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Abstract

The discovery of cannabinoid receptors as the primary molecular targets of psycho-

tropic cannabinoid Δ9-tetrahydrocannabinol (Δ9-THC) in late 1980s paved the way

for investigations on the effects of cannabis-based therapeutics in brain pathology.

Ever since, a wealth of results obtained from studies on human tissue samples and

animal models have highlighted a promising therapeutic potential of cannabinoids

and endocannabinoids in a variety of neurological disorders. However, clinical suc-

cess has been limited and major questions concerning endocannabinoid signaling

need to be satisfactorily addressed, particularly with regard to their role as modula-

tors of glial cells in neurodegenerative diseases. Indeed, recent studies have brought

into the limelight diverse, often unexpected functions of astrocytes, oligodendro-

cytes, and microglia in brain injury and disease, thus providing scientific basis for

targeting glial cells to treat brain disorders. This Review summarizes the current

knowledge on the molecular and cellular hallmarks of endocannabinoid signaling in

glial cells and its clinical relevance in neurodegenerative and chronic inflammatory

disorders.
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The medical uses of Cannabis sativa derivatives have been docu-

mented across the globe for centuries (Alexander, 2016). The discov-

ery of cannabinoids, the bioactive products derived from cannabis

extracts, in the 1960's inspired research on the mechanisms underly-

ing the effects of cannabis consumption and paved the way for the

subsequent identification of cannabinoid receptors (Matsuda

et al., 1990; Munro et al., 1993) and their endogenous ligands, endo-

cannabinoids (Devane et al., 1992; Mechoulam et al., 1995). It now

appears clear that the endogenous cannabinoid system is centrally

involved in maintaining and restoring brain homeostasis in health and

disease. Because initial studies reported protective effects of neuronal

cannabinoid receptors, extensive research on the role of endo-

cannabinoid signaling in brain pathology has been performed in the

past few decades, with the ultimate goal of targeting theAna Bernal-Chico and Vanja Tepavcevic contributed equally to this study.
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endocannabinoid system as a therapeutic approach for various neuro-

logical disorders. These efforts led to the approval of nabiximols—a

combination of the psychoactive cannabinoid Δ9-

tetrahydrocannabinol (Δ9-THC) and the non-psychotropic cannabidiol

(CBD)—for the treatment of spasticity and pain in multiple sclerosis

(MS) in 2005 (Novotna et al., 2011). CBD displays protective activity

in a wide range of experimental disease settings through a variety of

mechanisms that include multiple non-cannabinoid receptor targets

and antioxidant properties, and its use has been recently approved for

otherwise unmanageable pediatric epilepsy (Billakota et al., 2019).

However, human studies performed so far have demonstrated limited

clinical efficacy, suggesting that better understanding of

endocannabinoid-related networks in neurological disorders is needed

for successful therapeutic application.

Neurodegenerative diseases cause progressive loss of cognitive

and/or motor skills and often overlapping clinical syndromes. Despite

diverse clinical manifestations that reflect region- and type-specific

loss of neurons and synapses, it has become clear that different neu-

rodegenerative diseases share certain features and underlying mecha-

nisms. One such feature is the phenotypic transformation of

astrocytes, microglia, and oligodendroglia to different flavors that con-

tribute, both positively and negatively, to disease symptomatology

and progression. Importantly, glial cells are nowadays recognized as

both targets and sources of endocannabinoid signaling in the brain,

and the pathological significance of glial endocannabinoidome in brain

diseases has been recently highlighted, suggesting this system as a

potential therapeutic target in neurodegenerative disorders. This arti-

cle first describes a cellularly-diverse endocannabinoid system in the

brain. We then discuss the mechanistic basis and contribution of

endocannabinoid dysfunction to brain pathology. Finally, we focus on

the therapeutic potential of endocannabinoid-based drugs in neurode-

generative diseases with a particular emphasis on glial cells as targets.

1 | GLIAL CELLS IN
NEURODEGENERATION: CURRENT
PERSPECTIVES

Advances in modern neuroscience have revealed a landscape of func-

tions that astrocytes, microglia, and oligodendroglia perform in the

brain. Recently developed methods for imaging and isolation of adult

glial cells have enabled transcriptomic analyses at a single cell level,

which has provided the unprecedented insights into the heterogeneity

within each cell population that likely reflects diverse biological activi-

ties throughout the lifespan (Clarke et al., 2018; Hickman et al., 2013;

Marisca et al., 2020). Astrocytes serve prominent roles in the mainte-

nance of brain function that include ion and neurotransmitter homeo-

stasis, modulation of synaptogenesis, synaptic maturation and

myelination, gliotransmitter release and fine-tuning of synaptic net-

works, control of the blood brain barrier and regulation of neuronal

metabolism (Verkhratsky & Nedergaard, 2018). Microglia are regarded

as the principal resident immune cells of the brain. These cells perform

important housekeeping functions that include synaptic remodeling

and phagocytosis of damaged cells or myelin debris, and orchestration

of neuroinflammatory responses to pathogenic stimuli through the

production of cytokines and chemokines (Hickman et al., 2018).

Finally, oligodendrocytes and their precursors mediate the generation,

maintenance, and repair of the myelin sheath. Myelin acts as an insu-

lator to accelerate the conduction velocity of the axons and provides

these with trophic support, mediated by specific channel and trans-

porter systems the function of which is critical for axonal integrity

(Saab & Nave, 2017). Importantly, myelin plasticity during adult life is

a determinant of neuronal function and cognitive performance

(Saab & Nave, 2017).

Many homeostatic functions of glial cells become altered in

neuropathological states, and this neuroglial dysfunction is nowa-

days regarded as the core of disease onset and progression.

Despite substantial advancements in understanding glial alter-

ations in the disease context, the underlying mechanisms remain

insufficiently characterized. Disease signatures in glial cells have

only recently been addressed at the transcriptomic, proteomic and

metabolomic levels in combination with cell-specific rescue strate-

gies, and the results evidence that astrocytic, microglial and oligo-

dendroglial responses to pathology are diverse, context-specific,

and therapeutically exploitable. Some of these studies highlight

profound differences between the glial cells in the grey versus

those in the white matter (Hasel et al., 2021; van der Poel

et al., 2019). Importantly, recent neuroimaging studies have dem-

onstrated myelin alterations in various neurological diseases even

before the onset of clinical symptoms (Dean et al., 2017). Because

endocannabinoids modulate many aspects of glial cell biology,

understanding how these lipid mediators fine-tune the complex

glial responses to neurodegeneration may provide new avenues to

develop disease-modifying therapies aimed at restoring neuro-

glial-function.

2 | ENDOCANNABINOID SIGNALING AND
FUNCTION IN PHYSIOLOGICAL
CONDITIONS: FOCUS ON GLIAL CELLS

The endocannabinoid system has been classically defined as a

pleiotropic lipid signaling system that consists of the endo-

cannabinoids, mainly anandamide (N-arachidonoylethanolamine,

AEA) and 2-arachidonoylglycerol (2-AG), the corresponding ana-

bolic/catabolic enzymes and transporter molecules, and the canna-

binoid CB1 and CB2 receptors. AEA and 2-AG are known to

activate a number of non-cannabinoid receptors and share meta-

bolic pathways with other endocannabinoid-like lipid mediators,

such as palmitoylethanolamide (PEA) and oleoylethanolamide

(OEA), which lack affinity for cannabinoid receptors and act on

their own target molecules. Endocannabinoids and their structur-

ally related lipid molecules encompass a complex signaling network

known as the endocannabinoidome (for comprehensive review

[Cristino et al., 2020]). Below, we outline the main elements of

endocannabinoid signaling in neurons and glial cells.
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2.1 | Cannabinoid receptors

The isolation of Δ9-THC in 1964 from confiscated hashish

(Mechoulam, 1970) led to generation of many synthetic compounds

structurally similar to phytocannabinoids, which finally resulted in the

identification of the first receptor shared by these molecules, named

cannabinoid receptor 1 (CB1) (Devane et al., 1988). CB1 was success-

fully cloned from the rodent and human brain (Matsuda et al., 1990)

and shown to mediate the psychoactive effects of cannabis. Shortly

after, a second cannabinoid receptor (CB2) was identified by homol-

ogy cloning (Munro et al., 1993). Initial studies showed that CB1 is

predominantly expressed in the brain whereas CB2 receptors are

localized at highest levels in peripheral immune cells and tissues and

regarded as the main mediators of cannabinoid immunomodulatory

activity (Matsuda et al., 1990; Munro et al., 1993). Although each

receptor is associated to specific signaling pathways, both share the

ability to couple Gi proteins and inhibit adenylyl cyclase (AC) and pro-

tein kinase A (PKA) activities (Pertwee et al., 2010). Beyond CB1 and

CB2 receptors, endocannabinoids and endocannabinoid-related medi-

ators can interact with a wider range of receptor proteins with com-

plex consequences on brain physiology. In particular, AEA and some

of its congeners also activate postsynaptic type-1 transient receptor

potential vanilloid receptor channels (TRPV1), peroxisome

proliferator-activated receptors (PPARs) and other G protein-coupled

receptors (Godlewski et al., 2009). In addition, 2-AG can stimulate

postsynaptic GABAA receptors under certain conditions (Naydenov

et al., 2014; Sigel et al., 2011). The role and therapeutic implications

of these non-classical endocannabinoid-signaling elements in neuro-

logical disorders have been recently reviewed in detail (Cristino

et al., 2020; Di Marzo, 2018).

2.1.1 | CB1 receptors

Early autoradiography studies indicated CB1 as one of the most abun-

dant G-protein coupled receptors in the mammalian brain, with pro-

tein levels comparable to those of the major excitatory and inhibitory

neurotransmitter receptor channels (Herkenham et al., 1990). CB1

receptor is widely and heterogeneously distributed in the brain, with

the highest expression detected in the regions involved in memory/

learning, regulation of motor activity, emotional behavior, or sensory

and pain perceptions, among others. A number of studies combining

different experimental approaches (e.g., imaging and electrophysiolog-

ical techniques) have demonstrated the presence of CB1 receptors in

different neuronal types including GABAergic, glutamatergic, and

serotonergic neurons (Häring et al., 2015; Kawamura et al., 2006; Lutz

et al., 2015). Electron microscopy and super-resolution imaging stud-

ies show that the majority of neuronal CB1 accumulate presynaptically

on axonal terminals where they control neurotransmitter release, with

higher expression levels in GABAergic neurons compared to gluta-

matergic cells of the forebrain (Dudok et al., 2015; Gutiérrez-

Rodríguez et al., 2017; Kawamura et al., 2006). Using anatomical and

functional techniques, the localization of CB1 has also been

demonstrated at postsynaptic sites (somatodendritic) in specific brain

areas such as the neocortex, suggesting that CB1 participate in cell-

autonomous regulation processes (Marinelli et al., 2008; Maroso

et al., 2016; Morello et al., 2016). The location of CB1 in post-synaptic

sites has been mostly associated with receptor presence in mitochon-

dria or other intracellular organelles (see below) rather than on the

plasma membrane (Rodriguez et al., 2001).

