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Abstract This review presents and explores the hypothesis
that Marachidonylethanolamine (AEA, also called ananda-
mide) is synthesized in the brain and functions as an endoge-
nous ligand of the cannabinoid receptor. Support for this hy-
pothesis comes from in vitro experiments demonstrating that
AEA binds and activates signaling through the cannabinoid
receptor. In addition, in vivo AEA produces effects very simi-
lar to those of the classical agonists of the cannabinoid recep-
tor. Evidence for the cellular synthesis and release of AEA is
not as clear. Data are presented that suggest that AEA is syn-
thesized via a two enzyme process. First, a novel phospholipid
(N-arachidonylphosphatidylethanolamine) is formed by a cal-
cium-dependent transacylase. This lipid is a substrate for a
phosphodiesterase of the phospholipase D type which re-
leases AEA. Although there is some evidence to support this
hypothesis, it is clear that AEA is a very minor product of this
enzymatic cascade. Several important questions remain to be
answered, including whether the concentrations of AEA syn-
thesized by cells are sufficient to support a signaling role in
the brain.—Hillard, C. J., and W. B. Campbell. Biochemistry
and pharmacology of arachidonylethanolamide, a putative
endogenous cannabinoid. J. Lipid Res. 1997. 38: 2383-2398.
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INTRODUCTION

In 1992, Devane and coworkers (1) made the re-
markable observation that N-arachidonylethanolamine
(alternatively called arachidonylethanolamide, ananda-
mide, or AEA, Fig. 1), isolated from porcine brain,
competed for binding to brain membranes with the
cannabinoid receptor ligand [PHJHU-210. In the same
report, these investigators presented data that AEA in-
hibited the electrically evoked twitch response of the
mouse vas deferens, a characteristic effect of cannab-
inoid receptor agonists. Other biochemical, behavioral

and physiological studies from a number of laborato-
ries (outlined in more detail below) support the origi-
nal observation that AEA is an agonist of the cannab-
inoid receptor. However, far less evidence is available to
support or refute the hypothesis that AEA is produced
in brain and functions as the endogenous ligand for
the cannabinoid receptor. It is our intent in this review
to discuss data that shed light on the hypothesis that
AEA is formed in the brain and functions as an endoge-
nous ligand of the cannabinoid receptor.

Although the report from Devane and coworkers (1)
was the first demonstration of the existence of arachi-
donylethanolamide, mammalian tissues were shown to
contain N-acylethanolamine (NAE) derivatives of other
fatty acids 30 years earlier by Bachur and coworkers
(2). In particular, these investigators found that palmi-
toylethanolamide (PEA, Fig. 1) is a constituent of lipid
extracts from rat brain, liver, and skeletal muscle. N-
Acylethanolamines, particularly PEA and stearoyletha-
nolamide, are also found in canine heart extracts, ac-
counting for 0.05 mol% of the total lipid (3). Schmid,
Schmid, and Natarajan (4) have suggested and pro-
vided evidence to support the concept that long chain,
saturated and mono-unsaturated NAEs are a family of
molecules that share a common mechanism of cellular
synthesis and common mechanisms of cellular action
(see 4 for a review of this topic).

Abbreviations: AEA, arachidonylethanolamide; CBI1, brain can-
nabinoid receptor; CB2, peripheral cannabinoid receptor; MS, mass
spectrometry; NAE, N-acylethanolamine; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PEA, palmitoylethanolamine; PMSF,
phenylmethylsulfonyl fluoride; PLD, phosphodiesterase of the phos-
pholipase D type; THC, A%-tetrahydrocannabinol.
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Fig. 1.  Structures of N-acylethanolamines.

AEA CONCENTRATIONS IN BRAIN TISSUE

The concentration of AEA in brain tissue is very low
and assays with sufficient sensitivity and selectivity to de-
tect AEA have been developed only recently. The pri-
mary method used to quantity endogenous AEA in
brain tissues is mass spectrometric (MS) analysis with
isotopic dilution (5-8). The specifics of the MS meth-
ods that have been applied to the analysis of brain tis-
sue differ; the most sensitive of these methods utilizes
selective ion monitoring in the negative ion chemical
ionization (NICI) mode after derivatization of AEA to
the bis-pentafluorobenzoyl (PFB) derivative and sepa-
ration by gas chromatography (8). The reported lower
limit of detection of AEA using this method is 6 pmol/

ml. Another group has used liquid chromatography of

nonderivatized AEA to separate the protonated molecu-
lar ion of AEA which is used as the precursor ion for MS/
MS analysis (7). This method has a detection limit of 25
nmol/ml.

Several assays for AEA utilizing the highly sensitive
method of high pressure liquid chromatography after
fluorescence derivatization have been reported (9, 10).
In each of these procedures, the primary hydroxyl
group of the ethanolamine is the site of derivatization.
As very few lipid species containing primary hydroxyls
exist in mammalian tissues, one advantage of this ap-
proach is a low number of interfering compounds. A
second advantage of HPLC with fluorescence detection
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is that the concentrations of AEA as well as other NAEs

can be determined simultaneously. HPLC analysis of

anthroyl derivatives of tissue-derived NAEs, including
AEA, have been reported (10). Unfortunately, the sen-
sitivity of this approach was rather low (60 pmol/ml),
possibly due to the Jow fluorescence yield of the an-
throyl group. Another derivatization protocol has been
reported utilizing a highly fluorescent benzoxadiazole
as a derivatizing agent (9). We have successfully deriva-
tized AEA and other NAEs with 7-diethylaminocou-
marin-3-carbonyl azide although detection of small con-
centrations in biological samples has proven to be
difficult (S. Muthian, K. Nithipatikom, W. B. Campbell,

and C. J. Hillard, unpublished observations). Both of

these derivatization procedures coupled with HPLC
and fluorescence detection result in sensitive assays; 4—

5 fmol/ml of AEA standard derivatized with either of

these compounds was detected at a signal to noise ratio
of 2. The use of these or similar derivatizations should
greatly enhance the sensitivity of AEA measurement in
tissues and cells.

