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Abstract: Monoacylglycerol lipase inhibition (MAGL) has emerged as an interesting therapeutic
target for neurodegenerative disease treatment due to its ability to modulate the endocannabinoid
system and to prevent the production of proinflammatory mediators. To obtain a beneficial response,
it is necessary to understand how this inhibition affects the neuron–glia crosstalk and neuron viability.
In this study, the effect of MAGL inhibition by KML29 was evaluated in two types of rat cortical
primary cultures; mixed cultures, including neuron and glial cells, and neuron-enriched cultures.
The risk of neuronal death was estimated by longitudinal survival analysis. The spontaneous neuronal
risk of death in culture was higher in the absence of glial cells, a process that was enhanced by KML29
addition. In contrast, neuronal survival was not compromised by MAGL inhibition in the presence
of glial cells. Blockade of cannabinoid type 2 (CB2) receptors expressed mainly by microglial cells
did not affect the spontaneous neuronal death risk but decreased neuronal survival when KML29
was added. Modulation of cannabinoid type 1 (CB1) receptors did not affect neuronal survival.
Our results show that neuron–glia interactions are essential for neuronal survival. CB2 receptors play
a key role in these protective interactions when neurons are exposed to toxic conditions.

Keywords: monoacylglycerol lipase; endocannabinoid system; CB2 receptors; microglia; neuroprotection;
KML29

1. Introduction

The lipid messenger 2-arachidonoyl glycerol (2-AG) is an important regulator of inter-neuronal
and neuron–glia interactions [1–3]. In 1995, it was identified as an endogenous cannabinoid receptor
ligand [4] that, in the nervous system, it is synthesized on demand by neuronal and non-neuronal
cells [5,6]. Additionally, 2-AG signaling impacts on diverse neurophysiological processes that include
locomotor activity, learning and memory, pain sensation, stress and anxiety or inflammation among
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others [7]. It behaves as a full agonist of cannabinoid receptors type 1 (CB1) and type 2 (CB2) [8–10].
The CB1 receptor is the most highly expressed G protein-coupled receptor in the brain [11,12].
Conversely, the expression of CB2 receptors in central neurons is absent or very low under normal
conditions and it is upregulated during neurodegenerative and neuroinflammatory diseases [13,14].
The selective presence of CB2 receptors on microglial cells is in line with the anti-inflammatory effect
of CB2 receptor activation [15–18]. To decrease 2-AG levels and signaling, the ester linkage between
arachidonic acid and glycerol is hydrolyzed [19]. Monoacylglycerol lipase (MAGL) is a ubiquitously
expressed serine hydrolase responsible for 85% of 2-AG hydrolysis in the mouse brain [20]. The tissue
specificity of MAGL has been further investigated using the MAGL inhibitor JZL184 and MAGL
knock-out mice, showing a prominent increase of 2-AG levels in the brain which is less evident in
peripheral tissues [21,22]. In addition, 2-AG catabolism provides a major source of arachidonic acid for
the generation of inflammatory eicosanoids in the brain [23].

Direct activation of cannabinoid receptors with Cannabis sativa preparations or synthetic
cannabinoids exerts beneficial effects on pain, spasticity, appetite and nausea [24]. However, their broad
use is constrained by dose-limiting effects. In this context, inhibition of endocannabinoid degradation
is emerging as a promising strategy both, to increase cannabinoid signaling and to suppress
neuroinflammatory events. Pharmacological MAGL inhibition leads to antinociceptive effects in
various models of pain [25–29], anxiolytic-like responses [30], improvement of chronic-stress-induced
depression-like behavior [31] and amelioration of stress [32] in a CB1 receptor-dependent manner.
However, chronic MAGL inhibition may cause CB1 receptor desensitization [33]. The effect of
MAGL inhibition on glial cells seems to affect the inflammatory response. Pharmacological or
genetic inactivation of MAGL blocked lipopolysaccharide-dependent microglial activation in mouse
models [23,34]. JZL184 improved behavior in models of traumatic brain injury and Parkinson’s disease
by mechanisms that involved the release of neurotrophic factors and prevented the inflammatory
response [23,35,36]. In contrast, a neuroinflammatory phenotype that correlated with motor
coordination impairment was observed in the cerebellum but not in the hippocampus after JZL184
administration [37]. Thus, the consequences of MAGL inhibition on neuron–glia interactions are
not clear.

The bidirectional interaction between neurons and glial cells through the release of soluble factors
or the formation of ligand-receptor partnerships is essential for normal brain function. Modulation
of neuron–glia crosstalk would be highly relevant for neuronal survival when brain homeostasis
is lost. The differential location of CB1 and CB2 receptors preferentially expressed in neurons
and microglial cells, respectively, suggests that the endocannabinoid system may participate in the
neuron–glia communication and the neuronal viability. Thus, we hypothesize that modulation of the
endocannabinoid system has consequences on neuronal survival. Previously, our group demonstrated
that the neuroprotective effect of JZL184 against 1-methyl-4-phenylpyridinium (MPP+) induced
neurotoxicity in the SH-SY5Y cell line was mediated by CB2 receptors [38]. However, under these
experimental conditions, both cannabinoid receptors were expressed by the same cell type. In this
study, we address the effect of MAGL inhibition in a more physiological system in which cannabinoid
receptors are segregated, CB1 mainly in neurons and CB2 mainly in glial cells, using rat cortical primary
cultures. The effect of MAGL inhibition on neuronal survival, in the presence or absence of glial cells,
was evaluated taking advantage of a methodological approach that enables to perform longitudinal
survival analysis in neurons expressing fluorescent proteins to estimate the risk of neuronal death [39].

2. Materials and Methods

2.1. Rat Cortical Primary Cultures

Animal handling was carried out according to the European Community Council Directive
(2010/63/EC) and Spanish legislation (Real Decreto 53/2013); ethical protocols were approved by the
Ethics Committee of the University of Navarra (051-13 and 038-18). Primary cultures of cortical
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neurons were established from embryonic days 19–20 Sprague–Dawley rat embryos (Charles River
Laboratories, Ecully, France) as previously described [40]. Specifically, embryonic brain cortices
were isolated and dissociated with 1.5% papain (Worthington, Lakewood, NJ, USA) for 20 min at
37 ◦C. Tissue was treated for 20 min with 15 mg/mL trypsin inhibitor (Sigma St. Louis, MO, USA) to
inhibit papain. Individual neurons were obtained by mechanical dissociation in Opti-MEM medium
(Gibco, Waltham, MA, USA) supplemented with 0.8% glucose (Sigma), 2 mg/mL gentamicin (Gibco)
and 0.25 µg/mL fungizone (Gibco). Then, neurons were plated at a density of 5 × 105 per well in
prewarmed (37 ◦C) 24-well plates (Corning Costar, Corning, NY, USA) coated with 5 µg/mL laminin
(BD Biosciences, Franklin Lakes, NJ, USA) and 50 µg/mL poly-D-lysine (Millipore, Burlington, MA,
USA) and incubated 1 h at 37 ◦C. Once neurons were attached to the bottom of the wells, Opti-MEM
medium was replaced by Neurobasal medium (Gibco) supplemented with 5% fetal bovine serum
(FBS) (Hyclone, Logan UT, USA), 1% GlutaMAX (Gibco), 2 mg/mL gentamicin (Gibco) and 0.25 µg/mL
fungizone (Gibco). To obtain neuron-enriched cultures, primary cultures were treated with 10 µM
AraC (Sigma) dissolved in saline solution (0.9% NaCl) at day in vitro (DIV) 2 for 48 h at 37 ◦C in
5% CO2. Otherwise, neurons remained in the incubator until transfection. For immunofluorescence
experiments neurons were plated in 24-well plates with glass coverslips (Thermo Scientific, Waltham,
MA, USA) coated with 5 µg/mL laminin and 50 µg/mL poly-D-lysine.

