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Abstract: The endocannabinoid signaling system is composed of the cannabinoid receptors; their endogenous ligands, the endocannabi-
noids; the enzymes that produce and inactivate the endocannabinoids; and the endocannabinoid transporters. The endocannabinoids are a
new family of lipidic signal mediators, which includes amides, esters, and ethers of long-chain polyunsaturated fatty acids. Endocannabi-
noids signal through the same cell surface receptors that are targeted by A’-tetrahydrocannabinol (A’-THC), the active principles of can-
nabis sativa preparations like hashish and marijuana. The biosynthetic pathways for the synthesis and release of endocannabinoids are
still rather uncertain. Unlike neurotransmitter molecules that are typically held in vesicles before synaptic release, endocannabinoids are
synthesized on demand within the plasma membrane. Once released, they travel in a retrograde direction and transiently suppress presyn-
aptic neurotransmitter release through activation of cannabinoid receptors. The endocannabinoid signaling system is being found to be
involved in an increasing number of pathological conditions. In the brain, endocannabinoid signaling is mostly inhibitory and suggests a
role for cannabinoids as therapeutic agents in central nervous system (CNS) disease. Their ability to modulate synaptic efficacy has a
wide range of functional consequences and provides unique therapeutic possibilities. The present review is focused on new information
regarding the endocannabinoid signaling system in the brain. First, the structure, anatomical distribution, and signal transduction mecha-
nisms of cannabinoid receptors are described. Second, the synthetic pathways of endocannabinoids are discussed, along with the putative
mechanisms of their release, uptake, and degradation. Finally, the role of the endocannabinoid signaling system in the CNS and its poten-

tial as a therapeutic target in various CNS disease conditions, including alcoholism, are discussed.
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INTRODUCTION

The earliest anthropological evidence of Cannabis use comes
from the oldest known Neolithic culture in China where it was used
in the production of hemp for ropes and textiles, and also for its
psychotropic effects [159]. An 1848 commentary in the British
Pharmacopoeia outlined quite accurately the psychotropic effects of
Cannabis and pointed out its merits as an antispasmodic and anal-
gesic [59].

The major psychoactive constituent of Cannabis sativa is A’-
tetrahydrocannabinol (A°-THC, dronabinol), which is mainly res-
ponsible for the pharmacological effects of the Cannabis plant [79,
147]. A’-THC was isolated, stereochemically defined, and synthesi-
zed in 1964 [102] and its psychoactive properties were recognized
immediately. The hydrophobic nature of A’>-THC delayed experi-
mentation and suggested that the compound might act by influen-
cing membrane fluidity rather than by binding to a specific recep-
tor. The development of new classes of potent and selective A’-
THC analogues led to the pharmacological identification of canna-
binoid-sensitive sites in the brain [77]. Currently A’-THC and its
analogs are used for the treatment of nausea and vomiting induced
by radiotherapy or chemotherapy, and wasting syndrome in AIDS
patients. Cannabinoids are also useful for the treatment of pain,
aspasticity, glaucoma and other disorders [310]. However, the clini-
cal usefulness of A>-THC and its anlogs is greatly hampered by
their numerous side effects, including the potential for abuse [133,
241]. Research on the molecular and neurobiological bases of the
physiological and neurobehavioral effects of marijuana use was
slowed by the lack of specific tools and technology for many dec-
ades. Over the last one and half decades, advances in our knowled-
ge of the endocannabinoid signaling system have progressed enor-
mously. This review is focussed on our understanding of the endo-
cannabinoid signaling system in the brain. First, the structure, ana-
tomical distribution, and signal transduction mechanisms of can-
nabinoid receptors are described. Second, the pathways of endo-
cannabinoid synthesis are discussed, along with the putative
mechanisms of endocannabinoid release, uptake, and degradation.
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Finally, the role of the endocannabinoid signaling system in the
central nervous system (CNS) and its potential as a therapeutic
target for the treatment of various CNS disease conditions, includ-
ing alcoholism, are discussed.

THE ENDOCANNABINOID SIGNALING SYSTEM
Cannabinoid Receptors

Evidence for the existence of the marijuana receptor has been
accumulating since the 1980s [77, 149]. It has now been shown that
cannabinoids have two specific G-protein-coupled cannabinoid
receptor subtypes, which have been cloned. These are named CB1
and CB2. Evidence for a third type of G-protein-coupled cannabi-
noid receptor (“CB3” or “Anandamide receptor”) in brain and in
endothelial tissues is mounting [38, 83, 157, 306]. However, the
cloning, expression and characterization of CB3 is yet to come.

The CB1 and CB2 receptors belong to the large superfamily of
G protein-coupled receptors (GPCR) (for a recent review see [13,
23]). The human CB1 and CB2 receptors share 44% overall amino
acid identity (for details see [222]). The CB2 receptors of human
and rat share 81% amino acid identity and those of mouse and rat
share 81%.

Although significant progress has been achieved into many
aspects of the biology of the endocannabinoid system, and our
knowledge of cannabinoid genomics and proteomics is increasing,
the regulation of cannabinoid receptor genes is poorly understood.
c¢DNA sequences encoding CB1- or CB2-like receptors have been
reported for the rat [193], human [106, 208], mouse [1, 52], cow
(Wessner, GeneBank submission, 1997), cat [104] (GeneBank sub-
mission, 1997), puffer fish [316], leech [268], zebra finch [266], and
newt [267].

The CB1 receptor gene is polymorphic, with implications not
only for substance abuse but also for other neuropsychiatric disor-
ders. The CB1 receptor gene is intronless and its structure is similar
in mouse, rat, and human. The CB2 receptor gene is also intronless,
at least in its coding region [222]. Unlike the CB1 receptor gene,
which is highly conserved across the human, rat, and mouse spe-
cies, the CB2 receptor gene is much more divergent [127]. Like
other GPCRs, the primary structures of the cannabinoid receptors
are characterized by seven hydrophobic stretches of 20-25 amino
acids predicted to form transmembrane o helices, which are con-
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nected by alternating extracellular and intracellular loops. In both
the CB1 and CB2 receptors, no cysteines are found within the sec-
ond extracellular domain, but the third extracellular domain con-
tains two or more cysteines. Cysteine residues appear to stabilize
the tertiary structure of the receptor because of their abililty to form
intra-molecular disulfide bridges. In most GPCRs, these cysteines
occur in the extracellular domains that lie between hydrophobic
domains 2 and 3 and hydrophobic domains 4 and 5 (i.e., the second
and third extracellular domains, assuming that the N-terminal do-
main is also extracellular). One other deviation from most other
GPCRs is that the CB1 and CB2 receptors lack a highly conserved
proline residue in hydrophobic domain 5 [192]. The structural fea-
tures of these proteins that are critical for ligand binding and func-
tional properties have been evaluated in vivo and in vitro [2, 3]. The
consensus sites for N-glycosylation are mainly concentrated at the
N-terminus of the CB1 proteins. Whether any of these potential N-
glycosylation sites are naturally glycosylated or even essential for
CBI receptor function is not known.

There are four clusters of potential cAMP-dependent protein
kinase and Ca”'-calmodulin-dependent protein kinase sites in CB1
receptors. These clusters are conserved across the human, rat, and
mouse receptor proteins. There is a single potential protein kinase C
site that is also conserved in these CB1 receptors. There is no such
site in CB2 receptors. The biological significance of these sites has
been shown in non-neuronal cells. For example, in AtT-20 cells
transfected with rat cannabinoid receptor (CB1), the activation of
an inwardly rectifying potassium current (Kir current) and depres-
sion of P/Q-type Ca®" channels by cannabinoids were prevented by
stimulation of protein kinase C by 100 nM phorbol 12-myristate 13-
acetate (PMA) [103]. However, the biological significance of these
potential protein phosphorylation sites in these receptor molecules
in brain is yet to be determined (for a detailed discussion, see the
recent review [23]).

CBI1 and CB2 receptor knockout mice have been generated.
The CB2 receptor knockout mouse was generated [43] to study the
function of CB2 receptors in immune cells and in immunomodula-
tion. Three groups have generated CBI1 receptor gene knockout
mice independently. The first CB1 knockout mouse were generated
on a CD1 background [178], the second knockout mouse was gen-
erated on a C57BL background [269, 321], and the third conditional
mutant mice that lack expression of the CB1 receptor in principal
forebrain neurons but not in adjacent inhibitory interneurons was
generated in 2003 [189]. The availability of cannabinoid knockout
mice provides an excellent opportunity to study the biological roles
of these genes. However, the use of transgenic mouse models to
study the effects of over-expression of CB1 or CB2 receptor genes
(as opposed to inactivation of the CB1 or CB2 receptor genes as
described above) on the regulation and site-specific mechanisms of
action of cannabinoids are currently unexplored. Obviously, CB1 or
CB2 receptor transgenic animals will provide new in vivo systems
for studying genetic regulation, development, normal physiology,
and apparent dysfunctions associated with the cannabinoid system.

