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The levels oN-arachidonoylethanolamine (anandamide), an endogenous cannabinoid-receptor ligand,
and a relevant moleculéy-arachidonoylphosphatidylethanolamimé-drachidonoylPtdEtn), in rat brain
were investigated using a newly developed sensitive analytical method. We found that rat brain contains
small but significant amounts of these two types Mfarachidonoyl lipids (4.3 pmol/g tissue and
50.2 pmol/g tissue, respectively). Then, we investigated Neavachidonoylethanolamine (anandamide)
is produced in the brain. We found that anandamide can be formed enzymatically via two separate syn-
thetic pathways in the brain: enzymatic condensation of free arachidonic acid and ethanolamine; and
formation ofN-arachidonoylPtdEtn from PtdEtn and arachidonic acid esterified at-ghasition of phos-
phatidyl-choline (PtdCho), and subsequent release of anandamideNrarachidonoylPtdEtn through
the action of a phosphodiesterase. We confirmed that rat brain contains both the enzyme activities and
lipid substrates involved in these reactions. Several lines of evidence strongly suggest that the second
pathway, rather than the first one, meets the requirements and conditions for the synthesis of various
species oN-acylethanolamine including anandamide in the brain.

Keywords :anandamideN-arachidonoylethanolaminelN-arachidonoylphosphatidylethanolamine ; canna-
binoid ; transacylase; phosphodiesterase.

Anandamide Kl-arachidonoylethanolamine) is a novel type that anandamide can be synthesized-&@ohidonoylphos-
of icosanoid that was described as the first endogenous canphatidylethanolamine N-arachidonoylPtdEtn) through the ac-
binoid-receptor ligand in mammalg][ It binds to cannabinoid tion of a phosphodiesterase. However, the details of this enzyme
receptors with high affinity {—6], exhibits potent pharmacolog- pathway remain quite obscure. For example, little information is
ical activity in vitro or in vivo comparable to those of other available concerning the tissue levgtaséchidonoylPtdEtn.
psycotropic cannabinoidsl [ 2, 7-10] and is assumed to be Furthermore, the mechanism underlying the formatioiNedr-
one of the important endogenous modulators of several synaptic  achidonoylPtdEtn has not yet been elucidated. It will be very
functions [l 1, 12]. Due to its possible physiological importanceimportant to clarify the mechanism and the regulation of the
and possible therapeutic applications, much attention is being biosynthesis of anandamide in order to better understand the
paid to this bioactive lipid molecule. However, little is knownphysiological roles of this bioactive lipid molecule.
of the mechanism underlying the biosynthesis, the tissue levels In the present study, we investigated the enzyme activities
or the metabolic regulation of anandamide and related moleculesolved in the synthesis of anandamide using rat brain micro-
in mammalian tissues and cells. somes. We found thalitheachidonoylPtdEtn pathway, rather

Several investigators have already reported that anandamitlan synthesis from free arachidonic acid and ethanolamine, ac-
can be synthesized enzymatically from free arachidonic acid and counts well for the synthesis of various N/peglethanol-
ethanolamine using a brain homogenat8][ microsomes 14, lamine including anandamide present in this tissue.
15], the B fraction [16] and cytosol [4]. However, the physio-
logical significance of this pathway has not yet been established
because of the higK,, values for substrate44—16]. The reac- MATERIALS AND METHODS
tion may be attributed to the reverse action of amidohydrolase . - . .
[15], ye%/information on this enzyme activity remains I?/mited. Materials. [*H]Arachidonic acid (00 Ci/mmol), [‘Clar-

i sninscachidonic acid (57 mCi/mmol), “{C]palmitic acid (57 mCi/

However, Di Marzo et al.{[7], recently suggested the pOSSIbIlItymmol)' [“Clstearic acid (58 mCi/mmol) "Cliinoleic acid
. . . 4 .

Correspondence td. Sugiura, Faculty of Pharmaceutical Scienced®3 MCi/mmol), and 1-palmitoyl-2-*Clarachidonoykrrglyc-
Teikyo University, Sagamiko, Tsukui-gun, Kanagawa, Jap@@-Ol ero-3-phosphocholine (57 mCi/mmol) were purchased from Du-

Abbreviations PhMeSQF, phenylmethylsulfonyl fluoride. pont-New England Nuclear.*ff]Palmitic acid (52 Ci/mmol),

