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Abstract

A leading hypothesis of A-acyl ethanolamine (NAE) biosynthesis, including the endogenous
cannabinoid anandamide (AEA), is that it depends on hydrolysis of A-acyl-
phosphatidylethanolamines (NAPE) by a NAPE-specific phospholipase D (NAPE-PLD). Thus,
deletion of NAPE-PLD should attenuate NAE levels. Previous analyses of two different NAPE-
PLD knockout (KO) strains produced contradictory data on the importance of NAPE-PLD to AEA
biosynthesis. Here, we examine this hypothesis with a strain of NAPE-PLD KO mice whose
lipidome is uncharacterized. Using HPLC/MS/MS, over 70 lipids, including the AEA metabolite,
N-arachidonoy! glycine (NAGIy), the endocannabinoid 2-arachidonyl glycerol (2-AG) and
prostaglandins (PGE, and PGF,,,), and over 60 lipoamines were analyzed in 8 brain regions of KO
and wild-type (WT) mice.

Lipidomics analysis of this third NAPE-PLD KO strain shows a broad range of lipids that were
differentially affected by lipid species and brain region. Importantly, all 6 NAEs measured were
significantly reduced, though the magnitude of the effect varied by fatty acid saturation length and
brain region. 2-AG levels were only impacted in the brainstem, where levels were significantly
increased in KO mice. Correspondingly, levels of arachidonic acid were significantly decreased
exclusively in brainstem. NAGIy levels were significantly increased in 4 brain regions and levels
of PGE; increased in 6 of 8 brain regions in KO mice. These data indicate that deletion of NAPE-
PLD has far broader effects on the lipidome than previously recognized. Therefore, behavioral
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characteristics of suppressing NAPE-PLD activity may be due to a myriad of effects on lipids and
not simply due to reduced AEA biosynthesis.
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1. Introduction

Two of the most studied signaling molecules of the endogenous cannabinoid (eCB) system
are N-arachidonoyl ethanolamine (AEA) [1], also known as anandamide, and 2-
arachidonoyl glycerol (2-AG) [2, 3]. Both are derived from the polyunsaturated fatty acid
arachidonic acid and are hypothesized to be produced “on demand” in mammalian cells [4,
5]. AEA and 2-AG engage the cannabinoid receptors CB; and CB, and these cannabinoid
receptors are implicated in the regulation of appetite, pain perception, immune system
function, inflammation and learning and memory [6, 7]. Biosynthesis and metabolism of
each of these eCBs is of particular importance from a therapeutic standpoint as these ligand/
receptor interactions are actively being studied in the context of pathophysiology of each of
the above stated processes.

1.1 Biosynthesis of N-arachidonoyl ethanolamine

The metabolism of A-acyl phosphatidylethanolamine (NAPE) is central to the synthesis of
anandamide. NAPE is formed when a calcium-dependent A-acyl transferase transfers
arachidonic acid from the sr+1 position of a phospholipid to the primary amine group of
phosphatidylethanolamine [8]. NAPE can be directly cleaved to synthesize AEA in-vitro by
a NAPE-specific phospholipase D (NAPE-PLD), an enzyme found in the mammalian brain
[9]. In situ hybridization of mouse brain tissue, with knockout (KO) controls, revealed high
concentrations of NAPE-PLD mRNA in the dentate gyrus of the hippocampus (HIPP), and
more moderate concentrations in several other brain areas. NAPE-PLD protein was detected
throughout the brain, with higher levels of staining in the HIPP and the olfactory bulb, and
lower levels in the midbrain (MID), brainstem (STEM), and cerebellum (CER) [10].
Electron microscopy with immunogold staining highlighted the presence of NAPE-PLD on
dendrites, some axon terminals, in laminae I-11 of the spinal dorsal horn, and in microglia
and astrocytes [11].

Currently, NAPE-PLD is hypothesized to be a key enzyme in animal tissue that is confirmed
to release AEA and its structural analogues, though alternative pathways have been
suggested [12]. In one alternative pathway to synthesize AEA from its precursor NAPE,
NAPE-specific phospholipases A1/A, (PLA12) convert NAPE into lyso-NAPE. Lyso-NAPE
can then be converted to AEA by a specific PLD, named lysophospholipase D [13]. Upon
the finding that tissue expression of the NAPE-specific PLA, was very low, other enzymes
were hypothesized to contribute to the synthesis of lyso-NAPE /7 vivo. Simon and Cravatt
reported that a/B-hydrolase domain 4 (ABHD4) was able to remove an acyl group from
NAPE to synthesize lyso-NAPE [14]. In another ABHD4-dependent reaction, lyso-NAPE
can lose another acyl group and be converted into glycerophosphoAEA, which can then be
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hydrolyzed into AEA by glycerophosphodiesterase 1 (GDEL) [15]. Another alternative
pathway to yield AEA involves the generation of phospho-AEA from NAPE catalyzed by a
NAPE-specific phospholipase C. A lipid phosphatase can then dephosphorylate phospho-
AEA, yielding AEA [16]. Furthermore, it is possible to synthesize AEA from plasmalogen-
type NAPE (pNAPE). Like NAPE, pNAPE can be converted into lyso-pNAPES, which can
then be converted into AEA by lysophospholipase D [17]. The relative importance of each
of these pathways remains unknown [5].

