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Endocannabinoid (eCB) signaling is tightly regulated by eCB biosynthetic and degradative enzymes. The eCB 2-arachidonoylglycerol
(2-AG) is hydrolyzed primarily by monoacylglycerol lipase (MAGL). Here, we investigated whether eCB signaling, synaptic function, and
learning behavior were altered in MAGL knock-out mice. We report that MAGL �/� mice exhibited prolonged depolarization-induced
suppression of inhibition (DSI) in hippocampal CA1 pyramidal neurons, providing genetic evidence that the inactivation of 2-AG by
MAGL determines the time course of the eCB-mediated retrograde synaptic depression. CB1 receptor antagonists enhanced basal IPSCs
in CA1 pyramidal neurons in MAGL �/� mice, while the magnitude of DSI or CB1 receptor agonist-induced depression of IPSCs was
decreased in MAGL �/� mice. These results suggest that 2-AG elevations in MAGL �/� mice cause tonic activation and partial desensiti-
zation of CB1 receptors. Genetic deletion of MAGL selectively enhanced theta burst stimulation (TBS)-induced long-term potentiation
(LTP) in the CA1 region of hippocampal slices but had no significant effect on LTP induced by high-frequency stimulation or long-term
depression induced by low-frequency stimulation. The enhancement of TBS-LTP in MAGL �/� mice appears to be mediated by 2-AG-
induced suppression of GABAA receptor-mediated inhibition. MAGL �/� mice exhibited enhanced learning as shown by improved
performance in novel object recognition and Morris water maze. These results indicate that genetic deletion of MAGL causes profound
changes in eCB signaling, long-term synaptic plasticity, and learning behavior.

Introduction
Endocannabinoids (eCBs) regulate mood, emotion, appetite,
pain, and cognition via the stimulation of cannabinoid (CB1)
receptors (Hill et al., 2009; Bellocchio et al., 2010). Anand-
amide (Devane et al., 1992) and 2-arachidonoylglycerol (2-AG)
(Mechoulam et al., 1995; Sugiura et al., 1995) are eCB ligands that
bind the CB1 receptor. Unlike traditional neurotransmitters that
are stored in synaptic vesicles, the eCBs are produced and re-
leased “on demand” (Marsicano et al., 2003), and their endoge-
nous levels are principally regulated by eCB biosynthetic and
degradative enzymes. Anandamide and 2-AG are hydrolyzed by
fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL), respectively (Cravatt et al., 1996; Blankman et al.,
2007). Pharmacological and genetic studies indicate that FAAH
and MAGL are key regulators of eCB-dependent signaling and

behavior (Cravatt et al., 2001; Kathuria et al., 2003; Long et al.,
2009; Chanda et al., 2010; Schlosburg et al., 2010).

A major function of eCBs is to regulate synaptic transmission
(Alger, 2005). Depolarization-induced suppression of excitation
(DSE) and inhibition (DSI) are forms of retrograde synaptic de-
pression mediated by 2-AG-induced activation of CB1 receptors
(Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson
and Nicoll, 2001) because DSE and DSI are abolished in mice
lacking the 2-AG biosynthetic enzyme diacylglycerol lipase-�
(Gao et al., 2010; Tanimura et al., 2010) and are enhanced by
MAGL inhibitors, but not FAAH inhibitors (Makara et al., 2005;
Straiker and Mackie, 2005; Safo et al., 2006; Hashimotodani et al.,
2007; Pan et al., 2009). MAGL-deficient (MAGL�/�) mice exhib-
ited dramatic elevations in brain 2-AG levels, CB1 receptor de-
sensitization, and a loss of cannabimimetic behavioral effects
such as analgesia and hypomotility (Chanda et al., 2010; Schlosburg
et al., 2010). We investigated whether DSI and other eCB/CB1

receptor-mediated responses in hippocampal CA1 pyramidal neu-
rons were altered in MAGL�/� mice.

Exposure to cannabis or synthetic cannabinoids produces def-
icits in memory, attention, and cognition in humans (Solowij et
al., 2002; Messinis et al., 2006) and animals (Lichtman et al., 1995;
Hampson and Deadwyler, 1999; Boucher et al., 2009; Puigher-
manal et al., 2009). The hippocampus is a primary brain region
responsible for cannabinoid-induced cognitive deficits (Licht-
man et al., 1995; Boucher et al., 2009). Long-term potentiation
(LTP) is thought to represent a putative cellular model of learn-
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ing and memory (Bliss and Collingridge, 1993). Synthetic CB1

agonists suppress LTP induction in the CA1 region in hippocam-
pal slices in vitro (Nowicky et al., 1987; Misner and Sullivan, 1999;
Hoffman et al., 2007) and in vivo (Hill et al., 2004). What might
be the impact of sustained 2-AG elevations on long-term synaptic
plasticity and learning behaviors? We examined LTP and long-
term depression (LTD) induction in the hippocampus in
MAGL�/� and MAGL�/� mice. We also investigated the impact
of genetic deletion of MAGL on novel object recognition and
Morris water maze, two hippocampus-dependent learning be-
havioral tasks (Morris et al., 1982; Reed and Squire, 1997). Sur-
prisingly, we found that both hippocampal LTP and performance
in the learning tasks were enhanced in MAGL�/� mice.

Materials and Methods
Animals. MAGL �/�, MAGL �/�, and MAGL �/� mice on a mixed
129SvEv/C57BL/6J background were generated by the Texas Institute of
Genomic Medicine (Schlosburg et al., 2010). Genotyping of MAGL �/�,
MAGL �/�, and MAGL �/� mice was performed by PCR using DNA
sample obtained from the tail or ear. The MAGL �/� and MAGL �/�

mice used in this study were littermates from second- to fourth-
generation intercrosses of 129SvJ-C57BL/6 MAGL �/� mice.

Slice preparation. All animal use was in accordance with protocols
approved by the Institutional Animal Care and Use Committee of Med-
ical College of Wisconsin. Mice (45– 60 d of age) of either sex were
anesthetized by isoflurane inhalation and decapitated. Transverse hip-
pocampal slices (300 �m thick) were prepared as described in our pre-
vious study (Pan et al., 2009). Slices were prepared at 4 – 6°C in a solution
containing the following (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 transferred to and stored in artificial CSF (ACSF) con-
taining the following (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2,
1.25 NaH2PO4, 26 NaHCO3, and 10 glucose at room temperature. All
solutions were saturated with 95% O2 and 5% CO2.

Electrophysiology. Whole-cell and field recordings were made using patch-
clamp amplifiers (Multiclamp 700B) under infrared–differential interfer-
ence contrast microscopy. Data acquisition and analysis were performed
using digitizers (DigiData 1440A) and analysis software pClamp 10 (Molec-
ular Devices). Signals were filtered at 2 kHz and sampled at 10 kHz. Evoked
and spontaneous IPSCs were recorded from CA1 hippocampal pyramidal
neurons. Glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-
dione disodium (CNQX) (20 �M) and D-2-amino-5-phosphonovaleric acid
(D-AP-5) (20 �M) were present in the ACSF. The pipettes were filled with an
internal solution containing the following (in mM): 80 Cs-methanesulfonate,
60 CsCl, 2 QX-314, 10 HEPES, 0.2 EGTA, 2 MgCl2, 4 Mg-ATP, 0.3 Na2GTP,
and 10 Na2-phosphocreatine, pH 7.2 with CsOH. To induce DSI, the CA1
pyramidal neurons were depolarized from �60 to 0 mV for 5 s, and IPSCs
were evoked at 4 s intervals. IPSCs were evoked at 20 s intervals to examine
the effects of (R)-(�)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)
pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone
mesylate (WIN55,212-2), N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1 H-pyrazole-3-carboxamide (AM251), and
5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-1-piperidinyl-
1H-pyrazole-3-carboxamide (SR141716) on IPSCs. Input–output (I/O)
curves of IPSCs were generated using incremental stimulus intensities of
10–60 �A. The stimulating and recording pipettes were placed at the same
depth in the slice and the distance between them was kept constant (�300
�m). Paired-pulse depression of evoked IPSCs was examined at 20, 40, 80,
120, 200, 400, 800, and 1200 ms interstimulus intervals with stimulation
strength correlated to �40% of the maximal evoked IPSC. Series resistance
(15–20 M�) was monitored throughout the recordings, and data were dis-
carded if the resistance changed by �20%.