2.1.2 | CB2 receptors

CB2 has been classically considered as the peripheral cannabinoid

receptor based on early in situ hybridization studies that showed high

expression levels in the spleen but no evidence for receptor presence

in brain tissue (Munro et al., 1993). Since then, many studies using dif-

ferent experimental settings have strengthened the conclusion that

CB2 expression is negligible in neurons (Atwood & Mackie, 2010),

which is further supported by the recent analysis and characterization

of CB2-EYFP reporter mice (L�opez et al., 2018). In contrast, substantial

evidence also suggests presence of functional CB2 in scarce neuronal

populations in the healthy brain (Stempel et al., 2016; Stumpf

et al., 2018; Van Sickle et al., 2005; Zhang, Gao, et al., 2014). More-

over, in vivo pharmacological studies combined with the analysis of

CB2 mutants indicate a role for CB2 in a number of brain functions

classically ascribed to neurons such as memory consolidation, social

behavior and reward (García-Gutiérrez et al., 2013; Navarrete

et al., 2013; Rodríguez-Arias et al., 2015). The extent of CB2 receptor

expression in neurons remains nowadays under scrutiny and solid

anatomical evidence using immunoelectron microscopy with appropri-

ate negative controls (e.g. CB2 receptor knockout mice), is needed to

corroborate previous observations. Regardless of whether CB2 is con-

stitutively expressed in neurons, it appears clear that this receptor is

inducible both in neurons and glial cells under specific pathological

conditions (Atwood & Mackie, 2010), thus providing a foundation for

the therapeutic potential of CB2 targeting in brain diseases.

Besides their expression in neurons, CB1 and CB2 have been also

localized to adult neural stem and progenitor cells (NSCs/NPCs)

where they positively modulate the proliferation, migration and differ-

entiation processes that drive adult neurogenesis in a context-specific

manner (Maccarrone et al., 2014).

2.1.3 | Glial localization of cannabinoid receptors

Astrocytes

Early electron microscopy analyses evidenced perivascular and peri-

synaptic expressions of astrocytic CB1 receptors through the brain

(Moldrich & Wenger, 2000; Rodriguez et al., 2001). More recently, com-

bined pre-embedding immunogold and immunoperoxidase methods

applied to transgenic mice have allowed quantitative analysis of astrocytic

CB1 topography in the mouse brain (Gutiérrez-Rodríguez et al., 2017;

Gutiérrez-Rodríguez et al., 2018). This advanced methodology shows that

around 60% of hippocampal astrocyte processes express CB1 on their
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plasma membrane at a density similar to that measured in excitatory syn-

apses within the same brain area. Conversely, only anecdotal pharmaco-

logical and molecular evidence supports the localization of CB2 in

astrocytes and the prevailing view in the field is that astroglia in the intact

brain express negligible levels of the receptor protein (L�opez et al., 2018;

Molina-Holgado et al., 2002). As for microglia (see below), the expression

of CB2 receptors in astrocytes is inducible in certain inflammatory condi-

tions (Rodríguez-Cueto, et al., 2021).

Microglia

The localization of cannabinoid receptors in this innate immune cell

population remains controversial. While transcriptomic databases sup-

port CB1 expression in microglia, pharmacological studies in culture sys-

tems show conflicting results and bona-fide anatomical evidence of

receptor localization in microglial processes in situ is still lacking (Mecha

et al., 2016; Stella, 2010). The recent generation of a conditional mouse

model of microglia-specific CB1 receptor deletion may help untangle

the role of this receptor in microglial function in health and disease

(De Meij et al., 2021). A number of in vitro studies have suggested the

expression of CB2 in microglia of different origins even though only

trace amount of CB2 mRNA were detected (Stella, 2010). Anatomical

examination of CB2-EYFP reporter mice failed to demonstrate CB2

expression in the healthy CNS (L�opez et al., 2018). Based on these

observations, the consensus, at the moment, appears to be that micro-

glial cells in the resting state, found in the intact healthy nervous tissue,

express only very low amounts cannabinoid receptors (Duffy

et al., 2021; Mecha et al., 2016). Further supporting the concept that

cannabinoid receptor expression in microglia is tightly related to their

activation state, studies performed in culture systems show that micro-

glial cells in a pro-inflammatory state downregulate CB1 and CB2

whereas acquisition of the repair-promoting phenotype is associated to

increased cannabinoid receptor levels (Mecha et al., 2015).

Oligodendroglia

Early autoradiography studies reported very low CB1 receptor levels in

adult white matter tracts suggesting that this protein is virtually absent in

oligodendrocytes and myelin (Glass et al., 1997; Herkenham et al., 1991).

Yet, studies on rodent and human tissue during fetal development

suggested transitional CB1 mRNA and protein expression in oligodendro-

cyte precursor cells (OPCs) (Berrendero et al., 1998; Mato et al., 2003)

and immunohistochemical analysis detected CB1 receptor expression in

adult human OPCs and oligodendrocytes (Benito et al., 2007). More

recently, RNA sequencing of CNS cell types purified by immunopanning

has demonstrated CB1 receptor gene (Cnr1) expression in oligodendro-

cyte lineage cells of the mouse cerebral cortex at early postnatal stages,

with higher transcript levels corresponding to OPCs (Zhang, Gao,

et al., 2014). These observations have been refined by single-cell RNA

sequencing of oligodendrocyte lineage cells isolated from the mouse

juvenile and adult CNS (Marques et al., 2016). This study reported the

presence of Cnr1 transcripts in 11 out of 12 identified oligodendroglial

populations thus suggesting that CB1 receptors regulate cell function at

multiple stages of oligodendrocyte lineage progression. This hypothesis is

further supported by recent electron microscopy evidence from our

laboratory showing that CB1 receptors are expressed and quantifiable in

white matter oligodendrocytes (Figure 1). Altogether, the above men-

tioned evidence warrants further investigation on the precise topography

of CB1 density and distribution in OPCs, oligodendrocytes, and myelin.

CB2 receptor expression is more controversial in terms of

endocannabinoid-mediated effects and protein expression in oligoden-

droglia. Pharmacological studies in cultured cells suggest biological effects

associated with CB2 receptors expressed in oligodendrocytes and/or

OPCs (Gomez et al., 2010; Gomez et al., 2011; Gomez et al., 2015;

Sanchez-Rodriguez et al., 2018). However, the CB2 localization in oligo-

dendroglia has not been corroborated in situ by anatomical studies and

seems unlikely based on characterization of the CB2-EYFP reporter

mouse (L�opez et al., 2018). Furthermore, single-cell transcriptome analy-

sis indicates that Cnr2 expression is negligible or very low in oligodendro-

cyte populations of the mouse brain (Marques et al., 2016).

2.1.4 | Subcellular localization of cannabinoid
receptors

Recently, it has been shown that functional CB1 receptors are not

restricted to the plasma membrane, being also present in the endosomal

and lysosomal compartments in the context of receptor trafficking

(Lutz, 2020). A number of anatomical and functional studies have

reported presence of mitochondrial membrane-associated CB1 (mtCB1)

receptors in neurons and astrocytes, where they modulate energy

metabolism (Bénard et al., 2012; Gutiérrez-Rodríguez et al., 2018;

Jimenez-Blasco et al., 2020). Although further studies are needed to

decipher the relative contribution of the mtCB1 to endocannabinoid

regulation of brain functions, classically ascribed to the plasma mem-

brane pool, it is possible that this receptor population mediates impor-

tant activities in healthy and disease conditions.

2.2 | Endocannabinoid synthesis and inactivation

Endocannabinoids are diffusible bioactive lipids with a short half-life

that appear to act in both autocrine and paracrine fashions. The initia-

tion of endocannabinoid production is thought to occur “on demand”
following intracellular Ca2+ elevations associated to increased neuro-

nal activity, although tonic endocannabinoid signaling has also been

proposed (Alger & Kim, 2011; Kano et al., 2009). As for other neu-

romodulatory systems, the duration and intensity of endocannabinoid

signaling is fine-tuned by the relative activity of the enzymes involved

in the biosynthesis and catabolism of these compounds. Importantly,

modulation of endocannabinoid inactivation is considered as a promis-

ing therapeutic strategy in brain diseases.

2.2.1 | Endocannabinoid synthesis

The synthesis of AEA and other N-acylethanolamines involves the cat-

alytic activity of an N-acylphosphatidylethanolamine (NAPE)-specific
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phospholipase D-like hydrolase (NAPE-PLD) (Okamoto et al., 2004).

Alternatively, NAPE can be hydrolyzed by phospholipase C (PLC) to

phospho-AEA, which, in turn, is dephosphorylated by phosphatases (Liu

et al., 2006). The 2-AG biosynthesis, on the other hand, is thought to

rely on the hydrolysis of membrane phosphatidylinositols by PLC, lead-

ing to the production of 1,2-diacylglycerol (DAG) which is converted to

2-AG by the action of postsynaptic integral membrane protein

diacylglycerol lipase (DAGLα/β) (Bisogno et al., 2003). Characterization

studies using DAGLα and DAGLβ deficient mice have suggested that α

isoform of the enzyme is the primary mediator of 2-AG synthesis in

neurons and astroglia whereas DAGLβ activity is predominant in

microglia/macrophages (Gao et al., 2010; Hsu et al., 2012; Tanimura

et al., 2010; Viader et al., 2016). Neuronal endocannabinoid biosynthe-

sis can be induced by membrane depolarization or by activation of Gq

coupled GPCRs, such as dopamine D2, glutamate mGluR1/5 and musca-

rinic acetylcholine M1/M3 (Kano et al., 2009; Piomelli, 2003).

