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Abstract

In the past years, the relationship between the endocannabinoid system (ECS) and other hormonal

and neuromodulatory systems has been intensively studied. G protein-coupled receptors (GPCRs)

can stimulate endocannabinoid (eCB) production via activation of Gq/11 proteins and, in some

cases, Gs proteins. In this review, we summarize the pathways through which GPCR activation

can trigger eCB release, as well as the best known examples of this process throughout the body

tissues. Angiotensin II-induced activation of AT1 receptors, similar to other Gq/11-coupled

receptors, can lead to the formation of 2-arachido-noylglycerol (2-AG), an important eCB. The

importance of eCB formation in angiotensin II action is supported by the finding that the

hypertensive effect of angiotensin II, injected directly into the hypothalamic paraventricular

nucleus of anaesthetized rats, can be abolished by AM251, an inverse agonist of CB1 cannabinoid

receptors (CB1Rs). We conclude that activation of the ECS should be considered as a general

consequence of the stimulation of Gq/11-coupled receptors, and may mediate some of the

physiological effects of GPCRs.
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1. Introduction

The endocannabinoid system (ECS) is a complex endogenous modulatory system that

affects a variety of physiological functions. In the central nervous system (CNS), it has a

role in such important processes as learning, thinking, emotional functions, regulation of

food intake or pain sensation (Freund et al., 2003; Kano et al., 2009). In the periphery, its

activity can be attributed, among others, to cardiovascular, immune, metabolic or

reproductive functions. Moreover, its involvement in different pathophysiological processes

of the above systems has also been documented (Pacher et al., 2006). It is therefore not

surprising that in the past years the relationship of the ECS with other hormonal and

neuromodulatory systems has been intensively studied. Thus, it has been established that

one of the key stimuli of ECS is the activation of G protein-coupled receptors (GPCRs),

which, through Gq/11 or Gs protein signaling, can trigger the release of endocannabinoid

(eCB) molecules from the cells, leading to cannabinoid receptor activation (Pertwee et al.,

2010; Turu et al., 2009). This scenario was first described in CNS synapses, where its

presence, contributing to ‘retrograde endocannabinoid signaling’, has turned out to be

fundamental (Hashimotodani et al., 2007). However, as outlined in this review, several data

point to the presence of this mechanism in peripheral systems, suggesting a more general

distribution of the phenomenon.

In this review we summarize the signaling pathways through which the activation of a

GPCR can lead to the formation of eCBs and subsequent transactivation of cannabinoid

receptors. We also cite some prominent examples from different systems in which such

effects have been shown, to demonstrate that this kind of interaction between receptor

systems can be considered as a quite general, although not obligate, component of Gq/11

protein signaling.

2. Biosynthesis of the major endocannabinoids

The two major eCBs are 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamide

(AEA), also known as anandamide. Since their discovery as eCBs, various enzymes and

metabolic pathways have been described to be involved in their biosynthesis (for reviews,

see (Basavarajappa, 2007; Bisogno, 2008). Although these pathways probably do not

contribute equally to eCB formation under physiological conditions, a clear picture

regarding their relative physiological role in the various tissues is currently lacking. Here we

describe only the pathways that are generally considered to constitute the main route of eCB

production (Fig. 1).

The production of 2-AG is mainly regulated by the sn-1-diacyl-glycerol-lipase (DAGL) α

and β isoenzymes, which can release 2-AG by hydrolyzing diacylglycerol (DAG) at the sn-1

position. DAG, in turn, can be produced in the cell membrane, either from phosphoinositides

or from phosphatic acid (PA), requiring the enzymatic hydrolysis by phospholipase C (PLC)

or PA-phosphohydrolase enzymes, respectively (Bisogno, 2008) (Fig. 1).

