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Microglia produce and hydrolyze palmitoylethanolamide
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Abstract

Microglial cell activation and migration play an important role in neuroinflammation propagation.
While it is known that the lipid transmitter palmitoylethanolamide (PEA) regulates microglial
migration by interacting with a cannabinoid-like receptor, the production and inactivation of this
lipid by microglia has never been addressed directly. Here we show that the mouse microglial cell
line BV-2 produces and hydrolyzes PEA. The carbamate compound URB602 inhibits PEA hydrolysis
in BV-2 cell homogenates and increases PEA levels in intact cells, whereas the FAAH inhibitor
URB597 and serine-hydrolase inhibitor MAFP do not affect PEA levels in intact cells. This unique
pharmacological profile of inhibitors on PEA hydrolysis suggests the involvement of a previously
undescribed enzyme that degrades PEA. This enzyme expressed by microglia constitutes a promising
target for controlling the propagation of neuroinflammation.
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INTRODUCTION

Anandamide (arachidonoylethanolamide, AEA) and its analogue palmitoylethanolamide
(PEA) regulate many of the same pathophysiological processes, including pain perception,
convulsions, neurotoxicity and inflammation (Calignano et al. 1998; Lo Verme et al. 2005;
Jaggar et al. 1998; Lambert et al. 2001; Skaper et al. 1996). They both fulfill the three criteria
required to be considered bona fide lipid transmitters: stimulus-dependent production,
interaction with specific receptors and enzymatic inactivation. Yet recent reports suggest that
AEA and PEA likely belong to independent signaling pathways, with distinct synthesis,
receptors and inactivation (reviewed in Mackie and Stella 2006). Thus increasing our
understanding of the molecular steps involved in either AEA or PEA biosynthesis or
inactivation may lead to the identification of unique targets that will independently control
AEA and PEA signaling.

Few studies exist on AEA and PEA biosynthesis. They both are present in the CNS and
peripheral tissues, with PEA often being ten times more abundant than AEA (Cadas et al.
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1997; Calignano et al. 1998; Franklin et al. 2003). Specific stimuli may lead to their
independent accumulation. For example, in neurons in primary culture, activation of a7
nicotinic receptors increases AEA without changing PEA levels, whereas activation of
muscarinic receptors increases PEA without affecting AEA levels (Stella and Piomelli 2001).
In astrocytes in primary culture, ionomycin increases AEA without affecting PEA levels
(Walter et al. 2002). In mouse brain, experimental autoimmune encephalomylitis leads to a
30-fold increase in PEA without changing AEA levels (Witting et al. 2006) (A. Witting and N.
Stella, personal communication). Independent increases in AEA and PEA likely reflect
independent biosynthetic pathways. Accordingly, PEA levels are reduced in NAPE-PLD
knockout mouse brain, while AEA levels are unchanged (Leung et al. 2006). Whether NAPE-
PLD is involved in stimuli-induced increases in either PEA or AEA is not known. Other
biosynthetic pathways, including PLC, certain phosphatases (e.g. PTPN22), o/B-hydrolase 4
(Abh4) and metal-dependent phosphatases, may play a role in AEA synthesis (Liu et al.
2006; Simon and Cravatt 2006). Thus, both in vitro and in vivo evidence suggest independent
pathways for the biosynthesis of PEA and AEA,; but the precise molecular steps of their
biosynthesis are unclear.

The receptors mediating the biological effects of AEA and PEA are also distinct, even though
these lipids differ only by their fatty acid moiety (20:4 versus 16:0, respectively). AEA binds
CB; and CB; cannabinoid receptors with high affinity, while PEA does not (Lambert et al.
1999; Sheskin et al. 1997). Several unique biological responses have been attributed to PEA.
In BV-2 cells, PEA inhibits cAMP accumulation with an ICgy of 7 nM, and this response is
insensitive to CB receptor antagonist SR141716A and the CB5 receptor antagonist SR144528
(Franklinetal. 2003). PEA binds PPAR-a.and blocks inflammation in wild-type but not PPAR-
a knockout mice, suggesting that it specifically interacts with this receptor (Lo Verme et al.
2005; Lo Verme et al. 2006). Thus, AEA mediates most of its biological effects by activating
CB; and CB; receptors, while PEA activates either PPAR-a and/or an unknown Gj, protein-
coupled receptor.

