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Abstract

The endocannabinoid anandamitiegrachidonoylethanolamine) was proposed to be an extracel-
lular retrograde messenger, which regulates excitability of neurons by cannabinpice&ptor-
dependent inhibition of neurotransmitter release. Recent findings indicate that the neuromodulatory
actions of anandamide might be more complex. Anandamide has been shown to directly modulate var-
ious ion channels, such ag-nicotinic acetylcholine receptors, T-type®ahannels, voltage-gated
and background &channels and Transient Receptor Potential Vanilloid type 1 (TRPV1) channels.
The binding site of anandamide at some of these ion channels appears to be intracellular or at the
bilayer interface. This rises the intriguing possibility that anandamide, prior to its release into the
synaptic cleft, may regulate ion homeostasis and excitability of neurons as an intracellular modulator
of ion channels independent of its action at cannabinoig ©Beptors. This possibility might extend
the concept of anandamide as an endocannabinoid retrograde messenger and may have profound im-
plications for its role in neurotransmission and neuronal function. Here, we will review the evidence
for this hypothesis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The endogenous lipitl-arachidonoylethanolamine was discovered independently by
two groups in the early nineties. Mechoulam and co-workers isolated and characterized
the lipid from pig brain in 19971]. They demonstrated that it could bind to and activate
the metabotropic cannabinoid €Beceptor, thereby the first endogenous ligand for the
cannabinoid CB receptor, i.e. ‘endocannabinoid’, was discovered. They named the lipid
anandamide after the Sanskaitanda which means ‘bliss’. Anandamide mimicked to a
large extent the actions af°-tetrahydrocannabinol, the main psychoactive component of
marijuana. This discovery, together with the isolation of the second endogenous cannabi-
noid 2-arachidonoylglycerol, established the foundation of a new signalling system in the
brain[2,3]. This system is of importance to the understanding of neuronal communication
[4,5].

Endocannabinoids are thought to act as extracellular retrograde messengers, which mod-
ulate excitability of neuronfb,6]. They are proposed to be released from the post-synaptic
neuron upon depolarisation, diffuse to the presynaptic neuron and activate cannabinoid
CB;-receptors. Presynaptic cannabinoid;GBceptors inhibit neurotransmitter release by
inducing hyperpolarization and/or closing voltage sensitiv& @aannel$7]. The stimula-
tion of cannabinoid CBreceptor leads to the inhibition of cAMP formation vig@oteins
[8]. As a result, ion channels such as A-type and inwardly rectifyiigtannels are acti-
vated, while voltage sensitive N-type and P/Q-typé'Gzhannels and D-type Kchannels
are inhibited4,7-10] The coupling to A- and D-type Kchannels is thought to be regulated
via cAMP, whereas the voltage sensitiveé®Cand K; *-channels are modulated through the
coupling with G-proteing[8].

Independently of the work of MechoularN;arachidonoylethanolamine was also iso-
lated from rat brain and shown to bind to L-type voltage sensitivé* @hannels at
the 1,4-dihydropyridine sit¢11]. This finding did not receive much attention and its
functional implications are not clear as yet. Nevertheless, it already indicatedNthat
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arachidonoylethanolamine is not selective for the cannabinoid receptors and that its neuro-
modulatory actions might be more complex than originally thought. In fact, this discovery
was the first example in which anandamide was shown to modulate ion channel activity
without activation of the cannabinoid GBeceptor. To date, the list of ion channels which

can be directly regulated by anandamide include various neurotransmitter-gated channels,
C&* and K*-channels and TRP-channels. Importantly, the binding site of anandamide at
several of these ion channels appears to be intracellular. In this review, we will discuss the
hypothesis that anandamide, prior to its release into the synaptic cleft, acts as an intracel-
lular modulator of ion channels independent of its action at cannabinoidré&dptors.

This might extend the concept of anandamide as an endocannabinoid retrograde messen-
ger and hence have profound implications for its role in neurotransmission and neuronal
function.

