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ARTICLE INFO ABSTRACT

Keywords: N-Acyl-phosphatidylethanolamines (NAPEs), a minor class of membrane glycerophospholipids, accumulate

N-acylethanolamine along with their bioactive metabolites, N-acylethanolamines (NAEs) during ischemia. NAPEs can be formed

N-acyl-phosphatidylethanolamine through N-acylation of phosphatidylethanolamine by cytosolic phospholipase Ase (cPLAze, also known as

g’;:;::lg:;::;:se PLA2GAE) or members of the phospholipase A and acyltransferase (PLAAT) family. However, the enzyme

Endocannabinoid responsible for the NAPE production in brain ischemia has not yet been clarified, Here, we investigated a possible

Phospholipase A role of cPLA¢ using cPLAse-deficient (Pla2gde ™) mice. As analyzed with brain homogenates of wild-type mice,
the age dependency of Ca>*-dependent NAPE-forming activity showed a bell-shape pattern being the highest at
the first week of postnatal life, and the activity was completely abolished in PlaZgde ™~ mice. However, liquid
chromatography-tandem mass spectrometry revealed that the NAPE levels of normal brain were similar between
wild-type and Pla2g4e ™~ mice. In contrast, post-mortal accumulations of NAPEs and most species of NAEs were
only observed in decapitated brains of wild-type mice. These results suggested that cPLAse is responsible for
Ca*'-dependent formation of NAPEs in the brain as well as the accumulation of NAPEs and NAEs during
ischemia, while other enzyme(s) appeared to be involved in the maintenance of basal NAPE levels.

1. Introduction traceably found in animals and plants under normal physiological con-
ditions [2]. Its unique triacylated structure stabilizes cell membrane and

N-Acyl-phosphatidylethanolamine (NAPE), first isolated from the serves as the precursor of lipid mediator N-acylethanolamines (NAEs)
infarcted myocardium of dogs [1], is a membrane phospholipid [3], including anti-inflammatory palmitoylethanolamide (PEA) [4],

Abbreviations: NAE, N-acylethanolamine; NAPE, N-acyl-phosphatidylethanolamine; AEA, arachidonoylethanolamide; CRISPR/Cas9, clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated protein 9; cPLAg, cytosolic phospholipase Ase; DHEA, docosahexaenoylethanolamide; DTT, dithiothreitol;
FAAH, fatty acid amide hydrolase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MPC, medial
prefrontal cortex; NAPE-PLD, NAPE-hydrolyzing phospholipase D; OEA, oleoylethanolamide; PC, phosphatidylcholine; PCR, polymerase chain reaction; PE, phos-
phatidylethanolamine; PEA, palmitoylethanolamide; PLAAT, phospholipase A and acyltransferase; PLA2GA4E, phospholipase A; Group IVE; PS, phosphatidylserine;
PSC, primary somatosensory cortex; qPCR, quantitative PCR; TLC, thin-layer chromatography; WT, wild-type.
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anorectic oleoylethanolamide (OEA) [5], the endocannabinoid arach-
idonoylethanolamide (AEA, anandamide) [6] and docosahex-
aenoylethanolamide  (DHEA, synaptamide) which promotes
neurogenesis, neuritogenesis and synaptogenesis [7]. In mammals,
NAPE is enzymatically synthesized by N-acyltransferase which transfers
an acyl chain of glycerophospholipid such as phosphatidylcholine (PC)
to the amino group of phosphatidylethanolamine (PE) (Fig. 1) [8]. This
NAPE is next hydrolyzed to NAE directly by NAPE-hydrolyzing phos-
pholipase D (NAPE-PLD) [9] or through multi-step pathways via the
formation of lysoNAPE [10] (Fig. 1). So far, it has been revealed that N-
acyltransferases are classified into two groups on the basis of Ca?"-de-
pendency. The phospholipase A and acyltransferase (PLAAT) family,
consisting of five members (PLAAT-1-5) in humans and three in rodents
(PLAAT-1, -3, and -5), function as Ca®*-independent N-acyltransferase
[11], while the € isoform of cytosolic phospholipase As (cPLAz¢), also
referred to as phospholipase Az Group IVE (PLA2G4E), was identified as
Ca®"-dependent N-acyltransferase [12]. We also confirmed that the
purified recombinant cPLAges of mice and humans absolutely require
Ca®" for their N-acyltransferase activities [13,14]. Very recently, a
cPLAge gene-disrupted study showed its protective role against skin
inflammation in an imiquimod-induced psoriatic mouse model by pro-
ducing NAPEs to serve as the precursors of anti-inflammatory NAEs
[15].

Brain contains a relatively high level of NAPE among various mouse
and rat tissues [16]. In accordance with this finding, mRNA of cPLAz¢ is
abundantly expressed in mouse brain [12]. Age-dependent change of
brain N-acyltransferase activity has also been noted with higher activity
in neonatal brain than that of adult counterparts [17,18]. In agreement
with this finding, the expression level of ¢PLAze was also higher in
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neonatal brain [12]. These results suggested that cPLAe¢ is the principal
N-acyltransferase responsible for NAPE generation in brain. However,
mouse brain also expresses PLAAT family members; the expression level
of PLAAT-1 was relatively high in brain [19], and PLAAT-3 and -5
showed moderate and low expressions, respectively [20,21]. It was
likely that other enzyme(s) also function as N-acyltransferase. There-
fore, it has not yet been elucidated how much cPLAse is responsible for
the formation of NAPEs in the brain in vivo.

