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Abstract

The mechanisms of endogenous cannabinoid biosynthesis are not completely understood. We
hypothesized that anandamide could be recycled by the cell to form new endocannabinoid
molecules and released into the extracellular space. We determined that new endocannabinoids
derived from exogenous anandamide or arachidonic acid were synthesized and released from
RBL-2H3 cells in response to ionomycin. Treatment of RBL-2H3 cells with nystatin and
progesterone, agents that disrupt organization of lipid raft/caveolae, resulted in the attenuation of
anandamide and 2-arachidonyl glycerol synthesis and/or release in response to stimulation with
ionomycin suggesting a role for these membrane microdomains in endocannabinoid biosynthesis.
Furthermore, anandamide synthesis may be independent of N-acyl phosphatidylethanolamine
phospholipase D as expression of the enzyme was not detected in RBL-2H3 cells. We also
established that extracellular calcium is necessary for endocannabinoid biosynthesis because
release of intracellular calcium stores alone does not promote endocannabinoid biosynthesis. Next,
we examined the role of calcium as a “switch” to activate the synthesis of anandamide and
simultaneously reduce uptake. Indeed, [3H] anandamide uptake was reduced in the presence of
calcium. Our findings suggest a mechanism indicative of calcium-modulated activation of
anandamide synthesis and simultaneous termination of uptake.
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Introduction

Delta-9-tetrahydrocannabinol (AS-THC) is the primary psychoactive component of

marijuana, a naturally occurring plant-derived cannabinoid (Childers and Breivogel, 1998).
A9-THC produces a wide range of pharmacological effects both in the central nervous
system and in the periphery. A%-THC elicits therapeutic benefits when used for treatment of
glaucoma, spasticity, and pain, however, the beneficial effects of AS-THC are hampered by
the psychotropic side effects (Watson et al., 2000). The undesirable side effects elicited by
AS-THC include alterations in cognition and memory as well as the feeling of a “high” or
euphoria.
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The endogenous cannabinoids (endocannabinoids) anandamide (AEA) and 2-arachidonyl
glycerol (2-AG) mimic the actions of A°-THC, as the pharmacologic profiles of endogenous
and plant-derived cannabinoids are similar. AEA, 2AG, as well as A°>-THC mediate their
effects primarily via the G protein-coupled CB1 and CB2 cannabinoid receptors (Matsuda et
al., 1990; Munro et al., 1993). AEA has also been shown to be an agonist at the vanilloid
receptor (VR1) that is a member of the transient receptor potential (TRP) superfamily of ion
channels (Smart et al., 2000; Zygmunt et al., 1999). Both AEA and 2-AG have been linked
to retrograde signaling in various brain regions (Chevaleyre et al., 2006). Furthermore,
endocannabinoids modulate many diverse biological targets, and therefore play a role in
physiological processes such as pain, nausea, reproduction, immune response, and cancer
(Di Carlo and 1zzo, 2003; Guzman, 2003; Habayeb et al., 2002; Karsak et al., 2007; Parolaro
et al., 2002; Pertwee, 2001; Tramer et al., 2001). Characterization and pharmacologic
manipulation of the endocannabinoid system is important because it may allow us to identify
new drug targets for the treatment of many disorders without the undesirable psychotropic
side effects that plant-derived cannabinoids produce.

The pharmacologic profiles of 2-AG and AEA are similar, including the events that lead to
the signal termination of these endocannabinoids (Lambert and Fowler, 2005). To terminate
the signaling of 2-AG and AEA, these molecules have to be taken up by the cell. Our lab has
previously shown that AEA uptake is an endocytic process that is non-clathrin-mediated,
rapid, saturable, and temperature-dependent (McFarland et al., 2008; McFarland et al.,
2004). The identity of the protein(s) involved in the transport of both 2-AG and AEA,
however, is not known. Following uptake, 2-AG may be hydrolyzed either by fatty acid
amide hydrolase (FAAH) or monoacylglycerol lipase to yield ARA and glycerol, whereas
AEA is hydrolyzed by FAAH into ARA and ethanolamine (Cravatt and Lichtman, 2003;
Deutsch and Chin, 1993; Di Marzo, 1998; Di Marzo et al., 1998; Goparaju et al., 1998).

Our lab has also previously discovered that AEA metabolites, ARA and ethanolamine, are
trafficked back to the plasma membrane accumulating in the caveolin-rich membranes, i.e.
lipid rafts (McFarland et al., 2004). Lipid rafts are specialized microdomains in the plasma
membrane that are enriched in ARA, cholesterol, plasmenylethanolamine, and sphingolipids
(London and Brown, 2000; Pike et al., 2002). Caveolae are flask-shaped invaginations of the
plasma membrane that are a subclass of lipid rafts (Razani et al., 2002).

Endocannabinoids are synthesized and released in a calcium-dependent fashion “on
demand,” unlike the typical neurotransmitter molecules that are stored in and recycled into
vesicles. 2-AG and AEA as well as their congeners are thought to be stored in the membrane
as phospholipid precursors (Piomelli, 2003). The endocannabinoid 2-AG is synthesized
from diacylglycerol via the actions of sn1-specific diacylglycerol lipase in a calcium-
dependent fashion (Bisogno et al., 2003). Studies suggest that one of the prevailing
pathways for AEA synthesis involves the calcium-dependent enzyme, NAPE PLD. In 2004,
Okamoto and colleagues cloned a phospholipase D that specifically synthesized N-
acylethanolamines (NAEs), including AEA (Okamoto et al., 2004). The role of NAPE PLD
in AEA biosynthesis remains unclear because in a separate study, Leung and colleagues
reported that the levels of AEA and its precursor were unchanged in the brains of NAPE
PLD knock-out mice (Leung et al., 2006). Therefore, purified NAPE PLD may be able to
catalyze the formation of AEA in vitro, however, other biosynthetic pathways may control
the formation of this endocannabinoid in vivo.

The present study reveals that the synthesis of AEA and 2-AG depends on the intact
organization of lipid raft microdomains in rat basophilic leukemia RBL-2H3 cells. The
disruption of lipid rafts with nystatin/progesterone treatment (McFarland et al., 2004;
Rothberg et al., 1992; Smart et al., 1996) results in the attenuation of AEA and 2-AG
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formation. These results imply that AEA and 2-AG formation and release may take place in
the lipid raft/caveolae microdomains of the cell membrane. Furthermore, our findings
reinforce the hypothesis that AEA metabolites can be recycled to form new AEA molecules.
In addition to recycling AEA into new AEA molecules, RBL-2H3 cells also recycle AEA-
derived ARA into 2-AG. In fact, Rimmerman and colleagues established that the
biochemical machinery for the production of 2-AG is localized within lipid rafts suggesting
that 2-AG synthesis via diacylglycerol occurs within these microdomains (Rimmerman et
al., 2008).

The biosynthesis of endocannabinoids is a calcium-dependent process. Therefore, we
explored the role of the source of calcium in the synthesis of AEA and 2-AG in RBL-2H3
cells. We removed calcium from the extracellular space and stimulated RBL-2H3 cells with
thapsigargin to trigger the release of intracellular calcium stores. We discovered that the
biosynthesis of AEA and 2-AG is strictly dependent of the presence of extracellular calcium.

