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Abstract
Endocannabinoids, including anandamide (arachidonoyl ethanolamide) have been implicated in the
regulation of a growing number of physiological and pathological processes. Anandamide can be
generated from its membrane phospholipid precursor N-arachidonoyl phosphatidylethanolamine
(NAPE) through hydrolysis by a phospholipase D (NAPE-PLD). Recent evidence indicates,
however, the existence of two additional, parallel pathways. One involves the sequential deacylation
of NAPE by α,β-hydrolase 4 (Abhd4) and the subsequent cleavage of glycerophosphate to yield
anandamide, and the other one proceeds through phospholipase C-mediated hydrolysis of NAPE to
yield phosphoanandamide, which is then dephosphorylated by phosphatases, including the tyrosine
phosphatase PTPN22 and the inositol 5′ phosphatase SHIP1. Conversion of synthetic NAPE to AEA
by brain homogenates from wild-type and NAPE-PLD−/− mice can proceed through both the PLC/
phosphatase and Abdh4 pathways, with the former being dominant at shorter (<10 min) and the latter
at longer incubations (60 min). In macrophages, the endotoxin-induced synthesis of anandamide
proceeds uniquely through the phospholipase C/phosphatase pathway.

1. Introduction
N-acylethanolamines were first identified as endogenous lipids in the hypoxic myocardium
(Epps et al., 1979) where their biosynthesis was found to occur in two steps. First, a transacylase
N-acylates membrane phosphatidyl ethanolamine (PE) (Natarajan et al., 1981), which is then
hydrolyzed by a phospholipase D (PLD) to yield N-acylethanolamines and phosphatidic acid
(Schmid et al., 1983). A low abundance member of this class of lipids, N-arachidonoyl
ethanolamide (AEA, also called anandamide) was later identified as the first endogenous
cannabinoid ligand (Devane et al., 1992). Since then, endocannabinoids (ECs) acting at specific
cannabinoid receptors in the brain and periphery have been implicated in the regulation of a
growing number of physiological functions and pathological processes (Pacher et al., 2006).
Compounds that selectively inhibit EC actions at cannabinoid receptors or enhance them by
blocking EC degradation show great therapeutic potential (Pacher et al., 2006). Inhibitors of
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enzymes that metabolize ECs were found to potentiate some but not other EC actions (Kathuria
et al., 2003), which suggests that blocking EC biosynthesis may have a pharmacological profile
different from that achieved by blocking cannabinoid receptors, and thus may be used
therapeutically to avoid some of the unwanted side effects of the latter.

Anandamide is generated from the membrane phospholipid precursor N-arachidonoyl PE
(NAPE) through a two-step process similar to that described above (Di Marzo et al., 1994).
The calcium-dependent transacylase that catalyzes the transfer of arachidonic acid (AA) from
the sn-1 position of phosphatidyl choline to the nitrogen atom of PE to generate NAPE has not
yet been identified. However, a NAPE-specific PLD that hydrolyzes NAPE to yield
anandamide has been cloned (Okamoto et al., 2004) and the purified protein characterized
(Wang et al., 2006). When overexpressed in cells, NAPE-PLD selectively reduces NAPE and
increases anandamide levels (Okamoto et al., 2005). Unexpectedly, no significant reduction
in anandamide levels was found in the brain of NAPE-PLD knockout mice (Leung et al.,
2006), or in macrophages following siRNA knockdown of NAPE-PLD (Liu et al., 2006).
Furthermore, tissues from NAPE-PLD−/− mice contained an enzymatic activity capable of
converting NAPE to AEA in a calcium-independent manner (Leung et al., 2006), suggesting
the existence of additional, parallel biosynthetic pathways. There has been evidence since the
1980’s for enzymatic activities that can generate N-acylethanolamines from NAPE through
sequential deacylations yielding lyso-NAPE and glycerophospho-ethanolamines, respectively
(Natarajan et al., 1984). Accordingly, a recently identified group IB secretory phospholipase
A2 can convert NAPE to 2-lyso-NAPE, which is then metabolized to anandamide through a
calcium-independent mechanism sensitive to inhibition by methyl arachidonoyl
fluorophosphate (MAFP) (Sun et al., 2004). However, the restricted tissue expression of this
PLA2 suggested the existence of additional enzymes involved in generating lyso-NAPE. One
such enzyme is the recently identified αβ-hydrolase 4 (Abhd4), which can act on either NAPE
or lyso-NAPE to generate the glycerophospho-arachidonoyl ethanolamide (GpAEA), which
is then acted on by a metal-dependent, phosphodiesterase to yield AEA (Simon and Cravatt,
2006). Another alternative pathway identified in the RAW264.7 mouse macrophage cell line
involves the hydrolysis of NAPE by a phospholipase C to yield phosphoanandamide (pAEA)
which is then dephosphorylated by phosphatases, including the putative tyrosine phosphatase
PTPN22 (Liu et al., 2006). This latter pathway was found to be responsible for the endotoxin
(LPS)-induced increase in AEA biosynthesis in macrophages (Liu et al., 2003; 2006). In the
present study we have analyzed the relative importance of the NAPE-PLD, Abhd4 and PLC/
phosphatase pathways in AEA biosynthesis in RAW264.7 cells and in mouse brain.