In the present study, we analyzed the brain of cPLA¢ gene-disrupted
(P102g4e*/ ~) mice and showed that cPLAge is responsible for the brain
Ca2+-dependent N-acyltransferase activity. Furthermore, we focused on
the post-decapitative brain ischemic model, in which NAPEs and NAEs
were reported to remarkably accumulate [17,18,22,23]. Since cPLAge
was suggested to be activated by the increase in intracellular Ca?*
concentration triggered by cell damage [14], we expected that Pla2gde™
~ mice are useful to elucidate the contribution of cPLAze to the post-
mortal accumulation of NAPEs and NAEs. Our results demonstrated
for the first time the central role of cPLAse in this ischemic model and
also suggested the involvement of other enzyme(s) in the maintenance
of basal levels of NAPEs, namely, the NAPE levels in the non-damaged
brain tissue.

2, Materials and methods
2.1. Materials

1,2-[1"-"*C]Dipalmitoyl-PC was purchased from PerkinElmer Life
Science (Boston, MA, USA). 1,2-Dipalmitoyl-PC and 1,2-dioleoyl-PE
were from Sigma-Aldrich (St. Louis, MO, USA). 1,2-Dioleoyl-phosphati-
dylserine (PS) was from Avanti Polar Lipids (Alabaster, AL, USA).
Nonidet P-40 was from Nacalai Tesque (Kyoto, Japan). Dithiothreitol
(DTT), 3(2)-t-butyl-4-hydroxyanisole and isoflurane were from Wako
Pure Chemical (Osaka, Japan). Protein assay dye reagent concentrate
was from Bio-Rad (Hercules, CA, USA). Precoated silica gel 60 Fasq
aluminum sheets (20 x 20 cm, 0.2 mm thick) for thin-layer chroma-
tography (TLC) were from Merck (Darmstadt, Germany). Wild-type
(WT) C57BL/6 mice were from Japan SLC Inc. (Shizuoka, Japan).
Quick Taq HS DyeMix was from TOYOBO (Osaka, Japan). PrimeScript
RT reagent kit and SYBR Premix Ex Taq II were from Takara Bio (Ohtsu,
Japan). TRIzol was from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Generation of Pla2gde™" mice

Pla2g4e“/ ~ mice were generated as reported by Liang et al. [15].
Briefly, exon-11 of Pla2g4e gene underwent a deletion of 13 base-pairs
by the clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 (CRISPR/Cas9) system. This deletion
caused a frameshift mutation making a new stop codon just after the
402nd amino acid resulting in a truncated protein. This truncated pro-
tein did not contain Ser-420, which was previously reported to be the
catalytic nucleophile [12]. The obtained Pla2g4e™~ mice were back-
crossed to CS?BL/ﬁ genetic background and were intercrossed to WT
and Pla2gde™~ mice. Pla2g4e™'~ mice were born at the expected Men-
delian frequency, viable, and healthy [15].

2.3. PCR-based genotyping

The genomic DNA obtained from mouse tails was subjected to con-
ventional PCR. The primers used were 5'-CAAGGTCTATGGTCTCCTTG-
3 (forward for WT), 5'-TGGCACAAGGTCTATGGCCA-3' (forward for
Pla2g4e_/ 7), and 5'-ATGTATACAGCAGCTCTGTGC-3' (reverse for both
WT and P[02g4e_/ 7). PCR amplification was performed with Quick Taq
HS DyeMix at a denaturing temperature of 94 °C for 30 s, followed by
annealing at 60 °C for 30 s and extension at 68 °C for 30 s (35 cycles).
The WT-specific primer set and the Pla2gde™ -specific primer set pro-
duced 254 bp allele and 246 bp allele, respectively.
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2.4, Animal experiments

The protocol of this study was approved by the Animal Care and Use
Committee for Kagawa University (approved numbers: 2021-21619).
Mice were maintained in a temperature-controlled room (22 + 2 °C)
with 12 h of light/dark cycle (lights on from 0600 to 1800) and were
given food and water ad libitum.

Pregnant mice of WT or Pla2gde™"~ were allowed to give birth
spontaneously and the day of birth was designated as postnatal day
0 (P0). Mice were anesthetized with isoflurane and sacrificed by cervical
dislocation, Some pregnant mice were sacrificed before term to collect
embryos at day 14 (E14) and 17 (E17). Whole brain tissues from mice
were immediately frozen in liquid N and stored at —80 “C until use.

—f—

2.5. Region-specific sampling of brain tissue

WT male pups at P7 age (n = 3) were anesthetized and sacrificed by
decapitation. Whole brains were removed from the skulls and sectioned
in the coronal plane to yield 1-mm-thick slices using a Brain Matrix
device {Roboz Surgical Instrument, MD, USA). Various brain regions
were dissected from these slices. Samples were immediately frozen in
liquid N3 and stored at —80 °C until use. The membrane fractions were
then prepared from the brain homogenates as described below and used
for N-acyltransferase assay.

2,6, Real-time quantitative PCR (qPCR)

Total RNAs were collected from mouse brain tissues at the age of
El4, E17, PO, P7, P14, P21 and P28 (n = 3 for each age) by TRIzol, and
¢DNAs were synthesized with PrimeScript RT reagent kit. gPCR was
performed with an Applied Biosystems ViiA7 Real-Time PCR System
(Thermo Fisher Scientific, Carlsbad, CA) using SYBR Premix Ex Taq IL
The primers used for cPLAze and glyceraldehyde 3-phosphate dehy-
drogenase {GAPDH) (an endogenous control) are shown in Table 1. The
PCR conditions were as follows: denaturation at 95 °C for 5 s and
annealing/extension at 60 °C for 30 5 (40 cycles). The cDNAs of WT P7
mouse brain were serially diluted (1:2 for cPLAge and 1:4 for GAPDH)
and used to draw standard curves by plotting the threshold cycles versus
log1q of arbitrary relative initial quantities of cDNAs.

