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Abstract

The endocannabinoids anandamide and 2-arachidonoylglycerol (2-AG) are lipid mediators that
signal via CB and CB, cannabinoid receptors and Gi/o-proteins to inhibit adenylyl cyclase and
stimulate mitogen-activated protein kinase (MAPK). In the brain, CB receptors interact with
opioid receptors in close proximity, and these receptors may share G-proteins and effector
systems. In the striatum, CB4 receptors function in coordination with D; and D, receptors, and
combined stimulation of CB1-D, receptor heteromeric complexes promotes a unique interaction to
stimulate cAMP production. CB receptors also trigger growth factor receptor signaling cascades
in cells by engaging in cross-talk or inter-receptor signal transmission with the receptor tyrosine
kinase (RTK) family. Mechanisms for CB; receptor-RTK transactivation can include stimulation
of signal transduction pathways regulated by second messengers such as phospholipase C (PLC),
metalloprotease cleavage of membrane-bound precursor proteins such as epidermal growth factor
which activate RTKs, RTK autophosphorylation, and recruitment of non-receptor tyrosine kinases.
CB; and CB; receptors are expressed in peripheral tissues including liver and adipose tissue, and
are induced in pathological conditions. Novel signal transduction resulting from endocannabinoid
regulation of AMP-regulated kinase (AMPK) and peroxisome proliferator-activated receptors
(PPARs) have been discovered from studies of hepatocytes and adipocytes. It can be predicted that
drug discovery of the future will be based upon these novel signal transduction mechanisms for
endocannabinoid mediators.
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Overview and recent cannabinoid receptor signaling reviews

The endocannabinoids anandamide and 2-arachidonoylglycerol (2-AG) are the most well-
characterized of lipid mediators that signal via CB; and CB, cannabinoid receptors, and the
pharmacology has recently been reviewed [1,2]. Both established cannabinoid receptors are
G-protein coupled receptors (GPCRs) that predominantly signal to effectors via Gi/o
proteins. G-protein activation studies have shown that although 2-AG exhibits a high
efficacy in stimulating the CB1 receptor to trigger these G-proteins, anandamide is only a
weak partial agonist [3,4]. Compounds such as WIN55212-2, CP55940 and HU210 are high
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efficacy agonists, whereas A%-tetrahydrocannabinol (THC) is a partial agonist [3].
Antagonists that are selective for the CB; receptor include rimonabant (also known as
SR141716), taranabant, AM251, AM281 and LY320135, and antagonists for the CB»
receptor include SR144528 and AM630 [4,5].

Several recent reviews have provided an overview of the Gi/o-mediated inhibition of
adenylyl cyclase and stimulation of mitogen-activated protein kinase (MAPK) by both CB;
and CB, cannabinoid receptors [6-9]. CB receptors also regulate voltage-gated Ca2*
channels and certain K* channels by direct interaction with the G-proteins released by
agonist stimulation. This regulation of ion channel activity is the mechanism by which
endocannabinoids can serve as retrograde neuromodulators in short-term synaptic plasticity
including depolarization-induced suppression of inhibition and excitation, as well as the
long-term depression of synaptic activity that suppresses neurotransmitter release for
extended durations (see recent reviews [10-13]).

The CB> receptor has been of particular interest because of its importance in immune
surveillance in the brain as well as peripheral tissues (see recent reviews [14-17]). Novel
lipid modulators that are analogous to the endocannabinoids have been discovered that play
a role in neuropathic pain and other neuroinflammatory responses [18,19]. Pharmaceutical
drug design is targeting selective CB5 receptor signaling, and compounds are becoming
available that will be instrumental in promoting further investigation of signal transduction
regulated by CB, receptors [20,21].

The present review discusses recent investigations of cannabinoid receptor signaling that
involve interactions with other GPCRs in close proximity that perhaps share G-proteins in
novel ways. We also discuss cannabinoid receptor signaling that involves receptor and non-
receptor tyrosine kinases, leading to divergence of signaling pathways beyond traditional G-
protein effectors. Finally, the appreciation of cannabinoid receptors in peripheral tissues has
opened the investigation of alternative signaling pathways used by these tissues. Greater
understanding of these recent research findings may redirect development of therapeutic
strategies to incorporate novel signal transduction enzymes and receptors as targets for
future drug design.