The original report from Devane and coworkers (1)
estimated the concentration of AEA in porcine brain to
be 384 pmol/g of brain tissne. A second group has con-
firmed the observation that freshly isolated porcine
brain contains AEA (17 pmol/g) and demonstrated
that cow brain contains 10 pmol/g but AEA concentra-
tions are below the limits of detection in sheep brain
(5, 6). Data obtained from rat brain are somewhat con-
flicting; one group has reported 4 pmol AEA/g tissue
(10), another has reported 20-30 pmol/g tissue (7)
and a third group reported that AEA was not detect-
able in freshly isolated rat brain (8). Human brain
obtained within 2 h of death contains AEA and differ-
ences in the concentration of AEA were noted in some
brain regions (7). The highest concentration of AEA
was found in hippocampus (110 pmol/g tissue), with
lesser amounts in the parahippocampal cortex (75
pmol/g tissue), cerebellum (30 pmol/g tissue), stria-
tum (55 pmol/g tissue), and thalamus (75 pmol/g tis-
sue). In toto, these studies suggest that the amount of
AFEA in brain is very low. This finding is not at all sur-
prising when AEA is considered in the context of other
biologically active arachidonic acid metabolites. Like
other eicosanoids, it is probable that AEA and other
NAEs are synthesized on an “as needed” basis and arc
not stored in cells in their free form. It is possible that
the concentrations of AEA in brain tissues are depen-
dent upon methods used in the preparation of the tis-
sue rather than the amounts of AEA that are released
by “anandamergic” neurons.

One variable of tissue preparation that is an impor-
tant determinant of tissue AEA concentration is the
time between the death of the animal and the extrac-
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tion of lipids from the tissue. The concentration of
AFA in pig brain increases 100-fold when the brain is
kept at ambient temperature for 22 h (5). After 28 h at
room temperature, AEA concentrations increase by
more than 125-fold in rat brain (8) and by approxi-
mately 14-fold in human cerebellum (7). The mecha-
nism by which removal of the brain from its nutrient
supply results in an increase in AEA concentration is
not known. These studies raise the question whether
the concentration of AEA is regulated by more subtle
changes in tissue and cellular nutrition, such as isch-
emia or hypoxia. While the postmortem increase in
brain AEA may be an artifact of tissue damage, it is also
possible that similar mechanisms may regulate AEA
concentrations in living tissue.

In support of this concept, we have recently found
that cerebellar granule cells synthesize AEA when they
are rendered chemically ischemic by incubation in an Ny
atmosphere for 3 h without serum or glucose. Cerebellar
granule cells were isolated, grown in vitro for 7 days then
preloaded with {?H]arachidonic acid (100,000 cpm/ml)
for 4 h. Twenty hours later, the cells were either washed
and incubated in media in a normal O, environment
or were incubated in media lacking glucose and serum
in an Ny environment. After 3 h, cellular lipids were ex-
tracted and resuspended in 100 pl acetonitrile. The
samples were separated by reverse-phase HPLC using a
gradient from 50% acetonitrile in 0.1% acetic acid to
100% acetonitrile on a C18 column. The ischemic cells
exhibited a 193% increase in the amount of tritiated
metabolite that comigrated with [*H]AFA standards.
These data demonstrate that cells made ischemic for a
relatively short period of time synthesize AEA and sug-
gest that AEA synthesis may be regulated by similar
events in the intact brain.

CELLULAR SYNTHESIS OF AEA

Evidence for the transacylase/PLD pathway

As it is unlikely that AEA is stored in its free form in
tissues, elucidation of the mechanisms of AEA synthesis
is of utmost importance to understand the role of AEA
and the cannabinoid receptor in brain function. Striatal
neurons in primary culture preloaded with radiola-
beled ethanolamine produce small amounts of radio-
labeled AEA along with greater amounts of the
ethanolamides of other free fatty acids including 16:0,
18:0, 18:1, 18:2, and 18:3 (11). N18 neuroblastoma cells
also make small amounts of radiolabeled AEA when
cells are prelabeled with either radiolabeled ethanola-
mine or arachidonic acid (12). AEA synthesis also oc-

curs in several nonneuronal cell types; including J774
cells, a cell line derived from mouse macrophages (12)
and possibly endothelial cells from rabbit mesenteric
arteries (13). Cells devoid of AEA synthetic activity in-
clude astrocytes (11) and bovine coronary artery endo-
thelial cells although they may make other NAEs (P. F.
Pratt, C. J. Hillard, and W. B. Campbell, unpublished
results). The calcium ionophore, ionomycin, increases
the production of AEA in striatal neurons (11) and
J774 cells (12). However, the details of the relationship
between an increase in the intracellular calcium con-
centration and AEA production are not known. High
concentrations of THC increase AEA synthesis in N18
neuroblastoma cells preloaded with either [®*H]arachi-
donic acid or ['¥C]ethanolamine; however, the mecha-
nism for this effect is not clear (14).

A plausible mechanism for the cellular synthesis of
AFA is based on the scheme originally suggested by
Schmid and coworkers for the synthesis of saturated
and mono-unsaturated NAEs (reviewed in refs. 4, 15;
outlined in Fig. 2). According to this synthetic scheme,
a minor phospholipid MN-acyl phosphatidylethanol-
amine (N-acyl-PE) is found in tissues that synthesize
NAEs. This phospholipid is a substrate for a calcium-
independent phosphodiesterase of the phospholipase
D type which releases NAE and phosphatidic acid. The
rate limiting and calcium-dependent step in this cas-
cade of events is the synthesis of N-acyl-PE which occurs
through the action of an MNacyl transferase that cata-
lyzes an exchange reaction between the sn-1 position of
donor phospholipids and the primary amine of PE.
While there is considerable support for this mechanism
of synthesis for saturated and mono-unsaturated NAEs,
it has been more difficult to demonstrate that AEA is
synthesized in this manner. A theoretical problem with
the application of this scheme to the production of
AFEA in brain is that very low amounts of arachidonic
acid are found in the sn-1 position of phospholipids. It
is almost exclusively in the sn-2 position of brain phos-
pholipids. However, AEA synthesis does appear to occur
by this pathway in rat testis (16) where significant
amounts of arachidonate are incorporated into the sn-1
position of phosphatidylcholine (17). We will summa-
rize the data that support each step of this mechanism
as it relates to AEA below. The reader is also referred to
the recent review by Schmid, Schmid, and Natarajan
(15) for data that support this mechanism for the pro-
duction of other NAEs.