The source of anandamide is principally the N-arachidonoyl-phosphatidylethanolamine

(NAPE) molecule (Fig. 1). NAPE is generally produced by an enzymatic transfer reaction

catalyzed by a Ca2+-dependent N-acyl transferase (NAT), which transfers an arachidonoyl
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group from the sn-1 position of membrane phospholipids to the N-position of

phosphatidylethanolamide (PE) (Bisogno, 2008). More recently, Ca2+-independent isoforms

of the NAT enzyme have also been identified (Jin et al., 2007). This reaction seems to be the

rate limiting step in anandamide biosynthesis (Okamoto et al., 2007). NAPE can be directly

converted into anandamide by a NAPE-specific phospholipase D (NAPE-PLD) (Okamoto et

al., 2004), and this was originally considered as the most important route for anandamide

formation. However, the existence of alternative biosynthetic pathways has been

documented (Liu et al., 2006; Simon and Cravatt, 2006; Sun et al., 2004), and studies with

enzyme-knockout animals suggest that these pathways are able to substitute for one another

in vivo (Leung et al., 2006; Simon and Cravatt, 2010).

The overall importance of the eCB biosynthetic pathways is further underlined by the fact

that all of the involved enzymes and substrates are almost ubiquitously present throughout

the body tissues (Basavarajappa, 2007).

3. Involvement of Gq/11-coupled receptor signaling in endocannabinoid

release

The role of Gq/11 protein-mediated signaling in eCB release was implicated already in the

first models of retrograde cannabinoid signaling in the CNS (Ohno-Shosaku et al., 2002;

Wilson and Nicoll, 2002). According to this classical model, presynaptically released

glutamate neurotransmitter can activate both ionotropic (e.g. NMDA-type) and metabotropic

(mGluR) glutamate receptors on the postsynaptic neuronal membrane. This leads, besides

the formation of excitatory postsynaptic potentials (EPSPs), to eCB production in the

postsynaptic cell, mainly via two mechanisms: calcium signal generation, which can activate

enzymes involved in eCB formation, and metabolism of DAG to 2-AG (Fig. 1).

Calcium signals are generated in the postsynaptic cells, either upon depolarization resulting

from ionotropic receptor activation (via voltage-gated Ca2+-channels) or by the activation of

a Gq/11 protein-coupled mGluR (via IP3 formation and Ca2+-release from intracellular

stores). This Ca2+ signal can mediate eCB formation, since the key enzymes of 2-AG and

anandamide biosynthesis (i.e. DAGL and NAT, respectively) are activated by Ca2+. The

released eCBs can then leave the postsynaptic cell and activate presynaptically localized

CB1 cannabinoid receptors (CB1Rs) in a retrograde manner.

On the other hand, activation of a Gq/11-coupled (i.e. group (1) postsynaptic mGluR also

leads to the activation of the phospholipase Cß enzyme, which cleaves phosphatidylinositol

4,5-bisphosphate (PtdInsP2) in the plasma membrane to form DAG and inositol 1,4,5-

trisphosphate (InsP3). The produced DAG can serve as a substrate for 2-AG production.

The above model of retrograde cannabinoid signaling has been extensively studied since its

first description, and is still considered to be one of the most important functions of the ECS

in the CNS in various physiological and pathophysiological processes. In terms of molecular

pharmacology, however, a key element of this model is a receptor transactivation

mechanism by which the activation of a G protein-coupled receptor can lead to the

formation of eCB ligands, which then cause paracrine activation of their receptors. More
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importantly, this mechanism does not have to be specific to a certain type of Gq/11-coupled

receptor (e.g. mGluR), nor to the CNS, as the molecular components of the transactivation

process (i.e. various Gq/11-coupled receptors, signaling molecules and eCB biosynthetic

enzymes as well as cannabinoid receptors) are known to be present in most of the tissues

throughout the body. This led to the conclusion that the activation of the ECS through Gq/11-

coupled receptors is a general physiological phenomenon (Turu et al., 2009). In other words,

eCB release most likely constitutes a general intercellular signaling mechanism that

contributes to the physiological effects of Gq/11-coupled receptors. In the next part of this

paper, characteristic examples of such phenomena as well as the physiological roles of these

processes will be discussed.