1.2 Structural analogs of endogenous cannabinoids

AEA belongs to a larger structural family of A+acyl ethanolamines (NAEs), which are part
of a still larger chemical family of Lipoamines (also referred to as A-acyl amides, fatty acid
amide, A-acyl amino acids, and lipo amino acids). Whereas AEA is constructed via an
amide bond of ethanolamine with arachidonic acid, other NAEs are constructed via an amide
bond of diverse fatty acids and ethanolamine. Nearly every endogenous fatty acid has been
detected as an NAE conjugate in mammalian tissues [18]. A~acyl amides, as a group are all
structurally analogous to the NAEs, in which amino acids or simple amines are conjugated
with fatty acids (Figure 1).

A theoretical computation of seven common fatty acids in mammalian systems (arachidonic,
stearic, docosahexaenoic, oleic, palmitic, linolenic, and linoleic) with twenty amino acids,
and 4 common amines (ethanolamine, dopamine, gamma-amino butyric acid (GABA), and
taurine), demonstrates that there are 168 possible A-acyl amide combinations that could be
formed in mammals [19]. To date, at least 70 A~acyl amides have been endogenously
identified in a variety of species, with a limiting factor being a lack of availability of all the
synthetic standards needed for complete cataloging [20, 21]. The Bradshaw lab has produced
and maintained a large collection of A-acyl amides and uses them in ongoing lipidomics
projects.

1.3 NAPE-PLD knockout mice

Given NAPE-PLD’s ability to synthesize AEA in-vitro, it was hypothesized that mice
lacking NAPE-PLD would have lower brain levels of AEA and related NAEs than wild-type
(WT) mice. To date, three variants of NAPE-PLD KO mice have been developed (Figure 2).

In the first line of NAPE-PLD KO mice, developed in the laboratory of Ben Cravatt
(hereafter referred to as the Cravatt line), no differences were detected in whole-brain levels
of AEA compared to WT, despite the fact that brain homogenates from KO mice showed
lower activity in synthesizing AEA from exogenously added NAPE. Neither did they find
any difference in levels of A-docosahexaenoyl ethanolamine (DEA). Changes in NAE
production were restricted to saturated and monounsaturated fatty acid conjugates, with
significant decreases in A~palmitoyl ethanolamine (PEA), A-stearoyl ethanolamine (SEA),
and N-oleoyl ethanolamine (OEA). In this line of NAPE-PLD KO mice, the larger decreases
in NAE levels were in 20, 22 and 24 carbon saturated and monounsaturated fatty acid
conjugates. A-linoleoyl ethanolamine (LEA) levels were not measured in the Cravatt line
[22].
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An additional strain of NAPE-PLD KO mice was later developed in the laboratory of Dale
Deutsch (Aereafter referred to as the Deutsch line) [17]. In this strain of NAPE-PLD KO
mice, whole brain levels of AEA were significantly lower than WT. Additionally, levels of
NAESs containing unsaturated conjugates, such as OEA, LEA, and DEA, were likewise
significantly lower in the NAPE-PLD KO mice. Results were more varied for saturated
conjugates, as these NAPE-PLD KO mice had significantly lower levels of PEA, whereas
levels of SEA were not significantly different from WT mice. Additionally, the
concentration of longer chain saturated NAEs with 20 and 22 carbons were not statistically
different from WT in the NAPE-PLD KO mice [17].

A third NAPE-PLD KO mouse was developed by Serge Luquet when he was a post-doctoral
fellow in Richard Palmiter’s lab (hereafter referred to as the Luguet ling) wherein brain
homogenates from the Luquet line showed reduced conversion of exogenous NAPE to AEA
by about 75% compared to WT [12]. However, lipid levels have not yet been measured in
the Luquet line of NAPE-PLD KO mice.

Here, we compare levels of NAEs and over 60 structurally analogous A-acyl amides, 2-AG
and two structural analogs, and two species of prostaglandins, PGE, and PGF,,, between
NAPE-PLD KO mice from the Luquet line and age, sex, and strain-matched WT mice in a
broad scale lipidomics screen in 8 distinct brain regions. Our data show that NAPE-PLD
plays a broader role in lipid metabolism than first suspected, including, but not limited to,
AEA metabolism. These data show that the NAPE-PLD deletion in the Luquet line also
significantly modifies levels of 2-AG, prostaglandins, and a range of A~acyl amide lipids in a
region specific manner.

2. Methods

2.1 Mice

Six WT and 6 NAPE-PLD KO 2 month old male mice from the Luquet line [12] were used
in this study. WT mice were of the same strain to which the KO mice were derived from, the
C57BL/6J (JAX) strain. While the NAPE-PLD KO colony is maintained as homozygous
crosses, once a year they were backcrossed to C57BL/6J (JAX) mice to minimize genetic
drift, and two heterozygotes from this cross were bred to yield homozygous KO’s. The
Bloomington Institutional Animal Care and Use Committee of Indiana University reviewed
and approved the procedures used here.

