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Abstract  
 
The endocannabinoid system is an endogenous neuromodulatory system widely 

expressed in the central nervous system. It modulates synaptic plasticity and 

neuronal excitability, and fine-tunes several physiological functions such as, 

motor coordination, learning and memory, anxiety and nociception, among 

others. Exogenous or endogenous cannabinoid agonists exert their effects acting 

on specific cannabinoid receptors heavily expressed in the brain. Cannabinoids 

agonists are widely used and abused for recreational purposes, but more 

recently their therapeutic potential in different pathological states has been 

explored. Important limitations to their use are the possible central adverse 

effects on cognitive performance or motor coordination. This thesis mainly 

focuses on the effects of Δ9-tetrahydrocannabinol, the main psychoactive 

compound of marijuana plant, in the cerebellar functionality, paying special 

attention to the role of the microglial cells in the regulation of the fine motor 

coordination functions. The use of biochemical, pharmacological, genetic, and 

behavioral approaches allowed us to determine the sensitivity of the 

neuronal/glial circuitry in the regulation of the cerebellar functions and the 

molecular mechanisms they involved in it. 

 

 
Resum 
 

El sistema endocannabinoid és un sistema endogen neuromodulador 

àmpliament expressat en el sistema nerviós central. Aquest sistema modula la 

plasticitat sinàptica i l’excitabilitat neuronal, regulant de manera fina funcions 

fisiològiques com la coordinació motora, l’aprenentatge, la memòria, l’ansietat i 

el dolor, entre d’altres. Agonistes cannabinoids exògens o endògens duen a terme 

els seus efectes actuant específicament sobre els receptors cannabinoids 

àmpliament expressats en el cervell. Els compostos cannabinoids són 

extensament utilitzats pel seu ús recreatiu com a drogues d’abús, encara que en 

els últims anys el seu potencial terapèutic està sent cada cop més estudiat. Una 

de les principals limitacions del seu ús són els possibles efectes adversos sobre el 

sistema nerviós central, a nivell cognitiu i sobre la coordinació motora. Aquesta 

tesis es centra principalment en els efectes del Δ9-tetrahidrocannabinol, el 

principal component psicoactiu de la planta de la marihuana, sobre la 

coordinació motora fina. La combinació d’aproximacions bioquímiques, 

farmacològiques, genètiques i comportamentals ha permès determinar la 

sensibilitat del circuit glial/neuronal en el control de les funcions cerebelars i els 

mecanismes i molècules involucrades en aquesta regulació. 
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1. Natural and synthetic cannabinoids 
 

Marijuana and other derivates from Cannabis sativa plant have 

been used for millennia for recreational and medicinal purposes. 

Cannabis sativa was first used in the ancient China, India and 

Arabia, and after centuries of well documented medical use 

throughout the world and more than fifty years of intensive 

research on the mechanisms of action, the therapeutic use of 

cannabis extracts has been approved in several countries.  

An intensive research was performed to isolate the active 

constituents of the Cannabis sativa plant and to synthesize new 

synthetic molecules that may mimic the cannabinoid compound 

properties. At least, 70 different compounds derived from the 

hemp plant, known as phytocannabinoids, were isolated during the 

20th century (Adams and Martin, 1996; ElSohly and Slade, 2005). 

However, the main discovery of this research took place on 1964 

when Δ-9-tetrahydrocannbinol (THC), the major psychoactive 

component of the Cannabis sativa plant was isolated (Gaoni and 

Mechoulam, 1964). Other important phytocannabinoids, present in 

the plant are cannabinol, cannabichromene, cannabigerol, 

cannabicyclol, cannabitriol and cannabidiol (Turner et al.; 

Mechoulam et al., 1970; ElSohly and Slade, 2005). Cannabinoid 

compounds produce in animals numerous behavioral 

cannabimimetic effects analogous to those reported previously in 

humans (Adams and Martin, 1996). In rodents, high doses of THC 
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evoke reduced motility, hypothermia, catalepsy and analgesia 

(Howlett, 1995). Several synthetic active analogs of THC with 

cannabimimetic properties have been synthesized displaying 

different intrinsic activity and selectivity for the cannabinoid 

receptors. The more noteworthy are HU-210, HU-243, nabilone, CP 

55,940, WIN 55,212-2 and the cannabinoid receptors antagonists 

SR14176A (rimonabant), AM251, SR14528 and AM630 (Rinaldi-

Carmona et al., 1994, 1998; Pertwee et al., 1995; Gatley et al., 1996) 

(Figure 1). The wide use in research of these synthetic cannabinoid 

agonists and antagonists has allowed to advance in the knowledge 

of the endocannabinoid system (ECS) and to indentify the different 

components of the ECS.  

The mechanism of action of THC was not elucidated for more than 

20 years after its identification, although several experiments 

carried out in humans and animal models demonstrated a putative 

cannabinoid receptor.  
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Figure 1. Chemical structure of representative phytocannabinoids, synthetic 

cannabinoids and endocannabinoids (Modified from Pertwee et al., 2010 and 

Maldonado et al., 2011). 
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2. The endocannabinoid system 
 

The ECS comprises the cannabinoid receptors, their endogenous 

ligands known as endocannabinoids and the enzymes involved in 

their synthesis and inactivation. The main features of these 

components are described in the following sections. 

 

2.1. Components of the endocannabinoid system: 

Structure and distribution  
 

2.1.1. Cannabinoid receptors 

 

Cannabinoids exert their pharmacological actions through the 

activation of at least two distinct receptors: the cannabinoid 

receptor type 1 (CB1R) and the cannabinoid receptor type 2 

(CB2R), although recent studies postulate the possible existence of 

other receptors that bind cannabinoid ligands, such as G protein-

coupled receptor 55 (GPR55) (Pertwee, 2007a; Ryberg et al., 2007; 

Sharir and Abood, 2010; Liu et al., 2014), peroxisome proliferator-

activated receptor (PPAR) (O’Sullivan, 2007) or transient receptor 

potential cation channel subfamily V member 1 (TRPV1) (Di Marzo 

and De Petrocellis, 2010). CB1R was cloned and characterized in 

1991 (Matsuda et al., 1990), while CB2R was cloned in 1993 

(Munro et al., 1993). Both are seven-transmembrane receptors 

coupled to Gi/o protein and display distinct expression patterns in 
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the different tissues. CB1R is richly expressed in the central 

nervous system (CNS), whereas CB2R is scarcely expressed in the 

brain and is mainly present in the immune system. The use of 

selective CB1R agonists and antagonists, such as rimonabant 

(Rinaldi-Carmona et al., 1994), or CB2R antagonists, such as 

SR144528 (Rinaldi-Carmona et al., 1998), as well as the generation 

of genetically modified mice lacking CB1R (Ledent et al., 1999) or 

CB2R (Buckley et al., 2000), have enabled to elucidate the specific 

contribution of each cannabinoid receptor to the pharmacological 

effects of cannabinoids and to establish the physiological role of the 

ECS. Table 1 summarizes the most well known cannabinoid ligands 

and their specific affinity (expressed as Ki values) for CB1R and 

CB2R (Pertwee et al., 2010). See Figure 1 for structure.  
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Table 1. Affinity expressed as Ki values of CB1R/CB2R ligands for the in vitro 

displacement of a titrated compound from specific binding sites on rodent or 

human CB1R and CB2R (Pertwee et al., 2010). 

 

 

2.1.1.1. Cannabinoid receptor type 1 

 

CB1R, identified firstly in the rat brain (Matsuda et al., 1990) shares 

97-99% of the amino acid sequence identity with its mouse 

(Chakrabarti et al., 1995) and human (Gérard et al., 1990) 
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homologs. CB1Rs are widely distributed throughout the CNS and its 

distribution have been well characterized both in rodents (Tsou et 

al., 1998) and in humans (Herkenham et al., 1991; Westlake et al., 

1994). CB1Rs are greatly expressed, in caudate-putamen, globus 

pallidus, cerebellum and hippocampus as it is shown by 

autoradiography Figure 2 (Freund et al., 2003). These receptors 

have also been found in the hypothalamus, thalamus and amygdala, 

among other brain structures (Herkenham et al., 1990, 1991). In 

the periphery, CB1Rs are expressed in testis, retina, sperm cells, 

colonic tissues, peripheral neurons, adipocytes and other organs 

including adrenal gland, heart, lung, prostate, liver, uterus, and 

ovary (Pertwee et al., 2010). Because of their central distribution, 

CB1Rs are the major cannabinoid receptor involved in the 

psychoactive effects of THC and other exogenous and endogenous 

cannabinoid ligands. 
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Figure 2. Autoradiographic images show CB1R localization in rat (A) and human 

brain (C) marked by the tritiated ligand CP-55,940. Sagittal section of rat brain 

hybridized with a CB1-specific oligonucleotide probe (B) shows location of neurons that 

express the mRNA. In both rat and human, high levels of CB1Rs are visible in the basal 

ganglia structures including globus pallidus (GP), entopeduncular nucleus (Ep) and 

substantia nigra pars reticulata (SNR), as well as in the cerebellum, hippocampus (Hipp), 

cortex, and caudate putamen (CPu). Low binding is seen in the brain stem and thalamus 

(Freund et al., 2003). 

 

At the cellular level, CB1Rs are mainly expressed at presynaptic 

terminals of central and peripheral neurons, where they regulate 

the release of multiple excitatory and inhibitory neurotransmitters 

depending on the neuronal type where it is confined. Thus, CB1Rs 

modulate the release of glutamate, γ-aminobutyric acid (GABA), 

acetylcholine, noradrenaline, dopamine, serotonin, and 

cholecystokinin, among other neurotransmitters (Pertwee and 

Ross; Howlett, 2002; Szabo and Schlicker, 2005; Kano et al., 2009). 

The expression level of CB1R at presynaptic terminals varies 

greatly depending on the brain region and synapse type. For 

instance, CB1R is highly expressed in the cerebellum in the parallel 

fiber terminals (the axons of granule cells) or in the inhibitory 

presynaptic terminals of interneurons, but is almost absent in 

axons of Purkinje cells (Kano, Ohno-Shosaku, Hashimotodani, 

Uchigashima, & Watanabe, 2009). The distribution of CB1R is also 

heterogeneous among cellular populations. Immunocytochemical, 

biochemical and electrophysiological studies carried out using 

CB1R knockout mice (CB1R KO) consistently support the notion 

that, CB1R is predominantly higher expressed on GABAergic than 

in glutamatergic terminals (Katona et al., 1999, 2001, 2006; Hájos 
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et al., 2000; Yoshida et al., 2002; Kawamura et al., 2006; Kano et al., 

2009).  

Beside the neuronal location, low but functionally relevant levels of 

CB1Rs are also present in glial cells. Microglial cells present low 

CB1R expression levels in intact healthy brain conditions. The 

relevance of CB1R in regulating microglial cell function might be 

difficult to assess because their weak expression and the 

predominant location in the intracellular compartments of these 

cells (Walter et al., 2003; Stella, 2004, 2010). CB1Rs have also been 

localized in astrocytes (Stella, 2004, 2010) where they control the 

release of inflammatory mediators, regulate the energy metabolism 

and mediate neuron-glia interactions (Molina-Holgado et al., 2002; 

Stella, 2010). More recent studies have demonstrated, that 

endocannabinoids acting at astroglial CB1Rs modulate neuron–

astrocytes communication, astrocytic glutamate signaling 

(Navarrete and Araque, 2008, 2010), and hippocampal long-term 

depression processes (Han et al., 2012). In addition, it has been 

demonstrated the key role of CB1R expressed in the membranes of 

mouse neuronal mitochondrias in the control of cellular respiration 

and energy production (Bénard et al., 2012; Hebert-Chatelain et al., 

2014; Koch et al., 2015). 

The differences in the distribution, density, and expression of CB1R 

between cell types, brain regions and subcellular compartments 

provide the molecular and anatomical bases for the diverse 

pharmacological effects produced by cannabinoids.  
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2.1.1.2. Cannabinoid receptor type 2 

 

CB2Rs are primarily located in the immune system including the 

spleen, thymus and immune cells (e.g., mast cells, B- and T-

lymphocytes) (Walter & Stella, 2004). The presence and function of 

CB2Rs in CNS neurons have been quite controversial topics. 

Although some previous studies showed that CB2Rs were absent in 

CNS neurons and that healthy brain tissue does not express CB2Rs 

(Munro et al., 1993), several recent studies have suggested that 

CB2Rs exist in neurons on the brainstem, dorsal root ganglia, 

lumbar spinal cord, and possibly on the cerebellum (Munro et al., 

1993; Carlisle et al., 2002; Van Sickle et al., 2005; Gong et al., 2006; 

Onaivi et al., 2006). The presence of CB2R has also been 

demonstrated at the central level on vascular endothelial cells 

(Golech et al., 2004). Moreover, CB2Rs are also present in many 

macrophage-derived cells including microglia, many circulating 

macrophages, osteocytes and osteoclasts, dendritic cells, and 

hepatic Kupffer cells (Núñez et al., 2004; Atwood and MacKie, 

2010). Under neuroinflammatory conditions, CB2R may be 

upregulated in certain cell populations within the brain, such as in 

the microglial cells (Carlisle et al., 2002; Walter et al., 2003; Stella, 

2009, 2010). 

The functional role of these central CB2Rs has not been yet clarified 

(Atwood and MacKie, 2010; Atwood et al., 2012; Dhopeshwarkar 

and Mackie, 2014). However, it has been demonstrated that 

activation of CB2R decreases locomotion (Van Sickle et al., 2005; 
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Onaivi et al., 2006), neuropathic and osteoarthritic pain (Guindon 

and Hohmann, 2008; Jhaveri et al., 2008; Racz et al., 2008; La Porta 

et al., 2013, 2014). CB2Rs can also stimulate neural progenitor 

proliferation (Goncalves et al., 2008) and produce neuroprotective 

effects (Palazuelos et al., 2009; Sagredo et al., 2009; Viscomi et al., 

2009). In addition, CB2Rs may modulate neuronal firing in the 

dorsal-root ganglia and in the spinal cord (Elmes et al., 2004; Sagar 

et al., 2005), GABAergic transmission in the rat cerebral cortex 

(Morgan et al., 2009) and exert a regulatory action in cocaine 

rewarding and locomotor effects (Xi et al., 2011; Aracil-Fernández 

et al., 2012). Altogether, these data suggest that CB2R agonists 

represent a promising therapeutic potential for treating various 

CNS pathologies, avoiding the adverse psychotropic effects that can 

accompany CB1R-based therapies.  

 

2.1.1.3. Other cannabinoid receptors 
 

Recent studies claim the possible existence of other cannabinoid 

ligand binding sites that could explain some of the pharmacological 

effects of cannabinoids that are non-CB1R/CB2R mediated. Among 

those, the GPR55 has been recently classified as another member of 

the cannabinoid receptor family (Baker et al., 2006; Pertwee, 

2007a; Ryberg et al., 2007). GPR55 is expressed in the mouse brain 

and its deletion does not alter gross brain structures neither 

hippocampal long-term potentiation (LTP) (Wu et al., 2013). In 

addition, its expression is modified depending on the microglial cell 
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activation state (Pietr et al., 2009). Interestingly, recent 

experiments have demonstrated the role of GPR55 in 

neuroprotection (Kallendrusch et al., 2013). Moreover, G protein-

coupled receptor 3 (GPR3), G protein-coupled receptor 6 (GPR6) 

and G protein-coupled receptor 12 (GPR12) all sphingosine-1-

phosphate lipid receptors, have been proposed as potential 

cannabinoid-like receptors (Yin et al., 2009). Finally, the TRPV1 

and PPAR also respond to several endogenous and exogenous 

cannabinoids agonists. Both receptor classes would regulate 

microglial activation and neuroprotection in response to ischemia 

and neuroinflammation (Brown, 2007; Kim et al., 2007; Di Marzo 

and De Petrocellis, 2010; O’Sullivan and Kendall, 2010). 

Nevertheless, this thesis has been focused on the role of the most 

extensively characterized cannabinoid receptors, CB1R and CB2R. 

 

2.1.2. Endocannabinoids: 2-arachidonoylglycerol and anandamide 

 

The identification of the CB1R and CB2R prompted the research for 

identify endogenous cannabinoid receptor ligands (collectively 

known as endocannabinoids). Endocannabinoids are lipid 

molecules present in different brain tissues and their expression 

levels are finely regulated by a balance between synthesis and 

inactivation. The first endocannabinoid isolated was the N-

arachidonoylethanolamide (AEA) in 1992, named anandamide 

based on the Sanskrit word “ananda” that means “bliss” (Devane et 

al., 1988; Mechoulam et al., 1995) (Figure 3). AEA, as THC, behaves 
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as a partial agonist at both CB1R and CB2R (Table 1) and has also 

affinity for TRPV1 receptor (Cristino et al., 2008). The second 

major endocannabinoid was 2-arachidonoylglycerol (2-AG) 

isolated in 1995 (Sugiura et al., 1995) (Figure 3). 2-AG 

concentration in the brain is much higher than AEA and acts as a 

full agonist for both CB1R and CB2R (Table 1), suggesting that 2-AG 

is a true natural ligand for these receptors (Sugiura et al., 2006). 

Since the isolation of CB1R and CB2R, other putative 

endocannabinoids as dihomo-γ-linolenoyl ethanolamide (Hanus et 

al., 1993), docosatetraenoyl ethanolamide (Hanus et al., 1993), 2-

arachidonylglycerolether (noladin ether) (Hanus et al., 2001), O-

arachidonoylethanolamine (virodhamine) (Porter et al., 2002) and 

N-arachidonoyldopamine (Huang et al., 2002) were soon identified. 

Although these endogenous lipids can bind to cannabinoid 

receptors, their functional relevance is still under study (Figure 3).  

 

Figure 3. Endocannabinoids structure (Kano et al., 2009). 
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Endocannabinoids act as retrograde messengers in the CNS 

synapses behaving as modulators in a variety of physiological 

processes (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2002). 

They are synthesized and released on demand in the postsynaptic 

terminals in an activity-dependent manner. Once released from the 

postsynaptic neurons, endocannabinoids travel backward across 

synapses, activating CB1Rs on presynaptic terminals in order to 

produce transient decrease of the neurotransmitter release 

(process known as endocannabinoid-mediated short-term 

depression [eCB-STD]) (see Section 3.3.1.1) (Figure 4). Moreover, 

endocannabinoids can also produce persistent suppression of the 

neurotransmitter release (process known as endocannabinoid-

mediated long-term depression [eCB-LTD]) (see Section 3.3.2.1). 

Cerebellar eCB-LTD is one of the most well-investigated forms of 

long-term synaptic plasticity and it seems to be crucial for the 

proper cerebellar network activity and the motor coordination and 

learning performance (Ito, 2001; Kim and Tanaka-Yamamoto, 

2013). The contribution of ECS in the short-term and long-term 

synaptic plasticity processes prevents the presence of excessive 

neuronal activity, maintaining the cerebellar synaptic homeostasis 

and guaranteeing the fine control of the cerebellar motor and 

learning tasks, as it will be explained in detail in Section 3 and 4 

(Maejima et al., 2001; Ohno-Shosaku et al., 2001, 2012; Freund et 

al., 2003; Kano, 2014).  
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Although endocannabinois are lipophilic molecules, it seems clear 

that reuptake of both AEA and 2-AG occurs in the synaptic cleft 

following their release probably by specific transporter proteins. 

However, their molecular identities have not been yet clarified 

(Hillard and Jarrahian, 2003; Alexander and Cravatt, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Endocannabinoid-mediated short-term depression [eCB-STD] mechanism.  

Endocannabinoids are synthesized and released on demand in the postsynaptic terminals 

in an activity-dependent manner after postsynaptic Ca2+ elevations. Once released from 

the postsynaptic neurons, endocannabinoids act retrogradely on the CB1R located at the 

presynaptic terminals to produce transient decrease of neurotransmitter release. N-

Methyl-D-aspartate receptor (NMDAR); phosphatidylinositol (PI); diacylglycerol (DG); 1-

Phosphatidylinositol-4,5-bisphosphate phosphodiesterase beta (PLCβ) (Modified from 

Kano, 2014). 
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2.1.3. Enzymes involved in the biosynthesis and degradation of 

endocannabinoids 

 

Both endocannabinoids, AEA and 2-AG, are lipid molecules 

produced by the hydrolysis of phospholipid precursors (Figure 5).  

 

 

 

 

 

 

 

 

 

 

Figure 5. Main pathways involved in the biosynthesis and degradation of 

endocannabinoids. Endocannabinoids (EC);  phospholipase C (PLC); endocannabinoid 

membrane transporter (EMT); N-arachidonoylphosphatidyethanolamine (NArPE); N-

acyltransferase (NAT ) (Di Marzo et al., 2004). 

 

AEA is principally formed from glycerophospholipids by two 

successive enzymatic reactions: First, N-acylation of 
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phosphatidylethanolamine by Ca2+-dependent N-acyltransferase 

(NAT) to generate N-arachidonoyl phosphatidyethanolamine 

(NAPE); Second, synthesis of AEA from NAPE by a 

phosphodiesterase of the phospholipase D type (NAPE-PLD) (Di 

Marzo et al., 2004; Hashimotodani et al., 2007; Okamoto et al., 

2007) (Figure 6).  

 

Figure 6. Main enzymes and pathways involved in the biosynthesis and degradation 

of endocannabinoids (Hashimotodani et al., 2007). 

 

However, studies performed using NAPE-PLD-knockout mice 

suggest that, although NAPE-PLD is the main enzymatic pathway 

involved in AEA generation, this endocannabinoid may be also 

produced through NAPE-PLD independent pathways (Okamoto et 

al., 2007). 
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2-AG is synthesized in two enzymatic steps. First, phospholipase C 

(PLC) enzyme produces the 2-AG precursor diacylglycerol (DAG) 

from enzymatic cleavage of membrane phospholipid precursors. 

Then, DAG is hydrolyzed by a diacylglycerol lipase enzyme (DAGL) 

to generate 2-AG (Di Marzo et al., 2004) (Figures 5-6). Although 

DAGL is the major enzyme involved in the 2-AG generation, other 

pathways have also been proposed.  

The main enzymes involved in AEA and 2-AG degradation include 

fatty-acid amide hydrolase (FAAH) and monoacylglycerol lipase 

(MAGL), (Di Marzo et al., 2004; Pacher and Ba, 2006) (Figures 5-6). 

The degradation of AEA is produced by FAAH enzyme (Cravatt et 

al., 1996), while MAGL is the main enzyme catalyzing the 

hydrolysis of 2-AG (Dinh et al., 2002a, 2002b). Both are 

intracellular enzymes, although they are differently located.  FAAH 

is expressed in the soma and dendrites of postsynaptic neurons 

(Egertová et al., 2003), whereas MAGL is mainly expressed in 

presynaptic terminals (Gulyas et al., 2004). Although MAGL is the 

principal enzyme involved in 2-AG degradation, several studies 

suggest the existence of additional 2-AG hydrolyzing enzymes in 

the brain (Blankman et al., 2007; Vandevoorde and Lambert, 2007). 

The use of a functional proteomic analysis clearly demonstrated 

that MAGL accounts for 85% of 2-AG hydrolysis and the remaining 

15% is mostly catalyzed by two other enzymes, abhydrolase 

domain containing 6 (ABHD6) and abhydrolase domain containing 

12 (ABHD12) (Blankman et al., 2007). This study also showed 

distinct subcellular distributions of MAGL, ABHD6, and ABHD12, 
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suggesting that they may have preferred access to distinct pools of 

2-AG in vivo (Blankman et al., 2007; Marrs et al., 2010). Moreover, 

cyclooxygenase 2 (COX-2) enzyme is also involved in 

endocannabinoid degradation (Figure 7).  

 

 

 

 

 

 

 

 

Figure 7. Schematic diagram illustrating how 2-AG signaling is terminated by COX-2. 

2-AG is partially degraded by COX-2 at the postsynaptic site. 2-AG is released from the 

postsynaptic neuron and enters into the membrane lipid bilayer of presynaptic terminals. 

At presynaptic terminals, 2-AG activates CB1R through fast lateral diffusion across the 

membrane lipid bilayer. Then, 2-AG is degraded mostly by MAGL in the cytoplasm of 

presynaptic terminals (Kano et al., 2009). 

 

COX-2 produces prostaglandin-ethanolamides from arachidonic 

acid (AA), AEA and 2-AG. The affinity of COX-2 for 2-AG is higher 

than for AEA and AA (Vandevoorde and Lambert, 2007).  

The identification of the enzymes involved in the biosynthesis and 

inactivation of endocannabinoids prompted the research for the 

identification of compounds targeting NAPE-PLD, DAGL, FAAH and 

MAGL. This fact has led the synthesis of endocannabinoid inhibitors 
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that target 2-AG biosynthesis by blocking DAGL activity, such as 

RHC80267, tetrahydrolipstatin, O-5596 and OMDM-188. Such 

inhibitors are useful tools to reduce the endocannabinoid 

production in tissues in which 2-AG production is overactivated 

because of a pathological state. Moreover, selective inhibitors for 

the hydrolyzing enzymes have been also developed. Thus, AM374, 

URB597 and URB532 have been synthesized for FAAH and 

URB602, OMDM169, JZL184 for MAGL, although the selectivity of 

these compounds may vary considerably (Muccioli, 2010). The use 

of these selective tools has allowed a noteworthy progress in the 

ECS understanding.  

 

2.2. Cannabinoid receptors signaling 

 

Binding of cannabinoid agonists to cannabinoid receptors causes 

effects through multiple signaling pathways (Bosier et al., 2010) 

(Figure 8). Both CB1R and CB2R exert their reported biological 

effects by activating heterotrimeric Gi/o type G proteins. As a 

consequence of the coupling with Gαi/o, CB1R activation mediates 

the inhibition of the adenylyl cyclase (AC) activity, as well as the 

reduction in cyclic AMP production and protein kinase A (PKA) 

activity. In addition, CB1R coupling to Gβγi/o can lead to the 

phosphorylation and activation of multiple members of the 

mitogen-activated protein kinase (MAPK) family, including 

extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 and c-
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Jun N-terminal kinase (JNK) as signaling pathways to regulate 

nuclear transcription factors (Howlett, 2005) (Figure 8). 

Furthermore, cannabinoids could activate protein kinase C (PKC) 

signaling in vitro (Hillard and Auchampach, 1994). The effects of 

cannabinoids on these multiple families of kinases indicate the 

relevance of changes on protein phosphorylation in the mechanism 

of action of these compounds. On the other hand, CB1R can also 

modulate various types of ion channels, including inhibition of N-

type and P/Q-type calcium (Ca2+) currents and activation of A-type 

potassium channels which negatively regulates neurotransmitter 

release (Bosier et al., 2010).  Ion channel regulation serves as an 

important component of neurotransmission modulation by 

endogenous cannabinoid compounds released in response to 

neuronal depolarization. Moreover, CB1R stimulation may also 

induce elevations in intracellular Ca2+ concentrations through G 

protein-dependent activation of PLC-β (Howlett, 2005). CB1Rs are 

also coupled to Gs and Gq proteins providing a mechanism to 

prevent excessive cell excitability upon robust receptor activation 

as well as to control  intracellular Ca2+-release, respectively (Bosier 

et al., 2010) (Figure 8). The lipid composition of the cellular 

membrane surrounding the receptor (Maccarrone, 2010) and the 

possible formation of heteromers with other G protein-coupled 

receptors (Pertwee et al., 2010) seem to be critical for the 

regulation of signal transduction pathways triggered by G protein-

coupled receptors like CB1R. 
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During the last decade multiple proteins and signaling cascades 

activated by cannabinoids have been characterized demonstrating 

the importance of the cannabinoid signaling in the understanding 

of the cannabinoid effects. Nevertheless, additional experiments 

need to be done to further clarify the complexity of the cannabinoid 

signal transduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Complexity of cannabinoid receptor signaling. Both CB1R and CB2R are 

associated with Gαi/o-dependent inhibition of AC activity and Gβγi/o-dependent 

activation of the different MAPK cascades. (A) CB1Rs negatively regulate voltage-gated 

Ca2+ channels and positively regulate inwardly rectifying K+ channels, thereby inhibiting 

neurotransmitter release. Crosstalk between signaling pathways are illustrated by the 

variety of responses requiring cannabinoid-mediated inhibition of PKA. (B) Main 

signaling pathways regulated by Gi, Go, Gs and Gq proteins (Modified from Bosier et al., 

2010). 
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2.3. Physiological role of the endocannabinoid system 

 

The role of the ECS in the regulation of several important functions 

in the CNS and in the periphery has been now clearly identified 

(Grotenhermen, 2003) (Table 2). Some examples of the 

dysregulation of the ECS in pathological states and diseases are 

summarized in Table 3. Innovative approaches combining different 

genetic and pharmacological tools have been used to examine 

specific ECS functions. We will briefly summarize the role of the 

ECS in physiological or pathological processes and its use for new 

potential therapeutic approaches. 

 

 

 

 

 

 

 

 

Table 2. Physiological effects of cannabinoids. Summary of effects observed in vitro, as 

well as in animal studies and clinical trials (Grotenhermen, 2003). 
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   Disease 
Expression changes in 

CB1R or CB2R 

Proposed role of CB receptors in 

disease 

Heart failure, 

cardiomyopathies 

Myocardium, 

cardiomyocytes, 

endothelial cells 

CB2R: attenuation of 

inflammation/injury 

CB1R: promotion of cardiac 

dysfunction and cell death in 

cardiomyocytes and endothelial cells 

Atherosclerosis 

Infiltrating and other 

immune cells, vascular 

smooth muscle and 

endothelium 

CB2R: context-dependent attenuation 

or promotion of vascular 

inflammation and factors of plaque 

stability. Attenuation of vascular 

smooth muscle proliferation 

CB1R: increase of vascular 

inflammation and plaque 

vulnerability 

Obesity, non-

alcoholic fatty liver 

disease, diabetic 

complications 

Hepatocytes, 

inflammatory cells, 

adipocytes, certain 

neurons, sites of 

diabetic complications 

(kidneys, retina, 

myocardium) 

CB2R: enhancement of high fat diet-

induced steatosis and inflammation 

CB1R: increase in fat storage, 

decrease in metabolism, promotion 

of insulin and leptin resistance and 

inflammation in adipose tissue and in 

the liver 

Liver fibrosis, 

cirrhosis, alcohol-

induced liver injury 

Activated stellate cells, 

inflammatory cells, 

hepatocytes, Kupffer 

cells 

CB2R: attenuation of fibrosis and 

injury/inflammation 

CB1R: increase in fibrosis/injury 

Pancreatitis Pancreas 
CB2R: attenuation of inflammation 

CB1R: context-dependent effect 

Cancer 
In various tumors or 

cancer cells 

CB1/2R: context-dependent 

attenuation or promotion of tumor 

growth (apoptosis, angiogenesis, 

proliferation) 

Psychiatric 

disorders (anxiety 

and depression, 

schizophrenia) 

Glia, inflammatory 

cells, possibly in 

neurons 

CB2R: largely unexplored, in rodent 

models of depression/anxiety, it may 

modulate CNS inflammation and 

either attenuate or promote anxiety 

like behavior 

CB1R: context-dependent effect on 

anxiety 
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Table 3. Dysregulation of the endocannabinoid system in pathological states and 

diseases. 

 

 

2.3.1. Central and peripheral functions regulated by the 

endocannabinoid system 

 

During the last decades, extensive work has been performed to 

elucidate the contribution of ECS as a major homeostatic 

mechanism that guarantees the fine adjustment of the information 

processed in the brain and preserves the structure and function of 

the brain circuits. Thus, ECS plays a key role in control of 

neurogenesis, neural progenitor proliferation, lineage segregation, 

and the migration and phenotypic specification of immature 

Nephropathy 

Kidney, human 

proximal tubular cells, 

podocytes 

CB2R: attenuation of inflammation 

(chemokine and chemotaxis, 

inflammatory cell infiltration en 

endothelial activation) and oxidative 

stress 

CB1R: promotion of 

inflammation/injury 

Neurodegenerative/

neuroinflammatory  

disorders (multiple 

sclerosis, 

Alzheimer’s, 

Parkinson’s and 

Huntington’s 

disease, spinal cord 

injury) 

Microglia, 

inflammatory cells,  

possibly in neurons 

CB2R: attenuation of inflammation 

(microglia activation, secondary 

immune cell infiltration), facilitation 

of neurogenesis 

CB1R: attenuation of excitotoxicity, 

context-dependent effect on 

injury/inflammation 

Pain 
Inflammatory cells, 

certain neurons 

CB2R: attenuation of inflammatory 

pain via not well known mechanisms 

CB1R: attenuation of various forms of 

pain by inhibiting neurotransmission 
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neurons (Harkany et al., 2008). Moreover, the ECS also exerts 

neurotrophic effects regulating synaptic plasticity and neuronal 

remodeling (Kano et al., 2009), neuronal cell progenitor 

differentiation (Rueda et al., 2002) and neuronal survival and 

neuroprotection against neuronal damage and neuronal insults 

(Panikashvili et al., 2001; Fowler et al., 2010). Finally, another 

important role of the ECS is the regulation of the neurotransmitter 

release both in excitatory and inhibitory synapses, as it was 

explained in the previous chapter (Kano et al., 2009; Castillo et al., 

2012; Katona and Freund, 2012). Overall, the ECS is a major 

contributor in the control of the synaptic homeostasis and in the 

proper development of the brain functions. 

At the central level, CB1Rs are located at different brain regions to 

regulate a wide range of physiological functions (Joy, Watson, & 

John, 1999) (Figure 9). CB1Rs are highly expressed in the olfactory 

system where they exert a key role regulating olfaction (Egertová 

and Elphick, 2000). Moreover, the ECS also controls several visceral 

processes, including food intake (Bellocchio et al., 2010), 

thermoregulation and control of anterior pituitary secretion 

(Wenger and Moldrich, 2002). It has been published that CB1Rs 

also play a crucial role in the modulation of pain (Guindon and 

Hohmann, 2009; La Porta et al., 2014), emotions and motivation 

(Moreira and Lutz, 2008; Mechoulam and Parker, 2011), stress 

(Riebe and Wotjak, 2011) and drug addiction (Moreira and Lutz, 

2008; Maldonado et al., 2011), among other physiological roles. 

Furthermore, ECS in the hippocampus has been extensively 
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investigated due to the clear deleterious effects of cannabis on 

learning and memory (Marsicano and Lafenêtre, 2009; 

Puighermanal et al., 2009; Mechoulam and Parker, 2011). Another 

brain region where CB1Rs are highly expressed is the cerebellum. 

The presence of CB1R in the basal ganglia and cerebellum has been 

related to fine control of motor coordination and cerebellar 

learning performance (Rodríguez de Fonseca et al., 1998; 

Kishimoto and Kano, 2006). Since this thesis is focused on the 

involvement of the ECS in the control of cerebellar learning tasks 

and motor coordination performance, a whole chapter about this 

topic is devoted in Section 4. 