The genomic location of the human cannabinoid receptor gene
(CB1) was mapped using genetic linkage studies and chromosomal
in situ hybridization to chromosome 6q14-q15 [145]. The mouse
CBI1 and CB2 receptor genes are located in the proximal arm of
chromosome 4 [222, 272]. The rat CB1 and CB2 receptor genes
both map to chromosome 5. The bovine CB1 receptor gene has been
mapped to chromosome 9q22 [230]. As the neurobiological effects
of marijuana and other cannabinoids suggest the involvement of the
cannabinoid receptor genes in mental and neurological distur-
bances, the mapping of receptor genes and the identification of
allelic variants will undoubtedly enhance our understanding of the
links between gene (dys) function and cannabinoid abnormalities.

The CBI1 receptor is mainly expressed in the brain and spinal
cord and thus is often referred to as the “brain cannabinoid recep-
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tor”. CB1 receptors are among the most abundant G-protein-
coupled receptors in the brain, their densities being similar to the
levels of y-aminobutyric acid (GABA)- and glutamate-gated ion
channels [139]. The distribution of CB1 receptors is highly hetero-
geneous in rats, with the highest densities of receptors present in the
basal ganglia, substantia nigra, pars reticulata, and globus pallidus.
In addition, very high levels of binding are present in the hippo-
campus, particularly within the dentate gyrus, and also in the mo-
lecular layer of the cerebellum. In contrast, there are few CB1 re-
ceptors in the brainstem. There is a similar distribution of CB1
receptors in humans [27, 116]. The highest densities are found in
association with limbic cortices, with much lower levels within the
primary sensory and motor regions, suggesting an important role in
motivational (limbic) and cognitive (associative) information proc-
essing. CB1 receptors have been shown to be localized presynapti-
cally on GABAergic interneurons and glutamatergic neurons [131,
132, 162, 163]. This would be consistent with the proposed role of
endocannabinoid compounds in modulating neurotransmission.

The CB2 receptor is sometimes referred to as the “peripheral
cannabinoid receptor” because it was thought that CB2 receptors
were predominantly present in immune cells in the periphery and
absent from the brain. Recent studies suggested that CB2 cannabi-
noid receptors are functionally expressed in neurons in the brain
[92, 121, 140, 221, 299]. CB2 is expressed in peripheral tissues,
including white blood cells [94, 208]. CB2 receptor mRNA has
been found in the spleen, tonsils, and thymus, which are the major
tissues of immune cell production and regulation [see [45, 148] for
reviews]. CB2 agonists generally suppress the functions of these
cells, but both CB1 and CB2 receptors could contribute to these
effects [45].

The Signal Transduction Mechanism of Cannabinoid Receptors

Activation of a cannabinoid receptor promotes its interaction
with G proteins, resulting in guanosine diphosphate/ guanosine
triphosphate exchange and subsequent dissociation of the o and By
subunits. These subunits regulate the activity of multiple effector
proteins to bring about biological functions (Fig. 1). Both CB1 and
CB2 are coupled with G; or G, proteins. However, their affinity for
G; or G, proteins may vary, as reveled by several receptor-ligand-
stimulated GTPYS binding studies [39, 165]. CB1 receptors differ
from many other GPCR proteins in being constitutively active, as
they are precoupled with G-proteins in the absence of exogenously
added agonists [206]. A schematic diagram of a cannabinoid-
mediated signal transduction path-way is shown in Fig. (1).

Adenylate cyclase activity was inhibited by anandamide (AEA),
R-(+)-methanandamide (MetAEA), and 2-arachi-donylglycerol (2-
AG) in N18TG2 cells [58, 150, 231]. In some cases, up-regulation
of adenylate cyclase activity was reported without Gi/o coupling
(pertussis toxin sensitive) probably through activation of Gs pro-
teins [118]. In another study, the in vitro expression of specific
isoforms of adenylate cyclase (I, III, V, VI, or VIII) with co-
expression of CB1 or CB2 was associated with the inhibition of
cyclic AMP accumulation. However, the expression of other adeny-
late cyclase isoforms (II, IV, or VII) with co-expression of the CB1
or CB2 receptor was associated with stimulation of cAMP accumu-
lation [247]. The questions of whether CB1 receptor coupling to Gs
proteins has physiological importance and whether such coupling
increases after G; or G, protein sequestration by co-localized non-
cannabinoid Gj, protein-coupled receptors have yet to be answered.

Inhibition of N- type voltage-gated channels by cannabinoids
has been demonstrated in several neuronal cells using a whole-cell
voltage clamp technique and intracellular Ca®" measurement [50,
185, 215, 226]. L-type Ca®" channels are inhibited by CBI1 receptor
agonist in cat brain arterial smooth muscle cells, which express
mRNA and CBI1 receptors [104]. This is blocked by pertussis toxin
and SR141716A (rimonabant) [104]. CB1 receptors are also cou-
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Fig. (1). Schematic summary of CB1 receptor signaling. CB1 receptors are 7-transmembrane domain, G-protein-coupled proteins located in the cell mem-
brane. The Ca®* channels inhibited by CB1 receptors include N-, P/Q- and L-type channels. Actions on Ca** channels and adenylyl cyclase (AC) are thought to
be mediated by the o subunits of the G-protein, and those on GIRK and PI3K by the By subunits. Inhibition of AC and the subsequent decrease in cAMP de-
creases activation of cAMP-dependent protein kinase A (PKA), which leads to decreased phosphorylation of the K channels. Stimulatory effects are shown

by a (—) sign and inhibitory effects by a (L) sign.

pled to ion channels through G, proteins, and activate A-type and
inwardly rectifying potassium channels. The coupling to A-type and
D-type potassium channels is thought to be through adenylate cy-
clase [205]. These are also stimulated by the inhibition of adenylate
cyclase by cannabinoids. Because of the decrease in cAMP accu-
mulation, cAMP-dependent protein kinase (PKA) is inhibited by
CB1 receptor activation. Without cannabinoids, PKA phosphory-
lates the potassium channel protein, resulting in decreased outward
potassium current. In the presence of cannabinoids, however, the
phosphorylation of the channel by PKA is reduced, which leads to
an increased outward potassium current [57]. Cannabinoids inhibit
N-type, P/Q-type calcium channels and D-type potassium channels
[148, 150]. In addition, cannabinoids can close sodium channels,
but whether this effect is receptor-mediated has yet to be proved.
Based on these findings, it has been suggested that cannabinoids
play a role in regulation of neurotransmitter release. There is also
evidence from experiments with rat hippocampal CA1 pyramidal
neurons that CB1 receptors are negatively coupled to M-type potas-
sium channels [261]. CB1 receptors may also mobilize arachidonic
acid and close SHTj; receptor ion channels [229], and under certain
conditions couple to Gs proteins to activate adenylate cyclase [47]
to reduce outward potassium K current, possibly through arachi-
donic acid-mediated stimulation of protein kinase C [134]. CB1
receptors have also been reported to activate phospholipase C
through G proteins in COS-7 cells co-transfected with CB1 recep-
tors and G sub-units [144]. CB1 receptors on cultured cerebellar
granule neurons can operate through a phospholipase C-sensitive
mechanism to increase N-methyl-D-aspartate (NMDA)-elicited
calcium release from inositol 1,4,5-triphosphate-gated intracellular
stores [214]. Activation of CB1 receptors by cannabinoid agonists
evokes a rapid, transient increase in intracellular free Ca®" in
N18TG2 and NG108-15 cells [274, 275, 277].

One of the most interesting research areas is the regulation of
neuritogenesis, axonal growth and synaptogenesis by cannabinoids.
The molecular mechanism involved in this process is not yet clear.
The regulation of cellular growth has been usually associated with
tyrosine kinase receptors. However, recent studies suggest that
GPCRs can stimulate the mitogen-activated protein kinase (MAPK)
pathway and thereby induce cellular growth. After the first observa-
tion of activation of the MAPK cascade by AEA [309], several in
vivo and in vitro studies have implicated both the cannabinoids and
the endocannabinoids in the MAPK pathway. Activation of two
isoforms (p42/p44) of MAPK was observed in non-neuronal

U373MG astrocytoma cells and in host cells expressing recombi-
nant CB1 receptors mediated by CB1 receptor and Gi/o protein
[37]. Similarly, activation of Gi/o protein by ATHC and HU-210
via CB1 receptors activated p42/p44 MAPK in C6 glioma and pri-
mary astrocytes cultures [130, 257]. In WI-38 fibroblasts, AEA via
CBI receptor and Gi/o proteins promoted tyrosine-phosphorylation
of the extracellular signal-regulated kinase 2 (ERK2 or p44) and
increased MAPK activity [309]. In some cells, CB1 receptor-
mediated activation of MAPK was mediated through the PI3 kinase
pathway [37, 309]. AEA, CP,55, 940 and WIN 55,212-2 increased
phosphorylation of FAK+ 6,7, a neural isoform of FAK, in hippo-
campal slices and in cultured neurons [72]. A’-THC, AEA and 2-
AG stimulated phosphorylation of the Tyr-397 residue of FAK in
the hippocampus, which is crucial for FAK activation [73]. Can-
nabinoids increased phosphorylation of p130-Cas, a protein associ-
ated with FAK in the hippocampus. Endocannabinoids increased
the association of Fyn, but not Src, with FAK+6,7. These effects
were mediated through inhibition of a cAMP pathway. CB1 recep-
tor-stimulated FAK-autophosphorylation was shown to be upstream
of the Src family kinases [73]. These new mechanisms for cannabi-
noid regulation of the MAPK pathway might play a role in endo-
cannabinoid-induced modulation of synaptic plasticity, cell migra-
tion and neurite remodeling. A>-THC promoted phosphorylation of
Raf-1 and its subsequent translocation to the membrane in cortical
astrocytes [257]. CB1 receptor-mediated release of Py subunits
leads to activation of PI3K, resulting in tyrosine phosphorylation
and activation of Raf-1 and the phosphorylation of MAPK. Activa-
tion of p38 MAPK was observed in CHO cells expressing recombi-
nant CB1 receptors [255] and in human vascular endothelial cells
having endogenous CBI receptors [181]. A>~THC was shown to
induce activation of c-Jun N-terminal kinase (JNK1 and JNK2) in
CHO cells expressing recombinant CB1 receptors [255]. The path-
way for INK activation involves Gi/o protein, PI3K and Ras [255].