2. Methods and Materials
2.1. NAPE-PLD, PTPN22 and SHIP1 knockout mice

NAPE-PLD knockout mice were generated by R.D. Palmiter and S. Luquet. A 4.4 kb EcoRI/
NaeI fragment containing the exon 2 (left arm) of the NAPE-PLD and the 6.5 kb NaeI/NheI
fragment (right arm) containing the exon 3 were subcloned in the 4517D plasmid to generate
the targeting construct. LoxP sites flank exon 3. The Sv-Neo (SV40 promoter-neomycin-
phosphotransferase) gene is flanked by frt sites from removal by the action of FLPase. The
targeting construct contains a Pgk-diphtheria toxin A gene at the 5′ end of the left arm and an
HSV thymidine kinase gene at the 3′ end of the right arm for negative selection. Linearized
plasmid (20 μg) was electroporated into ~ 107 AK18.1 embryonic stem cells (129S4/SvJaeSor;
provided by P. Soriano) and plated on mitomycin C-treated SNL feeders and selected in G418
(300 μg/ml) and gancyclovir (2 μM). Individual colonies were picked, expanded for analysis,
correctly targeted clones (5/80) were identified by Southern blot, and injected into blastocysts.
After removal of the Sv-Neo cassette by breeding with FLPer mice, exon 3 was removed in all
cells by breeding with Mox2-Cre mice (Tallquist & Soriano, 2000) to generate heterozygous
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animals with one null NAPE-PLD allele. These mice were bred with C57BL/6 mice to remove
the Mox2-Cre gene, and then bred together to generate mice homozygous for the NAPE-
PLD-null allele. Mice are on a mixed 129S4 x C57Bl/6 genetic background.

PTPN22 knockout mice were generated as described (Hasegawa et al., 2004). The generation
of SHIP1 (inpp5d) knockout mice was reported earlier (Helgason et al., 1998).

2.2. Cell culture
RAW264.7 mouse macrophages were obtained from ATCC (Manassas, VA) and maintained
under standard culturing conditions as described (Liu et al., 2003). To test the effect of bacterial
endotoxin (lipopolysaccharide [LPS], Escherichia coli, 0127:B8), preconfluent cultures of
cells were incubated for 90 min with 10 ng/ml LPS or vehicle, and then washed, harvested and
extracted for measurement of AEA content as described (Liu et al., 2003). The extraction
protocol used (2 volumes of chloroform:methanol 2:1 added to one volume of aqueous tissue
or cell homogenate, repeated 2 more times) yielded >99% recovery of synthetic AEA and >
87% recovery of synthetic pAEA.

2.3. siRNA knockdown and real-time PCR
siRNA knockdown of PTPN22 and NAPE-PLD expression in RAW264.7 cells and verification
of the degree of knockdown by real-time PCR was done as described previously (Liu et al.,
2006). For siRNA knockdown of Abhd4, predesigned siRNAs and primer mix for real-time
PCR were purchased from Qiagen (Valencia, CA).

2.4. Enzymatic conversion of synthetic NAPE, GpAEA or pAEA to AEA
To measure the enzymatic conversion of synthetic NAPE, GpAEA or pAEA to AEA,
RAW264.7 cell or mouse brain homogenates (10 μg protein) were incubated for the indicated
times with 10 nmol of the given synthetic precursor in 50 mM Tris buffer, with or without the
indicated enzyme inhibitors. The reaction was stopped by the addition of 2 volumes of
chloroform:methanol 2:1 containing 5 nmol of [2H4]AEA, and AEA in the extracted sample
was measured by LC/MS as described below.

