
UC Irvine
UC Irvine Previously Published Works

Title
More surprises lying ahead. The endocannabinoids keep us guessing.

Permalink
https://escholarship.org/uc/item/989810t2

Journal
Neuropharmacology, 76 Pt B(PART B)

ISSN
0028-3908

Author
Piomelli, Daniele

Publication Date
2014

DOI
10.1016/j.neuropharm.2013.07.026

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/989810t2
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


More surprises lying ahead:
The endocannabinoids keep us guessing

Daniele Piomelli, PhD
Departments of Anatomy and Neurobiology, Pharmacology and Biological Chemistry University of
California, Irvine, California, USA 92697-1275. Department of Drug Discovery and Development,
Istituto Italiano di Tecnologia, Genoa, Italy 16163

Abstract
The objective of this review is to point out some important facts that we don’t know about
endogenous cannabinoids — lipid-derived signaling molecules that activate CB1 cannabinoid
receptors and play key roles in motivation, emotion and energy balance. The first endocannabinoid
substance to be discovered, anandamide, was isolated from brain tissue in 1992. Research has
shown that this molecule is a bona fide brain neurotransmitter involved in the regulation of stress
responses and pain, but the molecular mechanisms that govern its formation and the neural
pathways in which it is employed are still unknown. There is a general consensus that enzyme-
mediated cleavage, catalyzed by fatty acid amide hydrolase (FAAH), terminates the biological
actions of anandamide, but there are many reasons to believe that other as-yet-unidentified
proteins are also involved in this process. We have made significant headway in understanding the
second arrived in the endocannabinoid family, 2-arachidonoyl-sn-glycerol (2-AG), which was
discovered three years after anandamide. Researchers have established some of the key molecular
players involved in 2-AG formation and deactivation, localized them to specific synaptic
components, and showed that their assembly into a multi-molecular protein complex (termed the
‘2-AG signalosome’) allows 2-AG to act as a retrograde messenger at excitatory synapses of the
brain. Basic questions that remain to be answered pertain to the exact molecular composition of
the 2-AG signalosome, its regulation by neural activity and its potential role in the actions of drugs
of abuse such as Δ9-THC and cocaine.

When anandamide was isolated from pig brain in 1992 and identified as the first endogenous
marijuana-like substance (Devane et al., 1992), the neuroscience community was quick to
realize the significance of this finding (Barinaga, 1992). Only two years earlier, the
molecular characterization of a cell-surface receptor that recognizes marijuana’s main
psychoactive constituent, Δ9-tetrahydrocannabinol (Δ9-THC)(Devane et al., 1988; Matsuda
et al., 1990), had finally answered the longstanding question of how this compound exerts its
unique brand of pharmacological effects – a combination of euphoria, calmness, appetite
stimulation, sensory alterations and analgesia (Iversen, 2000). The isolation of anandamide
promised to unlock the door to the brain neurotransmitter system hijacked by Δ9-THC. Past
experience with peptide transmitters suggested that this expectation was not unrealistic: for
example, the identification of the enkephalins (Hughes et al., 1975) and their receptors (Pert
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and Snyder, 1973; Terenius, 1973) had quickly led to the anatomical mapping of opioidergic
pathways in the central nervous system (CNS) (Pert et al., 1976), a key step toward
uncovering the roles of opioid peptides in the regulation of brain function and behavior.
Therefore, optimism that similar advances would ensue from the discovery of anandamide
was reasonably justified.

Indeed, a great deal has been learned in the years following that discovery: there is now
convincing evidence that anandamide is a bona fide neurotransmitter (Di Marzo et al., 1994;
Giuffrida et al., 1999) involved in the control of synaptic plasticity in the amygdala (Puente
et al., 2011), the modulation of stress responses (Bortolato et al., 2007; Dlugos et al., 2012;
Gobbi et al., 2005; Gunduz-Cinar et al., 2012; Hill et al., 2010; Khaturia et al., 2003), and
the processing of central and peripheral pain signals (Hohmann et al., 2005; Clapper et al.,
2010). Despite this progress, however, we still don’t fully understand how anandamide is
produced in neurons, in which neural pathways it acts as a neurotransmitter, and what
physiological stimuli trigger its release.

