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Abs trac t Growing ev idence sugges t s tha t t he
endocannabinoid system plays a role in neuroprotection in
Parkinson’s disease. Recently, we have shown the neuropro-
tective effect of monoacylglycerol lipase (MAGL) inhibition
with JZL184 in the chronic 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model. However, further
investigation is needed to determine the neuroprotective
mechanisms of the endocannabinoid system on the
nigrostriatal pathway. The aim of this work was to investigate
whether the neuroprotective effect of JZL184 inmice could be
extended to an in vitro cellular model to further understand the
mechanism of action of the drug. The SH-SY5Y cell line was
selected based on its dopaminergic-like phenotype and its sus-
ceptibility to 1-methyl-4-phenylpyridinium iodide (MPP+)
toxicity. Furthermore, SH-SY5Y cells express both cannabi-
noid receptors, CB1 and CB2. The present study describes the
neuroprotective effect of MAGL inhibition with JZL184 in
SH-SY5Y cells treated with MPP+. The effect of JZL184 in
cell survival was blocked by AM630, a CB2 receptor antago-
nist, and it was mimicked with JWH133, a CB2 receptor ag-
onist. Rimonabant, a CB1 receptor antagonist, did not affect

JZL184-induced cell survival. These results demonstrate that
the neuroprotective effect of MAGL inhibition with JZL184
described in animal models of Parkinson’s disease could be
extended to in vitro models such as SH-SY5Y cells treated
with MPP+. This represents a useful tool to study mechanisms
of neuroprotection mediated by MAGL inhibition, and we
provide evidence for the possible involvement of CB2 recep-
tors in the improvement of cell survival.
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Abbreviations
2-AG 2-Arachidonoyl glycerol
AEA Anandamide
CB1 Cannabinoid type 1
CB2 Cannabinoid type 2
ECS Endocannabinoid system
FAAH Fatty acid amide hydrolase
MAGL Monoacylglycerol lipase
MPP+ 1-Methyl-4-phenylpyridinium iodide
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

Introduction

The endocannabinoid system (ECS) regulates a broad range of
physiological and pathological processes including anxiety,
depression, neurogenesis, reward, motor control, cognition,
learning, and memory [1] and constitutes an attractive thera-
peutic target for the treatment of different disorders. The prin-
cipal ligands of the ECS are 2-arachidonoyl glycerol (2-AG)
[2] and N-arachidonoyl-ethanolamine (anandamide, AEA) [3]
which activate the two major cannabinoid receptors, type 1
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(CB1) [4] and type 2 (CB2) [5]. Endocannabinoid signaling
pathways are terminated by enzymatic hydrolysis of 2-AG and
AEA primarily by monoacylglycerol lipase (MAGL) [6] and
fatty acid amide hydrolase (FAAH) [7], respectively. The en-
dogenous endocannabinoid signaling and exogenous cannabi-
noids elicit diverse effects that could be expected when consid-
ering the widespread expression of CB1 receptors in the brain
[8]. To minimize the problems associated with CB1 receptor
agonists, inhibiting MAGL and FAAH activity to increase the
endogenous levels of 2-AG and AEA has emerged as a poten-
tial strategy to exploit the ECS for medicinal purposes. Phar-
macological inhibition of MAGL and FAAH was found to
reduce pain, inflammation, anxiety, depression, and to be neu-
roprotective in rodent models without the undesirable effects in
motility and behavior observed with direct CB1 agonists
[9–11]. CB2 receptors are expressed primarily by immune cells,
including microglia in the central nervous system [12]. There is
evidence that they are involved in some neurological processes
such as anxiety and addiction [13] and their expression has
been recently described in the dopaminergic neurons from the
human substantia nigra pars compacta [14].