Field recordings were made using glass pipettes filled with the 1 M NaCl
(1–2 M�) and placed in the stratum radiatum of the CA1 region of the
hippocampal slices, field EPSPs (fEPSPs) were evoked by stimulation of
the Schaffer collateral/commissural pathway at 0.05 Hz with a bipolar
tungsten electrode (WPI). I/O curves were generated by plotting fEPSP

slope against presynaptic fiber volley amplitude following incremental
stimulus intensities. Paired-pulse facilitation (PPF) was examined at 20,
40, 80, 120, 200, and 400 ms interpulse intervals with stimulation
strength correlated to �40% of the maximal evoked fEPSP. For LTP and
LTD experiments, stable baseline fEPSPs were recorded for at least 15
min at an intensity that induced �40% of the maximal evoked response.
Theta burst stimulation (TBS) consisted of a series of 5 or 15 bursts, with
four pulses per burst at 100 Hz with a 200 ms interburst interval. High-
frequency stimulation (HFS) consisted of three trains of 100 Hz for 1 s
with 20 s intertrain intervals. Low-frequency stimulation (LFS) (1 Hz for
15 min) was used to induce LTD. All recordings were performed at 32 �
1°C by using an automatic temperature controller.

Immunohistochemistry. MAGL �/� and MAGL �/� mice were deeply
anesthetized by intraperitoneal injection of sodium pentobarbital (50
mg/kg; Sigma-Aldrich) and transcardially fixed with 4% paraformalde-
hyde in 0.1 M phosphate buffer supplemented with 4% sucrose. The
brains were sectioned at 30 – 40 �m thickness with a cryostat after postfix
and dehydration. After H2O2 treatment and rinsing three times in PBS,
free-floating sections were blocked for 1 h at room temperature with
blocking solution (1% bovine serum albumin, 5% normal goat serum,
and 1% Triton X-100 in 0.1 M PBS, pH 7.4). Coronal hippocampal sec-
tions were incubated with 1:800 GAP-43 (Sigma-Aldrich) at 4°C for 48 h.
After rinsing in PBS, the sections were incubated in the secondary antibodies:
1:100 goat anti-mouse IgG-HRP (Bio-Rad) for 4 h at room temperature.
After rinsing twice with PBS and once with 0.1 M ammonium phosphate
buffer (APB), pH 7.0, immunoreactivity was detected with 0.05% DAB–
0.004% H2O2 in APB for 2 min, and the reaction was stopped with APB for
5 min and then rinsed in PBS three times, dehydrated, and coverslipped.
NeuroTrace green fluorescent Nissl stain (N21480; Invitrogen) was per-
formed according to the manufacturer’s protocol. Sections were analyzed by
using a Zeiss Axio Imager Z1 microscope.

Open-field test. MAGL �/� and MAGL �/� mice (2–3 months of age)
were placed individually in one corner of the open field (45 cm length �
35 cm wide � 30 cm deep box) and allowed to freely explore the arena
during a 5 min test session (Wang et al., 2010). Locomotor activities were
recorded using an automated video-tracking system (Mobile Datum).
Total distance traveled during a 5 min session was calculated.

Novel object recognition. The procedure was based on published studies
with minor modifications (Wang et al., 2004). It comprised three se-
quential phases including habituation, training, and preference test.
MAGL �/� and MAGL �/� mice (2–3 months of age) were individually
habituated to the open-field box for 15 min. Training trials were per-
formed 24 h after habituation. Two wooden block objects were placed at
the two corners (8 cm from each adjacent wall) of the box. An animal was
placed into the center of the box at an equal distance to the two objects
and was allowed 5 min of exploration of the two objects. Mice that
showed a clear preference (�60%) for one object during the training
phase were excluded from the experiment. Preference test trials were
performed 5 min, 1 d, and 3 d after the training trials from the same
cohorts of mice. Before each preference test trial, one of the objects was
replaced with a novel object that differed in both shape and color. The
mouse was returned in the same position as during the training trials and
was allowed to explore the familiar object and novel object for 5 min. To
avoid spontaneous preference, the objects were randomly assigned as
either familiar or novel for each mouse. The positions of the objects and
the objects used as novel or familiar were counterbalanced between the
mice. Moreover, the open-field box and the objects were thoroughly
cleaned with water and ethanol after each session to avoid potential
odorant cues. The time spent exploring each object was scored and the
preference was expressed as the percentage of time spent on each
object (familiar or novel) divided by the total exploring time on the
two objects. The exploration behavior was defined as directing the head to
the object with a distance�2 cm. Turning around or sitting on the object was
not considered as exploratory behavior.

Morris water maze. The Morris water maze (MWM) test was based on
published procedure with minor modifications (Vorhees and Williams,
2006). MAGL �/� and MAGL �/� mice (2–3 months of age) were placed
in a circular tank (135 cm diameter, 60 cm height) filled to a depth of 40
cm with water at 25°C. The water was made opaque by adding nonfat
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milk powder. A hidden platform (10 cm diameter) was submerged 1 cm
below the surface of the water in the center of the target quadrant. The
maze was placed in a room with various visual cues. MAGL �/� and
MAGL �/� mice were trained for 6 consecutive days to find the hidden
platform. On each day, each animal was subjected to four trials with a 15
min interval between trials. Thirty minutes before the first trial of each
day, MAGL �/� and MAGL �/� mice were randomly divided into two
groups for each genotype and were given an intraperitoneal injection of
vehicle (10% DMSO in 0.9% NaCl) or AM251 (2 mg/kg). Mice were
allowed to search for the platform for 60 s. If the mice did not find the
platform within 60 s, they were gently guided to the platform. Mice were
allowed to remain on the platform for 15 s. Probe trials were conducted
24 h after the last training without any drug or vehicle treatment. During
the probe test, the platform was removed from the tank and the animals
were allowed to swim in the pool for 60 s. The navigation of the mice was
monitored by a video-tracking system (Mobile Datum). The time spent
in each quadrant, swimming speed, and latency to platform were re-
corded and analyzed.

Chemicals. All drugs were prepared as concentrated stock solutions
and stored at �20 or �80°C before use. CNQX-Na2 (Sigma-Aldrich)
and D-AP-5 (Tocris) were dissolved in water. Picrotoxin (Sigma-Aldrich)
was dissolved in ACSF through sonication. WIN55,212-2 (Tocris),
AM251 (Tocris), and SR141716 (or rimonabant) (Sanofi-Aventis) were
dissolved in DMSO. When these drugs were applied to slices, 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.

