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a b s t r a c t

Monoacylglycerol lipase (MAGL) is important for neuroinflammation. However, the regulatory mecha-
nisms underlying its expression and function remain unknown. Lipopolysaccharide (LPS) treatment post-
translationally upregulated MAGL expression, whereas it downregulated MAGL transcription through a
Stat6-mediated mechanism in microglia. Neither MAGL knockdown nor JZL-184, a selective MAGL in-
hibitor, suppressed LPS-induced upregulation of inflammatory cytokines in microglia. Moreover, exog-
enous expression of MAGL in BV-2 microglial cell line, which lacks endogenous MAGL, did not promote
the induction of inflammatory cytokines by LPS treatment. Interestingly, MAGL knockdown reduced Fcg
receptor-mediated phagocytosis in primary microglia, and introduction of MAGL into the BV-2 cells
increased Fcg receptor-mediated phagocytosis. Collectively, these results suggest that MAGL regulates
phagocytosis, but not LPS-mediated cytokine induction in microglia.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Monoacylglycerol lipase (MAGL) hydrolyzes 2-arachid
onoylglycerol (2-AG) and terminates endocannabinoid (eCB)
signaling, which regulates production of arachidonic acid (AA) and
prostaglandins (PG) that mediate neuroinflammation in the brain
[1]. Recent studies have shown that MAGL mediates the patho-
genesis of several neurological disorders, such as Alzheimer's dis-
ease, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
-induced dopaminergic neurodegeneration, multiple sclerosis, and
ischemia [2e6]. MAGL knockout mice or JZL-184-pretreated mice
that were administered LPS neither exhibit microglial activation
nor produce inflammatory cytokines such as interleukin 1b (IL1b)
or tumor necrosis factor a (TNFa). Moreover, A significant reduction
in production of AA and PG is observed, indicating that MAGL has a
predominant role in neuroinflammation through 2-AG hydrolysis
in brain [7]. However, the identity of the cells that play a
A, arachidonic acid; 2-AG, 2-
rleukin1b; KD, knockdown;
ll-like receptor; TNFa, tumor
predominant role in MAGL signaling during pathological progres-
sion in the brain is yet to be determined [1e7].

In microglia, several Toll-like receptors (TLRs) are activated in
response to pathogen- or danger-associated molecular patterns,
thus initiating innate and adaptive immune responses [8,9]. Studies
using knockout mice have shown that activation of TLR signaling in
microglia has important roles in regulation of pathological
outcome, and NF-kB functions as a nuclear effector molecule
inducing several inflammatory cytokines through signaling cas-
cades emanating from TLRs [10e13]. These studies strongly suggest
that MAGL in microglia plays a crucial role in TLR-mediated
neuropathology and mediates neuroinflammation. Moreover,
several transcription factors involved in anti-inflammatory
signaling such as Stat6 and c-myc have been shown to mediate
the induction of pro-inflammatory cytokines by preventing NF-kB
activation in inflammatory reactions [14e19]. Under normal con-
ditions, Stat6 interacts with CBP/p300 independent of treatment
with anti-inflammatory cytokines, including IL-4 [17,20]. In in-
flammatory conditions, CBP/p300 is recruited to DNA-bound p65-
p50 heterodimer, resulting in the production of inflammatory cy-
tokines. Integration of these factors is required for maximal NF-kB
signaling in inflammatory conditions [21], suggesting that Stat6
may compete with NF-kB for the limited amounts of these
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transcriptional co-activators and regulates the neuroinflammatory
condition in microglia [16].

Here, the regulatory mechanism of MAGL expression upon LPS
treatment was analyzed by focusing these transcription factors.
Interestingly, Stat6 is required for microglial MAGL transcription,
and its expression is regulated by transcriptional downregulation
as well as by potentiation of its stability in the presence of LPS.
Furthermore, MAGL function in microglia during inflammatory
conditions was elucidated by using shRNA-mediated knockdown
(KD) or treatment with JZL-184, a MAGL-specific inhibitor. Unex-
pectedly, loss of MAGL in microglia or introduction of FLAG-MAGL
into BV-2 cells did not affect the induction of inflammatory cyto-
kines upon LPS treatment but regulated Fcg receptor (FcgR)-
mediated phagocytosis.

