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Abstract  

Endocannabinoid (eCB) signaling mediates depolarization-induced suppression of 

excitation (DSE) and inhibition (DSI), two prominent forms of retrograde synaptic depression. 

N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), two known eCBs, are 

degraded by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), 

respectively. Selective blockade of FAAH and MAGL is critical for determining the roles of the 

CBs in DSE/DSI and understanding how their action is regulated. JZL184 is a recently 

developed, highly selective and potent MAGL inhibitor that increases 2-AG but not AEA 

concentrations in mouse brain. Here, we report that JZL184 prolongs DSE in Purkinje neurons in 

cerebellar slices and DSI in CA1 pyramidal neurons in hippocampal slices. The effect of JZL184 

on DSE/DSI is mimicked by the non-selective MAGL inhibitor methyl arachidonyl 

fluorophosphonate (MAFP).  In contrast, neither selective FAAH inhibitor URB597 nor FAAH 

knockout has significant effect on DSE/DSI.  JZL184 produces greater enhancement of DSE/DSI 

in mouse neurons than that in rat neurons. The latter finding is consistent with biochemical 

studies showing that JZL184 is more potent in inhibiting mouse MAGL than rat MAGL.  These 

results indicate that the degradation of 2-AG by MAGL is the rate-limiting step that determines 

the time course of DSE/DSI and that JZL184 is a useful tool for the study of 2-AG-mediated 

signaling. 
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Introduction 

Depolarization-induced suppression of excitation (DSE) and inhibition (DSI) are 

arguably the best-characterized forms of retrograde synaptic transmission in the brain. DSE and 

DSI are mediated by endocannabinoid (eCB) signaling since they were blocked by type I 

cannabinoid (CB1) receptor antagonists (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; 

Wilson and Nicoll, 2001). The eCB system has at least two endogenous ligands, N-

arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), that activate the CB1 

receptor (Di Marzo et al., 1998). AEA and 2-AG are produced and released “on demand” in 

response to depolarization (Stella et al., 1997; Di Marzo et al., 1998) and/or the activation of 

certain G-protein-coupled receptors (GPCRs), such as group I metabotropic glutamate receptors 

(mGluRs) (Maejima et al., 2001; Jung et al., 2005). The biosynthetic processes likely regulate 

the onset of eCB-mediated signaling. However, the duration of eCB-mediated signaling as well 

as a possible basal tone are likely regulated by their catabolic inactivation.  The primary enzymes 

for the catabolism of AEA and 2-AG are fatty acid amide hydrolase (FAAH) and 

monoacylglycerol lipase (MAGL), respectively (Cravatt et al., 1996; Blankman et al., 2007).  

Selective blockade of FAAH and MAGL is critical for determining the roles of the eCBs in 

DSE/DSI and understanding how the time course of DSE/DSI is regulated. 

Previous studies have shown that the FAAH inhibitor URB597 does not affect DSE/DSI, 

while agents that inhibit both AEA and 2-AG degradative pathways, including cyclooxygenase-2 

(COX-2) inhibitors and nonselective serine hydrolase inhibitors (e.g., MAFP, URB602) prolong 

DSE/DSI (Kim and Alger, 2004; Makara et al., 2005; Straiker and Mackie, 2005; Szabo et al., 

2006; Hashimotodani et al., 2007). However, these inhibitors have multiple bioactive targets and, 

in particular, do not discriminate between 2-AG and AEA degradative pathways (Lio et al., 
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1996; De Petrocellis et al., 1997; Kozak et al., 2000). For instance, URB602, the best 

characterized MAGL inhibitor, displays an IC50 value of ~200 µM against MAGL activity (King 

et al., 2007) and inhibits FAAH with similar potency (Vandevoorde et al., 2007). MAFP, another 

MAGL inhibitor, inhibits phospholipases (Lio et al., 1996) and FAAH (De Petrocellis et al., 

1997) and other serine hydrolases that utilize lipid substrates (Simon and Cravatt, 2008). 