Enzymes.Phospholipase A (EC 31.1.4); phospholipase D (EC [*H]oleic acid (5 Ci/mmol) and'{CJoleic acid (54 mCi/mmol)
3.1.4.4). were purchased from Amersham. Unlabeled fatty acidsgylyc-
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ero-3-phosphocholine, essentially fatty-acid-free BSA and phos- emissid2 and). Acetonitrile/isopropanol/water (90:4:6, by
pholipase A (Naja najg were obtained from Sigma. Dioleoyl- vol.) was used as the mobile phase. The flow rate2va$/
glycerophosphoethanolamine, phenylmethylsulfonyl fluoride min. Analysis of free fatty acids in rat brain was carried out as
(PhMeSQF), dithiothreitol, dicyclohexylcarbodiimide and- follows. Brains were removed from decapitated rats, washed
anthroyl cyanide were from Wako Pure Chem. Ind. 9- with ice-cold saline and then homogenized in chloroform/etha-
Anthroyldiazomethane was from Funakoshi Co., Ltd. Ethanohol/water (:2:0.7, by vol.) with a Waring blender. The post-
amine hydrochloride and dimethylaminopyridine were frondlecapitation period was usuallyp—20 min. Total lipids were
Aldrich Chem. Co. Quinuclidine was from Molecular Probesextracted by the method of Bligh and Dyer [22]. A portion of
Inc. Ethanol-free chloroform (stabilized with 2-methyl-2-buteneqotal lipids (usually equivalent to 0.05 g wet tissue), with 2 nmol
and ethanolamine (2-aminoethanol) were obtained from Toky$ 17:0 as an internal standard, was separated by two-dimen-
Kasei Co., Ltd. Phospholipase D frogtreptomyces chromofus-sional TLC developed first with petroleum ether/diethyl ether/
cus and that from cabbage were obtained from Boehringeketone/acetic acid (30:40:20:by vol.) and then with chloro-
Mannheim GmbH. Docosapentaenoic acie6) was prepared form/methanol/NHOH (80:20:2, by vol.). Lipid spots were vi-
as follows. Rat testis total lipids were treated with sodium metiualized under ultraviolet light (365 nm) after spraying with pri-
oxide, then the resultant fatty acid methyl esters were separatfdiine. The free fatty acid fractiorR(= 0.80-0.84 for the first
by TLC and further fractionated by 20% AgN@npregnated dimension and 0.090.13 for the second dimension) was
TLC. The 22:5¢-6)-enriched fraction (pentaenoic species) wascraped from a TLC plate and extracted from the silica gel by
extracted, subjected to alkaline hydrolysis and purified by TLGhe method of Bligh and Dyer. Free fatty acids were derivatized
Wistar rats (male, 336430 g body mass) were obtained fromyith 9-anthroyldiazomethane and analyzed as described above.
Sankyo Lab. Service. HPLC analysis of 1-anthroyl derivatives ofN-acylethano-
Preparation of radiolabeled phospholipids. First, radio- |amines by HPLC. Various types of standand-acylethanolam-
labeled fatty acids {{HH]20:4 (arachidonic), H]16:0 (pal- ine includingN-17:0 ethanolamine were prepared from various
mitic), [“C]18:0 (stearic) and*H]18:1 (oleic)} were diluted types of fatty acyl chloride and ethanolamine by the method of
with unlabeled fatty acids to 5 mCi/mmol. The radiolabeled fattpevane et al. 1. N-Acylethanolamine was converted tb
acids (3mg) were then mixed withilOmg of dicyclo- anthroyl derivatives by the modified method of Goto et al. [23].
hexylcarbodiimide dissolved in 0.25 ml of chloroform (WIthOUtBrieﬂy, N-acylethanolamine (2nmol) was treated with
ethanol) at room temperature for 2 h to yieli[/["“Clfatty acid  anthroyl cyanide { mg/ml) in 0.2 ml acetone containing 0.08%
anhydride [8]. Then, 10 mg of glycero-3-phosphocholine andqyinyclidine at 48C for 75 min. The reaction was stopped by
4 mg of dimethylaminopyridine were added to the tub®, [20].  the addition of 5Qu methanol. Thet-anthroyl derivative oiN-
The mixture was then stirred in the tube, sealed withghis, at  4¢yjethanolamine was purified by TLC with petroleum ether/
room temperature for 24 h. The resultant #j[“Clacylglyc- gigthyl ether/acetic acid (40:60; by vol.; R, = 0.11—0.16).
erophosphocholine was purified by TLC with chloroform/methrpe 1 rified 1-anthroyl derivative ofN-acylethanolamine was
anol/water (65:25:4, by vol.). To prepare dH]arachidonoyl- gnayzed with an HPLC system equipped with a reverse-phase
glycerophosphoethanolamine, dH]arachidonoylglycerophos- i mn (Shiseido CAPCELL PAK (8 SG, 4.6 mmx 250 mm

phocholine was treated with phospholipase D (cabbage) in t dafl detect itati t 370 . Aamicai
presence of ethanolamine (20%, mass/vol). The resultaii]ei[ at 4)7?)nnn?) uorescence detector (excitation a nm; emission

arachidonoylglycerophosphoethanolamine was purified with th
TLC system described abové-Arachidonoyl-2-fH]arachido-
noylglycerophosphocholine was prepared as follows. Che
cally synthesized diarachidonoylglycerophosphocholine
subjected to phospholipase, Aydrolysis. The resultant-ar-
achidonoylglycerophosphocholine was purified by TLC wit
chloroform/methanol/water (65:25:4, by vol.), then mixed wit ) . :
dimethylaminopyridine andfiJarachidonoy! anhydride (5 mCi/ acylethanolamine with this system was around 0.3 pmol. To ex-

mmol) prepared as described above, and dissolved in 0.25 i€ N-acylethanolamines in the brain, total lipids were ex-
chloroform containing 0.5% acetic anhydride [20]. After Standt_racted from decapitated rat brains. Butylhydroxytoluene (final,

ing for 24 h, the resultant-arachidonoyl-23H]arachidonoyl- ©-05%) was added to avoid lipid peroxidatidt-Acylethanol-
glycerophosphocholine was purified by TLC with the solver@Mine was purified as follows. A portion of the total lipids (usu-

system described above. To prepaid“ClacylPtdEtn, first, ally equivalent to 2 g wet tissue)_, with 2 nmol bﬁheptade_zca-
[“Clfatty acids (O mCi/mmol) were converted to fatty acyl noyl ethanolamine added as an internal standard, was first frac-

chlorides by treatment with oxalyl chloride. The resultantionated by TLC with chloroform/methanol/NBH (80:20:2,
[“C]fatty acyl chlorides were mixed with dioleoylglycerophosPY Vol.; in a tank sealed with Nyas. The area corresponding to
phoethanolamine dissolved in chloroform containing 5% pyrtandardN-acylethanolamine (a mixture of several saturated and
dine. After standing for 60 mirly-['“CJacylPtdEtn was purified Unsaturated species was used because of the difframtues
by TLC with chloroform/methanol/water (75:25:4, by vol.). Of saturated and unsaturated speci®:=0.77-0.79) was
HPLC analysis of 9-anthroyldiazomethane-derivatized scraped off a TLC plate and extracted from the silica gel by the
free fatty acids by HPLC. Fatty acids were derivatized with 9- method of Bligh and Dyer. The extraction was conducted in the
anthroyldiazomethane according to the method of NakagaWkesence of butylhydroxytoluene (010®) in a N,-gas-sealed
and Waku [2]. 9-Anthroyldiazomethane-derivatized individualtube.N-Acylethanolamine was further purified by TLC with pe-
fatty acids were purified by TLC with petroleum ether/diethytroleum ether/diethyl ether/acetone/acetic acid (30:40t 2By
ether/acetic acid (900:1, by vol.; R, = 0.35-0.42: theR val- Vvol.; R = 0.25-0.27), and by subsequent two-dimensional TLC
ues varied somewhat, depending on the degree of unsaturati@veloped first with petroleum ether/diethyl ether/aceton/acetic
and the chain length), and separated from each other withagid (30:40:201, by vol.) and then with an organic layer of
HPLC system (Shimadzu LC-6A) equipped with a reverse-phasthyl acetate/petroleum ether/acetic acid/waté0¢50:20100,
column (CAPCELL PAK @8 SG, 5um, 4.6 mmx250 mmx 2, by vol.; R =0.31—-0.34). A stream of Bl gas was used to re-
Shiseido and a fluorescence detector (excitation at 365 nm; move solvents from the TLC plates. Riadidethanolam-

