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6Department of Pharmacology and Toxicology, Neuroscience Research Center, Medical College of Wisconsin, Milwaukee, WI, United States
Edited by:
Maria Grazia Morgese, University of Foggia, Italy
Reviewed by:
Agnes Nadjar, Université de Bordeaux, France
Adriano Lama, University of Naples Federico II, Italy
* Correspondence: Julián Romero, J.romero.prof@ufv.es
†These authors have contributed equally to this work
Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology
Received: 22 December 2021
Accepted: 30 March 2022
Published: 27 April 2022
Citation: Ruiz de Martín Esteban S, Benito-Cuesta I, Terradillos I, Martínez-Relimpio AM, Arnanz MA, Ruiz-Pérez G, Korn C, Raposo C, Sarott RC, Westphal MV, Elezgarai I, Carreira EM, Hillard CJ, Grether U, Grandes P, Grande MT and Romero J (2022) Cannabinoid CB2 Receptors Modulate Microglia Function and Amyloid Dynamics in a Mouse Model of Alzheimer’s Disease. Front. Pharmacol. 13:841766. doi: 10.3389/fphar.2022.841766

The distribution and roles of the cannabinoid CB2 receptor in the CNS are still a matter of debate. Recent data suggest that, in addition to its presence in microglial cells, the CB2 receptor may be also expressed at low levels, yet biologically relevant, in other cell types such as neurons. It is accepted that the expression of CB2 receptors in the CNS is low under physiological conditions and is significantly elevated in chronic neuroinflammatory states associated with neurodegenerative diseases such as Alzheimer’s disease. By using a novel mouse model (CB2EGFP/f/f), we studied the distribution of cannabinoid CB2 receptors in the 5xFAD mouse model of Alzheimer’s disease (by generating 5xFAD/CB2EGFP/f/f mice) and explored the roles of CB2 receptors in microglial function. We used a novel selective and brain penetrant CB2 receptor agonist (RO6866945) as well as mice lacking the CB2 receptor (5xFAD/CB2−/−) for these studies. We found that CB2 receptors are expressed in dystrophic neurite-associated microglia and that their modulation modifies the number and activity of microglial cells as well as the metabolism of the insoluble form of the amyloid peptide. These results support microglial CB2 receptors as potential targets for the development of amyloid-modulating therapies.
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INTRODUCTION
Cannabinoid receptors include two types of G-protein coupled receptors (GPCRs), CB1 and CB2, that exhibit profound differences in their distribution in the organism of mammals (Pertwee et al., 2010). While the CB1 receptor is one of the most abundant GPCRs in the brain and its expression is constitutive in a wide variety of cells and tissues, the distribution of CB2 receptors is restricted to specific types of cells (B-lymphocytes, natural killer cells, monocytes, etc) and tissues (spleen, Peyer’s patches) and its brain expression is low under physiological conditions (for review, see Mechoulam and Parker, 2013). Importantly, the expression of cannabinoid CB2 receptors is significantly increased under pathological conditions and, specifically, in the context of chronic neuroinflammation (Maresz et al., 2005; Mecha et al., 2016).
The pattern of expression of CB2 receptors and its biological relevance in the CNS is still a matter of debate. It is currently accepted that microglial cells express CB2 receptors under both normal and pathological conditions (Komorowska-Müller and Schmöle, 2020). Interestingly, although its presence in neuronal elements is believed to be low (if any), there are reports that CB2 receptors contribute to functions ascribed to neurons, such as pain or reward (Zhang et al., 2014; Cabañero et al., 2020; He et al., 2021). CB2 receptors also seem to play important roles in neurodegenerative conditions, although their precise contribution has not been elucidated yet due to conflicting results (Mecha et al., 2016; Galán-Ganga et al., 2021; Rodríguez-Cueto et al., 2021).
The amyloid hypothesis of Alzheimer’s disease (AD) is currently the most widely accepted among the scientific community (Hampel et al., 2021). Together with hyperphosphorylated tau-enriched neurofibrillary tangles, neuritic plaques (primarily constituted by amyloid peptides and, specifically, beta amyloid 1-42, Aβ) are the main pathologic features of AD. Multiple deleterious consequences derive from the accumulation of both in the brain, including mitochondrial dysfunction, axonal degeneration, alterations in synaptic transmission and neuroinflammation (Hampel et al., 2021).
There is an urgent need for novel approaches for the treatment of this devastating disease. Efforts have been focused on tackling the neuroinflammatory process triggered by the presence of pathological forms of Aβ as it is presently thought that these peptides possess intrinsic pro-inflammatory properties that play a crucial role in the loss of neurons in specific areas of the AD brain. This process involves several types of cells (microglia, astrocytes) and mediators (cytokines, reactive oxygen species, lipids) that, acting in a concerted and time-dependent manner, expand the damage initiated by neuritic plaques and neurofibrillary tangles (see Hampel et al., 2021, for review).