We previously reported that AEA uptake takes place via a caveolae-related endocytosis
(McFarland et al., 2008; McFarland et al., 2004), thus, suggesting that both uptake and
release of AEA occur from the same microdomain within the plasma membrane. Therefore,
we examined whether the cell may utilize calcium as a “switch” by which synthesis and
release is activated and the uptake process is disengaged.

Materials and Methods

Cell Culture

RBL-2H3 and HEK-293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 5% fetal clone | and 5% bovine calf serum supplemented with 2 mM L-
glutamine and 1% penicillin/streptomycin. CAD cells were maintained in DMEM/F-12
(50/50) with 5% fetal clone | and 5% bovine calf serum supplemented with 2 mM L-
glutamine and 1% penicillin/streptomycin. Cells were maintained in a CO5-containing (5%)
humidified environment at 37 °C.

[3H] ARA or [3H] AEA Recycling and Synthesis in RBL-2H3 Cells

RBL-2H3 cells were plated at 3 x 10° cells/well seeding density in 6-well culture plates.
Twenty four hours after plating, 1 nM [3H] ARA (American Radiolabeled Chemicals Inc.)
or 1 nM [3H] AEA (Perkin Elmer) was added to the cells. The tritiated species were allowed
to metabolize and become incorporated into the membrane for the next 24 hours at 37 °C.
For the assay, cells were washed twice with Krebs-Ringer Hepes (KRH) buffer (120 mM
NaCl, 4.7 mM KCI, 1.2 mM KHyPQOy, 1.2 mM MgSOy, 10 mM Hepes and 2.2 mM CaCl,,
pH 7.1) at 37 °C with 0.5% fatty-acid free Bovine Serum Albumin (BSA) and once with
KRH buffer without BSA. For the assays examining the role of lipid rafts in the
endocannabinoid synthesis, cells were incubated in KRH buffer containing nystatin (25 ug/
mL)/progesterone (10 ug/mL) or KRH buffer without nystatin and progesterone for 30 min
at 37 °C. One of the indicated treatment conditions included a 100 uM AM404 treatment.
Cells were then treated with either KRH buffer or 1 uM ionomycin (Sigma) for 10 min at 37
°C in order to stimulate endocannabinoid synthesis. The reaction buffer was then collected
and mixed with ice-cold 1.5 mL of 2:1 chloroform:methanol (vol:vol) and 10 puL of 1 M
HCI. The aqueous and organic phases were mixed by vortexing and then separated by
centrifugation (2000 x g, 10 min, 4 °C). The organic layer was removed from each sample,
placed in a clean glass tube, and 1 mL of ice-cold chloroform was added to the remaining
aqueous layer. The phases were again mixed by vortexing and separated by centrifugation
(2000 x g, 10 min, 4 °C). The organic layer was removed and combined with the previously-
extracted organic layer. The solvent from the combined organic phases was evaporated
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under a stream of argon. The tubes were capped and kept overnight at —20 °C. The
concentrated samples were then resuspended in 52 pL of ice-cold chloroform and divided
into two spots of 20 pL each onto 20 x 20 cm glass-backed thin layer silica gel
chromatography (TLC) plates. The TLC mobile phase consisted of 11:5 isooctane:ethyl
acetate saturated with H,O and acetic acid (Parrish and Nichols, 2006). After the plates were
air-dried, the lipids were visualized with iodine vapor. The location of the AEA, 2AG, and
ARA spots was identified by comparison with standards (Cayman Lipids). The silica
corresponding to the AEA, 2AG, and ARA spots was then scraped off of the TLC plate into
scintillation vials and allowed to equilibrate in EcoLite scintillation cocktail (MP
Biomedicals) for three days. Radioactivity was then quantified on a Beckman 1801 LS
scintillation counter.

For the assay verifying the concentration and time points of ionomycin incubations,
RBL-2H3 cells were plated and incubated with [3H] AEA as described above.
Endocannabinoid biosynthesis was stimulated with 10 nM, 100 nM, 1 uM, 10 uM, or 100
uM ionomycin for 10 min at 37 °C. To verify the appropriate time points of ionomycin
stimulation, cells were treated with 1 uM ionomycin anywhere between 0.5 min and 10 min
at 37 °C. In both experiments the reaction buffer was collected, the lipid were extracted and
analyzed as described above.

For the assay examining the role of the source of calcium in the biosynthesis of
endocannabionids, RBL-2H3 cells were plated and incubated with [3H] AEA as described
above. Cells were then treated with 1 uM ionomycin for 10 min or 1 uM thapsigargin
(Sigma) for 30 min at 37 °C in the presence or absence of calcium. The reaction buffer was
collected, the lipids were extracted and analyzed as described above.

High performance liquid chromatography (HPLC) analysis

RBL-2H3 cells were plated at 3 x 10° cells/well seeding density in 6-well culture plates.
Twenty four hours after plating, 1 nM [3H] AEA was added to the cells. The tritiated species
were allowed to metabolize and become incorporated into the membrane for the next 24
hours. Cells were washed and treated with ionomycin to stimulate endocannabinoid
synthesis as described above. The reaction buffer was then collected, and the aqueous and
organic phases were mixed and separated as described above. The combined organic phases
were then evaporated under a stream of argon. Samples were then resuspended in 10 pL of
ethanol, and 10 pL of 14.4 uM cold AEA was added to each sample. HPLC analysis was
performed using a modification of the published method by Fezza and colleagues (Fezza et
al., 2005). Briefly, a Shimadzu Liquid Chromatograph model LC-10AT VP, and a Shimadzu
UV detector model C-R5A Chromatopac was used. The separations were carried out on a
C18 (25 cm x 4.6 mm, 5 pm) column (Supelco) with mobile phase composition of
methanol:water:acetic acid (85:15:0.1, v:v:v), and flow rate of 0.8 mL/min. Fractions eluting
from the HPLC were collected every minute into scintillation vials. UltimaFlo™ AP liquid
scintillation cocktail (Perkin-Elmer) was added to the eluted fractions at a 2:1 (v:v) ratio.
Radioactivity was then quantified by liquid scintillation counting. The identity of AEA was
assessed by comparing the tritium profile in the eluted fractions with the UV detection of the
cold standard at 204 nm.

[3H] AEA Uptake

RBL-2H3 cells were plated at 1.2 x 10° cells/well seeding density in a 24-well culture plate.
Twenty four hours later, cells were washed with KRH buffer (at the indicated pH). Cells
were then incubated in KRH buffer for 10 min at 37 °C. 1 nM [3H] AEA with or without 1
uM ionomycin or 100 uM AM404 were allowed to incubate with the cells for 10 min at 37
°C. Cells were washed twice with KRH buffer containing 0.5% fatty acid-free BSA and
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once with KRH buffer with no BSA. Microscint-20® (Packard) was added to each well and
allowed to equilibrate overnight. The accumulated tritium was detected using a Packard
Topcount microplate scintillation and luminescence counter. AM404 (100 puM) was used to
define non-specific uptake. The same procedure was used in the experiment designed to
evaluate the effect of exogenous calcium on [3H] AEA uptake in RBL-2H3 cells, except in
the indicated treatment, KRH buffer with no calcium was used.

