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ABSTRACT

It is now well established that the psychoactive effects of
Cannabis sativa are primarily mediated through neuronal
CBI1 receptors, while its therapeutic immune properties
are primarily mediated through CB2 receptors. Two endo-
cannabinoids, arachidonoylethanolamide and 2-arachi-
donoylglycerol, have been identified, their action on CB1
and CB2 thoroughly characterized, and their production
and inactivation elucidated. However, many significant
exceptions to these rules exist. Here we review the evi-
dence suggesting that cannabinoids can modulate synaptic
transmission, the cardiovascular system, and the immune
system through receptors distinct from CB1 and CB2, and
that an additional “independent” endocannabinoid sig-
naling system that involves palmitoylethanolamide may
exist.

KEYWORDS: drug of abuse, cannabinoids, marijuana,
receptor

INTRODUCTION

Cannabis sativa, also known as marijuana or hashish
depending on the particular preparation, is both a wide-
spread illegal drug of abuse and a well-recognized medici-
nal plant.!2 A current challenge in pharmacology is to
increase our understanding of the molecular mechanisms
underlying the abuse property of C sativa in order to
develop means to prevent it. Another challenge is to iso-
late the bioactive components that impart the medicinal
properties ascribed to this plant with the goal of develop-
ing novel, cannabinoid-based therapeutics devoid of
adverse effects. After approximately 40 years of research,
we have a much clearer understanding of the pharmacol-
ogy and molecular mechanisms mediating the bioactivity
of plant-derived cannabinoid compounds, the phytocan-
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nabinoids, and are getting much closer to overcoming
these 2 challenges.

C sativa contains ~60 phytocannabinoids, a handful of which
are bioactive as defined by their ability to specifically inter-
act with membrane-associated receptors, the cannabinoid
receptors. The best-known phytocannabinoid is A%-tetrahy-
drocannabinol (THC),? which is thought to mediate most—if
not all—of the psychotropic and addictive properties of C
sativa.* Recent evidence suggest that some of the antiinflam-
matory properties of C sativa may be accounted for by can-
nabinol (CBN) and cannabidiol (CBD), 2 nonpsychotropic
phytocannabinoids that constitute promising lead com-
pounds to develop cannabinoid-based antiinflammatory
medicines.>-® Thus, while some might focus on THC to study
the psychotropic and addictive properties of C sativa, others
might focus on CBN and CBD as a means to develop
cannabinoid-based antiinflammatory therapeutics devoid of
adverse effects. Here we will review our current understand-
ing of the cannabinoid receptors that mediate the effects of
cannabinoids and provide examples of the biological func-
tions regulated by them, with a special emphasis on those
receptors that have been pharmacologically characterized
and yet still remain to be cloned. We will also review our
current understanding of the endogenous cannabinoids, the
endocannabinoids, with a special emphasis on palmitoyleth-
anolamide (PEA), whose production and inactivation can
occur independently of other endocannabinoids, and whose
biological effects are mediated by interactions with one of
the novel cannabinoid receptors.

Cannabinoids Activate at Least 5 Distinct
Cannabinoid Receptors

Two cannabinoid receptors, CB1 and CB2, have been iden-
tified by molecular cloning and are unambiguously estab-
lished as mediators of the biological effects induced by
cannabinoids, either plant derived, synthetic, or endoge-
nously produced. CB1 and CB2 are 7 transmembrane Gi/
o-coupled receptors that share 44% protein identity and
display different pharmacological profiles and patterns of
expression,’-8 a dichotomy that provides a unique opportu-
nity to develop pharmaceutical approaches. Studies per-
formed with CB1~/~ and/or CB2™~ mice identified additional
cannabinoid receptors, 3 of which will be discussed below.
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CB1 Receptors

The vast majority of CBI1 receptors are expressed in the
central nervous system (CNS), and their distribution in this
tissue has been documented in detail using highly specific
antibodies and CB17/~ tissue controls. The current picture
depicts abundant presynaptic expression in the adult
mammalian brain.’ In some cases, these receptors are also
present on the dendrites and soma of neurons,!? although at
lower levels and frequency than their presynaptic counter-
parts. CB1 receptors are also expressed at low levels by
various astrocytes, oligodendrocytes, and neural stem
cells.!-13 To the best of our knowledge, expression of CB1
receptors in situ by ependymal cells and/or microglia has
not been reported.

CBI receptors couple to Gi/o proteins and, under specific
conditions, also to Gs proteins (only when other Gi/o
protein-coupled receptors are concomitantly activated).!4!5
By coupling to Gi/o proteins, CB1 receptors regulate the
activity of many plasma membrane proteins and signal
transduction pathways, including ion channels, enzymes
producing cyclic nucleotide second messengers, and vari-
ous kinases. Thus, depending on the coupling and cell type
expressing CB1 receptors, cannabinoids may regulate dis-
tinct cell functions. For example, activation of presynaptic
CBI1 receptors inhibits N-type calcium channels, thus reduc-
ing synaptic transmission.? It is likely that THC induces
most—if not all—of its acute cognitive and intoxicating
effects through this molecular mechanism.!¢ Whether THC
produces its effect by partially activating CB1 receptors
or antagonizing the action of endocannabinoids on this
receptor remains an open question.!”-18 Activation of CB1
receptors expressed on the somata of neurons increases Erk
activity and induces brain-derived neurotrophic factor
(BDNF) expression.1? It is likely that the neuroprotective
properties of cannabinoids are in part mediated through
this mechanism. Recent evidence shows that CB1 receptor
may also control the fate of neural stem cells, the outgrowth
of neurites and the formation of functional synapses, empha-
sizing the importance of this receptor in the remodeling
of neuronal networks.!3-19-21 Note that blood-derived leuko-
cytes also express CB1 receptors,?? suggesting that under
neuropathological conditions, whereby the blood brain
barrier is disrupted, cannabinoids accumulating in the CNS
likely activate CB1 receptors expressed by invading
leukocytes and thereby modulate the development of
neuroinflammation.?3-25

CB2 Receptors

Under nonpathological conditions, CB2 receptors are pri-
marily expressed by leukocytes (with a rank order of B
cells > natural killer [NK] cells >> monocytes/macrophages
> neutrophils > CD8* T cells > CD4* T cells). Furthermore,

experiments performed with CB27~ mice show that canna-
binoids engaging these receptors lead to changes in immune
responses, particularly at the level of macrophage-induced
helper T-cell activation.$:22.26 CBN is more efficacious at
CB2 receptors than THC,2” making this phytocannabinoid
more likely to account for the antiinflammatory properties
of C sativa. For example, activation of CB2 receptors inhib-
its the ability of macrophages to process antigens and prime
helper T cells2-28-31 and at high concentrations may induce
immune cell apoptosis.3?

