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ABSTRACT

The endocannabinoid 2-arachidonoyl-sn-glycerol (2-AG) is pro-
duced through hydrolysis of 1,2-diacyl-sn-glycerol (DAG), which is
catalyzed by DAG lipase (DGL). Two DGL isoforms have been
molecularly cloned, but their respective roles in endocannabi-
noid signaling have not been fully elucidated. Here, we report
that DGL-a and DGL-B may contribute to all-trans-retinoic acid
(RA)-induced neurite outgrowth in neuroblastoma Neuro-2a
cells through distinct mechanisms. RA-induced differentiation
of Neuro-2a cells was associated with elevations of cellular
2-AG levels and DGL activity, which were accompanied by
temporally separated transcription of DGL-a« and DGL-B
mRNA. Knockdown of either DGL-«a or DGL-B expression at-
tenuated neurite outgrowth, which indicates that both isoforms
contribute to neuritogenesis. Immunostaining experiments
showed that DGL-3 is localized to perinuclear lipid droplets,

whereas DGL-a is found on plasma membranes. After RA-
induced differentiation, both DGL-«- and DGL-B-green fluores-
cent protein were distributed also in neurites but in distinguish-
able patterns. Overexpression of either DGL-a or DGL-B
increased the number of neurite-bearing cells, but DGL-B
caused substantially larger morphological changes than DGL-«
did. Finally, the cannabinoid-1 antagonist rimonabant (1 wM)
inhibited DGL-a-induced neuritogenesis, whereas it had no
such effect on DGL-B-induced morphological differentiation.
The results indicate that RA-induced DGL expression is re-
quired for neurite outgrowth of Neuro-2a cells. The findings
further suggest that DGL-«a and -8 may regulate neurite out-
growth by engaging temporally and spatially distinct molecular
pathways.

Introduction

The endocannabinoids are a class of endogenous lipids that
bind to and activate cannabinoid receptors. 2-Arachidonoyl-
sn-glycerol (2-AG) and anandamide have been identified as
two major endocannabinoids and have been implicated in a
variety of physiological processes (Chevaleyre et al., 2006;
Mackie and Stella, 2006). In the adult brain, the endocan-
nabinoids may act as locally restricted retrograde messen-
gers, which are produced at postsynaptic sites, travel across
the synaptic cleft, and engage presynaptic CB;-type canna-
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binoid receptors to regulate the release of glutamate, GABA
and other neurotransmitters (Freund et al., 2003; Piomelli,
2003; Kano et al., 2009).

Evidence suggests an essential role of the endocannabinoid
system during early neural development (Galve-Roperh et
al., 2006; Harkany et al., 2007). Molecular players of the
endocannabinoid system—including CB; receptors, endocan-
nabinoid molecules, and their synthesizing and degrading
enzymes—have been identified from the earliest stages of
embryonic development to postnatal maturation (Aguado et
al., 2005, 2006; Berghuis et al., 2005; Harkany et al., 2008).
CB, receptors are enriched in axonal growth cones of the
pyramidal neurons and GABAergic interneurons of the de-
veloping rodent brain, and neurons lacking CB; receptors
displayed impaired axonal path finding and target selection
(Berghuis et al., 2007; Mulder et al., 2008). These data iden-
tify endocannabinoids as axon guidance cues and implicate

ABBREVIATIONS: 2-AG, 2-arachidonoyl-sn-glycerol; ABHD, «-B-hydrolase domain; CB, cannabinoid; DAG, 1,2-diacyl-sn-glycerol; DGL, 1,2-
diacyl-sn-glycerol lipase; GFP, green fluorescent protein; DHPG, (S)-3,5-dihydroxyphenylglycine; EGFP, enhanced green fluorescent protein;
MAG, monoacylglycerol; mGlu, metabotropic glutamate; PCR, polymerase chain reaction; PLC, phospholipase C; RA, all-trans-retinoic acid;
shRNA, short hairpin RNA; DAPI, 4,6-diamidino-2-phenylindole; RNAi, RNA interference; JZL184, 4-nitrophenyl-4-(dibenzo[d][1,3]dioxol-5-yl
(hydroxy)methyl)piperidine-1-carboxylate; WWL70, N-methyl-N-[[3-(4-pyridinyl)phenyl]methyl]-4’-(@aminocarbonyl)[1,1’-biphenyl]-4-yl ester, car-
bamic acid; SR141716A, rimonabant, N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboximide hydro-

chloride.
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CB signaling in the regulation of synaptogenesis and target
selection in vivo. In cultured cells, activation of CB; receptors
causes neurite outgrowth by regulating the proteasomal deg-
radation of RaplGAPII and activating Rapl and Src-Stat3
signaling (He et al., 2005; Jordan et al., 2005; Bromberg et
al., 2008). Moreover, inhibition of 2-AG synthesis attenuates
fibroblast growth factor-induced neurite outgrowth in pri-
mary cerebellar neurons (Bisogno et al., 2003; Williams et al.,
2003), suggesting that 2-AG might be specifically involved in
the activation of CB; receptor-dependent neurite outgrowth.

