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Abstract  22 

Endocannabinoids are diffusible lipophilic molecules that may spread to neighboring 23 

synapses. Monoacylglycerol lipase (MAGL) is the principal enzyme that degrades the 24 

endocannabinoid 2-arachidonoylglycerol (2-AG). Using knockout mice in which MAGL is deleted 25 

globally or selectively in neurons and astrocytes, we investigated the extent to which neuronal 26 

and astrocytic MAGL limit the spread of 2-AG-mediated retrograde synaptic depression in 27 

cerebellar slices. A brief tetanic stimulation of parallel fibers in the molecular layer induced 28 

synaptically evoked suppression of excitation (SSE) in Purkinje cells, and both neuronal and 29 

astrocytic MAGL contribute to the termination of this form of endocannabinoid-mediated synaptic 30 

depression. The spread of SSE among Purkinje cells occurred only after global knockout of 31 

MAGL or pharmacological blockade of either MAGL or glutamate uptake, but no spread was 32 

detected following neuron- or astrocyte-specific deletion of MAGL. The spread of 33 

endocannabinoid signaling was also influenced by the spatial pattern of synaptic stimulation as it 34 

did not occur at spatially dispersed parallel fiber synapses induced by stimulating the granular 35 

layer. The tetanic stimulation of parallel fibers did not induce endocannabinoid-mediated synaptic 36 

suppression in Golgi cells even after disruption of MAGL and glutamate uptake, suggesting that 37 

heightened release of 2-AG by Purkinje cells does not spread the retrograde signal to parallel 38 

fibers that innervate Golgi cells. These results suggest that both neuronal and astrocytic MAGL 39 

limit the spatial diffusion of 2-AG and confer synapse-specificity of endocannabinoid signaling. 40 

 41 

 42 
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Significance Statement  43 

2-Arachidonoylglycerol (2-AG) is an endogenous cannabinoid that depresses synaptic 44 

transmission through stimulation of CB1 receptors. Monoacylglycerol lipase (MAGL), the enzyme 45 

responsible for the majority of 2-AG degradation, is expressed by both neurons and astrocytes. 46 

We studied the extent to which neuronal and astrocytic MAGL contribute to termination of 2-AG 47 

signaling in the cerebellum. We show that 2-AG-mediated synaptic depression was prolonged in 48 

mutant mice that lack MAGL entirely or selectively in either neurons or astrocytes, and that total 49 

loss of MAGL causes diffusion of 2-AG to neighboring synapses. These results suggest that 50 

neurons and astrocytes collaborate to terminate 2-AG-mediated synaptic depression and limit 51 

the spread of 2-AG signaling. 52 

 53 

 54 

  55 
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Introduction 56 

Endocannabinoids mediate multiple forms of retrograde synaptic depression including 57 

depolarization-induced suppression of excitation (DSE), inhibition (DSI) (Kreitzer and Regehr, 58 

2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) and synaptically evoked suppression 59 

of excitation (SSE) induced by the activation of group I mGluRs (Brown et al., 2003; Maejima et 60 

al., 2001; Maejima et al., 2005; Marcaggi and Attwell, 2005; Tanimura et al., 2009; Zhong et al., 61 

2011). Accumulating evidence indicates that the endocannabinoid 2-arachidonoylglycerol (2-AG) 62 

mediates retrograde synaptic depression (reviewed by Heifets and Castillo, 2009; Kano et al., 63 

2009). Levels of the endocannabinoid 2-AG are tightly controlled by “on-demand” synthesis 64 

through diacylglycerol lipase (Gao et al., 2010; Hashimotodani et al., 2013; Tanimura et al., 2010; 65 

Yoshino et al., 2011) and rapid degradation through serine hydrolases, primarily 66 

monoacylglycerol lipase (MAGL) (Blankman et al., 2007). Previous studies have shown that 67 

pharmacological inhibition or global genetic deletion of MAGL substantially prolonged DSE in the 68 

cerebellum and DSI in the hippocampus (Hashimotodani et al., 2007; Pan et al., 2009; Pan et al., 69 

2011; Tanimura et al., 2012; Zhong et al., 2011), suggesting that hydrolysis of 2-AG by MAGL 70 

terminates the endocannabinoid-mediated retrograde synaptic suppression. 71 

As a diffusible lipophilic messenger, 2-AG may spread from its point of release to 72 

unstimulated synapses. In the hippocampus, DSI induced in a CA1 pyramidal neuron could 73 

spread to a nondepolarized neuron whose soma is separated by ~20 µm (Wilson and Nicoll, 74 

2001). In the cerebellum, DSE spreads from one Purkinje cell (PC) to a neighboring PC at room 75 

temperature (24°C), but not at physiological temperature (34°C) (Kreitzer et al., 2002); mGluR 76 
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driven endocannabinoid-mediated synaptic depression does not spread to neighboring PCs or to 77 

nearby unstimulated synapses on the same PC (Brown et al., 2003; Maejima et al., 2001). Thus, 78 

endocannabinoid signaling is spatially restricted at most types of synapses but can spread at a 79 

short distance at other synapses. Given the pivotal role of MAGL in 2-AG metabolism, it stands to 80 

reason that MAGL limits the spread of the 2-AG signal and therefore confers cell- and 81 

synapse-specificity of endocannabinoid-mediated synaptic suppression. 82 

In recent years, there has been an increasing appreciation that glial cells are integral 83 

parts of the endocannabinoid system (Han et al., 2012; Navarrete and Araque, 2008). MAGL is 84 

not only expressed in neurons, but also in astrocytes (Tanimura et al., 2012; Viader et al., 2015). 85 

Using conditional knockout mice in which MAGL was deleted globally and specifically in neurons 86 

and astrocytes, recent studies have shown that neuronal and astrocytic MAGL coordinately 87 

regulate brain 2-AG content and contribute to termination of DSE at the parallel fiber (PF)-PC 88 

synapses in the cerebellum and DSI in CA1 pyramidal neurons in the hippocampus (Viader et al., 89 

