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SUMMARY cannabinoid release [ER]) (Kreitzer and Regehr, 2001; Ohno-
Endocannabinoids are released from postsynaptic
neurons and cause retrograde suppression of
synaptic transmission. Anandamide and 2-arachido-
noylglycerol (2-AG) are regarded as two major endo-
cannabinoids. To determine to what extent 2-AG
contributes to retrograde signaling, we generated
and analyzed mutant mice lacking either of the two
2-AG synthesizing enzymes diacylglycerol lipase
a (DGLa) and b (DGLb). We found that endocannabi-
noid-mediated retrograde synaptic suppression was
totally absent in the cerebellum, hippocampus, and
striatum of DGLa knockout mice, whereas the retro-
grade suppression was intact in DGLb knockout
brains. The basal 2-AG content was markedly
reduced and stimulus-induced elevation of 2-AG
was absent in DGLa knockout brains, whereas the
2-AG content was normal in DGLb knockout brains.
Morphology of the brain and expression of molecules
required for 2-AG production other than DGLs were
normal in the two knockout mice. We conclude that
2-AG produced by DGLa, but not by DGLb, mediates
retrograde suppression at central synapses.

INTRODUCTION

Marijuana exerts psychomotor actions through cannabinoid CB1

receptors that are widely distributed throughout the mammalian

central nervous system (CNS). Their endogenous ligands (endo-

cannabinoids) function as a retrograde messenger at central

synapses and contribute to both short-term and long-term forms

of synaptic modulation (Chevaleyre et al., 2006; Heifets and Cas-

tillo, 2009; Kano et al., 2009). Endocannabinoid release is trig-

gered by strong depolarization of postsynaptic neurons and

the resultant elevation of Ca2+ concentration (Ca2+-driven endo-
320 Neuron 65, 320–327, February 11, 2010 ª2010 Elsevier Inc.
Shosaku et al., 2001; Wilson and Nicoll, 2001), strong activation

of Gq/11-coupled receptors at basal intracellular Ca2+ level (basal

receptor-driven endocannabinoid release [RER]) (Maejima et al.,

2001), or simultaneous Ca2+ elevation and Gq/11-coupled

receptor activation (Ca2+-assisted RER) (Kim et al., 2002;

Ohno-Shosaku et al., 2002a; Varma et al., 2001). Anandamide

(Devane et al., 1992) and 2-arachidonoylglycerol (2-AG) (Me-

choulam et al., 1995; Sugiura et al., 1995) have been regarded

as two major endocannabinoids. Pharmacological data suggest

that 2-AG functions as a retrograde messenger at synapses in

various regions of the CNS (Kano et al., 2009). Inhibition of the

2-AG degrading enzyme monoacylglycerol lipase (MGL), but

not the anandamide hydrolyzing enzyme fatty acid amidehydro-

lase (FAAH), increases the duration of depolarization-induced

retrograde suppression (Hashimotodani et al., 2007c; Szabo

et al., 2006). Inhibitors of the 2-AG-producing enzyme diacylgly-

cerol lipase (DGL) have been reported to block RER (Galante and

Diana, 2004; Haj-Dahmane and Shen, 2005; Jung et al., 2005;

Maejima et al., 2005; Melis et al., 2004; Safo and Regehr,

2005). In contrast, there are a number of reports as to the effects

of DGL inhibitors on Ca2+-driven ER, but the results are contro-

versial (Chevaleyre and Castillo, 2003; Hashimotodani et al.,

2008; Safo and Regehr, 2005; Uchigashima et al., 2007). More-

over, DGL inhibitors have been reported to have side effects

such as blocking CB1 receptors (Palomäki et al., 2007).