2.2 Tissue collection

All brain tissue was collected and dissected as previously described [23]. In brief, all mice
were sacrificed via cervical dislocation on the same day; brains were immediately removed
and placed in liquid nitrogen, and then stored in a —80°C freezer until dissections were
performed. Brains were dissected while frozen on an ice-cold dissection plate into the
following regions: striatum (STR), hippocampus (HIPP), cerebellum (CER), thalamus
(THAL), cortex (CTX), hypothalamus (HYP), midbrain (MID), and brainstem (STEM) as
previously described [20]. Each dissected area was immediately placed in liquid nitrogen
and then stored at —80°C until used for lipid extraction.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 June 0O1.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leishman et al. Page 5

2.3 Lipid extraction

Tissue extracts were performed as previously described [20]. In brief, samples from one
brain area from 6 WT and 6 NAPE-PLD KO were placed in 50 volumes of HPLC-grade
methanol then spiked with 500pmols deuterium-labeled A-arachidonoyl glycine (d8NAGly;
Cayman Chemical, Ann Arbor, MI) as an internal standard to determine extraction
efficiency. Samples were placed on ice in darkness for 2 hours then individually
homogenized. Homogenates were then centrifuged at 19,0009 for 20 minutes at 20°C.
Supernatants were decanted and diluted with HPLC H,0 to make a 75:25 water to
supernatant solution. Partial purification was achieved using C-18 solid phase extraction
columns (Agilent Technologies, Lake Forest, CA). A series of 4 elutions with 1.5 mL of
60%, 75%, 85%, and 100% methanol were collected for analysis, yielding 48 elutions per
brain region. This was then repeated for the other 7 regions.

2.4 HPLC/MS/MS

Samples were analyzed using an Applied Biosystems API 3000 triple quadrupole mass
spectrometer with electrospray ionization. Levels of each compound (Table 1) were
determined by running each sample using a multiple reactions monitoring (MRM) method
tailored for each amide family of compounds as previously described [21]. 20uL from each
elution were chromatographed using an XDB-C18 reversed phase HPLC analytical column
(Agilent) and optimized mobile phase gradients.

2.5 Data Analysis

Analysis of the HPLC/MS/MS data was performed using Analyst software as previously
described [21, 23, 24]. Standards of known concentrations were first run for each analyte.
Then, peaks from the brain area samples were compared with the standards. Therefore,
unknown lipids are matched to known standards according to retention time from the
analytical column and according to their mass fingerprint. Concentrations in moles per gram
adjusted for percent recovery from the KO animals were compared to WT concentrations
using a one-way ANOVA. Percent recovery was calculated using deuterium-labeled
standards as previously described [20, 21, 23, 24]. All statistical tests were carried out using
SPSS Statistics 20 (IBM). Statistical significance was defined as p<.05 and a trending effect
was defined as .05<p<.10.

Analysis of such large data sets continues to be problematic for both the implementation and
the interpretation of such data. The hypothesis that we are testing is simply that the WT
values for each individual lipid differs from the KO values in each brain region analyzed.
There would be the expectation that the values would be evenly distributed and a T-type
comparison would yield an analysis of the means by which this could be determined.
However, theoretical constructs of using T-test analyses on large data sets suggest the
potential to generate false positives with a series of T-tests; therefore, the use of corrective
analyses allows for a more conservative approach to these types of calculations. To this end,
we have grouped data for analyses by lipid species based on either the amine group for the
lipoamines, free fatty acids, 2-acyl glycerols, or prostaglandins. This separation also extends
to discrete analyses being performed on these categories only within a brain region. In this
configuration there is no expectation that one specific lipid category has an influence on the
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other; therefore, the post-hoc adjustments for multiple comparisons are limited to the
specific subcategories listed. We do recognize that there may be potential predictive analyses
that can be performed between brain areas and categories of lipid species; however, those
types of analyses fall into a realm of modeling that is beyond the scope of the questions
being asked of these initial data sets.

An example of a categorical analysis is that of all N-acyl ethanolamine species (7 total)
within a discrete brain region would be considered a selection of values with the most
likelihood of having the same direction and magnitude of effects by the deletion of a gene
given their strong structural homology and their regional specificity (i.e. a discreet brain
region). Therefore, all of these lipids were analyzed as a unit with an overall ANOVA and
then a corrected post-hoc analysis using Fishers Least Significant Difference was performed
in the event that the overall ANOVA determined an interaction.

Analyzed data are represented in tabular format illustrating both the direction and magnitude
of change. To determine the magnitude change and therefore the number of arrows to assign
each significant difference, the mean level of a particular lipid in a specific region of the
NAPE-PLD KO mice was divided by that same lipid’s mean level in the same brain region
of the corresponding WT mice. For example, the average level of PGE, in the hippocampus
of NAPE-PLD KO mice was 8.67x1071% moles per gram and the average level of PGE; in
the hippocampus of the WT was 4.33x10719 moles per gram; 8.67x10710 divided by
4.33x10710 equals 2.002, meaning that PGE; levels are twice as high in the hippocampus of
the NAPE-PLD KO mice and assigning it 3 up arrows in the figures because the magnitude
of change was between 2 and 3 times higher than WT. For decreases the process was very
similar: the mean level in the KO was divided by the mean level in the WT; however, the
reciprocal of the decimal was taken to express a fold decrease (if the level in the KO mouse
is ¥ of the WT level then that is a 2 fold decrease). As an example the mean level of AEA
was 1.13x10711 moles per gram in the hippocampus of the NAPE-PLD KO mice and
3.97x107 moles per gram in the corresponding WT hippocampus. 1.13x10711 divided by
3.97x10711 is 0.28 and the reciprocal of 0.28 is 3.57, meaning that the decrease is between 3
and 10 times WT levels and giving it 4 down arrows on our scale.