Fluorescent detection of SKM 4-45-1 uptake

RBL-2H3 cells were plated at 1.2 x 10° cells/well seeding density on glass coverslips in a 6-
well culture plate, that had been coated with poly-D-lysine 1 hour prior to plating. The next
day, cells were treated with 25 uM SKM 4-45-1 (Cayman Lipids) in the presence or absence
of 1 uM ionomycin for 10 min at 37 °C. Cells were then immediately fixed in a 4%
paraformaldehyde solution for 30 min at room temperature. Cells were washed twice with
phosphate-buffered saline (PBS) for 15 min and twice for 5 min at room temperature.
Coverslips were removed from the wells, mounted on slides using ProLong Antifade with
DAPI (Molecular Probes), and allowed to dry overnight. The cell images were acquired by
oil immersion confocal microscopy at X 60 magnification with a Nikon Diaphot 300
microscope. The Bio-Rad MRC1024 confocal system was used with a krypton (488 nm)/
argon (568 nm) laser, a 522-535-nm band-pass filter, and a 588-nm long-pass filter.

For fluorescent detection of SKM 4-45-1 uptake in RBL-2H3 cells using fluorescence
spectroscopy, RBL-2H3 cells were plated in 10-cm tissue culture plates. Cells were then
washed, and then scraped off the plate in 5 mL KRH buffer. Cells were plated at 1.5 x 104
cells/well seeding density, AM404 (100 uM) or ionomycin (10 uM) were immediately
added to the suspended cells, and incubated for 10 min at 37 °C. SKM 4-45-1 (25 uM) was
added to the cells for 5 min at 37 °C. Fluorescence intensity was measured using the
Fusion™ a-FP fluorescence spectrometer. Excitation wavelength was set at 485 nm,
emission wavelength was set at 535 nm. The instrument settings were as follows:
fluorescence bottom read with well read and well repeats were set at 1, lamps intensity was
set at 20, gain at 1, photomultiplier tube voltage at 1100 V.

Expression of NAPE PLD in HEK-293 Cells and Cellular Fractionation of HEK-293,
RBL-2H3, and CAD Cells

HEK-293 cells were grown to 70 % confluency in 10-cm culture dishes. The cells were
transfected with 24 pg of pcDNA3.1+ NAPE PLD (rat) or pcDNA3.1+ using Lipofectamine
2000 (Invitrogen). The cells were cultured at 37 °C for 48 hours with one change of medium
at 4 hours after the start of the transfection. RBL-2H3 and CAD cells were grown in 10-cm
culture dishes to 80% confluency. Transfected HEK-293 cells, RBL-2H3 and CAD cells
were lysed on ice for 10 min in lysis buffer (2 mM Hepes, 1 mM EDTA, pH 7.4). Cells were
scraped off the culture plates and transferred into 2.0 mL flat-bottom microcentrifuge tubes
(Avanti). The cell lysates were then subjected to ultracentrifugation at 100,000 x g for 45
min at 4 °C. The supernatants were saved (cytosolic fraction), and the pellets were
resuspended in the lysis buffer. The ultracentrifugation step was repeated. The supernatants
from this step were discarded. The resulting pellets were resuspended in lysis buffer
containing 1% Triton X 100, and incubated on ice for 10 min. The membrane fractions were
then separated from the rest of the sample with centrifugation at top speed in an Eppendorf
Mini Spin Plus centrifuge (Brinkmann Instruments). The resulting supernatants were saved
as the membrane fractions.

Western Blot analysis of NAPE PLD

The membrane and cytosolic fractions were prepared for SDS PAGE by combining the
samples with Laemmli buffer in a 1:1 ratio (v:v) (5% bromophenol blue, 5% pB-
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mercaptoethanol, 62.5 mM Tris-HCI, 20% glycerol, and 2% SDS). Samples were then
resolved on a 4-20% polyacrylamide SDS PAGE (BioRad) for 1.5 hours at 105 V using the
Mini-Protean 3 system (Bio-Rad). Proteins were then transferred onto a polyvinylidene
difluoride membrane using the Bio-Rad Mini Trans-Blot system for 3 hours at 60 V. The
membrane was stored in a phosphate-buffered saline (PBS) solution containing 0.1%
Tween-20 and 5% dry milk at 4 °C overnight. The presence of NAPE PLD was revealed
using the rabbit anti-NAPE PLD polyclonal primary antibody (1:500, Cayman Lipids) and a
goat anti-rabbit (1:2000, Bio-Rad) horseradish peroxidase-labeled secondary antibody
followed by an exposure with ECL detection reagents (Amersham).

Expression of NAPE PLD and [3H] AEA Recycling and Synthesis in CAD Cells

CAD cells were grown to 70 % confluency in 6-well culture plates, previously coated with
poly-D-lysine. The cells were transfected with 4 ug of pcDNA3.1+ NAPE PLD or
pcDNA3.1+ using Lipofectamine 2000 (Invitrogen). The cells were cultured at 37 °C for 48
hours with one change of medium at 4 hours after the start of the transfection. 10 nM [3H]
AEA was added to the cells 4 hours before the assay. Cells were then washed twice with
KRH buffer (pH 7.1) with 0.5% BSA and once with KRH buffer without BSA. Cells were
then treated with 1 pM ionomycin for 10 min at 37 °C in order to stimulate endocannabinoid
synthesis. The reaction buffer was then collected, prepared, and analyzed by TLC as
described above.

Data and Statistical Analysis

Results

The data representing endocannabinoid synthesis and release were normalized to the control
(buffer). The counts per minute (CPM) values corresponding to the synthesis and release of
endocannabinoids in response to stimuli (ionomycin or thapsigargin) were divided by the
average CPM value corresponding to the control, thus yielding a release response as fold
over buffer. Data are expressed as mean + SEM performed in duplicate. A two-tailed
student’s t test was used to compare two data sets, a one-way ANOVA with Newman-Keul’s
post-hoc test was performed to compare data sets from more than two sets. p<0.05 was
considered statistically significant. GraphPad Prism (v. 3.02) software was used for all
statistical analyses.