2015). These results suggest that both neuronal and astrocytic MAGL contribute to the 90 

termination of endocannabinoid-mediated retrograde synaptic depression.  91 

The cerebellar cortex forms an array of well-defined neural circuits and expresses one of 92 

the highest levels of cannabinoid receptors (CB1Rs) in the brain (Kawamura et al., 2006). PCs, 93 

the single output neurons in the cerebellar cortex, receive excitatory inputs from PFs and 94 

climbing fibers (Konnerth et al., 1990; Palay and Chan-Palay, 1974). Multiple forms of 95 

endocannabinoid-mediated retrograde synaptic suppression can be induced in the cerebellum 96 

(Heifets and Castillo, 2009; Kano et al., 2009; Marcaggi, 2015; Safo et al., 2006). Among them, 97 
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SSE induced by brief tetanic stimulation of PFs provides an excellent model for investigating the 98 

mechanisms of the spread of endocannabinoid signaling. Previous studies have shown that 99 

blocking calcium-dependent and -independent endocannabinoid release from the recorded PC 100 

with intracellular dialysis of calcium chelator BAPTA and G protein inhibitor GDP-βS abolished 101 

SSE (Brown et al., 2003; Maejima et al., 2001). Since the tetanic stimulation activates PF 102 

terminals that innervate a number of PCs, these studies suggest that 2-AG signaling is highly 103 

spatially restricted and does not spread from neighboring PCs to the recorded PC. In the present 104 

study, we explored factors that may allow the spread of SSE among PCs because it would 105 

provide novel insight into the mechanisms that confer spatial restriction of endocannabinoid 106 

signaling. We examined the extent of spread of SSE following global or cell type-specific 107 

disruption of MAGL or pharmacological blockade of glutamate transporters. We find that the 108 

2-AG signal could spread among PCs after global disruption of MAGL or glutamate uptake, while 109 

neuron- and astrocyte-specific deletion of MAGL had no significant effect. Thus, hydrolysis of 110 

2-AG by MAGL and glutamate reuptake by glutamate transporters limit the spread of 111 

endocannabinoid signaling among PCs.  112 

 113 

Material and Methods 114 

Animals  115 

All animal use was in accordance with protocols approved by our Institution’s Animal Care 116 

and Use Committee. Wildtype and MAGL global and cell-type specific knockout mice were 117 

generated and validated based on previous studies (Viader et al., 2015). Total MAGL knockout 118 
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(MAGL-TKO) and wild-type littermates were generated by breeding homozygous MgllloxP/loxP mice 119 

with Rosa26-Cre (Otto et al., 2009). Neuron-specific (MAGL-NKO) and astrocyte-specific 120 

(MAGL-AKO) were generated by crossing MgllloxP/loxP to Eno2-Cre mice (Frugier et al., 2000) and 121 

GFAP-Cre mice (Sofroniew, 2012; Tao et al., 2011) respectively, then backcrossing the resulting 122 

double heterozygotes (Cre+/-, Mgll+/loxP) to MgllloxP/loxP to produce cell type-specific MAGL 123 

knockout mice (Cre+/-, MgllloxP/loxP) and wild-type littermates (Cre-/-, MgllloxP/loxP). In the cerebellum, 124 

GFAP is exclusively expressed in Bergmann glia, a type of astrocytes that have their cell bodies 125 

in the PC layer and processes that extend into molecular layer (Nolte et al., 2001). Using a 126 

Cre-inducible Rosa26-tdTomato reporter line, previous studies showed that efficient 127 

Cre-mediated recombination occurs selectively in neurons and astrocytes throughout the brain of 128 

Eno2- and GFAP-Cre mice, respectively, and that MAGL is selectively deleted in targeted cell 129 

types (Viader et al., 2015). Genotyping was carried out by PCR using DNA sample obtained from 130 

the tail or ear.  131 

Slice preparation 132 

MAGL conditional knockout mice and wild-type littermates of either sex (13-18 days old) 133 

were anaesthetized by isoflurane inhalation and decapitated. The mouse brain was embedded in 134 

low-melting-point agarose, and parasagittal cerebellar slices (200-250 μm thick) were cut using a 135 

vibrating slicer (Leica VT1000s). Slices were prepared at 4-6°C in a solution containing (in mM): 136 

110 choline chloride, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgSO4, 26 NaHCO3, 25 glucose, 11.6 137 

sodium ascorbate, and 3.1 sodium pyruvate. The slices were incubated at room temperature for 138 

30-40 min in sucrose-based solution containing (in mM): 78 NaCl, 68 sucrose, 26 NaHCO3, 2.5 139 
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KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2 and 25 glucose. Then, the slices were allowed to recover for 140 

at least 1 hour in the artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, 141 

2.5 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose.  142 

Electrophysiology 143 

Whole-cell voltage-clamp recordings were made from PCs and Golgi cells in cerebellar 144 

slices. Cells were visualized using infrared-differential interference contrast optics (Nikon Eclipse 145 

FN1 and Olympus BX51WI) and a 40x water immersion lens. PF-PC EPSCs were evoked by 146 

placing a bipolar tungsten stimulation electrode (WPI) in molecular layer in most experiments but 147 

in the granular layer in experiments presented in Figure 4. PF-PC EPSCs showed graded 148 

responses and exhibited paired-pulse facilitation (Konnerth et al., 1990; Kreitzer and Regehr, 149 

2001). GABAA receptor blocker picrotoxin (50 µM) was present in the ACSF.   150 

Golgi cells were identified and distinguished from other cell types in the granular layer 151 

based on their relative large size (8-25 µm), biexponential capacitive currents, and the presence 152 

of Na+ current and monosynaptic EPSCs evoked by molecular layer stimulation (Beierlein et al., 153 

2007; Bureau et al., 2000; Dieudonne, 1995). Glass pipettes (2-3 MΩ) were filled with internal 154 

solutions containing (in mM): 140 K-gluconate, 5 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Mg-ATP, 155 

0.3 Na2GTP and 10 Na2-phosphocreatine (pH 7.3 with KOH). In experiments required for 156 

buffering intracellular calcium and blocking mGluR signaling, the internal solution contained the 157 

following (in mM): 80 K-gluconate, 5 KCl, 10 HEPES, 20 BAPTA, 2 MgCl2, 4 Mg-ATP, 2 GDP-βS 158 

