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ABSTRACT: Lipid transmitters are tightly regulated by a balance of biosynthetic and degradative enzymes.
Termination of the activity of theN-acyl ethanolamine (NAE) class of lipid-signaling molecules, including
the endocannabinoid anandamide (AEA), is principally mediated by the integral membrane enzyme fatty
acid amide hydrolase (FAAH)in ViVo. FAAH(-/-) mice are highly sensitized to the pharmacological
effects of AEA; however, these animals eventually recover from AEA treatment, implying the existence
of alternative routes for NAE metabolism. Here, we have pursued the characterization of these pathways
by profiling the metabolome of FAAH(-/-) mice treated with AEA. Multiple AEA-induced metabolites
were observed in brains from FAAH(-/-) mice, including a major product with a mass shift of+165 Da
(m/z513). The structure of this product was determined to beO-phoshorylcholine (PC)-AEA. Analysis
of untreated mice identified PC-NAEs as endogenous constituents of the central nervous system (CNS)
that were highly elevated in FAAH(-/-) animals. PC-NAEs were very poor substrates for FAAH;
however, a vanadate-sensitive enzymatic activity was detected in brain membranes that converted PC-
NAEs back to their parent NAEs. The choline-specific phosphodiesterase NPP6 was identified as a candidate
enzyme responsible for this activity. These data indicate the presence of a complete metabolic pathway
for the production and degradation of PC-NAEs in the CNS that constitutes an alternative route for
endocannabinoid metabolism.

Fatty acid amides (FAAs)1 comprise a large and diverse
family of endogenous signaling lipids in mammals. Sub-
classes of bioactive FAAs include theN-acyl ethanolamines
(NAEs), such as the endogenous cannabinoidN-arachidonoyl
ethanolamine (anandamide, AEA) (1), the satiating factor
N-oleoyl ethanolamine (OEA) (2), and the anti-inflammatory
substanceN-palmitoyl ethanolamine (PEA) (3); the primary
FAAs, such as the sleep-inducing lipid oleamide (4); and
the N-acyl amino acids, includingN-acyl glycines (5) and
N-acyl taurines (NATs) (6), which inhibit pain (5) and
activate TRPV channels (7), respectively. The magnitude and
duration of FAA signaling is principally regulatedin ViVo
by the integral membrane enzyme fatty acid amide hydrolase
(FAAH) (8, 9). Mice with a targeted disruption of theFAAH
gene [FAAH(-/-) mice] (10) or rodents treated with FAAH
inhibitors (11, 12) possess highly elevated brain levels of
FAAs that correlate with analgesic (10-12), anxiolytic (11),

and anti-inflammatory (12-15) phenotypes. These studies
suggest that FAAH may represent an attractive therapeutic
target for a range of human disorders (16-18).

FAAH(-/-) mice are also highly sensitized to the
pharmacological effects of AEA, which produces analgesia,
hypomotility, catalepsy, and dramatic reductions in body
temperature (∼7-8 °C) in these animals (10). These effects
are blocked by pretreatment with the brain cannabinoid
(CB1) receptor antagonist SR141716 (10) or transgenic
reintroduction of FAAH into the nervous system (13),
indicating that they are mediated by CB1 receptors expressed
in the brain and/or spinal cord. Within about 4 h following
treatment with a maximally effective dose of AEA [50 mg/
kg, intraperitoneal (i.p.)], FAAH(-/-) mice begin to show
signs of recovery and, by 6-8 h, appear relatively normal
in terms of cage behavior (10). Although this recovery
process may be due to the gradual excretion of AEA from
the central nervous system (CNS), it could also reflect the
existence of additional routes for the metabolism of AEA.
To explore this latter possibility, we have conducted a
metabolomic analysis of CNS tissues from FAAH(-/-) mice
treated with AEA. These studies have led to the discovery
of a novel derivative of AEA and other NAEs, theO-
phosphorylcholine (PC) adducts. PC-NAEs are endogenous
constituents of the CNS, highly elevated in FAAH(-/-)
mice, and subject to rapid enzymatic catabolism by a
vanadate-sensitive phosphodiesterase activity in the brain.

† This work was supported by the National Institutes of Health Grants
DA015197 and DA017259 (to B.F.C.), a National Science Foundation
Predoctoral Fellowship (to A.M.M.), the Skaggs Institute for Chemical
Biology, and the Helen L. Dorris Institute for the Study of Neurological
and Psychiatric Disorders of Children and Adolescents.

* To whom correspondence should be addressed. Telephone: (858)
784-8633. Fax: (858) 784-8023. E-mail: cravatt@scripps.edu.

1 Abbreviations: CB1, brain cannabinoid receptor; CB2, periperhal
cannabinoid receptor; DMP, discovery metabolite profiling; FAA, fatty
acid amide; FAAH, fatty acid amide hydrolase; IDMS, isotope-dilution
mass spectrometry; LC-MS, liquid chromatography-mass spectrom-
etry; NAE,N-acyl ethanolamine; PC, phosphorylcholine; SIM, selected
ion monitoring.

11267Biochemistry2006,45, 11267-11277

10.1021/bi061122s CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/02/2006



EXPERIMENTAL PROCEDURES

AEA Treatment of FAAH(-/-) Mice, Tissue Isolation, and
Sample Preparation.AEA andd4-ethanolamine-AEA were
synthesized from arachidonoyl chloride following previously
described procedures (4, 8) and administered (50 mg/kg) in
a vehicle of 18:1:1 saline/emulphor/ethanol via i.p. injection
to FAAH(-/-) mice (3-6 months of age). Brains, spinal
cords, and livers were isolated 2 or 6 h postadministration
and stored at-80 °C. Lipids were extracted using a solution
of 2:1:1 CHCl3/MeOH/H2O as described previously (6).
Concentrated samples were either stored at-80 °C or
immediately resuspended in 100µL of CHCl3 for liquid
chromatography-mass spectrometry (LC-MS) analysis.