AEA and 2-AG can be synthesized from exogenous ARA by RBL-2H3 cells

RBL-2H3 cells are a mucosal mast cell line that was successfully used by our lab to study
AEA endocytosis (Barsumian et al., 1981; McFarland et al., 2004). To determine whether
AEA or 2AG can be formed from exogenously provided ARA, we allowed RBL-2H3 cells
to grow in the presence of 1 nM [3H] ARA for 24 hours. AEA and 2AG synthesis and
release were stimulated with the treatment of 1 uM ionomycin, an ionophore used to elevate
the intracellular calcium concentrations (Liu and Hermann, 1978). The TLC analysis of
tritium content in the reaction buffer revealed that RBL-2H3 cells utilized the exogenous
ARA to synthesize and release new AEA and 2AG molecules in response to 1 uM
ionomycin (Fig. 1). Treatment of the cells with ionomycin resulted in an increased synthesis
and release of [3H] AEA compared with the buffer-treated control (Fig. 1A). Pre-treatment
of the cells with the AEA uptake inhibitor, AM404 (100 uM), resulted in a decrease of AEA
release in response to the stimulation with ionomycin. RBL-2H3 cells also released 2AG
and free ARA, similar to AEA (Fig. 1B and C). Again, the synthesis and release of 2AG was
attenuated in the presence of AM404. After the pre-treatment with AM404, the release of
ARA in response to ionomycin was increased, unlike the response of AEA and 2AG.
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The recycling of AEA to form new AEA and 2-AG molecules requires intact membrane
microdomains and is blocked by AM404

Our lab had previously shown that AEA metabolites, ARA and ethanolamine, are enriched
in the caveolae/lipid raft microdomains of the cell (McFarland et al., 2004). We explored the
possibility that these AEA metabolites, ARA and ethanolamine, could be used by the cell to
form new endocannabinoid molecules. To examine this hypothesis, we allowed RBL-2H3
cells to accumulate and metabolize [3H] AEA (1 nM) for 24 hours and then stimulated
endocannabinoid synthesis and release with the addition of 1 uM ionomycin. The TLC
analysis of tritiated products from the reaction buffer revealed that treatment of RBL-2H3
cells with ionomycin resulted in an increased synthesis and release of [3H] AEA compared
with the buffer-treated control (Fig. 2A). We verified the results obtained with TLC analysis
using HPLC approach. We confirmed that the identity of the peak corresponding to AEA on
the UV spectrum corresponded to the [3H] AEA that eluted from the HPLC (Fig. 2A, inset).
TLC analysis on cell lysates from cells incubated with [3H] ARA or [3H] AEA confirmed no
detectable intact AEA or 2-AG were present in the cells prior to ionomycin stimulation (data
not shown). These control experiments suggest that the endocannabinoids detected after
ionomycin stimulation represent a newly-synthesized population of AEA and 2-AG and not
residual levels remaining from the labeling step.

The synthesis and/or release of AEA was attenuated when the cells were pre-treated with
100 uM AM404 prior to the stimulation with ionomycin (Fig. 2A). The disruption of the
lipid raft microdomain organization with nystatin (25 ug/mL)/progesterone (10 pg/mL)
treatment (N/P) also resulted in the attenuation of AEA synthesis and/or release when
stimulated with ionomycin (Fig. 2A). These results support our hypothesis that AEA
metabolites can be recycled to form new AEA molecules, and that this process is dependent
on intact lipid raft microdomains. Control cells utilized in the AEA recycling assays were
also subjected to lysis and TLC analysis to confirm that no detectable levels of intact AEA
remained after the 24 hour incubation (data not shown).

In addition to recycling AEA into new AEA molecules, RBL-2H3 cells recycled AEA-
derived ARA into 2-AG and released 2-AG and ARA in response to the treatment with
ionomycin (Fig. 2 B and C). Treatment of the cells with 100 uM AM404 resulted in a
reduction of 2AG release from RBL-2H3 cells in response to the ionomycin stimulation.
The release of ARA in response to ionomycin was unchanged after the pre-treatment with
AMA404, unlike the response of AEA and 2AG. Treatment of RBL-2H3 cells with nystatin/
progesterone (N/P) attenuated 2-AG synthesis and/or release as well as the release of ARA
in response to ionomycin.

We verified the time- and dose-dependency of ionomycin stimulation on endocannabinoid
biosynthesis. We observed that endocannabinoid biosynthesis is time-dependent with peak
production occurring between 7 and 10 minutes (Fig. 3 A and B). These studies also
revealed that the maximal endocannabinoid biosynthesis and release was achieved between
100 nM and 1 uM ionomycin (Fig. 3 C and D).

Extracellular calcium is necessary for AEA and 2-AG biosynthesis--release of intracellular
calcium stores alone does not promote endocannabinoid biosynthesis

Endocannabinoid biosynthesis is a calcium-dependent process (Piomelli, 2003). We
determined how the source of calcium influences biosynthesis of AEA and 2-AG in
RBL-2H3 cells. We examined the role of exogenous calcium supplied in the assay buffer,
and the role of calcium derived from the depletion of intracellular calcium stores. RBL-2H3
cells were treated with 1 nM [3H] AEA for 24 hours and then endocannabinoid synthesis
and release was stimulated with the addition of 1 uM ionomycin or 10 uM thapsigargin, an
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agent that raises intracellular calcium concentrations by inhibiting a class of enzymes called
sarcoendoplasmic reticulum calcium ATPases. In the presence of extracellular calcium, both
ionomycin and thapsigargin stimulated a robust increase in AEA, 2-AG and ARA synthesis
and release (Fig. 4). The synthesis and release of AEA and the release of ARA in response
to thapsigargin were comparable to that of ionomycin stimulation (Fig. 4A and C). The
thapsigargin response for 2-AG synthesis and release was increased compared the
ionomycin treatment (Fig. 4B). When the extracellular calcium was removed from the
buffer, endocannabinoid synthesis and release was inhibited. The results indicate that the
endocannabinoid biosynthetic pathway in RBL-2H3 cells is sensitive to the source of
calcium. Extracellular calcium must be present in order to stimulate endocannabinoid
synthesis and cannot be substituted with calcium derived only from intracellular calcium
stores (i.e., in the case of thapsigargin treatment without extracellular calcium).

Elevation of intracellular calcium reduces the uptake of AEA in RBL-2H3 cells

Our lab has previously demonstrated that AEA uptake is rapid, saturable, temperature-
dependent, and most importantly occurs via a non-clathrin mediated endocytic process
(McFarland et al., 2008; McFarland et al., 2004). Therefore, we concluded that AEA uptake
may take place via caveolae/lipid raft-related endocytosis in RBL-2H3 cells. In the present
study, we observed that the synthesis and release of AEA depended on the intact
organization of lipid rafts (Fig. 2). If membrane microdomains are involved in the synthesis
and release of endocannabinoids, then there must be a cellular mechanism to provide
temporal separation between release and uptake events. Because AEA biosynthesis is
sensitive to elevated intracellular calcium concentrations, we hypothesized that increasing
intracellular calcium concentrations could act as the “switch” to promote AEA biosynthesis
and simultaneously suspend the process of uptake. We discovered that [3H] AEA uptake in
RBL-2H3 was attenuated in the presence of 1 uM ionomycin as compared with control (Fig.
5A). We were concerned, however, that the decrease in the [3H] AEA uptake was a result of
an increase in the synthesis and release of non-tritiated endogenous AEA that was produced
in response to the ionomycin treatment. In this case, the newly synthesized and released
AEA could be competing for the uptake with [3H] AEA. Therefore, we performed the
experiments of [3H] AEA uptake at low pH where AEA synthesis is known to be
significantly reduced (Ueda et al., 2001). At pH 7.1, there was a robust increase of AEA
synthesis and release upon treatment of the cells with 1 uM ionomycin compared with the
buffer-stimulated cells (control) (Fig. 5B). At pH 5.1, however, the synthesis and release of
AEA in response to 1 uM ionomycin stimulation was attenuated (Fig. 5B). Even under the
conditions where AEA synthesis and release were effectively reduced (pH 5.1), ionomycin
treatment inhibited AEA uptake suggesting that new AEA molecules were not responsible
for the reduction in transport (Fig. 5C).

