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ABSTRACT 73 

Neuroinflammation has recently emerged as a crucial factor in Alzheimer´s Disease (AD) 74 

etiopathogenesis. Microglial cells play an important function in the inflammatory response; 75 

specifically, the emergence of disease-associated microglia (DAM) has offered new insights into 76 

the conflicting perspectives on the detrimental or beneficial roles of microglia. We previously 77 

showed that modulating the endocannabinoid tone by fatty acid amide hydrolase (FAAH) 78 

inactivation renders beneficial effects in an amyloidosis context, paradoxically accompanied by 79 

an exacerbated neuroinflammatory response and the enrichment of DAM population. Here, we 80 

aim to elucidate the role of microglial cells in FAAH-lacking mice in the 5xFAD mouse model of 81 

AD by using RNA-sequencing analysis, molecular determinations, and morphological studies by 82 

using in vivo multiphoton microscopy. FAAH-lacking AD mice displayed upregulated 83 

inflammatory genes and exhibited a DAM genetic profile. Conversely, genes linked to AD were 84 

downregulated. Depleting microglia using PLX5622 revealed that plaque-associated microglia in 85 

FAAH-deficient AD mice had a more stable, ramified morphology and increased Aβ uptake, 86 

leading to reduced plaque growth compared to control mice. Importantly, FAAH expression was 87 

negligible in microglial cells, thus suggesting a role for FAAH in the cellular interplay in the central 88 

nervous system. Our findings show that Faah gene inactivation triggers a hetero-cellular 89 

enhancement of microglial function that was paradoxically paralleled by an exacerbated 90 

inflammatory response. Taken together, the present data highlight FAAH as a potential 91 

therapeutic target in AD. 92 

Keywords 93 

Alzheimer´s disease, fatty acid amide hydrolase, neuroinflammation, microglia, damage 94 

associated microglia, two-photon microscopy.  95 

 96 

Main Points: 97 
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- 5xFAD/FAAH-/- mice exhibit upregulated inflammatory genes, DAM profile, and 98 

downregulated AD-linked genes.  99 

- Microglia in 5xFAD/FAAH-/- mice have ramified morphology and increased Aβ uptake.  100 

- FAAH inactivation enhances microglial function in 5xFAD. 101 

 102 

INTRODUCTION 103 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the deterioration of 104 

cognitive functions and changes in behavior, typically beginning with impaired short-term 105 

memory. It has become the leading cause of dementia and its worldwide prevalence is projected 106 

to continue rising. AD is considered a multifactorial disorder influenced by various risk factors 107 

such as advancing age, vascular diseases, and genetic factors that significantly contribute to 108 

disease development (1). From a molecular point of view, primary changes include intraneuronal 109 

deposits of hyperphosphorylated tau protein (so called “neurofibrillary tangles”), reduced levels 110 

of acetylcholinesterase, and formation of extracellular deposits of amyloid beta (Aβ) peptide 1-111 

42 and 1-40 in the brain parenchyma (referred to as “neuritic plaques”) (1). However, 112 

accumulating evidence suggests that these classic pathological hallmarks cannot fully explain 113 

much of the pathogenesis of AD, suggesting the involvement of additional mechanisms of 114 

disease. Specifically, with the discovery of elevated levels of inflammatory markers in AD 115 

patients, inflammation has emerged as a crucial factor in AD etiopathogenesis (2). 116 

Neuroinflammation generally refers to an inflammatory response within the central nervous 117 

system (CNS) and is a common feature in the development of neurodegenerative pathologies. It 118 

can be considered as a physiological protective response that, when chronically active, can also 119 

drive neurodegeneration. Nevertheless, the role played by neuroinflammation in 120 

neurodegenerative diseases, particularly in AD, is still a subject of debate (2). In general, it is 121 

accepted that there is a significant chronic release of inflammatory cytokines in the AD brain, 122 

primarily from microglial cells. Microglia, the resident macrophages of the brain and spinal cord, 123 
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have traditionally been described as a uniform population of cells, essential for CNS development 124 

and brain homeostasis. However, under neurodegenerative conditions, they transition from their 125 

normal function to a state where they become detrimental to CNS health (3). Recently, 126 

comprehensive single-cell RNA analysis of CNS immune cells under neurodegenerative 127 

conditions has revealed the existence of disease-associated microglia (DAM) (4). These microglia 128 

represent a distinct subset of cells displaying a unique transcriptional and functional signature. 129 

In AD mouse models, DAM are closely associated with Aβ plaques, participate in the clearance 130 

of amyloid peptides, and exhibit defined gene expression profiles characterized by reduced 131 

expression of homeostatic microglial genes (4). The emergence of DAM as significant 132 

contributors to brain diseases offers new insights into the conflicting perspectives on the 133 

detrimental or beneficial roles of microglia. However, further research is required to understand 134 

the triggering mechanisms, signaling pathways, and regulatory checkpoints associated with 135 

DAM, as well as their implications in various brain diseases (5). In this way, developing strategies 136 

focused on modulating microglial function, such as molecules targeting the colony stimulating 137 

factor-1 receptor (CSF1R), are emerging, not only as a novel approach to treat neurodegenerative 138 

diseases, but also to explore the contribution of microglia to AD progress in the initial stages of 139 

the disease (6,7). 140 

The endocannabinoid system (ECS) plays an important role in the regulation of CNS homeostasis 141 

by participating in several key functions, including neurotransmission, inflammation, as well as 142 

neuronal and glial cell proliferation, differentiation, migration, and survival (8). The ECS is 143 

composed of endogenous cannabinoids, cannabinoid receptors, and the enzymes responsible 144 

for the synthesis and degradation of endocannabinoids. In recent years, there has been a 145 

growing interest in studying the role of the ECS in health and disease, and some of its 146 

components are now considered as potential pharmacotherapeutic targets for different 147 

conditions (9). Specifically, the ECS appears to be relevant as a therapeutic target in 148 
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neurodegenerative diseases such as Parkinson's disease, epilepsy, AD, and amyotrophic lateral 149 

sclerosis.  150 

The modulation of the ECS by increasing the endocannabinoid tone appears to be a promising 151 

strategy for the treatment of various CNS diseases. Specifically, the inhibition of 152 

endocannabinoids’ catabolic enzyme fatty acid amide hydrolase (FAAH) has been suggested as a 153 

putative therapeutic approach (10). FAAH is the main degradative enzyme for anandamide (AEA), 154 

as well as other N-acylethanolamines (NAEs), such as N-oleoylethanolamine and N-155 

palmitoylethanolamine. Pharmacological inactivation of FAAH leads to heightened 156 

endocannabinoid neurotransmission and may counteract neuroinflammation, pain, depression 157 

and anxiety (11). Consequently, FAAH represents a promising therapeutic target for various 158 

disorders affecting the peripheral and CNS and several FAAH inhibitors are currently being tested 159 

in clinical trials. One of them is Pfizer’s PF-04457845, a highly potent and selective FAAH inhibitor, 160 

which is currently under investigation for treating post-traumatic stress disorders and Tourette’s 161 

syndrome, among others (11). In the case of AD, it is speculated that elevated FAAH expression 162 

levels in the brain correlate with reduced levels of lipid amides and with an increase in 163 

symptomatology (12). Therefore, FAAH enzyme inhibition shows promising potential for 164 

improving symptoms associated with AD (12,13).  165 

Previous data from our group revealed that the genetic inactivation of Faah leads to a significant 166 

modification of the inflammatory state in the mouse brain, characterized by an increased 167 

expression of proinflammatory cytokines. Paradoxically, this enhanced neuroinflammatory 168 

milieu has beneficial consequences in terms of prevention of memory impairment, synaptic 169 

plasticity, and decreased amyloid peptide deposition (14–17). Although the expression of FAAH 170 

is mainly located in neurons and reactive astrocytes (18,19), these results suggest that this pro-171 

inflammatory environment might induce a shift in the activity and inflammatory profile of 172 

microglial cells. This was evident, for instance, in the increased microglial ability to respond 173 



   

 