3.1 Analysis of the targeted lipidome in WT and NAPE-PLD KO mice

Of the 73 N-acyl amides in our screening library (Table 1), over 50 were detected in most
brain regions in both the WT and NAPE-PLD KO mice. The most lipids in the library were
detected in larger brain regions such as the cortex (CTX), cerebellum (CER), and brainstem
(STEM). The fewest were detected in smaller brain regions such as the hypothalamus
(HYP). Each of the NAE, prostaglandin, free fatty acid, and 2-acyl glycerol species analyzed
here were detected in all brain regions in WT and NAPE-PLD KO. In our analysis 426 post-
hoc comparisons were made. This number is result of being able to analyze data from only
those lipid detected (38-59 per region) in each brain region (8 regions) between WT (6
mice) and NAPE-PLD KO (6 mice). This level of analysis constitutes ~8000 data points;
therefore, the detailed list of levels of analytes detected in each of the eight brain regions
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assayed from WT and NAPE-PLD and the statistical analyses of each are available in the
Supplemental Tables.

3.2 Levels of all N-acyl ethanolamines in all brain regions are significantly reduced in this
strain of NAPE-PLD KO mice

Of the six NAEs in the screening library, all were significantly lowered by NAPE-PLD
deletion (Table 2). Importantly, polyunsaturated conjugates, LEA, AEA, and DEA, showed a
greater magnitude change in concentration relative to WT than that of more saturated
conjugates PEA, SEA or OEA. A notable exception was a complete lack of change in OEA
that was restricted to the thalamus (THAL); whereas, OEA levels were significantly lower in
all other brain regions. ( 7his is a replicated finding from our pilot study with another set of
the same strain of NAPE-PLD KO mice, therefore, this appears to be a reproducible
phenomenon and not merely a statistical anomaly of this data set- data not shown).

3.3 Differential changes in the lipidome as a function of brain region suggests region-
specific biosynthesis and metabolism

In contrast to the ubiquitous unidirectional change in levels of NAEs throughout the brain,
changes in other lipids were restricted to specific brain regions and varied in directionality
(7.e. increase or decrease; Table 2). Here, we will highlight the cases of the hippocampus
(HIPP), CTX, and STEM. In each case, they share a commonality of an increase in levels of
both prostaglandins, PGE, and PGF»,. By contrast, levels of all six A-acyl glycines increase
in the CTX, only two members of the A-acyl glycine family increase in HIPP, and yet none
increase in STEM. This example suggests differential regulation of the synthesis of these
lipid families in different brain areas.

3.4 Levels of arachidonic acid conjugates and metabolites are particularly sensitive to
NAPE-PLD deletion

Of the lipids measured in this screen, those with arachidonic acid as part of their molecular
structure showed greater variability of levels following NAPE-PLD deletion (Table 3).
Although several N-arachidonoyl amides were detected throughout the brain in WT and
NAPE-PLD KO mice, only AEA was significantly affected in all brain regions. Four N-
arachidonoyl amides decreased in different areas of the brain. Conversely, NAGIly increased
in four regions — the most consistent change in any non-NAE lipoamine measured here.
Surprisingly, 2-AG levels were significantly higher in the STEM of NAPE-PLD KO mice, a
change that was accompanied by a significant decrease in the amount of free arachidonic
acid. This was the only brain area where arachidonic acid levels were altered.

Perhaps the most unexpected finding was that in 6 of the 8 brain regions tested,
prostaglandin levels were significantly higher in NAPE-PLD KO mice. Levels of both PGE,
and PGFy,, were higher in the striatum (STR), HIPP, THAL, CTX, and STEM of NAPE-
PLD KO mice relative to WT. In the midbrain (MID) of NAPE-PLD KO mice, PGE, was
the only prostaglandin with differing concentrations compared to the WT MID. However, in
the CER and HYP, levels of prostaglandins were equivalent in WT and NAPE-PLD KO.
When levels of both prostaglandins did change, PGE levels increased more than those of
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PGFy,. The largest increase in PGE; levels was in the HIPP of the NAPE-PLD KO mice
relative to WT HIPP.

4. Discussion

That NAPE-PLD KO has broad, yet region-specific effects on the brain lipidome examined
here speaks to the interconnectedness of lipid biosynthesis and metabolism as well as
regional specificity. Previous findings that showed decreased production of specific NAEs in
the Cravatt and Deutsch NAPE-PLD KO models were replicated here, with the caveat that
all NAE levels screened here are reduced in the Luquet line of NAPE-PLD KO mice relative
to WT. This is potentially meaningful for understanding the effects on lipid signaling
pathways in multiple systems. Although AEA is the only NAE with significant affinity for
CB; and CB,, the other NAEs measured are also biologically active, often targeting non-
classical cannabinoid receptors (e.g. the peroxisome proliferator-activated receptors (PPARS)
or ion channels) [18, 20].