4. Endocannabinoid release upon Gq/11 protein activation in the CNS

4.1. Group 1 metabotropic glutamate receptors

As indicated above, the first example of the phenomenon that a Gq/11-coupled receptor can

trigger the release of eCBs was described in the glutamatergic synapses of the central

nervous system. The involvement of retrogradely acting eCBs in the presynaptic inhibition

following postsynaptic depolarization (a phenomenon termed depolarization-induced

suppression of inhibition or excitation, DSI or DSE, respectively) was reported in 2001 by

several research groups (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and

Nicoll, 2001). In the same year, however, the role of group 1 mGluR activation in retrograde

eCB signaling was also demonstrated. Maejima and co-workers described that the activation

of postsynaptic mGlu1 receptors in the cerebellum inhibited the activity of presynaptic

excitatory climbing fibers by a mechanism, which required G protein activation and

presynaptic CB1 receptors, but was on its own independent of intracellular calcium

(Maejima et al., 2001). Another study demonstrated the same signaling mechanism in the

pyramidal cells of the hippocampal cortex, where the enhancement of DSI upon mGlu1

receptor activation could be blocked by CB1R inverse agonist and was absent in CB1R-

deficient mice (Varma et al., 2001). These results soon led to the integrative model that

depolarization and group 1 mGluR activation on the postsynaptic cell may act in a parallel,

cooperative manner to enhance eCB release, thus modifying synaptic transmission (Ohno-

Shosaku et al., 2002; Wilson and Nicoll, 2002). Since then, eCB release upon group 1

mGluR activation has been described in many other brain areas, revealing a wide-spread and

physiologically important signaling mechanism in the CNS (Kano et al., 2009).

4.2. Gq/11-coupled muscarinic acetylcholine receptors

Soon after the first descriptions of mGluR-mediated eCB release in the CNS, another

subfamily of metabotropic receptors, namely the muscarinic acetylcholine receptors

(mAChRs), were shown to modulate synaptic transmission partly through the release of

eCBs. In the hippocampus, cholinergic agonists enhance depolarization-induced suppression

of inhibition (DSI) in a way which requires postsynaptic G proteins, and is sensitive to

inhibition of CB1R (Kim et al., 2002). The involvement of Gq/11-coupled mAChRs (M1 and

M3) in this mechanism was also described (Fukudome et al., 2004; Ohno-Shosaku et al.,

2003). This led to the conclusion that postsynaptically localized Gq/11-coupled mAChRs

can, in cooperation with group 1 mGluRs, modulate synaptic transmission through
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retrograde eCB signaling in the hippocampal cortex. Since then, the effect ofmAChR

activation on eCB release has been demonstrated in other CNS structures, which further

underlines its physiological importance (Lau and Vaughan, 2008; Narushima et al., 2007).

4.3. Other Gq/11-coupled receptors in the CNS

The studies described above represent characteristic examples of how Gq/11-coupled

receptors in the CNS can utilize eCBs to exert their effects on the synaptic transmission and

related physiological functions. However, there are several other data with different Gq/11-

coupled receptors indicating that a similar mechanism is generally present in various parts of

the brain. We mention these studies briefly to demonstrate that eCB release upon Gq/11

activation can be considered as a generally occurring signaling event in the CNS.

The neuropeptide cholecystokinin (CCK) has been shown to regulate the GABAergic input

of hippocampal pyramidal cells through an eCB-dependent mechanism (Foldy et al., 2007).

The inhibition of GABA release from CCK+ basket cells required postsynaptic CCK2-

receptor activation with subsequent Gq/11 protein-dependent eCB release and retrograde

cannabinoid signaling (Lee and Soltesz, 2011). The interplay between CCK and the ECS has

also been demonstrated in behavioral studies (Chhatwal et al., 2009; Kurrikoff et al., 2008).

Activation of serotonin 5HT2A and 5HT2C receptors led to 2-AG production in cultured

NIH3T3 cells with a phospholipase C-dependent mechanism (Bockaert et al., 2006; Parrish

and Nichols, 2006). In the inferior olive, activation of postsynaptic 5HT2 receptors caused

the suppression of glutamatergic excitatory inputs, and this effect could be blocked by the

CB1R inverse agonist AM251 (Best and Regehr, 2008). Furthermore, serotonergic negative

feedback and functionality of 5-HT1 and 5-HT2A/C receptors were impaired in CB1R-

deficient mice (Aso et al., 2009; Mato et al., 2007). The role of ECS–serotonin interaction in

the regulation of trait anxiety has been shown in human genetic studies (Lazary et al., 2009)

and a similar relationship is the main candidate also for the CB1R antagonist rimonabant-

induced anxiety (Lazary et al., 2011), further suggesting the involvement of the ECS in

physiological serotonin signaling.

