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Abstract

 

N

 

-Arachidonylethanolamine (AEA) accumulates
during brain injury and postmortem. Because fatty acid amide
hydrolase (FAAH) regulates brain AEA content, the purpose
of this study was to determine its role in the postmortal ac-
cumulation of AEA using FAAH null mice. As expected,
AEA content in immediately frozen brain tissue was signifi-
cantly greater in FAAH-deficient (FAAH

 

�

 

/

 

�

 

) than in wild-
type mice. However, AEA content was significantly lower in
brains from FAAH

 

�

 

/

 

�

 

 mice at 5 and 24 h postmortem. Sim-
ilarly, wild-type mice treated in vivo with a FAAH inhibitor
(URB532) had significantly lower brain AEA content 24 h
postmortem compared with controls. These data indicate that
FAAH contributes significantly to the postmortal accumu-
lation of AEA. In contrast, the accumulations of two other

 

N

 

-acylethanolamines, 

 

N

 

-oleoylethanolamine (OEA) and 

 

N

 

-pal-
mitoylethanolamine (PEA), were not reduced at 24 h post-
mortem in either the FAAH

 

�

 

/

 

�

 

 mice or mice treated with
URB532. FAAH

 

�

 

/

 

�

 

 mice accumulated significantly less eth-
anolamine at 24 h postmortem compared with wild-type
mice, suggesting that FAAH activity plays a role in the accu-
mulation of ethanolamine postmortem.  These data dem-
onstrate that FAAH activity differentially affects AEA and
OEA/PEA contents postmortem and suggest that AEA for-
mation specifically occurs via an ethanolamine-dependent
route postmortem.

 

—Patel, S., E. J. Carrier, W-S. V. Ho, D. J.
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The endocannabinoid 

 

N

 

-arachidonylethanolamine (AEA)

 

is a member of the lipid family of 

 

N

 

-acylethanolamines
(NAEs). NAEs and their phospholipid precursors, 

 

N

 

-acyl-
phosphatidylethanolamines (NAPEs), have been shown to
accumulate rapidly in the brain postmortem (1, 2). Brain
AEA content is also increased after excitotoxic and trau-
matic brain injury (3), which has led to the suggestion
that the formation of AEA and the other NAEs is related
to neuronal injury or death. Indeed, increased NAEs, in-
cluding AEA, were measured in microdialysates from the
infarct of a patient with hemispheric stroke (4).

The synthetic enzyme for NAPE, 

 

N

 

-acyltransferase (NAT),
is intracellular and activated by millimolar concentrations
of calcium (5). Because both excitotoxicity and loss of
membrane integrity during necrotic cell death would re-
sult in exposure of NAT to calcium in this concentration
range, it has been suggested that the accumulation of
NAPE postmortem and during excitotoxicity results from
increased NAT activity. NAPEs are hydrolyzed to their re-
spective NAEs via a phospholipase type D (PLD), and the
relative amounts of NAEs synthesized generally reflect the

 

N

 

-acyl distribution among the NAPEs (6, 7). These data
support the hypothesis that NAE production postmortem
is a consequence of the calcium-dependent production of
NAPEs.

However, there are data in the literature that indicate
that NAPE is not the only source of AEA. First, Kempe and
colleagues (8) have reported that postmortem rat brain
contains measurable amounts of AEA, but they were un-
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able to detect 

 

N

 

-arachidonylphosphatidylethanolamine, its
precursor via the NAT route. Second, the temporal pat-
tern of AEA accumulation in the brain postmortem is
different from that of more abundant NAEs such as 

 

N

 

-pal-
mitoylethanolamine (PEA) (2). In particular, AEA accu-
mulation exhibits a lag phase, whereas the accumulation
of the other NAEs is more rapid at early time points.
Third, Schmid, Schwab, and colleagues (9) found that, in
a rat model of stroke, the NAEs increased 30-fold in the
area of the infarct while NAPEs increased only 2.5-fold. All
of these studies suggest that an alternative to the NAT/
PLD mechanism participates in the increase of AEA dur-
ing severe ischemia. One possibility is that AEA brain con-
tent postmortem increases as a result of a combination of
increased synthesis and decreased degradation.