While many laboratories have reported the absence of CB2
receptor expression in healthy brain,82233-36 3 new study
has found that neurons located in specific brain structures,
such as the brain stem, express detectable levels of CB2
mRNA and functional receptors, the activation of which is
thought to regulate emesis.3” Furthermore, while resting
microglia present in healthy CNS tissue express few—if
any—CB?2 receptors, activated microglial cells, such as
those found in mouse models of multiple sclerosis and
Alzheimer’s disease, express significant levels of CB2
receptors.33:39 This result is not surprising since pathologi-
cal conditions are known to induce CB2 receptor expression
in leukocytes.3¢ Microglial cells in culture, which by default
are considered chronically activated, also express CB2
receptors, particularly at the leading edges of lamellipodia,
protrusions involved in cell migration.*? Accordingly, appli-
cation of CB2 agonists induces cell migration, a response
that can be extended to other CB2-expressing cells.*1-43
Furthermore, several laboratories have shown that CB2
agonists reduce the release of cytotoxins by immune cells
and increase their proliferation rate.#447 Taken together,
these studies suggest that the ability of CB2-selective com-
pounds to reduce inflammation might be caused by an
increase in proliferation and recruitment of immune cells, in
particular a population of immune cells that do not release
detrimental mediators and thus could be involved in the
immune-mediated repair of damaged tissue. Again, blood-
derived leukocytes expressing CB2 receptors and invading
the CNS via a disrupted blood brain barrier are likely to be
activated by cannabinoids accumulating in the CNS and to
modulate the development of neuroinflammation. Whether
astrocytes and endothelial cells express CB2 receptors
remains controversial as control experiments using CB27/~
tissue have yet to be performed.

Similar to CB1 receptors, CB2 receptors also couple to
Gi/o proteins and regulate the activity of signal transduc-
tion pathways, including enzymes that produce cyclic
nucleotide second messengers and various kinases. Accord-
ingly, increased Erk activity via activation of CB2 recep-
tors induces immune cell migration and changes in gene
expression.*%4 When expressed in AtT-20 cells, CB2
receptors do not modulate ion conductances, making this
function unique to CB1 receptors.?’ This result poses an
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intriguing question: considering that some neurons express
CB2 receptors, does activation of this receptor affect the
firing rate of these neurons and, if so, through what signal
transduction pathway?

Two Endocannabinoids

The existence of cannabinoid receptors and the biological
effects induced by cannabinoids suggests the existence of
endocannabinoids that normally engage these receptors.
Arachidonoylethanolamide (AEA), also known as anan-
damide, was identified in 1992 by Devane and colleagues
and shown to bind with high affinity to CB1 receptors.*?
Since then, AEA has been extensively studied and shown
to fulfill the 3 criteria necessary to be considered a bona
fide endocannabinoid: (1) activity-dependent production,
(2) functional activation of cannabinoid receptors, and (3)
biological inactivation.

Activity-dependent production of AEA was demonstrated
in neurons in primary culture and in the brain of freely mov-
ing rats using microdialysis.’%-52 The molecular mechanism
underlying AEA biosynthesis and hydrolysis is beginning to
be understood. Depending on the cell type, stimuli that
increase intracellular concentrations of calcium increase
AEA production.3%-53 Calcium-dependent increases in AEA
production are likely mediated through calcium-dependent
increases in the activity of acyltransferase, the enzyme
that generates the AEA precursor N-arachidonylphosphati-
dylethanolamide (NAPE).>*3 A recently cloned NAPE-
phospholipase D may be responsible for cleaving this
precursor.’® Thus, unlike classical transmitter substances,
AEA is produced upon demand by enzymatic cleavage of
membrane lipid precursors and immediately extruded from
cells without an intermediate step of vesicle storage, a fea-
ture reminiscent of other lipid-derived mediators.’” AEA
production is not restricted to neurons since many different
cell types, including astrocytes and microglial cells, also
produce this ligand.40-8-62

AEA activates the signal transduction pathways coupled to
CBI receptors, although it has a low intrinsic efficacy.?
Injection of AEA into rodents mimics most of the effects
produced by THC,* although inactivation of its degrada-
tion is often necessary to see biological effects.®> AEA also
binds CB2 receptors, acting as a partial agonist, or antago-
nist, %067 effects that might have some relevance in modulat-
ing inflammation.

Strong genetic and pharmacological evidence has demon-
strated that fatty acid amide hydrolase (FAAH) inactivates
AEA.%5-68 Of interest, other enzymes may also metabolize
AEA, including cyclooxygenases and lipooxygenases.®%:70
Their respective involvement in AEA inactivation in intact
cells, especially when FAAH is also expressed, is starting to
be unraveled.”!:2

In 1995, the laboratories of Raphael Mechoulam and Keizo
Waku simultaneously reported a second endogenous ligand,
2-arachidonylglycerol (2-AG).7>-7* Neuronal activity en-
hances 2-AG synthesis, its levels reaching 100 times that of
AEA.75> While classic studies have shown that 2-AG is pro-
duced through the phospholipase C (PLC)/diacylglycerol
lipase (DGL) pathway, %77 more recent genetic studies show
that PLCB1 and PLCPB4 mediate 2-AG biosynthesis in pyra-
midal and Purkinje neurons, respectively,’®7 and that there
exist 2 subtypes, o and B, of DGL directly controlling its
biosynthesis. 80

2-AG activates CB1 and CB2 receptors with distinct phar-
macological profiles, is carried into cells by a “yet-to-be”
cloned transporter, and is inactivated by monoacylglycerol
lipase (MGL).21-8% When MGL protein is fully knocked
down by RNA interference (RNAi), 50% of the 2-AG
hydrolyzing activity remains in cell homogenates, indicat-
ing that additional enzymes may hydrolyze this lipid.3?
Prime candidates are FAAH and the cyclooxygenases.36-87

In summary and as a first approximation, psychoactive
effects of cannabis are primarily mediated by neuronal CB1
receptors, while immune effects are primarily mediated by
CB2 receptors. Two endocannabinoids have been identified,
their action on either CB1 or CB2 is thoroughly character-
ized, and their production and inactivation elucidated;
however, many significant exceptions to these rules exist.
Indeed, convincing evidence now suggests that specific can-
nabinoid effects on synaptic transmission, the cardiovascu-
lar system, and immune system are mediated by cannabinoid
receptors distinct from CB1 and CB2, and that additional
“independent” endocannabinoids exist. Below we will
briefly review this evidence.

Non-CB1/CB2 Receptors on Neurons

Three sets of experiments, each using the approach of apply-
ing cannabinoids to CB17/~ mice, support the existence of
non-CB1/CB2 receptors regulating synaptic transmission.
The first were experiments examining GTPyS binding in
brain membranes prepared from CB17~ mice. Breivogel
and colleagues found that AEA and the aminoalkylindole
WINS55,212-2 stimulated GTPyS binding in brain homoge-
nates prepared from these mice.88% The regional distribu-
tion of GTPvyS binding only partially overlapped those of
CBI1 or CB2 receptors, emphasizing that these novel recep-
tors likely have a distinct physiological role. Furthermore,
this novel receptor was stimulated by WIN55,212-2 and
anandamide but not by CP55,940, HU210, or THC and was
only weakly antagonized by SR141716A, emphasizing a
pharmacology divergent from CB1 and CB2.