2.2. Lipofectamine Transfection of Rat Cortical Primary Cultures and Drug Treatments

At DIV5, mixed rat cortical primary cultures (-AraC) or neuron-enriched (+AraC), were transfected
with plasmids expressing green fluorescent protein (GFP) or mCherry fluorescent proteins
(pCAGGs-GFP, pCAGGs-mCherry plasmid [40]) using lipofectamine 2000 transfection reagent
(Invitrogen Carlsbad, CA, USA). One hour before transfection, the culture medium was replaced with
Neurobasal without FBS. For lipofectamine complex formation, the plasmids (1 µg/well of 24-well
plate) and the lipofectamine reagent were diluted in Opti-MEM medium and mixed in equal volumes.
After incubating at room temperature (RT) for 20 min, 50 µL of the mixture were added to each well
and plates were incubated for 2 h at 37 ◦C. Then cells were washed and the medium was replaced by
Neurobasal supplemented with 1% FBS, 1% GlutaMAX (Gibco), 2% B27 supplement (Gibco), 2 mg/mL
gentamicin and 0.25 mg/mL fungizone. KML29 250 nM (Cayman Chemical, Ann Arbor, MI, USA) was
dissolved in 1.5% DMSO, 5% PEG, 5% TWEEN 80 and added starting at DIV6 until DIV12 every 48 h.
Rimonabant 200 nM (Cayman Chemical, Ann Arbor, MI, USA) and AM630 1 µM (Tocris Bioscience,
Bristol, UK) were dissolved in DMSO and added starting at DIV6 until DIV12 every 48 h. The vehicle
of each treatment was added as control.

2.3. Immunofluorescence

Cells grown in coverslips were fixed 2 days after AraC treatment by replacing the medium with 4%
paraformaldehyde (Panreac, Darmstadt, Germany) and 4% sucrose dissolved in phosphate-buffered
saline (PBS) for 8 min. Then, cells were washed twice with PBS and kept at 4 ◦C until immunostaining.
For immunofluorescence, cells were first permeabilized with PBS and 0.1% Tx-100 (PBT) for 20 min
at RT and followed by incubation in 1 M glycine (Bio-Rad, Hercules, CA, USA) for 20 min at RT.
Nonspecific binding was blocked with 3% goat serum and 3% BSA (Millipore) dissolved in PBT for 1 h.
Next, primary antibodies were incubated in blocking solution for 2 h at RT (Table 1).

After 3 washes in PBS, the corresponding secondary antibody diluted in blocking solution was
added, incubated for 2 h at RT and washed again 3 times. Finally, cells were incubated with DAPI
(Gibco; 1:50,000 in PBS) for 5 min and washed 3 times with PBS. Coverslips were removed and placed
on microscope slides on an 8 µL drop of mounting medium (25 mg of 1,4-diazabicyclo [2.2.2]octane)
(DABCO; Sigma) per milliliter of Permafluor (Thermo Scientific, Waltham, MA, US). The preparations
were dried for 30 min at 37 ◦C and kept at 4 ◦C until they were visualized.
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Table 1. Primary and secondary antibodies.

Antibody Provider (Catalog Number) Type Dilution

MAP2 Sigma (M1406)
Clon AP20

Primary mouse
monoclonal 1:1000

GFAP Sigma (G3893) Primary mouse
monoclonal 1:1000

Olig2 Merck-Millipore (MABN50,
clon 211F1.1)

Primary mouse
monoclonal 1:200

Ox-42 BD Pharmingen (550299) Primary mouse
monoclonal 1:50

Cy5-conjugated goat anti
mouse IgG

Jackson Immunoresearch
(115-175-166)

Secondary goat
Cy5-conjugated 1:500

2.4. Fluorescence-Activated Cell Sorting

Mixed cultures were plated at a density of 4 × 106 in P100 plates (Corning). At DIV12, cells were
collected, washed with PBS and stained for 5 min with Zombie NIR Dye (BioLegend, San Diego, CA,
USA; 1:2000 in PBS) at RT. The staining was quenched with flow cytometry buffer, which consisted of
PBS supplemented with 0,5% FBS, 1% penicillin/streptomycin (Gibco) and 5 mM EDTA (Invitrogen).
Cells were centrifuged at 300× g for 5 min and resuspended in 200 µL of flow cytometry buffer that
contained a cocktail with the following fluorochrome-conjugated antibodies: anti-CD45 (BioLegend,
FITC, 1:200), anti-O4 (Miltenyi Biotec, Bergisch Gladbach, Germany; PE, 1:200) and anti-GLAST
(Miltenyi Biotec, APC, 1:100); and were incubated at 4 ◦C for 15 min. Cells were centrifuged at
300× g for 5 min, resuspended in 500 µL of flow cytometry buffer and sorted in a FACS Aria IIu
(BD Biosciences). Separated cells were centrifuged at 300× g for 5 min, resuspended in 200 µL of
thioglycerol/homogenization buffer from the Maxwell RSC simplyRNA Tissue Kit (Promega, Madison,
WI, USA) and stored at −80 ◦C until processing.

2.5. RNA Extraction and PCR Reaction

Cells were plated at a density of 2 × 106 per well in 6-well plates (Corning), at appropriate
times the culture medium was replaced by 1 mL of Trizol (Sigma) and RNA was purified following
the manufacturer’s instructions, including treatment with 2 U of DNase I (Thermo Fisher Scientific,
Waltham, MA, USA), 40 U of Recombinant RNase inhibitor (Takara Bio, Shiga, Japan) and 25 mM
EDTA in a final volume of 20 µL. When RNA was extracted from sorted cells, the manufacturer’s
instructions were followed in a Maxwell RSC 48 (Promega). Reverse transcription of RNA (2 µg)
was performed with 400 U Superscript IV (Thermo Fisher Scientific), 40 U Recombinant RNase
inhibitor (Takara Bio Inc., Shiga, Japan) and 5 µM random oligodeoxyribonucleotides hexamers
(Thermo Fisher Scientific) in a final volume of 40 µL. RNA expression was assessed in a 2720 thermal
cycler (Applied Biosystems, Foster City, CA, USA), 0.5 µL of cDNA, 2.5 U of AmpliTaqGold® DNA
polymerase and 0.3 µM forward and reverse primers. Real-Time PCRs were performed with 4.4 µL
cDNA (1:5 in water), 0.3 µM forward and reverse primers and 5 µL iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) in a CFX96 Touch real-time detection system (Bio-Rad). The primers
sequences were: CB1 receptor (NM_012784.4), forward 5′-TCCCATTTCAAGCAAGGAGCA-3′,
reverse 5′-ATTCGAGCCCACGTAGAGGA-3′; CB2 receptor (NM_001164142.3), forward 5′-GGCCACC
CAGCAAACATCTA-3′, reverse 5′-TGCTGCGCATCACTCAAGAT; GAPDH (NM_017008.4),
forward 5′-AAACCCATCACCATCTTCCA-3′, reverse 5′-GTGGTTCACACCCATCACAA-3′.
Real-time PCR results were normalized to GAPDH, and the amount of each transcript was expressed
as 2−∆Ct (∆Ct = Ct [GAPDH] − Ct [gene]).
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2.6. Automated Image Acquisition