2-AG is produced from the sequential hydrolysis of mem-
brane phosphatidylinositol-4,5-bisphosphate into 1,2-diacyl-
sn-glycerol (DAG), which is catalyzed by phospholipase C-B8
(PLC-B), and then of DAG into 2-AG, which is catalyzed by
DAG lipase (DGL) (Stella et al., 1997; Piomelli, 2003). 2-AG
is further cleaved by monoacylglycerol lipase or a-B-hydro-
lase domain (ABHD)-6 (Piomelli, 2004; Blankman et al.,
2007) to be deactivated. Two mammalian isoforms of DGL
have been cloned: DGL-a and DGL-B (Bisogno et al., 2003).
DGL-« is expressed in the hippocampus, striatum, ventral
tegmental area, and cerebellum of adult mouse brain (Ka-
tona et al., 2006; Yoshida et al., 2006; Uchigashima et al.,
2007; Matyas et al., 2008), where it is believed to initiate
2-AG-mediated signaling at excitatory synapses (Katona and
Freund, 2008; Gao et al., 2010; Tanimura et al., 2010). By
contrast, the functional roles of DGL- in the adult brain are
largely unknown. Time-dependent expression for both
DGL-a and DGL-B has been observed in neurons during
development at developing axonal tracts (Buckley et al.,
1998; Bisogno et al., 2003; Berghuis et al., 2007; Watson et
al., 2008); however, the contribution of DGL and 2-AG sig-
naling to the control of neurite outgrowth has not been in-
vestigated on the molecular level.

In the present study, we asked whether transcriptional
control of DGL expression and subsequent activation of
2-AG-mediated signaling contribute to all-trans-retinoic acid
(RA)-induced neuronal differentiation in neuroblastoma
Neuro-2a cells. We found that RA stimulates expression of
both DGL-a and DGL-B and elevates 2-AG levels, which are
required for neurite outgrowth in Neuro-2a cells. Both a- and
B-isoform of DGL, upon exogenous expression in Neuro-2a
cells, increased 2-AG levels, and triggered neurite outgrowth.
Unexpectedly, we found segregative signaling characteristics
between the two DGL isoforms (e.g., distinguishable subcel-
lular localization and differential sensitivity to CB; receptor
blockade). Our findings suggest that transcriptional regula-
tion of DGL-a and DGL-f contributes to RA-induced neurite
outgrowth through temporally and spatially distinct cellular
signaling pathways.

Materials and Methods

Chemicals. Hexadecanoic acid, heptadecanoic acid, octadecanoic
acid, A%-octadecenoic (oleic) acid, A%'2-octadecadienoic acid, A%1%15-
octadecatrienoic acid, AS3'1%.ejcosatrienoic acid, eicosatetraenoic
acid, eicosapentaenoic acid, docosahexaenoic acid, (1,3)-palmitoyl-sn-
glycerol, (1,3)-heptadecanoyl-sn-glycerol, (1,3)-stearoyl-sn-glycerol,
(1,3)-linolenoyl-sn-glycerol, (1,3)-eicosatrienoyl-sn-glycerol, and
(1,3)-docosahexaenoyl-sn-glycerol were from v-Chek Prep (Elysian,
MN). 2-AG, 2-linoleoyl-sn-glycerol, noladin ether, 4-nitrophenyl-4-
(dibenzold][1,3]dioxol-5-yl(hydroxy)methyl)piperidine-1-carboxylate
(JZL184), and N-methyl-N-[[3-(4-pyridinyl)phenyl]methyl]-4’-
(aminocarbonyl)[1,1’-biphenyl]-4-yl ester, carbamic acid (WWL70)

were from Cayman Chemical (Ann Arbor, MI), and 2-oleoyl-sn-
glycerol and carbachol from Sigma-Aldrich (St. Louis, MO). (S)-3,
5-dihydroxyphenylglycine (DHPG) was obtained from Tocris Biosci-
ence (Ellisville, MO). N-(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboximide hydrochloride
(SR141716A, rimonabant) was from RTI International (Research
Triangle Park, NC). Solvents were purchased from Honeywell
Burdick & Jackson (Muskegon, MI).

Plasmids. We amplified the full-length coding sequence of DGL-f3
by polymerase chain reaction (PCR) using first-strand mouse brain
c¢DNAs as a template. High-Fidelity PCR Master (Roche Diagnostics,
Indianapolis, IN) was used for the amplification, following the man-
ufacturer’s protocol. The primers were 5'-DGL-B (5'-GTGGGAGGT-
GCGCCATGCC-3') and 3'-DGL-B (5'-CGGTACACTTGAGCCGCCT-
TGCC-3'). The PCR product was subcloned into a pEF-V5-His vector
by TOPO cloning (Invitrogen). Mouse DGL-a and DGL-a-pEGFP
constructs were prepared as described previously (Jung et al., 2007).
A construct encoding an enhanced green fluorescence protein
(EGFP)-fusion protein to the C-terminal of DGL-B was generated in
a pEGFP-N2 vector (Clontech, Mountain View, CA) using a Sall site.
All constructs obtained through PCR amplifications were verified by
DNA sequencing. Cloning and screening of short hairpin RNA
(shRNA) constructs targeting mouse DGL-B8 were performed as de-
scribed previously for DGL-a shRNA (Jung et al., 2007). In brief, we
designed the shRNA constructs that contained both a cytomegalovi-
rus promoter-driven GFP and a U6 promoter-driven shRNA expres-
sion system using BLOCK-iT RNAi Designer (https:/rnaidesigner.
invitrogen.com/rnai-express/) and synthesized the corresponding oli-
gonucleotides. Oligonucleotides used for DGL-a has been described
previously (Jung et al., 2007). The oligonucleotides for DGL-B, which
was selected after screening six independent shRNA sequences as
described below, was 5'-CACCGCAGTACAGGGATTTCATTCAC-
GAATGAATGAAATCCCTGTACTGC-3' (top) and 5'-AAAAGCAG-
TACAGGGATTTCATTCATTCGTGAATGAAATCCCTGTACTGC-3’
(bottom). Sense and antisense oligonucleotides were annealed and
ligated into pENTR entry vector (Invitrogen) to generate U6 promot-
er-shRNA-PolIIl terminator cassette. RNAi silencing was tested
from six independent constructs by quantitative PCR and Western
blotting. The selected shRNA expression cassette was amplified by
PCR using M13F and M13R primers containing a Mlul overhang at
both 5'- and 3’-ends. The PCR product was ligated into an adeno-
associated virus vector (pAAV-hrGFP; Stratagene, La Jolla, CA)
using Mlul sites.