The second set of experiments supporting the existence of
non-CB1/CB2 cannabinoid receptor(s) examined glutama-
tergic transmission in CA1l of mouse hippocampus.?0-2!
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Hajos and colleagues found that WIN55,212-2 and CP55,940
inhibited excitatory transmission with equal efficacy in
wild-type and CB17~ mice. Of interest, a recent report
showed that while CD1 mice had this response, the C57BL-
6 strain did not.%? This inhibitory effect of WIN55212-2 and
CP55940 was abolished by SR141716 and capsazepine but
was unaffected by the SR141716 analog, AM251.90 As
WINS55,212-2 and CP55,940 do not interact with TRPV1
channels, it is unlikely that TRPV1 mediates this response.
Additional evidence suggested that these novel receptors
are involved in endocannabinoid-mediated short-term plas-
ticity. Specifically, Rouach and Nicoll® found that activa-
tion of group I metabotropic glutamate receptors in CB17/~
mice causes short-term depression of excitatory transmis-
sion in the hippocampal CA1 region that is blocked by
SR141716. A pharmacologically similar receptor is also
present on amygdala projection neurons, and this novel
receptor likely plays a role in anxiety, as shown by antago-
nist experiments in rodents.?*

The third set of experiments examined the analgesic effi-
cacy of THC in spinal cord. Welch and coworkers found
that the rank order potency of SR141716A in blocking anal-
gesia produced by THC, anandamide, and CP55,490 dif-
fered from that predicted by a CB1-mediated response.”3-%¢
In addition, there were also differences in the synergy
between morphine and THC compared with morphine and
AEA or CP55,940, suggesting the involvement of a novel
receptor.

Non-CB1/CB2 Receptors in the Vasculature

Very strong evidence for non-CB1/CB2 cannabinoid
receptors comes from a continuing series of investigations
performed by several laboratories studying the effects of
cannabinoids on the vasculature.”” Essentially the findings
are that certain cannabinoids cause vasodilation and hypo-
tension in the absence of CB1, CB2, or TRPV1 receptor
activation. The best-characterized response is in mesenteric
vessels,”® in which AEA and its analog methanandamide
cause vasodilation, while synthetic cannabinoids and THC
do not. This response is sensitive to high concentrations (>1
uM) of SR141716A. Similar to the inhibitory effect on hip-
pocampal glutamatergic transmission described above, the
SR141716A analog AM251 does not antagonize this novel
receptor. The response is, however, sensitive to pertussis
toxin, implicating Gi or Go proteins in the signaling path-
way. An important pharmacological tool for non-CB1/CB2
cannabinoid receptors that emerged from these studies is
the cannabidiol analog, abnormal cannabidiol (abn-CBD).%8
Abn-CBD functions as an agonist at some of these novel
cannabinoid receptors, is inactive at CB1 and CB2 recep-
tors, and is antagonized by both cannabidiol and O-1918, a
synthetic cannabidiol analog.”® Several lines of evidence

suggest that endothelial cells express this novel cannabinoid
receptor, and its activation leads to the release of nitric
oxide, culminating in the opening of potassium channels on
vascular smooth muscle and leading to relaxation and vaso-
dilation.!% Although there are strong pharmacological par-
allels between the vascular and hippocampal novel receptors,
there are some notable differences. For example, the vascu-
lar receptor is insensitive to potent synthetic cannabinoids.
It is possible that such differences arise from distinct recep-
tor entities, the specific cellular context in which the recep-
tor is expressed or receptor dimerization.

Non-CB1/CB2 Receptors on Immune Cells

Immune cells express both CB1 and CB2 receptors, the
levels of which vary depending on the activation state of
immune cells. For example, while mature B cells express
high levels of CB1 and CB2 receptors, naive T cells express
very low levels of either receptor.!%! Strong evidence sug-
gests that cannabinoids interact with CB1 and CB2 recep-
tors expressed by immune cells, increasing their proliferation
rate and survival, while inhibiting the production of various
immune mediators such as cytokines.!0%103 Ag such, many
of the therapeutic, anti-inflammatory properties attributed
to C sativa intake likely occur through this mechanism. Yet
recent convincing evidence shows that immune cells likely
express at least one additional cannabinoid receptor. These
experiments were performed with palmitoylethanolamide
(PEA, an analog of anandamide that contains a 16:0 fatty
acid moiety instead of 20:4 for AEA), which has received
considerable attention because of its antiinflammatory prop-
erties.!%* Piomelli and colleagues, and, simultaneously, Rice
and colleagues, found that PEA reduces the pain associated
with an inflammatory response.3%105 This analgesic effect
of PEA likely involves a novel cannabinoid receptor because
SR144528, a well-characterized CB2 antagonist, blocked
the analgesia, yet PEA does not bind to CB2 receptors.®¢
Two hypotheses stem from these results: (1) PEA might
interact with a novel cannabinoid receptor that is antago-
nized by SR144528 (thus this antagonist is not specific for
CB2 receptors), or (2) PEA might stimulate a novel can-
nabinoid receptor that couples to phospholipases C and
diacylglycerol lipase, increases 2-AG production, and thus
indirectly activates CB2 receptors. Currently, the signal
transduction pathway(s) coupled to the novel PEA-sensitive
receptor is unknown.

PEA: An Independent Endocannabinoid?

Results showing that PEA interacts with a distinct non-CB1/
CB2 receptor suggest that this lipid might constitute a
unique “parallel” endocannabinoid signaling system. Pro-
viding support to this concept is the evidence that PEA
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production and inactivation can occur independently of
AEA and 2-AG production and inactivation. Specifically,
in rodent cortical neurons, general activity-dependent
production of AEA, 2-AG, and PEA occurs concomi-
tantly.30:106.107 Yet, subsequent studies showed that 2-AG
production can be increased independently when N-methyl-
D-aspartate (NMDA) receptors are activated, while
increased AEA and PEA production requires addition of
carbachol.1%® A more detailed pharmacological study
showed that activation of nicotinic receptors increases AEA
production, while activation of muscarinic receptors
increases PEA production. Thus, although biosynthesis of
all endocannabinoids in this model system is contingent on
NMDA-receptor occupation, increased AEA production
requires the co-activation of a7 nicotinic receptors, while
increased PEA production requires the co-activation of
muscarinic receptors. This finding suggests that glutamate
and acetylcholine may elicit the biosynthesis of different
endocannabinoids depending on the complement of cholin-
ergic receptors expressed in their target neurons. Additional
evidence for independent production of AEA, 2-AG,
and PEA comes from experiments performed on mouse
astrocytes in culture. In this model, the calcium ionophore
ionomycin and the peptide endothelin-1 increase the pro-
duction of both AEA and 2-AG, while PEA levels remain
unchanged.!9%-110 The notion that PEA might be indepen-
dently produced also holds true in vivo.!'! For example, in
the case of focal cerebral ischemia, PEA levels in ischemic
cerebral cortex increase ~25-fold compared with sham-
operated animals, while AEA levels increase by barely
3-fold and 2-AG levels remain unchanged.