(or 1 GTP-γS) and 10 Na2-phosphocreatine (~pH 7.3 with KOH). We found that storage of stock 159 

solution of GDP-βS or GTP-γS even at -80°C led to reduction of their effectiveness in blocking 160 
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SSE. GDP-βS or GTP-γS powder was weighted and freshly added into intracellular solution just 161 

before the experiments and was used within 3 hours. All recordings were performed at 32 ± 1°C 162 

by using an automatic temperature controller (Warner Instruments, Inc.).  163 

Chemicals 164 

Unless specified otherwise, all drugs were prepared as concentrated stock solutions and 165 

stored at -20 or -80°C before use. Picrotoxin, guanosine 5′-[β-thio] diphosphate trilithium salt 166 

(GDP-βS), guanosine 5’-[γ-thio]triphosphate tetralithium salt (GTP-γS) and 6-Cyano-7- 167 

nitroquinoxaline-2,3-dione disodium salt hydrate (CNQX) were purchased from Sigma-Aldrich, 168 

Inc. JZL184 was synthesized at Scripps Research Institute (Long et al., 2009). N-(Piperidin-1-yl) 169 

-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251), 170 

7-(Hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester (CPCCOEt) and 171 

DL-threo-β-benzyloxyaspartic acid (TBOA) were purchased from Tocris Bioscience. BAPTA 172 

-tetrapotassium was purchased from Life technologies.  173 

Data Analysis and Statistics  174 

The EPSC amplitude was normalized to the baseline. The decay time constant (τ) of SSE 175 

was measured using a single exponential function of y = y0 + k × exp(-x/τ), in which y is the 176 

magnitude of SSE, y0 is the peak magnitude of SSE, k is the constant multiplier, and x is the time. 177 

The magnitude of SSE (%) was calculated as follows: 100 x [(mean amplitude of 2 smallest 178 

EPSCs after tetanic stimulation/mean amplitude of 5 EPSCs before the tetanic stimulation)]. 179 

Values of 2-3 trials were averaged for each neuron. Data are presented as the mean ± SEM. 180 

Results were analyzed with one-way ANOVA or Student’s t-test. Results were considered to be 181 
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significant at p < 0.05.  182 

 183 
 184 

Results 185 

Both neuronal and astrocytic MAGL contribute to the termination of SSE 186 

A brief tetanic stimulation of PFs induces transient suppression of EPSCs in PCs; this 187 

synaptically evoked suppression of excitation (SSE) is mediated by synaptic activation of 188 

mGluR1 and subsequent recruitment of endocannabinoid signaling (Brown et al., 2003; Maejima 189 

et al., 2001; Marcaggi and Attwell, 2005, 2007; Tanimura et al., 2009). We examined the effects 190 

of MAGL-TKO, -NKO and -AKO on SSE at PF-PC synapses. A bipolar stimulation electrode was 191 

placed in the molecular layer to evoke EPSCs at 4 s intervals. SSE was induced by a brief tetanic 192 

stimulation (50 Hz, 1 s) of PFs in the molecular layer while the PC was voltage-clamped at -70 193 

mV (Tanimura et al., 2009). In wild-type slices, tetanic stimulation of the molecular layer induced 194 

SSE of PF-EPSCs (Fig. 1A,B). One-way ANOVA showed that genetic deletion of MAGL 195 

significantly prolonged the time course of SSE, as shown by increases in the decay time 196 

constant (τ) of SSE (F(3,37) = 22.46, p < 0.001). Tukey’s post hoc tests indicated that the τ of SSE 197 

was significantly prolonged in MAGL-TKO slices compared with that of wild-type slices (p < 0.001; 198 

Fig. 1B,C). MAGL-NKO and MAGL-AKO produced SSE with less dramatic but significantly 199 

prolonged duration (NKO vs. WT, p = 0.007; AKO vs. WT, p = 0.036; Fig. 1B,C). Interestingly, in 200 

wild-type, MAGL-NKO and AKO slices, SSE peaked immediately after the tetanic stimulation; but 201 

SSE has a slow onset in MAGL-TKO slices (Fig. 1A,B), suggesting that total loss of MAGL causes 202 

delayed 2-AG mobilization. Global or cell-type specific deletion of MAGL did not significantly alter 203 
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the magnitude of SSE (F(3,37) = 0.09, p = 0.966; Fig. 1D). In the presence of the CB1R antagonist 204 

AM 251 (2 µM), the tetanic stimulation induced indistinguishable post-tetanic potentiation (PTP) 205 

of EPSCs in wild-type and MAGL-TKO slices (Student’s t-test: t16 = 0.38, p = 0.708; Fig. 1E), 206 

confirming that the tetanic stimulation induced endocannabinoid-mediated suppression of 207 

PF-EPSCs. These results indicate that both neuronal and astrocytic MAGL made comparable 208 

contributions to the termination of SSE at PF-PC synapses.  209 

MAGL and glutamate uptake limit the spread of SSE  210 

In cerebellar slices, the SSE is restricted to synaptic inputs activated by the brief 211 

high-frequency stimulation and does not spread to neighboring synapses 20 μm apart from the 212 

site of stimulation on the same Purkinje cell (Brown et al., 2003). Furthermore, intracellular 213 

dialysis of pharmacological agents that block endocannabinoid release from the recorded PC 214 

abolishes SSE (Brown et al., 2003; Maejima et al., 2001). These results suggest that SSE does 215 

not spread among neighboring PCs or among independent PFs innervating the same PC. What 216 

might be the mechanisms for synapse-specificity of SSE? One possibility is that hydrolysis of 217 

2-AG by MAGL limits spatial diffusion of 2-AG along CB1R-expressing PF axonal terminals. In 218 

addition, the rapid uptake of glutamate by glutamate transporters prevents spillover of glutamate 219 

and subsequent activation mGluR1 on neighboring synapses (Brasnjo and Otis, 2001; Marcaggi 220 

and Attwell, 2005). We first explored whether global knockout of MAGL allowed the 2-AG signal 221 

to spread among PCs during SSE. The tetanic stimulation of PFs triggers 2-AG release not only 222 

from the recorded PC but also from neighboring PCs. Non-hydrolysable analogs of GTP 223 

(GTP-γS) and GDP (GDP-βS) cause persistent activation and inactivation of G proteins, 224 
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respectively. Previous studies have shown that intracellular dialysis of calcium chelator BAPTA 225 

and GDP-βS or GTP-γS abolished SSE and mGluR agonist DHPG-induced depression of 226 