Two closely related genes encoding DGL activity were cloned

and named DGLa and DGLb (Bisogno et al., 2003). Experiments

with overexpression of DGLa (Bisogno et al., 2003) and those

with pharmacological blockade or knockdown of endogenous

DGLa/b by RNA interference (Bisogno et al., 2003; Jung et al.,

2005) indicate that DGLa and/or DGLb are major 2-AG synthe-

sizing enzymes. To determine to what extent 2-AG mediates

retrograde signaling and to clarify the relative contributions of

DGLa and DGLb in 2-AG biosynthesis, we generated mutant

mouse lines lacking either of the two DGL isoforms. By analyzing

these knockout mice, we demonstrate that 2-AG produced by

DGLa, not by DGLb, is a ubiquitous retrograde messenger at

central synapses.
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Figure 1. Generation of DGLa Knockout (a-KO) and DGLb Knockout (b-KO) Mice

(A and B) Knockout strategy of Dagla (A) and Daglb (B) genes. Homologous recombination of the targeting plasmid resulted in insertion of the pgk-neo cassette

(neo) and loxP sequences (filled triangles) into intron 2 and 4 of Dagla gene (A) or intron 9 and 11 of Daglb gene (B). After homologous recombination in ES cells

followed by germline transmission (Targeted), the floxed mice were crossed with ‘‘Cre-deleter’’ mice. Exon 3 and 4 of Dagla gene (A) or exon 10 and 11 of Daglb

gene (B) were deleted from germline (KO) together with the neo cassette. Four putative transmembrane domains and the serine lipase motif are indicated with

gray and striped boxes, respectively. In (B), two putative catalytic triad serine and aspartate are indicated with inverted open triangles. B, BglII. (C) After Cre-

mediated excision of exon 3 and 4 of Dagla gene, the BglII-digested 7.9 kb (WT) band shifted to 7 kb (a-KO). (D) Lack of DGLa immunofluorescence in a-KO

brain. In WT mice, DGLa is expressed strongly in the cerebellar cortex and moderately in other brain regions, including the hippocampus and striatum. (E) After

Cre-mediated excision of exon 10 and 11 of Daglb gene, the BglII-digested 8.9 kb (WT) band shifted to 7.95 kb (b-KO). (F) Lack of DGLb transcript in b-KO mice.

Northern blot analysis of total RNA samples from the forebrain (f) and cerebellum (c) of WT and b-KO mice (upper panel) and ethidium bromide staining of the

corresponding agarose gel showing 28S and 18S ribosomal RNAs (lower panel) are shown. (G) Amount of 2-AG in block samples of cerebellum, striatum,

and hippocampus from WT, a-KO, and b-KO mice. The number of samples is indicated within each column. **p< 0.01. See also Figure S1 and Table S1.
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Role of DGLa in Retrograde Synaptic Suppression
RESULTS

Generation of DGLa and DGLb Knockout Mice
We generated null mutant mice lacking either DGLa or DGLb by

homologous recombination using the ES cell line RENKA, which

we developed from the C57BL/6N strain (Mishina and Sakimura,

2007), followed by Cre-mediated deletion of the targeted genes

(Figure 1 and Supplemental Experimental Procedures). DGLa

knockout (a-KO) and DGLb knockout (b-KO) mice were gener-

ated by disrupting exon 3 and 4 of Dagla gene (Figures 1A and

1C) and exon 10 and 11 of Daglb gene (Figures 1B and 1E),

respectively. The resulting a-KO and b-KO mice are viable and

appear normal with regard to their general appearances. Nissl

staining of brains of a-KO and b-KO mice show that there are

no perceptive abnormalities in the two knockout mice

(Figure S1-1 available online). We verified that DGLa expression

was normal in the brain of b-KO mice (Figure S2-2), whereas

DGLa immunoreactivity was totally absent in a-KO mice (Figures

1D and S1-2). We confirmed that the DGLb transcript was absent

in the forebrain and cerebellum of b-KO mice (Figure 1F). We

examined basic properties of synaptic transmission in acute sli-

ces of the cerebellum and striatum. Overall, kinetics of synaptic

currents and paired-pulse ratio of a-KO and b-KO mice were not

different from that of their wild-type (WT) littermates (Table S1

available online). We measured basal 2-AG contents in the cere-
bellum, striatum, and hippocampus, and found that the 2-AG