DiscoVery Metabolite Profiling (DMP) Analysis of AEA-
Treated FAAH(-/-) Mice.LC-MS analysis was performed
as described previously (6) using an Agilent 1100 LC-MSD
SL instrument and a Phenomenex Gemini C18 column (5
µm, 50× 4.6 mm). Mobile phase A consisted of 95:5 water/
methanol, and mobile phase B consisted of 60:35:5 2-pro-
panol/methanol/water; mobile phases contained 0.1% formic
acid (positive mode) or ammonium hydroxide (negative
mode). Three independent sets of comparisons were per-
formed between AEA-treated and vehicle-treated FAAH-
(-/-) mice, and the resulting pairs of data sets were analyzed
using the XCMS software (http://metlin.scripps.edu) to
identify differentially expressed metabolites (19). The data
sets were further filtered using the following ordered cri-
teria: an average fold change in AEA/vehicle samples of
g2.5, the presence of the metabolite in all three AEA data
sets, and an estimatedp value from XCMS analysis of<0.15.
These criteria reduced the list of mass ions detected by
XCMS from ∼1000 to 10-15 candidate differentially
expressed metabolites. The extracted ion chromatograms and
mass spectra of these 10-15 ions were analyzed manually,
and the list was further reduced to three candidate differen-
tially expressed metabolites,m/z 348 (AEA), 393, and 513,
based on the exclusion of ions with manually calculated fold
changes less than 2.5 or signals that corresponded to noise
peaks. The fold changes and retention times reported for the
m/z348 (AEA), 393, and 513 ions were calculated manually
by normalizing the area of the extracted ion chromatogram
(EIC) to the total ion chromatograph (TIC) from 20 to 80
min.

Targeted Analysis of AEA-Treated FAAH(-/-) Mice.
Targeted LC-MS analysis was performed for 60 min using
the positive-mode mobile phases described above; data was
collected in selected ion monitoring (SIM) mode, as de-
scribed previously (6). LC analysis was initiated with an
isocratic elution of 100% A at 0.1 mL/min for 5 min,
followed by a gradient from 20 to 100% B over 40 min, an
isocratic elution of 100% B at 0.5 mL/min for 7 min, and
an equilibration in 100% A at 0.5 mL/min for 7 min.

PreparatiVe High-Performance Liquid Chromatography
(HPLC) Purification of the m/z 513 Metabolite.Organic
extracts of brains and livers from six AEA-treated FAAH-
(-/-) mice were combined for preparative HPLC purifica-
tion over a Phenomenex Gemini C18 column (5µm, 50×
10 mm) using a Hitachi 7000 series HPLC system as
described previously (6). Mobile phases A and B were the
same as described above and contained 0.1% formic acid
solvent modifier. The flow rate was 2.5 mL/min with a

0-100% B gradient over 60 min followed by isocratic
elution of 100% B for 20 min. HPLC fractions enriched in
the m/z 513 metabolite were identified by mass analysis,
combined, concentrated under a stream of nitrogen, and
stored at-80 °C.

Electrospray Ionization-Time of Flight (ESI-TOF) Analy-
sis of the m/z 513 Metabolite.The exact mass of them/z
513 metabolite was determined using an Agilent MSD-TOF
instrument in dual-spray mode with one of the nebulizers
spraying Agilent ESI-TOF tuning mix (part number G1969-
8500) and the other spraying eluent from the LC. The tuning
mix was used for lock mass calibration and contained
fluorocarbons with masses 322.048121, 622.028960, and
922.009798. The capillary voltage was set to 3.5 kV; the
fragmentor voltage was set to 120 V; the drying gas
temperature was 350°C; the drying gas flow rate was 5
L/min; and the nebulizer pressure was 6 psi. For LC, a
Zorbax SB-C18 column (5µm, 150× 0.3 mm) was used
with a flow rate of 4µL/min. Positive-mode (0.1% formic
acid) mobile phase A contained 95:5 water/methanol, and
mobile phase B contained 60:35:5 isopropanol/methanol/
water. The gradient started at 100% A for 5 min and then
increased linearly to 100% B over 45 min, followed by an
isocratic elution in 100% B for 5 min, and an equilibration
in 100% A.

Tandem MS Experiments. MS/MS experiments were
performed in the negative-ion mode using a Micromass
Q-TOFMicro instrument (Manchester, U.K.) equipped with
a Z-spray electrospray source and a lockmass sprayer. The
source temperature was set to 110°C with a cone gas flow
of 150 L/h, a desolvation gas temperature of 365°C, and a
nebulization gas flow rate of 350 L/h. The capillary voltage
was set at 3.2 kV, and the cone voltage was set at 30 V.
The collision energy was set at 40-45 V. Samples were
directly infused for acquisition times of 2 min at 4 L/min
using a Harvard Apparatus syringe pump. MS/MS data were
collected in the centroid mode over a scan range ofm/z75-
550.

Synthesis of PC-NAEs.PC-NAEs were synthesized from
NAEs following general protocols for the synthesis of ether
phospholipids (20) as described below for PC-OEA.