Why has anandamide proved to be such a hard nut to crack? How does this lipid-derived
molecule differ from 2-arachidonoyl-sn-glycerol (2-AG), a more recent addition to the
endocannabinoid lipid family (Mechoulam et al., 1995; Sugiura et al., 1995) for which we
have obtained, within a few years of its discovery, a reasonably detailed knowledge of
metabolism (Bisogno et al. 2003; Dinh et al., 2001; Stella et al., 1997) and synaptic
localization (Katona et al., 2006; Nyilas et al., 2009)? Answering this question may provide
important insights, not only on the biochemical properties and signaling functions of
anandamide, but also on endocannabinoid transmission at large.

2-AG formation – a new trick for an old dog
Neurons produce 2-AG through a multifunctional lipid pathway that starts with the cleavage
of phosphatidylinositol-4,5-bisphosphate (PIP2) and ends (at least temporarily) with the
transient accumulation of non-esterified arachidonic acid in cell membranes (Figure 1).
Individual checkpoints along this route can each generate separate sets of signaling
molecules (for review, see Piomelli et al, 2007).

The first checkpoint is represented by the β–isoform of phospholipase C (PLC-β), which can
be activated by various G protein-coupled receptors (e.g. the type-1 metabotropic glutamate
receptor, mGluR5) and converts PIP2 into the second messenger 1,2-diacylglycerol (DAG)
(Bennett et al., 1988). DAG regulates the activity of protein kinase C and other cellular
effectors, but also serves as substrate for two functionally distinct enzymes: diacylglycerol
kinase, which generates the intracellular signaling lipid (and metabolic intermediate),
phosphatidic acid; and diacylglycerol lipase-α (DGL-α), which hydrolyses DAG forming 2-
AG (Bisogno et al., 2003; Stella et al., 1997). In addition to serving as an endocannabinoid
agonist, 2-AG can be also dioxygenated by cyclooxygenase-2 (Cox-2) to yield a family of
prostaglandin (PG) glyceryl esters, which do not engage cannabinoid receptors yet display
significant biological activities (Kozak et al., 2000). Moreover, 2-AG can be cleaved by
hydrolases such as monoacylglycerol lipase (MGL) (Dinh et al., 2001) to produce non-
esterified arachidonic acid (Figure 1). Like other polyunsaturated fatty acids, free
arachidonate is either immediately reinserted into membrane phospholipids (part of a
process known as ‘phospholipid remodeling’) or utilized for the production of eicosanoids
(e.g., Cox-2-derived prostaglandins) (Piomelli et al, 2007).

The key reactions in the multifunctional pathway outlined above – and particularly the
sequential contributions of PLC, DGL and MGL activities to the release of arachidonic acid
from membrane phospholipids – have been known for decades (Allen et al., 1992; Bell et
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al., 1979). This prior knowledge greatly facilitated the molecular cloning of the main
enzymes involved in 2-AG production (Bennett et al., 1988; Bisogno et al., 2003; Dinh et
al., 2001), which in turn made possible the identification of the supra-molecular protein
complex (‘signalosome’) that enables 2-AG signaling at excitatory synapses of the brain
(Jung et al., 2012a). We will come back to the possible functions of the 2-AG signalosome
later on in this article.

The trouble with anandamide
In contrast with 2-AG, the reactions leading to the production of anandamide are relatively
unprecedented in lipid biochemistry. This state of affairs is not surprising, if we consider
that anandamide and other members of its chemical family – the amides of ethanolamine
with long-chain fatty acids (known as N-acylethanolamines or fatty acid ethanolamides
[FAEs]) – were initially dismissed as being terminal products of post mortem tissue
degradation rather than physiologically meaningful signaling molecules (Schmid et al.,
1995; Kempe et al., 1996). Indeed, the functional significance of anandamide remained
controversial until the mechanisms underlying the production and deactivation of this
compound were outlined using primary cultures of rat brain neurons (Cadas et al., 1996;
Cadas et al., 1997; Di Marzo et al., 1994) and its activity-dependent release in the CNS was
demonstrated by microdialysis in freely moving rats (Giuffrida et al., 1999).