Interestingly, the ECS is also present at the peripheral level where 

it modulates the immune system, vascular beds, reproductive 

organs, gastrointestinal motility and metabolism, among others 

(Grotenhermen, 2003) (Table 2).  
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Figure 9. Brain regions abundantly expressing CB1Rs. (A) Diagram of the brain regions 

where CB1R is highly expressed (B) Table summarizing the main functions associated 

with those brain regions (Joy, Watson, & John, 1999). 

A

B
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2.4. Potential therapeutic applications of the 

endocannabinoid system 

 

Cannabinoids are currently gaining weight in the modern medicine 

due to their pharmacological promising therapeutic properties in 

spite of the public concern about the significant negative 

consequences associated with the recreational use of cannabis. 

Cannabis preparations have been employed in the treatment of 

several diseases because their beneficial properties, including 

analgesia, stimulation of appetite, antiemesis, muscle relaxation, 

immunosupression and anti-inflammatory effects, among others. 

Moreover, cannabinoids also reduce intraocular pressure, produce 

bronchodilation, neuroprotection and antineoplasic effects in 

specific conditions (Pertwee, 2005, 2009, 2012). Furthermore, 

recent works evidenced the polyvalent properties of cannabinoid 

compounds in the treatment of neurodegenerative disorders 

(Fernández-Ruiz et al., 2013), such as Alzheimer’s disease (Aso and 

Ferrer, 2014), Huntington’s disease (Sagredo et al., 2012), 

schizophrenia (Saito et al., 2013), Parkinson’s disease (Little et al., 

2011), autism spectrum disorders, such as fragile X syndrome 

(Busquets-Garcia et al., 2013, 2014) and emotional disorders 

(Hillard et al., 2012). Due to these promising therapeutic results, 

nowadays several pharmaceutical companies aim to identify new 

cannabinoid compounds to be applied for the treatment of these 

disorders, avoiding the central psychotropic effects.  
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Thus, currently, different medicines that activate CB1R and CB2R 

are licensed (Pertwee, 2009, 2012). The THC oral preparation 

dronabinol (Marinol®) and the synthetic analogue of THC, 

nabilone (Cesamet®) were approved approximately 30 years ago 

as medicines for suppressing nausea and vomiting produced by 

chemotherapy. Subsequently, the use of dronabinol as an appetite 

stimulant, for AIDS and cancer patients experiencing anorexia, was 

approved. In 2005, another medicine consisting in an oromucosal 

spray called Sativex® was licensed in Canada by the company GW 

pharmaceuticals. This contains approximately equal amounts 

(proportion 1:1) of THC and the non-psychoactive plant 

cannabinoid, cannabidiol (CBD), and is used for the treatment of 

spasticity associated with multiple sclerosis and as an adjunctive 

analgesic treatment for adult patients with advanced cancer 

(Pertwee, 2007b, 2009). Since then, Sativex® has been approved 

for the treatment of spasticity in multiple sclerosis in more than 15 

countries, including Spain where it was accepted in 2011. In the 

recent years, some preclinical studies have postulated Sativex® as 

a promising medicine in the treatment of other diseases such as in 

the Huntington's disease (Sagredo et al., 2012; Valdeolivas et al., 

2012), amyotrophic lateral sclerosis (Moreno-Martet et al., 2014) 

or rheumatoid arthritis (Wright et al., 2006).  

Other clinical trials are currently under development for Sativex® 

for chronic treatment, although a recent clinical trial on cancer pain 

has reported non-significant effects in the primary endpoint 
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reported by GW Pharmaceuticals (www.gwpharm.com; January 

2015). 

The presence of CBD in Sativex® enhances the positive effects of 

THC whilst reducing its adverse effects, such as the psychotropic 

effects. Moreover, CBD exerts a variety of actions including 

anticonvulsive, sedative, hypnotic, antipsychotic, anti-inflammatory 

and neuroprotective properties (Pertwee, 2008; Fernández-Ruiz et 

al., 2013).  

Interestingly, in April 2015, GW Pharmaceuticals has initiated a 

second phase 3 pivotal trial for Epidiolex® (CBD) for the treatment 

of Dravet Syndrome. GW expects to complete patient recruitment 

into this second trial in 2015 and to report top-line results in early 

2016.  

In this thesis, we were interested in elucidating the molecular 

mechanisms underlying the negative effects associated with 

cannabis consumption in the regulation of motor coordination and 

cerebellar learning tasks. Because cannabinoids present a 

significant therapeutic potential, it is of interest to further 

investigate the way to prevent these side effects associated to 

cannabis administration.  

  

http://www.gwpharm.com/
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3. The cerebellum as a neurobiological substrate 

of motor coordination  

 

A major goal of cognitive research is to correlate brain neuronal 

circuits with the behavioral responses. The cerebellum plays a 

crucial role in motor learning (Edwards and Skosnik, 2007). The 

conserved laminar structure of the cerebellar cortex and its 

organized neuronal populations form relevant circuits to control 

motor behavior. These circuits undergo plastic changes at their 

synapses that are necessary for motor learning. The most studied 

form of synaptic plasticity in the cerebellar cortex is the long-term 

depression (LTD) at the parallel fiber – Purkinje cell synapses. In 

the last decades, electrophysiological and behavioral analysis using 

experimental animals have provided more insights into the 

understanding of the cerebellar plasticity. In the present section we 

will overview the cerebellar cortex organization, its main cellular 

components and their involvement in the cerebellar circuitry.  

 

3.1. Cerebellar cortex organization and cellular 

components involved in the cerebellar synaptic network  

 

Voluntary and involuntary movements can be initiated without the 

cerebellar contribution. However, accumulating evidences show 

that the cerebellum contributes not only to the proper motor 
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execution and control, but also to higher cognitive functions, 

although no consensus exists about how the cerebellum processes 

such information. A partial answer to this puzzle can be found in 

the cerebellar connections to areas of the cerebral cortex, 

particularly the prefrontal cortex (Gao et al., 2012) . 

The cerebellum is located at the bottom part of the brain and 

anatomists consider this brain structure as a part of the 

metencephalon. The cerebellum is divided into two hemispheres 

and contains a narrow midline zone called the vermis. The overall 

cerebellar structure is divided into ten smaller lobules following 

the separation made by a set of large folds. The cerebellar cortex is 

a neuron-rich structure (gray matter) covering the outer surface of 

the cerebellum. The white matter of the cerebellum is placed 

underneath the cerebellar cortex. This white matter is mainly made 

of myelinated nerve fibers coming to and from the cerebellar 

cortex.  

The deep cerebellar nuclei are embedded within the white matter. 

These nuclei constitute an archipelago of small nucleus: the 

fastigial nucleus, interposed nuclei (composed of the globose 

nuclei and the emboliform nuclei), and dentate nucleus. This region 

is thought to be the starting point of the motor-command pathway. 

It contains the Purkinje cell axons making inhibitory synapses with 

the neurons in the deep cerebellar nuclei, which represent the 

outputs from the cerebellum to other brain areas. (Ito, 2006; Evans, 

2007) (Figure 10). 

http://en.wikipedia.org/wiki/Globose_nuclei
http://en.wikipedia.org/wiki/Globose_nuclei
http://en.wikipedia.org/wiki/Emboliform_nuclei
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The cerebellum itself is composed of layered networks, with a fully 

regular cellular organization repeated in a constant manner across 

the entire cortex. This laminar and well established organization 

facilitates electrophysiological approaches. Indeed, the cerebellar 

cortex has been intensively studied during the last century. Since 

Ramón y Cajal experiments describing the fine network structure 

of the cerebellar cortex (Ramon y Cajal, 1911), several and 

significant anatomical, physiological and pathological studies have 

been carried out to increase the understanding of cerebellar 

functionality (Ito, 2001). However, one of the most comprehensive 

reviews was the publication in 1967 by John Eccles, Masao Ito and 

Janos Szentágothai of the monograph “The Cerebellum as a 

Neuronal Machine” where they carefully dissected the complex 

neuronal circuitry in the cerebellar cortex (Eccles, J.C., Ito, M., 

Szentágothai, 1967). In the following decades, the understanding of 

the cerebellum was strengthened by additional knowledge of its 

structure, molecular mechanisms involved in synaptic plasticity, 

and the establishment of specific motor coordination and learning 

tests to study the cerebellar functionality (Reviewed by Ito, 2006).  
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The cerebellar cortex is organized in three different layers. From 

outer to inner, we can find the molecular layer, the Purkinje cell 

layer and the granular layer, as it is shown in Figure 10. 

 

Figure 10. Anatomical architecture of the human cerebellum. (A) Posterior view of the 

human cerebellum, showing the cerebellar nuclei embedded below the cerebellar cortex. 

(B) Drawing of midsagittal cross-section through the human cerebellum (dotted line 

indicates the plane of section), showing lobular organization. Each of the ten lobules is 

demarcated by a Roman numeral (I–X). (C) The microstructural organization of the 

cerebellar cortex. Illustration of an individual cerebellar cortical lobule, indicating the 

presence of the three layers. The figure shows the relative positions of Purkinje cells (PC) 

and their main inputs: parallel fibers (PF) and climbing fibers (CF) (Modified from 

Ramnani, 2006). 
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Inside each layer, every single type of cell has a specific role within 

the well-defined cerebellar circuit and synaptic organization of the 

cerebellar cortex.  

The cerebellar cortex receives two classes of excitatory inputs: 

mossy fibers and climbing fibers. Mossy fibers originate in the 

spinal cord, motor cortex, and other motor and sensory regions. 

Climbing fibers are the axons of neurons that project from the 

inferior olive. Mossy fibers convey sensory information from 

various body parts and motor commands from the upper centers. 

Mossy fibers terminate on the dendrites of the granule cells in 

large, but compact, synaptic structures known as glomeruli. Each 

glomerulus comprises a giant-rosette-shaped glutamatergic mossy 

fiber presynaptic terminal gripped by several claw-like granule cell 

dendrites (Figure 11). Each granule cell axon ascends into the 

molecular layer where it bifurcates in two perpendicular processes 

known as parallel fibers that terminate on dendritic trees of 

Purkinje cells (Figure 11). Purkinje cells are GABAergic neurons 

that integrate sensory information and motor commands through 

summation of parallel fiber and climbing fiber inputs. The cell 

bodies of the Purkinje cells form a single cell layer, sandwiched 

between the granule cell bodies and the molecular layer and spread 

huge, flat dendritic arbors along the parasagittal planes in the 

molecular layer. Each Purkinje cell receives excitatory input from 

more than 100,000 parallel fibers. Parallel fibers also form 

glutamatergic synapses on interneurons in the cerebellar cortex. 

Interneurons include Golgi cells, stellate cells and basket cells. On 
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one hand, it is known that stellate cells and basket cells make 

inhibitory synapses with Purkinje cells. Thus, when these cells are 

stimulated by parallel fibers inhibit the Purkinje cell excitability. On 

the other hand, Golgi cells form inhibitory synapses on the synaptic 

terminals of the mossy fibers (Figure 11). Moreover, there are two 

other types of interneurons in the cerebellar cortex: the Lugaro 

cells and the unipolar brush cells. In addition, each Purkinje cell 

also receives excitatory inputs from a single climbing fiber, which is 

entwined around the processes of the dendritic tree. It is known 

that climbing fibers convey error signals reporting a difference 

between intended and executed movements (Figure 11).  
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Figure 11. Representative cerebellar cortex organization. Inside each cerebellar layer, 

every single type of cell has a specific role within the well-defined cerebellar circuit in 

order to properly control the cerebellar functions. PC, Purkinje cell; PF, parallel fiber; CF, 

climbing fiber; BC, basket cell; DCN, deep cerebellar nuclei; Go, Golgi cell; Gr, granule cell; 

IO, inferior olive; Lg, Lugaro cell; MF, mossy fiber; RN, red nucleus; SC, stellate cell; UB, 

unipolar brush cell; BG, Bergmann glial cell (Modified from Ito, 2008). 

 

Furthermore, it is well known that Purkinje cells interact closely 

with a specialized type of astrocytes known as Bergmann glial cells 

(Figure 11). The most striking feature of the mature Bergmann glial 

cells is the collection of complex irregular processes that sprout 

from the Bergmann fibers and penetrate into the neuropili of the 

molecular layer. In the mature cerebellum, Bergmann glia are 

closely associated with Purkinje cells, enclosing both somata and 

synapses in a glial sheath (Grosche et al., 2002; Bellamy, 2006). It 

has been described that stimulation of both climbing fiber and 

parallel fiber inputs to Purkinje cell results in the generation of 

complex inward currents in the Bergmann glial cells. Glutamate 

transporters and receptors expressed on the Bergmann glial 

surface are involved in the maintenance of low extracellular 

glutamate concentrations, protecting Purkinje cells from 

excitotoxic injury and guaranteeing the correct performance of the 

motor cerebellar tasks (Bellamy, 2006; Takayasu et al., 2009). In 

addition, microglial cells (Figure 11), the intrinsic immune cells of 

the CNS, play a remarkable role in the control of the synaptic 

excitability and cerebellar functions. Within the cerebellar cortex, 

the molecular layer was less densely populated by microglial cells 

than the granular layer and the white matter, but no significant 

differences were found either between the different cerebellar 
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lobules (Vela et al., 1995). We will devote the whole Section 5 to 

describe more in detail the main features of microglial cells since 

the study of this cell type in one of the main points of this thesis. 

Finally, the connections of the cerebellum with other brain regions 

are also crucial for proper cerebellar functional performance. 

Purkinje cells are the sole output neurons of the cerebellar cortex 

and send the integrated signals to the interposed nuclei neurons in 

the deep cerebellar nuclei via GABAergic synapses (bright blue; 

Figure 12). The deep cerebellar nuclei also integrate excitatory 

synaptic inputs from mossy fiber collateral axons originated in 

pontine nuclei and from the sensory nuclei (brown line; Figure 12). 

Mossy fibers carry sensory information from the periphery as well 

as information from cerebral cortex. Deep cerebellar nuclei 

neurons also received climbing fiber inputs originated in inferior 

olive, which carry conveyed somatosensory, visual and cerebral 

cortical information (orange line; Figure 12). The, deep cerebellar 

nuclei neurons send the integrated signals coming from Purkinje 

cells, climbing fibers and mossy fibers to the inferior olive for 

inhibitory feedback (red line; Figure 12), and other extracerebellar 

sites for control of motor behavior and/or cognitive functions, such 

as primary motor cortex or premotor cortex via thalamus (green 

lines; Figure 12). Thereby, the cortico-ponto-cerebellar projections 

form a closed loop system with the cerebellar cortex in which the 

cerebellum returns projections to the cerebral cortex via the 

thalamus. The direct projections (Figure 12) from the deep 

cerebellar nuclei to the motor nuclei reflect the projections 
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Cerebellum

towards the oculomotor nuclei. The cerebellum influences the 

motor coordination regulatory actions of the cerebral cortex 

through the projections from the deep cerebellar nuclei to the 

thalamus (Evans, 2007; Carey, 2011) (Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Representative diagram of the main cerebellar connectivity (Modified 

from Gao et al., 2012) 

 

In summary, the well-defined organization of all the components in 

the cerebellar cortex and their specific connections with other 

brain regions, have allowed the identification of the cerebellar 

circuitries and the synaptic plasticity mechanisms mainly involved 

in the control of motor coordination and cerebellar learning tasks. 
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3.2.  Expression of the endocannabinoid system in the 

cerebellum  

 

The cerebellum is one of the brain regions with the highest CB1R 

content (Tsou et al., 1998; Egertová and Elphick, 2000; Freund et 

al., 2003). Several publications have demonstrated the crucial role 

of the ECS in the regulation of the cerebellar functions. As 

described in the next section, multiple forms of endocannabinoid 

(eCB)-mediated retrograde modulation (as eCB-STD and eCB-LTD 

forms of synaptic plasticity) have been found in both excitatory and 

inhibitory synapses in the cerebellar cortex. This section is focused 

on the distribution of the main ECS elements at the cerebellar 

cortex cellular level to better understand their involvement in the 

regulation of the cerebellar functionality. 

 

3.2.1. Expression of CB1R in the cerebellum 

 

In the cerebellum, CB1R mRNA is strongly expressed in the 

granular layer (Mailleux et al., 1992; Matsuda et al., 1993). 

However, CB1R protein densely accumulates in the molecular layer 

(Tsou et al., 1998; Egertová and Elphick, 2000; Kawamura et al., 

2006).  

CB1R immunostaining is highly expressed in the cerebellar 

molecular layer in the parallel fiber terminals, which are making 

synapse with Purkinje cells as it is shown in Figure 13 (Kawamura 
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et al., 2006). However, CB1Rs are detected at background levels 

within climbing fiber terminals and in Bergmann glial cells. In 

addition, five to six times more intense immunostaining of CB1R 

was detected in inhibitory fibers from cerebellar interneurons 

(basket cells and stellate cells) and in the inhibitory terminals 

around Purkinje cell soma than in parallel fiber terminals. Indeed, 

intense immunostaining for CB1R was detected in Pinceau 

formation, which consists of clustered basket cell axons and 

terminals surrounding the base of Purkinje cell soma and the initial 

segments of its axon (Tsou et al., 1998; Kawamura et al., 2006) 

(Figure 13). Thus, cerebellar CB1R immunostaining density follows 

the next order:  inhibitory terminals > parallel fiber terminals > 

climbing fiber terminals and Bergmann glial cells. In addition, 

electron microscopic data based on immunogold experiments 

demonstrated that CB1R is densely distributed in the perisynaptic 

region of parallel fibers, as compared with synaptic and 

extrasynaptic regions (Figure 13). This specific distribution in the 

perisynaptic region seems to have a functional explanation. 

Probably the perisynaptic CB1Rs at parallel fiber terminals can 

detect endocannabinoids more effectively than synaptic and 

extrasynaptic receptors because of its closer proximity to the 

postsynaptic release site. Thereby, the heterogeneous distribution 

of CB1Rs along parallel fibers observed by Kawamura et al., 2006 

may be functionally relevant. Finally, CB1R expression is lacking in 

the Purkinje cells or in the deep cerebellar nuclei neurons 

(Mailleux et al., 1992; Matsuda et al., 1993). These expression 

patterns of CB1R at parallel fibers and inhibitory synaptic 
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terminals are consistent with the eCB-STD induction at these 

synapses, as we will describe in the next section. 

Figure 13. Confocal and immunoelectron microscopy showing the CB1R localization 

in the adult cerebellum. (A) CB1R labeling is very intense in the molecular layer and 

shows a pseudo-overlapping with the labeling of VGluT1 (marker of PF), suggesting the 

expression of CB1R in the PF terminals. Scale bars 10 μm. (B) CB1R labeling does not 

colocalize with VGluT2, a marker of CF (yellow arrows). However, CB1R staining overlaps 

with VGAT along the inhibitory fibers and terminals around PC soma (white arrows). 

Scale bars 10 μm. (C) CB1R labeling is not overlapped with the staining of GLAST, a 

marker of BG. Scale bars 10 μm (D) Preembedding silver-enhanced immunogold 

experiments for CB1R assay revealed. Scale bars, 100 nm. (E) Preferential perisynaptic 
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localization of CB1R along PF. Scale bar, 100 nm. (F) Summary diagram showing the 

density of CB1R at synaptic “a”, perisynaptic “b”, and extrasynaptic “c” regions. (G) 

Quantification of immunogold experiments, revealing high density of CB1R in the 

perysinaptic region. Mo, molecular layer; Gr, granular layer; Ad, adult; In, inhibitory 

terminals; PF, Parallel fiber; CF, climbing fiber; S, dendritic spine; Dn, dendrite (Modified 

from Kawamura et al., 2006). 

 

3.2.2. Expression of CB2R in the cerebellum 

 

As mentioned in the first section, CB2Rs are expressed on the 

perivascular microglial cells and in cultured cerebrovascular 

endothelium at the central level. Quantitative Real Time 

Polymerase chain reaction (RT-PCR) experiments also 

demonstrated the expression of CB2R mRNA in the brainstem, in 

the cortex and in the cerebellar granule cells (Van Sickle et al., 

2005). In spite of the specificity problems of the anti-CB2R 

antibodies used so far (Atwood and MacKie, 2010), some 

publications revealed abundant CB2R expression at the 

postsynaptic localizations in the rat cerebellum, particularly in 

Purkinje cell bodies and dendrites (Gong et al., 2006). In addition, 

CB2R-immunoreactivity was found in the Pinceau formation 

(terminals of basket cells) (Suárez et al., 2008). Moreover, these 

authors also detected slight CB2R staining in the molecular layer 

corresponding to parallel fiber terminals and moderate CB2R 

neuropil immunoreactivity in the granular layer. In addition, a 

recent publication showed the presence of CB2Rs in the post-

mortem cerebellum of humans affected by spinocerebellar ataxias 

(Rodríguez-Cueto et al., 2014). In this study, CB2Rs are expressed 

in Bergmann glial cells and in few Purkinje cells in control healthy 



Introduction 

 
 

47 
 

brains, as proposed in previous studies (Suárez et al., 2008). In 

addition, they showed that CB2R staining was greater extended in 

these cell types in patients with spinocerebellar ataxias, as well as 

in the microglial cell population. These recent data demonstrate 

that CB2Rs are expressed at the neuronal level in the cerebellum 

suggesting a possible involvement of these receptors in the 

regulation of the cerebellar functions. 

 

3.2.3. Cerebellar expression of enzymes involved in the 

endocannabinoid biosynthesis and inactivation  

 

The cellular distribution of the enzymes involved in the 

endocannabinoid synthesis and inactivation has been studied in 

detail, and their localization clearly influences the short-term and 

long-term synaptic processes in the cerebellar cortex. 

Immunohistochemical experiments in mice (Cristino et al., 2008) 

and rats (Gulyas et al., 2004; Suárez et al., 2008), showed that 

FAAH enzyme is localized mainly in the somata and the entire 

arbor of Purkinje cell dendrites, while poorly occasional FAAH 

neuropil immunoreactivity was detected in the granular layer. 

Cerebellar inhibitory interneurons can be considered FAAH-

negative too. Immunostaining experiments in human post-mortem 

cerebellar slices also showed this specific FAAH-Purkinje cell 

distribution (Rodríguez-Cueto et al., 2014b). Immunogold 

experiments localized more in detail FAAH on the cytoplasmic 

surface of the membranes (Gulyas et al., 2004), which seems 
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primarily associated with the intracellular membranes, including 

smooth endoplasmic reticulum cisternae and the external surface 

of the mitochondria.  

A similar distribution was determined for NAPE-PLD enzyme. 

NAPE-PLD was profusely expressed in the cytoplasm of Purkinje 

cells, while no positive stained cellular body was detected in the 

granular layer and few positive NAPE-PLD cell somas 

(corresponding likely to basket cells) were determined in the 

cerebellar molecular layer (Cristino et al., 2008; Suárez et al., 

2008).  

In contrast with the largely postsynaptic localization of FAAH and 

NAPE-PLD enzymes, MAGL is mainly expressed in cerebellar 

presynaptic terminals to control the depolarization-induced 

suppression of inhibition/excitation (DSI/DSE). Experiments 

performed in wild-type and MAGL knockout (MAGL KO) mice 

demonstrated that MAGL is richly expressed in parallel fiber 

terminals and weakly in Bergmann glial cells, but is absent in 

terminals of climbing fibers, stellate cells, and basket cells 

(Tanimura et al., 2012). Therefore, 2-AG is degraded in mice in a 

synapse-nonspecific manner mainly by MAGL in parallel fibers and 

Bergmann glial cells. In spite of these results, previous experiments 

in rats distinguished moderate MAGL immunoreactivity in the 

molecular layer consisting of a number of small cells likely basket 

cells and stellate cells (Suárez et al., 2008). In addition, moderate 

staining of MAGL was found in Purkinje cell dendrites (Suárez et al., 

2008). In agreement with these data, MAGL-reactivity was 
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primarily located in the Purkinje cells and possibly in Bergmann 

glial cells in post-mortem cerebellum of humans affected by 

spinocerebellar ataxias (Rodríguez-Cueto et al., 2014b). These 

differences in MAGL distribution may be explained by the possible 

different expression patterns between species and by the 

selectivity of the MAGL antibodies used. Altogether, these results 

let to speculate that FAAH may set the resting level of AEA close to 

its sites of synthesis, while MAGL may help to inactivate 2-AG close 

to its sites of action (Kano et al., 2009). This hypothesis is in 

agreement with the cellular localization of FAAH in the proximity of 

Ca2+ stores (mitochondria, endoplasmic reticulum), where Ca2+ 

dependent AEA synthesis might take place.  

Finally, DAGL is predominantly expressed in Purkinje cells both in 

mice and rats, respectively (Yoshida et al., 2006; Suárez et al., 

2008). DAGL was detected on the dendritic surface and 

occasionally on the somatic surface, with a distal-to-proximal 

gradient from spiny branchlets towards somata. DAGL is highly 

enriched at the base of spine necks, much lower expressed on the 

somatodendritic membranes around the spine neck and excluded 

from the main body of spines. The characteristic distribution of 

CB1R, DAGL and MAGL provides a molecular-anatomical basis for 

the scheme of activity-dependent synthesis of 2-AG in postsynaptic 

neurons and its retrograde action onto CB1R-carrying presynaptic 

elements. The preferential distribution of DAGL on the base of 

Purkinje cell's spine neck and the localization of CB1R in the 

perisynaptic region of parallel fiber axolemma facing Purkinje cell 
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dendrites, may explain the efficient 2-AG action in the 

endocannabinoid-mediated retrograde synaptic suppression.  

In addition, other cannabinoid-like receptors are expressed in the 

cerebellar cortex. Thus, TRPV1 is expressed in Purkinje cell bodies 

and in their initial axonal segment, and its binding site for 

endovanilloids, as AEA, is intracellular (Cristino et al., 2008). AEA 

may function as an intracellular Ca2+-sensing messenger amplifying 

intracellular Ca2+ levels via TRPV1 activation. Although it is not 

well known where GPR55s are expressed within the cerebellum, a 

recent publication has described high GPR55 mRNA levels in the 

cerebellum (Wu et al., 2013), and a previous publication also found 

GPR55 mRNA expression levels in granule cells (Chiba et al., 2011). 

These authors determined that GPR55 plays a key role in 

regulating motor coordination tasks (Wu et al., 2013). However, 

whether GPR55 plays a role in modulating cerebellar Purkinje cell 

function remains to be determined. Furthermore, some data 

suggests a possible role of PPAR in the regulation of Purkinje cell 

function and motor coordination impairments associated with 

certain diseases (Krémarik-Bouillaud et al., 2000). Immunostaining 

and immunobloting assays performed in rats revealed that PPAR-β 

subtype is concentrated in the nucleus of Purkinje cells, as well as 

in the deep cerebellar nuclei in healthy conditions (Krémarik-

Bouillaud et al., 2000). However, no specific labeling was detected 

for PPAR-α or PPAR-γ proteins.  

Finally, pointed out in the second section, COX-2 enzyme is also 

involved in endocannabinoids degradation. Although it is not 
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considered properly as an ECS element, it is interesting to mention 

its specific expression pattern along the cerebellar cortex because 

of its implication in the regulation of certain forms of synaptic 

plasticity (Chen et al., 2002, 2013; Kim and Alger, 2004; Le et al., 

2010). Indeed, some evidences suggest that COX-2 is expressed at 

the Purkinje cell postsynaptic dendritic terminals (Kaufmann et al., 

1996), as well as in basket cells (Cristino et al., 2008). Therefore, it 

is reasonably to hypothesize that endocannabinoids, mainly 2-AG, 

might be degraded by COX-2 within the postsynaptic neurons 

before they are released (Figure 7) producing prostaglandin-

ethanolamides, such as prostaglandin E2 (PGE2). Several studies 

performed during the last decade demonstrated that PGE2 is a key 

molecule in neuronal signaling and in the regulation of membrane 

excitability and synaptic plasticity (Chen et al., 2002; Sang et al., 

2005). Therefore, the magnitude and time course of cerebellar 

synaptic plasticity processes (such as the eCB-STD) may be 

determined by the balance between the postsynaptic 2-AG 

production by DAGL and the presynaptic/postsynaptic 2-AG 

degradation by MAGL/COX-2 enzymes and the involvement of the 

generated PGE2 in the regulation of long-term synaptic plasticity 

processes.   

Once described the location of the ECS elements in the cerebellar 

area, we will briefly expose in the next section the main short-term 

and long-term synaptic processes involved in the control of motor 

and cerebellar learning tasks.  
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3.3. Molecular mechanisms underlying cerebellar 

synaptic plasticity involving the endocannabinoid 

system 

 

Synaptic plasticity is an important cellular mechanism in neuronal 

circuits for the formation of memory. Surprisingly, complex signal-

transduction processes that underlie various forms of synaptic 

plasticity in the cerebellum and which are crucial for the proper 

cerebellar learning performance have been recently revealed. 

Several types of short and long-term synaptic plasticity exert a key 

role in the cerebellar functional regulation. Among the various 

types of synaptic plasticity that have been described, long-term 

depression (LTD) in Purkinje cells of the cerebellar cortex is unique 

since more than 30 different elements have been involved in this 

process, as it will be summarized in this section (Ito, 2001, 2002; 

Evans, 2007; Carey, 2011; Gao et al., 2012; Hirano, 2013). The ECS 

and more specifically the CB1Rs play a major role in the 

modulation of these short and long-term synaptic plasticity 

processes (Safo and Regehr, 2005; Ohno-Shosaku et al., 2012; 

Marcaggi, 2014; Ohno-Shosaku and Kano, 2014). The physiological 

significance of cerebellar synaptic plasticity has been pursued by 

examining animals’ performance in motor and other behavioral 

learning tasks (Schonewille et al., 2011; Hirano, 2013). Recent 

behavioral studies also attempt to elucidate the precise role of 

cerebellar synaptic plasticity, employing genetic manipulations of 

plasticity-related molecules (Evans, 2007). 
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Because CB1Rs are richly expressed in the parallel fiber terminals 

participating in the retrograde signaling, we will review in this 

section the main representative forms of parallel fiber-Purkinje cell 

cerebellar synaptic plasticity.  

 

3.3.1. Cerebellar short-term depression at the parallel fiber-

Purkinje cell synapses 

 

Short-term plasticity refers to a phenomenon in which synaptic 

efficacy changes over time in a way that reflects the evolution of 

presynaptic activity. Short-term depression (STD), a subtype of 

short-term plasticity, is caused by depletion of neurotransmitters 

consumed during the synaptic signaling process at the axon 

terminal of a presynaptic neuron.  

It is now widely accepted that endocannabinoids are released from 

postsynaptic neurons upon postsynaptic depolarization and/or 

receptor activation, and act on presynaptic CB1R to induce 

transient suppression of transmitter release (endocannabinoid-

mediated short-term depression; eCB-STD), as it is detailed below.  
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3.3.1.1. Endocannabinoid-mediated retrograde short-term depression 

(eCB-STD)  

 

Neuronal activity is a potent stimulus that produces neuronal 

depolarization. Therefore, enzymatic processes leading to the 

cleavage of membrane phospholipid precursors and subsequent 

synthesis of endocannabinoids are activated during Purkinje cell 

depolarization (Alger, 2002; Castillo et al., 2012). After 

endocannabinoid release, they activate the presynaptic CB1R and 

transiently restrain the neurotransmitter release (eCB-STD). In 

several forms of eCB-STD, endocannabinoid release is induced by 

large postsynaptic Ca2+ elevation alone (Ca2+-driven 

endocannabinoid release, CaER). These forms of eCB-STD include 

the depolarization-induced supression of inhibition (DSI) and the 

depolarization-induced supression of excitation (DSE). In the 

depolarized neuron, extracellular Ca2+ enters through voltage-gated 

Ca2+ channels (VGCC), producing a significant elevation in the 

postsynaptic Ca2+ levels (Ohno-Shosaku et al., 2012). The main 

source of postsynaptic Ca2+ elevation in the Purkinje cell for 

DSI/DSE performance is the Ca2+ influx through VGCC (Ohno-

Shosaku et al., 2012). However, in some cases Ca2+ release from 

intracellular Ca2+ stores may also contribute to Ca2+-driven 

endocannabinoid release. This elevation in Ca2+ levels facilitates 

the production of endocannabinoids, such as 2-AG in a DAGL 

dependent-manner, which diffuse through the plasma membrane 

and bind retrogradely to presynaptic CB1R. CB1R in turn 

attenuates Ca2+ entry in the parallel fiber resulting in a decrease of 
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glutamate neurotransmitter release (Kano et al., 2009; Ohno-

Shosaku et al., 2012; Ohno-Shosaku and Kano, 2014) (Figure 14 A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Schematic diagrams illustrating the three modes of endocannabinoid-

mediated short-term depression [eCB-STD]. (A) Ca2+-driven endocannabinoid release 

(CaER). (B) Basal receptor-driven endocannabinoid release (RER). (C) Ca2+-assisted RER 

(Kano et al., 2009). 
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Indeed, parallel fiber-EPSC (PF-EPSC) and climbing fiber-EPSC (CF-

EPSC) were both transiently suppressed by postsynaptic 

depolarization (Kreitzer & Regehr, 2001). This suppression was 

prevented by Ca2+ chelator BAPTA injection, affected by 

cannabinoid agonist WIN55,212-2, and blocked by CB1R antagonist 

AM251, demonstrating that the depolarization-induced Ca2+ 

elevation releases 2-AG and AEA, triggering a transient suppression 

of glutamate release by activating presynaptic CB1R.  

Another different type of eCB-STD synaptic plasticity was also 

discovered. This type of eCB-STD is induced by the strong 

activation of Gq/11-coupled receptors (basal receptor-driven 

endocannabinoid release, basal RER), such as group I metabotropic 

glutamate receptors (mGluRs), without need of postsynaptic Ca2+ 

elevation (Maejima et al., 2001) (Figure 14 B). When postsynaptic 

mGluR1s are strongly stimulated with a relatively high 

concentration of agonist, DAG is produced in the Purkinje cell 

through activation of PLCβ4 and converted to 2-AG by DAGL 

enzyme (Maejima et al., 2005). Thereby, 2-AG is released from the 

Purkinje cell and suppresses the transmitter release through the 

activation of presynaptic CB1R. Application of the group I mGluR 

agonist DHPG caused a transient suppression of the excitatory 

transmission to Purkinje cell, which seems to be mediated by 

retrograde endocannabinoid signaling (Kano et al., 2009).  

In addition, another form of eCB-STD combining both mechanisms 

previously described, known as Ca2+-assisted RER has been found 

(Castillo et al., 2012; Ohno-Shosaku et al., 2012; Ohno-Shosaku and 
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Kano, 2014). This eCB-STD can be induced when small Ca2+ 

elevation and weak receptor activation with an agonist 

concentration 5-10 times lower than that required for the basal-

RER, are combined. Therefore, the requirement for Ca2+-assisted 

RER can be fulfilled much more easily than that for basal RER 

under physiological conditions (Figure 14 c) (Maejima et al., 2005; 

Takako Ohno-Shosaku & Kano, 2014; Kano et al., 2009; T. Ohno-

Shosaku et al., 2012).  