CB; cannabinoid receptor signaling: Coordination with other GPCRs in the

brain

The CB; receptor is found in relatively high densities throughout the CNS, where
endocannabinoids act as retrograde neuromodulators that are synthesized by the
postsynaptic neuron upon depolarization, transverse the extracellular space and decrease
neurotransmitter release by activating CB4 receptors located on the presynaptic terminal
[22]. The signal transduction machinery responsible includes Gi/o via direct Gpy-mediated
inhibition of Ca2* influx through voltage gated calcium channels [23-25] as well as
inhibition of cCAMP/PKA-induced phosphorylation of ion channels proteins [26].

Interactions between the cannabinoid and opiate systems have been suspected for several
decades, due largely to the fact that drugs from these classes share many pharmacological
actions, such as antinociception, sedation, hypoactivity and hypothermia (for review, see
[27,28]). Opioid and cannabinoid receptors share similar signal transduction pathways
involving Gi/o-mediated inhibition of adenylyl cyclase and a decrease in CAMP
concentrations in the striatum [29-31]. CB; and p-opioid receptors are colocalized on axons
and dendrites and also share trans-synaptic interactions within striatal patch GABAergic
neurons and within the shell of the nucleus accumbens [32,33]. CB; receptors and p-opioid
receptors interact in signal transduction complexes that result in the functional endpoint of
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attenuating GABA and glutamate release [34,35]. Although A%-THC has been demonstrated
to non-competitively decrease ji-opioid receptor binding to ligands [36], cannabidiol, which
exhibits very poor affinity for CB receptors, has also been shown to influence opioid
receptor binding [37]. Because these cannabinoid compounds were used at concentrations
that exceeded their aqueous solubility, it is not clear whether the modulation observed using
in vitro radioligand binding assays results from heteromerization of receptor proteins,
allosteric modulation by these ligands at the ji-opioid receptor protein, or membrane fluidity
changes imposed by lipophilic ligands altering signal transduction properties. In an oocyte
model co-expressing exogenous CB; or p-opioid receptors plus K* channels, cannabinoid
agonists that regulated the CB1 receptor had no influence on p-opioid receptor-mediated
conductances, suggesting inability of the cannabinoid ligands to serve as allosteric ligands
directly at the pi-opioid receptor protein [38].

Effects of A%-THC [36] but not the highly efficacious CB4 agonist desacetyllevonanatradol
(DALN) [29] were reported for 8-opioid receptor binding. In a neuronal cell line
endogenously expressing both CB4 and 3-opioid receptors, no pharmacological interactions
were observed between receptors for the Gi-mediated inhibition of adenylyl cyclase [29].
However, the observation that a ceiling on the maximal inhibition could be obtained upon
stimulation of both receptor types suggests the existence of shared components of the signal
transduction module (such as the G-proteins or the effectors) limiting responses when both
receptor types were stimulated [29]. Detailed investigation indicated that endogenously
expressed CB4 and §-opioid receptors in a neuronal cell do not acutely regulate the same G-
proteins [39,40]. Chronic exposure to opioid ligands could cross-desensitize the cellular
response to cannabinoid agonists, but not the converse, suggesting the occurrence of
modulatory interactions between these receptors at the cellular level [39].

Partial cross-tolerance has been demonstrated between opioids and cannabinoids in
catalepsy and hypoactivity [41,42], behaviors believed to be mediated by the striatum. For
these cannabinoid responses, the MAPK pathway was modified in the development of
tolerance [43,44] and the mechanism could involve src kinase [45]. Mechanisms for long-
term cross-regulation might include the cannabinoid-mediated synthesis of enkephalin
peptides [46,47] or the opioid-mediated regulation of CB receptor synthesis [48].

Cannabinoid and opioid-mediated antinociception may be predominantly regulated at the
level of the thalamus, amygdala, and the descending noradrenergic pathways and spinal cord
[49,50]. One mechanism by which this interaction occurs is the cannabinoid-regulated
release of dynorphin peptides in the spinal cord [51,52]. Asymmetrical cross-tolerance has
been observed such that morphine-tolerant animals are tolerant to the antinociceptive effects
of AS-THC [53]. On the other hand, blocking CB; receptors with daily injections of
rimonabant had little effect on the development of analgesic tolerance to morphine [54].
PKA and PKC were involved in the maintenance of the morphine analgesic tolerance at the
level of supraspinal structures, but not in the spinal cord [55,56]. Okadaic acid-sensitive
PP1/PP2A phosphatase appeared to play a role in the sensitivity to morphine in tolerant
mice, although calcineurin (also known as PP2B) was not involved [57]. In contrast, PKA,
MAPK, as well as src kinases (but not PKC, PKG, phosphatidylinositol-3 kinase (PI-3K), or
G-protein receptor kinases) were involved in the maintenance of tolerance to A%-THC
[43,45,58]. An increase in PKA activity was observed in A%-THC analgesic-tolerant rats
[59,60].

