.,
antinociception, anxiolysis).

4.2. Peroxisome proliferator-activated receptor-γ
The area where a PPAR-based approach has been most studied with respect to cognitive
effects is in the development of treatments for Alzheimer’s disease (AD). Due to its anti-
inflammatory and neuroprotective properties, PPAR-γ may be useful for treating a number
of neurological disorders, but it may also be well suited for AD because it affects synaptic
function, energy balance, and lipid metabolism, all of which play a role in AD. Positive
effects on learning and memory have been observed in animal models of AD and even in
clinical trials. Since this area has been reviewed in detail recently (Mandrekar-Colucci &
Landreth, 2011), it will only be briefly described here.

Much of this research has involved the thiazolidinedione compounds, pioglitazone and
rosiglitazone, which have been used extensively to treat type-2 diabetes. In some preclinical
studies, PPAR-γ activation ameliorated the development of AD-like pathophysiology.
However, even though results were promising in early clinical trials, rosiglitazone did not
have significant effects on memory in a much larger clinical trial (Gold et al., 2010). This
might be due to these compounds passing the blood–brain barrier poorly (Mandrekar-
Colucci & Landreth, 2011). In addition, the potential for side effects has recently led to a
decrease in the clinical use of thiazolidinediones such as pioglitazone and encouraged a
search for improved medications (Cariou et al., 2012). Ligands for retinoid X receptors,
which form heterodimers with PPAR-γ and readily cross the blood brain barrier, show
promise for this purpose (Mandrekar-Colucci & Landreth, 2011).

5. Fatty acid amide hydrolase inhibition and addiction
Inhibitors of FAAH were proposed as targets for the treatment of pain and neuropsychiatric
disorders soon after FAAH was identified and characterized (Cravatt et al., 1996; Giang &
Cravatt, 1997; Cravatt et al., 2001). Interest in FAAH inhibitors as potential treatments for
drug addiction arose later, as it became clear that the endocannabinoid system can modulate
the primary rewarding effects of many drugs of abuse (for reviews see Piomelli, 2003; Le
Foll & Goldberg, 2005; Maldonado et al., 2006). It is well-established that addictive drugs
(including alcohol, nicotine, opiates, THC, and psychostimulants) activate reward-related
circuitry in the mesolimbic dopamine system, elevating extracellular dopamine levels in the
nucleus accumbens (Koob, 1992a, 1992b; Wise, 2004). Cannabinoid CB1 receptors are
abundantly expressed in this circuitry, where they modulate excitatory and inhibitory inputs
that control dopaminergic neurons of the mesocorticolimbic pathway. Active cells in the
nucleus accumbens and ventral tegmental area (VTA) release endocannabinoids that bind to
presynaptic CB1 receptors and thereby act as retrograde messengers, performing a
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regulatory feedback function (Robbe et al., 2002; Melis et al., 2004; Riegel & Lupica,
2004).

There is plentiful evidence that noncannabinoid drugs of abuse can alter anandamide and 2-
AG levels in reward-related areas of the brain, that these two endocannabinoids can be
affected differentially by the same drug, and that these differential effects may be area-
specific (for review see Serrano & Parsons, 2011). Moreover, administration of exogenous
endocannabinoids can activate reward circuitry. For example, administration of exogenous
anandamide increases extracellular dopamine levels in the nucleus accumbens shell, and this
effect is blocked by the CB1 antagonist/inverse agonist rimonabant and magnified and
prolonged by the FAAH inhibitor URB597 (Solinas et al., 2006). Rats will self-administer
micro-injections of THC directly into the VTA or nucleus accumbens shell (Zangen et al.,
2006). Thus it is clear that manipulation of endocannabinoid levels via FAAH inhibition can
have profound effects on brain reward systems and might impact the rewarding effects of
many drugs of abuse, as discussed further in this section.

5.1. Cannabinoids
Abuse-related effects of marijuana, including reward and dependence, are primarily
mediated by CB1 receptors located on specific neuronal subpopulations in the central
nervous system. CB1 knockout mice and CB1 antagonists are excellent tools for
investigating the role of CB1 receptors in the effects of cannabinoids (Rinaldi-Carmona et
al., 1994; Ledent et al., 1999). For example, Ledent et al. (1999) showed that CB1 knockout
mice are unresponsive to cannabinoid agonists in a wide range of procedures, including
precipitated withdrawal after long-term exposure to THC and intravenous self-
administration of WIN 55,212-2.

Chronic administration of THC decreases levels of anandamide and 2-AG in the striatum,
and it decreases levels of anandamide but not 2-AG in the midbrain and diencephalon (Di
Marzo et al., 2000; Gonzalez et al., 2004a). CB1 receptor blockade by rimonabant increases
anandamide release in the rat hypothalamus, and CB1 activation by WIN 55,212-2 decreases
it; the same treatments induce opposite changes in 2-AG release (Bequet et al., 2007). This
study – which employed a combination of online brain microdialysis and mass spectrometry
to detect trace amounts of endocannabinoids in the extracellular fluid in real time – also
showed that inhibition of FAAH by URB597 in rats increased levels of anandamide but not
2-AG in the hypothalamus. In non-human primates, URB597 increased anandamide levels
throughout the brain, including the midbrain, nucleus accumbens, and prefrontal cortex
(Justinova et al., 2008a). These increases in anandamide were accompanied by decreases in
2-AG levels that were presumably compensatory in nature.

5.1.1. Cannabinoid tolerance—Tolerance has been shown to develop to many
cannabinoid effects, including antinociception, hypolocomotion, hypothermia, catalepsy,
learning and memory impairment, subjective effects, changes in operant responding, and
neuroendocrine effects (Wiley et al., 1993; Fan et al., 1994; Delatte et al., 2002; Martin,
2005; McKinney et al., 2008; McMahon, 2011; Singh et al., 2011). The development of
cannabinoid tolerance, which is rapid and can sometimes be observed upon the second
administration (Abood & Martin, 1992; Hutcheson et al., 1998), involves downregulation of
CB1 receptors along with changes in second messenger systems (Rodriguez de Fonseca et
al., 1994; Rubino et al., 2000a, 2000b; Rubino et al., 2004, 2005). Rats tolerant to THC
display alterations in endocannabinoid content in various brain regions (Gonzalez et al.,
2004a; Martin, 2005). However, repeated administration of anandamide itself does not
appear to induce a robust downregulation of cannabinoid receptors, possibly because
anandamide is rapidly metabolized by FAAH. But, even in FAAH knockout mice,
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subchronic treatment with THC produced greater rightward shifts (i.e., tolerance) in dose–
response curves than did subchronic anandamide treatment when the mice were tested for
antinociception, catalepsy and hypothermia (Falenski et al., 2010). THC produced levels of
CB1 receptor desensitization and downregulation that were of similar magnitude in FAAH
knockouts and their wild-type littermates, but anandamide produced only minimal CB1
receptor adaptation in both groups of mice. Overall, these findings suggest that chronic
elevation of anandamide levels by FAAH inhibitors is less likely to promote tolerance and
dependence than chronic exposure to direct acting CB1 receptor agonists.