2. Materials and methods

2.1. Reagents and cell culture

2-AG and BAY11-7082 were purchased from Cayman Chemicals
and SantaCruz Biotechnology, respectively. LPS was obtained from
Sigma. AS1517499 and 10058-F4 were obtained from Axon Med-
chem and Focus Biomolecules, respectively. pSIH-copGFP H1 short
hairpin (sh)RNA expression lentivector was obtained from System
Biosciences. The primary antibodies usedwere anti-MAGL (Cayman
Chemicals), anti-GAPDH (Millipore, clone 6C5), and anti-FLAG
(Wako Chemicals). The sequences of the two shRNA targeting
MAGL and the scrambled negative control are 50-gaaggtc
Fig. 1. LPS regulates MAGL expression and activity in primary microglia and the BV-2 cell lin
SDS-PAGE and immunoblotted for MAGL and GAPDH. B) Lysates from BV-2 microglial cell
noblotting with anti-FLAG or GAPDH antibodies. C) BV-2 cells with stable FLAG-MAGL e
determined by immunoblots probed with anti-FLAG or GAPDH antibodies. D) 2-AG hydrolyz
glycerol colorimetric assay method and was indicated as specific activity [22]. Data are rep
cttgctgccaaact-30 (KD1), 50-ggaacactgtggccgttatga-30 (KD2), and 50-
caacaagatgaagagcaccaa-30 (scrambled), respectively. These expres-
sion cassettes were subcloned into the pSIH-H1 vector by using
BamHI and EcoRI. The cDNA encoding MAGL was subcloned from
mouse brain and integrated into 3xFLAG-pcDNA7.1 (Sigma) and
pLVSIN (Invitrogen) vectors. The mouse microglial cell line BV-2
was a kind gift from Dr. Tsuda (Kyushu University). Primary cul-
ture of microglia was prepared frommouse pups at postnatal day 2
(P2). Mixed glia were cultured in a poly-D-lysine-coated flask in
DMEM containing 10% FBS for 10e14 days in a CO2 incubator. The
mixed glial culture was shaken to dislodge microglia that were
loosely attached on astrocytes, and purified microglia were seeded
on poly-D-Lys-coated tissue culture dishes.

2.2. Transfection and lentiviral KD/expression

In total, 1.5 � 105 BV-2 microglial cells were plated on 24-well
tissue culture dishes in DMEM containing 10% FBS for 24 h, and
cells were transfected with MAGL expression vector by using Lip-
ofectamine LTX (Invitrogen). Cells were treated with LPS (1 mg/ml)
48 h after transfection andwere incubated for 24 h. Cells were fixed
with 4% paraformaldehyde in PBS and immunostained with anti-
FLAG antibody. For enzymatic assay for MAGL activity, 2-AG was
used as a substrate for the lysates of cells expressing FLAG-MAGL,
and the assay was performed using the glycerol colorimetric
assay kit, as described previously [22].

pSIH-copGFP shRNA containing scrambled oligonucleotides or
target sequences against MAGL (MAGL KD1 and KD2) was
e. A) Cell lysates from mouse microglia, treated with or without LPS, were resolved by
lines, with or without transient expression of FLAG-MAGL, were subjected to immu-
xpression were treated with LPS or MG132, and the amounts of FLAG-MAGL were
ing activity in BV-2 lysates transiently expressing FLAG-MAGL was measured using the
resented as mean ± SEM of three experiments. Tukey's test: *p < 0.05.
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transfected into HEK293T cells (Packaging cells) with LP1, LP2, and
VSVG-LP vectors (Invitrogen) by using Lipofectamine LTX. Lentiviral
particles were collected after transfection. Viral particles at multi-
plicity of infection (MOI) of ~10 were incubated with the microglial
culture for 72 h, and cells were treated with 1 mg/ml LPS for 24 h.
For the stable expression of MAGL, pLVSIN vector encoding FLAG-
MAGL was transfected into HEK293T cells, as described above,
and transduced cells were selected in DMEM containing 10% FBS in
the presence of 1 mg/ml puromycin. For the transient transfection of
MAGL, control vector or 3xFLAG pcDNA7.1 encoding MAGL was
introduced into BV-2 cells, and transfected cells were used for
immunocytochemistry.