In the hypothalamic supraoptic nucleus (SON), endothelin depresses glutamatergic

transmission via ETA receptor-mediated retrograde eCB signaling (Zampronio et al., 2010).

Oxytocin, released from the magnocellular neurons of SON, was shown to activate

autoreceptors to generate eCBs, which then retrogradely modify the synaptic inputs of these

neurons (Hirasawa et al., 2004). Ghrelin, a brain-gut peptide, was shown to exert its

orexigenic effect through the activation of the cannabinoid system in the parvocellular

neurons of the paraventricular nucleus. Ghrelin-induced inhibition of the excitatory inputs

on these neurons, as well as its stimulatory effect on AMP-kinase activity and food intake

required an intact cannabinoid signaling pathway in this hypothalamic area of mice (Kola et

al., 2008; Tucci et al., 2004). In the dorsal raphe nucleus, the wake-promoting neuropeptide

orexin-B inhibited the glutamatergic input presynaptically, but via a postsynaptic, G protein-

dependent mechanism, and this pathway involved postsynaptic PLC and DAGL activity as

well as presynaptic CB1 receptors (Haj-Dahmane and Shen, 2005). In a very recent report,

activation of the PAR1 receptor with thrombin or PAR1-specific peptide agonist led to the

suppression of inhibitory transmission in cultured hippocampal neurons, with the
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involvement of postsynaptic DAGL and presynaptic CB1 receptors, independently of

mGluR activation (Hashimotodani et al., 2011).

In studies published by the same research group, centrally administered vasopressin,

corticotropin-releasing factor (CRF) and bombesin all elevated the central adrenomedullary

outflow and thus plasma cathecholamine levels through the activation of PLC and DAGL

and subsequent generation of 2-AG. However, the effects exerted by 2-AG itself were most

likely inhibitory, with the involvement of central CB1 receptors, and the stimulatory effects

on sympathetic outflow were caused by the arachidonic acid derivatives generated after 2-

AG degradation (Shimizu et al., 2004, 2005, 2010, 2011; Shimizu and Yokotani, 2008;

Yokotani et al., 2001).

Interestingly, it has also been shown that a fast, i.e. non-genomic, action of corticosteroids in

the hypothalamic paraventricular nucleus was the suppression of glutamatergic synaptic

inputs with the involvement of eCBs, through a putative, G protein-coupled membrane

corticosteroid receptor (Di et al., 2003, 2005).

5. Angiotensin II and endocannabinoids

We have previously demonstrated that stimulation of AT1 angiotensin receptors (AT1Rs)

with angiotensin II (Ang II) in heterologous expression systems can lead to stimulation of

cannabinoid receptors (Turu et al., 2007), because activation of AT1R, similar to other

Gq/11-coupled receptors, can lead to 2-AG release and paracrine transactivation of CB1R

(Turu et al., 2009). In order to demonstrate the physiological relevance of this finding, we

have investigated the role of CB1Rs in the hypertensive effect of centrally administered Ang

II.

Ang II was microinfused directly into the hypothalamic paraventricular nucleus (PVN) of

male Wistar rats (weighing 484.1 ± 10 g; mean ± SE). As shown in Fig. 2, infusion of Ang

II in the PVN caused elevation of the blood pressure, which is a well-known effect of

centrally administered Ang II (Bains and Ferguson, 1995; Miyakubo et al., 2002; Zhang et

al., 2002). Our data show that this change could be abolished by co-administration of

AM251, an inverse agonist of CB1R (Fig. 2). AM251 alone caused modest, immediate but

short-term increase in blood pressure. These results suggest that the endocannabinoids have

dual role in blood pressure regulation in the hypothalamus, and the mechanism by which

Ang II can cause hypertension involves the activation of CB1Rs. Although it is likely that,

similar to other systems, Gq/11-mediated eCB release can mediate this central effect of Ang