4.1 Comparison of different constructs among the 3 different NAPE-PLD KOs

The first line of NAPE-PLD KO, the Cravatt line, was described in a manuscript by Leung et
al [22]. In this study the authors used homologous recombination approach targeted in
129Svj embryonic stem cells. Positive clones were used to create chimeric mice in a
C57BI/6 background. The construct strategy described the replacement of exon 4 by the
phosphoglycerate kinase | promoter driving the neomycin resistance gene (Pgk-Neo).
However, when the sequence of the primers used to generate the 5’ and 3’ homology arms
are aligned with the genomic sequence of the NAPE-PLD gene, the two primers that were
used to achieve homologous recombination span exon 3. The fact that exon 3 rather than 4
was removed is more in line with the expected phenotype, since exon 4 does not contain the
essential catalytic activity of the enzyme. It is probable that the nomenclature for Nape-pld
exon number changed after the manuscript was published. This might be at the origin of the
misleading Figure 1A in Leung et al. If our assumption is correct, then the allele obtained
lacks exon 3 and is therefore unable to produce a functional NAPE-PLD. It is possible that
the surrounding genomic sequence might be impacted by the presence of the Pgk-Neo
cassette that resides still in the null allele (Figure 2A).

The Deutsch and Luquet NAPE-PLD transgenic mice took advantage of the Cre/Lox P
recombinase approach, which allows tissue specific invalidation of the gene. In both cases
the manuscript by Liu et al. [12] and Tsuboi et al [17] described a strategy that result from
the insertion of two LoxP sites on other side of exon 3. In Liu et al, for the Luquet line, the
targeting construct was electroporated in embryonic 129S4/SvJ stem cells in order to
eventually obtain chimeric mice. NAPE-PLD floxed (NAPE-PLDIox) animals were bred
with Mox2-Cre mice [25] to generate heterozygous animals with one null Nape-pld allele.
These mice were crossed with C57BI/6 mice to remove the Mox2-Cre gene, and these
offspring were then bred together to generate mice homozygous for the Nape-pld null allele.
At this point mice were on a mixed 12954 x C57BI/6 genetic background. This line was
further bred at least 8 times onto C57BI/6 background in the Luquet lab (Figure 2B).
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In the manuscript by Tsuboi et al [17] regarding the Deutsch line a similar strategy is
described in which LoxP sites were inserted on both sides of exon 3. The targeting construct
was electroporated into iTL 129 Sv embryonic stem cells and positive clones were used to
obtain chimera that were mated onto C57BI/6 background. The NAPE-PLD null allele was
obtained by breeding NAPE-PLD floxed animals (NAPE-PLDIlox) with B6.FVB-Tg(Ella-
cre)C5379L.mgd/J allowing for Cre expression in the early mouse embryo [26]. The
resulting mice carrying a null NAPE-PLD allele (NAPE-PLD+/-) were bred backcrossed
onto C57BL6/J more than 8 times and intercrossed to obtain KO animals (NAPE-PLD-/-).
Noteworthy, in both strategies the removal of exon 3 does not preclude the initiation of a
transcript from the starting ATG codon located in exon 2. In the Luquet line the strategy was
designed so as to introduce a frameshift upon Cre-mediated deletion of the exon 3 in
between the LoxP sites. This results in 19 amino acids after the initiation starts, before a stop
sequence is encountered. The methodology described in Tsuboi et al does not provide
sufficient details to determine if a frameshift mutation is present in the recombined allele.
There are specific differences in the lipidomics results from each NAPE-PLD KO study,
with decreases in AEA and DEA in the Deutsch and Luquet lines but not in the Cravatt
lines, which may provide an insight into the overall functioning of this enzyme.

4.2 Differences in analytical methods among 3 lines of NAPE-PLD KO

Another source of the discrepancy in effects of deleting NAPE-PLD on AEA levels may be
the analytical methods used to measure NAEs. The lipid extractions for analysis of the
Cravatt line and the Deutsch line were both based on the chloroform liquid-liquid extraction
[27]. Major differences exist in the internal standards that lipid extracts were spiked with.
Two of the analyses used stable radiolabeled isotopes: Leung and colleagues used d4AEA
and d4OEA spikes and we used d8NAGIy. Tsuboi and colleagues used 1-Heptadecanoyl-2-
hydroxy-glycero-3-phosphoethanolamine. In contrast to the tandem MS performed in this
study and by Tsuboi and colleagues (4000 Q-TRAP), the studies on the Cravatt line used a
single quadrupole benchtop MS (Agilent 1100 LC-MSD SL) [22, 28]. The Cravatt group
quantified lipids by comparing the peak area of the NAE to the peak area of the d4 labeled
internal standard that was added to each sample [29, 30]. For our analysis and for analysis of
the Deutsch line [17], standard curves for each MRM method were generated by running
purified standard lipids of known concentrations. Standards for NAEs were not mixed in
with the samples from brain tissue in our analysis or Tsuboi and colleagues’ analysis

Eighty lipids were measured in analyzing the Luquet line, including lipoamines and
prostaglandins that were measured in other lines of NAPE-PLD KO. However, a notable
absence from our present analysis is comparing levels of precursor NAPEs. We would
expect levels of NAPE to increase in NAPE-PLD KO, similar to that seen in Tsuboi and
colleagues [17]. Levels of NAPEs correspond well with NAE levels: the analysis of the
Cravatt line saw increases in levels of NAPEs whose conjugate NAEs showed decreases and
saw no change in A-arachidonoyl phosphatidylethanolamine levels, corresponding with no
change in AEA [22].
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4.3 Lipoamines are broad targets for enzymes and receptors