OEA Synthesis.A solution of oleic acid (600 mg, 2.1
mmol, 1.0 equiv) in CH2Cl2 (10 mL) was treated with oxalyl
chloride (1.5 mL, 17 mmol, 8.0 equiv), and stirred under
argon for 4 h atroom temperature. The reaction mixture was
concentrated under a stream of nitrogen followed by
evaporation under vacuum for 20-60 min. CH2Cl2 (6 mL)
and 2 mL of ethanolamine (31 mmol, 15.0 equiv) were added
to the concentrated solid, and the reaction mixture was stirred
vigorously for 30-60 min. The reaction was quenched with
10% HCl and partitioned between CH2Cl2 (100 mL) and 10%
HCl (100 mL). The aqueous layer was washed with CH2Cl2
(100 mL× 3), the organic layer was dried over anhydrous
sodium sulfate and concentrated using a rotary evaporator.
The resulting solid was purified over a silica gel column
using a 50:50 ethyl acetate/hexanes solvent (3 column
volumes) to flush the remaining starting material and 100%
ethyl acetate to elute OEA (550 mg, 1.7 mmol, 80%).1H
NMR (600 MHz, MeOD)δ: 0.90 (t, 3H,J ) 6.95), 1.33
(m, 20H), 1.61 (m, 2H), 2.04 (m, 4H), 2.19 (t, 2H,J ) 7.0
Hz), 3.31 (m, 2H), 3.58 (m, 2H), and 5.34 (m, 2H). For
preparation of deuterated compounds, the above synthesis
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was done on a smaller scale (100 mg of oleic acid, 0.36
mmol, 1.0 equiv), and deuterated (d4) ethanolamine was
added in the presence of base (Et3N, 1.8 mmol, 5.0 equiv).

PC-OEA Synthesis.OEA (200 mg, 0.62 mmol, 1.0 equiv)
and dry benzene (2 mL) were added to a 15 mL round-
bottom flask (flame-dried under argon) fitted with a stir bar.
While stirring under argon, Et3N (260 µL, 1.8 mmol, 3.0
equiv) was added, followed by 2-chloro-1,3,2-dioxaphos-
pholane-2-oxide (400µL, 4.4 mmol, 7.0 equiv). The reaction
was stirred under argon for 24 h, after which it was
concentrated using a rotary evaporator, and residual solvent
was removed under high vacuum for 4-8 h. The resulting
yellow oil was used directly in the next step. The oil was
dissolved in dry acetonitrile (2 mL) and added under argon
to a flame-dried pressure tube fitted with a stir bar. The
reaction mixture was cooled to-78 °C in a dry ice/acetone
bath, and cooled Me3N (570 µL, 4.9 mmol, 8.0 equiv) was
added. The pressure tube was sealed, warmed to room
temperature, and stirred at 65°C for 48 h. The reaction
mixture was concentrated using a rotary vaporator, and the
resulting solid was purified over a silica gel column. The
column was flushed with 100 mL of 1:4 MeOH/CHCl3 to
remove the remaining starting material, and the product was
eluted with 65:25:4 CHCl3/MeOH/H2O. Product fractions
were identified via thin-layer chromatography (TLC) (Rf )
0.24; 65:25:4 CHCl3/MeOH/H2O, stained with ceric am-
monium molybdate), combined, and concentrated using a
rotary evaporator. The concentrated material was further
purified via preparative HPLC over a Clipeus C18 column
using 0.1% formic acid mobile phases as described previ-
ously (6). The flow rate was 5 mL/min, and LC began with
an isocratic elution of 100% A for 5 min, followed by a
linear gradient of 40-100% B over 60 min, and an isocratic
elution of 100% B for 15 min. The LC fractions containing
PC-OEA (retention time, 46-48 min) were identified via
MS, combined, and concentrated using a rotary evaporator
to yield approximately 5.0 mg of pure product (0.17 mmol,
3%).1H NMR (600 MHz, CDCl3) δ: 0.88 (t, 3H,J ) 6.95),
1.30 (m, 20H), 1.56 (m, 2H), 2.03 (m, 4H), 2.17 (t, 2H,J )
7.0), 3.30 (s, 9H), 3.48 (m, 2H), 3.75 (m, 2H), 3.88 (m, 2H),
4.28 (m, 2H), 5.33 (m, 2H), and 6.86 (d, 1H,J ) 6.9). HRMS
calculated for C25H52N2O5P+ (MH+), 491.3608; found,
491.3605; 0.7 ppm.

For PC-AEA, 1H NMR (500 MHz, MeOD)δ: 0.91 (t,
3H, J ) 6.95), 1.29 (m, 6H), 1.68 (m, 2H), 2.10 (m, 4H),
2.22 (m, 2H), 2.82 (m, 6H), 3.22 (s, 9H), 3.40 (m, 2H), 3.63
(m, 2H), 3.91 (m, 2H), 4.26 (m, 2H), and 5.35 (m, 8H).
HRMS calculated for C27H50N2O5P+ (MH+), 513.3452;
found, 513.3448; 0.8 ppm.

Note that the scale of synthesis ofd4-PC-NAE was
smaller because of limited quantities of starting material (d4-
ethanolamine), and therefore, these reagents were partially
purified in a single step by preparative HPLC prior to use.
The purity ofd4-PC-NAE in standard samples was estimated
by NMR to be 52% based on a NMR ofd4-PC-OEA, with
the majority of contaminating material appearing to cor-
respond to phospho-OEA. The percentage ofd4-PC-OEA
was quantified by dividing the areas of diagnostic peaks for
PC-OEA versus total OEA products at 3.75 and 5.33 ppm,
which corresponded to the CH2N(CH3)3 and CHdCH
protons, respectively. A correction factor of 0.52 was

accordingly used in the calculation of absolute PC-NAE
levels as described below.

Measurement of Absolute LeVels of PC-AEA in AEA-
Treated FAAH(-/-) Mice.Mice were treated with AEA (50
mg/kg, i.p.), and isolated tissues were prepared as described
above, except for the inclusion of ad4-PC-AEA standard
(30 pmol) in the extraction solution. Targeted LC-MS
analysis was conducted as described above, and the concen-
tration of PC-AEA was estimated with respect to the
d4-PC-AEA standard. AEA levels in these samples were
calculated on the basis of a standard curve for NAE
ionization generated following the lipid extraction and LC-
MS scheme described above.