5.1.2. Cannabinoid withdrawal—Discontinuing THC has been reported to induce
withdrawal symptoms, including drug craving, decreased appetite, sleep disturbance, anger,
and aggression in humans (Haney et al., 1999a, 1999b) and wet-dog shakes, grooming,
piloerection, hunched-back posture, body tremors, paw tremors, and ptosis in rats (Verberne
et al., 1981; Taylor & Fennessy, 1982; Aceto et al., 1996). Although rimonabant antagonizes
the acute effects of smoked marijuana in humans (Huestis et al., 2001, 2007), CB1
antagonist-precipitated withdrawal has not been demonstrated in humans, possibly because
the doses tested so far have been lower than the dose required to block the acute effects of
THC (Gorelick et al., 2011). CB1 antagonists generally precipitate a pronounced withdrawal
syndrome in animals that have been chronically treated with cannabinoids (Aceto et al.,
1995; Hutcheson et al., 1998; Costa et al., 2000). The finding that CB1 knockout mice
chronically treated with THC did not exhibit precipitated withdrawal when given
rimonabant (Ledent et al., 1999) indicates that somatic signs of cannabis abstinence are
CB1-receptor mediated. There have been conflicting reports on the ability of rimonabant to
precipitate withdrawal in rats chronically treated with anandamide (Aceto et al., 1998; Costa
et al., 2000). One study of rimonabant-precipitated withdrawal in FAAH knockouts
(Falenski et al., 2010) showed a markedly lower magnitude of withdrawal in mice treated
subchronically with anandamide compared to mice treated with THC. Another study using
FAAH knockouts (Schlosburg et al., 2009a) found that, when chronically treated with THC,
these mice show rimonabant-induced withdrawal responses indistinguishable from those of
wild-type mice undergoing the same treatment. However, the same study showed that
FAAH inhibition by URB597 significantly attenuated rimonabant-precipitated withdrawal
signs in THC-dependent wild-type mice, and that subchronic administration of URB597 did
not lead to cannabinoid dependence; these properties make FAAH inhibition a promising
candidate for the treatment of cannabis withdrawal.

5.1.3. Discrimination of cannabinoid effects—Discriminative-stimulus effects of
CB1 agonists in animals, which are presumably analogous to the subjective effects of these
drugs in humans, are pharmacologically specific. Typically, only CB1 agonists produce
discriminative-stimulus effects similar to THC, and only CB1 antagonists block them (Wiley
et al., 1995a, 1995b, 1995c; Jarbe et al., 2001; McMahon, 2006; Solinas et al., 2007;
McMahon et al., 2008; McMahon, 2009). Investigations of the discriminative-stimulus
effects of endogenous cannabinoids have produced somewhat conflicting results. In several
drug-discrimination studies, anandamide did not produce THC-like effects in monkeys or
rodents, or did so only at high doses that also depressed rates of responding (Burkey &
Nation, 1997; Wiley et al., 1997, 1998; Jarbe et al., 2001; Wiley et al., 2004; Solinas et al.,
2007; Vann et al., 2009, 2012), while other studies with rhesus monkeys have shown full
THC-like effects of anandamide even at doses that did not affect rates of responding
(McMahon, 2009; Stewart & McMahon, 2011). Although the reason for these discrepancies
is unclear, it is likely that the weakness of anandamide’s THC-like discriminative-stimulus
effects in some studies is due to anandamide’s rapid metabolic inactivation. Metabolically
stable, long-lasting analogs of anandamide (i.e., methanandamide, O-1812, ACPA or
AM-1346) reliably produce partial or full generalization to a THC stimulus in monkeys and
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rodents (Burkey & Nation, 1997; Alici & Appel, 2004; Wiley et al., 2004; Jarbe et al., 2006;
McMahon, 2006; Solinas et al., 2007; McMahon et al., 2008; McMahon, 2009).

In the studies in which anandamide did not produce THC-like effects when given alone,
anandamide did produce dose-related THC-like effects when its metabolic inactivation via
FAAH was blocked by URB597 or the non-specific amidase inhibitor PMSF (Solinas et al.,
2007; Vann et al., 2009, 2012). FAAH knockout mice can be trained to discriminate THC
about as well as their wild-type littermates can (Long et al., 2009). FAAH knockouts can
also be trained to discriminate anandamide from vehicle (Walentiny et al., 2011), and in
these animals both THC and various doses of anandamide elicit full anandamide-like
responding, which is attenuated by the CB1 antagonist/inverse agonist rimonabant. Thus, in
the absence of FAAH, anandamide produces subjective effects comparable to those of THC.

In rhesus monkeys (Stewart & McMahon, 2011), URB597 did not significantly modify the
discriminative stimulus effects of THC, but it potentiated the discriminative-stimulus effects
of anandamide. Similarly, blockade of FAAH by the non-specific amidase inhibitor PMSF
did not significantly affect THC discrimination in rats (Vann et al., 2012). Inhibition of
FAAH by URB597 in the absence of exogenously administered anandamide also did not
produce THC-like discriminative effects in rodents or monkeys trained to detect THC
(Gobbi et al., 2005; Solinas et al., 2007; Stewart & McMahon, 2011), nor did URB597
engender CB1-like effects in a group of monkeys trained to detect the CB1 agonist AM4054
(Bergman et al., 2011). Interestingly, like both THC itself and anandamide but unlike
URB597, the FAAH inhibitor AM3506 produced a THC-like discriminative stimulus when
given alone (Bergman et al., 2011). Taken together, these results indicate that URB597
enhances the subjective effects of anandamide, but does not enhance or mimic the subjective
effects of CB1 agonists that are not FAAH substrates. However, URB597 appears to differ
from some other FAAH inhibitors, such as AM3506, that do produce subjective and
behavioral effects resembling those of THC (e.g., rewarding effects in squirrel monkeys, as
described below). It is unclear why these compounds, which are highly selective for FAAH
over other targets (Lichtman et al., 2004; Clapper et al., 2006; Piomelli et al., 2006;
Godlewski et al., 2010), would produce different discriminative effects. It is possible that
these and other differences between various FAAH inhibitors are due to regional specificity
or pharmacokinetic profiles; for example, AM3506 was found to inhibit FAAH in the mouse
brain but not the liver (due to rapid hepatic uptake and metabolism), while URB597 was
effective in both brain and liver (Godlewski et al., 2010).

5.1.4. Cannabinoid reward—For decades, attempts to obtain intravenous self-
administration of THC or synthetic CB1 receptor agonists in laboratory animals were
relatively unsuccessful (for review see Tanda & Goldberg, 2003; Justinova et al., 2005a).
THC has still not been found to maintain persistent intravenous self-administration in mice
or rats, but it has been shown to be self-administered intracranially into the cerebral
ventricles (Braida et al., 2004), the VTA, and the shell of the nucleus accumbens (Zangen et
al., 2006) in rats. There have also been several demonstrations of intravenous and
intracerebroventricular self-administration of synthetic CB1 receptor agonists in rodents:
WIN 55,212-2, CP 55,940, and HU-210 in mice (Martellotta et al., 1998; Ledent et al.,
1999; Braida et al., 2001b; Navarro et al., 2001) and WIN 55,212-2 in rats (Fattore et al.,
2001; Spano et al., 2004).

Robust and dose-related intravenous self-administration of THC by animals has now been
established in squirrel monkeys (Tanda et al., 2000; Justinova et al., 2003, 2008b). The dose
range of THC that maintained self-administration behavior in these studies (1–16 βg/kg per
injection) was lower than that used in previous studies and comparable to that received from
smoking a marijuana cigarette (Agurell et al., 1986; Tanda et al., 2000). Once acquired,
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intravenous THC self-administration responding in squirrel monkeys can be rapidly
extinguished by substituting vehicle for THC or by administering the CB1 antagonist/inverse
agonist, rimonabant, suggesting that the behavior is mediated by CB1 receptors (Tanda et
al., 2000; Justinova et al., 2003). The opioid-receptor antagonist naltrexone can also partially
reduce THC self-administration (Justinova et al., 2004), consistent with other findings of
interactions between the cannabinoid and opioid systems of the brain (see Opioids section,
below). Building on the procedures that were successfully used to obtain THC self-
administration in squirrel monkeys, it was shown that the endocannabinoids 2-AG and
anandamide, and also anandamide’s stable analog methanandamide, are also self-
administered intravenously by squirrel monkeys, with or without previous experience self-
administering other drugs (Justinova et al., 2005b, 2008a, 2011a, 2011b). The reinforcing
effects of exogenous 2-AG, anandamide, and methanandamide in squirrel monkeys appear
to be mediated by CB1 receptors, because pretreatment with rimonabant dramatically
decreased self-administration of these cannabinoids.

