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Endogenous cannabinoids (endocannabinoids) mediate retrograde signals for short- and long-term suppression of transmitter release at
synapses of striatal medium spiny (MS) neurons. An endocannabinoid, 2-arachidonoyl-glycerol (2-AG), is synthesized from diacylglyc-
erol (DAG) after membrane depolarization and Gq-coupled receptor activation. To understand 2-AG-mediated retrograde signaling in
the striatum, we determined precise subcellular distributions of the synthetic enzyme of 2-AG, DAG lipase-� (DAGL�), and its upstream
metabotropic glutamate receptor 5 (mGluR5) and muscarinic acetylcholine receptor 1 (M1 ). DAGL�, mGluR5, and M1 were all richly
distributed on the somatodendritic surface of MS neurons, but their subcellular distributions were different. Although mGluR5 and
DAGL� levels were highest in spines and accumulated in the perisynaptic region, M1 level was lowest in spines and was rather excluded
from the mGluR5-rich perisynaptic region. These subcellular arrangements suggest that mGluR5 and M1 might differentially affect
endocannabinoid-mediated, depolarization-induced suppression of inhibition (DSI) and depolarization-induced suppression of excita-
tion (DSE) in MS neurons. Indeed, mGluR5 activation enhanced both DSI and DSE, whereas M1 activation enhanced DSI only. Impor-
tantly, DSI, DSE, and receptor-driven endocannabinoid-mediated suppression were all abolished by the DAG lipase inhibitor tetrahy-
drolipstatin, indicating 2-AG as the major endocannabinoid mediating retrograde suppression at excitatory and inhibitory synapses of
MS neurons. Accordingly, CB1 cannabinoid receptor, the main target of 2-AG, was present at high levels on GABAergic axon terminals of
MS neurons and parvalbumin-positive interneurons and at low levels on excitatory corticostriatal afferents. Thus, endocannabinoid
signaling molecules are arranged to modulate the excitability of the MS neuron effectively depending on cortical activity and cholinergic
tone as measured by mGluR5 and M1 receptors, respectively.
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Introduction
Endogenous cannabinoids (endocannabinoids) are released
from postsynaptic neurons, act retrogradely on presynaptic CB1

cannabinoid receptors, and cause short- and long-term suppres-
sion of transmitter release. Endocannabinoid-mediated retro-
grade suppression (ERS) was found originally in the hippocam-

pus (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) and
cerebellum (Kreitzer and Regehr, 2001; Maejima et al., 2001) and
later in other brain regions (Chevaleyre et al., 2006; Hashimo-
todani et al., 2007). ERS can be triggered by membrane depolar-
ization that elevates intracellular calcium concentration
([Ca 2�]i) to a micromolar range (Brenowitz and Regehr, 2003;
Maejima et al., 2005), activation of the Gq-protein-coupled
metabotropic receptor/phospholipase C� (PLC�) pathway lead-
ing to diacylglycerol (DAG) production (Maejima et al., 2001;
Kim et al., 2002; Ohno-Shosaku et al., 2003), and their coopera-
tive action (Varma et al., 2001; Ohno-Shosaku et al., 2002; Hashi-
motodani et al., 2005; Maejima et al., 2005). Of these, the third,
cooperative mode appears physiologically the most relevant, be-
cause PLC� serves as a coincidence detector of the two events and
enables supralinear DAG production, even when either event is
subthreshold for ERS by itself (Hashimotodani et al., 2005; Mae-
jima et al., 2005; Ohno-Shosaku et al., 2005).
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Fund Grant F046407; and by Egészségügyi Tudományos Tanács Grant 561/2006 (I.K.). M.N. was a recipient of the
Research Fellowship for Young Scientists from the Japan Society for the Promotion of Science (16�54131). I.K. is a
grantee of the János Bolyai scholarship.

*M.U. and M.N. contributed equally to this work.
Correspondence should be addressed to Masahiko Watanabe, Department of Anatomy, Hokkaido University

School of Medicine, Sapporo 060-8638, Japan. E-mail, watamasa@med.hokudai.ac.jp.
DOI:10.1523/JNEUROSCI.0448-07.2007

Copyright © 2007 Society for Neuroscience 0270-6474/07/273663-14$15.00/0

The Journal of Neuroscience, April 4, 2007 • 27(14):3663–3676 • 3663



The striatum is the main input structure of the basal ganglia
subserving motor and cognitive functions (Wilson, 2004). Me-
dium spiny (MS) neurons are the principal neurons, whose ac-
tivities are sculpted by extrastriatal activities of the sensorimotor
cortex, thalamus, and substantia nigra and by GABAergic and
cholinergic interneurons (Tepper and Bolam, 2004; Tepper et al.,
2004). Excitatory and inhibitory synaptic responses onto MS
neurons are sensitive to cannabinoid agonists (Szabo et al., 1998;
Gerdeman and Lovinger, 2001; Huang et al., 2001). Moreover,
ERS mediates both long-term depression (Gerdeman et al., 2002;
Robbe et al., 2002; Ronesi et al., 2004; Kreitzer and Malenka,
2005; Ronesi and Lovinger, 2005; Wang et al., 2006) and short-
term suppression at MS neuron synapses (Kreitzer and Malenka,
2005; Freiman et al., 2006; Narushima et al., 2006a,b, 2007; Yin
and Lovinger, 2006). Importantly, striatal ERS is facilitated by
activation of Gq-protein-coupled receptors, including group I
metabotropic glutamate receptors (mGluRs) and M1 muscarinic
acetylcholine receptor (mAChR) (Kreitzer and Malenka, 2005;
Freiman et al., 2006; Narushima et al., 2006a, 2007).