Data analysis and statistics. Data are presented as the mean � SEM.
The decay time constant (�) of DSI was measured using a single expo-
nential function of y 	 y0 � k � exp(�x/�), in which y is the magnitude
of DSI, y0 is the beginning magnitude of DSI (i.e., the first one after
depolarization), k is the constant multiplier, and x is the time. The mag-
nitude of DSI was calculated as follows: DSI (%) 	 100 � [1 � (mean of
two IPSCs after depolarization/mean of five IPSCs before depolariza-
tion)]. Values of two to three DSI trials were averaged for each neuron.
The magnitude of LTP or LTD (percentage) was calculated as follows:
100 � [mean fEPSP slope during the final 10 min of recording/mean
baseline fEPSP slope]. The depression (percentage) of fEPSPs/IPSCs by
CB1 agonists or antagonists was calculated as follows: 100 � [mean am-
plitude of fEPSPs/IPSCs at last 5 min of drug application/mean ampli-
tude of baseline fEPSPs/IPSCs]. Spontaneous IPSCs were analyzed with
Mini Analysis Program (Synaptosoft). Results were analyzed with Stu-
dent’s t test, two-way or three-way repeated-measures ANOVA, and two-
way or three-way ANOVA followed by Tukey’s post hoc test (when
necessary). Results were considered to be significant at p � 0.05.

Results
Alterations of eCB/CB1 receptor-mediated physiological
responses in MAGL �/� mice
MAGL�/�, MAGL�/�, and MAGL�/� mice were confirmed by
PCR genotyping from tail or ear DNA (Fig. 1A). Nissl staining
did not detect any overt alterations in brain size or the gross
morphology of brains of MAGL�/� and MAGL�/� mice (Fig.
1B,C). The eCB/CB1 receptor signaling is involved in axonal
growth and pathfinding (Berghuis et al., 2007; Harkany et al.,
2008). GAP-43 is a neural-specific growth-associated protein and
marker of axonal growth and presynaptic terminals (Skene and Wil-
lard, 1981). However, there was no detectable difference in GAP-43
staining or cytoarchitecture of the hippocampus between
MAGL�/� and MAGL�/� mice (Fig. 1D). Nevertheless, these find-
ings do not exclude possible changes in brain structure in MAGL�/�

mice under other experimental conditions.
We investigated whether DSI, which is known to be mediated

by 2-AG-induced activation of CB1 receptors (Ohno-Shosaku et
al., 2001; Wilson and Nicoll, 2001; Gao et al., 2010; Tanimura et
al., 2010), was altered in hippocampal CA1 pyramidal neurons in
MAGL�/� mice. IPSCs were evoked every 4 s by stimulating

inhibitory synaptic inputs in the presence of glutamate receptor
antagonists (CNQX; 20 �M) and D-AP-5 (20 �M). DSI was in-
duced by a 5 s depolarization step from �60 to 0 mV. The decay
time constant of DSI was significantly prolonged in MAGL�/�

mice (MAGL�/�, 9.5 � 1.8 s, n 	 9; MAGL�/�, 25.6 � 5.5 s, n 	
10; p � 0.05; Fig. 2A,B); however, the magnitude of DSI was
significantly decreased in MAGL�/� mice (MAGL�/�, 32.8 �
3.9%, n 	 9; MAGL�/�, 20.5 � 3.2%, n 	 10; p � 0.05; Fig.
2A,B).

MAGL�/� mice exhibited 10- to 30-fold increase in 2-AG
levels in the brain (Chanda et al., 2010; Schlosburg et al., 2010).
The dramatic increase in 2-AG levels could result in tonic activa-
tion of CB1 receptors and persistent suppression of synaptic
transmission. If this is the case, CB1 receptor antagonists should
enhance basal synaptic transmission in MAGL�/� mice. In sup-
port of this prediction, we found that bath application of CB1

receptor antagonist AM251 (2 �M) significantly enhanced
evoked IPSCs in CA1 pyramidal neurons in hippocampal slices in
MAGL�/� mice but did not significantly affect evoked IPSCs
in MAGL�/� mice (MAGL�/�, 106.4 � 6.1% of baseline, n 	 8;
MAGL�/�, 141.6 � 8.1%, n 	 7; p � 0.01; Fig. 2C). Bath appli-
cation of another CB1 receptor antagonist SR141716 (2 �M) pro-
duced similar enhancement of IPSCs in MAGL�/� mice without
significantly affecting the amplitude of evoked IPSCs in
MAGL�/� mice (MAGL�/�, 109.4 � 6.6%, n 	 7; MAGL�/�,
138.1 � 8.6%, n 	 8; p � 0.05). Similar to the present results,
prior studies have shown that bath application of AM251 or
SR141716 had no significant effect on baseline IPSCs in rat hip-

Figure 1. Normal gross brain morphology of MAGL �/� mice. A, Genotyping of MAGL �/�,
MAGL �/�, and MAGL �/� mice was performed by PCR using ear DNA. The 430 bp band
corresponds to the wild-type allele and the 220 bp band corresponds to the gene-trapped allele.
B, C, Nissl staining of parasagittal sections of the brains of MAGL �/� (B) and MAGL �/� mice
(C) show similar gross brain morphology. Scale bars, 1 mm. N 	 3 mice each phenotype. D,
Immunohistochemical analysis of the hippocampus of MAGL �/� and MAGL �/� mice using
antibody against GAP-43, a marker of axonal growth and presynaptic terminals. No detectable
difference of GAP-43 staining or hippocampal cytoarchitecture was found between MAGL �/�

and MAGL �/� mice. Scale bars, 0.5 mm. N 	 3 mice each phenotype.
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pocampal slices (Wilson and Nicoll, 2001; Chevaleyre and Cas-
tillo, 2003). Thus, MAGL limits tonic activation of the CB1

receptor by 2-AG in MAGL�/� mice, while the accumulated
2-AG causes tonic activation of CB1 receptors in MAGL�/� mice.

CB1 receptor binding density is decreased in MAGL �/� mice
or mice chronically treated with a MAGL inhibitor (Chanda et
al., 2010; Schlosburg et al., 2010). To test possible CB1 receptor
desensitization, we examined whether the CB1 receptor agonist
WIN55,212-2-induced depression of IPSCs was attenuated in
MAGL�/� mice. Bath application of WIN55,212-2 (2 �M) pro-
duced significantly less depression of IPSCs in hippocampal
CA1 pyramidal neurons in MAGL�/� mice than that in
MAGL�/� mice (MAGL�/�, 41.3 � 4.0%, n 	 7; MAGL�/�,
24.3 � 5.7%, n 	 8; p � 0.05; Fig. 2D). Together, these data indicate
that genetic deletion of MAGL causes tonic activation and partial
desensitization of the CB1 receptor in the hippocampus.

Selective enhancement of TBS-induced LTP in CA1 region of
the hippocampus in MAGL �/� mice
We determined whether basal excitatory synaptic transmis-
sion and long-term synaptic plasticity in the hippocampus
were altered in MAGL �/� mice. fEPSPs were evoked by Schaf-
fer collateral stimulation at 0.05 Hz, and the recording elec-
trode was placed in the stratum radiatum of the CA1 region of
the hippocampal slices prepared from MAGL �/� and
MAGL �/� mice. We first determined the I/O relationship be-
tween presynaptic axon fiber volley and fEPSP slopes by stim-
ulating Schaffer collateral with incremental intensities.