In the recent years, several studies analyzed the involvement of 

different elements from the ECS in the DSE/DSI performance 

(Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and 

Nicoll, 2002). Thus, DSE and DSI were abolished in mice lacking 

DAGL (Tanimura et al., 2010). DAGL was indispensable for Ca2+-

driven endocannabinoid release. eCB-mediated retrograde synaptic 

suppression was totally absent in the cerebellum of DAGL knockout 

mice (DAGL KO), although no apparent abnormality in the brain 

morphology from DAGL was observed (Tanimura et al., 2010). 

Moreover, several studies also demonstrated prolonged DSI/DSE 

as a result of basal RER in cerebellar slices after treatment of MAGL 

inhibitors (Pan et al., 2009) or in MAGL KO (Zhong et al., 2011; 

Tanimura et al., 2012). As exposed in the previous section, MAGL is 

profusely expressed in the parallel fiber terminals and weakly in 

the Bergmann glial cells, but is absent in climbing fibers, stellate 

cells, basket cells (Tanimura et al., 2012). Despite this 

heterogeneous distribution, DSE was significantly prolonged not 

only at parallel fiber-Purkinje cell synapses, also at climbing fiber-
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Purkinje cell synapses in the MAGL KO mice, as well as in mice 

where MAGL enzyme was deleted specifically from granule cells. 

Interestingly, the re-expression of MAGL enzyme in Bergmann glial 

cells shortened the DSE performance in the MAGL KO mice, 

indicating that MAGL expression in Bergmann glial cells can 

influence the duration of DSE. Moreover, the authors of this work 

found that, MAGL was also important for the termination of DSI at 

stellate cell-Purkinje cell synapses but do not contribute to basket 

cell-Purkinje cell synapses (Tanimura et al., 2012).  

Finally, it is of interest to mention that combined stimulation of 

parallel fiber and climbing fiber is required for the eCB-STD 

performance. This associative nature of eCB-STD is similar to that 

of cerebellar LTD, as explained below. 

 

3.3.2. Cerebellar long-term depression (LTD) at parallel fiber-

Purkinje cell synapses 

 

The mechanisms underlying cerebellar LTD have been studied 

extensively at the molecular level (Collingridge, Peineau, Howland, 

& Wang, 2010; Evans, 2007; Gao, van Beugen, & De Zeeuw, 2012; 

Hirano, 2013; Kano, Hashimoto, & Tabata, 2008) (Figure 15).  
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Figure 15. Molecular mechanisms underlying plasticity in Purkinje cells. The schematic 

drawing presents the main molecules and pathways involved in the various forms of synaptic 

plasticity that can occur at synapses between parallel fibers (PF), climbing fibers (CF) or 

interneurons (In) and Purkinje cells (PC). Pathways involved in LTD at PF–PC synapses are 

marked in black. AC, adenylyl cyclase; AMPAR, AMPA receptor; CaMKII, Ca2+/calmodulin-

activated kinase II; cAMP, cyclic AMP; CB1R, cannabinoid receptor 1; cGMP, cyclic guanylate 

monophosphate; CRF, corticotropin-releasing factor; CRFR, CRF receptor; D32, DARPP32; DAG, 

diacylglycerol; eCB, endocannabinoid; GABAA, GABA type A receptor; GABAB, GABA type B 

receptor; GABARAP, GABAAR-associated protein; GC, guanylyl cyclase; Glu, glutamate; GluRδ2, 

glutamate receptor δ2 (GRID2); IGF1, insulin-like growth factor 1; IGF1R, insulin-like growth 

factor 1 receptor; IP3, inositol trisphosphate; KaR, kainate receptor; KCC2, K+-Cl− co-transporter 

2; mGluR1, metabotropic glutamate receptor 1; NMDAR, NMDA receptor; NO, nitric oxide; NSF, 

N-ethylmaleimide-sensitive factor; PICK1, protein interacting with C kinase 1; PKA, cAMP-

dependent protein kinase; PKC, protein kinase C; PKG, cGMP-dependent protein kinase; PLC, 

phospholipase C; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; PP2B, protein 

phosphatase 2B; RAB3A; RAS-related protein RAB3A; RIM1α, RAB3-interacting molecule 1α; 

SK, small conductance Ca2+-activated K+ channel; TRPC3, short transient receptor potential 

channel 3; VGCC, voltage-gated Ca2+ channel (Gao et al., 2012). 
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Two synergistic glutamatergic synaptic inputs to Purkinje cell are 

required for the cerebellar LTD induction, the parallel fiber and the 

climbing fiber inputs. Several studies have revealed that significant 

elevation in the intracellular Ca2+ concentration level is required 

for the LTD induction. Glutamate released by parallel fiber binds to 

AMPAR and to mGluR1 localized at the postsynaptic Purkinje cell 

dendrites. mGluR1 is a G protein-coupled receptor (Gαq or Gα11) 

whose signaling is essential for inducing the cerebellar LTD, since 

the lack of  both Gα proteins produces motor coordination 

alterations and impairs cerebellar LTD performance (Tanaka et al., 

2000; Hartmann et al., 2004). Indeed, mGluR1 knockout mice 

(mGluR1 KO) display LTD alteration and motor coordination 

impairments (Aiba et al., 1994; Shigemoto et al., 1994; Kano et al., 

2008), and interestingly, these alterations were normalized in 

mGluR1-rescue mouse model  (Ichise et al., 2000; Kishimoto et al., 

2002). Upon glutamate binding on mGluR1 and AMPAR, 

phospholipase Cβ4 protein (PLCβ4) is activated, which in turn 

triggers inositol 1,4,5-triphosphate (IP3) and DAG production. IP3 

induces Ca2+ release from the intracellular endoplasmic reticulum 

through IP3 receptor (IP3R) (Berridge, 2009), and Ca2+ and DAG 

synergistically activate protein kinase Cα (PKCα) (Leitges et al., 

2004) and α-Ca2+-calmodulin-dependent protein kinase II 

(αCaMKII) (Hansel et al., 2006). Generation of knockout mice or 

RNA interference experiments for some of these proteins, such as 

IP3R (Matsumoto et al., 1996; Inoue et al., 1998), PKCα (Leitges et 

al., 2004), PLCβ4 (Hirono et al., 2001a; Miyata et al., 2001) or 
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αCaMKII (Hansel et al., 2006) revealed the involvement of these 

molecules in the cerebellar LTD performance (Table 4). 

Reduction in the number of AMPAR occurs during LTD, and 

enhanced GluR2 AMPAR endocytosis has been proposed as a main 

mechanism of the LTD expression. Thus, activated PKCα 

phosphorylates serine-880 (S880) of the GluR2 subunit (Chung et 

al., 2003), causes dissociation of GluR2 subunit-containing AMPAR 

from GluR-interacting protein (GRIP) (Matsuda et al., 1999) and 

facilitates their interaction with protein-interacting with C kinase 1 

(PICK1) (Xia et al., 2000; Hanley and Henley, 2006; Steinberg et al., 

2006). This mechanism allows receptor internalization via a 

clathrin-dependent process (Wang and Linden, 2000) (Table 4). 

Furthermore, mGluR1-mediated responses of Purkinje cell in 

cerebellar slices were enhanced by activation of GABABR (Hirono et 

al., 2001b). GABABR is concentrated perisynaptically on Purkinje 

cell dendrites and closely associated with mGluR1 where it acts as a 

Ca2+-dependent cofactor for mGluR1 signaling. Thereby, GABABR 

operates as a key factor for inducing LTD. Interestingly, 

pharmacological inhibition of GABABR reduced the magnitude of 

LTD at parallel fiber-Purkinje cell synapses in cerebellar slices 

(Kamikubo et al., 2007).  

Furthermore, the involvement of Arc/Arg3.1 early gene has been 

also studied in the regulation of LTD (Bramham et al., 2008; Smith-

Hicks et al., 2010; Korb and Finkbeiner, 2011; Shepherd and Bear, 

2011). Arc protein may form a complex with endophilin and 
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dynamin to increase the rate of AMPAR endocytosis that would 

promote LTD (Bramham et al., 2008; Korb and Finkbeiner, 2011). 

(Table 4). 

Another molecule involved in the cerebellar LTD is glutamate 

receptor δ2 subunit (GluRδ2), an ionotropic glutamate receptor-

related molecule specifically expressed on the postsynaptic 

membrane at parallel fiber-Purkinje cell synapses. GluRδ2 

knockout (GluRδ2 KO) mice display cerebellar ataxia and impaired 

motor learning, as well as impaired cerebellar LTD (Hirano et al., 

1994; Kashiwabuchi et al., 1995; Yuzaki, 2004; Kohda et al., 2013b). 

The intracellular C-terminal of GluRδ2 plays a critical role in the 

regulation of the cerebellar LTD (Yawata et al., 2006; Kohda et al., 

2007). Indeed, abrogated LTD was restored in GluRδ2 KO mice by 

the transduction of the wild-type GluRδ2 transgene (Tgwt) using a 

virus-mediated rescue approach but not by the transduction of a 

mutant GluRδ2 lacking the C-terminal seven residues (TgCT7) 

(Kohda et al., 2007), to which several PDZ proteins bind, such as  

PSD-93, protein tyrosine phosphatase PTPMEG and delphilin 

(Yuzaki, 2004) (Table 4). Interestingly, knockout of delphilin, 

facilitated the LTD induction through reduction of the intracellular 

Ca2+ dependence (Takeuchi et al., 2008). These results indicated 

that the C-terminus of GluRδ2 conveys the signal(s) necessary for 

LTD induction. However, the molecular mechanisms under the 

GluRδ2 activation remain unknown. A clue to this puzzle was 

revealed by a study of the GluR2 subunit phosphorylation levels 

performed in the GluRδ2 KO mice. Indeed, an increase in GluR2 
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phosphorylation at tyrosine 876 (Y876) was revealed in the 

GluRδ2 KO mice, which might be responsible for altering the 

activity dependent phosphorylation of serine 880 (S880) in GluR2 

AMPAR subunit, and consequently, for impairing the cerebellar 

LTD in the GluRδ2 KO mice (Kohda, Kakegawa, Matsuda, et al., 

2013). In addition, an interaction of GluRδ2 with mGluR1 and 

transient receptor potential channel 3 (TRPC3) was recently 

reported, as well as the involvement of TRPC3 in the cerebellar 

LTD control (Kato et al., 2012; Nelson and Glitsch, 2012; Kim, 

2013). In agreement, AMPAR and mGluR1 receptor stimulation 

triggers an increase in intracellular Ca2+ levels leading to a decrease 

in the density of synaptic GluRδ2 in cultured Purkinje cells. These 

results suggest that elevation of intracellular Ca2+ levels can 

modulate the GluRδ2-mediated signals by downregulating the 

receptor expression on the postsynaptic membrane (Hirai, 2001). 

Interestingly, biallelic deletions of Grid2 gene (which encodes 

GluRδ2 receptor protein) lead to a syndrome of cerebellar ataxia 

and tonic upgaze in humans (Hills et al., 2013).  

Besides, several studies revealed the requirement of Cerebellin 1 

(Cbln1), a C1q-family protein released from parallel fibers that 

binds to N-terminal domain of GluRδ2, in the cerebellar LTD 

performance (Hirai et al., 2005; Matsuda et al., 2010; Matsuda and 

Yuzaki, 2012; Emi et al., 2013). Lastly, other signaling molecules 

involved in cerebellar LTD are nitric oxide (NO) (Shibuki and 

Okada, 1991; Lev-Ram et al., 1997), cyclic guanylate 

monophosphate (cGMP)-dependent protein kinase (PKG) (Feil et 
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al., 2003), corticotropin-releasing factor (CRF) and its receptor 

(CRF1R) (Miyata et al., 1999) (Table 4).  

Plasticity-related 

protein/peptide 
Mouse mutant 

Effect on 

LTD 

induction 

Cerebellum-related 

behavioral 

phenotype 

Key 

references 

mGluR1 
KO; PC-specific 

knock-in mice 

↓ ↓ PF-PC 

LTD 

Impaired eyeblink 

conditioning and 

motor coordination 

evaluated using rota-

rod. Both functions 

are rescued in 

knock-in mice 

(Aiba et al., 

1994; Ichise et 

al., 2000; 

Kishimoto et 

al., 2002) 

Gαq/11 KO 

Gαq: ↓ ↓  

PF-PC 

LTD 

Gα11: ↓  

PF-PC 

LTD 

Gαq: ataxia, impaired 

motor learning 

Gα11: Mild motor 

coordination 

impairment 

(Tanaka et al., 

2000; 

Hartmann et al., 

2004) 

PLCβ4 KO 
↓ ↓ PF-PC 

LTD 

Severe alterations in 

the eyeblink 

conditioning 

(Hirono et al., 

2001a; Miyata 

et al., 2001) 

αCaMKII KO 
↓ ↓ PF-PC 

LTD 

Vestibular ocular 

reflex alteration 

(Hansel et al., 

2006) 

IP3R KO 
↓ ↓ PF-PC 

LTD 
Seizures and ataxia 

(Matsumoto et 

al., 1996; Inoue 

et al., 1998) 

PKCα KO 
↓ ↓ PF-PC 

LTD 
Not determined 

(Leitges et al., 

2004) 

GluR2 

KO; 

GluRΔ7 knock-

in; GluR2K882A 

knock-in 

↓ ↓ PF-PC 

LTD 

Vestibular ocular 

reflex alteration, but 

not in the eyeblink 

conditioning test 

(Chung et al., 

2003; 

Schonewille et 

al., 2011; 

Steinberg, 

Huganir, & 

Linden, 2004; 

Xia et al., 2000) 
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Table 4. Main proteins involved in the cerebellar LTD induction, their specific mouse 

mutant models and the major cerebellar functional alterations observed in these mice. 

KO: knockout; PF: parallel fiber; PC: Purkinje cell.  

PICK1 KO 
↓ ↓ PF-PC 

LTD 
Not determined 

(Hanley and 

Henley, 2006; 

Steinberg et al., 

2006) 

nNOS KO 
↓ ↓ PF-PC 

LTD 

Nocturnal mild 

motor coordination 

impairments 

(Shibuki and 

Okada, 1991; 

Kriegsfeld et al., 

1999) 

PKG PC-specific KO 
↓ ↓ PF-PC 

LTD 

Impaired adaptation 

of vestibular ocular 

reflex but normal 

motor coordination 

(Feil et al., 

2003) 

TRPC3 

Antibodies 

which act 

against a 

cytoplasmic 

epitope 

of TRPC3  

channels 

↓ ↓ PF-PC 

LTD 
Not determined (Kim, 2013) 

CB1R KO; PF-CB1RKO 
↓ ↓ PF-PC 

LTD 

Impaired eyeblink 

conditioning 

(Kishimoto and 

Kano, 2006; 

Carey et al., 

2011) 

GluRδ2 

Antisense 

oligonucleotide 

against GluRδ2; 

GluRδ2 mutant 

proteins; GluRδ2 

knockout mice 

↓ ↓ PF-PC 

LTD 

Motor coordination 

impairment, 

alteration in the 

eyeblink 

conditioning 

(Hirano et al., 

1994; 

Kashiwabuchi 

et al., 1995; 

Kishimoto et 

al., 2001; 

Yawata et al., 

2006; Kohda et 

al., 2013b) 

Cbln1 KO 
↓ ↓ PF-PC 

LTD 

Impaired eyeblink 

conditioning 

(Hirai et al., 

2005; Emi et 

al., 2013) 
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3.3.2.1. Endocannabinoid-mediated retrograde long-term depression 

(eCB-LTD) 

 

The ECS plays an important role in the control of the cerebellar 

LTD, which is crucial for cerebellar network activity and motor 

coordination and learning (Ito, 2001; Kim and Tanaka-Yamamoto, 

2013). A lasting production of endocannabinoids and subsequent 

long-term inhibition of transmitter release by CB1R activation 

defines endocannabinoid-mediated long-term depression (eCB-

LTD) (Heifets and Castillo, 2009; Ohno-Shosaku et al., 2012; Ohno-

Shosaku and Kano, 2014) (Figure 16). The molecular mechanisms 

underlying endocannabinoid release for the induction of eCB-LTD 

are similar to those previously explained for eCB-STD (Section 

3.3.1.1. Figure 14). The pathways involved may be diverse at 

different brain regions and may depend on experimental 

conditions. Pharmacological data suggest that Ca2+-assisted RER 

dominantly contributes to the induction of eCB-LTD in most brain 

regions, such as the cerebellum. CB1R activation can induce eCB-

LTD only when combined with presynaptic activity (enhanced Ca2+ 

at the presynaptic terminal and reduced PKA activity causing 

suppression of transmitter release). In this model, presynaptic 

terminals are thought to integrate two different signals, one 

reflecting postsynaptic activity (endocannabinoid) and the other 

reflecting presynaptic activity to induce LTD. This associative 

nature of eCB-LTD may ensure that only active presynaptic 

terminals are specifically depressed among those facing 
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endocannabinoids released from postsynaptic neurons (Heifets 

and Castillo, 2009; Ohno-Shosaku et al., 2012). 

Figure 16. Molecular mechanisms of endocannabinoid-mediated long-term 

depression (eCB-LTD). Afferent stimulation and/or postsynaptic depolarization induces 

2-AG release by activating postsynaptic AMPARs, mGluRs and VGCCs. Mechanistically, this 

process is the same as that for eCB-STD, and includes CaER, basal RER and Ca2+-assisted 

RER. The released 2-AG then activates CB1R on the same presynaptic terminals releasing 

glutamate (homosynaptic, red arrow) or neighboring terminals (blue arrow, 

heterosynaptic). LTD is induced when the activation of CB1R is combined with some 

other factors in the presynaptic terminal, such as presynaptic electrical activity, Ca2+ 

influx through VGCCs or NMDAR. LTD: long-term depression; VGCC: voltage-gated Ca2+ 

channels; CB1R: cannabinoid receptor type 1; CaER: Ca2+-driven endocannabinoid 

release; basal RER: basal receptor-driven endocannabinoid release; AMPAR: ionotropic 

glutamate receptors; mGluR: metabotropic glutamate receptors type 1 (Modified from 

Ohno-Shosaku et al., 2012). 

 

Thus, afferent stimulation causes glutamate release from excitatory 

presynaptic terminals, activates AMPAR and mGluR1 on the 

Purkinje cells membrane, and induces 2-AG release. 2-AG then, 
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activates CB1R on the same presynaptic terminal (homosynaptic) 

or neighboring presynaptic terminals (heterosynaptic) (Figure 16). 

This model is supported by the sensitivity of cerebellar LTD to 

CB1R antagonist AM251 to prevent the synthesis of 2-AG 

production using the DAGL inhibitors (RHC-80627 and THL), as 

well as in mice lacking CB1R (Safo and Regehr, 2005). Moreover, 

the selective elimination of CB1R from parallel fiber using 

conditional CB1R KO mice prevented cerebellar LTD (Carey et al., 

2011). Altogether these results indicate that retrograde eCB 

signaling is an important step in the LTD performance. However, 

the activation of CB1R is not enough to induce the LTD and 

additional presynaptic mechanisms, such as presynaptic electrical 

activity, Ca2+-elevation at the presynaptic terminal or NMDAR 

activation are required (Heifets and Castillo, 2009; Ohno-Shosaku 

and Kano, 2014). In the case of the cerebellar area, NO might be 

also required, since mediates an anterograde signal from parallel 

fibers to Purkinje cells and contributes to the postsynaptic 

modulation of AMPAR (Shibuki and Okada, 1991; Lev-Ram et al., 

1997) (Figure 15; Figure 16). In fact, after a strong parallel fiber 

burst in the parallel fiber-LTD induction, glutamate release from 

parallel fibers activates NMDAR from interneurons, which triggers 

NO production. NO diffuses anterogradly to target AMPAR 

trafficking contributing to the parallel fiber-LTD (Shin and Linden, 

2005; Wang et al., 2014). In addition, CB1R activation from parallel 

fibers activates nitric oxide synthetase (NOS) in granule cells and 

NO synthesis at the parallel fiber terminals, which may contribute 
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to the eCB-LTD process (Wang et al., 2014). However, the specific 

mechanism underlying CB1R-NO cascade remains to be explored. 

Finally, another difference between eCB-LTD and eCB-STD relies 

on the duration of CB1R activity which, together with the elements 

presented above, triggers distinct signaling events in neurons 

leading to the long suppression of the neurotransmitter release 

(Heifets and Castillo, 2009; Ohno-Shosaku and Kano, 2014).   
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4. Physiological significance and functional 

implications of cerebellar synaptic plasticity 

 

4.1  Main functions regulated by cerebellum  

 

The cerebellum has a well-established role in maintaining motor 

coordination. Studies of cerebellar learning have suggested that 

cerebellum performs this function by recognizing neural patterns. 

Serious damage to the cerebellum impairs motor learning and 

results in a set of motor disturbances called ataxia (Marmolino and 

Manto, 2010). However, recent work also implicates the 

cerebellum in emotion and it has been discussed that cerebellar 

dysfunction contributes to non-motor disorders, such as autism 

spectrum disorders (Koziol et al., 2014). An emerging view is that 

cerebellar defects can trigger motor and non-motor alterations by 

globally influencing brain function. Furthermore, cerebellar circuits 

may play a role during development in wiring events necessary for 

high cognitive functions, such as social behavior and language. 

Nowadays, the research tries to elucidate the molecular 

mechanisms involved in these pathologies, paying special attention 

to the role of Purkinje cells as a major culprit in several diseases. 

In this chapter, we summarize two of the cerebellar functions 

specifically studied in this thesis, the motor coordination task and 

the cerebellar learning performance, as well as the behavioral tests 

mostly employed to evaluate these responses.  
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4.1.1. Motor coordination tasks 

 

The cerebellum is a coordinating center using sensory inputs from 

the periphery to fine-tune movement and postural control (Doyon 

et al., 2002). Motor coordination is the combination of body 

movements that result in intended actions. Motor coordination is 

achieved when subsequent parts of the same movement, or the 

movements of several limbs or body parts are combined in a 

manner that is well timed, smooth, and efficient with respect to the 

intended goal. This involves the integration of proprioceptive 

information detailing the position and movement of the 

musculoskeletal system with the neural processes in the brain and 

spinal cord which control, plan, and relay motor commands. 

Thereby, the cerebellum plays a critical role in the neural control of 

movement and, damage or injury in this brain area or in its 

connections may result in severe motor coordination impairment, 

known as ataxia.  

Measurement of motor coordination and balance can be used to 

assess the effects of test compounds or other experimental 

manipulations and to characterize the motor phenotype of 

transgenic or knockout animals. Several well-established and 

widely used protocols for measuring motor coordination and 

balance in mice and rats have been described: rota-rod, beam 

walking, footprint analysis and the coat-hanger test. It is important 

to mention that different alternatives or variants for each test have 

been postulated depending on the specific parameter that 

http://en.wikipedia.org/wiki/Musculoskeletal_system
http://en.wikipedia.org/wiki/Motor_skill
http://en.wikipedia.org/wiki/Limb_(anatomy)
http://en.wikipedia.org/wiki/Proprioception
http://en.wikipedia.org/wiki/Nervous_system
http://en.wikipedia.org/wiki/Brain
http://en.wikipedia.org/wiki/Spinal_cord
http://en.wikipedia.org/wiki/Cerebellum
http://en.wikipedia.org/wiki/Ataxia
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researchers want to assess. In addition, other methods, such as grid 

walking test, erasmus ladder test, inverted grid test and pole 

climbing test can also be used to measure motor coordination and 

balance. Table 5 summarizes the main features of these tests. 

Name of the 
test 

Motor Skill 
analyzed 

Test parameters 
recorded 

 
Examples of animal 

models with bad 
performance 

 

References 

Rota-rod test 

Ability of an 
animal to 

balance on a 
rotating rod 

- Maximum speed 
reached by the 
animal for a given 
duration 

 
- Time that animal 

takes to fall at 
different speeds 

mGluR1KO,   
IL1RAPL1 KO, 

nNOS KO, Gαq KO, 
Grid2(ho/ho) 
mutant mice,  

Sam68 KO, 
mGluR4 KO, 
GPR55 KO, 

L7-VGAT KO 

 
(Pekhletski et al., 1996; 
Offermanns et al., 1997; 

Ichise et al., 2000; Carter et 
al., 2001; Lalonde et al., 

2003; Hartmann et al., 2004; 
Weitzdoerfer et al., 2004; 

Lukong and Richard, 2008; 
Kayakabe et al., 2013; Wu et 

al., 2013; Yasumura et al., 
2014) 

Beam walking 
test 

Ability of an 
animal to 
traverse a 
series of 
elevated 

narrow beams 
to reach an 

enclosed 
escape 

platform 

- Footslips 
performed 

 
- Latency to 

traverse the 
beams 

 
- Number of falls 

JNK1 KO,  
Grid2(ho/ho) 
mutant mice, 

Sam68 KO 

(Carter et al., 2001; Lalonde 
et al., 2003; Lukong and 

Richard, 2008; Komulainen 
et al., 2014) 

Footprint test 
Different 

parameters of 
mouse’s gait 

 
- Front base 
- Hind base 
- Left overlap 
- Right overlap 
- Right forelimb 

stride 
- Right hindlimb 

stride  
- Left forelimb 

stride 
- Left hindlimb 

stride 
 
 

GluRδR hotfoot5J 
mutant mice, 

JNK1 KO, 
mGluR1 KO, 
L7-VGAT KO 

(Ichise et al., 2000; Carter et 
al., 2001; Hirai and Iizuka, 

2011; Kayakabe et al., 2013; 
Komulainen et al., 2014) 
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Table 5. Main tests used to evaluate the motor coordination performance. 

Coat-Hanger 
test 

Ability of an 
animal to walk 

along and 
remain on a 
coat hanger  

- Fall latency time 
- Number of 

segments walked 
by the animal 

- Time that animal 
spends to reach 
the extreme of the 
hanger  

JNK1 KO (Komulainen et al., 2014) 

Grid walking 
test 

 
Ability of an 

animal to walk  
along an alley 

made up of 
round metal 

bars  spaced at 
unequal 
intervals 

 

- Number of 
forelimb and 
hindlimb 
footsplips and foot 
placement errors 

Grid2(ho/ho) 
mutant mice 

(Lalonde et al., 2003) 

Erasmus 
ladder test 

 
Motor 

performance 
and motor 
cerebellar 
learning 

 
- Motor 

performance level 
of a mouse is 
revealed by the 
amount of ladders 
touched, which 
represents the 
number of 
missteps 

- Motor 
learning level is 
revealed by the 
change in step-
time after and 
before 
conditioning 

 

NLG3 KO, Cx36 KO, 
GluR1 KO and 

GluR4 KO 

(Van Der Giessen et al., 
2008; Baudouin et al., 2012; 

Saab et al., 2012) 

Pole climbing 

 
Ability of an 

animal to 
climb down 

from the head-
up part of a 
vertical bar 

 

- Time that animal 
spends to climb 
down the vertical 
bar until the 
mouse reaches the 
floor  

CLN3 KO (Staropoli et al., 2012) 

Inverted Grid 
Test 

 
Ability of an 

animal to 
remain 

gripped with 
four paws 
once the  

metal grid is  
inverted at an 
angle of 180° 

 

Fall latency time JNK1 KO (Komulainen et al., 2014) 
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4.1.2. Cerebellar learning tasks 

 

Cerebellum is also involved in the control of cerebellar learning 

processes. The adaptation of vestibular-ocular reflex (Gao et al., 

2012) and the eye-blink reflex (Kim and Thompson, 1997) are both 

regulated by the cerebellum. Thus, paradigms established to study 

these responses, such as the delayed eyeblink conditioning test 

(EBC), have been used to determine alterations in cerebellar 

functions. Since EBC has been used in this thesis, this section 

summarizes the neural circuits involved in the delayed EBC and the 

involvement of the ECS in the proper cerebellar associative 

learning performance.  

Classical EBC is a well-established associative-learning task used to 

probe the functional integrity of the cerebellum in both human 

(Logan and Grafton, 1995; Gerwig, 2005; Thurling et al., 2015) and 

animals (Chen et al., 1996; Kim and Thompson, 1997). In the 

traditional delay form of EBC, a conditioned stimulus (CS; e.g., a 

500-ms tone) is paired with a co-terminating unconditioned 

stimulus (US; e.g., a 50-ms corneal airpuff or an electrical shock to 

the eyelid). Repeated CS-US pairings elicit the development of an 

adaptative conditioned response (CR), which occurs in healthy 

subjects just prior to the US (Figure 17).  
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Figure 17. This illustration clarifies the temporal relationship between the 

conditioned stimulus (CS) and the unconditioned stimulus (US) in the delay 

eyeblink conditioning procedure. In the traditional delay form of EBC, a conditioned 

stimulus (500-ms tone) is paired with a co-terminating unconditioned stimulus (50-ms 

corneal airpuff or an electrical shock to the eyelid). Repeated CS-US pairings elicit the 

development of an adaptative conditioned response (CR) (Modified from Skosnik et al., 

2008).  

 

The neural circuitry regulating the conditioned responses 

acquisition and timing in EBC is well understood, and is mostly 

limited to the cerebellar cortex (Villarreal and Steinmetz, 2005) 

and the deep cerebellar nuclei. Cerebellar networks mediating this 

form of associative learning appear to be quite conserved across 

species (Rogers et al., 2001), thus making the task favorable to 

translational research. Nonhuman experiments have determined 

that learning of the conditioned responses is primarily mediated by 

the deep cerebellar nuclei, particularly the anterior lateral region of 

the interpositus nucleus ipsilateral to the conditioned eye 

(Christian and Thompson, 2003). However, the proper conditioned 

responses performance is directed by Purkinje cell desinhibition of 

the interpositus nucleus (Christian and Thompson, 2003).  
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The CS signal is projected into the cerebellum via mossy fibers that 

originate in the pontine nuclei and which make synapse with 

granule cells in the cerebellar cortex (Figure 18), while the US is 

projected into the cerebellum via climbing fibers that originate in 

the inferior olive. Plasticity occurs at junctions that receive 

convergent CS-US input, including neurons in the interpositus 

nucleus, as well as Purkinje cells (Steinmetz, 2000). Parallel fiber 

and climbing fiber terminals activate Purkinje cells, which 

subsequently release the inhibitory transmitter GABA in the deep 

cerebellar nuclei. Thereby, the current understanding of the 

integration of the CS-US signal is that the tonically active Purkinje 

cell continuously inhibits the deep cerebellar nuclei activity from 

initiating a blink (no proper execution of adaptative conditioned 

response). In order to generate a well-timed conditioned response 

blink, this continuous inhibition of the deep cerebellar nuclei has to 

be blocked following the convergent CS-US inputs through a 

Purkinje cell deactivation and subsequent release of the 

interpositus nuclei from its inhibition. In summary, the GABAergic 

Purkinje cell activity has to be attenuated for the adaptative 

conditioned responses performance. Thus, Purkinje cell firing must 

be inhibited in a temporally specific manner to permit the deep 

cerebellar nuclei execution of adaptative conditioned responses 

(Green and Steinmetz, 2005) (Figure 18).  
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Figure 18. Graphic illustration of the principal circuitry that governs the exhibition 

of the conditioned responses in the delayed eyeblink conditioning procedure. CS: 

conditioned stimulus; US: unconditioned stimulus; CR: conditioned response. 

 

LTD at the parallel fiber-Purkinje cell synapses depresses Purkinje 

cell activity, releases the interpositus nucleus from tonic Purkinje 

cell inhibition, thereby permitting temporally adaptative 

conditioned response. Thus, animals with impaired parallel fiber-

Purkinje cell LTD exhibit pronounced alterations in the conditioned 

response performance, such as in mGluR1 KO (Aiba et al., 1994; 

Kishimoto et al., 2002), PLC-β4 KO (Hirono et al., 2001a; Miyata et 

al., 2001) GFAP KO (Shibuki et al., 1996), GluRδ2 KO mice 
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(Kishimoto et al., 2001), and CB1R KO mice (Kishimoto and Kano, 

2006) (Table 4). Moreover, normal delayed EBC performance was 

seen in the mGluR1-rescue mice in which cerebellar LTD was 

properly induced (Kishimoto et al., 2002). Altogether, these 

observations imply the involvement of cerebellar LTD in the 

delayed EBC conditioning execution.   

 

4.1.2.1. Proposed role of the ECS in regulating the eyeblink circuitry 

 

To understand the role of the ECS in the regulation of the EBC 

performance, it is first important to consider the location of CB1R 

within the EBC circuitry. As detailed in Section 3.2, CB1Rs are 

expressed at three different locations in the cerebellar cortex: 

presynaptic parallel fiber terminals, basket cells and stellate cells 

(Kano et al., 2009). However, CB1Rs have not been identified in 

cells of the interpositus nucleus (Suárez et al., 2008). Moreover, it 

has been hypothesized that CB1R activation might induce 

suppression of transmitter release more effectively at excitatory 

terminals than at inhibitory ones (Kawamura et al., 2006). 

Therefore, it is mainly considered the involvement of parallel fiber 

terminals in the regulation of the cerebellar LTD and thereby in the 

control of the EBC performance. After a parallel fiber burst, 

endocannabinoids (most likely 2-AG) are synthesized at the 

Purkinje cells and act retrogradely on the CB1Rs located on the 

parallel fiber terminals inhibiting the glutamate release and 
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decreasing the rates of Purkinje cell firing. Thus, the primary role 

for the ECS in EBC may be to decrease parallel fiber glutamate 

release (and hence the Purkinje cell activity), facilitating LTD, and 

releasing the interpositus nucleus from inhibition in a temporally 

specific manner, effectively performing the conditioned responses.  

On the other hand, attenuated ECS functioning, either by 

disturbances in CB1Rs (such as downregulation or desensitization) 

or in the synthesis or release of 2-AG, would result in a failure of 

parallel fiber-Purkinje cell DSE. The lack of suppression of 

presynaptic parallel fiber excitatory input would result in 

continuous release of glutamate from these terminals during the CS 

and constant activation of Purkinje cell. Dysfunctional Purkinje cell 

release of GABA onto the deep cerebellar nuclei would prevent the 

interpositus nucleus from executing a well-timed conditioned 

response (Figure 18). Indeed, this result is exactly what Yasushi 

Kishimoto & Kano, 2006 observed when they performed the delay 

EBC test in CB1R KO mice. Certainly, mice with genetic deletion of 

CB1R exhibited dramatically impaired acquisition of conditioned 

responses. However, the same CB1R KO mice displayed normal 

performance in a trace version of the eyeblink conditioning 

(Kishimoto and Kano, 2006). In this trace version, trace interval of 

500ms is introduced between the CS and the US. The insertion of a 

time interval between the two stimuli is known to also require 

forebrain circuitry, particularly intact hippocampal LTP, intact 

cerebellum, but does not require cerebellar LTD (Kishimoto and 

Kano, 2006; Woodruff-Pak and Disterhoft, 2008). Moreover, the 



Introduction 

 
 

80 
 

CB1R antagonist rimonabant caused in wild-type mice severe 

impairment in acquisition of delay EBC similarly to that observed 

in CB1R KO mice, but rimonabant had no effect on trace version of 

EBC (Yasushi Kishimoto & Kano, 2006). In the same line, CB1Rs 

from the cerebellar molecular layer modulate acquisition of EBC 

test in rats (A. B. Steinmetz & Freeman, 2010). Altogether these 

results indicate that ECS signaling through CB1R is essential for the 

cerebellum-dependent conditional motor learning but has no 

influence in the forebrain-dependent EBC task performance.  

