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Abstract

Endocannabinoids are diffusible lipophilic molecules that may spread to neighboring synapses. Monoacylglycerol
lipase (MAGL) is the principal enzyme that degrades the endocannabinoid 2-arachidonoylglycerol (2-AG). Using
knock-out mice in which MAGL is deleted globally or selectively in neurons and astrocytes, we investigated the extent
to which neuronal and astrocytic MAGL limit the spread of 2-AG-mediated retrograde synaptic depression in cerebellar
slices. A brief tetanic stimulation of parallel fibers in the molecular layer induced synaptically evoked suppression of
excitation (SSE) in Purkinje cells, and both neuronal and astrocytic MAGL contribute to the termination of this form of
endocannabinoid-mediated synaptic depression. The spread of SSE among Purkinje cells occurred only after global
knock-out of MAGL or pharmacological blockade of either MAGL or glutamate uptake, but no spread was detected
following neuron- or astrocyte-specific deletion of MAGL. The spread of endocannabinoid signaling was also
influenced by the spatial pattern of synaptic stimulation, because it did not occur at spatially dispersed parallel fiber
synapses induced by stimulating the granular layer. The tetanic stimulation of parallel fibers did not induce
endocannabinoid-mediated synaptic suppression in Golgi cells even after disruption of MAGL and glutamate uptake,
suggesting that heightened release of 2-AG by Purkinje cells does not spread the retrograde signal to parallel fibers
that innervate Golgi cells. These results suggest that both neuronal and astrocytic MAGL limit the spatial diffusion of
2-AG and confer synapse-specificity of endocannabinoid signaling.
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2-Arachidonoylglycerol (2-AG) is an endogenous cannabinoid that depresses synaptic transmission through
stimulation of CB, receptors. Monoacylglycerol lipase (MAGL), the enzyme responsible for the majority of
2-AG degradation, is expressed by both neurons and astrocytes. We studied the extent to which neuronal
and astrocytic MAGL contribute to termination of 2-AG signaling in the cerebellum. We show that
2-AG-mediated synaptic depression was prolonged in mutant mice that lack MAGL entirely or selectively in
either neurons or astrocytes, and that total loss of MAGL causes diffusion of 2-AG to neighboring synapses.
These results suggest that neurons and astrocytes collaborate to terminate 2-AG-mediated synaptic
kdepression and limit the spread of 2-AG signaling. j
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Introduction

Endocannabinoids mediate multiple forms of retrograde
synaptic depression including depolarization-induced
suppression of excitation (DSE), inhibition (DSI; Kreitzer
and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and
Nicoll, 2001) and synaptically evoked suppression of ex-
citation (SSE) induced by the activation of group | mGluRs
(Maejima et al., 2001, 2005; Brown et al., 2003; Marcaggi
and Attwell, 2005; Tanimura et al., 2009; Zhong et al.,
2011). Accumulating evidence indicates that the endo-
cannabinoid 2-arachidonoylglycerol (2-AG) mediates ret-
rograde synaptic depression (for review, Heifets and
Castillo, 2009; Kano et al., 2009). Levels of the endocan-
nabinoid 2-AG are tightly controlled by “on-demand” syn-
thesis through diacylglycerol lipase (Gao et al., 2010;
Tanimura et al., 2010; Yoshino et al., 2011; Hashimo-
todani et al., 2013) and rapid degradation through serine
hydrolases, primarily monoacylglycerol lipase (MAGL;
Blankman et al., 2007). Previous studies have shown that
pharmacological inhibition or global genetic deletion of
MAGL substantially prolonged DSE in the cerebellum and
DSl in the hippocampus (Hashimotodani et al., 2007; Pan
et al., 2009, 2011; Zhong et al., 2011; Tanimura et al.,
2012), suggesting that hydrolysis of 2-AG by MAGL ter-
minates the endocannabinoid-mediated retrograde syn-
aptic suppression.

As a diffusible lipophilic messenger, 2-AG may spread
from its point of release to unstimulated synapses. In the
hippocampus, DSI induced in a CA1 pyramidal neuron
could spread to a non-depolarized neuron whose soma is
separated by ~20 um (Wilson and Nicoll, 2001). In the
cerebellum, DSE spreads from one Purkinje cell (PC) to a
neighboring PC at room temperature (24°C), but not at
physiological temperature (34°C; Kreitzer et al., 2002);
mGluR-driven endocannabinoid-mediated synaptic de-
pression does not spread to neighboring PCs or to nearby
unstimulated synapses on the same PC (Brown et al,
2003; Maejima et al., 2001). Thus, endocannabinoid sig-
naling is spatially restricted at most types of synapses but
can spread at a short distance at other synapses. Given
the pivotal role of MAGL in 2-AG metabolism, it stands to
reason that MAGL limits the spread of the 2-AG signal and
therefore confers cell- and synapse-specificity of endocan-
nabinoid-mediated synaptic suppression.
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In recent years, there has been an increasing appreci-
ation that glial cells are integral parts of the endocannabi-
noid system (Navarrete and Araque, 2008; Han et al.,
2012). MAGL is not only expressed in neurons, but also in
astrocytes (Tanimura et al., 2012; Viader et al., 2015).
Using conditional knock-out mice in which MAGL was
deleted globally and specifically in neurons and astro-
cytes, recent studies have shown that neuronal and
astrocytic MAGL coordinately regulate brain 2-AG con-
tent and contribute to termination of DSE at the parallel
fiber (PF)-PC synapses in the cerebellum and DSI in
CA1 pyramidal neurons in the hippocampus (Viader
et al., 2015). These results suggest that both neuronal
and astrocytic MAGL contribute to the termination of
endocannabinoid-mediated retrograde synaptic de-
pression.