contents were markedly decreased in a-KO mice (Figure 1G),

whereas they were normal in the three brain regions of b-KO

mice (Figure 1G). Therefore, the contribution of DGLa to 2-AG

biosynthesis seems to be much greater than that of DGLb in

the CNS. In addition, basal contents of anandamide were

decreased in the cerebellum and hippocampus of a-KO mice,

whereas they were normal in b-KO mice (Figure S1-3).

Retrograde Suppression Is Deficient in the DGLa

Knockout Cerebellum
We examined retrograde suppression of synaptic transmission

by the three modes of endocannabinoid release in acute cere-

bellar slices. In WT mice, strong depolarization of Purkinje cells

(PCs) caused Ca2+-driven ER and readily induced transient

suppression of excitatory synaptic transmission (depolariza-

tion-induced suppression of excitation [DSE]) from parallel fibers

(PFs) (Figures 2A and 2B ‘‘PF-PC’’) and climbing fibers (CFs)

(Figure 2B ‘‘CF-PC’’), as well as transient suppression of

synaptic transmission from inhibitory interneurons (INs) (depolar-

ization-induced suppression of inhibition [DSI]) (Figure 2B

‘‘IN-PC’’). DSE also occurred at PF to IN synapses following

depolarization of INs (Figure 2B ‘‘PF-IN’’). By marked contrast,

DSE and DSI were totally absent in PCs and INs of a-KO mice

(Figures 2A and 2B). We verified that Ca2+ transients in PCs
Neuron 65, 320–327, February 11, 2010 ª2010 Elsevier Inc. 321
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Figure 2. Endocannabinoid-Mediated Retrograde Suppression Is Absent in the Cerebellum of a-KO Mice

(A) Sample traces (left) and average time courses of PF-mediated EPSCs (right) from PCs of WT and a-KO mice before and after depolarization of PCs. (B)

Summary bar graph showing the magnitudes of DSE at PF-PC, CF-PC, and PF-IN synapses, and those of DSI at IN-PC synapse. DSE at PF-PC and PF-IN

synapses was induced by depolarizing postsynaptic neurons from �70 mV to 0 mV for 5 s. DSE at CF-PC synapses and DSI at IN-PC synapses was induced

by a series of depolarizing pulses to PCs (5 [for DSE] and 10 [for DSI] depolarizing pulses from �70 mV to 0 mV with 100 ms duration at 1 Hz). (C) Sample traces

(left) and average time courses of PF-EPSCs (right) before, during, and after bath application of DHPG (50 mM). (D and E) Representative experiment (D) and

summary bar graph (E) showing enhancement of marginal DSE of CF-mediated EPSCs by weak depolarization (from �70 mV to 0 mV for 0.1 s) in the presence

of a low dose (10 mM) of DHPG. (F) Sample traces (left) and average time courses of PF-EPSCs (right) before and after a burst of PF stimulation (PFB, 50 Hz,

50 pulses) recorded from PCs of WT mice and a-KO mice in the normal external solution or after treatment with AM251 (5 mM). (G and H) Summary bar graphs

showing the percent changes in the 2-AG (G) and anandamide (H) levels of cerebellar slices from WT and a-KO mice after combined DHPG (100 mM) and high K+

(20 mM) stimulation for 1 min. The number of cells for each experiment is indicated in parenthesis (B, E, G, and H). Calibration bars: 0.1 nA and 5 ms for (A), (C), and

(F), and 0.2 nA and 5 ms for (D). *p < 0.05, **p < 0.01. See also Figure S2.
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Role of DGLa in Retrograde Synaptic Suppression
following DSE/DSI-inducing depolarization (Figures S2-1A

through S2-1D), and cannabinoid sensitivities of PFs, CFs, and

inhibitory synaptic terminals (Figure S2-1E), were normal in a-

KO mice. These results indicate that the deficiency of DSE/DSI

in a-KO cerebellum is not attributable to decreased Ca2+ tran-

sients, and that DGLa is indispensable for Ca2+-driven ER in

the cerebellum.