Microglia seem to play a prominent role in this scenario. In the healthy brain, these cells of myeloid origin are continuously sensing their surrounding environment (Nimmerjahn et al., 2005). When an alteration takes place in the brain parenchyma, these cells become “activated”, and shape their phenotype to cope with this alteration by modifying their structural properties, gene expression profile, ability to produce cytokines and other cell mediators, and phagocytic activity (becoming “damage-associated microglia”, DAM; Deczkowska et al., 2018). Among other adaptations, microglia express cannabinoid CB2 receptors in the context of AD (Mecha et al., 2016), and remarkably, in neuritic plaque-associated microglia (Benito et al., 2003).
In the present study, we analyzed the expression of cannabinoid CB2 receptors in cortical areas of the brain of an AD mouse model (5xFAD/CB2EGFP/f/f) by electron microscopy. In addition, we explored the potential roles of this receptor through its activation with a selective agonist (RO6866945) and through its genetic deletion (5xFAD/CB2−/−).
MATERIALS AND METHODS
Mice and Treatment
Mice used in these experiments were described in our previous study (López et al., 2018) and were housed and bred in the animal facilities of Universidad Francisco de Vitoria (Pozuelo de Alarcón, Madrid, Spain). Experimental protocols met the European and Spanish regulations for protection of experimental animals (86/609/EEC and RD 1201/2005 and 53/2013) and were approved by the committee of Ethics for Animal Welfare of the Universidad Francisco de Vitoria and University of the Basque Country (M20/2015/093). Efforts were made to minimize the number and suffering of animals.
Mice co-expressing five familial Alzheimer’s disease mutations (5xFAD) were purchased from Jackson Laboratories (Bar Harbor, ME, United States; Oakley et al., 2006) on the C57BL/6J background and were mated with CB2EGFP/f/f and CB2−/− mice and backcrossed for at least ten generations to generate 5xFAD/CB2EGFP/f/f and 5xFAD/CB2−/− mice.
Prior to the experiment, mice were homogenously distributed per group according to bodyweight. A stock solution of 90 mg/ml RO6866945 (Roche Pharma Research and Early Development, Roche Innovation Center Basel, Basel, Switzerland) in ethanol was conserved at −20°C, and diluted in vehicle solution [5% ethanol, 5% kolliphor (Sigma, C5135), 90% NaCl 0.9% (Braun, 857367)] the day of use. 6 months old 5xFAD/CB2EGFP/f/f and 5xFAD/CB2−/− male mice were treated (i.p.) with RO6866945 10 mg/kg, or vehicle (VEH) daily for 28 days. RO6866945 ((3S)-1-[5-tert-butyl-3-[(4-methyl-1,2,5-oxadiazol-3-yl)methyl]triazolo[4,5-d]pyrimidin-7-yl]pyrrolidin-3-ol; CAS Registry Number 1433360-72-5) was synthesized as described in US20130116236 A1 (Example 136) (Adam et al. (2013). Preparation of [1,2,3]triazolo[4,5-d]pyrimidine derivatives useful as cannabinoid receptor 2 agonists, US20130116236 A1). It is a highly potent CB2 agonist across species (human CB2 cAMP EC50 0.2 nM, 104% efficacy; mouse CB2 cAMP EC50 0.2 nM, 101% efficacy) which does neither interact with the CB1 receptor in the cAMP (human CB1 cAMP EC50 > 10′000 nM) nor in the radioligand binding assay (human CB1 Ki > 10′000 nM; Ouali Alami et al., 2018). RO6866945 exhibits an excellent early ADME profile including an oral bioavailability of 44% in mice and penetrates through the blood brain barrier.
Twenty-four hours before the end of the treatment, mice were intraperitoneally injected with 10 mg/kg methoxy-X04 (Tocris, 4920) in 15% DMSO, 15% kolliphor and 70% NaCl 0.9%. Then, mice were anaesthetised with 170 mg/kg ketamine (Richter Pharma, 580393.7) and 10.7 mg/kg xylazine (Calier, 572599.4) in NaCl 0.9%, and transcardially perfused with cold PBS pH 7.4. From each mouse, right cortex, hippocampi and cerebellum were dissected and stored at −80°C. Left cortex and the rest of the brain were immediately processed to isolate microglia for analysis by flow cytometry.