The cerebellar cortex forms an array of well defined
neural circuits and expresses one of the highest levels of
cannabinoid receptors (CB4Rs) in the brain (Kawamura
et al., 2006). PCs, the single output neurons in the cere-
bellar cortex, receive excitatory inputs from PFs and
climbing fibers (Palay and Chan-Palay, 1974; Konnerth
et al., 1990). Multiple forms of endocannabinoid-mediated
retrograde synaptic suppression can be induced in the
cerebellum (Safo et al., 2006; Heifets and Castillo, 2009;
Kano et al., 2009; Marcaggi, 2015). Among them, SSE
induced by brief tetanic stimulation of PFs provides an
excellent model for investigating the mechanisms of
the spread of endocannabinoid signaling. Previous
studies have shown that blocking calcium-dependent
and independent endocannabinoid release from the re-
corded PC with intracellular dialysis of calcium chelator
BAPTA and G-protein inhibitor GDP-BS abolished SSE
(Maejima et al., 2001; Brown et al., 2003). Because the
tetanic stimulation activates PF terminals that innervate a
number of PCs, these studies suggest that 2-AG signaling
is highly spatially restricted and does not spread from
neighboring PCs to the recorded PC. In the present study,
we explored factors that may allow the spread of SSE
among PCs because it would provide novel insight into
the mechanisms that confer spatial restriction of endo-
cannabinoid signaling. We examined the extent of spread
of SSE following global or cell-type-specific disruption of
MAGL or pharmacological blockade of glutamate trans-
porters. We find that the 2-AG signal could spread among
PCs after global disruption of MAGL or glutamate uptake,
whereas neuron- and astrocyte-specific deletion of MAGL
had no significant effect. Thus, hydrolysis of 2-AG by
MAGL and glutamate reuptake by glutamate transporters
limit the spread of endocannabinoid signaling among
PCs.

Material and Methods

Animals

All animal use was in accordance with protocols ap-
proved by our Institution’s Animal Care and Use Commit-
tee. Wild-type and MAGL global and cell-type-specific
knock-out mice were generated and validated based on
previous studies (Viader et al., 2015). Total MAGL knock-
out (MAGL-TKO) and wild-type littermates were gener-
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ated by breeding homozygous Mgll®*"** mice with
Rosa26-Cre (Otto et al., 2009). Neuron-specific (MAGL-
NKO) and astrocyte-specific (MAGL-AKO) were gener-
ated by crossing Mgll®*"°*F to Eno2-Cre mice (Frugier
et al., 2000) and GFAP-Cre mice (Tao et al., 2011; So-
froniew, 2012) respectively, and then backcrossing the
resulting double-heterozygotes (Cre™”, Mgll*""**F) to Mgll-
loxPlloxP o produce cell-type-specific MAGL knock-out
mice (Cre™”", Mgll***°*F) and wild-type littermates (Cre™,
Mgll*F"oy "|n the cerebellum, GFAP is exclusively ex-
pressed in Bergmann glia, a type of astrocytes that have
their cell bodies in the PC layer and processes that extend
into molecular layer (Nolte et al., 2001). Using a Cre-
inducible Rosa26-tdTomato reporter line, previous stud-
ies showed that efficient Cre-mediated recombination
occurs selectively in neurons and astrocytes throughout
the brain of Eno2- and GFAP-Cre mice, respectively, and
that MAGL is selectively deleted in targeted cell types
(Viader et al., 2015). Genotyping was performed by PCR
using a DNA sample obtained from the tail or ear.

Slice preparation

MAGL conditional knock-out mice and wild-type litter-
mates of either sex (13-18 days old) were anaesthetized
by isoflurane inhalation and decapitated. The mouse brain
was embedded in low-melting-point agarose, and para-
sagittal cerebellar slices (200-250 um thick) were cut
using a vibrating slicer (Leica VT1000s). Slices were pre-
pared at 4°-6°C in a solution containing the following (in
mwm): 110 choline chloride, 2.5 KCI, 1.25 NaH,PO,, 0.5
CaCl,, 7 MgS0O,, 26 NaHCOg, 25 glucose, 11.6 sodium
ascorbate, and 3.1 sodium pyruvate. The slices were
incubated at room temperature for 30—40 min in sucrose-
based solution containing the following (in mm): 78 NaCl,
68 sucrose, 26 NaHCO3, 2.5 KCI, 1.25 NaH,PO,, 2 CaCl,,
2 MgCl,, and 25 glucose. Then, the slices were allowed to
recover for at least 1 h in the artificial CSF (ACSF) con-
taining the following (in mm): 119 NaCl, 2.5 KCl, 2.0 CaCl,,
1 MgCl,, 1.25 NaH,PO,, 26 NaHCO;, and 10 glucose.

Electrophysiology

Whole-cell voltage-clamp recordings were made from
PCs and Golgi cells in cerebellar slices. Cells were visu-
alized using infrared-differential interference contrast op-
tics (Nikon Eclipse FN1 and Olympus BX51WI) and 40X
water immersion lens. PF-PC EPSCs were evoked by
placing a bipolar tungsten stimulation electrode (WPI) in
molecular layer in most experiments but in the granular
layer in experiments presented in Figure 5. PF-PC EPSCs
showed graded responses and exhibited paired-pulse
facilitation (Konnerth et al., 1990; Kreitzer and Regehr,
2001). GABA, receptor blocker picrotoxin (50 um) was
present in the ACSF.

Golgi cells were identified and distinguished from other
cell types in the granular layer based on their relative large
size (8—-25 um), biexponential capacitive currents, and the
presence of Na* current and monosynaptic EPSCs
evoked by molecular layer stimulation (Dieudonne, 1995;
Bureau et al., 2000; Beierlein et al., 2007). Glass pipettes
(2-3 MQ) were filled with internal solutions containing the
following (in mm): 140 K-gluconate, 5 KCI, 10 HEPES, 0.2
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EGTA, 2 MgCl,, 4 Mg-ATP, 0.3 Na,GTP, and 10 Na,-
phosphocreatine, pH 7.3 with KOH. In experiments re-
quired for buffering intracellular calcium and blocking
mGluR signaling, the internal solution contained the fol-
lowing (in mm): 80 K-gluconate, 5 KCI, 10 HEPES, 20
BAPTA, 2 MgCl,, 4 Mg-ATP, 2 GDP-BS (or 1 GTP-vS),
and 10 Na,-phosphocreatine, ~pH 7.3 with KOH. We
found that storage of stock solution of GDP-BS or
GTP-vS even at —80°C led to reduction of their effective-
ness in blocking SSE. GDP-B8S or GTP-yS powder was
weighted and freshly added into intracellular solution just
before the experiments and was used within 3 h. All
recordings were performed at 32 = 1°C by using an
automatic temperature controller (Warner Instruments).