8 

 

against a laser-induced acute injury to the brain parenchyma (15). Furthermore, the microglia 174 

M1/M2 ratio in mice lacking FAAH activity was significantly elevated and accompanied by a 175 

decrease in microgliosis and amyloid peptide levels (16). Finally, we also showed that microglia 176 

of FAAH-deficient mice have a greater capacity to phagocytose Aβ and show a profile closer to 177 

that of DAM (14). Therefore, these observations seem confirmative of the role of FAAH in the 178 

control of the inflammatory status of the mouse brain and underline the relevance of microglial 179 

cells as key players in these effects. 180 

The present work aims to define the molecular and morphological profiles of microglia following 181 

the genetic inactivation of Faah in the context of AD. To achieve this goal, we have performed a 182 

transcriptomic analysis and quantified the expression levels of several parameters indicative of 183 

the microglial activational state in 5xFAD mice. Additionally, we carried out an in vivo 184 

multiphoton microscopy study to analyze the impact of Faah gene inactivation on microglial 185 

morphology as well as on the structural features of neuritic plaques. Since CSF1R inhibitors are 186 

useful tools to explore the contribution of microglia to the progression of AD, we also induced 187 

the pharmacological ablation of microglial cells with PLX5622, and subsequent repopulation, to 188 

assess whether the genetic inactivation of Faah may induce changes in microglial morphology 189 

and plaque evolution in the context of AD.  190 

 191 

METHODS 192 

Mice 193 

Mice used in these experiments were described in our previous works (14,16,20). Briefly, mice 194 

co-expressing five familial Alzheimer’s disease mutations in heterozygosis (5xFAD) were 195 

purchased from Jackson Laboratories (Bar Harbor, ME, USA) (21) Mice homozygous for 196 

disruption of the gene that encodes FAAH were generated by Dr. Cravatt (FAAH−/− mice, (22)) in 197 

the C57BL/6 J background by replacing the first FAAH exon (encoding amino acids 1–65) and ≈2 198 
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kb of upstream sequence, and, consequently, the functionality of FAAH enzyme was 199 

constitutively altered. Then, these mice were crossed with 5xFAD mice and backcrossed for at 200 

least 10 generations to generate 5xFAD and 5xFAD/FAAH−/− littermates and their respective WT 201 

were used as controls. For experiments involving in vivo imaging, the Cx3cr1EGFP mouse line was 202 

used to visualize microglia (23). Therefore, 5xFAD and 5xFAD/FAAH−/− mice were mated with 203 

Cx3cr1EGFP mice to obtain 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice for in vivo 204 

imaging of microglia. Mice were housed at the animal facility of Universidad Francisco de Vitoria 205 

(authorization number #281150000013). Food and water were available ad libitum, and cages 206 

were kept under a 12-h light/dark cycle. Experimental protocols met the European and Spanish 207 

regulations for protection of experimental animals (2010/63/EU and RD 1201/2005 and 208 

53/2013) and were authorized by the local ethics committee (PROEX149/18). 209 

Transcriptomic analysis 210 

Here we profiled the transcriptome of hippocampi obtained from the brains of 5xFAD and 211 

5xFAD/FAAH−/− using RNA-sequencing (RNA-seq). For tissue collection, six-month-old male (N=3 212 

per genotype) were sacrificed by cervical dislocation and their brains were dissected to obtain 213 

hippocampi. Tissues were flash frozen in liquid nitrogen and stored at -80°C until further 214 

processing. RNA from hippocampi was isolated with the RNeasy mini kit (Qiagen). Samples were 215 

analyzed by using the NovaSeq 6000 sequencing platform (Macrogen). Quality checks on the raw 216 

sequencing data were performed using FastQC (version 0.11.9) to ensure data integrity before 217 

further processing. Subsequently, we employed Trim Galore (version 0.6.10) for adaptor 218 

trimming and removal of low-quality reads. The high-quality trimmed reads were aligned to the 219 

mm39 reference genome using the STAR aligner (version 2.7.10b) (24). To quantify gene-level 220 

expression, we utilized FeatureCounts from the Subread R package (version 2.01) (25), obtaining 221 

expected count data for subsequent analysis. Comparative analysis of expression profiles across 222 

different conditions was conducted using the DESeq2 package (version 1.38.0)(26). This analysis 223 



   

 

10 

 

employs a model based on a negative binomial distribution to identify differentially expressed 224 

genes. P-values were corrected for multiple testing using the Benjamini-Hochberg False 225 

Discovery Rate (FDR) method. Adjusted p-values below 0.05 were considered statistically 226 

significant and were used as the basis for functional enrichment analysis and Gene Set 227 

Enrichment Analysis (GSEA). GSEA was carried out with the GSEAPy Python package (27). We 228 

analyzed the expression data against a compendium of gene sets that represent Hallmark and 229 

the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Gene sets for the GSEA were 230 

sourced from the Molecular Signatures Database (MSigDB version 7.0) (28). To enhance the 231 

robustness of our findings, we performed 1,000 gene-set permutations during the GSEA. Terms 232 

with both FDR-adjusted p<0.05 and a nominal p value < 0.05 were deemed statistically 233 

significant. 234 

Molecular determinations 235 

The expression of genes and molecules associated with the intrinsic activity of microglial cells 236 

was quantified in order to analyze possible differences due to the genetic inactivation of the 237 

FAAH enzyme in the context of AD. Additionally, these molecular determinations were also 238 

performed after the treatment of mice with PLX5622, a CSF1R antagonist, provided by Plexxikon 239 

Inc. and formulated in AIN-76A standard chow (Research Diets Inc) at 1200 mg/kg that was 240 

administered to cause the pharmacological ablation of microglial cells (6). To that end, six-241 

month-old male WT, WT/FAAH-/-, 5xFAD and 5xFAD/FAAH−/− mice (N=8 per genotype) were 242 

exposed to control or PLX5622 diet ad libitum for 4 weeks to cause the pharmacological ablation 243 

of microglia. Then, mice were sacrificed and their brains were dissected to obtain hippocampus 244 

and cortex, which were processed for qPCR and western blot analysis, respectively. 245 

Quantification of mRNA levels by RT-qPCR 246 

RNA from hippocampus was isolated using Tripure isolation reagent (Roche). Then, a Transcriptor 247 

First Strand cDNA Synthesis Kit (Roche) was used according to manufacturer’s specifications and 248 
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relative gene expression was measured using CFX ConnectTM Real-Time System (Bio-Rad), 249 

Quantimix Easy probes Kit (Biotools), and the following mouse probes conjugated with FAM 250 

fluorophore PrimePCR™ Probe Assay (Bio-Rad): Rps18 (qMmuCEP0053856), Tlr4 251 

(qMmuCIP0035732), Nlrp3 (qMmuCIP0031558), Csf1r (qMmuCEP0054028), Csf1l 252 

(qMmuCIP0032398), Il1α (qMmuCIP0030741), Il1b (qMmuCEP0054181) Cnr2 (Custom) and 253 

Faah (qMmuCEP0055480). RNA expression was calculated using the comparative Ct method 254 

normalized to 18S ribosomal subunit. Data were expressed relative to a calibrator using the 2-255 

(ΔΔCt) ± s formula. 256 

Protein quantification by western blot 257 

Cortices were homogenized in lysis buffer (MLB: 25mM HEPES, pH 7.5, 150mM NaCl, 1% Igepal 258 

CA-630, 10 mM MgCl2, 1mM EDTA, 10% glycerol, 1mM Na3VO4, 25mM NaF and protease 259 

inhibitor cocktail; Roche). Then, samples were centrifuged at 12,000 xg for 20 min at 4°C and 260 

protein concentrations were quantified (BCA Protein Assay Kit, Thermo Scientific). Tissue lysates 261 

(50 μg/lane) were loaded into SDS-polyacrylamide gels, and the proteins were transferred onto 262 

nitrocellulose membranes (BioRad). After blocking in 5% bovine serum albumin in TTBS (10 mM 263 