Figure 2 illustrates the three enzyme pathways that have been implicated so far in the
mobilization of anandamide. The ‘canonical route’, shown in the center of the figure, was
elaborated in 1994–1997 (Cadas et al., 1996; Cadas et al., 1997; Di Marzo et al., 1994)
based on work conducted on non-endocannabinoid ethanolamides of saturated and
monounsaturated fatty acids, such as oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA) (reviewed in Piomelli, 2013; Schmid et al., 1990). This model postulates that
anandamide – which incorporates in its structure the polyunsaturated fatty acid, arachidonate
– is released by hydrolysis of the phospholipid precursor, N-arachidonoyl-
phosphatidylethanolamine (N-arachidonoyl-PE), catalyzed by a unique phospholipase D
(PLD) that preferentially recognizes N-acyl-substituted PE species (collectively called
NAPEs) over other more common phospholipids (reviewed in Ueda et al., 2013).

The levels of NAPEs containing saturated and monounsaturated fatty acyl chains at their
amino position, which do not generate anandamide, can be readily measured in non-
stimulated neurons (Astarita and Piomelli, 2009; Cadas et al., 1997; Di Marzo et al., 1994).
By contrast, concentrations of the anandamide precursor, N-arachidonoyl-PE, are
vanishingly low under resting conditions, but rapidly and transiently increase when neurons
are exposed to stimuli that elevate intracellular calcium levels (Cadas et al., 1996; Cadas et
al., 1997; Di Marzo et al., 1994; Stella and Piomelli, 2001). For N-arachidonoyl-PE
biosynthesis to occur, however, a sequence of two distinct enzyme-mediated reactions must
take place. First, arachidonic acid must be transferred from the sn-2 position of various
phospholipids, where it normally resides, to the sn-1 position of lyso-phosphatidylcholine
(PC), producing a low-abundance PC species that incorporates arachidonic acid at both sn-1
and sn-2 positions. The newly formed diarachidonoyl-PC quickly gives away its sn-1 acyl
chain to the free amino group of PE, generating N-arachidonoyl-PE (Figure 2). The
sequential formation of diarachidonoyl-PC and N-arachidonoyl-PE is strictly calcium-
dependent and represents the rate-limiting step in the production of anandamide by intact
neurons (Cadas et al., 1997). This reaction also provides the only known selectivity filter in
anandamide formation, because NAPE-PLD, which catalyzes the next and last step in this
cascade, does not distinguish among NAPEs that contain different N-acyl substituents (Ueda
et al., 2013). Despite their functional importance, the enzymes (or enzyme) responsible for
the concerted production of diarachidonoyl-PC and N-arachidonoyl-PE have not been
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identified yet (Ueda et al., 2013). This knowledge gap thwarts our attempts to understand the
physiological mechanisms governing anandamide release, and denies us the possibility to
define neuronal populations in the CNS that utilize this lipid substance as a neurotransmitter.

Detours in the path to anandamide
It is quite common for lipid-derived messengers to be produced through multiple biogenetic
pathways and anandamide does not make an exception to this rule (Piomelli et al., 2007).
Two detours from its canonical biosynthesis have been proposed, both of which utilize N-
arachidonoyl-PE as a starting point and substitute NAPE-PLD with different lipid
hydrolases (Figure 2).

Macrophages exposed to the bacterial toxin, lipopolysaccharide (LPS), emit a burst of lipid
mediators that include anandamide (Liu et al., 2006) along with other bioactive derivatives
of arachidonic acid (Dennis et al., 2010). This response is unlikely to be mediated by NAPE-
PLD – the expression of which is, in fact, strongly suppressed by LPS (Zhu et al., 2011) –
but rather appears to require the consecutive action of two as-yet-uncharacterized enzymes:
a PLC activity that converts N-arachidonoyl-PE into phospho-anandamide, and a
phosphatase activity that cleaves the latter into anandamide and free phosphate (Liu et al.,
2006) (Figure 2). In addition to this PLC-initiated mechanism, N-arachidonoyl-PE may be
also subjected to a double deacylation at its sn-1 and sn-2 positions, catalyzed by the
enzyme α/β hydrolase domain-containing protein 4 (ABHD-4), to produce glycerophospho-
anandamide (Simon and Cravatt, 2006). This intermediate may be transformed into
anandamide by cleavage of its phosphodiester bond, catalyzed by the phosphodiesterase
GDE1, and release of glycerol phosphate (Simon and Cravatt, 2008).