Measurement of Endogenous LeVels of PC-NAEs.Tissues
were isolated from naive FAAH(+/+) and FAAH(-/-) mice
and prepared as described above, except for the inclusion of
d4-PC-AEA (30 pmol),d4-PC-OEA (100 pmol),d4-PC-
PEA (100 pmol),d4-AEA (20 pmol), d4-OEA (200 pmol),
andd4-PEA (200 pmol) standards in the extraction solution.
Targeted LC-MS analysis was conducted as described
above, except that the gradient increased linearly from 0 to
35% B for 10 min after the first 5 min, followed by a linear
gradient from 35 to 80% B over 45 min. The amount of
PC-NAEs and NAEs were calculated with respect to their
corresponding deuterated standards. Calibration curves with
known quantities of PC-OEA andd4-OEA added to brain
samples provided estimated sensitivity limits of detection of
120 and 1 pmol/g of tissue, respectively (defined as mass
ion intensity values that were 2-fold above the lowest
detectable signals by LC-MS).

FAAH Assays with PC-OEA.FAAH protein purification
and hydrolysis assays were performed as described previ-
ously (6, 21). Briefly, recombinant rat FAAH protein (5 and
50 nM for assays with OEA and PC-OEA, respectively)
was incubated with the inhibitor URB597 (5µM) or
dimethylsulfoxide (DMSO) for 20 min at room temperature,
followed by incubation with PC-OEA or OEA (100µM)
at room temperature in 100µL of 125 mM Tris-HCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), and 0.1% Triton
X-100 at pH 9.0. Reactions were performed in triplicate and
quenched with 50µL of 0.5 N HCl and diluted to 300µL
with reaction buffer. LC-MS analysis was performed on
30 µL of this solution in negative mode for the detection of
the oleic acid product using selected ion monitoring (SIM).
The mobile phases were the same as described above, with
0.1% ammonium hydroxide solvent modifier. The amount
of oleic acid produced was calculated on the basis of a
standard curve for oleic acid ionization at the end of each
run.

ConVersion of PC-OEA to OEA by Mouse Brain Prepa-
rations.The enzymatic catabolism of PC-OEA to OEA by
mouse brain homogenates was measured by LC-MS. Brain
extracts were prepared by dounce homogenization of FAAH-
(+/+) brains in 50 mM Tris-HCl at pH 8.0, followed by
centrifugation at 1300g for 3 min. The supernatant was
separated into soluble and particulate (membrane) fractions
via centrifugation at 100000g and 4°C for 45 min using a
benchtop ultracentrifuge. The resulting supernatant consti-
tuted the soluble fraction, and the pellet was washed (50 mM
Tris-HCl at pH 8.0, 3×) and resuspended in 50 mM Tris-
HCl at pH 8.0 to give the membrane fraction. Protein
concentrations were determined using a Bradford assay.
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Membrane and soluble fractions (3.5 mg of protein/mL) were
preincubated with URB597 (5µM) in 100 µL of 50 mM
Tris-HCl at pH 8.0 for 20-30 min to prevent degradation
of generated OEA. Membrane fractions from FAAH(-/-)
brains were prepared and assayed in a similar manner, except
that URB597 was not included in these reactions. A portion
of each sample was heat-denatured at 95°C for 10 min.
Assays were also conducted in the presence of sodium
orthovanadate (Na3VO4, 100 µM). Samples were then
incubated with PC-OEA (100µM) for 30, 60, and 90 min,
and the reactions were quenched with 500µL of CHCl3,
followed by the addition of 250µL of MeOH and 250µL
of 50 mM Tris at pH 8.0 to bring the final volume to 1 mL.
LC-MS analysis was conducted on 30µL of the organic
phase in positive mode using SIM to follow the accumulation
of OEA (m/z 326). Mobile phases were as detailed above
with 0.1% formic acid solvent modifier. For LC analysis,
the flow rate was 0.75 mL/min and started with a linear
gradient from 80 to 100% B over 5 min, followed by an
isocratic elution of 100% B for 4 min, 80% B for 3 min,
and 20% B for 3 min. The amount of OEA produced was
calculated on the basis of a standard curve for OEA
ionization. The pH-rate profile studies were conducted using
FAAH(-/-) brain membranes in a buffer of 50 mM Bis-
Tris propane, 50 mM 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS), 50 mM citrate, 150 mM NaCl, and 0.05%
Triton X-100. All reactions were performed in triplicate
(except reactions at pH 5.0 and 6.0, which were conducted
in duplicate) and averaged to provide the data shown in
Figures 5 and 6.

Assessment of Binding of PC-AEA to Cannabinoid
Receptors.Cannabinoid receptor binding interactions for
PC-AEA were determined using a competitive radioligand
binding assay ([3H]CP-55,940) and rat whole brain homo-
genates and transfected Chinese Hamster Ovary (CHO) cells
for the CB1 and peripheral cannabinoid (CB2) receptor,
respectively, as described previously (22).

Characterization of the PC-OEA Phosphodiesterase
ActiVity of NPP6.A full-length clone encoding the human
NPP6 cDNA was ordered from Open Biosystems (clone
5259487) and subcloned into the pcDNA3.1 myc-his vector
by the polymerase chain reaction (PCR) using the following
primers: forward, 5′-GGAGGTACCATGGCAGTGAAGC-
3′; reverse, 5′-CGCTCTAGATGCAAGCAGGAAGAGAAG-
3′. The human NPP6 shares 86% sequence identity with
mouse NPP6 and was selected for analysis because of
commercial availability of the corresponding cDNA and
evidence from previous studies that these orthologous
enzymes share similar substrate selectivities (23). The
complete NPP6 cDNA was sequenced to confirm that no
errors were introduced by PCR. COS-7 cells were tran-
siently transfected with the NPP6-pcDNA3.1 myc-his con-
struct or empty vector (mock) using a FuGene transfection
kit (Roche). Cells were grown at 37°C for 2 days and then
harvested by scraping. Cell pellets were dounce-homogenized
and sonicated, and membrane and soluble fractions were
separated by centrifugation at 100000g for 45 min at 4°C.
The membrane fraction was washed 2× and resuspended in
300µL of 50 mM Tris-HCl at pH 8.0. Activity assays were
performed in triplicate as described above.