Activation of the Na'/H' exchanger in CHO cells stably ex-
pressing the CB1 receptor [35] was shown to be mediated through
MAPK and CB1 receptors. AEA-stimulated activation of MAPK
activity was shown to phosphorylate cytoplasmic phospholipase A2
(cPLA2), release of arachidonic acid (AA), and result in the synthe-
sis of prostaglandin E2 in WI-38 cells [309]. MAPK activation by
cannabinoids was shown to induce immediate-carly gene expres-
sion (krox-24) in U373MG human astrocytoma cells [36]. A>-THC
induced the expression of krox-24, BDNF and c-Fos in mouse
hippocampus [74]. CB1- and MEK-ERK-mediated activation of
krox-24 is negatively regulated through PI3K-Akt in neuro2a cells
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24 is negatively regulated through PI3K-Akt in neuro2a cells [126].
The suppression of prolactin receptor and trk nerve growth factor
receptor synthesis by AEA was shown to be associated with a CB1
receptor-mediated decrease in protein kinase A and an increase in
MAPK activities [199]. CB1 receptor agonists induced the expres-
sion of c-fos and c-Jun in the brain [8, 187, 196]; whether this is
mediated by CB1 receptor-activated MAPK is not known. A’-THC-
induced phosphorylation of the transcription factor Elk-1 is medi-
ated by MAPK/ERK [295]. Intracerebroventricular injection of
AEA evoked an increase in c-Fos protein in rat brain with a gener-
ally similar distribution to that of CB1 receptors [228]. A>-THC and
HU-210 increased glucose metabolism and glycogen synthesis in
C6 glioma and astrocytes cultures [130]. The activation of protein
kinase B/Akt (isoforms IB) by cannabinoid agonists is mediated by
Gi/o and PI3K in U373MG astrocytoma and CHO cells expressing
recombinant CB1 receptors [120]. CB1 receptor-mediated gene
regulation through the activation of MAPK is an important physio-
logical mechanism by which cannabinoids and endocannabinoids
can modulate synaptic plasticity.

Endocannabinoids

Since A’- THC was structurally defined and synthesized more
than 30 years ago, there has been considerable speculation as to
whether endogenous ligands exist, especially as CB1 is the most
abundantly expressed neuronal receptor. The identification of en-
dogenous cannabinoid receptors suggested that the brain must pro-
duce its own chemicals that interact with the CB1 receptor during
normal brain function.

Beginning in 1992, the first endogenous cannabinoid was iden-
tified as anandamide (AEA, arachidonylethanolamide). It was
named from the Sanskrit ananda, “internal bliss,”” making refer-
ence to its chemical structure (the amide of arachidonic acid and
ethanolamine) [78]. Subsequently, another endogenous cannabinoid
receptor ligand, 2-arachidonyl-glycerol (2-AG) was discovered and
characterized [197, 278] (Fig. 2). The third ether-type endocannabi-
noid, 2-arachi-donylglycerol ether (noladin ether), was isolated
from the CNS and shown to display pharmacological properties
similar to AEA [137]. The fourth type of endocannabinoid, vi-
rodhamine, in contrast to the previously described endocannabi-
noids, is a partial agonist with in vivo antagonist activity at the CB1
receptor [239]. The fifth type of endocannabinoid, N-arachidonyl-
dopamine (NADA), not only binds to CB1 receptor but also stimu-
lates vanilloid receptors (VR1) [152]. Previously, the existence of
AEA analogs in chocolate had been demonstrated [88]. It is thought
that chocolate and cocoa contain N-acylethanolamines (NAEs) and
oleamide, but no or very little AEA and no 2-AG [86]. These lipids
could mimic cannabinoid ligands either directly by activating can-
nabinoid receptors or indirectly by increasing AEA levels [40].
These observations indicate that endocannabinoid analogs exist in
plants and animals and, further, show the evolutionary conservation
of the cannabinoid system in nature.
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Endocannabinoids are present in peripheral and brain tissues
and have recently been found in breast milk [86]. The expression of
functional CBI1 receptor in the preimplantation embryo and synthe-
sis of AEA in the uterus of pregnant mice suggest that cannabinoid
ligand-receptor signaling is operative in the regulation of preim-
plantation embryo development and implantation [227]. Since the
information on noladin ether, virodhamine, and N-arachidonyl-
dopamine is limited, the detailed discussion is limited to AEA and
2-AG.

Anandamide

AEA has been identified and quantitated throughout the human
brain and periphery [95]. Signal transduction and ligand binding
studies have suggested that it can act at both the CB1 (K; 61nM),
CB2 (K; 1930nM) and also act as a full agonist at vanilloid TRPV1
receptors (for references see recent review [253]), although it may
be more efficacious at CB1 [97]. AEA resembles A’- THC in struc-
tural aspects [256, 262]. AEA behaves as an affinity-driven CB1
receptor agonist. Thus its efficacy at CB1 receptors, although
higher than that of A’- THC, is often found to be lower than that of
other cannabinoid agonists [(+)-WIN55212-2 or CP-55940].

AEA was shown to be widely distributed in the brain and pe-
ripheral tissues [95, 96]. AEA levels vary by a factor of 4-6 within
different regions of the rat brain, with the highest levels in the stria-
tum and brainstem and the lowest levels in the cerebellum and cor-
tex [28, 317]. AEA was found in regions of both the rat and human
brain that contain a high density of CB1 receptors (e.g., hippocam-
pus, cerebellum, and striatum) and in a region that is sparse in CB1
receptors, the thalamus [95]. In the rat, the concentration of AEA in
the thalamus was approximately twice the concentration measured
in the cerebellum. It is clear from these data that for AEA, the rela-
tive regional abundance in the brain does not correlate with the
distribution of CB1 receptors. AEA levels in the brain are equiva-
lent to those of other neurotransmitters such as dopamine and sero-
tonin, but at least 10-fold lower than those reported for GABA and
glutamate. AEA was also found in peripheral tissues such as human
and rat spleen, which express high levels of CB2 receptors, suggest-
ing that AEA is an agonist at both CB1 (Ki = 894 10 nM) [246] and
CB2 receptors (Ki = 371+ 102 nM) [246]. Small amounts of AEA
were also found in the human heart and thalamus and also in rat
skin, whereas only trace quantities were detected in human serum,
plasma, and cerebrospinal fluid [95].

Enzymes responsible for the biosynthesis and degradation of
AEA were characterized in various tissues. Unlike classical neuro-
transmitters and neuropeptides, AEA is not stored in intracellular
compartments, but is produced on demand by receptor-stimulated
cleavage of lipid precursors [17, 21, 22, 46, 84, 198] and released
from neurons immediately afterwards [17, 21, 22, 84, 113, 198].
The postulated biosynthetic pathway for AEA involves the energy-
independent condensation of ethanolamine and free arachidonic

2-Arachidonyl Glycerol

Noladin ether

Fig. (2). Molecular structure of endocannabinoids. These endocannabinoids share a polyunsaturated fatty acid moiety (arachidonic acid) and a polar head

group consisting of ethanolamine or glycerol.
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acid [75, 294]. The biochemical characteristics and inhibitor kinet-
ics observed for the enzyme catalyzing this condensation reaction
were essentially identical to those described for the enzyme catalyz-
ing fatty acid amide (FAA) hydrolysis [fatty acid amide hydrolase
(FAAH); see discussion below] [66, 75, 294]. Several lines of evi-
dence derived from both physical and biological data argue that the
production of AEA in vivo does not occur through the energy-
independent condensation of free arachidonic acid and ethanola-
mine [84, 161, 173]. The AEA precursor is an N-arachidonyl phos-
phatidylethanolamine (N-ArPE), which is believed to originate
from the transfer of arachidonic acid (AA) from the sn-1 position of
1,2-sn-di-arachidonylphos-phatidylcholine to phosphatidylethano-
lamine, catalyzed by a calcium-dependent N-acyltransferase (NAT)
(Fig. 3). N-ArPE is then cleaved by a N-acyl phosphatidylethano-
lamine (NAPE)-specific phospholipase D (PLD) [84, 212, 260],
which releases AEA and phosphatidic acid. It is not clear whether
the NAT or the NAPE-PLD controls the rate-limiting step of AEA
synthesis [81, 135, 273]. The NAT enzyme has been characterized
biochemically in both brain and testis microsomal preparations [46,
84, 279, 280]. The NAT has only recently been purified, cloned,
and characterized [220]. AEA biosynthesis was unaffected in
NAPE-PLD knockout mice suggesting the involvement of other
enzymes [179]. Another pathway which involves the conversion of
NAPE into 2-lysol-NAPEs via the action of secretory PLA, has
also been reported. 2-Lysol-NAPEs are then converted into N-acyl-
ethanolamides, including AEA, via a selective lyso phospholipase
D (lyso-PLD) [283]. A recent study proposed the existence in
mouse brain and RAW264.7 macrophages of a parallel pathway
through which AEA is generated from NAPE by a two-step process
involving the PLC-catalyzed cleavage of NAPE to yield pAEA,
which is subsequently dephosphorylated by protein tyrosine phos-
phatases (PTPN22) [182] (Fig. 3).