A primary mechanism of degradation of the NAEs is
fatty acid amide hydrolase (FAAH) (10). FAAH is an im-
portant regulator of endocannabinoid signaling (11); ge-
netic and pharmacological inhibition of FAAH activity re-
sults in increased brain AEA content and increased CB

 

1

 

receptor-mediated antinociception, for example (11, 12).
Given the prominent role of FAAH in the degradation of
AEA, we tested the hypothesis that inhibition of FAAH-
mediated catabolism of AEA contributes to its accumula-
tion postmortem. Contrary to this hypothesis, we report
here that both pharmacological and genetic inhibition of
FAAH activity profoundly reduced postmortal accumula-
tion of AEA. However, the postmortal accumulation of
two other NAEs, PEA and 

 

N

 

-oleoylethanolamine (OEA),
increases in FAAH null mice. These data indicate that the
role of FAAH in the regulation of NAE content of isch-
emic brain tissue is different for AEA compared with PEA
and OEA and suggest that an alternative route for AEA
synthesis occurs postmortem that is dependent upon FAAH
activity.

MATERIALS AND METHODS

 

Drugs and animals

 

FAAH-deficient (FAAH

 

�

 

/

 

�

 

) and wild-type C57Bl6 mice of ei-
ther gender and male ICR mice were used in these studies. All
mice were between 18 and 25 g. The FAAH

 

�

 

/

 

�

 

 mice were descen-
dants of a previously characterized line and were genotyped as
described (11). All mice were housed in cages of five on a 12/12
hour light/dark cycle with lights on at 6:00 AM and had ad libi-
tum access to food and water. All experiments were carried out
in accordance with the National Institutes of Health Guide for
the Use and Care of Laboratory Animals.

URB532 was synthesized as described previously (12). Ethanol-
amine and all other buffers and salts were purchased from
Sigma-Aldrich (St. Louis, MO). URB597 and deuterated stan-
dards were obtained from Cayman Chemical (Ann Arbor, MI).
URB532 and URB597 were administered to animals using one of
two vehicle preparations: DMSO (50 

 

�

 

l/injection) or in an emul-
phor vehicle consisting of a ratio of 1:1:8 for drug in DMSO-
emulphor-saline (13) using a volume of 300 

 

�

 

l/injection. Con-
trols received an equivalent injection of the vehicle without drug.

For analysis of postmortem NAE and 2-arachidonylglycerol
(2-AG) accumulation, mice were killed by rapid decapitation and
brains removed. Whole brains were frozen on dry ice immedi-

ately, 0.5, 2.5, 5, or 24 h after death. Between the time of death
and freezing, brains were kept at room temperature.

 

Determination of NAE content

 

Whole brain lipids were extracted as described previously
(14). Briefly, brains were weighed and homogenized in acetoni-
trile containing 34 pmol of [

 

2

 

H

 

8

 

]AEA and 66 pmol of [

 

2

 

H

 

8

 

]2-AG.
In one experiment, 34 pmol of [

 

2

 

H

 

4

 

]PEA was also added to the
homogenates. The homogenates were sonicated in a cooled bath
for 30 min and then incubated overnight at 

 

�

 

20

 

�

 

C to precipitate
the proteins. Particulates were removed from acetonitrile by cen-
trifugation, the solvent was dried, and extracted lipids were re-
suspended in methanol. NAEs and 2-AG were quantified in the
samples using isotope dilution, atmospheric pressure, chemical
ionization liquid chromatography/mass spectrometry (LC-APCI-
MS) as described previously with slight modification (14). Sam-
ples (5 

 

�

 

l) were separated on a reverse-phase C18 column (Kro-
masil, 250 

 

�

 

 2 mm, 5 

 

�

 

m diameter) using mobile phase A
(deionized water, 1 mM ammonium acetate, and 0.005% acetic
acid) and mobile phase B (methanol, 1 mM ammonium acetate,
and 0.005% acetic acid). Samples were eluted at 300 

 

�

 

l/min us-
ing a linear gradient of 85% solvent B to 90% solvent B over 15
min. Selective ion monitoring, made in the positive ion mode,
was used to detect [

 

2

 

H

 

8

 

]AEA (

 

m/z

 

 356), AEA (

 

m/z

 

 348), PEA (

 

m/z

 

300), and OEA (

 

m/z

 

 326). In one experiment, AEA content was
also determined using liquid chromatography-electrospray ion-
ization-mass spectrometry (LC-ES-MS). Samples (5 

 

�

 

l) were sep-
arated on a reverse-phase C18 column using mobile phase C
(deionized water and 0.005% acetic acid) and mobile phase D
(acetonitrile and 0.005% acetic acid). Samples were eluted at
200 

 

�

 

l/min using a linear gradient of 85% solvent D to 100% sol-
vent D over 5 min, and detection was made in the positive ion
mode.

