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Highlights 

1. Monoacylglycerol lipase (MAGL) inactivation increases microglial 

perimeter in the cerebellum.

2. Cerebellar microglia activation concurs with COX-2 over-expression and 

motor deficits.

3. COX-2 inhibition prevents the cerebellar neuroinflammation caused by 

MAGL deletion. 

4. MAGL depletion decreased AA and PGs levels in the cerebellum and 

hippocampus. 

5. Regional differences in MAGL inhibition outcome caution 

endocannabinoid targeting.
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Abstract 

Monoacylglycerol lipase (MAGL) is the main enzyme implicated in the 

degradation of the most abundant endocannabinoid in the brain, 2-

arachidonoylglycerol (2-AG), producing arachidonic acid (AA) and glycerol. 

MAGL pharmacological inhibition with JZL184 or genetic deletion results in an 

exacerbated 2-AG signaling and reduced synthesis of prostaglandins (PGs), 

due to the reduced AA precursor levels. We found that acute JZL184 

administration, previously described to exert anti-inflammatory effects, and 

MAGL knockout (KO) mice display cerebellar, but not hippocampal, microglial 

reactivity, accompanied with increased expression of the mRNA levels of 

neuroinflammatory markers, such as cyclooxygenase-2 (COX-2). Notably, this 

neuroinflammatory phenotype correlated with relevant motor coordination 

impairment in the beam-walking and the footprint tests. Treatment with the 

COX-2 inhibitor NS398 during 5 days prevented the deficits in cerebellar 

function and the cerebellar microglia reactivity in MAGL KO, without affecting 

hippocampal reactivity. Altogether, this study reveals the brain region-specific 

response to MAGL inhibition, with an important role of COX-2 in the cerebellar 

deficits associated, which should be taken into account for the use of MAGL 

inhibitors as anti-inflammatory drugs.
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1. Introduction 

The endocannabinoid system (ECS) is an important neuromodulatory system 

involved in multiple physiological brain functions, including motor coordination 

(Kano et al., 2009). Exogenous or endogenous ligands (endocannabinoids) 

modulate this system by binding to cannabinoid receptors highly expressed in 

the central nervous system (CNS).  The endocannabinoids, 2-

arachidonoylglycerol (2-AG) and arachidonoylethanolamine (AEA or 

anandamide), are produced in an activity-dependent manner by specific 

synthesis enzymes, while their signaling is reduced by the activity of hydrolysis 

enzymes (Blankman et al., 2007; Cravatt et al., 1996). 2-AG is known to 

function as a retrograde messenger at synapses and mediate both short-term 

and long-term depression of excitatory and inhibitory synaptic transmission 

throughout the CNS (Gao et al., 2010; Ohno-Shosaku and Kano, 2014; 

Tanimura et al., 2010). The main enzyme implicated in 2-AG hydrolysis in vivo 

is monoacylglycerol lipase (MAGL) (Dinh et al., 2002; Savinainen et al., 2012). 

MAGL is localized in the cytoplasm of subsets of presynaptic terminals in 

different brain areas including the cerebellum (Tanimura et al., 2012) and 

hippocampus (Uchigashima et al., 2011). It accounts for 85% of 2-AG 

metabolism producing arachidonic acid (AA) and glycerol as products (Dinh et 

al., 2002; Savinainen et al., 2012). The remaining 15% of 2-AG is mainly 

metabolized by α/β-hydrolase domain-containing 6 (ABHD6) and, to a minor 

extent, by cyclooxygenase-2 (COX-2) (Blankman et al., 2007). COX-2 is an 

inducible enzyme involved in inflammatory responses (Vane and Botting, 1998) 

converting AA into prostaglandins (Urquhart et al., 2015). In addition, COX-2 

may produce highly unstable prostaglandin-glycerol esters (PG-G) from 2-AG, 

with a relevant role in inflammatory response (Morgan et al., 2018).
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Pharmacological and genetic inactivation of MAGL was shown to exert anti-

inflammatory actions in the brain by reducing the synthesis of pro-inflammatory 

mediators, specifically the eicosanoids derived from AA (Nomura et al., 2011). 

Under such conditions, hippocampal microglia that would respond to 

lipopolysaccharide injection did not show signs of activation (Nomura et al., 

2011). Accordingly, MAGL inhibition using JZL184 administration after a mild 

traumatic brain injury protected blood-brain barrier integrity and improved 

neurological and behavioral functions (Katz et al., 2015). Similarly, MAGL 

inactivation by JZL184 decreased microglial reactivity in the hippocampus in a 

mouse model of Alzheimer’s disease (Pihlaja et al., 2015). These promising 

features of JZL184 contrast with previous results from our group demonstrating 

the presence of activated microglia and pro-inflammatory mediators with the 

increase of the cannabinergic tone after repeated exposure to the exogenous 

cannabinoid agonist delta9-tetrahydrocannabinol. These inflammatory 

alterations were localized specifically in the cerebellum, but not in other brain 

regions, and were associated with deficits in fine motor coordination and 

cerebellar learning-tasks (Cutando et al., 2013). 

In this study, we report that MAGL pharmacological or genetic inhibition results 

in significant deficits in motor coordination, enhanced microglial reactivity 

selectively in the cerebellar molecular layer, and increased expression of 

cerebellar COX-2 and pro-inflammatory mediators. These cerebellar alterations, 

which are not observed in the hippocampus, are partially prevented with the 

administration of the selective COX-2 inhibitor NS398 in MAGL KO mice. 

Altogether these data suggest the profound role of the ECS in the control of 

brain homeostasis at different brain regions and the particular sensitivity of the 

cerebellum in the regulation of the neuronal-glia circuitry. 
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2. Materials and Methods

2.1.Animals

All experiments were performed in male mice between 8 and 16 weeks of age. 

MAGL knockout mice (MAGL KO) and wild-type (WT) littermates in C57BL/6J 

genetic background were obtained and genotyped as previously described 

(Uchigashima et al., 2011). For JZL184 treatment we used C57BL/6J male mice 

(Charles River). Mice were housed in cages of four and maintained at controlled 

temperature (21 ± 1ºC) and humidity (55 ± 10%) environment. Food and water 

were available ad libitum. Lighting was maintained at 12-hour cycles (on at 8:00 

am and off at 8:00 pm.).