The final step of this cascade of events is the release
of AEA from N-arachidonyl-PE through the action of a
phosphodiesterase of the phospholipase D type (re-
ferred to herein as PLD) which hydrolyzes the bond be-
tween phosphate and ethanolamine resulting in the
formation of AEA and phosphatidic acid. This particu-
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Fig. 2. Proposed mechanism for cellular synthesis of AEA from PE via transacylase and phospholipase D.

lar phosphodiesterase is also a lysophospholipase D and
can also hydrolyze glycerophospho-N-acylethanolamine
(18). Rat brain microsomes convert N-[*H]arachidonyl-
PE to [*H]AEA in the presence and absence of calcium
(10). Similar results have been reported for homog-
enates from neurons in primary culture (11). There
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has been only one study of this process in intact cells
using the macrophage-like J774 cells prelabeled with
[*H]ethanolamine (12). In this experiment, a high con-
centration (5 wM) of ionomycin was found to increase
NAE formation and decrease N-acyl-PE content (12).
The authors concluded that the release of NAE from A-
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acyl-PE in these cells is a calcium-dependent process and
the rate limiting step in the production of NAE. This
conclusion is at odds with the data from brain homoge-
nates cited above and with the hypothesis of Schmid (4,
15) that the formation of N-acyl-PE is the rate limiting
step in NAE synthesis. Whether the discrepancy is the re-
sult of differences between cell homogenates and whole
cells or is unique to lymphoid cells is not known.

The next question is whether MNarachidonyl-PE is
present in brain or in neurons. One group has re-
ported that rat brain contains very low amounts of M-
arachidonyl-PE (26 pmol/g tissue) accounting for only
0.4% of the total Nacyl-PE (10). Earlier studies using
less sensitive methods of quantification failed to find M-
arachidonyl-PE in brain extracts (19). One can make
the argument that the synthetic scheme of Schmid out-
lined above predicts that the concentration of N-arachi-
donyl-PE is low because it is the substrate of an unregu-
lated enzyme. In other words, any MNarachidonyl-PE
formed should be rapidly converted to AEA. However,
significant amounts of other Macyl-PE species are
found in brain extracts (19) which suggests that either
MN-arachidonyl-PE is a preferred substrate for PLD or its
synthesis occurs at a lower rate than other N-acyl-PEs.

Several studies have been carried out to identify N-
arachidonyl-PE in cells at rest and after stimulation. N18
neuroblastoma cells incorporate [1*C]ethanolamine
into a lipid component that comigrates on TLC with N-
acyl-PE (12). When the newly synthesized N-acyl-PE was
digested with PLD from 8. chromofuscus and the Nacyl
moieties were separated using HPLC, a single peak that
comigrated with both Mlinoleoylethanolamine and
AFEA standards was seen. The absolute identity of these
lipids was not reported. Similarly, Cadas and coworkers
(20) demonstrated that Macyl-PE content was increased
when rat cortical neurons in primary culture were stim-
ulated by a variety of agents that increase intracellular
calcium. The contribution of N-arachidonyl-PE to the
total N-acyl-PE pool was not determined. Another group
reported that glutamate stimulation of cortical neurons
in primary culture resulted in the incorporation of
[®H]stearic acid but not [*H]arachidonic acid into the
N-acyl position of N-acyl-PE (21). In summary, N-arachi-
donyl-PE accounts for a very small fraction of the N-acyl-
PE present in brain or unstimulated neurons. It is not
clear whether N-arachidonyl-PE concentrations in brain
and/or neurons are elevated by increased intracellular
calcium concentrations although it is clear that the total
amount of N-acyl-PE is increased.

Some of the properties of the MNacyl transferase are
known. The MN-acyl transferase activity is membrane as-
sociated, with microsomal membranes having the high-
est activity (22). MNAcyl transferase activity is energy
independent; neither free fatty acids nor acyl-CoA de-

rivatives serve as the acyl donor. The Macyl moieties in
Macyl-PE can be transferred from the O-acyl groups of
PE (22), from the sn-1 position of phosphatidylcholine
(23) and from cardiolipin (24). The Nacyl transferase
activity in brain is calcium-dependent at concentrations
between 0.5 and 2 mm CaCl; (19). These results suggest
that the Macyl transferase is quiescent at resting concen-
trations of calcium in the cell and is only activated when
cellular calcium concentrations rise to very high values.

Two recent studies of the production of N-acyl-PE in
cells support the conclusions reached from studies us-
ing brain microsomal membranes. Glutamate, which
causes large increases in neuronal intracellular calcium
concentrations (25), increases N-acyl-PE formation in
cortical neurons (21). Similarly, rat cortical neurons
synthesize N-acyl-PE in response to ionomycin, veratri-
dine, 4-aminopyrine, and kainate, all of which increase
intracellular calcium concentrations (20). N-Acyl-PE syn-
thesis is inhibited by the calcium chelator EGTA but not
by inhibitors of calcium/calmodulin-dependent protein
kinase or protein kinase C (20). Activators of adenylyl
cyclase, such as forskolin and the neurotransmitter VIP,
have no effect alone but enhance ionomycin-induced N-
acyl-PE synthesis (20). While these studies shed light on
the properties of N-acyl transferase in intact cells, nei-
ther of these studies identified N-arachidonyl-PE as a
product of the enzyme.

As indicated above, a major problem with the appli-
cation of the MN-acyltransferase/PLD pathway to the syn-
thesis of brain AEA is that only acyl groups in the sn-1
position are transferred to the amine group of PE yet
very little arachidonic acid is found in the sn-1 position.
Sugiura and colleagues (10) have confirmed that brain
microsomes slowly transfer arachidonic acid from exog-
enous diarachidonyl-PC to PE resulting in the formation
of Narachidonyl-PE by an enzyme-mediated process.
Only arachidonate in the sn-1 position is transferred,
neither arachidonate in the sn-2 position nor free
arachidonic acid serve as acyl donors. The same au-
thors also examined the distribution of fatty acids at the
sn-1 position of brain PC and found that arachidonic
acid accounts for 0.3% of the total fatty acids. These re-
sults offer a compelling explanation for the finding
that both Marachidonyl-PE and AEA account for only a
small fraction of the N-acyl-PE and NAE, respectively, in
brain. The data are consistent with the hypothesis that
AEA is synthesized via the transacylase/PLD pathway.
Future studies will need to address the question of
whether this pathway synthesizes AEA in large enough
quantities to support its role as a transmitter in brain.