2.7. Enzyme assay

After sacrifice, the brain tissues of WT and PlaZgde™ ~ mouse (mixed
sexes) at the age of E14, E17, PO, P7, P14, P21 and P28 (n = 3 for each
age) were removed and homogenized in 5 volumes (v/w) of 20 mM Tris-
HCI (pH 7.4) containing 0.32 M sucrose using a Polytron homogenizer.
The cell-free extracts were first centrifuged at 800 xg for 15 min, and the
supernatant (designated as homogenates} was further centrifuged at
105,000 xg for 55 min. The obtained pellet was suspended in 20 mM
Tris-HCl (pH 7.4) containing 0.32 M sucrose and used as the membrane
fraction, For N-acyltransferase assay, 50 pg protein of membrane frac-
tlon was incubated with 25 pM 1,2-[**C]dipalmitoyl-PC (90,000 cpm)
and 100 uM 1,2-dioleoyl-PE in 100 pL of 100 mM Tris-HCl (pH 8.2)
containing 100 pM dioleoyl-PS, 2 mM DTT, 0.05 % Nonidet P-40 and
either of 5 mM CaCl, or 5 mM EGTA at 37 °C for 60 min, The reaction
was terminated by the addition of 320 L of a mixture of chloroform and
methanol (2:1, v/) centaining 5 mM 3(2)-t-butyl-4-hydroxyanisole,

Table 1
Primers used for qPCR.
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After centrifugation, 100 L of the organic phase was spotted on a silica
gel thin-layer plate (10 cm height) with a calibrated capillary glass pipet
connected to a rubber aspirator tube (Drummond Scientific Co., Broo-
mall, PA) and was dried under the airflow of a hair dryer. The plate was
next developed at 4 °C for 25 min in a mixture of chloroform/methanol/
28 % ammonium hydroxide (80:20:2, v/v) resulting in the separation of
the produced N-[*C]palmitoyl-PE from other radioactive compounds.
The proper identification of the product was confirmed by comigration
with the authentic standard of N-[1*C]palmitoyl-PE on the same TLC
plate in three different solvents: chloroform/methanol /28 % ammonium
hydroxide (80:20:2, v/v), chloroform/methanol/water (65:25:4, v/v),
and chloroform/methanol/acetic acid (9:1:1, v/v). For this purpose, N-
[}*C]palmitoyl-PE was synthesized from [1-*Clpalmitic acid and 1,2-
dioleoyl-PE according to the method of Tsuboi et al. [10]. The distri-
bution of radicactivity on the plate was visualized and quantified using
an image reader FLA-7000 (Fujifilm, Tokyo, Japan). The N-acyl-
transferase activity was caleulated by quantifying N-[1*Clpalmitoyl-PE,

2.8. Post-decapitative ischemia

P7 WT and PlaZgde ™~ mice of mixed sexes were anesthetized and
sacrificed by decapitation. The heads were wrapped in aluminum foil
and incubated at 37 °C for 6 h, as described previously [18]. As controls,
the removed heads were immediately frozen in liquid N3, These brain
samples were stored at —80 °C until use.

2.9, Analysis of NAPEs and NAEs by liguid chromatography-tandem
mass spectrometry (LC-MS/MS)

The brains were suspended in 3.8 mL of a mixture of chlorcform/
methanol/2.0 % KCl (1:2:0.8, v/¥} on ice followed by homogenization
using a TissueRuptor I (Qiagen, Hilden, Germany) for several minutes.
After adding internal standards (Table 2), the homogenates were soni-
cated for 10 s in an ultrasonic bath sonicator and then centrifuged at
1100 xg for 5 min. The supernatant was withdrawn, and the resulting
pellet was mixed with 1.9 mL of chloroform/methanol/2.0 % KCl
(1:2:0.8, v/v) followed by another centrifugation. Supernatants were
combined and mixed with 1.5 mL each of chloroform and water, fol-
lowed by centrifugation at 1100 xg for 5 min. The resulting lower layer
was transferred to another glass tube. The remaining upper layer was

Table 2
Conditions for LC-MS/MS.
NAPE NAE
Internal standard 16:0/16:0/N17:0-NAPE dd16:0
(1 nmol} NAE
(0.1 nmol)
Selected ions
Q1 M — H]™ M+ H)*
Q3 [RLCO0]™ m/z 62
Column** a b
Solvent*** A B

* [R4C00], acyl chain released from sn-2 position; m/z 62, ethanclamine ion.

*" a, Imtakt Unison UK-amino (100 x 2 mm, 3 pm); b, Supelco Ascentis Ex-
press C18 reverse-phase (150 x 2.1 mm, 2.7 pm).

""" A, acetonitrile/methanol (95:5, v/v) containing 0.1 % triethylamine; B,
methanol/water (95:5, v/v) containing 5 mb ammenium formate.