EPSCs through blockade of calcium-dependent and -independent endocannabinoid release 227 

from the recorded PC (Brown et al., 2003; Maejima et al., 2001). If SSE remains following 228 

intracellular dialysis of BAPTA and GDP-βS or GTP-γS into the recorded PC, then it is 229 

suggestive that 2-AG produced from neighboring PCs spreads to PF terminals that innervate the 230 

recorded PC.  231 

PCs in the cerebellar slices were alternately loaded with control internal solution or 232 

internal solution containing BAPTA (20 mM) and GDP-βS (2 mM) or GTP-γS (1 mM). In wild-type 233 

slices, SSE remained stable with control internal solution (up to 1 hour), while intracellular 234 

dialysis of BAPTA (20 mM) and GDP-βS (2 mM) or GTP-γS (1 mM) via whole-cell pipettes 235 

gradually blocked SSE in ~15 min, resulting in PTP of PF-EPSCs (F(2,28) = 54.46, p <0.001; 236 

Control vs. BAPTA + GDP-βS: p < 0.001; Control vs. BAPTA + GTP-γS: p < 0.001; Fig. 2A,F). 237 

Intracellular dialysis of BAPTA and GDP-βS or GTP-γS significantly attenuated but did not 238 

completely block SSE in MAGL-TKO slices (F(2,27) = 10.92, p <0.001; Control vs. BAPTA + 239 

GDP-βS: p < 0.001; Control vs. BAPTA + GTP-γS, p = 0.003; Fig. 2B,F). The remaining SSE 240 

induced in the presence of intracellular BAPTA and GDP-βS was completely blocked by bath 241 

perfusion of the CB1R antagonist AM251 (2 µM) in the ACSF (Student’s t-test: t17 = 6.15, p < 242 

0.001; Fig. 2C,F). In contrast, intracellular dialysis of BAPTA and GDP-βS into the recorded PC 243 

abolished SSE in MAGL-NKO (t16 = 9.27, p < 0.001) and MAGL-AKO slices (t17 = 8.81, p < 0.001; 244 

Fig. 2D-F). Together, these results suggest that global knockout of MAGL, but not neuronal or 245 
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astrocytic knockout of MAGL alone, allows endocannabinoid signal to spread from neighboring 246 

PCs to the recorded PC. 247 

Having shown that genetic deletion of MAGL globally enables the spread of the 248 

endocannabinoid signal, we next determined whether acute pharmacological blockade of MAGL 249 

produced a similar effect. Toward this end, we used a highly selective and potent MAGL inhibitor 250 

JZL184, which enhances 2-AG levels in the brain following in vivo injection (Long et al., 2009). 251 

JZL184 substantially extends DSE at PF- and CF- to PC synapses (Pan et al., 2009) and SSE at 252 

PF-PC synapses (Bergerot et al., 2013) in wild-type mouse cerebellar slices. The following 253 

experiments were performed in wild-type control slices or slices treated with JZL184 (0.3 µM) 254 

(Pan et al., 2009). In PCs loaded with control internal solution, bath perfusion of a saturating 255 

concentration of JZL184 (0.3 µM) substantially prolonged SSE (Student’s t-test, t15 = 7.504, p 256 

<0.001) without significantly changing the magnitude of SSE (t15 = 0.499, p = 0.626; Fig. 3A,B,D). 257 

Intracellular dialysis of BAPTA (20 mM) and GDP-βS (2 mM) blocked SSE in control slices, 258 

resulting in PTP of EPSCs (t17 = 8.737, p < 0.001; Fig. 3A,D); in contrast, intracellular BAPTA and 259 

GDP-βS decreased the magnitude of SSE in JZL184-treated slices (t14 = 6.849, p < 0.001; Fig. 260 

3B,D), and the remaining SSE was abolished by the CB1 receptor antagonist AM251 (2 µM) (Fig. 261 

3B), suggesting that it is mediated by endocannabinoid release from neighboring PCs since 262 

intracellular BAPTA and GDP-βS abolished SSE in wild-type control slices. These results further 263 

confirm the spread of SSE following functional loss of MAGL. It has been shown that JZL184 264 

does not significantly alter PF-DSE in cerebellar PCs in MAGL global knockout mice (Zhong et 265 

al., 2011). Consistent with this study, we found that JZL184 (0.3 µM) did not significantly alter the 266 
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magnitude of SSE (vehicle, 43.92 ± 4.83%, n = 9; JZL184, 41.42 ± 7.48%, n = 9, t15 = 0.29, p = 267 

0.778), nor did it alter the decay time constant of SSE (vehicle, 123.46 ± 6.16 s, n = 9; JZL184, 268 

135.14 ± 8.58 s, n = 8, t15 = 1.12, p = 0.279). These results indicate that MAGL global knockout 269 

occludes the effects of JZL184, further confirming that JZL184 prolongs SSE in wild-type mice by 270 

inhibiting MAGL. 271 

High frequency stimulation causes spillover of glutamate, which activates extrasynaptic 272 

mGluR1 to induce endocannabinoid release (Brown et al., 2003; Marcaggi and Attwell, 2005). 273 

We investigated whether the glutamate transporter inhibitor TBOA enables the spread of SSE 274 

among PCs. Experiments were performed from wild-type control slices or slices that were 275 

perfused with TBOA (100 µM). In PCs loaded with control internal solution, bath perfusion of 276 

TBOA substantially prolonged SSE (t16 = 6.798, p < 0.001) without significantly changing the 277 

magnitude of SSE (t16 = 0.819, p = 0.426; Fig. 3C,D). Intracellular dialysis of BAPTA and GDP-βS 278 

blocked SSE in control slices (t17 = 8.737, p < 0.001) but did not significantly alter SSE in 279 

TBOA-treated slices (t16 = 1.757, p < 0.099; Fig. 3C,D). These results imply that 2-AG produced 280 

by neighboring PCs diffuses to PF synapses onto the recorded PC to sustain the bulk of SSE 281 

when glutamate reuptake is blocked. 282 

Interestingly, SSE induced in wild-type slices treated with JZL184 (see Fig. 3B) or in 283 

MAGL-TKO slices had a slow onset that peaked ~20 s after the tetanic stimulation (see Fig. 284 

1A,B). What might be the mechanisms for the slow onset of SSE following the loss of function of 285 