Evidence for the synthetase pathway

An alternative mechanism for the synthesis of AEA
has been demonstrated in tissue homogenates but is
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not supported by data from whole cells. AEA and other
NAEs are synthesized by homogenates and membrane
preparations from liver, brain, and kidney by the enzy-
matic condensation of ethanolamine and the fatty acid
(26-30). This pathway utilizes free fatty acid and not
the fatty acyl CoA derivatives (29). The physiological
importance of this pathway is questionable, largely be-
cause the K, of the enzyme for arachidonic acid is 7-
153 wMm (10, 29, 30) and for ethanolamine is 27-135
mm (10, 29, 30). The K, values are much greater than
the normal cellular concentrations of free arachidonic
acid and ethanolamine. In addition, there is no evi-
dence that AEA is synthesized in intact cells by this
mechanism. In fact, DiMarzo and coworkers (11) dem-
onstrated that AEA synthesis by neurons in primary cul-
ture in response to agents that increase intracellular
calcium concentration is independent of free arachi-
donic acid concentrations within the ncuronal cells.
These findings suggest that the synthetase pathway
does not occur in cells without the addition of exoge-
nous ethanolamine and/or arachidonic acid.

There are several lines of evidence that the NAE syn-
thetase described by these groups and an amidohydro-
lase that utilizes AEA as a substrate (described in
greater detail below) are the same protein. First, sev-
eral characteristics of the two enzymes are very similar,
including organ and subcellular distribution, pH op-
tima, and inhibition by phenylmethylsulfonyl fluoride
(PMSF). Solubilized enzyme preparations from liver
mitochondria exhibit both synthetase and hydrolase ac-
tivities (31). Second, both the amidohydrolase and syn-
thetase activities of a partially purified enzyme from
porcine brain coelute from hydrophobic and ion ex-
change columns, and show identical sensitivities to
heat, pH dependence and inhibition by difluorophos-
phate (DFP), arachidonyl trifluoromethyl ketone and
pchloromercuribenzoic acid (32).

ENZYMATIC HYDROLYSIS OF AEA

NAEs are hydrolyzed to free fatty acid and ethanol-
amine by an amidohydrolase (also called fatty-acid am-
ide hydrolase). This enzyme was first identified in liver
(31) and brain (18) by Schmid and coworkers. Ami-
dohydrolase is membrane associated, with the highest
specific activity in brain microsomal/myelin prepara-
tions (33, 34), liver microsomes, and liver mitochon-
dria (31). Amidohydrolase activity has also been re-
ported in membranes from lung, gastrointestinal tract,
and kidney (29, 33). Based on the ability of the ami-
dohydrolase inhibitor PMSF to increase the potency of
AFEA, there is evidence for the presence of amidohydro-
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lase in guinea pig intestine but not mouse vas deferens
(35). We have recently found that bovine coronary ves-
sels and endothelial cells from coronary vessels have
amidohydrolase activity (P. F. Pratt, C. J. Hillard, and
W. B. Campbell, unpublished observations).

Amidohydrolase activity has been measured in in-
tact cells and in membrane preparations from cells in
culture. Neuroblastoma (N18TG2) and (€6 glioma
cells in culture take up AEA from the media and con-
vert it to arachidonic acid and ethanolamine (28).
Cerebellar granule cells in primary culture also take
up AEA from the media, but the subsequent hydrolysis
to arachidonic acid is very slow (36). It is possible that
the low rate of cellular hydrolysis is due to a low
amount of amidohydrolase in cerebellar granule cells;
cerebellar granule cells exhibit amidohydrolase activ-
ity that is only 20% of the activity in membranes pre-
pared from adult rat cerebellum (C. . Hillard and M. J.
Greenberg, unpublished results). We have found that
membranes from cerebellar astrocytes and microglial
cells in primary culture also exhibit amidohydrolase
activity but it is lower than in membranes from gran-
ule cells.

In addition to AEA, substrates of the brain-derived
amidohydrolase include several other long chain, un-
saturated NAEs such as the ethanolamides of 18:3, 20:3,
and 20:2 fatty acids (33). AEA is the best substrate for
the brain amidohydrolase among this series of NAEs
(33); K, values of 3 um 1o 12 uM have been reported
for AEA hydrolysis in brain membranes (33, 34). Mono-
unsaturated and saturated NALs are not good sub-
strates for the brain amidohydrolase although PEA and
SEA are hydrolyzed by the liver enzyme (31). Primary
amides of fatty acids, particularly ¢is9,10-octadeceno-
amide, are also hydrolyzed by brain membranes to frec
fatty acid (87). These brain-derived lipids have been
isolated from the cerebral spinal fluid of sleep-deprived
mammals and induce physiological sleep when injected
into rats (37). There is convincing evidence that the hy-
drolysis of ¢is9,10-octadecenoamide and other unsatu-
rated fatty acid amides occurs via the same amidohy-
drolase that catabolyzes AEA (38, 39).

Brain-derived amidohydrolase is inhibited by serine
protease inhibitors such as PMSF (28, 33, 34) and DFP
(34) with IC; values in the micromolar range (34). A
highly lipophilic derivative of PMSF, palmitylsulfo-
nylfluoride, is a very potent inhibitor with an 1C;, value
of 50 nm (40) while the hydrophilic serine protease in-
hibitor AEBSF is not an effective inhibitor of amidohy-
drolase (34) suggesting that the active site of the en-
zyme is hydrophobic. The histidine alkylating agent,
p-bromophenacyl bromide inhibits brain amido-
hydrolase activity (33) as do sulfhydryl-reactive agents
p-chloromercuribenzoic acid (31, 32) and thimerosal
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(34). Amidohydrolase activity is potentiated in the pres-
ence of dithiothreitol (38).

Several AEA-derived inhibitors of the amidase have
been identified. One series of inhibitors is based on the
hypothesis that polarized carbonyls mimic the interme-
diates formed during AEA hydrolysis (41). The best
amidohydrolase inhibitors among the compounds syn-
thesized and evaluated by these authors are trifluoro-
methyl ketone arachidonic acid and ethyl-2-oxostear-
ate. We have recently developed an irreversible
inhibitor of amidohydrolase, 1-diazo-6Z,92,12Z,15Z-
heneicosatetra-2-one that covalently binds and inhibits
amidase in membranes, cells and in vivo (W. S. Edge-
mond, C. J. Hillard, S. Muthian, and W. B. Campbell,
unpublished results).