2. Biosynthesis of intracellular anandamide

In order to function as an intracellular messenger, anandamide needs to be produced
in a stimulus-dependent fashion in the cell. Indeed, it is widely recognized that anan-
damide is not stored in vesicles like other neurotransmitters such as dopamine, glutamate
and acetylcholine, but is produced “on demand” in &'@#ependent mannét2]. This
is the result of a biosynthetic mechanism relying on the existence of a phospholipid pre-
cursor for anandamide and of a L asensitive phosphodiesterase for the conversion of
this precursor into anandamide. Its precurslearachidonoyl phosphatidylethanolamine
(NAPE) is found in the plasma membrane as well as in membranes of the mitochondrion
and the endoplasmatic reticulum. The enzyme responsible for its hydrolysis to anandamide
has been recently purified, cloned and characterized. It is a membrane-associated hy-
drolase which belongs to the zinc metallohydrolase family and is found in microsomes
[13]. It uses variousN-acylphosphatidylethanolamines as substrates and can be stimu-
lated by C&*. Its subcellular distribution is unknown as yet. The expression of NAPE-
PLD is found in brain regions with high cannabinoid Ciceptors, but also in regions
with low or no cannabinoid CBreceptor levels. This suggests tiNaaicylethanolamines,
including anandamide, serve also other functions in addition to activation of cannabi-
noid CBy-receptors. It was found that strong membrane-depolarizing agents &fid Ca
ionophores could stimulate anandamide biosynthesis in intact neurons. Recently, we have
shown that mobilisation of intracellular calcium by the PLG/I|pathway or depletion
of intracellular C4*-stores with the C&-ATPase inhibitor thapsigargin are also suf-
ficient to produce anandamide and its NAPE biosynthetic precursor intracellularly in
HEK-293 cells and sensory neurofig}] (M. van der Stelt and Di Marzo, unpublished
observations). These findings are in agreement with electrophysiological studies, which
have suggested that endocannabinoid formation can also be elicited by stimulation of
metabotropic glutamate receptors and muscarinic recefdfofsThey suggest that triggers
for anandamide production are not limited to strong depolarising agents, and that activa-
tion of the PLC/IR-pathway can also stimulate intracellular anandamide biosynthesis de
novo.
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3. Controlling the life span of intracellular anandamide

If anandamide is acting as an intracellular messenger, its concentration in the cell should
be strictly regulated. Theoretically, intracellular anandamide can be inactivated through two
concurrent processes (reviewed[g]). Firstly, anandamide might be extruded from the
cell via a putative transporter selective for endocannabinoids. This might be the same pro-
tein that is responsible for the uptake of anandamide from the extracellular space into the
cell. Anandamide and other endocannabinoids have indeed been proposed to be transported
by a carrier-facilitated diffusion process according to their concentration gradient across the
plasma membrari&7,18] This process might be bi-directional, because itis neither depen-
dent on external Nanor affected by metabolic inhibitors. If so, anandamide release should
be blocked by selective inhibitofd9-21] Indeed, we have demonstrated that the anan-
damide transport inhibitor, VDM11, significantly increased intracellular anandamide levels
in rat dorsal root ganglion neurons stimulated with thapsigditdf Noteworthy, anan-
damide membrane transport inhibitors also block @Bediated Long Term Depression in
the striatunj22], in agreement with the hypothesis of endocannabinoids acting as retrograde
messengers, which requires them to be released through a specific transport process.

Secondly, inside the cell anandamide can undergo metabolism via two possible pathways:
oxygenation and hydrolysis (for revieyi&6,23,24). Lipoxygenase- and cycloxygenase-
catalyzed oxygenation of anandamide has been shown to generate a vast array of compounds,
such as hydroperoxy-anandamides and prostanjitgs At the moment, the target and
function, if any, of these putative anandamide metabolites are not characterized; therefore,
it is unknown whether oxygenation terminates anandamide’s actions or is a source of novel
bioactive compounds. For example, it has been suggested that lipoxygenase metabolites of
anandamide are natural inhibitors of FAAH and that they can interact with TRPV1 channels
[25,26]

The best-studied inactivation pathway of anandamide is the hydrolysis of its amide
bond, which yields arachidonic acid and ethanolamine. Fatty acid amide hydrolase, the
protein responsible for anandamide hydrolysis in vivo, has been cloned and studied in
detail [27,28] It is associated with the intracellular membrane and has high activity in
several brain areas, including brain stem, hippocampus, subtantia nigra and sfzi@fum
The distribution of FAAH correlates to a large extent with the expression of cannabinoid
CB;j-receptor, but in several brain regions with low or no expression of cannabinaid CB
receptor, e.g. the brain stem, FAAH is found in high densities. This suggests that FAAH is
not only limiting endocannabinergic signalling, but is also used to terminate signalling of
anandamide and its congeners at other molecular targets. In addition, FAAH is localized in
the soma and dendrites of pyramidal hippocampal neurons and dopaminergic neurons of
the substantia nigra, which appears to be at odds with a presynaptic action of anandamide
at cannabinoid CBreceptors in the projecting GABAergic neurons. Noteworthy, these
principal neurons do express the TRPV1 ion channel, therefore FAAH might inactivate
TRPV1-mediated signalling of intracellular anandamide in these neurons. In keeping with
this concept, we have evidence that FAAH-inhibitors, as well as anandamide transport
inhibitors, can enhance TRPV1-mediated signalling in HEK293 ¢80§ and sensory
neurons, and that over-expression of FAAH abrogates anandamide- and TRPV1-mediated
c&*-influx (M. van der Stelt and Di Marzo, unpublished observations).
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4. Novel intracellular role of anandamide: regulation of ion channel activity
4.1. Neurotransmitter-gated channels