RESULTS

Metabolite Profiling of Tissues from AEA-Treated FAAH-
(-/-) Mice.Global metabolite profiles of tissues from AEA
(50 mg/kg, i.p.) and vehicle-treated FAAH(-/-) mice were
compared using an untargeted LC-MS method. This tech-
nique, referred to as discovery metabolite profiling (DMP)
(6), analyzes small molecules across a broad mass range
(200-1200 mass units) and uses mass ion intensity measure-
ments to estimate their relative levels. DMP analysis was
conducted at 2 and 6 h following treatment with AEA to
allow sufficient time for the accumulation of metabolic
products of this endocannabinoid. These time points also
corresponded to periods where the pharmacological effects
of AEA in FAAH(-/-) mice were maximal and mostly
dissipated, respectively (10).

Multiple metabolites were elevated in brains from AEA-
treated FAAH(-/-) mice compared to vehicle controls,
including AEA itself (m/z 348) and compounds withm/z
values of 393 and 513 (Figure 1A and Table 1). Treatment
of FAAH(+/+) mice did not lead to significant accumulation
of these metabolites (data not shown), presumably because
of rapid hydrolysis of AEA by FAAH. The AEA-induced
metabolites did not appear to belong to a standard class of
lipids, such as free fatty acids, phospholipids, or monoa-
cylglycerols, because these species were unaltered in AEA-
treated FAAH(-/-) mice (Table 1). To discern which of
the induced metabolites were direct products of AEA, we
administered a deuterated (d4) version of this NAE to FAAH-
(-/-) mice, which led to the accumulation of the corre-
sponding+4 ion for them/z 513 metabolite (Figure 1B).
The+4 version of them/z 393 metabolite was not observed
in these studies (data not shown), which might suggest that
this compound is not a direct product of AEA. However,
the signal intensity of them/z 393 ion was quite low, and it
is possible that the deuterated version of this metabolite fell
below the sensitivity limit of our DMP experiments. Com-
parative analysis of data sets derived from 2 and 6 h
treatments with AEA revealed that them/z513 ion continued
to accumulate over this time course, while AEA conversely
declined in abundance (Figure 2A). We therefore pursued
the isolation and structural characterization of them/z 513
ion from FAAH(-/-) mice treated with AEA for 6 h.

Isolation and Structural Characterization of the AEA-
DeriVed m/z 513 Product as O-PC-AEA. Targeted LC-
MS analysis detected them/z 513 metabolite in both CNS
and peripheral (e.g., liver) tissues of AEA-treated FAAH-
(-/-) mice (Figure 2B). We therefore purified this com-
pound from the combined organic extracts of brain and liver
tissues of AEA-treated FAAH(-/-) mice using preparative
HPLC. The exact mass of the metabolite was determined
by ESI-TOF LC-MS to be 513.3445, affording a predicted
molecular formula of either C27H50N2O5P or C31H47NO5 (each
within 2.5 ppm of the measured exact mass). Tandem MS
generated a fragmentation pattern for the metabolite that
included a major ion ofm/z 184 and minor ions ofm/z 86,
104, 125, 147, and 168 (Figure 3A). Them/z 184 fragment
was indicative of the presence of a PC group (24), suggesting
that the metabolite could represent theO-PC derivative of
AEA (molecular formula of C27H50N2O5P; Figure 3B). This
structural prediction was confirmed by a comparison of the
properties of the natural metabolite and synthetic PC-AEA,

11270 Biochemistry, Vol. 45, No. 38, 2006 Mulder et al.



which exhibited identical retention times by LC (Figure 3C)
and equivalent fragmentation patterns by MS/MS analysis
(Figure 3A).

The absolute levels of PC-AEA generated in AEA-treated
FAAH(-/-) mice were measured by isotope-dilution MS
(IDMS) using a syntheticd4 standard. PC-AEA levels in
the brains and spinal cords of FAAH(-/-) mice were 102
and 292 pmol/g of tissue, respectively, at 6 h post-treatment
with AEA (Figure 4). Interestingly, these values were 15-
25% of the levels of AEA observed at this time point (Figure
4), indicating that, in the absence of FAAH, a substantial
fraction of AEA is derivatized with PC. Consistent with this
route serving as an alternative means to inactivate the
signaling function of NAEs, we found that PC-AEA does
not act as an agonist for cannabinoid receptors (data not
shown).

PC-NAEs Are Endogenous Constituents of the CNS That
Are Highly EleVated in FAAH(-/-) Mice. We next inves-
tigated whether PC-NAEs might be endogenous metabolites

of the CNS. For these studies, we assayed for the presence
of not only PC-AEA but also the PC adducts of OEA and
PEA, which represent two of the most abundant NAEs in
brain tissue (6). IDMS analysis identified PC-OEA and PC-
PEA in the spinal cords of FAAH(-/-) mice but not FAAH-
(+/+) mice (Table 2). PC-OEA was also identified in the
brains of FAAH(-/-) mice, while PC-PEA could not be
detected in this CNS region because of a comigrating
contaminating mass. PC-AEA could not be detected in
either set of samples, which may reflect the markedly lower
endogenous concentrations of its parent NAE (Table 2). The
absolute levels of PC-OEA and PC-PEA in spinal cords
of FAAH(-/-) mice were 2.2 and 1.6 nmol/g, respectively.
On the basis of the sensitivity limit for the detection of PC-
OEA by LC-MS (∼120 pmol/g of tissue), we estimate that
PC-OEA and PC-PEA are at least 20-fold elevated in the
CNS of FAAH(-/-) mice compared to FAAH(+/+) mice.
The levels of PC-OEA and PC-PEA in the spinal cord of
FAAH(-/-) mice were within 20-50% of those observed
for the corresponding NAEs (Table 2), indicating that the
PC-NAE pathway represents a major route for endogenous
NAE metabolism in the absence of FAAH.