The fluorescent derivative of AEA SKM 4-45-1 was used to further explore the impact of
intracellular calcium on endocannabinoid uptake. Outside the cell SKM 4-45-1 is non-
fluorescent, however once this molecule is taken up by the cells, it undergoes rapid cleavage
by nonspecific esterases into AEA and fluorescein (Muthian et al., 2000). SKM 4-45-1 was
chosen for this experiment because it has been shown to undergo carrier-mediated uptake
via the same mechanism as AEA endocytosis (McFarland et al., 2008; Muthian et al., 2000).
We incubated RBL-2H3 with 25 uM SKM 4-45-1 in the presence or absence of 1 pM
ionomycin and detected the resulting fluorescence signal in each condition. In the presence
of ionomycin, the fluorescence signal was much weaker compared with the signal obtained
without the ionomycin treatment (Fig. 5D). This result confirmed that SKM 4-45-1 uptake
was reduced by the ionomycin treatment. Furthermore, these results were quantified using
fluorescence spectroscopy. RBL-2H3 cells were pre-incubated with AM404 (100 uM) or
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ionomycin (10 uM), and SKM 4-45-1 uptake was evaluated. AM404 blocked SKM 4-45-1
uptake and ionomycin pre-treatment reduced SKM 4-45-1 uptake as well (Fig. 5E).

Once we established that AEA uptake was attenuated in response to increased intracellular
calcium concentrations, we determined how exogenous calcium affects AEA uptake. [3H]
AEA uptake in RBL-2H3 was evaluated in the presence and absence of calcium in the
uptake buffer. In the absence of calcium, [3H] AEA uptake was enhanced compared with the
results obtained in calcium-containing uptake buffer (Fig. 5F). The finding that calcium
attenuated [3H] AEA uptake in RBL-2H3 further reinforced our hypothesis that cells may
utilize calcium as a “switch” between the events of endocannabinoid biosynthesis and
uptake.

NAPE PLD may not be involved in the biosynthesis of AEA in RBL-2H3 cells

Previous studies suggested that AEA biosynthesis involves the NAPE PLD-dependent
cleavage of N-acyl phosphatidylethanolamine (NAPE), the AEA precursor (Okamoto et al.,
2004). In this study, we observed that RBL-2H3 cells synthesized and released AEA in
response to ionomycin stimulation. Therefore, we further examined the role of NAPE PLD
in the formation of AEA in RBL-2H3 cells. Using Western blot analysis, we determined that
NAPE PLD expression was not detectable in RBL-2H3 cells (Fig. 6). As a control
experiment, we transfected HEK-293 cells with the NAPE PLD cDNA and performed
immunoblotting on the lysates of membrane and cytosolic fractions from these transfected
cells. Only the HEK-293 cells that had been transfected with the NAPE PLD cDNA
exhibited detectable levels of NAPE PLD (Fig. 6).

CAD cells do not recycle AEA to form new 2-AG and AEA molecules

The studies conducted in the RBL-2H3 cell line provided a model for AEA synthesis and
release, implicating recycling of AEA metabolites. Next, we attempted to extend the model
of AEA recycling into a neuronal-like cell line. The Cath.a catecholaminergic cells possess
neuronal properties except they do not have classic neuronal morphology (Suri et al., 1993).
Cath.a differentiated (CAD) cells, derived from the Cath.a cell line, were chosen for the next
set of experiments in order to validate a neuronal-like cell line to study AEA synthesis. CAD
cells do not express the immortalizing oncogene present in Cath.a cells, and display
biochemical properties characteristic of neuronal cells (Qi et al., 1997). We have previously
used CAD cells to study AEA uptake and observed similar uptake properties to RBL-2H3
cells (McFarland et al., 2008). We used CAD cells to test whether the recycling of AEA is a
phenomenon that takes place in neuronal cells similar to AEA recycling in RBL-2H3 cells.
CAD cells were incubated in the presence of 10 nM [3H] AEA for 4 hours. These conditions
were optimized for maximum uptake and incorporation of AEA (not shown). The analysis
of tritium content in the reaction buffer revealed that treatment of CAD cells with 1 uM
ionomycin did not result in an increase of AEA, 2AG, or ARA release (data not shown) in
contrast to the effects observed in RBL-2H3 cells (Fig. 1 and 2).

Endogenous NAPE PLD expression was not detected with immunoblotting analysis in CAD
cells (Fig. 6). Therefore, we tested whether CAD cells that expressed exogenous NAPE PLD
would recycle [3H] AEA to form and release new AEA molecules in a similar fashion to
RBL-2H3 cells. CAD cells were transfected with the NAPE PLD cDNA, pre-labeled with
10 nM [3H] AEA for 4 hours, and evaluated for their ability to synthesize and release AEA
in response to ionomycin. NAPE PLD expression was confirmed with immunoblotting (data
not shown). Treatment of the transfected CAD cells with 1 uM ionomycin resulted only in a
small increase of AEA, but not 2-AG or ARA release compared with the control cells that
were transfected with vector (Fig. 7). Thus, wild-type CAD cells do not form and release
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AEA, however, CAD cells that express NAPE PLD are capable of a modest synthesis and
release of AEA.

Discussion

The process of AEA biosynthesis remains enigmatic despite the abundance of studies
performed to characterize the metabolism and signaling of this endocannabinoid. The most
widely accepted pathway for the synthesis of AEA involves NAPE PLD, an enzyme that
catalyzes the hydrolysis of NAPE to form AEA. In a study by Leung and colleagues (2006),
the brain levels of long-chain unsaturated eicosanoids, AEA in particular, remained
unchanged in NAPE PLD knock-out mice compared with wild-type animals (Leung et al.,
2006). Other labs, however, have shown that NAPE PLD catalyzes the formation of AEA
from NAPE in vitro (Okamoto et al., 2004). The finding by Leung and colleagues suggests
that the formation of AEA in vivo may not be necessarily dependent on NAPE PLD despite
the ability of this enzyme to form AEA in vitro (Leung et al., 2006). In other words, NAPE
PLD is able to use NAPE as a substrate to form AEA, however, the native pathway for the
formation of AEA may not involve this enzyme in vivo. In the present study, we report that
NAPE PLD expression in RBL-2H3 cells was not detectable suggesting that NAPE PLD is
either not involved with AEA biosynthesis in these cells or low levels of the enzyme are
sufficient for biosynthesis. Our inability to detect NAPE PLD expression could reflect a lack
of sensitivity in our immunoblots making future studies examining gene expression patterns
of this enzyme critical for a full understanding of NAPE PLD’s role in endocannabinoid
production. Additional pathways for the biosynthesis of AEA have been suggested. Simon
and Cravatt reported that AEA formation takes place via o/ hydrolase 4-dependent NAPE
hydrolysis followed by a phosphodiesterase cleavage step modulated by
glycerophosphodiesterase 1 (Simon and Cravatt, 2006; Simon and Cravatt, 2008). In the
future, genetic and pharmacologic approaches should be used to further characterize the
roles of o/p hydrolase 4 and glycerophosphodiesterase 1 in the biosynthesis of AEA in
RBL-2H3 or other systems.