One of the first NAEs to be identified was PEA, the conjugate of palmitic acid and
ethanolamine. Kuehl and colleagues found it in soybeans, peanuts, and egg yolks and
determined that PEA had anti-inflammatory effects [31]. PEA and OEA both bind to PPAR-
a to have analgesic, anti-inflammatory, and anorexic effects. In addition, SEA also possesses
anti-inflammatory and anorexic properties [32]. OEA is an effective agonist of GPR119, a
receptor highly expressed in the pancreas and colon [33]. The stimulation of GPR119 in the
small intestine releases glucagon-like peptide-1, which enhances satiety and reduces food
intake [34]. LEA can also activate PPAR-a in the intestine, where it may have a role in
prolonging feeding latency [33]. Levels of PEA, OEA, and LEA decrease after rats are fed a
high fat diet, though what is happening to the broader lipidome of A-acyl amide lipids is
unknown [34].

Non-NAE A~acyl amide endogenous lipids have also been shown to have biological
significance. N-arachidonoyl taurine (A-Taur), activates transient receptor potential vanilloid
1 (TRPV1) and TRPV4 channels at micromolar concentrations [35]. Likewise, AEA and
OEA were shown previously to also be agonists at TRPV1 [36, 37]. More recently, we
identified 8 additional A~acyl amides that activate TRPV1; including LEA, DEA, and A-
docosahexaenoyl glycine that are modified here in the Luquet NAPE-PLD mouse [20]. The
only change in levels of A-Taur in NAPE-PLD KO mice was an increase in the thalamus;
otherwise, A-Taur levels were the same as WT. Therefore, inactivating NAPE-PLD does not
affect all endogenous TRPV1 ligands in the same manner or in the same region of the brain.

4.4 Anandamide-NAGly synergy is the opposite of what is predicted in the NAPE-PLD

mouse

The A-acyl amide, A-arachidonoyl glycine (NAGIy), is an agonist at GPR18 and drives
migration in both microglial and human endometrial carcinoma cells [38, 39]. NAGIy can be
formed from AEA via two distinct pathways, both of which are found in mammalian cells.
The first is a direct oxidation of AEA by alcohol dehydrogenase, and the second is via the
conjugation of arachidonic acid and glycine using arachidonic acid released by the
hydrolysis of AEA by fatty acid amide hydrolase (FAAH) [40]. NAGIly possesses
antinociceptive and anti-inflammatory properties in several animal models of pain. NAGIly
has also been shown to suppress the proliferation of murine macrophage cells [41]. Like
AEA, NAGIy can undergo oxygenation reactions via the enzyme cyclooxygenase 2 (COX-2)
to produce a glycine conjugate of prostaglandins [33, 42]. These relationships would predict
that if AEA were decreased in the cells then NAGIly would, likewise, decrease. This,
however, was not the case in 4 of the 8 brain regions where NAGIly was actually increased in
NAPE-PLD KO mice. Therefore, the biosynthetic mechanism that cell systems are using in
the brain for lipid metabolism even between these two tightly-controlled lipids appears to be
compromised when this upstream enzyme is eliminated.

4.5 Brainstem metabolism of 2-AG and arachidonic acid are unique in NAPE-PLD KO mice,
though 2-acyl glycerols are more globally regulated

Any potential differences in 2-AG and arachidonic acid levels after NAPE-PLD deletion
cannot be evaluated as these lipids were not reported for either the Cravatt or Deutsch
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NAPE-PLD KO strains [17, 22]. Changes observed for 2-AG and arachidonic acid in the
Luguet mice were restricted to the brainstem, highlighting a region-dependent role for
NAPE-PLD. Importantly, in 5 of the 8 brain regions analyzed here, levels of the 2-AG
structural analog 2-linoleoyl glycerol (2-LG) were significantly reduced in the Luquet
NAPE-PLD KO mouse, again, suggesting more biosynthetic and metabolic cross-talk
among lipid species. Although 2-LG does not directly activate CB1 or CB, [43], it acts as an
agonist at some of the orphan GPCRs that are putative cannabinoid receptors. In COS-7
cells transfected with human GPR119, 2-LG stimulates CAMP formation [34]. Another
potential mechanism of action of 2-LG is that it potentiates that binding of 2-AG to CB; and
inhibits 2-AG’s deactivation in neuronal cells. This effect has been called the “entourage
effect” [43], though recent unpublished data from the Mackie lab presented at ICRS in 2014
demonstrated that 2-LG was acting as a negative allosteric modulator for 2-AG in
hippocampal neurons, adding still more complexity to these signaling systems. Therefore
some of the region-dependent decreases in 2-LG levels in the Luquet NAPE-PLD KO mice
may be indirectly affecting cannabinoid signaling.