At least two enzymes capable of hydrolyzing AEA and PEA have been reported. Fatty acid
amide hydrolase (FAAH) preferentially hydrolyzes AEA over PEA (Ueda et al. 1995;
Desarnaud et al. 1995; Cravatt et al. 1996), while the newly identified N-acylethanolamine-
hydrolyzing acid amidase (NAAA) preferentially hydrolyzes PEA over AEA (Tsuboi et al.
2005). While FAAH and NAAA are both expressed in brain and have different pH sensitivities
and pharmacological profiles (Sun et al. 2005), depending on the cell type and
pathophysiological condition, PEA hydrolysis may occur through FAAH and/or NAAA. Thus,
identification of selective inhibitors of either enzyme is necessary to selectively boost PEA or
AEA signaling.

We have previously shown that BV-2 cells express a fully functional AEA signaling system,
as these cells produce and inactivate AEA, and AEA modulates their migration (Walter et

al. 2003). We have also shown that PEA regulates BV-2 cell migration through an unknown
receptor (Franklin et al. 2003), but had not determined if these cells produce and inactivate
PEA. Here we sought to address these questions and test the hypothesis that PEA signaling is
independent of AEA signaling in microglial cells.

URB597 (3’carbamoyl-biphenyl-3-yl-cyclohexylcarbamate), URB602 ((1,1-biphenyl)-3-yI-

carbamic acid cyclohexyl ester), and MAFP (methylarachidonyl fluorophosphate) were from
Cayman Chemical (Ann Arbor, MI). [3H]-PEA (radiolabeled on the ethanolamine) was from
American Radiolabeled Chemicals (St. Louis, MO) and the National Institute on Drug Abuse
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drug supply system. Anandamide, PEA, and d4-PEA were synthesized in the lab (Walter et
al. 2002).

Homogenate preparation and measurement of [3H]-PEA hydrolysis

Eight x 108 BV-2 cells (in 100 mm dishes) were rinsed once with PBS, lysed in 1 ml of ice-
cold Hepes (250 mM) — Sucrose (10 mM) buffer (pH 7.4) and homogenized on ice with a
Dounce tissue homogenizer. Homogenates (20 ng of proteins in 400 pl of Tris.HCI (100 mM,
pH7.4) were added to silanized glass tubes placed on ice and containing either 0.5 pl of drug
in DMSO or DMSO alone (0.1%, control). Hydrolysis was initiated by adding 100 pl of [3H]-
PEA (3 nM, = 70,000 dpm) in Tris HCI (0.1% fatty acid-free BSA). Tubes were incubated in
a shaking water bath at 37°C. Reactions were stopped by adding 2 ml of ice-cold MeOH-
CHCl3 (1:1) and the products of hydrolysis extracted by vigorous mixing and subsequent
centrifugation at 800 x g (10 min). One milliliter of the upper phase was recovered, mixed with
Ecoscint (4 ml), and radioactivity therein determined by liquid scintillation. Tubes containing
only buffer were used as control for chemical hydrolysis (blank) and this value was
systematically subtracted.

Quantification of PEA by chemical ionization gas chromatography/mass spectrometry (Cl-

GCIMS)

PEA amounts in BV-2 cells (3 x 10° cells/100 mm dish) were measured as described with
some modifications (Walter and Stella 2003; Walter et al. 2002). Briefly, cell media was
replaced by MEM + CellGro® (10 mL). After 12 hrs, MAFP, URB597, URB602 or 0.1%
DMSO were added (in 1 mL MEM + CellGro®) to the cells for 20 min under gentle agitation
in a shaking water bath kept at 37°C. Media was then removed and cells fixed with ice-cold
MeOH (5 mL). The homogenates were recovered in glass vials containing 200 pmol of dy-
PEA in CHCI3 (10 mL). PBS (2.5 mL) was then added to obtain a 4:2:1 ratio of CHCl3, MeOH
and water. Following vigorous mixing and centrifugation at 1000 x g (5 min), the organic phase
was recovered and dried under a nitrogen stream. The residue was recovered in CHCl3 and
purified by silica open-bed chromatography using EtOAc-Acetone (1:1) as elution solvent.
PEA was then converted to its trimethylsilyl derivative by BSTFA and quantified by isotope
dilution using CI-GC/MS.