Chemicals

Unless specified otherwise, all drugs were prepared as
concentrated stock solutions and stored at —20 or —80°C
before use. Picrotoxin, guanosine 5’-[B-thio] diphosphate
trilithium salt (GDP-BS), guanosine 5’-[y-thioltriphosphate
tetralithium salt (GTP-vS), and 6-Cyano-7- nitroquinoxaline-
2,3-dione disodium salt hydrate (CNQX) were purchased
from Sigma-Aldrich. JZL184 was synthesized at Scripps
Research Institute (Long et al., 2009). N-(Piperidin-1-yl) -5-
(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide (AM251), 7-(hydroxyimino)cyclo-
propalblchromen-1a-carboxylate ethyl ester (CPCCOEY),
and DL-threo-B-benzyloxyaspartic acid (TBOA) were pur-
chased from Tocris Bioscience. BAPTA-tetrapotassium was
purchased from Life Technologies.

Data analysis and statistics

The EPSC amplitude was normalized to the baseline.
The decay time constant (1) of SSE was measured using a
single exponential function of y = y, + k X exp(—x/7), in
which y is the magnitude of SSE, y, is the peak magnitude
of SSE, k is the constant multiplier, and x is the time. The
magnitude of SSE (%) was calculated as follows: 100 X
[(mean amplitude of 2 EPSCs after tetanic stimulation/
mean amplitude of 5 EPSCs before the tetanic stimula-
tion)]. Values of two to three trials were averaged for each
neuron. Data are presented as the mean + SEM. Results
were analyzed with one-way ANOVA or Student’s t test.
Results were considered to be significant at p < 0.05.

Results

Both neuronal and astrocytic MAGL contribute to
the termination of SSE

A brief tetanic stimulation of PFs induces transient sup-
pression of EPSCs in PCs; this synaptically evoked SSE is
mediated by synaptic activation of mGluR1 and subse-
quent recruitment of endocannabinoid signaling (Maejima
et al.,, 2001; Brown et al., 2003; Marcaggi and Attwell,
2005, 2007; Tanimura et al., 2009). We examined the
effects of MAGL-TKO, -NKO, and -AKO on SSE at PF-PC
synapses. A bipolar stimulation electrode was placed in
the molecular layer to evoke EPSCs at 4 s intervals. SSE
was induced by a brief tetanic stimulation (50 Hz, 1 s) of
PFs in the molecular layer while the PC was voltage-
clamped at —70 mV (Tanimura et al., 2009). In wild-type
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Figure 1. Effects of global and cell-type-specific knock-out of MAGL on SSE. A, B, Sample traces (A) and average time courses
of PF-EPSCs (B) in response to tetanic stimulation (50 Hz, 1 s; indicated by arrow) in cerebellar slices prepared from MAGL-TKO,
-NKO, and -AKO mice and their wild-type (WT) littermates (n = 9-10 cells). The solid lines are single exponential fitting curves of the
decay of PF-SSE, which yielded the decay time constant (1) of SSE shown in C. C, 7 of SSE was significantly increased in MAGL-TKO,
-NKO, and AKO mice compared with that of WT control (xp < 0.05, ##p < 0.01, *+¥p < 0.001). D, MAGL-TKO, -NKO, and -AKO did
not significantly alter the magnitude of SSE (p > 0.05). E, The CB,R antagonist AM 251 (2 um) blocked SSE in WT and MAGL-TKO
slices, resulting in indistinguishable PTP of EPSCs (n = 8-10; p > 0.05).

slices, tetanic stimulation of the molecular layer induced
SSE of PF-EPSCs (Fig. 1A,B). One-way ANOVA showed
that genetic deletion of MAGL significantly prolonged the
time course of SSE, as shown by increases in the decay
time constant (r) of SSE (Fz37 = 22.46, p < 0.001).
Tukey’s post hoc tests indicated that the 7 of SSE was
significantly prolonged in MAGL-TKO slices compared
with that of wild-type slices (p < 0.001; Fig. 1B,C). MAGL-
NKO and MAGL-AKO produced SSE with less dramatic
but significantly prolonged duration (NKO vs WT, p =
0.007; AKO vs WT, p = 0.036; Fig. 1B,C). Interestingly, in
wild-type, MAGL-NKO and AKO slices, SSE peaked im-
mediately after the tetanic stimulation; but SSE has a slow
onset in MAGL-TKO slices (Fig. 1A,B), suggesting that
total loss of MAGL causes delayed 2-AG mobilization.
Global or cell-type-specific deletion of MAGL did not
significantly alter the magnitude of SSE (F3 37, = 0.09, p =
0.966; Fig. 1D). In the presence of the CB4R antagonist
AM 251 (2 uwm), the tetanic stimulation induced indistin-
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guishable post-tetanic potentiation (PTP) of EPSCs in
wild-type and MAGL-TKO slices (Student’s t test: t;5 =
0.38, p = 0.708; Fig. 1E), confirming that the tetanic stim-
ulation induced endocannabinoid-mediated suppression of
PF-EPSCs. These results indicate that both neuronal and
astrocytic MAGL made comparable contributions to the
termination of SSE at PF-PC synapses.