2.2.2 | Endocannabinoid catabolism

The catabolism of AEA and 2-AG and the subsequent termination of

their signaling activity take place intracellularly. Endocannabinoids

seem to be delivered into the intracellular compartment through a

facilitated transporter across the plasma membrane, which can be

modulated pharmacologically despite the fact that specific trans-

porters have not been cloned yet (Chicca et al., 2017). A family of

fatty acid binding proteins (FABPs) have been identified as intracellu-

lar carriers that deliver endocannabinoids, mostly AEA, to their cata-

bolic enzymes (Kaczocha et al., 2009). Consistent with the role of

these carriers in endocannabinoid inactivation, inhibition of FABP5

and FABP7 increases brain levels of AEA and the related

N-acylethanolamines leading to analgesic and anti-inflammatory

effects (Kaczocha et al., 2014; Kaczocha et al., 2015). In addition to

their canonical role in intracellular endocannabinoid transport, recent

studies have reported that FABP5 facilitates the extracellular delivery

of 2-AG to the synaptic cleft thus modulating retrograde endo-

cannabinoid signaling in specific brain areas (Haj-Dahmane

et al., 2018). Fatty acid amide hydrolase (FAAH) is the main enzyme

responsible for the hydrolysis of AEA (Cravatt et al., 1996) into free

arachidonic acid (AA) and ethanolamine. AEA can be alternatively

hydrolyzed by N-acylethanolamine-hydrolyzing acid amidase (NAAA).

The most important difference between FAAH and NAAA is the pH

range at which they are catalytically active, with FAAH active in a

wide range of pHs while NAAA shows optimal activity at a pH of

4.5–5, consistent with its localization in lysosomes (Tsuboi

et al., 2007). On the other hand, 2-AG is preferentially metabolized by

monoacylglycerol lipase (MAGL) (Dinh et al., 2002). MAGL is widely

expressed through the nervous system and mediates approximately

85% of 2-AG metabolism into AA and glycerol (Savinainen

et al., 2012). These hydrolytic enzymes exhibit a differential localiza-

tion in the synaptic cleft, with FAAH present mainly at the postsynap-

tic compartment and MAGL localized in the vicinity of CB1 receptors

F IGURE 1 Localization of CB1 receptors in myelinating oligodendrocytes of the mouse brain. (a) Specificity of CB1 receptor immunostaining
procedures for electron microscopy (EM) visualization of mature oligodendrocytes in the subcortical white matter. A pre-embedding silver
intensified immunogold method for the detection of CB1 receptors was applied to coronal brain sections from wild-type (CB1

+/+) and CB1

receptor knockout (CB1
�/�) mice at postnatal day 60. Images depict the characteristic CB1 receptor immunolabeling pattern in the mouse

hippocampus that disappears in CB1
�/� mice. Dotted squares show the subcortical white matter area selected for EM analysis. Scale bars:

200 μm. (b) CB1 receptor localization in identified oligodendrocytes within the subcortical white matter. CB1 receptor gold particles were
localized on plasma membranes of oligodendrocyte somata (black arrowheads). The proportion of CB1 receptor gold particles in oligodendrocytes
was significantly lower in CB1

�/� mice (n = 3 mice per group). The numbers of oligodendrocytes analyzed are indicated in parentheses at the

bottom of each column. **p < 0.01; Student's t-test. Scale bars: 1 μm
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at the presynaptic site (Gulyas et al., 2004). Consistent with this ana-

tomical localization, MAGL activity controls different forms of CB1

receptor-mediated synaptic plasticity, and is regarded as the principal

enzyme responsible for the termination of endocannabinoid signaling

at the synaptic level. In addition to their classical localization at the

plasma membrane, MAGL and FAAH have also been detected at the

intracellular membrane constituents, which suggests a link between

intracellular CB1 signaling and endocannabinoid catabolism (Blankman

et al., 2007; Morozov et al., 2004).

Apart from MAGL, two other serine hydrolases that break down

2-AG have been recently identified, namely α/β-hydrolase domain

containing 6 and 12 (ABHD6 and ABHD12) (Blankman et al., 2007).

ABHD6 is primarily expressed at the postsynaptic compartment of

principal glutamatergic neurons, with some expression on GABAergic

cells (Marrs et al., 2010). The highest ABHD6 enzymatic activity in

nervous tissue has been measured in the frontal cortex, hippocampus,

striatum and cerebellum (Baggelaar et al., 2017). In physiological con-

ditions, this enzyme accounts for only �4% of brain 2-AG, and several

alternative substrates can be also hydrolyzed by ABHD6 (Navia-

Paldanius et al., 2012). ABHD6 specifically controls long-term forms

of endocannabinoid mediated synaptic plasticity (Cao et al., 2019).

The importance of ABHD6 in the regulation of 2-AG metabolism dur-

ing neuroinflammation has been recently highlighted by studies show-

ing increased expression levels of this enzyme in rodent models of

CNS damage (Poursharifi et al., 2017), which suggested that down-

regulating its activity may have therapeutic benefits. On the other

hand, ABHD12 is an integral membrane protein that accounts for

approximately 9% of total 2-AG hydrolysis (Blankman et al., 2007).

The essential role of this serine hydrolase in brain physiology is

reflected by the fact that mutations in the Abhd12 gene that severely

compromise its expression and/or function underlie a neurodegenera-

tive disease called PHARC (polyneuropathy, hearing loss, ataxia, retini-

tis pigmentosa, and cataract) (Blankman et al., 2013; Chen

et al., 2013; Fiskerstrand et al., 2010). Consequently, this piece of evi-

dence has discouraged the evaluation of ABHD12 inhibitors for thera-

peutic benefit in neuroinflammatory conditions.

The products of endocannabinoid catabolism are important sub-

strates for biosynthesis of inflammatory mediators. Thus, during the

last decade, a number of studies have demonstrated the relevance of

2-AG enzymatic hydrolysis in the generation of the AA pool available

for cycloxygenase-2 (COX-2) mediated prostaglandin (PGs) biosynthe-

sis in certain neurodegenerative, inflammatory conditions (Nomura

et al., 2011; Piro et al., 2012). In this scenario, the anti-inflammatory

benefits of MAGL and ABHD6 inhibitors in rodent models of neu-

roinflammation may actually result from reduced PG production

rather than enhanced receptor-mediated endocannabinoid signaling.

On the other hand, 2-AG and AEA can also be metabolized oxida-

tively via COX-2, leading to the formation of PG glycerol esters and

ethanolamides that bind to a variety of receptors (Kozak et al., 2004;

Valdeolivas et al., 2013). To complicate things further, 2-AG can be

phosphorylated to the corresponding arachidonic acid-containing

lysophosphatidic acid (LPA) with biological activity at LPA receptors

(Nakane et al., 2002). Although the biological relevance of these

newly-identified pathways remains to be fully elucidated, the bioac-

tive lipid prostaglandin D2-glycerol ester has been implicated in the

control of macrophage activation and inflammation by ABHD6

(Alhouayek et al., 2013). Furthermore, based on the above-mentioned

observations, it is hypothesized that the anti-inflammatory effects of

COX-2 inhibitors could be more complex than simply the inhibition of

PG synthesis via reduced AA availability. Instead, these may be medi-

ated by increased endocannabinoid levels acting through canonical or

non-canonical cannabinoid receptors.

The above-mentioned observations illustrate the complexity of

the networks that regulate endocannabinoid signaling in the brain.

Inactivation of AEA and 2-AG hydrolytic enzymes and FABPs aug-

ments CNS endocannabinoids levels, engages cannabinoid receptor-

dependent effects in vivo (Cravatt et al., 2001; Kaczocha et al., 2015;

Long et al., 2009) and elicits therapeutic benefits in experimental

models of neurodegeneration (see below). However, targeting endo-

cannabinoid enzymatic hydrolysis increases the availability of these

compounds for other metabolic pathways that lead to the activation

of additional receptor proteins with complex biological consequences

both in healthy and disease conditions. Chronic MAGL inactivation

also leads to CB1 desensitization and loss-of-function as unwanted

side effects that further put into question the utility of targeting 2-AG

hydrolysis as strategy in human therapy (Bernal-Chico et al., 2015;

Schlosburg et al., 2010).

2.2.3 | Glial production and catabolism of
endocannabinoids

The biosynthesis and catabolism of AEA and 2-AG by glial cells has

been demonstrated by a combination of anatomical studies, biochemi-

cal determinations in culture systems and transgenic mouse models.

However, the precise topography of endocannabinoid production and

hydrolysis machinery and the spatio-temporal dynamics of glial endo-

cannabinoid metabolism in situ have not yet been fully elucidated.

Astrocytes and microglia

Cultured astrocytes and microglial cells produce AEA and 2-AG in

response to stimulus that trigger a sustained rise in intracellular Ca2+

such as endothelin-1 or ATP (Stella, 2009; Walter et al., 2002; Walter

et al., 2004; Walter & Stella, 2003). These early in vitro studies also

showed that microglia produce �20-fold more endocannabinoids than

neurons and astrocytes, suggesting a relevant role of these cells as

source of these lipid compounds during neuroinflammation. Recent

proteomic and functional analyses show that DAGLβ drives the pro-

duction of 2-AG and downstream metabolic products PGs in

microglia/macrophages and that the activity of this enzyme promotes

pro-inflammatory signaling in neuroinflammation and pain (Hsu

et al., 2012; Viader et al., 2016; Wilkerson et al., 2016). DAGLβ also

promotes the secretion of TNFα in dendritic cells crucially regulating

crosstalk between innate and adaptive immune pathways, with poten-

tial pro-inflammatory effects in neurodegenerative conditions (Shin

et al., 2019). With regard to endocannabinoid inactivation, astrocytes
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and microglia express MAGL and ABHD6 proteins and enzyme activ-

ity but only marginal FAAH expression has been ascribed to either cell

type in vitro or in situ (Stella, 2004). More recently, the characteriza-

tion of conditional genetic mouse models lacking MAGL specifically in

neurons, astrocytes and microglia has shown that astrocytic MAGL is

crucially involved in the termination of neuronal 2-AG signaling as

well as chiefly responsible for the generation of pro-inflammatory PGs

from this endocannabinoid ligand (Chen et al., 2016; Viader

et al., 2015). On the other hand, astroglial cells also express significant

levels of FABP7 whose role in the control of reactive astrogliosis is

under investigation (Cheng et al., 2021; Kamizato et al., 2019; Kipp

et al., 2011).