Growing evidence suggests that the ECS plays a role in
neuroprotection in Parkinson’s disease. Δ9-Tetrahydrocannabi-
nol and cannabidiol protect nigrostriatal dopaminergic neurons
in the 6-hydroxydopamine rat model [15], while WIN55, 212-
2, a non-selective CB1 and CB2 receptor agonist, exerts neuro-
protective effects in nigrostriatal neurons in the 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model, amelio-
rating Parkinson’s disease-like motor symptoms [16]. Recently,
we have shown the neuroprotective effect of MAGL inhibition
with JZL184 in the chronic MPTP mouse model [11].

Further investigation is needed to characterize the neuropro-
tective mechanisms of the endocannabinoid system on the
nigrostriatal pathway. The aim of this work was to investigate
whether JZL184 could have a neuroprotective effect by acting
directly on neuron-like cells to further understand the mecha-
nism of action of the drug. Based on their dopaminergic-like
phenotype, their susceptibility to 1-methyl-4-phenylpyridinium
iodide (MPP+) toxicity [17] and the expression of all elements
of the ECS system [18], SH-SY5Y cells were selected for this
purpose. We found that JZL184 exerts a neuroprotective effect
on SH-SY5Y cells treated with MPP+. This effect is specific of
MAGL inhibition, since blockade of FAAH does not affect cell
survival, and may be mediated by CB2 receptors, which are
expressed at low levels in SH-SY5Y cells.

Materials and Methods

Materials

Human neuroblastoma SH-SY5Y CRL-2266 cells were ob-
tained from ATCC (Manassas, VA, USA). Dulbecco’s

Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
penicillin and streptomycin (P/S), non-essential amino acids,
phosphate-buffered saline (PBS) pH 7.4, and Trypsin/EDTA
solution were purchased from GIBCO (Grand Island, NY,
USA); 1-methyl-4-phenylpyridinium iodide (MPP+), dimethyl
sulfoxide (DMSO), Trizol reagent, and triton X-100 from Sig-
ma Aldrich (St. Louis, MO, USA); JZL184 and Rimonabant
fromCaymanChemical (AnnArbor,MI, USA); URB597 from
Merck (Darmstadt, Germany); JWH133 and AM630 from
Tocris Bioscience (Bristol, UK); PCR Master Mix solution
from Promega Corporation (Fitchburg, WI, USA); iQ Syber
Green Super mix from Bio-Rad Laboratories (Hercules, CA,
USA); Cytotoxicity Detection kit assay from Roche Diagnos-
tics (Indianapolis, IN, USA). Oxygen-sensing plates were from
Oxoprobics Biosciences (Madrid, Spain).

Cell Culture and Treatments

SH-SY5Y cells were maintained at 37 °C in 5 % CO2 in
DMEM supplemented with 10 % fetal bovine serum, 10,000
U/ml penicillin and 10 mg/ml streptomycin, and 1× non-
essential amino acids. Cells were subcultured after reaching
80 % confluence for no more than 20 passages. Experiments
were performed using 1×104 cells/well into 96-well plates for
cell viability assays and 6.25×105 cells/well into 6-well cul-
tured plates for RNA extraction. After 24 h, the culture medi-
um was replaced by fresh serum-free DMEM and the cells
were cultured for another 24 h. In each experiment, the differ-
ent compounds (JZL184, URB597, Rimonabant, AM630, or
JWH133) were added 30 min after the MPP+ treatment. If
more than one compound was used, they were added simul-
taneously to the culture media. In the oxygen consumption
experiment, MPP+ and JZL184 were added at the same time.

Cell Viability Assays

Cell death wasmonitored by quantifying lactate dehydrogenase
(LDH) release into the cell media with the Cytotoxicity Detec-
tion Kit. The level of LDH released from damaged cells was
measured 24 h after cells were treated with different agents.
Cell-free culture supernatants were collected from each well,
diluted 1:2, and incubated with the appropriate reagent mixture
during 30 min according to the supplier’s instructions. The
intensity of the color formed in the assay was measured at
490 nm in a Multiskan EX Microplate Reader (ThermoFisher
Scientific, Waltham, MA, USA). LDH activity was calculated
by subtraction of the control value (cells incubated in the ab-
sence of MPP+). Data were normalized to the activity of LDH
released from cells treated with 5 mM MPP+ (100 %) and
expressed as a percent of control mean±S.E.M. established
from 4 to 5 independent experiments performed in triplicates.