Selective MAGL inhibitors, including N-arachidonoyl-maleimide (Saario et al., 2005), 

OMDM169 (Bisogno et al., 2009) and JZL184 (Long et al., 2009a), have become available in 

recent years. Among them, JZL184 is perhaps the most potent MAGL inhibitor. JZL184 shows 

very high selectivity in inhibiting MAGL over FAAH and displays IC50 values of 6-8 nM and 4 

µM for inhibition of mouse brain membrane MAGL and FAAH, respectively. Systemic 

administration of JZL184 to mice produced an eight-fold increase in brain 2-AG levels without 

altering AEA and induced a broad array of CB1 receptor-dependent behavioral effects, including 

analgesia, hypothermia and hypomotility (Long et al., 2009a). Although MAGL is capable of 

hydrolyzing monoacylglycerols other than 2-AG (Ho and Hillard, 2005), JZL184 has only 

minimal effect on other monoacylglycerols (Long et al., 2009a).  

In the present study, we examined the effects of JZL184 on both DSE and DSI. We show 

that JZL184 produces robust potentiation of DSE in cerebellar Purkinje neurons and DSI in 

hippocampal CA1 pyramidal neurons, while FAAH knockout and selective FAAH inhibitor 

URB597 do not affect DSE/DSI. These data provide further evidence that 2-AG is the eCB 

mediator for DSE/DSI and that the degradation of 2-AG by MAGL determines the duration of 

eCB-mediated retrograde synaptic depression.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 7, 2009 as DOI: 10.1124/jpet.109.158162

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                                  JPET #158162 

 6 

Methods 

Slice preparation. All animal use was in accordance with protocols approved by the 

Institution’s Animal Care and Use Committee of Medical College of Wisconsin. C57BL/6J mice, 

FAAH knockout and wild-type mice, and Sprague Dawley rats were anaesthetized by isoflurane 

inhalation and decapitated. Genotype was confirmed by PCR using DNA sample obtained from 

the ear. Cerebellar or hippocampal slices were cut using a vibrating slicer (Leica). Sagittal slices 

(250 μm thick) were cut from the cerebellar vermis of 10- to 14-day-old animals, and transvese 

slices (300 μm thick) were cut from the hippocampus of 15- to 21-day-old animals. Slices were 

prepared at 4-6°C in a solution containing (in mM): 220 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 

CaCl2, 7 MgSO4, 26 NaHCO3, 10 glucose, and 1 sodium ascorbate. The slices were incubated at 

32-34°C for 30-40 min in the following solution (in mM): 110 sucrose, 65 NaCl, 2.5 KCl, 2.5 

CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose and 1 sodium ascorbate. The slices 

were transferred to and stored in artificial cerebrospinal fluid (ACSF) containing (in mM): 119 

NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose at room 

temperature until use. All solutions were saturated with 95% O2 and 5% CO2.  

Electrophysiology. Whole-cell recordings were made using a patch clamp amplifier 

(Multiclamp 700B) under infrared-DIC microscopy.  Data acquisition and analysis were 

performed using a digitizer (DigiData 1440A) and analysis software pClamp 10 (Molecular 

Devices). Signals were filtered at 2 Hz and sampled at 10 Hz. Excitatory postsynaptic currents 

(EPSCs) were recorded from cerebellar Purkinje neurons, and parallel fibers were stimulated 

with a bipolar tungsten electrode placed in the molecular layer. GABAA receptor blocker 

picrotoxin (50 µM) was present in the ACSF throughout the experiments. Glass pipettes (3-5 

MΩ) were filled with an internal solution containing (in mM): 130 cesium methanesulfonate, 10 
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CsCl, 5 QX-314, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 MgATP, 0.3 Na2GTP, and 10 Na2-

phosphocreatine (pH 7.2 with CsOH). To induce DSE, the cerebellar Purkinje neurons were 

depolarized from -60 mV to 0 mV for 1 s or 5 s, and EPSCs were evoked at 4 s intervals. To 

examine the effects of 2-AG and AEA on EPSCs, EPSCs were evoked at 10 s intervals.   

Inhibitory postsynaptic currents (IPSCs) were recorded from hippocampal pyramidal 

neurons. A bipolar tungsten stimulation electrode was placed in the stratum radiatum of CA1 

region of hippocampal slices to evoke IPSCs.  Glutamate receptor antagonists 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX, 20 µM) and D-2-amino-5-phosphonovaleric acid (D-AP-5, 

50 µM) were present in the ACSF. The pipettes were filled with an internal solution containing 

(in mM): 80 Cs-methanesulfonate, 60 CsCl, 5 QX-314, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 

MgATP, 0.3 Na2GTP, and 10 Na2-phosphocreatine (pH 7.2 with CsOH). To induce DSI, the 

CA1 pyramidal neurons were depolarized from -60 mV to 0 mV for 5 s, and IPSCs were evoked 

at 4 s intervals.   Series resistance (15-30 MΩ) was monitored throughout the recordings, and 

data were discarded if the resistance changed by more than 20%. All recordings were performed 

at 32 ± 1°C by using an automatic temperature controller.  