 

4.2.  Main cerebellar dysfunctions   

 

Human neuroimaging and animal behavior studies have recently 

implicated the cerebellum in the processing of signals for 

perception, cognition and emotion (Marmolino and Manto, 2010; 

Schmahmann, 2010; D’Angelo and Casali, 2012), particularly in 

circumstances involving timing. The participation of the cerebellum 

in higher brain functions is likely mediated by extensive 

connections with cortical and subcortical centers. Due to these 

anatomical connections, cerebellar dysfunctions may lead not only 

to motor deficits such as ataxia, dystonia, multiple sclerosis, 

Huntington’s disease, Parkinson’s disease or Tourette’s syndrome, 

but also to non-motor disorders, such as autism spectrum 

disorders, dyslexia, obsessive-compulsive disorder or even 

participate in schizophrenia. In the recent years efforts have been 
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done to study the involvement of the cerebellum in the 

development of these emotional and cognitive disorders. In this 

thesis, we studied the regulation of the motor functions, and the 

involvement of the microglial cells in its regulation, since both 

elements are altered in cerebellar ataxias, the main features of this 

disease are briefly described below.  

Ataxia refers to a family of neurological diseases that typically 

involve neurodegeneration and are associated to uncoordinated 

movement. Deficits associated with ataxia can also be acquired and 

develop as a result of stroke, multiple sclerosis, tumors, alcoholism, 

peripheral neuropathy, metabolic disorders, and vitamin 

deficiencies (Klockgether, 2010). Patients with ataxia have poor 

muscle control, and when they have limb movement problems the 

lack of balance and coordination ultimately disturbs their gait, a 

symptom often associated with cerebellar defects (Marmolino and 

Manto, 2010). Cerebellar ataxia is the most common form of ataxia. 

There are over 60 forms of inherited cerebellar-based ataxia, with 

more than half of them classified as either spinocerebellar ataxias, 

Friedreich’s ataxia, episodic ataxia, or fragile X tremor/ataxia 

syndrome (Marmolino and Manto, 2010). Among them, it has been 

demonstrated the realtionship between alterations in the 

cannabinoid receptors expression and the pathogenesis of the 

spinocerebellar ataxia (Rodríguez-Cueto et al., 2014a).  

The autosomal-dominant spinocerebellar ataxia is an inherited 

disorder that belongs to the family group of polyglutaminopathies, 

primarily caused by excessive CAG repeats. The mutant proteins 
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that tends to accumulate in specific brain structures, such as the 

cerebellum, explains the motor incoordination and ataxic 

symptoms in this disease (Tada et al., 2015). A unifying cellular 

phenotype observed in the cerebellum of ataxic mouse models is 

the extensive Purkinje cell degeneration (Fratkin and Vig, 2012), 

and interestingly, similar histopathological signs of cerebellar 

degeneration have been recently found in post-mortem human 

cerebellum from spinocerebellar ataxic patients (Rodríguez-Cueto 

et al., 2014a). These cerebellums express reactive microglia and 

notable loss of Purkinje cells, while the Purkinje cells that survive 

show a particular morphology characterized by shrunken cell body, 

prominent reduction in the dendritic tree and axonal swellings. 

Interestingly, CB1R and CB2R expression levels are significantly 

altered in the cerebellum of spinocerebellar ataxic patients, 

pointing to the ECS as a potential therapeutic target for this 

disorder (Rodríguez-Cueto et al., 2014a).  

Microglial cells play a key role in the progression of several 

neurodegenerative diseases. Several studies have revealed new 

roles of microglial cells in the regulation of synaptic connectivity, 

defining novel tasks for microglia beyond being a mere pathologic 

sensor. Since this thesis is focused on the role of these immune cells 

in the regulation of the cerebellar functions, next section presents 

the main features of the microglial cells and their involvement in 

brain functions.  
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5. Microglia cells 
 

5.1. Overview of microglial cells 

 

Microglial cells are the immune effector cells in the CNS where they 

comprise approximately 10% of the total cell brain population in 

rodents and between 0.5% to 16.6% in humans (Lawson et al., 

1990; Mittelbronn et al., 2001). They are considered the 

macrophages of the brain and represent 5–20% of total glial cells in 

rodents. Microglial cells are differently distributed along the brain 

parenchyma and their density varies depending on the brain 

region, going from 5% in corpus callosum to 12% in substantia 

nigra (Lawson et al., 1990) and being more abundant in gray 

matter compared to white matter (Kofler and Wiley, 2011). 

Microglial cells have a hematopoietic origin and they derive in 

mammals from the invasion of peripheral mesodermal primitive 

macrophages arising from the yolk sac (Alliot et al., 1999). During 

early embryogenesis they migrate into the CNS and, under the 

influence of different molecules, microglial precursors differentiate 

and proliferate from an ameboid to a mature ramified phenotype. 

By the time of birth, an important amount of microglial cells are 

present in the brain forming a dense network along the 

parenchyma contributing to brain homeostasis (Saijo and Glass, 

2011).  
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Many studies have focused on microglia and their roles in different 

brain pathologies. These cells are pivotal players in inflammation at 

restoring homeostasis upon injury or infection. In the recent years, 

two-photon microscopy analysis enabled the observation of 

microglial cells in vivo in their natural environment revealing the 

high microglial motility in physiological conditions, changing the 

previous notion of “resting” microglial phenotype in normal adult 

CNS to the concept of surveillance phenotype. The following 

chapters briefly described the main brain functions and processes 

regulated by microglial cells and the more striking features that 

characterized its activation process. 

 

5.2. Steps and main features of the microglial 

activation process 

 

Classically, microglial cells have been classified into: “resting state” 

and “activated state” depending on their morphology and the 

expression of activation markers. Under basal conditions (when 

there is no brain injury or alteration), microglial cells present a 

“resting” phenotype characterized by small soma and highly 

ramified and elongated branches (Kettenmann et al., 2011; 

Benarroch, 2013). In these quiescent conditions, microglial cells 

form an organized net of cells along the brain parenchyma where 

each microglial cell scavengers its own immediate area without 

overlapping their processes with those of the neighboring 
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microglial cell. In the ramified form, microglial cells actively move 

their processes without translocation of the soma. In vivo two-

photon laser-scanning microscopy experiments revealed that 

microglial cells present highly dynamic processes in an intact 

healthy brain which could elongate or retract more than 1 to 3 

µm/min, voiding the idea that microglia from healthy brain is a 

resting component (Nimmerjahn et al., 2005). In this regard, 

microglial cells act as “active sensors” of their environment to 

survey their own parcel of parenchyma. Microglial motility control 

depends on extracellular ATP concentration level, thus a reduction 

in ATP concentration by ATP-hydrolyzing enzyme apyrase 

decreases microglial motility, whereas artificial ATP gradients 

enhance their motility (Davalos et al., 2005). Purinergic P2Y12 

metabotropic receptors seem to be involved in this process 

(Haynes et al., 2006). However, morphological, molecular and 

genetic studies evidence that this classical subdivision between 

resting and activated phenotype is an oversimplification.  

After a brain injury or upon recognition of a pathogen, microglial 

cells become activated retracting their processes and enhancing 

the perimeter of their soma, changing the resting morphology for 

an ameboid appearance and move, following chemotactic 

gradients, to the site of lesion or to meet the invader pathogen. 

Activated microglial executing a number of adaptive responses to a 

given challenge are also known as “effector cells” since they are 

really heterogeneous and plastic cells and they could present 

different phenotypes, such as ameboid, rod or multinucleated 
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morphologies, depending on the type of stimulus or the 

environmental factors that produced their activation (Hanisch and 

Kettenmann, 2007). 

Microglial activation is a tightly controlled process, sensitive to 

different signals that can activate or inhibit it in order to 

orchestrate the wide range of microglial functions. Microglial 

activation process could result from the presence of new “On” 

signals that appear in the brain and mediate the microglial 

activation, or from the reduced expression of “Off” signals, those 

that maintain microglial cells in resting state (Biber et al., 2007). 

Multiple “On” signals have been described to activate microglial 

cells, such as bacterial wall lipopolysaccharides, bacterial and viral 

RNA or DNA, viral structural envelopes, intracellular elements 

released from necrotic cells and heat shock proteins among others. 

(Figure19). 
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Figure 19. Schematic drawing of “On” signals that trigger the microglial activation. 

Resting/surveillance microglia turns activated in response to the presence in the brain 

parenchyma of IFN-γ, glutamate, PAMPs or DAMPs, ATP or UTP, complement proteins of 

TNF-α (Cutando, 2015. The Handbook of Cannabis and Related Pathologies. In press). 

 

Moreover, other molecules such as complement proteins, 

interferon- (IFN-γ) cytokine released from Th1 lymphocytes or 

TNF- released from Th2 lymphocytes activate innate immune 

responses triggering the transcriptional activation of pro-

inflammatory genes through the activation of NF (Hanisch and 

Kettenmann, 2007; Kettenmann et al., 2011; Benarroch, 2013). In 

addition, microglial cells also present purinergic P2X ionotropic 

receptors (mainly P2X4 and P2X7) or P2Y metabotropic receptors 

(P2Y2, P2Y6 and P2Y12) for UTP and ATP, which are crucial for the 

role of microglial cells in surveillance, synaptic plasticity and injury 
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responses. ATP released from damaged neurons and astrocytes 

may induce microglial activation and processes motility (Suzuki et 

al., 2004; Ohsawa et al., 2007; Inoue and Tsuda, 2012). 

Furthermore, microglial cells also express AMPAR, mGluR and 

kainate receptors. Activation of AMPAR is linked to TNF- release 

and glutamate–induced chemotaxis, while group II mGluR triggers 

neurotoxicity and microglial reactivity (Kettenmann et al., 2011). 

Finally, microglial cells also present adenosine receptors, cytokine 

receptors, cholinergic receptors, adrenergic receptors and 

dopamine receptors. The stimulation of these receptors may 

modulate microglial proliferation, secretion of cytokines, 

expression of various genes, as well as the production of NO 

(Kettenmann et al., 2011) (Figure19). 

On the other hand, there are “Off” signals produced by cells 

surrounding microglia that try to keep microglial cells in a “resting” 

phenotype imposing a “calming” influence to microglial cells 

(Figure 20).  
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Figure 20. Schematic drawing of “Off” signals that reduce microglial activation. 

Activated microglia is sensitive to Heat Shock proteins and apoptotic cell membranes, 

CD47, CD200, CX3CL1 (Fractalkine), cannabinoid receptor agonists and anti-

inflammatory cytokines (IL-4, IL-10, IL-13, TGF-β) (Cutando, 2015. 

The Handbook of Cannabis and Related Pathologies. In press). 

 

 

 

One of these molecules is CD200 expressed by neurons, astrocytes 

and oligodendrocytes that interacts with CD200 receptor (CD200R) 

expressed by microglial cells. In vivo studies using CD200R KO mice 

demonstrated that CD200R expressed by microglia is important to 

maintain them in a resting phenotype. The lack of this receptor 

produced an enhancement in microglial activation markers CD45 

and CD11b, together with a less ramified morphology in the 

microglial cells (Nathan and Muller, 2001; Deckert et al., 2006; 
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Dentesano et al., 2014). Other studies clearly demonstrated the 

crucial role of CX3CL1 chemokine (also known as fractalkine) in the 

regulation of the microglial cell reactivity when bound to CX3CR1 

receptors expressed in microglial cells (Figure 20). In vivo studies 

demonstrated that CX3CR1 KO mice present microglial cells with 

an over-activated phenotype, enhanced cell death and accelerated 

neurotoxicity in three different disease models (Cardona et al., 

2006; Sheridan and Murphy, 2013). In addition, other inhibitory 

surface receptors or molecules expressed by microglial cells also 

interact with ligands secreted or expressed by neurons. One of 

these molecules is the SIRP receptor, which interacts with CD47 

expressed by neurons to prevent phagocytosis (Biber et al., 2007). 

Furthermore, another molecule expressed by microglial cells is the 

triggering receptor expressed on myeloid cells 2 (TREM2), which is 

associated with the signaling molecule DAP12 (Figure 20). This 

molecule is essential for phagocytosis of membranes from 

apoptotic cells and microglial clearance function, and its activation 

has anti-inflammatory effects (Takahashi et al., 2005). Moreover, 

the interactions between IL-4, IL-10, IL-13 and the transforming 

growth factor- (TGF-β) with their receptors expressed on 

microglial cells reduces the microglial activated phenotype 

(Kettenmann et al., 2011). Finally microglial cells also express 

cannabinoid CB1R and CB2R, as well as other cannabinoid-like 

receptors like GPR55 or TRPV1. The constitutive expression of 

these receptors is very low in resting microglial cells, although a 

rapid enhancement of CB2R expression occurs once microglial cells 

become activated (Stella, 2009; Stella, 2010) (Figure 20). Therefore, 
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the stimulation of cannabinoid receptors reduces microglial 

activation and neurotoxicity (Stella, 2009; Stella, 2010), as it will be 

explained in Section 5.4. 

 

5.3. Involvement of the microglial cells in the 

control of brain functions 

 

Microglial cells have been implicated in cellular and synaptic 

maintenance, myelin homeostasis and responses to brain damage. 

Different functions have been attributed to microglial cells as it is 

shown in Figure 21.  

 

Figure 21. Main brain functions attributed to microglial cells (Gomez-Nicola & Perry, 

2014). 
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Surveillant microglial cells constantly scan the brain 

microenvironment, to detect minor perturbations of CNS 

homeostasis (Figure 21). Thus, these cells act as local sentinels of 

the CNS playing a key role in the innate immune response of the 

brain through the detection of neurotoxic substances or 

inflammatory mediators. Microglial cells constantly and rapidly 

scan the microenvironment with their processes, while keeping the 

soma in a fixed position (Davalos et al., 2005; Nimmerjahn et al., 

2005; Wake et al., 2013). Contact between processes is avoided 

during the scanning of the parenchyma, maintaining the mosaic 

distribution and the cell size (Nimmerjahn et al., 2005). However, 

infection, brain injury or ageing processes affect microglial 

stability, leading to a disruption of the mosaic organization, a 

decrease in the motility of microglial processes, and a remarkable 

increase in the motility of their somas (Hefendehl et al., 2014). 

Although this process is well characterized, the energy expenditure 

associated with actin polymerization and the molecular 

mechanisms that mediate microglial movement are less 

understood. ATP and other nucleotides stimulate microglial 

dynamics, while other factors including CX3CL1, CD200, CD47 or 

GABA reduce it (Kettenmann et al., 2011).  

Another important role of microglial cells is the synaptic pruning 

or synaptic remodeling (Kettenmann et al., 2013) (Figure 21). It is 

well known that extranumerary synapses are eliminated during 

initial phases of postnatal brain development, while the remaining 

ones are strengthened to form the adult connectivity (Kettenmann 
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et al., 2013). The mechanism regulating the removal of synapses 

was elusive, but now microglial cells have been proposed as key 

executive players. For instance, one of these players is the CX3CL1-

CX3CR1 system, since CX3CR1 is only expressed in microglial cell 

population in the brain. It has been suggested that CX3CL1-CX3CR1 

system regulates synapse pruning by microglia which is in turn 

associated with a modest and transient defect in developmental 

synaptic connectivity (Paolicelli et al., 2011). In one study 

performed in the hippocampus of a CX3CR1 KO mouse, a transient 

decrease in microglia density and a corresponding transient 

increase in spine density were detected suggesting that engulfment 

of synapses by microglia was a critical component of the 

developmental pruning of synapses that is required for circuit 

maturation. Although synaptic pruning seems associated with 

development of CNS circuitry, evidences suggests a role of 

microglia in the reorganization of adult circuits following neuronal 

damage (Hanisch and Kettenmann, 2007).  

Microglial cells express a variety of receptors for 

neurotransmitters, neuropeptides and neuromodulators, which 

have the capacity to sense the neuronal activity. Indeed, microglial 

processes appear in a close proximity to presynaptic boutons and 

this transient and rapid interaction of microglial processes with 

axon terminals and dendritic spines is modulated by neuronal 

activity (Wake and others 2009). Indeed, recent publications have 

revealed that microglial cells are required for proper maturation 

of excitatory synaptic transmission (Figure 21). In this context, 
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CX3CR1 KO mice show weak glutamatergic synaptic transmission, 

persistent alterations in hippocampal LTD, decreased functional 

brain connectivity, significant deficits in social interactions and 

increased repetitive-behavior phenotypes (Zhan et al., 2014). 

Similarly, KARAP/DAP12 microglial transmembrane receptor 

mutation produces significant hippocampal synaptic plasticity 

impairments due to the decrease in the expression of GluR2 AMPA 

receptor subunit producing an enhancement in hippocampal LTP 

(Roumier et al., 2004). Thereby, altogether these date prove that 

proper microglia function is required for normal maturation and 

function of glutamatergic synapses. In line with these previous 

results, recent reports have put the spotlight on microglia as a 

critical regulator of activity-triggered synaptic plasticity in 

normal adult brain (Rogers et al., 2011; Koeglsperger et al., 2013; 

Salter and Beggs, 2014) (Figure 21). Thus, the role of microglia in 

persistent activity-triggered synaptic plasticity in the adult mice 

(6–8 weeks) has been investigated in animals engineered to 

eliminate TGF-β from the CNS (Koeglsperger et al., 2013; Butovsky 

et al., 2014). These mice present a dramatically reduced number of 

microglial cells, reduced LTP at Schaffer collateral-CA1 synapses, 

but conversely, they present enhanced LTD. These profound 

alterations in synaptic plasticity are dependent upon enhanced 

activation of the GluN2B subtype of NMDAR and are attributed to 

reduce recycling of glutamate. Although other cells can also be 

involved, these results are consistent with those from mice lacking 

CX3CR1, in which LTP is virtually eliminated producing deficits in 

hippocampal-dependent learning and memory (Rogers et al., 
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2011). Accordingly, a recent study performed using CX3CR1CreER 

mice, expressing tamoxifen-inducible Cre recombinase to drive 

diphtheria toxin receptor expression into microglia, showed that 

microglial cells could be specifically depleted from the brain upon 

diphtheria toxin administration. Mice depleted of microglia showed 

deficits in multiple learning tasks and a reduction in motor-

learning-dependent synapse formation, revealing the important 

physiological functions of microglia in learning and memory 

performance (Parkhurst et al., 2013). In the same line of results, 

recent publication demonstrated that glial cells control synaptic 

strength independent of neuronal activity. Therefore, selective 

activation of microglial CX3CR1 receptor induces the release of IL-

1β from microglia, which modulates NMDA signaling in 

postsynaptic neurons, leading to the release of an eicosanoid 

messenger, which ultimately modulates presynaptic 

neurotransmitter release (Clark et al., 2015). Thus, these findings 

are the strongest evidence to date for the essential role of microglia 

in the control of synaptic strength, plasticity and learning in the 

normal adult CNS. One of the major points of this thesis was to 

study the involvement of the microglial cells in the regulation of the 

cerebellar functions. Therefore, these previous findings supporting 

the striking role of microglia in the regulation of the synaptic 

plasticity and learning processes should be taken into account. 

Moreover, the phagocytic activity of microglia is one of the 

features in common with their cellular cousin, the macrophage, and 

helps eliminate bacteria during infections, necrotic and apoptotic 
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cells during development or disease (Sierra et al., 2013) (Figure 

21). Furthermore, phagocytic microglia removes apoptotic debris 

in the developing and adult brain keeping cell death silent and 

avoiding the deleterious secretion of pro-inflammatory cytokines 

having a net beneficial effect (Fu et al., 2014). However, recent data 

support the notion that microglia can actively remove endangered 

but potentially viable neurons, contributing to brain pathologies 

with a neuroinflammatory component, such as Alzheimer’s disease 

(Sierra et al., 2013; Fu et al., 2014). 

Although the above-described microglial functions are well 

characterized, it is the inflammatory function of microglial cells 

the most studied one (Kettenmann et al., 2011) (Figure 21). The 

inflammatory profile of microglial cells takes place upon infection 

or brain injury, when microglial cells become activated and 

efficiently phagocyte pathogens and damage dying cells. However, 

it is well known that excessive microglial cell activation may also 

produce pathological situations contributing to the development of 

neurodegenerative diseases (Hanisch and Kettenmann, 2007).  

Finally, it is interesting to mention that microglia alterations have 

been linked with some psychiatric disorders, such as Rett 

syndrome, obsessive-compulsive disorder, major depression, 

bipolar disorder, autistic-like disorders and schizophrenia (Chen et 

al., 2010; Beumer et al., 2012; Derecki et al., 2012).  

The accumulated information shows that microglia crucially 

conditions neuronal activity becoming an extremely important 
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player in brain function. The large variety of processes and 

functions regulated by microglia, have made this brain cell type the 

focus of intense investigation in recent years. 

 

5.4. Endogenous cannabinoid system in microglia 

 

It has been shown that CB1Rs and CB2Rs are expressed in 

microglial cells, although their expression depends on the 

microglial activation profile. Thus, microglial cells become 

activated sequentially following several activation signals from 

resting to reactive phenotype. A very low expression of CB1R and 

CB2R is present in resting microglia. However, microglial activation 

rapidly up-regulates CB2R “on demand” being highly detectable in 

more reactive states (Carlisle et al., 2002; Walter et al., 2003; Stella, 

2010). Moreover, microglial primary cultures are intrinsically 

activated because of the transferring procedure to the culture plate 

(Becher and Antel, 1996). Indeed, microglial primary cultures from 

human, rat, or mouse tissues present high levels of CB2R. In this 

context, microglial cell line BV-2 express CB2R as well  (Carlisle et 

al., 2002; Carrier et al., 2004; Stella, 2009).  

CB2R up-regulation in activated microglial cells depends on the 

combination of different signals (such as toxins, cytokines or 

molecules released by neurons like ATP) after neuroinflammatory 

events or during neurodegenerative diseases. In this regard, CB2R 

expression is up-regulated in some diseases such as Alzheimer’s 
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disease, Huntington’s disease or AIDS- associated dementia (Benito 

et al., 2003; Palazuelos et al., 2009; Kim et al., 2011). CB2R 

enhanced levels have also been found during amyotrophic lateral 

sclerosis and multiple sclerosis development in spinal cord 

samples (Yiangou et al., 2006). Therefore, several studies tried to 

elucidate the therapeutic potential of cannabinoids in some of 

these diseases acting on CB2R. Thus, cannabinoids may improve 

motor symptoms in a model of Huntington’s disease targeting 

CB2R (Palazuelos et al., 2009) as well as prevent microglial 

reactivity and the neurotoxicity induced by β-amyloid in models of 

Alzheimer’s disease (Ramírez et al., 2005). Furthermore, an up-

regulation of CB2R mRNA expression related with an enhancement 

in the microglial reactivity process in the spinal cord was 

demonstrated in a model of neuropathic pain, but not in a model of 

chronic inflammatory pain (Zhang et al., 2003). In summary, 

experimental evidences show that the stimulation of CB2R (Figure 

22) modulates microglial reactivity in brain areas with 

neuroinflammation. As a consequence, CB2R agonists have been 

postulated in the treatment of different neurodegenerative 

diseases.  
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Figure 22. Schematic drawing of potential sites in activated microglia sensitive to 

cannabinoid compounds. Activated microglia is sensitive to cannabinoid drugs through 

different receptors described in microglial cells: CB1R, CB2R, GPR55, non-CB1R/non-

CB2R, PPAR and TRPV. Green arrows denote a decrease in microglial activation while red 

bars denote an increase in microglial reactivity. Blue arrows indicate a cellular response 

significant for microglia state change (Modified from Cutando, 2015. 

The Handbook of Cannabis and Related Pathologies. In press). 

 

On the other hand, cultured microglial cells from different species 

also express CB1R. This receptor regulates NO production, an 

inflammatory mediator released from activated microglial cells 

(Waksman, Olson, Carlisle, & Cabral, 1999). Indeed, NO production 

induced by LPS and IFN-γ was partially inhibited by cannabinoid 

agonist CP55940 administration. Moreover, previous studies also 
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demonstrated that the CB1R-selective antagonist rimonabant 

prevented the inhibition of NO production mediated by CP55940 

(Rinaldi-Carmona et al., 1994). Altogether these results clearly 

demonstrate the role of CB1Rs regulating NO production by 

activated microglial cells (Figure 22). In addition, other studies 

demonstrated that cannabinoids, such as THC and AEA, inhibit LPS-

inducible cytokine mRNA expression for IL-6, IL-1β, IL-1α and TNF-

α in cortical rat neonatal microglial cells. The same inhibitory 

outcome was observed when the paired enantiomers 

levonantradol and dextronantradol were employed. Neither the 

CB1R-selective antagonist rimonabant nor the CB2R-selective 

antagonist SR144528 were able to reverse the inhibition of 

cytokine mRNA expression by levonantradol, suggesting that the 

blockade of cytokine mRNA expression by cannabinoids is 

apparently mediated through a non-CB1R and non-CB2R. Indeed,  

other cannabinoid-like receptors different from CB1R and CB2R 

may be recruited in the microglial immune-related response when 

high concentrations of cannabinoid agonists are used 

(Puffenbarger et al., 2000). Candidates are GPR55, abnormal-CBD, 

PPAR-γ and TRPV1 receptors (Figure 22). All these receptors are 

expressed in microglial cells and respond to endogenous or 

synthetic cannabinoids to modulate microglial activation, 

migration, and proliferation processes. 

GPR55 mRNA is expressed and functional in BV-2 cells and in 

mouse microglia, where its stimuli-induced effects are similar to 

those determined for the CB2R (Pietr et al., 2009). These results 
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suggest that CB2R and GPR55 are involved in neuroinflammation 

processes and that their expression depends on the activation state 

of the microglial cells. Moreover, GPR55 has a role in 

neuroprotection as revealed using the excitotoxicity in vitro model 

of rat organotypic hippocampal slice cultures (Kallendrusch et al., 

2013). Indeed, the GPR55 selective agonist l-α-

Lysophosphatidylinositol (LPI) prevents the excitotoxic dentate 

gyrus granule cell damage and reduces the number of activated 

microglia after NMDA induced lesions, suggesting a clear role of 

GPR55 receptor in neuroprotection (Kallendrusch et al., 2013) 

(Figure 22).  

PPAR-α/β/γ are also expressed in microglial cells. It has been 

described that different endogenous and synthetic cannabinoids 

like 2-AG, AEA, PEA, WIN 55,212-2, CBD and THC interact with 

PPARs to modulate their activity (Figure 22). Several studies have 

demonstrated the role of these receptors in the regulation of 

microglial activation process after brain injury following ischemia. 

PPAR-γ from microglial cells controls ischemia-

induced microglial activation, neuronal damage and cell death in 

the dentate gyrus of the hippocampus after transient global 

cerebral ischemia (Lee & Won, 2014). In addition, Dentesano et al., 

2014 demonstrated that PPAR-γ modulates CD200 (mainly 

expressed in neurons and astrocytes) and CD200R1 (present in 

microglial cells) gene expression and that CD200-CD200R1 

interaction is involved in the anti-inflammatory and 

neuroprotective action of PPAR-γ agonists.  
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Microglial cells also express TRPV receptors. Indeed, TRPV1 and 

TRPV4 stimulation from BV-2 and microglial cells may modulate 

the abnormal microglial activation process in an acute model of 

inflammation (Raboune et al., 2014) and in induced-inflammation 

by LPS (Konno et al., 2012). Cannabinoid agonists including THC, 

CBD, WIN 55,212-2, AEA and the antagonist rimonabant, have been 

described to modify the action of this ion channel at micromolar 

concentrations (Pertwee et al., 2010) (Figure 22). CBD enhances 

microglial phagocytosis via TRPV channel evidencing the 

pharmacological potential of TRPV channel to treat 

neuroinflammatory disorders by changing microglial function 

(Hassan et al., 2014). 

As mentioned above, endocannabinoids act on microglial cells to 

modulate their functions and activation. Several studies 

demonstrated the effect of 2-AG on the regulation of microglial 

reactivity. 2-AG, acting on CB2R, triggers microglial migration, 

decreases pro-inflammatory molecule release and enhances BDNF 

release and microglial proliferation (Carrier et al., 2004). These 

results revealed that the ECS responds after brain damage 

enhancing local 2-AG production in order to recruit new microglial 

cells to face and solve the brain injury (Figure 22).  

Similar results were found for the palmitoylethanolamide (PEA), 

which interacts with an orphan receptor expressed by microglial 

cells, and regulates microglial activation and recruitment after focal 

cerebral ischemia damage induction (Franklin et al., 2003; Stella, 

2010). Thus, a neuroinflammatory process takes place after focal 
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cerebral ischemia damage in the injured brain area with an 

enhancement of microglial cell motility, as well as the increase in 

PEA levels. PEA seems to act through an orphan Gi/o-coupled 

receptor distinct from CB1R, CB2R and abn-CBD receptors 

(Franklin et al., 2003). In addition, PEA interacts with PPAR-α, at 

micromolar level, and reduces the number of microglial cells, 

protecting dentate gyrus granule cells in excitotoxically lesioned 

organotypic hippocampal slice cultures, demonstrating that PEA 

counteracts excitotoxicity and confers neuroprotection (Koch et al., 

2011). These results indicate that PPAR-α receptors are possible 

targets for therapeutic interventions to mitigate symptoms of 

secondary neuronal damage. 

In summary, the studies detailed above evidence the importance of 

the ECS in microglial physiology. Cannabinoid agonists acting 

through microglial cannabinoid-like receptors modulate several 

processes in microglial cells, such as activation, proliferation, 

cytokine expression, NO release, migration and phagocytosis, 

postulating the microglial ECS system as a key element in the 

treatment of neuroinflammation.  
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6. Effects of repeated cannabis exposure in 

experimental animals and cannabis users  

 

6.1. Cerebellar effects of cannabis exposure in 

experimental animals 
 

Cannabis produces a number of characteristic behaviors including 

memory impairment, antinociception, locomotor and psychoactive 

effects. In addition, tolerance and dependence to cannabinoids can 

be developed after chronic use. The potential therapeutic benefits 

of certain cannabinoid-mediated effects, has raised interest in 

understanding the cellular adaptations produced by chronic 

cannabinoid administration. Over the past two decades, studies 

performed in experimental animal models have determined the 

effects of chronic cannabis exposure on CB1R expression and 

signaling. Indeed, CB1R undergo downregulation and 

desensitization in the brain following chronic administration of 

THC or synthetic cannabinoid agonists, although the magnitude of 

these changes depends on the time course of treatment and the 

brain regions studied (Breivogel et al., 1999; McKinney et al., 

2008). In general, these adaptations are regionally widespread and 

are thought to contribute to tolerance to cannabinoid-mediated 

behavioral effects (Sim-Selley, 2003).  

Brain cannabinoid receptor levels usually dropped after prolonged 

exposure to agonists (Rodríguez de Fonseca et al., 1994; Romero et 

al., 1997), although some studies reported increases or no change 
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in brain receptor binding (Romero et al., 1995). The cerebellum is 

one of the brain regions deeply studied after chronic cannabinoid 

administration due to the high CB1R expression. Studies using 

autoradiographic analysis of CB1R binding combined with analysis 

of CB1R mRNA levels have revealed that chronic THC 

administration reduced CB1R binding while no noteworthy 

changes in the CB1R mRNA levels were shown (Romero et al., 

1997). Similar results were obtained in WIN55,212-2-stimulated 

[35S]GTPγS binding experiments showing reduced binding in the 

cerebellum of THC-chronically treated mice (McKinney et al., 

2008).  

Chronic THC administration activates certain proteins involved in 

receptor internalization, such as G protein-coupled receptor 

kinases and β-arrestins. These effects were ERK1/2-dependent in 

cerebellum, but not in other brain areas such as the hippocampus 

and prefrontal cortex, suggesting that regional differences in the 

intracellular signaling events might account for distinct CB1R 

adaptive responses (Rubino et al., 2006; Daigle et al., 2008). 

Recently, G-protein-coupled receptor-associated sorting protein 1 

(GASP1), which targets CB1R for degradation after their agonist-

mediated endocytosis, has been also implicated in cannabinoid 

tolerance phenomenon. Thus, repeated administration of WIN 

55,212-2 promoted CB1R downregulation in wild-type mice, 

whereas no tolerance or CB1R downregulation was observed in the 

GASP1 KO mice (Martini et al., 2010), indicating the critical role of 

this protein in CB1R dynamics.  
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Several mechanisms have been proposed to contribute to CB1R 

desensitization or uncoupling (Jin et al., 1999). Desensitization of 

G-protein-coupled receptors (GPCR) is often associated with 

phosphorylation of the receptor by G-protein-coupled receptor 

kinases (GRKs), followed by binding of β-arrestins and a reduction 

in affinity for G-proteins (Zhang et al., 1997). This sequence of 

events effectively attenuates signaling by the GPCR and its ligand. 

In the cerebellum, phosphorylation of serine residues on the 

intracellular loop 3 and on the C-terminal of the CB1R have been 

demonstrated to be important for the regulation of CB1R coupling 

to G proteins and subsequent signal (Jin et al., 1999). 

 

6.2. Cerebellar effects of cannabis consumption in 

humans 

 

Cannabis remains the most widely used illicit drug in the world as 

it reported in the National Survey on Drug Use and Health (NSDUH, 

2013), sponsored by the Substance Abuse and Mental Health 

Services Administration (SAMHSA). Accordingly, cannabis was the 

most commonly used illicit drug in 2013 in United States with 19.8 

million current users. In this country, the rate in 2013 was higher 

than the rates in 2002 to 2011 (ranging from 5.8 to 7.0 percent). 

Indeed, daily or almost daily use of cannabis in United States 

increased from 5.1 million people in 2005-2007 to 8.1 million 

people in 2013. Moreover, NSDUH also reported that cannabis use 

was more prevalent among people aged from 18 to 25 than in the 
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rest of the population, and that 7.1% of people aged between 12 

and 17 consumed cannabis. In Spain, although the percentage of 

cannabis users has been reduced compared with 2004, cannabis is 

still the most consumed illicit drug within the young people (14-18 

years old) (ESTUDES 2012/2013).  

