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Compartmentalization of endocannabinoids into
lipid rafts in a dorsal root ganglion cell line

N Rimmerman, HV Hughes, HB Bradshaw, MX Pazos, K Mackie, AL Prieto and JM Walker

Department of Psychological and Brain Sciences and the Gill Center for Biomolecular Sciences, Indiana University, Bloomington, IN,
USA

Background and purpose: N-arachidonoyl ethanolamine (AEA) and 2-arachidonoyl glycerol (2-AG) are endogenous
cannabinoids binding to the cannabinoid receptors CB1 and CB2 to modulate neuronal excitability and synaptic transmission
in primary afferent neurons. To investigate the compartmentalization of the machinery for AEA and 2-AG signalling, we studied
their partitioning into lipid raft fractions isolated from a dorsal root ganglion X neuroblastoma cell line (F-11).
Experimental approach: F-11 cells were homogenized and fractionated using a detergent-free OptiPrep density gradient. All
lipids were partially purified from methanolic extracts of the fractions on solid phase cartridges and quantified using liquid
chromatography tandem mass spectrometry (LC/MS/MS). Protein distribution was determined by Western blotting.
Key results: Under basal conditions, the endogenous cannabinoid AEA was present in both lipid raft and specific non-lipid raft
fractions as was one of its biosynthetic enzymes, NAPE-PLD. The 2-AG precursor 1-stearoyl-2-arachidonoyl-sn-glycerol (DAG),
diacylglycerol lipase a (DAGLa), which cleaves DAG to form 2-AG, and 2-AG were all co-localized with lipid raft markers. CB1

receptors, previously reported to partition into lipid raft fractions, were not detected in F-11 membranes, but CB2 receptors
were detected at high levels and partitioned into non-lipid raft fractions.
Conclusions and implications: The biochemical machinery for the production of 2-AG via the putative diacylglycerol pathway
is localized within lipid rafts, suggesting that 2-AG synthesis via DAG occurs within these microdomains. The observed co-
localization of AEA, 2-AG, and their synthetic enzymes with the reported localization of CB1 raises the possibility of intrinsic-
autocrine signalling within lipid raft domains and/or retrograde-paracrine signalling.
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Introduction

Lipid rafts are specialized membrane domains enriched in

cholesterol, sphingolipids and glycosphingolipids compared

with the phospholipid-rich surrounding membranes. These

domains are involved in several functions including intra-

cellular signalling, cellular polarity, molecule sorting and

membrane transport (Moffett et al., 2000; Gaus et al., 2003;

Chini and Parenti, 2004; Wilson et al., 2004). Caveolae, a

lipid raft subtype containing proteins such as caveolins and

flotillins, were explored as a compartmentalization site for

endocannabinoid signalling including the endocannabinoid

N-arachidonoyl ethanolamine (AEA) and its target, the

cannabinoid CB1 receptor (Fielding and Fielding, 1997;

Czarny et al., 1999; Keren and Sarne, 2003; McFarland

et al., 2004; Rajendran et al., 2007).

The partitioning of CB1 receptors into specialized mem-

brane domains was postulated from a C-terminal palmitoy-

lation domain required for proper interactions with lipid

raft-associated G proteins (for reviews see Mukhopadhyay

et al., 1999; Barnett-Norris et al., 2005; Fay et al., 2005; Xie

and Chen, 2005). Keren and Sarne (2003) reported that

internalization of CB1 receptors in HEK293-CB1 transfected

cells occurred via both clathrin-coated pits and caveolae,

although the latter was absent in N18TG2 neuroblastoma

cells natively expressing CB1 receptors or CB1 transfected

AtT20 cells (Hsieh et al., 1999). Bari et al. (2005a, b) showed

that in rat C6 glioma cells, CB1 receptor binding and

signalling were doubled following lipid raft disruption by

cholesterol depletion with methyl-b cyclodextrins, while

cholesterol enrichment of C6 glioma cells led to reduced CB1
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receptor binding efficiency. Consistent with these findings,

Sarnataro et al. (2005, 2006) showed that in MDA-MB-231

breast cancer cells, CB1 receptors associated with lipid raft

fractions and were redistributed mostly to non-lipid raft

fractions following treatment with the CB1 receptor antago-

nist SR141716A. In contrast to the association of CB1

receptors with lipid rafts, treatment of CB2-expressing

human DAUDI leukaemia cells with methyl-b cyclodextrins

did not affect CB2 receptor binding or signalling cascades

(Bari et al., 2006).