Tris pH 7.5, 150mM NaCl, 0.1% Tween 20) membranes were incubated overnight at 4°C, as 264 

appropriate, with primary antibodies: anti-IBA1 (1:1000 FUJIFILM Wako), anti-CSF1R (1:1000, 265 

Abcam), and anti-GAPDH (1:10,000, Abcam). Membranes were incubated with corresponding 266 

horseradish peroxidase-conjugated mouse secondary antibody (1:10,000) or anti-rabbit 267 

(1:5,000) and were developed using a chemiluminescent reagent (GE Healthcare). Developed 268 

signals were recorded on ChemiDoc Imaging System (Bio-Rad) for densitometric analysis 269 

(ImageJ). 270 

In vivo imaging experiments 271 

Cranial window surgery 272 
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Six-month-old male 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice (N=7-8 per group) 273 

were used for intravital analysis of microglia and amyloid plaques using two-photon microscopy. 274 

To that end, these mice underwent surgery to implant a chronic glass-covered cranial window 275 

over the left barrel cortex as described by Mostany and Portera-Cailliau (29). Mice were 276 

anesthetized with a combination of isoflurane (Isoflurin®, 1000 mg/g, Fatro Iberica) and oxygen 277 

at 4%, with subsequent maintenance at 1.5% during the surgical procedures under sterile 278 

conditions. Animal’s core temperature was maintained at 37°C using a heating pad and their eyes 279 

were lubricated with eye ointment. Prior to the surgical intervention, dexamethasone 280 

(Cortexonavet®, 2 mg/ml, Syva) and carprofen (Norocarp®, 50 mg/ml, Karizoo) were 281 

administered subcutaneously and, when the skull was exposed, a drop of lidocaine and 282 

epinephrine solution (Anesvet®, 20/0.02 mg/ml, Ovejero Laboratorios) was applied for topical 283 

analgesia. The craniotomy (4 mm in diameter) was performed using a pneumatic dental drill, a 284 

5 mm coverslip was placed on top of the dura mater and was secured, as well as a titanium bar, 285 

with cyanoacrylate-based glue and dental acrylic (Ortho-Jet® Liquid, Lang Dental). 286 

Chronic in vivo 2PE imaging 287 

All mice were allowed to recover for 4 weeks prior to imaging experiments. After this period, 288 

mice received an intraperitoneal dose of methoxy-XO4 to stain amyloid plaques (10 mg/kg, Tocris 289 

Bioscience) and, 24 h later, the first imaging session was performed (t=0) to identify both 290 

microglial cells and amyloid plaques (at least 3 plaques per mouse and field, two/three fields per 291 

mouse) for subsequent tracking. Prior to the imaging acquisition, mice were anesthetized with 292 

isoflurane (5.0% for induction, 1 to 1.5% for imaging) and head-fixed to the microscope stage 293 

using the titanium bar. Imaging was done using a custom-built two-photon microscope with a 294 

femtosecond laser (Chameleon Ultra II, Coherent, Inc.). A 40x 0.8 NA water-immersion objective 295 

(Olympus), and ScanImage 3.8 Software written in MATLAB (Mathworks; RRID:SCR_001622). 296 

Microglial imaging was performed at 950 nm, later switched to 720 nm for visualizing amyloid 297 
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plaques to distinguish between microglial subtypes. Low magnification (0.36 µm/pixel) image 298 

stacks consisting of 100 single images (512 x 512 pixels) taken at 2 µm intervals (Z-step) were 299 

obtained starting approximately 40-50 µm below the brain's surface. Additionally, for a more 300 

detailed characterization of amyloid plaques, high magnification (0.18 µm/pixel) image stacks 301 

(512 x 512 pixels) taken at 1 µm intervals (Z-step) were captured until the entire plaque was 302 

visualized. 303 

After the first imaging session (t=0), PLX5622 treatment was started for 28 consecutive days, 304 

followed by exposure to control diet again for 9 days to evaluate cellular repopulation. Methoxy-305 

XO4 i.p injections and image acquisition sessions were repeated at the end of PLX5622 treatment 306 

(t=28) and after the repopulation period (t=37). All the images obtained were processed using 307 

Imaris software. 308 

3D Reconstruction and microglial morphology analysis 309 

Three-dimensional reconstruction of two-photon microscopy images was performed using 310 

Imaris Software (V.10.0, Oxford Instruments). Microglial cells and amyloid plaques were 311 

visualized by merging images captured at 950 nm and 720 nm wavelength. An important aspect 312 

of microglial morphology analysis was the identification of different microglial subtypes. For this 313 

purpose, the Surface tool was used to render amyloid plaques and reconstruct microglial soma. 314 

Microglial soma located less than 20 µm from amyloid plaques were classified as plaque-315 

associated microglia, while those situated further than 20 µm were referred to as non-plaque-316 

associated microglia (Supplementary Material Fig. S1). Microglial soma located within 10 µm 317 

from the image edges were excluded from the analysis to ensure the rendering of the complete 318 

cell structure. To improve image quality, the Attenuation Correction Extension of Imaris Software 319 

was employed to equalize image brightness throughout the Z-stack. Additionally, microglial 320 

processes were modelled using the Imaris Filament tool. The number of microglial X04-positive 321 

cells was determined using the Spots tool and expressed as the percentage of the total number 322 
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of microglial cells in each area. The analysis of microglial soma focused on measuring volume 323 

and sphericity, while the analysis of microglial processes included total length, sphericity, 324 

ramification index, and Sholl analysis. Amyloid plaque analysis involved measuring volume, 325 

sphericity, protein density, and intensity standard deviation. Additional details on the object 326 

segmentation algorithms used are provided in the Supplementary Material (Fig.S2). 327 

Statistical analysis 328 

The statistical analysis was performed with GraphPad 10.0. Data were analyzed by two-way-329 

anova (followed by Sidak’s post-hoc test). All data are expressed as mean  standard error of the 330 

mean (SEM). A p-value <0.05 was considered as statistically significant. The number of mice used 331 

in each experiment are included in the figure legends. 332 

 333 

RESULTS 334 

Transcriptomic analysis of 5xFAD/FAAH−/− mice revealed a significant enrichment in 335 

“Inflammatory Response” pathway and DAM signature, as well as a significant downregulation 336 

of “Alzheimer's Disease” pathway. 337 

In our study, RNA-seq analysis of hippocampi obtained from the brains of 5xFAD and 338 

5xFAD/FAAH−/− mice was employed to investigate the transcriptomic alterations stemming from 339 

FAAH inactivation in AD context. We undertook differential gene expression analysis, the results 340 

of which are depicted in a Volcano plot that delineates genes significantly upregulated (red) and 341 

downregulated (blue) with an FDR-adjusted p-value below 0.05, compared to those without 342 

significant changes (grey) (Fig. 1A, Supplementary Material Table S3 and Additional material). 343 

Pathway enrichment analysis, leveraging Hallmark gene sets and KEGG pathways, unveiled 344 

biological processes that are modulated due to FAAH inactivation, as indicated by the 345 

Normalized Enrichment Scores (NES). These pathways are associated with a variety of immune 346 
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responses, including TNFα, IL-6, and IFN signaling (Fig. 1B). Gene Set Enrichment Analysis (GSEA) 347 

revealed a significant enrichment in the “Inflammatory Response” pathway (Fig. 1B, 1D and 348 

Supplementary Material Fig. S4A and S4B), and a specific microglia signature from Grubman et 349 

al. (30) (Fig. 1F and Supplementary Material Fig. S4C), while the “Alzheimer's Disease” (Fig. 1C, 350 

1E and Supplementary Material Fig. S4B) pathway demonstrated an inverse trend (Fig. 1C and 351 

1E). 352 

 353 

Faah gene inactivation altered the expression pattern of genes associated with microglial 354 

function in AD. 355 

We analyzed the expression of some genes known to be involved in the Aβ-induced activation of 356 

microglia to detect possible differences due to the genetic inactivation of FAAH enzyme. We 357 

performed RT-qPCR experiments to measure mRNA levels of toll-like receptor 4 (Tlr4), NOD-like 358 

receptor protein 3 (Nlrp3), Il1α, Il1β, colony stimulating factor 1 receptor (Csf-1r) and its ligand 359 