 

In vitro assays of AEA hydrolysis and synthesis

 

A crude membrane fraction was prepared from the brains ei-
ther immediately after death or after 24 h at room tempera-
ture following the procedure described previously (15). Hydroly-
sis of AEA was determined as described previously (16) using
[

 

14

 

C]AEA labeled in the ethanolamine portion of the molecule.
The synthesis of AEA from [

 

14

 

C]ethanolamine was determined
in the same membrane preparation using modifications to a pre-
viously published method (17). Membranes (0.1 mg/ml) were
incubated in Tris buffer (50 mM, pH 7.4 or 9.0, containing 1
mg/ml BSA) with 36 mM [

 

14

 

C]ethanolamine (specific activity
0.25 Ci/mol) and 200 

 

�

 

M arachidonic acid at 30

 

�

 

C. The reaction
was stopped by the addition of chloroform-methanol (1:2), and the
amount of radioactivity was determined in the aqueous and or-
ganic phases. Control incubations were carried out without tissue.

 

Assay for brain ethanolamine

 

The amount of free ethanolamine in brain tissue was deter-
mined using a previously published procedure (18). Brains were
harvested and homogenized in Krebs-Ringer-bicarbonate buffer
either immediately or after 24 h at room temperature. The ho-
mogenates were diluted to 125 mg protein/ml and added to 0.5
ml of ice-cold trichloroacetic acid (50%, w/v). The extract was
filtered, washed, and applied to a column (6 

 

�

 

 0.5 cm) of Dowex
1 

 

�

 

 8 (OH

 

�

 

) anion-exchange resin. The effluent and water
washes were collected until the effluent reached pH 7. These
were combined, brought to pH 4 with HCl, and dried under vac-
uum. Ethanol-soluble material was separated using paper chro-
matography with butan-1-ol-acetic acid-water (100:25:50). The
spots were visualized using ninhydrin spray, and the spots that
comigrated with ethanolamine standard were cut out and added
to a solution of cadmium chloride (0.01%, w/v) in methanol-
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water (60:40) with frequent shaking. After 30 min, the absorp-
tion was determined at 510 nm and the ethanolamine concentra-
tion was calculated by linear regression using a standard curve.

 

RESULTS

The recent development of FAAH

 

�

 

/

 

�

 

 mice has enabled
investigation of the role of FAAH in endocannabinoid sig-
naling and in the metabolism of NAEs (11, 19). In qualita-
tive agreement with a previous report (11), whole brain
AEA, OEA, and PEA contents were 5-, 4-, and 7-fold greater,
respectively, in FAAH

 

�

 

/

 

�

 

 mice compared with wild-type
mice immediately after death (

 

Table 1

 

). The content of
a second endocannabinoid, 2-AG, was not different be-
tween the genotypes. Treatment of the mice 1 h before
death with URB597, an irreversible inhibitor of FAAH
(12), resulted in a significant increase of all three NAEs
but did not affect 2-AG content (Table 1).

The effects of postdecapitative ischemia on AEA and
2-AG content were determined (

 

Fig. 1

 

). Whole brain AEA
content was significantly increased postmortem in wild-
type mice. The data shown are the results of the determi-
nation of brain AEA content using LC-APCI-MS as de-
scribed in Materials and Methods; the same accumulation
of AEA was seen using the LC-ES-MS protocol, which uses
both different chromatography and a different ionization
method (data not shown). As has been shown previously
(2), the accumulation of AEA exhibited a time delay of
several hours before increasing rapidly. Brain AEA con-
tent in FAAH

 

�

 

/

 

�

 

 mice also increased postmortem; how-
ever, the total accumulation at 24 h was only 10% that of
wild-type mice (Fig. 1A). 2-AG content was reduced for
the first several hours postmortem, then recovered toward
the value obtained in fresh brain at 24 h (Fig. 1B). There
was no significant difference in 2-AG content between the
wild-type and FAAH

 

�

 

/

 

�

 

 mice at any time point.
To ensure that the changes in postmortem AEA content

were attributable to differences in FAAH activity rather
than other genetic differences, we determined the effects
of pharmacological inhibition of FAAH on postmortal ac-
cumulation of AEA (

 

Fig. 2

 

). In this study, the covalent
FAAH inhibitor URB532 was administered to male ICR

mice at a dose of 10 mg/kg ip 2 h before killing (12), and
whole brain AEA content was determined in brains ex-
tracted 24 h postmortem. Treatment of the mice in vivo
with URB532 significantly reduced postmortem AEA accu-
mulation to 

 

�

 

60% of that determined in vehicle-treated
mice.