Membrane lipid composition may affect endocannabinoid

uptake and signalling, thus explaining some of the results

described above. Treatment with methyl-b cyclodextrins

dose-dependently reduced the uptake of tritiated 2-AG

(B50%) in DAUDI cells while cholesterol enrichment

increased 2-AG uptake by 175%. The same effect was

observed with C6 glioma cells (Bari et al., 2006). Similarly,

methyl-b cyclodextrins treatment reduced the activity of the

putative AEA transporter in rat basophilic leukaemia cells

(RBL-2H3; McFarland et al., 2004) while a decrease in

membrane fluidity induced by cholesterol enrichment

increased AEA transporter activity in C6 glioma cells (Bari

et al., 2005b). Taken together these findings indicate that

cholesterol enrichment facilitates endocannabinoid uptake

whereas cholesterol depletion reduces endocannabinoid

uptake. A contributing factor to this relationship may be

the binding affinity of cholesterol to AEA (Biswas et al.,

2003). These data suggest that the integrity and composition

of lipid rafts play a crucial role in endocannabinoid uptake

and signalling through cannabinoid receptors.

While it is clear that endocannabinoid signalling is

controlled in part by membrane composition, the localiza-

tion and distribution of endocannabinoids under basal

conditions is unknown. In this study, we characterized the

membrane compartmentalization of endocannabinoids and

their lipid precursors, synthetic enzymes and receptors into

domains rich in cholesterol, sphingomyelins, flotillin-1 and

caveolin-1 (hereafter referred to as lipid rafts). Although the

visualization of lipid rafts in live cells is limited by spatial

resolution, membrane dynamics and lipid imaging techno-

logy, the unique composition of lipid rafts enables investiga-

tion because of their insolubility in non-ionic detergents at

4 1C and buoyancy in density gradients (Macdonald and

Pike, 2005; Groves, 2007; Jacobson et al., 2007). A recently

described detergent-free fractionation method (Macdonald

and Pike, 2005) coupled to liquid chromatography/tandem

mass spectrometry allowed us to quantify lipid distributions

in cell fractions. We report that the biochemical machinery

for the production of 2-AG in F-11 cells via the putative

diacylglycerol (DAG) pathway is localized within lipid rafts,

indicating that 2-AG synthesis from DAG occurs within

lipid rafts. We also provide evidence for the production of

endocannabinoids outside lipid rafts.

Methods

Cell culture

The DRG X neuroblastoma F-11 cell line was provided by

Dr Mark C Fishman, Massachusetts General Hospital (Bos-

ton, MA, USA). The F-11 cell line was cultured in Ham’s F-12

(1X) with L-glutamine (Mediatech Inc., Herndon, VA, USA)

containing 1% penicillin–streptomycin (Invitrogen, Carls-

bad, CA, USA), 2% HAT supplement (50� ; a liquid mixture

of sodium hypoxanthine, aminopterin and thymidine;

Invitrogen, Carlsbad, CA, USA) and 17% fetal bovine serum.

Cells were subcultured every other day using non-enzymatic

cell dissociation solution (1� ; Sigma-Aldrich, St Louis, MO,

USA). Cells were grown under 5% CO2 at 37 1C.

Cell fractionation

Procedures for fractionation were adapted from the method

of Macdonald and Pike (2005). Cells were plated 48 h before

the experiment. On the day of the experiment, for each

condition, cells from five T-150 flasks were washed once with

PBS and scraped into a total of 25 ml of 4 1C base buffer

(20 mM Tris–HCl, 250 mM sucrose, pH 7.8) containing 1 mM

calcium chloride and 1 mM magnesium chloride. Cells were

centrifuged in a polystyrene tube at 200 g for 7 min at 4 1C.

The pellet was re-suspended in 1.0 ml of base buffer containing

calcium chloride, magnesium chloride and Complete

Protease Inhibitor Cocktail, added at the manufacturer’s

suggested concentration (Roche, Basel, Switzerland). Cells

were then lysed using 20 strokes in a Potter–Elvehjem

homogenizer and centrifuged at 1000 g for 10 min at 4 1C.

The post-nuclear supernatant was transferred to a new tube,

the pellet was re-suspended in base buffer containing

calcium chloride, magnesium chloride and protease inhibi-

tors, and the procedure was repeated. The 2 ml of post-

nuclear supernatants obtained were combined and 50%

OptiPrep (Axis Shield, Dundee, UK) in base buffer was added

to give a 4 ml solution of 25% OptiPrep. This solution was

overlaid with an 8 ml continuous density gradient of 20–0%

OptiPrep in base buffer in an Ultra-Clear (14�89 mm)

centrifuge tube. The gradient was centrifuged using an

SW-41 swinging bucket rotor (Beckman Coulter, Fullerton,

CA, USA) for 90 min at 52 000 g at 4 1C. Sixteen fractions of

0.75 ml were collected from each gradient.

Mass spectrometric analysis of lipids

For lipid analysis, 0.6 ml of each fraction was removed and

2 ml of HPLC grade methanol were added. To each sample

was added 200 pmol of [2H8]-N-arachidonoyl glycine

(NAGly) and HPLC grade water was added to make a 75%

aqueous solution. Lipids were extracted as described pre-

viously (Bradshaw et al., 2006). Briefly, 500 mg C8 Bond Elut

solid phase extraction columns (Varian, Harbor City, CA,

USA) were conditioned with 5 ml HPLC grade methanol

followed by 3.0 ml HPLC water. The 75% aqueous solutions

containing the fractions were loaded onto separate columns,

which were then washed with 20 ml water. Five sequential

elutions (1.5 ml each of 30, 50, 85 and 100% methanol and

100% isopropyl alcohol) were collected for mass spectro-

metric analysis.