Preservation of Brain Tissue for Immunocytochemistry
Three male CB2EGFP/f/f and three 5xFAD/CB2EGFP/f/f mice were anaesthetized with ketamine/xylazine (100mg/10 mg/kg body weight, intraperitoneal injection) and subsequently perfused transcardially at room temperature (RT) with 4% formaldehyde (freshly depolymerized from paraformaldehyde), 0.2% picric acid and 0.1% glutaraldehyde in PBS 0.1 M (pH 7.4) for 10–15 min. The brains were then removed from the skull, post-fixed in the fixative solution for 1 week at 4°C and cut into 50 μm thick coronal sections using a vibratome.
Double Pre-Embedding Immunogold and Immunoperoxidase Method for Electron Microscopy
Our protocol previously published was used (Puente et al., 2019). Brain sections containing the subiculum were pre-incubated in a blocking solution of 10% bovine serum albumin (BSA), 0.02% saponin and 0.1% sodium azide in Tris-hydrogen chloride buffered saline (TBS 1X), for 30 min on a shaker at RT. Tissue was then incubated for 2 days at 4°C with both a rat monoclonal anti-GFP antibody (1:500, GF090R, Nacalai) and a rabbit polyclonal anti-Iba1 antibody (1:500, 019-19741, FUJIFILM Wako Pure Chemical Corporation) prepared in 10% BSA, 0.1% sodium azide and 0.004% saponin. After washes in 1% BSA/TBS, sections were incubated with 1.4 nm gold-conjugated goat anti-rat IgG antibody (Fab’ fragment, 1:100; Nanoprobes Inc., Yaphank, NY, United States) and with biotinylated anti-rabbit IgG antibody (1:200; Biotin-SP-AffiniPure donkey anti-rabbit IgG) diluted in 1% BSA/TBS with 0.004% saponin on a shaker for 4 h at RT. They were washed in 1% BSA/TBS and then incubated with the avidin-biotin peroxidase complex (1:50; Elite, Vector Laboratories, Burlingame, CA, United States) for 1.5 h at RT. Sections were then washed in 1% BSA/TBS and kept in the same washing solution overnight at 4°C, postfixed with 1% glutaraldehyde in TBS for 12 min at RT and washed in double distilled water. Gold particles were silver-intensified with the HQ Silver kit (Nanoprobes Inc., Yaphank, NY, United States) in the dark for 12 min at RT. The biotinylated antibody was exposed to 0.05% diaminobenzidine (pH 7.4) with 0.01% hydrogen peroxide for 3.5 min at RT. Sections were incubated with 1% osmium tetroxide, pH 7.4, in the dark for 20 min, washed in PB 0.1 M, dehydrated and embedded in Epon 812 resin. 50 nm-thick sections were cut with an ultra-diamond knife (Diatome United States) and collected on nickel mesh grids. They were counterstained with 2.5% lead citrate for 20 min and examined with a transmission electron microscope (JEOL JEM 1400 Plus, Canada). Tissue was photographed using a Hamamatsu FLASH digital camera inserted in the electron microscope. Anatomical landmarks were taken to locate the subiculum region.
To ensure homogeneous labelling between all samples, only the first 1.5 µm from the section surface of each specimen was collected. Random electron micrographs were taken of the subicula. Areas of 3,524 μm2 in CB2EGFP/f/f and 4,078 μm2 in 5xFAD/CB2EGFP/f/f mice were examined to assess CB2 receptors in Iba1-positive microglia. GFP gold particles were counted and differentiated between their localization in membrane (between 0 and 30 nm of the membrane) or cytosol (more than 30 nm). Minor contrast and brightness adjustments were made to the figures using ImageJ software (NIH; RRID: SCR_003070), Adobe Photoshop and Gimp.
Isolation of Microglial Cells and Flow Cytometry
Flow cytometry was employed to determine the ability of microglial cells to phagocytize Aβ (stained with methoxy-X04), and the levels of CB2 with RO7246360 probe (compound 3b in Sarott et al., 2020). 6-month-old animals were injected i. p. with Methoxy-X04 (Tocris Bioscience) at 10 mg/kg body weight. 24 h after injection, animals were deeply anesthetized by i. p. administration of a mixture of ketamine (170 mg/kg) and xylazine (10.7 mg/kg) and transcardially perfused with cold PBS 1X, pH 7.4. Brains were dissected and enzymatically digested to facilitate microglia separation. The cell suspension was mechanically dissociated and filtered through a 70 µm-cell strainer. Microglial cells, isolated by percoll gradient (GE Healthcare), were washed with PBS 1X and blocked with 1% BSA/PBS 1X for 20 min. Cells were stained with CD11b-PE and CD45-APC antibodies and with RO7246360 fluorescent probe for 40 min. Samples were read on a MACSQuant Flow Cytometer and analysed with MACS Quantify software (Miltenyi Biotec).