2.5. Synthesis of NAPE, GpAEA and pAEA
The synthesis of NAPE (N-arachidonoyl-1,2-dioleoyl-phosphatidyl ethanolamine, Sugiura et
al., 1996) and pAEA (Liu et al, 2006) were as described earlier. A synthetic sequence was
developed for the preparation of GpAEA and deposited as Supplementary Material. Briefly,
GpAEA was synthesized from commercially available solketal, which was transformed to
acetic acid 2-acetoxy-1-hydroxymethyl-ethyl ester [(via (i) protection of the hydroxyl as
benzyl, (ii) opening of the acetal (acetic acid), (iii) protection of the hydroxyls as acetates and
finally (iv) debenzylation (H2, Pd/C, methanol)]. The primary alcohol was then converted to
the corresponding phosphatidylethanolamine using an established protocol (Eibl, 1978; Li &
Pascal, 1993). The amine was then coupled to arachidonic ester in the presence of NaHCO3 in
THF/H2O (10:12) mixture to give the arachidonoyl derivative. Treatment of this intermediate
with LiOH.H2O in methanol/H2O (5:1) mixture gave the target compound Gp-AEA, which
was purified (Combiflash) by reverse phase column chromatography using water/metyhanol
as the gradient. All compounds were characterized by TLC and mass spectroscopy (Agilent
1100 Series HPLC-MS) and 1HNMR (300 MHz, Jeol Eclipse).

2.6. Measurement of AEA and pAEA
Measurement of tissue or cellular levels of AEA by stable isotope dilution HPLC/MS and
simultaneous measurement of AEA by HPLC/ESI-MS/MS were done as described before
(Liu et al., 2006).
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3. Results
3.1. Effect of siRNA knockdown of NAPE-PLD or Abhd4 on basal and LPS-stimulated AEA
levels in RAW264.7 macrophages

In order to explore the enzymatic pathways involved in the LPS-induced synthesis of AEA in
RAW264.7 cells, we first examined the effect of LPS on NAPE-PLD, Abhd4 and PTPN22 gene
expression, using real-time PCR. Incubation of the cells with 10 ng/ml LPS for 90 min resulted
in a > 50% reduction in NAPE-PLD mRNA, a modest 27% increase in Abhd4 mRNA and a 2-
fold increase in PTPN22 mRNA (Fig. 1).

Next we analyzed the effect of siRNA knockdown of these enzymes on basal and LPS-
stimulated AEA levels in RAW264.7 cells. As illustrated in Fig. 2, siRNA knockdown of
NAPE-PLD resulted in a 42% decrease in the cellular level of NAPE-PLD mRNA, but did not
affect basal AEA levels and the LPS-induced increase in AEA was actually greater in these
cells than in mock-transfected controls. siRNA knockdown of Abhd4 resulted in a 51 ± 4 %
decrease in Abhd4 mRNA. Again, basal levels of AEA remained unchanged and the LPS-
induced increase in AEA was also unaffected by the knockdown. siRNA knockdown of
PTPN22 reduced PTPN22 mRNA levels by 72 % and whereas it did not affect baseline levels
of AEA, it caused a 36 % reduction in LPS-induced increase in AEA levels.

3.2. Role of the PLC/phosphatase pathway in LPS-induced AEA synthesis in macrophages
The findings described above suggest that the PLC/phosphatase pathway, but not the NAPE-
PLD or Abhd4 pathways, is involved in the LPS-induced synthesis of AEA in macrophages.
Indeed, preincubation of RAW264.7 cells with 3 mM neomycin, a PLC inhibitor, or 1 mM of
the tyrosine phosphatase inhibitor NaVO3 nearly completely prevented the LPS-induced
increase in cellular AEA levels (Fig. 3). Earlier studies have identified PTPN22 as one of the
genes induced by LPS in RAW264.7 macrophages, overexpression of which resulted in
elevated cellular AEA levels (Liu et al., 2006). The finding that siRNA knockdown of PTPN22
caused only a partial reduction in the effect of LPS suggested the possible involvement of
additional phosphatases in the dephosphorylation of pAEA. One such phosphatase may be the
inositol 5′ phosphatase SHIP1, whose expression in RAW264.7 macrophages is also induced
by LPS (An et al., 2005). Although the expression of PTPN22 is low in the brain (Liu et al.,
2006) and SHIP1 may only be expressed in microglia, we analyzed the conversion of synthetic
pAEA to AEA in brain extracts from PTPN22 and SHIP1 knockout mice and their wild-type
controls, under conditions described in Methods. For SHIP1, the amount of AEA generated
was 3.23 ± 0.32 nmol/mg/min in controls vs 2.46 ± 0.15 nmol/mg/min in knockouts (P < 0.05),
and for PTPN22 the respective values were 3.04 ± 0.19 vs 2.06 ± 0.12 nmol/mg/min (P < 0.01).
These findings suggest that both PTPN22 and SHIP1 can contribute to the generation of AEA
through the PLC/phosphatase pathway.