Anandamide has been shown to interact with a variety of neurotransmitter gated ion
channels, e.g. NMDA-, serotonin (5-H)land &-nicotinic acetylcholine receptof31—-34]
These studies were performed in Xenopus oocytes or HEK293 cells, expressing the cloned
receptors, but not cannabinoid GBeceptors, which suggests that there is a direct interac-
tion of anandamide with these channels. Furthermore, neither the cannabineidptor
antagonist SR141716A, nor pertusis toxin, blocked the effect of anandamide on these chan-
nels[31,35,36] Anandamide augmented the NMDA-induced curi@if], whereas it in-
hibited the serotonin and acetylcholine induced currf8fs33,35,36] The binding place
of anandamide was suggested to be at the transmembrane or intracellular C-terminal site
for the 7Zx-nicotinic acetylcholine recept¢B7]. The effect of anandamide was mimicked
by arachidonic acid, but anandamide metabolism inhibitors did not prevent the action of
anandamide, whereas R-methanandamide, an anandamide more metabolically stable ana-
log, exhibited a higher potency, suggesting that the intact endocannabinoid was altering
nicotinic receptor functioi32,37] At the moment it is unknown whether these interac-
tions are also occurring in vivo and little work has been done to assess the physiological
importance of these effects.

4.2. Calcium channels

There are three low-voltage-activated, T-typeCehannels, which contribute to pace-
maker activities in the central nervous system. All three T-type channels are inhibited by
anandamide at submicromolar concentrations on a presumed intracellu[88site was
shown that T-type C4 currents, which could be blocked by anandamide, are involved
in neuritogenesis in neuroblastoma-glioma NG108-15 hybrid cells, a cell line that reca-
pitulates early steps of neuronal differentiatik®®8,39] Anandamide also inhibits non-
competitively L-type C&" channels at low micromolar concentrations by binding to the
1,4-dihydropyridine, 1,5-benzothiazepine and phenylalkylamine binding[§it¢s

4.3. Potassium channels

Anandamide has been shown to interact with both voltage-gated and background potas-
sium channels:

(1) Voltage-gated K channels shape the action potential by controlling its repolarization
phase and determine the membrane potential and duration of the interspike interval.
Anandamide and arachidonic acid have been shown to be equipotent at converting
non-inactivating delayed rectifiers voltage-gatetl ¢thannels into rapidly inactivat-
ing A-type K* channelqd40]. Anandamide induced rapid and complete inactivation
of these K channels when they are expressed in Xenopus oocytes. It was not tested
whether this effect was due to hydrolysis to arachidonic acid. However, there was no
lag-time upon application of anandamide, which suggests that anandamide had a di-
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rect interaction and did not need to be hydrolysed into arachidonic acid or to alter the
phosphorylation state of the channel. Indeed, anandamide has been shown previously
to directly inhibit Shaker-related voltage sensitive-ghannels at low micromolar con-
centrationg41]. Although the effect was shared by THC and other polyunsaturated N-
acylethanolamines, it was insensitive towards blockade by SR141716A. This suggests
that the modulation of the kchannel was independent of the activation of cannabinoid
CB;-receptors. At the moment it is unknown whether anandamide influences the action
potential of neurons through this mechanism in vivo.

(2) Background K channels are not voltage-gated and play an essential role in the set-
ting of the neuronal resting membrane potential and input resistance. Anandamide is
a direct and selective blocker of the backgrounddbannel TASK-1[42]. TASK-1
channels set the resting membrane potential of both cerebellar granule neurons and so-
matic motoneurons and are sensitive to low pH and anesthetics. Noteworthy, TASK-1 is
abundantly expressed in the brain stem, where very low cannabinqid€eBptors are
found. Anandamide and methanandamide could block TASK-1 mediated currents inde-
pendent of G-proteins at submicromolar concentrations in CHO-cells overexpressing
this K*-channel[42]. In cerebellar granule neurons the anandamide-mediated inhi-
bition of TASK-1 standing-outward kcurrent induced depolarisation. Interestingly,
TASK-1-like background K currents in motoneurons and cerebellar granule neurons
are inhibited by the activation of several Gg-coupled receptors, including muscarinic
receptors. In light of the finding that muscarinic receptor stimulation leads to anan-
damide production (see above), it might be speculated that anandamide is acting as an
intracellular messenger for TASK-1, which results in excitation of neurons.

