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fatty acid ethanolamides ( 4 ), a class of signaling lipids in-
volved in critical physiological processes such as pain, feed-
ing, and infl ammation ( 5–7 ). One of the best-studied fatty 
acid ethanolamides, arachidonoylethanolamide (anan-
damide), was the fi rst endogenous cannabinoid substance 
to be identifi ed in the mammalian brain ( 8 ). The binding of 
anandamide to G-protein-coupled cannabinoid receptors 
exerts a wide range of pharmacological effects that mimic 
those produced by the active ingredient of  Cannabis,   �  9 -
tetrahydrocannabinol ( 9–13 ). Anandamide is rapidly hydro-
lyzed to arachidonic acid and ethanolamine by fatty 
acid amide hydrolases ( 14 ), and selective fatty acid amide 
hydrolase inhibitors have been shown to alleviate pain, 
anxiety, and depression in rodent models ( 15–18 ). However, 
although much attention has focused on the pharma-
cological properties and physiological roles of anandamide, 
much less is known about the biochemical mechanisms 
responsible for the formation of this endogenous cannabi-
noid substance. 

 An important step in understanding the regulation of 
anandamide biosynthesis in the central nervous system 
is the complete characterization of its precursors. The 
proposed mechanism for anandamide biosynthesis in 
neural cells involves two enzymatic steps (  Scheme 1    ):   1 ) 
a calcium-dependent  N -acyl transferase activity, which 
remains to be molecularly cloned, catalyzes the exchange 
of an arachidonoyl group between the  sn -1 position of 
phosphatidylcholine and the primary amine of phospha-
tidylethanolamine (PE), leading to the formation of  N-
 arachidonoyl phosphatidylethanolamine (NArPE) ( 3, 19, 
20 ); and  2 ) a NAPE-specifi c phospholipase D hydrolyzes 
the distal phosphodiester bond of NArPE, releasing anan-
damide ( 21–24 ). In addition, NArPEs can generate anan-
damide through indirect routes, which may involve at least 
two other NArPE metabolites:  a ) phospho-anandamide 
generated by the action of a NArPE-specifi c phospholipase 
C ( 25, 26 ); and  b ) a lyso-NArPE derived from the hydroly-
sis of NArPE-specifi c phospholipase A ( 27–29 ). However, 
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   N -Acyl-substituted derivatives of phosphatidylethanol-
amines (NAPEs) constitute a family of unusual glycero-
phospholipids that occur in a wide range of vertebrate 
animals, including fi sh ( 1 ), reptiles ( 2 ), and mammals ( 3 ). 
They are thought to serve as biological precursors for 
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set with the lights on at 4:45 AM. Water and standard chow pellets 
(Prolab RMH 2500) were available ad libitum. Rats were anes-
thetized with halothane and euthanized by decapitation, and the 
brains were rapidly collected and snap-frozen in liquid N 2 . All 
procedures met National Institutes of Health guidelines for the 
care and use of laboratory animals and were approved by the 
Institutional Animal Care and Use Committee of the University of 
California, Irvine. 

 Chemicals 
 We purchased fatty acid chlorides from Nu-Chek Prep (Elysian, 

MN); 1,2-dipalmitoyl- sn -glycero-3-phosphoethanolamine and 
1- O -hexadecyl-2-palmitoyl- sn -glycero-3-phosphoethanolamine- 
 N -palmitoyl from Alexis (Lausen, Switzerland); 1-oleoyl-2- 
palmitoyl- sn -glycero-3-phosphoethanolamine- N -arachidonoyl, 
1-stearoyl-2-arachidonoyl- sn -glycero-3-phosphoethanolamine, 
1-oleoyl-2-hydroxy- sn -glycero-3-phosphoethanolamine, 1- O -1 ′ -( Z )- 
octadecenyl-2-oleoyl- sn -glycero-3-phosphoethanolamine, and PEs 
(extracted from porcine brain) from Avanti Polar Lipids 
(Alabaster, AL); 1-palmitoyl-2-linoleoyl- sn -glycero-3-phosphoetha-
nolamine from Sigma-Aldrich (St. Louis, MO); and TLC plates 
(20 × 20 cm, silica gel 60, 500 mm thick) from Whatman (Clifton, 
NJ). URB597, synthesized as described ( 36 ), was a kind gift from 
Dr. A. Duranti (University of Urbino, Italy). 