All animal procedures were conducted following ARRIVE (Animals in Research: 

Reporting Experiments) guidelines (Kilkenny et al., 2010) and standing 

guidelines (European Communities Directive 2010/63/EU). Procedures were 

approved by the local ethical committee (Comitè Ètic d'Experimentació Animal-

Parc de Recerca Biomèdica de Barcelona, CEEA-PRBB). All behavioral 

experiments were conducted under experimental conditions blind to the 

observer.

2.2.Drugs and treatments

JZL184 (Abcam) and NS398 (Tocris Bioscience) were diluted in 15% dimethyl 

sulfoxide (DMSO; Scharlau Chemie), 4.25% polyethylene glycol 400 (Sigma-

Aldrich), 4.25% Tween-80 (Sigma-Aldrich) and 76.5% saline. JZL184 and 

NS398 were administered intraperitoneally (i.p.) in a volume of 5 mL/kg and 10 

mL/kg of body weight respectively. JZL184 was injected 6 h before behavioral 

and biochemical analysis. NS398 was injected during 5 days and 2 h prior to 



  

7

experimental procedures. Mice were randomly assigned to experimental 

groups.

2.3.Motor coordination tests

2.3.1. Beam walking test 

Mice were trained to cross a horizontal wooden circle rod (1 m long, 3 cm in 

diameter) placed 60 cm above a cushioned table during 2 days before the test 

(3 times per day). The day of the test, mice crossed a wide wooden rod (3 cm in 

diameter) and a narrow wooden rod (1 cm in diameter). The latency to cross the 

rods and the total number of foot-slips were recorded and used to calculate the 

mean latency time and the mean number of foot-slips for each experimental 

group. 

2.3.2. Footprint test

Mouse's paws were coated with non-toxic color inks. Mice were allowed to walk 

down an open-top narrow runway covered with white paper. The runway was 50 

cm long and 10 cm wide, flanked with 10 cm side walls. Mice were trained twice 

per day during the 2 days previous to the day of the test. To ease the 

measurements, front and hind paws were coated with different colors. A total of 

2 trials were performed on each mouse. Once the footprints had dried, the 

following parameters were measured: base width (front base and hind base), 

overlap width (left overlap, right overlap), left and right forelimb stride and left 

and right hindlimb stride (8 steps for each mouse were analyzed). The means 

for each parameter were calculated for each experimental group.
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2.4. Immunofluorescence studies

Mice were deeply anesthetized with a mixture of ketamine (100mg/kg)/xylazine 

(20mg/kg) by i.p. injection (0.2mL/10g of body weight), before to intracardiac 

perfusion of 4% (wt/vol) paraformaldehyde/0.1M phosphate buffer pH 7.4 (PB) 

for immunofluorescence microscopy. Brains were removed and post-fixed 

overnight at 4°C in the same fixative solution. Brain sections (30 μm) were cut 

with a vibratome (VT1000S; Leica) and kept in a solution containing 30% 

ethylene glycol (Sigma-Aldrich), 30% glycerol (Merck-Millipore), and PB at –

20°C until processed for immunofluorescence analysis.

Free-floating slices were rinsed in PB, incubated for 15 min in 0.2 % Triton X-

100 in PB, and then incubated overnight at 4°C with primary antibody anti-Iba1 

(1:500; Wako). The next day, after 2 rinses of 10 min in PB, sections were 

incubated for 2 h at room temperature with the fluorescent anti-rabbit-Cy3 

(1:500; Jackson ImmunoResearch Laboratories). After 3 washes of 10 min, 

tissue sections were mounted onto gelatin-coated glass slides with Mowiol 

mounting media (0.5 M Mowiol 40-88 (Sigma-Aldrich), 20 % glycerol (Merck-

Millipore), 0.1 M Tris pH 8.5).

2.5. Image analysis

To evaluate the changes in microglial morphology, confocal microscopy images 

of whole microglial cells stained with Iba1 were acquired with an oil immersion 

lens (×40 objective; 1.5 zoom). Images were taken at different z levels (0.3 μm 

depth intervals) to evaluate the morphology of the whole cell. Afterwards, the 

perimeter of the microglial soma was analyzed with ImageJ software (NIH). We 

evaluated 10 cells per animal and 3-6 animals per genotype (30-60 cells per 

genotype).
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2.6.Analysis of endocannabinoids, prostaglandins, and arachidonic acid from 

brain tissue.

The analysis of endocannabinoids was done as previously described by LC/MS-

MS (Navarro-Romero et al., 2019). We analyzed prostaglandin-E2 (PGE2), 

prostaglandin-D2 (PGD2), and AA by LC/MS-MS using similar methodology 

than endocannabinoids analysis. Half-left hippocampus (15.9 ± 1.0 mg) and 

half-left cerebellum (29.1 ± 3.3 mg) of mice were placed in a 1 mL Wheaton 

glass homogenizer and spiked with 25 µL of a mix of deuterated internal 

standards dissolved in acetonitrile. The mix contained 0.1 g/mL PGD2-d4 

(Cayman Chemical) and 25 g/mL AA-8 (Cayman Chemical). Tissues were 

homogenized on ice with 700 µL a mixture of 50 mM Tris-HCl buffer (pH 7.4): 

methanol (1:1) and the homogenates were transferred to 12 mL glass tubes. 