II, cross inhibition of heterodimerized GPCRs may also serve as an alternative explanation

for these results (Hudson et al., 2010; Szidonya et al., 2008). In fact, a recent study has

demonstrated that heterodimerization of CB1Rs and AT1Rs can occur, and affect the

function of these receptors (Rozenfeld et al., 2011). It has also been proposed that the effect

of Ang II in the PVN is mediated by reactive oxygen species (Chen and Pan, 2007; Li and

Pan, 2005). However, in many cases reactive oxygen species serve as a signal amplifier

(Hunyady and Catt, 2006), and Ang II-induced eCB release can also mediate the

disinhibition of the GABAergic tone, which mediates the effects of AT1R activation in the
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PVN. Additional studies are required to elucidate the exact role of CB1Rs in the mechanism

of action of Ang II in the hypothalamus.

6. Endocannabinoid release upon Gq/11 protein activation in peripheral

tissues

More and more data are becoming available about the presence and function of the ECS in

peripheral tissues, including the cardiovascular, gastrointestinal and immune systems as well

as the liver, adipose tissue, peripheral nerves and reproductive organs (Pacher et al., 2006).

Discussing the functions of the ECS in these systems in its full complexity is beyond the

scope of this review. Therefore, we focus here on examples, where eCB production and

subsequent cannabinoid receptor-mediated effects upon activation of a Gq/11-coupled

receptor, analogously to the central nervous system, have been demonstrated in peripheral

tissues.

The ECS has long been known to have a role in the regulation of vascular tone under

physiological and pathophysiological conditions. Its effect proved to be largely vasodilatory

in different systems, involving various effector mechanisms, the complexity of which is still

not fully understood (for reviews, see (Pacher et al., 2005; Randall et al., 2002). Soon after

their discovery, eCBs were suggested to represent the enigmatic endothelium-derived

hyperpolarizing factor (EDHF). Two early studies showed that the endothelium-dependent

vasodilatory effects of bradykinin and/or carbachol can be antagonized by the CB1R inverse

agonist SR141716A in the rat mesenteric artery. In both studies, application of the calcium

ionophore A23187 also caused endothelium-dependent vasodilation, which was inhibited by

SR141716A (Randall et al., 1996; White and Hiley, 1997). In the next few years, the

presence of CB1 receptors on vascular smooth muscle (Gebremedhin et al., 1999) and

endothelial cells (Liu et al., 2000), as well as on sympathetic nerve endings innervating the

vessels (Ishac et al., 1996) was also documented. Given that these receptors (i.e. B1 and B2

bradykinin receptors and M1 or M3 muscarinic acetylcholine receptors) are able to activate

Gq/11 proteins and generate an intracellular calcium signal, these data indicate that a part of

the mechanism through which they induce vasodilation could be the production of eCBs in

endothelial cells and the transactivation of cannabinoid receptors. Indeed, elevated levels of

2-AG after carbachol stimulus have been reported in the rat aorta (Mechoulam et al., 1998).

In contrast, some studies carried out using other species or tissues showed that bradykinin-

or acetylcholine-mediated vasodilatation in these other tissues either shows SR141716A-

sensitivity only at high agonist concentrations or is not sensitive to SR141716A at all

(Chataigneau et al., 1998; Fulton and Quilley, 1998; Niederhoffer and Szabo, 1999).

Therefore this paracrine effect, and the involvement of eCB formation in the vasodilatory

actions of bradykinin and acetylcholine, seems to be tissue-dependent.

In rat cerebral arteries, application of the thromboxane A2-mimetic compound U-46619 led

to a significant increase in the 2-AG-and AEA-contents of these vessels. Moreover, the

vasoconstrictor effect of U-46619 was more potent in the presence of CB1R inverse agonist,

whereas compounds interfering with 2-AG degradation reduced the effect of U-46619,
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suggesting a physiological feedback mechanism exerted by the ECS in response to TP

receptor stimulation (Hillard et al., 2007; Rademacher et al., 2005).