4.4. TRPV1 channels

Cation channels of the transient receptor potential (TRP) family are critically involved
in the C&* homeostasis of cells. In contrast to many neurotransmitter-gated channels,
TRP-channels are often gated by cytoplasmic ligands and integrate multiple chemical and
physical stimuli. TRP-channels are candidates to mediate store-operateen@g, which
is a process in which depletion of intracellular®atores leads to influx of extracellular
Cat into the cell[43-46] In 1999, it was reported that anandamide could activate the
Vanilloid type 1 TRP channel (TRPVI37,48] TRPV1 is highly expressed in small di-
ameter primary afferent fibef49]. It is a molecular integrator of noxious stimuli, such as
heat and low pH, and can also be activated by the pungent ingredient of hot chilli peppers,
capsaicin[50]. In primary sensory neurons, TRPV1 is essential for the development of
inflammatory hyperalgesigp1,52] Furthermore, TRPV1 has also been found in various
brain areas, including dopaminergic neurons of the substantia nigra, hippocampal pyramidal
neurons, hypothalamic neurons, the locus coeruleus in the brainstem and in various layers
of the cortex, where it might be involved in modulation of synaptic plasti&i8/54] The
physiological role of TRPV1in the central nervous system is unknown, but exogenous anan-
damide induces, in hippocampal slices, a TRPV1-mediated enhancement of paired-pulse
depression, which is a form of short-term synaptic plasti&gj. Tonically active TRPV1
receptors have been found in the substantia nigra comfa@}aand the paraventricular
nucleus of the hypothalam(s7].
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Anandamide has a low micromolar affinity for TRPV1 in recombinant cell lines, which
is similar to that of capsaicifb8,59] However, its potency in various assays is usually
five to ten fold lower than that of capsaicin. For example, in high recombinant expres-
sion systems the Egg value for anandamide-induced €&nflux ranges from 0.4 to pM
and anandamide appears to act as a full agonist, while in native systems suct-as Ca
influx and inward current in DRG neurons anandamide is a partial agonist with a potency
varying from 6 to 1QuM [60—62] Due to its low potency and partial agonism in some
assays, anandamide’s ability to be a physiological relevant activator of TRPV1 was origi-
nally controversia[63]. However, it is now well established that the potency and efficacy
of (exogenous) anandamide at TRPV1 are influenced by a multitude of different factors,
ranging from assay conditions and species differences to TRPV1 modification and the abil-
ity of anandamide to reach the intracellular binding site on TRPV1. Thus: (i) due to its low
intrinsic efficacy, anandamide is a partial agonist in tissues with a low ion channel reserve,
but it appears to be a full agonist in tissues with a high ion channel reserve such as the
mesenteric arterj64,65] In several pathological conditions, TRPV1 activity/expression is
up-regulated, and this results in a significantly higher efficacy of anand4étij€ii) it has
been shown that ethanol, which is frequently used as a vehicle to dissolve anandamide, can
potentiate TRPV1 to anandamide via an unknown mechaj@iginwhereas bovine serum
albumin and plastic may prevent anandamide from reaching the intracellular binding site
[59]; (iii) apart from high temperature (>4&); and (iv) low (<7.2) pH, which may activate
and/or sensitize TRPV1, multiple signalling pathways have also been shown to interact
with TRPV1 to modify its gating properties and response to anandgd®jieThe channel
might be sensitised by: (v) removal of its inhibition by phosphatidylinositolbisphosphate via
PLC-mediated hydrolysig8], (vi) protein kinase C-catalysed phosphorylation following
PLC-mediated diacylglycerol releaf#9,70], (vii) protein kinase A-mediated phosphory-
lation[71], (viii) phosphorylation induced by calmodulin-dependent protein kinalge]|
(ix) voltage-dependent priming3]. By converse, TRPV1 can be: (x) rapidly desensitised
subsequent to activating stimuli by a calmodulin-dependent[g#p(xi) the level of ex-
pression and the activity of the putative anandamide transporter, which may vary in different
types of cells, is of crucial importance for exogenous anandamide to reach its cytosolic bind-
ing’s site at TRPV1 and vice versa to clear anandamide from the intracellular compartment
[30,65] Indeed, it has been demonstrated that when anandamide (100 nM) is injected into
the cell, it is very efficacious at inducing TRPV1-mediated plasma membrane currents in
DRG neurong75]; (xii) the rapid metabolism of anandamide inside cell may also limit
its activation of TRPV130,76] or potentiate its effect in case of lipoxygenase-mediated
conversior]25,77](see above). (xiiiN-Acyl-ethanolamine anandamide congeners, which
are co-biosynthesized with anandamide from the phospholipagependent hydrolysis
of the correspondingN-acyl-phosphatidylethanolamingt3], also significantly enhance
ananadamide effects at TRPYB]. One of these compounds;oleoylethanolamine, was
even found to be able to activate TRPV1 per se under certain condifi®@hgxiv) Anan-
damide functional activity at TRPV1 can be significantly masked by its concomitant activity
on cannabinoid CBreceptors, particularly in those brain regions and neurons where the
two receptors are co-expressed and are coupled to opposing biological ®]cta this
case, a significant enhancement of the potency of anandamide at TRPV1 can be observed
in the presence of CBantagonist$80].
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Despite this wealth of evidence that exogenous anandamide can activate TRPV1, it
has never been shown that endogenous anandamide can also signal through TRPVL1. In
view of the possible role of TRP channels in store-operatedt @atry, we hypothesize
that anandamide may function as a store-operated messenger signalling to TRPV1 to gate
extracellular C&'. This hypothesis is based on our findings that intracellul& @zbil-
isation by thapsigargin, or by receptors coupled to the PL{QsRhway leads to: (a) the
formation of intracellular anandamide in HEK293 cells and primary sensory neurons, and
(b) anandamide-induced TRPV1-dependent influx of extracellular Dahese cells (M.
van der Stelt and Di Marzo, unpublished observations). Thus, anandamide can act as an
intracellular messenger capable of modulating TRPV1 channel activity.