¢DNA (accession number) Direction Sequence Location of nucleotides

PlaZgde PForward 5-AAACACCTGAACCTGCTGGACACTGCG-3 2532-2558
(NM_177845) Reverse 5-TCTTCTGCTCGGTACAGTACTCACAGG-3 2694-2668

GAFDH Torward 5-AACTCCCACTCTTCCACCTTCGATG-3 1099-1323
(NM_008084) Reverse 5.CCTGTTGCTGTAGCCGTATTCATTG-3 1203-1179
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mixed with 3 mL of chloroform/methanol (17:3, v/v) and centrifuged.
The lower layer was combined with the former one. After evaporation,
one-third of lipids recovered from the combined lower layers were dis-
solved in 0.8 mL of methanol. The lipid solution was filtered through a
non-polar filter (Chromatodisc 4N, 0.2 pm, Kurabo, Osaka, Japan). The
filtrate was dissolved in 1.5 mL of a mixture of methanol/water (95:5, v/
v) containing 5 mM ammonium formate for LC-MS/MS. In the case of
NAPE analysis, lipids were dissolved in the solvent without ammonium
formate. LC-MS/MS was performed using a quadrupole-linear ion trap
hybrid mass spectrometer, 4000 Q TRAP (Applied Biosystems/MDS
Sciex, Concord, Ontario, Canada) with an Agilent 1100 liquid chro-
matograph (Agilent Technologies, Wilmington DE, USA) and HTSPAL
autosampler (CTC Analytics AC, Zwingen, Switzerland), as described
previously [10,24,25]. The internal standards, selected ions, and LC
conditions for LC-MS/MS are summarized in Table 2. The amounts of
lipid molecules were determined from ratios of peak areas of objective
lipid molecules to those of their corresponding internal standards and
were shown as nmol/g tissue. Although the ionizing efficiency of lipid
molecules in electrospray ionization varies depending on the chain-
length and number of double bonds in the molecule, the differences in
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the ionizing efficiency were not taken into consideration. The amounts
of alkenylacyl-type NAPE were corrected by using correction factors as
described previously [10,26]. Statistical analyses were performed by
one-way ANOVA with post hoc Tukey's test.

2.10. Histological analysis of brain

Whole brains were collected from P7 and P30 mice under anesthesia
and fixed with 4 % paraformaldehyde in PBS. The brains were
embedded in paraffin and sectioned sagittally at a thickness of 4 ym, The
sections were stained with hematoxylin and eosin, followed by histo-
logical examination.

3. Results
3.1. Age-dependent expression of cPLAgze in mouse brain

Since Caz’-dependent N-acyltransferase activity changes age-
dependently in brain [17,18], we first quantified the mRNAs of cPLA2e
at various ages (E14-P28) from WT mouse brain by qPCR (Fig. 2A).

Fig. 2. Age-dependent changes of cPLA¢ expression and
N-acyltransferase activity in mouse brain.

The mRNA levels of cPLAze in WT mouse brain at the
indicated ages were measured by qPCR. The expression
levels of these mRNAs were normalized to those of
GAPDH and the ratios were shown (mean values + SD, n
= 3) (A). The membrane fractions (50 pg of protein) of
WT and Pla2g4e™’~ mouse brains at the indicated ages
were assayed for N-acyltransferase activity. The resultant
radioactive products were separated by TLC for WT (B)
and Pla2gde ™/~ (C), and N-acyltransferase activities were
calculated by quantifying the produced N-[*C]palmitoyl-
PE (NPPE) (mean values + SD, n = 4) (D). The membrane
fractions (25 pg of protein) of cortex (PSC and MPC),
hippocampus, cerebellum, striatum, olfactory tract, hy-
pothalamus, and brainstem in P7 WT mouse brain were
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When normalized to GAPDH levels, cPLA2e mRNA levels started to in-
crease at E14 being the highest at PO and then slowly went downhill
until reaching plateau at P14. The cPLAz¢ expression was estimated to be
around 13-fold higher at PO than E14, but about 6-times lower at the
plateau level (P14-P28) than PO.

3.2. Age-dependent N-acyltransferase activity in mouse brain

We next examined Caz‘-dependent N-acyltransferase activity in the
brains of WT and Plazg‘}e_/" mice at the same age points (Fig. 2B-D).
For this purpose, we used membrane fractions of brain homogenates
since cPLAge was reported to be rich in membrane [27]. The activity of
WT was first detectable at E17 and continued to increase until P7, fol-
lowed by a sharp decline towards the older age points. The highest ac-
tivity detected at P7 was 10.5 pmol/min/mg, which was around 7-fold
higher than the lowest detectable activity found at either E17 or P28.
The activity did not change significantly after P28 and remained almost
same until P70 (data not shown). Therefore, we used P28 or P30 mice
rather than adult mice hereafter. When CaCl, was replaced with EGTA
as Ca®® chelator, the activity could not be detected at all (data not
shown). In contrast, the activity was not detectable in PlaZgde™"~ mouse
brain at any of the tested age points even in the presence of Ca®" (Fig. 2C
and D). These results strongly suggested that cPLAge is responsible for
the Ca?*-dependent formation of NAPEs by the membrane fraction of
mouse brain where its activity remarkably changed in the early stages of
life.

3.3. Distribution of cPLAze activity in mouse brain

In order to find the spatial distribution of cPLAse in the brain,
membrane fractions of several regions of the brain prepared from WT
mice at P7 were analyzed for the Ca®"-dependent N-acyltransferase
activity (Fig. 2E). The activity was found to be the highest in the cortical
regions (27.1 and 25.2 pmol/min/mg in primary somatosensory cortex
(PSC) and medial prefrontal cortex (MPC), respectively), the lowest in
hippocampus (4.1) and cerebellum (4.7), and intermediate in striatum
(15.4), olfactory tract (14.3), hypothalamus (12.8) and brainstem
(12.6). These activities were not detected in the identical brain regions
of Pla2g4e'/ ~ mouse at P7 (data not shown), suggesting the central role
of cPLAge in the NAPE production in various brain regions. Histological
studies on the brains of WT and Pla234e’/‘ mice at P7 and P30 revealed
that there was no clear morphological difference between the two
groups (Supplementary Figs. 1 and 2).