Oxygen consumption was monitored in 96-well plates
using a phosphorescent water-soluble oxygen probe. The
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probe is quenched in the presence of oxygen; as oxygen is
consumed by cellular respiration, the fluorescence signal in-
creases being directly related to cell metabolism [19]. Briefly,
cells were seeded in oxygen-sensing plates and incubated for
24 h, the different treatments were added to the cells at the
indicated final concentrations, and the wells were sealed from
ambient oxygen by the addition of 100 μl/well of mineral oil.
Plates were placed in a plate reader (Envision, Perkin-Elmer,
Waltham, MA, USA) previously equilibrated at 37 °C and
monitored using 340/665 nm excitation/emission filters, with
a delay time of 70 μs during 5 h.

RNA Isolation and PCR

Total RNA from SH-SY5Y cells was extracted using Trizol and
DNAase I (Roche Applied Science, Penzberg, Germany), ac-
cording to the manufacturer’s instructions. Reverse transcription
was performed using 2 μg of total RNA,M-MLVReverse Tran-
scriptase (Promega) and random oligodeoxyribonucleotides
hexamers (Invitrogen). Expression of messenger RNA
(mRNA) was assessed by conventional and real-time polymer-
ase chain reaction (PCR and RT-PCR) and using the following
specific primers: CB1 receptor forward-TTTCGTTCTAGCGG
ACAACC, CB1 receptor reverse-TGACTGAGAAAGTGAC
CCACA, CB2 receptor forward-TCATGGGATGGACTTGCT
GT, CB2 receptor reverse-CGGAAAAGAGGAAGGCGATG,
MAGL forward-AGCGTGCTCTCTCGGAATAA, MAGL re-
verse-GCCCCTTTGCTGTCACATAG, FAAH forward-CTGG
TTCCCTTCTTGCCAAG, FAAH reverse-CAGCCGAACG
AGACTTCATG, GAPDH forward-TGAGAACGGGAAGC
TTGTCA, GAPDH reverse-ATCGCCCCACTTGATTTTGG.
Conventional PCRwas performed in a 2720 thermal cycler (Ap-
plied Biosystems, Foster City, CA, USA) and RT-PCR in a
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). The RT-PCR values were
normalized with the expression of GAPDH.

Statistical Analysis

Quantitative data were assessed by one-way ANOVA follow-
ed by Tukey’s post hoc test using the GraphPad Prism soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA). The cri-
terion for statistical significance was p<0.05. All values are
expressed as means±S.E.M.

Results

Neuroprotective Effect of MAGL Inhibition with JZL184
in MPP+-Induced Neurotoxicity

To evaluate the neuroprotective effect of JZL184 in cells treat-
ed with MPP+, we first determined the right concentration of

MPP+ for neuroprotection studies. A broad range, between 0.1
and 10 mM, of MPP+ dosage has been used to induce cyto-
toxicity in SH-SY5Y cells [20, 21]. Thus, a concentration
response curve for MPP+ was performed, and cell death was
estimated with the LDH assay (Fig. 1). MPP+ increased LDH
activity in a concentration-dependent manner. Doses above
2 mM were sufficient to induce a significant release of LDH
to the culture medium. Based on these observations, 5 mM
MPP+, which induced a cell death in the 20–40 % range, was
considered the optimal dose to test neuroprotection.