We report that AEA can be recycled by RBL-2H3 cells to form and release new AEA
molecules, 2AG, and release ARA in response to the ionomycin treatment. We also
observed that the process of AEA synthesis and release depends on the intact organization of
lipid raft/caveolae microdomains. Incubation of the cells with nystatin/progesterone, a
treatment known to disrupt lipid rafts (McFarland et al., 2004), resulted in the attenuation of
AEA synthesis and release. This result and the fact that AEA metabolites, ARA and
ethanolamine, become rapidly enriched in the lipid raft/caveolae fractions of the cell
(McFarland et al., 2004) suggest that AEA synthesis and release may, in fact, take place in
the lipid raft/caveolae microdomains in RBL-2H3 cells. Although the nystatin/progesterone
treatment resulted in a significant reduction of AEA and 2-AG synthesis and/or release in
RBL-2H3 cells, the treatment did not completely abolish endocannabinoid biosynthesis. The
fact that RBL-2H3 cells were able to produce AEA and 2-AG in response to ionomycin even
after the nystatin/progesterone treatment may be explained in two ways. One potential
explanation for the above-mentioned phenomenon is that the nystatin/progesterone treatment
sequesters only a fraction of the cholesterol stores in the cell. A small portion of intact lipid
rafts may remain intact in the nystatin/progesterone-treated cells, therefore, allowing for
endocannabinoid biosynthesis to take place. An alternative explanation for the fact that AEA
and 2-AG synthesis was not completely abolished in RBL-2H3 cells after nystatin/
progesterone treatment is that perhaps not all of the endocannabinoid biosynthesis is
dependent on lipid rafts. It is possible that a subset of endocannabinoids is synthesized in the
non-lipid raft regions of the cell. Furthermore, we recognize the nonspecific nature of the
treatment with nystatin/progesterone, and therefore, suggest that further analytical
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approaches will be needed to confirm the role of lipid rafts in endocannabinoid synthesis
(Rimmerman et al., 2008).

A reduction in the synthesis and/or release of AEA and 2AG in response to AM404 pre-
treatment of RBL-2H3 cells was also observed. AM404 is known to block AEA uptake as
well as FAAH (Beltramo et al., 1997). Our results indicate that perhaps in addition to
inhibiting FAAH and blocking AEA uptake, AM404 may also prevent AEA and 2AG
synthesis and/or release in RBL-2H3 cells. Other groups have also reported that AM404
inhibits AEA release in some cell lines but not others (Hillard and Jarrahian, 2005). The
finding that AM404 blocks AEA release in certain systems begs the question as to whether
the protein(s) involved with AEA uptake may also be involved in the release of this
endocannabinoid.

We discovered that treatment of RBL-2H3 cells with thapsigargin triggered AEA and 2-AG
synthesis and release as well as ARA release, in a similar manner to ionomycin. We then
investigated if elevating the intracellular calcium concentration by depleting the internal
calcium stores alone would trigger endocannabinoid synthesis and release. Our results
indicate that depletion of the intracellular calcium stores with thapsigargin without the
presence of extracellular calcium was not sufficient for endocannabinoid synthesis and
release. Liu and colleagues have shown that depletion of internal calcium stores with
thapsigargin activates cation channels in the plasma membranes of RBL-2H3 cells (Liu et
al., 2004). In our experiments, endocannabinoid biosynthesis could only be stimulated when
extracellular calcium was supplied in the buffer. Therefore, a possible explanation of the
endocannabinoid biosynthesis mechanism response in RBL-2H3 cells in response to
thapsigargin may involve store-operated Ca?* entry (SOCE). Calcium entry that is
modulated by depletion of intracellular calcium stores (primarily from the endoplasmic
reticulum) is called SOCE and is mediated via the activation of specific plasma membrane
channels, termed store-operated calcium (SOC) channels (Hewavitharana et al., 2007).
Additional experiments performed with blockers of voltage-gated calcium channels (L-type
channels, nifedipine; N-type channels, o-conotoxin GVIA; R-type channels, SNX482)
attempting to identify the channel involved with AEA biosynthesis. These compounds failed
to reduce thapsigargin-induced synthesis of AEA or 2-AG (data not shown) suggesting that
other channels such as those involved with SOCE (i.e., TRPC channels) may be mediating
the required calcium influx. Pani and colleagues showed that in HSG and HEK-2H9 cells
the molecular organization of SOCE is modulated by lipid rafts microdomains (Pani et al.,
2008). Whether or not lipid raft microdomains regulate SOCE in RBL-2H3 cells remains
unknown. The subject of future investigations should focus on characterizing the potential
role of lipid rafts in modulating SOCE, and the role of SOCE in the biosynthesis of
endocannabinoids in RBL-2H3 cells.

We explored the possibility that the cell may use calcium as a “switch” between the process
of AEA endocytosis and biosynthesis. We have shown that AEA biosynthesis depends on
the influx of calcium and requires intact organization of lipid rafts. Our lab has previously
shown that the uptake of AEA takes place via caveolae-related endocytosis (McFarland et
al., 2008; McFarland et al., 2004). Therefore, we explored the question as to how two
different processes, endocytosis and release, may take place in the same microdomain of the
cell. We hypothesized that the cells use intracellular calcium to act as the “switch” to
activate synthesis and simultaneously suspend uptake of AEA. In other words, once the
demand for the synthesis of AEA is triggered by an influx of calcium, the process of
endocytosis is inhibited. We discovered that in the presence of ionomycin, the uptake of
[3H] AEA was attenuated compared with the buffer-treated control. We also tested whether
the inhibition of [3H] AEA uptake was a result of the release of endogenous, non-tritiated
AEA that was competing with [3H] AEA. At pH 5.1, there was a significant decrease in the
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uptake of [3H] AEA when the cells were treated with ionomycin, a result comparable to that
obtained at pH 7.1. The synthesis of AEA, however, was greatly reduced at pH 5.1
compared with the results acquired at pH 7.1. Therefore, we concluded that the endogenous
newly-synthesized AEA was not competing with [2H] AEA for uptake, but rather that the
influx of calcium in response to the ionomycin treatment attenuated [3H] AEA uptake.
Furthermore, the increase in intracellular calcium not only caused a decrease in the uptake of
AEA, but also the presence of extracellular calcium reduced the uptake of AEA as well. The
molecular pathway involving calcium that is capable of regulating AEA uptake remains
unknown and should, therefore, be the focus of future studies.