MAGL? Given that SSE is mediated by mGluR-driven endocannabinoid release (Brown et al., 286 

2003), delayed activation of mGluR might account for the slow onset of SSE. A short burst of 287 
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high-frequency synaptic stimulation induces mGluR1-mediated slow EPSCs in PCs (Batchelor 288 

and Garthwaite, 1997; Brasnjo and Otis, 2001). We therefore compared the latency of 289 

mGluR1-mediated slow EPSCs in slices treated with vehicle or JZL184 (0.3 µM). The latency 290 

(i.e., the time between the last stimulus and onset of slow EPSCs) should be increased if the 291 

activation of mGluR1 was delayed by JZL184 treatment. mGluR1-EPSCs were evoked by 292 

placing the stimulating electrode in the dendritic branches of the recorded PC at a distance of 293 

~200 µm with a fixed stimulating intensity (100 µA), and AMPA receptor antagonist CNQX (20 µM) 294 

and GABAA receptor blocker picrotoxin (100 µM) were present in the ACSF, and the recordings 295 

were made blind to drug treatment history of the slices. We found that a brief burst of electrical 296 

stimulation (100 Hz, 5 stimuli) of the molecular layer induced slow EPSCs in PCs in both vehicle- 297 

and JZL184-treated slices. Bath application of mGluR1 antagonist CPCCOEt (100 µM) abolished 298 

slow EPSCs within 5 min (Fig. 4A), confirming that the slow EPSCs are mediated by mGluR1. 299 

The amplitude of the mGluR1-EPSCs varied greatly among different PCs in either vehicle- or 300 

JZL184-treated slices (Fig. 4B). On average, the mean amplitude of slow EPSCs was not 301 

significantly different between vehicle- and JZL184-treated slices (t27 = 0.28, p = 0.781; Fig. 4B). 302 

In order to have more precise qualification of the latency, the rise time and the decay time 303 

constant of mGluR1-EPSCs, we compared these parameters in PCs in vehicle- and 304 

JZL184-treated slices that exhibited mGluR1-EPSCs with peak amplitude ≥ 50 pA. The latency 305 

(t15 = 0.22, p = 0.833), the rise time (t15 = 0.35, p = 0.731) and decay time constant (t15 = 0.48, p = 306 

0.638) were not significantly different between in vehicle- and JZL-treated slices (Fig. 4C-E). 307 

These results indicate that JZL184 treatment does not cause significant delayed activation of 308 
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mGluR1 in PCs. Thus, mechanisms downstream of mGluR1 activation may account for the 309 

observed delayed onset of SSE following loss of MAGL function.   310 

The spread of endocannabinoid signaling did not occur at spatially dispersed PF 311 

synapses  312 

The axons of granule cells ascend to the molecular layer and bifurcate once to form 313 

parallel fibers (Palay and Chan-Palay, 1974). In the above experiments, PF-EPSCs were evoked 314 

by stimulating the PFs in the molecular layer, where PFs form dense and adjacent synapses onto 315 

PCs (Marcaggi and Attwell, 2005, 2007) (Fig. 5A, stimulation a). Results from Figures 2 and 3 316 

indicate that disruption of MAGL or glutamate reuptake enables endocannabinoid signaling to 317 

spread among dense and adjacent PF-to-PC synapses. PF-to-PC EPSCs can also be evoked by 318 

placing the stimulating electrode in the granular layer, which activates granule cell axons that 319 

ascend to different levels in the molecular layer and form spatially dispersed PF synapses onto 320 

PCs (Marcaggi and Attwell, 2005, 2007; Pachoud et al., 2014) (Fig. 5A, stimulation b). It has 321 

been shown that tetanic stimulation in the granular layer does not recruit endocannabinoid 322 

signaling unless glutamate uptake is blocked by the glutamate transporter inhibitor TBOA 323 

(Marcaggi and Attwell, 2005, 2007). We next determined whether endocannabinoid signaling 324 

could spread among spatially dispersed PF axonal terminals that innervate the recorded PCs.   325 

Consistent with previous studies (Marcaggi and Attwell, 2005, 2007), we found that 326 

tetanic stimulation (50 Hz, 1 s) in the granular layer induced PTP of EPSCs in wild-type slices. In 327 

the presence of glutamate transporter inhibitor TBOA (100 µM), the same tetanic stimulation 328 

caused transient synaptic suppression (F(3,33) = 27.632, p <0.001; TBOA vs. control: p < 0.001; 329 
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Fig. 5B,C). This synaptic suppression was abolished by the CB1R antagonist AM251 (2 µM), 330 

resulting in PTP of EPSCs (p <0.001; Fig. 5B,C). Can the endocannabinoid signal spread among 331 

spatially dispersed synapses onto PCs? To test this possibility, we blocked endocannabinoid 332 

release from the recorded PC with intracellular dialysis of BAPTA (20 mM) and GDP-βS (2 mM). 333 

We found that BAPTA and GDP-βS abolished the transient post-tetanic synaptic suppression 334 

induced in the presence of TBOA (p <0.001; Fig. 5B,C). These results suggest that 335 

endocannabinoid signaling does not spread between spatially dispersed PF synapses even 336 

when glutamate uptake is blocked by TBOA. 337 

We next determined whether disruption of MAGL enabled endocannabinoid-mediated 338 

synaptic suppression at spatially dispersed synapses onto PCs. In wild-type slices that were 339 

perfused with MAGL inhibitor JZL184 (0.3 µM), tetanic stimulation (50 Hz, 1 s) of the granular 340 

layer induced PTP of EPSCs in PCs (F(2,24) = 0.413, p = 0.667; Fig. 5D). The same stimulation 341 

did not induce synaptic suppression in PF-PC synapses in MAGL-TKO slices (p > 0.05; Fig. 5D). 342 

Thus, pharmacological blockade and global knockout of MAGL did not cause 343 

endocannabinoid-mediated synaptic suppression at spatially dispersed PF-to-PC synapses. 344 

Disruption of MAGL and glutamate reuptake did not enable 2-AG signal to spread from 345 

PCs to Golgi cells    346 

PFs of granule cells form excitatory synapses onto PCs and Golgi cells (GCs). However, 347 