Next, we evaluated the effect of MAGL inhibition in cell
survival with JZL184. JZL184 is a potent and selective inhib-
itor of MAGL that displays an IC50 value of 8 nM in murine
brain membranes, and it is 300-fold more selective for MAGL
than for FAAH [22]. First, the expression of MAGL was con-
firmed by PCR in the SH-SY5Y cells (Fig. 2a) and then the
effect of JZL184 on MPP+-treated SH-SY5Y cells was tested.
JZL184 significantly reduced (35 %) the release of LDH to the
culture medium at doses of 100 nM or above, indicating a
decrease in MPP+-induced cell damage (Fig. 2b). A lack of
toxicity was detected by the administration of JZL184 to the
cells (Fig. 2c). This effect was confirmed by measuring oxygen
consumption rates in the SH-SY5Y cells (Fig. 2d). The ob-
served decrease in cellular respiration caused by MPP+ was
reversed by 100 nM JZL184 (Fig. 2e). The effect of FAAH
inhibition on neuroprotection was also studied. Expression of
FAAH in SH-SY5Y cells was checked by PCR (Fig. 3a). SH-
SY5Y cells were incubated with MPP+ and increasing doses of
URB597, an irreversible inhibitor with an IC50 value of 4.6 nM
for inhibition of FAAH in murine membranes [23]. URB597
added to the cells together with 5 mM MPP+ during 24 h did
not modify the cell death (Fig. 3b) and did not show cytotox-
icity (Fig. 3c). These results suggest that neuroprotection after
MPP+ damage is achieved by the specific inhibition of MAGL.

Fig. 1 Concentration response curve for MPP+. LDH activity in culture
medium from SH-SY5Y cells incubated with increasing concentrations
of MPP+ during 24 h. Increase in LDH release to the medium was
calculated by subtraction of the control (cells incubated in the absence
of MPP+). Total LDH activity was determined after lysis of cells in 1 %
Triton X-100. Values are represented as % of total LDH content. Values
are mean +/− S.E.M. from three independent experiments. Significance
versus control is indicated by *p<0.05; *** p<0.001
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Involvement of CB2 Receptors in the Neuroprotective
Effect of JZL184

2-AG is an endogenous ligand for CB1 and CB2 receptors [2].
We checked and confirmed the expression of CB1 and CB2

receptors in SH-SY5Y cells by real-time PCR under the dif-
ferent experimental conditions. JZL184 did not induce chang-
es in CB1 or CB2 receptors mRNA expression in control cells
(Fig. 4a, b). Compared with the housekeeping gene, CB1 re-
ceptor mRNA expression was higher in cells treated for 24 h

Fig. 2 Evaluation of the neuroprotective effect of MAGL inhibition in
MPP+-induced neurotoxicity in SH-SY5Y cells. a PCR for MAGL mRNA
expression in SH-SY5Y cells. b SH-SY5Y cells were incubated during 24 h
with 5 mM MPP+ and increasing concentrations of JZL184, a potent and
specificMAGL inhibitor. The amount of LDH released by the treatment with
5 mMMPP+ was considered 100%, and the results were normalized against
this value. Values are mean +/− S.E.M. from four independent experiments.
Significance versus MPP+-induced cell death is indicated by *p<0.05. c
LDH activity in culture medium from SH-SY5Y cells incubated with

increasing concentrations of JZL184 during 24 h. Changes in LDH release
to the medium were calculated by subtraction of the control value obtained
from cells incubated in the absence of JZL184. No significant changes were
detected under these conditions. d Oxygen consumption was monitored in
real-time using 96-well plate oxygen-sensing plates during 5 h. Cells were
incubated with MPP+ and without MPP+ in the presence and absence of
JZL184 (100 nM). Data are shown as relative fluorescence units (RFU). e
Oxygen consumption was monitored in the presence of MPP+ with or
without JZL184. Significance is indicated by ***p<0.001