An endocannabinoid, 2-arachidonoyl-glycerol (2-AG), is
synthesized on demand from DAG by sn-1-specific DAG lipase
(Mechoulam et al., 1995; Sugiura et al., 1995; Stella et al., 1997;
Bisogno et al., 2003). DAG lipase-� (DAGL�) is targeted selec-
tively to somatodendritic compartments and concentrated
around spines (Katona et al., 2006; Yoshida et al., 2006), as is the
case for group I mGluRs and PLC� (Baude et al., 1993; Lujan et
al., 1996; Nakamura et al., 2004; Mitrano and Smith, 2007). In-
deed, DAG lipase inhibitors have been shown to abolish ERS in
dopaminergic neurons and Purkinje cells (Melis et al., 2004; Safo
and Regehr, 2005; Szabo et al., 2006). These findings together
highlight 2-AG as a key mediator of ERS and thus prompted us to
determine molecular, anatomical, and physiological bases of
2-AG-mediated ERS in the striatum.

Materials and Methods
Animal. All experiments were performed according to the guidelines laid
down by the animal welfare committees of Hokkaido University and
Osaka University and by the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Adult C57BL/6 mice
and null-type gene knock-out mice lacking CB1 (Zimmer et al., 1999) or
mGluR5 (stock #003558; The Jackson Laboratory, Bar Harbor, ME) were
used in the present study.

Antibody. We used affinity-purified primary antibodies raised against
the following molecules (species immunized); mouse CB1 (rabbit, guinea
pig, and goat; see below), mouse DAGL� (rabbit and guinea pig) (Yo-
shida et al., 2006), rat mGluR5 (rabbit, guinea pig, and goat; see below),
mouse mGluR1� (guinea pig) (Tanaka et al., 2000), mouse mAChR M1

(rabbit) (Narushima et al., 2007), dopamine receptors D1R (guinea pig
and goat) (Narushima et al., 2006b) and D2R (rabbit) (Narushima et al.,
2006b), mouse microtubule-associated protein-2 (MAP2) (goat) (Miura
et al., 2006), mouse parvalbumin (PV) (guinea pig and goat) (Nakamura
et al., 2004; Miura et al., 2006), nitric oxide synthase (NOS) (rabbit)
(Narushima et al., 2007), calretinin [rabbit (#7699/4); Swant, Bellinzona,
Switzerland], substance P (SP) [rabbit (AB1566) and guinea pig
(AB5892); Millipore, Billerica, MA], Leu-enkephalin (Enk) [rabbit
(AB5024); Millipore], mouse vesicular glutamate transporters VGluT1
and VGluT2 (guinea pig and goat) (Miyazaki et al., 2003; Miura et al.,
2006), mouse glutamic acid decarboxylase 65/67 (GAD) (rabbit)
(Yamada et al., 2001), mouse vesicular GABA transporter (VGAT)
(guinea pig and goat) (Miyazaki et al., 2003; Miura et al., 2006), mouse
vesicular acetylcholine transporter (VAChT) (rabbit) (Nakamura et al.,
2004), mouse plasmalemmal dopamine transporter (DAT) (rabbit,
guinea pig, and goat; see below), mouse plasmalemmal serotonin trans-
porter (HTT) (rabbit) (Somogyi et al., 2004), high affinity-choline trans-
porter (CHT) (rabbit) (Narushima et al., 2007), and mouse plasmale-

mmal norepinephrine transporter (NET) (guinea pig and goat; see
below).

For antibody production, cDNA fragments, which are preceded with a
BamHI site and encode C-terminal 28 aa of mGluR5 (amino acid resi-
dues 1144 –1171; GenBank accession number D10891), N-terminal 60 aa
of DAT (1– 60; GenBank accession number BC054119), or N-terminal
56 aa of NET (1–56; GenBank accession number AY188506), were ob-
tained by PCR using single-stranded mouse brain cDNA library. After
the TA cloning using a pGEM-T Easy Vector System I kit (Promega,
Madison, WI), cDNA fragments were sequenced and excised by BamHI
and EcoRI. These fragments were subcloned into pGEX4T-2 plasmid (GE
Healthcare, Piscataway, NJ) for expression of glutathione S-transferase
(GST) fusion proteins. GST fusion proteins were purified using gluta-
thione–Sepharose 4B (GE Healthcare), according to the manufacturer’s
instructions. GST fusion proteins were emulsified with Freund’s com-
plete or incomplete adjuvant (DIFCO, Detroit, MI) and immunized sub-
cutaneously to New Zealand White rabbits, Hartley guinea pigs, and
goats at intervals of 2 weeks. After the sixth injection, Igs specific to
antigens were affinity-purified using GST-free peptides coupled to
CNBr-activated Sepharose 4B (GE Healthcare). GST-free peptides were
prepared by in-column thrombin digestion of GST fusion proteins
bound to glutathione-Sepharose 4B media. In the present study, CB1