As a putative neuromodulator, AEA that is released into the
synaptic cleft is expected to be rapidly inactivated. In general, two
mechanisms are known that could remove endocannabinoids from
the synaptic cleft to ensure rapid signal inactivation: re-uptake or
enzymatic degradation. An enzyme that catalyzes hydrolysis of
AEA, forming arachidonic acid and ethanolamine, was detected in
rat brain tissue [75] (Fig. 4) (also in recent review [14]) soon after
the discovery of AEA and is variously known as anandamide ami-
dase, anandamide hydrolase, anandamide amidohydrolase, or fatty
acid amide hydrolase (FAAH). In addition to hydrolysis by FAAH,
AEA is metabolized by COX-2, LOX and cytochrome P450. COX-
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2 has been shown to metabolize AEA in to PGE,-ethanolamide
(PGE2-EA) [254]. 12- and 15-LOX, nonheme iron-containing en-
zymes convert AEA into 12- and 15-hydroxy-AEA (12- and 15-
HAEA) in vitro, respectively [170, 184]. Cytochrome P450 also
metabolizes AEA into several polar lipids [44]. Recently, in the
absence of FAAH, exogenously injected AEA has been shown to be
converted into o-phosphorylcholine (PC)-AEA in the brain and
spinal cord. The choline-specific phosphodiesterase (NPP6) was
found to convert PC-NAE into NAE [207] (Fig. 4). Further research
is required to elucidate the exact mechanism and enzymes involved
in this pathway of AEA metabolism.

The existence of a membrane transporter that mediates the up-
take of AEA has also been investigated (see below). Thus, the abil-
ity of brain tissue to enzymatically synthesize and metabolize AEA,
and the existence of AEA receptors and of carrier-mediated trans-
port mechanisms essential for the termination of AEA signaling,
suggest that AEA may represent a member of a new family of fatty-
acid-derived neuromodulators [6].

2-Arachidonylglycerol

Soon after the discovery of AEA, the existence of a second
phospholipid-derived messenger, 2-arachidonylglycerol (2-AG),
was shown [197, 278]. 2-AG has been characterized as a unique
molecular species of monoacylglycerol isolated from both the ca-
nine gut [197] and the rat brain [281], where it presumably func-
tions as an endogenous cannabinoid receptor ligand. According to
its chemical structure, this new putative endocannabinoid is an
arachidonyl ester rather than an amide (Fig. 2). 2-AG was found to
bind both CB1 (K; 2.4 uM) and CB2 receptors, although its CB1
receptor binding activity is 24-times less potent than that of AEA.
2-AG elicited the typical effects of A’- THC, such as antinocicep-
tion, immobility, immunomodulation, and inhibition of electrically
evoked contractions of the mouse vas deferens [197, 275, 278].
However, further studies are necessary to determine the relative
importance of 2-AG in the human body and brain. Information
regarding tissue levels of 2-AG is still limited. Brain tissue concen-
trations of 2-AG are approximately 200-fold higher than those of
AEA [28]. The distribution of the two endocannabinoids in the
different brain regions is similar. The highest concentrations were
found in the brainstem, medulla, limbic forebrain, striatum, and
hippocampus and the lowest in the cortex, diencephalons, mesen-
cephalon, hypothalamus, and cerebellum (for review see [273]).
However, no correlation was found between 2-AG concentrations

Fig. (3). The potential pathways of anandamide biosynthesis. Stimulation of adenylate cyclase and cAMP-dependent protein kinase potentiate the N-
acyltransferase (Ca*-dependent transacylase, NAT). A fatty arachidonic acid chain is transferred by NAT from the sn-1 position of phospholipids to the pri-
mary amine of phosphatidylethanolamine, in a Ca**-dependent manner, forming an N-arachidonyl phosphatidylethanolamine (N-ArPE). This N-ArPE inter-
mediate is then hydrolyzed by a phospholipase D (PLD)-like enzyme to yield the anandamide (AEA). In addition, possible alternative pathways for AEA
formation from N-ArPE are shown. Once synthesized, AEA can transported to the outside of the cell through a process that has not yet been well character-

ized. AMT, anandamide membrane transporter.
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Fig. (4). Scheme illustrating the potential mechanism of anandamide uptake and degradation. Anandamide can be internalized by neurons through a yet
unidentified transport mechanism, “the endocannabinoid transporter”. Once inside a neuron, AEA is rapidly cleaved by the hydrolytic enzyme fatty acid amide
hydrolase (FAAH), releasing arachidonic acid (AA) and ethanolamine (EA). Alternatively, different lipoxygenases (LOXs) and cyclooxygenase-2 (COX-2)
can metabolize AEA, generating hydroxyl derivatives of AEA (HAEAs) and prostaglandins-ethanolamides (PG-EAs), respectively. On the other hand, in
FAAH (-/-) mice, AEA is converted into PC-AEA by an unidentified biosynthetic pathway, and PC-AEA can in turn be catabolized to AA by choline-specific

phosphodiesterase (NPP6). AMT, anandamide membrane transporter.

and CBI receptor distribution. 2-AG was also detected in the pe-
ripheral nervous system, such as in the sciatic nerve, lumbar spinal
cord, and lumbar dorsal root ganglion. 2-AG was also detected in
the rat retina and bovine retina (for review see [273]).

Biosynthesis and Metabolism of 2-AG

Generation of 2-AG was first described in ionomycin-
stimulated N18TG2 cells [33], in electrically stimulated rat hippo-
campal slices, and in ionomycin-stimulated neurons [270]. Rapid
generation of 2-AG was also observed in rat brain homogenate
during incubation with Ca®' [167] and in thrombin- or A23187-
stimulated human umbilical vein endothelial cells [276]. Intraperi-
toneal injection of picrotoxin stimulated 2-AG levels in the rat brain
[281]. Generation of 2-AG was also observed in cerebellar granular
neurons in culture in response to chronic alcohol exposure [21].
Substantial amounts of this stimulus-induced 2-AG were released
from the cells [21, 32, 276]. 2-AG biosynthesis occurs by two pos-
sible routes in neurons, which are illustrated in Fig. (5) and also in
recent review [14]. Phospholipase C (PLC)-mediated hydrolysis of
membrane phospholipids may produce diacylglycerol (DAG), which

B

may be subsequently converted to 2-AG by diacylglycerol lipase
(DAGL) activity [240, 278]. The formation of DAG also involves
the hydrolysis of phosphatidic acid through Mg®" and Ca*'-
dependent PA phsophohydrolase activity [31, 48]. Alternatively,
phospholipase A1 (PLA1) may generate a lysophospholipid, which
may be hydrolyzed to 2-AG by lyso-PLC activity [278]. Various
structurally distinct inhibitors of PLC and DAGL activities prevent
2-AG formation in cultures of cortical neurons, suggesting that the
PLC/DAGL pathway may play a primary role 2-AG synthesis
[270]. The molecular character of the enzymes involved remains to
be identified, although the molecular cloning of DAGLo was re-
ported recently [29]. Both DAGLa and [ are associated with the
cell membrane and are stimulated by Ca*" and blocked by DAGL
inhibitors. DAGLa appears to be targeted to postsynaptic spines; it
is highly enriched at the base of the spine neck and in the adjacent
somatodendritic membrane but is excluded from the main body of
the spines and the excitatory synapses in cerebellar Purkinje cells.
In hippocampal pyramidal cells, DAGL is distributed at the spine
head or neck or at both structures [164, 318]. Under certain condi-
tions, 2-AG can also be synthesized through the conversion of 2-

Fig. (5). The biosynthetic pathways of 2-arachidonylglycerol. Intracellular Ca" initiates 2-AG biosynthesis by inducing the formation of diacylglycerol
(DAG) in the membrane either by stimulating the phosphatidyl-inositol-phospholipase C (PI-PLC) pathway, or the formation of phosphatidic acid (PA), and
the subsequent activation of phosphatidic acid hydrolase. 2-AG is the product of DAG-lipase acting on DAG. The second pathway involves hydrolysis of PI
by phospholipase Al (PLA,) and hydrolysis of the resultant lyso-PI by a specific lyso-PLC. In certain conditions, 2-AG can also be synthesized through the
conversion of 2-arachidonyl lysophosphatidic acid (LPA) by phosphatase to yield 2-AG. Once synthesized, 2-AG can transported to the outside of the cell
through a process that has not yet been characterized. AMT, anandamide membrane transporter.
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arachidonyl lysophosphatidic acid (LPA) by phosphatase to yield 2-
AG [211]. Molecular characterization of these potential pathways
remains to be accomplished.