Data analysis

RESULTS

GraphPad PRISM® (version 4) was used to analyze the data and generate dose-response curves.

We used CI-GC/MS and isotope dilution to determine whether BV-2 cells produce PEA. Our
first set of experiments was designed to determine the number of BV-2 cells required to reliably
detect endogenously produced PEA. Indeed, endogenous PEA is quantified by spiking lipids
extracted from BV-2 cells with deuterated PEA (200 pmol). Because deuterated PEA always
contains a small amount of non-deuterated PEA, we wanted to determine the number of BV-2
cells required to generate a PEA/d4-PEA ratio that is statistically greater than the PEA/d4-PEA
ratio generated by deuterated PEA alone. We found that our batch of d4-PEA contained 14 +
0.67 % of non-deuterated PEA (Fig 1, white bar) and that 3 x 108 BV-2 cells generated a ratio
(17.5 £ 0.68 %) that was statistically greater than the ratio generated by deuterated PEA alone
(Fig 1). According to our isotope dilution calibration curve, this ratio corresponds to 1.83 pmol
of PEA per 10° cells.

Our second set of experiments was designed to verify the chromatographic properties and
fragmentation pattern of the PEA peak generated when analyzing 3 x 106 BV-2 cells. Under
the GC conditions used in our study, deuterated PEA eluted at 9.35 minutes (Fig 2). Its mass
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spectra included two predominant fragments that we had previously reported and have high
diagnostic value (Walter et al. 2002): ions at m/z 376, corresponding to the protonated TMS
molecules ([M+H]*) and ions at m/z of 448, corresponding to the protonated di-TMS molecules
(the second TMS being added to the nitrogen of the ethanolamine moiety) (Fig 2). When
analyzing BV-2 cell lipid extracts and following fragments at m/z 372 and 444 (i.e. resulting
from endogenous PEA), we found a predominant peak at 9.35 min (Fig 2). Together, these
results show that BV-2 cells do indeed produce PEA.

We then sought to determine if BV-2 cells hydrolyze PEA. BV-2 cell homogenates hydrolyzed
[3H]-PEA in a protein-and time-dependent manner, yielding a specific activity of 0.2 pmol/
min/mg of protein (Fig. 3a,b). This activity started to saturate at 35 ug of protein when using
20 min of incubation at pH 7 (Fig 3a). Note that [3H]-PEA hydrolysis was optimal at pH 8 (Fig
4a), which is reminiscent of the pH dependence described for FAAH, and minimal at pH 5 (Fig
3aand 4a), the optimal pH for NAAA activity (Ueda et al. 1999; Ueda et al. 1995). Both PEA
and AEA competed for [2H]-PEA hydrolysis with 1Csq values of 1.1 uM and 0.4 pM,
respectively, which again is reminiscent of FAAH (Jonsson et al. 2001) (Fig. 4b). To further
characterize this PEA hydrolyzing activity, we tested the effect of three commonly used
inhibitors of endocannabinoid hydrolysis: MAFP, URB597 and URB602. We found that
MAFP, a non-selective fluorophosphonate inhibitor of numerous serine hydrolases, inhibited
[3H]-PEA hydrolysis with an I1Csq of 0.07 nM (Fig. 4c). URB597, the rather selective FAAH
inhibitor (Lichtman et al. 2004; Zhang et al. 2007) inhibited [3H]-PEA hydrolysis with an
ICsq of 1.3 nM. URB602, a carbamate compound that inhibits both 2-AG and AEA hydrolysis
(Hohmann et al. 2005; Vandevoorde et al. 2007; Muccioli et al. 2007), inhibited [3H]-PEA
hydrolysis with an ICsq of 4.3 uM. These results show that PEA hydrolysis in BV-2 cell
homogenates is mediated by a serine hydrolase activity that is sensitive to both URB597 and
URBG602.