MAGL �/� mice did not exhibit signifi-
cant changes in the slope of I/O curves
compared with that of MAGL �/� mice
(n 	 7– 8 slices from 4 mice each; p �
0.05; data not shown). These results in-
dicate that basal synaptic strength was
not significantly changed in MAGL �/�

mice.
Next, we compared the paired-pulse

ratio (PPR), which is used as a measure of
the probability of transmitter release. Syn-
apses with high probability of transmitter
release often display low PPR, whereas
synapses with low probability of transmit-
ter release display high PPR (Zucker and
Regehr, 2002). The PPR was measured at a
series of interpulse intervals (20, 40, 80,
120, 200, and 400 ms). Stimulation of
Schaffer collateral pathway produced PPF
at shorter interpulse intervals (from 20 to
200 ms). The corresponding PPR at each
interpulse interval was not significantly
different between MAGL�/� (20 ms,
1.34 � 0.07; 40 ms, 1.45 � 0.07; 80 ms,
1.38 � 0.05; 120 ms, 1.31 � 0.05; 200 ms,
1.19 � 0.04; 400 ms, 1.02 � 0.04; n 	 7
slices from 4 mice) and MAGL�/� mice
(20 ms, 1.27 � 0.07; 40 ms, 1.37 � 0.05; 80
ms, 1.32 � 0.05; 120 ms, 1.25 � 0.05; 200
ms, 1.17 � 0.04; 400 ms, 1.04 � 0.03; n 	
8 slices from 5 mice; p � 0.05), suggesting
that genetic deletion of MAGL had no
significant effect on the probability of glu-
tamate release at the Schaffer collateral-
to-CA1 pyramidal cell synapses.

We also examined the effects of genetic deletion of MAGL on
LTP in the CA1 region of the hippocampal slices. LTP in the
hippocampus is typically induced by either TBS (Larson et al.,
1986) or HFS (Bliss and Lomo, 1973; Bliss and Collingridge,
1993). TBS is designed to mimic the in vivo firing patterns of
hippocampal neurons during exploratory behavior (Larson et al.,
1986). Recordings of fEPSPs were first made in the absence of
GABAA receptor blockers. We used two TBS protocols to induce
LTP, one consisting of 5 bursts, the other consisting of 15 bursts.
In hippocampal slices prepared from MAGL�/� mice, the five-
burst TBS protocol induced a significant increase in the slope of
fEPSPs, which gradually returned to baseline levels in 60 min
(106.1 � 5.3% of baseline; n 	 8; Fig. 3A). However, the same
protocol induced a long-lasting enhancement of fEPSPs, or LTP,
in MAGL�/� mice (129.5 � 6.8% of baseline; n 	 9; p � 0.05;
Fig. 3A). The 15 burst TBS induced LTP in both MAGL�/� and
MAGL�/� mice; the magnitude of LTP was significantly greater
in MAGL�/� mice compared with that of MAGL�/� mice
(MAGL�/�, 130.9 � 6.9% of baseline, n 	 7; MAGL�/�, 163.1 �
7.6% of baseline, n 	 9; p � 0.01; Fig. 3B). In contrast, HFS (100
Hz, 1 s � 3) induced similar LTP in the CA1 region of hippocam-
pal slices prepared from MAGL�/� and MAGL�/� mice
(MAGL�/�, 132.5 � 6.5% of baseline, n 	 8; MAGL�/�, 141.3 �
6.5% of baseline, n 	 9; p � 0.05; Fig. 3C). LTD induced with LFS
(1 Hz for 900 s) was not significantly different between
MAGL�/� and MAGL�/� mice (MAGL�/�, 13.7 � 4.4%, n 	 8;
MAGL�/�, 17.1 � 4.3%, n 	 7; p � 0.05; Fig. 3D). Thus, genetic
deletion of MAGL selectively facilitated TBS-induced LTP in the

Figure 2. Genetic deletion of MAGL altered eCB/CB1 receptor-mediated responses in CA1 pyramidal neurons. A, Sample traces
of IPSCs (top) and averaged DSI (bottom) in CA1 pyramidal neurons in MAGL �/� and MAGL �/� mice (n 	 9 –10 cells; N 	 3–5
mice). The solid lines are single exponential fitting curves of the decay of DSI. B, Summary of the decay time constant (�) (left) and
magnitude (right) of DSI in MAGL �/� and MAGL �/� mice (n 	 9 –10; N 	 3–5; *p � 0.05). C, Bath application of the CB1

receptor antagonist AM251 (2 �M) increased the amplitude of evoked IPSCs in hippocampal CA1 pyramidal neurons in MAGL �/�

mice but did not significantly affect IPSCs in MAGL �/� mice (n 	 7– 8; N 	 3– 4 mice; p � 0.05). D, Bath application of the CB1

receptor agonist WIN55212-2 (2 �M) induced significantly less depression of IPSCs in MAGL �/� mice than that in MAGL �/� mice
(n 	 7– 8; N 	 3– 4; p � 0.05). Error bars indicate SEM.
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hippocampus but had no significant ef-
fects on HFS-LTP and LFS-LTD.

Why does genetic deletion of MAGL
produce differential regulation of these
two types of LTP? LTP is often tightly con-
trolled by GABAA receptor-mediated in-
hibition and GABAA receptor antagonists
or pathophysiological stimuli that reduce
GABAergic inhibition decrease the
threshold for LTP induction (Wigström
and Gustafsson, 1983; Meredith et al.,
2003; Liu et al., 2005). TBS-induced LTP
is more sensitive to changes in GABAergic
inhibition than HFS-induced LTP
(Chapman et al., 1998). 2-AG-induced
tonic suppression of GABAergic inhibi-
tion in MAGL�/� mice (Fig. 2C) might
account for the difference in TBS-induced
LTP between MAGL�/� and MAGL�/�

mice. To test this possibility, we repeated
the TBS-LTP experiments in the presence
of CB1 receptor antagonist SR141716 or
AM251. Slices were treated with SR141716 (2
�M) or AM251 (2 �M) for at least 40 min be-
fore the 15 burst TBS was applied. There was
no significant difference in TBS-induced LTP
between MAGL�/� and MAGL�/� mice in
the presence of SR141716 (MAGL�/�,
127.8 � 7.3% of baseline, n 	 7; MAGL�/�,
129.9�6.9% of baseline, n	8; p�0.05; Fig.
4A) or AM251 (MAGL�/�, 131.5 � 6.7% of
baseline, n 	 8; MAGL�/�, 134.3 � 5.9% of
baseline, n 	 8; p � 0.05; Fig. 4D); this was
because SR141716 or AM251 significantly
decreased the magnitude of TBS-LTP in
MAGL�/� mice (p � 0.01) without af-
fecting TBS-LTP in MAGL�/� mice (p �
0.05; Fig. 4D).

Next, we examined whether 2-AG ele-
vations in MAGL �/� mice produced
tonic suppression of baseline fEPSPs in
the CA1 region of the hippocampus. We found that bath appli-
cation of SR141716 (2 �M) did not significantly affect baseline
fEPSPs in either MAGL�/� or MAGL�/� mice (MAGL�/�,
106.9 � 5.1% of baseline, n 	 6; MAGL�/�, 111.6 � 4.0% of
baseline, n 	 7; p � 0.05; Fig. 4B). Together with the findings that
the PPR and I/O curve of fEPSPs were not significantly altered in
MAGL�/� mice, our data indicate that 2-AG elevations in
MAGL�/� mice selectively suppress GABAergic inhibitory synaptic
transmission in hippocampal CA1 region but do not significantly
affect excitatory synaptic transmission.