Cell Cultures and Western Blot Analyses. We transfected
Neuro-2a cells (American Type Culture Collection, Manassas, VA)
using Superfect reagent (QIAGEN, Valencia, CA) as recommended
by the manufacturer, and incubated them until harvest at 37°C with
5% CO, in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum and antibiotics (Invitrogen).
Stable DGL expressing cell lines were generated by transfecting
Neuro-2a cells in a 100-mm dish with 10 pg of control pEF6, DGL-
a-V5-pEF6, or DGL-B-V5-pEF6. Individual blasticidin-resistant col-
onies were isolated 14 days after transfection and screened for DGL
expression by Western blotting using a monoclonal anti-V5 antibody
(Invitrogen). Stable cell lines were maintained in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum and penicillin/
streptomycin in the presence of 10 png/ml blasticidin (Invitrogen). For
protein analyses, we prepared lysates in a buffer containing Tris-HCI
(10 mM), pH 7.4, NaCl (150 mM), Triton X-100 (1%), Nonidet P-40
substitute (nonylphenylpolyethylene glycol, 0.25%), EDTA (2 mM)
supplemented with a mixture of protease inhibitors (Roche Diagnos-
tics). Lysates were centrifuged at 14,000g for 10 min, and protein
concentrations from the supernatants were measured using BCA
protein assay (Pierce Chemical, Rockford, IL). Proteins (20 pg) were
separated by 4 to 20% SDS-polyacrylamide gel electrophoresis,
transferred to PVDF membranes, and subjected to Western blot-
ting. We used monoclonal anti-V5 (1:5000; Invitrogen), polyclonal
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anti-DGL-B (1:3000) (Jung et al., 2005), or monoclonal anti-Actin
(1:10,000; Calbiochem, San Diego, CA) as primary antibodies.

Lipid Analyses. Lipid analyses were conducted by liquid chro-
matography/mass spectrometry as described previously (Jung et al.,
2007; Astarita et al., 2008; Astarita and Piomelli, 2009). In brief,
cells were rinsed with ice-cold phosphate-buffered saline and scraped
into 1 ml of methanol/water [1:1 (v/v)]. Protein concentrations were
measured with a BCA protein assay kit (Pierce Chemical). Lipids
were extracted into a chloroform/methanol mixture [2:1 (v/v), 1.5 ml]
containing (1,3)-heptadecanoyl-sn-glycerol and heptadecanoic acid
as internal standards (100 pmol/sample). Organic phases were col-
lected, dried under N,, and dissolved in methanol/chloroform [3:1
(v/v)] for analyses.

We used an Agilent 1100-LC system coupled to a 1946D mass
spectrometry detector equipped with an electrospray ionization in-
terface (Agilent Technologies, Santa Clara, CA). MAGs were sepa-
rated on a reverse-phase XDB Eclipse C18 column (50 X 4.6 mm;
internal diameter, 1.8 um; Zorbax, Agilent Technologies). They were
eluted with a gradient of methanol in water (from 85 to 90% meth-
anol in 2.0 min and 90 to 100% in 3.0 min) at a flow rate of 1.5
ml/min. Column temperature was kept at 40°C. Mass spectrometry
detection was in the positive ionization mode, capillary voltage was
set at 3 kV and fragmentor voltage was 120 V. N, was used as drying
gas at a flow rate of 13 I/min and a temperature of 350°C. Nebulizer
pressure was set at 60 PSI. Commercial MAGs were used as refer-
ence standards. For quantification purposes, we monitored the Na™
adducts of the molecular ions [M+Na]* in the selected ion-monitor-
ing mode using (1,3)-heptadecanoyl-sn-glycerol (mass-to-charge ra-
tio, m/z = 367) as an internal standard. For nonesterified fatty
acids, we used a reverse-phase XDB Eclipse C18 column (50 X 4.6
mm; internal diameter, 1.8 um; Zorbax) eluted with a linear gradient
from 90 to 100% of A in B for 2.5 min at a flow rate of 1.5 ml/min with
column temperature at 40°C. Mobile phase A consisted of methanol
containing 0.25% acetic acid and 5 mM ammonium acetate; mobile
phase B consisted of water containing 0.25% acetic acid and 5 mM
ammonium acetate. Electrospray ionization was in the negative mode,
capillary voltage was set at 4 kV, and fragmentor voltage was 100 V. N,,
was used as drying gas at a flow rate of 13 I/min and a temperature of
350°C. Nebulizer pressure was set at 60 psi. We used commercially
available fatty acids as reference standards, monitoring deprotonated
molecular ions [M-H]~ in the selected ion-monitoring mode. Heptade-
canoic acid (m/z = 269) was used as an internal standard.