The amidohydrolase from liver was recently purified,
microsequenced and cloned (39). The sequence infor-
mation reveals a putative transmembrane domain at
the N terminal that is consistent with the presence of
enzymatic activity in membrane fractions and its ab-
sence from cytosolic fractions. A second interesting fea-
ture of the protein is the presence of a polyproline seg-
ment that contains a class II SH-3 binding domain,
which suggests that the activity or subcellular localiza-
tion of amidohydrolase may be regulated by other pro-
teins. The expressed enzyme hydrolyzes both AEA and
oleamide and the tissue distribution of its mRNA
matches the distribution of enzyme activity described
above. All of the available data support the contention
that the cloned protein is the amidohydrolase. The
identification of the protein and mRNA encoding the

' protein are exciting advances in the field that provide

important tools that can be used to study the physiolog-
ical roles of its substrates in the brain.

TRANSPORT OF AEA ACROSS CELLULAR
MEMBRANES

A second possible mechanism for the inactivation of
AFA in the brain is cellular reuptake. Primary neuronal
cultures of cortical neurons (11) and cerebellar gran-
ule cells (36) accumulate AEA from the incubation me-
dia by a saturable and temperature-sensitive process.
AFEA accumulation occurs by facilitated diffusion and is
not dependent upon sodium gradients or cellular ATP
(36). The uptake process is inhibited by phloretin, a
nonselective inhibitor of several membrane transport
processes, including carrier-mediated glucose influx
into erythrocytes (42). When cells are preloaded with
[*H]AEA, temperature-sensitive efflux of [*H]JAEA oc-
curs which suggests that the carrier may mediate both
AEFEA release and reaccumulation. It is possible that the

carrier and amidohydrolase function in series to catab-
olyze AEA in a manner analogous to catecholamine in-
activation by uptake followed by catabolism by mono-
amine oxidase. These findings are significant because
they suggest that a selective extracellular mechanism
exists for the removal of AEA from extraneuronal space
and is, therefore, indirect support for the role of AEA
as a neurotransmitter. In addition, inhibition of the car-
rier should enhance the availability of AEA for its re-
ceptor and prolong its action.

AEA HYDROXYLATION

Free arachidonic acid serves as a precursor for the
formation of many biologically active lipids including
prostaglandins, leukotrienes, and epoxyeicosatrienoic
acid epoxides through the action of cyclooxygenases, li-
poxygenases, and cytochrome P450 epoxygenases, re-
spectively. It is of interest to determine whether AEA is
a substrate for any of these enzymes and thereby serves
as a precursor for other bioactive molecules.

The lipoxygenase family of enzymes incorporates
molecular oxygen regiospecifically into arachidonic
acid at the 5, 12, or 15 position. AEA is converted
to the 12- and 15-hydroperoxy-5,8,10,14-eicosatet-
raenoylethanolamides by leukocyte (43) and pineal 12-
lipoxygenase (44) and soybean 15-lipoxygenase (43),
respectively, at rates comparable to oxygenation of free
arachidonic acid. Lipoxygenase derivatives of AEA are
also made by intact cells. Incubation of human neutro-
phils with AEA results in the formation of both 12(S)-
hydroxy-AEA and 15(S)-hydroxy-AEA (W. S. Edge-
mond, C. J. Hillard, and W. B. Campbell, unpublished
results). 12(S)-Hydroxy-AEA binds to the CBI receptor
with approximately the same affinity as AEA (43, 45)
while 15(S)-hydroxy-AEA has 5- to 6-fold lower affinity
for the CBI receptor than AEA (43, 44). Interestingly,
12-hydroxy-AEA has been reported to be either an inef-
fective (43) or poorly effective (44) inhibitor of electri-
cally evoked contractions of mouse vas deferens,
raising the possibility that it is a partial agonist or an-
tagonist of the CB1 receptor. We have examined the af-
finities of the hydroxy derivatives for the CB2 receptor.
The CB2 receptor is expressed primarily in cells of the
immune system, including B cells and macrophages
(46) and so is more likely target for neutrophil-de-
rived, hydroxylated AEA than the brain receptor. We
find that 12(S)-hydroxy-AEA binds to the CB2 receptor
with a K; of 131 nM compared to AEA which has a K of
94 nM. Neither 12(R)-hydroxy-AEA nor 15(8S)-hydroxy-
AEA competed for binding at a concentration of 1 pM.

Hillard and Campbell Biochemistry and pharmacology of arachidonylethanolamide 2389

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

AEA is a substrate for mouse hepatic microsomal
P450s, at least 20 different metabolites are produced
(45, 47). Based on studies with inducers and blockade of
enzyme activity with antibodies, cytochrome P450 3A is a
major contributor to the metabolism. However, none of
the metabolites have been identified and the physiologi-
cal role(s) of these metabolites is completely unknown.

AFA IS A LIGAND OF THE CANNABINOID
RECEPTOR

Several laboratories have confirmed the original obser-
vation that AEA competes for binding to the brain can-
nabinoid receptor using the four radiolabeled ligands
of the cannabinoid receptor that are currently avail-
able; the agonists HU210, CP55940, and Win 55212-2,

and the antagonist SR141716A (48-53). There is fairly
good agreement among the K;values reported for AEA
binding to the CBI receptor of rat brain membranes
regardless of the radiolabeled ligand used when the
binding assays are carried out in the presence of PMSF
or another amidohydrolase inhibitor. With the excep-
tion of the original study of Devane (1), K; values for
AEA are in the range of 1-10 wwm in the absence of ami-
dohydrolase inhibitors when rat brain membrane prep-
arations are used (49-52). The original study of De-
vane et al. (1) avoided the problem of amidohydrolase-
mediated degradation by using purified synaptosomal
membranes, which are essentially devoid of amidohy-
drolase activity (34). AEA has a lower affinity for the
CB1 receptor in fibroblast L. cells expressing the hu-
man CBI receptor than in brain membranes; howeven,
[*H]CP55940 also has a lower affinity for the human
CBI receptor in L cells than in brain membranes which

TABLE 1. Structure activity relationships among AEA analogs for binding to the CB1 receptor

Compound

Ethanolamides of:
20:3 (5Z,82,117)
22:4 (n—6)
20:3 (n—6)
20:4 (5Z,7E,9E,147)
20:3 (5Z,82,147), 12(R)hydroxy
20:5 (n-3)
22:6 (n-3)
¢159,10-Octadecanoic acid
18:3 (n-6)
20:1 (n-9)
16:0