THC is the main psychoactive constituent in the Cannabis sativa 

plant, and several functional alterations have been determined in 

human beings to be associated to THC consumption. 18F-

fluorodeoxyglucose positron emission tomography (PET) study 

showed that cannabis abusers had lower relative cerebellar 

metabolism than normal subjects at baseline. THC acute 

administration (THC, 2 mg/kg) increased relative cerebellar 

metabolism in all subjects, but only abusers showed increase in 

orbitofrontal cortex, prefrontal cortex, and basal ganglia. Cerebellar 

metabolism during THC intoxication was significantly correlated 

with the subjective sense of intoxication. The decreased cerebellar 

metabolism in cannabis abusers at basal conditions could account 

for the motor deficits previously reported in these subjects 

(Volkow et al., 1996). However, analogous to these PET studies, 

blood oxygenation-level dependent (BOLD) functional MRI (fMRI) 

experiments showed that subjects who were actively using 

cannabis had greater activation in the medial cerebellum and the 

frontal cortex during the attention tasks compared to abstinent 

cannabis users (Chang et al., 2006; Chang and Chronicle, 2007).  In 

addition, chronic and abstinent (6 to 36 hours) cannabis users 

showed significantly increased relative cerebral blood volumes 

javascript:void(0);
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compared with control subjects in the right frontal region, left 

temporal region and in the cerebellum (Sneider et al., 2006). The 

same research group determined that these enhanced relative 

cerebral blood volumes were still increased after 28 days of 

abstinence only in the temporal area and cerebellum, while in other 

brain areas, such as frontal area, values were back to normal before 

(Sneider et al., 2008). 

Taken together, these studies demonstrate that chronic cannabis 

use is associated with alterations in the brain metabolism in areas 

responsible for higher level cognitive processes, likely due to the 

CB1R downregulation resulting from cannabinoid agonists chronic 

exposure. Indeed, studies revealed via post-mortem mRNA in 

situ hybridization a significant reduction in the CB1R mRNA levels 

in brains from chronic cannabis consumers (Villares, 2007).  

Tasks examining cerebellar function should be particularly useful 

to measure the effects of exogenous cannabinoids in this brain 

region containing the highest density of CB1R in the brain (Tsou et 

al., 1998). The cerebellum is considered to also play a key role in 

temporal operations such as rhythm production, time estimation, 

and some forms of associative learning (Ivry and Keele, 1989; Katz 

and Steinmetz, 2002). Indeed, altered time perception is one of the 

most frequently reported subjective experiences associated with 

acute cannabis intoxication (Mathew et al., 1998; O’Leary et al., 

2003), Using regional cerebral brain blood flow in PET studies, 

O’Leary et al., 2003 demonstrated that cannabis-induced 

alterations in a self-paced timing task were correlated with the 
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increased activity of medial cerebellar cortex and with disordered 

interactions between the cerebellum and a widespread region of 

the ventral forebrain (Solowij et al., 2002; O’Leary et al., 2003).  

Time estimation tasks such as those described above probably 

recruit a spread neural network including not only cerebellar 

function, but probably also basal ganglia and neocortex (Bengtsson 

et al., 2005).  

When cerebellar function was assessed in the delayed EBC, it was 

determined that chronic cannabis users, with 24 hours of 

abstinence prior to study, exhibited markedly few number of 

conditioned responses than control subjects (Figure 23), suggesting 

that cannabis consumption is associated with functional deficits in 

cerebellar circuitry underlying this conditioned response (Skosnik 

et al., 2008). 

 

 

 

 

 

 

 

 

 



Introduction 

 
 

110 
 

 

 

 

 

 

 

 

 

Figure 23. Mean % conditioned responses in the delayed EBC test of cannabis users 

versus controls subjects. Both groups displayed approximately equal % conditioned 

responses in the first block of the learning phase (acquisition). However, controls showed 

greater learning across time. Both groups show similar declines in the percentage of 

conditioned responses across the extinction, indicating similar rates of extinction of the 

conditioned responses. Error bars indicate ± SEM (Skosnik et al., 2008). 

 

A more recent study reported by the same group analyzed more in 

detail the conditioned responses performance and timing in 

current and former cannabis users(Steinmetz et al., 2012). EBC 

experiments demonstrated that current cannabis users exhibited 

significant impairments in both percentage of conditioned 

responses and conditioned responses timing, while former users of 

cannabis showed disruptions in conditioned responses timing only. 

These results suggest that a recovery of function occurred for 

learning of the association between CS and US, while the accurate 

timing of conditioned responses shows lasting impairments, 

indicating that heavy cannabis use disrupts timing-related synaptic 

plasticity within the cerebellum, even after the cessation of 

cannabis use (Skosnik et al., 2008).  
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This thesis is devoted to study the effects of cannabis and the 

dysregulation of the ECS in the cerebellum. We have investigated 

the changes in cerebellar funcionality resulting from ECS 

alterations and the neurobiological mechanisms involved.  
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OBJECTIVE 1: 

To study the molecular mechanisms underlying the cerebellar 

functional deficits associated with cannabis consumption and the 

specific role of the microglial cells in these deficits. 

Article #1: 

Microglial activation underlies cerebellar deficits produced by 

repeated cannabis exposure 

Laura Cutando, Arnau Busquets-Garcia, Emma Puighermanal, 

Maria Gomis-González, José María Delgado-García, Agnès Gruart, 

Rafael Maldonado and Andrés Ozaita 

J Clin Invest. 123:2816-31 (2013) 

 

OBJECTIVE 2: 

To study the role of COX-2 enzyme in the control of the cerebellar 

functions through the regulation of the microglial reactivity. 

 

a) COX-2 plays a key role in the motor coordination 

impairments associated with cannabis withdrawal 

 

Laura Cutando, Victoria Salgado, Ako Kato, Masanobu Kano, 

Rafael Maldonado, Andrés Ozaita 

 

http://www.ncbi.nlm.nih.gov/pubmed/23934130
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b) CB1R deletion enhances cerebellar COX-2 expression 

triggering the motor coordination deficits observed in CB1R 

knockout mice 

 

Laura Cutando, Victoria Salgado, Rafael Maldonado, Andrés 

Ozaita 

 

OBJECTIVE 3: 

To study the involvement of the monoacylglycerol lipase enzyme in 

the regulation of the motor coordination tasks and its downstream 

mechanisms.  

Article #2: 

Monoacylglycerol lipase deletion impairs fine motor coordination 

and triggers cerebellar neuroinflammation 

Laura Cutando, Ako Kato, Masanobu Kano, Rafael Maldonado, 

Andrés Ozaita 

Submitted (2015) 
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OBJECTIVE 1 

To study the molecular mechanisms 

underlying the cerebellar functional deficits 

associated with cannabis consumption and the 

specific role of the microglial cells in these 

deficits  

Article #1: 

Microglial activation underlies cerebellar deficits 

produced by repeated cannabis exposure 

 

Laura Cutando, Arnau Busquets-Garcia, Emma 

Puighermanal, Maria Gomis-González, José María Delgado-

García, Agnès Gruart, Rafael Maldonado, and Andrés Ozaita 

  

J Clin Invest. 123:2816-31 (2013) 
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OBJECTIVE 2 
 

To study the role of COX-2 enzyme in the 

control of the cerebellar functions through the 

regulation of the microglial reactivity 

 

a) COX-2 plays a key role in the motor coordination 

impairments associated with cannabis withdrawal 

 

Laura Cutando, Victoria Salgado, Ako Kato, Masanobu Kano, 

Rafael Maldonado, Andrés Ozaita 

 

b) CB1R deletion enhances cerebellar COX-2 expression 

triggering the motor coordination deficits observed 

in CB1R KO mice 

 

Laura Cutando, Victoria Salgado, Rafael Maldonado, Andrés Ozaita 
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Introduction 

Cyclooxygenase-2 (COX-2) is an inducible enzyme that plays a key 

role in the regulation of neuroimmflamatory responses (Vane and 

Botting, 1998) and in the pathogenesis of several neurologic 

disorders such as stroke, seizures or Alzhemier’s disease 

(Miettinen et al., 1997; Vane and Botting, 1998; Ho et al., 1999; 

Hewett et al., 2000; Iadecola et al., 2001; Hurley et al., 2002; Liang, 

2005; Sang et al., 2005; Kawano et al., 2006). COX-2 catalyzes the 

conversion of arachidonic acid (AA) and endocannabinoids, as 2-

AG, into prostaglandin PGH2, which in turn is converted by specific 

prostaglandin synthases to prostaglandins, such as PGE2. Some 

evidences suggest that COX-2 is expressed at the postsynaptic 

dendritic terminals (Kaufmann et al., 1996) where it modulates 

long-term synaptic plasticity processes (Chen et al., 2002, 2013). 

Indeed, COX-2 oxidative metabolite of 2-AG prostaglandin E2 

glyceryl ester (PGE2-G) enhances excitatory glutamatergic synaptic 

transmission in cultured neurons (Sang et al., 2007), and COX-2 

inhibition significantly blocked hippocampal synaptic plasticity 

(Yang et al., 2008). Thus, these results point to a relevant role of 

COX-2 in the regulation of synaptic transmission. Moreover, COX-2 

expression enhancement via CB1R-coupled G-protein βγ subunits, 

underlies the synaptic and cognitive impairments associated to 

THC repeated exposure (Chen et al., 2013), although its 

involvement in other deficits associated to THC administration 

have not been yet investigated. On the other hand CB1Rs are highly 

expressed in the cerebellar area and alterations in the cerebellar 
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learning and motor coordination tasks have been associated with 

THC administration both in humans (Skosnik et al., 2008) and in 

mice (Cutando et al., 2013; OBJECTIVE 1, in this thesis).  

Prostaglandins mediate their effects via four types of prostaglandin 

receptors (EPs): EP1, EP2, EP3 and EP4 (Boie et al., 1997; 

Narumiya et al., 1999; Breyer et al., 2001). All of them are seven-

transmembrane-domain G protein-coupled receptors that evoke 

cellular responses via distinct intracellular signaling pathways. We 

focused our study on the EP2 receptors (EP2R) since they are 

expressed in microglial cells. In these cells, EP2R play a crucial role 

regulating the innate immunity and the classical microglial 

activation  (Jin et al., 2007; Quan et al., 2013). Indeed, EP2R 

expression is substantially induced in systemic inflammation 

models of innate immunity produced by LPS or IL-1β cytokine 

(Zhang and Rivest, 1999; Johansson et al., 2013), and has been 

reported to be involved in the regulation of the microglial 

activation process (Johansson et al., 2013). 

Previous studies performed in our laboratory revealed that motor 

impairments observed during THC withdrawal conditions and in 

CB1R KO mice were associated with a clear microglial reactivity in 

the molecular layer of the cerebellum accompanied by changes in 

the mRNA levels of some pro-inflammatory genes, such as COX-2 

(Cutando et al., 2013; OBJECTIVE 1, in this thesis). Therefore, the 

main goal of this study was to elucidate the relevance of COX-2 in 

the cerebellar deficits derived from the dysregulation of CB1R, 
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using two different approaches, the sub-chronic administration of 

THC and the genetic deletion of CB1Rs.  
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Methods 

 

Animals 

Mice aged 7-10 weeks were used. Wild-type Swiss albino male mice 

(CD-1) were purchased from Charles River and CB1R KO mice in 

CD-1 background were breed at our facility. Both littermate- and 

age-matched wild-type controls were used and found to be 

indistinguishable; data for controls were thus pooled. Mice were 

housed in plastic cages of four and maintained at a controlled 

temperature (21 ± 1 °C) and humidity (55 ± 10 %) environment. 

Food and water were available ad libitum. Lighting was maintained 

at 12-h cycles (on at 8 am and off at 8 pm). All the experiments 

were performed during the light phase of the dark/light cycle. The 

animals were habituated to the experimental room and handled for 

1 week before the start of the experiments. All behavioral 

experiments were performed under experimental conditions blind 

to the observer. 

 

Drugs and treatments 

Delta9-tetrahydrocannabinol (THC) was purchased from THC 

Pharm GmbH; cremophor-EL were purchased from Sigma; COX-2 

inhibitor NS-398 was purchased from Tocris and IL-1R antagonist 

(IL-1RA) was purchased from Merck Millipore. THC was diluted in 
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vehicle (VEH) solution (5 % ethanol: 5 % cremophor-EL: 90 % 

saline). NS-398 was dissolved in a vehicle solution (15% DMSO + 

4.25% PEG + 4.25% Tween + 76.5% Saline). IL-1RA was dissolved 

in DMSO. THC, NS-398 and their vehicles were administered i.p. in 

a volume of 0.1 mL/10 g of body weight. IL-1RA and its vehicle 

(DMSO) were administered i.p. in 0.02 mL/10 g of body weight. 

Sub-chronic THC (or VEH as a control) was administered following 

a protocol that produced cannabinoid physical dependence 

(Hutcheson 1998). Thus, mice were injected with THC (5 mg/kg) or 

VEH twice daily at 09:00 and 19:00 h during five consecutive days. 

On the sixth day, mice received only the morning injection of THC 

or VEH. To study the effects of the spontaneous cannabinoid 

withdrawal mice were analyzed 5 days after the end of the 

cannabinoid or vehicle treatment: sub-chronic THC-5 (5 d) and 

sub-chronic VEH (5 d) groups.  

To assess the role of COX-2 enzyme in the control of the cerebellar 

functions after the spontaneous withdrawal of chronic THC 

exposure, mice were first treated chronically with THC (5 mg/kg) 

or VEH. On the sixth day, and 3 h after the last VEH or THC 

injection, mice received the first administration of NS-398 (10 

mg/kg, i.p., once per day, 5 days). Experimental groups were: sub-

chronic VEH + NS-398 (5 d) and sub-chronic VEH + Veh of NS-398 

(5 d); sub-chronic THC-5 + NS-398 (5 d) and sub-chronic THC-5 + 

Veh of NS-398 (5 d). Similarly, CB1R KO mice and WT controls 

were treated during 5 days with NS-398 (10 mg/kg, i.p., once per 

day). Experimental groups were: WT + Veh of NS-398 and WT + 
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NS-398; CB1R KO + Veh of NS-398 and CB1R KO + NS-398. Mice 

were analyzed for motor coordination using hanger test, beam 

walking test and footprint test 3h after the last NS-398 injection. 

Afterwards, mice were sacrificed for biochemical or 

immunohistological assays. 

To study the effect of IL-1RA (100 mg/kg, i.p.) in motor 

coordination, mice were treated chronically with VEH and THC-5 

(during 5 d, twice per day and once on the sixth day). Two days 

after the last VEH or THC-5 injection mice received a sub-chronic 

administration of IL-1RA or DMSO during 3 days (100 mg/kg; once 

per day). 3 hours after the last IL-1RA or DMSO injection, motor 

coordination was assessed using hanger test, beam walking test 

and footprint test and subsequently they were sacrificed for 

biochemical analysis. 

 

Immunoblot analysis 

Frozen cerebellar tissues were processed as previously reported 

(Puighermanal et al., 2009). For immunoblotting, we used the 

following antibodies: anti-COX2 (rabbit, 1:300) and anti-EP2R 

(rabbit, 1:300) from Cayman, anti-GluR2 (rabbit, 1:700), anti-GluR3 

(mouse, 1:500) from Millipore, anti-GluRδ2 (rabbit, 1:300) from 

Biorbyt and anti-GAPDH (mouse, 1:5,000) from Santa Cruz 

Biotechnology. Blots containing equal amounts of cerebellar 

protein samples (40 µg/lane) were probed with different primary 
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antibodies. Bound primary antibodies were detected with 

horseradish peroxidase-conjugated antibodies to mouse (Cell 

Signaling Technologies) (diluted at 1:20,000) and to rabbit (Cell 

Signaling Technologies) (diluted at 1:10,000). Both antibodies were 

visualized by enhanced chemiluminescence detection (West-

Femto-SuperSignal, Thermo Fisher Scientific). When necessary, 

Immobilon-P membranes (Millipore) were stripped before re-

blocking and re-probing. The optical density of the relevant 

immunoreactive bands was quantified after acquisition on a 

ChemiDoc XRS System (Bio-Rad) controlled by The Quantity One 

software v4.6.3 (Bio-Rad). Representative cropped immunoblots 

for display were processed with Adobe Photoshop 7.0. The 

quantification of protein expression was in the linear range for the 

conditions used in this study (data not shown). For quantitative 

purposes, the optical density values for the proteins of interest 

were normalized to the detection of the house-keeping control 

GAPDH in the same samples and expressed as percentage of control 

group (sub-chronic VEH (5d) or WT groups). 

 

Tissue preparation for immunofluorescence 

After pharmacological treatment and/or behavioral testing, mice 

were deeply anesthetized by i.p. injection (0.2 ml/10 g body 

weight) of a mixture of ketamine (100 mg/kg) and xylazine (20 

mg/kg) prior to intracardiac perfusion of 4 % PFA in 0.1 M 

Na2HPO4/NaH2PO4 buffer, pH 7.5, delivered with a peristaltic 
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pump at 19 ml/min for 5 min. Subsequently, the brains were 

extracted and postfixed in the same fixative for 4 hours and 

cryoprotected overnight in a solution of 30% sucrose at 4ºC. 

Sagittal frozen sections of the cerebellar area were made at 30 m 

on a freezing microtome and stored in a 5% sucrose solution at 4ºC 

until used for immunofluorescence.  

 

Immunofluorescence   

Free-floating slices were rinsed in 0.1 M PB, blocked in a solution 

containing 3% normal goat serum and 0.3% Triton X-100 in 0.1 M 

PB (NGS-T-PB) at room temperature for 2 hours, and incubated 

overnight in the same solution with the primary antibody to COX-2 

(1:300, rabbit, Cayman), VGluT1 (1:500, mouse, Millipore),  VGAT 

(1:300, guinea pig, Frontier Institute), GFAP (1:500, mouse, Cell 

Signaling), Iba1 (1:500, rabbit, Wako), Arc/Arg3.1 (1:500, guinea 

pig, Synaptic System) and Calbindin (1:500, rabbit, Santa Cruz 

Biotechnology) at 4ºC. The next day, after 3 rinses in 0.1 M PB, 

sections were incubated at room temperature with the secondary 

antibody to rabbit Cy3 (1:500, Jackson ImmunoResearch) and 

mouse Cy2 (1:500, Jackson ImmunoResearch) in NGS-T-PB for 2 

hours. After incubation, sections were rinsed and mounted 

immediately after onto glass slides coated with gelatine in Mowiol 

mounting media. Confocal images were obtained using a Leica SP2 

confocal system, adapted to an inverted Leica DM IRBE microscope. 

Alexa Fluor 488 and Cy3 were excited with the 488 nm line of an 
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argon laser and the 543 nm line of a green neon laser, respectively. 

For double immunofluorescence images were taken for each 

specimen (visual field) in a sequential mode.  

Microglial morphological analysis: Confocal microscopy images of 

microglial cells stained with Iba1 were acquired with an oil 

immersion lens (40X) and a 1.5 zoom. Images were taken at 

different z levels (0.8 µm depth intervals) to evaluate the 

morphology of the whole cell. Afterwards, the length of the 

microglial ramifications and the perimeter of the microglial soma 

were analyzed with the ImageJ software by an experimented 

observer blind to the experimental conditions. 

 

RNA extraction and reverse transcription 

Cerebellar tissues were collected and stored at -80ºC. Isolation of 

total RNA was performed using the RNeasy Mini Kit (Qiagen® 

GmbH) following the manufacturer's instructions. The quality of 

the total RNA was assessed by the spectrophotometric ratio 

A260/A280 (1.9 to 2.1). The total RNA concentration was 

measured using a NanoDrop™ spectrophotometer (Thermo Fisher 

Scientific). Reverse transcription was performed with 0.3 µg of 

total RNA from each animal to produce cDNA in a 10 μl reaction 

with 200 units of SuperScript III Reverse Transcriptase 

(Invitrogen) and 500 ng oligo(dT)15 primers. Reverse 

transcriptase reactions were carried out at 25°C for 10 min, then 
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50 min at 42°C and 15 min at 70°C. The cDNAs were diluted 1:4 

and stored at -20ºC until used.  

 

Quantitative real-time PCR analysis 

Real-time PCR was carried out with ABI PRISM® 7700 Sequence 

Detection System (PE Applied Biosystems), using the SYBR Green 

PCR Master Mix (PE Applied Biosystems) according to the 

manufacturer’s protocol. All the samples were tested in triplicate 

and the relative expression values were normalized to the 

expression value of GAPDH. 

The following primers were used: specific for mouse GluR2 

(forward, 5'-aatagaaagggccctcaagc-3’; reverse, 5'-

attccaaggctcatgaatgg-3'), GluR3 (forward, 5'-cccttatgagtggcacttgg-

3’; reverse, 5'-tgcaatttcagtctgcttgg-3'), GluRδ2 (forward, 5'-

atggaagttttccccttgc-3’; reverse, 5'-catcccatacaaaagcatag- 3') and 

GAPDH (forward, 5’-atgactccactcacggcaaat-3’, reverse, 5’-

gggtctcgctcctggaagat-3’), as an endogenous housekeeping control 

to standardize the amount of target cDNA.  

Samples were analyzed by the double delta Ct (ΔΔCt) method. ΔΔCt 

values were calculated as the ΔCt of each test sample (different 

pharmacological treatments) minus the mean ΔCt of the calibrator 

samples (vehicle-saline group) for all the genes analyzed. The fold 

change was calculated using the equation 2(−ΔΔCt). 
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Motor coordination tests 

A battery of tests was performed to asses motor coordination 

performance: 

Hanger test: A steel coat-hanger (diameter: 2 mm, length: 40 cm) 

divided into twelve segments (length: 5 cm) and suspended at a 

height of 35 cm from a cushioned surface was used. Mice were 

placed in the middle of the hanger and the behavior was evaluated 

for a total of 60 s. Fall latency, number of movements in 60 s and 

extreme latency (from the central region of the hanger to the edge) 

were recorded. The test finished when the animal fell down or 

when the 60 s elapsed.  

Beam walking test: To test their balance, mice were trained to cross 

a horizontal wooden round bar (1 m long, 3 cm in diameter) placed 

60 cm above a table during the two days before the test (three 

times per day). The day of the test, mice crossed twice the wide 

wooden round and the wide wooden square bars (3 cm in 

diameter). Then, mice crossed twice the narrow round and the 

narrow square bars (1 cm in diameter). The total number of 

footslips was used to calculate the mean number of footslips for 

each treatment or genotype.  

Footprint test: The footprint test was performed to examine the 

gaits of the mice. To obtain the footprints, the adult mouse's paws 

were coated with non-toxic colored inks and the mouse was 

allowed to walk down a narrow runway that is covered with white 
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paper. The apparatus for the footprint test was an open-top 

runway with an enclosed cage at the end for the mice to enter. The 

runway length was 50 cm long and the width was 10 cm. 

Furthermore, the open-top runway was flanked by two walls at 

each side that were 10 cm high. Mice were trained twice per day 

during the two previous days of the test day. To ease the 

measurements, front and hind paws were coated with different 

colors. At least eight to ten mice from each experimental condition 

were used and a total of two trials were performed on each mouse. 

The following parameters were evaluated: left and right forelimb 

stride and left and right hindlimb stride. Six steps for each mouse 

were analyzed. The means of each parameter were calculated for 

each group. 

 

Recording from Purkinje Cells in cerebellar Slices 

Parasagittal slices (250-μm thick) from cerebellar vermis were 

prepared from 8 weeks-old control and THC-withdrawn mice for 

experiments of parallel fiber depolarization-induced suppression 

of excitation (PF-DSE) (Tanimura et al., 2012) . The standard 

external solution contained 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 

1 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM 

glucose, bubbled with 95% O2 and 5% CO2 (pH 7.4). A recording 

chamber was perfused with the external solution supplemented 

with 100 μM picrotoxin for recording excitatory postsynaptic 

current (EPSCs). Whole-cell recordings were made from visually 
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identified Purkinje cells at 32 °C using an upright microscope 

(BX50WI; Olympus). Patch pipettes (2–3 MΩ) were filled with 

either of the following solution containing: 60 mM CsCl, 10 mM Cs 

D-gluconate, 20 mM TEA-Cl, 20 mM BAPTA, 4 mM MgCl 2, 4 mM 

ATP, and 30 mM HEPES (pH 7.3, adjusted with CsOH) + 100uM PTX 

(Uesaka et al., 2014). Membrane currents were recorded with an 

EPC-9/2 amplifier (HEKA Electronik). The signals were filtered at 3 

kHz and digitized at 20 kHz. Holding potentials of PCs were −70 

mV. The pipette access resistance was compensated by 80%. 

Parellel fiber- Purkinje cells EPSCs measurements were performed 

following Uesaka et al., 2014 methods.  

 

Statistical analysis 

Data are presented as mean ± SEM. The statistical significance was 

assessed by ANOVA, followed by a posteriori Post-hoc Dunnet’s 

multiple comparison test when appropriate. P values <0.05 were 

considered significant. 

 

Study approval 

All animal procedures were conducted in accordance with the standard 

ethical guidelines (European Communities Directive 86/60-EEC) and 

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

Animal, CEEA-PRBB). Animal Welfare Assurance (#A5388-01, IACUC 
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Approval Date 06/08/2009) was granted to our institution by the Office 

of Laboratory Animal Welfare (OLAW) of the National Institutes of 

Health (USA). 
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OBJECTIVE 2 

 

To study the role of COX-2 enzyme in the 

control of the cerebellar functions through the 

regulation of the microglial reactivity 

 

a) COX-2 plays a key role in the motor coordination 

impairments associated with cannabis 

withdrawal 

 

Laura Cutando, Victoria Salgado, Ako Kato, Masanobu Kano, 

Rafael Maldonado, Andrés Ozaita 
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Results 

Increased COX-2 and EP2R expression in the cerebellum of 

THC-withdrawn mice 

Previous experiments performed by RT-PCR demonstrated in the 

cerebellum of THC-withdrawn mice a significant enhancement in 

the COX-2 mRNA expression levels (Cutando et al., 2013; 

OBJECTIVE 1, in this thesis). Therefore, we were interested into 

elucidate the involvement of this enzyme in the cerebellar 

functional deficits observed after cannabis consumption. We first 

analyzed the localization of COX-2 enzyme in the cerebellum from 

CD1 wild-type mice. For this purpose, we performed a double 

immunostaining using antibodies against COX-2, the vesicular 

GABA transporter (VGAT), the vesicular glutamate transporter 1 

(VGluT1) and GFAP (Figure 24 A). This staining analysis confirms, 

that COX-2 is mainly expressed at the Purkinje cell postsynaptic 

terminals in agreement with previous studies (Kaufmann et al., 

1996), since COX-2 antibody colocalizes with VGAT (Figure 24 A). 

Moreover, to determine whether cannabis exposure affects the 

expression of this enzyme, we evaluated the expression of COX-2 

using Western blot in cerebellar homogenates from THC-

withdrawn and control mice. As it is shown in Figure 24 B COX-2 is 

over-expressed in the sub-chronic THC-5 (5d) group compared 

with control animals (sub-chronic VEH (5d) group (p<0.05).  

In addition, considering the enhancement in COX-2 expression and 

the significant microglial reactivity detected in the cerebellar 
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molecular layer from THC-withdrawn mice (Cutando et al., 2013; 

OBJECTIVE 1, in this thesis), the next aim was to determine the 

expression of EP2R in cerebellar homogenates from THC-

withdrawn and control mice. Immunoblot analysis showed 

significant differences (p<0.05) between groups (sub-chronic VEH 

(5d) group versus sub-chronic THC-5 (5d) group) (Figure 24 C). 

These results demonstrate that expression of COX-2 and EP2R is 

significantly elevated in the cerebellum of THC-withdrawn mice. 
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Figure 24. COX-2 and EP2R expression are significantly enhanced 5 days after THC 

treatment cessation. (A) Immunolocalization of COX-2 (red) and VGLUT1 / VGLUT2 / 

GFAP (green) in the cerebellum of CD1 wild-type mice. Scale bars: 50 μm. ml: molecular 

layer; gl: granular layer; PC: Purkinje cell layer (B) Immunoblot and quantification of COX-

2 in cerebellar homogenates from mice processed 5 days after sub-chronic treatment 

cessation (n = 5–6 mice per group). (C) Immunoblot and quantification of EP2R in 

cerebellar homogenates from mice processed 5 days after the end of the sub-chronic 

treatment (n = 5–6 mice per group). *P<0.05 sub-chronic THC-5 (5 d) versus sub-chronic 

VEH (5d). Values are expressed as mean ±SEM 

 

 

Altered parallel fiber-Purkinje cell synaptic transmission 

under THC-withdrawal conditions 

Several publications have demonstrated the important role of COX-

2 in the regulation of hippocampal synaptic plasticity processes 

(Sang et al., 2007; Yang et al., 2008), as well as its involvement in 

the cognitive deleterious effects produced by cannabis 
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consumption (Chen et al., 2013). However, there are not data about 

the role of this enzyme in the regulation of synaptic plasticity in the 

cerebellum.  

Acute activation of CB1R located presynaptically on the parallel 

fibers in the cerebellum modifies the neurotransmitter release 

from the parallel fibers presynaptic terminals (Takahashi and 

Linden, 2000; Yoshida et al., 2002; Brown et al., 2004; Kawamura et 

al., 2006; Tanimura et al., 2009). Besides, chronic THC 

administration in vivo produces long-lasting potentiation of basal 

parallel fiber-Purkinje cell synaptic transmission in the cerebellum 

of THC-tolerant mice through a molecular mechanism that depends 

on CB1R (Tonini et al., 2006). However, the possible presence of 

these synaptic modifications has not been yet determined after 

THC withdrawal. Therefore, we used cerebellar slices prepared 

from THC-withdrawn (sub-chronic THC-5 (5d) group) or from 

control group (sub-chronic VEH (5d) group) to evaluate the 

relationship between excitatory postsynaptic current (EPSC) 

amplitudes (output) as a function of parallel fiber stimulus 

intensity (input) (Figure 25).  We found that the average EPSC 

values were significantly reduced in THC-withdrawn mice relative 

to the control group (p<0.001).  
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 Figure 25. THC withdrawal induced a long-lasting depression of basal PF-PC 

synaptic transmission. (A) Representative traces of PF-PC EPSCs recorded at different 

stimulus intensities, in control (sub-chronic VEH (5 d) group) and THC-withdrawn (sub-

chronic THC-5 (5 d) group) mice. (B) Input-output curves for PF-PC EPSCs recorded in 

cerebellar slices originating from THC-withdrawn or control mice (n= 9/10 cells per 

group). 2 way ANOVA followed by Bonferroni post hoc test: ***P<0.001 sub-chronic THC-

5 (5 d) group versus sub-chronic VEH (5d) group. Values are expressed as mean ±SEM.  

 

THC withdrawal induces modifications in the expression of 

glutamate receptors 

Alterations in hippocampal long-term synaptic plasticity induced 

by THC administration have been largely related with 

modifications in the expression of AMPA and NMDA glutamate 

receptor subunits, which are responsible for the alterations in 

synaptic plasticity and cognitive performance in THC-treated mice 

(Fan et al., 2010; Chen et al., 2013; Yang et al., 2009). To determine 
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the molecular mechanisms responsible for THC-withdrawal-

induced cerebellar functional alterations, we investigated whether 

the expression of three AMPAR highly expressed in the cerebellum, 

GluRδ2, GluR2 and GluR3, was affected by THC-withdrawal. These 

receptors are mainly expressed in the Purkinje cells and are crucial 

for the proper cerebellar LTD performance, as well as for the 

control of motor learning tasks. Using Western blot and RT-PCR 

analysis, we analyzed whether THC withdrawal affects AMPAR 

subunits expression in the cerebellum. We showed that THC-

withdrawal induces a significant increase in the protein and mRNA 

expression levels of GluRδ2 and GluR2 subunits (Figure 26 A and 

B), although no significant difference for the GluR3 subunit was 

observed.  
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Figure 26. THC withdrawal increases cerebellar expression of glutamate AMPAR 

subunits. (A) Immunoblot analysis and quantification of GluRδ2, GluR2 and GluR3 AMPA 

receptor subunits (n = 5-6 mice per group). (B) RT-PCR mRNA analysis for GluRδ2, GluR2 

and GluR3 (n = 5-6 mice per group).*P<0.05 sub-chronic THC-5 (5 d) group versus sub-

chronic VEH (5d) group. Values are expressed as mean ±SEM. 

 

COX-2 inhibition prevents cerebellar functional deficits 

observed during THC-withdrawal  

The fine motor coordination is one of the main functions regulated 

by the cerebellum. In a previous work, we showed that THC-

withdrawn mice presented significant alterations in the cerebellar 

learning revealed by the eyeblink conditioning test, as well as in the 

fine motor coordination revealed by the hanger test (Cutando et al., 

2013; OBJECTIVE 1, in this thesis). We administered sub-

chronically during 5 days the COX-2 inhibitor NS-398 (10mg/kg; 

once per day) after the end of the THC sub-chronic treatment. We 

analyzed the fine motor coordination 3 hours after the last NS-398 

administration using the hanger test, the beam walking test and the 

footprint test. Our results revealed that THC-withdrawn mice (sub-

chronic THC-5 + Veh of NS-398 group) present significant motor 

coordination impairments in comparison with the control group 

(sub-chronic VEH + Veh of NS-398 group). These alterations were 

detected in the three tests used (Figure 27 A-D). Interestingly, the 

sub-chronic administration of NS-398 during 5 days clearly 

prevented the cerebellar functional alterations observed in the 

THC-withdrawn mice, revealing the involvement of COX-2 in the 

cerebellar deficits produced by cannabis consumption. Altogether, 
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these results revealed the role of COX-2 in the regulation of the 

cerebellar functions.  
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Figure 27. Impaired motor coordination in THC-withdrawn mice is occluded by 

COX-2 inhibition. (A) Motor coordination analysis using the hanger test after sub-

chronic exposure to THC (5 mg/kg) or sub-chronic VEH conditions 5 days after 

spontaneous withdrawal (n  = 17–20 mice per group). Impaired motor coordination was 

revealed by fall latency, number of movements to reach the end of the hanger, and 

extreme latency. ***P < 0.001 sub-chronic VEH + Veh of NS-398 group versus sub-chronic 

THC-5 + Veh of NS-398 group. COX-2 inhibition significantly attenuates the motor 

coordination impairments in the three parameters analyzed using the hanger test. ### 

P<0.001 sub-chronic THC-5 + Veh of NS-398 group versus sub-chronic THC-5 + NS-398 

group. (B) Beam walking test performed 5 days after THC-5 cessation revealed significant 

differences in the number of footslips performed by the sub-chronic THC-5 + Veh of NS-

398 treated mice compared with the control ones (n = 10 mice per group), when the 

narrow beams were used (Square beam: **P<0.01; Round beam: ***P<0.001). COX-2 

inhibition significantly decreases the number of footslips executed by THC-withdrawn 

mice (Square beam: ##P <0.01; Round beam: ###P <0.001). (C) Illustration of the typical 

front (red) and hind (blue) paw footprints. (D) Significant differences in the Right (R) and 

Left (L) front and hind limb stride lengths between control (sub-chronic VEH + Veh of NS-

398) and THC-withdrawn (sub-chronic THC-5 + Veh of NS-398) mice (***P<0.001) (n = 9-

10 mice per group; 6 steps analyzed per animal). Interestingly, NS-398 administration 

significantly prevented these deficits in the motor coordination observed in the THC-

withdrawn mice (###P<0.001 and ##P<0.01 between sub-chronic THC-5 + Veh of NS-

398 group versus sub-chronic THC-5 + NS-398 group) (n=9-10 mice per group; 6 steps 

analyzed per animal). Values are expressed as mean ±SEM. 
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NS-398 administration ameliorates the microglial reactivity 

process in the cerebellum of THC-withdrawn mice  

Previously, we reported that microglial reactivity in the cerebellar 

molecular layer mediates the motor functional deficits associated 

with cannabis consumption (Cutando et al., 2013; OBJECTIVE 1, in 

this thesis). We also found that COX-2 inhibition prevented the 

motor coordination impairments in the THC-withdrawn mice 

revealed using the hanger, the beam walking and the footprint 

tests. Therefore, the next goal in this study was to determine 

whether COX-2 inhibition by NS-398 administration may prevent 

the microglial reactivity. Using Iba1 immunostaining, we 

determined that COX-2 inhibition prevents the microglial activation 

process in the cerebellar molecular layer of THC-withdrawn mice. 