Novel evidence shows that PEA inactivation can also occur
independently from that of AEA and 2-AG. The laboratory
of Natsuo Ueda discovered the existence of a unique enzyme
capable of hydrolyzing PEA to much greater extent than
AEA and 2-AG. The original observation was obtained with
homogenates prepared from human megakaryoblastic cells
(CMK), in which AEA hydrolysis occurred with low activ-
ity and a strikingly different pH profile from that of FAAH.!12
Specifically, while FAAH is known to maximally hydrolyze
AEA at pH 9 (with this activity dropping by 70% at pH 5),
CMK cells were shown to maximally hydrolyze AEA at pH
5 (with this activity dropping by 95% at pH 9). Using an
elegant 4-step purification approach, Ueda and colleagues
were able to purify this novel enzymatic activity by 760-
fold, obtain partial protein sequence, and clone a cDNA
encoding this protein, which was named N-acylethanol-
amine-hydrolyzing acid amidase (NAAA).!13 When assess-
ing its substrate specificity, it became clear that this enzyme
preferred PEA over AEA (having hydrolytic activities
toward these substrates of 8 and 0.25 nmol/min/mg, respec-
tively). Besides a distinct pH profile and substrate specific-
ity, NAAA has additionally very interesting properties. It is

highly expressed in spleen and thymus, as well as in macro-
phages homing to the lungs and small intestine, highlight-
ing its potential importance in regulating PEA signaling in
the context of immunobiology. Here, it should be empha-
sized that NAAA expression and activity are quite low in
healthy brain.!13

The laboratory of Didier Lambert developed a competitive
inhibitor of NAAA, N-cyclohexanecarbonylpentadecylam-
ine, which has an IC50 of 5 uM and is inactive against
FAAH at 100 uM.!'4 When considering that methyl arachi-
donoyl fluorophosphonate (MAFP) and URB597 inhibit
FAAH with nanomolar IC50s and are both inactive against
NAAA at a concentration of 1 uM, experiments designed to
use these compounds in combination may be useful to dis-
tinguish the biological importance of either PEA or AEA
hydrolysis in various biological responses.!14:115

This series of studies raises many fascinating questions: for
example, “What is the subcellular location of NAAA and
does it differ from FAAH?” The pH profile of NAAA is
quite intriguing. With maximal NAAA activity occurring at
pH 5 and only 10% of this activity remaining at pH 7 (ie, the
cytosolic pH), one wonders if NAAA might be active only
in lysosomes. Accordingly, NAAA-GFP (green fluorescent
protein) fusion protein localized to lysosome-like vesi-
cles.!!3 This result is quite interesting when considering that
FAAH is also abundant in intracellular organelles such as
mitochondria and the smooth endoplasmic reticulum.!!®
Clearly, elucidating the exact biological role of NAAA will
be facilitated by genetic studies similar to those performed
on FAAH. Finally, while AEA and 2-AG hydrolysis give
rise to new bioactive lipids (ie arachidonic acid and eicos-
anoids), PEA hydrolysis gives rise to 2 relatively inactive
products, palmitic acid and ethanolamine, suggesting that
the role of NAAA is to truly stop biological responses initi-
ated by increases in PEA production.

Is GPRS55 the Cannabinoid Receptor Engaged by PEA?

GPRS55 was first identified as an orphan G protein coupled
receptor (GPCR) enriched in brain.!7 Its gene is located on
chromosome 2 (location: 2q37) in mice and chromosome 6
in humans, and its open reading frame encodes a relatively
short 319 amino acid protein. Using Northern blot analysis
of human tissues, GPR55 mRNA was found in caudate and
putamen, but not in frontal cortex, hippocampus, thalamus,
pons, cerebellum, or liver.!'7 Northern blot analysis of rat
tissues showed GPR55 mRNA in spleen, fetal tissues, and
intestine. Further in situ hybridization studies found GPRS55
mRNA in rat hippocampus, thalamus, and midbrain.!!” The
difference between the human and rat CNS studies may
represent sensitivity differences between the 2 specific
techniques, or a variation between species, and invites fur-
ther careful study. A more thorough distribution of human
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GPR55 mRNA has been reported in the patent literature. A
first patent reported the following relative abundance: adi-
pose > testis > myometrium > adenoid = tonsil > spleen >
ilium > brain = stomach.!'® Low levels were found in other
tissues. Synthesis of the above results emphasizes that
GPR55 is highly expressed in tissues known to respond to
cannabinoids.

A very recent second patent application argued that GPR55
might constitute an additional cannabinoid receptor sub-
type.!'” The main findings are as follows: human GPR55
amplified from genomic DNA contains an 11 amino acid sub-
stitution in distal intracellular loop 2 and the fourth transmem-
brane domain not present in the originally reported GPR55
sequence. This variant was termed GPR55A and corresponds
to the Human Genome Project sequence. Phylogenetically,
GPRS55 is closest in sequence to the platelet activating factor
(PAF) purinergic P2Y9 and 2 orphan receptors GPR35 and
GPR92. It has reasonable homology to several other very
interesting GPCR, including P2Y5 and CCRA4. It only shares
13.5% and 14.4% homology with CB1 and CB2, respectively.
When expressed in HEK293 cells, GPR55A bound CP55,940
and SR141716A, but not WINS55,212-2. Signal transduction
was examined using GTPyS binding. A wide range of canna-
binoid compounds stimulated GTPyS binding, including
THC, anandamide, 2-AG, virodhamine, and CP55,940, all
with EC50 values less than 20 nM. Most remarkably, PEA
also stimulated GTPvyS binding with even lower nM potency.
This latter result suggests the exciting possibility that GPR55
may mediate the antiinflammatory effects of PEA discussed
above. Pretreatment of GPR55A expressing HEK293 mem-
branes with pertussis toxin or cholera toxin did not alter
CP55,940 stimulation of GTPyS binding, indicating that, in
contrast to CB1 and CB2 receptors, GPR55A does not acti-
vate Gi, Go, or Gs proteins, at least in HEK293 cells. Thus,
GPRS55(A) represents a new subtype of cannabinoid receptor
with ligand binding and signaling profiles distinct from those
of CB1 and CB2.

CONCLUSION

The results discussed above clearly argue for the existence
of multiple cannabinoid receptors, specifically the cloned
CB1 and CB2 receptors, and at least 3 non-CB1/CB2 can-
nabinoid receptors. Owing to their expression profile and
coupling mechanism, each receptor likely mediates distinct
effects of phytocannabinoids and endocannabinoids. In
addition, strong evidence implicates PEA as an inflamma-
tory modulator acting via a non-CB1/CB2 cannabinoid
receptor. While recent data suggest that this latter receptor
might be GPR55, many key experiments remain to be done,
such as determining the precise pharmacology of this recep-
tor, its coupling capabilities and expression pattern. The
existence of different enzymatic routes for the formation of

AEA, 2-AG, and PEA suggests that these endocannabinoids
may operate independently from each other.