The homogenizer was washed twice with 0.9 mL of the same mixture and the 

contents were combined into the tube giving an approximate volume of 2.5 mL 

of homogenate. The homogenization process took less than 5 min per sample 

and homogenates were kept on ice until organic extraction to minimize PGs 

degradation. Next, homogenates were extracted with 5 mL chloroform and 

tubes were centrifuged. The lower organic phase was transferred to clean glass 

tubes, evaporated under a stream of nitrogen in a 39ºC water bath and extracts 

were reconstituted in 100 μL of a mixture water: acetonitrile (50:50, v/v) with 

0.01% formic acid (v/v) and transferred to high performance liquid 

chromatography vials with glass microvials. Ten L of extract were injected into 

the LC/MS-MS system. PGs were separated using a Waters Acquity UPLC® 

system with a Xevo TQ-Smicro MS detector. Chromatographic separation was 

carried out with a Waters ACQUITY UPLC® CSH™ Phenyl-Hexyl column (2.1 x 

100 mm, 1.7 μm particle size) maintained at 55ºC with a mobile phase flow rate 
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of 0.4 mL/min. The composition of the mobile phase was: A: 0.01% (v/v) formic 

acid in water; B: 0.01% (v/v) formic acid in acetonitrile. PGD2, PGE2 and AA 

were separated by gradient chromatography (Supplementary Figure 1). The 

initial conditions were 20% B for 1 min. The gradient was first increased linearly 

to 65% B over 10 min, then increased linearly to 100% B over 3 min and 

maintained at 100% B for 2.5 min, to return to initial conditions for a further 1.5 

min with a total run time of 18 min. The ion source was operated in the negative 

electrospray mode. The source voltages were 3 KV for the capillary and 25V for 

the cone. Source desolvation temperature was set at 600ºC. The source gas 

flow was set at 1200 L/h for desolvation and 50 L/h for the cone. The following 

precursor to product m/z ions were used for quantification each with the 

following different collision energies (CE): AA m/z 303>259 CE, 10V, AA-d8 m/z 

311>267 CE 10V, PGD2/PGE2 m/z 351>271 CE 15V, PGD2-d4 m/z 355 >275 

CE 15V. Quantification was done by isotope dilution with the response of the 

internal standards. 

2.7.RNA isolation and qRT-PCR analysis

Hippocampal and cerebellar tissues were dissected and stored at -80°C. 

Isolation of total RNA was performed using an RNeasy Mini kit (QIAGEN) 

according to the manufacturer’s instructions. The quality and concentration of 

the total RNA was assessed using Nanodrop 1000 spectrophotometer. Reverse 

transcription was performed with 0.25 μg of total RNA from each animal to 

produce cDNA in a 20 μL reaction with 4 μl of SuperScript® VILO™ cDNA 

synthesis kit (Thermo Fisher Scientific). Resulting cDNA was used to perform 

quantitative real-time PCR (qRT-PCR) analysis on the LC480 Real-Time PCR 

System (Roche), together with SYBR Green PCR master mix and the primer 
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sequences listed below. Analysis was performed using LightCycler® 480 

Software (Roche). Data are expressed as the fold change comparing WT and 

MAGL KO samples. All the samples were tested in triplicate, and the relative 

expression values were normalized to the expression value of Tbp2α (for the 

cerebellar samples) and Actb (for the hippocampal samples). The primer 

sequences used for Abhd6, Cox2, Cnr1, Cnr2, Ilb1, Itgam, Tnfa, Actb and 

Tbp2α are indicated in the Supplementary Table 1.

2.8. Statistical analysis

The statistical significance was assessed using unpaired Student’s t-test, one-

way ANOVA or two-way ANOVA followed by a posteriori Bonferroni post-hoc 

when appropriate. The Pearson correlation coefficient was used to analyze the 

relationship between motor coordination alterations and the perimeter of 

microglial soma. All data were analyzed using GraphPad Prism Software. Data 

are presented as the mean ± SEM. P values of less than 0.05 were considered 

significant. Outliers (±2 SD from the mean) were excluded.
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3. Results

3.1.  Acute JZL184 treatment results in motor coordination deficits 

We analyzed the effects of acute MAGL inhibition on motor coordination under 

the same treatment conditions (40 mg/kg, i.p.) used to reveal anti-inflammatory 

effects of JZL184 in total brain homogenates and hippocampal sections 

(Nomura et al., 2011). In parallel, we also assessed a dose of JZL184 5 times 

lower (8 mg/kg) previously characterized in our group to significantly modify the 

brain content of 2-AG (Busquets-Garcia et al., 2011; Saravia et al., 2017). 

We used the beam walking test and the footprint test to evaluate the motor 

coordination in mice treated with JZL184 (8 or 40 mg/kg) using vehicle-injected 

mice as controls. The beam walking test revealed a significant dose-related 

motor impairment both in the wide beam (F (2,14) = 8.244, p < 0.01) and the 

narrow beam (F (2,16) = 5.262, p < 0.05) (Figure 1A). We found that mice 

treated with the lowest dose of JZL184 (8 mg/kg) showed an increased number 

of foot-slips in comparison to the vehicle-treated group when they crossed the 

wide beam (p < 0.05) (Figure 1A). This significant difference was exacerbated 

when mice were treated with the highest dose of JZL184 (40 mg/kg) (p < 0.01). 

When the narrow beam was tested, both JZL184 treated-groups performed a 

higher number of foot-slips in comparison to the control group (F (2,16) = 5.262, 

p < 0.05) (Figure 1A). In the footprint test, JZL184 produced motor coordination 

impairment only when was administered at the dose of 40 mg/kg. JZL184 (40 

mg/kg). Treated-mice presented significant shorter stride length than vehicle-

treated mice (L forelimb: F (2,18) = 3.112, p = 0.069; NS; R forelimb: F (2, 18) = 

3.991, p < 0.05; L hindlimb: F (2,18) = 4.201, p < 0.05; R hindlimb: F (2,18) = 

4.120, p < 0.05) (Figure 1B). However, no significant differences were found in 
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the base width (front base and hind base) neither in the overlap width (left 

overlap and right overlap) (data not shown). 