Indeed, the NS-398 sub-chronic administration reduces the 

microglial ameboid morphology typical from activated state 

evidencing the involvement of COX-2 in the regulation of the 

microglial activation process during THC withdrawal conditions 

(Figure 28).   
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Figure 28. NS-398 administration after sub-chronic THC exposure prevents the 

activation of microglia in the cerebellum. Iba1 immunostaining of cerebellar microglial 

cells. Notice that the ameboid morphology in the sub-chronic THC-5 + Veh of NS-398 

group was prevented when NS-398 was administered (sub-chronic THC-5 + NS-398). 

Scale bar: 15 μm. 

 

IL-1β released from activated microglial cells mediates the 

glutamate AMPAR changes and the cerebellar functional 

impairments detected in the THC-withdrawn mice 

We previously described that IL-1β expression was enhanced 5 

days after sub-chronic THC treatment cessation and that IL-1 

receptor (IL-1R) signaling blockade resolves cannabinoid-mediated 

cerebellar deficits in THC-withdrawn mice (Cutando et al., 2013; 

OBJECTIVE 1, in this thesis). Since COX-2 activation modulates 

microglial reactivity in the cerebellum of THC-withdrawn mice, we 
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were interested in assessing whether IL-1R blockade may modify 

the same parameters than COX-2 inhibitor. For this purpose, the IL-

1R antagonist was administered (100mg/kg; once daily) during the 

last three days before behavioral analysis in THC-withdrawn and 

control mice. IL-1R blockade prevents the fine motor coordination 

deficits detected using the hanger test and the footprint test in the 

THC-withdrawn mice (Figure 29 A and B). Moreover, we also 

analyzed by Western blot the expression of GluRδ2 and GluR2 

receptor subunits in this treatment conditions. Both receptors have 

been related with the cerebellar LTD regulation and motor control 

(Hirano et al., 1994; Kishimoto et al., 2001; Chung et al., 2003; 

Steinberg et al., 2004; Kohda et al., 2013a). IL-1R blockade 

produced a considerable enhancement in the GluRδ2 expression, 

and a significant reduction in the GluR2 expression (Figure 30).  
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Figure 29. IL-1RA administration after sub-chronic THC exposure avoids motor 

coordination impairments associated with cannabis consumption. (A) Motor 

coordination analysis using hanger test 5 days after spontaneous withdrawal of sub-

chronic exposure to THC (5 mg/kg) or VEH (n = 10 mice per group). Impaired motor 

coordination was revealed by fall latency, number of movements to reach the end of the 

coat hanger, and extreme latency. **P<0.01 sub-chronic THC-5 + DMSO group versus sub-

chronic VEH + DMSO group. IL-1R antagonism noteworthy ameliorates the motor 

coordination impairments in the three parameters analyzed using the hanger test. 

#P<0.05 and ##P<0.01 sub-chronic THC-5 + IL-1RA group versus sub-chronic THC-5 + 

DMSO group. (B) Footprint test. Significant differences in the right (R) and left (L) front 

and hind limb stride lengths between control (sub-chronic VEH + DMSO group) and THC-

withdrawn (sub-chronic THC-5 + DMSO group) mice (***P<0.001) (n = 9-10 mice per 

group; 6 steps analyzed per animal). Interestingly, IL-1RA administration significantly 

prevented the motor coordination deficits observed in the THC-withdrawn mice 

(###P<0.001 between sub-chronic THC-5 + DMSO group versus sub-chronic THC-5 + IL-

1RA group) (n = 9-10 mice per group; 6 steps analyzed per animal). Values are expressed 

as mean ±SEM. 
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Figure 30. IL-1RA administration modifies the changes in the AMPA glutamate 

receptor subunits induced by THC withdrawal. Immunoblot analysis and 

quantification of GluRδ2 and GluR2 receptor subunits (n = 5 mice per group). Significant 

modifications were detected in the THC-withdrawn mice (sub-chronic THC-5 + DMSO 

group) compared to control group (sub-chronic VEH + DMSO group). *P<0.05 and 

**P<0.01 sub-chronic VEH + DMSO group versus sub-chronic THC-5 + DMSO group. IL-1R 

blockade modifies the expression of GluRδ2 and GluR2 in the THC-withdrawn mice. 

#P<0.05 sub-chronic THC-5 + DMSO group versus sub-chronic THC-5 + IL-1RA group. 

Values are expressed as mean ±SEM. 

 

To sum up, here we show that THC-cessation after repeated 

treatment, produces motor coordination impairments paralleled by 

COX-2 induction in the cerebellum. This enzyme is crucial for the 

modulation of cerebellar microglial reactivity, since it regulates the 

expression of glutamate AMPAR subunits and interferes with the 

proper motor coordination performance through the modulation of 

the microglial reactivity (Figure 31 A and B).  
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Figure 31. Schematic diagram of a proposed model to explain the involvement of 

COX-2 in the cerebellar deficits observed in THC-withdrawn mice. (A) In THC-

withdrawn mice, COX-2 expression is significantly increased at the post-synaptic level in 

the Purkinje cell. Considering the involvement of EP2R in the regulation of microglial 

reactivity, we propose that PGE2 released after COX-2 activation may trigger the 

activation of the microglial cells through its action on the EP2R, promoting the classical 

activation characterized by morphological changes and enhancement in IL-1β 

transcription. IL-1β acting on the IL-1R expressed in Purkinje cell dendrites could modify 

AMPAR expression, changing the normal Purkinje cell activity and producing impairments 

in the motor coordination performance. (B) COX-2 inhibition by NS-398 reduces 

microglial reactivity and motor coordination impairments detected in THC-withdrawn 

mice. Besides, IL-1R antagonism produces similar effects than COX-2 blockade, improving 

significantly the motor coordination deficits detected during cannabis withdrawal 

conditions. 
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To study the role of COX-2 enzyme in the 

control of the cerebellar functions through the 

regulation of the microglial reactivity 

 

b) CB1R deletion enhances cerebellar COX-2 

expression triggering the motor coordination 

deficits observed in CB1R KO mice 
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Results 

CB1R deletion enhances the expression of COX-2 and EP2R in 

cerebellar homogenates 

Previous results have demonstrated a significant 

neuroinflammatory state in the cerebellum of CB1R KO mice 

characterized by enhanced COX-2 mRNA expression level (Cutando 

et al., 2013; OBJECTIVE 1, in this thesis). Here we evaluated, the 

expression of COX-2 and EP2R at the protein level using western 

blot analysis. The expression of both proteins was enhanced in the 

cerebellum of CB1R KO mice (figure 32).  

 

Figure 32. COX-2 and EP2R expression are significantly enhanced in the cerebellum 

of CB1R KO mice. (A) Immunoblot and quantification of COX-2 in cerebellar 

homogenates from wild-type (WT) and CB1R KO mice (n = 5–6 mice per group). *P<0.05 

CB1R KO versus WT mice. (B) Immunoblot and quantification of EP2R in cerebellar 

homogenates from WT and CB1R KO mice (n = 5–6 mice per group). *P<0.05 CB1R KO 

versus WT mice. Values are expressed as mean ±SEM 
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CB1R removal modifies the expression of AMPA glutamate 

receptor subunits 

The goal of this experiment is to determine the cerebellar 

expression of the glutamate AMPAR GluR2, GluRδ2 and GluR3 

subunits in the cerebellum of CB1R KO mice to explore the 

molecular mechanisms that relate CB1R activation with cerebellar 

synaptic plasticity processes involved in the control of the 

cerebellar functions. These AMPAR are directly involved in the 

proper cerebellar LTD performance and in the control of the 

cerebellar learning tasks (Hirano et al., 1994; Kishimoto et al., 

2001; Chung et al., 2003; Steinberg et al., 2004; Kohda et al., 

2013a). CB1R KO mice present noteworthy alterations in the motor 

tasks (Kishimoto and Kano, 2006; Carey et al., 2011; Cutando et al., 

2013; OBJECTIVE 1, in this thesis). Therefore, we used Western 

blot analysis and RT-PCR to evaluate whether the cerebellar 

expression of these receptors was modified when CB1R was 

removed. Significant differences between genotypes were detected 

at the protein and mRNA level for the three AMPAR subunits 

assessed (Figure 33). It is likely that these changes in the 

expression of GluR2, GluRδ2 and GluR3 subunits could be related 

with the impairments in the cerebellar LTD and motor 

performance previously reported in the CB1R KO mice (Kishimoto 

and Kano, 2006; Carey et al., 2011; Cutando et al., 2013, OBJECTIVE 

1, in this thesis).  
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Figure 33. CB1R removal modifies the expression of glutamate AMPAR subunits. (A) 

Immunoblot analysis of AMPAR subunits GluR2, GluRδ2 and GluR3 in cerebellar 

homogenates from wild-type (WT) and CB1R KO mice (n = 5–6 mice per group). (B) RT-

PCR analysis of AMPAR subunits GluR2, GluRδ2 and GluR3 mRNA levels (n = 5–6 mice per 

group). *P<0.05 and **P<0.01 CB1R KO versus WT mice. Values are expressed as mean 

±SEM 

 

COX-2 inhibition resolves the cerebellar deficits resulting from 

genetic CB1R deletion  

As described above, COX-2 expression was significantly enhanced 

in the cerebellum of CB1R KO mice. We therefore tested whether 

the COX-2 inhibitor NS-398 sub-chronic administration (10 mg/kg; 

once per day; 5 days) may ameliorate the motor coordination 
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deficits detected in CB1R KO mice. Motor coordination tests 

(hanger test, beam walking test and footprint test) performed 3 

hours after the last NS-398 administration, showed that COX-2 

inhibition normalized the altered motor performance of CB1R KO 

mice to that of the wild-type mice (Figure 34 A- C). Interestingly, no 

effect of NS-398 was observed in the wild-type group in any of the 

three tests performed, demonstrating the involvement of COX-2 

enzyme in the control of the cerebellar motor functions under 

neuroinflammatory conditions.  
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Figure 34. Impaired motor coordination in CB1R KO mice is ameliorated by COX-2 

inhibition. (A) Motor coordination analysis using the hanger test in wild-type (WT) and 

CB1R KO mice. Impaired motor coordination in CB1R KO mice was revealed in fall latency, 

number of movements to reach the end of the hanger, and extreme latency (n = 10-16 

mice per group). ***P<0.001 WT + Veh of NS-398 group versus CB1R KO + Veh of NS-398 

group. COX-2 inhibition by NS-398 significantly attenuates the motor deficits observed in 

the CB1R KO mice. ##P<0.01 and ###P<0.001 CB1R KO + Veh of NS-398 group versus 

CB1R KO + NS-398 group. (B) Beam walking test revealed significant differences in the 

number of footslips performed by the CB1R KO mice (CB1R KO + Veh of NS-398 group) 

compared with the control ones (WT + Veh of NS-398 group) (n = 8 mice per group), 

when the narrow beams were used (square beam: **P<0.01; round beam: ***P<0.001). 

COX-2 inhibition significantly decreases the number of footslips executed by CB1R KO 

mice (Square beam: ###P<0.001; Round beam: ##P<0.01). (C) Significant differences in 

the right (R) and left (L) front and hind limb stride lengths between control (WT + Veh of 

NS-398 group) and CB1R KO mice (CB1R KO + Veh of NS-398 group) (*P<0.05) (n = 8 

mice per group; 6 steps analyzed per animal). Interestingly, NS-398 administration 

significantly prevented the differences in the stride length observed in the CB1R KO mice 

(###P<0.001 CB1R KO + Veh of NS-398 group versus CB1R KO + NS-398 group) (n = 8 

mice per group; 6 steps analyzed per animal). Values are expressed as mean ±SEM. 

 

COX-2 inhibition prevents the cerebellar microglial reactivity 

observed in the CB1R KO mice 

Previous publications have reported that microglial cells may be 

activated through the action of PGE2, produced by COX-2 

activation, on EP2R (Johansson et al., 2013; Quan et al., 2013). We 

next analyzed by Western blot the expression of EP2R in cerebellar 

homogenates from wild-type and CB1R KO mice treated sub-

chronically with Veh or with NS-398. NS-398 administration 

significantly diminishes the enhanced EP2R expression in CB1R KO 

mice. Interestingly, NS-398 has no effect in the control group (WT + 

Veh NS-398 versus WT + NS-398) (Figure 35 A). The 

macrophage/microglial EP2R signaling has a well known cell-

specific proinflammatory role in innate immune responses 
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(Johansson et al., 2013). The next aim of this study was to elucidate 

whether COX-2 inhibition may prevent the cerebellar microglial 

reactivity in CB1R KO mice. Immunostaining analysis using Iba1 

antibody revealed that microglial cells acquired a bushy 

morphology according to the perimeter of the soma and the length 

of the branches as we previously reported in the cerebellar 

molecular layer from CB1R KO mice (Cutando et al., 2013; 

OBJECTIVE 1, in this thesis). The sub-chronic administration of NS-

398 to CB1R KO mice strikingly prevented the modifications in the 

microglial morphology revealing the involvement of COX-2 in the 

modulation of the microglial reactivity.  

 

 

 

 

 

 

 

 

Figure 35. COX-2 blockade modifies EP2R expression and microglial reactivity in 

the cerebellum of CB1R KO mice. (A) Western blot analysis and quantification for EP2R. 

CB1R KO mice present significantly increased EP2R expression compared with WT mice 

(n = 5-6 mice per group). *P<0.05 (WT + Veh of NS-398 group versus CB1R KO + Veh of 

NS-398 group). NS-398 sub-chronic administration markedly reduces the EP2R enhanced 
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expression in the CB1R KO mice (n = 5-6 mice per group). #P<0.05 (CB1R KO + NS-398 

group versus CB1R KO + Veh of NS-398 group). (B) Morphological analysis of 

Iba1+ microglial cells in the molecular layer of the cerebellum (n = 4 mice per group, 5 

cells per mouse). Activated microglial cells with ameboid phenotype were detected in the 

CB1R KO mice compared with control animals (***P<0.001 WT + Veh of NS-398 group 

versus CB1R KO + Veh of NS-398 group). COX-2 blockade prevents the modifications in 

the microglial morphology detected in the CB1R KO mice (###P<0.001 CB1R KO + Veh of 

NS-398 group versus CB1R KO + NS-398 group). Scale bar: 25 μm. 

 

Impaired glutamatergic synaptic transmission in CB1R KO 

mice was prevented by COX-2 inhibition  

As it was exposed in the introduction, it has been largely reported 

the relationship between AMPAR subunit changes and the 

regulation of the functional synaptic integrity. COX-2 inhibition 

significantly prevented the motor coordination alterations detected 

in the CB1R KO mice. Therefore, we were interested in determining 

whether NS-398 administration may modulate the expression of 

AMPAR subunits. NS-398 sub-chronic administration during 5 days 

normalized GluR2 mRNA and GluR3 protein expression levels in 

the CB1R KO mice (Figure 36). However, it had no significant effect 

on the expression of GluRδ2 receptor (Figure 36 B).  
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Figure 36. COX-2 blockade prevents the modifications in the expression of GluR2 

and GluR3 receptor subunits in the cerebellum of CB1R KO mice. (A) RT-PCR for 

GluR2. The significant reduction in the mRNA levels of GluR2 detected in the CB1R KO 

mice (*P<0.05 CB1R KO + Veh of NS-398 group versus WT + Veh of NS-398 group; n = 5 

mice per group) was prevented by sub-chronic NS-398 administration (##P<0.01 CB1R 

KO + NS-398 group versus WT + NS-398 group; n = 5 mice per group). (B) Western Blot 

analysis and quantification for the GluRδ2 receptor. The significant diminished expression 

of GluRδ2 in the CB1R KO mice (*P<0.05 CB1R KO + Veh of NS-398 group versus WT + 

Veh of NS-398 group) was not prevented by NS-398 sub-chronic administration. (C) 

Western Blot analysis and quantification for the GluR3 receptor. The significant enhanced 

expression of GluR3 in the CB1R KO mice (*P<0.05 CB1R KO + Veh of NS-398 group 

versus WT + Veh of NS-398 group) was prevented by NS-398 sub-chronic administration 

(#<0.05 CB1R KO + Veh of NS-398 group versus CB1R KO + NS-398 group). 
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Cerebellar COX-2 activation associated to CB1R deletion 

modulates Arc/Arg3.1 expression 

The activity of cerebellar Purkinje cell can be evaluated by 

measuring the expression of the activity-regulated cytoskeleton-

associated protein, known as Arc/Arg3.1. As we reported 

previously (Cutando et al., 2013; OBJECTIVE 1, in this thesis), CB1R 

removal enhances Arc/Arg3.1 expression in the cerebellar Purkinje 

cell as Arc/Arg3.1 antibody colocalizes with the Purkinje cell 

marker Calbindin. Interestingly, a clear reduction of Arc/Arg3.1 

expression was observed after NS-398 sub-chronic treatment in 

CB1R KO mice (Figure 37). 
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Figure 37. COX-2 inhibition reduces Arc/Arg3.1 expression in Purkinje cells from 

CB1R KO mice. Double immunostaining using antibodies against Arc/Arg3.1 and 

Calbindin. Enhanced expression of Arc/Arg3.1 in Purkinje cells from CB1R KO mice was 

reduced by COX-2 inhibition. Scale bar: 25 μm. 

 

Therefore, altogether these results suggest the key role of COX-2 in 

the modulation of the glutamatergic synaptic transmission in CB1R 

KO mice. The activation of this enzyme triggers the cerebellar 

microglial activation leading to the significant motor coordination 

deficits detected in CB1R KO mice. Interestingly, here we describe 

that COX-2 inhibition prevented the cerebellar microglial reactivity 

and improved the altered motor coordination performance in CB1R 

KO mice (Figure 38). 
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Figure 38. Schematic diagram of a proposed model to explain the contribution of 

COX-2 in the cerebellar impairments revealed in the CB1R KO mice. (A) The genetic 

disruption of CB1R results in enhanced COX-2 expression at the Purkinje cell dendrites 

and in significant changes in AMPAR subunits. We suggest that PGE2 released after COX-2 

activation may regulate the microglial reactivity characterized by morphological changes 

into an ameboid phenotype. (B) NS-398 inhibition in the CB1R KO mice noteworthy 

prevented the microglial reactivity, the AMPAR subunits modifications and the motor 

coordination alterations. The model suggested here directly involves COX-2 in the 

regulation of the cerebellar functions through the control of the microglial reactivity. 
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Abstract 

Monoacylglycerol lipase (MAGL) is the main catabolic enzyme for 

the most abundant endocannabinoid in the brain, 2-

arachidonoylglycerol (2-AG), and its genetic deletion results in an 

exaggerated 2-AG signaling. We have characterized the cerebellar 

phenotype in mice lacking MAGL (MAGL–/–). These mice show an 

ostensible motor impairment in the coat-hanger, the beam-walking 

and the footprint tests. In the cerebellum, MAGL–/– mice show a 

neuroinflammatory phenotype with enhanced reactivity of 

microglial cells, and increased expression of cyclooxygenase 2 

(COX-2) in Purkinje cells. Alterations in glutamatergic signaling in 

cerebellar parallel fiber–Purkinje cell synapses were accompanied 

by the up-regulation in the expression of Purkinje cell-specific 

GluRδ2, a key glutamate receptor subunit in the generation of long-

term plasticity in the cerebellum. These data reveal the critical role 

of the cerebellar endocannabinoid system in synaptic homeostasis 

and motor coordination performance pointing to a secondary 

neuroinflammatory process resulting from endocannabinoid 

system dysregulation in the coordination deficit. 
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Introduction 

The endocannabinoid system (ECS) is a neuromodulatory system 

involved in the fine control of neuronal and glial activities (Kano et 

al., 2009). It is comprised by the type 1 and type 2 cannabinoid 

receptors (CB1 and CB2 receptors, respectively), their endogenous 

ligands (endocannabinoids, eCB), and the enzymes involved in the 

synthesis and inactivation of eCBs. The most well-known eCBs are 

anandamide (AEA) and 2-arachidonoylglycerol (2-AG), that play a 

crucial role in synaptic transmission (Alger, 2005). Both eCBs are 

lipids produced ‘on demand’ and released in an activity dependent-

manner to modulate cannabinoid receptor function. ECS signaling 

is finely controlled by the rapid hydrolysis of AEA and 2-AG 

through the fatty acid amide hydrolase (FAAH) and 

monoacylglycerol lipase (MAGL) enzymes, respectively (Cravatt et 

al., 1996; Blankman et al., 2007), which reduces eCB signaling.  

MAGL is the main enzyme implicated in 2-AG degradation in vivo 

(Dinh et al., 2002b; Savinainen et al., 2012). This enzyme is 

localized in the cytoplasm of presynaptic terminals in different 

brain tissues, including cerebellum, hippocampus and striatum 

(Dinh et al., 2002b). Recently, MAGL knockout mice (MAGL–/–) 

have been generated (Schlosburg et al., 2010), providing a 

powerful tool to investigate the role of MAGL in eCB-signaling. 

Indeed, different studies show that MAGL–/– mice present 

dramatic elevations in 2-AG levels leading to alterations in the 
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endocannabinoid-mediated retrograde synaptic signaling (Zhong et 

al., 2011). 

In the cerebellum, a brain area predominantly involved in motor 

coordination, CB1 receptors are heavily expressed in the parallel 

fiber terminals, where they control the release of glutamate onto 

Purkinje cell dendrites (Kawamura et al., 2006). In contrast, CB2 

receptors have been detected in non-neuronal populations, mainly 

reactive microglia (Walter and Stella, 2004). MAGL is expressed 

profusely in the parallel fiber terminals modulating the parallel 

fiber–Purkinje cell excitability. Indeed, 2-AG, acting on CB1 

receptors, mediates the depolarization-induced suppression of 

excitation (DSE) at these synapses, which is significantly prolonged 

in MAGL–/– mice (Tanimura et al., 2010).  

Microglial cells, the immune effector cells in the central nervous 

system, are sensitive to eCBs. Several studies demonstrated in vitro 

and in vivo the effects of synthetic and endogenous cannabinoids, 

like 2-AG, on the regulation of the microglial reactivity after brain 

injury or ischemia (Carrier et al., 2004; Stella, 2010). Indeed, local 

2-AG production after brain damage triggers microglial migration, 

decreases pro-inflammatory mediators release and enhances 

microglial proliferation to recruit new microglial cells to face and 

solve the brain injury (Stella, 2010). On the other hand, CB1 

receptor dysregulation in the cerebellum due to its genetic 

disruption, or repeated exposure to the cannabinoid agonist 

delta9-tetrahydrocannabinol, activates cerebellar microglia 
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(Cutando et al., 2013). These changes were associated with deficits 

in fine motor coordination and with an enhanced Purkinje cell 

activity, the main output cell of the cerebellar cortex. Similarly, 

conditional removal of CB1 receptors from parallel fibers, show 

comparable cerebellar deficits associated with microglial reactivity 

in the cerebellar molecular layer (Cutando et al., 2013). 

MAGL–/– mice present a significant CB1 receptor desensitization 

and altered glutamatergic synaptic plasticity (Zhong et al., 2011; 

Ohno-Shosaku et al., 2012). Therefore, MAGL–/– mice were 

investigated to determine whether the enhanced 2-AG levels may 

affect fine motor coordination by altering cerebellar microglial 

reactivity, and the possible molecular mechanisms involved. In this 

report, we show that MAGL–/– mice present important deficits in 

fine motor coordination skills and significant reduction in 

glutamatergic synaptic transmission at parallel fiber-Purkinje cell 

synapses. The glutamate receptor expression changes together 

with the enhanced microglial reactivity detected in the cerebellar 

molecular layer of MAGL–/– mice may underlie the cerebellar 

functional impairments observed in these mice, pointing to the ECS 

as a critical component of cerebellar homeostasis.   
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Materials and Methods 

 

Animals 

All experiments were performed according to the guidelines for the 

care and use of laboratory animals of the University of Tokyo, 

Hokkaido University, and Niigata University. Global MAGL-KO mice 

were generated as described previously (Uchigashima et al., 2011). 

All the experiments were carried out using female mice, according 

to the procedures of the laboratory. 

Immunoblot analysis 

Frozen cerebellar tissues were processed as previously reported 

(Puighermanal et al., 2009). For immunoblotting, we used the 

following antibodies: anti-COX2 (mouse, 1:300) from Cayman, anti-

β-Actin (rabbit, 1:5,000) from Santa Cruz Biotechnology; anti-CB1R 

(rabbit, 1:700), anti-GluRδ2 (1:700), anti-GluR3 (1:700) from 

Frontier Science. Blots containing equal amounts of cerebellar 

protein samples (40 μg/lane) were probed with different primary 

antibodies. Bound primary antibodies were detected with HRP-

conjugated antibodies against mouse (diluted at 1:5,000; Thermo 

Fisher Scientific) and against rabbit (diluted at 1:10,000; Cell 

Signaling Technologies). Both antibodies were visualized by 

enhanced chemiluminescence detection (SuperSignal West Femto; 

Thermo Fisher Scientific). When necessary, Immobilon-P 
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membranes (Millipore) were stripped before reblocking and 

reprobing. The optical density of the relevant immunoreactive 

bands was quantified after acquisition on a ChemiDoc XRS system 

(Bio-Rad) controlled by Quantity One software v4.6.3 (Bio-Rad). 

The quantification of protein expression was in the linear range for 

the experimental conditions used in this study (data not shown). 

For quantitative purposes, the optical density values for the 

proteins of interest were normalized to the detection of the 

housekeeping control β-Actin in the same samples and expressed 

as a percentage of the control treatment. 

Tissue preparation for immunofluorescence 

Under deep pentobarbital anesthesia (100 mg/kg of body weight), 

mice were fixed by transcardial perfusion with 4% (wt/vol) 

paraformaldehyde/0.1M phosphate buffer (PB, pH 7.4) for 

immunofluorescence microscopy and with 4% (vol/vol) 

paraformaldehyde/0.1% glutaraldehyde/0.1 M PB for 

immunoelectron microscopy. Brains were removed and postfixed 

overnight at 4°C in the same fixative solution. Brain sections (30-

μm) were cut with a vibratome (VT1000S; Leica). All 

immunohistochemical incubations were performed by free-floating 

method at room temperature and kept in a solution containing 

30% ethylene glycol, 30% glycerol, and 0.1 M PB at –20°C until 

processed for immunofluorescence analysis. 
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Immunofluorescence 

Free-floating slices were rinsed in PB (0.1 M), incubated for 15 

minutes in 0.2% Triton X-100 in PB, and then incubated overnight 

at 4°C with the following primary antibodies: anti-IBA1 (rabbit; 

1:500) from Wako, anti-Arc/Arg3.1 (rabbit; 1:100) from Santa Cruz 

Biotechnology, anti-CB1R (rabbit; 1:700) and anti-GluR3 (rabbit; 

1:500) both from Frontier Science. Double staining was performed 

using anti-COX2 (rabbit; 1:300) from Cayman and anti-Car-8 

(guinea pig; 1:300) from Frontier Science; with anti-GluRδ2 

(rabbit; 1:500) and anti-Car-8 (guinea pig; 1:300) both from 

Frontier Science and with anti- Arc/Arg3.1 (rabbit; 1:100) from 

Santa Cruz Biotechnology anti-Car-8 (guinea pig; 1:300) from 

Frontier Science. The next day, after 2 rinses of 10 minutes in PB 

0.1M sections were incubated for 2 hours at room temperature 

with fluorescent anti–rabbit-Cy3 (1:500; Jackson ImmunoResearch 

Laboratories) or anti-mouse-Cy2 / anti-guinea pig-Cy2 antibodies 

(1:500; Jackson Immuno Research Laboratories). After three 10-

minutes washes, tissue sections were mounted onto gelatin-coated 

slides with Mowiol mounting media (0.5 M Mowiol 40-88 [Sigma-

Aldrich], 20% glycerol, 0.1 M Tris pH 8.5). 

Fluorescent images were taken with a confocal laser scanning 

microscope (FV1000; Olympus) equipped with HeNe/Ar laser, and 

PlanApo (10×/0.40) and PlanApoN (60×/1.42, oil iersion) objective 

lens (Olympus). To avoid crosstalk between multiple fluorophores, 

Cy2 and Cy3 fluorescent signals were acquired sequentially using 
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the 488-nm and 543-nm, excitation laser lines. Single optical 

sections were obtained (1024 × 1024 pixels).  

CB1R intensity analysis. Confocal images (4 images per animal 

corresponding to the molecular and granular layers of the 

cerebellum) were acquired (n = 4 mice; 12 images per group) in a 

sequential mode. Afterward, the CB1R signal intensity was 

evaluated using a constant ROI with ImageJ software (NIH). 

Arc/Arg3.1, GluRδ2 and GluR3 intensity analysis. Confocal images 

from cerebellar molecular layer were acquired (n = 10 images per 

group) in a sequential mode. Therefore, a specific ROI for each 

picture was drawn in the molecular layer. Then, we assessed the 

intensity of Arc/Arg3.1, GluRδ2 and GluR3 expression in each ROI 

area. Relative Arc/Arg3.1, GluRδ2 and GluR3 expression intensity 

in MAGL-/- was compared with the wild type control group using 

Image J software (NIH). 

Morphological Image J analysis. To evaluate the changes in 

microglial morphology, confocal microscopic images of whole 

microglial cells stained with IBA1 were acquired with an oil 

immersion lens (×40 objective; 1.5 zoom). Images were taken at 

different z levels (0.8-μm depth intervals) to evaluate the 

morphology of the whole cell. Afterward, the length of the 

microglial ramifications and the perimeter of the microglial soma 

were analyzed with ImageJ software (NIH). We evaluated 10 cells 

per animal and 5 animals per genotype (50 cells per genotype). 
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Arc/Arg3.1 intensity representation. To evaluate Arc/Arg3.1 

expression in the cerebellum, confocal images were analyzed using 

ImageJ software (Plot Profile tool; NIH) for Arc/Arg3.1 signal 

intensity (gray value) along a 300-μm line. For this purpose, a 300-

μm line was drawn through the 3 cerebellar layers: granular layer, 

Purkinje cell  layer, and molecular layer, and the intensity of each 

pixel on that line was represented. 

Arc/Arg3.1 and Car-8 colocalization analysis. Confocal images were 

taken for each animal (n = 5) in a sequential mode. We determined 

a constant region of interest (ROI) surrounding the Purkinje cells 

(n = 10 images per genotype) that was large enough to encompass 

the Purkinje cell bodies and some of their ramifications located in 

the molecular layer. Afterward, the intensity correlation quotient 

(ICQ) between the Arc/Arg3.1 and Car-8 antibodies was analyzed 

with the ImageJ software (NIH). 

 

Motor coordination tests 

Coat-hanger test. We used a steel coat hanger (diameter: 2 mm, 

length: 40 cm) divided into 12 segments (length: 5 cm) and 

suspended at a height of 35 cm from a cushioned surface. The mice 

were placed in the middle of the hanger, and their behavior was 

evaluated for a total of 60 seconds. Fall latency, number of 

movements in 60 seconds, and extreme latency (movement from 

the middle part of the hanger to the edge) were recorded. The test 
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was concluded when the animal fell down or when 60 seconds 

elapsed. 

Beam walking test. To test their balance, mice were trained to cross 

a horizontal wooden circle rod (1 m long, 3 cm in diameter) placed 

60 cm above a table during the two days before the test (three 

times per day). The day of the test, mice crossed the wide wooden 

rod (3 cm in diameter) and the narrow wooden rod (1 cm in 

diameter). The latency to cross the rods and the total number of 

footslips were recorded and used to calculate the mean of the 

latency time and the number of footslips for each genotype.  

Footprint test. The footprint test was performed to examine the 

gaits of the mice. To obtain the footprints, the adult mouse's paws 

were coated with non-toxic colored inks and the mouse was 

allowed to walk down a narrow runway that is covered with white 

paper. The apparatus for the footprint test was an open-top 

runway with an enclosed cage at the end for the mice to enter. The 

runway length was 50 cm long and the width was 10 cm. 

Furthermore, the open-top runway was flanked by two walls at 

each side that were 10 cm high. Mice were trained twice per day 

during the two previous days of the test day. To ease the 

measurements, front and hind paws were coated with different 

colors red and black, respectively. At least eight to eleven mice 

from each genotype were used and a total of two trials performed 

on each mouse. Once the footprints had dried, the following 

parameters were measured: base width (front base and hind base), 
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overlap width (left overlap, right overlap), left and right forelimb 

stride and left and right hindlimb stride. Eight steps for each mouse 

were analyzed. The means of each parameter were calculated for 

each group. 

 

Recording from Purkinje Cells in cerebellar Slices 

Parasagittal slices (250-μm thick) from cerebeller vermis were 

prepared from 8 weeks-old wild-type and MAGL-/- mice for 

experiments of parallel fiber depolarization-induced suppression 

of excitation (parallel fiber-DSE) (Tanimura et al., 2012) . The 

standard external solution contained 125 mM NaCl, 2.5 mM KCl, 2 

mM CaCl2, 1 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 

20 mM glucose, bubbled with 95% O2 and 5% CO2 (pH 7.4). A 

recording chamber was perfused with the external solution 

supplemented with 100 μM picrotoxin for recording excitatory 

postsynaptic current (EPSCs). Whole-cell recordings were made 

from visually identified Purkinje cells at 32 °C using an upright 

microscope (BX50WI; Olympus). Patch pipettes (2–3 MΩ) were 

filled with either of the following solution containing: 60 mM CsCl, 

10 mM Cs D-gluconate, 20 mM TEA-Cl, 20 mM BAPTA, 4 mM MgCl 

2, 4 mM ATP, and 30 mM HEPES (pH 7.3, adjusted with CsOH) + 

100uM PTX (Uesaka et al., 2014). Membrane currents were 

recorded with an EPC-9/2 amplifier (HEKA Electronik). The signals 

were filtered at 3 kHz and digitized at 20 kHz. Holding potentials of 

PCs were −70 mV. The pipette access resistance was compensated 
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by 80%. Parellel fiber- Purkinje cells EPSCs measurements were 

performed following Uesaka et al., 2014 methods.  