Debris and aggregates were eliminated from analysis by forward and side scatter characteristics. Then microglia were identified as CD11b+ CD45lo. The CB2 receptor expression was determined by the fluorescent signal of RO7246360 probe. Fluorescence signals were corrected by fluorescence minus one (FMO) control. For each hemisphere, approximately ten thousand CD11b + singlets were analysed.
Cyclic Adenosine Monophosphate Assay
Extracts from frozen brain cortices were obtained by homogenization in magnesium lysis buffer (MLB: 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl2, 1 mM EDTA) containing 10% glycerol, and protease and phosphatase inhibitors (1 mM Na3VO4, 25 mM NaF and protease inhibitor cocktail; Roche) and were maintained at 4°C. Homogenates were centrifuged at 12000 g for 20 min at 4°C and supernatants were collected to determine their protein content by BCA protein assay (Pierce™ BCA protein assay kit, Thermo Scientific). Homogenates were used to measure cAMP levels using an ELISA kit (cat.no. ab65355, Abcam) following the manufacturer’s instructions. Standards and samples were plated in duplicate, and the absorbance was measured at 450 nm using a Varioskan Flash multifunction plate reader (Sunrise, Tecan).
Aβ1-42 Peptide Quantification
Frozen mouse brain cortices were homogenized in four volumes (weight: volume) of TBS extracting buffer (140 mM NaCl, 3 mM KCl, 25 mM Tris, pH 7.4, 5 mM EDTA and protease inhibitor cocktail; Roche). Homogenates were centrifuged at 16,000 g for 20 min at 4°C. The supernatants were saved to quantify the soluble Aβ1-42 peptide fraction and the pellets were again homogenized in four volumes (weight: volume) of 5M guanidine 50 mM Tris-HCl pH 8. The supernatants obtained after the centrifugation step were collected to quantify the insoluble Aβ1-42 peptide fraction. An equal volume of PBS containing 1 mM serine protease inhibitor AEBSF (Sigma) was added to all samples and their protein content was determined by micro-BCA protein assay (Micro BCA™ protein assay kit, Thermo Scientific). Human Aβ1-42 Ultrasensitive ELISA kit (cat.no. KHB3544 Invitrogen) was used for the quantification of soluble and insoluble fractions of Aβ1-42 peptide following the instructions provided by the manufacturer. Standards and samples were plated in duplicate, and the absorbance was measured at 450 nm using a Varioskan Flash multifunction plate reader (Sunrise, Tecan).
Western Blotting
Extracts from frozen brain cortices were obtained following the procedure previously described for cAMP assay. Lysates (60 μg/lane) were separated by SDS-PAGE and transferred onto nitrocellulose membranes (BioRad) and PVDF membranes (BioRad, used for the transference of phosphorylated proteins). After blocking in 5% bovine serum albumin in TTBS (10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) membranes were incubated overnight at 4°C, as appropriate, with primary antibodies: anti-phospho-p38 MAPK (1:1000; Cell Signaling Technology, 4511T), anti-p38 MAPK (1:1000; Cell Signaling Technology, 8690T), anti-phospho-CREB (1:1000; Cell Signaling Technology, 9198S), anti-CREB (1:1000; Cell Signaling Technology, 9197T), anti-phospho-ERK1/2 MAPK (1:1000; Cell Signaling Technology, 9101S), anti-Erk1/2 MAPK (1:1000; Santa Cruz Biotechnology, sc514302), Anti-Iba1 (1:1000, FUJIFILM Wako Pure Chemical, 016-20001), Anti-APP N-terminus (1:1000, EMD Millipore, MAB348), Anti-APP C-terminus (1:2000, Sigma, A8717), anti-BACE1 (1:500, Abcam, ab 2077) and anti-GAPDH (1:1000; Abcam, ab8245). Membranes were incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibody anti-mouse IgG-HRP (1:10000; Abcam, ab97046), anti-rabbit IgG-HRP (1:5000; Cell Signaling Technology, 7074S) and were developed using a chemoluminiscent reagent (Western Lighting ECL Plus, PerkinElmer, NEL103001EA) in the appropriate equipment (ChemiDoc, Bio-Rad). GAPDH was used as an internal control. The relative quantity of protein levels in western blot was measured using ImageJ software (ImageJ; NIH).
Statistical Analyses
All statistical analyses were performed, and graphs were generated using GraphPad Prism v 9.0 (GraphPad). Graphs represent average values ± standard error of the mean. Normality of data distribution was determined with the Shapiro-Wilk or the D’Agostino-Pearson tests. For GFP labeling, data were analyzed by means of the Mann-Whitney U test. For the rest of determinations, data were analysed by means of two-way ANOVA, followed by Tukey’s post-hoc tests. A p-value < 0.05 was considered as statistically significant. Only male animals were used in the experiments. The number of animals used for each experiment is reported in the figure legends.