All drugs were prepared as concentrated stock solutions and stored at -20 or -80°C before 

use. CNQX-Na (Sigma) and D-AP-5 (Tocris) were dissolved in water. Picrotoxin (Sigma) was 

dissolved in ACSF through sonication. AM 251 (Tocris), JZL184 (synthesized in the laboratory 

of Benjamin Cravatt at the Scripps Research Institute, as described in (Long et al., 2009a)), 

URB597 (Biomol), and methyl arachidonyl fluorophosphonate (MAFP, Biomol) were dissolved 

in DMSO. AEA (Tocris) and 2-AG (Tocris) were dissolved in ethanol. When these drugs were 

used, control slices were treated in the same concentration of the respective solvent for similar 

exposure time. Drug-treated slices were interleaved with control slices from the same animal.  
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Data Analysis and Statistics. Data are presented as the mean ± SEM. EPSC and IPSC 

amplitudes were normalized to the baseline. The decay time constant (τ) of DSE and DSI was 

measured using a single exponential function of y = y0 + k × exp (–x/τ). The magnitude of 

DSE/DSI was calculated as follows: DSE/DSI (%) = 100 x [1- (mean of 3 EPSCs/IPSCs after 

depolarization/mean of 5 EPSCs/IPSCs fore depolarization)]. Values of 2-3 DSE/DSI trials were 

averaged for each neuron. However, a single DSE trial was performed on each neuron in Fig. 1C.  

The depression (%) of EPSCs by 2-AG or AEA was calculated as follows: 100 × [mean 

amplitude of 24 EPSCs after 2-AG or AEA treatment/mean amplitude of baseline EPSCs]. Data 

sets were compared with Student's t-test. Results were considered to be significant at p < 0.05.  

Results 

Effects of MAGL inhibitor JZL184 on DSE and DSI. We investigated the effect of JZL184 on 

DSE in cerebellar Purkinje neurons and DSI in hippocampal CA1 pyramidal neurons because 

DSE and DSI in these neuronal types are among the best characterized (Pitler and Alger, 1992; 

Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). We first 

examined the effect of JZL184 on DSE in cerebellar Purkinje neurons. Whole-cell voltage-clamp 

recordings were made from Purkinje neurons in mouse cerebellar slices and EPSCs were evoked 

at 4 s intervals (see Methods). A brief depolarization (1 s from -60 mV to 0 mV) of Purkinje 

neurons induced a transient depression of EPSCs, or DSE, in every Purkinje neuron tested (Fig. 

1A). Bath application of JZL184 for 40-120 min prolonged DSE in a dose-dependent manner, as 

shown by an increase in the mean decay time constant (τ) of DSE (Fig. 1A, 1B). The half-

maximal potentiation of τ was produced at 36.1 ± 6.2 nM (Fig. 1B). JZL184 had no significant 

effect on the magnitude of DSE (control, 49.5 ± 4.1%, n = 8; 100 nM JZL184, 63.6 ± 7.7%, n = 

6; p > 0.05; for quantification of the magnitude of DSE/DSI, see Methods). Activity-based 
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protein profiling (ABPP) of mouse brain membrane proteome has shown that JZL184 displays 

time-dependent inhibition of MAGL, and it takes ~40 min for JZL184 to produce the maximal 

inhibition of MAGL. A covalent mechanism of inactivation may underlie the time-dependent 

inhibition (Long et al., 2009a). Consistent with this study, we have found that full potentiation of 

DSE by JZL184 was seen after 40 min of incubation with JZL184. It is known that DSE is 

mediated by CB1 receptors (Kreitzer and Regehr, 2001). Indeed, we found that DSE induced in 

the presence or absence of JZL184 was abolished by preincubation and continuous application of 

CB1 receptor antagonist AM 251 (2 µM, n = 3 each, data not shown). The potentiation of DSE 

by JZL184 (1 µM) was even more pronounced when longer depolarization (5 s) was used to 

induce DSE (τ: control, 20.7 ± 4.6 s, n = 8; JZL184, 200.5 ± 36.7 s, n = 6; p < 0.05; Fig. 1C). 