 

Statistics 

Data are presented as the mean ± SEM. The statistical significance 

was assessed by ANOVA, followed by a posteriori post-hoc 

Dunnet’s multiple comparison test when appropriate. P values of 

less than 0.05 were considered significant. 
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Results 

MAGL deletion impairs fine motor coordination performance 

Adult females MAGL–/– mice and their wild-type littermates were 

used to evaluate cerebellar function. MAGL–/– mice performed the 

rota-rod test similar to wild-type littermates (Chanda et al., 2010), 

although their responses were impaired in more demanding tests 

of motor coordination such as the coat-hanger test, the beam 

walking test and the footprint test (Figure 1). MAGL–/– mice fell 

down from the hanger before than wild-type in the coat-hanger 

test, and performed less movements along the hanger wire (Figure 

1 A). However, MAGL–/– mice performed correctly the rod test, 

used as control for equilibrium (data not shown). Moreover, 

MAGL–/– mice spent more time to cross the stick in the beam 

walking test than control mice (Figure 1 B), and the number of foot-

slips was also enhanced (Figure 1 B). Similar alterations in motor 

coordination performance were revealed using the footprint test. 

MAGL–/– mice presented a consistently shorter stride length than 

wild-type littermates (Figure 1 C). A similar pattern was registered 

upon analysis of the footprint overlap (Figure 1 C), where MAGL–/– 

mice revealed a significantly worst overlap measure than control 

mice. Finally, the length between the frontal and the hind paws was 

also analyzed. MAGL–/– mice showed significantly shorter length 

between front and hind paws than wild-type group (Figure 1 C). 

Together, these data reveal that MAGL deletion affects fine motor 

coordination performance. 
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Figure 1. MAGL deletion impairs motor coordination performance. (A) Motor 

coordination analysis using the hanger test in MAGL_/_ and wild-type (WT) littermates 

mice (n = 11–13 mice per group). Impaired motor coordination was revealed by fall 

latency, number of movements to reach the end of the hanger, and extreme latency. ***P < 

0.001 and **P < 0.01 MAGL_/_ versus WT genotype. (B) Beam walking test performed 

revealed significant differences in the number of footslips performed by WT and MAGL_/_ 

mice both in the wide and in the narrow beams (n = 11 - 13 mice per group). ***P < 0.001 

and **P < 0.01 MAGL_/_ versus WT genotype (C) Significant differences in the right (R) 

and left (L) front and hind limb stride lengths between WT and MAGL_/_ mice. ***P<0.001 

WT versus MAGL_/_ mice (n = 11 - 13 mice per group; 8 steps analyzed per animal). 

Significant differences were also found in the right (R) and left (L) overlap length and in 

the front and hind base distance. *P<0.05 and ***P<0.001 WT versus MAGL_/_ mice (n = 

11 - 13 mice per group; 8 steps analyzed per animal). Values are expressed as mean ±SEM. 
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MAGL deletion produces cerebellar neuroinflammation 

Previous data demonstrated that CB1 receptor dysregulation 

(Cutando et al., 2013) or FAAH deletion triggers microglial 

reactivity in the brain (Cutando et al., 2013; Ativie et al., 2014). This 

process includes morphological changes in microglia from a resting 

highly branched phenotype to an amoeboid morphology 

(activated/reactive phenotype), characterized by an increase in the 

cell perimeter and a reduction in the length of cell branches. MAGL 

deletion produces a significant microglial reactivity characterized 

by bushy morphology in the cerebellar molecular layer compared 

with the control group (Figure 2 A). Therefore, these results reveal 

that MAGL removal triggers a significant neuroinflammatory 

phenotype in cerebellar microglial cells.  

Cyclooxygenase-2 (COX-2) is an inducible enzyme involved in 

neuroinflammatory responses (Vane and Botting, 1998) that 

converts arachidonic acid and endocannabinoids, such as 2-AG and 

AEA, to prostanoids (Urquhart et al., 2015). Some evidences 

suggest that COX-2 is expressed at the postsynaptic dendritic 

terminals (Yamagata et al., 1993; Kaufmann et al., 1996). At this 

level COX-2 is regulated by synaptic activity (Yamagata et al., 

1993), implying directly the action of this enzyme in long-term 

synaptic plasticity processes (Chen et al., 2002). Therefore, we 

analyzed the expression of COX-2 in the cerebellum of MAGL–/– 

and wild-type mice by immunofluorescence. COX-2 was mainly 

expressed in Purkinje cells as revealed by double-labeled with Car-
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8 marker, and its expression was higher in MAGL–/– cerebellar 

cortex than in wild-type mice (Figure 2 B). In agreement, 

immunoblot analysis of cerebellar protein samples also revealed an 

enhanced expression of COX-2 (Figure 2 C). Altogether, these data 

show that MAGL deletion results in a neuroinflammatory state that 

affects motor coordination. 
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Figure 2. MAGL deletion produces microglial activation and COX-2 enhanced 

expression. (A) Iba1 immunostaining of cerebellar microglial cells. Notice the ameboid 

morphology in the MAGL_/_ mice compared with wild-type (WT) mice. Significant 

differences were detected in the perimeter of the soma and in the length of the branches 

(n = 10 mice per genotype; 5 cells per animal). ***P<0.001 WT versus MAGL_/_ mice. Scale 

bar: 15 μm. (B) COX-2 and Car-8 double immunostaining. White arrows indicate the 

enhanced COX-2 expression in the Purkinje cells from MAGL_/_ mice compared with the 

WT mice. (C) Immunoblot analysis and quantification for COX-2. Significant modification 

was detected in the MAGL_/_ mice compared to WT mice (**P<0.01; 5 animals per group).  
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MAGL deletion modulates Arc/Arg3.1 expression 

The expression of the activity-regulated cytoskeleton-associated 

protein (Arc), also known as Arg3.1 (Arc/Arg3.1) was evaluated as 

a marker of Purkinje cell activity (Cutando et al., 2013). We 

observed a significantly higher Arc/Arg3.1 expression in MAGL–/–

than in wild-type mice in Purkinje cell soma, where it colocalizes 

with Car-8 (Figure 3 A-B). Confocal image analysis (Intensity 

Colocalization Quantification, ICQ) using antibodies against Car-8 

and Arc/Arg3.1 showed a significantly higher rate of colocalization 

in the Purkinje cells from MAGL–/– mice than in the wild type 

group (Figure 3 A). This result was corroborated by the ROI 

intensity analysis performed in the molecular layer (Figure 3 B) 

and the analysis made across the different layers of the cerebellar 

cortex (Figure 3 C). These results suggest that MAGL removal may 

induce Purkinje cell activity-related changes, revealed by 

Arc/Arg3.1 expression modifications.  
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Figure 3. Arc/Arg3.1 expression is enhanced in MAGL-/- mice. (A) Immunolocalization 

and ICQ (intensity colocalization quantification) of Arc/Arg3.1 (green) and Car-8 (red) in 

the cerebellum of wild-type (WT) and MAGL_/_ mice (n = 10 cells per genotype). *P<0.05 

WT versus MAGL_/_ mice. Scale bars: 50 μm. (B) Arc/Arg3.1 intensity quantification in a 

specific region of interest (ROI) along the Purkinje cell layer in cerebellums from WT and 

MAGL_/_ mice (n = 10 ROI per genotype). **P<0.01 WT versus MAGL-/- mice. Scale bars: 

50 μm. (C) Arc/Arg3.1 intensity was measured along a 100-μm line stretched along the 3 

cerebellar layers. Plot represents Arc/Arg3.1 intensity alongside the layers quantified 

with ImageJ software. Notice the enhanced Arc/Arg3.1 expression in the cerebellum from 

MAGL_/_ mice. PC: Purkinje cell layer; gl: granular layer; ml: molecular layer. Scale bar: 

100 μm. 
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Altered parallel fiber-Purkinje cell synaptic transmission in the 

MAGL–/– mice 

Previous studies demonstrated that the dramatic elevations of 2-

AG in MAGL–/– mice could induce tonic activation of CB1 receptors 

and persistent suppression of synaptic transmission (Zhong et al., 

2011). Indeed, 2-AG-induced tonic activation of CB1 receptors 

causes the depression in the glutamate release and the persistent 

suppression of synaptic transmission in MAGL–/– mice as revealed 

by parallel fiber–Purkinje cell paired-pulse ratio (PPR) experiments 

and parallel fiber (PF)-EPSC measurements. Moreover, a partial 

desensitization of CB1 receptors and a reduction in the CB1 

receptor density and signaling was detected in the MAGL–/– mice 

brain (Chanda et al., 2010). However, CB1 receptor expression at 

the protein level was not analyzed in this mouse model in 

cerebellar homogenates. Therefore, we first evaluated whether CB1 

receptor protein levels were modified in the cerebellum of MAGL–

/– mice. Western blot analysis performed with cerebellar 

homogenates from MAGL–/– and wild type mice did not 

demonstrate significant differences in CB1 receptor protein levels 

between genotypes, although MAGL–/– mice presented slight 

tendency to reduce this expression (Figure 4 B). A more detailed 

examination of the specific expression of CB1 receptor in the 

cerebellar molecular and granular layers was then performed using 

immunostaining technique. This analysis revealed that the 

decrease in CB1 receptor expression occurred mainly in the 

cerebellar molecular layer in MAGL–/– mice (Figure 4 A).  
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Endocannabinoids regulate numerous forms of synaptic plasticity 

including the cerebellar DSE. Different works analyze the 

consequences of MAGL deletion in the cerebellar synaptic plasticity 

considering that MAGL enzyme is highly expressed in the 

cerebellum. In this context, young MAGL–/– mice from 10 to 14 

days have a prolonged decay of the cerebellar DSE and significantly 

decreased amplitude in the PF-EPSCs at the different stimulus 

recorded (from 0 to 50 uA of intensity) (Zhong et al., 2011). 

However, the effect of MAGL deletion in the synaptic transmission 

in adult mice was still unclear. The next step has been to examine 

the possible alterations of parallel fiber–Purkinje cell glutamatergic 

transmission in adult MAGL–/– mice. We recorded EPSCs in 

cerebellar Purkinje cells while stimulating parallel fibers with 

incremental intensities. The input-output relationship of PF-EPSCs 

was established by plotting the amplitude of the EPSCs against the 

stimulus intensities. A significant reduction in EPSCs amplitude 

was detected in the cerebellar slices from adult MAGL–/– mice 

compared with the control group (Figure 4 C).  

Altogether, these results suggest that disruption of MAGL enzyme 

produces CB1 receptor expression downregulation in the 

cerebellar molecular layer and significant alterations in parallel 

fiber–Purkinje cell glutamatergic transmission. 
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Figure 4. MAGL deletion alters parallel fiber-Purkinje cell synaptic transmission and 

CB1 receptor expression in the cerebellar molecular layer. (A) Immunolocalization 

and quantification of CB1 receptor intensity in the cerebellar granular and molecular 

layer from the wild-type (WT) and MAGL_/_ mice (n=4 mice per group; 12 images per 

group) ***P<0.001 WT versus MAGL_/_ mice group. PC: Purkinje cell layer; ml: molecular 

layer; gl: granular layer. Scale bar: 50 μm. (B) Western blot detection of CB1 receptor in 

cerebellar homogenates from WT and MAGL_/_ mice. (C) Representative traces of PF-PC 

EPSCs recorded at different stimulus intensities, in WT and MAGL_/_ mice. Input-output 

curves for PF-PC EPSCs recorded in cerebellar slices originating from WT and MAGL_/_ 

mice (n= 9/10 cells per group). Two way ANOVA followed by Bonferroni post hoc test: 

***P<0.001 WT versus MAGL-/- mice group. Values are expressed as mean ±SEM. 
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Glutamate receptor expression is modulated in MAGL–/– mice 

We analyzed the expression of AMPA receptor subunits profusely 

expressed in the cerebellum in MAGL–/– mice to explore the 

molecular mechanisms underlying the alteration of parallel fiber–

Purkinje cell glutamatergic transmission and the fine motor 

coordination impairments. One of these AMPA receptor subunits 

involved in synaptogenesis and synaptic plasticity is the δ2 

Glutamate Receptor (GluRδ2) which is abundantly expressed at 

parallel fiber–Purkinje cell synapses. This subunit aggregates with 

other subunits at the postsynaptic sites of Purkinje cell dendrites to 

form clusters that are crucial for the synaptic plasticity control. We 

used immunofluorescence and western blot analysis to evaluate 

the expression of this glutamate receptor subunit. Using 

immunostanning technique and subsequent analysis with Image J 

software, we found that GluRδ2 relative expression in the 

cerebellar molecular layer was significantly increased in MAGL–/– 

mice (Figure 5A). Similarly, western blot analysis revealed 

enhanced GluRδ2 expression in MAGL–/– mice compared with the 

control group (Figure 5 B). However, no significant differences 

were found for GluR3 glutamate receptor subunit neither in 

immuostanining nor in western blot analysis (Figure 6 A-B). These 

data indicate that GluRδ2 subunit expression is enhanced in MAGL–

/– mice, which may be related with the decreased EPSCs PF–PC 

amplitude and the fine motor coordination alterations observed in 

MAGL–/– mice.  
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Figure 5. MAGL deletion enhances GluRδ2 expression. (A) Double immunostaining of 

Car-8 (green) and GluRδ2 (red) in the cerebellar molecular layer from wild-type (WT) and 

MAGL–/– mice. Notice the enhanced expression (red dots) in MAGL–/– mice. GluRδ2 

quantification shows significant enhanced expression of GluRδ2 in MAGL–/– compared 

with WT mice. **P<0.01 WT versus MAGL–/– mice group. Scale bar: 4 μm. (B) 

Immunoblot detection and quantification of GluRδ2 in cerebellar homogenates from WT 

and MAGL–/– mice. *P<0.05 WT versus MAGL–/– mice group. Values are expressed as 

mean ±SEM. 
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Figure 6. GluR3 expression is not modified in MAGL-/- mice. (A) Immunostaining and 

quantification of GluR3 in the cerebellar granular and molecular layer from wild-type 

(WT) and MAGL–/– mice (n=4 mice per group; 12 images per group). PC: Purkinje cell 

layer; ml: molecular layer; gl: granular layer. Scale bar: 50 μm. (B) Immunoblot detection 

of GluR3 in cerebellar homogenates from WT and MAGL–/– mice. Values are expressed as 

mean ±SEM. 
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Discussion 

This study describes the effect of MAGL deletion on cerebellar 

functionality. MAGL removal results in a considerable 

neuroinflammation in the cerebellar molecular layer accompanied 

by alterations in the glutamatergic synaptic transmission at the 

parallel fiber–Purkinje cell synapses and significant impairments in 

fine motor coordination performance. MAGL–/– mice present 30-

fold increased 2-AG expression levels compared with wild-type 

mice (Chanda et al., 2010). 2-AG is the most abundant 

endocannabinoid in the brain, acts as a full agonist of both CB1 and 

CB2 receptors (Nakane et al., 2002) and is mainly hydrolyzed by 

MAGL (Bisogno et al., 1999). Endocannabinoids modulate 

microglial cell reactivity and numerous studies have demonstrated 

anti-inflammatory effects of 2-AG through its action on CB2R 

expressed in the microglial cells (Kreutz et al., 2009; Stella, 2010). 

Thus, the ECS responds after brain injury enhancing local 2-AG 

production in order to recruit new microglial cells to face and solve 

brain damage. Accordingly, MAGL pharmacological inhibition by 

JZL184 after traumatic brain injury events protected the blood 

brain barrier integrity and improved neurological and behavioral 

functions (Katz et al., 2015). Similarly, 2-AG showed a 

neuroprotective role in different in vitro models of neuronal 

damage (Kallendrusch et al., 2012). We determined noteworthy 

microglial reactivity in the cerebellar molecular layer of MAGL–/– 

mice. This result was unexpected in the MAGL–/– mice considering 

these previous data since 2-AG exerts an anti-inflammatory role 
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through its action on CB2R. However, immunoblot experiments 

showed that cerebellar microglial reactivity observed in MAGL–/– 

mice was accompanied by enhanced COX-2 expression. 

Immunostainning analysis using Car-8 antibody (a marker of 

Purkinje cells) revealed that COX-2 increased expression took place 

mainly in the Purkinje cells. This result was in agreement with 

previous data ascribing the expression of COX-2 to Purkinje cells 

(Kaufmann et al., 1996).  

COX-2 catalyzes the conversion of arachidonic acid and 

endocannabinoids as 2-AG into prostaglandins, such as PGE2. PGE2 

actions are mediated by four types of prostaglandin receptors 

(EPs): EP1, EP2, P3 and EP4 (Boie et al., 1997; Narumiya et al., 

1999; Breyer et al., 2001). Among all these receptors, EP2 

activation has been associated with the regulation of the innate 

immunity and microglial activation (Kim et al., 2007; Quan et al., 

2013). Indeed, the use of transgenic mice with a specific 

conditional deletion of the EP2 in myeloid lineage cells clarified the 

role of EP2 receptor in the control classical microglial activation 

attenuating the expression of Tnfa, Il1b and Il6 pro-inflammatory 

genes after LPS injection (Johansson JU et al., 2013). Considering 

the significant enhancement in COX-2 expression and the microglial 

reactivitiy revealed in the cerebellum of MAGL–/– mice, we may 

postulate that PEG2 produced by enhanced COX-2 expression may 

activate microglial cells acting on the EP2 receptors. Nevertheless, 

additional experiments are required to elucidate the mechanisms 

underlying the microglial reactivity in the MAGL–/– mice.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Johansson%20JU%5BAuthor%5D&cauthor=true&cauthor_uid=24089506
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Similar results on the neuroinflammatory phenotype and COX-2 

activation were detected in the cerebellum of CB1 receptor–/– 

mice and in mice lacking CB1 receptor in the cerebellar parallel 

fibers. These results suggest that alterations in the ECS and 

subsequently in the CB1 receptor signaling  may play a role in the 

control of the cerebellar microglial reactivity and COX-2 activation 

(Cutando et al., 2013). Enhanced 2-AG levels in the MAGL–/– mice 

produce CB1 receptor desensitization (Zhong et al., 2011) and 

reduction of CB1 receptor density and signaling in the brain 

(Chanda et al., 2010). Accordingly we demonstrated cerebellar CB1 

receptor downregulation in the molecular layer of MAGL–/– mice. 

Thus, modifications in the glutamate transmitter levels at the 

parallel fiber-Purkinje cell synapses secondary to CB1R 

dysregulation, might modify activation of glutamate receptors and 

intracellular Ca2+ levels triggering COX-2 activation.  

The cerebellum and the ECS play a crucial role in the control of fine 

motor coordination. Downregulation of CB1 receptor by repeated 

agonist administration, as well as the deletion of CB1 receptors in 

constitutive CB1 receptor–/– mice produced cerebellar functional 

alterations revealed in the eye-blink conditioning and the hanger 

test (Cutando et al., 2013). The cerebellar functionality was 

assessed in MAGL–/– mice using rota-rod test and no significant 

differences were detected between MAGL–/– and control mice 

(Chanda et al., 2010). However, the analysis of the fine motor 

coordination using more subtle tests, such as the hanger test, the 

beam walking test and the footprint test, revealed markedly motor 
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coordination impairments in MAGL–/– mice compared with control 

animals. Similarly, 2-AG increased levels triggered modifications in 

the performance of other CB1 receptor-dependent behavioral 

effects as analgesia, hypothermia and hypomotility (Kinsey et al., 

2009). Altogether, these data suggest the crucial role of 2-AG in the 

control of brain functions under a CB1 receptor-dependent 

mechanism.  

2-AG enhanced level modifies GABAergic and glutamatergic 

transmission. Studies performed using MAGL–/– mice and the 

MAGL–/– inhibitor JZL184 revealed that 2-AG increased levels 

modulate depolarization-induced suppression of excitation (DSE) 

and inhibition (DSI) performance and prolong DSE and the m-

GluR1-mediated retrograde synaptic depression in cerebellar slices 

(Schlosburg et al., 2010; Zhong et al., 2011; Tanimura et al., 2012). 

Previous experiments determined a reduction in parallel fiber–

Purkinje cell EPSCs amplitude in MAGL–/– animals at postnatal day 

10-14 mice (Zhong et al., 2011). In agreement, we observed a 

similar reduction in 2-months old-MAGL–/– mice, suggesting that 

this reduction in the glutamatergic synaptic transmission is a 

permanent alteration that lasts until adulthood. These changes in 

the glutamatergic synaptic transmission, together with the 

microglial reactivity, may explain the motor coordination 

impairments revealed in the MAGL–/– mice. 

In this study, we evaluated the expression of Arc/Arg3.1 early gene 

as a marker of Purkinje cell activity. Immunofluorescence analysis 
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revealed a significant enhancement in Arc/Arg3.1 expression in the 

cerebellar Purkinje cells of MAGL–/– mice. Interestingly, a similar 

enhancement in Arc/Arg3.1 expression was previously found in 

THC-withdrawn and CB1 receptor–/– mice (Cutando et al., 2013). 

These data suggest that modifications in the ECS may directly affect 

the Purkinje cell excitability and the activity on its projecting area, 

leading to the motor coordination deficits observed in the MAGL–

/– mice. 

Long-term depression (LTD) at the parallel fiber–Purkinje cell 

synapses plays a key role in the motor learning performance and 

requires functional GluRδ2 receptors (Kohda et al., 2013a, 2013b). 

GluRδ2 is specifically expressed at parallel fiber–Purkinje cell 

synapses and its expression modulates synaptic plasticity in 

Purkinje cells (Hirano et al., 1994; Kashiwabuchi et al., 1995; 

Kishimoto et al., 2001; Yawata et al., 2006; Kohda et al., 2013b). It 

has been described that glutamatergic stimulation of ionotropic or 

metabotropic glutamate receptors from Purkinje cells induces a 

significant decrease in the density of GluRδ2 in cultured Purkinje 

cells (Hirai 2001). This modification in GluRδ2 expression 

appeared to be mediated by an increase in Ca2+ influx in the 

Purkinje cells (Hirai 2001). In the present study, we observed a 

significant enhancement in GluRδ2 expression in MAGL–/– 

animals. The noteworthy modification in the glutamatergic 

synaptic transmission and in the Ca2+ influx at the Purkinje cell, 

might explain the modification in GluRδ2 expression detected in 

MAGL–/– mice.  
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In summary, our results support the role of the ECS as a crucial 

modulator in the cerebellar functionality. Indeed, we demonstrated 

that MAGL deletion produces cerebellar neuroinflammation, 

significant motor coordination impairments, reduced glutamatergic 

transmission at the parallel fiber-Purkinje cell synapse and 

enhanced Purkinje cell activity. Altogether these data point MAGL 

as a key factor in the control of cerebellar functionality. 
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This thesis describes the molecular mechanisms underlying the 

cerebellar impairments associated with the dysregulation of the 

ECS. Such a dysregulation might be the result of the exposure to 

cannabis or the genetic deletion of components of the 

endocannabinoid system (ECS), such as CB1R or MAGL. The studies 

presented in this thesis demonstrated that ECS dysregulation after 

sub-chronic cannabis administration or CB1R or MAGL genetic 

disruption, produces local cerebellar neuroinflammation mainly 

characterized by microglial reactivity and enhanced COX-2 

expression. This neuroinflammatory state correlates with 

functional deficits in fine motor coordination and cerebellar 

conditioned learning tasks, and was associated with enhanced 

Purkinje cell activity typified by upregulated Arc/Arg3.1 

expression. The microglial activation was revealed by alterations in 

microglial morphology and by enhanced expression of some 

receptors, such as EP2R or CB2R, and proinflammatory-related 

genes, such as IL-1β or COX-2. Pharmacological blockade of 

microglial activation by minocycline, as well as the IL-1 receptor 

(IL-1R) antagonism, abolished the cerebellar functional deficits 

detected after sub-chronic cannabis administration and in CB1R KO 

mice independently of the expression of CB1R. Interestingly, the 

inhibition of the microglial activation by minocycline also 

prevented the enhancement in the Purkinje cell activity determined 

by Arc/Arg3.1 expression, and modulated the expression of certain 

AMPAR subunits. Furthermore, COX-2 inhibition by NS-398 exerted 

similar effects than minocycline preventing the microglial 
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activation and the cerebellar functional impairments revealed 

under cannabis withdrawal conditions and in CB1R KO mice. 

Altogether, these results reveal the critical role of microglia-

mediated signaling in the cerebellar dysfunctions associated with 

CB1R dysregulation.  

 

1. Microglial reactivity secondary to endocannabinoid 

system dysregulation modulates cerebellar functionality 

Microglial cells are the intrinsic immune cells in the CNS that play a 

crucial role in surveillance, phagocytic activity, innate immune 

responses, maturation of excitatory synaptic transmission and 

regulation of synaptic activity (Gomez-Nicola and Perry, 2014). 

Under pathological conditions or after damaging events such as 

brain injury or infection, microglial cells become activated through 

a process that modulates their morphology and gene expression 

(Benarroch, 2013). THC withdrawal conditions and genetic 

disruption of CB1R and MAGL triggered microglial activation in the 

cerebellar molecular layer. Microglial cells enhanced the perimeter 

of their soma and retracted their branches into a more ameboid 

phenotype characteristic of their activated state (Biber et al., 2007). 

A similar activation process was detected in mice with a 

conditional tissue-dependent mutation deficient in CB1R only in 

parallel fiber terminals (CB1α6_ mice), suggesting that glutamate 

spillover dysregulation secondary to CB1R downregulation in the 

parallel fiber terminals may mediate the microglial activation 



 

Discussion 
 

  

247 
 

process. However, no changes in the microglial morphology were 

detected in other brain regions with high expression of CB1R such 

as striatum, hippocampus or cortex. These results point to a 

specific function of presynaptic CB1R in parallel fiber terminals 

that could be associated to the special ensheathment of the 

extrasynaptic space at this specific brain region (Takayasu et al., 

2009).  

Microglial cells express AMPA, kainate and metabotropic glutamate 

receptors and the activation of these receptors has been related 

with microglial reactivity, chemotaxis, phagocytosis and 

cytoskeleton remodeling (Kettenmann et al., 2011). Microglial cells 

are continuously surveillancing the synaptic environment and they 

are sensitive to changes in neurotransmitter levels (Hanisch and 

Kettenmann, 2007). The microglial activation reported in our 

studies specifically occurs in the cerebellar molecular layer from 

THC withdrawn, CB1R KO and CB1α6_ mice revealing the 

sensitivity of this layer of the cerebellum to the neuroinflammatory 

process promoted by CB1R downregulation. In line with this result, 

MAGL KO mice also presented cerebellar microglial reactivity. The 

described 30-fold-enhanced 2-AG levels in MAGL KO mice (Chanda 

et al., 2010) produced CB1R desensitization (Chanda et al., 2010) 

and downregulation in the cerebellar molecular layer. These 

modifications in the CB1R expression may explain the microglial 

reactivity detected in MAGL KO mice. Previous studies focused in 

the hippocampus also reported that 12-month-old CB1R KO mice, 

but not young adult mice (2 or 5 months old) displayed enhanced 
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neuroinflammation (Albayram et al., 2011). Altogether these data 

suggest that modifications in the ECS and specifically in the CB1R 

expression level may be sufficient to induce changes in the 

microglial activation state. 

The morphological changes described above in the microglial 

activation process, were paralleled by changes in protein 

expression for inflammatory markers. Cessation of sub-chronic 

THC treatment and genetic disruption of CB1R selectively 

produced in the cerebellum an increase in the expression of the 

microglial activation marker CD11b and proinflammatory 

molecules such as IL-1β or COX-2. Moreover, it is well known that 

microglial activation upregulates CB2R expression (Stella, 2010), 

although such an alteration had not been described before under 

THC withdrawal conditions. Cell sorting experiments performed in 

THC-withdrawn, CB1R KO and CB1α6_ mice revealed an increased 

expression of Cnr2 and Il1b mRNA in CD11b+ cell population 

(activated microglial cells), but not in CD11b- ones. Interestingly, 

this microglial reactivity was not associated with cell death as 

revealed by Fluoro-Jade B assay. In our experiments, microglial 

reactivity was not detected during THC treatment conditions when 

THC was still present in the animal. Thus, it would be plausible that 

THC, acting as an agonist on microglial CB2Rs, may reduce 

microglial activation through CB2R modulation (Torres et al., 

2011) during THC exposure (Figure 39). 
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The cerebellum is one of the brain regions with highest expression 

of CB1R in the CNS (Kawamura et al., 2006). The involvement of the 

CB1R in the functionality of the cerebellum has been largely 

studied. The cerebellum plays a key role in the regulation of motor 

coordination and associative learning tasks. Previous studies have 

reported that chronic cannabis consumption in humans affects 

cerebellar functions. In this regard, 18F-fluorodeoxyglucose 

positron emission tomography (PET) studies showed that cannabis 

abusers had lower relative cerebellar metabolism than normal 

subjects at baseline, which could account for the motor deficits 

previously reported in cannabis abusers (Volkow et al., 1996). In 

agreement, chronic cannabis consumers assessed during periods of 

abstinence demonstrate hypoactive cerebellar activity (Chang et al., 

2006). In addition, a recent functional magnetic resonance imaging 

study provided new evidences for cerebellar dysfunction in 

cannabis abusers (Lopez-Larson et al., 2012). The results obtained 

in all these studies may be related, at least in part, to 

downregulation of CB1R promoted in the brain by the repeated 

cannabis exposure. Indeed, human post-mortem experiments using 

in situ hybridization techniques revealed a significant reduction in 

CB1R mRNA levels in brains from chronic cannabis consumers 

(Villares, 2007). However, whether cannabis abusers express 

activated microglia remains still an open question. 

In this thesis we used the delayed eyeblink conditioning paradigm 

to evaluate the deleterious effects of THC on the cerebellar 

functionality since the cerebellum contributes critically to the 
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acquisition (Thompson and Steinmetz, 2009) and performance 

(Jiménez-Díaz et al., 2004) of this task. This motor learning 

acquisition task is specifically affected in current (Skosnik et al., 

2008) and former cannabis smokers (Steinmetz et al., 2012). 

Interestingly, this learning model involves the same 

neurobiological mechanisms and circuits in rodents and humans, 

which underlines the translational relevance of this test (Skosnik et 

al., 2008; Steinmetz et al., 2012). In our experimental conditions, 

we determined significant impairments in this cerebellar 

conditioned learning task in THC-withdrawn and CB1R KO mice. 

We also evaluated the effect of cannabis exposure and CB1R 

deletion on the motor coordination skills using the accelerating 

rota-rod and the hanger test. Previous studies using rota-rod test 

with constant rod speed have demonstrated no significant 

differences in the retention time on the rotating rod between wild-

type and CB1R KO mice (Kishimoto and Kano, 2006). Similarly, no 

significant alterations were reported when gross motor skills were 

evaluated in MAGL KO (Chanda et al., 2010) using the rota-rod test. 

However, motor learning impairments were detected in GPR55 KO 

(Wu et al., 2013) and in THC-withdrawn mice using a slightly 

different rota-rod protocol consisting in an accelerated rod from 4 

to 40 rpm within 5 minutes. More robust results were detected in 

THC-withdrawn mice using more demanding tests, such as the 

hanger test that allows the detection of fine motor coordination 

alterations. In the same line, CB1R KO and CB1α6_ mice displayed 

comparable impairments in fine motor coordination tasks as those 
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determined in THC-withdrawn mice (Figure 39). Accordingly, 

deletion of other crucial elements of the ECS, such as MAGL enzyme 

or the cannabinoid-like receptor GPR55 (Wu et al., 2013), revealed 

significant deficits in fine motor coordination performance using 

the hanger test, the beam walking test or the footprint test. 

Altogether, these results demonstrate that alterations in different 

components of the ECS, including conditions that promote CB1R 

downregulation, impair motor coordination skills and reveal the 

important role of the ECS in the regulation of the cerebellar 

functionality.  

We evaluated the relationship between the microglial activation 

and the cerebellar deficits observed in experimental conditions 

leading to CB1R downregulation to clarify the relevance of the 

microglial cells in these observations. Minocycline, a second-

generation tetracycline that inhibits microglial activation (Chu et 

al., 2010) administered during the THC-withdrawal period, 

resolved the motor coordination deficits associated to cannabis 

withdrawal and the microglial activation process. Indeed, 

minocycline administration prevented the changes in the microglial 

morphology, the increased CD11b expression and the enhancement 

in mRNA levels of some pro-inflammatory genes, such as Il1b and 

Cox2 produced during cannabis withdrawal (Figure 39). Similar 

results were revealed in CB1R KO and CB1α6_ mice, where 

minocycline administration during 5 days improved the cerebellar 

conditioned learning and the motor coordination deficits. As 

expected, minocycline had no effect on CB1R expression 
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demonstrating that the improvement in the cerebellar function 

after minocycline treatment in THC-withdrawn, CB1R KO and 

CB1α6_ mice was not associated with a recovery of CB1R density. 

Minocycline has been reported to exert anti-inflammatory, 

antiapoptotic, and antioxidant effects in rodent models of 

neurodegenerative diseases (Li et al., 2013), such as Alzheimer’s 

disease (Appleby and Cummings, 2013), Parkinson’s disease (Lu et 

al., 2010) or amyotrophic lateral sclerosis (ALS) (Keller et al., 

2011). Previous studies have also related the microglial reactivity 

with motor impairments. Thus, motor incoordination observed in 

penicillin-epileptic rats using the rota-rod test was prevented by 

minocycline administration (Yilmaz et al., 2006). Besides, a recent 

study showed that minocycline administration mitigates motor 

impairments induced in the rota-rod by focal ischemia in rats 

chronically exposed to ethanol during adolescence (Oliveira et al., 

2014). Altogether, these data demonstrate the striking role of the 

cerebellar microglial cells in the regulation of motor tasks.  

In our experiments, microglial reactivity process was associated 

with enhanced expression of several proinflammatory factors, such 

as IL-1β or COX-2. IL-1β is mostly produced in the brain by 

microglial cells (Zhao et al., 2001; Hanisch and Kettenmann, 2007). 

In our cell sorting experiments, we demonstrated an enhanced 

expression of Il1b cytokine in activated microglial cells (CD11b+ 

population) from THC-withdrawn, CB1R KO and CB1α6- mice 

(Figure 40). This cytokine has been largely involved in the 

pathogenesis of several neurodegenerative and motor diseases, 
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such as multiple sclerosis or ataxia. Thus, IL-1β signaling enhances 

glutamate-mediated synaptic excitability and neurotoxicity during 

an acute episode of multiple sclerosis (Rossi et al., 2012). 