Fluorescence Immunostaining and Neurite Qutgrowth As-
say. We cultured Neuro-2a cells on Labtek chamber slides (Nunc,
Roskilde, Denmark), transfected, fixed, and immunostained them as
described previously (Jung et al., 2005). Monoclonal anti-V5 (1:2000;
Invitrogen), polyclonal anti-V5 (1:500; Covance Research Products,
Berkeley, CA), and monoclonal anti-g-tubulin (1:1000; Sigma-Al-
drich) were used as primary antibodies. Alexa Fluor 488- or Alexa
Fluor 546-labeled secondary antibodies (1:1000; Invitrogen, Carls-
bad, CA) were used for detection. BODIPY 493/503 (1:1000; Invitro-
gen) was used to stain lipid droplets in Neuro-2a cells treated with
400 uM oleate for 18 h, and DAPI-containing media (Vector Labora-
tories, Burlingame, CA) were used for nucleus staining and mount-
ing. We captured the images using an Eclipse E600 fluorescence
microscope (Nikon, Tokyo, Japan) equipped with a digital camera
(Diagnostic Instruments, Inc., Sterling Heights, MI). For neurite
outgrowth assay, images from random fields of stained cells were
manually analyzed in a blind fashion. We considered neurite-bearing
cells for those displaying more than one process that is at least twice
the length of the cell body. For each culture condition, we scored
three regions from the slide containing more than 100 cells. Neurite
lengths were measured only from the neurite-bearing cells.

mRNA Quantification. We measured mRNA levels using a
quantitative real-time PCR method. We extracted RNA from cul-
tured cells using a TRIzol (Invitrogen)/RNeasy (QIAGEN) hybrid
method and synthesized first-strand complementary DNA from 2 pg
of total RNA. Reverse transcription was carried out using Super-

script II RNase H reverse transcriptase (Invitrogen) and
oligo(dT)12-18 primers for 50 min at 42°C. Quantitative PCR was
conducted using Mx3000P system (Stratagene). DGL mRNA levels
were normalized using glyceraldehyde-3-phosphate dehydrogenase
as an internal standard. The primer/probe sets were as follows: for
mouse DGL-« (GI: 54312093): forward, 5'-CCAGGCCTTTGGGCG-3';
reverse, 5'-GCCTACCACAATCAGGCCAT-3’; TagMan probe: 5'-AC-
CTGGGCCGTGGAACCAAACA-3’; and for mouse CB; receptor:
forward, 5'-CACAAGCACGCCAATAACACA-3’; reverse, 5'-ACAGT-
GCTCTTGATGCAGCTTTC-3'; and TagMan probe, 5'-CCAGCA-
TGCACAGGGCCGC-3' (TIB Molbiol, Adelphia, NdJ). We used TagMan
gene expression assays for mouse DGL-8 (Mm00523381_m1), MGL
(Mm00449274_m1), and ABHD6 (Mm00481199_m1) (Applied Biosys-
tems, Foster City, CA).

In Vitro DGL Activity Assay. We harvested cells in 50 mM
Tris-HCI, pH 7.0 (1 ml/dish), and homogenized them by passing
through a 23-gauge needle for 20 times. The homogenates were
centrifuged at 800g for 5 min at 4°C, and the resulting supernatants
were used for the assays. DGL activity was measured at 37°C for 30
min in 50 mM Tris-HCI, pH 7.0, containing 0.1% Triton X-100, 0.1
mg of cellular protein, and substrate diheptadecanoylglycerol (50
uM). Reactions were stopped by adding chloroform-methanol [1:1
(vAv)] containing [*Hg]-2-AG (100 pmol/sample). Lipids were ex-
tracted, and monoheptadecanoylglycerol was quantified as [M+Na] *
(m/z = 367) by liquid chromatography/mass spectrometry using
[*Hgl2-AG (m/z = 409) as an internal standard.

Statistical Analyses. Results are expressed as means = S.E.M.
Analyses were conducted with GraphPad Prism version 4.0 (Graph-
Pad Software, Inc., San Diego, CA) and differences were considered
significant if P < 0.05 by two-tailed Student’s ¢ test.