RESULTS
Microglial Localization of the CB2 Receptor in the Subiculum of CB2EGFP/f/f and 5xFAD/CB2EGFP/f/f by Electron Microscopy
The GFP/CB2 labelling was localized in Iba-1 immunopositive microglial processes in both CB2EGFP/f/f and 5xFAD/CB2EGFP/f/f mice (Figure 1). GFP-positive microglial processes increased significantly in 5xFAD/CB2EGFP/f/f (0.7126 ± 0.2311) relative to CB2EGFP/f/f (0.1648 ± 0.07686, *p: 0.0176; Figure 2). Likewise, a significant increase in the proportion of GFP-positive microglial ramifications was seen in 5xFAD/CB2EGFP/f/f (16.71 ± 3.664%) with respect to CB2EGFP/f/f (5.430 ± 2.631%; p = 0.0191; Figure 2). Also, the total number of GFP particles per area of microglial ramifications was significantly greater in 5xFAD/CB2EGFP/f/f (1.238 ± 0.2534) than in CB2EGFP/f/f mice (0.6962 ± 0.4138; p = 0.0467; Figure 2), and the number of GFP particles in microglial branches per 100 μm2 was statistically higher in 5xFAD/CB2EGFP/f/f (0.8343 ± 0.2962) than in CB2EGFP/f/f (0.1648 ± 0.07686; p = 0.0176; Figure 2). Noticeably in 5xFAD/CB2EGFP/f/f, the percentage of GFP immunoparticles localized in microglial membranes (77.22 ± 11.40%) was significantly higher than the proportion distributed in the cytosol (22.78 ± 11.40%; p = 0.0106; Figure 2). As to CB2EGFP/f/f, 100% of the GFP particles were found in microglial membranes.
[image: Figure 1]FIGURE 1 | Microglial GFP localization in the subiculum of CB2EGFP/f/f and 5xFAD/CB2EGFP/f/f mice. Double pre-embedding immunogold (GFP) and immunoperoxidase (Iba1) method for electron microscopy. GFP particles (red arrows) localize in Iba1-positive microglial elements (DAB immunodeposits, brown, *). In CB2EGFP/f/f (A–D), only GFP membrane localization is observed (arrows, (B). In 5xFAD/CB2EGFP/f/f, GFP particles are found in both membranes and cytosol (E–G). Notice dystrophic neurites (light green areas contoured by white dashed lines) in 5xFAD/CB2EGFP/f/f. Scale bars: 1 µm.
[image: Figure 2]FIGURE 2 | Assessment of the microglial GFP/CB2 localization in the subiculum of CB2EGFP/f/f and 5xFAD/CB2EGFP/f/f mice. (A) Number of microglial GFP-positive processes per 100 μm2. (B) Percentage of GFP-positive microglial processes. (C) GFP gold particles per microglial area. (D) Microglial GFP particles per 100 μm2. (E) Percentage of GFP particles in microglial membrane vs. cytosol in 5xFAD/CB2EGFP/f/f mice. Mann-Whitney U test. *<p0.05; **<p0.01; ***<p0.001; ****<p0.0001. N = 3 mice per group. Data represent mean ± SEM.
RO6866945 is a Selective CB2 Agonist in vivo
We then studied whether the chronic treatment with RO6866945 had an impact on the expression levels of cannabinoid CB2 receptors. We used two different approaches: first, RT-PCR revealed no significant effects of the 28-days treatment with the agonist on CB2 mRNA levels (F(1,23) = 0.6509, p = 0.4280) and confirmed the absence of CB2 expression in samples from 5xFAD/CB2-/- mice (Figure 3A; F(1,23) = 437.6, p < 0.0001). Second, we employed flow cytometry to quantify the binding of the selective fluorescent probe RO7246360 to the CB2 receptor; we found no changes induced by the chronic exposure to the agonist [F(1,22) = 0.02066, p = 0.8870] and confirmed the absence of CB2 protein in isolated microglia from 5xFAD/CB2-/- mice (Figure 3B; F(1,22) = 55.62, p < 0.0001).
[image: Figure 3]FIGURE 3 | The chronic exposure to the CB2 selective agonist, RO6866945, did not modify the expression of cannabinoid CB2 receptors. (A) mRNA levels of the cannabinoid CB2 receptor did not vary after treatment with RO6866945 but were completely absent in 5xFAD/CB2-/- mice. (B) Binding of the fluorescent probe RO7246360 to cannabinoid CB2 receptors was used to quantify protein levels, revealing no changes after treatment with the agonist and the negligible levels of CB2 protein in 5xFAD/CB2-/- mice. Two-way ANOVA followed by Tukey’s post-hoc test. **<p0.01; ****<p0.0001. N = 4–9 mice per group. Data represent mean ± SEM.