antibody was raised newly against the same antigen as used previously
(Fukudome et al., 2004). The specificity of antibody and immunohisto-
chemistry for DAGL� was confirmed by the disappearance of character-
istic immunolabeling when using DAGL� antibody preabsorbed with
the antigen, whereas that for mGluR5 and CB1 was done by the lack of
characteristic immunolabelings in the brains of knock-out mice (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental material).
The specificity of DAT and NET antibodies was confirmed in Western
blots by selective detection of protein band at 60 – 65 or 45 kDa, respec-
tively, and by selective neuronal labeling in the substantia nigra pars
compacta or in the locus ceruleus, respectively (data not shown).

Immunohistochemistry. Under deep pentobarbital anesthesia (100
mg/kg body weight, i.p.), mice were fixed transcardially with 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.2, for light
microscopy or 4% paraformaldehyde/0.1% glutaraldehyde in PB for
electron microscopy. Thick sections (50 �m in thickness) were prepared
by microslicer (VT1000S; Leica, Nussloch, Germany) and subjected to
the free-floating method, whereas semithin cryosections (200 nm) were
prepared by ultracryomicrotome (EM-FCS; Leica) and mounted on
silane-coated glass slides.

All immunohistochemical incubations were done at room tempera-
ture. For immunofluorescence, microslicer sections and semithin cryo-
sections were incubated successively with 10% normal donkey serum for
30 min, mixture of primary antibodies overnight (1 �g/ml), and mixture
of Alexa 488-, indocarbocyanine (Cy3)-, and indodicarbocyanine (Cy5)-
labeled species-specific secondary antibodies for 2 h at a dilution of 1:200
(Invitrogen, Eugene, OR; Jackson ImmunoResearch, West Grove, PA).
Images were taken with a confocal laser-scanning microscope (FV1000;
Olympus Optical, Tokyo, Japan).

For immunoperoxidase electron microscopy, microslicer sections
were incubated successively with 10% normal donkey serum, primary
antibodies (1 �g/ml), biotinylated secondary antibody, and streptavi-
din–peroxidase complex as above. Immunoreaction was visualized with
3,3�-diaminobenzidine. For preembedding immunogold electron mi-
croscopy, microslicer sections were dipped in 5% bovine serum albumin
(BSA)/0.02% saponin/PBS for 30 min and incubated overnight with pri-
mary antibodies diluted with 1% BSA/0.004% saponin/PBS and then
with secondary antibodies linked to 1.4 nm gold particles (Nanogold;
Nanoprobes, Stony Brook, NY) for 2 h. Immunogolds were intensified
with a silver enhancement kit (HQ silver; Nanoprobes). When combin-
ing the two methods for double immunoelectron microscopy, we exe-
cuted both orders and confirmed essentially the same results. However,
pictures shown in Figure 9A–D were taken from the specimens that had
been subjected first to immunoperoxidase and then to immunogold,
because this order prevented silver-enhanced immunogold particles
from reductions in size and electron density. Sections labeled by immu-
noperoxidase and silver-enhanced immunogold were treated with 1%
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osmium tetroxide for 15 min, stained in block with 2% uranyl acetate for
20 min, dehydrated, and embedded in Epon 812. Photographs were
taken with an H-7100 electron microscope (Hitachi, Tokyo, Japan). For
quantitative analysis, cell membrane-attached immunogold particles
were counted on electron micrographs and analyzed using IPLab soft-
ware (Nippon Roper, Tokyo, Japan). The mean number of membrane-
attached gold particles/1 �m of plasma membrane was counted for each
neuronal compartment (dendritic spine, dendritic shaft, soma, and
axon). Statistical significance was assessed by Student’s t test.