3.3. Mechanisms of enzymatic conversion of NAPE to AEA in brain tissue
To analyze the enzymatic pathways involved in the generation of AEA from NAPE, aliquots
of brain homogenate (10 μg protein) were incubated with 10 nmol of synthetic NAPE in the
absence or presence of various inhibitors, and the amount of AEA generated was measured by
LC/MS. The accumulation of AEA was linear for up to an hour, and it could be nearly abolished
by boiling the samples before incubation. The genetic ablation of NAPE-PLD resulted in a
~75% reduction in the amount of AEA generated from exogenous NAPE, from 56.0 ± 5.0
pmol/mg/min in wild-type controls to 13.5 ± 2.5 pmol/mg/min in NAPE-PLD knockouts (P <
0.01), as illustrated in Fig. 4 (note the difference in scale for wildtype vs knockout). In samples
incubated for 1 hour, blocking the PLC/phosphatase pathway with neomycin, NaVO3 or their
combination did not affect AEA synthesis (Fig. 4B). Activity of the Abhd4 pathway can be
inhibited by MAFP or EDTA (Sun et al., 2004;Simon & Cravatt, 2006). Although EDTA
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caused a ~ 30% reduction in the amount of AEA generated, MAFP or MAFP + EDTA were
ineffective (Fig. 4B). With much shorter, 1 min incubations the situation was reversed, now
neomycin and/or NaVO3 were effective in reducing AEA accumulation, whereas MAFP and
EDTA were ineffective (Fig. 4A).

In the absence of NAPE-PLD, the contribution of the other two pathways was increased. When
brain extracts from NAPE-PLD−/− mice were incubated for 1 hour, MAFP and/or EDTA nearly
completely blocked AEA generation and neomycin and/or NaVO3 caused partial inhibition
(Fig. 4D), whereas in samples incubated for 1 min, neomycin plus NaVO3 caused complete
inhibition, whereas EDTA (but not MAFP) was partially effective (Fig. 4C). The time course
of this change was tested using brain homogenates from PLD−/− mice. In the presence of
neomycin + NaVO3, AEA generated from synthetic NAPE was reduced by 98%, 84% or 20%
at 1, 10 or 60 min, respectively, whereas in the presence of MAFP + EDTA the corresponding
values were 0%, 48% and 91%. This indicates that the PLC/phosphatase pathway still plays a
major role at 10 min.

3.4. pAEA is an intermediate of AEA biosynthesis in mouse brain
We have earlier identified pAEA by HPLC/ESI-MS/MS as an intermediate of AEA synthesis
in RAW264.7 cells (Liu et al., 2006). pAEA could also be detected in mouse brain, where its
levels were markedly increased in the presence of the tyrosine phosphatase inhibitor NaVO3,
and NaVO3 also inhibited the conversion of synthetic pAEA to AEA by brain extracts (Liu et
al., 2006). The putative role of PTPN22 in this conversion is further indicated by the increase
in pAEA levels in brain tissue from PTPN22−/− compared to wild-type mice, as illustrated in
Fig. 5.

GpAEA has been proposed to be converted to AEA through the action of a metal-dependent
phosphodiesterase (Simon & Cravatt, 2006). We tested whether this conversion may also
proceed through an alternative 2-step pathway where a putative lyso-PLC first converts
GpAEA to pAEA, which is then dephosphorylated to AEA. As indicated by the data in Table
1, incubation of aliquots of brain homogenate from a control mouse with 10 nmol GpAEA
resulted in the generation of 663 pmol/mg/min AEA and detectable levels of pAEA. In
agreement with the results of Simon & Cravatt (2006), the generation of AEA was nearly
completely blocked in the presence of 2 mM EDTA. EDTA also caused a parallel 4.5-fold
increase in the amount of pAEA, suggesting that by blocking the predominant metal-sensitive
pathway, metabolism of GpAEA is shifted toward the alternative 2-step pathway. NaVO3 alone
caused a modest, ~8% reduction in the amount of AEA generated from GpAEA, which was
accompanied by a >3-fold increase in pAEA, suggesting that this pathway is active even in the
absence of EDTA. The addition of neomycin to NaVO3 caused a slight further reduction in
the amount of AEA generated, but substantially increased the amount of pAEA (Table 1). This
could be due to blockade of the reacylation of pAEA to NAPE, which may occur when levels
of pAEA are elevated due both to its increased generation from an exogenous precursor and
lack of dephosphorylation in the presence of NaVO3.