These data suggest that FAAH is active in brain tissue
that has been completely ischemic for 24 h. Indeed, mem-
branes prepared from brains held at room temperature
for 24 h after death exhibited robust hydrolysis of AEA
(

 

Fig. 3A

 

). There was no difference between the maximal
activity (

 

Y

 

max

 

) values obtained in membranes freshly iso-
lated compared with those isolated after 24 h at room
temperature (33 

 

�

 

 0.7% vs. 34 

 

�

 

 1.6%, respectively).
However, the rate constant determined under these ex-
perimental conditions was significantly lower in the 24 h
membranes (0.18 

 

�

 

 0.02 min

 

�

 

1

 

 for control vs. 0.08 

 

�

 

0.009 min

 

�

 

1

 

 for 24 h; 

 

P

 

 

 

�

 

 0.05 by unpaired 

 

t

 

-test). No hy-
drolytic activity was seen in the membranes from FAAH

 

�

 

/

 

�

 

mice either freshly isolated (data not shown) or after 24 h
at room temperature (Fig. 3A). These data support the con-
clusion that AEA hydrolysis in the wild-type brains occurs
via FAAH and that FAAH is active as a hydrolase at least 24 h
after complete removal of the brain from perfusion.

FAAH has been demonstrated to catalyze AEA synthesis
from arachidonic acid and ethanolamine, with a reported

 

K

 

m

 

 for ethanolamine of at least 36 mM (20). If the syn-
thetase activity of FAAH was enhanced relative to its hy-
drolase function in postmortal brain, this could explain
the dependence of the postmortal accumulation of AEA
on the presence of FAAH protein. However, we were un-
able to demonstrate any synthesis of lipid-soluble products
from radiolabeled ethanolamine and arachidonic acid
upon incubation with either fresh or postmortem tissue
(Fig. 3B).

The effects of FAAH deletion on the postmortem accu-
mulation of two other NAEs (OEA and PEA) were deter-
mined in a second set of brains. After killing, the brains
were held at room temperature for 24 h before lipid ex-
traction (

 

Table 2

 

). As above, AEA content was significantly
reduced in brain from FAAH

 

�

 

/

 

�

 

 mice compared with
wild-type mice. However, neither PEA nor OEA content of
the same brains was reduced in the FAAH

 

�

 

/

 

�

 

 mice com-

 

TABLE 1. Brain contents of AEA, OEA, and PEA but not 2-AG are increased in FAAH

 

�

 

/

 

�

 

 mice and mice treated 
with FAAH inhibitor extracted immediately after death

 

Genotype or Treatment AEA OEA PEA 2-AG

 

pmol/g brain weight nmol/g brain weight

 

C57Bl6 wild type 30 

 

�

 

 4 (6) 345 (1) 552 

 

�

 

 74 (4) 9.4 

 

�

 

 0.7 (2)
FAAH

 

�

 

/

 

�

 

148 

 

�

 

 6 (6)

 

a

 

1,258 (1) 3,658 

 

�

 

 333 (3)

 

a

 

8.7 

 

�

 

 0.4 (3)
Vehicle; ICR mice 13 

 

�

 

 1 (4) 210 

 

�

 

 14 (4) 235 

 

�

 

 21 (4) 3.4 

 

�

 

 0.5 (4)
URB597 (1 mg/kg) 18 

 

�

 

 1 (4)

 

a

 

720 

 

�

 

 55 (4)

 

a

 

1,840 

 

�

 

 241 (4)

 

a

 

3.5 

 

�

 

 0.2 (4)

AEA, 

 

N

 

-arachidonylethanolamine; 2-AG, 2-arachidonylglycerol; FAAH, fatty acid amide hydrolase; OEA, 

 

N

 

-ole-
oylethanolamine; PEA, 

 

N

 

-palmitoylethanolamine. Whole brain content of lipids was determined in brains frozen
within 2 min of death. Data shown are means 

 

�

 

 SEM. Numbers in parentheses refer to the number of brains ana-
lyzed. URB597 or vehicle (in two mice the vehicle was DMSO, and in two mice the vehicle was emulphor/saline)
was injected into male ICR mice 1 h before death. There was no difference in any lipid measured between the two
vehicles, so the data have been combined.