Furthermore, ataxic mutant mice with patent alterations in motor 

performance exhibited enhanced IL-1β levels (Vernet-der 

Garabedian et al., 1998). In the same line, enhanced IL-1β 

expression was found in brains from rats with spinocerebellar 

ataxia type 3 (Evert et al., 2001). Besides, local microinjection of IL-

1β into the cerebellum produces ataxia (Andoh et al., 2008) acting 

on IL-1 receptors (IL-1Rs) strongly expressed in Purkinje cells 

(French et al., 1999; Motoki et al., 2009). Interestingly, these 

authors showed that systemic administration of kainate increased 

the firing rates of cerebellar Purkinje cells in normal mice, but 

showed little effect in IL-1R knockout (IL-1R-KO) mice. In addition, 

microiontophoretic administration of IL-1β to cerebellar Purkinje 

cells increased the firing rates promptly in response to IL-1β, 

suggesting that IL-1β exerts a direct modulatory effect on the 

excitability of cerebellar Purkinje cells (Motoki et al., 2009). 

Accordingly, IL-1β modulates glutamatergic synaptic transmission 

at Purkinje cell synapses and controls motor tasks in a model of 

multiple sclerosis. IL-1β released by activated microglia and 

infiltrating lymphocytes in the cerebellum of mice with multiple 

sclerosis was directly involved in these alterations. However, 

incubation of cerebellar slices with an IL-1R antagonist (IL-1RA) 

reduced inflammation, the EPSC impairments and prevented the 

motor deficits in multiple sclerosis mice. These results highlight the 



 

Discussion 
 

  

254 
 

crucial role of IL-1β in triggering molecular and synaptic events 

involved in neurodegenerative processes and in the control of the 

cerebellar synaptic transmission (Mandolesi et al., 2013, 2015).  

In line with these studies, the results obtained in this thesis suggest 

that the activated microglial state in THC-withdrawn mice, and 

specifically IL-1β release, modifies the cerebellar glutamatergic 

transmission evidenced by changes in AMPAR subunits expression. 

Indeed, IL-1R administration during the last 3 days of the THC-

withdrawal period prevented the changes in GluR2 AMPAR subunit 

expression previously revealed in THC-withdrawn mice. However, 

it remains to be elucidated whether IL-1RA blockade is able to 

prevent alterations in the synaptic transmission, Purkinje cell firing 

rates and LTD performance in THC-withdrawn mice (Figure 40). 

Cerebellar LTD has been largely related to the proper performance 

of motor coordination and cerebellar learning tasks (Ito, 2001). 

Reduction in AMPAR expression and enhanced GluR2 AMPAR 

endocytosis have been proposed as main mechanisms for LTD 

induction. Thus, activated PKCα phosphorylates serine-880 (S880) 

of the GluR2 subunit (Chung et al., 2003) mediating the receptor 

internalization through a clathrin-dependent process (Wang and 

Linden, 2000; Xia et al., 2000; Hájos et al., 2001). Considering the 

role of IL-1β in regulating synaptic excitability and the modification 

of GluR2 AMPAR expression by IL-1RA administration, it is 

plausible to hypothesize that IL-1β is exerting its effects on 

synaptic plasticity regulation through the activation of PKC 
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signaling. However, further examination is required to elucidate 

the specific IL-1β/GluR2 pathway involved in the modulation of 

GluR2 AMPAR receptor subunit expression under THC-withdrawal 

conditions.  

 

 

Figure 39. Effect of THC exposure in the neuronal circuit of the cerebellar cortex. (A) 

Schematic time-course for repeated THC exposure over the days of cannabinoid 

administration and subsequent withdrawal, representing the microglial reactivity, CB1R 

and CB2R levels, IL-1β and COX-2 expression and cerebellar functional assessment in 

behavioral paradigms in mice. (B) Neuronal circuit in the cerebellar cortex under control 

conditions, with the main cell populations (Purkinje cells, granular cells and resting 

microglia), and the main fibers contacting Purkinje neurons (climbing fibers and parallel 

fibers). (C) Chronic THC exposure downregulates CB1R expression in the cerebellar 
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parallel fibers, and may have anti-neuroinflammatory effects on microglial reactivity. (D) 

After THC withdrawal, microglial cells in the cerebellar cortex become activated 

producing IL-1β release and impairing cerebellar functionality (Modified from Cutando, 

2015. The Handbook of Cannabis and Related Pathologies. In press). 

These previous findings clearly reveal the essential role of 

microglia in the control of synaptic strength and plasticity in the 

normal adult CNS. Considering the cerebellar functional deficits 

that we observed accompanied by increased IL-1β expression, we 

assessed the relevance of IL-1β signaling in these impairments 

using the IL-1RA. IL-1RA administration was evaluated on the 

motor coordination alterations detected in THC-withdrawn, CB1R 

KO and CB1α6_ mice. IL-1RA administration recovered the 

cerebellar conditioned learning and motor coordination skills in all 

the experimental conditions evaluated (Figure 40). However, the 

number of conditioned responses recorded in the eyeblink 

conditioning test was markedly different on the last three days of 

conditioning in THC-withdrawn and CB1R KO mice. Indeed, IL-1RA 

treatment produced a transitory improvement on the number of 

conditioned responses in CB1R KO mice starting from the first 

administration and only during IL-1RA treatment, whereas 

conditioned response improvement in THC-withdrawn mice was 

observed even beyond the IL-1RA treatment cessation. These 

results suggest that effects of IL-1RA administration were less 

relevant in those conditions were the microglial reactivity was 

markedly enhanced, such as the highest dose of THC tested (20 
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mg/kg) or the CB1R KO mice. However, minocycline administration 

did not produce its improving effects in the eyeblink conditioning 

after a single administration as IL-1RA did. Indeed, IL-1RA effects 

were maximal even after the first administration, while 

minocycline treatment took three days to show a significant effect. 

These results are in agreement with the idea that IL-1β acts as the 

direct effector molecule produced under activated microglial 

conditions. In contrast, minocycline may be associated with a 

switch in microglial activation status from ameboid reactive 

phenotype to a nonreactive state in which IL-1β signaling is 

gradually reduced. Therefore, IL-1β seems to directly regulate the 

Purkinje cell excitability and their synaptic transmission critically 

affecting the cerebellar output under ECS dysregulation.  

 

2. Involvement of Arc in the cerebellar synaptic plasticity 

In this thesis, we evaluated the Purkinje cell activity through the 

expression of Arc/Arg3.1 early gene. Neuronal plasticity, induced 

by behavioral experience and learning, has been considered to 

involve transcriptional and translational changes in Arc/Arg3.1 

early gene (Bramham et al., 2008). Arc expression in Purkinje cells 

has been investigated during cerebellar learning using the rat 

eyeblink conditioning. The number of Purkinje cells with positive 

expression of Arc protein was significantly increased in the 

cerebellar cortex after a single training session of delayed 

conditioning (Kim and Thompson, 2011). In agreement, a rapid 
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enhancement in Arc protein levels was revealed in the early phase 

of conditioning during acquisition in an in vitro classical 

conditioning model of the turtle eyeblink reflex (Keifer, 2003; 

Mokin et al., 2006). This response was not observed at later stages 

of conditioning. Our results demonstrated enhanced Arc expression 

after motor coordination performance in THC-withdrawn and 

CB1R KO mice. This result may be explained by differences in the 

experimental models used to evaluate the cerebellar conditioned 

learning (in vivo versus in vitro models) and the species employed 

(mouse versus rat).  

Enhanced Arc expression was determined in the Purkinje cells 

from THC-withdrawn, CB1R KO and MAGL KO mice. The increased 

Purkinje cell activity may result in inhibition in the Purkinje cell 

projecting area, the deep cerebellar nuclei, which are considered 

the main output region from the cerebellum. Therefore, these data 

suggest that the enhanced Purkinje cell activity revealed in THC-

withdrawn, CB1R KO and MAGL KO mice would lead to cerebellar 

functional alterations in motor coordination and associative 

learning tasks.  

 

3. CB1R dysregulation and glutamatergic transmission 

CB1Rs are highly expressed in the parallel fiber terminals in the 

cerebellar molecular layer and in the inhibitory interneurons of the 

Pinceau formation (Kawamura et al., 2006). The ECS is strongly 
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activated during glutamate spillover at the parallel fiber-Purkinje 

cell synapse in order to rapidly reduce glutamate release (Marcaggi 

and Attwell, 2005). The expression of CB1R is five to six times 

higher in the GABAergic interneurons than in the parallel fiber 

terminals. However, inhibitory and excitatory synapses require the 

same Ca2+ concentration peak for transient retrograde synaptic 

suppression, suggesting that both types of terminals in the 

cerebellum have similar cannabinoid sensitivity (Kawamura et al., 

2006). The diverse CB1R-associated intracellular signaling 

pathways in excitatory and inhibitory terminals may be 

responsible. In this regard, in the hippocampus, CB1Rs in 

glutamatergic terminals are less abundant but better coupled to G-

protein signaling than CB1Rs in GABAergic terminals (Steindel et 

al., 2013). Thus, CB1R activation may induce suppression of 

neurotransmitter release more effectively at excitatory than at 

inhibitory terminals (Steindel et al., 2013).  

CB1R at parallel fibers and mGluR1 at Purkinje cells are both 

located at the perysinaptic region (Brenowitz and Regehr, 2005; 

Maejima et al., 2005; Kawamura et al., 2006). Therefore, CB1R at 

parallel fiber terminals may detect endocannabinoids more 

effectively because of its closer proximity to the endocannabinoid 

release sites making glutamate suppression by endocannabinoids 

more efficient. Experimental conditions where CB1R were 

markedly downregulated in the parallel fibers would result in 

enhanced glutamate release and excitatory transmission to 

Purkinje cells. In agreement, increased excitatory postsynaptic 
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activity was reported in cerebellar Purkinje cells after THC-sub-

chronic treatment when CB1Rs were significantly downregulated 

(Tonini et al., 2006). In contrast, our studies revealed a noteworthy 

reduction in the Purkinje cell excitatory postsynaptic transmission 

5 days after the THC-sub-chronic treatment cessation. The almost 

restored CB1R levels 5 days after the last THC injection together 

with other molecules that might change glutamate spillover from 

presynaptic parallel fiber terminals, may explain the decreased 

excitatory postsynaptic activity revealed in THC-withdrawn mice. 

Indeed, molecules released from microglial cells such as ATP or 

TNF-α have been postulated to modify the neurotransmitter 

release from presynaptic terminals influencing the glutamatergic 

transmission (Bennett et al., 2009; Poon et al., 2013). Similar 

results were observed in MAGL KO mice, revealing the high 

sensitivity and effectiveness of CB1R signaling from parallel fibers 

in the regulation of the Purkinje cells excitability.  
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Figure 40. Effect of THC exposure at the synaptic level in the cerebellar cortex. (A) 

CB1Rs are heavily expressed in glutamatergic terminals of parallel fibers, where they 

control glutamate release onto Purkinje cell postsynaptic terminals. Resting microglia 

express low levels of CB2R. (B) Withdrawal of THC after its chronic exposure produces 

microglial cell activation that enhances CB2R expression and IL-1β release, increasing 

Purkinje cell excitability and affecting cerebellar function. (C) Reduced microglial 

reactivity by minocycline under conditions of THC withdrawal re-establishes Purkinje cell 

excitability and cerebellar function (from Cutando, 2015. The Handbook of Cannabis and 

Related Pathologies. In press) 



 

Discussion 
 

  

262 
 

4. Cerebellar synapses and glutamate transporters in 

cerebellar functionality 

In the mature cerebellum, Bergmann glial cells are closely 

associated with Purkinje neurons, enclosing both somata and 

synapses in a glial sheath (Grosche et al., 2002; Bellamy, 2006). 

Stimulation of both climbing fiber and parallel fiber terminals 

results in the generation of complex inward currents in Bergmann 

glial cells. Indeed, glutamate transporters, mainly EAAT1/GLAST 

and EAAT2/GLT-1, and AMPAR expressed on the Bergmann glial 

cells are the principal targets for glutamate released during 

synaptic transmission (Bellamy, 2006; Takayasu et al., 2009). 

Synaptically released glutamate must be strictly regulated by 

glutamate transporters in Purkinje cell synapses to protect neurons 

from excitotoxicity guaranteeing the correct performance of 

cerebellar learning tasks. Accordingly, GLAST KO mice (Takayasu et 

al., 2009) and inducible double KO animals to ablate GluR1 and 

GluR4 AMPAR subunits selectively in astrocytes (Iino et al., 2001; 

Saab et al., 2012), presented impaired motor coordination and 

cerebellar learning performance (Buffo and Rossi, 2013). In this 

context, we observed that GLAST blockade by UCPH-101 triggered 

enhanced microglial reactivity in the cerebellar molecular layer 

from CD1 wild-type mice (data not shown in this thesis). This result 

may suggest that microglial reactivity detected in our experimental 

conditions, where cerebellar functions are impaired, might result 

from a glutamate mishandling at the synaptic cleft.  
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In a model of multiple sclerosis, IL-1β released from activated 

microglial cells reduced GLAST expression in Bergmann glia and 

the glutamatergic transmission in Purkinje cells (Mandolesi et al., 

2013). Interestingly, IL-1RA injection normalized GLAST 

expression and the severity of the clinical course of this disease, 

revealing that neuronal/glial circuitry in the cerebellum is 

particularly sensitive to glutamate modifications directly affecting 

the cerebellar functionality (Mandolesi et al., 2013).  

 

5. Role of COX-2 in the regulation of microglial reactivity and 

motor coordination tasks related to ECS dysregulation 

The neuroinflammatory state detected in THC-withdrawn, 

CB1RKO, CB1α6_ and MAGL KO mice was also associated with an 

enhanced expression of COX-2. Interestingly, in THC-withdrawn 

and CB1R KO mice the pharmacological blockade of COX-2 by the 

specific inhibitor NS-398 prevented both the motor coordination 

deficits and the microglial reactivity in the cerebellum. These 

results suggest the crucial role of COX-2 in the control of the 

cerebellar functions, postulating the inhibition of COX-2 as a 

pharmacological approach to abolish the relevant adverse effects of 

cannabis on motor coordination.  

In the cerebellum, COX-2 expression has been ascribed to Purkinje 

cells (Kaufmann et al., 1996) and to basket cells (Cristino et al., 

2008). In agreement, the results presented in this thesis show that 
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COX-2 immunoreactivity in the cerebellum of wild-type mice 

colocalized with the vesicular GABA transporter (a marker of 

GABAergic neurons), but not with the vesicular glutamate 

transporter 1 (VGluT1) (a marker of glutamatergic terminals) or 

with GFAP (a marker of astroglial cells). Moreover, immunoblot 

experiments revealed an enhancement in the expression of COX-2 

in cerebellar samples from THC-withdrawn, CB1R KO and MAGL 

KO mice. Our results are somewhat reminiscent of those obtained 

in hippocampal samples after a single high dose of THC, where 

COX-2 was induced in a dose and time-dependent manner mainly 

in astrogilal cells (Chen et al., 2013). However, the specific 

cerebellar cellular localization of the COX-2 enhancement in our 

experimental conditions remains to be elucidated. 

COX-2 converts arachidonic acid and endocannabinoids, mainly 2-

AG, to prostaglandin-ethanolamides, such as prostaglandin E2 

(PGE2) (Alhouayek and Muccioli, 2014). Therefore, COX-2 may 

regulate endocannabinoid levels within the postsynaptic neuron, 

directly influencing the endocannabinoid retrograde synaptic 

transmission.  

Notably, PGE2 produced by enhanced COX-2 activity modifies 

glutamatergic synaptic transmission and produces neurotoxicity 

through an ERK-MAPK-NF-ΚΒ signaling dependent-pathway in 

hippocampal neurons in culture (Sang et al., 2007). Similarly, it has 

been reported that THC chronic treatment increases hippocampal 

COX-2 activity and PGE2 production through a CB1R-ERK-MAPK-
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NF-ΚΒ signaling pathway (Chen et al., 2013). However, although 

our results revealed enhanced COX-2 expression in cerebellar 

homogenates of THC-withdrawn and CB1R KO mice, no significant 

activation of the ERK and MAPK pathways was observed in these 

samples (data not shown in this thesis). Therefore, alternative 

pathways might regulate the cerebellar activation of COX-2 in our 

experimental conditions, such as increased Ca2+ influx (Lin et al., 

2014) or PKC enhanced activity under IL-1R stimulation (Mifflin et 

al., 2002). 

THC exposure has been shown to affect synaptic and cognitive 

functions through alterations in glutamatergic synaptic 

transmission and the subsequent downregulation and endocytosis 

of glutamate receptor subunits (Tonini et al., 2006; Fan et al., 2010; 

Han et al., 2012; Chen et al., 2013). As a consequence, excessive 

glutamate release promotes alterations in glutamate receptors that 

modify intracellular Ca2+ levels at the postsynaptic neuron and 

trigger COX-2 expression (Chen et al., 2013). Similarly, we found 

that CB1R KO mice present a significant reduction in the GluR2 

AMPAR subunit expression. Interestingly, COX-2 inhibition 

prevented this decrease in a similar manner as described in 

hippocampal samples from THC-treated mice (Chen et al., 2013). 

All these data suggest that accumulation of glutamate in the 

extracellular space may happen secondary to the CB1R 

downregulation, contributing to changes in glutamate receptor 

subunit expression and altered intracellular Ca2+ levels, which may 

trigger COX-2 activation.  
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In addition, COX-2 may be also activated by IL-1β through IL-1R 

stimulation (Mifflin et al., 2002). Thus, IL-1β released from 

activated microglial cells in THC-withdrawn and CB1R KO mice 

may promote the enhancement in COX-2 expression in cerebellar 

Purkinje cells through its action on the IL-1R and its downstream 

signaling pathway.  

Our results show that NS-398 administration occluded cerebellar 

functional deficits in motor coordination revealed in the THC-

withdrawn and CB1R KO mice. In this regard, other studies have 

revealed that COX-2 expression modifies synaptic transmission and 

spine density in the hippocampus of THC-treated mice (Yang et al., 

2008; Chen et al., 2013). These alterations produced by THC were 

associated with impaired spatial working and fear memories. 

Interestingly, in those studies, COX-2 inhibition by NS-398 

prevented the alterations in synaptic transmission and improved 

cognitive performance in THC-treated mice (Chen et al., 2013). 

Altogether, these results demonstrate that COX-2 plays a crucial 

role in the negative effects associated with cannabis consumption 

and suggests the interest of this molecule to minimize, for example, 

the potential side effects related to therapeutic application of 

cannabis.  

PGE2 actions are mediated by four subtypes of prostaglandin 

receptors (EPs), designated as EP1, EP2, EP3 and EP4, which have 

distinctive signal transduction profile and cellular actions 

(Narumiya, 2007). EPs are heterogeneously expressed in the brain 
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(Zhu et al., 2005). Among all these receptors, EP2 is abundantly 

expressed in the hippocampus. In this brain structure, EP2 is 

located presynaptically and plays a key role in the modulation of 

synaptic transmission (Sang et al., 2005). In the cerebellar area, the 

mRNA expression of EP2 is very low or null in normal conditions 

(Zhang and Rivest, 1999). However, EP2 expression is enhanced in 

the microglial cells after injury or infection. Indeed, PGE2 acting on 

the EP2 receptors mediate inflammation and classical microglial 

activation (Johansson et al., 2013; Quan et al., 2013). Supporting 

this role, it was described that the conditional deletion of EP2 

receptors in myeloid lineage cells, mainly macrophages and 

microglia, attenuated systemic inflammation and decreased 

hippocampal Tnfa, Il1b and Il6 mRNA expression after LPS 

injection. In addition, the conditional deletion of EP2 receptors also 

reduced the number of Iba1-stained microglial cells after LPS 

administration in hippocampal sections (Johansson et al., 2013). 

Altogether, these data demonstrate the important role of EP2 

receptors in the modulation of the microglial reactivity.  

We evaluate the expression of EP2 receptors in cerebellar 

homogenates from THC-withdrawn and CB1R KO mice. 

Immunoblot experiments revealed the increase in EP2 receptor 

expression under our experimental conditions. Interestingly, NS-

398 administration reduced EP2 receptor expression and abolished 

cerebellar microglial reactivity in THC-withdrawn and CB1R KO 

mice. These results postulate that COX-2 activation may underlie 

the microglial activation process observed in THC-withdrawn and 
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CB1R KO mice. Thus, PGE2 produced after COX-2 activation would 

interact on EP2 receptors expressed on microglial cells to regulate 

cerebellar inflammation. Nevertheless, more experiments are 

required to clarify the specific role of EP2 receptors in the 

activation of cerebellar microglia and in the control of motor 

coordination. 

Significant enhanced COX-2 expression levels were also observed 

in the cerebellum of MAGL KO mice. MAGL KO mice present 30-fold 

increased 2-AG expression levels in comparison to wild-type mice 

(Chanda et al., 2010). 2-AG is mainly hydrolyzed by MAGL although 

other enzymes such as COX-2 may also participate in this 

degradation. Thus, enhanced COX-2 expression in MAGL KO mice 

may be the result of a compensatory mechanism to counterbalance 

the increased 2-AG levels (Figure 41).  

Noteworthy, neuroinflammation in the cerebellar molecular layer 

and significant impairments in fine motor coordination were also 

detected in MAGL KO mice. The microglial reactivity detected in 

MAGL KO mice was unexpected since 2-AG acting on CB2Rs may 

occlude microglial activation. Thus, microglial cells might be 

activated as the result of alternative pathways. For instance, PGE2 

produced by enhanced COX-2 activity may activate microglial cells 

acting on the EP2 receptors, as it is indicated in Figure 41. 

However, additional experiments are required to elucidate the 

mechanisms underlying the microglial reactivity in MAGL KO mice.  
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Additionally, we revealed significant alterations in parallel fiber-

Purkinje cell glutamatergic transmission in adult MAGL KO mice. 

These alterations could be the result of 2-AG effect on presynaptic 

CB1R. Previous experiments also detected a similar reduction in 

parallel fiber-Purkinje cell EPSCs amplitude in MAGL KO animals at 

postnatal day 10-14 mice (Zhong et al., 2011). Our results show 

that the alterations in the glutamatergic transmission described in 

postnatal day 10-14 mice are still present in the adult cerebellum 

at 2 months of age. These modifications in glutamatergic synaptic 

transmission might explain the fine motor coordination 

impairments observed in MAGL KO mice (Figure 41).  
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Figure 41. Proposed model to explain the neuronal/glial circuitry in the molecular 

layer of the cerebellum of MAGL KO mice. (A) In wild-type mice, endocannabinoids 

acting on the presynaptic CB1R mediate the suppression of glutamate release. (B) MAGL 

KO mice present significant suppression in the glutamate release from the parallel fiber 

presynaptic terminals and significant CB1R downregulation. At the postsynaptic level, 

increased Purkinje cell activity revealed by enhanced Arc expression was detected in 

cerebellar slices from MAGL KO mice. In addition, COX-2 expression was found 

significantly enhanced in the Purkinje cells from MAGL KO mice, suggesting that PGE2 

released from COX-2 activation may trigger the microglial activation process observed in 

MAGL KO mice. Altogether, these changes produced significant alterations in fine motor 

coordination performance in MAGL KO mice. 

 

Changes in the GluRδ2 were also detected in MAGL KO mice. This 

type of glutamate receptor subunit has been found critical in 

cerebellar LTD performance (Kohda et al., 2007) and its expression 

depends on the extracellular glutamate concentrations (Hirai, 

2001). The striking enhancement in GluRδ2 expression in MAGL 

KO animals might be the result of modifications in the 

glutamatergic transmission as a compensatory mechanism for the 

reduced amplitude in the excitatory Purkinje cell currents (Figure 

41). Therefore, these results suggest that 2-AG is a crucial element 

in the cerebellar circuitry and in the control of fine motor 

coordination tasks.  

In summary, our results demonstrate the important role of the ECS 

in the regulation of the cerebellar functionality, where microglial 

cells play a pivotal part in the control of fine motor coordination 

tasks (Figure 42). These experiments have allowed to determining 

that IL-1β and COX-2 are key molecules involved in the regulation 

of glial/neuronal circuitry, which mediate the adverse effects of 
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THC on motor coordination performance. The inhibition of these 

pathways prevented the undesirable effects associated to cannabis 

exposure. These data postulate the inhibition of IL-1β and COX-2 as 

a preventive intervention to avoid specific deleterious effects of 

potential cannabis-based treatments.  



 

Discussion 
 

  

273 
 

A
)

C
B

1
R

 K
O

 m
ic

e
B

) 
T

H
C

-t
re

a
te

d
m

ic
e

C
) 

W
il

d
-t

y
p

e
m

ic
e

D
) 

T
H

C
-w

it
h

d
ra

w
n

m
ic

e
E

) 
M

A
G

L 
K

O
 m

ic
e

M
ic

ro
g

li
a

l
re

a
ct

iv
it

y
M

ic
ro

g
li

a
l

re
a

ct
iv

it
y

M
ic

ro
g

li
a

l
re

a
ct

iv
it

y
M

ic
ro

g
li

a
l

re
a

ct
iv

it
y

M
ic

ro
g

li
a

l
re

a
ct

iv
it

y

C
O

X
-2

 e
xp

re
ss

io
n

C
O

X
-2

 e
xp

re
ss

io
n

C
O

X
-2

 e
xp

re
ss

io
n

C
O

X
-2

 e
xp

re
ss

io
n

C
O

X
-2

 e
xp

re
ss

io
n

M
o

to
r 

co
o

rd
in

a
ti

o
n

M
o

to
r 

co
o

rd
in

a
ti

o
n

M
o

to
r 

co
o

rd
in

a
ti

o
n

M
o

to
r 

co
o

rd
in

a
ti

o
n

M
o

to
r 

co
o

rd
in

a
ti

o
n

S
ti

m
u

lu
s

in
te

n
si

ty
(u

A
)

AvergeEPSCs(nA)

W
T

C
B

1
R

 K
O

C
a

2
+

D
A

G
L

C
O

X
-2

P
K

C

P
F

S
ti

m
u

lu
s

in
te

n
si

ty
(u

A
)

AvergeEPSCs(nA)

W
T

T
H

C
-

tr
e

a
te

d
m

ic
e

(T
o

n
in

ie
t 

a
l.

, 
2

0
0

6
)

S
ti

m
u

lu
s

in
te

n
si

ty
(u

A
)

AvergeEPSCs(nA)

W
T



(O
B

JE
C

T
IV

E
 2

; 
in

 t
h

is
 t

h
e

si
s)

S
ti

m
u

lu
s

in
te

n
si

ty
(u

A
)

AvergeEPSCs(nA)

W
T T
H

C
-

w
it

h
d

ra
w

n
m

ic
e

S
ti

m
u

lu
s

in
te

n
si

ty
(u

A
)

AvergeEPSCs(nA)

W
T M

A
G

L 
K

O
 

m
ic

e

(O
B

JE
C

T
IV

E
 3

; 
in

 t
h

is
 t

h
e

si
s)

P
F

P
C

P
F

P
C

P
F

P
C

P
F

P
C

P
F

P
C

M
ic

ro
g

lia
M

ic
ro

g
lia

M
ic

ro
g

lia
M

ic
ro

g
lia

M
ic

ro
g

lia

 

  



 

Discussion 
 

  

274 
 

 

 

 

 

 

 

 

Figure 42. Schematic diagram of the main alterations detected in the experimental 

conditions assessed in this thesis. (A) CB1R KO mice would present enhanced 

glutamate release, increased parallel fiber-Purkinje cell EPSCs amplitude, microglial 

reactivity, enhanced COX-2 expression and impaired motor coordination. (B) THC-sub-

chronically-treated mice would present a significant CB1R downregulation, increased 

glutamate release, enhanced parallel fiber-Purkinje cell EPSCs amplitude, microglial 

reactivity, increased COX-2 expression and impaired motor coordination. (C) Control 

conditions. (D) THC-withdrawal produces an enhancement in the microglial reactivity 

and increased COX-2 expression. THC-withdrawal is associated with noteworthy motor 

coordination impairments. Patch clamp experiments revealed significant reduction in the 

parallel fiber-Purkinje cell EPSCs amplitude, although a slightly CB1R downregulation was 

detected in cerebellar samples from THC-withdrawn mice. We postulate that activated 

microglia would release molecules that may modify pre-synaptic parallel fiber 

neurotransmitter release, and secondary, the amplitude of the parallel fiber-Purkinje cell 

EPSCs. (E) MAGL deletion produces cerebellar microglial activation, enhanced COX-2 

expression, and alterations in motor coordination. As in THC-withdrawn mice, patch 

clamp experiments revealed significant decrease in the parallel fiber-Purkinje cell EPSCs 

amplitude although a slightly CB1R downregulation was detected in cerebellar molecular 

layer from MAGL KO mice. We postulate that activated microglia would release molecules 

that may modify pre-synaptic parallel fiber neurotransmitter release, affecting the 

amplitude of the parallel fiber-Purkinje cell EPSCs. PF: parallel fiber; PC: Purkinje cell. 
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The main conclusions of the work presented in this thesis can be 

summarized as follows: 

1) Alterations in the ECS, such as CB1R downregulation by the 

THC-sub-chronic treatment, CB1R and MAGL genetic deletion 

produce cerebellar conditioned learning deficits and motor 

coordination impairments. 

 

2) Cerebellar functional deficits produced by THC-sub-chronic 

administration are still present 5 days after the THC cessation.  

 

3) THC withdrawal, CB1R and MAGL deletion trigger molecular 

and cellular neuroinflammation in the cerebellar molecular 

layer, characterized by microglial reactivity and enhanced IL-

1β and COX-2 expression. 

 

4) THC withdrawal and CB1R deletion from parallel fibers 

enhance CB2R expression in microglial cell population. 

 

5) Microglial activation blockade by minocycline ameliorates 

cerebellar functional deficits detected in THC-withdrawn and 

CB1R KO mice. 

 

6) CB1R downregulation is critical for cerebellar 

neuroinflammation and motor impairment. CB1R from parallel 

fibers seems to be crucial for the motor coordination 

performance since its deletion triggers significant cerebellar 
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functional impairments and microglial reactivity in the 

cerebellar molecular layer. 

 

7) IL-1R signaling blockade improves cannabinoid-mediated 

cerebellar deficits suggesting a key role of IL-1β signaling in 

the modulation of cerebellar functionality. 

 

8) THC-withdrawal and MAGL removal trigger significant 

reduction in the parallel fiber-Purkinje cell EPSCs amplitude. 

 

9) COX-2 expression is significantly enhanced in Purkinje cells 

from THC-withdrawn, CB1R and MAGL KO mice. COX-2 sub-

chronic inhibition by NS-398 prevents cerebellar microglial 

reactivity and ameliorates motor coordination deficits detected 

in THC-withdrawn and CB1R KO mice.  

 

10)  NS-398 sub-chronic administration abolishes the 

modifications in glutamate AMPAR subunits detected in CB1R 

KO mice, suggesting a key role of COX-2 in the modulation of 

the cerebellar glutamatergic synaptic transmission. 

 

11)  MAGL KO mice present cerebellar neuroinflammation, 

significant motor coordination impairments and altered 

glutamatergic transmission, pointing this enzyme as a key 

factor in the control of cerebellar functionality.
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Supplementary Figure 1. (a) Generation of DBH-CB1-KO mice. CB1 floxed mice 

were crossed with mice expressing Cre recombinase under the regulatory sequences 

of the dopamine β-hydroxylase (DBH) gene (DBH-Cre). (b) Generation of DBH-

CB1-RS mice. Stop-CB1 mice contain a floxed transcriptional Stop cassette in the 5′ 

untranslated region (5’UTR) of the main coding exon of the CB1 receptor gene, 32 

nucleotides upstream of the translational start codon. Phenotypically, these mice are 

like complete CB1 receptor deficient mice. Stop-CB1 mice were crossed with DBH-

Cre mice. DBH-Cre mediated the excision of the floxed transcriptional Stop cassette 

only in DBH-positive cells, and hence, in the line DBH-CB1-RS, CB1 receptor was 

only functionally expressed (“rescued”) in DBH-positive cell. (c) When Stop-CB1 

mice were crossed with the general deleter mouse line Ella-Cre27, functional rescue of 

CB1 receptor in all tissues was achieved (named CB1-RS mice).  
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Supplementary Figure 2. Total exploration time in the object-recognition 

memory test. a) Schematic representation of the experimental approach. (b) No 

significant differences between groups were revealed in the total time that mice 

dedicated to explore the two different objects during the object-recognition memory 

test after the exposure to foot-shock and (c) tail suspension compared to non-stressed 

mice (n = 5-10). This finding proves that there are no changes in total activity as a 

consequence of stress exposure. Data are expressed as mean ± S.E.M. 
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Supplementary Figure 3. Effect of a protein synthesis inhibitor in the object-

recognition test. Discrimination index in the novel object-recognition test was 

evaluated in animals treated with the protein synthesis inhibitor anisomycin (15 

mg/kg, i.p.) immediately after the training session, i.e., 20 min before receiving the 

foot-shock (n = 5-7). Data are expressed as mean ± S.E.M.. ** P < 0.01 vs. non-

stressful condition; ## P < 0.01 vs. vehicle. 
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Supplementary Figure 4. An amnesic dose of corticosterone did not induce an 

impairment of a non-emotional long-term memory. Discrimination index values 

for long-term memory were obtained in the object recognition memory test in animals 

injected with an amnesic dose of corticosterone (3 mg/kg) at different time points 

after the training session (n = 8-10). Data are expressed as mean ± S.E.M. * P < 0.05, 

** P < 0.01, *** P < 0.001 vs. vehicle.  
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Supplementary Figure 5. (a) The CB2 antagonist AM630 (1 mg/kg) administered 

immediately after the training session and 20 min before stress exposure did not 

prevent the memory deficit caused by the exposure to the foot-shock or (b) by the 

administration of an acute amnesic dose of corticosterone (3 mg/kg) (n = 5). Data are 

expressed as mean ± S.E.M. *** P < 0.001 vs. non-stressful condition.  
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Supplementary Figure 6. The administration of the peripheral CB1 receptor 

antagonist AM6545 (1 mg/kg) did not prevent the memory deficit produced by THC 

(3 mg/kg) in the consolidation of a long-term memory in the novel object-recognition 

test (n = 4-6). Data are expressed as mean ± S.E.M. *** P < 0.001 vs. vehicle.  
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Supplementary Figure 7. Discrimination index values in the novel object 

recognition test were obtained for the constitutive CB1 receptor deficient mice treated 

with an amnesic dose of corticosterone (3 mg/kg) 20 min after the training session (24 

hours before the test) (n = 5 - 8). Data are expressed as mean ± S.E.M. *** P < 0.001 

vs. vehicle; ### P < 0.001 vs. WT. 
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Supplementary Figure 8 DBH-CB1-RS and CB1-RS animals present similar results 

in (a) the modified Irwin test and (b) horizontal and (c) vertical locomotor activity as 

the WT controls and the CB1-KO animals (n= 5-6). Data are expressed as mean ± 

S.E.M. 
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Supplementary Figure 9. All drugs used in the study were analyzed for (a-b) acute  

analgesia (hot plate test) and (c) anxiety (elevated plus-maze) in order to avoid a 

possible bias due to their intrinsic effect (n = 6-7). No differences were found in any 

test compared to the vehicle control. Data are expressed as mean ± S.E.M. 
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