We then examined whether basal RER and Ca2+-assisted RER

were affected by deletion of DGLa. To test basal RER, we acti-

vated metabotropic glutamate receptor-subtype 1 (mGluR1),

a Gq/11-coupled receptor strongly expressed in PCs, by bath

application of its agonist, R,S-3,5-dihydroxyphenylglycine

(DHPG). DHPG (50 mM) readily induced reversible suppression
322 Neuron 65, 320–327, February 11, 2010 ª2010 Elsevier Inc.
in WT mice, but this receptor-mediated suppression was totally

absent in a-KO mice (Figure 2C). As for Ca2+-assisted RER,

marginal DSE at CF-PC synapses by weak depolarization of

PCs was prominently enhanced when combined with

subthreshold mGluR1 activation by a low dose of DHPG

(10 mM) in WT mice (Maejima et al., 2005) (Figures 2D and 2E).

Furthermore, a brief burst of PF stimulation caused Ca2+-assis-

ted RER by synaptically activated mGluR1 and transiently sup-

pressed PF-PC transmission in WT mice (Brown et al., 2003;

Maejima et al., 2005) (Figure 2F), which was reversed to a tran-

sient potentiation by the CB1 antagonist AM251. Notably, both

forms of Ca2+-assisted RER were totally absent in a-KO mice

(Figures 2D–2F). We verified that expression patterns and
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Figure 3. Endocannabinoid-Mediated Ret-

rograde Suppression Is Absent in the

Hippocampus and Striatum of a-KO Mice

(A) Sample traces (left) and average time courses

of DSI (right) in cultured hippocampal neurons of

WT and a-KO mice before and after depolarization

(from �80 mV to 0 mV, for 5 s). (B) Summary

bar graph showing the magnitudes of DSI, DSE,

and retrograde suppression induced by DHPG

and oxo-M in cultured hippocampal neurons, and

those of DSI in hippocampal and striatal slices. (C

and D) Representative experiments (C) and

summary bar graph (D) showing the enhancement

of marginal DSI (induced by depolarization from

�70 mV to 0 mV for 0.1 s) by a low dose of oxo-

M (0.5 mM) from medium spiny neurons of WT

and a-KO striatum. The number of cells for each

experiment is indicated in parenthesis (B and D).

Calibration bars: 0.2 nA and 5 ms for (A) and (C).

*p < 0.05, **p < 0.01. See also Figure S3.
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Role of DGLa in Retrograde Synaptic Suppression
protein levels of molecules involved in endocannabinid signaling

(mGluR1, phospholipase C [PLC] b4, and CB1) (Maejima et al.,

2001, 2005; Yoshida et al., 2006) and mGluR1-mediated slow

EPSCs in PCs (Batchelor and Garthwaite, 1997) were normal in

the a-KO cerebellum (Figure S2-2). These results indicate that

the lack of basal and Ca2+-assisted RER in the cerebellum of

a-KO mice is not attributable to changes in the expression of

endocannabinoid signaling molecules. We also performed a

biochemical experiment to measure stimulus-induced produc-

tion of 2-AG in cerebellar slices. Combined application of

DHPG (100 mM) and high K+ (20 mM) solution elevated 2-AG level

in WT mice (Figure 2G), which mimicked Ca2+-driven RER in elec-

trophysiological experiments (Maejima et al., 2005). In contrast,

this combined stimulation caused no elevation of 2-AG in a-KO

mice (Figure 2G). Importantly, the same stimulation caused no

change in anandamide contents in cerebellar slices of WT and

a-KO mice (Figure 2H). These results indicate that DGLa is indis-

pensable for basal and Ca2+-assisted RER in the cerebellum.