3.2.Acute JZL184 treatment results in cerebellar inflammation

We next evaluated whether JZL184 administration would affect microglial 

morphology. Thus, an increase of the soma perimeter was found in cerebellar 

Iba1-positive cells of JZL184 treated-groups (F (2, 17) = 4.99, p < 0.05), 

reaching a significant post-hoc difference at the dose of 40 mg/kg (p < 0.05) 

(Figure 2A). Notably, the microglial activation was not detectable in other brain 

regions, such as the CA3 region of the dorsal hippocampus (Figure 2B), where 

MAGL is heavily expressed (Rivera et al., 2014). Next, we assessed whether 

the bushy microglial morphology observed in the JZL184 treated-mice was 

accompanied by changes in the expression of the microglial activation marker 

CD11b (Itgam) and the pro-inflammatory markers interleukin-1B (Ilb1) and 

tumor necrosis factor α (Tnfa). Quantitative real time PCR (qRT-PCR) analysis 

showed a significant treatment effect (F (2, 13) = 4.228, p < 0.05) to increase 

the Itgam mRNA expression in the cerebellum of JZL184 treated-mice 

evaluated by one-way ANOVA test. However, Bonferroni post-hoc analysis did 

not reveal significant changes in Itgam mRNA expression between mice treated 

with vehicle and those treated with JZL184 at the dose of 8 mg/kg (p = 0.09; 

NS) and 40 mg/kg (p = 0.07; NS) (Figure 2C). This pro-inflammatory marker 

was not increased in the hippocampus of JZL184 treated-mice (Figure 2D).

Similarly, the expression of Ilb1 and Tnfa showed a non-significant trend to 

increase in the cerebellum of the JZL184 treated-groups (Ilb1: F (2, 12) = 3.035, 

p = 0.086; NS; Tnfa: F (2,12) = 2.419, p = 0.131; NS) (Supplementary Figure 

2A), without modifications in the hippocampus (Supplementary Figure 2B). The 
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expression of Cnr1 did not change after JZL184 treatment in the hippocampus 

and cerebellum (Supplementary Figure 2, C and D). MAGL is the main enzyme 

involved in the degradation of 2-AG, but other lipases such as ABHD6 are 

involved in the metabolism of this endocannabinoid. In addition, considering that 

neuronal COX-2 can produce PG-Gs in the brain when 2-AG levels are 

enhanced (Morgan et al., 2018), we analyzed the mRNA expression levels of 

Cox2 and Abhd6 after the acute JZL184 treatment. Quantitative analysis of 

Cox2 showed a significant treatment effect in the cerebellum of JZL184 treated-

mice (F (2,13) = 3.98, p < 0.05) with a significant post-hoc increase between 

vehicle and JZL184 40 mg/kg group (p < 0.05). Significant changes of Abhd6 

mRNA expression in the cerebellum between vehicle and JZL184 treated-group 

were also observed (F (2,13) = 7.616 p < 0.01) (Figure 2E). Interestingly, only 

Abhd6 (F (2,14) = 8.601 p < 0.01), but not Cox2, was elevated in the 

hippocampus of JZL184 treated-mice (Figure 2F). Together, these results 

reveal a differential sensitivity of the cerebellum to the inflammatory process 

promoted by the deregulation of 2-AG levels.

3.3.MAGL deletion produces motor coordination impairment and cerebellar 

inflammation

To evaluate the relevance of MAGL deletion in the behavioral and inflammatory 

alterations that are revealed with JZL184, we investigated the motor 

coordination performance and the microglial reactivity in MAGL KO and in WT 

littermates. MAGL KO mice performed a significantly higher number of foot-slips 

when they crossed the wide beam (t (18) = 4.699, p < 0.001) and the narrow 

beam (t (13) = 2.188, p < 0.05) than the WT mice in the beam walking test 

(Figure 3A). Similar alterations in motor coordination performance were 
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revealed using the footprint test. MAGL KO mice presented a consistently 

shorter stride length than WT mice (L forelimb: t (16) = 2.479, p < 0.05; R 

forelimb: t (16) = 3.289, p < 0.05; L hindlimb: t (16) = 3.087, p < 0.05; R 

hindlimb: t (16) = 2.695, p < 0.05) (Figure 3B). No significant differences were 

found in the base width neither in the overlap width as it was found after the 

JZL184 treatment (data not shown). 

Microglial morphology analysis performed in Iba1 immunostained tissues 

revealed that MAGL deletion produced changes on the microglial cell perimeter 

in the cerebellar molecular layer of MAGL KO mice compared to the WT group 

(t (8) = 4.08, p < 0.01) (Figure 4A), whereas no differences were observed in 

the hippocampal microglial cells of MAGL KO mice (Figure 4B).

Moreover, qRT-PCR analysis showed enhanced Itgam mRNA expression in 

MAGL KO mice compared with control mice (t (14) = 3.902, p < 0.01) (Figure 

4C) without significant alteration in the hippocampus (Figure 4D). Although, Ilb1 

and Tnfa genes showed a trend to increase in the MAGL KO mice no significant 

differences were detected between genotypes neither in the cerebellum 

(Supplementary Figure 3A) nor in the hippocampus (Supplementary Figure 3B). 

The mRNA expression of the Cnr1 and Cnr2 was analyzed in the cerebellum 

and hippocampus of MAGL KO mice (Supplementary Figure 3, C and D). While 

no differences in the Cnr2 expression were found in the MAGL KO mice, a 

significant enrichment in the expression of Cnr1 in the cerebellum of MAGL KO 

mice was observed (Supplementary Figure 3C).

Notably, qRT-PCR analysis for Cox2 revealed a significant increase in its 

expression only in the cerebellar region (t (14) = 5.596, p < 0.001) (Figure 4E), 

but not in the hippocampus (Figure 4F). Conversely, Abhd6 expression was 
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found enhanced in the hippocampus (t (14) = 5.5804, p < 0.001) (Figure 4F), 

but not in the cerebellum of MAGL KO mice (Figure 4E). 

Together, these results demonstrate the particular reactiveness of the 

cerebellum to the 2-AG elevated levels produced by the genetic MAGL 

inactivation. 

3.4.NS398 reduces motor coordination impairment and microglial reactivity in 

the cerebellum of MAGL KO mice

We used the COX-2 selective inhibitor NS398 to evaluate the role of the specific 

increase of COX-2 in the cerebellum of the MAGL KO mice. We treated MAGL 

KO mice and WT littermates sub-chronically during 5 days with NS398 

(10mg/kg, i.p; once per day) or its vehicle. Fine motor coordination was 

evaluated using the beam walking and footprint tests 3 h after the last 

administration. After behavioral analysis, tissues were collected for cellular and 

molecular analysis. 