A relevant concept in the field of glial pathophysiology is that the

acquisition of specific functional phenotypes by astrocytes and micro-

glial cells may be associated with changes in the expression of canna-

binoid receptors and metabolic enzymes that alter the efficacy of

endocannabinoid signaling in these cells. This possibility has been

addressed for microglia using in vitro settings as well as for astrocytes

and microglia ex vivo (Mecha et al., 2015; Moreno-García

et al., 2020). On the other hand, the extent to which deregulated

endocannabinoid production by innate immune cells under pathologi-

cal settings tunes acquisition of specific functional phenotypes and its

impact on neighboring cells requires further analysis. This research

would benefit from the use of novel tools allowing spatiotemporal

resolution of endocannabinoid release and dynamics in vitro and

in vivo (Dong et al., 2021).

Oligodendroglia

Oligodendrocyte lineage cells express gene transcripts of endo-

cannabinoid biosynthetic and catabolic machinery at all differentiation

stages with the most prominent levels corresponding to 2-AG related

DAGLβ and MAGL (Marques et al., 2016). Oligodendrocytes and

OPCs in culture exhibit constitutive 2-AG and AEA production, and

pharmacological inactivation of MAGL potentiates CB1/2 receptor

mediated effects in these cells (Bernal-Chico et al., 2015; Gomez

et al., 2010; Gomez et al., 2015). Noteworthy, the expression levels of

endocannabinoid production and hydrolytic enzymes in oligodendrog-

lia vary throughout the differentiation process suggesting that auto-

crine or paracrine endocannabinoid signaling may fine-tune

oligodendrocyte lineage progression and myelination (Gomez

et al., 2010). Also related to endocannabinoid inactivation, knockdown

of FABP7 impairs OPC differentiation in vitro and delays developmen-

tal myelination (Foerster et al., 2020). However, the biological signals

and specific features of endocannabinoid metabolism in oligodendrog-

lia in situ remain to be unveiled.

2.3 | Endocannabinoid function in brain physiology

Endocannabinoid signaling homeostatically modulates a wide range of

biological functions including learning and memory, anxiety and stress

response, mood, sleep, feeding, movement and development, among

others. Endocannabinoid-mediated control of brain functions has

been mostly ascribed to the activation of CB1 receptors in the presyn-

aptic neuronal compartment where they suppress Ca2+ influx and

subsequent neurotransmitter release. The role of endocannabinoids

as inhibitory retrograde messengers has been demonstrated for gluta-

matergic and GABAergic transmission and underlies activity-

dependent plasticity through the CNS (Araque et al., 2017). Although

ubiquitous, brain endocannabinoid biological activity is highly versatile

and context-specific. This specificity relies on the neuroanatomical

configuration of endocannabinoid signaling machinery, the availability

of intracellular signaling counterparts (e.g. G proteins), and the specific

ligand that activates the receptor. AEA is a high affinity, low-efficacy

cannabinoid receptor agonist whereas 2-AG behaves as a fully effec-

tive agonist at both CB1 and CB2 (Howlett, 2002). Nowadays it is well

established that these compounds play differential roles in the regula-

tion of biological responses with 2-AG regarded as the main ligand for

presynaptic CB1 receptor mediated control of synaptic function

(Araque et al., 2017).

During the last years, studies in genetic mouse models bearing cell-

specific and brain-region conditional CB1 inactivation have allowed to

dissect endocannabinoid-mediated modulation of brain functions. An

initially puzzling observation but nowadays accepted dogma in the field

is that relatively low amounts of CB1 receptors in specific cellular and

subcellular locations tightly regulate a number of relevant physiological

processes in vivo. This concept was initially put forward for the CB1

population at the presynaptic compartment of principal glutamatergic

neurons, where low receptor levels prevent overexcitation and attenu-

ate seizure severity following epileptogenic injections of kainic acid

while favoring the secretion of neurotrophic factors (Marsicano

et al., 2003; Monory et al., 2006). These landmark observations provide

mechanistic foundations for the well-established neuroprotective prop-

erties of endocannabinoids against excessive neuronal activation. In the

same line, the restricted population of CB1 receptors localized in NSCs

enhance adult neurogenesis and facilitate the integration of new neu-

rons into hippocampal circuitry (Oddi et al., 2020). This concept is

supported by the observations that mice bearing specific genetic loss of

the CB1 receptor in NSCs display decreased proliferation and reduced

dendritic branches and spine numbers in the differentiating neurons

along with impaired long-term potentiation and short-term spatial mem-

ory, and increased depression-like behavior (Zimmermann et al., 2018).

Conversely, the CB2 receptor may be particularly important under dam-

aging conditions of reduced neurogenesis, following acute insults or

chronic inflammation (Oddi et al., 2020). Altogether, these observations

point to an important role of endocannabinoid signaling expressed by

NSCs in the regulation of cellular plasticity in the adult healthy and

diseased CNS.

2.3.1 | Role of mtCB1 receptors in energy
metabolism

There is now compelling evidence that mtCB1 receptors are crucial

mediators of endocannabinoid effects on brain function. This concept

emerged upon demonstration that mtCB1 inhibit complex I of the
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respiratory chain by modulation of soluble AC and mitochondrial PKA

activities, thereby decreasing neuronal energy production (Hebert-

Chatelain et al., 2016). Moreover, this same study showed that mtCB1

receptors in hippocampal neurons modulate mitochondrial motility,

synaptic transmission and memory formation thus providing a link

between cellular bioenergetics and cognitive behaviors. More

recently, mtCB1 located at striatonigral terminals have been put for-

ward as mediators of cannabinoid-induced catalepsy through the

decrease in cellular respiration and synaptic transmission (Soria-

Gomez et al., 2021). These observations have unveiled a novel mecha-

nism underlying endocannabinoid modulation of brain tasks and

paved the way for in depth analysis of the metabolic face of endo-

cannabinoid signaling in different cell types. At this point, it is impor-

tant to emphasize that mitochondria have a central role in

neurological disorders and the relevance of the metabolic pathways

housed by these organelle in the pathogenesis of neuroinflammation

and neurodegeneration is currently in the spotlight (Chan, 2020;

Garabadu et al., 2019; Lin & Beal, 2006). Although very little is known

about endocannabinoid modulation of mitochondrial basic processes

in the context of neurodegeneration, the above mentioned evidence

suggest that mtCB1 are prone to play specific and relevant roles in

CNS disease.

2.3.2 | Endocannabinoid modulation of glial cell
function

The neurocentric view of brain endocannabinoid signaling changed

with initial studies pinpointing expression of functional receptors in

glial cells (Stella, 2004). The occurrence of endocannabinoid signaling

onto glial cells is nowadays sustained by results from in vitro systems

as well as from the in vivo analysis of the effects of endocannabinoid

modulating drugs in physiological and disease conditions (Figures 2

and 3). However, in most cases, the question whether cannabinoid

receptors expressed in glial cells are directly involved in

endocannabinoid-mediated effects on brain function remains unsatis-

factorily addressed.

Astrocytes

Among the best-studied biological effects of endocannabinoids in glial

cell function is the modulation of astrocyte responses by CB1 recep-

tors. A number of studies addressing the impact of astrocyte-neuron

communication on synaptic physiology show that astrocytic CB1

respond to endocannabinoids produced during neuronal activity by

inducing Ca2+ elevations mediated by the activation of Gq proteins

(Araque et al., 2017). Astrocyte Ca2+ mobilization by CB1 receptors

occurs throughout the rodent brain as well as in cortical and hippo-

campal human tissue and is regarded as a general and relevant mecha-

nism of endocannabinoid signaling in the regulation of astrocyte

function. Cytosolic Ca2+ rises upon activation of astrocytic CB1 pro-

mote the release of gliotransmitters such as glutamate and D-serine

and indirectly favor excitatory transmission (Han et al., 2012; Min &

Nevian, 2012; Navarrete & Araque, 2010; Robin et al., 2018). Remark-

ably, the modulation of glutamatergic transmission upon activation of

astrocytic CB1 has a direct impact on synaptic plasticity and cognitive

performance and is responsible for the disrupting effects of Δ9-THC

in working memory (Han et al., 2012; Robin et al., 2018). This obser-

vation supports the relevance of CB1 receptors in astrocytic regula-

tion of synaptic activity while pointing to the specific involvement of

astroglial CB1 in the effects of cannabis-based medicines in humans.

Altogether, these data also highlight that astrocytic CB1 signaling

opposes the inhibitory activity of neural CB1 on synaptic function and

may be relevant to brain pathology. Indeed, despite the well-

established protective effects associated to neuronal CB1 in epilepsy

models (Marsicano et al., 2003; Monory et al., 2006) the receptor pop-

ulation localized to astrocytes might sustain epileptic activity through

the potentiation of glutamatergic transmission (Coiret et al., 2012).

The recent identification of mtCB1 receptors in astrocytes

(Gutiérrez-Rodríguez et al., 2018) has fueled research on the role of

these proteins as modulators of astrocyte energy metabolism. Specifi-

cally, activation of mtCB1 receptors hampers astrocytic glucose

metabolism through a signaling cascade that involves inhibition of

mitochondrial complex I, leading to reduced production of reactive

oxygen species (ROS) and downregulation of the transcription factor

hypoxia-inducible factor 1 (HIF-1) (Jimenez-Blasco et al., 2020). The

F IGURE 2 Biological functions of
cannabinoid receptors in glial cells.
(a) Astrocytic CB1 receptors modulate
neuroglial communication, metabolic
coupling to neurons (mtCB1), working
memory and social behaviors. (b) CB2

receptors in microglia modulate
proliferation, migration, phagocytosis,
cytokine production and the acquisition
of pro- and anti-inflammatory
phenotypes during activation. (c) CB1

receptors in oligodendroglia drive the
proliferation, migration and maturation of
precursor cells, facilitating myelination
and myelin maintenance. Created with
BioRender.com
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resulting reduction in the astrocytic glycolytic rate and lactate produc-

tion ensues neuronal redox stress and impaired social interaction,

which supports the notion that astrocytes play a crucial role in neuro-

nal energy homeostasis and may have profound implications in neuro-

logical conditions (Finsterwald et al., 2015).