Justinova et al. (2008a) found that in squirrel monkeys URB597 almost completely
suppresses FAAH activity in brain regions involved in motivational, emotional and
cognitive functions, and that this FAAH inhibition was accompanied by significant increases
in anandamide levels. Enhancement of endogenous anandamide levels could conceivably
produce effects similar to those of systemically administered CB1 agonists like THC.
Therefore, it seems prudent that FAAH inhibitors that are being developed for therapeutic
purposes should be evaluated for abuse liability. In rodents, the FAAH inhibitor URB597
shows no signs of abuse potential: it does not increase extracellular levels of dopamine in
the nucleus accumbens shell (Solinas et al., 2006; Scherma et al., 2008c), does not induce
conditioned place preference (Gobbi et al., 2005), and does not produce THC-like
discriminative stimulus effects (Gobbi et al., 2005; Solinas et al., 2007). Most tellingly,
URB597 was not self-administered over a broad range of doses in the intravenous self-
administration model by squirrel monkeys that had experience self-administering either
THC, anandamide, or cocaine (Justinova et al., 2008a). Moreover, unlike THC, URB597 did
not reinstate extinguished drug-seeking behavior in monkeys trained with THC,
anandamide, or cocaine self-administration. Finally, pretreatment with URB597 potentiated
self-administration of anandamide, but did not alter the reinforcing effects of THC or
cocaine. Together, these results indicate that URB597 is an effective FAAH inhibitor but
does not produce reinforcing effects in animals, so it is unlikely to be abused or to provoke
relapse to drug use in humans. In marked contrast with URB597, the FAAH inhibitor
AM3506 does produce dose-related rewarding and discriminative-stimulus effects similar to
those of THC in squirrel monkeys (Bergman et al., 2011). These findings indicate that
different FAAH inhibitors can have dissimilar behavioral profiles, and that the abuse
liability of other experimental FAAH inhibitors (like URB694 and PF-04457845) should be
evaluated.

An alternative way to assess the rewarding effects of cannabinoids in experimental animals
is with cannabinoid-induced conditioned place preference, a procedure in which rodents
spend more time in a context that has been associated with administration of a cannabinoid
compared to a context associated with vehicle administration. In such studies, conditioning
with THC or synthetic CB1 agonists have yielded results ranging from place preference to
no effect to place aversion (Lepore et al., 1995; Mallet & Beninger, 1998; Valjent &
Maldonado, 2000; Braida et al., 2001a; Ghozland et al., 2002; Braida et al., 2004; Le Foll et
al., 2006; Zangen et al., 2006), and the variables responsible for these divergent findings are
not clear (for review see Tzschentke, 2007). Studies evaluating rewarding or aversive effects
of anandamide in a place conditioning procedure showed that anandamide alone or
combined with the non-specific amidase inhibitor FAAH inhibitor PMSF had no effect on
place conditioning, but the combination of the FAAH inhibitor URB597 with anandamide
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produced significant conditioned place aversion (Mallet & Beninger, 1998; Scherma et al.,
2008b). Mallet and Beninger (1998) administered anandamide intraperitoneally, which may
have resulted in lower bioavailability of anandamide compared to the intravenous route used
by Scherma et al. (2008b). URB597 alone does not produce conditioned place preference or
aversion (Gobbi et al., 2005; Scherma et al., 2008b), which complements data from drug
self-administration studies showing no motivational effects of URB597 in squirrel monkeys
(Justinova et al., 2008a). Moreover, while THC can facilitate or inhibit brain stimulation
reward, depending on dose (Gardner et al., 1988; Lepore et al., 1996; Vlachou et al., 2007),
the synthetic CB1-agonists (WIN 55,212-2, CP 55,940, and HU-210) or FAAH inhibitors
(URB597 or PMSF) mostly did not alter brain stimulation reward thresholds (Vlachou et al.,
2005, 2006). The inconsistencies in place preference and brain stimulation results indicate
that there is still much to be learned about the addiction-related effects of cannabinoid
agonists.

5.2. Nicotine
5.2.1. Nicotine reward and relapse—The endocannabinoid system modulates the
neurochemical and behavioral effects of nicotine, and cannabinoid CB1 receptors play a key
role in this interaction (see reviews by Castane et al., 2005; Scherma et al., 2008a;
Maldonado & Berrendero, 2010). Promising preclinical findings demonstrating CB1
modulation of nicotine’s addiction-related effects led to clinical trials with rimonabant
showing that CB1 receptor antagonists/inverse agonists could be useful as therapeutic agents
for smoking cessation (Fernandez & Allison, 2004). Unfortunately, the United States Food
and Drug Administration could not approve rimonabant for clinical use due to increased risk
of psychiatric side-effects like anxiety, depression, and suicidal ideation (Christensen et al.,
2007; Rucker et al., 2007; Le Foll et al., 2009). It is not yet known whether a CB1 antagonist
that lacks inverse agonist effects would be better tolerated or have efficacy for reducing
smoking.

Surprisingly, given the findings that CB1 antagonism has potential as an anti-smoking
strategy and that FAAH inhibition increases levels of the CB1 agonist anandamide, there is
evidence that FAAH inhibition might counteract the addictive effects of nicotine. Although
one study indicated that the rewarding effects of nicotine in a conditioned place preference
procedure were enhanced in FAAH knock-out mice and also in wild-type mice treated with
the FAAH inhibitor URB597 (Merritt et al., 2008), an extensive series of experiments in rats
and monkeys has shown potentially therapeutic effects of FAAH inhibition. Scherma et al.
(2008c) showed that treatment with URB597 prevented the acquisition of nicotine self-
administration and the acquisition and reinstatement of nicotine-induced conditioned place
preference in rats. In agreement with these behavioral findings, microdialysis and
electrophysiology experiments indicate that URB597 reduces nicotine-induced dopamine
elevations in the nucleus accumbens shell and blocks nicotine-induced increases in the firing
rate and burst firing of VTA dopamine neurons in rats (Melis et al., 2008; Scherma et al.,
2008c). While it is possible that CB1 receptors play a role in these effects of URB597, it is
likely that the effects are largely due to PPAR activation, as discussed in the Peroxisome
proliferator-activated receptors and addiction section, below (see also Luchicchi et al.,
2010). For example, the PPAR-α antagonist MK886 prevented the effects of URB597 on
nicotine-induced burst firing (although not the effects on firing rate; Melis et al., 2008), and
the non-CB1, PPAR-α-activating FAAH substrates OEA and PEA (Fu et al., 2003; Lo
Verme et al., 2005b) can also block addiction-related effects of nicotine on dopamine
neurons (Melis et al., 2008). The finding that FAAH inhibition or deletion enhanced
nicotine-induced conditioned place preference (an effect opposite to that observed in rats)
might be explained by differences between rats and mice (Muldoon et al., 2012); for
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example, there is evidence that FAAH inhibition induces a more robust increase in
endogenous PPAR ligands in rats than in mice (Fegley et al., 2005).