We next studied the effect of JZL184 on DSI in CA1 pyramidal neurons in mouse 

hippocampal slices. IPSCs were evoked every 4 s by stimulating inhibitory synaptic inputs, and a 

brief depolarization (5 s from -60 mV to 0 mV) was used to induce DSI (see Methods). Bath 

application of JZL184 (100 nM) for 40-120 min significantly prolonged DSI (τ: control, 9.5 ± 

2.9 s, n = 10; JZL184, 21.9 ± 2.6 s, n = 9; p < 0.05). The magnitude of DSI appeared to be 

increased by JZL184 (control, 31.8 ± 6.1%, n = 10; 100 nM JZL184, 45.6 ± 9.4%, n = 9); 

however, the difference between the control group and JZL184 group is not statistically 

significant (p > 0.05). Consistent with previous studies indicating that hippocampal DSI is 

mediated by CB1 receptor activation (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001), it 

was found that the CB1 receptor antagonist AM 251 (2 µM) abolished DSI induced in the 

presence or absence of JZL184 (n = 5 each, data not shown).  

JZL184 selectively amplifies the effect of 2-AG, and URB597 amplifies the effect of AEA.  

Although JZL184 blocks MAGL activity with high selectivity and potency and does not affect 
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FAAH activity in mouse brain membranes (Long et al., 2009a), its effectiveness and selectivity 

in brain slices has not been determined previously. Therefore, we examined the effects of both 

JZL184 and the selective FAAH inhibitor URB597 on the inhibitory effects of both exogenous 

AEA and 2-AG on EPSCs in mouse cerebellar slices. EPSCs were evoked every 10 s in these 

experiments. Bath application of 2-AG (10 µM) depressed EPSCs in Purkinje neurons (87.1 ± 6 

% of baseline, n = 5; p < 0.05), and this depression was significantly enhanced in the continuous 

presence of 100 nM JZL184 (67.6 ± 5.7 % of baseline, n = 5; p < 0.05 vs. 2-AG alone, Fig. 2A).  

Bath application of AEA (25 µM) induced similar depression of EPSCs in these neurons (85.7 ± 

4.2 % of baseline, n = 4; p < 0.05). However, JZL184 (100 nM) had no significant effect on 

AEA-induced depression of EPSCs (84.8 ± 4.7 % of baseline, n = 4; p > 0.05 vs. AEA alone, 

Fig. 2B).  

Previous studies have shown that selective FAAH inhibitor URB597 (Kathuria et al., 

2003) amplifies the AEA-induced depression of IPSCs in hippocampal neurons (Kim and Alger, 

2004) and cerebellar Purkinje neurons (Szabo et al., 2006). Consistent with these findings, we 

found that URB597 (1 µM) significantly potentiated AEA-induced depression of EPSCs in 

mouse cerebellar Purkinje neurons (65.6 ± 5.4 % of baseline, n = 3; p < 0.05 vs. AEA alone, Fig. 

2B).  However, URB597 had no significant effect on 2-AG-induced depression of EPSCs (85.2 ± 

5.2 % of baseline, n = 3; p > 0.05 vs. 2-AG alone, Fig. 2A). Both AEA- and 2-AG- induced 

depression of EPSCs were blocked by AM251 (2 µM), supporting the involvement of CB1 

receptors. These data suggest that MAGL is the primary mechanism by which 2-AG is 

metabolized and that JZL184 is a selective MAGL inhibitor, whereas FAAH is the primary 

mechanism by which AEA is metabolized and URB594 is a selective FAAH inhibitor. 
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Effects of FAAH inhibitor URB597 and FAAH knockout on DSE and DSI. Previous studies 

have shown that URB597 has no significant effect on DSI in hippocampal and cerebellar slices 

(Kim and Alger, 2004; Makara et al., 2005; Szabo et al., 2006) and DSE in cultured autaptic 

hippocampal neurons (Straiker and Mackie, 2005). Consistent with these findings, we found that 

bath application of URB597 (1 µM) for 40-120 min had no significant effect on either the 

magnitude or the decay time constant of DSE in mouse Purkinje neurons (τ: control, 17.6 ± 2.3 s, 

n = 5; URB597, 24.6 ± 6.7 s, n = 5; p > 0.05, Fig. 3A).  Similarly, URB597 did not affect the 

magnitude or decay of DSI in mouse hippocampal pyramidal neurons (τ: control, 16.8 ± 2.6 s, n 

= 9; URB597, 13.8 ± 2.7 s, n = 10; p > 0.05, Fig. 3B). 