4. Discussion
As signaling molecules, endocannabinoids are unique in that they are not stored but synthesized
‘on demand’ in post-synaptic neurons or non-neuronal cells. This means that mechanisms that
regulate their biosynthesis are directly coupled to and modulate their biological actions, and
may be targeted for the purpose of therapeutic drug development. Such efforts may be
complicated by emerging evidence that the biosynthesis of endocannabinoids occurs via
multiple parallel pathways.
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The evidence reviewed in the introduction and additional findings presented here clearly
indicate that there may be at least three different pathways through which the membrane
phospholipid precursor NAPE can be converted to AEA, as illustrated schematically in Figure
6. This may explain why genetic ablation/knockdown or pharmacological inhibition of any
one of these pathways does not eliminate or cause a substantial reduction in the basal cellular
levels of AEA (Fig. 2). However, the ‘on demand’ synthesis of endocannabinoids may involve
mechanisms different from those operating to maintain basal tissue levels. Bacterial endotoxin
(LPS) causes a major increase in the biosynthesis of AEA in RAW264.7 macrophages, as a
result of increases in the rate of both the generation of NAPE and its subsequent conversion to
AEA (Liu et al., 2003). This LPS-induced AEA synthesis is unaffected by knockdown of
NAPE-PLD or Abhd4, but is nearly completely inhibited by blocking PLC and/or tyrosine
phosphatase activities (Liu et al., 2006; see also Fig. 3). This suggests activation of this pathway
during the ‘on demand’ synthesis of AEA. An analogous situation for the other
endocannabinoid, 2-arachidonoylglycerol (2-AG), may exist in the hippocampus where Gq/
G11-mediated signaling was found not to be involved in basal 2-AG production, but to be
indispensable for the kainate-induced formation of 2-AG (Wettschureck et al., 2006). Whether
this dichotomy reflects distinct metabolic and signaling-related subcellular EC pools remains
to be seen.

The different time-course of activation of the various pathways involved in the conversion of
NAPE to AEA is also compatible with a unique role of the PLC/phosphatase pathway in rapid,
‘on demand’ signaling. As illustrated by the data in Fig. 4, the conversion of exogenous NAPE
to AEA is reduced by ~75% in brain tissue form NAPE-PLD−/− compared to control mice,
which is very similar to the degree of reduction reported by Leung et al. (2006) under similar
conditions. This illustrates the dominant role of NAPE-PLD in this process, which is also
indicated by the finding that blocking the other two pathways fails to impact on AEA generation
over a 1 hour incubation period. However, the initial rate of AEA synthesis in the first minute
is substantially reduced by blocking PLC and/or phosphatases, suggesting a role for this
pathway in the rapid initial synthesis of AEA. This is even more striking in preparations from
NAPE-PLD−/− mice, where the synthesis of AEA is fully dependent on alternative pathways.
Whereas Abhd4 appears to be dominant in the long-term synthesis of AEA (Fig. 4D), the rapid
initial synthesis of AEA appears to be predominantly through the PLC/phosphatase pathway
(Fig. 4C), as tested in tissue homogenates. Further studies are needed to test whether this also
applies to the intact brain under in vivo conditions.

The role of PTPN22 in LPS-induced AEA synthesis in macrophages was indicated by its
upregulation in LPS-treated RAW264.7 cells, and by the reduced conversion of pAEA to AEA
following siRNA knockdown of its expression (Liu et al., 2006; also Fig. 1). The findings of
reduced AEA (Liu et al., 2006) and increased pAEA levels in the brain of PTPN22−/− compared
to wild-type mice (Fig. 5) suggests a similar role in brain. The partial nature of these changes
implicates additional phosphatases. The present findings suggest that SHIP1, an inositol 5′
phosphatase which is similarly induced by LPS in RAW264.7 cells (An et al., 2005), can also
dephosphorylate pAEA, as suggested by the reduced rate of this reaction in brain extracts from
SHIP1−/− mice. Alternatively, the increase in pAEA levels in the absence of phosphatases or
following their blockade by NaVO3 could be due to lack of dephosphorylation of the PLC
involved in generating pAEA from NAPE.