We next analyzed the signaling cascades affected by CB2 activation or deletion (Figure 4). We found that the CB2 agonist had a significant impact on cAMP levels [Figure 4A; F(1,19) = 8.851, p = 0.0078]. Post-hoc analysis revealed a decrease in cAMP in 5xFAD/CB2EGFP/f/f mice as a consequence of the treatment (p < 0.0001) that was absent in 5xFAD/CB2-/- mice (p = 0.9802). No differences due to the genotype were observed in vehicle-treated mice (p = 0.2537), although were significant between RO6866945-treated 5xFAD/CB2EGFP/f/f vs. 5xFAD/CB2-/- mice (p < 0.0001).
[image: Figure 4]FIGURE 4 | Signaling cascades regulated by the activation and deletion of cannabinoid CB2 receptors. (A) cAMP and p-CREB (B) levels were significantly decreased by the treatment with the CB2 agonist, remaining unaltered in samples from CB2-null mice. (C) p-p38MAPK levels were significantly elevated by the exposure to the agonist; in addition, samples from 5xFAD/CB2-/- mice exhibited significantly lower levels. (D) p-ERK levels were not modified by the treatment with the CB2 agonist or the genetic deletion of the receptor. Two-way ANOVA followed by Tukey’s post-hoc test. *<p0.05; **<p0.01; ***<p0.001; ****<p0.0001. N = 4–9 mice per group. Data represent mean ± SEM.
Regarding pCREB levels (Figure 4B), genotype had a significant effect [F(1,20) = 9.370, p = 0.0062]. Post-hoc analysis revealed that the agonist significantly decreased pCREB levels in 5xFAD/CB2EGFP/f/f mice (p = 0.0492) but not in 5xFAD/CB2-/- mice (p = 0.7765). No differences due to the genotype were observed in vehicle-treated mice (p = 0.9917), although were significant between RO6866945-treated 5xFAD/CB2EGFP/f/f vs. 5xFAD/CB2−/− mice (p = 0.0033).
p-p38MAPK levels (Figure 4C) were modified by the treatment with RO6866945 [F(1,20) = 21.77, p = 0.0001], by genotype [F(1,20) = 60.28, p < 0.0001] and by the interaction of both factors [F(1,20) = 6.088, p = 0.0228]. p-p38MAPK was increased in 5xFAD/CB2EGFP/f/f mice as a consequence of CB2 activation by the agonist (p = 0.0003) and exhibited significantly lower levels in samples from both vehicle- and RO6866945-treated CB2-lacking mice (p = 0.0064 and p < 0.0001, respectively). These observations highlight the selectivity of RO6866945 as a CB2-selective agonist and suggest a putative constitutive activation of p-38MAPK signaling cascade by CB2 receptors in the context of AD.
Finally, p-ERK levels remained unaltered after treatment with the agonist [F(1,18) = 2.377, p = 0.1405] as well as in 5xFAD/CB2−/− mice (Figure 4D; F(1,18) = 4.339, p = 0.0518).
CB2-Lacking Mice Express Lower Levels of Iba1 and Exhibit Impaired Phagocytic Activity
As microglia are the main source of cannabinoid CB2 receptors in the brain of 5xFAD/CB2EGFP/f/f mice, we analyzed the putative changes triggered in these cells by the activation of the receptor and by its genetic deletion (Figure 5). We found no changes in Iba1+ microglia (Figure 5A; F(1,20) = 0,7931, p = 0.3837) nor in its phagocytic activity (measured by its ability to internalize methoxy-X04-stained amyloid; Figures 5B,C; F(1,22) = 3.602, p = 0.0709) derived from CB2 activation by the agonist. However, significant differences were evident between 5xFAD/CB2EGFP/f/f and 5xFAD/CB2-/- microglia; thus, we found a decrease in Iba1+ microglia abundance [Figure 5A; F(1,20) = 34.95, p < 0.0001] as well as an impairment in its phagocytic activity (Figure 5B; F(1,22) = 69.96, p < 0.0001).
[image: Figure 5]FIGURE 5 | Iba1+ microglia and phagocytic activity is decreased after genetic deletion of the cannabinoid CB2 receptor. Analysis of cortices by western blot (A) and flow cytometry (B,C) revealed no changes associated to the treatment with the agonist together with a significant decrease in Iba1+ microglia (A). Phagocytic activity (B,C) of microglia was significantly impaired in 5xFAD/CB2-/- mice. Scatter plots of CD11b isolated microglia after intraperitoneal administration of methoxy-X04 are shown (B). Phagocytic capacity was calculated as percentage of methoxy-X04+/CD11b+/CD45lo cells to CD11b+/CD45lo cells (C). Two-way ANOVA followed by Tukey’s post-hoc test. *<p0.05. **<p0.01; ***<p0.001; ****<p0.0001. N = 5–6 mice per group. Data represent mean ± SEM.