As described previously (Bradshaw et al., 2006), sample

analysis of lipids was carried out as follows. An aliquot of the

eluate was loaded using a Shimadzu SCL10Avp (Wilmington,

DE, USA) or an LC Packings Ultimate-3000 (Sunnyvale, CA,
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USA) autosampler onto a reversed phase Zorbax 2.1�50 mm

C8 column maintained at 40 1C. HPLC gradient formation

at a flow rate of 200 ml min�1 was achieved by a system

comprised of a Shimadzu controller and two Shimadzu

LC10ADvp pumps or an LC Packings controller and an LPG-

3000 loading pump. Lipid levels in the sample were analysed

in multiple reaction-monitoring (MRM) mode on a triple

quadruple mass spectrometer, either the API 3000 or the API

4000 (Applied Biosystems/MDS SCIEX, Foster City, CA, USA),

with electrospray ionization. Methods for lipid analysis were

created and optimized by flow injection of lipid standards.

All calculations for quantitation experiments (excluding

lyso-PI) were based on calibration curves using synthetic

standards. The following molecular ion and fragment ion

pairs were used to quantify lipids in MRM mode: DAG 1-

palmitoyl-2-oleoyl-sn-glycerol 595.6-313.3; DAG 1-stear-

oyl-2-arachidonoyl-sn-glycerol 645.7-287.1; cholesterol

404.4-369.3; (24:1)-sphingomyelin 814.8-184.1; (18:0)-

sphingomyelin 731.7-184.1; arachidonic acid 303.3-

259.3; GM3 1262.9-290.1; PGF2a 353.3-309.2; PGE2

351.2-315.0; phosphatidic acids: 1-arachidonoyl-2-plami-

toyl-sn-glycerol 3-phosphate 719.5-621.3/ 719.5-599.6,

1-arachidonoyl-2-stearoyl-sn-glycerol 3-phosphate 747.4-

649.6; 2-AG 379.3-287.3; AEA 348.2-62.1; N-palmitoyl

ethanolamine 300.2-62.1; phosphatidyl inositol 885.6-

303.3, 885.6-241.0, 885.6-283.3; lyso-phosphatidyl inositol

619.6-303.3, 619.6-241.2.

Protein assay

Protein levels in each fraction were determined using the DC

Protein Assay kit from Bio-Rad Laboratories (Hercules, CA,

USA). The absorbance of samples following reaction was

measured at 595 nm using a SpectraMax M5 spectrophoto-

meter from Molecular Devices (Sunnyvale, CA, USA). Optical

densities were transformed using an albumin standard curve.

The transformed values from fractions of a control OptiPrep

gradient lacking cell lysate were subtracted from correspond-

ing fractions containing cell lysate to adjust for cross

reactivity between OptiPrep and the protein assay reagents

and determine actual protein levels in each fraction.

Western blot analysis

Membrane components present in the gradient fractions

were lysed by the addition of 0.5% SDS (Sigma-Aldrich,

St Louis, MO, USA), 1% NP-40 (EMD Biosciences Inc., La Jolla,

CA, USA) and 1% Triton X-100 (Sigma-Aldrich, St Louis, MO,

USA). Samples were incubated on ice for 30 min. Loading

buffer was added to the samples to achieve final concentra-

tions of 0.1 M Tris (pH 6.8), 10% glycerol, 0.1% bromophenol

blue, 2% SDS and 5% b-mercaptoethanol. Samples were

denatured for 3 min at 98 1C using a Fisher Scientific 2001FS

hot plate (Fisher Scientific, Hampton, NH, USA) and cold

spun for 3 min on a Hettich Mikro 22R microcentrifuge

(Hettich, Germany) before loading onto a Novex Tris-glycine

4–20% gel (Invitrogen, Carlsbad, CA, USA). A chemilumi-

nescent BlueRanger molecular weight marker (Pierce,

Rockford, IL, USA) containing seven protein markers in the

range 18–220 kDa was loaded for each membrane. Protein

separation was carried out at 200 V using a PowerPac HC

power supply (Bio-Rad, Hercules, CA, USA) and an XCell Sure

Lock mini cell apparatus (Invitrogen, Carlsbad, CA, USA).

Proteins were transferred from the gel onto Immobilon P

membranes (Millipore, Billerica, MA, USA) through electro-

phoretic transfer using a GENIE (Idea Scientific Company,

Minneapolis, MN, USA). The membranes were blocked in

blocking buffer consisting of TBST (10 mM Tris–HCl (pH 7.5),

150 mM NaCl and 0.1% Tween 20) with 3% w/v skim milk

(Carnation, Nestle, Vevey, Switzerland). The membranes

were incubated overnight at 4 1C in the presence of primary

antibody or antibodyþblocking peptide on a Roto Mix

orbital shaker (Barnstead/Thermolyne, Dubuque, IA, USA).