4.6 Prostaglandins are sensitive to changes in the arachidonic acid lipidome

Our finding of region dependent increases in prostaglandin levels is the first report of altered
prostaglandin signaling in NAPE-PLD KO mice. Altering the expression of an enzyme that
regulates eCB production can have effects on prostaglandins, as the two families of lipids
are derived from arachidonic acid and share some precursors [42]. Prostaglandins are well
known for their role in inflammation [44]. Interestingly, inflammatory challenges can
acutely alter the expression of NAPE-PLD: in cultured RAW 264.7 macrophage cells, an
inflammatory insult caused by treatment with LPS downregulated NAPE-PLD expression by
altering transcription factors [45]. However, treatment of RAW macrophage cells with LPS
increases levels of AEA compared to vehicle treatment, suggesting that NAPE-PLD is not
the major enzyme responsible for LPS-induced up regulation of AEA [16]. Therefore,
despite the fact that NAPE-PLD KO mice do not have an overt behavioral phenotype under
baseline conditions [17, 22], deleting NAPE-PLD may impair the brain’s ability to respond
to inflammation [46].

Possible mechanistic explanations for why prostaglandin levels are upregulated in some
brain areas of NAPE-PLD KO involve alterations in expression or activity of enzymes that
synthesize prostaglandins. PLA; releases arachidonic acid from phospholipid pools. COX
oxidizes arachidonic acid and forms the endoperoxide PGH,. Prostaglandin synthases then
generate the prostaglandins (PGE,, PGD», and PGF,,,) and prostacyclin (PGl,) [44].
Stimuli, like growth factors or inflammatory agents, induce expression of COX-2. [47].
Several studies that reported increases in PGE, due to pharmacological manipulations
identified upregulation of COX-2 as a potential mechanism [48-50]. Therefore, a follow-up
study will examine COX-2 expression in the brain regions of NAPE-PLD KO where
prostaglandins are upregulated, predicting increases in COX-2 where prostaglandin levels
are higher.

COX-2 dependent PGE; synthesis has important implications for both psychopathology and
neurodegeneration. For example, the post-mortem brains of patients with schizophrenia and
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bipolar disorder displayed higher expression of COX-2 [51, 52] and this is correlated with
reports of higher PGE; levels in plasma [53]. The anti-psychotic drug olanzapine reduced
both COX-2 and PGE; levels [54]. In Alzheimer’s disease, brains from patients
demonstrated higher COX-2 levels, along with other markers of inflammation [55] that were
not present in normal aging [56]. Indeed, the use of COX inhibitors can reduce amyloid beta
buildup in animal models of Alzheimer’s disease [50, 57]. Studies examining inflammatory
markers in humans with neuroinflammation did not measure NAPE-PLD activity. However,
given that NAPE-PLD is required for inflammatory responses in cell systems [45], it is
possible that dysregulation of NAPE-PLD may be contributing to increased prostaglandin
signaling.

How are concentrations of prostaglandins and eCBs related to levels of free arachidonic
acid? Illustrating the close connections of the arachidonic acid lipidome, Nomura and
colleagues showed an integral relationship between 2-AG and prostaglandins in
monoacylglycerol lipase (MAGL) KO mice: brain levels of 2-AG robustly increased, at the
expense of levels of prostaglandins and arachidonic acid [58]. As prostaglandin production
is regionally upregulated in NAPE-PLD KO, it was expected that free arachidonic acid
levels would increase. However, in cases where prostaglandin production is augmented, free
arachidonic acid levels do not necessarily change [59]. Furthermore, the relationship
between AEA metabolism and arachidonic acid levels is not fully clarified. Despite the fact
that inhibiting AEA hydrolysis prevents the formation of radiolabeled arachidonic acid from
labeled AEA, levels of free arachidonic acid in the brains of FAAH KO mice have not been
measured [30]. As arachidonic acid is a target for many oxidative enzymes [60], such as
COX-2, increases in arachidonic acid may be so rapidly metabolized that a change cannot be
detected in NAPE-PLD KO. The factors that drive sustained increases in arachidonic acid
levels need to be further elucidated, as well as detailing the relationships between eCBs,
arachidonic acid, and prostaglandins.

5. Concluding Remarks

NAPE-PLD is hypothesized to be responsible for the production of NAEs in the brain, yet,
to rule out that it is involved in broader areas of lipid metabolism a wider variety of lipids
must be screened in more discreet brain regions. Here, a targeted lipidomics screen of over
70 N-acyl amides illustrates that in the Luquet NAPE-PLD KO mouse not only were there
significant decreases in levels of NAEs throughout the brain, they were fatty acid chain and
area dependent. Levels of other A-acyl amides, 2-acyl glycerols and prostaglandins were
also significantly impacted by NAPE-PLD deletion in a region-specific manner. This is the
first report of changes in prostaglandin production in any NAPE-PLD KO mice. Therefore,
deletion of NAPE-PLD impacts production of several cannabimimetic molecules, and is not
just important for the synthesis of NAEs. Furthermore, the impact of NAPE-PLD deletion on
the lipidome varies by brain region, which no doubt has functional implications. The
widespread lipidomics shifts identified here in the Luquet NAPE-PLD KO mouse highlights
the interconnectedness of the arachidonic acid lipidome and may explain some of the
behavioral changes seen after deletion of this enzyme.
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NAPE N-acyl-phosphatidylethanolamine