Fig. 3 Evaluation of the effect of FAAH inhibition in MPP+-induced
neurotoxicity in SH-SY5Y cells. a PCR for FAAH mRNA expression
in SH-SY5Y cells. b SH-SY5Y cells were incubated during 24 h with
5 mM MPP+ and increasing concentrations of URB597, a potent and
specific FAAH inhibitor. The amount of LDH released by the treatment
with 5 mMMPP+ was considered 100%, and the results were normalized
against this value. No significant differences were detected between cells

treated with MPP+ alone or with URB597. Values are mean +/− S.E.M.
from triplicates in five independent experiments. c LDH activity in
culture medium from SH-SY5Y cells incubated with increasing
concentrations of URB597 during 24 h. Changes in LDH release to the
mediumwere calculated by subtraction of the control value obtained from
cells incubated in the absence of URB597. No significant changes were
detected under these conditions
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with 5 mMMPP+ but returned to a similar level of expression
by the administration of JZL184 (Fig. 4a). MPP+ also in-
creased significantly CB2 mRNA levels (respect to those of
the housekeeping gene) and continued high in cells treated
with MPP+ and JZL184 (Fig. 4b). Antagonists of CB1 and
CB2 receptors were used to study the involvement of these
receptors in the improvement in cell viability induced by
JZL184 administration. SH-SY5Y cells were incubated with
5 mMMPP+, 100 nM JZL184, and increasing concentrations
of rimonabant ranging from 1.6 to 1000 nM (Fig. 4c). Block-
ade of CB1 receptors with rimonabant did not have any sig-
nificant effect on the improved cell viability induced by
JZL184 treatment. However, the incubation with AM630, a
selective CB2 receptor antagonist, fully prevented the JZL184
neuroprotective effect at a dose of 1 μM (Fig. 4d). To confirm
the involvement of CB2 receptors in neuroprotection, the SH-
SY5Y cells were incubated with JWH133, a selective CB2

receptor agonist with a Ki of 3.4 nM and 200-fold selectivity
over CB1 receptors. Increasing concentrations of JWH133 did
not have a cytotoxic effect on SH-SY5Y cells (Fig. 5a). Ad-
dition of JWH133 to SH-SY5Y cells treated with MPP+

(5 mM) resulted in a significant decrease in LDH activity at

1.6 and 8 nM concentrations, indicating a neuroprotective
effect of the CB2 receptor agonist (Fig. 5b). This effect was
not observed with higher doses of JWH133, probably due to
other non-specific interactions of the drug. Addition of
200 nM AM630 to SH-SY5Y cells incubated with 5 mM
MPP+ and 8 nM JWH133 reversed the neuroprotective effect
of JWH133 (Fig. 5c). Altogether, these results indicate that
CB2 receptors are involved in the neuroprotective effect of
JZL184 in MPP+-treated SH-SY5Y cells.

Discussion

The present study describes the neuroprotective effect of the
MAGL inhibitor, JZL184, in human neuroblastoma SH-
SY5Y cells incubated with the neurotoxin MPP+. We demon-
strate that CB2 receptors are involved in the mechanism of
neuroprotection of JZL184, as the use of JWH133 reproduces
such effect and a CB2 receptor antagonist at relatively high
concentrations reverses it.

Recently, we have demonstrated the neuroprotective effect
ofMAGL inhibition with JZL184 in the chronicMPTPmouse

Fig. 4 Effect of CB1 and CB2 receptors inverse agonists in the
neuroprotection-induced by JZL184. a Real-time PCR to detect the
expression of CB1 receptor mRNA transcripts under the different
experimental conditions. SH-SY5Y cells were incubated with or
without MPP+ (5 mM), in the absence or presence of JZL184 (100 nM)
during 24 h. b Real-time PCR to detect the expression of CB2 receptor
mRNA transcripts in SH-SY5Y cells with or without MPP+, incubated
with or without JZL184 during 24 h. Values are mean +/− S.E.M. from
two independent experiments. Significance is indicated by *p<0.05;
**p<0.01. c SH-SY5Y cells were incubated during 24 h with 5 mM