 

a

 

 

 

P

 

 

 

�

 

 0.05 compared with vehicle or wild-type treated mice.
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pared with wild-type mice; in fact, OEA content was signif-
icantly increased in the FAAH

 

�

 

/

 

�

 

 mice.
We also examined the effects of treatment with URB532

on the postmortem accumulation of AEA, OEA, and PEA.
ICR mice were injected with 10 mg/kg URB532 at 2 h be-
fore death, and lipids were harvested from the brains 24 h
after death. In agreement with our first study, in which
AEA alone was measured (Fig. 2), the postmortal accumu-
lation of AEA was significantly reduced in the URB532-
treated animals compared with vehicle-treated controls
(Table 2). However, brain contents of OEA and PEA were
not different at 24 h postmortem between the vehicle-
treated and URB532-treated mice.

To determine whether the inhibition of FAAH after
death was sufficient to alter the accumulation of AEA,

URB597 was added to and mixed with the brains after re-
moval from the mice. After the 24 h postmortem period,
the brains were extracted and NAEs measured. When
mixed with the brain after death, URB597 had no effect
on AEA accumulation, significantly increased the accumu-
lation of OEA, and produced an increase in PEA accumu-
lation that did not reach statistical significance (

 

Table 3

 

).
Kempe and colleagues (8) suggested several years ago

that postmortal accumulation of AEA could occur via non-
enzymatic, base-catalyzed aminolysis of phospholipid acyl
chains by ethanolamine. Because one product of FAAH
hydrolysis of NAEs is ethanolamine, we explored the hy-
pothesis that the formation of AEA postmortem occurs as
a result of increased ethanolamine content in brain and
that FAAH-mediated hydrolysis of NAEs is the source of
the ethanolamine. Ethanolamine content was determined
in brain extracts from wild-type and FAAH

 

�

 

/

 

�

 

 mice imme-
diately after killing and after 24 h at room temperature
(

 

Fig. 4

 

). In agreement with earlier studies (18), the etha-
nolamine content in wild-type mouse brain was increased
15-fold at 24 h after decapitation. In contrast, although
the ethanolamine content from FAAH

 

�

 

/

 

�

 

 mice increased
slightly during the 24 h after decapitation, this increase
did not reach statistical significance. These results suggest
that FAAH activity plays a significant role in the genera-
tion of ethanolamine postmortem.

DISCUSSION

In qualitative agreement with previous data from the
same mouse line (21), we found that brain contents of
three NAEs in tissue that was assayed within a few minutes
of decapitation were increased 5- to 7-fold in FAAH

 

�

 

/

 

�

 

mice compared with wild-type mice. As expected, the ab-
sence of FAAH had no effect on brain 2-AG content. In

Fig. 1. N-Arachidonylethanolamine (AEA) accumulation in wild-
type and fatty acid amide hydrolase-deficient (FAAH�/�) mice after
decapitation. The effects of postdecapitative ischemia on whole
brain AEA (A) and 2-arachidonylglycerol (2-AG; B) content (n �
4–6/group) were determined. For AEA accumulation, two-way
ANOVA revealed significant effects of both postdecapitative time
(P � 0.0001) and genotype (P � 0.0001) as well as a significant in-
teraction (P � 0.0001). Post hoc Bonferroni’s test indicated a signif-
icant increase in AEA content at 24 h compared with freshly ex-
tracted brains in both wild-type and FAAH�/� mice (P � 0.001 for
both). Pairwise comparisons at each time point using Tukey’s post
hoc tests indicate that the accumulation of AEA was significantly
different between the two genotypes at 5 and 24 h after decapita-
tion. Regarding 2-AG accumulation, two-way ANOVA indicated no
significant effect of either genotype or time on the response. BW,
brain weight. Error bars represent SEM.