MAGL and glutamate uptake limit the spread of SSE
In cerebellar slices, the SSE is restricted to synaptic in-
puts activated by the brief high-frequency stimulation and
does not spread to neighboring synapses 20 um apart
from the site of stimulation on the same Purkinje cell
(Brown et al., 2003). Furthermore, intracellular dialysis of
pharmacological agents that block endocannabinoid re-
lease from the recorded PC abolishes SSE (Brown et al.,
2003; Maejima et al., 2001). These results suggest that
SSE does not spread among neighboring PCs or among
independent PFs innervating the same PC. What might be
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the mechanisms for synapse-specificity of SSE? One
possibility is that hydrolysis of 2-AG by MAGL limits spa-
tial diffusion of 2-AG along CBR-expressing PF axonal
terminals. In addition, the rapid uptake of glutamate by
glutamate transporters prevents spillover of glutamate
and subsequent activation mGIuR1 on neighboring syn-
apses (Brasnjo and Otis, 2001; Marcaggi and Attwell,
2005). We first explored whether global knock-out of
MAGL allowed the 2-AG signal to spread among PCs
during SSE. The tetanic stimulation of PFs triggers 2-AG
release not only from the recorded PC but also from
neighboring PCs. Non-hydrolysable analogs of GTP
(GTP-4S) and GDP (GDP-BS) cause persistent activation
and inactivation of G-proteins, respectively. Previous
studies have shown that intracellular dialysis of calcium
chelator BAPTA and GDP-BS or GTP-yS abolished SSE
and mGIuR agonist DHPG-induced depression of EPSCs
through blockade of calcium-dependent and -indepen-
dent endocannabinoid release from the recorded PC
(Maejima et al., 2001; Brown et al., 2003). If SSE remains
following intracellular dialysis of BAPTA and GDP-S or
GTP-vS into the recorded PC, then it is suggestive that
2-AG produced from neighboring PCs spreads to PF
terminals that innervate the recorded PC.

PCs in the cerebellar slices were alternately loaded with
control internal solution or internal solution containing
BAPTA (20 mm) and GDP-BS (2 mm) or GTP-yS (1 mm). In
wild-type slices, SSE remained stable with control internal
solution (up to 1 h), whereas intracellular dialysis of
BAPTA (20 mm) and GDP-BS (2 mm) or GTP-4S (1 mwm) via
whole-cell pipettes gradually blocked SSE in ~15 min,
resulting in PTP of PF-EPSCs (F 2 = 54.46, p <0.001;
Control vs BAPTA + GDP-BS: p < 0.001; Control vs
BAPTA + GTP-yS: p < 0.001; Fig. 2A,F). Intracellular
dialysis of BAPTA and GDP-BS or GTP-yS significantly
attenuated but did not completely block SSE in MAGL-
TKO slices (F(, o7 = 10.92, p <0.001; Control vs BAPTA +
GDP-8S: p < 0.001; Control vs BAPTA + GTP-vS, p =
0.0083; Fig. 2B,F). The remaining SSE induced in the pres-
ence of intracellular BAPTA and GDP-BS was completely
blocked by bath perfusion of the CB;R antagonist AM251
(2 u™) in the ACSF (Student’s t test: t,, = 6.15, p < 0.001;
Fig. 2C,F). In contrast, intracellular dialysis of BAPTA and
GDP-BS into the recorded PC abolished SSE in MAGL-
NKO (t; = 9.27, p < 0.001) and MAGL-AKO slices (t,; =
8.81, p < 0.001; Fig. 2D-F). Together, these results sug-
gest that global knock-out of MAGL, but not neuronal or
astrocytic knock-out of MAGL alone, allows endocan-
nabinoid signal to spread from neighboring PCs to the
recorded PC.

Having shown that genetic deletion of MAGL globally
enables the spread of the endocannabinoid signal, we
next determined whether acute pharmacological block-
ade of MAGL produced a similar effect. Toward this end,
we used a highly selective and potent MAGL inhibitor
JZL184, which enhances 2-AG levels in the brain follow-
ing in vivo injection (Long et al., 2009). JZL184 substan-
tially extends DSE at PF- and CF- to PC synapses (Pan
et al., 2009) and SSE at PF-PC synapses (Bergerot et al.,
2013) in wild-type mouse cerebellar slices. The following
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experiments were performed in wild-type control slices or
slices treated with JZL184 (0.3 um; Pan et al., 2009). In
PCs loaded with control internal solution, bath perfusion
of a saturating concentration of JZL184 (0.3 um) substan-
tially prolonged SSE (Student’s t test, t,; = 7.50, p
<0.001) without significantly changing the magnitude of
SSE (t45 = 0.50, p = 0.626; Fig. 3A,B,D). Intracellular
dialysis of BAPTA (20 mm) and GDP-8S (2 mwm) blocked
SSE in control slices, resulting in PTP of EPSCs (t;; =
8.74, p < 0.001; Fig. 3A,D); in contrast, intracellular
BAPTA and GDP-BS decreased the magnitude of SSE in
JZL184-treated slices (t;, = 6.85, p < 0.001; Fig. 3B,D),
and the remaining SSE was abolished by the CB, receptor
antagonist AM251 (2 um; Fig. 3B), suggesting that it is
mediated by endocannabinoid release from neighboring
PCs because intracellular BAPTA and GDP-BS abolished
SSE in wild-type control slices. These results further con-
firm the spread of SSE following functional loss of MAGL.
It has been shown that JZL184 does not significantly alter
PF-DSE in cerebellar PCs in MAGL global knock-out mice
(Zhong et al., 2011). Consistent with this study, we found
that JZL184 (0.3 uMm) did not significantly alter the magni-
tude of SSE (vehicle, 43.92 = 4.83%, n = 9; JZL184,
41.42 = 7.48%,n = 9, t;5 = 0.29, p = 0.778), nor did it
alter the decay time constant of SSE (vehicle, 123.46 +
6.16s,n = 9;JZL184, 135.14 = 858 s,n = 8, t;5 = 1.12,
p = 0.279). These results indicate that MAGL global
knock-out occludes the effects of JZL184, further con-
firming that JZL184 prolongs SSE in wild-type mice by
inhibiting MAGL.

High-frequency stimulation causes spillover of gluta-
mate, which activates extrasynaptic mGIuR1 to induce
endocannabinoid release (Brown et al., 2003; Marcaggi
and Attwell, 2005). We investigated whether the gluta-
mate transporter inhibitor TBOA enables the spread of
SSE among PCs. Experiments were performed from wild-
type control slices or slices that were perfused with TBOA
(100 um). In PCs loaded with control internal solution, bath
perfusion of TBOA substantially prolonged SSE (t;4 =
6.798, p < 0.001) without significantly changing the mag-
nitude of SSE (¢, = 0.82, p = 0.426; Fig. 3C,D). Intracel-
lular dialysis of BAPTA and GDP-BS blocked SSE in
control slices (t;; = 8.74, p < 0.001) but did not signifi-
cantly alter SSE in TBOA-treated slices (t;s = 1.76, p <
0.099; Fig. 3C,D). These results imply that 2-AG produced
by neighboring PCs diffuses to PF synapses onto the
recorded PC to sustain the bulk of SSE when glutamate
reuptake is blocked.