In addition to the above mentioned examples, only a few other cases of such transactivation

procedures have been described in peripheral tissues. Although activation of the ECS by

Gq/11-coupled receptors is a well-established phenomenon in the CNS, relatively few studies

have addressed this question in peripheral organs. Moreover, in many cases it is difficult to

identify a well-defined cannabinoid transactivation mechanism in the periphery, because the

tissue environment is often diverse, with less tightly organized structures, compared e.g. to

CNS synapses. For example, the release of 2-AG upon platelet activating factor (PAF)

stimulus was reported in 2001 in platelets and macrophage cells, and the involvement of the

Gq/11-coupled PAF receptor and phospholipase C was also demonstrated (Berdyshev et al.,

2001). This may theoretically have important effects on immune and endothelial functions.

However, a circumscribed mechanism through which this would lead to cannabinoid

transactivation, and a picture about the relative physiological role of the phenomenon are

still lacking.

7. Involvement of G proteins other than Gq/11, in endocannabinoid release

So far we have focused on the effects of Gq/11-coupled GPCRs on eCB production.

However, activation of other G proteins can also stimulate the release of eCBs. To our

knowledge, no data have been hitherto presented indicating that activation of the Gi/o- or

G12/13-subtypes could stimulate eCB release. However, some results have suggested that Gs

protein activation, through subsequent elevation of cAMP levels and protein kinase A

(PKA) activation, could possibly participate in GPCR-induced eCB formation (Fig. 3).

In 1996, Cadas et al. showed that in rat cortical neurons the ionomycin-induced (i.e.

calcium-dependent) biosynthesis of the anandamide precursor molecule NAPE is enhanced

by the simultaneous activation of PKA, either directly by forskolin, or through activation of

Gs-coupled receptors by stimulating neurons with VIP. However, application of forskolin or

VIP alone (i.e. without elevating intracellular calcium with ionomycin) did not result in

elevated NAPE-levels. This suggested a possible role of Gs protein-coupled receptors in

potentiating the calcium-dependent formation of eCBs (Cadas et al., 1996).

Since then, this question has not been in the main focus of eCB research, and therefore we

do not have much data on whether this kind of effect can have a role in the different

physiological systems. However, some studies provide important additions to this question.

In 2006, Malcher-Lopes et al. reported that the rapid, non-genomic effect of glucocorticoids

in the PVN, which requires a putative metabotropic glucocorticoid receptor and is mediated

by eCB release, can be inhibited by blocking the activity of Gs proteins or PKA. Both 2-AG

and anandamide were involved in this effect (Malcher-Lopes et al., 2006). Whether or not

this process requires intracellular calcium at any level was not addressed in this study, but

the results suggest that Gs protein activation and subsequent activation of PKA can increase

eCB levels, thus modulating retrograde eCB signaling.

In another study, eCB levels in HEK293 cell cultures were increased upon forskolin

stimulus. A similar effect was observed in dorsal root ganglia preparations in the case of
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AEA, however, without a significant increase in 2-AG levels. The increase in the AEA

levels caused by forskolin was not significant, if intracellular calcium was buffered with

BAPTA (Vellani et al., 2008).

The above results provide interesting information regarding the capability of Gs-coupled

receptors to enhance eCB release. However, to gain a clearer view it will be important to

identify the enzymatic targets (e.g. eCB biosynthetic or degrading enzymes) through which

PKA can exert its effect, and to clarify whether this signaling pathway can stimulate eCB

biosynthesis on its own, or has only a modifying effect on the ‘canonical’, Gq/11- and/or

calcium-mediated eCB release.

8. Further aspects of the interplay between GPCRs and the ECS

As demonstrated in the previous parts of our review, modulation of the endocannabinoid

system upon GPCR activation can be considered as a quite general physiological

phenomenon. However, this model cannot be extended to any system without limitations,

and one should be careful when evaluating results concerning the GPCR-mediated activation

of the ECS.

First, the fact that activation of a GPCR leads to elevated eCB levels in a tissue does not

necessarily mean that this will result in cannabinoid receptor transactivation. The relatively

rapid metabolic degradation of eCBs resulting in inactive products or their conversion into

other biologically active compounds may have a great impact on the observed effects

(Vandevoorde and Lambert, 2007). Moreover, since it is known that non-CB1/CB2 GPCRs

or transient receptor potential (TRP) channels can also serve as eCB targets, their presence

may thus also be responsible for some of the results obtained (De Petrocellis and Di Marzo,

2010).