€ Acetonitrile/isopropanol/water (80:37, by vol.) was used
as the mobile phase. The flow rate wiag ml/min. The derivati-
Wn}'étion with 1-anthroyl cyanide occurred linearly at least up to
190 nmol of N-acylethanolamine for bothN-heptadecanoyl
r(17:0) species and\-arachidonoyl (20:4) species (data not
I,?hown). The detection limit for thé-anthroyl derivative ofN-
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ine was converted to its-anthroyl derivative and then analyzed ious types of radiolabeled diacyl phospholipids (5 nmol), lyso-
as described above. phospholipids (5 nmol) or free fatty acids (5 nmol) [each 5 mCi/
HPLC analysis of l-anthroyl derivatives of the N-acyl mmol of fatty acyl moiety, except in the case ®fPam-2-
moiety of N-acylPtdEtn. Various types oN-acylPtdEtn includ- ['“ClarachidonoylGrBCho (Pam, palmitoyl; Gro, glycerol)
ing N-17:0 PtdEtn were prepared from various types of fatty (57 mCi/mmol)] and dioleoyl glycerophosphoethanolamine
acyl chloride and dioleoylglycerophosphoethanolamine as d@50 nmol) in 250ul 20 mM Hepes, pH 7.4, containing 2 mM
scribed above. To examine tideacyl moiety of N-acylPtdEtn  dithiothreitol and 2 mM CagChat 37°C for 2 h. The incubation
in rat brain, a portion of the total lipids (equivalent to 2 g wetvas stopped by adding chloroform/methanbiZ, by vol.), and
tissue), with 2 nmol oN-17:0 PtdEtn added as an internal stan- then total lipids were extracted by the method of Bligh and Dyer.
dard, was first fractionated by TLC with chloroform/methanolThe lipids were fractionated by two-dimensional TLC developed
NH,OH (80:20:2, by vol.). The area corresponding to standard first with petroleum ether/diethyl ether/acetone/acetic acid
N-acylPtdEtn (a mixture of N-saturated and N-unsaturated sp@0:40:201, by vol.) and then with chloroform/methanol/
cies,R; = 0.64—0.68) was scraped off a TLC plate and extracted ,8H (80:20:2, by vol.). ThéN-acylPtdEtn fraction was fur-
from the silica gel by the method of Bligh and Dyer. Similar car¢her purified by TLC with chloroform/methanol/water (75:25:4,
was taken to avoid lipid peroxidation throughout the analytical by vol.). The radioactivity iN-#eylPtdEtn fraction was esti-
procedures as in the case of the analysiblafcylethanolamine. mated. In some cases, the purifideacylPtdEtn was further hy-
N-AcylPtdEtn was further purified by two-dimensional TLC de- drolyzed with phospholipas® BhfomofuscysThe resultant
veloped first with petroleum ether/diethyl ether/acetone/acefi¢acylethanolamine was purified by TLC with petroleum ether/
acid (30:40:20t, by vol.; R, = 0.01) and then with chloroform/  diethyl ether/acetone/acetic acid (30:4Q:2By vol.). The
methanol/water (75:25:4, by volR; = 0.56-0.60). The puri- radioactivity recovered in thél-acylethanolamine fraction was
fied N-acylPtdEtn was then subjected to phospholipas8tiep- estimated.
tomyces chromofuscuseatment. Briefly,l U of phospholipase Analysis of fatty acids at the 1-position of diacyl phos-
D, 1 ml diethyl ether,1 ml 2 mM sodium acetate, pH 8.0, andpholipids. Total lipids were obtained from rat whole brains, rat
N-acylPtdEtn were mixed and stirred at room temperature fbrain microsomes and rat brain synaptosomes prepared as de-
2 h. We confirmed that more than 95% of the radioactivity of scribed earlier [26] by the method of Bligh and Dyer. PtdCho
N-['“C]18:1 PtdEtn (00 nmol) was recovered in tid¢-acyletha- and PtdEtn were separated by two-dimensional TLC developed
nolamine fraction (data not shown). The resultidracylethanol-  first with chloroform/methanol/NBH (65:35:5, by vol.) and
amine was extracted and purified by TLC with petroleum ethettien  with  chloroform/acetone/methanol/acetic  acid/water
diethyl ether/acetone/acetic acid (30:40:20by vol.) N-Acyl- (5:2:1:1.3:0.5, by vol.) [27]. Then, PtdCho and PtdEtn were
ethanolamine was analyzed with a HPLC system after convérydrolyzed with phospholipase.AN. najg, which was boiled
sion to its1-anthroyl derivative as described above. 10@°C for 5 min) prior to use to abolish lysophospholipase ac-
Enzymatic formation of N-acylethanolamine from radio- tivity, in a mixture of 1 ml diethyl ether and ml 0.1 M Tris/
labeled fatty acids and ethanolamine Rat brain microsomes HCI, pH 7.4, containing 2 mM Ga@k described previously
were prepared as described earlier [20]. The protein content }ag]. The mixture without phospholipase, Avas run as a con-
estimated according to the method of Lowry et al. [24]. The trol. The resultant lysoPt&R-ha)(06—0.08) and lysoPtdEtn
standard assay conditions were as follows. Brain microsom@® = 0.20-0.22) were purified by TLC with chloroform/metha-
(250pg protein) were incubated with ethanolamine hydrochlo- nol/water (65:25:4, by vol.). After extraction from the silica
ride (2.5pumol) and various types of free“C]fatty acids gel, the fatty acyl moieties of lysoPtdCho and lysoPtdEtn were
(2.5 nmol) dissolved in 0.2% BSA (final concentration of BSA, converted to fatty acid methyl esters, using 0.5M methanolic
0.02%) in 25Qul 20 mM Hepes, pH 8.0, containing 2 mM di- sodium methoxide, and then analyzed by GUZ:0 methyl es-
thiothreitol and 2 mM EGTA at 37C for 20 min. The incubation  ter was used as an internal standard.
was stopped by adding chloroform/methanialZ, by vol.). The
total lipids were extracted by the method of Bligh and Dyer.
Lipids were fractionated by two-dimensional TLC develope%ESULTS
first with petroleum ether/diethyl ether/acetone/acetic aci
(30:40:201, by vol) and then with chloroform/methanol/ First, we developed a method for the separation and quantifi-
NH,OH (80:20:2, by vol.). The spots dfl-acylethanolamine cation of various molecular species Nfacylethanolamine by
and free fatty acids were scraped off a TLC plate, and then the HPLC after their conversianttooyl derivatives. As shown
radioactivity was estimated. in Fig. 1, the 1-anthroyl derivatives ofi8 species of standard
Enzymatic release of N-acylethanolamine from radio- N-acylethanolamine were separated well from each other on a
labeled N-acylPtdEtn. Rat brain microsomes (250 protein) chromatogram. We then examined the level and fatty acid com-
were incubated with various types oON-['*ClacylPtdEtn position of theN-acyl moiety of N-acylethanolamine obtained
(2.5 nmol) in 25Qul 20 mM Hepes, pH 7.4, containing 2 mM from rat brain usingN-17:0 ethanolamine as an internal stan-
dithiothreitol, 2 mM CaCJ or EGTA, 2 mM Triton X400 and dard. The results of four separate experiments are summarized
1 mM PhMeSQF at 37°C for 20 min according to the methodin Table1. Predominant fatty acyl moieties bEacylethanolam-
of Schmid et al. [25], with slight modifications. The incubation ine we8e0 and18:0 accounting for 50.6% ant®.4, respec-
was stopped by adding chloroform/methaniald, by vol.), and tively. Considerable portiond2.2% and12.6%) were also ac-
then the total lipids were extracted by the method of Bligh and counted for8oy(n-9)-containing andi8:1(n-7)-containing
Dyer. Lipids were fractionated by two-dimensional TLC develspecies, respectively. However, the levels of other species were
oped first with petroleum ether/diethyl ether/acetone/acetic acid found to be generally very low. For example, the amount of the
(30:40:201, by vol.) and then with chloroform/methanol/arachidonoyl species (anandamide) was 4.3 pmol/g wet tissue,
NH,OH (80:20:2, by vol.). The radioactivity iN-acylethanol- accounting for 0.7% of the total. It is apparent, therefore, that
amine andN-acylPtdEtn fractions was estimated. the N-acyl moiety of N-acylethanolamine present in rat brain
Enzymatic formation of N-acylPtdEtn from radiolabeled consists mainly of saturated and monoenoic species.
phospholipids. The standard assay conditions were as follows. Next we examined the enzyme activity involved in the syn-
Rat brain microsomed Q0 pug protein) were incubated with var-  thesis of anandamide from free arachidonic acid and ethanol-
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Fig.1. Separation of 1-anthroyl derivatives of various types oN-acylethanolamine by reverse-phase HPLCN-Acylethanolamine was con-
verted to1-anthroyl derivatives and then analyzed by reverse-phase HPLC as described in Materials and Methods.