FAAH knockout (FAAH-/-) mice are severely impaired in their ability to degrade AEA 

(Cravatt et al., 2001). We examined the effect of FAAH knockout on DSE/DSI and found that 

the magnitude and decay time constant of DSE in cerebellar slices prepared from wild-type mice 

were not significantly different from the same parameters in FAAH-/- mice (τ: FAAH+/+, 19.5 ± 

3.8 s, n = 7; FAAH-/-, 24.8 ± 1.8 s, n = 7; p > 0.05; Fig. 3C). Similarly, the magnitude and decay 

of DSI in hippocampal pyramidal neurons were also not different between FAAH+/+ mice and 

FAAH-/- mice (τ: FAAH+/+, 14.9 ± 3.6 s, n = 9; FAAH-/-, 17.1 ± 3.8 s, n = 8; p > 0.05; Fig. 3D). 

Furthermore, preincubation of the cerebellar slices with JZL184 (100 nM) prolonged the decay 

time constant of DSE to a similar extent in FAAH-/- and FAAH+/+ mice (τ: FAAH+/+, 103.9 ± 

18.6 s, n = 7; FAAH-/-, 94.2 ± 14.9 s, n = 7; p > 0.05; Fig. 3E), while bath application of 

URB597 had no significant effect on DSE in these mice (τ: FAAH-/-, 31.8 ± 4.2 s, n = 7; 

FAAH+/+, 33.5 ± 5.8 s, n = 7; p > 0.05; Fig. 3F). FAAH is expressed by hippocampal pyramidal 

neurons and cerebellar Purkinje neurons (Tsou et al., 1998b; Cravatt et al., 2001; Gulyas et al., 

2004). Since FAAH inhibitor URB597 was effective in enhancing AEA-induced depression of 
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EPSCs in cerebellar Purkinje neurons (Fig. 2B), the lack of effect of URB597 and FAAH 

knockout on DSE and DSI suggests that AEA is not the eCB mediator for DSE and DSI.  

JZL184 potentiates DSE and DSI by inhibiting MAGL. Although all currently available 

evidence indicates that JZL184 is a highly selective and potent MAGL inhibitor (Long et al., 

2009a), it is possible that JZL184 potentiates DSE and DSI via mechanisms other than inhibition 

of MAGL. Two sets of experiments were performed to address this issue. In the first set of 

experiments, we examined the effects of JZL184 on DSE and DSI in rat neurons. ABPP of brain 

membranes has shown that JZL184 is ~10-100 fold less potent in inhibiting rat MAGL than 

mouse and human MAGL(Long et al., 2009b). If the inhibition of MAGL accounts for the effect 

of JZL184 on DSE/DSI, we expect that potentiation of DSE/DSI in rat neurons is less than that 

in mouse neurons.   

We first examined the effect of JZL184 on DSE in rat cerebellar Purkinje neurons. Bath 

application of  a low concentration of JZL184 (100 nM) for 40-120 min had no significant effect 

on the decay time constant of DSE (τ: control, 12.5 ± 1.5 s, n = 5; JZL184, 13.3 ± 1.9 s, n = 5; p 

> 0.05), however, at higher concentration (1 µM), JZL184 significantly prolonged the decay time 

constant of DSE (τ: control, 11.4 ± 1.1 s, n = 7; 1 µM JZL184, 20.8 ± 2.1 s, n = 8; p < 0.05; Fig. 

4A).  Similarly, JZL184 at 1 µM significantly prolonged DSI in rat hippocampal pyramidal 

neurons (τ: control, 8.5 ± 1.2 s, n = 9; JZL184, 15.2 ± 1.7 s, n = 8; p < 0.05; Fig. 4B) but at 100 

nM had no significant effect on DSI (τ: control, 8.1 ± 1.3 s, n = 9; JZL184, 11.8 ± 1.9 s, n = 9; p 

> 0.05). We next examined the effect of selective FAAH inhibitor on DSE/DSI in rat neurons. 

We found that URB597 (1 µM) had no significant effect on DSE in rat Purkinje neurons (τ: 

control, 11.9 ± 1.4 s, n = 7; URB597, 13.6 ± 1.5 s, n = 6; p > 0.05; Fig. 4C) and DSI in rat 
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hippocampal neurons (τ: control, 7.2 ± 0.8 s, n = 8; URB597, 8.9 ± 1.7 s, n = 8; p > 0.05; Fig. 