Because of the pharmacological profile of PEA hydrolysis in BV-2 cell homogenates, we
sought to test the effect of these inhibitors on PEA levels in intact BV-2 cells. Thus we treated
BV-2 cells in culture with MAFP, URB597 or URB602, and quantified PEA levels by CI-GC/
MS. Figure 5 shows that, in contrast to our results obtained in cell homogenates, MAFP (1
uM) and URB597 (0.1 uM) did not significantly affect PEA levels in intact BV-2 cells
(although MAFP had a trend to increase PEA levels, but this effect did not reach statistical
significance). Remarkably, URB602 at 100 uM induced a 5-fold increase in PEA levels in
BV-2 cells. This result shows that the pharmacological profile of PEA hydrolysis in
homogenates does not correspond to the pharmacological profile of inhibiting PEA hydrolysis
in intact cells and that URB602 efficiently increases PEA levels in intact cells.

DISCUSSION

We show that BV-2 cells, a cell line commonly used to study microglial cell function, produce
1.5 fold more PEA than 2-AG and 1.3 fold less than AEA (Muccioli et al. 2007), and degrade
PEA through a URB602-sensitive enzymatic pathway. Since BV-2 cells also respond to PEA
(Franklin et al. 2003), our results suggest that these cells express a fully functional PEA
signaling system. Because URB602 increases PEA levels without affecting AEA levels
(Muccioli et al. 2007), our results confirm the existence of independent PEA and AEA
signaling pathways in microglia.

A recent study reported the identification of NAAA, an enzyme capable of hydrolyzing PEA
more efficiently than AEA (Tsuboi et al. 2005). While NAAA is expressed by peripheral
macrophages and RAW264.7 cells and is thought to degrade PEA in these cells (Sun et al.
2005), we provide evidence that NAAA does not participate in PEA hydrolysis by BV-2 cells,
which is also a macrophage-like cell line. Specifically, while NAAA activity is optimal at pH
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5 and insensitive to URB597 and MAFP (up to 10 and 1 pM, respectively) (Sun et al. 2005;
Tsuboi et al. 2005), we found that [2H]-PEA hydrolysis by BV-2 cell homogenates is minimal
at pH 5, and entirely inhibited by URB597 and MAFP at pH 7. Furthermore, we found that
BV-2 cell homogenates hydrolyze PEA with a lower specific activity (0.2 pmol/min/mg of
protein) than AEA and 2-AG, 0.4 and 1.2 pmol/min/mg of protein, respectively (Muccioli et
al. 2007). Thus, both the pH dependence and pharmacological profile of [°H]-PEA hydrolysis
by BV-2 homogenates allowed us to rule out the contribution of NAAA in this activity.

When focusing on PEA hydrolysis by BV-2 cell homogenates, three sets of evidence suggest
the involvement of FAAH. First, the pH profile of [2H]-PEA hydrolysis parallels the pH profile
described for [H]-AEA hydrolysis by FAAH, both of which reach optimal activity at pH 8-9
(Omeiretal. 1995; Ueda et al. 1995). Second, MAFP and URB597 inhibit [3H]-PEA hydrolysis
with ICsq values corresponding to those reported for recombinant FAAH (Lichtman et al.
2004). Third, both PEA and AEA compete for [3H]-PEA hydrolysis with similar micromolar
ICsq values. However, our results obtained with intact cells clearly refute the involvement of
FAAH in controlling PEA levels. Indeed, treating intact BV-2 cells with URB597 and MAFP
at concentrations known to increase AEA by 2-3 fold (Muccioli et al. 2007) does not
significantly affect PEA levels. Because AEA levels measured in intact cells are increased by
URB597 and MAFP when using the same protocol (Muccioli et al. 2007), we are confident
that these inhibitors reached FAAH. Thus we conclude that FAAH can hydrolyze PEA when
experiments are performed with homogenates, but FAAH does not control PEA levels in intact
BV-2 cells. A similar scenario is also true for 2-AG. Several reports have shown that FAAH
hydrolyzes 2-AG when experiments are performed with homogenates, but pharmacological
inhibition and genetic deletion of FAAH does not affect 2-AG levels in intact cells and tissue
(Kathuria et al. 2003; Patel et al. 2005).