To further test the possibility that 2-AG-induced suppres-
sion of GABAergic inhibition is responsible for the difference
in TBS-induced LTP between MAGL �/� and MAGL �/� mice,
we performed TBS-induced LTP in the presence of GABAA

receptor antagonist picrotoxin (50 �M). Under this condition,
there was no difference in TBS-induced LTP between
MAGL �/� and MAGL �/� mice (MAGL �/�, 172.8 � 7.5% of
baseline, n 	 8; MAGL �/�, 179.5 � 8.6% of baseline, n 	 7;
p � 0.05; Fig. 4C,D). Thus, the presence of picrotoxin abro-
gated the difference in TBS-induced LTP between MAGL �/�

and MAGL �/� mice. Together, these results suggest that
GABAergic inhibition to CA1 pyramidal neurons is selectively

suppressed in MAGL �/� mice, which may explain why TBS-
LTP is facilitated in these mice.

The reduction of GABAergic inhibition onto CA1 pyramidal
neurons in MAGL �/� mice
To directly detect possible alterations of GABAA receptor-
mediated inhibition, we recorded evoked IPSCs and spontaneous
IPSCs (sIPSCs) in CA1 pyramidal neurons of hippocampal slices
prepared from MAGL�/� and MAGL�/� mice. The I/O relation-
ship of evoked IPSCs was determined by plotting the amplitude of
the IPSCs against the stimulus intensities. MAGL�/� mice exhib-
ited significant decreases in the mean amplitude of evoked IPSCs
at several stimulus intensities compared with that of MAGL�/�

mice (p � 0.05; Fig. 5A), indicating that the strength of inhibi-
tory synaptic transmission is decreased in MAGL�/� mice. The
PPR of evoked IPSCs was measured at a number of interpulse
intervals (20, 40, 80 120, 200, 400, 800, and 1200 ms). The evoked
IPSCs displayed paired-pulse depression at most of these inter-
vals (20 – 800 ms) in MAGL�/� mice. The PPR of evoked IPSCs
at 20 –100 ms intervals was significantly increased in MAGL�/�

mice compared with that of MAGL�/� mice (Fig. 5B). The in-

Figure 3. Genetic deletion of MAGL selectively facilitates TBS-induced LTP in hippocampal slices but had no significant effects
on either HFS-induced LTP or LFS-induced LTD. A, Five-burst TBS protocol induced LTP in MAGL �/� mice (n 	 9; N 	 5 mice) but
not in MAGL �/� mice (n 	 8; N 	 4; p � 0.05). B, Fifteen-burst TBS protocol induced LTP with greater magnitude in MAGL �/�

mice (n 	9; N 	4) than that in MAGL �/� mice (n 	7; N 	3; p �0.01). C, HFS protocol induced similar LTP in MAGL �/� mice
(n 	 9; N 	 6) and MAGL �/� mice (n 	 8; N 	 5; p � 0.05). D, There was no significant difference of LFS-induced LTD between
MAGL �/� mice (n 	 8; N 	 4) and MAGL �/� mice (n 	 7; N 	 4; p � 0.05).
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crease in the PPR suggests a decrease in GABA release in
MAGL�/� mice (Zucker and Regehr, 2002).

Next, we determined whether sIPSCs in CA1 pyramidal neu-
rons were altered in MAGL�/� mice (Fig. 5C). The amplitude of
sIPSCs was not significantly changed in MAGL�/� mice com-
pared with that of MAGL�/� mice, as shown by the cumulative
amplitude plots (Van der Kloot, 1991) (p � 0.05; Fig. 5D) and
amplitude histograms (p � 0.05; Fig. 5F). In contrast, the frequency of
sIPSCs was significantly decreased in MAGL �/� mice compared
with that of MAGL�/� mice (MAGL�/�, 7.9 � 0.6 Hz, n 	 9;
MAGL�/�, 4.9 � 0.7 Hz, n 	 10; p � 0.01; Fig. 5G). These results
suggest that GABA release, but not GABAA receptor sensitivity, is
decreased in MAGL�/� mice (Zucker and Regehr, 2002).

To test whether the decrease in GABA release was caused by
2-AG-induced CB1 receptor activation, we recorded sIPSCs
in the presence of SR141716 (2 �M). SR141716 significantly in-
creased the frequency of sIPSCs in CA1 pyramidal neurons in
MAGL�/� mice (SR141716, 8.6 � 0.7 Hz, n 	 8; p � 0.01 vs
corresponding control; Fig. 5G) but had no effect on the fre-
quency of sIPSCs in MAGL�/� mice (SR141716, 8.3 � 0.8 Hz,
n 	 9; p � 0.05 vs corresponding control; Fig. 5G). There were no
significant differences in the frequency as well as the ampli-
tude of sIPSCs between MAGL�/� and MAGL�/� mice (p �

0.05; Fig. 5E–G). Thus, genetic deletion of
MAGL per se does not alter basal GABAer-
gic synaptic transmission in CA1 pyramidal
neurons. However, the associated increase
in 2-AG levels in MAGL�/� mice causes
tonic activation of CB1 receptors, selective
suppression of GABAergic inhibition, and
facilitation of TBS-LTP induction.

The enhancement of object recognition
memory and spatial learning in
MAGL �/� mice
Having shown that genetic deletion of
MAGL selectively facilitates TBS-LTP
in the hippocampus, we determined
whether hippocampus-dependent learn-
ing and memory were altered in
MAGL�/� mice. Novel object recogni-
tion task measures spontaneous prefer-
ence to a novel object over a familiar
object (Ennaceur and Delacour, 1988)
and is a form of recognition memory that
depends on the hippocampus (Myhrer,
1988; Reed and Squire, 1997). During
training, MAGL�/� and MAGL�/� mice
were presented with two objects for 5 min.
Both genotypes of mice spent approxi-
mately equal time exploring each object;
the percentage of time spent for ap-
proaching or sniffing the objects was not
significantly different (p � 0.05; Fig. 6A).
Thus, MAGL�/� and MAGL�/� mice
had comparable visual perception and cu-
riosity to explore the objects. During the
sequential retention memory tests, one of
the original objects was replaced with a
novel object at 5 min, 1 d, and 3 d after the
training. If a mouse remembered the orig-
inal object, it spent more time with the
novel object (Ennaceur and Delacour,

1988). Two-way repeated-measures ANOVA shows that the per-
centage of time spent in the exploration of the novel object was
significantly decreased with time (F(2,40) 	 48.7; p � 0.001), but
no significant main effect of genotype was found (F(1,40) 	 1.9;
p � 0.05). However, there was significant genotype by time in-
teraction (F(2,40) 	 5.6; p � 0.01). Tukey’s post hoc analysis indi-
cates that MAGL�/� and MAGL�/� mice exhibited similar
preference to the replaced novel object at 5 min test session (p �
0.05), suggesting that short-term memory was not altered in
MAGL �/� mice (Fig. 6 B). However, at 1 d session, MAGL �/�

mice exhibited significantly greater preference toward the
novel object than MAGL �/� mice (p � 0.01). This result in-
dicates that MAGL �/� mice exhibit improved recognition
memory compared with that MAGL �/� mice. However, no
preference for a novel object was observed at 3 d test session
for MAGL �/� and MAGL �/� mice as both types of mice re-
turned to the basal levels (p � 0.05; Fig. 6 B).