3.4. cPLAgze-independent mechanism is responsible for maintenance of
basal NAPE levels

We next analyzed endogenous NAPE levels of whole brains from WT
and Pla2gde™’~ mice by LC-MS/MS. Considering the age-dependent
change of cPLAze expression levels, we used mice at P7 and P30. The
whole brains were removed and immediately frozen in liquid nitrogen.
Total lipids were then extracted from the whole brains and analyzed for
total levels of diacyl- and alkenylacyl-NAPEs (Fig. 3). Surprisingly, both
types of NAPEs could be detected even in Pla2g4e '~ mice, and their
levels were not significantly different from those of WT mice at the
corresponding ages. Moreover, throughout the transition from P7 to-
wards P30, total NAPE levels increased by >4-fold in WT and Pla2gde ™/~
mouse brain, which were unexpected results since the cPLA,e expression
level and activity at P7 were much higher than those at P28 as shown in
Fig. 2A and D, respectively. These results suggested that other enzyme(s)
are responsible to maintain the basal brain levels, namely, NAPE levels
in non-damaged brain tissue.
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Fig. 3. Brain levels of total NAPEs in WT and Pla2g4e ™~ mice.

Lipids were extracted from the brains of WT and Pla2gde '~ (KO) mice at the
indicated ages and analyzed for total diacyl-type and alkenylacyl-type of NAPEs
by LC-MS/MS (mean values + SD, n = 4). Each molecular species of diacyl-type
and alkenylacyl-type of NAPEs was measured, and their summations were
shown, respectively.

3.5. cPLAge is responsible for post-decapitative accumulation of NAPEs in
brain

In order to investigate the role of cPLA¢ in brain ischemia, we next
used decapitated brains of WT and Pla2g4e "~ mouse at P7, which were
incubated at 37 °C for 6 h after decapitation. As controls, we used the
brains frozen immediately after decapitation (designated as 0 h). We
then analyzed NAPEs and NAEs by LC-MS/MS.

As compared for the total NAPE levels, both diacyl- and alkenylacyl-
type of NAPEs showed similar levels between WT and Pla2g4e /'~ mouse
brain at 0 h (Fig. 4A and Supplementary Table 1), which agreed with the
results of Fig. 3. As reported previously [17,18], 6 h-incubation of WT
mouse brain remarkably increased the endogenous levels of diacyl- and
alkenylacyl-type of NAPEs (20.5-fold and 8.5-fold, respectively). In
contrast, Pla2gde™~ mouse brain just maintained the basal level of
NAPEs.

As for different acyl species of NAPEs, total 20 diacyl-type (Fig. 5A
and Supplementary Table 2) and 13 alkenylacyl-type of NAPEs (Fig. 5B
and Supplementary Table 3) were detected as major species, where 18:1
mostly occupied the sn-2 position as reported previously for diacyl-type
NAPE in brain tissue [10,12]. All these species of NAPEs increased
significantly in WT mice at 6 h in comparison to 0 h, while Pla2gde "~
mice showed almost no changes, suggesting that cPLAze is mainly
responsible for the post-mortal generation of all these species of NAPEs
in the brain.

3.6. cPLAge is responsible for post-decapitative accumulation of most
species of NAEs in brain

WT mouse brain also produced 219-fold more NAEs at 6 h, but
Pla2g4e~/~ mouse brain produced only 8.7-fold more NAEs (Fig. 4B and
Supplementary Table 1). These results strongly suggested that the
NAPEs produced by cPLAge during brain ischemia served as precursors
of NAEs.

As for different acyl species of NAEs, 18 types of NAEs, including PEA
(16:0-NAE), stearoylethanolamide (18:0-NAE) and OEA (18:1-NAE),
were detected (Fig. 6 and Supplementary Table 4). Among them almost
all the species increased in WT-6 h in comparison with WT-0 h (392, 208
and 104 fold for 16:0-, 18:0- and 18:1-NAE, respectively). In contrast,
the Pla2g4e‘/ ~ mouse counterparts produced the same or slightly higher
levels of NAEs in most cases (Supplementary Table 4). However, AEA
(20:4-NAE) was found to be significantly increased in both WT and
Pla2gde™’~ mice at 6 h (64- and 29-fold, respectively). DHEA (22:6-
NAE) also increased in both WT and Pla2g4e "~ mice (10- and 4.3-fold,
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Fig. 4. Post-decapitative accumulation of total NAPEs and NAEs in the brains
of WT and Pla2gde ™'~ mice.

Lipids were extracted from the decapitated P7 WT and Pla2gde™'~ (KO) mouse
brains at 0 h or after incubation at 37 °C for 6 h and analyzed for total NAPEs
(A) and NAEs (B) by LC-MS/MS. Each molecular species of NAPE and NAE was
originally measured in the experiments of Figs. 5 and 6, respectively, and their
summations were shown in this figure. Results are shown as mean values & SD
(n = 4), *P < 0.05 versus WT 0 h, *P < 0.05 versus KO 0 h, P < 0.05 versus KO
6 h, respectively. Statistical analyses were performed by one-way ANOVA with
post hoc Tukey's test.

respectively). These results suggested that the increase of NAE levels in
the post-decapitative brain is principally attributed to the stimulation of
cPLAe, but other mechanism(s), which bypass NAPE, also appeared to
exist especially in the generation of these two polyunsaturated NAEs
(AEA and DHEA).