While the place that cannabinoid receptors occupy in the
field of pharmacology research is still evolving, strong evi-
dence implicates their ability to regulate neuronal, vascular,
and immune functions. An understanding of the expression,
function, and regulation of these receptors, the molecular
mechanism involved in the production and inactivation of
their endogenous ligands, and how phytocannabinoids inter-
fere with this signaling system is clearly important if we are
rationally and comprehensively to assess the function of the
cannabinoid signaling system in human health and disease.

ACKNOWLEDGEMENTS

This work was supported by the National Institute on Drug
Abuse.

REFERENCES

1. Watson SJ, Benson JA, Joy JE. Marijuana and medicine: assessing
the science base. Arch Gen Psychiatry. 2000;57:547-552.

2. Iversen LL. The Science of Marijuana. Oxford, UK: Oxford
University Press; 2000.

3. Gaoni Y, Mechoulam R. Isolation, structure and partial synthesis of
an active constituent of hashish. J Am Chem Soc. 1964;86:1646-1647.

4. Hall W, Solowij N. Adverse effects of cannabis. Lancet.
1998;352:1611-1616.

5. Malfait AM, Gallily R, Sumariwalla PF, et al. The nonpsychoactive
cannabis constituent cannabidiol is an oral anti-arthritic therapeutic in
murine collagen-induced arthritis. Proc Natl Acad Sci USA.
2000;97:9561-9566.

6. Herring AC, Kaminski NE. Cannabinol-mediated inhibition of
nuclear factor-kB, cAMP response element-binding protein, and
interleukin-2 secretion by activated thymocytes. J Pharmacol Exp Ther.
1999;291:1156-1163.

7. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI.
Structure of a cannabinoid receptor and functional expression of the
cloned cDNA. Nature. 1990;346:561-564.

8. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a
peripheral receptor for cannabinoids. Nature. 1993;365:61-65.

9. Freund TF, Katona I, Piomelli D. Role of endogenous cannabinoids
in synaptic signaling. Physiol Rev. 2003;83:1017-1066.

10. Marsicano G, Goodenough S, Monory K, et al. CB1 cannabinoid
receptors and on-demand defense against excitotoxicity. Science.
2003;302:84-88.

11. Rodriguez JJ, Mackie K, Pickel VM. Ultrastructural localization of
the CB1 cannabinoid receptor in p-opioid receptor patches of the rat
caudate putamen nucleus. J Neurosci. 2001;21:823-833.

12. Molina-Holgado E, Vela JM, Arévalo-Martin A, et al. Cannabinoids
promote oligodendrocyte progenitor survival: involvement of
cannabinoid receptor and phosphatidyllinositol-3 kinase/Akt signaling.
J Neurosci. 2002;22:9742-9753.

13. Aguado T, Monory K, Palazuelos J, et al. The endocannabinoid
system drives neural progenitor proliferation. FASEB
J.2005;19:1704-1706.

E303



The AAPS Journal 2006; 8 (2) Article 34 (http://www.aapsj.org).

14. Felder CC, Veluz JS, Williams HL, Briley EM, Matsuda LA.
Cannabinoid agonists stimulate both receptor- and non-receptor-
mediated signal transduction pathways in cells transfected with and
expressing the cannabinoid receptor clones. Mol Pharmacol.
1992;42:838-845.

15. Glass M, Felder CC. Concurrent stimulation of cannabinoid CB1
and dopamine D2 receptors augments cAMP accumulation in striatal
neurons: evidence for a Gs linkage to the CB1 receptor. J Neurosci.
1997;17:5327-5333.

16. Huestis MA, Gorelick DA, Heishman SJ, et al. Blockade of effects
of smoked marijuana by the CBl-selective cannabinoid receptor
antagonist SR141716. Arch Gen Psychiatry. 2001;58:322-328.

17. Straiker A, Mackie K. Depolarization-induced suppression of
excitation in murine autaptic hippocampal neurones. J Physiol.
2005;569:501-517.

18. Kelley BG, Thayer SA. Delta 9-tetrahydrocannabinol antagonizes
endocannabinoid modulation of synaptic transmission between
hippocampal neurons in culture. Neuropharmacology.
2004;46:709-715.

19. Jordan JD, He JC, Eungdamrong NJ, et al. Cannabinoid receptor-
induced neurite outgrowth is mediated by Rap1 activation through
G(alpha)o/i-triggered proteasomal degradation of Rap1 GAPII.

J Biol Chem. 2005;280:11413-11421.

20. Kim D, Thayer SA. Cannabinoids inhibit the formation of new
synapses between hippocampal neurons in culture. J Neurosci.
2001;21:RC146.

21. Jin K, Xie L, Kim SH, et al. Defective adult neurogenesis in CB1
cannabinoid receptor knockout mice. Mol Pharmacol.
2004;66:204-208.

22. Galiegue S, Mary S, Marchand J, et al. Expression of central and
peripheral cannabinoid receptors in human immune tissues and
leukocyte subpopulations. Eur J Biochem. 1995;232:54-61.

23. Patrini G, Sacerdote P, Fuzio D, Manfredi B, Parolaro D. Regulation
of immune functions in rat splenocytes after acute and chronic in vivo
treatment with CP-55,940, a synthetic cannabinoid compound.

J Neuroimmunol. 1997;80:143-148.

24. Richardson JD, Kilo S, Hargreaves KM. Cannabinoids reduce
hyperalgesia and inflammation via interaction with peripheral CB1
receptors. Pain. 1998;75:111-119.

25. Massi P, Fuzio D, Vigano D, Sacerdote P, Parolaro D. Relative
involvement of cannabinoid CB1 and CB2 receptors in the A%-
tetrahydrocannabinol-induced inhibition of natural killer activity. Eur J
Pharmacol. 2000;387:343-347.

26. Buckley NE, McCoy KL, Mezey E, et al. Immunomodulation by
cannabinoids is absent in mice deficient for the cannabinoid CB(2)
receptor. Eur J Pharmacol. 2000;396:141-149.

27. Felder CC, Joyce KE, Briley EM, et al. Comparison of the
pharmacology and signal transduction of the human cannabinoid CB1
and CB2 receptors. Mol Pharmacol. 1995;48:443-450.

28. Hanus L, Breuer A, Tchilibon S, et al. HU-308: a specific agonist for
CB2, a peripheral cannabinoid receptor. Proc Natl Acad Sci USA.
1999;96:14228-14233.

29. Conti S, Costa B, Colleoni M, Parolaro D, Giagnoni G.
Antiinflammatory action of endocannabinoid palmitoylethanolamide
and the synthetic cannabinoid nabilone in a model of acute
inflammation in the rat. Br J Pharmacol. 2002;135:181-187.

30. McCoy KL, Gainey D, Cabral GA. A%-tetrahydrocannabinol
modulates antigen processing by macrophages. J Pharmacol Exp Ther.
1995;273:1216-1223.