Electrophysiology. Coronal brain slices containing the cortex and the
striatum (300 �m in thickness) were prepared from C57BL/6 mice aged
to postnatal days 15–22 as described previously (Narushima et al.,
2006a,b). Mice were decapitated under deep halothane anesthesia, and
the brains were cooled in ice-cold, modified external solution containing
the following (in mM): 120 choline-Cl, 2 KCl, 8 MgCl2, 28 NaHCO3, 1.25
NaH2PO4, and 20 glucose bubbling with 95% O2 and 5% CO2 (Na-
rushima et al., 2006a,b). Slices were cut with Leica VT1000S slicer. For
recovery, slices were incubated for at least 1 h in normal bathing solution
composed of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1
MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose, pH 7.4, which was
bubbled continuously with a mixture of 95% O2 and 5% CO2 at room
temperature. Whole-cell recordings were made from MS neurons in dor-
solateral region of the striatum, using an upright microscope (BX50WI;
Olympus Optical) equipped with infrared-CCD camera system
(Hamamatsu Photonics, Hamamatsu, Japan) at 32°C. MS neurons were
identified visually by their medium-sized, spherical somata. Resistance of
the patch pipette was 3–5 M� when filled with the standard intracellular
solution composed of the following (in mM): 50 CsCl, 90 Cs-gluconate,
10 HEPES, 1 EGTA, 0.1 CaCl2, 4.6 MgCl2, 4 Na-ATP, and 0.4 Na-GTP,
pH 7.2, adjusted with CsOH. The pipette access resistance was compen-
sated by 50 –70%. MS neurons were usually held at a membrane potential
of �80 mV. For recording EPSCs, the bath solution was supplemented
with 20 �M (�)-bicuculline methochloride and 5 �M ( R)-3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonic [( R)-CPP; Tocris Bio-
science, Bristol, UK]. Cortical EPSCs were evoked by stimulating white
matter with bipolar platinum electrodes. For recording IPSCs, the bath
solution was supplemented with 10 �M 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo quinoxaline-7-sulfonamide (NBQX; Tocris Bio-
science) and 5 �M ( R)-CPP. Glass pipettes filled with normal saline were
used to stimulate putative GABAergic fibers. Membrane currents were
recorded with an EPC8 or EPC9 amplifier (HEKA Elektronik, Lambre-
cht/Pfalz, Germany). The PULSE software (HEKA Elektronik) was used
for stimulation and data acquisition. The signals were filtered at 3 kHz
and digitized at 20 kHz.

For testing effects of chemicals, two successive stimuli (duration, 0.1
ms; amplitude, 0 –90 V) with an interstimulus interval of 50 ms were
applied every 20 s. All drugs were bath applied. Effects of drugs were
estimated as the percentage of the mean amplitudes of five consecutive
IPSCs during drug application relative to that before application. In the
experiments with tetrahydrolipstatin (THL), striatal slices were incu-
bated with normal saline supplemented with 20 �M THL and 0.2 mg/ml
BSA or BSA alone, for at least 1 h. Then the slice was moved to the
recording chamber and was also superfused continuously with the exter-
nal solution containing 10 �M THL during recording. Slices incubated
with BSA alone were used as controls. Oxotremorine-M (oxo-M), (RS)-
3,5-dihydroxyphenylglycine [(RS)-3,5-DHPG; DHPG] and ( R)-(�)-
[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-naphthalenylmethanone mesylate (WIN 55,212-2)
were purchased from Tocris Bioscience. BSA and THL were from Sigma-
Aldrich (St. Louis, MO).

To induce depolarization-induced suppression of inhibition (DSI) or
depolarization-induced suppression of excitation (DSE), a depolarizing
pulse (0.1, 1, or 5 s duration from �80 to 0 mV) was applied to MS
neurons. The magnitude of suppression was calculated as the percentage
of reduction in the mean of three consecutive response amplitudes after
depolarization relative to that of 10 consecutive response amplitudes just
before depolarization. To quantify enhancement of DSI or DSE by some
experimental manipulation, �DSI or �DSE was calculated by subtract-

ing the DSI/DSE magnitude in the control condition from that after the
experimental manipulation.

Averaged data from different experiments are presented as mean �
SEM. Statistical significance was assessed by Mann–Whitney U test (for
comparison of two independent samples) or Wilcoxon signed rank test
(for paired comparison of the same sample).

Results
In the present study, 2-AG-mediated retrograde signaling was
studied in the mouse striatum. All anatomical and physiological
experiments were performed in the dorsolateral portion of the
striatum, which is known to receive corticostriatal afferents from
the sensorimotor cortex (Deniau et al., 1996; Ramanathan et al.,
2002) and has the highest CB1 expression level (Herkenham et al.,
1991; Matsuda et al., 1993; Egertova and Elphick, 2000; Hohm-
ann and Herkenham, 2000; Matyas et al., 2006).

DAGL� is widely expressed on the somatodendritic surface of
MS neurons with a distal-to-proximal gradient
To unravel the precise production site of 2-AG, we first examined
the immunohistochemical localization of its synthetic enzyme
DAGL� (Figs. 1, 2). DAGL� was distributed moderately
throughout the striatum with higher distribution in the dorsolat-
eral portion than in the remaining portions (supplemental Fig.
S1B,C, available at www.jneurosci.org as supplemental mate-
rial). Immunofluorescence at high magnifications visualized
DAGL� as tiny puncta distributed on the surface of D1R- and
D2R-positive bushy elements (Fig. 1A1,A2). The immunolabeled
elements were judged mostly, if not all, to be somatodendritic
neuronal elements, because DAGL� was preferentially distrib-
uted on the surface of MAP2-positive dendrites (Fig. 1B1–C2,
arrows) and perikarya (Fig. 1C1,C2, arrowheads). Notably, the
intensity of individual DAGL� puncta was apparently higher on
D1R-positive elements (Fig. 1A1,A2, asterisks) than on D2R-
positive ones (Fig. 1A1,A2, pound signs). In contrast, DAGL�
showed no apparent overlap with glutamatergic terminal marker
VGluT1 or inhibitory terminal marker VGAT but was distributed
among these immunostained terminals (Fig. 1D1,D2). These re-
sults suggest that DAGL� is present as molecular clusters, which
are distributed on the somatodendritic surface of the D1R- and
D2R-positive MS neurons and are adjacent to both excitatory and
inhibitory terminals. Furthermore, although we found no over-
lapping of DAGL� with the main target of 2-AG, the CB1 canna-
binoid receptor, this lipase was positioned very close to CB1 (Fig.
1E1,E2).