The Activation as Well as the Genetic Deletion of CB2 Receptors Modify Amyloid Metabolism in vivo
We next measured the impact of CB2 modulation on Aβ levels. To that end, we quantified several amyloid-related peptides (APP, C83 and BACE1) as well as the soluble and insoluble forms of Aβ1-42, the main component of neuritic plaques (Figure 6). Our data showed no changes in APP [F(1,20) = 0.08911, p = 0.7684], C83 [F(1,20) = 0.1794, p = 0.6764] or BACE1 [F(1,20) = 3.026, p = 0.0973] after treatment with RO6866945. CB2 deletion induced significant differences in protein levels of BACE1 [F(1,20) = 10.34, p = 0.0043], but not in C83 (F(1,20) = 1.705, p = 0.2065) and APP [F(1,20) = 2.468, p = 0.1319].
[image: Figure 6]FIGURE 6 | Cannabinoid CB2 receptors modulate amyloid dynamics in vivo. No changes were evident after treatment in APP (A), C83 (B) or BACE1 (C), as measured by western blot. Soluble amyloid levels (D) remained also unaltered, while those of insoluble amyloid (E) were significantly increased by the exposure to the CB2 agonist and decreased in 5xFAD/CB2-/- mice. Two-way ANOVA followed by Tukey’s post-hoc test. *<p0.05; ****<p0.0001. N = 4-6 mice per group. Data represent mean ± SEM.
Levels of soluble amyloid were unaltered after treatment with the CB2 agonist [F(1,14) = 0.2681, p = 0.6127] or genetic inactivation of the receptor [F(1,14) = 0.1408, p = 0.1731; Figure 6D]. Cortical amounts of insoluble amyloid, however, were significantly modified by both (Figure 6E). Thus, the treatment with RO6866945 led to a significant increase in insoluble amyloid levels [F(1,17) = 17.88, p = 0.0006] in 5xFAD/CB2EGFP/f/f mice, while 5xFAD/CB2−/− mice exhibited decreased levels of this peptide [F(1,17) = 209.3, p < 0.0001].
DISCUSSION
In the present manuscript we report a significant role of cannabinoid CB2 receptors in microglial functions and in the metabolism of Aβ in an animal model of Alzheimer’s disease (5xFAD). Specifically, we found that the absence of CB2 receptors decrease the total number of microglial cells as well as their ability to phagocytose Aβ and have a modulatory role in the accumulation of the insoluble form of this pathogenic peptide. Furthermore, our data suggest that microglial CB2 receptors may be constitutively activated in the context of AD, as indicated by p38 phosphorylation state.
Our present data confirm the increased expression of cannabinoid CB2 receptors in plaque-associated microglia (Benito et al., 2007a). By using electronic microscopy, we have observed that the presence of EGFP (expressed under the control of the Cnr2 promoter region) was enhanced specifically in these cells, in 5xFAD/CB2EGFP/f/f mice, while in controls remained low or undetectable in microglial cells as well as in other cell types (such as neurons or astrocytes). These observations match with previous data obtained from our group (Benito et al., 2007b; López et al., 2018) and from others (Savonenko et al., 2015; Spangenberg et al., 2019) and confirm the selective expression of CB2 receptors in activated microglial cells in the context of the chronic neuroinflammation triggered by amyloid accumulation.
These findings allow us to assume that the changes in signal transduction cascades observed after treatment with the CB2 agonist, RO6866945, or after the genetic deletion of the receptor are mostly derived from the modulation of microglial cells, although the contribution of other receptor’s populations located in different types of cells cannot be completely ruled out. It might be possible that, even when expressed at very low levels, CB2 receptors could modulate the activity of neurons and/or astrocytes, as has been reported by other authors (Onaivi et al., 2008; Espejo-Porras et al., 2019). In our hands, however, microglial CB2 receptors must play a major role in the observed changes in cAMP, CREB and p38MAPK signaling cascades. Interestingly, p38MAPK regulation might be under the tonic influence of CB2 receptors, as its activity was significantly reduced in CB2-lacking mice.
These data match with those recently reported by Reusch et al. (Reusch et al., 2022) regarding microglial phagocytosis and signaling cascade (p38MAPK) profiles. By using cultures of BV-2 and primary microglia cells, these authors found that CB2 receptors are necessary for TLR-mediated activation, as shown by gene transcription, morphological and functional (LPS/IFN-γ, CpG and Polyl:C stimulation) analysis and that p38MPK signaling was directly involved in the CB2-mediated regulation of TLR function. Thus, primary neonatal microglia from CB2-/- exhibited a dysregulation of this intracellular route at the transcriptional level that was especially evident after challenge with LPS/IFN-γ and Polyl:C, with a significant reduction in the phosphorylation level of p38. Furthermore, the significant decrease in the phagocytic activity of CB2-lacking microglia we herein report may be also associated to the loss of TLR function, as these receptors are well-known for their critical role in the uptake and clearance of amyloid by these cells (Tahara et al., 2006). Finally, our present observations match well with our previously published study in which a decrease in methoxy-X04+ plaques in 5xFAD/CB2−/− mice was found (López et al., 2018).