We found that NS398 administration significantly reduced the number of foot-

slips performed in the narrow beam by the MAGL KO mice (genotype effect: F 

(1,58) = 5.966, p < 0.05; treatment effect: F (1,58) = 4.371, p < 0.05; interaction: 

F (1,58) = 4.285, p = 0.043) (Figure 5A). Moreover, NS398 treatment improved 

the impaired length of the left forelimb stride in the MAGL KO mice, one of the 

parameters measured in the footprint test (L forelimb: genotype effect: F (1,38) 

= 15.11, p < 0.001; treatment effect: F (1,38) = 6.106, p < 0.05; interaction: F 

(1,38) = 0.446, p = 0.508; NS; R forelimb: genotype effect: F (1,38) = 13.74, p < 

0.001; L hindlimb: genotype effect: F (1,38) = 11.49, p < 0.01; R hindlimb: 

genotype effect: F (1,38) = 11.4, p < 0.01) (Figure 5B).
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Interestingly, such improvement in coordination was accompanied by a 

reduction in the cerebellar microglial reactivity after the NS398 administration. 

The analysis of the microglial cell soma perimeter in the cerebellum revealed a 

significant normalization in the MAGL KO mice treated sub-chronically with 

NS398 (genotype effect: F (1,11) = 8.175, p < 0.05; treatment effect: F (1,11) = 

8.175, p < 0.05; interaction: F (1,11) = 11.91, p < 0.01) (Figure 5C), while no 

effects of NS398 treatment were observed in samples from WT mice. 

These results reveal that MAGL deletion produces changes in cerebellar 

microglial reactivity, which are associated with the presence of motor 

coordination alterations, all prevented with the COX-2 inhibitor NS398. Indeed, 

a significant positive correlation (R = -0.569, p < 0.05) was observed between 

microglial activation (perimeter of the soma) and motor coordination 

performance (total number of foot-slips) in all groups analyzed (Figure 5 D).

3.5.  Endocannabinoid unbalance in MAGL KO mice

In order to understand the effect that NS398 could produce over the 

endocannabinoid levels in the MAGL KO mice, we analyzed the concentration 

of the following 2-acyl glycerols and N-acylethanolamines in their cerebellum 

and hippocampus: 2-AG, 2-LG, 2-OG, AEA, DEA, DHEA, LEA, OEA, PEA, 

POEA, SEA (Table 1).

These data revealed, as expected, a significant enhancement of endogenous 

lipids susceptible of being processed by MAGL such as 2-AG, 2-LG, 2-OG, both 

in the cerebellum (genotype effect of 2-AG : F (1,29) = 829.7, p < 0.001; 2-

linoleoyl glycerol: F (1,29) = 255.7, p < 0.001; 2-oleoyl glycerol: F(1,28) = 91.15 

p < 0.001) and the hippocampus (genotype effect of 2-AG: F (1,29) = 1232, p < 

0.001; 2-LG: F (1,29) = 98.32, p < 0.001; 2-OG: F (1,29) = 19.47, p < 0.001), 
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with the strongest increase in the concentration of 2-AG (ten times more in the 

hippocampus and seven times more in the cerebellum). Other 

endocannabinoids and lipid derivatives measured were not affected in the brain 

areas analyzed. NS398 sub-chronic treatment during 5 days did not modify the 

endocannabinoid profile in the cerebellum and hippocampus of WT and MAGL 

KO mice. These results suggest that under our experimental conditions, COX-2 

was not involved in the metabolism of endocannabinoids and related 

compounds.

3.6.  MAGL deletion decreases AA, PGD2 and PGE2 levels in the cerebellum 

and hippocampus

Genetic or pharmacological inhibition of MAGL produces elevated levels of 2-

AG and reductions in AA and its derived prostaglandins as determined in whole 

brain homogenates (Nomura et al., 2011). We hypothesized that hippocampus 

and cerebellum could be responding differently to the accumulation of 2-AG in 

MAGL KO mice. Thus, we measured AA, PGD2 and PGE2 levels in the 

cerebellum and hippocampus of MAGL KO and WT mice treated sub-

chronically with vehicle or NS398 (10 mg/kg; 5 days) (Table 2). We observed a 

significant decrease in the AA levels in cerebellar (genotype effect: F (1,26) = 

222.1, p < 0.001) and hippocampal (genotype effect: F (1,26) = 446.3, p < 

0.001) tissues from MAGL KO compared to WT mice. PGD2 and PGE2 levels 

were reduced as well in to the same degree in both brain areas (genotype effect 

of PGD2 in the cerebellum: F (1,25) = 86.05, p < 0.001 and hippocampus: F 

(1,25) = 57.41, p < 0.001; genotype effect of PGE2 in the cerebellum: F (1,26) = 

37.87, p < 0.001 and hippocampus: F (1,25) = 30.37, p < 0.001). Interestingly, 

NS398 sub-chronic treatment did not alter AA, PGD2 or PGE2 levels in MAGL 
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KO mice. Together, these results suggested that PGD2 and PGE2 are not 

involved in the microglial activation detected after genetic or pharmacological 

MAGL inhibition in the cerebellum. However, we could not discard that other 

prostaglandins produced by COX-2 such as the PG-Gs, which are unstable in 

vivo and therefore difficult to detect (Kingsley et al., 2005; Kozak et al., 2001) 

might be implicated in this process.
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4. Discussion

This study describes the consequences of the pharmacological inhibition and 

genetic inactivation of MAGL on motor coordination, microglial reactivity and 

inflammatory mediators of relevant brain regions. The inflammatory state that 

we observe in the cerebellum of JZL184-treated and MAGL KO mice has a 

profound relevance in its functionality, where COX-2 would have a considerable 

participation. Such molecular alterations were not observed in the 

hippocampus, pointing to a particular sensitivity of the cerebellum to the local 

inflammatory processes promoted by the enhancement of 2-AG. 