This observation was verified and further characterized by
immunoelectron microscopy (Fig. 2). Immunoperoxidase reac-
tion products for DAGL� were observed as spotty deposition in
spines, shafts of spiny dendrites, and somata with thin perikarya
and round nuclei (Fig. 2A,B, open arrows). Using the silver-
enhanced immunogold technique, metal particles representing
DAGL� were detected on the cell membrane or around cytoplas-
mic vesicles in spines, dendritic shafts, and somata (Fig. 2C–G).
On these somatodendritic elements, metal particles were found
preferentially on the extrasynaptic membrane and were very rare
on the postsynaptic membrane of asymmetrical (Fig. 2C–E, ar-
rows) and symmetrical (Fig. 2C,F,G, arrowheads) synapses. To
quantify more precisely this distribution pattern, the density of
immunogold particles attached to the cell membrane was mea-
sured at the electron microscopic level. The density of DAGL�
was highest in spines and decreased gradually toward somata
(Fig. 2H). The density on the somatic membrane was three times
lower than on the spine membrane but was even much higher
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than on nerve terminals. Therefore,
DAGL� is distributed widely on extrasyn-
aptic somatodendritic surface of MS neu-
rons in the order of spine � dendritic
shaft � soma.

Subcellular distribution of mGluR5 and
DAGL� are similar to each other but
different from mAChR M1

Previous studies have shown that group I
mGluR activation facilitates both DSI and
DSE in MS neurons (Kreitzer and
Malenka, 2005; Freiman et al., 2006; Na-
rushima et al., 2006a). Our finding on the
abundant DAGL� localization in spines
prompted us to scrutinize the precise dis-
tribution of these receptors (mGluR1 and
mGluR5) in the striatum in relation to
DAGL� localization. In the forebrain, the
striatum has the lowest level of mGluR1�
immunostaining (supplemental Fig. S2A,
available at www.jneurosci.org as supple-
mental material) but the highest level of
mGluR5 immunostaining (supplemental
Fig. S1E,F, available at www.jneurosci.org
as supplemental material). Experiments
with cell-type-specific neuronal markers re-
vealed that this is attributable to the very low
or to the very high expression of mGluR1�
(supplementalFig.S2B–E,availableatwww.
jneurosci.org as supplemental material) or
mGluR5 (see below), respectively, in MS
neurons. Thus, mGluR5 is the major
group I mGluR in MS neurons.

Similarly to DAGL�, mGluR5 was de-
tected in both D1R-positive and D2R-
positive elements (Fig. 3A1,A2), and was
preferentially distributed on MAP2-
positive dendrites (Fig. 3B1–C2, arrows)
and perikarya (Fig. 3C1,C2, arrowheads).
Different from DAGL�, however, no ap-
preciable differences were discerned in the
intensity of mGluR5 immunoreactivity
between D1R-positive and D2R-positive
elements (Fig. 3A1,A2). By silver-
enhanced immunogold labeling, dense
distribution of mGluR5 was demonstrated on the surface of
spines, shafts of spiny dendrites, and somata of MS neurons (Fig.
3D–G). Precise quantification of high-resolution immunogold
labeling revealed a decreasing density gradient in the order of
spine � dendritic shaft � soma (Fig. 3H). The density in somata
was twice as low as in spines, but was still much higher compared
with nerve terminals. These results indicate that mGluR5 displays
subcellular distribution similar to DAGL� in MS neurons.

M1 muscarinic receptor is another Gq-coupled receptor ex-
pressed abundantly in MS neurons (Yan et al., 2001; Narushima
et al., 2007), and its activation significantly enhances DSI
(Narushima et al., 2007). We have recently shown that M1 also
displays widespread somatodendritic distribution in MS neu-
rons, but its density is lower in spines than in dendritic shafts and
somata (Narushima et al., 2007). In the present study, we com-
pared their fine distribution on the spine head of MS neurons
(Fig. 4). Wide extrasynaptic distribution in spines was common

to both mGluR5 and M1. However, mGluR5 tended to accumu-
late at the border between the postsynaptic density and the extra-
synaptic membrane (0 – 40 nm from the edge of the synaptic
junction) (Fig. 4A), whereas M1 was rather low at this mGluR5-
rich perisynaptic region (Fig. 4B). Therefore, mGluR5 is en-
riched in spines of MS neurons, particularly at the perisynaptic
region, whereas M1 is relatively sparse in spines and appears to be
excluded from this perisynaptic region.