Evidence of GPCR cross-talk exists for the functional interaction of D4 and D, dopamine
and CB1 receptors. In rat striatal slice preparations, both receptors inhibited D, receptor-
stimulated cAMP production [30]. Similarly, in isolated striatal membranes from rat and
monkey, both cannabinoid and D, agonists inhibited forskolin-stimulated adenylyl cyclase
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activity, and the cannabinoid agonist inhibited D;-stimulated adenylyl cyclase [61].
However, concurrent stimulation of CB4 and D, receptors in primary striatal cultures
resulted in an increase in cAMP production attributed to a stimulation of Gs rather than Gi
[62]. A similar increased cAMP production was observed by sub-maximal stimulation of
both CB4 and D, receptors exogenously expressed in host cells [63]. Cannabinoid-induced
cAMP accumulation was seen with co-expression of receptors in HEK293 cells, in the
absence of a D, agonist, suggesting the expression of the D, receptor was sufficient to shift
the signaling of the CB receptor from Gi to Gs [64]. The shift in signaling was reversed by
a CB antagonist, indicating this was a CB4 receptor specific mechanism [62,64]. It was
postulated that D, receptors might sequester Gi/o proteins away from the CB; receptors,
thereby promoting the interaction of CBq with Gs [64]. However, co-stimulation by
cannabinoid and D, agonists in rat striatal membranes did not produce an increase in
forskolin-stimulated adenylyl cyclase activity, even after treatment of the membranes with
pertussis toxin A subunit [61]. This discrepancy observed between exogenously expressed
receptors in intact cells versus striatal membranes could be attributed to differences between
the composition and abundance of D,-CB; receptor-G-protein modules available in the
expression systems versus the striatal tissue. Another explanation is the diversity of adenylyl
cyclase effectors: the increase in cAMP by CB4 and D5 receptor co-stimulation may be
mediated by Gy dimers stimulating adenylyl cyclase isozymes Il and IV [65]. In support of
the latter, a study by Yao et. al. revealed brief D, or CB1 agonist treatment of NG108-15
cells expressing exogenous D, receptors increased CAMP and promoted PKA catalytic
subunit o translocation into the nucleus [66]. Combinations of sub-threshold doses of CB;
and D, agonists, which exerted no effects individually, produced a synergistic stimulation of
PKA catalytic subunit a translocation when applied together. These effects were blocked by
pertussis toxin, indicating a requirement for Gi/o proteins, and were also attenuated by
overexpression of a GBy inhibitor peptide, indicating the requirement for GBy [66].

The first evidence of CB;, multimers came from the discovery of a high molecular weight
band in CB1 Western blots, indicative of a multimeric CB1 complex, but devoid of G-
proteins [67]. Later studies, using an antibody preferentially recognizing an epitope in the
multimeric form of the CB receptor, demonstrated CB; oligomers exist throughout the
brain in a pattern similar to that seen using antibodies recognizing both monomeric and
multimeric forms of the receptor, indicating the natural state of the CB1 receptor may be in a
multimeric form [68]. The propensity of CB; receptors to form homo-dimers has further
been suggested by co-immunoprecipitation experiments using co-expressed epitope-tagged
versions of the CB; receptors [69]. Heteromers of CB1 receptors have been demonstrated by
interactions with a variety of other GPCRs including D,-dopamine [63,70], Apa-adenosine
[71], orexin [72], and p-opioid receptors [34,73]. Most recent studies have utilized
fluorescent and bioluminescence resonance energy transfer techniques (FRET and BRET
respectively), which require a close physical proximity between individual components, in
order to demonstrate CB1-GPCR multimeric relationships. Marcellino et al. [70]
demonstrated a functional heteromer between CB1 and D, receptors using FRET analysis.
Behavioral experiments in this study indicated a sub-threshold dose of the CB1 agonist
CP55940 effectively blocked D, agonist quinpirole-mediated increases in locomotor
activity. CB1-Aop heteromers have been demonstrated using co-immunoprecipitation and
BRET experiments in striatal membranes [71]. Functional assays also revealed the motor
depressant effects of a CB4 agonist administered directly into the striatum were blocked by
pretreatment with an A, antagonist [71]. These results have been followed up with an
enhanced resonance energy transfer technique known as sequential BRET-FRET, which is
designed to detect the close association of three intramolecular components [74]. Co-
transfection and overexpression of Dy, Apa and CB; receptors in vitro resulted in a strong
BRET-FRET signal implying the existence of a trimeric complex under such conditions.
The functional significance of this heteromer has yet to be determined, and its existence in
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Vvivo has yet to be established. However, several technical hurdles exist for establishing the
role of these complexes in vivo. The majority of evidence implicating a direct physical
relationship between GPCRs depends heavily on overexpressing tagged forms of the
receptors. However, most GPCRs are expressed at very low levels endogenously, and the
non-physiological concentrations achieved in most in vitro studies may push the interactions
between GPCRs to physiologically irrelevant pathways. The natural complexity of the
striatum which possesses a multitude of cell types, the potential for interactions between
specific GPCRs, and diversity in neuronal network connections, greatly limits the ability to
study only one particular intra-molecular interaction between GPCRs in vivo. Therefore,
although the CB1 receptor has the potential to interact with a variety of other GPCRs, both
in terms of physical intramembrane reactions and through cross-talk between effector
systems, combined in vitro and in vivo approaches are necessary to fully understand the
functional nature of these interactions.