4D), similar to its effects in mouse neurons.  

In the second set of experiments, we examined the effect of MAFP, a nonselective 

inhibitor of both MAGL and FAAH (Goparaju et al., 1999), on DSE and DSI. Since FAAH 

inhibitor URB597 and FAAH knockout did not affect DSE and DSI (Fig. 3), the effect of MAFP 

on DSE and DSI cannot be attributable to its inhibition of FAAH. If JZL184 potentiates 

DSE/DSI by inhibiting MAGL, its effects should be mimicked by nonselective MAGL inhibitor 

MAFP. Previous studies have shown that MAFP prolongs DSI in hippocampal neurons 

(Hashimotodani et al., 2007; Makara et al., 2007), but its effect on DSE, to our knowledge, has 

not been examined. We found that bath application of MAFP (500 nM) for 40-120 min 

prolonged the decay time constant of DSE in mouse Purkinje neurons (τ: control, 15.7 ± 1.9 s, n 

= 4; MAFP, 81.5 ± 12 s, n = 5; p < 0.05; Fig. 5A) and rat Purkinje neurons (τ: control, 10.3 ± 1.4 

s, n = 5; MAFP, 55.6 ± 9.2 s, n = 5; p < 0.05; Fig. 5B). Similarly, MAFP (500 nM) also 

significantly prolonged the decay time constant of DSI in CA1 pyramidal neurons in mouse 

hippocampal slices (τ: control, 15.9 ± 2.6 s, n = 10; MAFP, 28.9 ± 5.4 s, n = 8; p < 0.05; Fig. 5C) 

and rat hippocampal slices (τ: control, 8.8 ± 1.4 s, n = 9; MAFP, 24.3 ± 2.6 s, n = 10; p < 0.05; 

Fig. 5C). Unlike JZL184, the potentiation of DSE/DSI by MAFP in mouse neurons is 

comparable to that in rat neurons. Collectively, these experiments indicate that JZL184 exerts its 

effects on DSE and DSI by inhibiting MAGL.    

Discussion  

In the present study, we find that DSE and DSI are potentiated by the MAGL inhibitors 

JZL184 and MAFP, but are not affected by the FAAH inhibitor URB597 or by genetic deletion 

of FAAH.  MAGL is the primary enzyme that degrades 2-AG while FAAH selectively degrades 
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AEA (Cravatt et al., 1996; Blankman et al., 2007). The selective enhancement of DSE/DSI by 

JZL184 provides further evidence that 2-AG mediates DSE/DSI and that the degradation of 2-

AG by MAGL determines the duration of DSE/DSI.  

Many neurotransmitters achieve their diverse functions by activating multiple subtypes of 

receptors with a single ligand. However, the eCB system has at least two endogenous ligands, 

AEA and 2-AG, that activate the CB1 receptor (Di Marzo et al., 1998). Since the groundbreaking 

discoveries that DSE in the cerebellum and DSI in the hippocampus require CB1 receptor 

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

there has been considerable interest in identifying the eCB mediator for DSE/DSI and 

understanding how the duration of DSE/DSI is regulated. Toward this end, the effects of 

blocking the degradative pathways of AEA and 2-AG on DSE/DSI have been examined. MAGL 

is the primary enzyme responsible for 2-AG hydrolysis, and about 85% of 2-AG is hydrolyzed 

by MAGL (Blankman et al., 2007). On the other hand, the only hydrolytic enzyme in brain that 

utilizes AEA as a substrate is FAAH (Cravatt et al., 1996), as demonstrated by findings that 

pharmacological blockade or genetic knockout of FAAH dramatically increases AEA 

concentrations in the brain (Cravatt et al., 2001; Kathuria et al., 2003; Lichtman et al., 2004). 

The separation of the AEA and 2-AG degradative pathways allows selective potentiation of 

AEA- or 2-AG-dependent signaling by selective FAAH or MAGL inhibitors.  