The effects of URB597 on the motivation to take nicotine and on the relapse-like
reinstatement induced by nicotine-associated stimuli were further studied (and compared
with rimonabant) by Forget et al. (2009). Rats learned to self-administer nicotine
intravenously under a progressive-ratio schedule, and a break point (i.e., highest ratio
completed) for obtaining nicotine was assessed as a measure of nicotine’s reinforcing
efficacy. Rimonabant, but not URB597, dose-dependently and persistently reduced the break
point for nicotine. This suggests that, in rats, blockade of CB1 receptors attenuates the
motivation to obtain nicotine, but FAAH inhibition by URB597, which increases
anandamide levels in the brain, does not. However, in this study both rimonabant and
URB597 attenuated cue- and nicotine-induced reinstatement of extinguished nicotine
seeking, suggesting these treatments might prevent relapse. The effect of both drugs on
nicotine-induced reinstatement could be partially explained by their ability to block nicotine-
induced elevations of dopamine in the nucleus accumbens shell (Cohen et al., 2002;
Scherma et al., 2008c). The effects of URB597 and rimonabant on cue-induced
reinstatement might be explained similarly, because nicotine-associated cues can also
increase extracellular levels of dopamine in the nucleus accumbens shell (Bassareo et al.,
2007). However, the effects of rimonabant and URB597 on dopamine release caused by
nicotine-paired stimuli remain to be studied.

5.2.2. Nicotine withdrawal—Findings from the rodent studies described above suggest
that the endocannabinoid system can modulate addiction-related effects of nicotine and that
FAAH inhibitors are potentially useful agents in the treatment of tobacco dependence in
humans. This possibility is further supported by a recent study showing that URB597
suppresses symptoms of nicotine withdrawal (Cippitelli et al., 2011). Rats were exposed for
seven days to implanted transdermal nicotine patches to induce nicotine dependence.
Removal of the patches produced a severe withdrawal syndrome with affective and somatic
components. Somatic signs peaked 16 h after nicotine discontinuation (acute withdrawal),
and anxiety-like symptoms peaked at 34 h. FAAH inhibition by URB597 did not modify the
expression of somatic withdrawal signs, but decreased anxiety associated with protracted
nicotine withdrawal (consistent with other findings that FAAH inhibition has anxiolytic
effects, but not necessarily representing an interaction with nicotine-induced effects, per se).
Taken together, these findings indicate that FAAH inhibitors can alleviate negative affective
states associated with nicotine withdrawal and prevent nicotine- and cue-induced relapse to
drug-seeking in abstinent subjects, which are major obstacles to achieving and maintaining
abstinence from tobacco.

5.3. Alcohol
5.3.1. Alcohol reward—The endocannabinoid system is involved in the rewarding effects
of alcohol and in relapse to alcohol abuse after a period of abstinence (for review see
Rodriguez de Fonseca et al., 2005; Vengeliene et al., 2008). Rewarding effects of alcohol
seem to require CB1 receptor activation, since CB1 knockout mice consumed less alcohol
than wild-type mice in most studies (Crabbe et al., 2006) and did not develop a conditioned
place preference for an alcohol-paired environment (Thanos et al., 2005). Generally, CB1
agonists increase (Colombo et al., 2002) and CB1 antagonist/inverse agonists decrease
rodents’ oral alcohol consumption in self-administration studies (Arnone et al., 1997;
Cippitelli et al., 2005). Although CB1 receptor blockade can suppress fluid and food intake
(e.g., Arnone et al., 1997; McLaughlin et al., 2003), CB1 antagonist/inverse agonists were
still found to decrease alcohol’s rewarding effects when this confounding factor was
controlled in place-conditioning procedures by giving alcohol intraperitoneally rather than
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orally (Gessa et al., 2005; Lallemand & De Witte, 2006). Extracellular levels of dopamine in
the nucleus accumbens shell are not increased by alcohol in CB1 knockout mice, and
pharmacological blockade of CB1 receptors blocks the dopamine-releasing effects of alcohol
in rats (Cohen et al., 2002; Hungund et al., 2003). These findings are consistent with results
from an electrophysiology study (Perra et al., 2005) that showed that blockade of CB1
receptors by rimonabant abolishes alcohol-induced increases in the firing rate of dopamine
neurons in the VTA that project to the nucleus accumbens shell.

Several studies have examined the effects of FAAH manipulations on alcohol self-
administration. Genetic ablation of FAAH in mice increased alcohol preference and intake,
and inhibition of FAAH by URB597 increased alcohol intake in wild-type mice
(Basavarajappa et al., 2006; Blednov et al., 2007; Vinod et al., 2008). Vinod et al. (2008)
found that these effects of URB597 were CB1-dependent, occurring in wild-type mice but
not CB1 knockouts. Although intraperitoneal administration of URB597 did not increase
alcohol consumption in Wistar or Marchigian Sardinian alcohol-preferring rats (Cippitelli et
al., 2008), administration into the prefrontal cortex increased alcohol consumption in Wistar
rats (Hansson et al., 2007), consistent with the hypothesis that endocannabinoid activity in
this region promotes alcohol consumption (see Susceptibility to alcoholism section, below).
Thus, FAAH inhibition appears to affect alcohol reward mainly through a CB1-dependent
mechanism and nicotine reward mainly through a PPAR-dependent mechanism.

5.3.2. Chronic effects of alcohol—Genetic expression of the CB1 receptor was
identified as being permanently affected by repeated cycles of alcohol dependence and
withdrawal (Rimondini et al., 2002). Animal studies also reveal that chronic exposure to
alcohol downregulates CB1 receptors (Basavarajappa et al., 1998) and that levels of CB1
receptors are decreased in drug-naive alcohol-preferring rats (Ortiz et al., 2004). Acute
alcohol exposure reduces endocannabinoid levels (Ferrer et al., 2007; Rubio et al., 2007),
but this is probably not a consequence of enhanced degradation by FAAH (Rubio et al.,
2009). Chronic alcohol exposure is associated with increased formation of both anandamide
(Basavarajappa & Hungund, 1999) and 2-AG (Basavarajappa et al., 2000). Analysis of
anandamide and 2-AG levels in brains of animals treated chronically with alcohol showed
increased anandamide content in the limbic forebrain and decreased content of both
anandamide and 2-AG in the midbrain (Gonzalez et al., 2002, 2004b; Vinod et al., 2006).
Increases in anandamide content after chronic alcohol exposure were accompanied by
reduced FAAH activity in the cortex (Vinod et al., 2006). Caille et al. (2007) were the first
to measure changes in endocannabinoid levels during drug self-administration in rats. They
found that self-administration of alcohol increased 2-AG levels but did not alter anandamide
levels in the nucleus accumbens shell; these in vivo data suggest endocannabinoid
involvement in the motivational effects of ethanol.

5.3.3. Susceptibility to alcoholism—Hansson et al. (2007) found decreased expression
of FAAH in the prefrontal cortex of the alcohol-preferring AA strain of rats compared to the
alcohol nonpreferring ANA strain, accompanied by decreased enzyme activity and down-
regulation of CB1 receptors. Rimonabant administered systemically or locally into the
prefrontal cortex dose-dependently suppressed alcohol self-administration in AA rats, and
local administration of URB597 into the prefrontal cortex increased alcohol self-
administration in Wistar rats (Hansson et al., 2007). These data implicate FAAH in the
susceptibility to high levels of voluntary alcohol intake exhibited by certain strains of rats,
and they parallel findings that humans carrying a nucleotide polymorphism in the FAAH
gene are more vulnerable to drug use and alcoholism (Sipe et al., 2002; see also FAAH
polymorphisms and addiction section, below). Interestingly, a postmortem study
demonstrated lower FAAH activity and lower levels of CB1 receptors in the ventral striatum
of nonsuicidal alcohol-dependent subjects compared to nonpsychiatric controls, but alcohol-
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dependent subjects that committed suicide had significantly higher FAAH activity and levels
of CB1 receptors in the same area compared to nonsuicidal alcohol-dependent subjects
(Vinod et al., 2010). These data suggest that agents modulating endocannabinoid tone or
CB1 receptor function might have therapeutic potential in the treatment of alcohol addiction
and suicidal behavior.