4. Discussion

Under normal physiological conditions, mammals produce very low
levels of NAPEs (—0.01 % of total phospholipids) [16]. However, certain
pathologic conditions such as ischemia cause rapid accumulation of
NAPEs and their more important downstream metabolites, NAEs
[2,23,28,29]. This on-demand nature of production implies that the
enzymes responsible for their biosynthetic and degradative pathways
play the major regulatory roles [11,30]. So far, NAPE-formation is
considered as the rate-limiting step triggering the whole cascade of NAE-
biosynthesizing system and is catalyzed by two types of N-acyl-
transferase distinguished by Caz+-dependency [11]. Ca**-dependent
cPLAse (also referred to as PLA2G4E) and Ca?*-independent PLAAT
family members are the first line putative candidate enzymes for the
formation of NAPEs as is evident from their previous in vitro
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characterizations [11]. Due to the Ca?"-dependence, cPLAz¢ was pro-
posed to be responsible for the large pool of NAPEs and NAEs accumu-
lated during ischemia while Ca?*-independent PLAAT family members
were suggested to maintain their basal levels [14]. However, there was
no direct evidence to show that cPLAse is required to generate NAPE in
vivo as well as its relevance with ischemia. In order to clarify this
question, we have used Pla2g4e™™ mice in the present study and
measured NAPE-forming activity as well as endogenous levels of NAPEs
and NAEs in the whole brain from these animals.

Ca®"-dependent NAPE formation was previously reported to be age-
dependently altered in rat brains [17,18]. For example, post-
decapitative accumulation of NAPE, presumed to be a Ca2+—dependent
process, was much higher in one-weelk-old rat brains than in one-month-
old rat brains [18]. This was further supported by the observation of ~4-
fold higher Ca%"-dependent NAPE-forming activity of brain microsomes
in one-week-old neonates than in one-month-old counterparts in the
same study [18]. Due to the lack of genetic information, it was not
possible to dig out more information about the enzyme responsible for
this phenomenon for long time until Ogura et al. characterized recom-
binant ¢PLAy¢ as a Ca®-dependent NAPE-producer in vitro [12]. They
also showed that cPLAze-expression and N-acyltransferase activity were
~4-fold higher in mouse postnatal 1-day-old brains than in 10-week-old
counterparts. Consistent to these past findings, our present study
showed that the highest expression of cPLA2¢ and the N-acyltransferase
activity concur during the first week of mouse neonatal life. Importantly,
in the present study the Ca®"-dependent N-acyltransferase activity was
completely abolished in Pla2g4e"’ ~ mice at all the tested age points. Our
LC-MS/MS analysis also revealed that post-decapitative accumulation of
NAPEs in WT mouse brain at P7 was almost abolished in PlaZgde™"~
mouse brain at the same age. These results with Pla2gde ™’ mice
strongly suggested that cPLAge is mostly responsible for the brain ca®t.
dependent N-acyltransferase activity and post-decapitative accumula-
tion of NAPEs at different ages. The Caz‘-dependent N-acyltransferase
activity derived from cPLA,e was detected in all the brain regions with
the highest in the cortical regions and the lowest in hippocampus and
cerebellum (Fig. 2E). Although we did not measure endogenous NAPE/
NAE levels in each region, it will be an interesting to see the correlation
between regiospecific cPLAge expression and endogenous NAPE/NAE
levels.

Since a low level of NAPE is detected in brain tissues under normal
physiological conditions [16], where intracellular Ca®* levels should be
kept <0.1 pM at resting state [31], cPLAge, requiring relatively high
levels of Ca®* for its activity with ECgq for ca*t being around 0.4 mM
[14], might not be the only NAPE-forming enzyme. As Ca2+-dependent
NAPE-forming activity in vitro as well as cPLAge expression showed
drastic changes between the first week of neonatal life and around one-
month-old mouse brains, we compared endogenous NAPE levels at P7
and P30. As expected, some NAPEs at basal levels remained in Pla2,g4e”
~ mice at both these ages and surprisingly, the basal levels at P30 were
higher than those at P7. Because the higher levels of NAPEs at P30 than
P7 did not agree with the age-dependent bell-shaped curve with the
highest level of cPLA¢ expression at P0-P7, these results suggested that
other enzyme(s) are responsible to maintain the basal level of NAPEs in
brain. The enzyme(s) responsible are probably independent of Ca’*,
However, it remains unclear if the Ca®*-independent enzyme(s) are
PLAAT family members (PLAAT-1, -3 or -5).

In our ischemic model, similar to the increased NAPE levels as dis-
cussed above, a large amount of NAEs, including quantitatively major
PEA (~392-fold) and OEA (—~104-fold) were produced in WT mouse
brain. This suggests that cPLAye contributes to the generation of NAEs
with various acyl species by generating their corresponding NAPEs. N-
Acyl group of NAE is exclusively derived from sn-1 position of glycer-
ophospholipids in the cPLAge-catalyzed N-acylation [12] and various
NAEs are almost equally released from their corresponding NAPEs by
NAPE-PLD [9]. Since arachidonic and docosahexaenoic acids are
dominant at sn-2 rather than sn-1 position of glycerophospholipids [32],
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Fig. 5. Post-decapitative accumulation of various species of NAPEs in WT and Pla2g4e™

/~ mouse brains.

Lipids extracted from the of decapitated P7 WT and Pla2g4e "~ (KO) mouse brain at 0 h or after incubation at 37 °C for 6 h and were analyzed for diacyl-type (A) and
alkenylacyl-type (B) of NAPEs by LC-MS/MS. Results are shown as mean values = SD (n = 4). *P < 0.05 versus WT 0 h, P < 0.05 versus KO 0 h, *P < 0.05 versus KO
6 h, respectively. Statistical analyses were performed by one-way ANOVA with post hoe Tukey's test.