Previous studies have shown that blocking AEA degradation with selective FAAH 

inhibitor URB597 does not affect DSI in cerebellar Purkinje neurons (Szabo et al., 2006) and 

DSE/DSI hippocampal pyramidal neurons (Kim and Alger, 2004; Makara et al., 2005; Straiker 

and Mackie, 2005; Hashimotodani et al., 2007). We have found that URB597 and FAAH 

knockout do not affect DSE in cerebellar Purkinje neurons and DSI in hippocampal pyramidal 
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neurons. These results add further evidence that AEA is not the eCB mediator for DSE/DSI and 

FAAH does not regulate the time course of DSE/DSI. Several studies have shown that agents 

that inhibit both AEA and 2-AG catabolic pathways prolong the duration of DSI to variable 

degrees, although their effects on DSE have not been studied in brain slices.  These agents 

include nonselective esterase and amidase inhibitors MAFP and arachidonoyl 

trifluoromethylketone (ATFMK) (Szabo et al., 2006; Hashimotodani et al., 2007; Makara et al., 

2007). As mentioned earlier, these inhibitors have multiple bioactive targets (Lio et al., 1996; De 

Petrocellis et al., 1997). Two previously identified MAGL inhibitors, URB754 and URB602 

(Makara et al., 2005) also prolong DSI; however, recent studies have shown that neither 

URB754 nor URB602 affect 2-AG hydrolysis in rat brain (Saario et al., 2006) and the 

potentiation of DSI in rat hippocampal slices by URB754 is attributable to an impurity (Makara 

et al., 2007; Tarzia et al., 2007). In addition to catabolism by hydrolysis, both 2-AG and AEA are 

converted to the glycerol ester and ethanolamide of prostaglandins (Cravatt et al., 1996; Dinh et 

al., 2002).  This occurs via the action of cyclooxygenase 2 (COX-2) and results in products that 

are not active at CB1 receptors (Hu et al., 2008; Long et al., 2009a).  In support of a role for this 

pathway in the inactivation of eCB signaling, COX-2 inhibitors such as nimesulide and 

meloxicam have been shown to prolong DSI in hippocampal neurons (Kim and Alger, 2004; 

Hashimotodani et al., 2007).   

The recently-developed MAGL inhibitor JZL184 demonstrates a level of selectivity and 

potency that has not been seen in previous generations of MAGL inhibitors. First, competitive 

activity-based protein profiling (ABPP) of brain membranes has shown that JZL184 displayed 

IC50 values of 6-8 nM and 4 µM for blockade of recombinant and mouse brain membrane 

MAGL and FAAH, respectively (Long et al., 2009a). Second, in vivo microdialysis has shown 
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that JZL184 causes a robust increase in 2-AG levels without affecting AEA levels. When 

administrated in vivo, JZL184 induced several CB1 receptor-dependent behavioral effects (Long 

et al., 2009a). Third, we show that JZL184 enhances 2-AG-induced depression of EPSCs in 

Purkinje neurons but has no significant effect on AEA-induced depression of EPSCs. 

Collectively, these data indicate that JZL184 is a highly selective and potent MAGL inhibitor. 

We have found that JZL184 produces robust potentiation of DSE in cerebellar Purkinje neurons 

and DSI in hippocampal pyramidal neurons. JZL184 produces greater potentiation of DSE/DSI 

in mouse brain slices than in rat brain slices, which is in accord with ABPP data showing that 

JZL184 is more potent in inhibiting mouse and human MAGL than in inhibiting rat MAGL 

(Long et al., 2009b). Thus, JZL184 exerts its effect on DSE/DSI by inhibiting MAGL. 

Immunohistochemical and electron microscopic studies have shown that in a number of 

brain regions, MAGL is located in presynaptic axon terminals, whereas FAAH is located in 

postsynaptic neurons (Gulyas et al., 2004). In the hippocampus, MAGL is present in axon 

terminals of granule cells, CA3 pyramidal cells and some interneurons, but not in the somata and 

dendrites of CA1 pyramidal neurons, whereas FAAH is present on the membrane of 

mitochondria and smooth endoplasmic reticulum in CA1 pyramidal neurons, but not in 

interneurons (Tsou et al., 1998b; Gulyas et al., 2004). In the cerebellum, MAGL is present in the 

axons in the molecular layer but absent in Purkinje cells, whereas FAAH is present in the somata 

and dendrites of Purkinje cells (Tsou et al., 1998b; Cravatt et al., 2001; Gulyas et al., 2004). CB1 

receptors are exclusively distributed on presynaptic axonal terminals (Tsou et al., 1998a; Katona 

et al., 1999). The close proximity of the CB1 receptor and MAGL suggests that a primary 

function of MAGL is to limit the occupation of CB1 receptors by 2-AG. The findings that 

JZL184 and other MAGL inhibitors prolong DSE/DSI appear to support this notion.  
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MAGL is capable of hydrolyzing 2-AG and other monoacylglycerols such as 

monopalmitoylglycerol and monooleoylglycerol (Ho and Hillard, 2005; Long et al., 2009a). 