We also tested whether PC-NAEs accumulated in the
CNS of FAAH(+/+) mice following acute inactivation with
the FAAH inhibitor URB597 (11). Treatment of FAAH(+/
+) mice with URB597 under conditions that cause a
significant rise in NAE levels in the CNS (10 mg of
URB597/kg, i.p., 2 h) did not lead to detectable levels of
PC-NAEs (data not shown). These results suggest that PC-

FIGURE 1: AEA metabolism in brains from FAAH(-/-) mice. (A)
DMP analysis of brain metabolomes from AEA-treated (50 mg/
kg, i.p.) and vehicle-treated FAAH(-/-) mice. Animals were
treated with AEA for 6 h prior to analysis. Metabolites are plotted
over a mass range of 200-600 Da and LC retention times of 20-
80 min (plot shown for positive ionization mode). Multiple
metabolites were elevated in FAAH(-/-) brains, including AEA
and compounds of massesm/z 393 and 513. See Table 1 for more
details on the relative levels of metabolites in AEA-treated and
vehicle-treated FAAH(-/-) mice. (B) Treatment of FAAH(-/-)
mice withd4-AEA (50 mg/kg, i.p.; 6 h) led to the accumulation of
a compound withm/z 517, thus confirming that them/z 513
compound is a direct metabolite of AEA.

Table 1: Relative Levels of Representative Brain Metabolites
Measured by DMP in AEA-Treated versus Vehicle-Treated
FAAH(-/-) Micea

metabolites
acyl

chain(s) m/z
retention

time
AEA/
vehicle

AEA derivative 513 55.0 10.3b

AEA derivative 393 58.4 5.1b

NAEs
C20:4 (AEA) 348 58.5 44b

C15:0 286 57.9 0.71
C16:0 300 59.7 1.0
C18:1 326 60.7 0.97
C18:0 328 63.2 0.72

MAGs
C16:0 331 60.7 0.73
C18:1 357 61.7 0.54
C18:0 359 64.6 0.76
C20:4 381 58.0 0.67

FFAs
C16:0 255 43.5 0.68
C18:1 281 44.2 0.80
C18:0 283 46.3 0.80
C20:4 303 42.8 0.91
C22:6 327 43.3 0.83

phospholipids
PA C34:1 699 51.6 0.74

C36:2 701 53.8 0.80
PE C34:1 716 67.0 0.68

C36:3 742 68.4 0.71
C36:2 744 71.2 0.47

PC C36:2 786 56.3 0.73
PS C36:2 788 60.0 0.68

a MAGs, monoacyl glycerols; FAAs, free fatty acids; PA, phospha-
tidic acid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS,
phosphatidylserine. Data represent the mass ion intensity ratios of the
averages of three independent experiments per group.b p < 0.05 for
AEA-treated versus vehicle-treated samples.
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NAEs, like certain other FAAH-regulated metabolites [e.g.,
NATs (7)], may accumulate slowly in the CNS of inhibitor-
treated mice such that the steady-state increases observed in
FAAH(-/-) mice are only achieved following prolonged
time periods of enzyme inactivation.

An Enzymatic Pathway for PC-NAE Catabolism in Mouse
Brain. The identification of PC-NAEs as natural products
of the CNS suggested that an enzymatic pathway might exist
to catabolize these compounds. One possibility is that FAAH
would accept PC-NAEs as direct substrates, hydrolyzing
these lipids to their corresponding fatty acids and PC-
ethanolamine. To test this premise, purified recombinant
FAAH was incubated with PC-OEA and oleic acid forma-
tion was measured using an LC-MS assay. FAAH showed
only a trace ability to hydrolyze PC-OEA with an initial
rate of 7 nmol min-1 (mg of FAAH protein)-1, which was
nearly 100-fold slower than the rate of hydrolysis of a
preferred substrate OEA [620 nmol min-1 (mg of FAAH
protein)-1] (Figure 5). We next screened for the existence
of additional enzymatic routes for PC-NAE catabolism by
incubating PC-OEA with wild-type brain extracts. These

assays were run in the presence of the FAAH inhibitor
URB597 (11) to prevent the degradation of OEA that might
be generated as a product of PC-OEA catabolism. PC-
OEA was rapidly converted to OEA and PC by brain extracts
in a reaction that was heat-sensitive, predominantly associ-
ated with membranes, and inhibited by vanadate (parts A
and B of Figure 6). Similar results were obtained using brain
tissue from FAAH(-/-) mice (data not shown). These
results indicate that brain tissue possesses a membrane-
associated phosphodiesterase enzyme capable of catabolizing
PC-OEA. This PC-OEA phosphodiesterase activity showed
a pH optimum of 8.0-9.0 (Figure 6C). Notably, the PC-
OEA phosphodiesterase activity [27 pmol min-1 (mg of
protein)-1] was much greater than the predicted rate of
FAAH-catalyzed hydrolysis of PC-OEA in brain mem-
branes [1.0 pmol min-1 (mg of protein)-1] based on estimates
of the amount of FAAH in this fraction (∼2 pmol of FAAH/
mg of protein) measured by active-site titration with a
fluorescent fluorophosphonate probe (25, 26).

In considering candidate enzymes that might convert PC-
OEA to OEA, a search of the literature identified nucleotide
pyrophosphatase/phosphodiesterase family member 6 (NPP6)
as a choline-specific phosphodiesterase (23). COS-7 cells
transiently transfected with the human NPP6 cDNA dis-
played robust PC-OEA phosphodiesterase activity compared
to mock-transfected cells (Figure 7). The biochemical
properties of recombinant NPP6 mirrored closely those
displayed by the brain PC-OEA phosphodiesterase activity,
including association with membranes (Figure 6A and ref
23), vanadate sensitivity (Figure 6B and ref23), and optimal
activity at basic pH (Figure 6C and ref23). These results
indicate that NPP6 may contribute to PC-NAE catabolism
in the brain.