Transient transfections with fluorescent-tagged proteins allow us to track individual neurons in
culture over long periods of time [39,41]. Neuronal survival was studied by automatic longitudinal
tracking of neuronal cultures every 24 h after transfection with GFP on a Zeiss Observer Z1 microscope
as previously described [40]. Transfected primary neurons were placed on a Zeiss Observer Z1
microscope that maintains stable conditions for temperature and CO2 (37 ◦C and 5% CO2). Images were
acquired automatically at determined positions (designated with particular spatial coordinates) with the
10× long distance objective using the Zen System software (Zeiss). The software enables a sequential and
automated repetition of a series of tasks such as locating a particular neuronal field, automatic focusing
and image acquisition, and moving forward to the next non overlapping neuronal field. This allows
fast and efficient scanning of multiple neuronal fields per plate. Once the full set of images has
been acquired, the plate is returned to the incubator until the next scanning. For a typical survival
experiment, 10 positions per well and 4 wells per condition were used. Positions were chosen randomly
and the selection of neurons to analyze was therefore unbiased. To track the same neuronal fields,
a template with the same initial spatial positions was used through the experiment.

2.7. Image Processing and Statistics

GraphPad Prism 5 software was used to obtain the graphs. For survival experiments, Matlab-based
semi-automated ad hoc programs were developed to estimate the survival times (in hours) of individual
neurons in the images acquired. Specific details about how the programs work were previously
described [40]. Dead neurons identified along the experiment were categorized as uncensored events.
Neurons that survive until the end of the experiment are categorized as censored events. Further survival
analysis of the data was performed with STATA 12. The Nelson–Aalen cumulative hazard function was
used to estimate and plot cumulative risks of death of different experimental conditions. Differences
between groups were analyzed with the log-rank test. In the case of immunofluorescence experiments,
6–10 images per experiment were obtained with a 63× objective on a Zeiss Axiovert 200M fluorescence
microscope (Zeiss, Oberkochen, Germany). Image acquisition and processing were performed using
MetaMorph Microscopy Automation and Image Analysis Software (Molecular Devices, San Jose, CA,
USA). The number of positive cells with respect to the total number of DAPI-stained nuclei or the
number of transfected cells with respect to a specific type of cell was calculated.

3. Results

3.1. Glial Cells Are Necessary for Neuronal Survival

We first evaluated whether glial cells influence neuronal survival by longitudinal survival analysis.
This methodological approach in primary neurons requires individual identification and tracking of
single neurons. A typical experiment involves transient transfection of primary neurons with plasmids
expressing fluorescent proteins such as green fluorescent protein (GFP). Fluorescent neurons are then
tracked longitudinally with automated microscopy and the survival time (the last time each neuron
was observed alive) is estimated for each individual neuron in the experiment (Figure 1A). Statistics for
survival analysis are applied to analyze the data and to quantitatively determine and compare the risk
of neuronal death under different experimental conditions [39,40,42].

Here, we compared the risk of death of rat cortical neurons in primary mixed cultures (containing
glial cells: astrocytes, oligodendrocytes and microglia) or in enriched neuronal cultures treated with
AraC (an inhibitor of glial proliferation). A detailed characterization of mixed and enriched primary
cultures was performed using specific antibodies to identify neurons (MAP2), oligodendrocytes (Olig2),
astrocytes (GFAP) and microglia (Ox42) by immunofluorescence (Figure 1B). Quantification of the
percentage of each cellular type revealed an enrichment of neurons in primary cultures treated with
AraC (Figure 1C). Furthermore, the efficiency of neuronal transfection in mixed cultures was analyzed.
Immunofluorescence experiments of mixed cultures transfected with a red fluorescent protein mCherry
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(Ch) indicated that most of the transfected cells were MAP2 positive cells or neurons (around 91%) with
a small percentage of glial cells (approximately 2% astrocytes and 1% oligodendrocytes) (Figure 1D).
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 Figure 1. Longitudinal survival analysis in mixed and neuron-enriched cortical primary cultures.
(A) Example of longitudinal tracking with automated microscopy of individual rat cortical primary
neurons transiently transfected with green fluorescent protein (GFP). The green arrow points to a
GFP-expressing neuron tracked longitudinally for up to 6 days post-transfection. The red arrow points
to another GFP-expressing neuron that survives 4 days post-transfection. Magnification bar: 50 µm.
(B) Characterization of mixed (−AraC) and neuron-enriched (+AraC) primary cultures. Rat cortical primary
cultures were treated with 10 µM AraC at DIV2 for 48 h to prevent glial proliferation. Photomicrographs
with representative images corresponding to mixed (upper row) and neuron-enriched (lower row) cultures.
The cellular composition of both types of cultures was characterized by immunofluorescence using the
following markers: MAP2 for neurons, Olig2 for oligodendrocytes, GFAP for astrocytes and Ox42 for
microglia. Cellular nuclei were stained with DAPI. Magnification bars: 10 µm. (C) Quantification of the
percentage of each cell type relative to the total number of cells (DAPI positive nuclei). Each percentage
corresponds to the mean of 3 independent experiments +/- the standard error of the mean: in mixed
cultures: MAP2 89 +/− 3.2, GFAP 15 +/− 1.4, Olig2 24 +/− 1.5 and Ox42 15 +/− 1.5; in neuron-enriched
cultures: MAP2 89 +/− 3.2, GFAP 1.5 +/− 0.1, Olig2 5 +/− 0.7 and Ox422.8 +/− 1.2 (D) Estimation
of the percentage of transfected cells that are neurons. Mixed rat primary neuronal cultures were
transfected with a plasmid expressing mCherry (Ch). Neurons were fixed 24 h after transfection and
immunostained with specific antibodies against MAP2, Olig2 and GFAP. Around 90 transfected cells
per condition were analyzed. Magnification bars: 25 µm.
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Then, GFP-transfected neurons from mixed (−AraC) and enriched cultures (+AraC) were
longitudinally tracked with automated microscopy (Figure 2A,B). We observed that neurons from
enriched cultures in which glial cells were removed with AraC exhibited a higher risk of death than
neurons in mixed cultures (Figure 2C). This result indicates that glial cells present in mixed cultures
favor neuronal survival.
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Figure 2. Glial cells are necessary for neuronal survival. (A) Diagram showing the experimental design.
Rat primary cortical cultures were prepared and 10 µM AraC was added at DIV2 for 48 h to prevent
cell proliferation. DIV5 neurons were transfected with GFP and their fate was followed until DIV12.
Image acquisition was performed every 24 h after transfection. Red arrows point out to neurons that die
along the experimental time whereas white arrows point out to neurons that survive until the end of the
experiment. (B) Longitudinal monitoring by automated microscopy of individual rat cortical neurons
transfected with GFP in the presence and absence of AraC. Magnification bar: 100 µm. (C) Cumulative
hazard estimates of GFP-transfected neurons from mixed (−AraC) and enriched (+AraC) neuronal
cultures. Log-rank test, mixed = 1549 and neuron-enriched = 679 neurons respectively from three
independent experiments, *** p < 0.001.
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3.2. Glial Cells Counteract the Neurotoxic Effect of MAGL Inhibition through CB2 Receptors.