Second, eCB molecules, once produced by a cell, may not only act intercellularly, i.e. as a

paracrine messenger, but can also have autocrine mediatory functions through cannabinoid

receptors. In the CNS, Bacci and co-workers reported the phenomenon of slow self-

inhibition, by which repetitive firing of low-threshold spiking (LTS) interneurons enhances

the production of 2-AG in these cells, followed by the autocrine activation of CB1Rs, which

mediate the long-lasting hyperpolarization of the same cell (Bacci et al., 2004; Marinelli et

al., 2008). Although this question has not been addressed directly in peripheral systems, it is

likely that eCBs can exert autocrine effects also in these tissues, and transactivation of CB1R

by other GPCRs may also have such physiological aspects. It is, however, hard to

differentiate between paracrine and autocrine effects when both receptors are present in the

same cell type, as is the case in many peripheral tissues. Moreover, heterodimerization of

CB1R with other GPCRs has been demonstrated in many cases (Hudson et al., 2010;

Rozenfeld et al., 2011; Ward et al., 2011), which makes this scenario even more complex.

Nevertheless, the concept of eCBs as autocrine messengers should be taken into account

when studying the G protein-mediated regulation of eCB release.

Third, an interesting issue concerning GPCR-mediated eCB release is the concept of the

existence of 2-AG pools in cell membranes, described very recently (Alger and Kim, 2011).

According to this concept, basal synthesis of 2-AG might not be always coupled to its
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immediate release, and this leads to the formation of basal, non-signaling 2-AG pools in the

cell membranes. Furthermore, neuronal activation might not only stimulate on-demand 2-

AG synthesis (followed by prompt eCB release), but, in an as yet unidentified way, also

triggers the release of 2-AG from these preformed pools. This can have important

consequences e.g. on the duration and kinetics of distinct eCB-mediated signaling events,

and might also be taken into account when studying GPCR-evoked eCB release, especially

by short-term application of pharmacological inhibitors (e.g. those of PLC or DAGL),

because release from a preformed pool can transitionally mask the inhibitory effects exerted

on the ‘on-demand’ synthetic pathway. However, more direct investigations are needed to

demonstrate the existence of such pools and the mechanisms by which GPCR activation or

intracellular Ca2+ could stimulate eCB release from these pools, simultaneously with (or

even independently of) on-demand eCB synthesis.

Finally, even if such transactivation is unequivocally demonstrated in a given system,

differences between body regions or species may still exist (as seen in the case of vascular

preparations). The amount and activity of the key enzymes of the process is known to vary

with tissue, and the biological regulation of the participating receptors (e.g. receptor

numbers, receptor sensitization or desensitization) can also modify the responses.

9. Conclusions

In this review we have summarized the best-known examples of how G protein-coupled

receptor signaling can lead to activation of the ECS. The classical model of this

transactivation was described in 2001 in CNS synapses, but we extend this scenario by

suggesting that eCB formation and subsequent paracrine transactivation of cannabinoid

receptors form a general part of Gq/11-mediated signaling in the most diverse tissues of the

body. We have paid attention in this review to underline the physiological relevance of this

process in the different systems, at least where we have enough data to draw such

conclusions, to show that this phenomenon is widespread and physiologically meaningful.

We have also discussed some further important aspects of the GPCR-ECS interplay, which

contribute to the complexity of this issue and should be kept in mind when studying these

regulatory phenomena.