2-AG is the major endocannabinoid for striatal DSI and DSE,
and its release is facilitated by mGluR and/or mAChR
activation
Strong depolarization of MS neurons triggers endocannabinoid-
mediated suppression of striatal excitatory (Narushima et al.,
2006a) and inhibitory (Narushima et al., 2006b) transmissions,
and activation of M1 mAChRs (Narushima et al., 2007) or group
I mGluRs (Freiman et al., 2006; Narushima et al., 2006b) en-
hances this suppression. Considering that 2-AG is synthesized

Figure 1. DAGL� is expressed on somatodendritic elements of D1R-positive and D2R-positive medium spiny neurons. Through-
out this Figure, DAGL� is pseudocolored in red. A1, A2, Triple immunofluorescence for DAGL�, D1R (green), and D2R (blue). Note
a punctate pattern of DAGL� immunolabeling, which is higher on D1R-positive elements (*) than on D2R-positive elements (#).
B1– C2, Double immunofluorescence for DAGL� and MAP2 (green). DAGL� is distributed on the surface of MAP2-positive
dendrites (arrows) and perikarya (arrowheads). From thin perikaryal rim and round nucleus, the neuron in C1 and C2 is a putative
MS neuron. D1, D2, Triple immunofluorescence for DAGL�, VGluT1 (green; white arrows), and VGAT (blue; yellow arrows). E1, E2,
Double immunofluorescence for DAGL� and CB1 (green; arrows). Scale bars: (in A2) A1, A2, 10 �m; (in B2, C2) B1–C2, 5 �m; (in
D2, E2) D1–E2, 1 �m.
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from phosphatidylinositol by PLC� and DAG lipase in an
activity-dependent manner (Stella et al., 1997; Piomelli, 2003),
2-AG is likely to be synthesized after depolarization combined with
activation of these Gq-coupled receptors and to act as an endocan-
nabinoid at MS neuron synapses. To pursue this possibility, we ex-
amined the effect of the DAG lipase inhibitor tetrahydrolipstatin
(THL) (Bisogno et al., 2003) on endocannabinoid-mediated
modulations.

First, we tested THL on DSE or DSI. Bath application of THL
(10 �M) after preincubation of slices with THL (20 �M) signifi-
cantly blocked DSI induced by 5 s depolarization. The magnitude
of DSI was 40.6 � 4.6% in vehicle solution (n � 6), whereas it was
5.1 � 1.0% in the presence of THL (n � 8, p � 0.0019) (Fig.
5A,B). Because Palomaki et al. (2007) have reported very recently
that THL specifically antagonizes endocannabinoid-dependent

CB1 receptor activity, we tested whether
THL has any effect on CB1-induced sup-
pression of IPSCs in MS neurons (supple-
mental Fig. S3, available at www.jneuro-
sci.org as supplemental material). After we
confirmed that the THL treatment abol-
ished DSI, bath application of the canna-
binoid agonist WIN 55,212-2 (1 �M) re-
duced the IPSC amplitude to 35.9 � 4.7%
(n � 5), which was not distinguishable
from the suppression by WIN 55,212-2 in
normal bathing solution (32.9 � 3.6%; n �
11) (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material).
Therefore, THL did not affect CB1 receptor
function in our experimental condition.

To induce discernible DSE of corticos-
triatal EPSCs, we combined 5 s depolariza-
tion of MS neurons with 50 �M DHPG, a
group I mGluR agonist, because striatal
DSE is observed only when long depolar-
ization is combined with group I mGluR
activation (Narushima et al., 2006a). This
DHPG-enhanced DSE was also blocked by
THL (magnitude of DSE, 29.5 � 4.0% in
vehicle solution, n � 8; 2.4 � 4.3% in the
presence of THL, n � 6, p � 0.0019) (Fig.
5A,B). Then, we examined THL on
endocannabinoid-mediated synaptic sup-
pression triggered by Gq-coupled recep-
tor activation. For IPSCs, THL effectively
blocked both DHPG-induced and the
mAChR agonist oxo-M-induced suppres-
sions (Fig. 5C,D). The averaged amplitude
after DHPG or oxo-M application was
71.4 � 6.0% (n � 7) or 56.5 � 4.4% (n �
6) in vehicle-containing control solution,
whereas the amplitude was 96.7 � 1.7%
(n � 6; p � 0.0027) or 91.2 � 4.4% (n � 7;
p � 0.0027) in THL. DHPG-induced sup-
pression of corticostriatal EPSCs was also
blocked by THL (averaged amplitude after
DHPG application, 73.7 � 2.4% in vehi-
cle, n � 7; 100.8 � 1.7% in THL, n � 6,
p � 0.0027) (Fig. 5E,F). In contrast, THL
had little effect on oxo-M-induced sup-
pression of EPSCs (averaged amplitude af-
ter oxo-M application; 77.5 � 4.1% in ve-

hicle, n � 6; 81.5 � 4.1% in THL, n � 7, p � 0.57). It has been
shown that oxo-M-induced suppression of corticostriatal EPSC
is mediated by presynaptic mAChR and is independent of CB1

(Narushima et al., 2006a) (Fig. 5E,F). These results clearly indi-
cate that postsynaptic depolarization, Gq-coupled receptor activa-
tion, and combined depolarization and Gq-coupled receptor activa-
tion all induce DAG lipase-mediated synthesis of 2-AG, which
results in suppression of transmitter release at both GABAergic and
glutamatergic synapses of MS neurons.