20-Hydroxy-AA

12(S)-Hydroxy AA
12(R)-Hydroxy AA
15(S)-Hydroxy AA

20:3 (5Z,87,147), 12(R)hydroxy
11-Hydroxy AA

PGE,
PGA,
PGB,
PGB,

Amides of arachidonic acid
2'-Chloroethylamide
Cyclopropylamide
Cyclobutylamide
2-Methylarachidonyl-(2'-fluoroethyl)amide
2’-Fluoroethylamide
(R)1'-Hydroxy-2'-Propylamide
Propylamide
(R)2'-Hydroxy-1"-propylamide
%'-Hydroxy-1'-propylamide
Sulfonamide
Butylamide
1’-Hydroxy-2'-propylamide (racemic)
(8)2'-Hydroxy-1"-propylamide
1’-Methyl-2’-hydroxylethylamide
2'-(4-Benzenesulfonamide)ethylamide
(S) 1’-Hydroxy-2'-propylamide

2390 Journal of Lipid Research Volume 38, 1997

Relative affinity” Citation

0.78 H4
0.65--1.6 53,55
1.0-1.6 53,55
6.3 56
13 b
17 5l
225 53
33 57
>75 53
>111 51
>1000 it
0.6 4
0.4-1.4 44,0
2.8 h
5-6 44,7
13 h
15 44
=>5000 50
>5000 50
>5000 50
=>5000 50
0.003 b
0.01 h
0.04 4
0.06 5l
0.1 51
0.25 59,60
0.33 50
0.33 59
0.6-0.7 50,53
1.3 5l
1.4 50
1.5 61
1.5 549
1.5 51
1.8 51
2.2 59
(continued)

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

suggests that characteristics of transfected receptor are
responsible for the lower affinity (53). As one would ex-
pect for an agonist, K; of AEA is increased when the CB1
receptor is uncoupled from G protein effectors as oc-
curs in the presence of the GTP analog, GppNHp (C. S.
Kearn and C. J. Hillard, unpublished observations).
Several laboratories have synthesized AEA analogs
and determined their affinity for the CB1 receptor rela-
tive to AEA (Table 1). These studies give interesting in-
sights into the nature of the binding interactions be-
tween AEA and the CB1 receptor. Few of the alterations
in the arachidonate backbone of AEA enhance binding
affinity, suggesting that a chain length of 20-22 carbons
containing 3 or 4 double bonds is optimal. Several
modifications in this region do not significantly affect
binding, including removal of the double bond at the
14 position and the addition of hydroxyl groups at the
12 position. Confining the molecule to a hairpin con-

figuration, as occurs with the ethanolamides of the
prostaglandins, results in complete loss of activity.

Addition of methyl groups at C2 enhances the bind-
ing affinity relative to AEA. Both the monomethyl and
dimethyl derivatives are twice as potent as AEA itself.
These methylated analogs are not substrates for the
amidohydrolase and, therefore, are useful AEA ana-
logs. Binding affinity can also be enhanced when the
ethanolamine portion of the molecule is modified. The
primary hydroxyl group is not necessary for activity and
its replacement with a methyl group results in in-
creased affinity (e.g., arachidonyl propylamide). Re-
placement of the primary hydroxyl with methyl, chlo-
rine, or fluorine greatly enhances binding affinity.
These results suggest that the hydroxyl does not partici-
pate in hydrogen bonding and that hydrophobic inter-
actions between AEA and the receptor in this region of
the molecule are important. Binding affinity is dimin-

TABLE 1 (Continued). Structure activity relationships among AFA analogs for binding to the CBI receptor

Compound Relative affinity” Citation
N,N-bis(2-Hydroxyethyl)arachidonylamide 2.2 60
N-(2-Hydroxy-2-ethylethyl) arachidonylamide 2.6 60
4'-Hydroxybutylamide 2-4.5 50,61
4'-Hydroxybenzylamide 2.8 60
2'-(4-Hydroxyphenyl) ethylamide 4.2 62
2'-Phenoxyethylamide 4.5 51
N-[2-Hydroxy-1-(hydroxymethyl) ethyl-arachidonylamide 4.6 60
2'-Hydroxy-1'-propylamide (racemic) 7.4 53
Benzylamide 8 50
Arachidonylmorpholine 13 51
5’-Hydroxypentylamide 10-21 50,51
2'-Hydroxyphenylamide 15-21 62,60
Arachidonamide 18 53
2'-(N-Formyl)aminoethylamide 18 50
1'-Hydroxyethylthioamide 18 60
3'-Hydroxyphenylamide 20 60
1-(Arachidonylcarbonyl)-3-hydroxypiperidine 22 60
4'-Hydroxyphenylamide 23 60
2'-Methoxyethylamide 20-30 50,51
1'-Hydroxy-2'-propylthioamide 28 60
N-Methyl-1"-hydroxyethylamide 32 60
N-(trans-2-Hydroxycyclohexyl)-arachidonylamide >38 60
(R)2'-(1'-Hydroxy-4"-methyl) pentylamide 61 61
(S)2'-(1'-Hydroxy-4"-methyl) pentylamide >95 61
4'-Benzenesulfonamide >95 51
2’-Aminoethylamide >450 50

Methylations of AEA
2,2-Dimethyl AEA 0.5 51,61
2-Methyl AEA 0.6 51,61
2-Ethyl AEA 5.2 61
2,N-Dimethyl AEA 26 61
2-Isopropyl AEA 45 51,61
N-Methyl-AEA 56 61

Other related compounds
2-Arachidonylglycerol 1.9-24 58,63
cis-9,10-Octadecanoamide 550 57
Arachidonic acid >1000 58

“The relative affinity was calculated as the ratio of the K; for the compound of interest to the K; for AEA

reported in the same study.

*S. Manna, W. S. Edgemond, M. J. Greenberg, W. B. Campbell, and C J. Hillard, unpublished results.
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ished if this region of the molecule either becomes too
bulky (e.g., phenyl or pentyl derivatives) or is removed
(e.g., arachidonamide). The high affinity of the 1'-
chloroethyl, cyclopropyl, and cyclobutyl arachidonoyla-
mides suggests that the region of the receptor that
binds the amide is a hydrophobic pocket that is not
very large.