2-AG is inactivated by reuptake [25, 30] via a membrane trans-
port molecule, the ‘AEA membrane transporter’ (AMT) (see below
for details) [22, 25, 26, 111, 141, 142, 184], and subsequent intra-
cellular enzymatic degradation [68, 76, 84] by monoacylglycerol
(MAGL) lipase (Fig. 6), like other monoacylglycerols [168]. Simi-
larly, 2-AG is metabolized by MAGL lipase from porcine brain
cytosol and particulate fractions [125]. FAAH has also been shown
to metabolize 2-AG [82, 125]. 2-AG may be degraded by FAAH in
addition to monoacylglycerol lipase under some circumstances
(Fig. 6). Recently, the gene encoding MAGL lipase was cloned
from both mouse adipose tissue and the rat brain [160]. Rat MAGL
lipase contains 303 amino acids and is expressed in various regions
of the rat brain; the highest levels of expression are in regions
where the CB1 receptor is abundant, such as the hippocampus,
cortex, and cerebellum. Interestingly, MAGL is expressed in pre-
synaptic terminals [90, 129], suggesting it has a role in terminating
retrograde signaling at presynaptic neurons [271]. 2-AG is metabo-
lized to 2-arachidonyl LPA through the action of monoacyl glycerol
kinase(s). 2-Arachidonyl LPA is then converted into 1-steroyl-2-
arachidonyl PA [265]. 1-steroyl-2-arachidonyl PA is further utilized
in the “PI cycle” or is used in the de novo synthesis of PC and PE.
Furthermore, 2-AG is metabolized by enzymatic oxygenation of 2-
AG by COX-2 into PGH2 glycerol esters. The biological activity
and the role of oxygenated 2-AG are yet to be determined.

Endocannabinoid Uptake

AEA appears to be inactivated by a two-step process involving
the transport of this lipid into cells [26] (Figs. 4 and 6) followed by
intracellular hydrolysis by the integral membrane enzyme FAAH.
However, with respect to the inactivation of AEA, only FAAH has
been molecularly characterized and structurally studied. Indeed, the
actual mechanism of AEA uptake or, more generally, the movement
of this fatty acid amide not only through biological membranes but
also through aqueous media (extracellular and cytoplasmic) remains
an enigmatic and controversial subject. Some authors have sug-
gested that the uptake is due to a facilitated diffusion process [22,
25, 26, 141], whereas others have described it as a passive process
driven by the AEA-metabolizing enzyme FAAH [68, 76]. For a
current discussion of these two points of view, see the recent arti-
cles [114] and [143].

Extracellular

Intracellular

O

Current Neuropharmacology, 2007, Vol. 5, No. 2 87

Physiological Roles of Endocannabinoids in the CNS

The discovery of endocannabinoids such as AEA and 2-AG and
the widespread localization of CB1 receptors in the brain have
stimulated considerable excitement over the previously unrecog-
nized cannabinoid system and questions about the function of this
ubiquitous network in the nervous system. There is now over-
whelming evidence that AEA and 2-AG interact with CB1 recep-
tors and share some of the biological properties of other cannabi-
noids, but with significant differences. These significant differential
effects involve other non-CB1 receptors and/or postulated CB3
receptors as described. In recent years, the functions of endocan-
nabinoids at the synaptic and network levels have been elucidated.
Therefore, in the following, an attempt has been made to provide a
comprehensive review of the many pathophysiological roles of
endocannabinoids in the CNS, including in alcohol addiction.

ENDOCANNABINOIDS AND SYNAPTIC PLASTICITY
Regulation of Short-Term Synaptic Plasticity

Changes in the strength and number of synaptic connections
between neurons are believed to be one of the major mechanisms
underlying learning and memory and mediating other physiological
functions of the CNS. This phenomenon is called synaptic plastic-
ity. When neuronal cells (postsynaptic neurons and possibly pre-
synaptic terminals as well) are activated, they produce endocan-
nabinoids, which travel in a retrograde direction and transiently (<1
min) suppress presynaptic neurotransmitter release by activating
CBI receptor-mediated inhibition of voltage-gated Ca’" channels.
Such a negative feedback mechanism should be effective in calm-
ing stimulated neurons after excitation.

It was reported that brief activation of CA1 pyramidal cells in
the hippocampus [4, 5, 218, 235-237] or Purkinje cells in the cere-
bellum [183, 303-305] (Fig. 7) caused a reduction in the amplitude
of GABAergic inhibitory postsynaptic currents (IPSCs). This phe-
nomenon, called depolarization-induced suppression of inhibition
(DSI), is initiated postsynaptically by the voltage-dependent influx
of Ca*" into the soma and dendrites of the neuron, but is expressed
presynaptically through inhibition of transmitter release from axon
terminals of GABA interneurons. This suggests that a chemical
messenger generated during depolarization of the pyramidal neu-
rons must travel backwards across the synapse to induce DSI. DSI
has been observed in both excitatory and inhibitory neurons in hip-
pocampal cell culture [217], in CA3 pyramidal cells [203], in den-

Fig. (6). Schematic summary of 2-AG uptake and degradation. 2-arachidonylglycerol can be internalized by neurons through a yet unidentified transport
mechanism, “the endocannabinoid transporter”. Once inside neurons, 2-AG can be hydrolyzed by hydrolytic enzymes, fatty acid amide hydrolase (FAAH) or
monoacylglycerol (MAGL) lipase. Alternatively, 2-AG can be metabolized to 2-arachidonyl LPA (2-AG-LPA) through the action of monoacyl glycerol
kinase(s) (MAGLK). 2-AG-LPA is then converted into 1-steroyl-2-arachidonyl PA. 1-steroyl-2-arachidonyl PA is further utilized in the de novo synthesis of
PC and PE. Furthermore, 2AG is metabolized by enzymatic oxygenation of 2-AG by COX-2 into PGH2 glycerol esters (PG-G). AMT, anandamide membrane

transporter.
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ca®’ Channel *
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Fig. (7). Schematic diagram to illustrate the role of AEA and CB1 receptors on excitatory and inhibitory neurotransmission. Depolarization of a post-
synaptic neuron leads to Ca® influx through voltage-gated channels and causes the generation and the release of endocannabinoids such as anandamide
(AEA). The mechanism through which Ca* promotes endocannabinoid release is not yet known. The released endocannabinoids then activate the CB1 recep-
tors (CBIR) at presynaptic terminals and suppress the release of glutamate (left) or GABA (right) by inhibiting Ca>" channels [146, 151, 264]. GluR, Gluta-

mate receptors.

tate gyrus granule cells [4], and in neocortical pyramidal cells
[320].

The retrograde messenger in DSI remained unknown until re-
cent investigations by Wilson and Nicoll [311-313] and by Ohno-
Shosaku e al. [216] indicated that in hippocampal cells the mes-
senger was likely to be an endocannabinoid. Shortly thereafter,
cerebellar DSI was also reported to be mediated by an endocan-
nabinoid [89, 171, 319]. Furthermore, it was reported that CB1
receptor agonists selectively reduced IPSCs in both the hippocam-
pus [131, 146, 163] and cerebellum [288]. There is strong evidence
that this retrograde signaling process involves an endocannabinoid.
(a) CBI receptor antagonists selectively blocked DSI whereas ago-
nists enhanced it [216, 312]. (b) DSI is absent in CB1 receptor
knockout mice [311, 319]. (¢) The GABA interneurons that are
implicated in DSI express high levels of CB1 receptors, which are
localized to their axon terminals [163]. (d) Neuronal activity and
Ca** entry stimulate the synthesis of 2-AG in hippocampal neurons
and AEA and 2-AG in other neuronal cells [17, 21, 22]. Recently,
DSI mediated by 2-AG was shown in the mouse substantia nigra
pars reticulate and rat cerebellum [286]. It remains to be established
that endocannabinoid-mediated DSI is present in other brain re-
gions such as the ventromedial medulla [302], amygdala [163], and
striatum [284], in which exogenously applied CB1 receptor agonists
are known to suppress IPSCs. These reports convincingly estab-
lished that endocannabinoids are important mediators of short-term
plasticity.