Cross-talk between CB; receptors and Receptor Tyrosine Kinases (RTKS)

GPCRs have traditionally been recognized for their ability to transduce information
provided by extracellular stimuli to the cell interior through their interaction with
heterotrimeric G-proteins which positively or negatively regulate the activity of a variety of
downstream intracellular effectors to influence second messenger levels and ultimately
cellular responses. Many GPCRs also trigger growth factor receptor signaling cascades in
cells by engaging in cross-talk or inter-receptor signal transmission with the RTK family
[75]. RTK transactivation by GPCRs can involve multiple mechanisms, including (1) second
messengers and/or signal transduction pathways regulated by second messengers, such as
phospholipase C (PLC), (2) metalloprotease cleavage of membrane-bound precursor
proteins (e.g., heparin-binding epidermal growth factor (EGF)) which binds to and activates
RTKs, (3) RTK auto-phosphorylation, and (4) recruitment of non-receptor tyrosine kinases
(e.g. Src family kinases) [75-77].

Cross-talk between CB; receptors and RTKSs was first described in non-neuronal Chinese
hamster ovary (CHO) cells expressing endogenous RTKSs for insulin and insulin-like growth
factor 1 (IGF-1) and transfected with the human CB; receptor [78]. RTK activation by their
natural ligands produced MAPK activation, which was antagonized by the CB1 antagonist
SR141716A (rimonabant). In contrast, rimonabant had no effect on MAPK activation by
either ligand in untransfected CHO cells, suggesting the rimonabant-mediated effect in CB1-
CHO cells involved cross-talk between CB1 receptors and RTKSs for insulin or IGF-1.
Cannabinoid agonists also induced MAPK activation in U373-MG glioblastoma cells and
NCI-H292 lung carcinoma cells via EGF receptor transactivation [79]. CB; receptor-
mediated EGF receptor transactivation involved activation of tumor necrosis factor a-
converting enzyme (TACE/ADAML17), which is a membrane-bound metalloprotease
catalyzing the release of growth factor-like ligands to activate the EGF receptor [79]. In
addition to cancer cells and non-neuronal cells, CB4 receptor-mediated RTK transactivation
may play a role in a novel signaling pathway leading to intracellular Ca2* influx in neurons.
The CB; agonist DALN could facilitate opening of L-type voltage-gated Ca?* channels to
increase intracellular Ca2* levels in N18TG2 cells [80,81]. This effect appeared to be
mediated by the MAPK cascade because Ca2* uptake in these cells was diminished when
DALN-mediated ERK1/2 phosphorylation was inhibited by the MAP-ERK kinase (MEK)
inhibitor PD98059 [81]. DALN-mediated ERK1/2 phosphorylation and Ca2* influx were
both blocked by the PKC inhibitor chelerythrine, the calmodulin antagonist W-7, and the
metalloprotease inhibitor o-phenanthroline [81]. The role of PKC in CB; receptor-mediated
ERKZ1/2 activation may involve a dual mechanism, because PKC can activate ERK1/2 by:
(1) directly phosphorylating and activating Raf, the initial component of the MAPK cascade,
or (2) activating metalloprotease enzymes, cleaving ligands that bind to and activate RTKs
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[76,82,83]. The finding that DALN-mediated Ca?* uptake in N18TG2 cells was antagonized
by the metalloprotease inhibitor o-phenanthroline suggested RTK transactivation plays a
role in this process. This suspicion was supported by the observation that oxindole-1, a
selective vascular endothelial growth factor (VEGF) receptor inhibitor, abolished the effect
of DALN on ERK1/2 phosphorylation [81,84]. These findings indicate VEGF receptor
transactivation in the CB;-MAPK-Ca2* cascade in N18TG2 cells. The entire process begins
with DALN stimulation of CB; receptors, which promotes release of Gy, which activates
P1-3K, thereby promoting Raf-mediated ERK1/2 activation and ERK modulates voltage-
gated Ca2* channels to cause Ca?* influx [85,86]. A proposed model for CB; receptor-
mediated Ca2* influx is shown in Fig. 1A. These pathways could potentially contribute to
the neurotoxic effects of cannabinoids, because both cannabinoids and Ca2* influx through
L-type voltage gated Ca2* channels have been shown to induce neurodegeneration [87-89].