5.3.4. Alcohol withdrawal—Cippitelli et al. (2008) found that systemic administration of
URB597 had no effect on alcohol intake or relapse to alcohol seeking induced by either
alcohol-associated cues, foot-shock stress or yohimbine in Wistar or Marchigian Sardinian
alcohol-preferring (msP) rats. Nevertheless, URB597 completely abolished the anxiogenic
response during withdrawal as measured in an elevated plus maze 12 h after acute alcohol
administration. This anxiolytic effect might be beneficial in alleviating anxiety associated
with alcohol withdrawal in humans.

5.4. Opioids
Numerous studies have demonstrated the existence of functional, bidirectional interactions
between the endogenous cannabinoid and opioid systems. Both systems participate in the
common circuits activated by addictive drugs, and both β-opioid and CB1-cannabinoid
receptors are expressed in reward-related brain areas, where they share common signaling
cascades (Maldonado & Rodriguez de Fonseca, 2002; Fattore et al., 2005). Research
regarding the molecular mechanisms underlying cannabinoid and opioid system interactions
relevant to addiction have been very fruitful, involving neurochemical approaches as well as
animal models of addiction based on classic behavioral paradigms: conditioned place
preference/aversion, drug self-administration, intracranial self-stimulation, withdrawal,
reinstatement, tolerance and behavioral sensitization (for review see Lopez-Moreno et al.,
2010). As detailed below, this research has begun to be extended to FAAH inhibition.

5.4.1. Opioid reward—Endocannabinoid involvement in the rewarding effects of opioids
has been shown in several studies. For example, CB1 knockout mice have been found to
develop morphine-induced place preference under certain conditions (Martin et al., 2000;
Rice et al., 2002), but they have not been found to self-administer morphine (Cossu et al.,
2001). The CB1 antagonist/inverse agonist rimonabant can block the development of
morphine-induced conditioned place preference in rodents (Navarro et al., 2001; Singh et
al., 2004). Although rimonabant does not block heroin-induced increases in extracellular
dopamine levels in the nucleus accumbens shell (Tanda et al., 1997; Caillé and Parsons,
2003), it decreases heroin self-administration in rats, with more robust effects under
progressive-ratio schedules than fixed-ratio 1 or fixed-ratio 5 schedules (Caillé and Parsons,
2003; De Vries et al., 2003; Solinas et al., 2003); these findings are consistent with findings
that heroin self-administration is not dependent on accumbens dopamine (Shippenberg &
Elmer, 1998). The reinforcing effects of heroin were enhanced by CB1 agonists (THC, WIN
55,212-2) under a progressive-ratio schedule, but THC only altered heroin self-
administration under a fixed-ratio one schedule when a three-fold higher dose of THC was
given, which might have produced depressant effects when combined with heroin (Solinas et
al., 2005). However, in the same study, FAAH inhibition by URB597 did not alter the
reinforcing efficacy of heroin under the progressive ratio schedule, and the anandamide
uptake inhibitor AM404 only decreased the reinforcing efficacy of heroin; these findings led
to the conclusion that modulation of the reinforcing effects of heroin produced by CB1
activation or blockade is not due to an opioid-induced release of endocannabinoids, but
rather to interactions between opioid and cannabinoid receptors and their signaling pathways
(Solinas et al., 2005).
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5.4.2. Opioid relapse—A role of the endocannabinoid system in relapse to opioid use has
also been established. Blockade of CB1 receptors can prevent heroin-induced reinstatement
of heroin-seeking behavior, and CB1 agonists can reinstate heroin-seeking behavior in rats
(De Vries et al., 2003; Fattore et al., 2003; Solinas et al., 2003; Spano et al., 2004; Fattore et
al., 2005). Rimonabant can also block cue-induced heroin seeking in rats (De Vries et al.,
2003; Alvarez-Jaimes et al., 2008). McCallum et al. (2010) studied the effects of URB597
on reinstatement of conditioned preference for a place associated with morphine, finding
that this FAAH inhibitor did not alter the priming effect of re-exposure to morphine. Using a
place-avoidance procedure in which a distinctive environment was associated with
naloxone-precipitated opioid withdrawal, Manwell et al. (2009) found that URB597
enhanced extinction of place avoidance (consistent with other studies showing cannabinoid-
induced enhancement of extinction learning; see Extinction learning section, above); but, in
a similar procedure McCallum et al. (2010) found that URB597 did not alter reinstatement
of place avoidance induced by re-exposure to precipitated withdrawal.

5.4.3. Opioid withdrawal—Chronic use of opiates such as morphine and heroin leads to
dependence and tolerance in humans and animals. The cessation of regular morphine use or
the administration of an opioid or cannabinoid CB1 receptor antagonist in morphine
dependent individuals precipitates withdrawal symptoms with somatic and affective
components (Navarro et al., 1998; Kosten & George, 2002). Acute administration of opioid
agonists like morphine can increase anandamide levels in reward-related brain areas (Vigano
et al., 2004). However, studies investigating the endocannabinoid contents of specific brain
regions [including reward-related (nucleus accumbens and prefrontal cortex) and opioid
withdrawal-related (locus coeruleus, periaqueductal grey and amygdala) areas] in rodents
chronically exposed to morphine have not detected changes in anandamide levels (Gonzalez
et al., 2003; Vigano et al., 2003; Ramesh et al., 2011). Vigano et al. (2003) did find reduced
2-AG levels in the striatum, limbic area, cortex, hippocampus and hypothalamus of
morphine-treated rats and, in a later study, also in the nucleus accumbens, caudate putamen,
and prefrontal cortex (Vigano et al., 2004). Ramesh et al. (2011) did not find any changes in
2-AG levels in mice treated with morphine. This suggests that changes in the
endocannabinoid system might be limited to 2-AG. Nonetheless, FAAH inhibition by
URB597 or PF-3845 ameliorated naloxone-precipitated morphine withdrawal symptoms in
rats and mice (Ramesh et al., 2011; Shahidi & Hasanein, 2011), and FAAH knock-out mice
showed an attenuated opioid withdrawal syndrome (Ramesh et al., 2011); it is not clear
whether these attenuations of withdrawal effects are due to FAAH substrates being directly
involved in opioid dependence or if they are to FAAH inhibition or deletion affecting other
processes, such as anxiety, pain, or inflammation.

5.5. Psychostimulants
5.5.1. Cocaine—Although not without controversy, findings to date suggest that
endocannabinoids acting at CB1 and possibly CB2 play a role in the direct rewarding effects
of cocaine, consolidation of the cocaine addiction process, and relapse to cocaine seeking. Li
et al. (2009) demonstrated that CB1 knockout mice had a significant reduction in the basal
level of extracellular dopamine in the nucleus accumbens, as compared to their wild-type
littermates, which displayed inhibited dopamine release after pharmacological blockade of
CB1 receptors. Moreover, in this study, CB1 knockouts did not show increases in
extracellular dopamine when given cocaine. Soria et al. (2005) found reduced acquisition of
cocaine self-administration in CB1 knockouts. In several studies, pharmacological blockade
of CB1 receptors reduced cocaine break points under a progressive-ratio schedule (Soria et
al., 2005; Xi et al., 2008; Orio et al., 2009) or blocked development of cocaine-induced
conditioned place preference (Chaperon et al., 1998). Recently, Xi et al. (2008, 2011)
showed that blockade of CB1 receptors can inhibit cocaine-enhanced brain-stimulation
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reward and that activation of CB2 receptors can inhibit intravenous cocaine self-
administration and cocaine-induced increases in accumbal extracellular dopamine in wild-
type and CB1 knockout mice, but not in CB2 knockouts. Regarding drug- and cue-induced
relapse to cocaine seeking, direct activation of CB1 receptors by CB1 agonists can induce
reinstatement of cocaine seeking (De Vries et al., 2001; Spano et al., 2004; Justinova et al.,
2008a), and blockade of CB1 receptors can attenuate relapse induced by re-exposure to
cocaine-associated cues or cocaine itself (De Vries et al., 2001; Anggadiredja et al., 2004;
Filip et al., 2006; Xi et al., 2006; Ward et al., 2009).