As a limitation of the present studies, only male mice were employed. The question on putative sex differences in the 5xFAD model has been recently addressed by Forner et al. (Forner et al., 2021). These authors performed a comprehensive analysis of pathology-associated changes in male and female 5xFAD mice and found that female mice develop the disease at an earlier age, exhibit more significant weight loss, higher levels of insoluble Aβ and improved motor performance in the rotarod test than their males counterparts. A trend to increased microgliosis was also observed.
The current view on the pathogenesis of AD indicates that the accumulation of Aβ is one of the main hallmarks of this disease, together with the formation of tau-enriched neurofibrillary tangles (Querfurth and LaFerla, 2010). Both factors contribute to a significant loss of active synaptic connections in the cortex and hippocampus, triggering the well-known symptoms of this disease, such as memory loss, cognitive decline, etc. The animal model that we have employed in the present studies exhibits an enhanced amyloidogenic status, leading to the production of increased amounts of Aβ at early stages of the mouse’s lifespan and to the formation of neuritic plaques as early as 3 months of age (Oakley et al., 2006).
Though still controversial, the role of microglia in the formation and accumulation of amyloid-enriched neuritic plaques seems very relevant (Song and Colonna, 2018). It is thought that, in the context of AD and as the presence of increased species of Aβ extends in time, activated microglia become a relevant contributor to neuronal damage mainly by secreting elevated amounts of cytokines, ROS, and other mediators, and by losing their ability to phagocytose and degrade these pathological peptides (Song and Colonna, 2018). Importantly, microglia are thought to perform a “shielding” task by effectively surrounding neuritic plaques and thus preventing the expansion of the damage in the brain parenchyma (Condello et al., 2015). The complex role of microglia has been recently highlighted by recent reports showing that in vivo depletion of microglia (for instance, by the administration of antagonists of colony stimulating factor receptor-1, CSFR1, to mice) significantly alters plaque dynamics in the mouse brain. Spangenberg et al. (2019) and, very recently, Casali et al. (2020) have shown that microglia depletion prevents the formation of Aβ-enriched neuritic plaques and that microglia restoration favors its compact structure (Spangenberg et al., 2019; Casali et al., 2020). Our observations that CB2-deficient AD mice exhibit a decreased phagocytic activity combined with a decrease in cortical insoluble amyloid levels are suggestive of a role of CB2 receptors in plaque dynamics, in which their activation could contribute to a compaction of amyloid plaques while their deletion could lead to a more diffuse appearance. A similar effect has been described in TREM2-lacking mice, suggesting an impairment in microglial function (Wang et al., 2016).
Finally, it is important to note that other authors have reported conflicting data associated to the genetic deletion of cannabinoid CB2 receptors, different to those reported here. Koppel et al. (2014) used J20 APP mice to study the effects of CB2 genetic inactivation and found increased levels of soluble amyloid and plaques as well as enhanced plaque-associated microgliosis. In line with these data, Aso et al. (2016) also found significant increases in Aβ1-40 as well as in amyloid deposition in the APP/PS1 mouse model of AD. Wu et al. (2017) reported a stimulatory effect of a CB2 agonist on amyloid clearance combined with decreased microgliosis in the hippocampus of APP/PS1 mice. Conversely, Schmöle et al. (2015); Schmöle et al. (2018) found decreased microgliosis and amyloid levels as a consequence of CB2 deletion in APP/PS1 mice. Most of these studies also revealed no CB2-mediated effects on spatial memory. This variability regarding the effects of cannabinoid CB2 receptors may be partially explained by the variety of AD mouse models employed in these studies but may be also suggestive of the subtle and limited effects of modulating the activity of these receptors, as well as may reflect putative adaptive responses in constitutive knock-out models.
CONCLUSION
We have confirmed (by immunoelectron microscopy) microglia as the main source of cannabinoid CB2 receptors in the 5xFAD/CB2EGFP/f/f mouse model of AD. In addition, we have found that these receptors regulate the ability of these cells to phagocytose amyloid peptides in vivo and, probably in direct relation with this, in the composition of amyloid species in the brain. These data thus suggest a role for microglial cannabinoid CB2 receptors in the initiation, maintenance and removal of plaques and open new venues for the microglia-based therapeutic approaches in AD.
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