(Csf1l), cannabinoid receptor subtype 2 (Cb2r), and FAAH in WT groups (CTRL and FAAH−/−) and 360 

AD animals (5xFAD and 5xFAD/FAAH−/−) (Fig. 2). As expected, the expression of all genes was 361 

significantly increased in AD animals compared to WT groups, except for that of Faah, which was 362 

significantly reduced. Additionally, expression levels of Nlrp3, Il1β, and Csf1r were significantly 363 

upregulated, while Csf1l and Cb2r were significantly downregulated in 5xFAD/FAAH−/− mice 364 

compared to 5xFAD littermates. 365 

 366 

Microglial ablation with PLX5622 revealed a FAAH-mediated differential response in the 367 

context of AD. 368 

Then, we analyzed tissue samples obtained from 5xFAD and 5xFAD/FAAH−/− mice treated with 369 

PLX5622 or control diet for 28 days. This CSF1R-selective antagonist triggers apoptosis in 370 
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microglial cells, thus allowing for a precise evaluation of putative changes after microglial 371 

deletion. To corroborate the ablating effects of PLX5622 on microglia, we first analyzed IBA1 and 372 

CSF1R protein levels in cerebral cortex lysates by western blot (Fig. 3A and 3B). As expected, IBA1 373 

and CSF1R protein levels were reduced after PLX5622 exposure, regardless of FAAH expression. 374 

Interestingly, we observed that CSF1R protein levels were significantly higher in 5xFAD/FAAH−/− 375 

mice compared to 5xFAD control mice, even though 5xFAD/FAAH−/− control mice exhibited a 376 

significant decrease in Iba1 expression (Fig. 3A and 3B). This observation suggests a combined 377 

decrease in microgliosis together with an enhanced level of CSF1R expression. Finally, we also 378 

assessed whether PLX5622 induced changes in mRNA levels of the same genes previously 379 

examined (Fig. 3: 3C to 3J). As expected, Faah expression remained unaffected by microglial 380 

ablation (Fig. 3J) and the expression of Tlr4, Nlrp3, Csf1r, and Il1α was significantly reduced after 381 

treatment (Fig. 3C, 3D, 3G and 3E, respectively), irrespective of FAAH enzyme inactivity. Il1β and 382 

Cb2R mRNA levels were significantly decreased following microglial ablation in 5xFAD/FAAH−/− 383 

mice but not in 5xFAD mice (Fig. 3F and 3H, respectively), in which the expression of Csf1l was 384 

significantly reduced after treatment (Fig. 3I). Furthermore, when exposed to PLX5622, Cb2R 385 

expression was notably lower in 5xFAD/FAAH−/− mice compared to 5xFAD mice.  386 

 387 

Plaque-associated microglia exhibited greater resistance to PLX5622 compared to non-plaque-388 

associated microglia. 389 

We next performed an in vivo study of microglial function using multiphoton microscopy. A 390 

cranial window was implanted on 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice to 391 

perform a longitudinal examination of the microglial response when exposed to PLX5622 (Fig. 392 

4A).  This approach allowed an in-depth characterization of microglial subtypes in the presence 393 

or absence of FAAH activity and under the influence of amyloid-induced neuroinflammation. To 394 

test the PLX5622 microglia depleting effect, we chronically imaged the microglia population 395 
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before PLX5622 treatment initiation (Day 0), after the chronic exposure to the CSF1R-antagonist 396 

(Day 28), and after treatment withdrawal and microglial repopulation (Day 37). Images were 397 

analyzed using Imaris 10.0 Spots tool, and the percentage of living cells relative to day 0 was 398 

quantified (Fig. 4B). To perform a detailed follow-up of the microglial response, we differentiated 399 

“plaque-associated” cells (located at less than 20 µm from amyloid plaque center) from “non-400 

plaque associated” cells (located 20 µm from the plaque center). These microglial subtypes 401 

showed different sensitivity to PLX5622 treatment. Specifically, 69% and 58% of plaque-402 

associated microglia in 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice, respectively, 403 

survived after the PLX5622 treatment (Day 28; Fig. 4C and 4E), while 14% and 21% of living cells 404 

was observed for non-plaque-associated microglia (Fig. 4E and 4E). FAAH deletion did not cause 405 

significant differences in cell survival after 28 days of treatment. At day 37 the glial population 406 

was restored to levels of those on day 0 (Fig. 4C and 4D). These results suggest that plaque-407 

associated microglia may be less responsive to PLX5622 treatment than non-plaque-associated 408 

microglia, and that both microglial subtypes have similar repopulation rates regardless of FAAH 409 

activity under pathological conditions. 410 

 411 

Exposure to PLX5622 reveals unique morphological features in neuritic plaque-associated 412 

microglia in FAAH-deficient mice. 413 

We next aimed to characterize microglial morphology changes associated with FAAH genetic 414 

inactivation in the context of AD and microglial ablation. To achieve this, we performed a 415 

longitudinal imaging study using in vivo multiphoton microscopy while administering PLX5622 to 416 

5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice. Imaging sessions were performed at 417 

different time-points and the images obtained after each session were processed and three-418 

dimensionally reconstructed and analyzed using Imaris Software. First, we quantified the 419 

number of Sholl intersections of plaque-associated and non-plaque- associated microglia (Fig. 420 



   

 

18 

 

5). At day 0, the Sholl analysis of 5xFAD/FAAH-/-/Cx3cr1GFP/+ plaque-associated microglia revealed 421 

a more complex structure than that of 5xFAD/Cx3cr1GFP/+ mice, as observed by the significantly 422 

higher number of Sholl intersections (Fig. 5A). This increased microglial complexity was also 423 

detected both after exposure to PLX5622 at day 28 (Fig. 5B) as well as after repopulation at day 424 

37 (Fig. 5C). However, neither the genetic inactivation of Faah nor PLX5622 exposure affected 425 

non-plaque-associated microglial complexity (Fig. 5D, 5E and 5F).  426 

To characterize the morphological features of processes and soma of microglia, images were 427 

reconstructed and analyzed using Imaris 10.0 filament and surface tools, respectively (Fig. 6A 428 

and 6B). Regarding cell processes of plaque-associated microglia, 5xFAD/Cx3cr1GFP/+ mice 429 

showed significant morphological changes after PLX5622 treatment, while the glia of 430 

5xFAD/FAAH-/-/Cx3cr1GFP/+ mice remained almost unaltered (Fig. 6C to E). The glia from 431 

5xFAD/Cx3cr1GFP/+ mice exhibited shorter processes (Fig. 6C), with higher sphericity (Fig. 6D), and 432 

lower ramification index (Fig. 6E) than those of 5xFAD/FAAH-/-/Cx3cr1GFP/+ microglia. On the other 433 

hand, the volume and soma sphericity of plaque-associated microglia were not significantly 434 

affected by PLX5622 treatment (Supplementary Material Fig. S3A). Finally, processes of non-435 

plaque associated microglia were almost unaffected by PLX5622 treatment (Fig. 6F to 6H), while 436 

soma showed lower sphericity and higher volume linked to 5xFAD/Cx3cr1GFP/+ mice 437 

(Supplementary Material Fig. S3B). 438 

 439 

PLX5622 treatment revealed changes in phagocytic microglial activity linked to FAAH genetic 440 

inactivation that also impacted the progression of neuritic plaques. 441 

Time-lapse analysis of in vivo microglial dynamics allowed us to determine the effect of FAAH 442 

enzyme inactivation on the phagocytic activity of microglia and on the progression of the amyloid 443 

pathology. Microglial phagocytic activity was determined by the presence or absence of 444 

methoxy-X04 labelling in microglia and we identified X04-positive microglia as cells with 445 
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potential phagocytic role (Fig. 7A). The number of microglial X04-positive cells was quantified 446 

and expressed as the percentage of the total number of microglial cells (Fig. 7B). After 28 days 447 

of PLX5622 exposure, we observed that Faah gene inactivation was associated with a significant 448 

increase in the percentage of X04-positive microglial cells (Fig. 7B), suggesting an enhanced 449 

phagocytic activity.  450 

We also analyzed several structural features of amyloid plaques (Fig. 7C to H). Our data show 451 

that amyloid plaques in 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice remained almost unaffected by PLX5622 452 

treatment (except for an increase in plaque density at day 28) (Fig. 7F). Plaques in 453 