On the other hand, a number of studies suggest only minimal involvement of CB1 receptors
in the addictive effects of cocaine. In these studies, cocaine administration induced a similar
enhancement in extracellular levels of dopamine in the nucleus accumbens of both CB1
knockout and wild-type mice (Soria et al., 2005), and CB1 knockout mice were found to be
capable of acquiring cocaine self-administration or developing a cocaine-induced
conditioned place preference (Martin et al., 2000; Cossu et al., 2001). In rats, cocaine-
induced enhancements in brain stimulation reward were unaffected by administration of a
CB1 antagonist (Vlachou et al., 2003), as were cocaine-induced increases in nucleus
accumbens dopamine levels (Caille & Parsons, 2006; Caille et al., 2007). Also, several other
studies showed cocaine self-administration under fixed-ratio schedules was unaffected by
pharmacological blockade of CB1 in mice, rats, and monkeys (Fattore et al., 1999; Tanda et
al., 2000; De Vries et al., 2001; Lesscher et al., 2005; Caille & Parsons, 2006; Caille et al.,
2007; Xi et al., 2008).

There are only a few studies investigating the effects of FAAH inhibition on neurochemical
or behavioral effects of cocaine. Luchicchi et al. (2010) found that pretreatment with
URB597 did not affect the inhibition of either firing rate or burst firing of VTA dopamine
neurons induced by cocaine. In a drug-discrimination procedure (Justinova et al., 2007),
FAAH inhibition had no effect on the discriminative-stimulus effects of cocaine in rats.
When the effect of FAAH inhibition was studied in the intravenous self-administration
model (Justinova et al., 2008a; Adamczyk et al., 2009), pretreatment with URB597 did not
modify cocaine self-administration under a fixed-ratio schedule in rats or squirrel monkeys.
URB597 alone did not reinstate extinguished cocaine seeking in squirrel monkeys (Justinova
et al., 2008a), but dose-dependently blocked cocaine- and cue-induced reinstatement of
cocaine seeking (Adamczyk et al., 2009). Thus, FAAH inhibition does not appear to alter
the direct reinforcing effects of cocaine, but might provide protection against cue-induced
relapse.

5.5.2. Amphetamines—Compared to cocaine, there are fewer studies investigating the
role of endocannabinoids or FAAH inhibition in addiction to amphetamines [amphetamine,
methamphetamine, and 3,4-methylendioxymethamphetamine (MDMA)]; but, like the
cocaine studies, the findings have been inconsistent. Several studies indicate that CB1
blockade can counteract addiction-related effects of amphetamines. CB1 receptor blockade
decreased methamphetamine self-administration under a fixed-ratio schedule in rats and
rhesus monkeys (Vinklerova et al., 2002; Schindler et al., 2010), reduced methamphetamine
self-administration into the nucleus accumbens of rats (Rodriguez et al., 2011), prevented
reinstatement of extinguished methamphetamine seeking induced by re-exposure to a
combination of methamphetamine and methamphetamine-associated cues in rhesus
monkeys (Schindler et al., 2010), and blocked methamphetamine- and cue-induced
reinstatement of methamphetamine-seeking behavior in rats (Anggadiredja et al., 2004;
Hiranita et al., 2008). Consistent with these findings involving CB1 blockade, CB1 knockout
mice failed to sensitize to the locomotor stimulant effects of amphetamine (Corbille et al.,
2007; Thiemann et al., 2008). However, there have also been a number of studies in which
CB1 receptors have been found to have little influence over the addictive effects of
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amphetamines. Amphetamine is self-administered in CB1 knockout mice (Cossu et al.,
2001), and CB1 receptor blockade failed to attenuate methamphetamine-induced
reinstatement in rats in a study by Boctor et al. (2007). In a drug-discrimination study
(Barnes et al., 2006), neither activation nor blockade of CB1 receptors affected the
discriminative-stimulus effects of methamphetamine in rats. Studies with MDMA showed
contradictory effects as well. CB1 knockout mice failed to self-administer MDMA (Tourino
et al., 2008), and blockade of CB1 receptors blocked MDMA-induced place preference
(Braida et al., 2005), but CB1 blockade also increased intracerebroventricular self-
administration of MDMA (Braida & Sala, 2002). In a study by Manzanedo et al. (2010),
activation of CB1 receptors increased the rewarding effects of low doses of MDMA, but so
did CB1 receptor blockade. In the Manzanedo et al. study, a CB1 agonist did not reinstate
extinguished MDMA-induced conditioned place preference, but in a study by Daza-Losada
et al. (2011), a CB1 receptor antagonist, alone or together with MDMA, did reinstate place
preference.

Very few studies have examined the effects of FAAH inhibition on addiction-related effects
of amphetamines. URB597 produced a CB1-mediated attenuation of behavioral sensitization
to amphetamine, but failed to do so in rats that underwent olfactory bulbectomy (Eisenstein
et al., 2009). This suggests that the endocannabinoid system is compromised in animals with
bulbectomy-induced dopaminergic dysfunction. In a drug-discrimination procedure
(Justinova et al., 2007), FAAH inhibition attenuated the discriminative-stimulus effects of
methamphetamine in rats via a CB1-mediated mechanism. The effects of FAAH inhibition
on rewarding effects of amphetamines have yet to be studied.

5.6. Fatty acid amide hydrolase polymorphisms and addiction
Drug addiction is a psychiatric disorder with a complex etiology that can include specific
genetic variants and polymorphism in multiple genes (Nestler, 2000; Lopez-Moreno et al.,
2012). Several genes linked specifically to the actions and metabolism of endogenous
cannabinoids have been associated with drug addiction. One of these, CNR1, encodes for
the cannabinoid CB1 receptor and likely modulates endocannabinoid and dopamine-
mediated reward signaling (Filbey et al., 2010). CNR1 has been associated not only with
cannabis dependence, but also with substance-use disorder phenotypes in general (e.g.,
Comings et al., 1997; Covault et al., 2001; Zhang et al., 2004; Ballon et al., 2006; Zuo et al.,
2007; Proudnikov et al., 2010; reviews by Agrawal & Lynskey, 2009; Benyamina et al.,
2011). The CNR2 gene, which encodes for the cannabinoid CB2 receptor, has received
much less attention, but has been associated with alcoholism in a Japanese population
(Ishiguro et al., 2007).