Fig. 2. Treatment in vivo with the irreversible FAAH inhibitor
URB532 inhibits postdecapitative brain AEA accumulation. Wild-
type mice were treated with vehicle or URB532 (10 mg/kg ip) 2 h
before killing (n � 5/group). Brain lipids were extracted 24 h post-
mortem, and AEA content was determined using LC/MS. * Signifi-
cantly different from vehicle pretreatment (P � 0.05) using an un-
paired t-test. BW, brain weight.
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addition, when the mice were treated in vivo with an irre-
versible FAAH inhibitor (12), the NAEs were increased
significantly without a change in 2-AG content. Interest-
ingly, comparison of the NAE contents in the control groups
for these two studies revealed that the C57Bl6 mice have
higher NAE contents than the ICR mice treated with
DMSO. At this point, we do not know the reason for this
difference. Possible explanations include differences in
gender, strain, and exposure to an injection. These data
are all in agreement with conclusions from several labora-
tories that the activity of FAAH plays an important role in
the regulation of NAE content in the brain via catabolic
removal (11, 12, 14). When FAAH activity is reduced or
eliminated, the NAEs accumulate, presumably because
their synthesis is unchanged but catabolism is decreased.

However, the current findings demonstrate that the role
of FAAH is different when the NAEs are allowed to accu-

mulate postmortem. In the case of two relatively abundant
NAEs (OEA and PEA), the absence of FAAH results in a
significant increase in their accumulation compared with
wild-type mice at 24 h postmortem. The fold difference
between the two genotypes was much less at 24 h postmor-
tem than in freshly harvested brain, although the absolute
differences were much greater. Irreversible inhibition of
FAAH with members of the URB family of carbamates also
had a much greater impact on the accumulation of OEA
and PEA in freshly isolated brain than after 24 h. These
data suggest that the catabolic “efficacy” of FAAH is less at
24 h postmortem than in freshly isolated brains. In other
words, the large accumulation of the NAEs at 24 h so over-
whelms FAAH-mediated removal that inhibition of FAAH
has a lesser effect on content. In any event, the primary
role of FAAH in the accumulation of OEA and PEA post-
mortem is as a route of catabolism.

On the other hand, FAAH appears to play a synthetic
role in the postmortal accumulation of AEA, because the
FAAH

 

�

 

/

 

�

 

 mice accumulated only 10% the amount of
AEA as wild-type mice. Because in vivo administration of a
FAAH inhibitor also results in significantly lower postmor-
tal AEA accumulation, we conclude that it is FAAH activity
that is required for AEA accumulation. We have begun to
explore the mechanism by which FAAH activity results
in increased brain AEA content postmortem. One pos-
sible mechanism is FAAH-mediated synthesis of AEA from
arachidonic acid and ethanolamine. Several investigators
have demonstrated that recombinant FAAH protein is ca-

Fig. 3. FAAH hydrolysis is intact at 24 h postmortem, and no AEA
synthetase activity is apparent in mouse brain membranes. Brains
were harvested from wild-type or FAAH�/� mice, and membranes
were prepared either immediately after death or after 24 h. A: FAAH
hydrolytic activity was measured in membranes (0.025 mg protein/
ml) using the conversion of [14C]AEA to [14C]ethanolamine at var-
ious incubation times. B: Putative AEA synthetase activity was deter-
mined in membranes (0.1 mg protein/ml) incubated with 36 mM
[14C]ethanolamine (EA) and 200 �M arachidonic acid at 30�C. Er-
ror bars represent SEM.

 

TABLE 2. Differential effects of FAAH deletion and inhibition on 
NAE content 24 h postmortem

 

Genotype or Treatment AEA OEA PEA 

 

nmol/g brain weight

 

	

 

/

 

	

 

3.1 

 

�

 

 0.2 3.3 

 

�

 

 0.2 7.9 

 

�

 

 1.3

 

�

 

/

 

�

 

0.7 

 

�

 

 0.1

 

a

 

6.3 

 

�

 

 0.7

 

a

 

15.0 

 

�

 

 1.4

 

a

 

Vehicle 9.3 

 

�

 

 0.8 6.7 

 

�

 

 0.7 13.6 

 

�

 

 1.6
URB532 (10 mg/kg) 5.5 

 

�

 

 0.7

 

a

 

6.5 

 

�

 

 0.7 14.0 

 

�

 

 1.5

NAE, 

 

N

 

-acylethanolamine. Whole brain content of lipids was de-
termined in brains that were left at room temperature for 24 h after re-
moval from the mice. Data shown are means 

 

�

 

 SEM. All three lipids
were determined in each of six brains. Data were compared using un-
paired 

 

t

 

-tests.