CB1 receptor-mediated transactivation of RTKs could also play an important role in
regulating neuronal migration and differentiation during embryonic development [90]. The
effects of CB; receptor activation on neuronal positioning and morphogenesis were
described in cortical cholecystokinin-positive GABAergic interneurons expressing CBq
receptors [90]. These interneurons migrated towards anandamide (100 nM) in a Boyden
chamber assay. CB receptor involvement in anandamide-induced chemotaxis was
supported by evidence that (1) the CB; receptor antagonist AM251 blocked the
chemoattractive properties of anandamide and (2) parvalbumin-expressing interneurons
lacking CB; receptors failed to exhibit a migratory response towards anandamide [90]. The
chemotaxic effects of anandamide were additive with brain-derived neurotrophic factor
(BDNF), an endogenous ligand of the TrkB receptor. However, anandamide blocked neurite
extension and also attenuated BDNF-induced neurite growth in a CB4 receptor-dependent
manner, which prompted the investigators to determine if anandamide’s effects on
developing interneurons were mediated through CB; receptor transactivation of TrkB
receptors (Fig. 1B). Immunocytochemical analysis revealed colocalization of CB1 receptors
and TrkB receptors on terminal axon segments of developing interneurons [90]. PC12
pheochromocytoma cells co-expressing exogenous TrkB and CBq were treated with
anandamide and 2-AG, which promoted TrkB-CB; receptor complex formation and TrkB
receptor phosphorylation [90], suggesting cross-talk occurs between CB4 and TrkB
receptors. The mechanism for transactivation could involve Src kinases, because the Src
kinase inhibitor PP2 prevented CB1 receptor transactivation of TrkB receptors [90]. Cross-
talk between CB receptors and TrkB receptors may have important physiological
implications because anandamide-induced interneuron migration was blocked by the Trk
receptor inhibitor K252a [90].

Cannabinoid Signal Transduction in Liver and Adipose Tissues

It is well established that the endocannabinoid system plays a role in the regulation of
appetite, food intake and energy balance within the mesolimbic and hypothalamic areas of
the brain [91-93]. In addition to their effects in the brain, cannabinoid receptors and
endocannabinoids are present and contribute to the metabolic regulation of glucose
homeostasis, lipid metabolism, and other metabolic functions in the gastrointestinal tract,
liver, white adipose, skeletal muscle and pancreas [94].

Hepatic Cannabinoid Signaling

CB; receptor expression has been reported in hepatocytes and stellate cells, as well as the

vascular endothelial cells which line the portal vein [95-99] [95][96-99]. CB, receptors are
expressed in stellate cells [98,100] and Kupffer cells, which are the resident macrophages of
the liver [101]. Hepatic CB receptor mRNA and anandamide levels were increased in mice

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2014 April 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dalton et al.

Page 7

on a high fat diet [96]. In these animals, an increase in fatty acid synthesis was promoted by
the CB; receptor via increases in de novo hepatic lipogenesis through activation of the fatty
acid biosynthetic pathway [96], a response not observed in transgenic CBq-knockout or
liver-specific CB-knockout mice [97]. Mice on an alcohol (low-fat) diet exhibited increased
stellate cell production of 2-AG and increased hepatocyte expression of CB receptors,
associated with lipogenesis and hepatic steatosis [97].