Next, we evaluated the effect of MAGL inhibition on neuronal survival using KML29,
a second-generation MAGL inhibitor that shows higher potency (IC50 = 43 nM) than JZL184
(IC50 = 262 nM) for the rat enzyme inhibition [43]. Starting at DIV6, GFP-transfected neurons from
mixed and enriched cultures were treated with 250 nM KML29 every 48 h and subjected to longitudinal
survival analysis (Figure 3A). MAGL inhibition significantly increased the risk of death in neurons
from enriched primary cultures, but neurons in mixed cultures were not affected. This result strongly
suggests that the presence of glial cells counteract the neurotoxic effect of MAGL inhibition with
KML29 (Figure 3B). CB1 and CB2 receptors are potential candidates through which this glial-dependent
counteractive effect could be mediated. In particular, CB2 receptors that are preferentially expressed in
glial cells.
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Figure 3. Effect of MAGL inhibition on neuronal survival in the presence or in the absence of glial
cells. (A) Experimental design: 10 µM AraC was added at DIV2 for 48 h to prevent glial proliferation.
Mixed (−AraC) and neuron-enriched (+AraC) cultures were transfected at DIV5 with GFP and treated
with KML29 (250 nM) or its vehicle (Veh) starting at DIV6, every 48 h. Longitudinal tracking with
automated microscopy of individual rat cortical neurons was performed every 24 h after transfection.
(B) Cumulative risk estimates of GFP-transfected neurons from mixed (−AraC) and enriched (+AraC)
neuronal cultures treated with KML29 or vehicle as control. Log-rank test, n = 600–700 neurons per
condition from 2 independent experiments, n.s. nonsignificant, * p < 0.05, ** p < 0.01.

Thus, we asked whether the activation of CB1 and CB2 receptors was involved in the
glial-dependent protective effect against MAGL inhibition by KML29. First, we analyzed the mRNA
expression of CB1 and CB2 receptors by PCR in mixed and enriched neuronal cultures at DIV6 and
DIV12. In accordance with its cellular expression pattern, CB1 receptor transcripts were present in both
types of cultures. By contrast, CB2 receptor mRNA expression gradually increased in mixed cultures
from DIV6 to DIV12 but was not present in neuronal-enriched cultures (Figure 4A). We attributed the
increase in CB2 receptor expression to the proliferation of glial cells overtime. To further determine
the involvement of these receptors in the glial-dependent protective effect against MAGL inhibition,
GFP-transfected neurons from mixed and enriched primary cultures were treated with Rimonabant,
a CB1 receptor antagonist, or AM630, a CB2 receptor antagonist, and subjected to longitudinal survival
analysis (Figure 4B). In mixed cultures, the risk of neuronal death was not affected by the concomitant
use of KML29 and Rimonabant (Figure 4C). Interestingly, when mixed cultures were treated with
KML29 and AM630, the risk of neuronal death was significantly increased (Figure 4D). Treatment with
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only AM630 did not affect neuronal survival. This result strongly suggests that the glial-dependent
protective effect against MAGL inhibition seems to be mediated by CB2 receptor activation. To evaluate
the potential involvement of CB1 receptors in KML29-dependent neurotoxicity of enriched neuronal
cultures, treatments with Rimonabant were performed. However, Rimonabant did not enhance
KML29-dependent neurotoxicity (Figure 4E). Altogether, these results suggest that the activation of
CB2 receptors in glial cells plays a key protective role in the neuronal survival against the toxicity
induced by MAGL inhibition.
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Figure 4. Role of cannabinoid type 1 (CB1) and CB2 receptors blockage on monoacylglycerol lipase
inhibition (MAGL) inhibition-dependent neurotoxic effect. (A) Analysis of CB1 and CB2 receptors
expression by PCR in mixed and neuron-enriched primary cultures at DIV6 and at DIV12 (GAPDH
as reference gene). (B) Experimental design: 10 µM AraC was added at DIV2 for 48 h to prevent cell
proliferation. Mixed (−AraC) and neuron-enriched (+AraC) cultures were transfected at DIV5 with GFP
and treated with compounds (250 nM KML29, 200 nM Rimonabant, 1 µM AM630 or vehicle), starting at
DIV6 every 48 h. Longitudinal tracking using automated microscopy of individual rat cortical neurons
was performed every 24 h after transfection. (C) Cumulative hazard estimates of GFP-transfected
neurons from mixed (−AraC) neuronal cultures treated with KML29, Rimonabant or both (vehicle
as control) (Log-rank test n = 650–950 neurons per condition from 3 independent experiments.
(D) Cumulative hazard estimates of GFP-transfected neurons from mixed (−AraC) neuronal cultures
treated with KML29, AM630 or both (vehicle as control). Log-rank test, n = 530–840 neurons per
condition from 4 independent experiments. (E) Cumulative hazard estimates of GFP-transfected
neurons from enriched neuronal cultures (−AraC) treated with KML29, Rimonabant or both (vehicle as
control). Log-rank test, n = 1170–1550 neurons per condition from 3 independent experiments.
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To determine which cell type contributed to the CB2 receptor protective effect, cells from mixed
cultures were collected at DIV12 and separated by flow cytometry based on the cell surface expression
of specific molecules. Mature oligodendrocytes were selected as the O4+ population, astrocytes were
the GLAST+ cells and microglia CD45+ (Figure 5A). The remaining cells contained mainly neurons
and oligodendrocyte precursors. The expression of CB1 receptors was located in neurons and to a
lesser extent in oligodendrocytes (Figure 5B). CB2 receptor expression was predominant in microglial
cells and almost undetectable in oligodendrocytes and neurons (Figure 5B), indicating that microglia
are key to establish protective neuron–glia interactions.
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primary cultures were collected and immunolabeled to separate different cell types. (A) Representative
dot plot of fluorescence-activated cell sorting of cells based on the surface expression of O4 (mature
oligodendrocytes), GLAST (astrocytes) and CD45 (microglial cells). The negative fraction was enriched
in neuronal cells. (B) Relative CB1 receptor mRNA expression by real-time PCR in sorted cells.
(C) Relative CB2 receptor mRNA expression by real-time PCR in sorted cells. PCR reactions were
performed in triplicates from 2 independent experiments. Mean +/− standard error of the mean
is shown.

4. Discussion

Our group demonstrated that the neuroprotective effect of JZL184 against MPP+-induced
neurotoxicity in a neuroblastoma cell line was mediated by CB2 receptors [38]. In this study,
we questioned the effect of MAGL inhibition in a system in which cannabinoid receptors are segregated,
CB1 mainly in neurons and CB2 mainly in glial cells. To address this question, we used two types of
rat cortical primary cultures: mixed cultures that contain non dividing neurons with a spontaneous
death rate together with glial cells that divide until they reach confluence; and neuron-enriched
cultures that were obtained by eliminating dividing cells with an AraC treatment. We took advantage
of a methodological approach that allows to perform longitudinal survival analysis to estimate
the risk of neuronal death in the two types of primary cultures. We found that neuronal survival
was highly dependent on glial cells, since the spontaneous risk of neuronal death was higher in
neuronal-enriched cultures than in mixed cultures. Moreover, MAGL inhibition by KML29 further
increased the risk of neuronal death, an effect not observed when glial cells were present in the
culture. Interestingly, KML29-dependent toxicity increased in mixed cultures upon blockage of CB2
receptors, indicating that these receptors, expressed mainly in microglial cells, are key players for the
protective neuron–glia interactions. Due to this specific location together with their upregulation under
pathological conditions [44], our results strongly suggest that CB2 receptors exert selective control
over specific neuronal mechanisms that promote neuronal protection and survival. On the contrary,
the modulation of CB1 receptors did not affect neuronal survival.