We found that URB602 inhibits [3H]-PEA hydrolysis by BV-2 homogenates as well as
increases PEA levels in intact BV-2 cells. Yet in our previous study, we had found that URB602
also inhibits [®H]-AEA hydrolysis by BV-2 homogenates but does not lead to an increase in
AEA levels in intact BV-2 cells (Muccioli et al. 2007). How can the discrepancy between
results obtained with homogenates and intact cells be reconciled? We would like to propose
the following two interpretations, which are not mutually exclusive. First, it is possible that
AEA and PEA synthesis have distinct sub-cellular locations in intact cells and that FAAH is
only expressed where AEA is synthesized. Accordingly, treating intact cells with URB597 and
MAFP increases AEA levels, without affecting PEA levels (Muccioli et al. 2007). However,
when cell homogenates are prepared and incubated with exogenously added [3H]-AEA and
[3H]-PEA, both lipids may now reach FAAH and be hydrolyzed. Accordingly, recombinant
FAAH is capable of using both AEA and PEA as substrates (Boger et al. 2000; Wei et al.
2006). Note that one study showed that recombinant FAAH activity measured in homogenates
is inhibited by micromolar concentrations of URB602 ((Vandevoorde et al. 2007). Second, it
is possible that an unknown, URB602-sensitive, enzymatic activity is expressed by BV-2 cells
and is located where PEA is synthesized in intact cells. Accordingly, treating intact cells with
URB602 increases PEA levels without affecting AEA levels. However, when cell homogenates
are prepared and incubated with exogenously added [3H]-AEA and [3H]-PEA, both lipids may
now reach this unknown enzyme and be hydrolyzed. Thus our results suggest that BV-2 cells
express a novel PEA-hydrolyzing enzyme that is sensitive to URB602, which further
emphasizes that this compound is not a specific MGL inhibitor. The definite proof for the
existence of such enzyme will have to wait for its molecular cloning. Note that an enzyme
capable of hydrolyzing PEA and insensitive to URB597 has been identified in rat duodenum
(Fegley et al. 2005). Whether this enzyme is NAAA or the same enzyme as the one described
here is not known.
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We have previously shown that BV-2 cells also express a novel 2-AG-hydrolyzing activity
that is also sensitive to URB602 (Muccioli et al. 2007). Two lines of evidence suggest that the
novel 2-AG hydrolyzing enzyme is yet also distinct from the novel PEA hydrolyzing enzyme
described here. First, MAFP inhibits the novel 2-AG hydrolyzing enzyme and increases 2-AG
levels in intact cells without changing PEA levels (Muccioli et al. 2007). Second, URB602
inhibits the novel 2-AG hydrolyzing enzyme with an 1Csq value of 7.6 mM, while inhibiting
the PEA hydrolyzing enzyme described here with an I1Csq value of 4.3 uM. Thus, our results
suggest that BV-2 cells express three distinct endocannabinoid-hydrolyzing enzymes: FAAH
that controls AEA levels, a novel 2-AG hydrolyzing enzyme that controls 2-AG levels and a
novel PEA hydrolyzing enzyme that controls PEA levels.

The physiological role and pharmacological properties of PEA in the CNS are poorly
understood compared to those of AEA and 2-AG. While PEA is found in significant levels in
whole mouse or rat brains (100-550 pmol/g) (Cravatt et al. 2004; Fegley et al. 2004; Franklin
et al. 2003; Patel et al. 2005), pathophysiological stimuli may selectively increase its levels.
Neurons in culture produce PEA (Stella and Piomelli 2001) and astrocytes produce 2 to 3 times
more PEA than AEA (Walter et al. 2002). Activated microglial cells migrate toward damaged
cells to either repair or further damage these cells depending on their activation profile. PEA
potentiates microglial cell motility through a Gj/o-protein mechanism distinct from CB; and
CB, cannabinoid receptors. Thus compounds that selectively target the PEA signaling system
might constitute promising leads for the identification of novel therapies aimed at controlling
the propagation of chronic neuroinflammation.