Table 1. Fatty acid composition ofN-acylethanolamine andN-acyl moiety of N-acylPtdEtn obtained from rat brain. N-Acylethanolamine and
N-acylPtdEtn were obtained from rat brains and analyzed as described in Materials and MEtth@ds.ethanolamine oN-17:0 PtdEtn was used
as an internal standard. The data are the me&i3 of four determinations.

Acyl moiety Composition of

N-Acylethanolamine N-AcylPtdEtn

pmol/g wet mass % pmol/g wet mass %
14:0 6.3 1.4 1.1 +0.2 54.6x 14.7 0.5+t 041
16:0 302.5+ 33.3 50.6* 5.6 8 407.9+ 2051.2 69.6+ 17.0
16:1 (n-7) 55+ 1.4 0.9+ 0.2 1549+ 431 1.3+ 04
18:0 115.6 £ 27.7 19.4*+ 4.6 1475.6+ 399.3 122+ 3.3
18:1 (n-7) 75.2*+ 13.3 12.6 £ 2.2 974.4+ 301.0 81+ 25
18:1 (n-9) 731 £ 441 122+74 823.5+ 3184 6.8+ 2.6
18:2 (n-6) 46+ 1.4 0.8+ 0.2 93.3+= 38.0 0.8+ 0.3
20:4 (-6) 43+ 141 0.7*+0.2 50.2+= 27.8 0.4+ 0.2
22:6 (-3) 61+ 0.6 1.0 = 041 258+ 12.8 0.2+ 0.1
Others M+ 24 0.7+ 04 11.6 = 10.0 01 = 0.1
Total 597.3* 104.4 100 12071.8 = 3143.4 100

amine. As shown in Fig. 2, rat brain microsomes contain an en-  acids, though13004and18:2 were incorporated at slightly
zyme activity that catalyzes the formation of anandamide froslower rates than6:0 and18:1. This clearly indicates that the
free arachidonic acid and ethanolamine. The reaction increased enzyme reaction is not specific to certain species of fatty acids
with time (Fig. 2 A), with increasing amounts of microsomakuch as arachidonic acid. This observation prompted us to exam-
protein (Fig. 2 B) and with increasing concentrations of the sub- ine the free-fatty-acid pool in the brain.
strates (Fig. 2 D and E). The optimal pH was around-@@® Table 2 shows the level and profile of free fatty acids present
(Fig. 2 C). No appreciable activity was observed when boiled in decapitated rat brains. We confirmed that large amounts of
microsomes were employed. The enzyme reaction followed tfree fatty acids are present in decapitation-induced ischemic rat
typical Michaelis-Menten equation (data not shown): the appar- brains. The predominant specie8: ®er@:0 and 20:4, fol-
ent K., value for ethanolamine (assayed in the presence lofved by 18:1 [(n-9) and €-7)]. Assuming that 80% of the
100uM free arachidonic acid) wa35 mM and that for arachi- tissue is water, the tissue levels of the above fatty acids were
donic acid (assayed in the presencel60 mM ethanolamine) calculated roughly to be 82M, 150 uM, 123 uM and 33uM,
was 153 uM. respectively. These concentrations of free fatty acids appear to

The fatty acid specificity of the enzyme reaction was studidoe enough for them to serve as acyl donors in the enzymatic
next. As shown in Fig. 3, various types of fatty acids acted as formatioiN-atylethanolamine, providing that a sufficient
acyl donors in the formation dfl-acylethanolamine. Differences amount of ethanolamine is present. However, the profile of free
in potency appear not to be so prominent among these fatty fatty acids present in the brain (Table 2) appears to be consider-
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Fig.2. Kinetics of the enzymatic formation of anandamide from free 20:4 and ethanolamineRat brain microsomes (25 protein) were
incubated with free'fC]20:4 (2.5 nmol) and ethanolamine (uB10l) in 250l of 20 mM Hepes, pH 8.0, containing 2 mM dithiothreitol and 2 mM
EGTA at 37°C for 20 min, as described in Materials and Methods. Total lipids were extracted and fractionated by two-dimensional TLC. The
radioactivity in theN-acylethanolamine fraction was estimated. The values are the means of three determin@®jongrgsomes; ©) boiled

(100°C for 5 min) microsomes. pH 5:67.0, 20 mM Mes buffer; pH 7.68.0, 20 mM Hepes buffer; pH 8:09.0, 100 mM borate buffer.