Interestingly, SSE induced in wild-type slices treated
with JZL184 (Fig. 3B) or in MAGL-TKO slices had a slow
onset that peaked ~20 s after the tetanic stimulation (Fig.
1A,B). What might be the mechanisms for the slow onset
of SSE following the loss of function of MAGL? Given that
SSE is mediated by mGluR-driven endocannabinoid re-
lease (Brown et al., 2003), delayed activation of mGIuR
might account for the slow onset of SSE. A short burst of
high-frequency synaptic stimulation induces mGIuR1-
mediated slow EPSCs in PCs (Batchelor and Garthwaite,
1997; Brasnjo and Otis, 2001). We therefore compared
the latency of mGIluR1-mediated slow EPSCs in slices
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Figure 2. Global knock-out of MAGL, but not cell-type-specific knock-out of MAGL, limits the spread of SSE. A, Intracellular
dialysis of BAPTA (20 mwm) and GDP-BS (2 mwm) or GTP-yS (1 mwm) abolished SSE in wild-type slices, resulting in PTP of EPSCs (n =
9-11). B, Intracellular BAPTA and GDP-BS or GTP-vS attenuated but did not completely block SSE in MAGL-TKO slices (n = 9-10),
suggesting that spread of 2-AG signal from neighboring PCs to the PC that was under study. C, The application of CB,R antagonist
AM 251 (2 um) to MAGL-TKO slices blocked the remaining SSE induced in PCs loaded with BAPTA and GDP-B8S (n = 9). D, E,
Intracellular BAPTA and GDP-BS abolished SSE in MAGL-NKO (D; n = 8-9) and -AKO mice (E; n = 8-10). F, Summary of changes
in EPSC amplitude under experimental conditions shown in A-E (n = 8-11; #xp < 0.01, #*xp < 0.001).

treated with vehicle or JZL184 (0.3 um). The latency (the  delayed by JZL184 treatment. mGIuR1-EPSCs were
time between the last stimulus and onset of slow EPSCs) evoked by placing the stimulating electrode in the den-
should be increased if the activation of mGIuR1 was  dritic branches of the recorded PC at a distance of ~200
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Figure 3. Pharmacological blockade of MAGL or glutamate transporter enabled the spread of SSE. A, Intracellular dialysis of
BAPTA (20 mm) and GDP-BS (2 mwm) abolished SSE in wild-type control slices (n = 9; ###p < 0.001). The panel was taken from Figure
2A for the purpose of comparison. B, Bath application of MAGL inhibitor JZL184 (0.3 um) substantially extended SSE (n = 7-9; #x*p
< 0.001), and intracellular dialysis of BAPTA and GDP-BS attenuated SSE (n = 7-8; #*xp < 0.001), and the remaining SSE was
abolished by the CB, receptor antagonist AM251 (2 um; n = 8-9, #:#xp < 0.001). C, Bath application of glutamate transporter inhibitor

TBOA (100 um) extended SSE (n =
(n = 8-9;
< 0.001, n.s. p > 0.05).

wm with a fixed stimulating intensity (100 wA), and AMPA
receptor antagonist CNQX (20 um) and GABA, receptor
blocker picrotoxin (100 um) were present in the ACSF, and
the recordings were made blind to drug treatment history
of the slices. We found that a brief burst of electrical
stimulation (100 Hz, 5 stimuli) of the molecular layer in-
duced slow EPSCs in PCs in both vehicle- and JZL184-
treated slices. Bath application of mGIuR1 antagonist
CPCCOEt (100 um) abolished slow EPSCs within 5 min
(Fig. 4A), confirming that the slow EPSCs are mediated by
mGIuR1. The amplitude of the mGIuR1-EPSCs varied
greatly among different PCs in either vehicle- or JZL184-
treated slices (Fig. 4B). On average, the mean amplitude
of slow EPSCs was not significantly different between
vehicle- and JZL184-treated slices (t,; = 0.28, p = 0.781;
Fig. 4B). In order to have more precise qualification of the
latency, rise time, and decay time constant of mGluR1-
EPSCs, we compared these parameters in PCs in vehicle-
and JZL184-treated slices that exhibited mGIuR1-EPSCs

May/June 2016, 3(3) e0048-16.2016

8-9; *+xp < 0.001), and intracellular dialysis of BAPTA and GDP-3S did not significantly alter SSE
#+xp < 0.001). D, Summary of changes in EPSC amplitude under experimental conditions shown in A-C (n = 7-9; s##%p

with peak amplitude =50 pA. The latency (t;5 = 0.22,p =
0.833), the rise time (t;5 = 0.35, p = 0.731) and decay time
constant (t;5 = 0.48, p = 0.638) were not significantly
different between in vehicle- and JZL-treated slices (Fig.
4C-E). These results indicate that JZL184 treatment does
not cause significant delayed activation of mGIuR1 in
PCs. Thus, mechanisms downstream of mGIuR1 activa-
tion may account for the observed delayed onset of SSE
following loss of MAGL function.

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

The axons of granule cells ascend to the molecular layer
and bifurcate once to form parallel fibers (Palay and Chan-
Palay, 1974). In the above experiments, PF-EPSCs were
evoked by stimulating the PFs in the molecular layer,
where PFs form dense and adjacent synapses onto PCs
(Marcaggi and Attwell, 2005, 2007; Fig. 5A, stimulation a).
Results from Figures 2 and 3 indicate that disruption of
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Figure 4. MAGL inhibitors JZL184 did not significantly alter mGIluR1-EPSCs in PCs. A, A short burst (100 Hz, 5 stimuli) of
stimulation of the molecular layer induced slow EPSCs in vehicle- and JZL184-treated slices, the slow EPSCs were blocked by
mGluR1 antagonist CPCCOEt (100 um; n = 3 each group). B-E, JZL184 treatment did not significantly changed the amplitude (B; n
= 14-15; p = 0.781), the latency (C; n = 8-9; p = 0.833), rise time (D; n = 8-9; p = 0.731), and decay time constant (E; n = 8-9;

p = 0.638) of mGluR1-EPSCs.