Results

RA-Induced Differentiation of Neuro-2a cells Is As-
sociated with Temporally Distinct Changes in DGL-«
and DGL-B Expression. Treatment of Neuro-2a cells with
RA (20 uM) resulted in extensive formation and elongation of
neurite-like processes (Fig. 1, A and B). Carbachol, a pan-
agonist for muscarinic acetylcholine receptors, modestly but
significantly increased neurite outgrowth after 48 h of treat-
ment, whereas DHPG (100 uM), a group I mGlu receptor
agonist, had no such effect (Fig. 1B). The RA-induced neurite
outgrowth was partially but significantly attenuated by pre-
treatment with the selective CB; receptor antagonist rimon-
abant (1 uM, 24 h) (Fig. 1C) without affecting cell viability
(Supplementary Fig. S1), suggesting that an endocannabi-
noid signal might be involved in RA-induced neurite out-
growth. To test this possibility, we quantified two main en-
docannabinoids, 2-AG and anandamide, in cell cultures
treated with RA. Cellular levels of 2-AG, but not anand-
amide, were significantly elevated in RA-treated cells com-
pared with vehicle-treated controls (Fig. 1D). Consistent with
this result, we found that RA increased cellular DGL activity,
measured in cell homogenates (Fig. 1E).

We further examined whether RA affects the expression of
DGL-a and DGL-B. We found that RA caused a time-depen-
dent increase in DGL-a mRNA, which was statistically sig-
nificant starting from day 1 of treatment (Fig. 2A). We also
observed an increase in DGL-8 mRNA, which was quantita-
tively smaller and temporally delayed relative to DGL-« (Fig.
2B). In addition, significant increases in CB; receptor and
ABHD6 mRNA were observed after 3 days of RA treatments,
whereas MGL mRNA was not detectable in Neuro-2a cells
(Fig. 2C). Similar changes in mRNA levels, which were ac-
companied by morphological differentiations, were also ob-
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served in SH-SY5Y human neuroblastoma cells treated with
RA for 7 days; DGL-« (control, 2.25 + 0.15; RA, 6.65 = 0.67,
P = 0.003), DGL-B (control, 1.33 = 0.10; RA, 4.497 + 0.93,
P = 0.027), and CB; receptor (control, 0.014 = 0.002; RA,
0.91 = 0.07, P < 0.001) (mRNA ratio to glyceraldehyde-3-
phosphate dehydrogenase X 1000, n = 3 each).

Next, we used RNA interference to test whether DGL expres-
sion is required for RA-induced neuronal differentiation. The
efficiency and selectivity of shRNA-induced knockdown of DGL

o)
(9]

60 404

N
?

Cells with neurites (%)
N
bl

Cells with neurites (%)
N
i

63

isoforms were confirmed by Western blot, immunostaining, and
quantitative PCR methods (Jung et al., 2007; data not shown).
We found that cells transfected with either DGL-a- or DGL-$-
silencing shRNA, compared with control nontargeting shRNA,
displayed significantly less neurite outgrowth after 48 h of RA
treatment (Fig. 2D). Cotransfection with DGL-a- and DGL-B-
silencing shRNAs resulted in a marked inhibition of neurite
outgrowth, which was significantly greater than that produced
by DGL-B-shRNA alone.

Fig. 1. RA treatment induces the differentiation of
Neuro-2a cells, which is associated with increases in cellu-
lar 2-AG. A, Neuro-2a cells were incubated with 20 uM RA
or vehicle (Veh). Morphological differentiation of the cells
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Neuro-2a cells were incubated with RA (20 uM), DHPG
(100 uM), or carbachol (10 uM) for 24 or 48 h at 37°C. Cells
were fixed, immunostained using anti-p-tubulin, and sub-
jected to neurite outgrowth assays. Cellular processes,
which are at least 2-fold longer than the corresponding cell
body, were regarded as neurites (n = 6). C, Neuro-2a cells
were pretreated with either vehicle or rimonabant (1 uM,
Rim) for 10 min and then added with 20 uM RA for 24 h
(n = 3). Levels of cellular 2-AG and anandamide (D) and in
vitro DGL activity (E) were measured at 48 h of RA treat-
ment (n = 4). *, P < 0.05, #+, P < 0.01, ##*, P < 0.001 by
two-tailed ¢ test.

Veh Rim

[1 Veh
I RA

Fig. 2. Functional expressions of both DGL-« and DGL-3
are required for RA induced differentiation of Neuro-2a
cells. Neuro-2a cells were incubated with 20 uM RA for the
indicated times, and DGL-« (A) or DGL-B (B) mRNA levels
were measured by quantitative real-time PCR. mRNA lev-
els for CB, receptor (CB;R), MGL, ABHDG6, and an internal
control 18S were quantified after 3 days of RA treatment
(n = 4) (C). D, Neuro-2a cells were transfected with the
following shRNA-expressing constructs; the nontargeting
control (LacZi), DGL-a-targeting (DGL-ai), DGL-B-target-
ing (DGL-Bi), or both DGL-«a-targeting and DGL-B-target-
ing (DGL-ai + DGL-Bi). After 24 h, cells were treated with
20 uM RA for 40 h at 37°C (n = 6). E, neuritogenic effects
of 2-AG ether (Noladin ether, 10 uM), an MGL inhibitor
JZL184 (JZL, 1 uM), and an ABHD6 inhibitor WWL70
(WWL, 10 uM) were determined upon 48 h of treatments
(n = 6). ¥, P < 0.05, =, P < 0.01, ##+, P < 0.001 by
two-tailed ¢ test.
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We further asked whether 2-AG is a mediator for neurite
outgrowth signal. We observed that treatment with a stable
analog of 2-AG, noladin ether (10 uM, 48 h), resulted in
increased neuritogenesis of Neuro-2a cells (Fig. 2E). In addi-
tion, inhibition of 2-AG hydrolysis using the ABHD6 inhibi-
tor WWL70 (10 uM) caused a modest but significant increase
in neurite outgrowth. Consistent with the lack of MGL ex-
pression in Neuro-2a cells (see above), the MGL inhibitor
J71.184 (1 uM) had no effect on neuritogenesis (Fig. 2E).