2-AG is the most abundant endocannabinoid in the brain acting as a full agonist 

of both CB1 and CB2 receptors (CB1R and CB2R) (Nakane et al., 2002) and 

mainly hydrolyzed by MAGL (Bisogno et al., 1999). Usually, physiological levels 

of synaptic endocannabinoids are responsible for different forms of short-term 

synaptic plasticity (Araque et al., 2017). Elevated physiological levels of 

endocannabinoids are produced upon injury, and this production is thought to 

have protective roles aiming at decreasing pro-inflammatory mediators, 

reducing microglial reactivity and prompting brain homeostasis (Xu and Chen, 

2015). Therefore, the inhibition of endocannabinoid catabolism has been 

hypothesized to be useful against inflammation (Alhouayek et al., 2014; 

Petrosino and Di Marzo, 2010), neurodegeneration (Pihlaja et al., 2015) or 

oligodendrocyte degeneration (Bernal-Chico et al., 2015). This is in contrast 

with our observations of enhanced cerebellar inflammation associated to MAGL 

pharmacological and genetic inhibition. Other enzymes, such as ABHD6 are 

also involved, although to a minor extent, in 2-AG degradation (Blankman et al., 

2007; Marrs et al., 2010). Indeed, it was demonstrated that ABHD6 inhibition 

was able to reduce microglial reactivity and COX-2 expression in mouse models 
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of experimental autoimmune encephalomyelitis (Wen et al., 2015) and traumatic 

brain injury (Tchantchou and Zhang, 2013). Thus, we could not discard that 

ABHD6 inhibition could reduce the cerebellar microglial reactivity and the motor 

impairments.

Together, MAGL and ABHD6 turn 2-AG into AA and glycerol. Then, AA is 

available for prostanoid conversion, through a rate-limiting enzymatic process. 

Prostanoid production, whether through constitutive COX-1 or inducible COX-2, 

depends on AA availability (Smith et al., 2011). Therefore, AA pool reduction, as 

that observed after MAGL inhibition was proposed to prevent inflammatory 

processes by limiting prostanoid production (Nomura et al., 2011). Interestingly, 

our data also reveals the reduction in AA, PGE2 and PGD2 both in the 

cerebellum and hippocampus as a result of MAGL inhibition. 

COX-2 activity in the brain has been found significant beyond inflammation. In 

the cerebellum, COX-2 activity was found relevant for long-term synaptic 

plasticity of Purkinje cells and also for motor learning (Le et al., 2010). In the 

hippocampus, COX-2 expression seems to be physiologically regulated to 

contribute to synaptic activity in forebrain dendrites (Chen et al., 2002; 

Kaufmann et al., 1996). We found that pharmacological and genetic inactivation 

of MAGL resulted in somewhat different responses in the cerebellum and 

hippocampus of the same animals according to Cox2 mRNA expression. 

Despite both MAGL KO and JZL184 (40 mg/kg)-treated mice showed enhanced 

cerebellar Cox2 expression as well as modifications in the microglial 

morphology and motor coordination impairments, these alterations were 

exacerbated in the MAGL KO mice. Therefore, we analyzed the impact of the 

COX-2 inhibition by administering the COX-2 inhibitor NS398 to the MAGL KO 

mice, expecting similar effects in the JZL184 (40 mg/kg)-treated mice where the 
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molecular and behavioral alterations were less evident. We found that NS398 

sub-chronic administration prevented the motor coordination impairments and 

the microglial reactivity detected in the MAGL KO mice. Moreover, NS398 sub-

chronic administration did not alter the levels of PGE2 and PGD2, discarding 

their involvement in microglial reactivity. Conversely, although the hippocampus 

showed the expected blunted levels of AA, PGE2 and PGD2, it did not show 

alterations on the microglial reactivity. In fact, MAGL inhibition has been shown 

to improve hippocampal functioning, as revealed by others through behavioral 

and synaptic plasticity analysis (Hashimotodani et al., 2007; Kishimoto et al., 

2015) pointing to a differential effect of MAGL inhibition among different brain 

areas. 

Previous studies demonstrated that MAGL inactivation produced elevations in 

2-AG levels and significant reductions in AA levels and in its downstream-

derived eicosanoids in brain homogenates (Leishman et al., 2016; Nomura et 

al., 2011). The differential response between cerebellum and hippocampus may 

derive from the alternative metabolism of accumulated 2-AG in both brain areas 

(Supplementary Figure 4). This endocannabinoid can be processed by COX-2 

to produce PG-Gs. This enzymatic reaction first described in vitro (Alhouayek 

and Muccioli, 2014; Kozak et al., 2002) has been recently observed in vivo 

under conditions of enhanced 2-AG accumulation (Hu et al., 2008; Kingsley et 

al., 2005; Morgan et al., 2018). These PG-Gs derived from 2-AG buildup would 

act through classical prostanoid receptors (Kozak et al., 2001), and alternative 

receptors (Hu et al., 2008). In this regard, nucleotide receptor P2Y6 may be 

activated by PG-Gs, and particularly by PGE2-G with high affinity 

agonist/receptor pair (Brüser et al., 2017). Moreover, P2Y6 receptor is 

expressed in microglial cells where it mediates inflammation, migration and 
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phagocytosis in normal and pathophysiological conditions (Barragán-Iglesias et 

al., 2014; Koizumi et al., 2007). Such a mediator could be involved as a link 

between the putative raise of PG-Gs derived from 2-AG by COX-2 activity, and 

the microglial reactivity detected in our study specifically in the cerebellum. 

Further studies are required to clearly identify the mechanisms involved in this 

link.

Despite that microglial reactivity after MAGL inactivation was clearly revealed by 

microglial morphology and the increased expression of Itgam mRNA, only 

subtle changes in the mRNA of Il1b and Tnfa were detectable in the cerebellum 

of JZL184-treated and MAGL KO mice. This is in agreement with previous 

observations in whole brain homogenates after pharmacological and genetic 

inhibition of MAGL (Nomura et al., 2011) showing no alteration of basal mRNA 

levels of Il1b, Il1a, Il6 and Tnfa. It is plausible that together with the production 

of COX-2-dependent pro-inflammatory PG-Gs, 2-AG may also act through 

CB2R expressed in reactive microglia to prevent full microglial activation. 