AEA and DHEA are minor components among various NAPEs. AEA
(~64-fold) and DHEA (~10-fold) were also increased in the brain after
decapitation. This increase might be attributed to this route as expected
by the presence of some NAPEs with four or more double bonds in Ry +
R;. However, the increases in these two NAEs were not fully correlated
to the expression of cPLA ¢ since their levels also increased in Pla2g4e’/
~ mice (—29- and —~4-fold, respectively), suggesting the presence of
alternative pathways.

For example, Patel et al. previously reported that “post-mortal
accumulation of brain anandamide is dependent upon fatty acid amide
hydrolase (FAAH) activity”, using Faah™™ mice [22]. FAAH is the major
degrading enzyme for various NAEs including AEA (anandamide) [33].
On the other hand, in a dead cell, the increased intracellular Ca®* may
stimulate not only cPLAse, but also other Ca®*-dependent phospholipid-
metabolizing enzymes such as ¢PLAzq, resulting in the release of large
amounts of free fatty acid, including arachidonic and docosahexaenoic
acids, from sn-2 position of glycerophospholipid [32] or through the
pathway composed of phospholipase C, diacylglycerol lipase, and
monoacylglycerol lipase [8]. In the reverse reaction of FAAH in vitro,

NAEs can be synthesized from free fatty acids and ethanolamine, and
arachidonic acid is a better substrate than palmitic acid [34]. Thus,
anandamide and probably DHEA may be at least partly formed by the
reverse reaction of FAAH in the brain of ischemic models. However, it
remains unclear whether FAAH actually functions as ‘NAE synthase’ in
vivo. Alternatively, the postmortem accumulation of AEA was proposed
to occur by base-catalyzed aminolysis of arachidonate-containing glyc-
erophospholipids [23].

Increased formation of NAPEs and NAEs during ischemic insult was
previously suggested to be cytoprotective [16]. For example, NAPE is
reported to stabilize cell membrane in vitro [3] and was recently sug-
gested to play a protective role in 6-hydroxydopamine-induced neuro-
degeneration in Napepld~ mice [35]. In addition, exogenous
administration of NAEs such as PEA in rats [36] and OEA in mice [37]
reduced infarct volume in the brain, suggesting that these NAEs exert
neuroprotective effect. Involvement of peroxisome proliferator-
activated receptor-o. as a molecular target of PEA and OEA was sug-
gested to be responsible for this protective effect [36]. Since we
observed a high level of cPLA,¢ expression and its potent NAPE-forming
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Fig. 6. Post-decapitative accumulation of various species of NAEs in WT and Pla2gde

=/~ mouse brains.

Lipids extracted from the decapitated P7 WT and PlaZg4e™~ (KO) mouse brain at 0 h or after incubation at 37 °C for 6 h and were analyzed for various acyl species of
NAEs by LC-MS/MS. Results are shown as mean values + SD (n = 4). *P < 0.05 versus WT 0 h, P < 0.05 versus KO 0 h, *P < 0.05 versus KO 6 h, respectively.
Statistical analyses were performed by one-way ANOVA with post hoc Tukey's test.

activity in brain during the first week of neonatal life, this enzyme may
work as a standby NAPE generator for the neonates who are generally
more susceptible to hypoxia-induced ischemic insult than adults. Thus,
NAPE level might be useful as a neurodegenerative marker [38].

We used this post-decapitative brain ischemic model since the
remarkable accumulation of NAPEs/NAEs in this model has been re-
ported by several researchers [17,18,22,23] and since the procedure is
quite simple and highly reproducible. However, considering that the
fluctuations in NAPE/NAE tone almost reflect postmortem change and
may not be ascribed solely to ischemia, further analysis of Pla2g4e"/ -
mice is required by using an in vivo model of ischemia-reperfusion as
previously reported [36,38,39].

In the current study, we have focused on the brain tissues, and it
remains unclear if other tissues show age-dependent changes of cPLAye
as seen in the brain. Previously, using a catalytically inactive mutant,
cPLAse was found to be essential in the endo/lysosomal system in HeLa
cells to recycle major histocompatibility complex-1 receptor back to the
host cell surface [40]. Thus, PIa2g4e'/ ~ mice might be useful to inves-
tigate the physiological significance of this finding. Interestingly, a
single nucleotide variant of cPLA2e was recently suggested as a risk
factor gene for panic disorder in a case-control study [41]. However, this
finding was not statistically significant, and it remained unsolved
whether cPLAZ2¢ is involved in the pathogenesis of this neuropsychiatric
disease. Very recently, the NAPE-forming ability of cPLA,¢ was shown to
be protective against skin inflammation such as psoriasis by analyzing
Pla2g4e’/ ~ mice. Consistently, the challenge of the cultured keratino-
cytes with psoriatic cytokines up-regulated cPLAze leading to the
enhanced NAE production, while the supplementation with NAEs
decreased a psoriatic marker [15].

In conclusion, by using Pla2g4e ™~ mice we showed that cPLAge is
principally responsible for the postmortem production of NAPEs in the
brain for the first time. As for NAEs, we suggested that the generations of
quantitatively major PEA and OEA largely depended on cPLAge, while
those of AEA and DHEA did not. We also suggested the presence of
alternative enzyme(s) other than cPLA2e to maintain the basal level of
NAPESs. Thus, these results strongly suggest the central role of cPLAse in
the formation of NAPEs and NAESs in the brain on demand like ischemia,
but also highlight the involvement of other enzymes to maintain their

basal levels.
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Supplementary Figure 1

Hematoxylin and eosin staining in three WT mice and three Pla2g4e~- (KO) mice at P7.