To determine the effect of MAGL inhibition on neuronal survival, we have used a methodological
approach based on automated microscopy to track individual primary neurons expressing a fluorescent
protein over long periods of time. This methodology has been applied to estimate the risk of death of
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neurons overexpressing wild type or mutated forms of proteins associated with neurodegenerative
diseases [39–42]. In this study, we applied this powerful approach to evaluate the effect of glial cells
and pharmacological modulators of the endocannabinoid system in neuronal survival. The main
advantage of this method over traditional assays is the possibility of following the same neuron
over a specific period of time, instead of analyzing different neurons at different time points.
This procedure allows the identification of risk factors compromising neuronal survival that otherwise,
using conventional methodologies could not be revealed. In fact, no differences were detected with the
lactate dehydrogenase assay used in our previous study with SH-SY5Y cells [38]. In the case of mixed
primary cultures, neurons account for approximately 40% of the total cells, therefore factors affecting
specifically neuronal vulnerability would be attenuated when the toxicity of the overall cells in the
culture is analyzed.

Here, we have found a differential effect of MAGL inhibition on neuronal survival that depends
on neuron–glia interactions. In our previous in vitro study with neuroblastoma cells [38], a unique cell
type expressing CB1 and CB2 receptors was present in the culture. MAGL inhibition was protective
when cell death was induced with MPP+ in a CB2 receptor-mediated manner. In rat cortical primary
cultures, CB1 and CB2 receptors are expressed in different cell subsets, neurons and glia, respectively.
In this case, the effect of MAGL inhibition was assayed on the basal neuronal survival rate, in the
absence of neurotoxic stimuli. Under these conditions, KML29 was neurotoxic for neurons exclusively
when glial cells were absent from the culture, suggesting that CB2 receptors could be relevant in
promoting neuronal survival when neurons are exposed to damaging insults. The fact that CB2
receptors increase their expression upon microglial activation further supports its role in neuronal
survival under pathological conditions. In vivo studies show that MAGL inhibition is neuroprotective
and improves motor behavior in different experimental models of Parkinson’s disease, an effect
mediated by a decrease in inflammation and glial cells [23,36]. However, genetic and pharmacological
blockade of MAGL resulted in a concomitant microglial activation and exacerbated a proinflammatory
reaction in the cerebellum, leading to motor impairment. This reaction was not observed in other brain
regions [37]. Importantly, the cerebellum presents the lowest glia/neuron ratio, 0.23, compared to the
rest of the brain with an estimated ratio of 11.35 [45,46], and this fact could explain the differences
observed. In our primary cultures, with a glia/neuron ratio of 1.5 in mixed cultures and 0.01 in
neuron-enriched cultures, the inhibition of MAGL was innocuous in the presence of glial cells; the risk
of neuronal death of neurons remained stable in the presence of KML29. Altogether, these observations
suggest that MAGL might exert a protective effect when neurons are exposed to harmful conditions
(i.e., MPTP in the experimental models of PD), but does not affect the spontaneous death rate.

Our results indicate that inhibition of MAGL by KML29 constitutes a neurotoxic insult for neurons
that disappears in the presence of glia. The protective effect that glial cells exert over neurons seems to
be mediated by CB2 receptors expressed by microglial cells. CB2 receptors are almost undetectable in
the healthy brain but their expression is upregulated under pathological conditions [47]. In culture,
resting microglial cells acquire an amoeboid shape and become highly proliferative resembling microglia
found in injured tissue [48,49]. The increase in CB2 receptor expression over time detected in the mixed
cultures would reflect this activated state of microglial cells. Under standard culture conditions, the risk
of neuronal death was unaffected by CB2 receptor blockage with AM630. However, these receptors
were necessary to prevent the toxic effect that KML29 caused directly to neurons. Possible mechanisms
for this effect would be the switch in microglial phenotypes after CB2 receptor activation with a shift in
the gene expression balance towards a neuroprotective phenotype that releases neurotrophic factors
and a different pattern of pro- and anti-inflammatory cytokines [36,50]. In addition, endocannabinoids
potentiate the expression of CX3CR1 [51] and CD200R [52] that interact with their corresponding
ligands in the cell surface of neurons promoting the establishment of protective neuron–glia interactions.
Modulation of CB1 receptors did not affect neuronal survival at any condition, suggesting a preferential
role in other functions not necessarily related to degeneration or repair. These results show the relevant
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role of microglial cells in protective neuron–glia interactions mediated by CB2 receptors when neurons
are exposed to toxic conditions.

Understanding the molecular pathways that cells in the brain use to communicate with each other
will shed light on key features of the physiology and pathology of the nervous system. An unmet need for
neurodegenerative diseases is the knowledge of molecular pathways that prevent neuronal death under
specific neurotoxic stimuli. MAGL inhibition prolongs 2-AG action in the brain through CB1 and CB2
receptors and reduces de biosynthesis of arachidonic acid, the precursor of proinflammatory prostanoids,
for these reasons it has emerged as an interesting target for the treatment of neurodegenerative
diseases [53]. In this study, we show that MAGL inhibition is toxic for neurons but glial cells counteract
this neuronal damage. No degeneration has been reported when MAGL inhibitors are administered
in vivo, probably because of the neuron–glia interactions previously established. Under in vitro
conditions, microglial cells representing 15% of the total cells are the main cell type expressing CB2
receptors. Activation of this receptor prevents neuronal death, in this case, caused by KML29 toxicity.
In summary, our results demonstrate that neuronal survival depends on successful crosstalk established
between neurons and microglia. CB2 receptors play a relevant role in this type of interactions and
consequently in neuronal fate.
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2-AG 2-arachidonoylglycerol
AraC Cytosine β-D-Arabinofuranoside hydrochloride
CB1 receptor Cannabinoid receptor type 1
CB2 receptor Cannabinoid receptor type 2
CD45 Cluster of differentiation molecule 45
GFP Green fluorescent protein
GLAST Glutamate-aspartate transporter
MAGL Monoacylglycerol lipase
MPP+ 1-methyl-4-phenylpyridinium

References

1. Martín, R.; Bajo-Grañeras, R.; Moratalla, R.; Perea, G.; Araque, A. Circuit-specific signaling in astrocyte-neuron
networks in basal ganglia pathways. Science 2015, 349, 730–734. [CrossRef] [PubMed]

2. Navarrete, M.; Araque, A. Endocannabinoids Mediate Neuron-Astrocyte Communication. Neuron 2008,
57, 883–893. [CrossRef] [PubMed]

3. Navarrete, M.; Araque, A. Endocannabinoids potentiate synaptic transmission through stimulation of
astrocytes. Neuron 2010, 68, 113–126. [CrossRef]

4. Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M.; Kaminski, N.E.; Schatz, A.R.; Gopher, A.; Almog, S.;
Martin, B.R.; Compton, D.R.; et al. Identification of an endogenous 2-monoglyceride, present in canine gut,
that binds to cannabinoid receptors. Biochem Pharmacol 1995, 50, 83–90. [CrossRef]