Microglia

Research into the role of endocannabinoids in the control of microglia

physiological functions has been hindered by the lack of bona-fide

evidence supporting microglia cannabinoid receptor expression in the

normal brain. The concept that microglial cells respond to endo-

cannabinoids is supported by pharmacological assessments in cultured

cells showing modulation of cell motility, phagocytosis, proliferation

and migration mainly ascribed to CB2 receptors (Carrier et al., 2004;

Ehrhart et al., 2005; Walter et al., 2003). However, in vivo support for

direct endocannabinoid-mediated control of microglial biological

activities in brain homeostasis - synapse pruning, modulation of syn-

aptic activity and neuroprotection - is still lacking. Studies of CB2

expression in pathological contexts consistently indicate receptor

upregulation in activated microglia and show that the beneficial

effects of cannabinoids in rodent models of neurodegeneration are

associated to an attenuated microglial reactivity, reduced production

of neurotoxic factors and pro-inflammatory mediators, and enhanced

release of anti-inflammatory molecules (Cristino et al., 2020; Mecha

et al., 2016). From mechanistic perspective, pharmacological and

genetic studies in culture settings showed that CB2 signaling

F IGURE 3 Neuronal and glial endocannabinoid signaling in brain physiology and pathology. (a) Cannabinoid CB1 receptors present at
presynaptic terminal and coupled to Gi/o proteins inhibit neurotransmitter release upon activation by 2-arachidonoylglycerol (2-AG) or N-
arachidonoylethanolamine (AEA). AEA can also activate neuronal type-1 transient receptor potential vanilloid receptor channels (TRPV1) to
modulate synaptic transmission. Perisynaptic and perivascular astrocyte profiles display Gq-coupled CB1 that engage increases in intracellular
Ca2+ concentration with the subsequent release of gliotransmitters. Microglial cells display very low levels of CB1 and CB2 receptors in
physiological conditions. CB1 are also expressed by mitochondria (mtCB1) at pre-and postsynaptic sites as well as in astrocytes where they inhibit
oxidative phosphorylation and ATP production. Diacylglycerol lipase α (DAGLα) is the primary enzyme synthesizing 2-AG in neurons and
astrocytes whereas DAGLβ activity is enriched in microglial cells. The major 2-AG degrading enzyme monoacylglycerol lipase (MAGL) is principally
located at presynaptic terminals and in astrocytes. In contrast, α/β-hydrolase domain containing 6 (ABHD6) regulates 2-AG levels at the site of
production. The enzyme responsible for AEA hydrolysis (FAAH) is present at the postsynaptic terminal as well as in glial cells. (b) Brain pathology
associated to neurodegenerative diseases exemplified by the presence of Aβ plaques, neurofibrillary tangles and oligodendrocyte and myelin
disturbances is associated to deregulated endocannabinoid signaling. Increased levels of CB2 receptors in microglia and astrocytes is a hallmark of
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS). Loss
of CB1 receptor expression has been reported in several neurodegenerative conditions and emerges as pathogenic mechanism in HD. Reactive
astrocytes in AD and MS upregulate FAAH. The activity of DAGLβ drives the production of 2-AG and downstream metabolic products
prostaglandins in reactive microglia. The effects of (endo)cannabinoids in neurodegeneration are mainly mediated by neuronal CB1 receptors, CB2

populations in microglia, astrocytes and peripheral immune cells, and CB1 receptors in oligodendrocyte populations. Created with BioRender.com
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promotes the acquisition of homeostatic and regenerative phenotype-

associated gene expression signatures (Mecha et al., 2015; Tanaka

et al., 2020). Collectively, these data suggest that microglial CB2 pro-

motes the acquisition of repair-promoting state leading to protective

effects in neuroinflammatory and neurodegenerative disease settings.

However, most of the research on this topic is restricted to expression

changes in a limited number of genes. Moreover, functional readouts

of microglial activation states in response to endocannabinoid signal-

ing have not been provided. Therefore, the concept that endo-

cannabinoids modulate the acquisition of a specific functional

phenotype by microglia should be validated in vivo by combining

advanced techniques (i.e. single-cell/nuclei RNAseq) and transgenic

mouse models to characterize the changes in microglial gene expres-

sion and function following microglia-specific manipulation of CB2

(and CB1) signaling.

Oligodendroglia

Research on the implications of endocannabinoid signaling in oligo-

dendrocyte biology is still at its early stages. Initial studies of CB1

receptor-mediated effects in oligodendroglia reported modulation of

Ca2+ and K+ conductances at the basis of oligodendrogliogenesis and

myelination (Mato et al., 2009). Later on, a number of studies showed

that oligodendroglial cells in culture produce endocannabinoids, which

engages protective effects and drives the proliferation, migration and

maturation of precursor cells through the activation of CB1 and CB2

(Bernal-Chico et al., 2015; Gomez et al., 2010; Gomez et al., 2011;

Gomez et al., 2015; Sanchez-Rodriguez et al., 2018). The signaling

mechanisms proposed as mediators of cannabinoid receptor-induced

oligodendrocyte differentiation include PI3K/Akt and the mammalian

target of rapamycin (mTOR) pathways (Gomez et al., 2010; Gomez

et al., 2015). In parallel, a number of in vivo pharmacological studies

have shown that cannabinoids accelerate developmental myelination

and facilitate myelin repair through mechanisms that involve activa-

tion of the mTOR cascade (Aguado et al., 2021; Huerga-G�omez

et al., 2021). Based on these findings, direct endocannabinoid signal-

ing onto OPCs and oligodendrocytes is hypothesized to enhance oli-

godendroglial survival and remyelination in rodent models of myelin

damage and repair (Aguado et al., 2021; Bernal-Chico et al., 2015;

Manterola et al., 2018). However, cannabinoid receptor expression in

oligodendroglia in situ is low according to anatomical studies and

whether activation of receptor subsets in these cells promotes OPC

differentiation to oligodendrocytes in the context of myelination and

myelin repair remains to be addressed using transgenic mouse

models.

Taken together, these data highlight the existence of diverse

cellular and subcellular endocannabinoid-related networks that

mediate differential effects on cell function. This expanded signal-

ing system implies several paradigms for endocannabinoid-based

therapies, with inhibitors of endocannabinoid hydrolysis being

most actively investigated in the context of neurological disorders.

However, the redundancy and promiscuity of the network poses a

challenge for the development of safe endocannabinoid-targeting

compounds, and the current knowledge on the cellular/molecular

mechanisms engaged by endocannabinoidome-modulating strate-

gies is still limited.

3 | ENDOCANNABINOID SIGNALING IN
NEUROLOGICAL DISORDERS

A large number of studies support the relevance of endocannabinoid

signaling in the development, progression, and treatment of neurologi-

cal disorders. Although most data have been acquired using experimen-

tal models of neurodegeneration, deregulation of endocannabinoid

activity is also apparent in postmortem brain tissue and biological sam-

ples from patients affected by a variety of neurological disorders

(Cristino et al., 2020). Such alterations often include changes in the

expression of CB1 and/or CB2 receptors as well as in the levels of endo-

cannabinoids, the impact of which on disease onset and progression

remains unclear due to the multiplicity to endocannabinoid signaling

networks and the complex and heterogeneous pathophysiology of neu-

rodegenerative diseases. Importantly, preclinical studies in animal

models of neurological disorders suggest that deregulation of endo-

cannabinoid signaling takes place in a disease-stage and cell-type spe-

cific manner (Figure 3).

There is also a robust literature focused on the effects of modu-

lating endocannabinoid signaling in neurological disorders (Cristino

et al., 2020; Estrada & Contreras, 2020). Constitutive and, more

recently, cell-type specific genetic manipulation of the system exerts

symptom control and influences disease severity in experimental

models of neurological conditions with drugs aimed at promoting

endocannabinoid signaling often ameliorating the extent of inflam-

mation and neurodegeneration (Chiarlone et al., 2014; Maresz

et al., 2007; Rodríguez-Cueto et al., 2021). Mechanistically, the

protective effects of cannabinoid compounds such as Δ9-THC (and

CBD) may involve CB1 and CB2 receptor independent mechanisms

that will not be specifically addressed in this review. During the

last few years, it has also become clear that both enhancers and

blockers of cannabinoid signaling may produce beneficial effects in

rodent models of neurological conditions (Cao et al., 2007; Nomura

et al., 2011; Wilkerson et al., 2016). These observations likely

reflect the complex biology of endocannabinoidome mediators

targeting multiple receptors in different cell types during patholog-

ical states, which may limit their therapeutic potential. Indeed, clin-

ical translation of the findings obtained using experimental models

has proven less effective than initially expected, as the limited

number of clinical studies conducted so far failed to confirm the

neuroprotective, disease-modifying potential of (endo)cannabi-

noids observed in animal models of neurological disorders (Maas

et al., 2006; Zajicek et al., 2013).

Below, we outline the principal alterations in the activity of can-

nabinoid receptors and classical endocannabinoids described in sev-

eral neurodegenerative diseases, as well as preclinical and clinical

evidence addressing the therapeutic opportunities of the system.

Alterations in other components of the endocannabinoidome is

beyond the scope of this manuscript, but detailed information on this
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subject can be found in other reviews (Cristino et al., 2020; Di

Marzo, 2018).