MAGL or glutamate reuptake enables endocannabinoid
signaling to spread among dense and adjacent PF-PC
synapses. PF-PC EPSCs can also be evoked by placing
the stimulating electrode in the granular layer, which ac-
tivates granule cell axons that ascend to different levels in
the molecular layer and form spatially dispersed PF syn-
apses onto PCs (Marcaggi and Attwell, 2005, 2007; Pa-
choud et al., 2014; Fig. 5A, stimulation b). It has been
shown that tetanic stimulation in the granular layer does
not recruit endocannabinoid signaling unless glutamate
uptake is blocked by the glutamate transporter inhibitor
TBOA (Marcaggi and Attwell, 2005, 2007). We next deter-
mined whether endocannabinoid signaling could spread
among spatially dispersed PF axonal terminals that inner-
vate the recorded PCs.

Consistent with previous studies (Marcaggi and Attwell,
2005, 2007), we found that tetanic stimulation (50 Hz, 1 s)
in the granular layer induced PTP of EPSCs in wild-type
slices. In the presence of glutamate transporter inhibitor
TBOA (100 M), the same tetanic stimulation caused tran-
sient synaptic suppression (Fzs3 = 27.63, p <0.001;
TBOA vs control: p < 0.001; Fig. 5B,C). This synaptic
suppression was abolished by the CB;R antagonist
AM251 (2 uMm), resulting in PTP of EPSCs (p <0.001; Fig.
5B,C). Can the endocannabinoid signal spread among
spatially dispersed synapses onto PCs? To test this pos-
sibility, we blocked endocannabinoid release from the
recorded PC with intracellular dialysis of BAPTA (20 mwm)
and GDP-BS (2 mm). We found that BAPTA and GDP-8S
abolished the transient post-tetanic synaptic suppression

May/June 2016, 3(3) e0048-16.2016

induced in the presence of TBOA (p <0.001; Fig. 5B,C).
These results suggest that endocannabinoid signaling
does not spread between spatially dispersed PF syn-
apses even when glutamate uptake is blocked by TBOA.

We next determined whether disruption of MAGL en-
abled endocannabinoid-mediated synaptic suppression
at spatially dispersed synapses onto PCs. In wild-type
slices that were perfused with MAGL inhibitor JZL184 (0.3
um), tetanic stimulation (50 Hz, 1 s) of the granular layer
induced PTP of EPSCs in PCs (F 24 = 0.41, p = 0.667;
Fig. 5D). The same stimulation did not induce synaptic
suppression in PF-PC synapses in MAGL-TKO slices (p >
0.05; Fig. 5D). Thus, pharmacological blockade and
global knock-out of MAGL did not cause endocan-
nabinoid-mediated synaptic suppression at spatially dis-
persed PF-PC synapses.

Disruption of MAGL and glutamate reuptake did not

enable 2-AG signal to spread from PCs to Golgi cells
PFs of granule cells form excitatory synapses onto PCs
and Golgi cells (GCs). However, DSE and tetanic
stimulation-induced depression could not be induced
at PF-GC synapses even though the CB;R agonist
WIN52122-2 induced robust depression of EPSCs. The
failure to induce endocannabinoid-mediated synaptic de-
pression could be explained by the inability of the GCs to
release 2-AG (Beierlein et al., 2007). Because 2-AG could
spread among PF-PC synapses following disruption of

eNeuro.sfn.org



New Research 9 of 13

cMeuro

B o Control
—_ A TBOA
2\‘_’/150 _ A TBOA + AM251
© ® TBOA/(BAPTA + -BS)
©
2
310
&
©
O 5
n
0— | T T 1
w
0 50 100 150
Time (s)
C D
3 Control = TBOA + AM251
§ = TBOA  E=TBOA/(BAPTA + -BS) ;\?1 50 -
> 180 - o |
o] *%kk  kkk e A
E | — 3 ac
£ 120 - 2 100 kg
% % | ? o WT
| | WT + JZL184
8 60 i 8 50 : KO
& & T T T 1
0 ' ~ 0 50 100 150
Time (s)

Figure 5. There was no detectable spread of endocannabinoid signaling induced in spatially dispersed PF-PC synapses. A,
Stimulation electrode “a” was placed in molecular layer to activate dense and spatially adjacent PF-PC synapses, and this protocol
has been used to induce SSE in Figures 1-3. Stimulation electrode “b” was placed in granular layer to activate spatially dispersed
PF-PC synapses, and this protocol was used in Figure 5. B, A brief tetanic stimulation (50 Hz, 1 s) in granular layer induced PTP of
EPSCs in PCs. Bath perfusion of glutamate transporter TBOA (100 um) enabled endocannabinoid-mediated synaptic suppression,
which was blocked by bath perfusion of CB4R antagonist AM 251 (2 um) or intracellular dialysis of BAPTA (20 mm) and GDP-BS (2
mwm; n = 7-10). The latter result suggests that there was no detectable spread of 2-AG signal induced in spatially dispersed PF-PC
synapses even after blockade of glutamate reuptake. C, Summary of peak amplitude of EPSCs under experimental conditions shown
in (B; ##%p < 0.001). D, The tetanic stimulation induced PTP of EPSCs in wild-type slices treated with JZL184 (0.3 um) and in

MAGL-TKO slices (n = 7-10; p > 0.05).