5. Gao, Y.; Vasilyev, D.V.; Goncalves, M.B.; Howell, F.V.; Hobbs, C.; Reisenberg, M.; Shen, R.; Zhang, M.-Y.;
Strassle, B.W.; Lu, P.; et al. Loss of retrograde endocannabinoid signaling and reduced adult neurogenesis in
diacylglycerol lipase knock-out mice. J. Neurosci. 2010, 30, 2017–2024. [CrossRef]

http://dx.doi.org/10.1126/science.aaa7945
http://www.ncbi.nlm.nih.gov/pubmed/26273054
http://dx.doi.org/10.1016/j.neuron.2008.01.029
http://www.ncbi.nlm.nih.gov/pubmed/18367089
http://dx.doi.org/10.1016/j.neuron.2010.08.043
http://dx.doi.org/10.1016/0006-2952(95)00109-D
http://dx.doi.org/10.1523/JNEUROSCI.5693-09.2010


Biomolecules 2020, 10, 1198 13 of 15

6. Viader, A.; Ogasawara, D.; Joslyn, C.M.; Sanchez-Alavez, M.; Mori, S.; Nguyen, W.; Conti, B.; Cravatt, B.F.
A chemical proteomic atlas of brain serine hydrolases identifies cell type-specific pathways regulating
neuroinflammation. Elife 2016, 18, e12345. [CrossRef]

7. Baggelaar, M.P.; Maccarrone, M.; van der Stelt, M. 2-Arachidonoylglycerol: A signaling lipid with manifold
actions in the brain. Prog. Lipid Res. 2018, 71, 1–17. [CrossRef]

8. Sugiura, T.; Kondo, S.; Sukagawa, A.; Nakane, S.; Shinoda, A.; Itoh, K.; Yamashita, A.; Waku, K.
2-Arachidonoylglycerol: A possible endogenous cannabinoid receptor ligand in brain. Biochem. Biophys.
Res. Commun. 1995, 215, 89–97. [CrossRef]

9. Savinainen, J.R.; Järvinen, T.; Laine, K.; Laitinen, J.T. Despite sabstantial degradation, 2-arachidonoylglycerol
is a potent full efficacy agonist mediating CB1 receptor-dependent g-protein activation in rat cerebellar
membranes. Br. J. Pharmacol. 2001, 134, 664–672. [CrossRef] [PubMed]

10. Sugiura, T.; Kondo, S.; Kishimoto, S.; Miyashita, T.; Nakane, S.; Kodaka, T.; Suhara, Y.; Takayama, H.; Waku, K.
Evidence that 2-arachidonoylglycerol but not N-palmitoylethanolamine or anandamide is the physiological
ligand for the cannabinoid CB2 receptor. Comparison of the agonistic activities of various cannabinoid
receptor ligands in HL-60 cells. J. Biol. Chem. 2000, 275, 605–612. [CrossRef] [PubMed]

11. Herkenham, M.; Lynn, A.B.; Little, M.D.; Johnson, M.R.; Melvin, L.S.; De Costa, B.R.; Rice, K.C. Cannabinoid
receptor localization in brain. Proc. Natl. Acad. Sci. USA 1990, 87, 1932–1936. [CrossRef] [PubMed]

12. Devane, W.A.; Dysarz, F.A.; Johnson, M.R.; Melvin, L.S.; Howlett, A.C. Determination and characterization
of a cannabinoid receptor in rat brain. Mol. Pharmacol. 1988, 34, 605–613. [PubMed]

13. Navarrete, F.; García-Gutiérrez, M.S.; Aracil-Fernández, A.; Lanciego, J.L.; Manzanares, J. Cannabinoid
CB1 and CB2 Receptors, and Monoacylglycerol Lipase Gene Expression Alterations in the Basal Ganglia of
Patients with Parkinson’s Disease. Neurotherapeutics 2018, 1–11. [CrossRef] [PubMed]

14. Viscomi, M.T.; Oddi, S.; Latini, L.; Pasquariello, N.; Florenzano, F.; Bernardi, G.; Molinari, M.; Maccarrone, M.
Selective CB2 receptor agonism protects central neurons from remote axotomy-induced apoptosis through
the PI3K/Akt pathway. J. Neurosci. 2009, 29, 4564–4570. [CrossRef] [PubMed]

15. Núñez, E.; Benito, C.; Pazos, M.R.; Barbachano, A.; Fajardo, O.; González, S.; Tolón, R.M.; Romero, J.
Cannabinoid CB2 receptors are expressed by perivascular microglial cells in the human brain:
An Immunohistochemical Study. Synapse 2004, 53, 208–213. [CrossRef]

16. Ramírez, B.G.; Blázquez, C.; Gómez Del Pulgar, T.; Guzmán, M.; De Ceballos, M.L. Prevention of Alzheimer’s
disease pathology by cannabinoids: Neuroprotection mediated by blockade of microglial activation.
J. Neurosci. 2005, 25, 1904–1913. [CrossRef]

17. Cabral, G.A.; Griffin-Thomas, L.T. Emerging role of the cannabinoid receptor CB 2 in immune regulation:
Therapeutic prospects for neuroinflammation. Expert Rev. Mol. Med. 2009, 11, e3. [CrossRef]

18. Benito, C.; Tolón, R.M.; Pazos, M.R.; Núñez, E.; Castillo, A.I.; Romero, J. Cannabinoid CB 2 receptors in
human brain inflammation. Br. J. Pharmacol. 2008, 153, 277–285. [CrossRef]

19. Dinh, T.P.; Carpenter, D.; Leslie, F.M.; Freund, T.F.; Katona, I.; Sensi, S.L.; Kathuria, S.; Piomelli, D.
Brain monoglyceride lipase participating in endocannabinoid inactivation. Proc. Natl. Acad. Sci. USA 2002,
99, 10819–10824. [CrossRef]

20. Blankman, J.L.; Simon, G.M.; Cravatt, B.F. A Comprehensive Profile of Brain Enzymes that Hydrolyze the
Endocannabinoid 2-Arachidonoylglycerol. Chem. Biol. 2007, 14, 1347–1356. [CrossRef]

21. Long, J.Z.; Nomura, D.K.; Cravatt, B.F. Characterization of Monoacylglycerol Lipase Inhibition Reveals
Differences in Central and Peripheral Endocannabinoid Metabolism. Chem. Biol. 2009, 16, 744–753. [CrossRef]
[PubMed]

22. Taschler, U.; Radner, F.P.W.; Heier, C.; Schreiber, R.; Schweiger, M.; Schoiswohl, G.; Preiss-Landl, K.; Jaeger, D.;
Reiter, B.; Koefeler, H.C.; et al. Monoglyceride lipase deficiency in mice impairs lipolysis and attenuates
diet-induced insulin resistance. J. Biol. Chem. 2011, 286, 17467–17477. [CrossRef] [PubMed]

23. Nomura, D.K.; Morrison, B.E.; Blankman, J.L.; Long, J.Z.; Kinsey, S.G.; Marcondes, M.C.G.; Ward, A.M.;
Hahn, Y.K.; Lichtman, A.H.; Conti, B.; et al. Endocannabinoid hydrolysis generates brain prostaglandins that
promote neuroinflammation. Science 2011, 334, 809–813. [CrossRef] [PubMed]