In summary, the BV-2 microglial cell line produces, responds to and hydrolyzes PEA, and
URB602 increases PEA levels in these cells. Although the precise target of URB602 is
unknown, the relevance of this result is highlighted by the fact that PEA enhances AEA-induced
migration of BV-2 cells through a non-CB1, non-CB,, Gj,, protein-coupled receptor.Thus, our
study suggests that BV-2 cells constitute a viable cellular model for developing PEA-based
therapeutics for chronic neuroinflammation.
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Figure 1. BV-2 cells produce PEA

Increasing numbers of BV-2 cells (1, 3, and 8x10%/100 mm dish) in MEM+Cellgro® were
incubated for 20 min (37°, 0.1% DMSO) before lipid extraction and PEA quantification by
CI-GC/MS. The PEA/d4-PEA ratios were determined and compared to the ratio found with
the d4-PEA standard alone. Data are the mean of 3 experiments performed in duplicate (i.e. 6
dishes/condition) + SEM. ANOVA followed by Dunnett’s post-test was used (* = P < 0.05;
** =P <0.01).
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Figure 2. CI-GC/MS characterization of endogenous PEA in BV-2 cells

GC/MS chromatogram peak (arrow) from BV-2 cells lipid extracts (upper panels), PEA
standard (middle panels), and d4-PEA standard (lower panels) corresponding to the mono-TMS
adduct (A, m/z of 372 and 376 for PEA and ds-PEA, respectively) and di-TMS adduct (B, m/
z of 444 and 448 for PEA and d4-PEA, respectively).
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Figure 3. BV-2 cell homogenates hydrolyze PEA

[3H]-PEA hydrolysis by BV-2 whole cell homogenate was measured at pH 7.4 using increasing
amounts of homogenate (A, incubating 20 minutes) or increasing duration of incubation (B,
using 20 ug of protein). When incubated at pH 5, the activity is almost completely absent (A,
triangles). Values are mean + SEM (3 experiments performed in duplicate).
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Figure 4. Characterization of PEA hydrolysis by BV-2 cell homogenates

(A) Influence of the pH on [3H]-PEA hydrolysis. pH was adjusted with the following buffers
(100 mM): NaAcetate (from pH 3 to pH 6), HEPES (from pH 6 to pH 7), Tris (from pH 7 to
pH 9) and Na,B4O7 (from pH 9 to pH 11). (B) Effect of increasing concentrations of PEA
(squares) or AEA (triangles) on [3H]-PEA hydrolysis by BV-2 whole cell homogenates. (C)
[3H]-PEA hydrolysis is completely, and dose-dependently, inhibited by MAFP (circles),
URB597 (squares), and URB602 (triangles). Values are mean £ SEM (3 experiments
performed in duplicate) and are expressed as percentage of control.

Neuropharmacology. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Muccioli and Stella Page 13

] 0.04
700-
600-
o — ]
= T 500-
02 0.37
o o 400+ —_
- i
= o 3004 -
o~ 200 -
0-
N A 9
& @VgQ & &£
N3 N

Figure 5. PEA levels in intact BV-2 cells are increased by URB602 but not by URB597 or MAFP
BV-2 cells (3x106/dish) were incubated (37°, 20 min) with MAFP (1 uM), URB597 (100 nM),
URBG602 (100 uM) or 0.1% DMSO (basal). Lipids were then extracted and PEA quantified by
CI-GC/MS. PEA levels in the presence of inhibitors are compared to PEA basal level and are
the mean of 4-5 experiments performed in duplicate (i.e. 8 to 10 dishes/condition) + SEM.
ANOVA followed by Dunnett’s post-test was used and P values are indicated.
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