We tested whether spatial learning and memory was altered in
MAGL�/� mice using MWM (Vorhees and Williams, 2006).
MAGL�/� and MAGL�/� mice were trained to find the hidden
platform four trials per day for 6 d. Thirty minutes before the first
trial of each day, mice were given intraperitoneal injection of
vehicle or AM251 (2 mg/kg). Three-way repeated-measures

Figure 4. The mechanisms for facilitation of TBS-LTP induction in MAGL �/� mice. A, In the presence of the CB1 receptor
antagonist SR141716 (2 �M), TBS-induced LTP in the CA1 region of hippocampal slices was not significantly different between
MAGL �/� and MAGL �/� mice (n 	 7– 8; N 	 4 –5 mice; p � 0.05). B, Bath application of SR141716 (2 �M) did not signifi-
cantly affect basal fEPSPs in MAGL �/� and MAGL �/� mice (n 	 6 –7; N 	 3– 4; p � 0.05). C, TBS-LTP induced in the presence
of GABAA receptor blocker picrotoxin (50 �M) was not significantly different between MAGL �/� and MAGL �/� mice (n 	 7– 8;
N 	 5 each; p � 0.05). D, Summary of 15 burst TBS-induced LTP under various experimental conditions (*p � 0.05; **p � 0.01).
SR, SR141716; PTX, picrotoxin. Error bars indicate SEM.
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ANOVA shows that the latency to escape
to the hidden platform (the escape latency)
was decreased following the 6 d training ses-
sions (F(5,150) 	 72.7; p � 0.001). There
were a significant main effect of drug treat-
ment (vehicle vs AM251) on the escape la-
tency (F(1,30) 	 8.8; p � 0.01) and a
significant genotype by drug treatment in-
teraction (F(1,30) 	 5.3; p � 0.05). The
escape latency was significantly different
between vehicle-treated MAGL�/� and
MAGL�/� mice at the third and fourth
days (p � 0.05), suggesting that
MAGL�/� mice learned more quickly to
find the hidden platform than MAGL�/�

mice (Fig. 7A). AM251 treatment had no
significant effect on the escape latency in
wild-type mice (p � 0.05), consistent with
previous studies showing that CB1 antag-
onist SR141716 or CB1 receptor knock-
out did not affect the escape latency in
Morris water maze (Varvel and Lichtman,
2002). However, AM251 treatment signif-
icantly increased the escape latency in
MAGL�/� mice (p � 0.01) and abrogated
the difference in the escape latency be-
tween MAGL�/� and MAGL�/� mice
(p � 0.05; Fig. 7A). These results suggest
that the decrease in the escape latency in
MAGL�/� mice at the third and fourth
days is caused by 2-AG-induced tonic ac-
tivation of the CB1 receptor.

There was no significant difference of
swimming speed among vehicle- and
AM251-treated MAGL�/� and MAGL�/�

mice (p � 0.05; Fig. 7B). Previous studies
have shown that the locomotor activity in an
open field was similar in MAGL�/� and
MAGL�/� mice (Chanda et al., 2010;
Schlosburg et al., 2010). Confirming these
findings, we found that the total ambulatory
distance in a 5 min session in an open field
was not significantly different between
MAGL�/� (21.5 � 2.3 m; n 	 12) and
MAGL�/� mice (20.5 � 3.0 m; n 	 11; p �
0.05). Thus, the decrease in the escape la-
tency of MAGL�/� mice cannot be attrib-
uted to altered movement or swimming
ability in these mice.

To further assess spatial learning and
memory in MWM, we performed probe
trials on the seventh day, �24 h after the
lasting training session. The platform was
removed from the tank and the mice were
given 60 s to explore the pool. Three-way
ANOVA showed that all groups of
MAGL�/� and MAGL�/� mice exhibited
a clear preference for the targeted quad-
rant in which the platform was previously
located (F(3,120) 	 45.5; p � 0.001). There was significant geno-
type by drug treatment by targeted quadrant interaction for the
time in the targeted quadrant (F(3,120) 	 5.2; p � 0.01).
Tukey’s post hoc analysis indicates that vehicle-treated

MAGL �/� mice spent more time searching in the targeted
quadrant than vehicle-treated MAGL�/� mice (p � 0.01; Fig.
7C,E). AM251 treatment significantly decreased the time spent in
the targeted quadrant in MAGL�/� mice (p � 0.01) but had no

Figure 5. The reduction of GABAergic inhibition in hippocampal CA1 pyramidal neurons in MAGL �/� mice. A, Genetic deletion
of MAGL decreased the slope of input– output curves of IPSCs evoked from the striatum radiatum (n 	 8 each; N 	 4 –5 mice;
*p � 0.05). Top, Examples of IPSCs evoked by a range of stimulation intensities in hippocampal slices from MAGL �/� and
MAGL �/� mice. B, The increase in paired-pulse ratio (IPSC2/IPSC1) at 20, 40, 80, and 120 ms interpulse intervals in MAGL �/�

mice (n 	 8; N 	 4 –5; *p � 0.05). Top, Superimposed paired-pulse IPSCs at 20 – 400 ms interpulse intervals. C, Representative
sIPSCs in CA1 pyramidal neurons in MAGL �/� and MAGL �/� mice. D–F, The amplitude of sIPSCs was not altered in MAGL �/�

mice as shown by cumulative probability plots of sIPSC amplitude distribution (D) and histograms of the mean amplitude of sIPSCs
(F ). The CB1 antagonist SR141716 had no significant effects on sIPSC amplitude (E, F ). G, The mean frequency of sIPSCs was
decreased in MAGL �/� mice compared with that in MAGL �/� (n 	 9 –10; N 	 4 –5; **p � 0.01), and the decrease was
reversed by SR1417716 (n 	 8 –9; N 	 3– 4; **p � 0.01). Error bars indicate SEM.
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significant effect in MAGL�/� mice. There was no significant
difference in the time spent in the targeted quadrant between
AM251-treated MAGL�/� and MAGL�/� mice (p � 0.05). Dur-
ing the probe trial, both vehicle- and AM251-treated MAGL�/�

and MAGL�/� mice took similar initial time to find the previous
location of the removed platform (“Latency to platform”; p �
0.05; Fig. 7D), suggesting that both genotypes of mice were able to
recall the location of the platform.

Discussion
In the present study, we investigated how sustained elevations of
2-AG in MAGL-deficient mice affected eCB signaling, synaptic
function, and learning behaviors. We show that genetic deletion
of MAGL altered DSI and other CB1 receptor-mediated depression
of IPSCs in hippocampal CA1 pyramidal neurons. In addition, we
demonstrate that TBS-induced LTP in the hippocampus was facili-
tated in MAGL�/� mice. Finally, we find that MAGL�/� mice ex-
hibited improved performance in novel object recognition and
Morris water maze.

Alterations of eCB/CB1 receptor-mediated responses in the
hippocampus
DSE and DSI are forms of retrograde synaptic depression that
require the CB1 receptor activation (Kreitzer and Regehr, 2001;
Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) and the
2-AG biosynthetic enzyme diacylglycerol lipase-� (Gao et al.,

2010; Tanimura et al., 2010). MAGL in-
hibitors, but not FAAH inhibitors, aug-
mented DSE/DSI (Makara et al., 2005;
Straiker and Mackie, 2005; Szabo et al.,
2006; Hashimotodani et al., 2007; Pan et
al., 2009), suggesting that the inactivation
of 2-AG by MAGL shapes the duration of
DSE/DSI. However, some of the MAGL
inhibitors have multiple targets and un-
specific effects (Lio et al., 1996; De Pet-
rocellis et al., 1997; Kozak et al., 2000).
We demonstrate that the decay of DSI in
CA1 pyramidal neurons was prolonged
in MAGL �/� mice. DSE in cultured au-
taptic hippocampal neurons was also
prolonged in MAGL�/� mice (Straiker
et al., 2011). Together, these studies
provide genetic evidence that degrada-
tion of 2-AG by MAGL determines the
time course of DSE/DSI.