Retrograde Suppression Is Deficient in the
Hippocampus and Striatum of DGLa Knockout Mice
We then examined endocannabinoid-mediated retrograde

suppression in the hippocampus and striatum. In cultured hippo-

campal neurons, paired whole-cell recordings were performed

and EPSCs and cannabinoid-sensitive unitary IPSCs were phar-

macologically isolated. In WT mice, DSI (Figures 3A and 3B) and

DSE (Figure 3B) were readily induced in the cannabinoid-sensi-

tive IPSCs and EPSCs, respectively, following depolarization of

the postsynaptic neuron from�80 mV to 0 mV for 5 s (Ohno-Sho-

saku et al., 2001, 2002b). The same depolarization protocols

caused no appreciable suppression in IPSCs or EPSCs in hippo-

campal cultures prepared from a-KO mice (Figures 3A and 3B).

In WT hippocampal neurons, activation of Gq/11-coupled recep-

tors, mGluR5 by DHPG, and M1/M3 muscarinic acetylcholine

receptors (mAChR-M1/M3) by oxotremorine-M (oxo-M) readily

induced endocannabinoid-mediated retrograde suppression of

IPSCs (Figure 3B). By contrast, these forms of receptor-medi-

ated retrograde suppression were totally absent in a-KO mice

(Figure 3B).
We also examined endocannabinoid-mediated retrograde

suppression in hippocampal slices. Whole-cell recordings were

made from CA1 pyramidal cells and IPSCs were evoked by stim-

ulation in the stratum radiatum. DSI was readily induced by

a series of depolarizing pulses (10 pulses of 100 ms duration,

from �70 mV to 0 mV, repeated at 1 Hz) in WT mice, whereas

DSI was totally absent in a-KO mice (Figure 3B). Bath application

of DHPG (100 mM) caused long-term depression of IPSCs (I-LTD)

in WT mice, as reported previously (Chevaleyre and Castillo,

2003). In contrast, DHPG failed to induce I-LTD in a-KO mice

(Figure S3-1).

In striatal slices, whole-cell recordings were performed from

medium spiny neurons and inhibitory inputs were stimulated

around the recorded neurons (Narushima et al., 2006, 2007). In

WT mice, DSI was readily elicited by a depolarizing pulse from

�70 mV to 0 mV (5 s duration) (Figure 3B), and marginal DSI by

a short-depolarization (a depolarizing pulse from �70 mV to

0 mV, 1 s duration) was significantly enhanced by a low dose

(0.5 mM) of oxo-M (Figures 3C and 3D). By marked contrast,

DSI (Figure 3B) and the enhancement of marginal DSI by a low

dose of oxo-M (Figures 3C and 3D) were totally absent in a-KO

mice.

We verified that cannabinoid sensitivities of IPSCs in hippo-

campal and striatal slices were normal in a-KO mice

(Figure S3-2). Furthermore, we confirmed expression patterns

and protein levels of molecules required for endocannabinoid

signaling in the hippocampus and striatum (Hashimotodani

et al., 2005; Uchigashima et al., 2007; Yoshida et al., 2006)

including mGluR5, mAChR-M1, PLCb1, and CB1, which were

normal in a-KO mice (Figure S3-3). Thus, the lack of endocanna-

binoid-mediated retrograde suppression in their hippocampi

and striati must result from the lack of DGLa.