Nevertheless, it would be interesting to see whether the many GPCRs that are theoretically

capable of stimulating eCB release (i.e. couple to Gq/11 proteins), but have as yet not been

implicated in this model of cannabinoid transactivation, may utilize this type of receptor

cross-talk to exert their physiological effects. This is especially true for peripheral systems,

e.g. the immune system or the tissues principally involved in metabolic regulation, where

the interplay between the ECS and other hormones and modulators is currently less

understood.
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Fig. 1.
Signaling mechanisms by which the activation of a Gq/11-coupled receptor enhances

endocannabinoid production. Activation of a Gq/11-coupled receptor leads to the activation

of phospholipase Cß enzyme, which cleaves PtdInsP2 in the plasma membrane to release

InsP3 and DAG. DAG can serve as a substrate for the DAGL enzyme, which produces 2-AG

in the cell membrane. On the other hand, InsP3 can trigger the release of Ca2+ from

intracellular stores through InsP3R activation. The elevated cytoplasmic Ca2+ level can

activate DAGL, further potentiating 2-AG production, as well as the NAT enzyme, leading

to the production of NAPE, which can serve as a substrate for NAPE-PLD to yield AEA. *

Indicates alternative pathways for anandamide production (see text for details). The released

eCBs, after leaving the cell, can activate cannabinoid receptors or other eCB target

molecules in a paracrine way. Abbreviations: PtdInsP2, phosphatidylinositol 4,5-

bisphosphate; PLCß, phospholipase Cß; DAG, diacylglycerol; DAGL, diacylglycerol lipase;

2-AG, 2-arachidonoyl-glycerol; AEA, N-arachidonoyl-ethanolamine (anandamide); InsP3,

inositol 1,4,5-trisphosphate; InsP3R, InsP3 receptor; NAPE, N-arachidonoyl-

phosphatidylethanolamine; NAPE-PLD, NAPE-specific phospholipase D; NAT, N-

acyltransferase; PE, phosphatidylethanolamine; TRP, transient receptor potential.
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Fig. 2.
CB1R plays a role in the hypertensive effects of angiotensin II in the rat paraventricular

nucleus. AM251 (150 ng/rat, Biozol) and angiotensin II (500 ng/rat, Sigma) and/or vehicle

were administered through a cannula inserted into a previously implanted guide cannula into

the paraventricular nucleus of the hypothalamus (PVN) in a single 10 min microinfusion in

urethane anaesthetized male Wistar rats. Mean arterial pressure (MAP) was measured from

the left femoral artery. Surgery, localization of the PVN and verification of the site of

injection were performed as described previously (Bagdy, 1996; Bagdy and Makara, 1994;

To and Bagdy, 1999). (A) Grouped data showing the changes from baseline in the MAP of

animals treated by vehicle (open circles) or Ang II (closed circles). (B) Grouped data

showing the changes from baseline in the MAP of animals treated by AM251 (open

triangles) or Ang II + AM251 (closed triangles). (C) Area under the curve (AUC) was

determined for MAP changes over a 15-min period from the beginning of the treatment.

Statistical analysis (two-way ANOVA followed by Tukey's post hoc test) showed significant

differences between AUC values of AngII- and AngII + AM251-treated animals (*p < 0.05

compared to vehicle treatment). All data are mean ± SEM, n = 3. All animal experiments

were carried out in accordance with the European Communities Council Directive of 24

November 1986 (86/609/EEC) and the National Institutes of Health “Principles of

Laboratory Animal Care” (NIH Publications No. 85-23, revised 1985), as well as specific

national laws (the Hungarian Governmental Regulations on animal studies, December 31,

1998). Permission was obtained from the local ethical committees.
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Fig. 3.
The putative mechanism by which the activation of a Gs-coupled receptor may enhance

endocannabinoid production. Activation of a Gs-coupled receptor leads to the activation of

the adenylyl cyclase enzyme, which produces cAMP. cAMP can activate PKA, which,

through the phosphorylation of an as yet unidentified target, may enhance the production of

eCBs, principally that of anandamide. As the rate-limiting step in AEA-biosynthesis is

catalyzed by NAT, it would seem reasonable that PKA exerts its potentiating effect on NAT.

However, no direct evidence demonstrating this effect is available at the moment.

Abbreviations: cAMP, cyclic AMP; PKA, protein kinase A; AC, adenylyl cyclase; AEA, N-

arachidonoyl-ethanolamine (anandamide); NAPE, N-arachidonoyl-

phosphatidylethanolamine; NAPE-PLD, NAPE-specific phospholipase D; NAT, N-

acyltransferase; PE, phosphatidylethanolamine. * Indicates alternative pathways for

anandamide production (see text for details).
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