5xFAD/Cx3cr1GFP/+ mice, however, showed larger plaque volume (Fig. 7D) and reduced plaque 454 

sphericity (Fig. 7E) than those in 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice at days 28 and 37. Therefore, 455 

we conclude that the lack of FAAH activity resulted in different plaque progression patterns 456 

following microglia ablation. 457 

 458 

DISCUSSION 459 

Intraneuronal deposits of abnormal tau tangles, reduced levels of acetylcholinesterase, and 460 

formation of Aβ-plaques have long been recognized as the primary pathological hallmarks of AD 461 

in the brain. Recent evidence suggests the involvement of additional mechanisms of disease to 462 

further explain the pathogenesis of AD. Particularly, neuroinflammation has emerged as a critical 463 

player in AD progression, together with the identification of AD risk genes associated with innate 464 

immune functions, particularly in microglial cells. Regarding the underlying physiology, there is 465 

a significant imperative to understand and regulate interactions between the neurons and 466 

microglial cells, to develop approaches that may prevent or delay disease’s progression (2,31).  467 

In this study, we demonstrate that the chronic increase in endocannabinoid tone in a mouse 468 

model of AD is associated with a genetic profile that triggers an exacerbated inflammatory 469 

response. Paradoxically, this finding is accompanied by a lower expression of genes associated 470 
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with AD development. This modulation may be mediated by changes in the expression of certain 471 

microglial genes, as well as by changes in morphology and activity of microglia in the absence of 472 

FAAH. Specifically, FAAH-lacking AD mice showed an upregulation of genes involved in several 473 

inflammatory signaling pathways and a DAM genetic profile, whereas the expression of genes 474 

associated with AD development was downregulated. Furthermore, after 28 days of PLX5622-475 

induced microglial ablation, we observed that plaque-associated, but not non-plaque-476 

associated, microglial cells in 5xFAD/FAAH-/- mice exhibited a more stable morphological profile 477 

(including longer, more ramified, and less spherical processes) and an enhanced uptake of Aβ 478 

peptides, along with a reduced growth of amyloid plaques compared to those observed in 5xFAD 479 

mice. Consequently, our findings seem to show that, although FAAH is not expressed by 480 

microglial cells, it may modulate their functions. 481 

Our previously published data, also obtained in 5xFAD and 5xFAD/FAAH-/- mice, pointed that the 482 

genetic inhibition of FAAH in the context of AD lead to a pro-inflammatory environment that 483 

prevents memory impairment, preserves synaptic plasticity, and decreases amyloid peptide 484 

deposition (14–17). This paradoxical association between exacerbated neuroinflammation and 485 

neuroprotective effects in the context of Faah gene inactivation was confirmed by the 486 

transcriptomic analysis performed in the present study. The most interesting results emerged 487 

when we analyzed data from GSEA. Hallmark enrichment analysis detected a significant over-488 

expression of genes associated with cellular processes and signaling pathways involved in 489 

inflammatory response (Fig. 1D). In contrast, KEGG enrichment analysis showed a significant 490 

down-regulation of genes that usually contribute to AD progression (Fig. 1E). Moreover, we have 491 

recently reported an overexpression of TREM2 and CTSD phagocytic-related microglial 492 

receptors, which was specifically associated to Faah deletion in pathological conditions (14). 493 

These two genes are commonly associated to the DAM signature and their over-expression 494 

indicated the presence of a DAM-enriched microglial population in 5xFAD/FAAH−/− brains. In the 495 

present study, we also evaluated the transcriptional signature associated with DAM defined by 496 
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Grubman and colleagues (30). We found that these genes were significantly upregulated in 497 

5xFAD/FAAH-/- mice compared to 5xFAD mice (Fig. 1F). This finding supports the presence of a 498 

DAM-enriched microglial population in the brains of 5xFAD/FAAH−/− mice, as highlighted in our 499 

previous work (14). Consequently, it appears that the induction of the DAM profile has a 500 

beneficial impact regarding amyloidosis levels when FAAH is genetically inactivated. However, 501 

the contribution of DAM microglia to AD progression is still under investigation. For instance, 502 

recent studies have suggested that the progression of neurodegeneration in AD is not directly 503 

linked to DAM genes (32). Nonetheless, it is evident that the dysfunction of homeostatic 504 

microglia is closely associated with AD progression (32,33). 505 

We analyzed next the expression of specific genes which are related to microglial activation to 506 

study possible differences when FAAH is genetically activated. In AD, Aβ induces TLR4 activation 507 

in microglia and promotes the activation of NF-κB and the production of pro-inflammatory 508 

cytokines, such as IL1β (34). Additionally, NLRP3 inflammasome activation mainly occurs in 509 

microglia and leads to the production of several inflammatory cytokines, like IL-1β and IL-1α (32), 510 

playing a key role in the development and progression of Aβ-plaque formation (35). 511 

Consequently, we measured mRNA levels of Tlr4, Nlrp3, Il1β, and Il1α in WT and AD mice to 512 

check whether Faah gene inactivation changes their expression levels. As expected, we detected 513 

a general increase in mRNA expression of these genes due to the AD pathology, being the 514 

expression of Nlrp3 and Il1β higher in 5xFAD/FAAH-/- mice when compared with 5xFAD mice (Fig. 515 

2B and 2D).  516 

Together with the evaluation of the expression of genes related to microglia activation, we also 517 

measured the expression of colony stimulating factor 1 (CSF1L) and its receptor (CSF1R). CSF1R 518 

is predominantly expressed on microglia and CSF1L is generally expressed by neurons and 519 

astrocytes in the CNS (36,37). Interestingly, CSF-1R signaling and the expression of CSF-1L can be 520 

significantly upregulated during inflammation (37). In the homeostatic brain, a baseline level of 521 
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CSF1L helps to maintain microglial roles of synaptic pruning, release of neurotrophic factors, and 522 

promotion of brain connectivity (37). However, changes in CSF1L secretion from neurons and 523 

astrocytes and increases in CSF1R expression have been described in various pathological 524 

conditions of the CNS and are considered activating factors for resting microglia (37). 525 

Additionally, the up regulation of CSF1R expression has been linked to the DAM profile (4,7). In 526 

our study, we found a significant elevation in CSF1R expression (Fig. 2E) and a reduction in CSF1L 527 

expression (Fig. 2G) in 5xFAD/FAAH-/- mice compared to 5xFAD mice. Importantly, these changes 528 

were concomitant with decreased microgliosis, as indicated by lower levels of Iba1 protein (Fig. 529 