The existence of multiple routes of anandamide production might reflect the diversity of
physiological stimuli that are able to mobilize this endocannabinoid – which include, in
neural cells, membrane depolarization, intracellular calcium transients, and dopamine D2
receptor activation (Di Marzo et al., 1994; Giuffrida et al., 1999; Liu et al., 2006; Lourenço
et al., 2011; Steffens et al., 2003; Stella and Piomelli, 2001). However, it is important to
point out that each of the three pathways described above attributes a central place to the
enzyme system that catalyzes the formation of diarachidonoyl-PC and N-arachidonoyl-PE.
Since this is the only system that directs FAE biosynthesis toward the selective production
of anandamide, its molecular characterization will be as crucial to our understanding of
endocannabinoid signaling as the identification of tyrosine and tryptophan hydroxylases was
to the elucidation of aminergic transmission.

Anandamide degradation
The molecular mechanisms utilized by neural cells to degrade anandamide are reasonably
well understood. The compound is a preferred endogenous substrate for the intracellular
serine amidase, fatty acid amide hydrolase (FAAH), which catalyzes the cleavage of various
long-chain fatty acid amides (Cravatt et al., 1996; Désarnaud et al., 1995; Hillard et al.,
1995; Ueda et al., 1995a). Other lipid hydrolases, such as N-acylethanolamine acid amidase
(NAAA) (Ueda et al., 2010) and acid ceramidase (AC) (Li et al., 1998; Park and
Schuchman, 2006) are also able to hydrolyze lipid amide bonds, but show little or no affinity
for anandamide and are unlikely to play an important role in its deactivation. Consistent with
this view, genetic or pharmacological interventions that interrupt FAAH activity cause a
profound enhancement in anandamide-mediated signaling at CB1 cannabinoid receptors
(Cravatt et al, 2001; Kathuria et al., 2003), whereas blockade of NAAA or AC exerts no
such effect (Realini et al., 2013; Sasso et al., 2012). Anandamide can be also metabolized by
lipoxygenases and cyclooxygenases to oxygen-containing products that display significant
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biological activities at non-cannabinoid targets (Ueda et al., 1995b; Starovicz et al., 2013;
Woodward et al., 2008). An important unanswered question is whether these reactions
represent an alternative path for anandamide deactivation (Kim and Alger, 2004) or, rather,
provide a mechanism for the generation of distinct classes of lipid mediators (Starovicz et
al., 2013; Woodward et al., 2008).

2-AG degradation
We mentioned before that the serine lipase MGL catalyzes the cleavage of 2-AG into
glycerol and arachidonic acid, which is then recycled into membrane phospholipids or
transformed into the eicosanoid family of lipid mediators (Piomelli et al., 2007). There is a
general consensus that MGL accounts for the majority of the 2-AG-hydrolyzing activity
present in the rodent brain (Blankmann et al., 2007; Dinh et al., 2004). This assessment is
supported by converging results obtained with MGL inhibitors such as URB602 (Hohmann
et al., 2005) and JZL-184 (Long et al., 2009), MGL-deficient mice (Schlosburg et al., 2010)
and genetically modified mice that over-express MGL (Jung et al., 2012b). Two additional
serine hydrolases, ABDH-6 and ABDH-12 (Blankmann et al., 2007), are also able to
catalyze the hydrolysis of 2-AG in broken cell preparations, but their roles in terminating the
actions of 2-AG in live animals are uncertain. Evidence confirming such a role has been
obtained for ABDH-6, the inhibition of which prolongs the effects of 2-AG at brain
synapses (Jung et al., 2012a; Marrs et al., 2010). By contrast, recent data indicate that
ABDH-12 is primarily involved in the degradation of lysophosphatidylserine, rather than 2-
AG (Blankman et al., 2013). In addition to MGL-mediated hydrolysis, 2-AG is metabolized
by Cox-2 to form bioactive PG glyceryl esters (Kozak et al., 2000). Thus, as in the case of
anandamide, it appears that neural cells can steer 2-AG toward alternative fates of metabolic
activation (e.g., formation of PG glyceryl esters) or deactivation (e.g., hydrolysis followed
by arachidonic acid re-esterification into phospholipids). The selection between these two
paths is likely to depend on the cells’ signaling needs, but how such selection is made and
enforced is entirely unknown.