Supplementary Figure 2

Hematoxylin and eosin staining in three WT mice and three Pla2g4e~~ (KO) mice at P30.



Supplementary table 1. Post-decapitative accumulation of total NAPEs and NAEs in the brains
of WT and Pla2g4e™ (KO) mice

WT KO

Oh 6h Fold Oh 6h Fold

(nmol/g (nmol/g  change (nmol/g (nmol/g change

tissue)  tissue) (6 h/0h) tissue) tissue) (6 h/0h)

NAPE  Diacyl  .0329° "6.751 205 0253 0324 - 13
Alkenylacyl 03637 3.08 8.5 0.191 0.19 1.0
NAE

0.887 194.376 219.1 0.683 5.912 8.7




Supplementary table 2. Post-decapitative accumulation of various diacyl species of
NAPEs in WT and Pla2gde” (KO) mouse brains

WT KO
Oh 6h Fold Oh 6h Fold
RiCO +
R.CO R\CO {nmol/g  (nmol/g change (nmol/g (nmol/g change
tissue) tissue) (6h/0h) tissue) tissue) (6 h/0h)

- 18:1 32:1 0.008 . 0.188 23.5 0.004 0.019 4.8
o 32:0 0.029° :0.849 29.3 0.022 0046 2.1
34:2 0.008 0.077 9.6 0.006 0.007 1.2

34:1 0.036 0.421 11.7 0.022 0.031 1.4

34:0 0.031 0.939 30.3 0.027 0.035 1.3

36:2 0.018 0.096 5.3 0.014 0.009 0.6

36:1 0.025 0.275 11.0 0.019 0.022 1.2

36:0 0.053 0.615 11.6 0.042 0.046 1.1

38:5 0.009 0.203 22.6 0.009 0.007 0.8

38:4 0.008 0.42 52.5 0.007 0.008 1.1

38:2 0.007 0.057 8.1 0.006 0.008 1.3

38:1 0.009 0.075 8.3 0.008 0.010 1.3

38:0 0.021 0.098 4.7 0.011 0.010 0.9

40:8 0.005 0.062 12.4 0.005 0.005 1.0

40:4 0.009 0.102 1.3 0.014 0.010 0.7

40:2 0.012 0.055 4.6 0.008 0.008 1.0

40:1 0.010 0.031 3.1 0.009 0.009 1.0

42:10 0.004 0.010 25 0.006 0.004 0.7

18:2 34:0 0.004 0.109 27.3 0.003 0.003 1.0

20:4 34:0 0.030 2.144 71.5 0.019 0.038 2.0




Supplementary table 3. Post-decapitative accumulation of various alkenylacyl species of

NAPEs in WT and Pla2g4e™ (KO) mouse brains

WT KO
Oh 6h Fold Oh 6h Fold
R,CO Ri(CH)a* (nmol/g  (nmol/g  change (nmollg (nmol/g change
RaCO tissue) tissue) (6 h/Oh) tissue) tissue) (6 h/ 0 h)

18:1 3221 . 0015 ;0.134 8.9 0.015 0.02t 1.4
342 0.013: . 0.066 5.1 0.008  0.008 1.0

34:1 0.036 0.203 5.6 0.015 0.025 1.7

36:3 0.033 0.033 1.0 0.012 0.009 0.8

36:2 0.02 0.039 2.0 0.007 0.01 1.4

36:1 0.015 0.069 4.6 0.009 0.017 1.9

38:7 0.083 1.131 13.6 0.049 0.04 0.8

38:6 0.08 0.622 7.8 0.04 0.03 0.8

38:2 0.006 0.006 1.0 0.002 0.003 1.5

40:8 0.024 0.115 4.8 0.013 0.01 0.8

40:2 0.003 0.013 4.3 0.002 0.002 1.0

42:2 0.01 0.05 5.0 0.006 0.003 0.5

20:4 34:1 0.025 0.6 24,0 0.012 0.016 1.3




Supplementary table 4. Post-decapitative accumulation of various species of NAEs in WT and

Pla2g4e™ (KO) mouse brains

WT KO

Oh 6h Fold Oh 6h Fold
RnCO (nmol/g (nmol/g  change (nmol/g  (nmol/g change
tissue) tissue) (6h/0h) tissue) tissue}) (6 h/0h)

160 0268 105 3920 0.24 3.185 133

16:1 0.04 8064 2016 0054 0246 4.6 :
18:0 0.19 3943 2080 0026 0489 18.8 -
181 0281 2002 1040 0242 1302 5.4

182 0027 272 1007 0046  -0.172 37

18:3  5.00E-04 0045  90.0  4.00E-04  0.008 20.0

200 0007 0025 3.6 0 0.001 ND

20:1 0006 0983  163.8  8.00E-04  0.018 22.5

202 0013 1599 1230 0011  0.068 6.2

203 0007 1559 2227 0007  0.125 17.9

2044 . 0015 0944 640 0.027  0.768 29.0

20:5 0 0018  ND  2.00E-04  0.011 55.0

221 0005 0007 14 0 0 ND

222 600E-04 0024 400 0  600E04 ND

22:3 0003 0483 1610 0001 0012 12.0

22:4 0.01 4327 4327 0008  0.062 7.8

22:5 0001 0768 7680 0002  0.019 9.5

22:6 0029 0283 100 0.045  0.192 4.3

ND, not determined due to 0 value of denominators