The following affinity-purified antibodies were used for

the western blot analyses: anti-flotillin (1:250 dilution),

anti-caveolin (1:1000 dilution), anti-neuronal NO synthase,

(1:2500 dilution), anti-CB2 (1:500–1000 dilution), anti-NAPE

PLD (1: 500 dilution), anti-DGL-a (1:1000–2000 dilution).

The membranes were washed five times for 5 min per wash

with TBST, blocked for 15 min as described above and then

incubated 60–180 min with either HRP-goat anti-rabbit IgG or

HRP-goat anti-mouse IgG (1:10 000 dilution) on a Roto Mix

orbital shaker. The blots were washed five times for 5 min per

wash with TBST and processed using chemiluminescent

detection using the Super Signal West Pico Chemiluminescent

Substrate ECL system (Pierce, Rockford, IL, USA) according to

instructions provided by the manufacturers. The chemilumi-

nescent images were acquired using a Kodak 2000R image

station (Kodak, Rochester, NY, USA). Western blots were

repeated a minimum of three times per protein tested.

Statistical analysis

Differences in lipid levels were assessed by one-way analysis

of variance (ANOVA) with Fisher’s LSD post hoc test (SPSS,

Chicago, IL, USA). Differences were considered significant for

P-values less than 0.05. Data are shown as mean±s.e. mean.

Reagents for mass spectrometry and HPLC

[2H8]-N-arachidonoyl glycine ([2H8]-NAGly), [2H8]-N-arachi-

donoyl ethanolamine ([2H8]-AEA), AEA, NAGly, palmitoyl

ethanolamine, arachidonic acid, [2H8]-arachidonic acid,

prostaglandin PGE2, PGF2a and 2-AG were purchased from

Cayman Chemical (Ann Arbor, MI, USA). Diacylglycerols

(DAGs), phosphatidic acids, cholesterol, phosphatidyl

inositol (PI) and lyso-PI were purchased from Avanti Polar

Lipids Inc., (Alabaster, AL, USA). GM3 was purchased from

Sigma-Aldrich (St Louis, MO, USA). High-performance liquid

chromatography (HPLC) grade methanol, acetonitrile and

isopropyl alcohol were purchased from VWR international

(Plainview, NY, USA) and HPLC grade water was obtained

using a MilliQ Gradient apparatus from Millipore (Milford,

MA, USA). HPLC grade acetic acid and ammonium acetate

were purchased from Sigma-Aldrich (St Louis, MO, USA).

Antibodies

Affinity purified rabbit polyclonal antibodies to: L15-CB1

receptor, CTt-CB2 receptor, N-acyl phosphatidylethanola-

mine phospholipase D (NAPE-PLD) and diacylglycerol lipase
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a (DGLa) were used with their respective blocking peptides

(Katona et al., 2006; Leung et al., 2006). The specificity of the

CB2-CTt antibody was tested by staining spleen sections

from CB2 (�/�) and wild-type mice (data not shown). The

immunizing proteins for each antibody: CB2- CTt, NAPE-PLD

and DGLa completely blocked the corresponding bands at

45, 46 and 115 kDa, respectively. The fatty acid amide

hydrolase rabbit polyclonal antibody was purchased from

Cayman Chemical (Ann Arbor, MI, USA). Rabbit polyclonal

antibody for caveolin-1 was purchased from Cell Signalling

Technology (Danvers, MA, USA). Antibodies to mouse

neuronal NO synthase and mouse flotillin-1 were purchased

from BD Transduction Laboratories (San Diego, CA, USA).

Results

Localization of lipid raft markers

Fractions 10–12 of the cell fractionation gradient contained

lipid rafts as assessed by the colocalization of lipid raft

associated proteins caveolin-1 and flotillin-1 with high levels

of cholesterol, sphingomyelins and the glycosphingolipid

ganglioside GM3 in these fractions (Figures 1 and 2a). The

protein distribution within the gradient fractions was also

assessed, with high-protein levels detected in fractions 1–6 as

well as the low-density fractions 10–12 (Figure 2b).

Localization of AEA and its metabolite arachidonic acid under

basal conditions or following exogenous administration of

[2H8]-AEA

Under basal conditions the levels of endogenous AEA peaked

in non-lipid raft fraction 6 as well as lipid raft fraction 10,

and the more abundant N-palmitoyl ethanolamine showed a

similar trend (Figure 3b). A synthetic enzyme for N-acyl

ethanolamine production, N-acyl phosphatidylethanolamine

phospholipase D (NAPE-PLD), was similarly distributed

among lipid raft fractions 10–11 and non-lipid raft fraction

6 (Figure 1).

To test the cellular localization of exogenously delivered

AEA, we applied deuterium-labelled AEA to F-11 cells.