DGL-B Localizes to Perinuclear Lipid Droplets. The
temporal difference between RA-induced expression of
DGL-a and DGL-B suggests a segregation in cellular function
of these two DGL isoforms. We and others have reported
previously that DGL-« localizes to the plasma membrane of
neuronal cells (Katona et al., 2006; Jung et al., 2007). To
determine the subcellular localization of DGL-B, we con-
structed and expressed a C-terminal GFP-fused DGL-B in
Neuro-2a cells. DGL-B-GFP fluorescence was primarily concen-
trated in an intracellular perinuclear compartment (Fig. 3A), un-
like DGL-a-GFP or control GFP (Jung et al., 2007). Similar
results were obtained when the proteins were expressed in

A Neuro-2a

human embryonic kidney 293 cells (Fig. 3B). In double-fluo-
rescence staining experiments, DGL-B-GFP signal did not
overlap with that of either nuclear or endoplasmic reticulum
marker proteins (data not shown). Instead, DGL-8 immuno-
fluorescence (Fig. 3C, Anti-V5), but not DGL-a immunofluo-
rescence, overlapped with lipid droplet staining (Fig. 2C,
BODIPY) in transiently transfected Neuro-2a cells. Altera-
tions in the size and distribution of lipid droplets were also
noticeable in DGL-B-overexpressing cells (Fig. 3C). In cells
differentiated with RA, DGL-a-GFP and DGL-B-GFP were
localized to neurite-like structures, in addition to the plasma
membrane and perinuclear lipid droplet distributions, respec-
tively (Fig. 3D). In neurites, expression of DGL-a-GFP was
highly concentrated in large clusters at membranes, whereas
partially punctated signals from DGL-B-GFP were dispersed
throughout the neurites (Fig. 3D).

Overexpression of DGL-a or DGL-8 Promotes Con-
stitutive Neurite Outgrowth through CB and Non-CB
Mechanisms. Next, we investigated the effect of DGL over-
expression on cellular 2-AG biosynthesis and neurite out-
growth. Transient overexpression of DGL-B-V5 (Supplemen-

B HEKk293

Vector

DGL-a

DGL-B

BODIPY

Anti-V5 Merged

GFP

Anti-Tubulin

Fig. 3. Recombinant DGL-B-GFP protein localizes to lipid
droplets in transfected cells. Forty-eight hours after trans-
fection of control pEGFP or DGL-B-pEGFP vector in
Neuro-2a cells (A) or human embryonic kidney 293 cells
(B), cells were fixed, and the nuclei were stained with DAPI
(blue). Representative images under a fluorescence micro-
scope are shown. C, V5-fused DGL proteins were expressed
in Neuro-2a cells and visualized with anti-V5 antibody
using Alexa Fluor 546 (red, Anti-V5) fluorescence.
Costained in the cells were lipid droplets, using a fluores-
cent dye (green, BODIPY), which binds to neutral lipid.
Arrows and arrowheads indicate lipid droplets and its co-
localization with DGL-, respectively. D, after 24 h from
transfection with control pEGFP, DGL-a-pEGFP, or DGL-
B-pEGFP vector, Neuro-2a cells were treated with 20 uM
RA for 40 h at 37°C. Cells were fixed and stained with
anti-B-tubulin antibody using Alexa Fluor 546 (red, anti-
tubulin) fluorescence and DAPI (blue). Arrows indicate
neurite localization of DGL-a-GFP or DGL-B-GFP, whereas
arrowheads indicate plasma membrane or lipid droplets
distribution of DGL-a or DGL-B, respectively.

Merged Merged+DAPI
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tal Fig. S2A) caused a significant increase in cellular 2-AG
levels, compared with control, vector-transfected cells (Sup-
plemental Fig. S2B) and caused lipidomic changes that are
comparable with those observed after DGL-« overexpression
(Supplemental Table S1) (Jung et al., 2007). We found that
transient overexpression of either DGL-«a or DGL-f results in
significant increases of neurite-bearing cells (Fig. 4A and
Supplemental Fig. S2C). It is notable that DGL-S expression
caused neurite formation in a significantly higher number of
cells compared with DGL-« expression (Fig. 4A). We further
established Neuro-2a cell lines that stably express DGL-a-V5
(a18) or DGL-B-V5 (B14), as described under Materials and
Methods. Microscopic observations revealed constitutive
morphological changes in 14 cells, which included extended
neurite outgrowth and filopodia-like protrusions (Fig. 4B:
top, light microscopic images; bottom, B-tubulin-immunoflu-
orescence). a18 cells also displayed morphological changes,
albeit to a lesser extent than did p14 cells (Fig. 4B). The
number of neurite-bearing cells was significantly higher in
both «18 and B14 cells compared with stable vector-trans-
fected P7 cells (Fig. 4C). The mean length of neurite was
significantly higher in 814 cells compared with P7 cells but
not in 18 cells (Fig. 4D). In contrast, the average number of
neurites from individual neurite-bearing cells showed no dif-
ferences (data not shown). Finally, we tested whether neurite
outgrowth triggered by DGL overexpression is mediated by
CB; receptors. The a18 and B14 cells, along with control P7
cells, were treated with rimonabant (1 uM) for 24 h. Strik-
ingly, whereas DGL-a-induced neurite outgrowth was almost
completely inhibited by rimonabant, CB, blockade did not
affect DGL-B-induced neurite outgrowth (Fig. 5). The results
indicate that the neuritogenic effect of DGL-a expression is
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mediated through CB; receptor activation, presumably via
2-AG, whereas DGL- expression operates through a CB;-
independent pathway.