Donor Table 2. Levels and profile of free fatty acids in rat brain. Fatty acids
were obtained from decapitated rat brains as described in Materials and
16:0 Methods.17:0 was used as an internal standard. The data are the means
18:0 * SD of four determinations.
18:1 Fatty acid Free fatty acid content
w2 - nmollg wet mass %
14:0+ 16:1 (87) 0.4+ 99 2830
0 100 200 300 16:0 65.2+ 94 195+ 28
- L L 18:0 120.2+ 13.5 36.0+ 4.0
Activity (pmol - 20 min 1. mg protein ) 18:1 (n-7) + (n-9) 26.2= 6.0 7.8+ 1.8
Fig. 3. Enzymatic formation of various types ofN-acylethanolamine 18:2 (n-6) 15+ 1.8 0.4x05
from free fatty acids and ethanolamine.Rat brain microsomes (25@  20:4 (+6) 981 + 17.9 294+ 54
protein) were incubated with fre¢*C]fatty acids (2.5 nmol) and etha- 22:6 (0-3) 1.6 = 31 3509
nolamine (2.5umol) at 37°C for 20 min as in Fig. 2. Total lipids were Others 2.0+ 0.7 06+0.2
extracted and fractionated by two-dimensional TLC. The radioactivit}Pta! 334.2% 41.7 100

in the N-acylethanolamine fraction was estimated. The values are the
meanst SD of three determinations.

level of 20:4. Because a small but significant amountNsf
ably different from that of théN-acyl moiety ofN-acylethanol- arachidonoylPtdEtn (50.2 pmol/g wet tissue) was found to be
amine present in the same tissue (Tablealthough the enzyme  present, we examined whether or not anandamide can be enzy-
involved in the synthesis dfl-acylethanolamine from free fatty matically formed from N-arachidonoylPtdEtn. As shown in
acids and ethanolamine did not exhibit prominent fatty acid Fig. 4, rat brain microsomes contain a phosphodiesterase activity
specificity (Fig. 3). So, we examined the enzyme activities arttiat catalyzes the release of various typedNedcylethanolam-
substrate availabilities for a possible alternative synthetic path- ine, including anandamide, from the respective-geyknt
way for N-acylethanolamine, which involves the formation andPtdEtn molecules, includiniy-arachidonoylPtdEtn. The enzyme
hydrolysis ofN-acylPtdEtn. activity was observed even in the presence of EGTA, although

The fatty acid composition of thid-acyl moiety ofN-acylPt- the activity was augmented in the presence of 2 mM Ca@é

dEtn is shown in Tablé. The predominant fatty acids of tid  confirmed that boiled microsomes did not exhibit any apparent
acyl moiety were16:0 (69.6%) andi8:0 (12.2%).18:1(n-9) enzyme activity (data not shown). These observations strongly
and 18:1 (n-7) also accounted for considerable portions of the suggeshthaachidonoylPtdEtn, actually shown to be present
N-acyl moiety: 6.8% and 8%, respectively. However, the pro-in rat brain, is a potential precursor form of anandamide.
portions of other fatty acids such as 20:4 were very low. Such Then, we studietitamachidonoylPtdEtn is produced in
a fatty acid profile resemble that &¥-acylethanolamine rather the brain. We found that rat brain microsomes contain a trans-
than that of free fatty acids (Table 2), especially in terms of the acylase activity that catalyzes the gradual trafisfarachi-
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Fig.4. Enzymatic release oiN-acylethanolanine from radiolabeledN-acylPtdEtn. Rat brain microsomes (2583 protein) were incubated with
various types ofN{'“CJacylPtdEtn (2.5 nmol) in 2501 20 mM Hepes, pH 7.4, containing 2 mM dithiothreitol, 2 mM EGTA (A) or Ca@®),

2 mM Triton X-100 and1 mM PhMeSGQF at 37°C for 20 min, as described in Materials and Methods. Total lipids were extracted and fractionated
by two-dimensional TLC. The radioactivity in tid-acylethanolamine fraction was estimated. The values are the m&D®f three determinations.
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Fig.5. Kinetics of the enzymatic formation of N-[*H]arachidonoylPtdEtn from di-[ *H]arachidonoylGroPCho and brain microsomes.Rat
brain microsomes100ug protein) were incubated with dfHl]larachidonoylGr&®Cho (5 nmol) and OlgroPEtn (250 nmol) in 25Q! 20 mM
Hepes, pH 7.4, containing 2 mM dithiothreitol and 2 mM Ca&ll 37°C for 2 h. Total lipids were extracted and fractionated by two-dimensional
TLC. N-Acylethanolamine was further purified by TLC as described in Materials and Methods. The radioactivityNrathgPtdEtn fraction was
estimated. The values are the means of three to four determina@®nhsicrosomes; ©) boiled microsomes. pH 5:07.0, 20 mM Mes bulffer;

pH 7.0-8.0, 20 mM Hepes buffer.

donic acid from di-fH]arachidonoylGr@Cho to PtdEtn to form group of PtdEtn, we examined the product generated on mild
N-[*H]arachidonoylPtdEtn. The enzyme reaction increased wittikaline treatment of*H]-labeled N-acylPtdEtn by TLC. The
time (Fig. 5A), with microsomal protein (Fig.5B) and with radioactivity was mainly recovered in the glycerophbspho(
increasing concentrations of the substrate ldidrachidonoyl- acyl)ethanolamine fraction (Fig. 6), indicating thaHJarachi-
GroPCho (Fig. 5C). The enzyme reaction was also augmented donic acid reacted with timeoidit} of PtdEtn.