Metabotropic glutamate receptors (mGluRs) are G-protein-
coupled receptors distributed throughout the CNS that modulate
multiple CNS functions, including neuronal excitability [7, 63] and
neurotransmitter release [49]. Recent data from several investiga-
tors have begun to uncover an entirely novel signaling mechanism
for mGluRs, namely the production and subsequent release of en-
docannabinoids. Some of the effects (short- and long-term forms of
synaptic plasticity) previously attributed directly to mGIuR activa-
tion are in fact indirectly mediated by signaling through the endo-
cannabinoid system [91]. Recent studies suggest that mGluR/endo-
cannabinoid signaling is a widespread feature of neuronal circuitry
[91], given the widespread expression of postsynaptic group I
mGluRs throughout the CNS and a similar extensive expression of
CBI receptors. Activation of group I mGluRs can cause the release
of endocannabinoids in the cerebellum [186] and hippocampus
[300]. Synaptic depression in the cerebellum has been observed at
glutamatergic synapses. A similar mechanism operates in the hip-
pocampus. As in the cerebellum, activation of postsynaptic group I

mGluRs depresses neurotransmitter release through endocannabi-
noid-mediated retrograde activation of presynaptic CB1 receptors
(Fig. 7). In contrast to the cerebellum, however, synaptic depression
in the hippocampus has been observed at GABAergic rather than at
glutamatergic synapses.

The neurons in the hippocampus and cerebellum use endocan-
nabinoids to carry out a signaling process that is analogous in
mechanism but opposite in sign to DSI, called depolarization-
induced suppression of excitation (DSE). Like DSI, DSE is induced
by neuronal depolarization; it consists of a transient depression in
neurotransmitter release, and it requires a retrograde endocannabi-
noid messenger. But unlike DSI, DSE targets glutamatergic rather
than GABA axon terminals and therefore it reduces the excitatory
input to the affected cell [4, 232]. DSE is mimicked and blocked by
agonists and antagonists of CB1 receptors respectively [172, 186]
and it is absent in the CB1 receptor knockout mouse [219]. CB1
receptor agonists suppress EPSCs in other areas of the brain, evi-
dently through presynaptic actions. For instance, similar DSE was
reported in the ventral tegamental area (VTA) as a Ca®'-dependent
phenomenon, blocked by both AM281 and rimonabant, and en-
hanced by WINS55212-2 [201]. Importantly, DSE was partially
blocked by the D, DA antagonist eticlopride and enhanced by the
D, DA agonist quinpirole without changing the presynaptic can-
nabinoid activity [201]. These observations indicate that activation
of D, DA receptors in the VTA significantly enhances the depolari-
zation-induced release of endocannabinoids, which are responsible
for the inhibition of glutamate transmission in the VTA [201]. The
synchronous release of mEPSCs in Sr**-substituted extracellular
solution was found to be reduced by endocannabinoids in the pre-
frontal cortex and striatum [10, 107]. Recently, it was shown that 2-
AG is the retrograde messenger for train-induced suppression of
excitation at the VTA-DA synapses [200]. It remains to be demon-
strated whether or not DSE is present in the striatum [107], substan-
tia nigra [287], periaqueductal gray [301], and spinal cord [204].

Several studies addressed the issue of how endocannabinoids
affect transmitter release from presynaptic neurons [4]. It is clearly
established that the Py-subunits of heterotrimeric G-proteins di-
rectly interact with and inhibit the high-voltage-activated Ca”"
channels that mediate transmitter release at most synapses (Fig. 7).
CBI1 receptors are pertussis-sensitive G-protein-coupled receptors,
and their activation reduces N-type Ca*" current [50, 51, 185, 226,
292]. In some cells, it appears that the CB1 receptor could reduce
GABA release from at least some nerve terminals through a
mechanism that is independent of N-P/Q-type Ca®" channels [107,
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288, 300, 301], perhaps by direct action on the transmitter release
machinery.

Regulation of Long-Term Synaptic Plasticity

As in endocannabinoid-mediated short-term plasticity, all the
studies to date suggest that endocannabinoid-mediated long-term
plasticity takes the form of depression of neurotransmission. It was
observed that striatal long-term depression (LTD) was absent in
CBI receptor knockout mice, reduced or eliminated by rimonabant,
and enhanced by HU-210 in the striatum. These data suggested that
striatal LTD was mediated by an endocannabinoid [109]. As in the
striatum, LTD in the nucleus accumbens (NAc) is prevented by
CBI receptor antagonists, enhanced by CB1 receptor agonists, and
absent in CBI1 receptor knockout mice [249]. Importantly, once
NAc LTD was induced, the antagonist did not affect it, demonstrat-
ing that the LTD was not maintained by a continual release of en-
docannabinoids, but rather represented a persistent effect of tran-
sient CB1 receptor activation. The endocannabinoid that mediated
LTD was evidently released as a retrograde messenger, because
LTD was prevented by chelating postsynaptic Ca>" (with 20mM
BAPTA) in the recorded cell [249]. CB1 knockout mice showed
strongly impaired short-term and long-term extinction in auditory
fear-conditioning tests, with unaffected memory acquisition and
consolidation. Treatment of wild-type mice with rimonabant mimi-
cked the phenotype of CB1 knockout mice, suggesting that CB1 is
required at the moment of memory extinction [190]. Although, the
mechanism needs to be elucidated, these studies suggest that endo-
cannabinoid actions are important for the induction, but not the
expression, phase of LTD. Activity-dependent modifications of
synaptic strength in the dorsal striatum [158, 233] and NAc [213,
251, 290] are thought to underlie neuronal adaptations in the animal
behaviors mediated by these structures. CB1 receptors are present
on glutamatergic terminals in the prefrontal cortex [138], and acti-
vation of the CB1 receptor by agonists suppresses glutamate EPSCs
in layer V slices of rat cortex, evidently by acting at a presynaptic
site [10]; it remains to be determined whether CB1 receptors medi-
ate LTD in the cortex as well.

Long-term potentiation (LTP) and LTD of CA3-CA1 synaptic
transmission are two in vitro models for learning and memory. It
has been shown that CB1 receptor activation inhibits both LTP and
LTD induction in the hippocampus [270, 282]. Elucidation of the
mechanism(s) by which cannabinoids inhibit LTP and LTD may
provide clues to the cellular and molecular processes underlying
some of the cannabinoid-induced learning and memory impair-
ments. Another important finding is the enhanced LTP found in
CBI1 receptor knockout mice [34]. These data could not be mim-
icked by application of CB1 receptor antagonists to wild-type mice
[191], suggesting some other factor is involved in the enhancement
of LTP. Compensatory up-regulation of other genes in the CB1
receptor knockout mice or altered neurophysiological responses
might be responsible. It has been shown that synaptic-driven release
of endocannabinoids within the dendritic compartment of CAl
pyramidal cells in a highly localized and efficient process was re-
sponsible for facilitating subsequent induction of LTP at nearby
excitatory synapses [55, 56]. Recently, it was shown that endocan-
nabinoid-mediated LTD contributes to experience-induced changes
in psychomotor behaviors by affecting the information flow in the
dorsal striatum and NAc [108]. These early investigations are just
beginning to address the effects of endocannabinoids on the neuro-
physiology of the brain, and further studies are necessary before the
roles of endocannabinoids in short- and long-term plasticity are
fully elucidated.

The Endocannabinoid Signaling System and Diseases of the
CNS

There is mounting evidence that the endocannabinoid signaling
system modulates the activity of most neurotransmitters in the
CNS. The neurophysiological consequences of the activation of
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CBI receptors depend on the localization of these receptors in vari-
ous brain regions and the excitatory or inhibitory pathways being
stimulated. Hence, the clinical potential of cannabinoid drugs in
neurological disorders is vast. Reduced levels of endocannabinoids,
CBI receptors, and CB1 receptor mRNA have been reported in
Huntington’s disease [71, 117, 119, 176, 177]. While the mecha-
nism and the significance of the loss of endocannabinoid function is
not clear at present, these observations may indicate that the endo-
cannabinoid signaling system has a central role in the progression
of neurodegeneration in Huntington’s disease, and that cannabinoid
agonists could be of significant therapeutic benefit in Huntington’s
disease because of their anthyperkinetic and neuroprotective effects
[176]. A recent study showed a loss of CB1 receptors in progenitor
cells in the adult human brain subependymal layer in Huntington's
disease and suggested the possibility that these cells could be a
suitable endogenous source for the replacement of cells lost due to
neurodegenerative disease [67].

Increased cannabinoid tone in the globus pallidus has been re-
ported to be responsible for the production of Parkinsonian symp-
tomology [188]. A recent study demonstrated increased 2-AG in the
globus pallidus of rats treated with resperpine, which is a rodent
model of Parkinson’s disease (PD) [85]. Endocannabinoid signaling
was shown to be involved in the pathophysiology of parkinsonism
and LID in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
lesioned, non-human primate models of Parkinson's disease [296].
The deficiency in endocannabinoid transmission may contribute to
levodopa-induced dyskinesias; these complications may be allevi-
ated by activation of CB1 receptors [98]. Increased levels of AEA
were reported in rat models of PD [85, 128]. Recently, it was found
that cannabinoid CB1 receptor binding and the activation of G pro-
teins by cannabinoid agonists were significantly increased in the
postmortem basal ganglia of humans affected by PD [175]. The
increase in CB1 receptors was also seen in MPTP-treated marmo-
sets, a primate PD model [175]. A recent study found high levels of
endocannabinoids in the cerebrospinal fluid of untreated PD pa-
tients [234]. Low doses of rimonabant partially attenuated the hy-
pokinesia shown by a rat model of Parkinson's disease [123]. Fur-
ther studies to understand the functional interaction between dopa-
mine and the endocannabinoid system should bring new perspec-
tives on the treatment of PD.