Discussion

In the present study, we investigated the role of DGL
isoforms, DGL-a and DGL-B, in the control of neurite out-
growth of Neuro-2a cells. Our results indicate that both
DGL-a and DGL-B contribute to RA-induced neuritogenesis,
but through two distinct mechanisms: DGL-«, by initiating
2-AG-mediated endocannabinoid signaling at plasma
membranes; and DGL-B, by engaging an as-yet-uncharac-
terized molecular pathway possibly through intracellular
lipid droplets.

We found that RA elevates cellular 2-AG levels and DGL
activity in Neuro-2a cells. These increases were due, at least
in part, to a transcriptional up-regulation of DGL-a and
DGL-B, which occurred, however, within distinguishable
time frames, DGL-a expression being more rapid and pro-
nounced than DGL-B’s. These molecular events were associ-
ated with increased neuronal differentiation, as observed
previously in neuroblastoma cells in vitro in response to RA
treatment (Wu et al., 1995; Dehmelt et al., 2003; Clagett-
Dame et al., 2006). On the other hand, agonists for either
mGlub receptor or muscarinic acetylcholine receptors, which
are both known to increase 2-AG levels in the adult brain,
caused little or no neurite outgrowth compared with RA. This
result could be due to differences between developing and
mature neurons. This idea was corroborated by the fact that
the localization of DGL-«a changes dramatically during devel-
opment (Bisogno et al., 2003; Berghuis et al., 2007; Watson et

Fig. 4. Overexpression of DGL isoforms induces morpho-
logical changes in Neuro-2a cells. A, Neuro-2a cells were
transfected with control pEF6 (Vector), DGL-a-V5-pEF6
(DGL-a), or DGL-B-V5-pEF6 (DGL-B). After 72 h of trans-
fection, cells were fixed and double-immunostained with a
rabbit polyclonal anti-V5 (for DGL staining) and a mouse
monoclonal anti-B-tubulin (for B-tubulin staining) antibod-
ies. For DGL-a or DGL-B, V5-positive cells were selected,
and the number of cells bearing neurite-like cellular pro-
cesses were counted. B, representative images under a light
microscope (top) or a fluorescence microscope (bottom) of
stable transfectants of pEF6 vector (P7), DGL-B-V5 (p14),
or DGL-a-V5 («18). Cells were immunostained using anti-
B-tubulin antibody (green fluorescence) and the nuclei were
stained with DAPI (blue). Percentage of cells containing
neurite processes (C) and mean lengths of the neurites (D)
were measured from the P7, a18, or 14 stable cell lines. *,
P < 0.05, #x, P < 0.01, #++, P < 0.001 by two-tailed ¢ test.

18 (DGL-a)
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al., 2008). We found that, importantly, RNAi-induced silenc-
ing of either DGL-a or DGL-B attenuates neurite outgrowth,
suggesting that both DGL isoforms may contribute to RA-
induced differentiation. In addition, knockdown of both
DGL-a and DGL-B resulted in an additive inhibitory effect on
neuritogenesis. A significant difference was found between
silencing DGL-« alone or in combination with DGL-B. This
suggests that DGL-a may exert its effects, at least in part,
independently of DGL-.

Our immunostaining studies of undifferentiated Neuro-2a
cells suggest that DGL-B is localized to lipid droplets,
whereas DGL-« is mainly found at plasma membranes (Ka-
tona et al., 2006; Jung et al., 2007). DGL-a has been identi-
fied previously at the plasma membrane of glutamatergic
synapses, and its contribution to metabotropic glutamate
(mGlu) receptor-dependent plasticity has been studied exten-
sively (Maejima et al., 2001; Varma et al., 2001; Katona et al.,
2006; Jung et al., 2007). Electrophysiological or pharmaco-
logical stimulation of mGlu5 receptors produces 2-AG,
mainly from the sequential hydrolysis of phosphatidylinosi-
tol-4,5-bisphosphate by PLC-B and DGL-« (Stella et al., 1997;
Jung et al., 2005), which then acts on presynaptic CB; recep-
tors to regulate neurotransmitter release. Inhibition of phos-
phatidylinositol-specific PLC activities abrogated the recep-
tor-dependent up-regulation of 2-AG biosynthesis, indicating
that there is a preference for using phosphoinositides, among
various species of membrane phospholipids, as the precursor
of 2-AG. This might be due, at least in part, to the assembly
of the receptor with signal transducing enzymes, PLC-B and
DGL-q, in a macromolecular protein complex, which is me-
diated by direct interactions with scaffolding proteins such as
Homer and Shank (Hwang et al., 2005; Katona et al., 2006;
Jung et al., 2007). Recent work with genetically modified
mice has confirmed such a role of DGL-« in synaptic regula-
tions (Gao et al., 2010; Tanimura et al., 2010). By contrast,
the functions of DGL-B are still largely unknown. The local-
ization of this DGL isoform in lipid droplets, which are emerg-
ing as important intracellular organelles involved in lipid ho-
meostasis (Digel et al., 2010), suggests that DGL-B8 may be
involved in regulating membrane dynamics during neuritogen-
esis. This hypothesis deserves further investigation.