1. Alzheimer's disease (AD) is the most prevalent neurodegenerative

disease affecting 40 million people worldwide and represents the

main cause of dementia. While the exact causes/triggers of AD are

not entirely clear, some of the mechanisms underlying progressive

cognitive decline and disability have been characterized. These

include deficient acetylcholine signaling, synapse loss, extracellular

amyloid-β42 (Aβ) deposition in neuritic plaques, and intraneuronal

accumulation of hyperphosphorilated tau protein in neurofibrillary

tangles (Chen & Mobley, 2019). A chronic inflammatory state

appears maintained by reactive astrocytes and activated microglia

whose implications in the course of AD have been the focus of

intense investigation (Leng & Edison, 2021). Assessments in rodent

models (Bedse et al., 2014; Kalifa et al., 2011) and human postmor-

tem studies (Berry et al., 2020) have reported discordant observa-

tions concerning deregulation of CB1 in AD, and the results

include both early increases as well as progressive reductions in

the expression levels. Altered distribution and inhibitory activity of

CB1 receptors have been recently put forward in presymptomatic

mouse AD brains, which suggests that disease-associated deregu-

lation of receptor trafficking may have been overlooked

(Maccarrone et al., 2018). Conversely, elevated CB2 expression in

astroglial, and predominantly, microglial cells is a consistent finding

in advanced rodent (L�opez et al., 2018) and human AD (Benito

et al., 2003; Solas et al., 2013) with receptor levels positively corre-

lating with Aβ concentration and plaque deposition. These obser-

vations support the hypothesis that CB2 receptors modulate the

activation state of glial cells surrounding plaque and tangle pathol-

ogy in AD. Concerning endocannabinoids, postmortem studies

show reduced AEA concentration and increased FAAH expression

in neuritic plaque-associated astrocytes, suggesting deregulated

endocannabinoid hydrolysis in AD pathology (Benito et al., 2003;

Jung et al., 2012). Remarkably, AEA levels were inversely corre-

lated to cognitive scores and accumulation of Aβ peptide in post-

mortem AD brains, and enhancing Aβ levels directly reduced AEA

concentration in cell lysates (Jung et al., 2012). Collectively, these

observations led to the hypothesis that impaired AEA mobilization

in response to Aβ contributes to cognitive dysfunction in AD. In

the brains of patients with AD, increased DAGLβ expression in

microglial cells and reduced neuronal MAGL and ABHD6 levels

have been detected, pointing to unbalanced 2-AG metabolism

(Mulder et al., 2011). Partially mirroring these observations,

enhanced 2-AG levels have been reported in a rodent model of Aβ

toxicity, in association with β-amyloid protein-induced hippocam-

pal degeneration and gliosis (van der Stelt et al., 2006). However,

analysis in AD transgenic mice have failed to detect changes in the

levels of AEA or 2-AG (Vázquez et al., 2015). Findings in experi-

mental models of AD show that enhancing endocannabinoid

signaling ameliorates the AD phenotype. Thus, both CB1- and

CB2-selective agonists attenuate cognitive deficits associated with

the pathology (Aso et al., 2012; Aso et al., 2013; Wu et al., 2017).

Studies addressing the outcome of CB2 receptor knockdown in

transgenic AD mice report conflicting results regarding the effect

on amyloid pathology (Koppel et al., 2014; L�opez et al., 2018).

Nevertheless, a number of in vitro and in vivo assessments suggest

that CB2 protects against memory impairments in AD by decreas-

ing the production of neurotoxic factors and pro-inflammatory

mediators by astrocytes and microglial cells (Aso & Ferrer, 2016).

In addition, recent data suggest that this receptor population might

tune the appearance of disease-associated microglia in AD towards

repair-promoting phenotypes (Duffy et al., 2021). Regarding the

role of CB1 signaling in AD models, receptor antagonism elicited

both protective and disease-exacerbating effects in a model of Aβ

toxicity and neuroinflammation, the bases of which are not fully

understood (Mazzola et al., 2003; Vázquez et al., 2015). Finally, it

is also worth mentioning that several studies support beneficial

effects of CBD against Aβ pathology with the potential contribu-

tion of PPARγ receptors (Esposito et al., 2007; Esposito

et al., 2011). Concerning pharmacological targeting of endo-

cannabinoid hydrolysis, MAGL inactivation was reported to sup-

press Aβ production, alleviate neuropathology, and attenuate

memory deficits in AD mice through CB1/CB2 receptor-

independent mechanisms that may involve PPARγ receptor-

mediated signaling and/or attenuated PG production (Chen

et al., 2012; Hashem et al., 2021; Piro et al., 2012; Zhang &

Chen, 2018; Zhang, Hu, et al., 2014). From mechanistic perspec-

tive, in vitro assessments also show direct anti-inflammatory

effects of MAGL inhibition in astrocytes and microglia challenged

with Aβ peptides (Pihlaja et al., 2015). Pharmacological targeting of

FAAH has led to more controversial results. While in vitro studies

in microglial cells showed that FAAH blockade drives Aβ induced-

microglial polarization towards an anti-inflammatory phenotype

(Grieco et al., 2021), enzyme inhibitors had no impact on cognitive

impairment, plaque deposition and gliosis in AD mice (Vázquez

et al., 2015). Remarkably, genetic inactivation of FAAH in a mouse

model of AD diminished soluble amyloid levels, neuritic plaques,

and gliosis while engaging CB1 receptor-independent behavioral

improvements in spatial memory despite increased expression of

inflammatory cytokines (Vázquez et al., 2015). A recent follow-up

study showed a reversal of AD neuronal phenotype by FAAH

knockdown associated with increased microglial activation and

phagocytosis of Aβ peptide (Ruiz-Pérez et al., 2021), thus

supporting the therapeutic potential of endocannabinoid-mediated

modulation of neuroinflammation in AD. Despite encouraging pre-

clinical evidence mentioned above, very few clinical trials

addressing the efficacy of endocannabinoid targeting in AD have

been completed. The synthetic Δ9-THC analog nabilone reduced

agitation and aggression in patients with AD, but cognitive out-

comes were not different from placebo (Herrmann et al., 2019). An

important limitation when designing studies to evaluate

cannabinoid-modulating drugs as a therapeutic option in AD, as in

other neurodegenerative conditions, is that disease-associated

molecular changes take place several years before the symptoms

manifest. Modulation of endocannabinoid signaling for
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neuroprotective and immunomodulatory purposes when disease is

already exacerbated may thus lead to negative results. In addition,

long-term heavy cannabis use has negative effects on cognitive

functions (Kuhns et al., 2021) that may complicate the interpreta-

tion of results and discourage long-term clinical studies.

2. Parkinson's disease (PD) is the second most common neurodegen-

erative disorder characterized by the loss of dopaminergic neurons

in motor circuits leading to dyskinesia, bradykinesia, rigidity and

constant muscle tremors as well as a range of non-motor symp-

toms (cognitive deficits, mood disorders hallucinations, pain, sleep

disorders). The main pathological hallmarks of PD are the accumu-

lation of α-synuclein aggregates and the degeneration of dopami-

nergic neurons in the substantia nigra pars compacta projecting to

the basal ganglia. The majority of data gathered from PD animal

models (Di Marzo et al., 2000; van der Stelt et al., 2005) and

human patients (Pisani et al., 2005) demonstrate increased endo-

cannabinoid levels that respond to dopamine replacement therapy,

hence suggesting that alterations are associated to disease symp-

toms. Enhanced AEA levels in experimental parkinsonism have

been associated with decreased FAAH activity (Gubellini

et al., 2002). CB1 receptor expression in the basal ganglia is

reduced at early disease stages but increase later on, as supported

by animal (García-Arencibia et al., 2009; Rojo-Bustamante

et al., 2018) and human (Van Laere et al., 2012) studies. Assess-

ments of changes in CB2 receptor expression show enhanced

levels in activated microglia and astrocytes of PD patients

(Navarrete et al., 2018) and rodent disease models (G�omez-Gálvez

et al., 2016). While the above-mentioned expression data supports

a role of endocannabinoid signaling in PD progression, the rele-

vance of the system in the pathogenesis of the disease and its

potential as a therapeutic target remain obscure. On one hand,

non-selective cannabinoids and CB2 agonists have been reported

to attenuate neuronal loss and inflammation in rodent models of

PD, and these improvements appear mediated by neuroglial cells

involved in disease pathogenesis (García-Arencibia et al., 2007;

G�omez-Gálvez et al., 2016; Lastres-Becker et al., 2005). However,

pharmacological modulation of CB1 receptors has rendered con-

flicting results as application of both agonists and antagonists led

to disease-ameliorating effects in animal models of PD (Cao

et al., 2007; Fernandez-Espejo et al., 2005). With regard to endo-

cannabinoid hydrolysis, breakthrough observations demonstrated

that pharmacological inhibition of MAGL activity protects against

dopaminergic degeneration via CB1 and CB2 receptor-independent

mechanisms that involve attenuated PG production (Nomura

et al., 2011). More recent studies have suggested that blocking

enzymatic activity of MAGL and FAAH results in protection and/or

amelioration of motor PD symptomatology, likely via activation of

CB1 and CB2 receptors and restoration of astrocytic and microglial

homeostatic functions (Celorrio et al., 2016; Fernández-Suárez

et al., 2014). At the clinical level, early studies showed a reduction

in levodopa-induced dyskinesia in PD patients treated with Δ9-

THC and nabilone and no amelioration following administration of

the CB1 receptor antagonist SR141716A (Mesnage et al., 2004;

Sieradzan et al., 2001). However, a randomized, double-blind,

placebo-controlled crossover trial showed that orally-administered

cannabis extracts resulted in no objective or subjective improve-

ment in dyskinesias or parkinsonism (Carroll et al., 2004). More

recently, nabilone was reported to ameliorate non-motors symp-

toms in PD patients (Peball et al., 2020).

3. Huntington's disease (HD) is a devastating neurodegenerative dis-

order caused by a CAG repeat expansion (>39 CAG repeats) in the

gene that encodes the huntingtin (HTT) protein that leads to pro-

gressive motor, mood, and cognitive mental dysfunction. The neu-

ropathological basis of the disease is the specific degeneration of

striatal GABAergic medium spiny neurons (MSNs) and, to a lesser

extent, of glutamatergic pyramidal neurons in the cerebral cortex.

A number of studies have suggested that deficient endo-

cannabinoid signaling contributes to HD severity and progression.

Early and progressive loss of CB1 receptors has been reported in

postmortem brain tissue from HD patients (Glass et al., 1993) and

murine models (Denovan-Wright & Robertson, 2000; Dowie

et al., 2009) of the disease. Downregulation of CB1 receptors in

HD affects mainly the lateral striatum but not the cortex, and is

associated with transcriptional repression of the Cnr1 gene by

mutant HTT (Blázquez et al., 2011; Laprairie et al., 2014). Further

supporting endocannabinoid hypofunction in HD, reduced striatal

levels of AEA have been reported in animal models, although find-

ings regarding 2-AG are controversial (Bari et al., 2013; Bisogno

et al., 2008; Dowie et al., 2009). Accordingly, striatal expression of

the AEA-degrading enzyme FAAH is upregulated in mouse models

and patients with HD whereas MAGL levels remain unchanged

(Blázquez et al., 2011). Studies using genetic, pharmacogenetic,

and pharmacological approaches show a neuroprotective effect of

CB1 receptors, particularly those located at corticostriatal termi-

nals, on MSNs through mechanisms that include the production of

BDNF and the attenuation of glutamate excitotoxicity (Blázquez

et al., 2011; Chiarlone et al., 2014). On the other hand, increased

levels of CB2 receptors associated with microglial cells have been

reported in transgenic mouse models and postmortem tissue from

HD patients (Palazuelos et al., 2009) as well as after intrastriatal

malonate injection (Sagredo et al., 2009). As reported for CB1

receptors (Blázquez et al., 2011), genetic CB2 receptor deficiency

accelerates the onset of motor deficits and increases disease

severity in HD transgenic mouse models (Bouchard et al., 2012).