NAPE-PLD NAPE-specific phospholipase D

NAPE-PLDIox NAPE-PLD floxed

OEA N-oleoyl ethanolamine

PEA N-palmitoyl ethanolamine

PGK-neo phosphoglycerate kinase | promoter driving neomycin
resistance gene

PLA, phospholipase A,

pNAPE plasmalogen-type NAPE

PPAR peroxisome proliferator-activated receptor

SEA N-stearoyl ethanolamine

STEM brainstem

STR striatum

THAL thalamus

TRPV1 transient receptor potential vanilloid 1

WT wild-type
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Highlights for NAPE-PLD KO lipidomics

1. NAPE-PLD KO mice show a significant reduction in brain levels of
Anandamide.

2. Modifying NAPE-PLD has broader effects on the lipidome than previously
recognized.

3. NAPE-PLD KO has brain region-dependent effects on arachidonic acid
derivatives.

4, Increased prostaglandin levels illustrate a dramatic shift in arachidonic acid
metabolism
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Generic structure of a Lipoamine

Panel A: Construct for Cravatt line; Panel B: Construct for Luquet line; Panel C: Construct
for Deutsch line
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Table 2

Changes in lipidome of Luquetline NAPE-PLD KO compared to WT controls.

Lipid Species STR HIPP CER THAL CTX HYP MID STEM
N-acyl alanine
N-palmitoyl alanine v vl
N-oleoyl alanine BDL )
N-arachidonoyl alanine BDL BDL BDL BDL BDL BDL Yid
N-acyl ethanolamine
N-palmitoyl ethanolamine N N N N N N vy A2
N-stearoyl ethanolamine Yid vy Y v vy v NAAZ Yy
N-oleoyl ethanolamine 2z vy N N vy N N2
N-linoleoyl ethanolamine Yodbdy | VY Yidy Yy Yild N N Yy
N-arachidonoyl ethanolamine Y Y Yy v N2 Yy N2 Yy
N-docosahexaenoyl ethanolamine AR Yy iy vy AR Yty iy Yy
N-acyl glycine
N-palmitoyl glycine T NG
N-stearoyl glycine 4» N
N-oleoyl glycine 4P 4>
N-arachidonoyl glycine T T T T
N-docosahexaenoyl glycine 4p4p 4 BDL
N-acyl phenylalanine
N-stearoyl phenylalanine vy NG
N-oleoyl phenylalanine T
N-arachidonoy! phenylalanine Yl BDL
N-docosahexaenoyl phenylalanine BDL vy BDL ~
N-acyl proline
N-palmitoyl proline BDL N
N-acyl serine
N-palmitoyl serine N
N-stearoyl serine NG NG vy
N-oleoyl serine ’T‘
N-linoleoyl serine 4
N-arachidonoy! serine 4 BDL 4R
N-acyl taurine
N-arachidonoyl taurine ™
N-acyl tryptophan
N-palmitoyl tryptophan BDL BDL b
N-stearoyl tryptophan vy NG BDL
N-acyl tyrosine
N-stearoyl tyrosine BDL BDL NG BDL BDL
N-arachidonoyl tyrosine BDL N T BDL BDL
N-docosahexaenoy! tyrosine BDL BDL T BDL BDL
N-acyl valine
N-palmitoyl valine P
N-oleoyl valine BDL BDL ~
Free Fatty Acids
Linoleic acid N N
Arachidonic acid N
2-acyl-sn-glycerol
2-arachidonoyl-sn-glycerol T
2-linoleoyl-sn-glycerol N g J v v
2-oleoyl-sn-glycerol T
Prostaglandins
PGE, T T T T o T
PGF2q T 2 T o o

Boxes in green indicate significant increases in the lipid and the number of arrows in the box indicates the magnitude difference (1 arrow = 1-1.49
fold change; 2 arrows = 1.5-1.99 fold change; 3 arrows = 2-2.99 fold change; 4 arrows = 3-9.99 fold change; 5 arrows = 10 fold or more change
relative to WT). Likewise, orange boxes indicate a significant decrease. Blank cells indicate no change between WT and NAPE-PLD KO, whereas
BDL marks where lipids were present at concentrations below detection limits. See supplemental tables for means and statistical analyses.
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Table 3

Summary of all arachidonic acid derived lipid species in the screen and their significance and magnitude of
change in the Luquetline relative to WT controls.

NAPE-PLD KO STR HIPP CER THAL CTX HYP MID STEM
Arachidonic acid derivatives
N-arachidonoyl alanine BDL BDL BDL BDL BDL BDL Yl
N-arachidonoyl dopamine BDL BDL BDL BDL BDL BDL BDL
N-arachidonoy! ethanolamine Yddbd | Yy N\ s Yl N NS N
N-arachidonoyl GABA
N-arachidonoyl glycine T T T T
N-arachidonoyl phenylalanine Yl BDL
N-arachidonoyl serine N BDL ™~
N-arachidonoyl taurine T
N-arachidonoyl tyrosine BDL N T BDL BDL
2-arachidonoyl-sn-glycerol T
Arachidonic acid v
PGE, ™~ T T T T i
PGF2q T T T i T

Boxes in green indicate significant increases in the lipid and the number of arrows in the box indicates the magnitude difference (same scale as in
Table 2). Likewise, orange boxes indicate a significant decrease. See supplemental tables for means and statistical analyses. Blank cells indicate no
change between WT and NAPE-PLD KO, whereas BDL marks where lipids were present at concentrations below detection limits. See
supplemental tables for means and statistical analyses.
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