2.3. Expression analysis of MAGL and inflammatory cytokines

RNA from primary microglia or BV-2 cells was extracted by
using ReliaPrep™ RNA Cell Miniprep System (Promega), and
quantitative real-time RT-PCR (qRT-PCR) was performed using
THUNDERBIRD™ SYBR qPCR system. The following primers were
used for qRT-PCR analysis: 50-ggaacactgtggccgttatg-30 and 50-
ctgacaaaaacttggaagtccga-30 for MAGL; 50-agtccatgccatcactgccac-30

and 50-tgtcatcatacttggcaggtttc-30 for GAPDH; 50-accacttca-
caagtcggaggc-30 and 50-ggtagcatccatcatttctttg-30 for IL-6; 50-ccat-
gagctttgtacaaggaga-30 and 50-tgcagactcaaactccactttg-30 for IL-1b;
Fig. 2. MAGL is transcriptionally regulated by Stat6, but not by c-myc, in response to LPS. A) M
LPS treatment. RNAwas extracted 8 h after LPS treatment, and qRT-PCR analysis was perform
were analyzed by qRT-PCR. Treatment with AS1517499 exhibited significant reduction in MA
represented as mean ± SEM of three experiments. Dunnet's test: *p < 0.05.
50-acccagtgccctgctttgtg-30 and 50-ttcttcctgatagaggtggtcc-30 for
iNOS; 50-gctcttctgtctactgaacttc-30 and 50-ggttgtctttgagatccatgcc-30

for TNFa. For immunoblot analysis, cells were lysed with lysis
buffer (TriseHCl (pH 7.4), 1% SDS, 0.15 M NaCl, and protease in-
hibitor cocktail), and lysates were subjected to SDS-PAGE, trans-
ferred to PVDF membrane (Millipore), and probed with the
antibodies mentioned above. Blots were incubated with secondary
antibodies for 30 min (Dako Cytomation) and the signals were
detected using an electrochemiluminescence (ECL) system (Wako
Chemicals).

2.4. Fcg receptor-mediated phagocytosis of IgG beads

Texas-Red-labeled anti-streptavidin IgG antibodywas incubated
with avidin-coated polystyrene particles (1 or 3 mm in diameter,
Spherotech) in PBS containing 1% BSA at 37 �C for 1 h, then washed
3 times, and suspended in PBS with 1% BSA. Mouse microglia or BV-
2 cells were cultured on poly-D-Lys-coated coverslips in 24-well
tissue culture dishes, and incubated with prepared Texas-Red-
conjugated IgG beads (1 mm in diameter) for 1 h, or with 3 mm
IgG beads for 30 min, respectively. After washing with PBS three
times, cells were fixed in PBS containing 4% paraformaldehyde for
15 min. Fixed cells were stained with DAPI, and phagocytic assay
was performed by counting GFP-positive microglia or transfected
ouse microglia were pretreated for 1 h with 3 mM BAY11-7082, a IkB inhibitor, prior to
ed for MAGL, IL-6, and TNFa. B) Effects of AS1517499 and 10058F-4 on MAGL expression
GL expression, suggesting that Stat6 regulates MAGL transcription in microglia. Data are
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BV-2 cells by using a confocal laser-scanning microscope
(OLYMPUS FV1000).