MAGL and glutamate reuptake and PFs innervate both
PCs and GCs (Beierlein et al., 2007; Fig. 6A), we explored
whether 2-AG released from PCs could spread to PF-GC
synapses. To this possibility, we examined whether post-
tetanic synaptic suppression could be induced in GCs
following disruption of MAGL or glutamate reuptake. Te-
tanic stimulation of PFs in the molecular layer (50 Hz, 1 s)
induced small PTP of EPSCs in the GCs in wild-type
control slices, and treating the slices with the MAGL
inhibitor JZL184 (0.3 um) or glutamate transporter blocker
TBOA (100 wm) did not significantly alter the PTP (F(5 35 =
0.64, p = 0.594; Fig. 6B). Similar PTP of EPSCs was
induced in the GCs in MAGL TKO slices (Fig. 6B). These
results suggest that the 2-AG signal generated from PCs
during the tetanic stimulation of PFs does not spread from
PF-PC synapses to PF-GC synapses even after gross
disruption of MAGL or glutamate reuptake.

Discussion

Here we have shown that both neuronal and astrocytic
MAGL contribute to the termination of SSE at PF-PC
synapses and limit the spread of endocannabinoid signal-
ing in the cerebellum. We found that global knock-out of
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MAGL substantially prolonged SSE, whereas neuron- and
astrocyte-specific knock-out of MAGL produced a less
dramatic but significant prolongation of SSE. In addition,
our results suggest that the spread of endocannabinoid
signaling occurred only after global knock-out of MAGL or
pharmacological blockade of either MAGL or glutamate
uptake, whereas no spread was detected following
neuron- or astrocyte-specific deletion of MAGL.
Pharmacological inhibition and global knock-out of
MAGL substantially prolongs DSE at PF-PC synapses in
cerebellar slices (Pan et al., 2009; Zhong et al., 2011;
Tanimura et al., 2012; Viader et al., 2015), whereas
neuron- and astrocyte-specific deletion of MAGL pro-
duces modest but significant prolongation of DSE (Viader
et al., 2015). Further, viral transduction of Bergmann glia
with MAGL in a MAGL global knock-out background sig-
nificantly shortens DSE (Tanimura et al., 2012). We ex-
tended these studies in an important way by examining
the effects of global and cell-type-specific knock-out of
MAGL on SSE. A brief tetanic stimulation of PF terminals
in the molecular layer activates group | mGIuRs to induce
the release of 2-AG, which produces SSE in PCs (Maejima

eNeuro.sfn.org



New Research 10 of 13
B
£ 150 -
()
3
=100 -
o
=
8 50 4 © WT 2 TKO
N o WT +JZL184 & WT + TBOA
D— T T T 1
- 0 50 100 150
Time (s)

Figure 6. Disruption of MAGL or glutamate reuptake does not enable spread of endocannabinoid signaling from PF-PC
synapses to PF-GC synapses. A, The stimulation electrode was placed in molecular layer to activate PFs that innervate PCs and
GCs. B, The tetanic stimulation in molecular layer induced PTP of EPSCs in GCs in wild-type control slices, slices treated with JZL184

(0.3 um) or TBOA (100 um; n = 8-9; p > 0.05).

et al.,, 2001; Brown et al., 2003; Marcaggi and Attwell,
2005; Tanimura et al., 2009; Zhong et al., 2011). We found
that neuron- and astrocyte-specific knock-out produced
similar, modest extension of SSE at PF-PC synapses,
whereas global MAGL knock-out caused much greater
extension of SSE. Thus, global and cell-type-specific
knock-out of MAGL exert similar effects on DSE and SSE
at PF-PC synapses (Viader et al., 2015). Immunohisto-
chemical studies have shown that MAGL is highly en-
riched in the PF terminals in the molecular layer but is also
expressed in Bergmann glia (Tanimura et al., 2012) and
the astrocytes in the cerebellum (Nolte et al., 2001), which
may explain why neuron- and astrocyte-specific knock-
out of MAGL extends SSE at PF-PC synapses.

Endocannabinoids are thought to be produced on-
demand in activated neurons (Piomelli, 2003). Interest-
ingly, global knock-out of MAGL and the MAGL inhibitor
JZL.184 delayed the onset of SSE (Zhong et al., 2011;
Bergerot et al., 2013) but not DSE (Pan et al., 2009; Viader
et al., 2015). SSE is triggered by activation of extrasyn-
aptic mGIuR1 and subsequent recruitment of endocan-
nabinoid signaling (Maejima et al., 2001, 2005; Brown
et al., 2003; Marcaggi and Attwell, 2005; Tanimura et al.,
2009; Zhong et al., 2011). We found that the latency, rise
time, and decay time of mGluR1-mediated slow EPSCs
were not significantly different between slices treated with
vehicle or MAGL inhibitor JZL184. These results argue
against the notion that mGIluR1 activation is delayed fol-
lowing loss of function of MAGL. Previous studies have
shown that the onset of DSE or DSI was not significantly
altered by JZL184 or global knock-out of MAGL (Pan
et al.,, 2009; Zhong et al., 2011; Tanimura et al., 2012;
Viader et al., 2015). Thus, the loss of the function of MAGL
does not significantly delay the Ca®"-induced release of
2-AG, nor does it delay the CB, receptor response to
2-AG. One possibility is that loss of MAGL function
causes delayed 2-AG release in response to mGIuR acti-
vation, whereas the onset of Ca®?*-induced release of
2-AG is not altered.

May/June 2016, 3(3) e0048-16.2016

A comprehensive profile of brain serine hydrolases re-
vealed that about 85% of total 2-AG in mouse brain is
hydrolyzed by MAGL and the remaining 15% is hydro-
lyzed by other serine hydrolases including serine hydro-
lase alpha-beta-hydrolase domain 6 and 12 (ABHD6 and
ABHD12; Blankman et al., 2007). Previous studies have
shown that selective ABHDG6 inhibitor WWL123 and
WWL70 had no significant effect on DSE and DSI in
cerebellar Purkinje cells in wild-type and MAGL global
knock-out mice (Zhong et al., 2011; Tanimura et al., 2012).
These results suggest that ABHD6 does not significantly
contribute to the termination of endocannabinoid-media-
ted retrograde synaptic depression. The development of a
selective ABHD12 inhibitor in the future would enable the
examination of the role of ABHD12 in regulating endocan-
nabinoid signaling.