Another candidate that has been repeatedly associated with drug addiction is the FAAH
gene, which encodes for the fatty acid amide hydrolase (for review see Lopez-Moreno et al.,
2012). A missense single nucleotide polymorphism (SNP) in the FAAH DNA sequence
(C385A, rs 324420) results in a FAAH variant that has normal catalytic properties but is
more susceptible to proteolytic degradation (Sipe et al., 2002; Chiang et al., 2004). This can
lead to reduced FAAH expression and activity in humans with an A/A genotype, leading to
higher levels of anandamide and other FAAH substrates. Early reports indicated an
association between the A/A genotype and problem drug use (Sipe et al., 2002; Flanagan et
al., 2006), but further studies showed that those with the A/A genotype are not at greater risk
for alcohol, nicotine, heroin or methamphetamine dependence (Morita et al., 2005; Iwasaki
et al., 2007; Tyndale et al., 2007; Proudnikov et al., 2010). Although individuals with the A/
A genotype were more likely to try cannabis, they had reduced vulnerability to the
development of cannabis dependence (Tyndale et al., 2007). The A/A genotype is also
associated with an elevated risk for regular use of sedatives (Tyndale et al., 2007).
Individuals with one or more C alleles (C/A or C/C genotypes) reported more severe
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withdrawal and higher level of craving to smoke marijuana than those with the A/A
genotype, and thus may be more susceptible to cannabis dependence than A allele carriers
(Haughey et al., 2008; Schacht et al., 2009). Individuals with the C/C genotype also reported
more intense positive effects of marijuana and more severe negative effects during
withdrawal. Another study showed that individuals with the C/C genotype had greater neural
response to marijuana cues in reward-related brain structures (Filbey et al., 2010), which
suggest a possible dysregulation in the reward system associated with this genotype. Thus,
FAAH-related genetic analysis may assist in predicting vulnerability to cannabis use
disorders.

6. Peroxisome proliferator-activated receptors and addiction
Most investigations of PPAR ligands as treatments for addiction have focused on two areas:
PPAR-γ activation as a potential treatment for alcoholism, and PPAR-α activation as a
potential treatment for tobacco dependence. A few studies have evaluated the role of PPAR
in addiction-related effects of psychostimulants (cocaine, methamphetamine, MDMA) and
an opioid (morphine). Overall, the results have been promising, but this research is clearly in
its earliest stages. The evidence suggests that endogenous PPAR systems modulate – and
PPAR-based medications might be useful for reducing – addictive properties and other
adverse effects of certain drugs.

6.1. Alcohol
Stopponi et al. (2011) studied the effects of PPAR-γ-activating thiazolidinediones
(pioglitazone and rosiglitazone) in rodent models of alcoholism. They found a number of
potentially therapeutic effects. During subchronic treatment, PPAR-γ activation decreased
alcohol drinking in Marchigian Sardinian alcohol-preferring rats. This effect was blocked by
intracerebroventricular administration of a PPAR-γ antagonist, indicating that it is mediated
by PPAR-γ receptors in the brain. Furthermore, pioglitazone specifically altered alcohol’s
rewarding properties, having no effect on food or saccharine self-administration, and also
having no effect on alcohol or glucose metabolism.

In the same study, pioglitazone also showed promise for preventing relapse to alcohol abuse.
When alcohol-abstinent rats were injected with the alpha-2 adrenoceptor antagonist
yohimbine, their alcohol seeking increased; this relapse-like effect of yohimbine has been
shown with a number of other drugs of abuse besides alcohol and is believed to be due to
yohimbine’s stress-like effects (Shalev et al., 2010). However, when rats were treated with
pioglitazone, yohimbine did not reinstate alcohol seeking. Thus, PPAR-γ activation might
provide protection against stress-induced relapse, a major obstacle to abstinence.
Unfortunately, pioglitazone did not protect against the relapse-inducing effects of re-
exposure to an olfactory cue that had been associated with the availability of alcohol. It was
not determined whether glitazone treatment would affect alcohol seeking induced by re-
exposure to the pharmacological effects of alcohol (drug priming).

PPAR activation may have other beneficial effects beyond the ability to decrease alcohol
consumption and relapse. Stopponi et al. (2011) found that pioglitazone reduced withdrawal
symptoms in rats when subchronic intragastric alcohol administration was discontinued.
PPAR-γ treatments may also provide protection against adverse effects of prenatal alcohol
exposure by increasing expression and function of insulin-responsive genes, and by reducing
cellular oxidative stress (de la Monte & Wands, 2010). Treatment with the PPAR-α agonist
fenofibrate also had neuroprotective effects in rats that were exposed to alcohol in utero and
during lactation, preventing hyperactivity and increasing attention (Marche et al., 2011).
Other evidence suggests PPAR-α, δ or γ agonist treatments might reduce the severity of
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chronic ethanol-induced liver injury and insulin/insulin-like growth factor resistance (de la
Monte et al., 2011).

6.2. Nicotine
PPAR-α ligands reduce the reinforcing effects of nicotine in a number of animal models.
Initial work (Mascia et al., 2011) involved the experimental PPAR agonists WY14643 (a
synthetic ligand) and methOEA (a long-lasting form of the endogenous ligand OEA).
Subsequent work (Panlilio et al., 2012) has extended these findings to clofibrate, a
representative of the fibrate class of medications that is widely prescribed to treat lipid
disorders. All of these PPAR agonists reduce intravenous nicotine self-administration in rats
and squirrel monkeys. These effects are blocked by treatment with a selective PPAR-α
antagonist, and they are specific for nicotine reward, having no effect on behavior reinforced
by food or cocaine. In animal models of relapse, PPAR-α agonists prevented reinstatement
induced by either nicotine priming or re-exposure to nicotine-associated cues in monkeys,
and it prevented reinstatement induced by a combination of nicotine priming and cues in
rats. Thus, the results of these preclinical studies suggest that PPAR-α-activating treatments
could be useful for reducing tobacco smoking and for maintaining abstinence by preventing
relapse.

Investigations into the mechanism of these effects have taken two approaches in rats,
electrophysiological (i.e., single-cell recording) and neurochemical (microdialysis and mass
spectrometry). Nicotine is believed to produce rewarding effects by binding to acetylcholine
receptors in the VTA, enhancing the firing of dopamine neurons that project to the nucleus
accumbens shell (Mansvelder & McGehee, 2002; Ikemoto, 2007). PPAR-α agonists reduce
or prevent nicotine from increasing the firing rate of dopamine neurons in the VTA (Melis et
al., 2008, 2010; Panlilio et al., 2012). Consistent with this electrophysiological evidence,
neurochemical evidence indicates that these treatments decrease nicotine-induced elevations
of extracellular dopamine in the nucleus accumbens shell (Mascia et al., 2011; Panlilio et al.,
2012). These effects are believed to be due to PPAR-α activation stimulating tyrosine
kinases, which phosphorylate and negatively regulate α7 nicotinic acetylcholine receptors
(Melis et al., 2010).

Demonstrations that exogenous PPAR-α agonists counteract the effects of nicotine suggest
that the effects of FAAH inhibition on nicotine reward and related processes are due to
FAAH inhibition enhancing levels of fatty acid amides, including OEA and PEA, that are
endogenous PPAR-α agonists. However, activation of CB1 receptors, presumably by
anandamide, also appears to contribute to the effects of FAAH inhibition. For example, the
ability of the FAAH inhibitor URB597 to prevent nicotine’s effects on medium spiny
neurons in the nucleus accumbens shell can be reduced by either the PPAR-α antagonist
MK886 or by the cannabinoid CB1 antagonist/inverse agonist rimonabant (Luchicchi et al.,
2010). In the VTA, URB597’s ability to reverse nicotine-induced burst firing of dopamine
cells was PPAR-α-dependent, but its ability to reverse nicotine-induced increases in firing
rate of these cells was CB1-dependent (Melis et al., 2010).