 Chemical synthesis 
 We prepared anandamide by the reaction of arachidonoyl 

chloride with a 10-fold molar excess of ethanolamine (Sigma- 
Aldrich) or [ 2 H 4 ]ethanolamine (Cambridge Isotope Laboratories, 
Andover, MA). Reactions were conducted in dichloromethane at 
0–4°C for 15 min with stirring. The products were washed with 
water, dehydrated over sodium sulfate, fi ltered, and dried under 
N 2 . They were characterized by LC-MS and  1 H nuclear magnetic 
resonance spectroscopy. Purity was >98% by LC-MS. NAPEs were 
prepared by the reaction of fatty acid chlorides with a 2-fold molar 
excess of PE. Reactions were conducted in dichloromethane at 
25°C for 2 h using triethylamine (Sigma-Aldrich) as a catalyst. The 
products were washed with water, fractionated by silica gel thin-
layer chromatography (chloroform-methanol-ammonia, 80:20:2, 
v/v/v), and characterized by LC-MS n . Purity was >95%. 

 Lipid extractions 
 Frozen brains were weighed and homogenized in methanol 

(1 ml/100 mg tissue) containing [ 2 H 4 ]anandamide and 1,2- 
dipalmitoyl- sn -glycero-3-phosphoethanolamine- N -heptadeca-
noyl as internal standards. Lipids were extracted with chloro-
form (2 volumes) and washed with water (1 volume). Organic 
phases were collected and dried under N 2  and reconstituted in 

although NArPE is a central component of the biosyn-
thetic pathway leading to anandamide formation, a pre-
cise characterization of the molecular composition of this 
phospholipid in the brain has not yet been reported. 

 Progress in this area has been hindered by the low brain 
concentration of NArPE, which represents only a few per-
centage points of the total phospholipid content ( 21, 23, 
24, 30 ), as well as by their chemical heterogeneity. Indeed, 
NArPEs differ not only in the acyl substituents at the 
 sn -1,  sn -2, and  N  positions of PE but also in the nature of the 
 sn -1 bond of PE (acyl, alkyl, alkenyl). In the past, resolv-
ing these mixtures required multiple analytical steps in-
volving an initial separation of the phospholipid classes by 
chromatography, followed by serial enzymatic hydrolyses 
with selective lipases and chromatographic analyses of re-
leased products ( 24, 28, 31–33 ). Because lipases do not 
hydrolyze alkenyl- and alkyl-NArPE, chemical methods 
were used to hydrolyze different  sn -1 bonds ( 34, 35 ). In 
the present study, we used liquid chromatography (LC) cou-
pled to ion-trap mass spectrometry (MS n ), which offers 
an accurate and sensitive alternative for the analyses of 
these complex lipids. The aim of the present study was to 
defi ne the molecular species composition of the endoge-
nous NArPE precursors of anandamide in rat brain and to 
determine whether calcium stimulation triggers specifi c 
changes in their molecular profi les. 

 MATERIALS AND METHODS 

 Animals 
 Adult male Wistar rats (250–300 g) were housed in standard 

Plexiglas cages at room temperature. A 12 h light/dark cycle was 

  SCHEME 1.  Proposed route of anandamide formation in mam-
malian brain tissue. PA, phosphatidic acid; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine.   

 TABLE 1. Fragmentation patterns of synthetic NAPE species analyzed 
by direct infusion in ESI-MS n  

 sn -1, sn -2-NAPE MS MS 2 MS 3 

 m/z 
16:0–18:2- N  20:4 1,000.8 738.8, 279.3 482, 255
16:0–18:2- N  22:6 1,024.8 762.8, 279.3 506, 255
16:0–18:2- N  18:1 978.8 716.8, 279.3 460, 255
16:0–18:2- N  18:0 980.8 718.8, 279.3 462, 255
18:0–20:4- N  20:4 1,052.8 766.8, 303.3 482, 283
18:0–20:4- N  22:6 1,076.8 790.8, 303.3 506, 283
18:0–20:4- N  18:1 1,030.8 744.8, 303.3 460, 283
18:0–20:4- N  18:0 1,032.8 746.8, 303.3 462, 283
18:1-lyso- N  20:4 — 764.8 482, 281
Plasmenyl 18:0–18:1- N  20:4 1,014.8 750.8, 281.3 403, 482, 267
Alkyl 16:0–16:0- N  16:0 914.8 676.8, 255.3 377, 395