As a diffusible retrograde messenger, endocannabi-
noids may spread to unstimulated synapses to cause
heterosynaptic depression. The spread appears to be
varied among different cell types. DSI could spread
among hippocampal CA1 pyramidal neurons that are in
close proximity (Wilson and Nicoll, 2001). In the cerebel-
lum, DSE does not spread to neighboring PCs at physio-
logical temperature, and the effect of DSI could “spread”
to neighboring PCs through inhibition of interneuron firing
rather than physical diffusion of 2-AG (Vincent and Marty,
1993; Kreitzer et al., 2002). mGIuR stimulation-induced
endocannabinoid release could spread to neighboring
PCs, resulting in depression of IPSCs (Galante and Diana,
2004). Intracellular dialysis of GDP-BS or GTP-vS blocked
mGIuR agonist DHPG-induced endocannabinoid-media-
ted retrograde suppression at CF-PC synapses (Maegjima
et al., 2001). Of particular relevance to the present study
is the finding that SSE does not spread to other PFs
activated by a separate stimulating electrode, and block-
ing endocannabinoid release in the recorded PC with
BAPTA and GDP-BS abolished SSE (Brown et al., 2003),
suggesting that endocannabinoids released from neigh-
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boring PCs do not spread to PF or CF terminals that
innervate the recorded PC.

We investigated mechanisms that may explain spatial
restriction of endocannabinoid signaling using SSE as a
model system. Tetanic stimulation was applied to stimu-
late a bundle of PFs, which innervate the recorded cell as
well as many neighboring PCs. One can block endocan-
nabinoid release from the recorded PC with BAPTA and
GDP-B8S or GTP-yS without affecting neighboring PCs
(Maejima et al., 2001; Brown et al., 2003). We found that
intracellular dialysis of BAPTA and GDP-BS or GTP-S in
PCs abolished SSE in wild-type, MAGL-NKO and -AKO
knock-out slices but only reduced SSE in MAGL-TKO
slices or wild-type slices treated with MAGL inhibitor
JZL184. Given that endocannabinoid release is blocked in
the recorded PC, the remaining SSE must be attributed to
endocannabinoids released from neighboring PCs. Our
findings indicate that both neuronal and astrocytic MAGL
contribute to clearance of 2-AG and prevents the spread
of 2-AG signal to unstimulated synapses, whereas phar-
macological blockade and global knock-out of MAGL
leads to the spread of SSE to a limited extent.

Tetanic stimulation causes spillover of glutamate, which
activates extrasynaptic mGIuR1 and induces endocan-
nabinoid release (Brown et al., 2003; Marcaggi and At-
twell, 2005). We investigated whether the glutamate
transporter inhibitor TBOA enables the spread of SSE
among PCs. In wild-type slices treated with the glutamate
transporter inhibitor TBOA, intracellular dialysis of BAPTA
and GDP-BS did not significantly alter SSE induced by
stimulating PFs in the molecular layer, suggesting that
spread of the 2-AG signal from neighboring PCs contrib-
utes to the bulk of SSE. Thus, blocking glutamate reuptake
causes wider spread of endocannabinoid signaling from
neighboring PCs to the recorded PC.

The spread of endocannabinoid-mediated synaptic
depression is also dependent on the spatial pattern of
tetanic stimulation. Consistent with previous studies (Mar-
caggi and Attwell, 2005), we found that when the tetanic
stimulation was applied to the granular layer to activate
spatially dispersed PF terminals, and there was no
endocannabinoid-mediated synaptic depression unless
glutamate uptake was blocked by TBOA (Marcaggi and
Attwell, 2005). In the presence of TBOA, intracellular di-
alysis of BAPTA and GDP-8S abolished post-tetanic syn-
aptic depression induced by stimulating the granular
layer, suggesting that endocannabinoid signaling does
not spread among spatially dispersed PF-PC synapses.
On the other hand, endocannabinoid-mediated synaptic
depression was not induced at spatially dispersed PF-PC
synapses in MAGL-TKO slices or JZL184-treated wild-
type slices. Thus, there was no detectable spread of 2-AG
signal among spatially dispersed PFs even after gross
disruption of glutamate uptake or MAGL.

PFs form excitatory synapses onto PCs and GCs. Al-
though the CB; receptor agonist WIN 55,212-2 depressed
PF-GC EPSCs, DSE could not be detected in GCs, and
tetanic stimulation did not induce synaptic depression in
GCs (Beierlein et al., 2007). The mechanisms for activat-
ing CB, receptors on PF-GC synapses remain to be
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discovered. DAGLq, the enzyme that synthesizes 2-AG, is
expressed predominantly in the dendrites of PCs with
particular enrichment in distal dendritic branches (Tan-
imura et al., 2010). It was thought that the inability to
release 2-AG might be the reason for the absence of DSE
and SSE in GCs (Beierlein et al., 2007). We asked whether
the 2-AG signal can spread from PF-PC synapses to
PF-GC synapses following disruption of glutamate re-
uptake or MAGL. In the presence of the MAGL inhibitor
JZL184 or glutamate transporter inhibitor TBOA, tetanic
stimulation of PFs in the molecular layer still did not
induce synaptic depression in GCs. Further, no synaptic
depression could be induced in MAGL-TKO mice. Thus,
there is no detectable spread of 2-AG signal from PCs to
GCs following heightened 2-AG activity. These results are
consistent with the idea that GC synapses are functionally
isolated from endocannabinoid signaling in the cerebellar
cortex (Beierlein et al., 2007).

In conclusion, the present study investigated the mecha-
nisms that may govern the extent of spread of endocannabi-
noid signaling in the cerebellum. First, we found that
glutamate reuptake and MAGL restrict the spread of endo-
cannabinoid signaling among spatially adjacent PF syn-
apses onto PCs. Second, we showed that the spread of
endocannabinoid signaling is influenced by the spatial pat-
tern of synaptic stimulation, because it did not occur at
spatially dispersed PF-PC synapses. Third, endocannabi-
noid release from PCs does not spread to PF-GC synapses
even when MAGL or glutamate reuptake is impaired. To-
gether, our results suggest that neuronal and astrocytic
MAGL collaborate to terminate endocannabinoid-mediated
synaptic suppression and prompt synapse-specificity of en-
docannabinoid signaling.
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