Accessing the degradation machinery
The endocannabinoids are released into the extracellular medium (Buczynski et al., 2013;
Giuffrida et al., 1999) and exert the majority of their effects by binding to CB1 receptors
present on the surface of presynaptic nerve terminals (Mackie, 2008). How do these lipid
substances come in contact with the enzymes responsible for their degradation? It turns out
that answering this question is, again, relatively straightforward for 2-AG, but much more
complex (and controversial) for anandamide.

In the brain, MGL is primarily found in axon terminals and is almost equally distributed
between the cytosol and the inner aspect of the presynaptic cell membrane (Dinh et al.,
2001; Dinh et al., 2004; Gulyas et al., 2004). This localization indicates that MGL can
readily access the pool of 2-AG that interacts with CB1 receptors and, therefore, can
efficiently catalyze the hydrolysis of this compound at its main site of action. Another
important enzyme may assist MGL in completing this task: pharmacological studies in a
neural cell line suggest that the MGL-mediated degradation of 2-AG is driven by the
subsequent condensation of arachidonic acid with coenzyme A (Beltramo et al. 2000), a
pivotal step in phospholipid remodeling catalyzed by acyl-CoA synthetase (Farooqui et al.,
2000).

Unlike MGL, FAAH is found in dendritic spines, where the enzyme resides in the
membrane of mitochondria and other intracellular organelles (Gulyas et al., 2004). How
does anandamide cover the distance that separates its site of action (presynaptic CB1
receptors) from its site of degradation (postsynaptic organelles)? Like other lipid molecules,
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anandamide can diffuse passively through the lipid bilayer, but there is substantial evidence
that this process is accelerated by a rapid and selective carrier system present in both
neurons and glial cells. This system exhibits three identifying features of a carrier-mediated
transport. First, saturation kinetics: plots of the initial rate of [3H]anandamide accumulation
against extracellular anandamide concentrations yield apparent Michaelis constants that are
similar to those measured for other known neurotransmitter uptake systems (Beltramo et al.,
1997; Piomelli et al., 1999). Second, substrate specificity: rat brain neurons and other cells
in culture internalize [3H]anandamide, but not closely related analogs (Beltramo et al., 1997;
Piomelli et al., 1999). Third, selective inhibition: a variety of natural and synthetic
compounds, including chiral analogs of anandamide, block [3H]anandamide transport in a
competitive and stereospecific manner (Di Marzo et al., 2004; Piomelli et al., 1999).
Moreover, anandamide transport is clearly distinct from FAAH, since FAAH inhibitors do
not interfere with its activity (Beltramo et al., 1997; Fegley et al., 2004). Even though this
pharmacological evidence supports the existence of a selective anandamide transport
system, the molecular identity of the transporter (or transporters) involved is still
controversial. Several intracellular proteins that bind anandamide and might facilitate its
movements across the cytosol, have been identified. However, the contribution of these
proteins to the termination of anandamide signaling remains disputed (Fu et al., 2012;
Berger et al., 2012)

A diffuse release mechanism?
The phospholipids that serve as precursors for anandamide and 2-AG can undergo rapid
lateral movements in cell membranes. This high degree of mobility raises the question of
whether endocannabinoid production might occur throughout the surface of neuronal cells.
This possibility, though inconsistent with classical synaptic transmission, is not
unprecedented in brain signaling. Modulatory substances such as adenosine and nitric oxide,
which are not stored in synaptic vesicles, are thought to be released from non-synaptic sites
and to act as diffusible autocrine or paracrine messengers. The slow time-course of
anandamide production, which typically unfolds over a period of many minutes, suggests
that this compound might operate through a similar mechanism (Giuffrida et al., 1999;
Hohmann et al., 2005). The preferred localization of NAPE-PLD to presynaptic nerve
endings (Egertova et al., 2008) does not negate this hypothesis because, as discussed above,
it is still unclear whether NAPE-PLD is necessary for anandamide production.