Following incubation with 5mM [2H8]-AEA at 37 1C for 1 h

prior to the fractionation procedure, the distribution of

[2H8]-AEA resembled the distribution of endogenous AEA,

with significantly higher levels in fractions 5 and 10

compared to other fractions. [2H8]-Arachidonic acid, a

metabolite of [2H8]-AEA, was localized mostly to non-lipid

raft fractions with levels being highest in fraction 5

(Figure 3c). Additionally, native arachidonic acid colocalized

with its endogenous cyclooxygenase metabolites prostaglandin

E2 and prostaglandin F2a in non-lipid raft fractions 1–6

(Figure 3a).

Figure 1 Distribution of protein lipid raft markers across F-11
fractions. The lipid raft markers caveolin-1 and flotillin-1 were
concentrated in lipid raft fractions 10–11. Neuronal NO synthase
was spread across lipid raft and non-lipid raft fractions. N-acyl
phosphatidylethanolamine phospholipase D was highest in fraction
6 and elevated in fractions 11–12. Cannabinoid CB2 receptors were
localized to non-lipid raft fractions 1–5. The enzyme diacylglycerol
lipase a was localized to lipid raft fractions 10–12. Blots are
representative of three blots per protein.

Figure 2 (a) Distribution of lipid molecule lipid raft markers. Lipids
are presented as a percent of the highest fraction in each
fractionation experiment. Cholesterol was significantly higher in
fractions 10–13, Po0.05, n¼7, one-way ANOVA with Fisher’s LSD
post hoc. The glycosphingolipid ganglioside M3 (GM3) was
significantly higher in fractions 10–12 compared with all other
fractions Po0.001, (n¼7). The levels in these fractions were also
significantly different from each other, Po0.005, one-way ANOVA
with Fisher’s LSD post hoc. Sphingomyelin (18:0) was highest in
fractions 11–12, Po0.05, n¼4, one-way ANOVA with Fisher’s LSD
post hoc. (b) Distribution of total proteins in fractions. Total protein
levels were highest in lipid raft fraction 11 and non-lipid raft fraction
4. Protein levels were low in fractions 7–9 and were below our
detection limit in fractions 13–16. Error bars represent s.e.mean.
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Localization of 2-AG and its putative precursors under basal

conditions

The endocannabinoid 2-AG was primarily found in lipid raft

fractions 10–11, its levels being significantly higher than in

any other fraction. In the non-lipid raft fraction 6, levels of

2-AG were about 50% of those found in lipid raft fractions

10–11 (Figure 4a). A major pathway for 2-AG synthesis

occurs through the cleavage of 2-arachidonoyl diacylglycer-

ols (2-arachidonoyl DAG) by the enzyme DAGLa, (Stella

et al., 1997; Bisogno et al., 2003). To investigate the cellular

dynamics of 2-AG biosynthesis, the partitioning of two

diacylglycerols (1-stearoyl-2-arachidonoyl-sn-glycerol and 1-

palmitoyl-2-oleoyl-sn-glycerol) and DAGLa, in lipid rafts

were compared.

1-Stearoyl-2-arachidonoyl-sn-glycerol, a putative precursor

of 2-AG, but not 1-palmitoyl-2-oleoyl-sn-glycerol, was loca-

lized to lipid rafts (Figures 4a and b). The higher levels of 2-

arachidonoyl-DAG and 2-AG in lipid raft fractions correlated

with the distribution of the enzyme DGLa (Figure 1) in the

same fractions.

Figure 3 (a) Distribution of free arachidonic acid and prostaglan-
dins. Fraction 6 contained the highest levels of arachidonic acid
(n¼6; þPo0.005, one-way ANOVA, Fisher’s LSD post hoc). Its
prostaglandin metabolites, PGE2 and PGF2a were highest in fractions
1–6 where they were significantly elevated compared to lipid raft
fractions 10–13 (n¼6–7; PGE2, #Po0.001; PGF2a *Po0.01: one-way
ANOVA, Fisher’s LSD post hoc). Data are presented as the total
quantity in pmol recovered from 600ml of each fraction. Error bars
represent s.e. mean. (b) Distribution of acyl ethanolamines. AEA was
significantly higher in fraction 6 compared with all fractions except
for lipid raft fraction 10, n¼12, #Po0.05, one-way ANOVA, Fisher’s
LSD post hoc. Palmitoyl ethanolamine (PEA) showed a trend similar
to AEA. However, no significant differences were observed in the
distribution of PEA between fractions. Data are presented as the
quantity in fmol recovered from 600ml of each fraction. (c)
Distribution of exogenously administered [2H8]-AEA and its meta-
bolite [2H8]-arachidonic acid. [2H8]-AEA was significantly higher in
fractions 10 (Po0.01, n¼3) and 5 (*Po0.05, n¼3) compared with
all other fractions, one-way ANOVA, Fisher’s LSD post hoc. Levels of
its metabolite [2H8]-arachidonic acid were highest in fraction 5
(#Po0.05, excluding fraction 6, n¼3). Data are presented as the
total quantity in pmol recovered from 600ml of each fraction. Error
bars represent s.e. mean.