 

a

 

 

 

P

 

 

 

�

 

 0.05 compared with the same lipid content in brain from
wild-type or vehicle-treated mice.

TABLE 3. Effects of FAAH inhibition in vitro on the accumulation of 
NAEs in postmortem brain

 

Treatment AEA OEA PEA

 

nmol/g brain weight

 

DMSO 1.1 

 

�

 

 0.1 4.2 

 

�

 

 0.5 16.1 

 

�

 

 1.9
URB597 (1 

 

�

 

M) 1.0 

 

�

 

 0.08 7.8 

 

�

 

 1.2

 

a

 

24.8 

 

�

 

 5.3

Brains were homogenized with either 10 
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l of DMSO or URB597
in DMSO and were incubated for 24 h at room temperature before ex-
traction and assay for NAE content. Each value is the mean of four de-
terminations 
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 SEM.
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P

 

 � 0.05 compared with DMSO-treated brain using an unpaired
t-test.
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pable of catalyzing the reverse of the hydrolase reaction
[i.e., is an AEA synthetase if the concentration of ethanol-
amine is very high (
100 mM)] (17, 22). However, in
contrast to earlier studies (23, 24), we did not detect
protein-dependent formation of AEA from exogenous
ethanolamine and arachidonic acid in membranes from
mouse brain. However, the same membrane preparations
exhibited robust hydrolysis of AEA at protein concentra-
tions half that used for the synthetase assay. Although it is
possible that we would have detected AEA synthesis if we
had used higher protein or substrate concentrations, it is
our conclusion from these studies that the synthetase
activity of FAAH is not likely to contribute to the post-
mortal accumulation of AEA. However, we cannot dis-
count the possibility that local concentrations of ethanol-
amine could be high enough to support FAAH operating
as a synthetase.

An alternative hypothesis, suggested in 1964 (25) and
reconsidered more recently by Kempe and colleagues (8),
is that the synthesis of AEA in ischemic brain occurs via a
nonenzymatic process of aminolysis of tissue phospholip-
ids and/or triglycerides by ethanolamine. Aminolysis of
phospholipid and triglycerides is a well-known phenome-
non and can occur under mildly basic conditions (26). As
brain homogenates became slightly more alkaline at 24 h
after death (data not shown), we considered the hypothe-
sis that the accumulation of AEA postmortem is attribut-
able to aminolysis. The reduction of AEA accumulation
postmortem in FAAH�/� mice suggests that the condi-
tions for aminolysis are less favorable in mice of this geno-
type, perhaps because of reduced ethanolamine content
in the FAAH null mice. Indeed, wild-type mice accumu-
late significantly more ethanolamine at 24 h postmortem
than do FAAH�/� mice. The lower amount of ethanol-

amine in the FAAH�/� mice postmortem would explain a
reduction in AEA accumulation at 24 h after death if a
large portion of the AEA produced comes from aminolysis
of esterified arachidonic acid by ethanolamine. There is
no reason to suspect that the second reactant of the ami-
nolysis pathway, arachidonic acid esterified in phospho-
lipid or triglyceride, would be altered by the loss of FAAH,
but this possibility remains unexplored at present. We also
cannot rule out an effect of the loss of FAAH on other en-
zymes, such as PLD, which also generate ethanolamine.

Although this mechanism is consistent with our AEA ac-
cumulation data, base-catalyzed aminolysis is nonenzy-
matic, so it is difficult to envision why it would be involved
so predominantly in the postmortem accumulation of
AEA but not in the accumulation of either OEA or PEA.
Base-catalyzed aminolysis involves attack by the amine at
the ester bond between the fatty acyl chain and the glycer-
ide backbone. Our data suggest that some unknown factor
makes ethanolaminolysis of arachidonate-containing lip-
ids more likely to occur than aminolysis of palmitate- and
oleate-containing lipids. Perhaps the answer lies in the lo-
calization of the sites of ethanolamine accumulation and
membrane regions that are enriched in arachidonate-
containing phospholipids. Alternatively, because arachi-
donate is almost exclusively at the sn2 position but palmi-
tate and oleate are more abundant at the sn1 position,
perhaps the selectivity for the formation of AEA via this
route is related to the differential distribution of acyl
groups in phospholipids.