NAPE,  N -acyl-substituted derivatives of phosphatidylethanolamine.
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(Agilent Technologies). NAPEs were separated using a Po-
roshell 300 SB C18 column (2.1 × 75 mm inner diameter, 
5  � m; Agilent Technologies, Wilmington, DE) maintained at 
50°C. A linear gradient of methanol in water containing 5 mM 
ammonium acetate and 0.25% acetic acid (from 85% to 100% of 
methanol in 4 min) was applied at a fl ow rate of 1 ml/min. 
Detection was set in the negative mode, capillary voltage was 
4.5 kV, with skim1 at  � 40 V and capillary exit at  � 151 V. N 2  was 
used as drying gas at a fl ow rate of 12 l/min, with temperature of 
350°C and nebulizer pressure of 80 p.s.i. Helium was used as the 
collision gas. Tissue-derived NAPEs were identifi ed by compar-
ison of their LC retention times and MS n  fragmentation patterns 
with those of authentic standards, prepared as described above. 
We acquired full-scan MS n  spectra of selected NAPE precursor 
ions by multiple reaction monitoring, with isolation width of 1 
and fragmentation voltage of 1.2 V. Ion charge control was on, 
smart target was set at 50,000 and maximum accumulation time 
at 50 ms, scan range was 200–1,100 amu, with 26,000  m/z  per 
second. Extracted ion chromatograms were used to quantify 
each NAPE precursor ion by monitoring the characteristic lyso-
NAPE product ions in MS 2  using 1,2-dipalmitoyl- sn -glycero-3-
phosphoethanolamine- N -heptadecanoyl ( m/z  942.8 > 704.8) as 
an internal standard. The limit of quantifi cation was 1 pmol [1- O -

0.1 ml of chloroform-methanol (1:4, v/v) for LC-MS and LC-
MS n  analyses. 

 LC-MS analyses 
 We quantifi ed anandamide by LC-MS using an 1100-LC system 

coupled to a 1946D-MS detector (Agilent Technologies, Inc., 
Palo Alto, CA) equipped with an ESI interface. Anandamide was 
separated using a XDB Eclipse C18 column (50 × 4.6 mm inner 
diameter, 1.8  � m; Zorbax) and eluted with a gradient of meth-
anol in water (from 85% to 90% methanol in 2.5 min) at a fl ow 
rate of 1.5 ml/min. Column temperature was kept at 40°C. MS 
detection was in the positive ionization mode, capillary voltage 
was set at 3 kV, and fragmenter voltage was varied from 120 to 
140 V. N 2  was used as drying gas at a fl ow rate of 13 l/min and a 
temperature of 350°C. Nebulizer pressure was set at 60 p.s.i. 
Quantifi cations were conducted using an isotope dilution method, 
monitoring the sodium adduct of the molecular ion of ananda-
mide. The limit of quantifi cation was 0.15 pmol. 

 LC-MS n  analyses 
 We identifi ed and quantifi ed NAPEs by LC-MS n  using an 1100-LC 

system (Agilent Technologies) equipped with an Ion Trap XCT 

  Fig.   1.  Fragmentation patterns of various NAPE subclasses by LC-MS n . A, top: Negative-ion electrospray mass spectrum of the rep-
resentative 1,2-diacyl-NAPE precursor ion ( m/z  1,052.8) corresponding to the deprotonated 1-stearoyl, 2-arachidonoyl- sn -glycerol-3-
phosphatidylethanolamine- N -arachidonoyl. A, center: Collision-induced dissociation (CID) formation of  m/z  1,052.8. A, bottom: Product 
ions for CID of the fragment with  m/z  766.8. B, top: Negative-ion electrospray mass spectra of representative  sn- 1 alkenyl-NAPE ( m/z  1,014.8) 
corresponding to the deprotonated 1- O -1    -(Z)-octadecenyl, 2-oleoyl- sn -glycerol-3-phosphatidylethanolamine- N -arachidonoyl. B, center: CID 
fragments of  m/z  1,014.8. B, bottom: Productions for CID of the fragment with  m/z  750.8. C, top: Negative ion electrospray mass spectra of 
representative  sn- 1 alkyl-NAPE ( m/z  914.8) corresponding to the deprotonated 1- O -hexadecyl-2-palmitoyl- sn -glycero-3-phosphoethanol-
amine- N -palmitoyl. C, center: Product ion scan for CID of  m/z  914.8. C, bottom: Product ions for CID of the fragment with  m/z  676.8.   
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or positive ion detection mode (  Table 1  ).  When ESI was 
set in the negative mode, all NAPEs yielded [M-H]  �   as the 
predominant pseudomolecular ions, which corresponded 
to the deprotonation of the phosphate group. All three 
classes of NAPEs (1-acyl, 1-alkenyl, and 1-alkyl) showed 
similar ionization effi ciencies, as determined by measur-
ing the signal intensities of synthetic standards of known 
concentration. Collision-induced decomposition (CID) of 
[M-H]  �   yielded an abundant product ion identifi ed as  sn-
 2 lysophospholipid (  Fig. 1  ),  which could derive from a 
charge-driven (  Scheme 2A   ) or a charge-remote ( Scheme 2B ) 
mechanism of fragmentation. Another major MS 2  fragment 
was represented by the carboxylate anion derived from 
position  sn- 2 ,  which could be formed by a charge-driven 
mechanism involving a nucleophilic attack of the phosphate 
oxygen on the  sn- 2 glycerol backbone with neutral loss of 
lyso-NAPEs (Fig. 9C). A minor MS 2  fragment was identifi ed 
as  N -acyl ethanolamide phosphate ( Fig. 1A, B ). 