in the presence of exogenously added ,GlePEtn (Ole, Then, we investigated the donor specificity of the enzyme
oleoyl; Fig. 5D) though the reaction occurred to some extent in  reaction (Fig. 7). Noticetdalyachidonoyl-25H]arachido-

the absence of exogenous ieoPEtn, suggesting that endoge-noylGroPCho was shown not to act as an acyl donor, indicating
nous microsomal PtdEtn also acts as an acceptor. The optimal 3#fjatdchidonic acid was not transferred from the 2-position
pH was around 7.87.5 (Fig. 5E). Free*H]arachidonic acid did but from the1-position of di-FH]arachidonoylGr&Cho to the

not react with the NEgroup of PtdEtn, at least under the present .Njrbup of PtdEtn. We also confirmed thetPam-2-[*Clar-
assay conditions (data not shown). Furthermore, apparent actiehidonoylGr®Cho does not serve as an acyl donor in the for-
ity was not observed when boiled microsomes were employed. matioiN-[8H]arachidonoylPtdEtn (data not shown). The
These results indicate that the transfer #]arachidonic acid structure of diacyl phospholipid appears to be crucially impor-
from di-[*H]arachidonoylGr®Cho to PtdEtn is an enzymatic tant; no appreciable amoumtHjafachidonic acid was trans-
transacylation reaction. We also found that the presence of Céerred from 1-[*H]arachidonoylGr®Cho. No appreciable

is required for the enzyme activity (data not shown); the addi- transfer was also observed whéh reschidonic acid was
tion of EGTA instead of C& abolished the enzyme activity. In added as an acyl donor. However, we found that various types
order to confirm thatH]arachidonic acid was linked to the NH of diacyl Grd®Cho in addition to di-fH]arachidonoylGr&Cho
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Fig.6. Effect of mild alkaline treatment of N-[*H]arachidonoylPtdEtn synthesized enzymatically from di-PH]arachidonoylGroPCho and

PtdEtn by brain microsomes. Rat brain microsomes were incubated with ##HarachidonoylGr®Cho and PtdEtn in Hepes buffer (pH 7.4)
containing 2 mM dithiothreitol and 2 mM CagCat 37°C for 2 h. The resultanh-[*H]arachidonoylPtdEtn was purified by two-dimensional TLC

and subsequent TLC as described in Materials and Methéd¥d]arachidonoylPtdEtn was then treated witlml 0.2 M NaOH (90 % methanol)

for 20 min. In the control, 90 % methanol without NaOH was adde-{éH]arachidonoylPtdEtn. After the addition of 2 ml 0.2 M HCI, the reaction
products were extracted by the method of Bligh and Dyer, and then fractionated by TLC with chloroform/methanol/water (75:25:4, by vol.). The
TLC plate was scraped atcm intervals for liquid-scintillation counting. (A) Without alkaline treatment; (B) with alkaline treatment.

Donor Table 3. Fatty acid distribution at the 1-position of PtdCho and
pi ) ; PtdEtn of rat whole brain. PtdCho and PtdEtn were obtained from rat
i[3H]arachidonoyl GroPCho . - . . .
1-Arachidonoyl-2-[3Hjarachidonoyl 13 whole brain total lipids and subjected to phospholipasehydrolysis.

The resultant lysoPtdCho and lysoPtdEtn were purified and transmethyl-
ated. Fatty acid methyl esters were analyzed by GLC. The incubation
without phospholipase Awas run as a control to correct the datd:0

methyl ester was used as an internal standard. The data are the means
+ SD of six determinations. n.d., not detected.

1-[3H]Arachidonoyl GroPCho {#
Di[3H]palmitoyl GroPCho
Di[14C]stearoyl GroPCho ?
Di[3H]oleoyl GroPCho {Z

Di[1C]linoleoyl GroPCho f Fatty acid Composition of
Free [3H]arachidonic acid 5
0 100 200 300 400 PtdCho PtdEtn
Activity (pmol - 2 h! . mg protein™') %

Fig.7. Enzymatic formation of N-acylPtdEtn from radiolabeled lipid
donors and PtdEtn by brain microsomes. Rat brain microsomes 16:0 476+ 1.7 144+ 2.0
(250pg protein) were incubated with radiolabeled phospholipidd8:0 332 1.5 64.7x 2.5
(5 nmol), lysophospholipids (5 nmol), or free fatty acids (5 nmol) i18:1 (n-7) + (n-9) 14.6 + 1.0 20.7+ 1.6
2501 20 mM Hepes, pH 7.4, containing 2 mM dithiothreitol and 2 mm18:2 (n-6) 04+0.2 n.d.
CaCl, at 37C for 2 h. Total lipids were extracted and fractionated by20:4 (-6) 03x01 n. d.
TLC. N-AcylPtdEtn was further purified by TLC as described undef2:6 (-3) 1.2+02 n.d.
Materials and Methods. The radioactivity in theacylPtdEtn fraction Others 2.7 0.6 02+ 03
was estimated. The values are the mea8® of three determinations. Total 100 100

Hatched bars, microsomes; open bars, boiled microsomes.

act as acyl donors in the formation NfacylPtdEtn. In contrast Ngher amounts of palmitic acid and lower amounts of stearic

to the case of PtdCho, however, the formatior\sfFH]arachi- acid, compared with f[hat of whole brain. These qbservatlons

donoylPtdEtn was not apparent when diffarachidonoylGro- SUPPOrt the hypothesis that at least a part\sarachidonoyl-

PEtn was added as an acyl donor, at least under the presBffEn. shown to be present in brain, is formed from PtdEtn and

experimental conditions (data not shown). e_lrachldonlc gmd esterified at thieposition of dla_cyl phospho-
Finally, we examined the fatty acid distribution at thgosi- lipids, especially PtdCho, through a transacylation pathway.

tion of PtdCho and PtdEtn obtained from rat whole brain, micro-

somes and synaptosomes. As shown in Table 3, we confir

that a small amount of arachidonic acid was present atl {hEB%CUSSION

position of PtdCho of rat brain. Similar results were observed There is increasing evidence that anandamide exhibits potent

for PtdCho obtained from microsomes and synaptosomes (datmnabimimetic activityn vitro andin vivo. It is rather surpris-

not shown), though PtdCho of these fractions contain slightly ing, however, that little information is so far available concern-
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Fig.8. Possible synthetic pathways folN-arachidonoylethanolamine (anandamide).