Retrograde Suppression Is Normal in DGLb Knockout
Mice
We then examined whether DGLb also contributes to retrograde

signaling. Morphology of the brain (Figure S1-1) and expression

patterns and protein levels of mGluR1/5, PLCb1/4, mAChR-M1,

DGLa, and CB1 were normal in b-KO mice (Figures S2-2 and S3-3).
Neuron 65, 320–327, February 11, 2010 ª2010 Elsevier Inc. 323
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Figure 4. Endocannabinoid-Mediated Ret-

rograde Suppression Is Intact in the

Cerebellum and Hippocampus of b-KO Mice

(A) Sample traces (upper panel) and average time

courses of PF-mediated EPSCs (lower panel)

from PCs of WT and b-KO mice before and after

depolarization of PCs. (B) Summary bar graph

showing the magnitudes of DSE at PF-PC

synapses and DSI at IN-PC synapses in the cere-

bellum. (C) Sample traces (upper panel) and

average time courses of PF-EPSCs (lower panel)

before and after a burst of PF stimulation (PFB,

50 Hz, 50 pulses) recorded from PCs of WT and

b-KO mice. (D) Similar to (A) but for DSI in cultured

hippocampal neurons. (E) Similar to (B) but for

magnitudes of DSI, DHPG-induced suppression,

and oxo-M-induced suppression in the hippo-

campus. The number of cells for each experiment

is indicated in parenthesis (B and E). Calibration

bars: 0.1 nA and 10 ms for (A) and (C), and

0.2 nA and 20 ms for (D). See also Figures S2-2

and S3-3.
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Role of DGLa in Retrograde Synaptic Suppression
We used the same experimental protocols to induce Ca2+-driven

ER, basal RER, or Ca2+-assisted RER as used for WT and a-KO

mice. We found that DSE at PF-PC synapses (Figures 4A and 4B)

and DSI at IN-PC synapses (Figure 4B) in the cerebellum and DSI

in cultured hippocampal neurons (Figures 4D and 4E) were

normal in b-KO mice. Suppression of IPSCs induced by DHPG

or oxo-M in hippocampal neurons was also normal (Figure 4E).

Furthermore, suppression of PF-PC transmission by a PF burst

was normal in b-KO mice (Figure 4C). Therefore, the three modes

of endocannabinoid release, Ca2+-driven ER, basal RER, and

Ca2+-assisted RER, are intact in b-KO mice.

Taken together, the present results strongly suggest that 2-AG

produced by DGLa, and not by DGLb, mediates retrograde

signaling at central synapses.

DISCUSSION

We found that the three modes of endocannabinoid release and

resultant retrograde suppression of synaptic transmission were

totally absent in the cerebellum, hippocampus, and striatum of

a-KO mice. The basal 2-AG content was markedly reduced in

the three brain structures and the stimulus-induced elevation

of 2-AG levels was absent in the cerebellum of a-KO mice. By

contrast, endocannabinoid-mediated synaptic suppression

and 2-AG content were normal in b-KO mice. Although the anan-

damide level was reduced in the cerebellum and hippocampus

of a-KO mice, the extent of reduction was much smaller than

2-AG content. The cerebellum, hippocampus, and striatum

have been most extensively studied for the mechanisms of en-

docannabinoid-mediated synaptic modulation. Many previous

studies suggest that synapses in other brain regions share the

same mechanisms of endocannabinoid release as those in the

three brain structures (for review, see Chevaleyre et al., 2006;

Hashimotodani et al., 2007b; Heifets and Castillo, 2009; Kano
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et al., 2009; Katona and Freund, 2008). Therefore, our results

suggest that 2-AG produced by DGLa, not by DGLb, likely

accounts for most retrograde signaling at synapses throughout

the CNS, although the possibility remains that anandamide or

other endocannabinoids may be involved in other synapses.