 To identify the fatty acid moiety at position  sn- 1 ,  we 
further isolated and fragmented (MS 3 ) the  sn- 2 lysophos-
pholipid derived from the CID-MS 2 . Both diacyl-NAPEs 
( Fig. 1A ) and alkenyl-NAPEs ( Fig. 1B ) yielded primarily 
two fragments: one distinctive of the  sn- 1 group and the 
other of the  N -acyl moiety ( Fig. 1A, B ). No such fragments 
were observed for alkyl-NAPEs, suggesting that fragment 
formation is facilitated by the presence of a carboxyl group 
or double bond vicinal to the oxygen at the  sn- 1 position. 
However, both alkyl-NAPEs and alkenyl-NAPEs produced 
as major product ions in MS 3  the lysophosphatidic acid 
derivatives, which have cyclic phosphate at the  sn- 2 and 
 sn- 3 positions of the glycerol backbone ( Fig. 1B, C ) and 
represent a derivative of cyclic phosphatidic acid ( 37 ). 

1 ′ -( Z )-octadecenyl-2-oleoyl- sn -glycero-3-phosphoethanolamine-
 N -arachidonoyl,  m/z  1,014.8 > 750.8). Lower limits of detection 
were as follows: 0.04 pmol (alkenyl-NAPE, 1- O -1 ′ -( Z )-octadecenyl-
2-oleoyl- sn -glycero-3-phosphoethanolamine- N -arachidonoyl), 
0.02 pmol (diacyl-NAPE, 1-oleoyl-2-palmitoyl- sn -glycero-3-phos-
phoethanolamine- N -arachidonoyl), and 0.05 pmol (alkyl-NAPE, 
1- O -hexadecyl-2-palmitoyl- sn -glycero-3-phosphoethanolamine- N -
palmitoyl). Detection and analysis were controlled by Agilent/
Bruker Daltonics software version 5.2. Processing of MS spectra 
and bidimensional maps were generated using the MS Processor 
from Advanced Chemistry Development, Inc. (Toronto, Canada). 

 In vitro NArPE and anandamide biosynthesis 
 Fresh brains were collected in ice-cold phosphate-buffered 

saline (50 mM, pH 7.4), homogenized, and centrifuged at 800  g  
for 15 min and then at 27,000  g  for 30 min. The 27,000  g  pellet 
was suspended in HEPES buffer (50 mM, pH 8.0) and used for 
the assay. Brain particulate fractions (0.2 mg of protein) were 
incubated at 37°C for 45 min in HEPES buffer (50 mM, pH 8.0) 
containing 0.1% Triton X-100 and, when appropriate, 3 mM 
CaCl 2  or 10 mM EGTA. Incubation was stopped and lipids were 
extracted by adding chloroform-methanol (2:1, v/v) containing 
[ 2 H 4 ]anandamide and 1,2-dipalmitoyl- sn -glycero-3-phosphoetha-
nolamine- N -heptadecanoyl as internal standards. Lipid extracts 
were dried under N 2  and reconstituted in chloroform-methanol 
(1:4, v/v; 0.1 ml) for further analyses. 

 RESULTS 

 NAPE fragmentation patterns 
 We analyzed the fragmentation patterns of different 

molecular species of NAPEs by infusing synthetic stan-
dards into the MS ion-trap detector using either negative 

  SCHEME 2 . Hypothetical fragmentation mechanisms for CID of 1,2-diacyl- sn -glycero-3-phosphoethanola-
mine- N -acyl using the ion-trap instrument. In negative ESI, CID-MS 2  gave both lyso-NAPE (for  N -acyl-
substituted derivatives of phosphatidylethanolamine) (A) and carboxylate anions corresponding to the  sn- 2 
fatty acyl group (C); CID-MS 3  generated both  N -acyl cyclic phosphate anions (A) and anions containing the 
 sn -1 fatty moiety (B). CDF, collision-driven fragmentation; CRF, collision-remote fragmentation.   
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 LC separation of NAPEs 
 A method to characterize synthetic NAPE molecular 

species by direct infusion into the mass detector was re-
ported previously ( 39 ). However, although this analytical 
approach may help to study the ionization processes and 
fragmentation patterns of synthetic NAPEs, it is not suit-
able for the analyses of NAPEs in a complex biological 
matrix such as brain tissue. Endogenous NAPE species are 
not easily identifi able by direct infusion into a mass de-
tector for two main reasons:  1 ) several NAPE species have 
identical molecular weights; and  2 ) NAPE represent only 

 When ESI was set in the positive mode, CID of the 
sodium adduct [M+Na] +  (  Fig. 2A-C  )  yielded several frag-
ments, which could derive either from the loss of the  N -
acyl ethanolamide phosphate moiety ( Fig. 2B ) or from the 
loss of  N -acyl aziridine ( Fig. 2C ) ( 38 ). Although this set of 
ions provides useful information to defi ne the NAPE 
species as carrying the  N -arachidonoyl moiety, it does not 
allow for precise determination of the fatty acyl groups 
present on the glycerol backbone. Therefore, we next used 
the negative ESI mode to determine the exact fatty acid 
composition of brain NArPE species. 