There is considerably less information regarding
the binding of AEA and structural analogs to the pe-
ripheral cannabinoid receptor, CB2. The CB2 recep-
tor is located predominantly in cells of the peripheral
immune system such as macrophages in the marginal
zone of the spleen (64), the tonsils, and B cells (65). A
wide range of K; values for AEA binding to the CB2 re-
ceptor have been reported, ranging from 30 to 2000
nuM (66-70). One reason for the wide array of results is
that most of the assays have used cell lines transfected
with the CB2 receptor and it is possible that post-trans-
lational modification of the receptor may be necessary
for AEA binding. In this regard, AEA competes for
[*H]Win 55212-2 binding to CB2 receptors in mem-
branes from a rat basophilic leukemia cell line with an
ICsq value of 33 nm (67). Only a few studies comparing
the CB2 binding affinities of AEA and structural ana-
logs are published. Facci and coworkers (67) have re-
ported that PEA is a high affinity ligand for the CB2 re-
ceptor in leukemia cells although a second group has
reported that PEA does not bind to the CB2 receptor
expressed in CHO cells (70). As discussed above, we
have found that 12(S)-hydroxy-AEA binds to the CB2
receptor with a K; of 131 nm compared to AEA which
has a K; of 94 nm while neither 12-(R)-hydroxy-AEA nor
15(S)-hydroxy-AEA competed for binding at a concen-
tration of 1 M.

AEA IS AN AGONIST OF THE CANNABINOID
RECEPTOR: BIOCHEMICAL EVIDENCE

The brain cannabinoid receptor (CB1) has the bio-
chemical and structural characteristics of a G-protein
coupled receptor: agonist binding is decreased in the
presence of GTP analogs (71, 72); CB1 agonists in-
crease [*S]GTPyS binding (73) and stimulate a low K,
GTPase activity (74), and the amino acid sequence of
the receptor is structurally related to other members of
the G-protein-coupled receptor superfamily (75). Activa-
tion of the CBI receptor results in decreased adenylyl cy-
clase activity (76, 77), decreased opening of voltage-
operated calcium channels (78, 79), and activation of
several types of potassium channels, including A-type
channels in hippocampal neurons (80) and inwardly
rectifying (GIRK1) channels (81). The effects of CB1
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agonists on adenylyl cyclase and voltage-operated cal-

cium channel inhibition are reversed by incubation of

the cells with pertussis toxin (79, 82), indicating that
these effects are mediated by CB1 coupling to a G pro-
tein of the Gi or Go subtype.

There is substantial biochemical evidence that AEA is
an agonist of the CBI receptor. AEA inhibits forskolin-
stimulated adenylyl cyclase activity in N18TG2 cells
(IG5 540 nm; 48), in CHO cells expressing the human
CBI1 receptor (ICy, values in the range of 160-322 nm;
48, 53, 66) and in cerebellar membranes (1C5; 1.9 um;
49). However, in several of these studies, AEA had
lower efficacy (i.e., a lower maximal effect) than the
high affinity cannabimimetics Win 552122 and
CP55940 (48, 49). AEA inhibits calcium currents in
N18 neuroblastoma cells (53, 83) and in AtT20 cells ex-
pressing the human CBI receptor (66). However, AEA
has the properties of a partial agonist; it inhibits a
smaller fraction of the total calcium current (83, 84)
and decreases the inhibition produced by the agonist
Win 55212-2 (83).

There is some controversy in the literature regarding
the efficacy of AEA at the CB2 receptor. In one study,
AEA was reported to have agonist activity at the CB2 re-
ceptor as it inhibited adenylyl cyclase activity with a K;
of 900 nm (66). However, several other studies report
that AEA has no CB2 agonist activity (67, 69). In fact, in
mast cells, AEA decreases the inhibitory effect of syn-
thetic cannabinoids on adenylyl cyclase (67) and may
function as an antagonist of the CB2 receptor. Further
studies are essential to clarify the efficacy of AEA at the
CB2 receptor.

AFEA IS A CANNABINOID RECEPTOR AGONIST:
PHYSIOLOGICAL EVIDENCE

AEA mimics many of the physiological effects of the
cannabinoids when administered in vivo. The canna-
binoids produce a unique spectrum of behavioral ef-
fects in animals, including catalepsy (85), decreased
spontaneous activity in an open field (86), antinocicep-
tion (87), and hypothermia (88) that are not unique to
the cannabinoids individually but when taken together
are highly predictive of cannabinoid activity (86). AEA
mimics the cannabinoids in the production of these
four behavioral effects in mice (89-91). AEA is gener-
ally less potent than THC and the behavioral changes
have a shorter duration of action. It is likely that rapid
breakdown by amidohydrolase, particularly in the liver,
is responsible for the short duration of action. In sup-
port of this hypothesis, 2-methyl AEA, an active analog
of AEA that is resistant to hydrolysis, produces more
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long-lasting effects than AEA on motor behavior (92).
Although high doses of AEA produce THClike effects,
very low doses of AFA (less than 0.1 mg/kg) have been
shown to antagonize some effects of THC (93, 94). One
explanation for this finding is that AEA is a partial ago-
nist of the CB1 receptor, a concept that is supported by
data that AEA has lower efficacy than other canna-
binoids in vitro (48, 49, 84).

AEA and THC have similar effects on a variety of
non-behavioral physiological systems. AEA mimics the
ability of the cannabinoids to inhibit electrically in-
duced contractions of the mouse vas deferens (1) and
the guinea pig ileum (35). AEA decreases intraocular
pressure in rabbits (95) as does THC (96). Like THC
(97), AEA reduces sperm fertilizing capacity in sea ur-
chins by inhibition of the acrosome reaction (98). AEA
has other effects on reproductive function that are me-
diated by the CB1 receptor, including inhibition of the
development of preimplantation embryos in the mouse
(99). AEA administration to anesthetized rats produces
a spectrum of changes in blood pressure depending
upon the dose and time after administration (100,
101). The CB1 antagonist SR141716A inhibits the de-
pressor response of AEA, suggesting that this compo-
nent is mediated by the CB1 receptor. Both AEA and
THC produce dilation of cerebral arterioles at very low
concentrations likely by stimulation of the release of
arachidonic acid from astrocytes (102).