ing the exact tissue level of anandamide. It will be of great sources and the different assay conditions. In any case, it is obvi-

value, therefore, to examine in detail the fatty acid compositiasus that various types of fatty acids are capable, more or less,

of N-acylethanolamine in various mammalian tissues, especially  of serving as substrates in the fornfdtamylethanolamine

in terms of the proportion of arachidonoyl species. In this studiy) this system. Udenfriend and co-workers [29, 30] have already

we investigated the fatty acid composition facylethanolam- demonstrated the synthesibl-aicylethanolamine from various

ine obtained from decapitated rat brains using a newly devéypes of free fatty acids and ethanolamine by rat liver micro-

oped sensitive analytical method. We found that decapitated rat somes and several rat tissue homogendt@80is, theugh

brains actually contain a small amount of thearachidonoyl they did not refer to arachidonic acid.

species ofN-acylethanolamine (Tabl¢). Devane et al. 1] re- Decapitation-induced ischemic rat brains contain a large

ported that 0.6 mg of anandamide was obtained from 4.5 kg p@mount of free fatty acids including arachidonic acid (Table 2),

cine brain. This level is about 90-times higher than that obtained as has also been demonstrated byl bthées fi8sue levels

from rat brains in this study. The exact reason for the differencé free fatty acids, including arachidonic acid, shown in this

is not clear. It may be due to the different experimental condi- study appear to be high enough for the synttesigletha-

tions such as the animal species used and the procedures eaolamine via this pathway. Assuming thidtacylethanolamine

ployed. Very recently, Schmid and co-workers [28] reported that is produced mainly via this pathway, the profile of free fatty

small amounts of thé&l-arachidonoyl species (aboli®o of the acids would affect the fatty acid composition Mfacylethanol-

total N-acylethanolamine) were present in pig and cow brains. amine, because the enzyme activity itself is not specific to cer-

Further studies are needed to accumulate information on ttaén species of fatty acids. The fatty acid profile dfacyletha-

levels of anandamide in various mammalian tissues under physi- nolamine (Jatée, however, shown to be considerably dif-

ological and pathophysiological conditions. ferent from the profile of free fatty acids present in the same
Elucidation of the mechanism underlying the biosynthesis of tissue (Table 2): the level of arachidonic acid in the former frac-

anandamide should also be very important for a better undéien was very low.

standing of this novel type of bioactive lipid. However, it is not There are several possible explanations for the very low pro-

yet fully understood how anandamide is synthesized in mamnyortion of N-arachidonoyl species among varidésacylethano-

lian tissues. Here we demonstrated that anandamide can be lamine species. For instance, the degrdeatahidbnoyl

formed via two separate synthetic pathways in the brain (Fig. &pecies in living tissues is very rapid compared with in other

One is formation from free arachidonic acid and ethanolamine, fatty acyl species. Desarnaud et al. [32], and Ueda]et al. [

and the other involves the formation dbFarachidonoylPtdEtn demonstrated that the degradationNs&rachidonoyl species is

through a transacylation reaction and subsequent release of rapid compared with other fatty acyl species, Bispakially

anandamide by means of a phosphodiesterase activity. mitoyl species, using brain microsomes. This may account, at
Previously, several investigators demonstrated that anandam-  least in part, for the low proportion of N-arachidonoyl species.

ide can be formed from free arachidonic acid and ethanolamif®wever, the most probable explanation appears to be that a

by rat brain homogenate$3], rabbit brain microsomes and cy- large part, if not allNs&cylethanolamine is produced fros

tosol [14], bovine brain Pfraction [16] and porcine brain micro- acylPtdEtn, rather than from free fatty acids and ethanolamine,

somes [5]. The results as to the kinetics of the formation of as has been indicated by Schmid and co-work&6][S&v-

anandamide from free arachidonic acid and ethanolamine in thl investigators have demonstrated the synthesisamyletha-

present study with rat brain microsomes are in general nolamine from free fatty acids and high concentrations of etha-

agreement with those observed in these previous studies. Tiodamine by a degradation enzyme (amidohydrolase) acting in

apparent,, values for arachidonic acid and ethanolamine ob- revel'Sse36]. However, the tissue levels of ethanolamine are

served in this study and in other$4f-16] were both substan- known to be low (314 umol/g tissue for rat brain [37], 3.4mol/

tially high, suggesting that the increased availabilities of these g tissue for cat brain [38] andud3@8 tissue for mouse

substrates are important in the induction of the synthesis lofer [39]); it seems unlikely that amidohydrolase synthesizes

anandamide via this pathway. We (Fig. 3) and Ueda et1&l] [ anandamide from free arachidonic acid and ethanolamine in liv-

confirmed that the enzyme activity itself does not exhibit appaing tissues unless there are some special metabolic pools for

ent fatty acid specificity. However, Kruszka and Gros4][and these substrates.

Devane and Axelrod1p] reported that arachidonic acid is a The other synthetic pathway fdt-acylethanolamine is for-

preferred substrate compared with other fatty acids such as pal- matiorNfiaylPtdEtn through a phospholipase-Bpe re-