DSE exhibits lower sensitivity to DHPG than DSI
for enhancement
The different relative abundance of mGluR5 and M1 on the so-
matodendritic surface and at the perisynaptic region suggests that
these receptors may exhibit differential effects on 2-AG-mediated

Figure 2. Immunoelectron microscopy demonstrating somatodendritic expression of DAGL� in spines, dendritic shafts, and
somata of medium spiny neurons. Black arrows and arrowheads indicate asymmetrical or symmetrical synapses, respectively. A,
B, Immunoperoxidase showing spotty labeling for DAGL� (open arrows) in spines (Sp), shaft dendrites (Dn), and perikarya (Pe) of
presumed MS neurons. C–G, Silver-enhanced immunogold showing preferential cell surface distribution of DAGL� in spine head
and neck, shaft dendrites, and somata of presumed MS neurons. H, The mean number of metal particles for DAGL� per 1 �m of
the cell membrane. From very low density in nerve terminals, DAGL� is judged to be distributed selectively in somatodendritic
compartments. Numbers in parentheses indicate the total length of measured cell membrane. NT, Nerve terminal; Nu, nucleus.
Scale bars: A–C, F, G, 500 nm; D, E, 250 nm.

Uchigashima et al. • Endocannabinoid Signaling in Striatum J. Neurosci., April 4, 2007 • 27(14):3663–3676 • 3667



suppression of glutamatergic and
GABAergic synaptic transmission. In-
deed, application of oxo-M can enhance
DSI but not DSE (Narushima et al., 2006a)
(Fig. 5F). However, DSE and DSI are both
enhanced by DHPG (Freiman et al., 2006;
Narushima et al., 2006a) (Fig. 5C–F), but
their sensitivities to DHPG have not been
compared quantitatively.

To address the aforementioned issue,
the dose dependency of DSE/DSI en-
hancement on DHPG was compared by
application of DHPG at concentration of
1, 5, or 25 �M, which treatment per se had
little effect on the amplitude of IPSC or
EPSC in MS neurons. DSI after 1 s depo-
larization was clearly enhanced by 1 or 5
�M DHPG (Fig. 6A,C). Similarly, DSI af-
ter 0.1 s depolarization was enhanced by 5
�M DHPG (Fig. 6A,C). Application of 1
or 5 �M DHPG, however, had little effect
on DSE (Fig. 6C). When the concentration
was raised to 25 �M, DHPG effectively en-
hanced both DSI (n � 7) and DSE (n � 6)
(Fig. 6B). As summarized in Figure 6C,
both DSI and DSE underwent dose-
dependent enhancement by DHPG with
the sensitivity of DSI being higher than
that of DSE. It should be noted that no
apparent enhancement was seen in DSI
after 5 s depolarization, because DSI
magnitude is saturated by 5 s depolar-
ization (Narushima et al., 2007). These
results indicate that DSE exhibits lower
sensitivity to DHPG than DSI for
enhancement.

DSE undergoes synergistic
enhancement by coapplication of
oxo-M and DHPG
Considering the wide distribution of M1

and mGluR5 on the extrasynaptic spine
surface (Fig. 4), these two receptors could
potentially exert synergistic effects on DSE
enhancement. To test this possibility, we
examined cooperative effect of simulta-
neous activation of M1 and mGluR5 on
DSE. Application of subthreshold levels of
DHPG alone (5 �M) or oxo-M alone (1
�M) could not enhance DSE after 5 s de-
polarization (summarized in Fig. 7B); the change in DSE magni-
tudes (�DSE) after application of agonists was 4.0 � 3.3% (n �
6) and 2.7 � 2.1% (n � 8), respectively, showing no significant
enhancement ( p � 0.35 for DHPG, p � 0.21 for oxo-M; com-
pared with DSE magnitude before application). In contrast, si-
multaneous application of 5 �M DHPG and 0.5 �M oxo-M clearly
enhanced DSE as exemplified in Figure 7A and summarized in
Figure 7B (�DSE, 16.7 � 2.0%, n � 7 vs DHPG alone, p � 0.02;
vs oxo-M alone, p � 0.0026). The cooperative enhancement of
DSE was effectively blocked by an M1-preferring mAChR antag-
onist, pirenzepine (0.7 � 2.3%; n � 4; p � 0.0082) (Fig. 7B).
These findings indicate that group I mGluRs and M1 act syner-

gistically to facilitate endocannabinoid production in MS
neurons.