Cannabinoid effects on fatty acid synthesis are a function of CB; receptors on hepatocytes
[96,102]. Agonist stimulation of CB4 receptors increased hepatic gene expression of the
lipogenic transcription factor sterol regulatory element binding protein (SREBP-1c), leading
to increased expression of the enzymes acetyl-CoA carboxylase-1 and fatty acid synthase
[96]. CB4 receptor stimulation also decreased carnitine palmitoyltransferase-1 activity [97].
Phylogenetically, this mechanism has been conserved from at least as early as fish [103].
Agonist-stimulated CB receptors also promoted SREBP-1c and FAS expression in the
hypothalamus, which regulates high-fat feeding behaviors [96].

Anandamide levels were increased due to cirrhosis in the liver, and this was associated with
the pathological responses mediated by fibrin-producing stellate cells as well as the vascular
endothelium [101,104]. The necrotic cell death associated with endocannabinoids in stellate
cells appears to be associated with the accumulation of reactive oxygen species, rather than
effects due to CB1- or CBy-mediated signal transduction [98,99,105]. Increased density of
CB; receptors was detected in hepatic endothelial cells cultured from a patient with cirrhosis
compared with non-cirrhotic controls [95]. Anandamide promoted hepatic vascular
relaxation, and this response was potentiated by chronic (7 day) bile duct ligation [104].
This enhancement was attributed to NO production via inducible nitric oxide synthesis
(iNOS) [104]. Inasmuch as endogenous anandamide was uniquely able to regulate vascular
reactivity via CBq and VR receptors in cirrhosis, but not in normal tissue [106], it is
possible that signaling via these receptors, when combined with the high concentrations of
NO produced by iNOS, elicits an additive or synergistic response.

Discovery of the weight loss benefit of the CB4 antagonist, rimonabant, has elicited research
in the area of metabolic energy balance regulation by the endocannabinoid system. Although
rimonabant decreased appetite initially, its long-lasting effects may be due to its actions on
peripheral tissues [107]. Kola and colleagues [108] explored the possible link between the
fuel-sensor, AMP-activated protein kinase (AMPK), and the endocannabinoid system in the
hypothalamus, liver and adipose tissue. In the rat hypothalamus, central or peripheral
injection of 2-AG increased AMPK activity by 50% and 75%, respectively [108]. In
contrast, AS-THC treatment inhibited rat liver AMPK activity by 62% and phosphorylation
by 74%, whereas A%-THC inhibited AMPK activity by 25% in both subcutaneous and
visceral rat adipose tissue [108]. AMPK activation inhibited fat deposition and enhanced fat
breakdown in adipose tissue, thereby resulting in reduction of body weight, whereas
activation of AMPK resulted in enhanced fatty acid oxidation in the liver [109]. Therefore,
inhibition of AMPK activity may be a mechanism by which cannabinoid agonists promote
fuel storage.

As predicted, CB; antagonists elicit effects opposite to those of cannabinoid agonists on
AMPK in the liver. Lee and colleagues [110] reported the potent CB, antagonist, AM251,
activated AMPK in HepG2 hepatoma cells. AMPK phosphorylation was dose-dependently
and transiently increased by AM251 treatment, peaking at 30 min and then decreasing to
basal levels [110]. Tedesco and colleagues [111] provided evidence that CB, antagonism
activates AMPK in adipose tissue. Rimonabant treatment of cultured mouse white
adipocytes increased AMPK phosphorylation by 50% and activity by 75%. Additionally, in
vivo studies revealed the effects of diet on AMPK. AMPK activity in fat tissue of CB;
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knock-out mice was similar to wild-type mice and the activity level was not altered by high-
fat diet. However, AMPK phosphorylation and activity were decreased by 60% in adipocyte
lysates when wild-type mice were fed a high-fat diet [111]. Therefore, CB1 receptor
blockade in vivo prevents inhibition of AMPK activity by a high-fat diet, providing further
evidence in support of the endocannabinoid system playing a role in energy homeostasis in
peripheral tissues.