5. Anandamide cross-talks with well-established intracellular signals

If anandamide behaves as an intracellular signal, it should cross-talk also with major
intracellular signalling pathways other thargl@nd C&*, e.g. the cAMP-dependent and
diacylglycerol-dependent signalling cascades, which are initiated with the activation of
protein kinase A (PKA) and C (PKC), respectively. Indeed, this compound was described
to exert a dual action (both inhibitory and excitatory, depending on the co-presence of
phosphatidylserine or diacylglycerols) on rat brain PKC preparaf@dls and is known
to inhibit forskolin-stimulated adenylyl cyclase via €Beceptorg8]. Furthermore, anan-
damide stimulates the PLD enzyme involved in generating phosphatidic acid working as an
intracellular signa[81]. In turn, anandamide levels can be significantly enhanced in both
HEK-293 cells and sensory neurons following stimulation with forskolin or with phor-
bol miristoyl acetate (PMA), a typical PKC activator, this latter effect being significantly
counteracted by a selective PKC inhibitor (V. Vellani and V. Di Marzo, unpublished ob-
servations). Whether these effects are due to stimulation of anandamide biosynthesis or
inhibition of its inactivation has not been investigated. However, it is worthwhile noting
that the enzyme responsible for NAPE biosynthesis was found to be activated by PKA
[82]. At any rate, these data strengthen the hypothesis that anandamide, by being capable
of cross-talking with several second messenger pathways, is itself an intracellular signal.

6. Conclusions and perspectives

From the data discussed in this article, there seem to be several pieces of evidence clearly
pointing to an intracellular, non-cannabinoid receptor-mediated, function for anandamide,
in addition to its commonly accepted role as an endocannabinoid. Both the biosynthetic
and catabolic enzymes for this compound are entirely intracellular, and the pathway for its
formation “on demand”, by being strictly dependent on the presence of membrane phospho-
lipid precursors, closely resembles those of other intracellular signals. This is in agreement
with the finding, reviewed here, of non-cannabinoid receptor targets for anandamide, many
of which appear to interact with this compound at the level of their intracellular domains.
The hypothesis that anandamide indeed functions as an intracellular messenger will have
to be challenged by future experiments, which will have to aim particularly at finding
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physiological and pathological conditions where this phenomenon occurs. At any rate, the
intracellular and extracellular actions of this intriguing mediator should not be seen as mu-
tually exclusive, but rather as sequential to each other, and represent yet another example
of the functional plasticity of lipid mediators.
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