24. Pertwee, R.G. Targeting the endocannabinoid system with cannabinoid receptor agonists: Pharmacological
strategies and therapeutic possibilities. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 3353–3363. [CrossRef]
[PubMed]

http://dx.doi.org/10.7554/eLife.12345
http://dx.doi.org/10.1016/j.plipres.2018.05.002
http://dx.doi.org/10.1006/bbrc.1995.2437
http://dx.doi.org/10.1038/sj.bjp.0704297
http://www.ncbi.nlm.nih.gov/pubmed/11588122
http://dx.doi.org/10.1074/jbc.275.1.605
http://www.ncbi.nlm.nih.gov/pubmed/10617657
http://dx.doi.org/10.1073/pnas.87.5.1932
http://www.ncbi.nlm.nih.gov/pubmed/2308954
http://www.ncbi.nlm.nih.gov/pubmed/2848184
http://dx.doi.org/10.1007/s13311-018-0603-x
http://www.ncbi.nlm.nih.gov/pubmed/29352424
http://dx.doi.org/10.1523/JNEUROSCI.0786-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19357281
http://dx.doi.org/10.1002/syn.20050
http://dx.doi.org/10.1523/JNEUROSCI.4540-04.2005
http://dx.doi.org/10.1017/S1462399409000957
http://dx.doi.org/10.1038/sj.bjp.0707505
http://dx.doi.org/10.1073/pnas.152334899
http://dx.doi.org/10.1016/j.chembiol.2007.11.006
http://dx.doi.org/10.1016/j.chembiol.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19635411
http://dx.doi.org/10.1074/jbc.M110.215434
http://www.ncbi.nlm.nih.gov/pubmed/21454566
http://dx.doi.org/10.1126/science.1209200
http://www.ncbi.nlm.nih.gov/pubmed/22021672
http://dx.doi.org/10.1098/rstb.2011.0381
http://www.ncbi.nlm.nih.gov/pubmed/23108552


Biomolecules 2020, 10, 1198 14 of 15

25. Kinsey, S.G.; Long, J.Z.; O’Neal, S.T.; Abdullah, R.A.; Poklis, J.L.; Boger, D.L.; Cravatt, B.F.; Lichtman, A.H.
Blockade of endocannabinoid-degrading enzymes attenuates neuropathic pain. J. Pharmacol. Exp. Ther. 2009,
330, 902–910. [CrossRef] [PubMed]

26. Guindon, J.; Guijarro, A.; Piomelli, D.; Hohmann, A.G. Peripheral antinociceptive effects of inhibitors
of monoacylglycerol lipase in a rat model of inflammatory pain. Br. J. Pharmacol. 2011, 163, 1464–1478.
[CrossRef]

27. Woodhams, S.G.; Wong, A.; Barrett, D.A.; Bennett, A.J.; Chapman, V.; Alexander, S.P.H. Spinal administration
of the monoacylglycerol lipase inhibitor JZL184 produces robust inhibitory effects on nociceptive processing
and the development of central sensitization in the rat. Br. J. Pharmacol. 2012, 167, 1609–1619. [CrossRef]

28. Ghosh, S.; Wise, L.E.; Chen, Y.; Gujjar, R.; Mahadevan, A.; Cravatt, B.F.; Lichtman, A.H. The monoacylglycerol
lipase inhibitor JZL184 suppresses inflammatory pain in the mouse carrageenan model. Life Sci. 2013,
92, 498–505. [CrossRef]

29. Griebel, G.; Pichat, P.; Beeske, S.; Leroy, T.; Redon, N.; Jacquet, A.; Françon, D.; Bert, L.; Even, L.;
Lopez-Grancha, M.; et al. Selective blockade of the hydrolysis of the endocannabinoid 2-arachidonoylglycerol
impairs learning and memory performance while producing antinociceptive activity in rodents. Sci. Rep.
2015, 5, 7642. [CrossRef]

30. Busquets-Garcia, A.; Puighermanal, E.; Pastor, A.; De La Torre, R.; Maldonado, R.; Ozaita, A. Differential role
of anandamide and 2-arachidonoylglycerol in memory and anxiety-like responses. Biol. Psychiatry 2011,
70, 479–486. [CrossRef]

31. Zhong, P.; Wang, W.; Pan, B.; Liu, X.; Zhang, Z.; Long, J.Z.; Zhang, H.T.; Cravatt, B.F.; Liu, Q.S.
Monoacylglycerol lipase inhibition blocks chronic stress-induced depressive-like behaviors via activation of
mTOR signaling. Neuropsychopharmacology 2014, 39, 1763–1776. [CrossRef]

32. Roberts, C.J.; Stuhr, K.L.; Hutz, M.J.; Raff, H.; Hillard, C.J. Endocannabinoid signaling in
hypothalamic-pituitary-adrenocortical axis recovery following stress: Effects of indirect agonists and
comparison of male and female mice. Pharmacol. Biochem. Behav. 2014, 117, 17–24. [CrossRef] [PubMed]

33. Schlosburg, J.E.; Blankman, J.L.; Long, J.Z.; Nomura, D.K.; Pan, B.; Kinsey, S.G.; Nguyen, P.T.; Ramesh, D.;
Booker, L.; Burston, J.J.; et al. Chronic monoacylglycerol lipase blockade causes functional antagonism of the
endocannabinoid system. Nat. Neurosci. 2010, 13, 1113–1119. [CrossRef] [PubMed]

34. Pihlaja, R.; Takkinen, J.; Eskola, O.; Vasara, J.; López-Picón, F.R.; Haaparanta-Solin, M.; Rinne, J.O.
Monoacylglycerol lipase inhibitor JZL184 reduces neuroinflammatory response in APdE9 mice and in
adult mouse glial cells. J. Neuroinflammation 2015, 12. [CrossRef]

35. Katz, P.S.; Sulzer, J.K.; Impastato, R.A.; Teng, S.X.; Rogers, E.K.; Molina, P.E. Endocannabinoid degradation
inhibition improves neurobehavioral function, blood-brain barrier integrity, and neuroinflammation following
mild traumatic brain injury. J. Neurotrauma 2015, 32, 297–306. [CrossRef] [PubMed]

36. Fernández-Suárez, D.; Celorrio, M.; Riezu-Boj, J.I.; Ugarte, A.; Pacheco, R.; González, H.; Oyarzabal, J.;
Hillard, C.J.; Franco, R.; Aymerich, M.S. The monoacylglycerol lipase inhibitor JZL184 is neuroprotective
and alters glial cell phenotype in the chronic MPTP mouse model. Neurobiol. Aging 2014, 35, 2603–2616.
[CrossRef]

37. Martínez-Torres, S.; Cutando, L.; Pastor, A.; Kato, A.; Sakimura, K.; de la Torre, R.; Valjent, E.; Maldonado, R.;
Kano, M.; Ozaita, A. Monoacylglycerol lipase blockade impairs fine motor coordination and triggers
cerebellar neuroinflammation through cyclooxygenase-2. Brain. Behav. Immun. 2019, 81, 399–409. [CrossRef]

38. Aymerich, M.S.; Rojo-Bustamante, E.; Molina, C.; Celorrio, M.; Sánchez-Arias, J.A.; Franco, R. Neuroprotective
Effect of JZL184 in MPP+-Treated SH-SY5Y Cells Through CB2 Receptors. Mol. Neurobiol. 2016, 53, 2312–2319.
[CrossRef]

39. Arrasate, M.; Finkbeiner, S. Automated microscope system for determining factors that predict neuronal fate.
Proc. Natl. Acad. Sci. USA. 2005, 102, 3840–3845. [CrossRef]