It is our current hypothesis that postdecapitative isch-
emia results in membrane damage, excitotoxicity, and in-
creases in intracellular calcium. As a result, the NAT path-
way is activated, resulting in an increase in the synthesis of
the family of NAPEs. Subsequent PLD activity yields NAEs,
which can either accumulate or be hydrolyzed by FAAH to
yield ethanolamine and fatty acids. We further hypothe-
size that, in addition to the NAT/PLD route, AEA synthe-
sis in the postmortem brain occurs via aminolysis of
arachidonate-rich phospholipid or triglyceride by etha-
nolamine. In the absence of FAAH, the contribution from
aminolysis is less because postmortem ethanolamine accu-
mulation is diminished. It is our hypothesis that ethanol-
amine is shuttled by this mechanism from the total pool of
NAEs to AEA through the sequential steps of FAAH-medi-
ated hydrolysis of NAE to ethanolaminolysis-mediated syn-
thesis of AEA. The production of AEA by the aminolysis
route overwhelms its hydrolysis by FAAH, at least at 24 h.
Presumably, a state steady would eventually be reached
between FAAH-mediated hydrolysis of the accumulating
AEA and AEA production by ethanolaminolysis.

These data appear to explain several discrepancies in
the literature. First, the accumulation of AEA postmortem
is out of proportion to the accumulation of its precursor,
N-arachidonylphosphatidylethanolamine (8, 9). In partic-
ular, more AEA is formed than is accounted for by its pre-
cursor. Our data are consistent with this observation, be-
cause the production of AEA via aminolysis does not
involve NAPE. These data could also explain the kinetics
of AEA accumulation, which exhibits a lag phase com-

Fig. 4. FAAH�/� mice accumulate significantly less ethanolamine
24 h after decapitation than do wild-type mice. Brains were har-
vested from wild-type and FAAH�/� mice and were homogenized
either immediately or 24 h after harvest (n � 4/group). Whole
brain ethanolamine content was determined spectrophotometri-
cally as described in Materials and Methods. One-way ANOVA re-
vealed a significant effect of genotype (P � 0.001). * Significantly
different (P � 0.05) using Bonferroni’s post hoc analysis. ** Signifi-
cantly different (P � 0.01) using Bonferroni’s post hoc analysis.
BW, brain weight. Error bars represent SEM.
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pared with the other NAEs (2), as the accumulation of
ethanolamine would be time dependent.

Our results also indicate that FAAH activity plays a role
in the postmortem accumulation of ethanolamine: FAAH
converts NAEs to ethanolamine and fatty acid. However,
the product-substrate relationship between ethanolamine
and NAE is not completely clear from these data. When
FAAH is deleted, an ethanolamine “deficit” of �7 �mol/g
brain weight is seen at 24 h postmortem. In contrast, our
data and those of Schmid et al. (2, 27), who assayed a
larger number of NAEs in postmortem mammalian brain,
indicate that, at best, the gain in NAE-esterified ethanol-
amine in a FAAH null brain is only 0.06 �mol/g brain
weight. Therefore, the loss of ethanolamine is much
greater than the accumulation of NAE, suggesting that
the loss of FAAH directly or indirectly alters the produc-
tion of NAE, perhaps via the NAT/PLD route.

Although these studies were carried out using postde-
capitative ischemia as a stimulus for AEA production, ami-
nolysis could also account for some of accumulation of
AEA during shorter periods of ischemia. There are several
reports in the literature that AEA content increases in in-
tact but ischemic brain (4, 9). AEA content also increases
in response to excitotoxic and traumatic neuronal injury
(3, 28). Future studies will focus on the relative contribu-
tions of the NAT pathway and the FAAH-dependent ami-
nolysis pathway in the synthesis of AEA during shorter
periods of brain ischemia. Because CB1 receptor activity
during ischemia modifies the outcome of ischemic and
traumatic brain injury (29, 30), it is possible that modula-
tors of FAAH could affect AEA-mediated neuroprotective
mechanisms and thus could serve as a novel therapeutic
target for the treatment of ischemic brain injury and
stroke.

This work was supported by U.S. Public Health Service Grants
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