The activity of biosynthetic pathways under conditions of a large excess of exogenous substrate
is not necessarily indicative of their importance in the metabolism of physiological levels of
endogenous substrate. The findings in RAW264.7 macrophages clearly indicate the unique
role of a neomycin/NaVO3-sensitive pathway in the LPS-stimulated synthesis of endogenous
AEA (Fig. 3). Further studies of the relative role of these pathways in the basal versus
stimulated synthesis of anandamide in the brain will benefit from an experimental model in
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which the biosynthesis of AEA can be robustly increased by a well defined physiological or
pathological stimulus. A further goal of these studies will be the identification of the PLC
isozyme and any additional phosphatases involved. The existence of parallel pathways of AEA
synthesis makes it unlikely that targeting a single enzyme will allow the depletion of tissue
AEA. However, the dominant role of a single pathway in the stimulated synthesis of AEA
could make this pathway a target for drug development, in view of emerging evidence that
overactivity of the endocannabinoid system may underlie certain diseases, such as obesity/
metabolic syndrome (Osei-Hyiaman et al., 2005;Engeli et al., 2005).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effect of LPS on NAPE-PLD, PTPN22 and Abhd4 mRNA levels in RAW264.7 cells. Cells
were treated with vehicle or LPS (10 ng/ml) for 90 min. mRNA was quantified by real-time
PCR as described in Methods and Materials. Means ± SE from three to four experiments are
shown. * indicate significant difference (P < 0.05) from values in vehicle-treated control cells,
as determined by using the paired t test.
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Fig. 2.
The effect of siRNA knockdown of NAPE-PLD, Abhd4 or PTPN22 on LPS-induced AEA
synthesis in RAW264.7 cells. The degree of knockdown was verified by real-time PCR in
mock-transfected (white columns) vs siRNA-transfected cells (shaded columns, left side). The
right two pairs of columns indicate the cellular levels of AEA following vehicle (open columns)
or LPS treatment (hatched columns) of mock- or siRNA transfected cells. Means ± SE from
three experiments are shown. Significant difference from corresponding vehicle-treated group
(*) or from corresponding mock-transfected group (#) is indicated, P < 0.05. Comparison of
relative mRNA levels was analyzed by the paired t test, whereas the effect of LPS on cellular
AEA levels was analyzed using the unpaired t test.
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Fig. 3.
Blocking PLC or tyrosine phosphatases prevents LPS-induced AEA synthesis in RAW264.7
macrophages. The cells were preincubated for 30 min with 3 mM neomycin or with 1 mM
NaVO3 before the addition of vehicle or 10 ng/ml LPS for 90 min. AEA was then quantified
in lipid extracts of vehicle- (open columns) or LPS-treated (hatched columns) cells as described
in Methods and Materials. Values represent means ± SE from 3–4 experiments. * indicate
significant difference (P < 0.05) from values in corresponding control cells.
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Fig. 4.
Conversion of NAPE to AEA in brain extracts from NAPE-PLD+/+ and NAPE-PLD−/− mice.
Brain homogenates (10 μg protein) were pretreated with 3mM neomycin (hatched columns),
1 mM NaVO3 (dotted columns), neomycin + NaVO3 (vertical hatched columns); or 5 mM
MAFP (hatched columns), 2 mM EDTA (dotted columns) or MAFP + EDTA (vertical hatched
columns) for 30 min at room temperature before incubating with 10 nmol NAPE for the
indicated time period at 37°C. The reaction was then terminated and AEA assayed as described
in Methods and Materials. Means ± SE from three experiments are shown. Asterisks indicate
significant difference (* P < 0.05; ** P < 0.005) from values in corresponding vehicle-treated
controls (open columns), as analyzed by the unpaired t test.
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Fig. 5.
Determination of pAEA and AEA by HPLC/ESI-MS/MS in brain samples. The transitions of
m/z 428/330, 348/287 and 352/287 were selected for pAEA, AEA and 2H4AEA (internal
standard), respectively. Note the higher pAEA and lower AEA level in the PTPN22−/− vs
control brain extract.
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Fig. 6.
Cellular pathways of anandamide biosynthesis. For explanation, see text.
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Table 1
Conversion of GpAEA to pAEA and AEA in brain extract from a control mouse.

AEA (pmol/mg/min) pAEA/d4AEA ×100 (%)

Vehicle 663 0.16
Neo 648 0.27
NaVO3 610 0.51
Neo-NaVO3 562 2.3
EDTA 13 0.72
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