3A). Decreased microgliosis in 5xFAD/FAAH-/- mice has been previously observed by our group 530 

by means of Iba1+ cell densitometry (20) and flow cytometry (16). This observation may be 531 

linked to the DAM profile exhibited by microglia in 5xFAD/FAAH-/- mice and could also explain 532 

the preservation of homeostatic microglial functions observed in these mice, such as 533 

hippocampal synaptic plasticity, dendritic spine density and uptake of Aβ (14). Considering our 534 

present results, we suggest that neuroinflammation associated to FAAH genetic inactivation is 535 

linked to DAM profile development, which involved changes in CSF1R-axis, that could be, at least 536 

in part, responsible of the significant amelioration of the pathology detected in 5xFAD/FAAH-/- 537 

mice. 538 

To understand the triggering mechanisms and regulatory checkpoints associated with the role of 539 

microglia in AD, and additionally as a novel approach to treat neurogenerative diseases, CSF1R 540 

inhibitors, such as PLX562, are emerging (6,7). In this way, we also explored whether a 541 

pharmacological challenge to microglia could unveil additional features affected by the genetic 542 

inactivation of Faah. To that end, we employed PLX5622, known to induce a powerful apoptotic 543 

response in cells of myeloid origin, including microglia (6). In addition to the expected decrease 544 

in microglial markers (TLR4, CSF1R, CB2) triggered by the administration of PLX5622 (Fig. 3C, 3G 545 

y 3H), we also found significant decreases in markers of diverse cellular origin, i.e., IL1, IL1 546 

and CSF1L (Fig. 3E, 3F y 3I). Importantly, Faah expression levels remained unaltered, confirming 547 
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that microglial cells exhibit very low expression levels (if any) of this enzyme, as previously 548 

described by Muccioli and Stella (38) and that the effects associated to FAAH gene inactivation 549 

on microglia observed in this and previous studies (39) reflect a hetero-cellular regulation by 550 

other glial and/or neuronal cells. 551 

Additionally, the use of PLX5622 allowed us to define and study two different populations of 552 

microglia according to their proximity to amyloid plaques: plaque-associated and non-plaque 553 

associated microglia. Our study aimed to assess whether the genetic inactivation of Faah and 554 

the resulting pro-inflammatory environment leads to morphological and in situ functional 555 

differences in these two populations of microglial cells after their ablation induced by PLX5622 556 

and subsequent repopulation. Microglial morphology and changes in plaque-associated 557 

microglia have been described as indicators of inflammatory response (40). By using intravital 558 

multiphoton microscopy, we observed a surviving microglial population after 28 days of PLX5622 559 

exposure and a rapid repopulation after CSF1R inhibition withdrawal (6,41). Our findings 560 

revealed that microglia associated with plaques display increased resistance to PLX5622 561 

treatment compared to those not associated with plaques (Fig. 4C and 4E). These data agree 562 

with those of Spangerberg and collaborators (6), who suggested that the enhanced survival of 563 

plaque-associated microglia may be linked to the expression of several markers of the DAM 564 

profile in the hippocampus of PLX5622-treated 5xFAD mice, such as CSF1R. In fact, previous 565 

works, that also used PLX5622 to cause microglial ablation and analyzed its consequences to AD 566 

pathology, described that the Iba1+ cells detected in the brains of PLX5622-treated animals did 567 

co-express CSF1R and seem to be resistant to the PLX5622 treatment (42,43). However, further 568 

characterization should be required to delineate the precise role of DAM in the progression of 569 

neuritic plaques (6). 570 

We also analyzed microglial morphology due to its close relation to cellular function (44). Some 571 

of the parameters extensively used to assess this analysis are sphericity, volume, length, and 572 
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number of end points of microglial processes, among others (45–47). Our results indicate that 573 

the lack of Faah activity in AD may contribute to increased branching complexity of plaque-574 

associated microglia (Fig. 5A to 5C and Fig. 6C). This complexity remained stable throughout 575 

PLX5622 exposure. In contrast, 5xFAD mice exhibited morphological changes typically associated 576 

with microglial transition into a more amoeboid state.   577 

Ramified morphology was long thought to be adopted by microglial cells under physiological 578 

conditions and were termed as “resting microglia” (48). In contrast, ameboid shape with 579 

thickened and retracted processes were traditionally linked to an activation state associated with 580 

the enhancement of several glial functions like migration, antigen presentation or phagocytosis 581 

(49–51). Nevertheless, this two-state microglial activation paradigm seems now outdated due to 582 

the discovery through ultrastructural analysis of alternative microglial phenotypes (52,53). 583 

Moreover, in vivo two-photon imaging data has revealed that microglia are continuously active 584 

in the CNS, being able to phagocytose cellular debris through their terminal branches. It is also 585 

generally accepted that ameboid microglia exhibit reduced phagocytic activity (54–58). 586 

Therefore, microglia react to different factors such as species, sex, age, specific brain area, and 587 

health or disease conditions by transitioning to different states and displaying several functions 588 

(59).  589 

Our data indicate that, despite FAAH not being expressed in microglia, the absence of FAAH 590 

activity impairs microglial function, which, in turn, triggers significant changes in neuritic plaque 591 

structural features. We observed a progressive increase in plaque volume in 5xFAD mice (Fig. 592 

7D), whereas 5xFAD/FAAH-/- mice exhibited an unaltered progression of neuritic plaque volume 593 

alongside an increased number of X04+ microglial cells (Fig. 7D and 7B, respectively), despite the 594 

more ramified morphology of their plaque-associated microglia. In addition, these mice showed 595 

plaques with increased density after PLX5622 exposure (Fig.7F). These observations are in accord 596 

with previous reports showing that microglial depletion by CSF1R antagonism leads to increased 597 
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plaque size (60,61), and confirm a critical role for microglia in maintaining compact-like plaques, 598 

thereby limiting the growth of amyloid plaques and potentially slowing the progression of 599 

neuritic dystrophy (62,63). Although the neuroprotective or detrimental role of microglia in AD 600 

progression is still a subject of debate (64), FAAH may be considered as a relevant modulator of 601 

microglial function, specifically in microglia located near neuritic plaques.  602 

 603 

CONCLUSIONS 604 

In the present work, we demonstrate that chronic increase in endocannabinoid tone due to FAAH 605 

genetic inactivation in a mouse model of AD leads to a gene expression profile that triggers an 606 

exacerbated inflammatory response, which is paradoxically coupled to a lower expression of 607 

genes associated with AD development. This modulation seems to be influenced by alterations 608 

in the expression of certain microglial genes together with changes in microglial morphology and 609 

function following Faah gene inactivation. Specifically, our studies revealed an increase in the 610 

expression of genes linked to a DAM signature, suggesting an enrichment of this microglial 611 

population in 5xFAD/FAAH-/- mice brains. Additionally, after 28 days of pharmacological 612 

microglial ablation induced by PLX5622, we observed that plaque-associated microglial cells in 613 

5xFAD/FAAH-/- mice exhibited a more stable morphological profile that enhanced the uptake of 614 

Aβ peptides and reduced the growth of amyloid plaques compared to those in 5xFAD mice. 615 

In summary, our findings showed that, although FAAH is not expressed by microglial cells, it may 616 

modulate their functions, leading to neuroprotective effects associated, paradoxically, to an 617 

exacerbated inflammatory response. Taken together, the present data highlight FAAH as a 618 

potential therapeutic target in AD. 619 

 620 
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5xFAD: Five familial Alzheimer’s disease mutations 622 

Aβ: Amyloid beta  623 

AD: Alzheimer´s Disease 624 

AEA: Anandamide  625 

CB2R: Cannabinoid receptor subtype 2  626 

CSF1L: Colony stimulating factor 1 ligand 627 

CSF1R: Colony stimulating factor 1 receptor 628 

DAM: Disease-associated microglia 629 

ECS: Endocannabinoid system  630 

FAAH: Fatty acid amide hydrolase  631 

FDR: False Discovery Rate 632 

GSEA: Gene Set Enrichment Analysis 633 

IL1α: Interleukin 1 alpha 634 

IL1β: Interleukin 1 beta  635 

KEGG: Kyoto Encyclopedia of Genes and Genomes 636 

mRNA: Messenger ribonucleic acid 637 

MSigDB: Molecular Signatures Database  638 

NAEs: N-acylethanolamines  639 

NES: Normalized Enrichment Scores 640 

NLRP3: NOD-, LRR- and pyrin domain-containing protein 3 641 
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RNA-seq: Ribonucleic acid sequencing 642 

RT-qPCR: Reverse transcription-quantitative polymerase chain reaction 643 

TLR4: Toll-like receptor 4  644 
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 664 

Figure 1: Differential Expression and Pathway Interplay Elicited by FAAH inactivation. (A) 665 