31. McCoy KL, Matveyeva M, Carlisle SJ, Cabral GA. Cannabinoid
inhibition of the processing of intact lysozyme by macrophages:
evidence for CB2 receptor participation. J Pharmacol Exp Ther.
1999;289:1620-1625.

32. McKallip RJ, Lombard C, Martin BR, Nagarkatti M, Nagarkatti PS.
Delta(9)-tetrahydrocannabinol-induced apoptosis in the thymus and
spleen as a mechanism of immunosuppression in vitro and in vivo.

J Pharmacol Exp Ther. 2002;302:451-465.

33. Derocq J-M, Ségui M, Marchand J, Le Fur G, Casellas P.
Cannabinoids enhance human B-cell growth at low nanomolar
concentrations. FEBS Lett. 1995;369:177-182.

34. Schatz AR, Lee M, Condie RB, Pulaski JT, Kaminski NE.
Cannabinoid receptors CB1 and CB2: a characterization of expression
and adenylate cyclase modulation within the immune system. Toxicol
Appl Pharmacol. 1997;142:278-287.

35. Sugiura T, Kondo S, Kishimoto S, et al. Evidence that
2-arachidonylglycerol but not N-palmitpylethanolamine or anandamide
is the physiological ligand for the cannabinoid CB2 receptor:
comparison of the agonistic activities of various cannabinoid receptor
ligands in HL-60 cells. J Biol Chem. 2000;275:605-612.

36. Carlisle SJ, Marciano-Cabral F, Staab A, Ludwick C, Cabral

GA. Differential expression of the CB2 cannabinoid receptor by rodent
macrophages and macrophage-like cells in relation to cell activation.
Int Immunopharmacol. 2002;2:69-82.

37. Van Sickle MD, Duncan M, Kingsley PJ, et al. Identification and
functional characterization of brainstem cannabinoid CB2 receptors.
Science. 2005;310:329-332.

38. Maresz K, Carrier EJ, Ponomarev ED, Hillard CJ, Dittel BN.
Modulation of the cannabinoid CB2 receptor in microglial cells in
response to inflammatory stimuli. J Neurochem. 2005;95:437-445.

39. Benito C, Nunez E, Tolon RM, et al. Cannabinoid CB2 receptors
and fatty acid amide hydrolase are selectively overexpressed in neuritic
plaques-associated glia in Alzheimer’s disease brains. J Neurosci.
2003;23:11136-11141.

40. Walter L, Franklin A, Witting A, et al. Non-psychotropic
cannabinoid receptors regulate microglial cell migration. J Neurosci.
2003;23:1398-1405.

41. Kishimoto S, Gokoh M, Oka S, et al. 2-Arachidonoylglycerol
induces the migration of HL-60 cells differentiated into macrophage-
like cells and human peripheral blood monocytes through the
cannabinoid CB2 receptor-dependent mechanism. J Biol Chem.
2003;278:24469-24475.

42. Jorda MA, Verbakel SE, Valk PJ, et al. Hematopoietic cells
expressing the peripheral cannabinoid receptor migrate in response to
the endocannabinoid 2-arachidonoylglycerol. Blood.
2002;99:2786-2793.

43. Gokoh M, Kishimoto S, Oka S, et al. 2-Arachidonoylglycerol, an
endogenous cannabinoid receptor ligand, induces rapid actin
polymerization in HL-60 cells differentiated into macrophage-like cells.
Biochem J. 2005;386:583-589.

44. Waksman Y, Olson JM, Carlisle SJ, Cabral GA. The central
cannabinoid receptor (CB1) mediates inhibition of nitric oxide production
by rat microglial cells. J Pharmacol Exp Ther. 1999;288:1357-1366.

45. Klegeris A, Bissonnette CJ, McGeer PL. Reduction of human
monocytic cell neurotoxicity and cytokine secretion by ligands of the
cannabinoid-type CB2 receptor. Br J Pharmacol. 2003;139:775-786.
46. Facchinetti F, Del Giudice E, Furegato S, Passarotto M, Leon A.

Cannabinoids ablate release of TNFa in rat microglial cells stimulated
with lypopolysaccharide. Glia. 2003;41:161-168.

E304



The AAPS Journal 2006; 8 (2) Article 34 (http://www.aapsj.org).

47. Carrier EJ, Kearn CS, Barkmeier AJ, et al. Cultured rat microglial
cells synthesize the endocannabinoid 2-arachidonylglycerol, which
increases proliferation via a CB2 receptor-dependent mechanism.
Mol Pharmacol. 2004;65:999-1007.

48. Derocq J-M, Jbilo O, Bouaboula M, Ségui M, Clére C, Casellas P.
Genomic and functional changes induced by the activation of the
peripheral cannabinoid receptor CB2 in the promyelocytic cells HL-60:
possible involvement of the CB2 receptor in cell differentiation. J Bio/
Chem. 2000;275:15621-15628.

49. Devane WA, Hanus L, Breuer A, et al. Isolation and structure of a
brain constituent that binds to the cannabinoid receptor. Science.
1992;258:1946-1949.

50. Di Marzo V, Fontana A, Cadas H, et al. Formation and inactivation
of endogenous cannabinoid anandamide in central neurons. Nature.
1994;372:686-691.

51. Giuffrida A, Parsons LH, Kerr TM, Rodriguez de Fonseca F,
Navarro M, Piomelli D. Dopamine activation of endogenous
cannabinoid signaling in dorsal striatum. Nat Neurosci. 1999;2:358-363.

52. Walker JM, Huang SM, Strangman NM, Tsou K, Safiudo-Pefia MC.
Pain modulation by release of the endogenous cannabinoid anandamide.
Proc Natl Acad Sci USA. 1999;96:12198-12203.

53. Di Marzo V, De Petrocellis L, Sugiura T, Waku K. Potential
biosynthetic connections between the 2 cannabimimetic eicosanoids,
anandamide and 2-arachidonoyl-glycerol, in mouse neuroblastoma
cells. Biochem Biophys Res Commun. 1996;227:281-288.

54. Cadas H, Schinelli S, Piomelli D. Membrane localization of
N-acylphosphatidylethanolamine in central neurons: studies with
exogenous phospholipases. J Lipid Mediat Cell Signal.. 1996;14:63-70.

55. Sugiura T, Kondo S, Sukagawa A, et al. Transacylase-mediated and
phosphodiesterase-mediated synthesis of N-arachidonoylethanolamine,
an endogenous cannabinoid-receptor ligand, in rat brain microsomes:
comparison with synthesis from free arachidonic acid and ehtanolamine
Eur J Biochem. 1996;240:53-62.

56. Okamoto Y, Morishita J, Tsuboi K, Tonai T, Ueda N. Molecular
characterization of a phospholipase D generating anandamide and its
congeners. J Biol Chem. 2004;279:5298-5305.

57. Piomelli D. The challenge of brain lipidomics. Prostaglandins Other
Lipid Mediat. 2005;77:23-34.

58. Calignano A, La Rana G, Giuffrida A, Piomelli D. Control of pain
initiation by endogenous cannabinoids. Nature. 1998;394:277-281.