40. Íñigo-Marco, I.; Valencia, M.; Larrea, L.; Bugallo, R.; Martínez-Goikoetxea, M.; Zuriguel, I.; Arrasate, M.
E46K α-synuclein pathological mutation causes cell-autonomous toxicity without altering protein turnover
or aggregation. Proc. Natl. Acad. Sci. USA 2017, 114, E8274–E8283. [CrossRef]

41. Arrasate, M.; Mitra, S.; Schweitzer, E.S.; Segal, M.R.; Finkbeiner, S. Inclusion body formation reduces levels
of mutant huntingtin and the risk of neuronal death. Nature 2004, 431, 805–810. [CrossRef] [PubMed]

http://dx.doi.org/10.1124/jpet.109.155465
http://www.ncbi.nlm.nih.gov/pubmed/19502530
http://dx.doi.org/10.1111/j.1476-5381.2010.01192.x
http://dx.doi.org/10.1111/j.1476-5381.2012.02179.x
http://dx.doi.org/10.1016/j.lfs.2012.06.020
http://dx.doi.org/10.1038/srep07642
http://dx.doi.org/10.1016/j.biopsych.2011.04.022
http://dx.doi.org/10.1038/npp.2014.24
http://dx.doi.org/10.1016/j.pbb.2013.11.026
http://www.ncbi.nlm.nih.gov/pubmed/24316201
http://dx.doi.org/10.1038/nn.2616
http://www.ncbi.nlm.nih.gov/pubmed/20729846
http://dx.doi.org/10.1186/s12974-015-0305-9
http://dx.doi.org/10.1089/neu.2014.3508
http://www.ncbi.nlm.nih.gov/pubmed/25166905
http://dx.doi.org/10.1016/j.neurobiolaging.2014.05.021
http://dx.doi.org/10.1016/j.bbi.2019.06.036
http://dx.doi.org/10.1007/s12035-015-9213-3
http://dx.doi.org/10.1073/pnas.0409777102
http://dx.doi.org/10.1073/pnas.1703420114
http://dx.doi.org/10.1038/nature02998
http://www.ncbi.nlm.nih.gov/pubmed/15483602


Biomolecules 2020, 10, 1198 15 of 15

42. Vinueza-Gavilanes, R.; Íñigo-Marco, I.; Larrea, L.; Lasa, M.; Carte, B.; Santamaría, E.; Fernández-Irigoyen, J.;
Bugallo, R.; Aragón, T.; Aldabe, R.; et al. N-terminal acetylation mutants affect alpha-synuclein stability,
protein levels and neuronal toxicity. Neurobiol. Dis. 2020, 137. [CrossRef] [PubMed]

43. Chang, J.W.; Niphakis, M.J.; Lum, K.M.; Cognetta, A.B.; Wang, C.; Matthews, M.L.; Niessen, S.;
Buczynski, M.W.; Parsons, L.H.; Cravatt, B.F. Highly selective inhibitors of monoacylglycerol lipase bearing a
reactive group that is bioisosteric with endocannabinoid substrates. Chem. Biol. 2012, 19, 579–588. [CrossRef]
[PubMed]

44. Maresz, K.; Carrier, E.J.; Ponomarev, E.D.; Hillard, C.J.; Dittel, B.N. Modulation of the cannabinoid CB2
receptor in microglial cells in response to inflammatory stimuli. J Neurochem 2005, 95, 437–445. [CrossRef]
[PubMed]

45. Herculano-Houzel, S. The glia/neuron ratio: How it varies uniformly across brain structures and species and
what that means for brain physiology and evolution. Glia 2014, 62, 1377–1391. [CrossRef]

46. Verdonk, F.; Roux, P.; Flamant, P.; Fiette, L.; Bozza, F.A.; Simard, S.; Lemaire, M.; Plaud, B.; Shorte, S.L.;
Sharshar, T.; et al. Phenotypic clustering: A novel method for microglial morphology analysis.
J. Neuroinflammation 2016, 13, 153. [CrossRef]

47. Bisogno, T.; Oddi, S.; Piccoli, A.; Fazio, D.; Maccarrone, M. Type-2 cannabinoid receptors in neurodegeneration.
Pharmacol. Res. 2016, 111, 721–730. [CrossRef]

48. Witting, A.; Möller, T. Microglia cell culture: A primer for the novice. Methods Mol. Biol. 2011, 758, 49–66.
[CrossRef]

49. Stansley, B.; Post, J.; Hensley, K. A comparative review of cell culture systems for the study of microglial
biology in Alzheimer’s disease. J. Neuroinflammation 2012, 9. [CrossRef]

50. Tanaka, M.; Sackett, S.; Zhang, Y. Endocannabinoid Modulation of Microglial Phenotypes in Neuropathology.
Front. Neurol. 2020, 11. [CrossRef]

51. Tang, J.; Miao, H.; Jiang, B.; Chen, Q.; Tan, L.; Tao, Y.; Zhang, J.; Gao, F.; Feng, H.; Zhu, G.; et al. A selective
CB2R agonist (JWH133) restores neuronal circuit after Germinal Matrix Hemorrhage in the preterm via
CX3CR1+ microglia. Neuropharmacology 2017, 119, 157–169. [CrossRef]

52. Hernangómez, M.; Mestre, L.; Correa, F.G.; Loría, F.; Mecha, M.; Iñigo, P.M.; Docagne, F.; Williams, R.O.;
Borrell, J.; Guaza, C. CD200-CD200R1 interaction contributes to neuroprotective effects of anandamide on
experimentally induced inflammation. Glia 2012, 60, 1437–1450. [CrossRef]

53. Aymerich, M.S.; Aso, E.; Abellanas, M.A.; Tolon, R.M.; Ramos, J.A.; Ferrer, I.; Romero, J.; Fernández-Ruiz, J.
Cannabinoid pharmacology/therapeutics in chronic degenerative disorders affecting the central nervous
system. Biochem. Pharmacol. 2018, 157, 67–84. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.nbd.2020.104781
http://www.ncbi.nlm.nih.gov/pubmed/31991248
http://dx.doi.org/10.1016/j.chembiol.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22542104
http://dx.doi.org/10.1111/j.1471-4159.2005.03380.x
http://www.ncbi.nlm.nih.gov/pubmed/16086683
http://dx.doi.org/10.1002/glia.22683
http://dx.doi.org/10.1186/s12974-016-0614-7
http://dx.doi.org/10.1016/j.phrs.2016.07.021
http://dx.doi.org/10.1007/978-1-61779-170-3_4
http://dx.doi.org/10.1186/1742-2094-9-115
http://dx.doi.org/10.3389/fneur.2020.00087
http://dx.doi.org/10.1016/j.neuropharm.2017.01.027
http://dx.doi.org/10.1002/glia.22366
http://dx.doi.org/10.1016/j.bcp.2018.08.016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Rat Cortical Primary Cultures 
	Lipofectamine Transfection of Rat Cortical Primary Cultures and Drug Treatments 
	Immunofluorescence 
	Fluorescence-Activated Cell Sorting 
	RNA Extraction and PCR Reaction 
	Automated Image Acquisition 
	Image Processing and Statistics 

	Results 
	Glial Cells Are Necessary for Neuronal Survival 
	Glial Cells Counteract the Neurotoxic Effect of MAGL Inhibition through CB2 Receptors. 

	Discussion 
	References