  Fig.   2.  A: Product ion scan (MS 2 ) of a representative synthetic diacyl-NAPE sodium adduct ion (1-palmitoyl, 2-oleoyl- sn -glycero-
phosphoethanolamine- N -arachidonoyl, [M+Na] + ,  m/z  1,026.6) in positive detection mode. B, C: Proposed fragmentation mechanisms 
for CID of the sodium adduct of NAPE using an ion-trap instrument.   

  Fig.   3.  LC-MS separation of standard NAPE species. A: Representative monodimensional LC-MS extracted 
ion chromatograms of various NAPE species. Chromatographic conditions are described in Materials and 
Methods. B: Representative bidimensional LC-MS contour map representation of synthetic NAPE species. 
The fi rst dimension is elution time, and the second dimension is  m/z.  The pseudocolor density distribution 
represents the relative intensity of the signal. Each number denotes an individual pseudomolecular ion 
[M-H]  �   presented in A.   
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cially available PE extracted from porcine brain with dif-
ferent acyl chlorides (18:0, 18:1  �  9 , 20:4  �  5,8,11,14 ). Each 
NAPE was identifi ed by MS n , acquiring full-scan LC-MS 2  
and MS 3  spectra of selected precursor ions. LC-MS data 

minor components of the total brain lipid content. Both 
problems lead to a decrease in sensitivity and to ion sup-
pression effects. Therefore, to simplify the identifi cation 
process, we separated NAPEs chromatographically, using a 
combination of high fl ow velocity (1 ml/min), high tem-
perature (50°C), and a reverse-phase column composed of 
a thin layer of porous silica (0.25 mm) on a solid core of 
silica (Poroshell 300 SBC-18) ( 40–42 ). These chromato-
graphic conditions minimized the diffusion distances for 
eluting NAPEs, resulting in sharp peaks and short elution 
times (<5 min). NAPE species were separated both by 
chain length and by degree of unsaturation of their fatty 
acid chains (  Fig. 3A  ).  NAPE species containing shorter or 
more unsaturated acyl chains eluted earlier than those 
with longer and more saturated chains. Although we were 
able to separate NAPEs different by a single acyl chain 
( Fig. 3A ), the combinatorial nature of this lipid class made 
possible only a partial separation of the isomeric species. 
To obtain a more complete resolution, we coupled LC 
separation with MS data, representing LC-MS chromato-
grams as bidimensional maps of NAPE species (LC elution 
time vs.  m/z ) ( Fig. 3B ). 

 Semisynthetic NAPEs 
 To generate a library of LC-MS n  data on NAPEs, we 

prepared sets of NAPEs by separately reacting commer-

  Fig.   4.  A: Molecular composition of semisynthetic  N -arachidonoyl phosphatidylethanolamine (NArPE; 
left),  N -oleoyl PE (center), and  N -stearoyl PE (right) species derived from the reaction of porcine brain PEs 
with fatty acid chlorides. B: Uppercase letters (A-G) denote individual pseudomolecular ions [M-H]  �   for the 
major glycerol backbone structures of NArPEs.   

  Fig.   5.  Bidimensional LC-MS contour map of endogenous NArPE 
species in rat brain. The fi rst dimension is elution time, and the 
second dimension is  m/z.  The colored density distribution rep-
resents the relative intensity of the signal. Numbers ( 1–13 ) denote 
individual pseudomolecular ions [M-H]  �   for anandamide-gener-
ating NArPEs as identifi ed in  Table 2 .   
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alkenyl-NArPEs constitute ~65% of the NArPE in the rat 
brain (  Table 2  ).  Diacyl-NArPEs constitute the remaining 
35%, with only trace amounts of alkyl-NArPEs being de-
tected. In particular, we identifi ed 13 major endogenous 
NArPEs, which mainly contained  sn- 1 alkenyl groups (C16:0, 
C18:0, C18:1) and monounsaturated (C18:1) or polyunsat-
urated (C20:4, C22:4, C22:6)  sn -2 acyl groups ( Table 2 ). 
Notably, the  sn- 1 C18:1 moiety was predominant in alkenyl-
NArPE species containing more saturated fatty acids at the 
 sn- 2 position ( Table 2 ). 