Peroxisome proliferator-activated receptors (PPARs) are important modulators of cellular
metabolism in metabolically active tissues including liver and adipose tissue [112,113].
PPARs are nuclear receptors which, in response to ligand binding, transactivate target genes
involved in metabolic regulation, energy homeostasis and cell differentiation [112,113]. The
three PPAR subtypes include: PPARa, expressed predominantly in liver, muscle, and heart
tissue; PPARYy, expressed predominately in adipose tissue and macrophages; and PPARS,
expressed ubiquitously. PPAR ligands include fatty acids so it is not surprising that
cannabinoids have been found to bind some PPAR isoforms. Cannabinoids able to bind
PPARa include anandamide, noladin ether, virodhamine, WIN55212-2 and
palmitoylethanolamide (PEA) [114-117]. Oleoylethanolamide (OEA), a non-CB;-binding
analog of anandamide [118], has been shown to induce satiety and reduce body weight gain
in animals [119-121]. In searching for the mechanism of action, OEA was found to bind and
increase transcriptional activity of PPARa [122]. In isolated rat adipocytes and hepatocytes,
OEA treatment increased fatty acid oxidation [123]. In addition, in vivo administration of
OEA induced lipolysis in rats and wild type mice, but not genetically deleted PPARa (—/-)
mice [123]. These data suggest an important role for OEA in hepatic lipid metabolism.

Adipose Signal Transduction

White adipocytes express CB; and CB, receptors in both preadipocyte and mature
differentiation states [124-127], and anandamide and 2-AG were detected in mouse
epididymal fat and human visceral fat [128]. Conditions of obesity in humans and diet-
induced obesity in mice led to increased levels of 2-AG in visceral fat compared to lean
controls [128]. The expression of CB1 receptor mMRNA has also been confirmed in rat
subcutaneous adipose tissue and in a mouse preadipocyte cell line, 3T3 F442A, by reverse
transcription polymerase chain reaction. Additionally, CB; was found to be up-regulated
threefold in obese Zucker fa/fa rats compared with lean littermates and similarly up-
regulated in differentiated (mature) 3T3 F442A adipocyte compared with preadipocyte
cultures [125]. Expression of the CB; receptor may respond to metabolic changes in adipose
tissue induced by fat accumulation and/or by differentiation of cells to encompass a fat-
storing function. Furthermore, functionality of the CB; receptor was confirmed in 3T3
F442A cells by showing that rimonabant treatment was able to inhibit basal and serum-
induced ERK1/2 activation [126].

The classical signal transduction pathways and second messengers associated with CB;
receptor function in the brain, such as cAMP, NO, and the MAPK pathways, have not been
rigorously studied in peripheral tissues. However, several groups have examined these
pathways while studying the role of the endocannabinoid system in adipose tissue. Roche
and colleagues [129] reported the presence of CB41 and CB, receptors in human
subcutaneous and omental adipose tissue with 130- and 61-fold higher expression in mature
adipocytes than in pre-adipocytes. The functionality of the receptors was demonstrated by
treating mature or preadipocytes with CB1- and CB,- specific agonists and antagonists and
measuring CAMP production. A dose-dependent increase in CAMP levels by treatment of
cultured primary adipocytes with 2-AG was reversed by the CB; specific antagonist,
AM251 [129]. The CB,, specific antagonist, SR 144528, reversed the
palmitoylethanolamide-induced inhibition of forskolin-stimulated cAMP levels, consistent
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with mediation by the CB, receptor [129]. This study demonstrates (1) CB1 and CB»
receptor expression is induced by adipocyte differentiation and (2) CB1 and CB, receptors
can activate or inhibit the cAMP signal transduction pathway in adipocytes, respectively.

In their investigation into the role and underlying mechanism of anandamide-mediated
glucose uptake in adipoctyes, Gasperi and colleagues [130] reported the presence of a
functional AEA-related endocannabinoid system in 3T3-L1 cells. Both preadipocytes and
mature adipocytes were found to express CBq and CB5, receptors, as well as the enzymes
necessary to synthesize (N-acylphosphatidylethanolamine-Phospholipase D), and degrade
(fatty acid amide hydrolase) anandamide [130]. In addition, Western blot analysis detected
inducible nitric oxide synthase (iNOS) expression in 3T3-L1 adipocytes treated with 10 pM
anandamide, but not in untreated controls. These researchers concluded that anandamide
induces a two-fold increase in insulin-stimulated glucose uptake in differentiated 3T3-L1
adipocytes in a CB receptor-dependent manner involving increased expression of iNOS
[130].