We found that, in Neuro-2a cells differentiated by RA, both
DGL-a and DGL- localize to neurite structures in addition
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Fig. 5. Antagonism of CB, receptor selectively blocks neurite outgrowth
induced by DGL-a expression. The stable DGL-expressing Neuro-2a cells
«a18 and B14, along with the control P7 cells, were treated for 24 h with
1 uM rimonabant (Rim), a CB, receptor antagonist, in serum-free media.
Cells were then fixed, immunostained using anti-B-tubulin, and sub-
jected to neurite outgrowth assays. ***, P < 0.001 by two-tailed ¢ test.

to their main site of distribution sites in nondifferentiated
cells. This is in accordance with a previous report indicating
that most, if not all, developing axonal tracks coexpress both
DGL isoforms (Bisogno et al., 2003). Moreover, our results
indicate that the distributions of DGL isoforms in neurites
are distinguishable. Fluorescence signals from DGL-a-GFP
were highly concentrated in large clusters at membranes,
whereas DGL-B-GFPs were dispersed throughout the neu-
rites displaying partially punctated signals. Distinctive ax-
onal distributions of the two DGL isoforms had been found in
embryonic pyramidal cells, in which DGL-« is concentrated
in axonal varicosities, whereas DGL-B is distributed uni-
formly along axons. In addition, in axonal growth cones,
DGL-« is targeted to filopodia, whereas DGL-B is concen-
trated in the axon stem with a clear demarcation from the
growth cones (Mulder et al., 2008). The distributions of both
DGL isoforms in elongating neurites, in a distinguishable
manner, support the idea that both DGL-a« and DGL-
contribute to RA-induced neuritogenesis through distinct
mechanisms.

Transient or stable overexpression of either DGL-a or
DGL-B induces constitutive morphological changes in
Neuro-2a cells. We found that DGL-B expression is more
effective than DGL-a at inducing neurite outgrowth, which
was even more striking after normalization with efficiency of
DGL protein expression (data not shown). It is noteworthy
that DGL- expression promotes neurite elongation, whereas
DGL-« does not. The results indicate that functional expres-
sion of either DGL isoform, which is expected to increase
2-AG levels in two different subcellular locations, is sufficient
to initiate neurite outgrowth. On the other hand, our tar-
geted lipidomic analyses revealed that DGL-a and DGL-,
when overexpressed in Neuro-2a cells, cause similar lipido-
mic changes in cells (Jung et al., 2007). DGL-S expression
increased levels of 2-AG and other unsaturated fatty acid-
containing MAGs and unsaturated free fatty acids that result
from increased 2-acylglycerol hydrolysis. Consistent with
these findings, it has been reported that two DGL isoforms
display similar biochemical properties in vitro (Bisogno et al.,
2003). In addition, a bioinformatics comparison between the
two DGL isoforms indicates that DGL-B has extensive struc-
tural and sequence homology with DGL-a (e.g., four trans-
membrane-spanning domains, a lipase-3 motif, and a serine
lipase motif). But DGL-B lacks a large C-terminal fragment
found in DGL-«. The C-terminal “tail” domain, which is fol-
lowed by the catalytic motif in DGL-a (Bisogno et al., 2003),
contains a few hypothetical post-translational modification
sites, as well as the Homer binding motif, which is responsi-
ble for its association with mGlu receptor-containing multi-
protein complex at plasma membranes (Jung et al., 2007).
These results indicate that the differential control of expres-
sion, subcellular positioning, and structural divergence be-
tween DGL-a and DGL-B, rather than differences in enzy-
matic characteristics, lead to the observed distinctions in
physiological function. The CB; antagonist rimonabant sig-
nificantly inhibited DGL-a-induced neurite outgrowth but
failed to prevent DGL-B-induced neuritogenesis. An econom-
ical interpretation of these results is that DGL-B expression
targets an unknown intracellular pathway that is indepen-
dent from 2-AG signaling at the CB; receptors.

Although our results support the role of DGL in axonal
growth and guidance, there are, at least apparently, conflict-
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ing observations during differentiation of neural stem cell
line Cor-1 (Walker et al., 2010). These discrepancies suggest
that 2-AG signaling might be linked to neural differentiation
in a cell- and developmental stage-dependent manner. In
conclusion, our study indicates that RA induces the func-
tional expression of DGL, which is required for neurite out-
growth of Neuro-2a cells, and that DGL-« and DGL-B may
engage differential cellular mechanisms to regulate neuronal
differentiation.
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