 In vitro NArPE and anandamide biosynthesis 
 Increases in intracellular Ca 2+  ion concentrations in 

neurons stimulate NArPE and anandamide biosynthesis 
( 22, 24, 43 ). To identify the NArPE species produced by 
Ca 2+  stimulation, we incubated brain particulate fractions 
(27,000  g ) with either CaCl 2  (3 mM) or EGTA (10 mM) 
and measured NArPE formation by LC-MS. We observed a 
marked increase in high molecular weight NArPE species 
in Ca 2+ -stimulated fractions compared with EGTA-treated 
fractions (  Fig. 6A, B  )  or with unstimulated rat brain ex-
tracts ( Fig. 5 ). A targeted lipidomic analysis showed that 

obtained with these semisynthetic NAPEs were repre-
sented as bidimensional maps (  Fig. 4A  ),  which allowed us 
to attribute unambiguous coordinates to each molecular 
species. In such maps, we could intuitively distinguish re-
petitive patterns of fatty acyl glycerol backbones ( Fig. 4A ), 
which predictably shifted along the retention time and  m/z  
axes according to their chemical structures ( Fig. 4B ). 

 Identifi cation of NArPEs in rat brain 
 NArPEs extracted from rat brain eluted from the col-

umn in a narrow time window (2.8–3.8 min) as a complex 
mixture of isobaric and isomeric molecular species. As 
shown in   Fig. 5  ,  however, a bidimensional representation 
offered a clear snapshot of the NArPE profi le. It was pos-
sible to recognize longitudinal clusters of spots for alkenyl-
NArPEs separated by a difference of 28 mass units (one 
ethylene group). In each longitudinal cluster, mass peaks 
with 2 mass unit differences were attributable to the pres-
ence of unsaturation. We were also able to identify the 
intervening lower cluster of peaks, which have mass dif-
ferences of 16 from the corresponding alkenyl-NArPE 
species, as diacyl-NAPE species. In total, we found that 

 TABLE 2. Fatty acid composition, ESI-MS n  identifi cation, brain levels, and relative amounts of the major anandamide-generating 
NArPE species detected in rat brain 

NArPE Identifi er NArPE  sn- 1 ,sn- 2 MS MS 2 MS 3 NArPE NArPE

 m/z  pmol/g wet tissue %
1 p16:0, 18:1 986.8 722.8, 281.3 239, 375, 482.6 66 ± 10 8.1
2 16:0, 18:1 1,002.8 738.8, 281.3 255, 482.6 57 ± 11 7.0
3 p18:1, 18:1 1,012.8 748.8, 281.3 265, 401, 482.6 130 ± 18 16.0
4 p18:0, 18:1 1,014.8 750.8, 281.3 267, 403, 482.6 86 ± 11 10.6
5 18:1, 18:1 1,028.8 764.8, 281.3 281, 482.6 27 ± 15 3.3
6 18:0, 18:1 1,030.8 766.8, 281.3 283, 482.6 82 ± 10 10.1
7 p18:1, 20:4 1,034.8 748.8, 303.3 265,401, 482.6 62 ± 9 7.6
8a p18:0, 20:4 1,036.8 750.8, 303.3 267, 403, 482.6 22 ± 7 2.7
8b p16:0, 22:4 1,036.8 722.8, 331.3 239, 375, 482.6 60 ± 9 7.3
9 p18:1, 20:1 1,040.8 748.8, 309.3 265, 401 8 ± 2 1.0
10 18:0, 20:4 1,052.8 766.8, 303.3 283, 482.6 66 ± 8 8.1
11 p18:0, 22:6 1,060.8 750.8, 327.3 267, 403, 482.6 26 ± 6 3.2
— p18:1, 22:4 1,062.8 748.8, 331.3 265, 482.6 7 ± 2 0.8
12 p18:0, 22:4 1,064.8 750.8, 331.3 267, 482.6 59 ± 12 7.2
— p18:1, 22:1 1,068.8 748.8, 337.3 265.3, 482.6 6 ± 2 0.7
13 18:0, 22:6 1,076.8 766.8, 327.3 283, 482.6 51 ± 11 6.3
— 18:0, 22:5 1,078.8 766.8, 329.3 283, 482.6 traces —
— 18:0, 22:4 1,080.8 766.8, 331.3 283.3, 482.6 traces —

NArPE,  N -arachidonoyl phosphatidylethanolamine. NArPE results are expressed as means ± SEM of three different brains.