Several lines of evidence suggest a role for endocannabinoid
signaling in schizophrenia [115]. The highest densities of CB1 re-
ceptors are found in regions of the human brain implicated in
schizophrenia, including the prefrontal cortex, basal ganglia, hippo-
campus, and the anterior cingulate cortex [115]. Increased binding
of ["H]CP-55,940 to CB1 receptors in the dorsolateral prefrontal
cortex of schizophrenia patients compared to controls was shown
[70]. In addition, Leweke et al. [180] reported significant twofold
elevations of AEA levels in the cerebrospinal fluid (CSF) of pa-
tients with schizophrenia compared to age-matched controls. Fi-
nally, a recent study also indicates that rimonabant reverses keta-
mine-induced impairment in prepulse inhibition of the acoustic
startle reflex, an animal model of the deficient sensorimotor gating
observed in schizophrenia [209]. It was recently found that CSF
AEA levels are eightfold higher in antipsychotic-naive first-episode
paranoid schizophrenics than in healthy controls, dementia patients
or affective disorder patients. This alteration is absent in schizo-
phrenics treated with 'typical' antipsychotics, which antagonize
dopamine D2-like receptors, but not in those treated with 'atypical'
antipsychotics, which preferentially antagonize SHT(2A) receptors
[112]. Recent data suggest that dysregulated striatal endocannabi-
noid neurotransmission is associated with a hyperdopaminergic
state in dopamine transporter knockout mice [293]. AEA release in
the dorsal striatum is stimulated by activation of D2 dopamine re-
ceptors [98]. The amounts of AEA were significantly increased in
the blood of patients with acute schizophrenia than in healthy vol-
unteers [69].
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Several studies have demonstrated the ability of cannabinoids to
provide neuroprotection against B-amyloid peptide (AB; a key
pathological marker of Alzheimer disease) toxicity [156, 202, 243].
Stereotaxic injection of AP into the rat cortex, caused a neuronal
damage in the hippocampus and increased 2-AG, but not AEA lev-
els. Further, inhibition of endocannabinoid cellular reuptake con-
comitantly reversed hippocampal damage in rats, and loss of mem-
ory retention in the passive avoidance test in mice, but only when
administered from the 3rd day after AP injection [297]. These ob-
servations suggest that pharmacological enhancement of brain en-
docannabinoid levels through the inhibition of endocannabinoid
metabolism or uptake inhibitors might have a therapeutic value in
the protection against AB-induced neurodegeneration [297]. Block-
ade of CB1 receptors by rimonabant lessens the amnesia induced by
a B-amyloid fragment in mice, suggesting that the endocannabinoid
system may be involved in cognitive impairment in Alzheimer’s
disease [195]. A recent study provides evidence that A>~THC inhib-
its the enzyme acetylcholinesterase (AchE) as well as prevents
AchE-induced AP aggregation. A>~THC binds in the peripheral
anionic site of AchE, the critical region involved in amyloidgenesis
[93].

The compounds such as AEA and and other NAEs present in
chocolate [88] may function as a "cannabinoid mimics" [87] in the
purported rewarding properties of cocoa [86] suggesting that the
endocannabinoid system participate in the control of food intake.
Transient inhibition of food intake and reduction in fat mass were
observed following treatment of mice and rats with rimonabant
[244]. CB1 receptor knockout mice on a high-fat diet were shown
to have a lower susceptibility to obesity [245]. To date, data ob-
tained from clinical trials (RIO North America, RIO Europe and
RIO Lipid) indicate that rimonabant may have clinical benefits in
relation to its anti-obesity properties and as a novel candidate for
the treatment of metabolic and cardiovascular disorders associated
with overweight and obesity [166, 291]. These studies also sug-
gested that the drug has a reasonable safety profile. Treatment with
rimonabant is also associated with favorable changes in serum lipid
levels and an improvement in glycemic control in type 2 diabetic
patients [105]. Following 1 year of treatment, rimonabant 20
mg/day produced significant increases in the number cigarette
smokers who quit smoking compared with a placebo [259]. In an-
other recent clinical study, orlistat, which specifically inhibit the
critical enzymes (PLC and DAGL) involved in the biosynthetic
pathway of 2-AG [286], reduced weight by 2-7 kg on average and
decreased the incidence of type 2 diabetes from 9-0% to 62%
[225]. In the same study, rimonabant significantly reduced weight
by 4-6 kg (95% CI 4-3-5-0), reduced waist circumference, and im-
proved triglyceride and HDL cholesterol profiles [225]. These ob-
servations suggest that the CB1 receptor may have a role in both
obesity and cessation of smoking. Psychopathological disorders and
depression in particular are strongly linked to eating attitude in
obese patients. The identification of cannabinoid CB1 receptors
(CB1Rs) in areas of the CNS that have been implicated in regula-
tion of mood and food intake suggests that these receptors may
mediate such a behavioral link.

In recent years, experimental data overwhelmingly suggested
that the endocannabinoid system is a major player among the neu-
rotransmitter systems involved in the regulation of different alco-
hol-related phenomena, including tolerance, vulnerability, rein-
forcement, and consumption (for details, see the recent reviews [12,
13, 15]). It was shown that AEA and 2-AG synthesis is increased
by chronic alcohol exposure. Chronic alcohol treatment led to a
significant increase in the brain levels of AEA and a significant
reduction in N-ArPE, an immediate precursor for AEA synthesis
[154]. Chronic alcohol exposure of rats caused a decrease in the
content of both AEA and 2-AG in the midbrain, while AEA content
increased in the limbic forebrain, a key area for the reinforcing
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properties of habit-forming drugs, including alcohol [122]. It was
observed that, in the limbic forebrain, 2-AG content was decreased
after 48 h of alcohol deprivation. There was a further decrease in 2-
AG content when rats were allowed to relapse to alcohol consump-
tion [124]. These observations indicate the involvement of the en-
docannabinoids in alcohol-induced neuroadaptive changes in the
brain and that activation of endocannabinoid-mediated neurotrans-
mission may be responsible for the activation of the reward system
by alcohol. It was found that chronic exposure to alcohol leads to an
increase in extracellular AEA by inhibiting the uptake of AEA. This
effect was independent of the CB1 receptor, since CB1 receptor
knockout mice have normal uptake activity [22]. After prolonged
exposure to alcohol, cells become tolerant to these effect such that
AEA uptake is no longer inhibited by acute alcohol [22]. Chronic
alcohol did not show any direct inhibition of FAAH activity in
these neurons. These data suggest that alcohol-induced inhibition of
AEA uptake may in part be responsible for the alcohol-induced
increase in extracellular AEA.

Evidence demonstrating the down-regulation of CB1 receptor
numbers and function in chronic alcohol-exposed mouse brain has
recently been reported. The results of this study indicate that
chronic alcohol exposure decreases the number of CB1 receptors
[16]. These observations are consistent with another study which
found that forced consumption of high levels of alcohol signifi-
cantly decreased CB1 receptor gene expression in the caudate pu-
tamen (Cpu), ventromedial nucleus of the hypothalamus (VMN),
and the CA1 and CA2 fields of the hippocampus [224]. Studies to
examine if the chronic alcohol-mediated down-regulation of brain
CBI receptors has any functional effect on CB1 receptor-activated
G-proteins revealed that the net binding of [*°S] GTPYS was re-
duced significantly without any significant changes in the G-protein
affinity in chronic alcohol-exposed mice [18]. These observations
support the participation of the endocannabinoid signaling mecha-
nism in mediating some of the pharmacological and behavioral
effects of alcohol, and hence the CB1 receptor may constitute an
important target for therapeutic intervention in alcohol-related
behaviors.

The dopaminergic system that projects from the VTA of the
midbrain to the NAc, and to other forebrain sites, including the
dorsal striatum, is the major substrate of reward and reinforcement
produced by most drugs of abuse, including alcohol [80, 250, 314,
315]. It is well established that cannabinoids activate dopaminergic
neurons in the VTA [80, 110, 250, 289, 314, 315], resulting in the
release of DA in the NAc [285]. Moreover, the acute alcohol-
induced release of DA in the NAc is in fact mediated by CB1 recep-
tors [155]. The acute alcohol-induced increase in DA in NAc
dialysates in C57BL/6 mice was completely inhibited by pretreat-
ment with rimonabant or in CB1 receptor knockout mice [155].
These data suggest that activation of the limbic DA system is im-
portant for the reinforcing effects of alcohol and further suggest an
interaction between the cannabinoidergic and dopaminergic sys-
tems in the reinforcing properties of alcohol abuse.