MPP+, 100 nM JZL184 and increasing concentrations of rimonabant, a
CB1 receptor inverse agonist. d SH-SY5Y cells were incubated during
24 h with 5 mM MPP+, 100 nM JZL184 and increasing concentrations of
AM630, a CB2 receptor inverse agonist. The activity of LDH released to
the culture medium was assayed. Data were normalized against the
amount of LDH released in the presence of 5 mM MPP+ (100 %).
Values are mean +/− S.E.M. from four independent experiments.
Significance versus MPP+-induced cell death is indicated by *p<0.05;
**p<0.01; ***p<0.001. Significance versus MPP+ and JZL184 treated
cells is indicated by #p<0.05
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model of Parkinson’s disease [11]. For a better understanding
of the neuroprotective effect of JZL184, an in vitro assay
based on SH-SY5Y was set up. These human neuroblastoma
cells were chosen for this study because they have been wide-
ly used to investigate neuronal cell damage and death and they
serve as an in vitro model for Parkinson’s disease [17]. They
produce dopamine [24], express dopamine receptors [25], and
are able to introduce dopamine and MPP+ through the norepi-
nephrine transporter [26]. Furthermore, a fully functional
endocannabinoid system is present in this cell line that mark-
edly expresses enzymes involved in endocannabinoid produc-
tion andmoremodest amounts of CB1 and CB2 receptors [18].

Using this cell line, we were able to detect the neuropro-
tective effect of JZL184 against MPP+-induced neurotoxicity.
Although there are several reports in the literature inducing
neurotoxicity in SH-SY5Y cells with MPP+, the doses used
are very different [20, 21]. Based on dose–response curves, a
5 mM concentration was considered the optimal because it
induced cell damage between 20 and 40 %, which is in agree-
ment with previous studies carried out in SH-SY5Y [17].
JZL184 treatment improved SH-SY5Y cells viability indicat-
ing that the effect of the drug could be extended also to in vitro
models. The concentration used to obtain a biological effect is
larger (100 nM) than the IC50 reported for JZL184 (8 nM)
using murine brain membranes [22], probably due to the hu-
man origin of SH-SY5Y cells and the use of an in vivo assay.
The absence of changes in cell viability when cells are incu-
bated with URB597 suggests that MAGL, but not FAAH
inhibition, is necessary for neuroprotection. There are several
reports in the literature that demonstrate the specificity of
MAGL inhibition with JZL184 in vivo and in vitro [22, 11,
27]; it would be interesting to determine whether there is a
correlation between the 2-AG levels and the extent of
neuroprotection.

The neuroprotective effect of JZL184 has been demonstrat-
ed in animal models of Parkinson’s disease [28, 11] and in

methamphetamine-induced toxicity in mice [29] both affect-
ing the dopaminergic system. However, no neuroprotective
effect has been reported in an animal model of malonate-
induced neurotoxicity and in M-213 cells, which have a phe-
notype similar to striatal neurons [30, 31]. This could be due to
a specific neuroprotective effect of MAGL inhibition for the
dopaminergic system or, in the case of the cell cultures, to the
low concentration of JZL184 used (10 nM).

There is controversy regarding the expression of CB2 re-
ceptors in SH-SY5Y cells [32, 18]. We addressed receptor
expression in our SH-SY5Y cells by real-time PCR and sure-
ly, the CB2 receptors are present although at modest levels,
thus agreeing with data reported by Pasquariello et al. [18].
There are several reports that describe increased CB2 receptor
expression in the brain under pathological conditions, mainly
in glial cells [16, 33, 34]. Although the expression of CB2

receptors in neurons has been neglected for a long time, there
is growing evidence of their presence in neurons and their
modulation under different conditions, such as neuronal dam-
age or drug abuse [35, 36]. Recently, the presence of CB2