2.5. Statistical analysis

Each experiment was performed with at least three indepen-
dent preparations and mean ± SEM values are shown in bar dia-
grams. Data from expression analysis and phagocytic assay were
analyzed by post-hoc test of pairwise difference followed by Tukey's
or Dunnett's method. A p value of <0.05 was considered to be
significant.
Fig. 3. Neither MAGL KD nor JZL-184 treatment affects induction of inflammatory cytok
simultaneously transfected with lentiviral vectors carrying scrambled or specific target sequ
with anti-FLAG or GAPDH antibodies. B) MAGL mRNA levels in primary microglia transdu
mean ± SEM of three experiments. Dunnet's test: *p < 0.05, **p < 0.01. C) mRNA levels of in
were determined by qRT-PCR. GAPDH was used as an internal control, and quantification of
experiments. There was no significant difference in the cytokine expression between control
treated with or without LPS and JZL-184 were quantified by qRT-PCR. Data are presented as
expression between control and JZL-184 treated cells. E) mRNA levels of inflammatory cytoki
determined by qRT-PCR analysis. Data were represented as mean ± SEM of three experimen
control and FLAG-MAGL transfected BV-2 cells.
3. Results and discussion

3.1. MAGL is transcriptionally and post-translationally regulated by
LPS in microglia

MAGL expression is variable among cell types, and the mecha-
nism by which MAGL expression in microglia is regulated during
inflammation remains unknown [23e26]. Since MAGL is important
for inflammatory response mediated by prostaglandins in the brain
[7], primary microglia isolated from neonatal mice were incubated
in presence or absence of LPS for 24 h. Upregulation of MAGL
ines in mouse microglia. A) HEK293 cells transiently expressing FLAG-MAGL were
ences against MAGL, and expression of FLAG-MAGL was analyzed by immunoblotting
ced with scramble or MGL shRNAs were analyzed by qRT-PCR. Data are presented as
flammatory cytokines from control or MAGL KD microglia treated with or without LPS
mRNAs levels was performed in duplicate and represented as mean ± SEM from three
and MAGL KD cells. D) mRNA levels of inflammatory cytokines from primary microglia
mean ± SEM of three experiments. There was no significant difference in the cytokine
nes from control or FLAG-MAGL transfected BV-2 cells treated with or without LPS were
ts and there was no significant difference in IL-6, IL-1b, and TNFa expression between
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expression was detected in the presence of LPS by western blot
analysis (Fig. 1A). FLAG-MAGL was also introduced into the
microglial BV-2 cell line, which lacks endogenous MAGL expression
[25]. LPS enhanced the stability of the exogenous FLAG-MAGL
expressed in BV-2 cells (Fig. 1B). It has been shown that its pri-
mary sequence possesses a putative destruction box motif (D-box)
and MAGL turnover is spatiotemporally regulated by proteasomal
degradation system in axon and dendrites [26]. Therefore, BV-2 cell
lines stably expressing FLAG-MAGL were also established by len-
tiviral transduction and its proteolytic regulation was analyzed.
When MAGL-transfected cells were treated with the proteasome
inhibitor MG132, their expression levels were restored to levels
similar to that in LPS-treated cells, suggesting that MAGL is rapidly
degraded by proteasomes in the absence of LPS (Fig. 1C). Although
the control BV-2 cell lysate possessed 2-AG hydrolyzing activity in
the absence of MAGL, as described previously [25], introduction of
FLAG-MAGL induced higher 2-AG hydrolyzing activity, and LPS
Fig. 3. (cont
treatment promoted MAGL activity, suggesting that functional
MAGL is increased during inflammatory conditions (Fig. 1D).