One method that is commonly used to demonstrate
that drugs share a binding site is to induce tolerance to
one of the drugs and determine whether the animal is
also tolerant to the other agent. In vivo pretreatment of
mice with THC produces tolerance to the in vitro in-
hibitory effects of both THC and AFA on electrically
evoked contractions of the isolated vas deferens (103).
However, pretreatment with THC produces tolerance
to THCAnduced hypothermia but not to AEA-induced
hypothermia (103). In contrast, chronic exposure of
mice to high doses of AEA produces both tolerance to
AFEA and cross-tolerance to THC when motor activity,
catalepsy, hypothermia, and analgesia are used as in-
dices of cannabinoid action (104). Similarly, mice toler-
ant to the antinociceptive effects of THC exhibit cross-
tolerance to AEA and 3'-fluoro-AEA (93). These studies
support the concept that THC and AEA interact with
the same receptor.

Drug discrimination studies have been used to deter-
mine whether AEA substitutes for THC in rats that have
been trained to bar-press when treated with THC
(105). This method provides a very sensitive approach
to the question of whether two drugs “feel the same” to
an animal. Rats responded to AEA, but only at one dose
and the effect was accompanied by severe decreases in
bar pressing overall. These results are consistent with

the tolerance studies and suggest that the behavioral ef-
fects of AEA and THC are similar but do not com-
pletely overlap.

EFFECTS OF AEA NOT MEDIATED BY THE CB1
RECEPTOR

A possible explanation for the findings discussed
above is that AEA produces effects that are not medi-
ated by CBI receptors. One very interesting effect of
AFA is that it blocks gap junctions and astrocyte junc-
tional conductance (106). Gap junctions in striatal
astrocytes conduct calcium between adjacent astro-
cytes and their function can be measured using either
double whole-cell recording or intercellular dye diffu-
sion. The calcium waves that propagate through the as-
trocyte network are thought to be part of a long-range
signalling loop between neurons and astrocytes (107).
This effect of AEA requires fairly high concentrations
(5 uM) and is neither mimicked by the cannabinoid ag-
onist CP55940 nor inhibited by the CBI1 receptor an-
tagonist SR141716A, ieading to the conclusion that the
effect is not mediated by cannabinoid receptors. Inter-
estingly, however, the effect is sensitive to pertussis
toxin, which suggests the involvement of a G protein
and possibly a non-cannabinoid, G protein-coupled re-
ceptor. Arachidonic acid also inhibited gap junctional
conductance; however, the concentrations required
were 10-fold higher than AEA and pertussis toxin did
not reverse its effect. These results are very interesting
and could be the first clue that a non-cannabinoid re-
ceptor binds AEA.

There are several reports that NAEs inhibit cation
permeability of membranes, although none of these
studies have been extended to AEA as yet. N-Oleoyl
ethanolamine inhibits oxalacetate-induced release of
calcium and magnesium from heart and liver mito-
chondrion at concentrations between 10 and 95 pMm
(108). The mechanism of NAE action is not clear but
seems to be consistent with decreased opening of the
permeability transition pore, a voltage-dependent chan-
nel of the inner mitochondrial membrane that is re-
sponsible for the sudden permeability increase to sol-
utes that occurs following calcium accumulation, thiol
reduction or metabolic uncoupling (109). In another
study, long chain, saturated NAEs, including PEA and
Nstearoyl ethanolamine, have been shown to prevent
veratridine-induced increases in rubidium efflux from
neuroblastoma cells in culture at sub-micromolar con-
centrations (110). The NAEs also inhibited veratri-
dine-induced increases in lyso-PC content of neuro-
blastoma cell lipid extracts. The authors put forward
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the hypothesis that NAEs are “membranotropic’
agents that can prevent cellular damage resulting from
neurotoxin treatment and possibly from other injury.
This idea is interesting (although far from substanti-
ated) and, when combined with the observation that
NAE concentrations increase during ischemia (3, 5-
8), raises the possibility that increased production of
NAE:s is a protective mechanism used by cells in an at-
tempt to prevent ionic damage.

AEA has several biochemical effects that result from
its conversion to arachidonic acid. Incubation of hepa-
tocytes with 5 um AFEA results in a variety of effects on
hepatic fatty acid metabolism including inhibition of
acetyl-CoA carboxylase activity and cholesterol synthe-
sis and increased carnitine palmitoyltransferase I activ-
ity and ketogenesis from palmitate (111). These effects
of AEA are mimicked by arachidonic acid and not AY-
THC and prevented by coincubation with PMSF which
inhibits the conversion of AEA to arachidonic acid
{(28). AEA conversion to arachidonic acid may be re-
sponsible for the reported inhibition of 1,4-dihydropy-
ridine binding to calcium channels in rat brain (112),
an effect that is mimicked by arachidonic acid (113).
Similarly, AEA is converted to arachidonic acid by en-
dothelial cells which may explain its reported activity as
an endothelial-derived hyperpolarizing factor (P. F.
Pratt, C. J. Hillard, and W. B. Campbell, unpublished
observations).

AEA shares several nonreceptor-mediated effects of
the cannabinoids, including increased arachidonic
acid release (53) possibly due to increased MAP kinase
activity (114) and alterations in membrane lipid order
ing (115, 116). In addition, high concentrations of
AEA stimulate protein kinase C activity (117) as do
high concentrations of the plant-derived cannabinoids
(118) although most likely the two classes of canna-
binoids act through ditferent mechanisms. Most of the
effects occur at high AEA concentrations so it is not
likely that they play an important role in the response
of cells and tissues to AEA.

SUMMARY

AEA is a newly discovered endogenous cannabinoid
that shares many of the biochemical and physiological
effects of the plant-derived and synthetic cannabinoids.
In addition, AFA also produces effects that are not
shared by the cannabinoids and suggest that it may
have other signaling targets. The most intriguing of
these is its effect on astrocytic gap junctional conduc-
tance. AEA has the properties one would expect of an
endogenaus, eicosanoid signaling molecule. It is not

2394 Journal of Lipid Research Volume 38, 1997

stored in final form in cells and its synthesis is regu-
lated by intracellular calcium concentrations. There
are at least two mechanisms by which the action of AEA
is terminated: cellular reuptake and hydrolysis.

Several very important questions regarding AEA as a
signaling molecule remain to be answered. First, the
synthetic pathway proposed requires that arachidonic
acid be present in sn-1 position of PC yet only vanish-
ingly small amounts of this lipid are found in brain. In

addition, synthesis requires very high concentrations of

intracellular calcium, which may only be achieved
when cells are dying. This contention is supported by
the finding that the brain concentrations of AEA in-
crease postmortem and that ischemic cells make AEA.
These results lead one to ask the most fundamental
question, which is what is the role of the AEA/canna-
binoid signaling system in the body.B§
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