  Fig.   6.  Bidimensional LC-MS contour maps of en-
dogenous NArPE species derived from incubation of 
rat brain particulate fractions in the presence of 
either EGTA (10 mM) (A) or CaCl 2  (3 mM) (B), as 
reported in Materials and Methods. The fi rst dimen-
sion is elution time, and the second dimension is  m/z.  
The colored density distribution represents the rel-
ative intensity of the signal. Note that NArPE levels 
may be compared with the signal intensity of the 
internal standard (IS;  m/z  942.8).   
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charge-driven fragmentation, has been proposed as a 
minor reaction pathway in CID-MS 2  of triple quadrupole 
instruments ( 45, 46 ). Therefore, the interpretation of our 
mass spectra suggests that a combination of the two 
mechanisms of fragmentation could lead to the genera-
tion of the fragment ions observed in MS 2  and MS 3 . 
Notably, this fragmentation pattern allowed us to distin-
guish the  sn- 1 fatty acid moiety (alkyl, alkenyl, or acyl) 
NArPE species without the need of further purifi cation of 
the lipids. 

 Our results on the NArPE composition in rat brain ex-
tracts are in agreement with previous studies showing that 
 1 ) bovine brain contains a mixture of diacyl- and alkenyl-
NArPE species in a ratio of 2:3 ( 47 ) and  2 ) dog brain 
contains a mixture of diacyl-, alkenyl-, and alkyl-NArPEs 
of 50, 45, and 5%, respectively ( 3, 23 ) (note that in these 
analyses, gross NAPE levels were measured). Although the 
signifi cance of these different ratios of alkenyl-NArPE 
over diacyl-NArPE remains unknown, we recently reported 
that in intestinal mucosa, diacyl-NArPE species constitute 
almost the totality of NArPE species, whereas intestinal 

Ca 2+  incubation specifi cally stimulated the formation of 
the NArPE species containing polyunsaturated acyl groups 
at the  sn- 2 position of the glycerol backbone. In particular, 
we identifi ed an 8.84- ± 0.9-fold increase in NArPE species 
containing PUFAs (C20:4, C22:6, C22:4) compared with a 
0.34- ± 0.4-fold increase in NArPE species containing 
monounsaturated fatty acids (C18:1, C20:1) (  Table 3  ).  
Furthermore, after Ca 2+  incubation, we were also able to 
detect new NArPE species with PUFAs at the  sn- 2 position, 
such as 16:0,20:4 ( m/z  1,024.8 > 738.8), p16:0, 20:4 ( m/z  
1,008.8 > 722.8), and 16:0,22:4 ( m/z  1,052.8 > 738.8), 
which were undetectable otherwise (not listed in  Tables 2, 
3 ). Finally, we examined the effect of Ca 2+  incubation on 
the levels of one of the main anandamide-generating 
NArPEs (1-stearoyl, 2-docosahexaenoyl- sn -glycero-3-phos-
phoethanolamine- N -arachidonoyl) and anandamide. We 
found that the levels of both lipids were enhanced by Ca 2+  
(  Fig. 7A, B  ).  Furthermore, the Ca 2+ -induced increases in 
anandamide levels were further amplifi ed when particulate 
fractions were incubated in the presence of the fatty acid 
amide hydrolase inhibitor URB597 ( Fig. 7B ). 

 DISCUSSION 

 NArPEs are the biological precursors for anandamide, 
an endogenous signaling lipid that binds to and activates 
cannabinoid receptors in the brain and peripheral tis-
sues ( 8 ). In the present study, we developed an integrated 
LC-MS approach that allowed us  1 ) to characterize the 
precise molecular composition of NArPE species in the 
rat brain and  2 ) to demonstrate that Ca 2+  potently en-
hances the formation of a subset of such species, pre-
sumably through the stimulation of a selective  N -acyl 
transferase activity. 

 NArPEs offered a clear and reproducible fragmenta-
tion pattern in ESI-MS n , which was characterized by the 
formation of a lyso-NArPE and  sn- 2 carboxylate anion in 
MS 2  and by  sn- 1 fatty acid and  N -acyl cyclic phosphate 
derivatives in MS 3  . These results are in agreement with 
previous studies showing that CID-MS 2  of PEs yields  sn- 2 
lysophospholipids as the most prominent fragments, prob-
ably through a charge-remote fragmentation process ( 44 ). 
An alternative mechanism of fragmentation for the for-
mation of the lysophospholipid anions, which involved 

  Fig.   7.  Effects of various treatments on the levels of NArPE 1-
stearoyl, 2-docosahexaenoyl- sn -glycero-3-phosphoethanolamine- N -
arachidonoyl ( m/z  1,076.8 > 766.8) (A) and anandamide (AEA; 
 m/z  370.3) (B) in rat brain particulate fractions incubated at 37°C 
for 30 min. Veh, vehicle (50 mM HEPES, pH 8.0, 10 mM EGTA, 
3 mM CaCl 2 , and 100 nM URB 597). Results are expressed as means 
± SEM (n = 6–9).  * P <  0.05,  **P <  0.01,  *** P <  0.001 versus vehicle 
by Student’s  t -test.   