receptors in dopaminergic neurons from the human substantia
nigra pars compacta has been described [14]. Using inverse
agonists of cannabinoid receptors, we determined the involve-
ment of CB2 receptors in the neuroprotective effect of
JZL184. Addition of 1 μM AM630 (Ki=31.2 nM) prevented
the neuroprotection-induced by JZL184. The micro molar
dose of AM630 necessary to reverse the effect of JZL184
could be related to the potency of the CB2 receptor antagonist
to block a signaling pathway involved in cell survival, al-
though a coexistence of CB2 receptor-dependent-
independent mechanisms cannot be ruled out. Selective ago-
nists and antagonists for a particular receptor induce unique,
ligand-specific receptor conformation that frequently results
in differential activation of signaling pathways. This differential
activation may result in changes in intrinsic activity and/or
potency at one signaling pathway versus another, but not in

Fig. 5 Evaluation of the effect of a CB2 receptor agonist in MPP+-
induced neurotoxicity in SH-SY5Y cells. a Effect of the administration
of increasing concentrations of JWH133, a CB2 receptor agonist, in the
viability of SH-SY5Y cells. No significant changes were detected at the
different concentrations of JWH133 assayed. Values are mean +/− S.E.M.
from three independent experiments. b SH-SY5Y cells were incubated
during 24 h with 5 mMMPP+ and increasing concentrations of JWH133.
Values are mean +/− S.E.M. from triplicates in five independent

experiments. Data were normalized against the amount of LDH
released in the presence of 5 mM MPP+ (100 %). c SH-SY5Y cells
were incubated during 24 h with 5 mM MPP+, 8 nM JWH133 and
increasing concentrations of AM630. Values are mean +/− S.E.M. from
four independent experiments. Significance versus MPP+-induced cell
death is indicated by *p<0.05; **p<0.01; ***p<0.001. Significance
versus MPP+ and JZL184 treated cells is indicated by #p<0.05yy
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the affinity for the receptor [37]. The confirmation of the re-
sults with the addition of JWH133 at a concentration of 8 nM,
which is close to its Ki value (3.4 nM), further supports the
involvement of CB2 receptors in this neuroprotective effect.

Our results also show that the highest dose of rimonabant
has a tendency to exacerbate the neuroprotective effect of
JZL184. This could be due to the effect of rimonabant in mito-
chondrial CB1 receptors that regulate energy metabolism in
neurons [38]. CB2 receptors are involved in neuroprotection
under different pathological conditions [39–42, 29] including
an animal model of Parkinson’s disease [16]. In general, the
protective role of CB2 receptor activation is mostly attributed to
its ability to reduce deleterious microglial activation [43, 44, 39,
40], although CB2-mediated regulation of astroglial phenotype
could also support the neuroprotective effect [45]. The presence
of CB2 receptors in dopaminergic neurons [14] in human brain
together with the results of this study suggests a direct effect of
JZL184 in dopaminergic cells in the absence of glia.

Both 2-AG and AEA are ligands of CB2 receptors. Howev-
er, AEA is much less effective at activating this receptor and
can functionally antagonize the stimulatory effects of 2-AG at
CB2 receptors [46]. Here, we describe a distinct neuroprotective
effect between MAGL and FAAH inhibition that could be me-
diated by the distinct type of interaction between 2-AG and
AEAwith CB2 receptors. These results emphasize the different
physiological role played by the two endocannabinoids in vivo.

Altogether, the present study demonstrates that the neuropro-
tective effect of MAGL inhibition by JZL184 described in ani-
mal models of Parkinson’s disease can be extended to in vitro
models such as SH-SY5Y cells treated with MPP+. This tool
allowed us to study the mechanisms of neuroprotection mediat-
ed by MAGL inhibition. We provide evidence for the direct
effect of JZL184 in dopaminergic-like cells and for the involve-
ment of CB2 receptors in the improvement of cell survival.
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