DISCUSSION

The primary role that FAAH plays in regulating NAE
levels in ViVo is supported by a large body of genetic and
pharmacological evidence. For example, mice with a dis-
ruptedFAAHgene (10) or treated with FAAH inhibitors (11,
12) possess highly elevated brain levels of NAEs and exhibit
analgesic, anxiolytic, and anti-inflammatory phenotypes (10-
15). These studies have engendered the concept of an
endogenous NAE tone, where the steady-state level of these
lipid-signaling molecules is set by a balance in the activities
of biosynthetic and degradative enzymes. A shift in this tone
by, for example, inhibition of FAAH then leads to specific
NAE-mediated behavioral effects. Despite these advances
in our understanding of NAE degradation, we still know very
little about the metabolism of these lipids in the absence of
FAAH. The presence of alternative routes for NAE metabo-
lism is circumstantially supported by pharmacological studies
in FAAH(-/-) mice, whose highly exaggerated behavioral
responses to AEA are rectified within 4-6 h postadminis-
tration (10). Several other enzyme activities have been
suggested to participate in AEA degradation, including
additional hydrolases (27), lipoxygenases (28), and cy-
clooxygenases (29). Nonetheless, the contribution made by
these enzymes, as well as potentially uncharacterized path-
ways, to AEA/NAE metabolismin ViVo remains unknown.

Here, we have pursued the characterization of FAAH-
independent routes for AEA metabolism by profiling the

FIGURE 2: Characterization of the distribution of them/z 513
metabolite of AEA. (A)m/z 513 metabolite is present at higher
levels in brains of FAAH(-/-) mice treated with AEA for 6 h
compared to 2 h. Conversely, AEA levels are significantly reduced
at 6 h compared to 2 h (*, p < 0.05, planned comparison).n ) 3
sample/group. (B)m/z513 metabolite is detected in multiple tissues
from AEA-treated FAAH(-/-) mice, including the brain, spinal
cord, and liver.
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products of this NAE in brains from FAAH(-/-) mice.
These studies employed an untargeted LC-MS analysis
platform [DMP (6)] to broadly survey the metabolites derived
from AEA in ViVo. A primary metabolic product of AEA
was detected in CNS tissue of FAAH(-/-) mice and
structurally characterized as theO-PC adduct of this NAE.
PC-NAEs were further identified as endogenous constituents
of the mammalian CNS that are highly elevated in FAAH-
(-/-) mice. To our knowledge, these findings provide the
first evidence thatO-PC adducts of NAEs are natural
products. When coupled with the recent discovery of several
other classes ofN-fatty acyl derivatives, includingN-acyl

amino acids (5) and taurines (6), these findings underscore
the rich structural diversity of amidated lipids present in
mammalian tissues. Interestingly, amidated lipids appear to
segregate into at least two groups based on their rates of
accumulation in FAAH-inactivated animals. One class,
including the NAEs and polyunsaturated NATs, rapidly
increase [in the CNS and peripheral tissues, respectively (7)]
within 1-2 h following FAAH inhibition. The second set
of amidated lipids, including saturated NATs and PC-NAEs,
appear to require the constitutive inactivation of FAAH to
accumulate to significant levelsin ViVo. Such findings
emphasize our growing appreciation of the different meta-

FIGURE 3: Structural characterization of them/z 513 metabolite as theO-PC derivative of AEA. (A) MS/MS analysis of the naturalm/z 513
metabolite [purified from tissues of AEA-treated FAAH(-/-) mice] and synthetic PC-AEA. Highlighted are a prominent fragment
corresponding to PC (m/z184) and ions characteristic of PC fragmentation (a-e) (24, 35, 36). (B) Structure of PC-AEA, with sites of MS
fragmentation highlighted (a-e). (C) Comigration by LC-MS of the natural and synthetic samples of PC-AEA.
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bolic phenotypes that emerge following acute versus chronic
inactivation of FAAH and may be relevant when interpreting
behavioral phenotypes (as well as potential toxicities) that
are observed following short-term versus long-term inhibition
of this enzyme.

The absolute levels of PC-NAEs were within 20-30%
of the levels of NAEs in the CNS of FAAH(-/-) mice,
indicating that a substantial fraction of the endogenous NAE
pool is converted to PC derivatives in these tissues. How
might this chemical transformation occur? PC-NAE bio-
synthesis could be accomplished by the enzymatic coupling
of cytidine 5′-diphosphate (CDP)-choline to NAEs in a
reaction analogous to the formation of PC from CDP-
choline and diacylglycerol. There are at least two enzymes
in mammals that catalyze this reaction termed cholinephos-
photransferase 1 (30) and choline/ethanolaminephospho-
transferase 1 (31), and it will be interesting to determine if
either of these proteins can form PC-NAEs.

Although the precise biosynthetic pathway for PC-NAEs
remains unclear, a potential enzymatic route for their
degradation was detected. This vanadate-sensitive phos-
phodiesterase activity was found predominantly on mem-
branes and catalyzed the conversion of PC-NAEs back to

their parent NAEs. The PC-NAE phosphodiesterase activity
greatly exceeded the predicted level of FAAH-catalyzed
hydrolysis of PC-NAEs in brain, designating the former
pathway as a stronger candidate for controlling the catabolism
of these lipidsin ViVo. As a corollary, we interpret the
elevated levels of PC-NAEs observed in the CNS of FAAH-
(-/-) mice to derive from secondary metabolism of
heightened concentrations of NAEs rather than protection
from FAAH-catalyzed hydrolysis. These findings thus pro-
vide the first evidence that disruption of FAAH activityin
ViVo leads to alterations in not only the direct substrates of
this enzyme (NAEs), but also their secondary metabolites
(PC-NAEs). Finally, the choline-specific phosphodiesterase
NPP6 (23) was found to convert PC-OEA to OEA in a
vanadate-sensitive manner, indicating that this enzyme may
play a role in PC-OEA catabolism in the CNS. A summary
comparing the pathways for NAE metabolism in FAAH(+/
+) and FAAH(-/-) mice is provided in Figure 8. Enzymes
that display biochemical activities consistent with participa-
tion in this network are highlighted.