Indeed, 2-AG may act as an agonist of the microglial CB2R and modulate the 

microglial reactivity as well, as previously described in other inflammatory 

situations (Maresz et al., 2005; Wen et al., 2015). Therefore, a balance between 

activation and inactivation state might exist on the microglial cells of MAGL KO 

mice. This hypothesis may explain why MAGL inactivation is able to mediate 

changes in the microglial morphology, but not to impact in the translation of pro-

inflammatory cytokines. Moreover, while no important differences in the Cnr2 

expression were found in the MAGL KO mice neither in cerebellum nor in 

hippocampus, a significant enrichment in the expression of Cnr1 in the 

cerebellum of MAGL KO mice was observed, suggesting the specific response 
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of the cerebellum to the MAGL inhibition and the subsequent 2-AG content 

increase. 

Several publications show the neuroprotective effects of pharmacological MAGL 

inhibition by using JZL184 (Chen et al., 2012; Lysenko et al., 2014; Nomura et 

al., 2011), KML29 (Pasquarelli et al., 2017b, 2017a) or MJN110 (Niphakis et al., 

2013). These promising features of MAGL inhibition are somewhat contradictory 

with the present results and previous work (Cutando et al., 2013) demonstrating 

the presence of activated microglia and motor coordination deficits under 

conditions of increased cannabinergic tone. In fact, the administration of KML29 

(Chang et al., 2012) or MJN110 (Niphakis et al., 2013) does not show untoward 

side effects on the motor coordination. However, it still remains to be clarified 

whether these highly-selective MAGL-inhibitors trigger microglial reactivity in the 

cerebellum. Although we cannot discard unforeseen adaptations during 

development in the MAGL KO model, these mice and JZL184 (40 mg/kg)-

treated mice showed correlative modifications suggesting that an important part 

of the effects observed with the JZL184 administration are mediated through 

MAGL inhibition. The cellular localization of MAGL is an additionally relevant 

aspect, since MAGL expressed in Purkinje cells was shown to be responsible 

for the direct effects of inhibitors to cause cerebellar motor coordination 

alterations (Suárez et al., 2008). 

Altogether, the present study reveals the sensitivity of the cerebellum to 

alterations in ECS signaling, compared to other brain areas such as the 

hippocampus, and highlights a potential drawback of strategies directed to the 

inhibition of the MAGL activity as a target for inflammatory disorders.
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Figure legends

Figure 1. Acute JZL184 administration produces motor coordination 

deficits in mice. (A) Number of foot-slips in the wide and narrow beam and (B) 

footprint parameters obtained 6h after acute administration of VEH, JZL184 (8 

mg/kg) or JZL184 (40 mg/kg) (n = 5-7 mice per group). Distribution of individual 

data with mean ± SEM Dara were analyzed by one-way ANOVA test followed 

by Bonferroni post hoc. *p < 0.05, **p < 0.01 as compared to VEH.

Figure 2. Inhibition of MAGL with JZL184 reveals cerebellar 

neuroinflammation in mice. Morphological analysis of Iba1 cells and its 

representative images from the cerebellar molecular layer (A) and CA3 region 

of the hippocampus (B) 6h after VEH, JZL184 (8mg/kg) and JZL184 (40 mg/kg) 

treatment (n = 5-6 mice per group) Scale bar represents 25µm. Analysis of 

mRNA expression of Itgam by qRT-PCR in the cerebellum (C) and 

hippocampus (D) of JZL184 (8mg/kg), JZL184 (40mg/kg) and vehicle treated 

groups (n = 4-6 mice per group). Expression of Cox2 and Abhd6 mRNA by 

qRT-PCR in the cerebellum (E) and hippocampus (F) of JZL184 (8mg/kg), 

JZL184 (40 mg/kg) and vehicle treated groups (n = 4-6 mice per group). 

Distribution of individual data with mean ± SEM. Data were analyzed by one-

way ANOVA test followed by Bonferroni post hoc. *p < 0.05 as compared to 

VEH.

Figure 3. Impaired motor coordination in MAGL KO mice. (A) Total number 

of foot-slips in the beam walking test and (B) Footprint parameters obtained in 

WT and MAGL KO mice (n = 7-11 mice per group). Distribution of individual 

data with mean ± SEM. Data were analyzed by Student’s t-test. *p<0.05 and 

**p<0.01 WT versus MAGL KO mice. 
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Figure 4. MAGL KO mice show cerebellar neuroinflammation. Iba1 

immunostaining of (A) cerebellar and (B) hippocampal microglial cells (n = 4-5 

mice per group) Scale bar represents 25µm. Analysis of Itgam mRNAs 

expression by qRT-PCR in the (C) cerebellum and (D) hippocampus of MAGL -

/- and WT mice (n = 8 mice per group). Quantitative mRNAs expression of Cox2 

and Abhd6 in the (E) cerebellum and (F) hippocampus of WT and MAGL -/- 

mice. Distribution of individual data with mean ± SEM. Data were analyzed by 

Student’s t-test. **p < 0.01 and ***p < 0.001 WT versus MAGL KO mice.

Figure 5. NS398 administration prevents the motor impairment and 

reverses the microglial reactivity in the MAGL KO mice. Motor coordination 

analysis using the (A) beam walking test (n = 12-16 mice per group) and (B) 

footprint test (n = 9-11 mice per group) in WT or MAGL KO mice after 5 days of 

VEH or NS398 treatment. (C) Morphological analysis of Iba1 immunostained 

cells in the cerebellar molecular layer after NS398 treatment in MAGL KO mice 

(n = 3-4 mice per group) Scale bar represents 25µm. (D) Correlation between 

motor coordination in the narrow beam of the beam walking test (number of 

foot-slips) and microglial activation (perimeter of the soma) in the molecular 

layer of the cerebellum. Distribution of individual data with mean ± SEM. Data 

were analyzed by two-way ANOVA test followed by Bonferroni post hoc. *p < 

0.05 and **p < 0.01 as genotype comparison and #p < 0.05 as treatment 

comparison.
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Table 1. Effect of NS398 in the levels of endocannabinoids and related compounds in the cerebellum and hippocampus of WT and MAGL KO mice. 