Studies from various laboratories have shown the inhibition of
voluntary alcohol intake by rimonabant in rodents. Rimonabant has
been shown to decrease voluntary alcohol intake in alcohol-
preferring C57BL/6 mice [9], in Sardinian alcohol-preferring (sP)
rats [61], in alcohol self-administering Long Evans rats [99], and in
alcohol-preferring congenic B6.Cb4i5-$/13C/Vad and B6.Cb4i5-
B14/Vad mouse strains [154]. The acute administration of rimona-
bant suppressed alcohol self-administration in chronic alcohol-
exposed Wistar rats [252]. A significant increase in alcohol prefer-
ence (free-choice) was observed when Wistar rats were treated with
an acute dose of rimonabant during chronic alcohol treatment [174].
The administration of rimonabant after chronic alcoholization sig-
nificantly decreased the preference for alcohol. Alcohol withdrawal
symptoms were also decreased by administration of rimonabant in
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these studies. Furthermore, acute administration of the CB1 recep-
tor agonist CP55,940 increased the motivation to consume alcohol
in Wistar rats, and this effect was completely prevented by pre-
treatment with rimonabant [100, 101]. An acute dose of rimonabant
completely abolished the alcohol deprivation effect (i.e., the tempo-
rary increase in alcohol intake after a period of alcohol withdrawal)
in sP rats [263]. Acute administration of CP55,940 or another CB1
receptor agonist, WIN 55,212-2, significantly stimulated voluntary
alcohol consumption in alcohol-preferring sP rats and this was com-
pletely prevented by rimonabant [62]. The existing evidence taken
together suggests that activation of the CB1 receptor by a CB1
receptor agonist may involve the release of DA in the NAc and
inactivation of the CB1 receptor by rimonabant may involve the
inhibition of DA release. This in turn may regulate voluntary alcohol
intake in these animals.

The first biochemical evidence to show the participation of the
cannabinoidergic system in alcohol-drinking behavior is derived
from the observed differences in CB1 receptor function in two ge-
netic strains of alcohol-preferring C57BL/6 and alcohol-avoiding
DBA/2 mice. In this study, it was found that C57BL/6 mice have a
significantly lower level of CBI1 receptor binding sites and higher
affinity for [*H]CP-55,940 than DBA/2 mice [153]. Interestingly,
the significantly higher levels of CBI1 receptors found in DBA/2
mice are less coupled to G-proteins (as shown by a GTPYS binding
assay) compared to those of C57BL/6 mouse strains [19], suggest-
ing the involvement of these receptors in controlling voluntary al-
cohol consumption. Another study reported lower regional levels of
CBI receptor function and lower CB1 receptor gene expression in
the brain of Fawn Hooded rats (alcohol-preferring) compared to
Wistar rats (alcohol-nonpreferring) [223]. These results further
strengthen the hypothesis that the inactivation or down-regulation
of CB1 receptors blocks voluntary alcohol consumption. It is there-
fore quite possible that the animals with a genetic predisposition to
high alcohol consumption have inherited a greater sensitivity of the
endogenous cannabinoidergic system to alcohol. Several investiga-
tors using genetically modified CB1 receptor knockout mice further
examined this notion. CB1 receptor knockout mice exhibited dra-
matically reduced voluntary alcohol consumption [155]. There was
also a remarkable gender difference, with female wild-type mice
consuming significantly more alcohol than male wild-type mice,
whereas this gender difference was nonexistent in male and female
CBI1 knockout mice [155]. It was shown that young wild-type mice
exhibited a significantly higher alcohol preference and voluntary
alcohol intake compared to their CB1 knockout littermates [308].
Furthermore, rimonabant has been shown to reduce voluntary alco-
hol intake in wild-type but not in CB1 receptor knockout mice
[308]. Similarly, administration of rimonabant significantly reduced
alcohol and sucrose intake in C57BL/6x129/0Ola mice and had no
effect in CB1 receptor knockout C57BL/6x129/0Ola mice [238].
Alcohol and sucrose intake were significantly reduced in CB1 re-
ceptor knockout C57BL/6x129/0Ola mice [238]. The age-dependent
decline in the appetite for both alcohol and food was shown using
rimonabant and CB1 receptor knockout mice [308].

Another study not only provides evidence for the participation
of the CB1 receptor in the regulation of voluntary alcohol consump-
tion, but also for some of the acute intoxicating effects caused by
administration of alcohol [210]. Alcohol consumption and prefer-
ence are decreased, whereas alcohol sensitivity and withdrawal
severity are increased, in CB1 receptor knockout mice [210]. CB1
receptor knockout mice showed an increase in alcohol withdrawal-
induced convulsions, suggesting that alcohol consumption is also
inversely related to alcohol withdrawal severity. In another study,
CBI1 knockout mice (CD1 background) were more sensitive to the
hypothermic and sedative/hypnotic effects of alcohol than wild-type
mice [210]. CB1 knockout mice displayed a significant decrease in
locomotor activity following injection of alcohol (1-2.5g/kg) [210].

Current Neuropharmacology, 2007, Vol. 5, No. 2 91

Alcohol self-adminis-trations and alcohol withdrawal severity have
been shown to have an inverse genetic relationship [64]. Rodents
selectively bred for low alcohol intake showed greater alcohol
withdrawal severity than did rodents selectively bred for high alco-
hol intake [53, 54, 65, 169]. Importantly, analysis of recombinant
inbred strains for alcohol withdrawal severity led to identification
of a quantitative trait locus on chromosome 4 in close proximity to
the CB1 receptor gene [41, 42]. Furthermore, CB1 receptor expres-
sion has been shown to be increased in the rat medial frontal cortex
after intermittent exposure to alcohol [248]. However, chronic al-
cohol exposure has been shown to reduce CB1 receptor gene ex-
pression in the rat caudate-putamen, ventromedial nucleus of the
hypothalamus, and the CA1 and CA2 fields of the hippocampus;
conversely, chronic alcohol exposure increases CB1 receptor gene
expression in the dentate gyrus [224]. Alcohol withdrawal symp-
toms observed in CB1 receptor wild-type mice were abolished in
CBI receptor knockout mice [242]. A decreased expression and
activity of FAAH was found in the prefrontal cortex (PFC) of alco-
hol-preferring rats with a compensatory down-regulation of CB1
signaling [136]. Furthermore, intra-PFC injections of the FAAH
inhibitor (URB597) increased alcohol self-administration in Wistar
rats [136]. Recently, increased alcohol consumption and preference
and decreased alcohol sensitivity were observed only in female
mice but not in male FAAH knockout mice [24]. These results sug-
gest that impaired FAAH function may present a phenotype of high
voluntary alcohol consumption, and identify FAAH both as a regu-
lator of endocannabinoid function and a possible therapeutic target
for alcohol-related disorders. These data collectively indicate that
the endocannabinoid system could be important for alcohol’s rein-
forcing effects. These findings are significant for the development
of potential therapeutic strategies for the treatment of alcoholism
and addiction in general.

Therapeutic Opportunity

Even though the detailed pathophysiology of the endocannabi-
noid system is not yet fully understood, there is already overwhelm-
ing evidence indicating that a pharmacological modulation of the
endogenous cannabinoid system could provide new tools for a
number of disease states, including drug addiction. In terms of drug
development, the CB1 receptor antagonist rimonabant (Fig. 8) has
progressed furthest and is in late phase 111 trials for the treatment of
obesity and as an aid for smoking cessation [60, 298]. An NIAAA
clinical study of the efficacy of rimonabant to reduce voluntary
alcohol drinking is in phase I trials. Pending the results of the clini-
cal trials, rimonabant could become an important addition to the
limited arsenal of effective treatments for alcoholism. During dis-
ease or drug abuse, including alcohol abuse, there are changes in
endocannabinoid levels in various regions of the brain [11, 20, 258,
307]. Therefore, drugs or agents which regulate the level of endo-
cannabinoids by inhibiting their metabolism (FAAH inhibitors such
as URB597) or uptake (AM404) or synthesis (orlistat) could locally
target sites while limiting the effects on uninvolved cognitive areas,
and would thus be expected to have a higher therapeutic value [24,
136]. Recent evidence suggests that the blockade of CB1 receptors
with rimonabant might be beneficial to alleviate motor inhibition
typical of Parkinson's disease (PD) [123]. In addition to rimona-
bant, several specific endocannabinoid transport inhibitors, FAAH
and MAGL inhibitors which regulate brain endocannabinoid levels
might have a therapeutic value in the protection against AB-induced
neurodegeneration [297] and memory deficit in rodents [194]. En-
docannabinoid interactions with the dopamine system have been
offered as a possible mechanism for some of the therapeutic poten-
tial of cannabinoid-based drugs in alcoholism. A recent study pro-
vides evidence of the ability of rimonabant to mitigate alcohol-
withdrawal symptoms and block the formation of physical depend-
ency by inhibiting alcohol intake. Recent data on the role of CB1
receptors in alcohol drinking behavior, including alcohol tolerance,
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as discussed above collectively suggest that agents such as CB1
receptor antagonists, including rimonabant, will be promising
therapeutic agents for the treatment of alcohol abuse.

Cl

Rimonabant

Fig. (8). Molecular structure of CB1 receptor-selective antago-
nist/inverse agonist, rimonabant. Rimonabant (SR141716A) is highly
potent and selective CB1 receptor ligand that readily prevents and reverses
CB1 mediated effects both in vitro and in vivo [148].
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