Figure 4 (a) Distribution of 2-AG and its putative DAG precursor.
2-AG (left y axis, squares) was significantly higher in lipid raft
fractions 10–11 (#Po0.001; n¼8, one-way ANOVA, Fisher’s LSD
post hoc). Arachidonoyl-containing DAG (1-stearoyl-2-arachidonoyl
sn-glycerol) was most abundant in fractions 11–12 (*Po0.0001,
n¼7, one-way ANOVA, Fisher’s LSD post hoc). Data are presented as
the total quantity in pmol recovered from 600ml of each fraction. (b)
The distribution of a DAG lacking arachidonoyl chains. There were
no significant differences between levels of DAG (1-palmitoyl-2-
oleoyl sn-glycerol) in the cell fractions. Error bars represent s.e.
mean.
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Two main routes for the production of arachidonoyl-

containing DAGs have been proposed. Bisogno et al. (1999)

reported the production of DAGs from phosphatidic acid.

This route was observed in N18TG2 cells upon stimulation

with ionomycin. A second pathway involves phospholipase

C-mediated synthesis of DAGs from phosphatidylinositol, a

phospholipid that often contains the arachidonoyl moiety at

the sn-2 position (Prescott and Majerus, 1981, 1983; Sugiura

et al., 1995, 2006; Kondo et al., 1998). This pathway was first

observed in platelets following stimulation with thrombin.

We measured two species of arachidonoyl-containing

phosphatidic acids (1-palmitoyl-2-arachidonoyl-sn-glycerol-

3-phosphate and 1-stearoyl-2-arachidonoyl-sn-glycerol-3-

phosphate) as well as arachidonoyl-containing PI. Both

phosphatidic acids as well as arachidonoyl-containing PI

were significantly higher in non-lipid raft fractions (Figures

5a and b). An additional pathway for the production of

2-AG from lyso-PI via the enzyme lyso-PI-specific PLC was

reported in rat brain synaptosomal fractions, suggesting a

localization of this pathway in synapses (Ueda et al., 1993;

Tsutsumi et al., 1994). In this study, levels of 2-arachidonoyl

lyso-PI were also found to be higher in non-lipid raft

fractions (Figure 5a).

Patterns of the distribution of AEA and 2-AG as well as

their related enzymatic machinery in F-11 fractions led us to

examine the distribution of their targets, the cannabinoid

receptors. The CB1 receptor protein was below our detection

limit by Western blotting. However, the CB2 receptor was

localized to non-lipid raft fractions 1–5 (Figure 1).

Discussion

Lipid rafts have emerged as important domains for the

assembly of signalling machinery, serving key roles in several

signal transduction cascades. Here, we examined the locali-

zation of endocannabinoid signalling components to lipid-

raft and non-lipid raft fractions in F-11 cells, a cell line

created by the fusion of rat embryonic (days 13–14) dorsal

root ganglion cells and mouse N18TG2 neuroblastoma cells.

F-11 cells exhibit characteristics of sensory neurons and

express several lipid-activated receptors, including the

cannabinoid CB1 and CB2 receptors (Ross et al., 2001),

transient receptor potential vanilloid type-2 channels and

PG receptors (Francel et al., 1987; Smith et al., 1998; Jahnel

et al., 2003; Bender et al., 2005). In addition, these cells

produce numerous signalling lipids including gangliosides,

arachidonoyl-containing DAGs, PI and lyso-PI (Francel and

Dawson, 1988; Ariga et al., 1995; Zeng et al., 2000).

Localization of N-arachidonoyl ethanolamine and NAPE-PLD

There are several pathways for the production of AEA

(Di Marzo et al., 1994; Kurahashi et al., 1997; Hansen et al.,

2000a, b; Schmid et al., 2002; Okamoto et al., 2004; Sun et al.,

2004; Morishita et al., 2005; Leung et al., 2006; Liu et al.,

2006). A major pathway for the production of N-acyl

ethanolamines occurs through the cleavage of N-acyl

phosphatidylethanolamine (NAPE) via the enzyme

N-acyl phosphatidylethanolamine-hydrolysing phospholipase D

(NAPE-PLD; Di Marzo et al., 1994; Schmid, 2000; Hansen

et al., 2000a, b; Okamoto et al., 2004; Morishita et al., 2005).