59. Felder CC, Nielsen A, Briley EM, et al. Isolation and measurement
of the endogenous cannabinoid receptor agonist, anandamide, in brain
and peripheral tissues of human and rat. FEBS Lett. 1996;393:231-235.

60. Schmid PC, Kuwae T, Krebsbach RJ, Schmid HHO. Anandamide
and other N-acylethanolamines in mouse peritoneal macrophages. Chem
Phys Lipids. 1997;87:103-110.

61. Schmid PC, Paria BC, Krebsbach RJ, Schmid HHO, Dey SK.
Changes in anandamide levels in mouse uterus are associated with
uterine receptivity for embryo implantation. Proc Natl Acad Sci USA.
1997;94:4188-4192.

62. Calignano A, Katona [, Désarnaud F, et al. Bidirectional control of
airway responsiveness by endogenous cannabinoids. Nature.
2000;408:96-101.

63. Mackie K, Devane WA, Hille B. Anandamide, an endogenous
cannabinoid, inhibits calcium currents as a partial agonist in N18
neuroblastoma cells. Mol Pharmacol. 1993;44:498-503.

64. Fride E, Mechoulam R. Pharmacological activity of the cannabinoid

receptor agonist, anandamide, a brain constituent. Eur J Pharmacol.
1993;231:313-314.

65. Cravatt BF, Demarest K, Patricelli MP, et al. Supersensitivity to
anandamide and enhanced endogenous cannabinoid signaling in mice
lacking fatty acid amide hydrolase. Proc Natl Acad Sci USA.
2001;98:9371-9376.

66. Griffin G, Tao Q, Abood ME. Cloning and pharmacological
characterization of the rat CB2 cannabinoid receptor. J Pharmacol Exp
Ther. 2000;292:886-894.

67. Gonsiorek W, Lunn C, Fan X, Narula S, Lundell D, Hipkin RW.
Endocannabinoid 2-arachidonyl glycerol is a full agonist through
human type 2 cannabinoid receptor: antagonism by anandamide. Mol
Pharmacol. 2000;57:1045-1050.

68. Kathuria S, Gaetani S, Fegley D, et al. Modulation of anxiety
through blockade of anandamide hydrolysis. Nat Med. 2003;9:76-81.

69. Hampson AJ, Hill WAG, Zan-Phillips M, et al. Anandamide
hydroxylation by brain lipoxygenase: metabolite structures and
potencies at the cannabinoid receptor. Biochim Biophys Acta.
1995;1259:173-179.

70. Yu M, Ives D, Ramesha CS. Synthesis of prostaglandin E2
ethanolamide from anandamide by cyclooxygenase-2. J Biol Chem.
1997;272:21181-21186.

71. Weber A, Ni J, Ling KH, et al. Formation of prostamides from
anandamide in FAAH knockout mice analyzed by HPLC with tandem
mass spectrometry. J Lipid Res. 2004;45:757-763.

72. Kim J, Alger BE. Inhibition of cyclooxygenase-2 potentiates
retrograde endocannabinoid effects in hippocampus. Nat Neurosci.
2004;7:697-698.

73. Mechoulam R, Ben-Shabat S, Hanus L, et al. Identification of an
endogenous 2-monoglyceride, present in canine gut, that binds to
cannabinoid receptors. Biochem Pharmacol. 1995;50:83-90.

74. Sugiura T, Kondo S, Sukagawa A, et al. 2-arachidonoylglycerol:
a possible endogenous cannabinoid receptor ligand in brain. Biochem
Biophys Res Commun. 1995;215:89-97.

75. Stella N, Schweitzer P, Piomelli D. A second endogenous
cannabinoid that modulates long-term potentiation. Nature.
1997,388:773-778.

76. Prescott SM, Majerus PW. Characterization of 1,2-diacylglycerol
hydrolysis in human platelets: demonstration of an arachidonoyl-
monoacylglycerol intermediate. J Biol Chem. 1983;258:764-769.

77. Farooqui AA, Taylor AW, Horrocks LA. Separation of bovine brain
mono- and diacylglycerol lipases by heparin sepharose affinity
chromatography. Biochem Biophys Res Commun. 1984;122:1241-1246.

78. Maejima T, Oka S, Hashimotodani Y, et al. Synaptically driven
endocannabinoid release requires Ca2+-assisted metabotropic glutamate
receptor subtype 1 to phospholipase Cbeta4 signaling cascade in the
cerebellum. J Neurosci. 2005;25:6826-6835.

79. Hashimotodani Y, Ohno-Shosaku T, Tsubokawa H, et al.
Phospholipase Cbeta serves as a coincidence detector through its Ca2+
dependency for triggering retrograde endocannabinoid signal. Neuron.
2005;45:257-268.

80. Bisogno T, Howell F, Williams G, et al. Cloning of the first snl-
DAG lipases points to the spatial and temporal regulation of
endocannabinoid signaling in the brain. J Cell Biol. 2003;163:463-468.

81. Bisogno T, Sepe N, Melck D, Maurelli S, De Petrocellis L, Di
Marzo V. Biosynthesis, release and degradation of the novel endogenous
cannabimimetic metabolite 2-arachidonoylglycerol in mouse
neuroblastoma cells. Biochem J. 1997;322:671-6717.

82. Bisogno T, Maccarrone M, De Petrocellis L, et al. The uptake by
cells of 2-arachidonoylglycerol, an endogenous agonist of cannabinoid
receptors. Eur J Biochem. 2001;268:1982-1989.

E305



The AAPS Journal 2006; 8 (2) Article 34 (http://www.aapsj.org).

83. Beltramo M, Piomelli D. Carrier-mediated transport and enzymatic
hydrolysis of the endogenous cannabinoid 2-arachidonylglycerol.
Neuroreport. 2000;11:1231-1235.

84. Dinh TP, Carpenter D, Leslie FM, et al. Brain monoglyceride lipase
participating in endocannabinoid inactivation. Proc Natl Acad Sci USA.
2002;99:10819-10824.

85. Dinh TP, Kathuria S, Piomelli D. RNA interference suggests a
primary role for monoacylglycerol lipase in the degradation of the
endocannabinoid 2-arachidonoylglycerol. Mol Pharmacol.
2004;66:1260-1264.

86. Kozak KR, Rowlinson SW, Marnett LJ. Oxygenation of the
endocannabinoid, 2-arachidonylglycerol, to glyceryl prostaglandins by
cyclooxygenase-2. J Biol Chem. 2000;275:33744-33749.

87. Goparaju SK, Ueda N, Yamaguchi H, Yamamoto S. Anandamide
amidohydrolase reacting with 2-arachidonoylglycerol, another
cannabinoid receptor ligand. FEBS Lett. 1998;422:69-73.

88. Breivogel CS, Griffin G, Di Marzo V, Martin BR. Evidence for a
new G protein-coupled cannabinoid receptor in mouse brain. Mol
Pharmacol. 2001;60:155-163.