Our study primarily examined the patterns of endocannabinoid biosynthesis and release in
RBL-2H3 cells. We attempted to address the significance of these patterns in a neuronal
system. We chose to use CAD cells as a neuronal model to test whether the recycling of
AEA is a generally observed phenomenon. We had previously used CAD cells to study
endocannabinoid uptake and showed that these cells express an endocannabinoid phenotype
including the expression of FAAH (McFarland et al., 2008). Our results indicate that CAD
cells were not able to recycle AEA because 2-AG and AEA synthesis could not be achieved
after stimulation with ionomycin. Overexpression of NAPE PLD in CAD cells resulted in a
modest increase of AEA synthesis and release in response to ionomycin indicating that
under specific conditions, NAPE PLD may catalyze the formation of AEA.

The recycling and biosynthesis of endocannabinoids appear to be cell model-specific
processes. Our studies suggest that in RBL-2H3 cells, trafficking pathways exist for the
effective handling of AEA metabolites such that the ARA and ethanolamine can be recycled
to form new endocannabinoid molecules. Based on the present data as well as our previous
work on the role of caveolae in AEA endocytosis, we propose that these membrane
microdomains serve as critical scaffolds for sequestering endocannabinoid metabolites and
precursors as well as possibly biosynthetic machinery. Future studies should focus on
identifying the protein(s) involved with AEA and 2-AG biosynthesis and determining if
these proteins are also enriched in the lipid raft/caveolae microdomains. Furthermore, future
studies of endocannabinoid biosynthesis should be extended into primary neuronal or
astrocytic cultures to establish the ability of cells to recycle efficiently the arachidonate
backbone of AEA into new endocannabinoid molecules.
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abbreviations used in text

2-AG 2-arachidonyl glycerol

ARA arachidonic acid

AEA arachidonylethanolamine (anandamide)
BSA bovine serum albumin

AS-THC delta-9-tetrahydrocannabinol

CPM counts per minute

FAAH fatty acid amide hydrolase

HPLC high performance liquid chromatography
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KRH Kreb-Ringer Hepes
NAE N-acylethanolamine
NAPE PLD N-acyl phosphatidylethanolamine phospholipase D
PBS phosphate-buffered saline
TLC thin layer chromatography
SOCE store-operated calcium entry
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Figure 1. Endocannabinoids can be synthesized from exogenous ARA by RBL-2H3 cells
RBL-2H3 cells were incubated with 1 nM [3H] ARA for 24 hours. Cells were washed and
pre-treated with 100 uM AM404 for 10 min at 37 °C or KRH buffer without AM404. Cells
were then treated either with buffer or 1 uM ionomycin for 10 min at 37 °C in order to
stimulate AEA (A) and 2AG (B) synthesis and release, or ARA (C) release. The reaction
buffer was collected, and the lipids were separated and analyzed as described in Materials
and Methods. One-way ANOVA with Newman-Keul’s post-hoc test was performed for
statistical analysis. * p<0.05, ionomycin vs. AM404+ionomycin. Data represent mean +
SEM from three separate experiments performed in duplicate. CPM values (means + SEM)
for [3H] AEA synthesis and release were: buffer = 87 + 23; ionomycin = 1788 + 736; and
AMA404+ionomycin = 243 + 61. For [3H] 2-AG synthesis and release: buffer = 32 + 6;
ionomycin = 585 + 95; and AM404+ionomycin = 138 + 54. For [3H] ARA release: buffer =
49 + 10; ionomycin = 166 + 75; and AM404+ionomycin = 306 * 143.

J Neurochem. Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 17

s*db o ‘e «,{“\
« & & &
& &
CAA & s
’
.
gis
H
<3
25
T
L22
+
ol
o
& §
K & & ¢
& &

Figure 2. The recycling of AEA to form new AEA and 2-AG molecules requires intact lipid rafts
and is blocked with AM404

RBL-2H3 cells were incubated with 1 nM [3H] AEA for 24 hours. Cells were washed and
then treated with nystatin (25 pg/mL)/progesterone (10 pg/mL) (N/P) or KRH buffer
without nystatin and progesterone for 30 min at 37 °C. One of the indicated treatment
conditions included a 100 uM AM404 treatment (10 min at 37 °C). Cells were then treated
either with buffer or 1 uM ionomycin for 10 min at 37 °C in order to stimulate AEA (A) and
2AG (B) synthesis and release, or ARA (C) release. The extracellular reaction buffer was
collected, and the lipids were separated and analyzed as described in Materials and Methods.
The results obtained with TLC analysis were confirmed using an HPLC method. The
identity of the peak corresponding to AEA on the UV spectrum corresponded to the [3H]
AEA that eluted from the HPLC (inset). One-way ANOVA with Newman-Keul’s post-hoc
test was performed for statistical analysis. * p<0.05, ionomycin vs. AM404+ionomycin or
ionomycin vs. N/P+ionomycin. Data represent mean = SEM from three separate
experiments performed in duplicate. CPM values (means + SEM) for [3H] AEA synthesis
and release were: buffer = 60 + 18; ionomycin = 689 + 157; AM404+ionomycin = 253 + 38;
N/P+buffer = 37 + 5; and N/P+ionomycin = 152 + 35. For [3H] 2-AG synthesis and release:
buffer = 31 + 5; ionomycin = 395 + 170; AM404+ionomycin = 195 + 65; N/P+buffer = 31 +
7: and N/P+ionomycin = 58 + 13. For [3H] ARA release: buffer = 56 + 15; ionomycin = 308
+ 186; AM404+ionomycin = 345 + 178; N/P+buffer = 86 + 46; and N/P+ionomycin = 174 £
147,
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Figure 3. lonomycin-stimulated endocannabinoid biosynthesis is time- and dose-dependent
RBL-2H3 cells were incubated with 1 nM [3H] AEA for 24 hours. To verify the appropriate
time points of ionomycin stimulation, cells were treated with 1 pM ionomycin at increasing
time points from 0.5 min to 10 min at 37 °C to trigger the synthesis and release of AEA (A)
and 2-AG (B). Cells were washed and treated with 10 nM, 100 nM, 1 uM, 10 uM, or 100
uM ionomycin for 10 min at 37 °C to stimulate AEA (C) and 2-AG (D) synthesis and
release. In both experiments the reaction buffer was collected, the lipids were extracted and
analyzed as described in Materials and Methods. Data represent mean + SEM from two
separate experiments performed in duplicate. In panels A and B, the CPM values (mean +
SEM) for [3H] AEA synthesis and release were: buffer = 18 + 1 and ionomycin stimulation
for 10 min = 2775 + 2611; [3H] 2-AG synthesis and release were: buffer = 18 + 8 and
ionomycin stimulation for 10 min = 1462 + 905. In panels C and D, the CPM values (mean
+ SEM) for [3H] AEA synthesis and release were: buffer = 31 + 11, 10 nM = 117 + 34, 100
nM = 2760 + 683, 1 uM = 2246 + 515, 10 uM = 1040 + 214, 100 uM = 166 + 95; for [3H] 2-
AG synthesis and release CPM values were buffer = 14 + 2, 10 nM =55 + 25, 100 nM =
1755+ 119, 1 uM = 1517 + 537, 10 uM = 315 + 34, 100 uM = 68 * 26.

J Neurochem. Author manuscript; available in PMC 2009 November 1.



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

1duasnuey Joyiny vd-HIN

Placzek et al.