Volcano plot representing differential gene expression in 5xFAD/FAAH-/- mice compared to 5xFAD 666 

mice (n=3 per genotype), with significant upregulation (red), significant downregulation (blue), 667 

and non-significant changes (grey). Notable genes are labelled. (B) Hallmark gene set enrichment 668 

analysis highlighting the top enriched pathways, with dot size correlating with the percentage of 669 

genes involved and color intensity representing FDR significance. (C) Enrichment of KEGG 670 

pathways shown by NES values; dot size indicates the percentage of genes in the set, and color 671 

denotes FDR significance. (D-F) GSEA plots for the “Inflammatory Response”, “Alzheimer's 672 

Disease”, and microglia signature from Grubman et al., 2021, respectively, with the x-axis 673 

representing gene rank, the y-axis showing the running enrichment score, and vertical lines 674 

indicating the position of AD-FAAH within the gene list. The plots illustrate significant pathways 675 

with FDR-adjusted p values < 0.05, emphasizing the genes contributing to the enrichment score 676 

at the peak of each plot. 677 

 678 

 679 

 680 

 681 
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 682 

Figure 2: Amyloid pathology selectively modifies the expression levels of several key microglial 683 

genes. Expression levels of the microglial markers Tlr4 (A), Nlrp3 (B), Il1 (C), Il1 (D), Csf1r (E) 684 

and Cb2 (F) were increased as a consequence of the enhanced amyloid production characteristic 685 

of 5xFAD mice (*p0.05; **p0.01; ***p=0.001; ****p0.0001). Csf1l expression levels (G), 686 

although of neuronal origin, were also significantly modified due to the pathology (*p0.05; 687 

***p=0.001; ****p0.0001). Faah expression (H) decreased as in 5xFAD mice (*p0.05; 688 

**p0.01; ****p0.0001). Data are presented as mean  standard error of the mean. N=8 mice 689 

per group. 690 

 691 

 692 

 693 

 694 

 695 

 696 
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 697 

Figure 3: PLX5622 exposure induces the ablation of microglial cells in the brains of 5xFAD mice 698 

and significantly reduced the expression levels of microglial markers. (A) IBA1 protein levels 699 

were significantly lower in FAAH-lacking AD mice (**p0.01); Iba1 was significantly diminished 700 

after treatment with PLX5622 in both 5xFAD and 5xFAD/FAAH-/- mice (****p0.0001). (B) CSF1R 701 

protein levels were increased in FAAH-/- mice and significantly reduced after treatment with 702 

PLX5622 (*p0.05). mRNA levels of Tlr4 (C), Nlrp3 (D), Il1 (E), Il1 (F), and Csf1r (G) were 703 

dramatically reduced after treatment with the CSF1R antagonist, PLX5622 (**p0.01; 704 

***p=0.001; ****p0.0001). (H) Cb2 mRNA levels were diminished in 5xFAD/FAAH-/- but not in 705 

5xFAD mice (*p0.05; **p0.01), probably due to the restricted expression of this receptor in 706 

plaque-associated microglia, which exhibited significantly higher resistance to PLX5622 707 

treatment (see text). (I) The neuronal marker Csf1l was also affected by PLX5622 treatment 708 

(**p0.01), but no differences were found between genotypes. (J) Faah expression was 709 

significantly lower in 5xFAD/FAAH-/- mice (****p0.0001) and remained unaltered after 710 

exposure to PLX5622. Data are presented as mean  standard error of the mean. N=8 mice per 711 

group. 712 
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 713 

Figure 4: PLX5622-induced apoptosis reveals different subpopulations of microglial cells in 714 

5xFAD mice. (A) Schematic representation of the experimental set-up performed in the in vivo 715 

study of microglial function using multiphoton microscopy (B) Top: Representative time-lapse in 716 

vivo multiphoton microscopy images of the effect of PLX5622 on microglial survival. After 28 days 717 

of exposure to PLX5622 (middle panel) a clear reduction in microglial cell population was evident 718 

with respect to day 0 (left panel). Note that this decrease was especially intense in areas located 719 

far from neuritic plaques (blue color), while microglial cells surrounding these pathological 720 

structures survived. 9 days after the return to normal diet (day 37), a significant re-population 721 

was evident (right panel). Bottom: 3D reconstructions of the microscope fields shown. (C) Time-722 

course of the ablation and subsequent re-population process of plaque-associated (20 m 723 

distance from plaque center) microglial cells; % of survival after 28 days of exposure to PLX5622 724 

was of 69.1620.85 and 58.6014.32 for 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-/Cx3cr1GFP/+, 725 

respectively. (D) Non-plaque associated microglial cells (20 m distance from plaque center) 726 

survival was of 13.968.00 % and 20.7010.23 % for 5xFAD/Cx3cr1GFP/+ and 5xFAD/FAAH-/-727 

/Cx3cr1GFP/+, respectively. (E) The rate of survival of microglial cells was significantly lower in non-728 

plaque associated microglial cells (NPA) than in those located in close vicinity to these 729 

pathological structures (plaque-associated cells, PA), independently of the genotype 730 

(***p=0.001; ****p0.0001). Data are presented as mean  standard error of the mean. N=8-9 731 

mice per group. 732 

 733 

 734 
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 735 

Figure 5: Time-course Sholl analysis of microglial morphological complexity. (A to C) 736 

Arborization complexity of plaque-associated 5xFAD/Cx3cr1GFP/+ vs. 5xFAD/FAAH-/-/Cx3cr1GFP/+ 737 

microglia before the treatment with PLX5622 (day 0), the last day of treatment (day 28), and 9 738 

days after recovery (day 37); microglia from FAAH-lacking mice exhibited increased complexity 739 

at all time points studied (*p0.05; **p0.01; ***p=0.001; ****p0.0001). (D to F) Sholl analysis 740 

of non-plaque associated microglia revealed no differences between groups at the time points 741 

studied in this glial subpopulation. Data are presented as mean  standard error of the mean. 742 

N=8-11 mice per group. 743 

 744 

 745 
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 758 

Figure 6: Time-course analysis of processes from plaque and non-plaque associated microglial 759 

cells. (A and B) Representative 3D reconstruction (Imaris) of in vivo multiphoton images of 760 

microglial processes. Faah gene inactivation prevented PLX5622-induced changes in 761 

morphological features of microglial processes in plaque-associated cells; total length (C), 762 

sphericity (D), and ramification index (E) were dramatically altered in 5xFAD/Cx3cr1GFP/+ mice 763 

after 28 days of exposure to PLX5622 and returned to normal levels after 9 days of normal diet. 764 

Microglia from 5xFAD/FAAH-/-/Cx3cr1GFP/+ mice, however, exhibited constant features 765 

throughout the period studied (*p0.05; **p0.01; ***p=0.001; ****p0.0001). (F to H) Non-766 

plaque associated cells exhibited limited changes after treatment with PLX5622, with no 767 

differences due to genotype (*p0.05; **p0.01). Data are presented as mean  standard error 768 

of the mean. N=8-11 mice per group. 769 

 770 

 771 

 772 

 773 

 774 
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 775 

Figure 7: FAAH inactivation induced a significant increase in microglial phagocytosis and 776 

changes in neuritic plaques features. (A) Representative 3D reconstruction (Imaris) of in vivo 777 

multiphoton images of microglia-plaque interaction. This approach allowed for the precise 778 

observation and quantification of amyloid effectively being phagocytosed (internalized) by 779 

microglial cells. In green: microglial soma associated to GFP expression in this mouse model. In 780 

blue: amyloid peptide plaque associated to X04 fluorescent signal. (B) The percentage of X04-781 

positive microglial was significantly higher in 5xFAD/FAAH-/-/Cx3cr1GFP/+ than in 5xFAD/Cx3cr1GFP/+ 782 

mice (*p0.05; **p0.01; ***p=0.001). (C) Representative 3D reconstruction (Imaris) of a 783 

neuritic plaque stained with X04; this approach allowed a detailed description of key structural 784 

features of these pathological deposits. An increased fluorescent intensity is associated to a 785 

higher concentration of amyloid peptide into the plaque associated to X04 fluorescent signal. (D 786 

to H) The analysis of amyloid plaques revealed that the Faah gene inactivation prevented the 787 

increase in plaque volume that was observed in 5xFAD/Cx3cr1GFP/+ mice and led to an increased 788 

sphericity (*p0.05; **p0.01; ***p=0.001). Data are presented as mean  standard error of the 789 

mean. N=8-11 mice per group. 790 
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 982 