89. Di Marzo V, Breivogel CS, Tao Q, et al. Levels, metabolism, and
pharmacological activity of anandamide in CB1 cannabinoid receptor
knockout mice: evidence for non-CB1, non-CB2 receptor-mediated
actions of anandamide in mouse brain. J Neurochem.
2000;75:2434-2444.

90. Hajos N, Ledent C, Freund TF. Novel cannabinoid-sensitive
receptor mediates inhibition of glutamatergic synaptic transmission in
the hippocampus. Neuroscience. 2001;106:1-4.

91. Hajos N, Freund TF. Pharmacological separation of cannabinoid
sensitive receptors on hippocampal excitatory and inhibitory fibers.
Neuropharmacology. 2002;43:503-510.

92. Hoftman AF, Macgill AM, Smith D, Oz M, Lupica CR. Species and
strain differences in the expression of a novel glutamate-modulating
cannabinoid receptor in the rodent hippocampus. Eur J Neurosci.
2005;22:2387-2391.

93. Rouach N, Nicoll RA. Endocannabinoids contribute to short-term
but not long-term mGluR-induced depression in the hippocampus. Eur J
Neurosci. 2003;18:1017-1020.

94, Pistis M, Perra S, Pillolla G, Melis M, Gessa GL, Muntoni AL.
Cannabinoids modulate neuronal firing in the rat basolateral amygdala:
evidence for CB1- and non-CB1-mediated actions. Neuropharmacology.
2004;46:115-125.

95. Houser SJ, Eads M, Embrey JP, Welch SP. Dynorphin B and
spinal analgesia: induction of antinociception by the cannabinoids
CP55,940, Delta(9)-THC and anandamide. Brain Res.
2000;857:337-342.

96. Welch SP, Huffman JW, Lowe J. Differential blockade of the
antinociceptive effects of centrally administered cannabinoids by
SR141716A. J Pharmacol Exp Ther. 1998;286:1301-1308.

97. Begg M, Pacher P, Batkai S, et al. Evidence for novel cannabinoid
receptors. Pharmacol Ther. 2005;106:133-145.

98. Jarai Z, Wagner JA, Varga K, et al. Cannabinoid-induced mesenteric
vasodilation through an endothelial site distinct from CB1 or CB2
receptors. Proc Natl Acad Sci USA. 1999;96:14136-14141.

99. Offertaler L, Mo F, Batkai S, et al. Selective ligands and cellular
effectors of a G protein-coupled endothelial cannabinoid receptor. Mol
Pharmacol. 2003;63:699-705.

100. Begg M, Mo F-M, Offertaler L, et al. G protein-coupled
endothelial receptor for atypical cannabinoid ligands modulates a
Ca2+-dependent K+ current. J Biol Chem. 2003;278:46188-46194.

101. Bouaboula M, Rinaldi M, Carayon P, et al. Cannabinoid-receptor
expression in human leukocytes. Eur J Biochem. 1993;214:173-180.

102. Klein TW, Newton C, Larsen K, et al. The cannabinoid system and
immune modulation. J Leukoc Biol. 2003;74:486-496.

103. Walter L, Stella N. Cannabinoids and neuroinflammation. Br J
Pharmacol. 2004;141:775-785.

104. Lambert DM, Vandevoorde S, Jonsson K-O, Fowler CJ. The
palmitoylethanolamide family: a new class of anti-inflammatory agents?
Curr Med Chem. 2002;9:663-674.

105. Jaggar SI, Hasnie FS, Sellaturay S, Rice AS. The anti-hyperalgesic
actions of the cannabinoid anandamide and the putative CB2 receptor
agonist palmitoylethanolamide in visceral and somatic inflammatory
pain. Pain. 1998;76:189-199.

106. Cadas H, di Tomaso E, Piomelli D. Occurrence and biosynthesis of
endogenous cannabinoid precursor, N-arachidonoyl
phosphatidylethanolamine, in rat brain. J Neurosci. 1997;17:1226-1242.

107. Hansen HS, Lauritzen L, Strand AM, Vinggaard AM, Frandsen A,
Schousboe A. Characterization of glutamate-induced formation of
N-acylphosphatidylethanolamine and N-acylethanolamine in cultured
neocortical neurons. J Neurochem. 1997,69:753-761.

108. Stella N, Piomelli D. Receptor-dependent formation of endogenous
cannabinoids in cortical neurons. Eur J Pharmacol. 2001;425:189-196.

109. Walter L, Franklin A, Witting A, Mdller T, Stella N. Astrocytes in
culture produce anandamide and other acylethanolamides. J Biol Chem.
2002;277:20869-20876.

110. Walter L, Stella L. Endothelin-1 increases 2-arachidonyl glycerol
(2-AG) production in astrocytes. Glia. 2003;44:85-90.

111. Franklin A, Parmentier-Batteur S, Walter L, Greenberg DA, Stella
N. Palmitoylethanolamide increases after focal cerebral ischemia and
potentiates microglial cells motility. J Neurosci. 2003;23:7767-7775.

112. Ueda N, Yamanaka K, Yamamoto S. Purification

and characterization of an acid amidase selective for
N-palmitoylethanolamine, a putative endogenous anti-inflammatory
substance. J Biol Chem. 2001;276:35552-35557.

113. Tsuboi K, Sun YX, Okamoto Y, Araki N, Tonai T, Ueda N.
Molecular characterization of N-acylethanolamine-hydrolyzing acid
amidase, a novel member of the choloylglycine hydrolase family with
structural and functional similarity to acid ceramidase. J Biol Chem.
2005;280:11082-11092.

114. Ueda N, Tsuboi K, Lambert DM. A second N-acylethanolamine
hydrolase in mammalian tissues. Neuropharmacology.
2005;48:1079-1085.

115. Sun YX, Tsuboi K, Zhao LY, Okamoto Y, Lambert DM, Ueda N.
Involvement of N-acylethanolamine-hydrolyzing acid amidase in the
degradation of anandamide and other N-acylethanolamines in
macrophages. Biochim Biophys Acta. 2005;1736:211-220.

116. Gulyas Al, Cravatt BF, Bracey MH, et al. Segregation of 2
endocannabinoid-hydrolyzing enzymes into pre- and postsynaptic
compartments in the rat hippocampus, cerebellum and amygdala. Eur J
Neurosci. 2004;20:441-458.

117. Sawzdargo M, Nguyen T, Lee DK, et al. Identification and cloning
of three novel human G protein-coupled receptor genes GPR52,
PsiGPR53 and GPR55: GPRSS is extensively expressed in human brain.
Brain Res Mol Brain Res. 1999;64:193-198.

118. Brown A, Wise A, inventors. GlaxoSmithKline, assignee. Identification
of modulators of GPR55 activity. US patent 0 113 814. June 19, 2003.

119. Drmota T, Greasley P, Groblewski T, inventors. AstraZeneca,
assignee. Screening assays for cannabinoid-ligand-type modulators of
GPRS5. WIPO patent 074 844. September 2, 2004.

E306