NAPE-PLD is a membrane bound 46 kDa protein that belongs

to the zinc-metallo-hydrolase family of the b-lactamase fold

and does not resemble other known PLDs (Daiyasu et al.,

2001; Ueda et al., 2005). In our preparations, the distribution

of basal levels of endogenous AEA and NAPE-PLD mirrored

one another in both lipid raft and non-lipid raft fractions,

possibly due to increased production of AEA in compart-

ments with higher levels of its synthetic enzyme. The mixed

distribution may imply trafficking of the enzyme into

different compartments both within and outside lipid rafts

as reported previously for other proteins. Such activity may

be induced by protein co- or post-translational modifica-

tions, including glycosylphosphatidylinositol-anchoring,

Figure 5 (a) Distribution of arachidonoyl-containing lyso-phos-
phatidyl inositol (lyso-PI) and PI. The arachidonoyl-containing lyso-PI
was highest in fractions 2–6 where the levels were significantly
different from fractions 7–16 (#Po0.005, n¼6, one-way ANOVA,
Fisher’s LSD post hoc). The highest levels of the arachidonoyl-
containing phosphatidyl inositol (18:0; 20:4) were found in fractions
3 and 5–6, which significantly differed from fractions 7–16 in PI levels
(*Po0.05, n¼6, one-way ANOVA, Fisher’s LSD post hoc). Data for PI
are presented as the total quantity in pmol recovered from 600ml of
each fraction. Due to the absence of a synthetic standard for lyso-PI
(20:4), data are presented as integrated area under the curve in
counts. (b) Distribution of arachidonoyl-containing phosphatidic
acids. The levels of arachidonoyl-containing phosphatidic acid
1-palmitoyl-2-arachidonoyl sn-glycerol-3-phosphate were highest in
fractions 1–3 and 5–6 and were significantly different from fractions
7–16 (#Po0.05, n¼3–5, one-way ANOVA, Fisher’s LSD post hoc).
The highest levels of the arachidonoyl-containing phosphatidic acid
1-stearoyl-2-arachidonoyl-sn-glycerol-3-phosphate were found in
fractions 1–2 and 5–6 and were significantly different from fractions
7–16 (*Po0.05, n¼3–5, one-way ANOVA, Fisher’s LSD post hoc).
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cholesterol binding, or acylation (Pechlivanis and Kuhlmann,

2006). The specifics of such regulation of NAPE-PLD remain

to be investigated.

To further investigate compartmentalization of the

molecules involved in AEA metabolism, we examined the

localization of deuterated arachidonic acid derived from the

breakdown of exogenously administered deuterated

AEA. Deuterated arachidonic acid colocalized mostly with

non-lipid raft fractions, consistent with a report on the

localization of fatty acid amide hydrolase to non-lipid raft

membranes (McFarland et al., 2004). Furthermore, the

finding that both native arachidonic acid and its cyclooxy-

genase-2 metabolites, the PGs, are localized to non-lipid raft

fractions suggests that metabolism of AEA through cyclooxy-

genase-2 may also occur in non-lipid raft domains of the

membrane. The localization of PGE2 ethanolamide, a major

cyclooxygenase-2 metabolite of AEA (Yu et al., 1997), as well

as other prostanoid metabolites of AEA in these non-lipid

raft fractions will have to be addressed in future studies.

Data from this study together with previous research

suggest that some aspects of AEA metabolism, both synthesis

by NAPE-PLD and degradation through fatty acid amide

hydrolase or cyclooxygenase-2, are localized to specific non-

lipid raft regions of the membrane. Furthermore, the finding

that exogenously administered deuterated AEA localized to

lipid rafts is consistent with the lipid raft-mediated endo-

cytosis of AEA, a hypothesis proposed by McFarland et al.

(2004).

Localization of 2-arachidonoyl glycerol, DGLa and diacylglycerol

There are several pathways through which cells may

synthesize 2-AG. One pathway involves hydrolysis of

arachidonoyl-containing DAG through the (sn-1) diacylgly-

cerol lipase enzymes (Prescott and Majerus, 1981, 1983;

Stella et al., 1997; Bisogno et al., 1999). Our experiments

showed that endogenous 2-AG is concentrated in lipid raft

fractions, where it colocalized with DGLa and an arachido-

noyl-containing DAG.

The distribution of another DAG lacking an arachidonoyl

moiety and hence not a 2-AG precursor was also examined.

This DAG was localized to both lipid raft and non-lipid raft

fractions, unlike the arachidonoyl containing DAG. DGLa
had no selectivity for substrate acyl chain length or

saturation (Sugiura et al., 1995; Bisogno et al., 2003). Thus,

the selective trafficking of arachidonoyl-containing DAG to

lipid rafts may be crucial for the selective enhancement of 2-

AG production in lipid rafts by DGLa. Taken together, these

findings indicate that lipid rafts may serve as platforms for

the clustering of components of the diacylglycerol pathway

for 2-AG production.

The role of membrane compartmentalization in endocannabinoid

signalling

Endocannabinoid signalling has been implicated in pro-

cesses affecting synaptic plasticity, with physiological and

anatomical studies supporting the idea of paracrine endo-

cannabinoid signalling. 2-AG is a key player in endocanna-

binoid-induced synaptic modulation in the nervous system.