Irrespective of whether it might be utilized by anandamide or not, the diffuse release
mechanism outlined above is incompatible with endocannabinoid-mediated retrograde
signaling at central synapses, which is known to be subjected to strict spatial and temporal
constraints (Castillo, 2012; Katona and Freund, 2012). There is growing evidence, indeed,
that this rapid, point-to-point signaling process is mediated by 2-AG, rather than
anandamide, and is made possible by the existence of an anatomically defined structure, the
‘2-AG signalosome’, dedicated to the production and release of this endocannabinoid
(Figure 3).

The 2-AG signalosome was identified at excitatory synapses of the ventral striatum and
prefrontal cortex (Jung et al., 2012a), but is likely to be present in other regions of the
mammalian CNS (Katona et al., 2006; Matyas et al., 2008; Nyilas et al., 2009). Selectively
localized to a portion of the dendritic spine that borders the postsynaptic density, this supra-
molecular complex connects in a single functional unit, held together by Homer proteins,
three key players in 2-AG production: mGluR5, PLC-β and DGL-α (Jung et al., 2007; Jung
et al., 2012a). When glutamate secreted by excitatory axon terminals binds to mGluR5, the
physical proximity of this receptor to PLC-β and DGL-α enables the rapid hydrolysis of
preformed PIP2 and the local accumulation of 2-AG. Driven by this concentration spike, 2-
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AG escapes the postsynaptic membrane, crosses the synaptic cleft and engages CB1
receptors on axon terminals, reducing calcium channel activity and suppressing glutamate
release (Mackie, 2008). The pool of 2-AG that reaches presynaptic terminals can be quickly
degraded by MGL (Dinh et al., 2001; Dinh et al., 2004; Gulyas et al., 2004), while the
portion that remains associated with the spine is probably cleared by ABHD-6 (Marrs et al.,
2010) (Figure 3). It is important to point out that this structural arrangement is restricted to
excitatory synapses, which contain relatively low levels of CB1 receptors (Marsicano and
Lutz, 1999). Inhibitory synapses formed by cholecystokinin-containing GABAergic
interneurons – where retrograde signaling has been also demonstrated (Castillo et al., 2012;
Katona and Freund, 2012) and CB1 is extremely abundant (Katona et al., 1999) – must
regulate endocannabinoid signaling through a distinct mechanism, which remains unknown.

Conclusions
Twenty years after the discovery of anandamide, many aspects of the natural history of this
substance remain mysterious. The intracellular enzyme responsible for its deactivation,
FAAH, has been identified (Cravatt et al., 1996; Désarnaud et al., 1995; Hillard et al., 1995;
Ueda et al., 1995) and potent and selective inhibitors of its activity have been disclosed (for
review, see Piomelli, 2005). This has made possible, in turn, to unmask important functions
served by anandamide in the control of stress-coping responses (Bortolato et al., 2007;
Dlugos et al., 2012; Gobbi et al., 2005; Gunduz-Cinar et al., 2012; Hill et al., 2010; Khaturia
et al., 2003) and pain initiation (Clapper et al., 2010; Hohmann et al., 2005). Despite these
advances, we still need to define the enzyme system through which anandamide is produced
in neurons, the physiological stimuli that trigger its formation, and the neural pathways that
utilize it as a modulatory transmitter. Without this information, our understanding of
anandamide-mediated endocannabinoid signaling will remain tentative.