Expression of several lipid-metabolizing enzymes is transcrip-
tionally regulated by LPS treatment [27]. Therefore, MAGL mRNA
levels were examined by qRT-PCR analysis in primary microglia.
Transcription of MAGL mRNA was downregulated, although that of
IL-6 and TNFa mRNA were induced in the presence of LPS (Fig. 2A,
middle and right panel). NF-kB is known to regulate the production
of several cytokines in microglia under the inflammatory condition
[12,15]. Unexpectedly, treatment with BAY11-7082, an irreversible
IkBa inhibitor, partially restored MAGL mRNA expression, whereas
it completely inhibited IL-6 and TNFa expression, suggesting that
NF-kB may not play a major role in MAGL suppression (Fig. 2A, left
panel). Several anti-inflammatory transcription factors such as
Stat6 and c-myc are known to be involved in the regulation of the
progress of acute inflammatory responses [14,16]. Stat6 and c-myc
have been shown to be associatedwith CBP in resting condition and
inued).
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in the presence of anti-inflammatory cytokines; however, they
counteract NF-kB signaling in inflammatory conditions [16e20].
CBP/p300 is required for full activation of one of the NF-kB com-
plexes and is sequestered from these transcription factors in the
absence of LPS [21]. Therefore, there is a possibility that MAGL
expression may be regulated by one of these anti-inflammatory
transcription factors. To investigate whether they could be
involved in MAGL expression microglia were treated for 24 h with
1 mMAS1517499, a specific Stat6 inhibitor, or with 60 mM10058F-4,
an inhibitor of c-myc transcriptional activity, prior to LPS treatment
[18,19]. Treatment with AS1517499 caused significant reduction in
MAGL mRNA level, whereas 10058-F4 did not affect MAGL expres-
sion, suggesting that Stat6, but not c-myc, is a major transcription
factor regulating MAGL expression in microglia (Fig. 2B, left panel).
MAGL expression was also decreased when cells were treated with
Stat6 inhibitor in the presence of LPS; however, as expected,
AS1517499 promoted IL-6 and TNF induction by NF-kB upon LPS
treatment, indicating that Stat6 negatively regulate NF-kB-depen-
dent transactivation (Fig. 2B, middle and right panel). These results
Fig. 4. MAGL promotes FcgR-mediated phagocytosis. A) GFP-positive control or MAGL KD m
(blue) was used to label cell nuclei. Arrows indicate GFP-positive phagocytotic microglia. Sca
GFP-positive control or MAGL KD cells with IgG beads against total GFP-positive cells. The co
significant differences between control and KD cells (*p < 0.05). The population of control o
B ¼ 3, 4; CS5), and the ratio of the corresponding GFP-positive phagocytes (B) and total
transiently transfected with control or FLAG-MAGL were incubated with Texas-Red IgG bea
previously. Control cells or FLAG-MAGL expressing cells engulfing Texas-Red IgG were count
were presented as the mean ± SEM of three experiments. Dunnett's test showed the signifi
suggest that Stat6-mediated MAGL expression could be repressed
by LPS-induced NF-kB-mediated sequestration of transcription
factors such as CBP/p300 away from the Stat6-regulated MAGL
promoter.