mitic acid. The difference may be due to the different enzymeaction, which was proposed by Schmid and co-workers [25; 33
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36, 40] for saturated, monoenoic and dienoic specigs-atyl- eitherN-acylPtdEtn olN-acylethanolamine in*H]ethanolamine-
ethanolamine. Since little is known concerning the cas&l-of labeled neuronal cells was augmented when the cells were stim-
arachidonoy! species, we investigated the possibility that the ulated with ionomycin8A28 glutamate, all of which are
synthesis of anandamide occurs via this pathway as in the cksewn to cause Ca influx. Nonetheless, not much is known
of other N-acylethanolamine species. While this study was in  concerning the case bfdtechidonoyl species as yet, be-
progress, Di Marzo et al.1[f] also suggested that anandamideause most of the radioactivity was incorporated into other spe-
can be synthesized through this pathway. However, the details cies such Hgp#imitoyl and N-stearoyl speciestf, 45].
of the mechanism underlying the formation of anandamideurther studies are necessary to clarify the regulation of the bio-
through this pathway remain quite obscure. In particular, precise  synthegisacdchidonoylPtdEtn as well as anandamide in
information on pre-existindN-acylPtdEtn, especially oN-ar- stimulated tissues and cells.
achidonoyl species, is not yet available. Here we showed that Recently, we [26], and Mechoulam et al. [46] found that 2-
decapitated rat brains contain a small but significant amount afachidonoylglycerol, possibly generated through increased ino-
N-arachidonoylPtdEtn (Tabl¢). We further demonstrated that sitol phospholipid metabolism, exhibits binding affinity toward
rat brain microsomes contain an enzyme activity that catalyzeannabinoid receptor(s). Although its binding affinity was con-
the release of anandamide frdwarachidonoylPtdEtn (Fig. 4). siderably lower than that of anandamide [26], its amount was
These observations constitute clear evidence that anandamageroximately 800-times higher than that of anandamide shown
can be synthesized from pre-existihNgarachidonoylPtdEtn by in the present study ([26] and TaljleNoticeably, different
means of a phosphodiesterase activity in this tissue. The reafmm the case of 2-arachidonoylglycerol, we failed to detect any
why the presence df-arachidonoyl! species of botli-acyletha- selective or preferential synthetic pathways forNkerachido-
nolamine and\N-acylPtdEtn was overlooked in previous studiesoyl species ofN-acylPtdEtn andN-acylethanolamine, com-
may be that the amounts Nfarachidonoyl species in these frac- pared with other species. Thus, the relative physiological impor-
tions are too small for GLC analysis. In this study, we developdence or role allotment of these cannabinoid-receptor-ligand can-
a sensitive analytical method utilizinganthroyl derivatives and  didates remains to be determined.
reverse-phase HPLC, which makes the detection of 0.3 pmol of In conclusion, we demonstrated that anandamide can be
N-acylethanolamine possible. As for the fluorometric analysis of formed through two separate synthetic pathways in the brain:
N-acylethanolamine, Koga et al. falso reported a procedure formation from free arachidonic acid and ethanolamine; and for-
employing a fluorogenic reagent, BHchloroformylmethyIN-  mation via theN-acylPtdEtn pathway. We found that the second
methyl) amino-7N,N'-dimethylaminosulfonyl-2,,3-benzoxadi- pathway explains well the fatty acid compositionfacylPtd-
azole and reverse-phase HPLC. Etn actually present in tissues. Considering the finding that the

Schmid and co-workers [35, 36, 424] reported that fatty level of anandamide in the brain is very low, however, it is ap-
acids esterified at thd-position of diacyl phospholipids are parent that detailed studies are still required for a full under-
transferred to the NHmoiety of PtdEtn to formN-acylPtdEtn. standing of the physiological significance of anandamide in the
Here we showed that this is the case for arachidonic acid brain.
(Figs 5-7). A portion of di-PH]arachidonoylGr&®Cho was also
hydrolyzed by phospholipase,And/or A activities  nmol - 2iT" We wish to thank Takayuki Miyazaki and Taku Muto for their techni-
- 0.1 mg protein') during the incubation with brain microsomescal assistance. This study was supported in part by a Grant-in Aid from
(data not shown). However, we confirmed that neither free ahe Ministry of Education, Science and Culture of Japan (07672387).
achidonic acid nor arachidonic acid esterified at the 2-position
was transferred to the NHmoiety of PtdEtn. Furthermore,
[*H]Arachidonate-containing lysoPtdCho failed to act as an acrFERENCES
donor (Fig. 7). A very small amount offfiJarachidonic acid was
sometimes incorporated into tHé-acylPtdEtn fraction in the !- Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson,
presence of ATP - Mg and CoA (data not shown). However, IM A., Griffin, G., Gibson, D., Mandelbaum, A., Etinger, A. &
the radioactivity was not recovered in tiheacylethanolamine echoulam, R.1992) Isolation and structure of a brain constitu-

. . . ent that binds to the cannabinoid recept8cience 2581946—

fraction after the treatment d-acylPtdEtn with phospholipase 1949.
D, indicating that fH]arachidonic acid was not incorporated into 2. Felder, C. C., Briley, E. M., Axelrod, J., Simpson, J. T., Mackie,
the NH, moiety of PtdEtn even in this case (data not shown). K. & Devane, W. A. 1993) Anandamide, an endogenous cannabi-
Overall, it appears that the very low proportion of arachidonic mimetic eicosanoid, binds to the cloned human cannabinoid re-
acid at thet-position of diacyl phospholipids in this tissue (Ta- ceptor and stimulate receptor-mediated signal transdudtime,
ble 3) is responsible, in a large part, for the very low proportion ~ Natl Acad. Sci. USA 907656-7660.
of N-arachidonoy! species M-acylPtdEtn (Tabld). Thus, the 3. Mechoulam, R., Hanus, L. & Martin, B. R1494) Search for endog-
level of arachidonic acid at thé-position of diacylphospho- Zgofssalégigdfff the cannabinoid recepRinchem. Pharmacol.

Iipids, especially PtdC_ho, IS an importan.t fac.tor determining th%. Abadji, V., Lin, S., Taha, G., Griffin, G., Stevenson, L. A., Pertwee,

tissue level oﬂ\l-arachldonoyII?tdIE_tn, which, in turn, would in- R. & Makriyannis, A. (1994) |)-Methanandamide: a chiral novel

fluence the level of anandamide in the same tissue. anandamide possessing higher potency and metabolic stability,
As for N-acylPtdEtn, it has already been reported that this Med. Chem. 371889—1893.

rather unusual phospholipid is present mainly in degenerating. Childers, S. R., Sexton, T. & Roy, M. B1494) Effects of anandam-

mammalian tissues, such as ischemic tissues, and is not usually ide on cannabinoid receptors in rat brain membraifgschem.

detected in high amounts in normal tissues [36]. The mechanism _ Pharmacol. 47711—-715. _

underlying the induction of the biosynthesis facylPtdEtn is 6 Pinto, J. C., Potie, F., Rice, K. C., Boring, D., Johnson, M. R.,

not yet fully understood. The entry of €ainto cells is regarded %\Q%T’CD' M'*bW'".‘den' G.H., t?a(;]'tre”, %‘ H. & Howlett, A'fC'

as an important signal triggering the formationNsacylPtdEtn; ( ) Cannabinoid receptor binding and agonist activity of am-

. . - id d est f hidonic acidPh |. EXp. Ther. 46
the transacylase catalyzing the transfer of fatty acids esterified glees%r;zes ers of arachidonic ackdPharmacol. Exp. Ther. 4

at the1-position of diacyl phospholipids to the NHnoiety of 7. Fride, E. & Mechoulam, R.1093) Pharmacological activity of the
PtdEtn is a C& -dependent enzyme [35, 36, 424]. Di Marzo cannabinoid receptor agonist, anandamide, a brain constituent,
et al. [17], and Hansen et al. [45] reported that the formation of Eur. J. Pharmacol. 231313—-314.
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