However, for reasons not fully understood, JZL184 selectively raises 2-AG levels but only 

minimally affects other monoacylglycerols (Long et al., 2009a). Moreover, these 

monoacylglycerols are not endogenous ligands that activate CB1 receptors. The potentiation of 

DSE/DSI by JZL184 suggests that degradation of 2-AG by MAGL is the rate-limiting step that 

determines the time course of retrograde eCB signaling in the brain. The present study also 

demonstrates that JZL184 is a useful tool to study 2-AG signaling.  
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Legends for Figures 

Fig. 1. MAGL inhibitor JZL184 (JZL) potentiates DSE mouse cerebellar Purkinje neurons and 

DSI in mouse hippocampal pyramidal neurons. A, Left, examples of EPSCs in Purkinje neurons 

4 s before (-4 s), 4 s and 60 s after the depolarization (1 s from -60 mV to 0 mV), in the presence 

of the solvent (DMSO, control) or JZL184. Right, time course of averaged DSE in slices treated 

with DMSO (control, n = 8) and different concentrations of JZL184 (JZL, 10 nM, n = 8; 100 nM, 

n = 6). The lines are single exponential fitting curves of the decay of DSE. B, JZL184 caused a 

dose-dependent increase in the decay time constant (τ) of DSE (n = 4-8 for each point). C, 

JZL184 (1 µM) dramatically prolonged DSE when longer depolarization (5 s from -60 mV to 0 

mV) was used to induce DSE (n = 6-8). D, Left, examples of IPSCs in hippocampal pyramidal 

neurons 4 s before (-4 s), 0 s and 24 s after the depolarization (5 s from -60 mV to 0 mV), in the 

presence of the solvent (DMSO) or JZL184. Right, time course of averaged DSI in slices treated 

with DMSO (control, n = 10) and 100 nM JZL184 (n = 9).  

Fig. 2. MAGL inhibitor JZL184 selectively amplifies the effect of 2-AG, while FAAH inhibitor 

URB597 amplifies the effect of AEA. A, Bath application of 2-AG (10 µM) depressed EPSCs in 

mouse cerebellar Purkinje neurons (n = 5). This depression was enhanced by JZL184 (JZL, 100 

nM, n =5), but not by URB597 (1 µM, n = 3). The 2-AG-induced depression of EPSCs was 

blocked by AM251 (2 µM). B, Bath application of AEA (25 µM) depressed EPSCs in mouse 

cerebellar Purkinje neurons (n = 4). This depression was enhanced by URB597 (1 µM, n = 3), 

but not by JZL184 (JZL, 100 nM, n = 4). The AEA-induced depression of EPSCs was blocked 

by AM251 (2 µM). 
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Fig. 3. Pharmacological blockade and genetic knockout of FAAH did not affect DSE and DSI. A, 

URB597 (1 µM) did not affect DSE in cerebellar Purkinje neurons (n = 5 each group). B, 

URB597 (1 µM) did not affect DSI in CA1 pyramidal neurons (n = 9-10). C,D, Cerebellar DSE 

(C) and hippocampal DSI (D) were not significantly different in slices prepared from FAAH-/- 

and FAAH+/+ mice (n = 7-9). E, JZL184 (JZL, 100 nM) prolonged DSE to a similar extent in 

cerebellar slices from FAAH-/- and FAAH+/+ mice (n = 7 each group). F, URB597 did not affect 

DSE in slices from FAAH-/- and FAAH+/+ mice (n = 7 each group). 

Fig. 4. Effects of MAGL inhibitor JZL184 (JZL) and FAAH inhibitor URB597 on DSE in rat 

neurons. A,B,  JZL (1 µM) significantly prolonged DSE in rat cerebellar Purkinje neurons (A) 

and rat hippocampal pyramidal neurons (B). C,D,  URB597 (1 µM) had no significant effect on 

DSE in rat cerebellar Purkinje neurons (C) and rat hippocampal pyramidal neurons (D).   

Fig. 5. The effect of nonselective MAGL inhibitor MAFP on DSE and DSI. A,B, MAFP (500 

nM) prolonged DSE in mouse (A) and rat (B) cerebellar Purkinje neurons. C,D, MAFP (500 nM) 

prolonged DSI in mouse (A) and rat (B) hippocampal pyramidal neurons.   
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