Thanks to decades of research on the biochemistry of arachidonic acid, we know a lot more
about 2-AG than we do about anandamide. The enzymes involved in the production and
deactivation of this glycerol ester have been molecularly cloned (Bisogno et al., 2003; Dinh
et al., 2004) and substantial progress has been made on the localization of these proteins in
the CNS (Castillo et al., 2012; Katona and Freund, 2012). Selective chemical probes
targeting 2-AG elimination have also been disclosed (Hohmann et al., 2005; Long et al.,
2009). Nevertheless, several fundamental questions remain unanswered. Most urgent among
them, possibly, are those pertaining to the organization of the 2-AG signalosome. What is
the exact molecular composition of this signaling complex, and how is it assembled? Can
neural activity alter its organization? In addition to mGluR5, do other neurotransmitter
receptors coupled to PLC-β activation (e.g., certain muscarinic receptor subtypes) form
signalosome-like structures at CNS synapses? And, last but not least, are the effects of drugs
of abuse such as Δ9-THC and cocaine linked to short-term or long-term changes in the
structure and function of this complex? As we start addressing these questions, we can be
sure of one thing: the endocannabinoids are still not done surprising us.
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Highlights

• This article outlines several unanswered questions about the endocannabinoid
system

• The enzymes involved in anandamide biosynthesis are unknown

• This knowledge gap makes it difficult to localize neurons that use anandamide
as a transmitter

• The enzymes involved in 2-AG biosynthesis and degradation have been
identified

• 2-AG production is localized to a signaling complex, whose exact composition
remain unknown
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Figure 1. Formation and deactivation of 2-AG in brain neurons
Receptor-operated phospholipase C-β (PLC-β) converts phosphatidylinositol-4,5-
bisphosphate (PIP2) into 1,2-diacylglycerol (DAG). DAG is hydrolyzed by diacylglycerol
lipase-α (DGL-α) forming 2-AG. 2-AG is subjected to hydrolytic cleavage catalyzed by
either monoacylglycerol lipase (MGL) or α/β hydrolase domain-containing protein 6
(ABHD-6). Additionally, 2-AG can be dioxygenated by cyclooxygenase-2 (Cox-2) to yield
a family of non-endocannabinoid prostaglandin (PG) glyceryl esters. Free arachidonic acid
(AA) is converted into the eicosanoid family of compounds, for example prostacyclin
(PGI2), by cyclooxygenase or lipoxygenase enzymes.
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Figure 2. Formation and deactivation of anandamide in brain neurons
The ‘canonical route’ of anandamide biosynthesis is shown in the center. According to this
model, anandamide is released by hydrolysis of the phospholipid precursor, N-arachidonoyl-
phosphatidylethanolamine (N-arachidonoyl-PE), catalyzed by a selective phospholipase D
(PLD). N-arachidonoyl-PE is produced through a two-step reaction in which arachidonic
acid (AA) is transferred from the sn-2 position of a phospholipid to the sn-1 position of lyso-
phosphatidylcholine (PC), producing diarachidonoyl-PC. The sn-1 arachidonoyl chain of
diarachidonoyl-PC is then transferred to the free amino group of PE, generating N-
arachidonoyl-PE. Two additional routes of anandamide biosynthesis have been described.
Left: an as-yet-uncharacterized phospholipase C (PLC) converts N-arachidonoyl-PE into
phospho-anandamide, which is then dephosphorylated by a phosphatase (P-ase) forming
anandamide. Right: N-arachidonoyl-PE is hydrolyzed by α/β hydrolase domain-containing
protein 4 (ABHD-4), forming glycerophospho-anandamide, which generates anandamide
after losing the glycerophosphate group. Anandamide is degraded intracellularly by the
serine amidase, fatty acid amide hydrolase (FAAH).
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Figure 3. Schematic model of the 2-AG signalosome
This supra-molecular complex, selectively localized to the perisynaptic zone of the dendritic
spine, connects in a single functional unit three key proteins involved in 2-AG production at
excitatory synapses of the brain – mGluR5 metabotropic glutamate receptors, phospholipase
C-β (PLC-β) and diacylglycerol-α (DGL-α). Evidence indicates that these proteins may be
held together by the scaffolding proteins Homer-cc and Homer 1a. The proximity of
mGluR5 to PLC-β and DGL-α allows for the rapid accumulation of 2-AG, which travels
across the synaptic cleft to activate CB1 receptors on axon terminals. The 2-AG that reaches
presynaptic terminals may be quickly hydrolyzed by monoacylglycerol lipase (MGL), while
the 2-AG that fails to reach the terminals may be degraded by α/β hydrolase domain-
containing protein 6 (ABHD-6). Other abbreviations: AMPAR, AMPA receptors; NMDAR,
NMDA receptors.
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