It was hypothesized to be synthesized in the postsynaptic

membrane in a calcium-dependent fashion following depo-

larization or activation of G protein-coupled receptors such

as group-I metabotropic receptors (Bisogno et al., 1997; Stella

et al., 1997; Varma et al., 2001; Straiker and Mackie, 2007).

2-AG may then travel in a retrograde manner to activate

presynaptic CB1 receptors leading to inhibition of neuro-

transmitter release in the short-term plasticity phenomena

of depolarization-induced suppression of inhibition or

excitation and metabotropic suppression of inhibition or

excitation, as well as long-term depression (Varma et al.,

2001; Wilson et al., 2001; Chevaleyre and Castillo, 2003;

Freund et al., 2003; Safo and Regehr, 2005; Straiker and

Mackie, 2007). Support for this hypothesis comes from the

discovery that DGLa is localized specifically to the perisy-

naptic annulus around the postsynaptic density of excitatory

synapses receiving asymmetrical contacts from presynaptic

CB1 receptor-expressing axon terminals (Katona et al., 2006;

Yoshida et al., 2006). Additionally, it was shown that DGLa
interactions with scaffold proteins (Homer 1b, Homer-2)

may modulate its plasma membrane association (Jung et al.,

2007).

An obstacle for the theory of retrograde transport of 2-AG

has been in identifying a mechanism for the movement of

2-AG, a hydrophobic molecule, through the aqueous

medium of the synaptic cleft. A possible mechanism may

be the incorporation of 2-AG into exosomes, microvesicles of

endosomal origin that are released into the extracellular

matrix and participate in intercellular cargo exchange (Faure

et al., 2006). It was recently shown that exosomes are

released upon cellular stimulation from cortical neurons

and, like lipid rafts, they contain flotillin-1, glycosylphos-

phatidylinositol-anchored proteins and high levels of

cholesterol (de Gassart et al., 2003; Wubbolts et al., 2003).

Thus, a rise in DGLa activity upon stimulation of the

postsynaptic neuron may lead to increased production of

2-AG in lipid rafts, followed by the release of 2-AG-rich

exosomes pinched off from lipid rafts. The fusion of

exosomes with the presynaptic membrane may serve to

deliver 2-AG to activate CB1 receptors. Although the

similarities in composition of lipid rafts and exosomes

support this hypothesis, further investigation will be needed

to examine the possibility that exosomes originate from lipid

rafts.

Paracrine signalling may not be the only mechanism

through which endocannabinoids signal. Data from this

study suggest that autocrine signalling of endocannabinoids

may occur within lipid rafts. Previous research suggested

localization of CB1 receptors with lipid rafts (Bari et al.,

2005a) and consistently its colocalization with lipid rafts

markers (Sarnataro et al., 2005, 2006). In addition, CB1-

receptor distribution was altered by cholesterol depletion,

manoeuvres that perturb lipid rafts. In model membrane

bilayer systems, AEA was shown to position itself extended

with its head group proximal to the polar phospholipid head

groups and with its acyl chain parallel to those of the

phospholipids in the bilayer (Lynch and Reggio, 2005, 2006;

Tian et al., 2005). It was suggested that this orientation

would facilitate movement to the receptor through fast

lateral diffusion (Makriyannis et al., 2005). The observation
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here that AEA and NAPE-PLD are concentrated in lipid raft

fractions along with previously reported localization of CB1

receptors to lipid rafts suggests that AEA may be produced in

lipid rafts whereupon it could rapidly move to nearby CB1

receptors. Similarly, lipid rafts may also be involved in

specifying 2-AG’s interactions with its receptors. The close

proximity of the synthetic enzymes for 2-AG, 2-AG itself and

CB1 receptors indicates that as with AEA, 2-AG is likely to be

produced in lipid rafts and to move rapidly to nearby CB1

receptors. These data extend previous observations suggest-

ing autocrine actions of endocannabinoids. A physiological

example of this autocrine action is self-induced slow long-

lasting inhibition (SSI). SSI is a sustained hyperpolarization

seen in certain CB1 receptor-expressing cortical interneurons

following a burst of action potentials (Bacci et al., 2004). The

antagonism of SSI by AM251 and intracellular BAPTA plus its

mimicking by exogenously applied 2-AG suggest that it is

mediated by CB1 receptors. Our results indicate that the

endocannabinoids 2-AG and AEA, along with the cellular

machinery for their synthesis and binding are localized in a

manner that would facilitate their role as autocrine ligands

for CB1 receptors, as suggested for SSI. By contrast, our

findings indicate that CB2 receptors do not colocalize with

lipid rafts, which is consistent with the findings of Bari et al.

(2005a, b, 2006) that cholesterol manipulations affected CB1

but not CB2 receptor signalling cascades. This indicates that

CB1 receptors are the likely targets of endocannabinoids

synthesized within lipid rafts. In conclusion, the localization

of both AEA and 2-AG and the biochemical synthetic

machinery for these endocannabinoids within lipid rafts

along with the previously observed presence of CB1 receptors

indicates the high likelihood of autocrine actions of the

endocannabinoids.
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