 TABLE 3. Fold increase in NArPE molecular species after incubating brain particulate fractions with CaCl 2  
(3 mM) or EGTA (10 mM) 

NArPE Identifi er NArPE  sn- 1 ,sn- 2 NArPE  (Ca2+/EGTA) NArPE Identifi er NArPE  sn- 1 ,sn- 2 NArPE (Ca2+/EGTA) 

 fold increase  fold increase 
1 p16:0, 18:1 0.6 ± 0.4 9 p18:1, 20:1  � 0.5 ± 0.5
2 16:0, 18:1 0.8 ± 0.5 10 18:0, 20:4 8.9 ± 1.2
3 p18:1, 18:1 1.0 ± 0.6 11 p18:0, 22:6 7.9 ± 0.8
4 p18:0, 18:1 0.5 ± 0.5 — p18:1, 22:4 14.7 ± 1.4
5 18:1, 18:1 0.2 ± 0.4 12 p18:0, 22:4 6.4 ± 2.0
6 18:0, 18:1  � 0.2 ± 0.3 — p18:1, 22:1 nd
7 p18:1, 20:4 6.7 ± 0.5 13 18:0, 22:6 11.2 ± 0.6
8a p18:0, 20:4 7.5 ± 0.8 — 18:0, 22:5 nd
8b p16:0, 22:4 7.4 ± 0.4 — 18:0, 22:4 nd

nd, not detectable. Results are expressed as means ± SEM of three separate experiments (n = 6–9).
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serosa contains comparable amounts of alkenyl-NArPE 
and diacyl-NArPE ( 48 ), suggesting that NArPE composi-
tion may be linked to a not yet characterized biological 
function. For example, it has been reported that plasmalo-
gens have a larger dipole moment and form hexagonal 
phases at lower temperatures than the diacyl-PE analogs, 
indicating that they could be involved in membrane 
fl uidity and facilitate the membrane fusion process ( 49 ). 
Therefore, it can be hypothesized that NArPE composi-
tion may affect the physical properties of membrane 
domains ( 50, 51 ) and that the ratio of diacyl-NArPEs over 
alkenyl-NArPEs may have an infl uence on the signaling 
processes in the brain. 

 Another part of our study offered a more dynamic pic-
ture of what may happen to NArPEs in the brain after Ca 2+  
stimulation. In neurons, Ca 2  triggers the activation of 
many enzymes involved in lipid metabolism, such as phos-
pholipases and acyl transferase, with the subsequent 
generation of novel lipid molecules. In particular, it has 
been reported that NArPEs accumulate in neuronal tissue 
in response to the intracellular increase in Ca 2+  ion con-
centration ( 22, 24 ) under both physiological and patho-
logical conditions, such as in ischemic rat brain ( 52 ), 
glutamate ( 19, 30 ), and sodium azide-induced and kainate 
neurotoxicity ( 53, 54 ), and in models of rat brain necrosis 
( 30, 55 ). Our study shows that the Ca 2+ -dependent path-
way for anandamide biosynthesis specifi cally involves the 
formation of NArPE species containing polyunsaturated 
fatty acid groups (mainly 20:4 and 22:6) at the  sn- 2 posi-
tion of the glycerol backbone. NArPE species containing 
more saturated fatty acid species, although present in 
brain tissue, appear to be less sensitive to Ca 2+  stimulation. 
This result reveals a previously unrecognized preference 
of brain  N -acyl transferase activity for polyunsaturated 
NArPE. Such a preference might derive either from a 
substrate selectivity of the  N -acyl transferase toward poly-
unsaturated PE species or from a localization of this en-
zyme in membrane domains enriched in PUFA-containing 
PE ( 51, 56 ). Finally, irrespective of the biosynthetic path-
ways involved (3 ,  19–29), the fact that NArPE and anan-
damide levels increase in parallel supports a metabolic 
precursor-product relationship between these lipids. In 
conclusion, the identifi cation of NArPE species in the rat 
brain provides useful new insights into the physiological 
regulation of anandamide biosynthesis.  
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          ERRATA 

              An affi liation for Dr. Daniele Piomelli, Italian Institute of Technology, was inadvertently omitted on the following pa-
pers Dr. Piomelli co-authored: 

 Identifi cation of biosynthetic precursors for the endocannabinoid anandamide in the rat brain.  J. Lipid Res.  2008. 49: 
 48 – 57 . 

 Pitfalls and solutions in assaying anandamide transport in cells.  J. Lipid Res.  2010. 51:  2435–2444 . 

 Plasma lipidomics reveals potential prognostic signatures within a cohort of cystic fi brosis patients.  J. Lipid Res.  2011. 
52:  1011–1022 . 

 The omitted affi liation has now been added to the online versions of these papers.   
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