Consistently, stimulation of endocannabinoid signaling by adminis-

tration of cannabinoid agonists such as Δ9-THC and inhibitors of

2-AG hydrolysis protects striatal neurons and attenuates motor

impairments in rodent models of HD (Blázquez et al., 2011; Ruiz-

Calvo et al., 2019). Of interest, the protection against striatal dam-

age observed after MAGL blockade appears dependent on the

inhibition of this 2-AG inactivating enzyme specifically in astro-

cytes (Ruiz-Calvo et al., 2019). Altogether, these results support

the notion that loss of CB1 receptors is a major pathogenic event

in HD and that pharmacological strategies aimed at promoting CB1

(and CB2) receptor signaling may result in therapeutic benefits, the

extent of which will most likely depend on the degree of disease
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severity at the time of drug administration. Based on encouraging

findings in preclinical models, a number of clinical trials assessing

the effect of cannabinoid (nabiximols, CBD, nabilone) administra-

tion in HD have been performed with contrasting results

(Consroe et al., 1991; Curtis et al., 2009; L�opez-Send�on Moreno

et al., 2016). In most cases, the drugs were reported as safe and

well tolerated, but the only significant improvement observed was

the attenuation of disease-associated dystonia (Saft et al., 2018).

4. Amyotrophic lateral sclerosis (ALS) is a rare and devastating neu-

rodegenerative disease that affects motor neurons and leads to

progressive muscle denervation and paralysis. The main clinical

manifestations of the disease are impaired speaking, swallowing,

walking, and breathing, with 15% of the patients also displaying

frontotemporal (FTD) dementia. ALS is usually sporadic, but �10%

of the cases are caused by specific mutations, the inheritance of

which is dependent on the specific gene. Most commonly, the

mutations affect superoxide dismutase 1 (SOD1) and TAR-DNA

binding protein (TDP-43), among other genes, and are inherited as

an autosomal dominant trait (Renton et al., 2014). Highlighting the

complexity and intermingled pathogenic mechanisms of neu-

rodegeneration, recent observations have demonstrated patho-

genic expansions of the HTT gene in both ALS and FTD (Dewan

et al., 2021). Studies in SOD1 and TDP-43 mouse models of ALS

show increased levels of endocannabinoids in diseased mice, likely

associated with altered NAPE-PLD and FAAH activities (Bilsland

et al., 2006; Espejo-Porras et al., 2015; Witting et al., 2004). Yet,

these observations that have not been recapitulated in human

samples (Espejo-Porras et al., 2018). A consistent finding in experi-

mental ALS (Espejo-Porras et al., 2015) and postmortem human tis-

sue (Espejo-Porras et al., 2018; Yiangou et al., 2006) is the

upregulation of CB2 receptors, particularly in astrocytes and

microglia, interpreted as a protective adaptive response of glial

populations (see below). Conversely, the expression of CB1 in ani-

mal models of ALS has been reported either as unchanged (Espejo-

Porras et al., 2015; Moreno-Martet et al., 2014) or as altered early

during disease progression (Rossi et al., 2010; Zhao et al., 2008).

The latter observation suggests that deficient endocannabinoid

signaling may contribute to ALS etiopathology. Cumulative evi-

dence from studies using pharmacological and genetic approaches

suggests that targeting endocannabinoid signaling may have neu-

roprotective effects in ALS. Early research using Δ9-THC and non-

selective synthetic cannabinoid agonists showed delayed disease

progression and/or increased life-span in rodent ALS models

(Bilsland et al., 2006; Raman et al., 2004). These findings have been

recapitulated using selective CB2 agonists, and associated with

attenuated astroglial and microglial immunoreactivity (Espejo-

Porras et al., 2019). Further supporting the therapeutic potential of

promoting CB2 signaling in ALS, genetic inactivation of the recep-

tor has been reported to accelerate neurological deterioration and

glial reaction while shortening the life span of TDP-43 mice

(Rodríguez-Cueto et al., 2021). Conversely, genetic ablation of the

CB1 receptor had no effect on disease onset in SOD1 mice but sig-

nificantly extended life span (Bilsland et al., 2006). Increasing

endocannabinoid levels by genetic and pharmacological inactiva-

tion of MAGL and/or FAAH was shown to delay disease progres-

sion and attenuate neuropathology in experimental ALS, thus

recapitulating the effects of cannabinoid receptor agonists

(Bilsland et al., 2006). Collectively, preclinical studies in ALS show

protective effects of targeting CB2 signaling via modulation of glial

cell function. These observations encourage further research aimed

at elucidating specific cellular mechanisms and molecular pathways

engaged by endocannabinoid signaling in ALS-associated astrocytes

and microglia. The above-mentioned potential of cannabinoids to

attenuate ALS symptomatology in preclinical models has been

addressed by a limited number of controlled clinical trials. Δ9-THC

was well-tolerated by ALS patients but the only improvement

observed following its administration was a modest attenuation of

cramps and fasciculations (Weber et al., 2010). More recently, a

proof-of-concept trial using nabiximols demonstrated a reduction in

spasticity in patients with ALS (Riva et al., 2019). A clinical trial

aimed at evaluating the efficacy of a standardized cannabis extract

with high CBD/low Δ9-THC ratio is currently in progress (Urbi

et al., 2019).

5. Multiple sclerosis (MS) is a chronic inflammatory demyelinating

disease of the CNS that represents the leading cause of acquired

non-traumatic disability in young and middle-aged adults in the

developed world (Lassmann, 2014). MS is thought to arise due to

both environmental and genetic factors, and recent landmark stud-

ies point to infection with Epstein Bar virus as a crucial pathogenic

mechanism (Bjornevik et al., 2022; Lanz et al., 2022). In most

patients, MS starts as so-called relapsing remitting (RR) disease in

which periods of neurological symptoms alternate with those of

recovery. The predominant pathological feature in this form of the

disease is the appearance of focal demyelinating lesions dissemi-

nated throughout the CNS characterized by the heterogeneous

presence of peripheral immune cells, astrocytes and microglia, and

variable amount of axonal injury/loss (Lassmann, 2014). RRMS

eventually evolves into a progressive form characterized by lower

extent of inflammation, expanding demyelination, and axonal/

neuronal loss. A subset of patients directly enters the progressive

phase. While immunomodulatory agents are successfully used to

alleviate symptoms in RRMS, these largely fail to prevent the tran-

sition into the progressive phase, characterized by the develop-

ment of irreversible neurological deficits. Thus, preventing MS

progression and development of permanent neurological handicap

is an unmet clinical need for patients with MS. Importantly, the

process of myelin regeneration, also called remyelination, occurs in

MS lesions at variable extent, and lesions in which repair is suc-

cessful show less axonal degeneration than the chronically

demyelinated ones (Kornek & Lassmann, 2003). Thus, stimulating

remyelination is considered as a potential neuroprotective strategy

to prevent axonal damage and halt/reduce MS progression. The

role of the endocannabinoid system in MS became the focus of

many studies due to anecdotal reports that street cannabis can

improve symptoms such as limb spasticity in self-medicating

patients with MS. Concerning alterations of the
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endocannabinoidome, increased concentrations of AEA but not