The CB1 receptor antagonists AM251
and SR141716 significantly increased
basal IPSCs in CA1 pyramidal neurons in
MAGL�/� mice, but not in MAGL�/�

mice. Thus, 2-AG elevations in MAGL�/�

mice cause persistent suppression of IP-
SCs. Conversely, the CB1 receptor agonist
WIN55212-2 induced greater depression
of IPSCs in MAGL�/� mice than that in
MAGL�/� mice. The magnitude of DSI in
CA1 pyramidal neurons was decreased in
MAGL�/� mice. Biochemical studies
have shown that brain 2-AG levels are dra-
matically increased, whereas CB1 receptor
binding density is significantly decreased
in MAGL�/� mice (Chanda et al., 2010;
Schlosburg et al., 2010). Together, these stud-
ies indicate that genetic deletion of MAGL

causes tonic activation and partial desensitization of the CB1 receptor.

Selective facilitation of TBS-induced LTP in MAGL �/� mice
We show that TBS-induced LTP in hippocampal CA1 region was
facilitated in MAGL�/� mice, while either HFS-induced LTP or
LFS-induced LTD remained unaltered. Although HFS and TBS
are common induction protocols for LTP, TBS is perhaps more
physiologically relevant than HFS. TBS resembles in vivo firing

Figure 6. MAGL �/� mice exhibited enhanced memory in novel object recognition test. A, In the
trainingsession,MAGL �/�andMAGL �/�micespentroughlyequaltimetoexplorethetwoobjects
(A, B). B, In the test sessions, MAGL �/� and MAGL �/� mice showed similar preference to a novel
object 5 min after the training (p � 0.05). One day after the training, MAGL �/� mice showed
enhanced recognition memory because of the increased preference to a novel object compared with
that of MAGL �/� mice (**p � 0.01). Three days after the training, neither MAGL �/� nor
MAGL �/� mice showed significant preference to a novel object since they explored the original and
novel objects with �50% of the time (N 	 10 –12 mice). Error bars indicate SEM.

Figure 7. MAGL �/�miceexhibitedenhancedspatial learningintheMorriswatermazetest.A,MAGL �/�andMAGL �/�micewere
pretreated with vehicle or AM251 and trained for 6 d to find the hidden platform. The escape latency was significantly decreased at the third
and fourth days in vehicle-treated MAGL �/� mice (N 	 9) compared with that in vehicle-treated MAGL �/� mice (N 	 9; *p � 0.05).
There was no significant difference in the escape latency between AM251-treated MAGL �/� (N	8) and MAGL �/� mice (N	8; p�
0.05). B, Vehicle- or AM251-treated MAGL �/� and MAGL �/� mice exhibited similar swimming speed in the pool during the 6 d training
sessions(p�0.05). C,Duringprobetest, theplatformwasremovedfromthepool;allgroupsofMAGL �/�andMAGL �/�miceexhibited
preference for the targeted quadrant over the other three quadrants (p � 0.001); however, vehicle-treated MAGL �/� mice spent more
time searching in the targeted quadrant than vehicle-treated MAGL �/�mice (**p�0.01). AM251 treatment significantly decreased the
time spent in the targeted quadrant in MAGL �/� mice (p�0.01). D, During the probe test, the latency to targeted platform location was
not significantly different among vehicle- or AM251-treated MAGL �/� and MAGL �/� mice (p � 0.05). E, Representative swimming
tracings of vehicle-treated MAGL �/� and MAGL �/� mice during the probe test. Error bars indicate SEM.
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patterns of hippocampal neurons in animals during exploratory
behavior (Kandel and Spencer, 1961; Otto et al., 1991), while it is
unlikely that hippocampal CA1 pyramidal neurons in vivo fire at
100 Hz for a full second because of spike frequency adaptation
(Alger and Nicoll, 1980; Pedarzani and Storm, 1993). LTP at many
excitatory synapses is tightly controlled by GABAA receptor-
mediated inhibition (Wigström and Gustafsson, 1983; Huang et al.,
1999; Liu et al., 2005). However, HFS-induced LTP is less sensitive to
the levels of GABAergic inhibition than TBS-induced LTP (Chap-
man et al., 1998), perhaps due to HFS-induced intracellular accu-
mulation of Cl� or desensitization of GABAA receptors (Isomura et
al., 2003; Wang et al., 2006; Gong et al., 2009). One possibility is that
2-AG-induced selective suppression of GABAergic inhibition might
account for the facilitation of TBS-LTP in MAGL�/� mice. In sup-
port of this possibility, we find that 2-AG elevations in MAGL�/�

mice produced persistent suppression of basal IPSCs in CA1
pyramidal neurons and this effect was blocked by CB1 receptor an-
tagonists. In the hippocampus, CB1 receptors are predominantly
expressed on axonal terminals of cholecystokinin-expressing in-
terneurons (Katona et al., 1999; Tsou et al., 1999). The CB1 receptor
labeling density in inhibitory axonal terminals was �20 times higher
than in excitatory terminals in the stratum radiatum of the CA1
region (Kawamura et al., 2006), where our recordings were made.
We also find that CB1 receptor antagonists or GABAA receptor an-
tagonist picrotoxin abrogated the difference in TBS-LTP induction
between MAGL�/� and MAGL�/� mice. Together, these results
suggest that 2-AG-induced selective suppression of GABAergic in-
hibition provides a potential mechanism for the facilitation of TBS-
LTP in MAGL�/� mice.

Consistent with our findings, previous studies have shown
that the induction of DSI or CB1 receptor-mediated LTD at in-
hibitory synapses facilitated LTP induction (Carlson et al., 2002;
Chevaleyre and Castillo, 2003, 2004; Zhu and Lovinger, 2007; Pan
et al., 2011). In contrast, 
9-tetrahydrocannabinol (
9-THC)
(the active ingredient of marijuana) or other synthetic CB1 ago-
nists blocked LTP in hippocampal slices in vitro (Nowicky et al.,
1987; Collins et al., 1994; Terranova et al., 1995; Misner and
Sullivan, 1999; Hoffman et al., 2007) and in vivo (Hill et al., 2004).
Bath application of anandamide (Terranova et al., 1995) or 2-AG
(Stella et al., 1997) blocked LTP in hippocampal slices in a CB1

receptor-dependent manner. Thus, exogenous and endogenous
CB1 ligands produce distinct modulation of LTP in the hip-
pocampus. We will discuss possible mechanisms for this differ-
ential regulation of LTP induction in the next section.

Improved performance in learning tasks in MAGL�/� mice
Enhanced LTP in a transgenic animal can be associated with im-
proved or impaired learning behaviors (Migaud et al., 1998; Tang
et al., 1999). MAGL�/� mice exhibited enhanced LTP as well as
enhanced performance in Morris water maze and novel object
recognition. MAGL�/� mice learned to find the hidden platform
in a water maze more quickly than MAGL�/� mice. Similar en-
hanced performance in water maze has also been reported in
mice lacking anandamide-degrading enzyme FAAH (Varvel et
al., 2007). In contrast with these findings, 
9-THC and synthetic
CB1 agonists impair spatial and cognitive performance tasks, in-
cluding Morris water maze and novel object recognition, in ani-
mals (Lichtman et al., 1995; Hampson and Deadwyler, 1999;
Varvel and Lichtman, 2002; Boucher et al., 2009; Puighermanal et
al., 2009). Moreover, marijuana use leads to learning and mem-
ory deficits in humans (Solowij et al., 2002; Messinis et al., 2006).
Why do exogenous and endogenous CB1 ligands exert opposite
effects on hippocampal LTP and learning behavior?