Tedesco and colleagues [111] demonstrated cannabinoid receptor manipulation of NOS
levels by using mouse primary white adipocytes, in which they tested the effects of CBq
receptor blockade on parameters of mitochondrial biogenesis and epithelial nitric oxide
synthase (eNOS) expression. Rimonabant treatment of primary adipocytes resulted in
increased mitochondrial mass, DNA levels, and gene expression. In addition, rimonabant
treatment dose-dependently increased eNOS expression in cultured mouse primary white
adipocytes [111]. The effects of rimonabant on mitochondrial biogenesis were counteracted
by siRNA-mediated reduction of eNOS. In comparing these results to the Gasperi study
[130], it is important to note that observations in rats have correlated iINOS upregulation
with the down regulation of eNOS in fat and muscle tissues [131]. Interestingly, the results
in these studies suggest opposite effects of cannabinoid receptor mediation on two different
NOS enzymes in adipocytes.

PPARY is an important receptor in adipose tissue where it is involved in adipocyte
differentiation and inflammation. Adipogenesis is a prominent property of PPARY ligands
[132]. Anandamide, 2-AG, and the synthetic cannabinoid, ajulemic acid, bind PPARYy
[130,133] [134] and induce adipocyte differentitation [132,133]. Similarly, the potent
cannabinoid agonist, HU210, induced adipogenesis and increased PPARy mRNA levels
[128]. Other cannabinoids binding PPARy include A%-THC, WIN55212-2, CP55940 and
cannabidiol [135,136]. Unlike for PPARa, OEA and PEA do not bind or activate PPARYy
[122] [133].

Although PPARS has not been well studied, Yan and colleagues [127] provided evidence
supporting participation in the endocannabinoid system. In 3T3-L1-preadipocyte cells
subjected to RNA interference of PPARS, CB; expression was increased two-fold.
Conversely, adenovirus-mediated overexpression of PPARS significantly reduced CB4
expression by 50% and impeded adipocyte differentiation [127]. More research is necessary
to elucidate the significance of PPARS on CB; expression and adipocyte metabolism.
However, PPARa and PPARY agonists are used in the management of type 2 diabetes and
metabolic syndrome due to their lipid-lowering effects and their improvement of insulin
sensitivity [112,113]. Therefore, it is possible that cannabinoids as ligands of PPARs may
prove to be useful as therapeutic agents for metabolic diseases.

Summary and Future Directions

Endocannabinoid signaling in the brain has been investigated based upon prototypic
cannabinoid compounds and synthetic analogs. Our recent appreciation that
endocannabinoid mediators serve as retrograde messengers has increased interest in co-
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regulation of closely associated GPCRs and other receptors including RTKs. These novel
interactions are likely sources of new drug development with the goal of narrowing
selectivity such that unwanted side effects might be reduced. An understanding of how
endocannabinoid drugs signal in peripheral tissues such as liver and adipose tissue is critical
to development of novel treatments for disorders such as obesity and metabolic syndrome.
The significance of novel signal transduction pathways in liver, adipose tissue, and other
organs, is not yet fully elucidated and requires future studies. Nevertheless, the presence of
novel signal transduction pathways in addition to classic CB4 and CB; receptor signaling
suggests that the endocannabinoid system may be fertile ground for future drug discovery.

Acknowledgments

The authors wish to thank the National Institute on Drug Abuse for funding for our own research and that of many
of the research laboratories cited in this review.

Abbreviations

2-AG
AMPK
BDNF
CHO
DALN
EGF
eNOS
ERK
FRET, BRET
GPCR
IGF
iNOS
MAPK
MEK
OEA
PEA
PI-3K
PLC
PKA
PKC
PPAR
THC
RTK
SREBP
VEGF

2-arachidonoylglycerol

AMP-activated Kinase
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A%-tetrahydrocannabinol
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Fig. 1. Putative mechanisms of cross-talk between the CB1 receptor and RTKsin neurons

(A) The synthetic CB4 receptor agonist desacetyllevonantradol (DALN) potentiates Ca2*
influx in N18TG2 neuroblastoma cells via CB1 receptor-mediated transactivation of the
VEGF receptor [80-89]. Agonist-stimulated CB1 receptors interact with Gi/o to release Gpy,
which activate PI-3K, thereby promoting Raf-mediated ERK1/2 activation. By this scenario,
Ca?* enters the cell following CB; receptor-mediated ERK1/2 modulation of voltage-gated
Ca?* channel activity. Activated PKC could stimulate the MAPK cascade by
phosphorylating Raf or by stimulating a metalloprotease that catalyzes production of VEGF
(or other growth factor proteins) to activate RTKs. The transactivated VEGF receptor might
also activate the MAPK cascade and further potentiate Ca2* influx into neuronal cells. (B)
The CBy receptor mediates Src kinase-dependent TrkB RTK transactivation in neurons (see

text).
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