Page 19

A AEA

60:
lonomycin
= Thapsigargin
-]
|

+ calcium no calcium

B 2AG

[°H] AEA release
fold over buffer
N ow o2 @
5 8 8 g

3

3
8

Jlonomycin
- Thapsigargin

~
>

[°H] 2-AG release
fold over buffer
a
2

»
o

-

+ calcium no calcium

C AA

60 lonomycin
= Thapsigargin

5

4

+ calcium no calcium

<
3

fold over buffer
©
s & &

»
S

[°H] AA release

>

Figure 4. Extracellular calcium is necessary for AEA and 2-AG biosynthesis--release of
intracellular calcium stores alone does not promote endocannabinoid biosynthesis

RBL-2H3 cells were incubated with 1 nM [3H] AEA for 24 hours. Cells were washed and
then treated either with buffer, 1 uM ionomycin for 10 min or 10 uM thapsigargin at 37 °C
in the presence or absence of calcium in order to stimulate AEA (A) and 2AG (B) synthesis
and release, or ARA (C) release. The extracellular reaction buffer was collected, and the
lipids were separated and analyzed as described in Materials and Methods. One-way
ANOVA with Newman-Keul’s post-hoc test was performed for statistical analysis. *
p<0.05, ionomycin vs. thapsigargin. Data represent mean + SEM from three separate
experiments performed in duplicate. CPM values (means + SEM) for [3H] AEA synthesis
and release in the presence of calcium were: buffer = 45 + 18; ionomycin = 1465 * 200; and
thapsigargin = 2397 + 1515. In the absence of calcium values were: buffer = 57 + 25;
ionomycin = 61 + 90; and thapsigargin = 49 + 24. For [3H] 2-AG synthesis and release:
buffer = 29 + 21; ionomycin = 521 + 191; and thapsigargin = 1619 + 787. [3H] 2-AG
synthesis in the absence of calcium were: buffer = 59 + 42; ionomycin = 38 + 34; and
thapsigargin = 19 + 10. For [3H] ARA release: buffer = 49 + 28; ionomycin = 871 + 698;
and thapsigargin = 1665 * 1247. In the absence of calcium values were: buffer = 116 + 138;
ionomycin = 56 + 41; and thapsigargin = 45 + 15.
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Figure 5. Elevation of intracellular calcium reduces AEA uptake in RBL-2H3 cells

RBL-2H3 cells were incubated with 1 nM [3H] AEA in the presence or absence of 1 uM
ionomycin for 10 min at 37 °C at pH 7.1 (A) or 5.1 (C). The assay was performed in the
presence or absence of AM404 (100 uM) in order to define nonspecific uptake. B) Cells
were incubated with 1 nM [3H] AEA for 24 hours, and AEA synthesis was evaluated at pH
5.1 or 7.1. D) SKM 4-45-1 uptake in RBL-2H3 cells was investigated in the presence or
absence of 1 uM ionomycin and detected with fluorescence microscopy. E) RBL-2H3 cells
were incubated with AM404 (100 uM) or ionomycin (10 uM) for 10 min prior to adding
SKM 4-45-1 (25 uM) at 37 °C. Fluorescence intensity was measured on the Fusion™ a-FP
fluorescence spectrometer. Excitation wavelength was set at 485 nm, emission wavelength
was set at 535 nm. The instrument settings were as follows: fluorescence bottom read with
well read and well repeats were set at 1, lamps intensity was set at 20, gain at 1,
photomultiplier tube voltage at 1100 V. F) RBL-2H3 cells were incubated with 1 nM [3H]
AEA in the presence or absence calcium in the buffer for 10 min at 37 °C at pH 7.1. The
assay was performed in the presence or absence of AM404 (100 uM) in order to define
nonspecific uptake. In panels A-C a two-tailed paired t-test was performed for statistical
analysis, * p<0.05. In panel E a one-way ANOVA with Newman-Keul’s post-hoc test was
performed for statistical analysis, * p<0.05. In panel F a two-tailed paired t-test was
performed for statistical analysis, * p<0.05. Data represent mean £ SEM from three separate
experiments performed in duplicate. Mean = SEM CPM values corresponding to the specific
[3H] AEA uptake were: buffer = 5008 + 764 and ionomycin = 2232 + 564. CPM values
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corresponding to the synthesis of [3H] AEA at pH 7 were: buffer = 43 + 9 and ionomycin =
964 + 406; and at pH 5 were: buffer = 39 + 8 and ionomycin = 123 + 79. The arbitrary
fluorescence units corresponding to the total uptake of SKM 4-45-1 were 18850 + 4178,
AMA404 = 9890 + 2001, and ionomycin = 15973 + 3625.
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Figure 6. NAPE PLD is not detectable in RBL-2H3 cells or CAD cells

HEK-293 cells, transfected either with pcDNA3.1+ NAPE PLD or vector pcDNA3.1+, and
RBL-2H3 cells were lysed on ice for 10 min in lysis buffer. The whole cell lysates were then
subjected to separation into the cytosolic and membrane fractions as described in Materials
and Methods. The samples were then resolved on SDS PAGE and transferred onto a
polyvinylidene difluoride membrane. The presence of NAPE PLD (46 kDa) was revealed
using the rabbit anti-NAPE PLD polyclonal primary antibody (1:500, Cayman Lipids) and a
goat anti-rabbit (1:2000), horseradish peroxidase-labeled secondary antibody followed by an
exposure with ECL detection reagents. Data are representative of three separate
experiments.
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Figure 7. CAD cells transfected with NAPE PLD cDNA recycle AEA to form new AEA
molecules
CAD cells were transfected with NAPE PLD pcDNA3.1+ (4 pg) or pcDNA3.1+ (4 pg) for

48 hours. CAD cells were then incubated with 10 nM [3H] AEA for 4 hours at 37 °C. Cells
were treated with buffer or 1 uM ionomycin for 10 min at 37 °C in order to stimulate AEA
(A) and 2AG (B) synthesis and release, or ARA (C) release. The reaction buffer was
collected, the lipids were extracted and analyzed as described in Materials and Methods. A
two-tailed paired t-test was performed for statistical analysis, * p<0.05. Data represent mean
+ SEM from three separate experiments performed in duplicate. CPM values (means =
SEM) for [3H] AEA synthesis and release in CAD cells transfected with pcDNA 3.1+ were:
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buffer = 107 £ 36 and ionomycin = 96 + 36. Values for pcDNA 3.1+ NAPE PLD were:
buffer = 92 + 24 and ionomycin = 132 + 52. For [3H] 2-AG synthesis and release in CAD
cells transfected with pcDNA 3.1+ values were: buffer = 41 + 19 and ionomycin = 32 + 12.
Values for pcDNA 3.1+ NAPE PLD were: buffer = 39 + 16 and ionomycin = 35 + 13. For
[3H] ARA release in CAD cells transfected with pcDNA 3.1+ values were: buffer = 152 +
90 and ionomycin = 152 + 55. Values for pcDNA 3.1+ NAPE PLD were: buffer = 128 + 57
and ionomycin = 180 + 113.
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