Exogenous CB1 agonists depressed both excitatory and inhib-
itory transmission in the CA1 region (Wilson and Nicoll, 2001;
Ohno-Shosaku et al., 2002). Temporal coordination of excitatory
and inhibitory synaptic potentials is essential for theta (4 –12 Hz),
gamma (30 – 80 Hz), and ripple (100 –200 Hz) oscillations, which
are important for the formation of hippocampus-dependent
memories (Buzsáki et al., 2003). 
9-THC and a synthetic CB1

agonist disrupt these three types of synchronous, rhythmic action
potential firing in the hippocampus (Hájos et al., 2000; Robbe et
al., 2006), which may explain why synthetic cannabinoids impair
hippocampal LTP and learning and memory. In contrast, endog-
enous 2-AG does not disrupt hippocampal rhythmic action po-
tential firing (Robbe et al., 2006). 2-AG-mediated selective
depression of inhibitory transmission decreases the threshold for
LTP induction (Carlson et al., 2002; Chevaleyre and Castillo,
2003, 2004; Zhu and Lovinger, 2007; Pan et al., 2011). These
observations may explain why synthetic cannabinoids and en-
dogenous 2-AG exert opposite effects on hippocampal LTP and
learning behavior.

Transgenic mice with various mechanisms of enhanced
GABAergic inhibition exhibit impairments in both hippocampal
LTP and Morris water maze performance (Costa et al., 2002; Cui
et al., 2008; Gong et al., 2009); the learning deficits in these trans-
genic mice or wild-type mice treated with 
9-THC were reversed
by GABAA receptor antagonists (Varvel et al., 2005; Cui et al.,
2008). Thus, the decreased GABAergic inhibition in the hip-
pocampus might also underlie the improved performance in
learning tasks in MAGL�/� mice.

During the probe trial of Morris water maze, MAGL�/� mice
showed stronger place preference for the targeted quadrant than
MAGL�/� mice. Possible explanations include that MAGL�/�

mice have better recollection of the previous location of the plat-
form, or alternatively, these mice exhibited retarded “reversal
learning” or “extinction.” CB1 knock-out mice exhibited signifi-
cant deficits in a reversal task in which the location of the hidden
platform was moved to the opposite side of the tank (Varvel and
Lichtman, 2002) and showed impaired extinction of fear condi-
tioning memories (Marsicano et al., 2002). It remains to be de-
termined whether enhanced learning or impaired extinction of
hidden platform memories contributes to the stronger place pref-
erence for the targeted quadrant in MAGL�/� mice.

Previous studies have shown that MAGL �/� mice show
behavioral tolerance to CB1 agonists and the loss of canna-
bimimetic behavioral effects, which can be explained by CB1

receptor desensitization (Chanda et al., 2010; Schlosburg et
al., 2010). In contrast, some of the electrophysiological and
behavioral phenotypes of MAGL �/� mice identified here can
be attributable to 2-AG-induced tonic activation of CB1 recep-
tors. Thus, both activation and desensitization of CB1 recep-
tors may underlie the alterations of physiological and
behavioral responses in MAGL �/� mice.

While synthetic cannabinoids impair hippocampal LTP and
behavioral learning (Lichtman et al., 1995; Hoffman et al., 2007),
the present study revealed that sustained 2-AG elevations in
MAGL�/� mice enhanced hippocampal LTP and cognitive and
spatial learning. Morris water maze performance was also en-
hanced in FAAH knock-out mice (Varvel et al., 2007). Together,
these findings imply that eCB degradation inhibitors and direct-
acting CB1 agonists could exert distinct actions on learning and
memory, an observation that may have important translational
implications.
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Buzsáki G, Traub RD, Pedley T (2003) The cellular synaptic generation of EEG.
In: Current practice of clinical encephalography (Ebersole JS, Pedley TA,
eds), pp 1–11. Philadelphia: Lippincott-Williams and Wilkins.

Carlson G, Wang Y, Alger BE (2002) Endocannabinoids facilitate the induc-
tion of LTP in the hippocampus. Nat Neurosci 5:723–724.

Chanda PK, Gao Y, Mark L, Btesh J, Strassle BW, Lu P, Piesla MJ, Zhang MY,
Bingham B, Uveges A, Kowal D, Garbe D, Kouranova EV, Ring RH, Bates
B, Pangalos MN, Kennedy JD, Whiteside GT, Samad TA (2010) Mono-
acylglycerol lipase activity is a critical modulator of the tone and integrity
of the endocannabinoid system. Mol Pharmacol 78:996 –1003.

Chapman CA, Perez Y, Lacaille JC (1998) Effects of GABAA inhibition on
the expression of long-term potentiation in CA1 pyramidal cells are de-
pendent on tetanization parameters. Hippocampus 8:289 –298.

Chevaleyre V, Castillo PE (2003) Heterosynaptic LTD of hippocampal
GABAergic synapses: a novel role of endocannabinoids in regulating ex-
citability. Neuron 38:461– 472.

Chevaleyre V, Castillo PE (2004) Endocannabinoid-mediated metaplastic-
ity in the hippocampus. Neuron 43:871– 881.

Collins DR, Pertwee RG, Davies SN (1994) The action of synthetic canna-
binoids on the induction of long-term potentiation in the rat hippocam-
pal slice. Eur J Pharmacol 259:R7–R8.

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern J, Ohno M, Kucher-
lapati R, Jacks T, Silva AJ (2002) Mechanism for the learning deficits in a
mouse model of neurofibromatosis type 1. Nature 415:526 –530.

Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB (1996)
Molecular characterization of an enzyme that degrades neuromodulatory
fatty-acid amides. Nature 384:83– 87.

Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR,
Lichtman AH (2001) Supersensitivity to anandamide and enhanced en-
dogenous cannabinoid signaling in mice lacking fatty acid amide hydro-
lase. Proc Natl Acad Sci U S A 98:9371–9376.

Cui Y, Costa RM, Murphy GG, Elgersma Y, Zhu Y, Gutmann DH, Parada LF,
Mody I, Silva AJ (2008) Neurofibromin regulation of ERK signaling
modulates GABA release and learning. Cell 135:549 –560.

De Petrocellis L, Melck D, Ueda N, Maurelli S, Kurahashi Y, Yamamoto S, Ma-
rino G, Di Marzo V (1997) Novel inhibitors of brain, neuronal, and basophilic
anandamide amidohydrolase. Biochem Biophys Res Commun 231:82–88.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gib-
son D, Mandelbaum A, Etinger A, Mechoulam R (1992) Isolation and
structure of a brain constituent that binds to the cannabinoid receptor.
Science 258:1946 –1949.

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological
studies of memory in rats. 1: Behavioral data. Behav Brain Res 31:47–59.

Gao Y, Vasilyev DV, Goncalves MB, Howell FV, Hobbs C, Reisenberg M,
Shen R, Zhang MY, Strassle BW, Lu P, Mark L, Piesla MJ, Deng K, Koura-
nova EV, Ring RH, Whiteside GT, Bates B, Walsh FS, Williams G, Panga-

los MN, et al. (2010) Loss of retrograde endocannabinoid signaling and
reduced adult neurogenesis in diacylglycerol lipase knock-out mice.
J Neurosci 30:2017–2024.

Gong N, Li Y, Cai GQ, Niu RF, Fang Q, Wu K, Chen Z, Lin LN, Xu L, Fei J, Xu
TL (2009) GABA transporter-1 activity modulates hippocampal theta
oscillation and theta burst stimulation-induced long-term potentiation.
J Neurosci 29:15836 –15845.
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