Figure S1: Representative 3D reconstruction of plaque-associated and non-plaque associated 983 

microglia. In vivo two-photon microscopy images of microglia and amyloid plaques were 984 

reconstructed by using the Surface tool of Imaris Software. Microglial soma located less than 20 985 

µm from amyloid plaques were classified as plaque-associated microglia, while those situated 986 

further than 20 µm were referred to as non-plaque-associated microglia. 987 
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 994 

Figure S2: Imaris Algorithms for segmentation. Imaris algorithms for rendering of microglia 995 

soma (Surface 1), microglial processes (Filaments), amyloid plaque for microglial localization 996 

(Surface 2), and amyloid plaque (Surface 3), and for counting of microglial cell number (Spots). 997 
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Table S3. PyDESeq2 top ranking differentially expressed genes.  1002 

Gene Name baseMean log2FoldChange lfcSE stat pvalue padj 
Ndufs5-ps 726.2169348 7.291843218 0.310391414 23.4924128 4.8763E-122 1.4091E-117 
Gm4949 189.9865446 6.087672529 0.422177126 14.41971191 3.88963E-47 5.62012E-43 
Aldh1a1 1116.4223 -1.965812646 0.148316019 -13.25421665 4.26548E-40 4.10879E-36 
Ndufs5 1372.362939 -1.790664745 0.154756854 -11.57082673 5.79218E-31 4.18456E-27 
Gm10036 143.1931454 7.127591928 0.634612306 11.23141146 2.85875E-29 1.65224E-25 
Hmgn2 1221.373415 -1.447733327 0.129122183 -11.21211935 3.55576E-29 1.71257E-25 
Nudc-ps1 88.13660479 4.01413735 0.372631753 10.77239747 4.64739E-27 1.91858E-23 
Glns-ps1 406.1809629 5.066900771 0.486780054 10.40901477 2.25544E-25 8.1472E-22 
Faah 5418.036665 -1.238558476 0.122789916 -10.08680935 6.31901E-24 2.02896E-20 
ENSMUSG00000121395 3442.550199 0.916377027 0.09555697 9.589850185 8.8213E-22 2.54918E-18 
Tmem181b-ps 1725.269962 0.971876503 0.115528351 8.412450246 4.01533E-17 1.05486E-13 
Ndn 6216.053306 0.89941256 0.112584519 7.988776475 1.36285E-15 3.28196E-12 
Col16a1 1844.084168 1.008018354 0.133294821 7.562321985 3.95937E-14 8.80137E-11 
Srp54b 196.8896139 -1.725432671 0.260663071 -6.619398237 3.60664E-11 7.44462E-08 
Wdfy1 882.8590174 1.146098377 0.174874646 6.553828141 5.60805E-11 1.08041E-07 
Cbx6 17430.65147 -0.081515436 0.012720836 -6.408024922 1.47417E-10 2.66253E-07 
Hdac1-ps 39.27294482 3.348958866 0.529322082 6.32688297 2.50163E-10 4.25248E-07 
Npl 208.1886067 1.397273615 0.248169455 5.630320689 1.79875E-08 2.88779E-05 
Dcdc2b 499.8336106 -0.786342564 0.14397978 -5.461479115 4.72184E-08 7.18167E-05 
Mid1 216.0589809 -1.271754578 0.233987587 -5.435136942 5.47544E-08 7.91146E-05 
Rnasel 188.1464865 -1.62713368 0.300778918 -5.409733133 6.31187E-08 8.68574E-05 
G530011O06Rikx 74.93618786 -1.694305447 0.317167254 -5.341993624 9.19299E-08 0.000120754 
Ermardl2 77.61282778 -1.625177733 0.319497907 -5.086661593 3.64421E-07 0.000457872 
Fam177a 173.8219821 -1.336582179 0.26634476 -5.018240944 5.21468E-07 0.00062789 
Fam177a2 173.6677931 -1.334782678 0.266671335 -5.005347419 5.57614E-07 0.000644557 
Gm6724 20.04008854 5.870520747 1.198769208 4.897123407 9.72498E-07 0.001080894 
Gm43305 217.8824472 1.465140803 0.302228575 4.847790469 1.24844E-06 0.001336202 
Gm4864 17.34897685 5.652475287 1.172577692 4.820555028 1.43159E-06 0.001477507 
Tmem181c-ps 433.1371198 1.058490906 0.225341593 4.697272675 2.63658E-06 0.00262731 
ENSMUSG00000095041 9974.306257 0.750433094 0.160285806 4.681843725 2.84306E-06 0.002738627 
Ttc39aos1 107.7724834 1.398475747 0.299597522 4.667848183 3.04371E-06 0.002837324 
Slc30a2 169.4478122 -1.009364931 0.220332921 -4.581089949 4.62559E-06 0.004177195 
Marcksl1 3146.400613 0.43803678 0.095834995 4.57073933 4.86007E-06 0.004255944 
Ccn2 163.5501258 1.298856043 0.288958258 4.494960795 6.95828E-06 0.005836457 
Map3k6 88.19251543 -1.349526373 0.300455305 -4.49160441 7.06886E-06 0.005836457 
Glul 45443.18936 -0.582866087 0.130099909 -4.48014216 7.45933E-06 0.005987773 
Phactr4 460.522055 0.649102778 0.147815007 4.391318523 1.12665E-05 0.008799468 
3300002P13Rik 2332.155871 -0.489390094 0.112114554 -4.365089774 1.27071E-05 0.009663382 
Iqcc 637.6521909 -0.553035906 0.12748211 -4.338145206 1.4369E-05 0.010647076 
Hspa5 8590.209162 -0.456257091 0.10968816 -4.159583777 3.18828E-05 0.022471935 
Spocd1 55.99579367 1.608933547 0.386655975 4.161150095 3.16649E-05 0.022471935 
Chrm4 405.7792202 0.755092369 0.185025926 4.081008465 4.48407E-05 0.030852552 
Colgalt2 292.3102586 0.812514602 0.200067592 4.061200486 4.8821E-05 0.032809998 
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 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

Med8 581.1122277 -0.561374285 0.139272436 -4.030763746 5.55959E-05 0.036513874 
Srp54a 293.9746163 -0.878987611 0.219830661 -3.998475958 6.37517E-05 0.040939896 
Agbl4 342.8297762 0.773784578 0.194513928 3.978042007 6.94851E-05 0.043651747 
Fam167b 63.36973581 1.51742596 0.383984452 3.951790106 7.75688E-05 0.047693236 
Cnih2 16394.4321 -0.379070281 0.096714235 -3.919487961 8.87373E-05 0.053423548 
Ncf2-rs 20.28550215 7.742825581 2.003254721 3.865122843 0.000111033 0.064172807 
Ncf2-rs 20.28550215 7.742825581 2.003254721 3.865122843 0.000111033 0.064172807 
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 1020 

 1021 

Fig S4: Heatmaps showing Z-score of normalized gene counts in the hippocampi of 1022 

5xFAD/FAAH-/- and 5xFAD mouse. Normalized expression levels (Z-score) of genes included in 1023 

GSEA plots for the “Inflammatory Response” (A), “Alzheimer's Disease” (B), and “Microglia 1024 

signature from Grubman et al., 2021” (C).  1025 
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 1029 

Figure S5: Time-course analysis of cell somas from plaque and non-plaque associated 1030 

microglial cells. (A) FAAH gene inactivation did not modify the structural features (sphericity and 1031 

volume) of cell somas in plaque-associated microglia. (B) Non-plaque associated cells exhibited 1032 

increased cell soma sphericity on day 28 of treatment due to the gene inactivation of FAAH with 1033 

no changes in volume linked to the genotype (**p<0.01). Data are presented as mean ± standard 1034 

error of the mean. N=8-11 mice per group. 1035 
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