DSE and tetanic stimulation-induced depression could not be induced at PF-GC synapses even 348 

though the CB1R agonist WIN52122-2 induced robust depression of EPSCs. The failure to 349 

induce endocannabinoid-mediated synaptic depression could be explained by the inability of the 350 
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GCs to release 2-AG (Beierlein et al., 2007). Since 2-AG could spread among PF-PC synapses 351 

following disruption of MAGL and glutamate reuptake and PFs innervate both PCs and GCs 352 

(Beierlein et al., 2007) (Fig. 6A), we explored whether 2-AG released from PCs could spread to 353 

PF-GC synapses. To this possibility, we examined whether post-tetanic synaptic suppression 354 

could be induced in GCs following disruption of MAGL or glutamate reuptake. Tetanic stimulation 355 

of PFs in the molecular layer (50 Hz, 1 s) induced small PTP of EPSCs in the GCs in wild-type 356 

control slices, and treating the slices with the MAGL inhibitor JZL184 (0.3 µM) or glutamate 357 

transporter blocker TBOA (100 µM) did not significantly alter the PTP (F(3,32) = 0.643, p = 0.594; 358 

Fig. 6B). Similar PTP of EPSCs was induced in the GCs in MAGL TKO slices (Fig. 6B). These 359 

results suggest that the 2-AG signal generated from PCs during the tetanic stimulation of PFs 360 

does not spread from PF-PC synapses to PF-GC synapses even after gross disruption of MAGL 361 

or glutamate reuptake.  362 

 363 

Discussion   364 

Here we have shown that both neuronal and astrocytic MAGL contribute to the 365 

termination of SSE at PF-PC synapses and limit the spread of endocannabinoid signaling in the 366 

cerebellum. We found that global knockout of MAGL substantially prolonged SSE, while neuron- 367 

and astrocyte-specific knockout of MAGL produced a less dramatic but significant prolongation of 368 

SSE. In addition, our results suggest that the spread of endocannabinoid signaling occurred only 369 

after global knockout of MAGL or pharmacological blockade of either MAGL or glutamate uptake, 370 

whereas no spread was detected following neuron- or astrocyte-specific deletion of MAGL.    371 
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Pharmacological inhibition and global knockout of MAGL substantially prolongs DSE at 372 

PF-PC synapses in cerebellar slices (Pan et al., 2009; Tanimura et al., 2012; Viader et al., 2015; 373 

Zhong et al., 2011), while neuron- and astrocyte-specific deletion of MAGL produces modest but 374 

significant prolongation of DSE (Viader et al., 2015). Further, viral transduction of Bergmann glia 375 

with MAGL in a MAGL global knockout background significantly shortens DSE (Tanimura et al., 376 

2012). We extended these studies in an important way by examining the effects of global and 377 

cell-type specific knockout of MAGL on SSE. A brief tetanic stimulation of PF terminals in the 378 

molecular layer activates group I mGluRs to induce the release of 2-AG, which produces SSE in 379 

PCs (Brown et al., 2003; Maejima et al., 2001; Marcaggi and Attwell, 2005; Tanimura et al., 2009; 380 

Zhong et al., 2011). We found that neuron- and astrocyte-specific knockout produced similar, 381 

modest extension of SSE at PF-PC synapses, while global MAGL knockout caused much 382 

greater extension of SSE. Thus, global and cell-type specific knockout of MAGL exert similar 383 

effects on DSE and SSE at PF-PC synapses (Viader et al., 2015). Immunohistochemical studies 384 

have shown that MAGL is highly enriched in the PF terminals in the molecular layer but is also 385 

expressed in Bergmann glia (Tanimura et al., 2012) and the astrocytes in the cerebellum (Nolte 386 

et al., 2001), which may explain why neuron- and astrocyte-specific knockout of MAGL extends 387 

SSE at PF-PC synapses.  388 

Endocannabinoids are thought to be produced ‘on demand’ in activated neurons (Piomelli, 389 

2003). Interestingly, global knockout of MAGL and the MAGL inhibitor JZL184 delayed the onset 390 

of SSE (Bergerot et al., 2013; Zhong et al., 2011) but not DSE (Pan et al., 2009; Viader et al., 391 

2015). SSE is triggered by activation of extrasynaptic mGluR1 and subsequent recruitment of 392 
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endocannabinoid signaling (Brown et al., 2003; Maejima et al., 2001; Maejima et al., 2005; 393 

Marcaggi and Attwell, 2005; Tanimura et al., 2009; Zhong et al., 2011). We found that the latency, 394 

the rise time and decay time of mGluR1-mediated slow EPSCs were not significantly different 395 

between slices treated with vehicle or MAGL inhibitor JZL184. These results argue against the 396 

notion that mGluR1 activation is delayed following loss of function of MAGL. Previous studies 397 

have shown that the onset of DSE or DSI was not significantly altered by JZL184 or global 398 

knockout of MAGL (Pan et al., 2009; Tanimura et al., 2012; Viader et al., 2015; Zhong et al., 399 

2011). Thus, the loss of the function of MAGL does not significantly delay the Ca2+-induced 400 

release of 2-AG, nor does it delay the CB1 receptor response to 2-AG. One possibility is that loss 401 

of MAGL function causes delayed 2-AG release in response to mGluR activation, whereas the 402 

onset of Ca2+-induced release of 2-AG is not altered. 403 

A comprehensive profile of brain serine hydrolases revealed that about 85% of total 2-AG 404 

in mouse brain is hydrolyzed by MAGL and the remaining 15% is hydrolyzed by other serine 405 

hydrolases including serine hydrolase alpha-beta-hydrolase domain 6 and 12 (ABHD6 and 406 

ABHD12) (Blankman et al., 2007). Previous studies have shown that selective ABHD6 inhibitor 407 

WWL123 and WWL70 had no significant effect on DSE and DSI in cerebellar Purkinje cells in 408 

wild-type and MAGL global knockout mice (Tanimura et al., 2012; Zhong et al., 2011). These 409 

results suggest that ABHD6 does not significantly contribute to the termination of 410 

endocannabinoid-mediated retrograde synaptic depression. The development of a selective 411 