CEREBELLUM HIPPOCAMPUS 
Vehicle NS398 Vehicle NS398 

 
  

WT MAGL KO WT MAGL KO WT MAGL KO WT MAGL KO 
2-AG

(nmol/g tissue) 6.69 ± 0.39 46.75 ±  2.26*** 6.6 ±  0.35 49.23 ± 1.60*** 11.58 ± 0.82 120.93 ± 4.86*** 14.3 ±  0.78 122.13 ± 3.49*** 

2-LG 
(nmol/g tissue) 3.08 ± 0.27 13.13 ± 0.58*** 3.29 ± 0.18 14.49 ± 1.05*** 2.97 ±  0.3 8.04 ± 0.43*** 3.56 ±  0.29 8.97 ± 0.80*** 

2-
ac

yl
 g

ly
ce

ro
ls

 

2-OG 
(nmol/g tissue) 1.92 ± 0.13 3.75 ± 0.13*** 1.93 ± 0.13 4.33 ± 0.34*** 3.18 ± 0.29 5.01 ± 0.48*** 3.33 ±  0.27 4.81 ± 0.39* 

AEA 
(pmol/g tissue) 3.10 ± 0.29 2.62 ± 0.25 2.91 ± 0.36 3.02 ± 0.31 5.85 ± 0.41 7.85 ± 1.44 6.74 ±  0.38 8.35 ± 1.69

DHEA 
(pmol/g tissue) 11.56 ± 0.66 9.22 ± 0.38 2.12 ± 0.8 11.48 ± 0.97 7.36 ± 0.42 8.3 ± 1.14 8.36 ± 0.36 9.23 ± 1.48

DEA 
(pmol/g tissue) 0.84 ± 0.06 0.83 ± 0.06 0.78 ± 0.02 0.76 ± 0.06 0.9 ± 0.08 0.73 ± 0.06 1.02 ± 0.04 1.00 ± 0.17

LEA 
(pmol/g tissue) 6.14 ± 0.61 6.90 ± 0.39 5.92 ± 0.38 8.20 ± 0.60 9.61 ±  1.06 11.2 ± 0.49 10.24 ± 0.67 16.42 ± 3.36

OEA 
(pmol/g tissue) 139.33 ± 9.26 125.25 ± 4.48 136.71 ± 4.59 134.56 ± 6.69 91.59 ± 9.28 85.17 ± 6.36 87.98 ± 3.87 91.99 ± 9.17

PEA 
(pmol/g tissue) 288.44 ± 13.25 267.5 ± 7.09 280.14 ± 8.03 287.67 ± 17.10 231.89 ± 12.38 226.37 ± 15.09 213.17 ±  5.44 238.22 ± 16.99

POEA 
(pmol/g tissue) 14.80 ±  1.46 11.39 ±  0.73 13.07 ±  1.16 13.41 ± 0.90 13.34 ± 1.06 14.87 ± 2.12 16.81 ± 1.61 17.91 ± 3.46

N
-a

cy
le

th
an

ol
am

in
es

 

SEA 
(pmol/g tissue) 121.33 ±  4.41 117 ±  2.56 119.14 ±  3.86 118.67 ± 6.90 80.99 ± 1.61 77.41 ± 3.15 78.38 ±  2.71 81.67 ± 4.19

2-arachidonoyl glycerol (2-AG), 2-linoleoyl glycerol (2-LG), 2-oleoyl glycerol (2-OG), N-arachidonoylethanolamine or anandamide (AEA), N-
docosatetraenoylethanolamine (DEA), N-docosahexaenoylethanolamine (DHEA), N-linoleoylethanolamine (LEA), N-oleoylethanolamine (OEA), N-
palmitoylethanolamine (PEA), N-palmitoleoylethanolamine (POEA), N-stearoylethanolamine (SEA). Values are expressed as mean ± SEM. Data were analyzed by 
two-way ANOVA test followed by Bonferroni post hoc. *p < 0.05 and ***p < 0.001 WT versus MAGL KO mice. 
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Table 2. Effect of NS398 treatment in the arachidonic acid and prostaglandin levels in cerebellar and hippocampal tissue from WT and MAGL KO mice. 

CEREBELLUM HIPPOCAMPUS 
Vehicle NS398 Vehicle NS398  

  
WT MAGL KO WT MAGL KO WT MAGL KO WT MAGL KO 

AA
(nmol/g) 

25.25 ± 1.54 9.96 ± 3.74*** 25.33 ± 0.41 9.36  ± 2.23*** 55.75 ± 0.98 23.68 ± 1.73*** 57.34 ± 1.53 23.23 ±2.06*** 

PGD2 
(pmol/g) 

10.62 ± 1.13 3.06 ± 1.97*** 11.54 ± 0.82 2.81 ± 0.86*** 11.14 ± 1.29 2.46 ± 0.48*** 12.31 ± 1.52 2.86 ± 0.65*** 

PGE2 
(pmol/g) 

1.88 ± 0.26 0.55 ± 0.41*** 1.83 ± 0.19 0.66  ± 0.14** 2.09 ± 0.26 0.85 ± 0.18** 2.05 ± 0.17 1.19 ± 0.33** 

Arachidonic acid (AA), prostaglandin-E2 (PGE2) and prostaglandin-D2 (PGD2). Values are expressed as mean ± SEM. Data were analyzed by two-way ANOVA test 
followed by Bonferroni post hoc. **p < 0.01 and  ***p < 0.001 WT versus MAGL KO mice. 



  

36



  

37



  

38



  

39



  

40



  

41

Highlights 

6. Monoacylglycerol lipase (MAGL) inactivation increases microglial perimeter in the cerebellum.

7. Cerebellar microglia activation concurs with COX-2 over-expression and motor deficits.

8. COX-2 inhibition prevents the cerebellar neuroinflammation caused by MAGL deletion. 

9. MAGL depletion decreased AA and PGs levels in the cerebellum and hippocampus. 

10.Regional differences in MAGL inhibition outcome caution endocannabinoid targeting.