About 30% of smoking-attributable mortality is due to cardiovascular disease (CDC, 2008).
Currently, members of one class of PPAR-α agonists, the fibrates, are prescribed to prevent
cardiovascular disease associated with abnormal lipid profiles. Thus, the recent finding that
clofibrate, a representative of the fibrate class, shows promise in preclinical models of
nicotine dependence and relapse suggests that PPAR-α treatments might have the dual
effect of reducing smoking and reducing the cardiovascular sequelae of smoking (Panlilio et
al., 2012). Consistent with this possibility, fibrate treatment has been shown to attenuate
nicotine-induced vascular endothelial dysfunction in rats (Chakkarwar, 2011).
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6.3. Psychostimulants and opioids
To our knowledge, there has been only one study of the effects of PPAR ligands on the self-
administration of a drug other than alcohol or nicotine. Mascia et al. (2011) found that – at
doses that block the rewarding effects of nicotine – the PPAR-α agonist WY14643 did not
alter cocaine self-administration in monkeys. They also found that WY14643 did not alter
cocaine’s ability to elevate extracellular dopamine levels in the nucleus accumbens shell of
rats. These findings are consistent with the finding that FAAH inhibition, which increases
levels of endogenous PPAR-α agonists, did not alter self-administration of cocaine in
monkeys (Justinova et al., 2008a).

Two studies have focused on the role of PPARs in sensitization to the locomotor effects of
drugs of abuse (Maeda et al., 2007; Fernandez-Espejo et al., 2009), which is considered a
model of neural plasticity that underlies addiction (Robinson & Berridge, 1993). Interest in
the effects of PPAR ligands on locomotor sensitization arose from findings that
inflammatory mediators may play a role in psychostimulant effects (Zalcman et al., 1999;
Nakajima et al., 2004) and from the fact that PPAR agonists have potent anti-inflammatory
properties (Varga et al., 2011). Maeda et al. (2007) found that expression (but not
acquisition) of locomotor sensitization to methamphetamine in mice was prevented by
treatment with the PPAR-γ agonists pioglitazone or ciglitazone and enhanced by treatment
with the PPAR-γ antagonist GW9662. Fernandez-Espejo et al. (2009) also found a selective
effect of a PPAR ligand on expression (but not acquisition) of locomotor sensitization, but in
this case the sensitization was induced by morphine and the expression was prevented by the
PPAR-α agonist WY14643. Consistent with this finding, Fernandez-Espejo et al. (2009)
found that sensitization to the locomotor-activating effects of morphine was enhanced in
PPAR-α-null mice compared to wild-type mice; sensitization to cocaine was not altered in
PPAR-α-null mice.

Repeated methamphetamine exposure increases activity of PPAR-γ in whole brain and
increases expression of PPAR-γ in nucleus accumbens (Maeda et al., 2007). In wild-type
mice that received either cocaine or morphine for 1–5 days, expression of PPAR-α
increased with repeated administration only in morphine-treated subjects (Fernandez-Espejo
et al., 2009). These changes in PPAR are consistent with inflammation playing a modulatory
role in locomotor sensitization to methamphetamine and morphine.

Other studies suggest that PPARs are involved in some of the neurotoxic effects of
methamphetamine and MDMA, probably through inflammation-related mechanisms, and
that pretreatment with PPARs agonists during methamphetamine exposure might protect
against this toxicity. Tsuji et al. (2009) found that methamphetamine exposure drastically
reduced PPAR-γ expression in mouse striatum. This and other neurotoxic effects (i.e.,
reductions in dopamine transporter levels and accumulation of activated microglial cells)
were prevented by pretreatment with PPAR-γ ligands. Plaza-Zabala et al. (2010) found that
four days of exposure to MDMA produced lasting learning and memory impairments in
mice, but that pretreatment with the endogenous PPAR-α agonist OEA at a dose of 5 mg/kg/
day prevented these deficits. However, a higher dose of OEA (25 mg/kg/day) increased the
deficit induced by MDMA. Both doses of OEA prevented MDMA from decreasing
dopamine transporter binding sites in the striatum, indicating that the cognitive deficit
blocked by OEA was not mediated by striatal dopamine transporters.

7. Conclusions
FAAH and PPARs are emerging new targets for the treatment of cognitive disorders and
drug addiction. FAAH inhibition might provide a means of manipulating the endogenous
cannabinoid system to achieve therapeutic effects without the unwanted side effects
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associated with directly administering cannabinoid receptor agonists. Some of the effects of
FAAH inhibition are due to its indirect effects on cannabinoid receptors, and some are due
to its indirect effects on PPARs. Regarding both memory and drug reward, the possibility
remains that some of the CB1 and PPAR effects of FAAH inhibition actually oppose each
other. It remains to be seen whether there is an advantage to activating both systems, or
whether it would be beneficial to develop compounds that will selectively enhance
endogenous signaling of CB1 and PPAR independently. FAAH-based treatments have not
yet been approved for human use, but preclinical studies indicate that they show promise for
treating a wide range of cognitive disorders, including depression, anxiety, memory
impairment, post-traumatic stress syndrome, and inflammation-related neurodegeneration.
FAAH-based treatments also show promise for the treatment of addiction, particularly with
cannabis and nicotine dependence, but also with a number of other drugs. Unfortunately, at
least one FAAH inhibitor has been shown to be self-administered by laboratory animals, so
it is clear that any potentially therapeutic drug that increases levels of the endocannabinoids
anandamide or 2-AG should be evaluated for abuse potential. PPAR-based treatments are
currently used to treat certain metabolic disorders (e.g., hyperlipidemia, diabetes), and these
compounds or newly developed compounds might be useful for treating addiction; however,
no PPAR-based treatments have yet been approved for cognitive or addiction disorders. The
preliminary evidence suggests that PPAR-based treatments might be effective for treating
alcohol and nicotine dependence, possibly as an aid to both the achievement of abstinence
and the avoidance of relapse. However, it is clear that much remains to be done, including
continued preclinical work to further understand the mechanisms underlying the effects of
these treatments and refine the techniques for manipulating them, as well as clinical trials to
extend the preclinical findings and bring beneficial treatments into use.
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Abbreviations

AD Alzheimer’s disease

2-AG arachidonoylglycerol

CB cannabinoid

COX cyclooxygenase

FAAH fatty acid amide hydrolase

FAE fatty acid ethanolamide

FLAT FAAH-like anandamide transporter

GABA γ-aminobutyric acid

LOX lipoxygenase

MAPK mitogen-activated protein kinase

MDMA methylenedioxymethamphetamine

MGL monoacylglycerol lipase

OEA oleoylethanolamide

PEA palmitoylethanolamide
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PPAR peroxisome proliferator-activated receptor

PPARs peroxisome proliferator-activated receptors

THC Δ9-tetrahydrocannabinol

TRP transient receptor potential calcium channels

VTA ventral tegmental area
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Fig. 1.
Schematic depiction of proposed mechanisms by which cannabinoid receptors and PPARs
interact. There is evidence that cannabinoids (e.g., THC) and endocannabinoids (e.g.,
anandamide and 2-AG) can activate nuclear PPAR receptors by three mechanisms: 1) being
transported into the cell (e.g., by FLAT) and binding directly to PPARs; 2) activating
cannabinoid receptors at the cell surface, which initiates intracellular signaling cascades
(e.g., MAPK pathways) that activate PPARs; and 3) being transported into the cell and
enzymatically modified into metabolites that activate PPARs. This activation of PPARs by
noncannabinoid PPAR ligands, cannabinoids, endocannabinoids, or endocannabinoid
metabolites can have two general types of effect: regulating gene transcription and
producing non-genomic effects. The relative contribution of each mechanism in different
cells and tissues is dependent on the expression of various receptors and enzymes. CB R,
cannabinoid receptor; COX-2, cyclooxygenase-2; endoCB, endocannabinoid; FLAT,
FAAH-like anandamide transporter; LOX, lipoxygenase; MAPK, mitogen-activated protein
kinase; nonCB, non-cannabinoid; PPAR, peroxisome proliferator-activated receptor.
Modified from O’Sullivan (2007).
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