ABHD12 inhibitor in the future would enable the examination of the role of ABHD12 in regulating 412 

endocannabinoid signaling.   413 
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As a diffusible retrograde messenger, endocannabinoids may spread to unstimulated 414 

synapses to cause heterosynaptic depression. The spread appears to be varied among different 415 

cell types. DSI could spread among hippocampal CA1 pyramidal neurons that are in close 416 

proximity (Wilson and Nicoll, 2001). In the cerebellum, DSE does not spread to neighboring PCs 417 

at physiological temperature, and the effect of DSI could “spread” to neighboring PCs through 418 

inhibition of interneuron firing rather than physical diffusion of 2-AG (Kreitzer et al., 2002; Vincent 419 

and Marty, 1993). mGluR stimulation-induced endocannabinoid release could spread to 420 

neighboring PCs, resulting in depression of IPSCs (Galante and Diana, 2004). Intracellular 421 

dialysis of GDP-βS or GTP-γS blocked mGluR agonist DHPG-induced 422 

endocannabinoid-mediated retrograde suppression at CF-PC synapses (Maejima et al., 2001). 423 

Of particular relevance to the present study is the finding that SSE does not spread to other PFs 424 

activated by a separate stimulating electrode, and blocking endocannabinoid release in the 425 

recorded PC with BAPTA and GDP-βS abolished SSE (Brown et al., 2003), suggesting that 426 

endocannabinoids released from neighboring PCs do not spread to PF or CF terminals that 427 

innervate the recorded PC.  428 

We investigated mechanisms that may explain spatial restriction of endocannabinoid 429 

signaling using SSE as a model system. Tetanic stimulation was applied to stimulate a bundle of 430 

PFs, which innervate the recorded cell as well as many neighboring PCs. One can block 431 

endocannabinoid release from the recorded PC with BAPTA and GDP-βS or GTP-γS without 432 

affecting neighboring PCs (Brown et al., 2003; Maejima et al., 2001). We found that intracellular 433 

dialysis of BAPTA and GDP-βS or GTP-γS in PCs abolished SSE in wild-type, MAGL-NKO and 434 
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-AKO knockout slices but only reduced SSE in MAGL-TKO slices or wild-type slices treated with 435 

MAGL inhibitor JZL184. Given that endocannabinoid release is blocked in the recorded PC, the 436 

remaining SSE must be attributed to endocannabinoids released from neighboring PCs. Our 437 

findings indicate that both neuronal and astrocytic MAGL contribute to clearance of 2-AG and 438 

prevents the spread of 2-AG signal to unstimulated synapses, while pharmacological blockade 439 

and global knockout of MAGL leads to the spread of SSE to a limited extent.  440 

Tetanic stimulation causes spillover of glutamate, which activates extrasynaptic mGluR1 441 

and induces endocannabinoid release (Brown et al., 2003; Marcaggi and Attwell, 2005). We 442 

investigated whether the glutamate transporter inhibitor TBOA enables the spread of SSE among 443 

PCs. In wild-type slices treated with the glutamate transporter inhibitor TBOA, intracellular 444 

dialysis of BAPTA and GDP-βS did not significantly alter SSE induced by stimulating PFs in the 445 

molecular layer, suggesting that spread of the 2-AG signal from neighboring PCs contributes to 446 

the bulk of SSE. Thus, blocking glutamate re-uptake causes wider spread of endocannabinoid 447 

signaling from neighboring PCs to the recorded PC.  448 

The spread of endocannabinoid-mediated synaptic depression is also dependent on the 449 

spatial pattern of tetanic stimulation. Consistent with previous studies (Marcaggi and Attwell, 450 

2005), we found that when the tetanic stimulation was applied to the granular layer to activate 451 

spatially dispersed PF terminals, and there was no endocannabinoid-mediated synaptic 452 

depression unless glutamate uptake was blocked by TBOA (Marcaggi and Attwell, 2005). In the 453 

presence of TBOA, intracellular dialysis of BAPTA and GDP-βS abolished post-tetanic synaptic 454 

depression induced by stimulating the granular layer, suggesting that endocannabinoid signaling 455 
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does not spread among spatially dispersed PF-PC synapses. On the other hand, 456 

endocannabinoid-mediated synaptic depression was not induced at spatially dispersed PF-PC 457 

synapses in MAGL-TKO slices or JZL184-treated wild-type slices. Thus, there was no detectable 458 

spread of 2-AG signal among spatially dispersed PFs even after gross disruption of glutamate 459 

uptake or MAGL.  460 

PFs form excitatory synapses onto PCs and GCs. Although the CB1 receptor agonist WIN 461 

55,212-2 depressed PF-GC EPSCs, DSE could not be detected in GCs, and tetanic stimulation 462 

did not induce synaptic depression in GCs (Beierlein et al., 2007). The mechanisms for activating 463 

CB1 receptors on PF-GC synapses remain to be discovered. DAGLα, the enzyme that 464 

synthesizes 2-AG, is expressed predominantly in the dendrites of PCs with particular enrichment 465 

in distal dendritic branches (Tanimura et al., 2010). It was thought that the inability to release 466 

2-AG might be the reason for the absence of DSE and SSE in GCs (Beierlein et al., 2007). We 467 

asked whether the 2-AG signal can spread from PF-PC synapses to PF-GC synapses following 468 

disruption of glutamate re-uptake or MAGL. In the presence of the MAGL inhibitor JZL184 or 469 

glutamate transporter inhibitor TBOA, tetanic stimulation of PFs in the molecular layer still did not 470 

induce synaptic depression in GCs. Further, no synaptic depression could be induced in 471 

MAGL-TKO mice. Thus, there is no detectable spread of 2-AG signal from PCs to GCs following 472 

heightened 2-AG activity. These results are consistent with the idea that GC synapses are 473 

functionally isolated from endocannabinoid signaling in the cerebellar cortex (Beierlein et al., 474 

2007). 475 

In conclusion, the present study investigated the mechanisms that may govern the extent 476 
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of spread of endocannabinoid signaling in the cerebellum. First, we found that glutamate 477 

reuptake and MAGL restrict the spread of endocannabinoid signaling among spatially adjacent 478 

PF synapses onto PCs. Second, we showed that the spread of endocannabinoid signaling is 479 

influenced by the spatial pattern of synaptic stimulation as it did not occur at spatially dispersed 480 