2-AG have been reported in patients with MS and animal models

of the disease, and correlated to imbalanced NAPE-PLD/FAAH

activities (Centonze et al., 2007; Eljaschewitsch et al., 2006; Jean-

Gilles et al., 2009). Although the cell specificity of the changes

observed has not been thoroughly investigated, these may reflect

alterations in peripheral immune cells as well as in astrocytes and

microglia activated early during disease progression (Benito

et al., 2003; Centonze et al., 2007; Moreno-García et al., 2020). In

contrast to the above mentioned evidence, early evaluations of

postmortem MS lesions suggested FAAH upregulation in hypertro-

phic astrocytes (Benito et al., 2003), and preclinical and

clinical assessments have also revealed unaltered or reduced

levels of both endocannabinoids in MS (Di Filippo et al., 2008) and

its models (Manterola, Bernal-Chico, Cipriani, Canedo-Antelo et al.,

2018). Finally, deregulated expression of astrocytic FABP7 has

been shown during experimental demyelination as well as in

human MS lesions (Kipp et al., 2011). In particular, demyelinating

lesions with impaired remyelination capacity show weak FABP7

expression and astrocytic levels of the carrier protein seem to cor-

relate with the presence of OPCs, suggesting an association

between astrocyte FABP7 activity and myelin repair. However,

FABP7 knockout mice displayed a slightly earlier onset of inflam-

mation and clinical signs but lower clinical scores in the chronic

phase of the experimental autoimmune demyelination model, in a

later study (Kamizato et al., 2019). Because FABP7 is also

expressed in OPCs (Foerster et al., 2020), it could be that the phe-

notype of FABP7 knockout mice is also OPC-dependent. Indeed,

FABP7 deficiency in OPCs was associated with defects in develop-

mental myelination, but not remyelination in a focal remyelination

model (Foerster et al., 2020). In all, currently there is no consensus

on whether endocannabinoid system is overactive or impaired in

MS in terms of endocannabinoid availability, and the prevailing

hypothesis is that local changes take place in a disease-stage and

lesion type-dependent manner. Regarding cannabinoid receptors,

CB2 levels have been consistently reported as upregulated in acti-

vated microglia and immune cells within MS lesions (Benito

et al., 2003; Loría et al., 2008; Maresz et al., 2007) whereas results

regarding the modulation of CB1 receptor expression are contro-

versial (Berrendero et al., 2001; Cabranes et al., 2006; Manterola,

Bernal-Chico, Cipriani, Canedo-Antelo, et al., 2018). Studies on the

effects of endocannabinoid-modulating drugs in MS and its pre-

clinical models has led to consistent and encouraging observations

supporting the clinical potential of targeting the system for thera-

peutic purposes. Cannabinoid agonists and MAGL/FAAH inhibitors

engage multiple beneficial effects that include neuroprotection

and amelioration of inflammatory responses (Bernal-Chico

et al., 2015; Ortega-Gutiérrez et al., 2005; Pryce et al., 2013), while

pharmacological ABHD6 blockade engages only modest protection

in MS animal models (Manterola, Bernal-Chico, Cipriani, Canedo-

Antelo, et al., 2018; Manterola, Bernal-Chico, Cipriani, Ruiz, et al.,

2018). A number of studies also show that deficiency or blockade

of FABP5 and FABP7 confers protection in MS models via immune

inhibition and oligodendrocyte protection but whether these

effects involve an enhanced endocannabinoid tone remains to be

addressed (Cheng et al., 2021; Kamizato et al., 2019; Reynolds

et al., 2007). The alleviation of MS symptoms by (endo)cannabi-

noids appears mediated by the neuronal population of CB1 recep-

tors as well as CB2 receptors in hematopoietic cells and microglia,

as suggested by both pharmacological and genetic approaches in

animal models of the disease (Maresz et al., 2007; Palazuelos

et al., 2008; Pryce et al., 2003). As in other pathologies, CB2 recep-

tors have been implicated in the acquisition of a pro-regenerative

phenotype by microglial cells, likely contributing to a reduction in

the tissue damage (Mecha et al., 2018). The hypothesis that endo-

cannabinoid signaling promotes myelin repair has also been

recently highlighted (Aguado et al., 2021; Feliú et al., 2017). In vivo

observations on the pro-remyelinating effects of (endo)cannabi-

noids are further supported by the in vitro results showing protec-

tive and differentiation-promoting effects on oligodendroglia,

associated with the activation of CB1 and CB2 receptors (Bernal-

Chico et al., 2015; Gomez et al., 2010). However, few data are

available on the mechanisms underlying the effect of cannabinoids

on oligodendroglia in models of MS, and the implication of oligo-

dendrocyte CB1 (and/or CB2) receptors in the protective and

regenerative effects of (endo)cannabinoids remains to be clearly

demonstrated. Similarly, bona-fide evidence that cannabinoid

receptor populations in astrocytes modulate the onset and pro-

gression of MS is still lacking. Clinical studies in patients with MS

show that administration of Δ9-THC, alone or in combination with

CBD and its analogs, modestly attenuates spasticity (Chiurchiù

et al., 2018). Following approval of nabiximols for the treatment of

pain and refractory spasticity in MS patients (Novotna et al., 2011)

clinical experience has corroborated the anti-spastic profile of this

endocannabinoid-targeting medication (Giacoppo et al., 2017;

Markovà et al., 2019). Systematic analyses have not provided clear

conclusions for other MS symptoms (Nielsen et al., 2018).

Research on the mechanisms engaged by nabiximols in MS

patients is ongoing, and the immunomodulatory and disease-

modifying efficacy is under debate (Sorosina et al., 2018). Clinical

experience with cannabis-based medicines in MS has also demon-

strated that the therapeutic efficacy of Δ9-THC is restricted to is

use at high doses and usually accompanied by undesired effects

including psychoactivity or memory impairments (Baker

et al., 2012). Current research on the therapeutic potential of the

endocannabinoid system in MS, thus, aims at developing strategies

to target CB1 and CB2, whilst limiting such adverse responses

associated with Δ9-THC administration.

4 | CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The studies outlined in this review demonstrate that endocannabinoid

system plays a role in the onset, progression, and/or symptomatology

of major neurological disorders and provides several, often multi-

faceted substrates for therapeutic targeting. Because endo-

cannabinoids are intimately involved in the regulation of glial
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responses during brain pathology and glial cells are crucial determi-

nants of neuropathological states, endocannabinoid control of glial

function represents an attractive target for the development of novel

therapeutic agents for neurodegenerative diseases. However, the

redundancy and promiscuity of the endocannabinoid network poses a

significant challenge. Thus, to ensure therapeutic progress, several

questions remain to be addressed regarding endocannabinoid-

mediated modulation of glial cell function as well as the nature of glial

dysfunction in neurodegeneration. These questions include:

Is the expression of cannabinoid receptors homogeneous within

the diverse populations of astrocytes, microglia, and oligodendro-

cytes? Which is the topography of endocannabinoid signaling machin-

ery in glial cells and its relation to the neuronal compartment in health

and disease? Does the phenotypic transformation of neuroglial cells in

pathological context imply alterations in autocrine and paracrine

endocannabinoid signaling? Which are the implications of endo-

cannabinoid signaling in the metabolic activity of astrocytes, microglia,

and oligodendroglia? Do endocannabinoids modulate glial bioenerget-

ics failure during neurodegeneration? Do these lipid mediators play a

role in white matter alterations associated with neurological diseases?

All these points should be explored by combining transgenic

models and rescue strategies that allow cell-type specific manipulation

of endocannabinoid signaling in vivo with the analysis of transcriptomic

and epigenetic profiles of glial cells at various disease states. Correlation

of changes at the molecular level with functional readouts and corrobo-

rations using reliable, patient-derived human in vitro models are also

necessary to minimize the translation gap. Finally, assessing the poten-

tial of endocannabinoidome-targeting drugs as disease-modifying thera-

pies in patients remains a major challenge for future research.

5 | MATERIALS AND METHODS

For the analysis of CB1 receptor localization in oligodendrocytes we

used C57BL6N male mice deficient in the cannabinoid CB1 receptor

(Marsicano et al., 2002) and their corresponding wild-type littermates,

herein referred to as CB1
�/� and CB1

+/+, respectively (colony foun-

ders kindly provided by Dr. Beat Lutz, Institute of Molecular Biology,

Mainz, Germany). Animals were housed under standard conditions

(12 h light/dark cycles) with access to food and water ad libitum. All

experiments were conducted under the supervision and with the

approval of the Animal Welfare Committee of the University of the

Basque Country UPV/EHU (CEEA395. All efforts were made to mini-

mize animal suffering and to reduce the number of mice used, in com-

pliance with the European Communities Council Directive of

22 September 2010 on the protection of animals used for scientific

purposes (Directive 2010/63/EU).

5.1 | Mice sacrifice and tissue processing

Male mice with a C57BL6N background were intraperitoneally (i.p.)

anesthetized with ketamine/xylazine (80/10 mg/Kg; Imalgene®,

Mérial, France/Rompun®, Bayer, Germany) and transcardially per-

fused with saline solution (0.9% NaCl; pH 7.4) to clear blood vessels

followed by fixative solution containing 4% paraformaldehyde, 0.1%

glutaraldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB;

pH 7.4), using a peristaltic pump. After extraction, brains were post-

fixed overnight in 4% paraformaldehyde at 4�C. Coronal sections

(40 μm-thick) containing corpus callosum and hippocampus were

obtained on a vibratome (VT1000S, Leica, Wetzlar, Germany) and

stored in 0.1 M PB containing 0.02% sodium azide until use.

5.2 | Preembedding immunogold method for
electron microscopy

Tissue sections were pre-incubated in a blocking solution containing

10% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO),

0.1% sodium azide and 0.02% saponin in Tris–HCl buffered saline

(TBS; pH 7.4) for 30 min at room temperature (RT). Subsequently,

sections were incubated with a polyclonal rabbit anti-CB1 receptor

antibody (1:500; ImmunoGenes, Budapest, Hungary) prepared in

blocking solution with 0.004% saponin for 2 days at 4�C. After sev-

eral washes in 1% BSA/TBS, tissue sections were incubated in a sec-

ondary 1.4 nm gold-labeled goat anti-rabbit IgG (1:200; Nanoprobes

Inc., Yaphank, NY) prepared in the washing solution with 0.1%

sodium azide and 0.004% saponin for 4 h at RT. Tissue was washed

overnight in 1% BSA/TBS at 4�C, postfixed in 1% glutaraldehyde in

TBS for 10 min at RT and washed in double-distilled water (ddH20).

Gold particles were silver-intensified with a HQ Silver kit

(Nanoprobes) in the dark for 12 min and tissue was washed with

ddH20 followed by 0.1 M PB. The day after, sections were

osmicated (1% OsO4 in 0.1 M PB; pH 7.4) for 30 min. After

3 � 10 min washes in 0.1 M PB, tissue sections were dehydrated in

graded ethanol concentrations (50%–100%) to propylene oxide and

embedded in epoxy resin (Sigma-Aldrich) by immersion in decreasing

concentration of propylene oxide (1:3 for 30 min, 1:1 for 1 h and 3:1

for 2 h). Tissue was then embedded in fresh resin overnight and

allowed to polymerize at 60�C for 2 days. Following visualization at

the light microscope, selected tissue portions were trimmed and

glued onto epoxy resin capsules. Semi-thin sections (500 nm-thick)

were cut from epoxy blocks using a Power Tome ultramicrotome

(RMC Boeckeler, Tucson, AZ) and stained with 1% toluidine blue.

Ultrathin (50–60 nm-thick) sections were then cut with a diamond

knife (Diatome, Hatfield PA), collected on nickel mesh grids and sta-

ined with 4% uranyl acetate for 30 min and 2.5% lead citrate for

electron microscope visualization.

5.3 | Semi-quantification of the CB1 receptor
immunogold staining

Immunogold labeling was visualized on the tissue slices with a light

microscope and portions of the corpus callosum and with consistent

immunolabeling of CB1 receptors identified and trimmed down for
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ultrathin sectioning. To standardize conditions and avoid false nega-

tives, only the first 20 ultrathin sections were collected onto the grids

and photographed for analysis. Ultrathin sections were examined with

a Jeol JEM 1400 Plus electron microscope (Jeol, Tokio, Japan) at the

Service of Analytical and High-Resolution Microscopy in Biomedi-

cine of University of the Basque Country UPV/EHU. For the analy-

sis of CB1 receptor localization in mature oligodendrocytes, the

electron micrographs were taken with a digital sCMOS camera

(Hamamatsu Photonics France, Cerdañola, Spain) at magnification

4000–8000�. Sampling was always carefully and accurately car-

ried out in the same way for all the animals studied. Mature oligo-

dendrocytes in the corpus callosum were identified by their

distinctive morphological features, such as electron-dense nuclei

with pronounced aggregates of heterochromatin and the usual

presence of thin rims of perinuclear cytoplasm (Peters &

Folger, 2013). Image-J software (NIH, Bethesda, MD) was used to mea-

sure the membrane length (perimeter) of oligodendrocyte somata. Posi-

tive labeling was considered if at least one immunoparticle was found

within approximately 30 nm from the membrane. Percentages of CB1

receptor positive somata were analyzed and displayed as mean ± SEM

using a GraphPad Prism. Results correspond to the analysis of 22–38

oligodendrocytes per animal.
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