Previous biochemical studies have revealed several pathways

for 2-AG generation (Bisogno et al., 2005; Sugiura et al., 2006;

Vandevoorde and Lambert, 2007). In the main pathway, PLCb

activated by Gq/11 hydrolyzes arachidonic acid-containing

membrane phospholipid such as phosphatidylinositol, and

produces arachidonic acid-containing diacylglycerol. Then,

2-AG is produced from the diacylglycerol by the action of

DGLa and/or DGLb. Besides this main cascade, alternative

pathways for 2-AG generation are proposed, which include the

sequential reactions by phospholipase A1 (PLA1) and lysoPI-

specific PLC, the conversion from 2-arachidonoyl lysophospha-

tidic acid to 2-AG by phosphatase, and the formation from

2-arachidonoyl phosphatidic acid through 1-acyl-2-arachido-

noylglycerol. However, the present results indicate that these

alternative pathways are not involved in 2-AG generation for

retrograde synaptic suppression.

Previous studies indicate that DGLa is expressed at postsyn-

aptic sites of the neurons in various regions of the CNS (Katona

et al., 2006; Lafourcade et al., 2007; Uchigashima et al., 2007;

Yoshida et al., 2006). DGLa is most abundant around dendritic

spines and is apposed closely to Gq/11-coupled receptors, Gq/11

protein a subunit, and PLCb. Such a subcellular arrangement

of molecules constitutes an anatomical basis for basal and

Ca2+-assisted RER (Hashimotodani et al., 2007a; Kano et al.,

2009). The density of CB1 expression in excitatory and inhibitory

presynaptic terminals and the distances between the presyn-

aptic terminals and the DGLa-rich postsynaptic structures are

unique to each brain region (Katona et al., 1999; Kawamura

et al., 2006). DGLa seems to be arranged such that the induction
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threshold of 2-AG-mediated retrograde suppression of excita-

tion and inhibition may be coordinated. In DGLa knockout

mice, basal and Ca2+-assisted RER was totally absent, although

subcellular localizations of Gq/11-coupled receptors, PLCb, and

CB1 were normal. Thus, the primary function of DGLa in central

neurons seems to be the production of 2-AG that mediates retro-

grade synaptic suppression.

In contrast to DGLa, relatively little is known about subcellular

localization of DGLb at synapses. DGLb was reported to be richly

expressed in the PC soma but very low in dendrites (Suárez et al.,

2008). This expression pattern is clearly different from that of

DGLa (Yoshida et al., 2006). We expected that DSI of IN-PC

synapses would have been smaller in b-KO mice if DGLb in the

PC soma had played a role in 2-AG production, because in this

experiment we stimulated putative basket cell axons that form

inhibitory synapses on the PC soma. However, our results

demonstrate that DSI is normal in b-KO mice, suggesting that

DGLb has no contribution to retrograde synaptic suppression

in PCs. In a recent study, DGLb and DGLa were reported to be

coexpressed in postsynaptic sites facing CB1-rich excitatory

terminals in the dorsal cochlear nucleus (Zhao et al., 2009). It is

possible that DGLb may participate in 2-AG production at

synapses in limited brain regions.

Besides retrograde suppression at synapses, endocannabi-

noid signaling is reported to be involved in the regulation of cell

proliferation, migration, differentiation, and survival during CNS

development (Harkany et al., 2007). However, our morphological

investigation revealed no apparent abnormality in gross anatomy

of the a-KO and b-KO brains. Furthermore, basal synaptic trans-

mission was normal in the cerebellum and striatum of a-KO and

b-KO mice, indicating normal wiring and function of neural

circuits. It is possible that the lack of DGLa or DGLb may be

compensated for by other signaling molecules during CNS

development.

Behavioral studies have clarified the roles of the endocannabi-

noid system in various brain functions, including acquisition

and/or extinction of certain forms of memory, regulation of

anxious states, antidepressant effects, rewarding effects of

some addictive compounds, promotion of appetite, relieving

pain, and protecting neurons (for review, see Iversen, 2003;

Kano et al., 2009). Many previous studies adopted pharmacolog-

ical alteration of endocannabinoid signaling and/or local lesions

to certain brain structures. However, such manipulations some-

times exert complex effects on animals’ behaviors and thus the

results are not necessarily consistent. In this respect, a-KO and

b-KO mice will be useful tools for elucidating neural mechanisms

underlying the behavioral effects of the endocannabinoid system.