PF-PC synapses. Third, endocannabinoid release from PCs does not spread to PF-GC 481 

synapses even when MAGL or glutamate reuptake is impaired. Taken together, our results 482 

suggest that neuronal and astrocytic MAGL collaborate to terminate endocannabinoid-mediated 483 

synaptic suppression and prompt synapse-specificity of endocannabinoid signaling.   484 

 485 
  486 
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Figure legends 620 

Figure 1. Effects of global and cell-type specific knockout of MAGL on SSE. A,B, Sample 621 

traces (A) and average time courses of PF-EPSCs (B) in response to tetanic stimulation (50 Hz, 622 

1 s, indicated by “arrow”) in cerebellar slices prepared from MAGL-TKO, -NKO, and -AKO mice 623 

and their wild-type (WT) littermates (n = 9-10 cells). The solid lines are single exponential fitting 624 

curves of the decay of PF-SSE, which yielded the decay time constant (τ) of SSE shown in (C). C, 625 

τ of SSE was significantly increased in MAGL-TKO, -NKO and AKO mice compared with that of 626 

WT control (*p < 0.05, **p < 0.01, ***p < 0.001). D, MAGL-TKO, -NKO and -AKO did not 627 

significantly alter the magnitude of SSE (p > 0.05). E, The CB1R antagonist AM 251 (2 µM) 628 

blocked SSE in WT and MAGL-TKO slices, resulting in indistinguishable PTP of EPSCs (n = 629 

8-10, p > 0.05). 630 

 631 

Figure 2. Global knockout of MAGL, but not cell-type specific knockout of MAGL, limits 632 

the spread of SSE. A, Intracellular dialysis of BAPTA (20 mM) and GDP-βS (2 mM) or GTP-γS 633 

(1 mM) abolished SSE in wild-type slices, resulting in PTP of EPSCs (n = 9-11). B, Intracellular 634 

BAPTA and GDP-βS or GTP-γS attenuated but did not completely block SSE in MAGL-TKO 635 

slices (n = 9-10), suggesting that spread of 2-AG signal from neighboring PCs to the PC that was 636 

under study. C, The application of CB1R antagonist AM 251 (2 µM) to MAGL-TKO slices blocked 637 

the remaining SSE induced in PCs loaded with BAPTA and GDP-βS (n = 9). D,E, Intracellular 638 

BAPTA and GDP-βS abolished SSE in MAGL-NKO (D, n = 8-9;) and -AKO mice (E, n = 8-10). F, 639 
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Summary of changes in EPSC amplitude under experimental conditions shown in A-E (n = 8-11, 640 

**p < 0.01, ***p < 0.001).  641 

 642 

Figure 3. Pharmacological blockade of MAGL or glutamate transporter enabled the spread 643 

of SSE. A, Intracellular dialysis of BAPTA (20 mM) and GDP-βS (2 mM) abolished SSE in 644 

wild-type control slices (n = 9, ***p < 0.001). The panel was taken from Fig. 2A for the purpose of 645 

comparison. B, Bath application of MAGL inhibitor JZL184 (0.3 µM) substantially extended SSE 646 

(n = 7-9, ***p < 0.001), and intracellular dialysis of BAPTA and GDP-βS attenuated SSE (n = 7-8, 647 

***p < 0.001), and the remaining SSE was abolished by the CB1 receptor antagonist AM251 (2 648 

µM, n = 8-9, ***p < 0.001). C, Bath application of glutamate transporter inhibitor TBOA (100 µM) 649 

extended SSE (n = 8-9, ***p < 0.001), and intracellular dialysis of BAPTA and GDP-βS did not 650 

significantly alter SSE (n = 8-9, ***p < 0.001). D, Summary of changes in EPSC amplitude under 651 

experimental conditions shown in A-C (n = 7-9, ***p < 0.001, n.s. p > 0.05).  652 

  653 

Figure 4. MAGL inhibitors JZL184 did not significantly alter mGluR1-EPSCs in PCs. A, A 654 

short burst (100 Hz, 5 stimuli) of stimulation of the molecular layer induced slow EPSCs in 655 

vehicle- and JZL184-treated slices, the slow EPSCs were blocked by mGluR1 antagonist 656 

CPCCOEt (100 µM, n = 3 each group). B-E, JZL184 treatment did not significantly changed the 657 

amplitude (B, n = 14-15, p = 0.781), the latency (C, n = 8-9, p = 0.833), the rise time (D, n = 8-9, 658 

p = 0.731) and the decay time constant (E, n = 8-9, p = 0.638) of mGluR1-EPSCs.   659 

 660 
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Figure 5. There was no detectable spread of endocannabinoid signaling induced in 661 

spatially dispersed PF-PC synapses. A, Stimulation electrode “a” was placed in molecular 662 

layer to activate dense and spatially adjacent PF-to-PC synapses, and this protocol has been 663 

used to induce SSE in Figures 1-3. Stimulation electrode “b” was placed in granular layer to 664 

activate spatially dispersed PF-to-PC synapses, and this protocol was used in Figure 5. B, A brief 665 

tetanic stimulation (50 Hz, 1 s) in granular layer induced PTP of EPSCs in PCs. Bath perfusion of 666 

glutamate transporter TBOA (100 µM) enabled endocannabinoid-mediated synaptic suppression, 667 

which was blocked by bath perfusion of CB1R antagonist AM 251 (2 µM) or intracellular dialysis 668 

of BAPTA (20 mM) and GDP-βS (2 mM) (n = 7-10). The latter result suggests that there was no 669 

detectable spread of 2-AG signal induced in spatially dispersed PF-PC synapses even after 670 

blockade of glutamate reuptake. C, Summary of peak amplitude of EPSCs under experimental 671 

conditions shown in (B, ***p < 0.001). D, The tetanic stimulation induced PTP of EPSCs in 672 

wild-type slices treated with JZL184 (0.3 µM) and in MAGL-TKO slices (n = 7-10, p > 0.05). 673 

  674 

Figure 6. Disruption of MAGL or glutamate reuptake does not enable spread of 675 

endocannabinoid signaling from PF-PC synapses to PF-GC synapses. A, The stimulation 676 

electrode was placed in molecular layer to activate PFs that innervate PCs and GCs. B, The 677 

tetanic stimulation in molecular layer induced PTP of EPSCs in GCs in wild-type control slices, 678 

slices treated with JZL184 (0.3 µM) or TBOA (100 µM) (n = 8-9, p > 0.05).  679 