3.2. MAGL inhibition does not affect induction of inflammatory
cytokines in microglia

Although MAGL knockout mice did not exhibit microglial acti-
vation or production of inflammatory cytokines when LPS was
administered, it remains unknown which cell-derived MAGL plays
a critical role in inflammation [7]. Therefore, the role of microglial
MAGL in the induction of inflammatory cytokines was addressed
by using lentivirus-mediated KD or treatment with JZL-184. When
MAGL shRNA was introduced into HEK293T cells or primary
microglia, efficient (approximately 80%e90%) MAGL KD was
confirmed by expression analysis and GFP expression in trans-
duced cells (Fig. 3A, B, Fig. 4A). Unexpectedly, MAGL KD in primary
microglia did not affect production of inflammatory cytokines,
icroglia (green) were incubated with Texas-Red labeled IgG beads (red) for 1 h and DAPI
le bars: 20 mm. B, C) FcgR-mediated phagocytosis was represented as the percentage of
lumns represent the mean ± SEM of three experiments and Dunnett's test showed the
r MAGL KD phagocytes was categorized as the number of IgG beads per cell (A ¼ 1, 2;
phagocytes (C) to GFP-positive cells were represented by a bar graph. D) BV-2 cells
ds for 30 min and subjected to immunofluorescence microscopy analysis, as described
ed with respect to the total control or MAGL expressing cells. The data in the bar graph
cant differences between control and MAGL-expressing cells (*p < 0.05).
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including IL-6, IL-1b, TNFa, and iNOS, upon LPS treatment (Fig. 3C).
To confirm the effects of MAGL KD JZL-184 (1 mM) was used as a
specific MAGL inhibitor that shows stronger specific inhibitory
preference against mouse MAGL in 2-AG hydrolysis (IC50 ~ 2 nM)
than against rat MAGL [28]. Mouse microglia were pretreated with
JZL-184 for 1 h, following which LPS was added to the control or
MAGL KD cells for 24 h. Inflammatory cytokine induction was not
affected by JZL-184 treatment, indicating that microglial MAGL is
not required for cell-autonomous production of inflammatory cy-
tokines (Fig. 3D). The effects of MAGL expression on the induction
of inflammatory cytokines was also examined in BV-2 cells by qRT-
PCR analysis. Although 2-AG hydrolyzing activity was promoted by
MAGL expression in the presence of LPS (Fig. 1D), induction of IL-6,
IL-1b, and TNFa was not upregulated by MAGL expression in BV-2
cells (Fig. 3E). These results indicate that lack of MAGL effect on
LPS-dependent production of inflammatory cytokines in microglia
is due to the absence of cell-intrinsic transactivating mechanism of
the cytokines by MAGL in microglia. It has recently been reported
that JZL-184 pretreatment with simultaneous exposure to LPS and
INFg inhibits NO and IL-1b production in astrocytes and microglia,
respectively [29]. However, IFNg response such as NO production is
mainly regulated by Stat1, which is induced subsequently to NFkB
signaling, and IFNg has an inhibitory effect on LPS-induced IL1b
production in macrophage and microglia [30e32]. Considering the
pathological phenotype of MAGL knockout mice [7], it is likely that
MAGL activity in neurons and other glia regulate the production of
inflammatory cytokines when LPS administration was performed
in vivo or MAGL function in cytokine signaling in neuron-glia
network could be modulated by persistent inflammatory
condition.

3.3. MAGL regulates Fcg receptor-mediated phagocytosis in
microglia

Several neurodegeneration models have elucidated the patho-
physiological features of MAGL in microglia [2,7], and several AA
metabolizing enzymes including soluble phospholipase A2 (sPLA2)
are known to be activated by proinflammatory cytokines with
morphological changes in astrocytes [33]. These findings raised the
possibility that MAGL might regulate microglial homeostasis and
phagocytosis in LPS treatment. When primary microglia were
treated with LPS, the morphology of control microglia changed
from amoeboid to polarized (Fig. 4A). However, MAGL KDmicroglia
exhibiting GFP fluorescence showed shrunken morphology irre-
spective of LPS treatment (Fig. 4A). Systemic inflammation induced
by LPS challenge is known to modulate FcgR expression, and an
increase in FcgRIII expression was detected in mouse microglia
upon LPS treatment (data not shown) [34].When Texas Red-labeled
IgG beads were added to cultured microglia, FcgR-mediated
phagocytosis was promoted in the presence of LPS, and MAGL KD
GFP-positive cells showed reduced phagocytic activities irre-
spective of LPS treatment (Fig. 4B, C). Furthermore, whether
exogenous MAGL expression could promote FcgR-mediated
phagocytosis was examined by using BV-2 cells, which lack MAGL
expression, since BV-2 cells were also used for the FcgR-mediated
phagocytic assay [35].When BV-2 cells were transiently transfected
with FLAG-MAGL, it stimulated their phagocytic activity. LPS
treatment and MAGL expression did not affect FcgR expression
(data not shown), indicating that MAGL positively regulates
phagocytosis of microglia (Fig. 4D). Although cytosolic PLA catalyze
AA release and translocate to phagosomes in phagocytes, MAGL
was localized mainly in the cytosol as previously shown [2].
Furthermore, MAGL KD affected cell morphology, suggesting that
MAGL regulates Fcg receptor-mediated phagocytosis in microglia,
independent of the PLA-dependent mechanism [36,37].
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