These mouse lines are also useful to clarify distinct roles of

anandamide and 2-AG in various aspects of brain functions.
EXPERIMENTAL PROCEDURES

Generation of Knockout Mice

Experiments were conducted according to the guidelines of the animal welfare

committees of the University of Tokyo, Hokkaido University, and Niigata

University. a-KO and b-KO mice were generated by disrupting exon 3 and 4

of Dagla gene and exon 10 and 11 of Daglb gene, respectively, as illustrated

in Figure 1 and detailed in the Supplemental Experimental Procedures.
Recordings from Cerebellar, Hippocampal, and Striatal Slices

Mice were decapitated following CO2 anesthesia, and brains were rapidly

removed and placed in chilled external solution (0�C–4�C) containing (in mM)

125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 20

glucose, bubbled with 95% O2 and 5% CO2 (pH 7.4). For preparing hippo-

campal and striatal slices, NaCl was replaced with Choline-Cl. Parasagittal

cerebellar slices (250 mm thick), transverse hippocampal slices (300 mm thick),

or coronal forebrain slices containing the striatum (300 mm thick) were

prepared by using a vibratome slicer (Leica, Germany).

Whole-cell recordings were made from visually identified PCs, CA1 pyra-

midal cells, or medium spiny neurons using an upright microscope (Olympus,

Tokyo) at 32�C. Compositions of the pipette solutions and protocols of stimu-

lation and recording are described in the Supplemental Experimental Proce-

dures.

Paired Recordings from Cultured Hippocampal Neurons

Cultured hippocampal neurons were prepared from newborn mice as

described (Ohno-Shosaku et al., 2001). The cultures were kept at 36�C in

5% CO2 for 12–15 days before use. Each neuron of a pair was whole-cell

voltage-clamped at room temperature. Compositions of the pipette and

external solutions and protocols of stimulation and recording are described

in the Supplemental Experimental Procedures.

Histology and Immunohistochemistry

Mice were fixed transcardially under deep pentobarbital anesthesia with 4%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.2), and brain sections

(50 mm thickness) were prepared. Histology of the brain was examined with

NeuroTrace 500/525 green fluorescent Nissl stain (Invitrogen, Carlsbad, CA).

For immunohistochemistry, brain sections were incubated with 10% normal

donkey serum for 20 min, primary antibodies overnight (for details, see the

Supplemental Experimental Procedures; all primary antibodies were used at

the final concentration of 1 mg/ml), and indocarbocyanine (Cy3)-labeled

species-specific secondary antibodies for 2 hr at a dilution of 1:200 (Jackson

ImmunoResearch, PA). Images were taken with a fluorescence microscope

(AX-70; Olympus Japan) or with a confocal laser scanning microscope

(FV1000; Olympus).

Quantification of 2-AG and Anandamide

For measuring basal 2-AG and anandamide contents in the cerebellum, stria-

tum, and hippocampus, block samples were obtained from mice at 2–6 months

of age, frozen immediately in liquid nitrogen, and stored at �80�C. Stimulus-

induced production of 2-AG and anandamide by combined DHPG (100 mM)

and KCl (20 mM) stimulation was measured in cerebellar slices (250 mm)

prepared similarly to those used for electrophysiological experiments. Details

of measurements of 2-AG and anandamide contents are described in the

Supplemental Experimental Procedures.

Data Analysis

Data are represented as means ± SEM and the numbers of samples are indi-

cated in figures. Statistical significance was assessed by Mann-Whitney

U-test for two independent samples and Wilcoxon’s signed rank test for paired

samples.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes three figures, one table, and

Supplemental Experimental Procedures and can be found with this article

online at doi:10.1016/j.neuron.2010.01.021.
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