We should emphasize that our results do not rule out the
contribution of additional enzymes, such as lipoxygenases
(28) and cyclooxygenases (29), to the metabolism of AEA
in ViVo. The products of these enzymes may have been too
low in abundance for detection using DMP methods. These
oxygenases may also play a larger role in AEA metabolism
in peripheral tissues, which were not examined in this study.
Another important question is whether the formation of PC-
NAEs is relevant to brain metabolism and physiology in
wild-type animals or, alternatively, only in the absence of
FAAH. Our inability to detect PC-NAEs in whole brain or
spinal cord tissues from FAAH(+/+) mice (even after the
acute inhibition of FAAH for 2 h) might argue against a
role for these lipids in normal CNS function. However, the
sensitivity limit for the detection of PC-NAEs by LC-MS
was much poorer than for NAEs [∼60-120 versus 1 pmol/g
of tissue (6), respectively], suggesting that the former class
of lipids may have eluded detection in FAAH(+/+) samples.

FIGURE 4: Absolute levels of PC-AEA and AEA in CNS tissues
from FAAH(-/-) mice treated with AEA (50 mg/kg, i.p.). Levels
were determined 6 h after administration of AEA.n ) 3 sample/
group.

Table 2: Levels of PC-NAEs in the CNS of FAAH(+/+) and
FAAH(-/-) Mice

tissue PC-NAE
FAAH(-/-)

(pmol/g of tissue)
FAAH(+/+)

(pmol/g of tissue)

spinal cord
PC-OEA 2200( 410a NDb

PC-PEA 1630( 340a ND
PC-AEA ND ND
OEA 4330( 100a 240( 22
PEA 7550( 1660a 980( 140
AEA 110 ( 9a 3.6( 0.5

brain
PC-OEA 150( 9 ND
PC-PEA ND ND
PC-AEA ND ND
OEA 920( 35a 88 ( 15
PEA 3160( 42a 326( 36
AEA 35 ( 1a 5 ( 1

a p < 0.01 [planned comparison, where (+/+) values for PC-NAEs
were set to the limit of detection for PC-OAE (120 pmol/g of tissue)];
n ) 3 samples/group.b ND ) not detected.

FIGURE 5: PC-NAEs are poor substrates for FAAH. A comparison
of the hydrolysis of PC-OEA and OEA by purified, recombinant
FAAH. From these data, initial rates were calculated for FAAH-
catalyzed hydrolysis of PC-OEA and OEA of 7 and 620 nmol
min-1 (mg of FAAH)-1, respectively. All data represent the average
of three independent experiments, for which standard errors were
less than 15%.
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It is also possible that PC-NAEs are only produced in
specific neuronal circuits or brain regions, in which case their
detection may have been obscured in analyses of whole
tissues. If these locations happened to correlate with regions
where FAAH activity is low or absent (32), then the PC-
NAE pathway could constitute an important route for the
termination of endocannabinoid signals. Finally, PC-NAEs
may remain low under healthy, nonstimulated conditions but
accumulate in situations of pathophysiology, as has been
observed for NAEs (33).

In summary, we have presented data to support the
existence of a novel class of amidated lipids in the mam-
malian CNS, the PC-NAEs, that constitutes a major route
for endocannabinoid metabolism in FAAH-inactivated ani-
mals. Whether PC-NAEs are inert metabolites of NAEs or

function as signaling molecules themselves merits future
investigation. A more thorough understanding of the enzymes
involved in PC-NAE metabolism and the development of

FIGURE 6: Characterization of a phosphodiesterase activity in brain
tissue that converts PC-OEA to OEA. (A and B) PC-OEA
phosphodiesterase activity was predominantly found in the mem-
brane fraction (A) and was blocked by preheating (∆) (A) or the
phosphodiesterase inhibitor sodium vanadate (Na3VO4) (B). (C) pH-
rate profile for brain PC-OEA phosphodiesterase activity. All data
represent the average of three independent experiments (except for
assays conducted at pH 5 and 6, which were performed in
duplicate), for which standard errors were less than 15%.

FIGURE 7: Identification of NPP6 as an enzyme with PC-OEA
phosphodiesterase activity. COS-7 cells transfected with the NPP6
cDNA exhibited significantly greater PC-OEA phosphodiesterase
activity compared to mock-transfected cells. The NPP6-catalyzed
conversion of PC-OEA to OEA was blocked by vanadate (Na3-
VO4). ***, p < 0.001 for NPP6-tranfected versus mock-transfected
or vanadate-treated NPP6-transfected cells. All data represent the
average of three independent experiments.

FIGURE 8: Schematic model comparing the catabolic pathways for
NAEs in the CNS of FAAH(+/+) and FAAH(-/-) mice. In
FAAH(+/+) mice, NAEs (and indirectly PC-NAEs) are tightly
controlled by FAAH. In FAAH(-/-) mice, NAEs are highly
elevated in the CNS, leading to the accumulation of PC-NAEs
through an as of yet undefined biosynthetic pathway. PC-NAEs
can in turn be catabolized by a phosphodiesterase activity that may
correspond to the choline-specific enzyme NPP6. Other potential
metabolic pathways for PC-NAEs may exist, including amide
hydrolysis, although these lipids were found to be very poor
substrates for FAAHin Vitro (see Figure 5).
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strategies for their selective inactivation should assist in
addressing this question. In the event that PC-NAEs exhibit
biological activity, the results of this study may prove
instructive for researchers interested in understanding the
long-term physiological consequences of FAAH inactivation.
Indeed, FAAH(-/-) mice display some behavioral effects
that are not rectified by cannabinoid receptor antagonists (13,
34), and it is worth considering whether these phenotypes
may be due to alterations in metabolic pathways downstream
of the primary substrates of the enzyme.
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