CB1 cannabinoid receptor is highly expressed on two types of
GABAergic axon terminals in the striatum
Our anatomical and physiological findings consistently indicate
that 2-AG is the main endocannabinoid at both GABAergic and
glutamatergic MS neuron synapses, except for the following
point. Considering that spines are the postsynaptic targets of ex-
citatory afferents (Fujiyama et al., 2004; Tepper et al., 2004), the
lower sensitivity of DSE to DHPG than DSI for enhancement
(Fig. 6) apparently contradicts the subcellular gradient of
mGluR5 expression, being higher in spines than in dendritic

Figure 3. mGluR5 is distributed on somatodendritic elements of D1R-positive and D2R-positive medium spiny neurons. A1, A2,
Triple immunofluorescence for mGluR5 (red), D1R (green), and D2R (blue). Note a punctate or reticular pattern of mGluR5 immu-
nolabeling, which is detected on D1R-positive (*) and D2R-positive (#) elements in the neuropil. B1–C2, Double immunofluores-
cence for mGluR5 (red) and MAP2 (green). In addition to dense mGluR5 labeling in the neuropil, low to moderate labeling can be
detected on the surface of shaft dendrites (arrows) and somata (arrowheads) of presumed MS neurons. D–G, Silver-enhanced
immunogold showing preferential cell surface distribution of mGluR5 in spines (Sp), dendritic shafts (Dn), and perikarya (Pe) of
presumed MS neurons. Arrows and arrowheads indicate asymmetrical and symmetrical synapses, respectively. NT, Nerve termi-
nal; Nu, nucleus. H, The mean number of metal particles for mGluR5 per 1 �m of the cell membrane. From very low density in
terminals, mGluR5 is judged to be specific to somatodendritic compartments, similarly to DAGL�. Numbers in parentheses
indicate the total length of measured cell membrane. Scale bars: A2, 10 �m; B2, C2, 2 �m; D–G, 500 nm.
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shafts and somata (Fig. 3). A possible solution to resolve this
apparent discrepancy would be that the density of CB1 might be
different between excitatory and inhibitory afferents. We thus
examined precise anatomical distribution of CB1 in neural ele-
ments of the striatum. For this analysis, we used an antibody
against the C-terminal segment of CB1, whose specificity and
sensitivity have been proven high enough to detect even a small
amount of CB1 proteins expressed in hippocampal excitatory
afferents of wild-type but not of CB1 knock-out mice (Fukudome
et al., 2004; Katona et al., 2006; Kawamura et al., 2006).

By low-power observation over the forebrain, CB1 was de-
tected at moderate levels in the striatum (supplemental Fig.
S1H, I, available at www.jneurosci.org as supplemental material).
Its cellular and synaptic expression was determined by immuno-
fluorescence (Fig. 8) and immunoelectron (Fig. 9) microscopies.
At high magnification, intense CB1 labeling was detected in large
varicose fibers running throughout the neuropil (Fig. 8A�, ar-
rows). Among these varicose fibers, thin structures with very faint
CB1 labeling were also seen (Fig. 8A�, arrowheads). In addition,
faint labeling was observed in perikarya of various striatal neu-
rons. To unravel the identity of these CB1-immunoreactive pro-
files, we performed a series of double-immunofluorescence stain-
ings in which neurochemical properties of these CB1-carrying
elements were characterized using transmitter-specific axon ter-
minal markers and cell-type-specific perikaryal markers. For this
analysis, semithin cryosections (200 nm in thickness) were pre-
pared to increase the spatial resolution (Fig. 8B–H), and the spec-
ificity of CB1 labeling was confirmed by using CB1 knock-out
semithin sections as negative controls (supplemental Fig. S4A–G,
available at www.jneurosci.org as supplemental material).

First, we tested whether the swelling portions of varicose fibers
having high levels of CB1 (Fig. 8A�, arrows) belonged to GABAer-
gic terminals. Many puncta labeled for inhibitory terminal
marker VGAT were either positive for CB1 or connected to CB1-
carrying fibers (Fig. 8B1,B2, arrowheads), whereas the rest of a
few puncta were not associated with any CB1 immunolabeling
(Fig. 8B1,B2, arrow). This finding was further supported at the
cellular level, as perikaryal CB1 labeling was detected, although at
low levels, in most of GAD-positive GABAergic perikarya inside
the striatum (supplemental Fig. S4H, available at www.
jneurosci.org as supplemental material). Next, we determined

which types of GABAergic neurons ex-
pressed CB1. Of striatal GABAergic neu-
rons, two types of MS neurons are also
distinguished by selective expressions of
SP (D1R neurons) and Enk (D2R neu-
rons), whereas three types of GABAergic
interneurons are distinguished by selec-
tive expressions of PV, NOS/somatostatin
(Som), and calretinin (CR). CB1 was de-
tected in SP-, Enk-, or PV-positive
perikarya (Fig. 8 I1–K2, arrows) and axons
(Fig. 8 I1–K2, arrowheads). Occasionally,
CB1 was discernible in NOS-positive in-
terneurons, but the levels were extremely
low, if any (supplemental Fig. S4 J,K,
available at www.jneurosci.org as supple-
mental material). No CB1 immunostain-
ing was seen in CR-containing interneu-
rons (supplemental Fig. S4L, available at
www.jneurosci.org as supplemental mate-
rial). Therefore, among striatal GABAer-
gic neurons, CB1 is mainly expressed by

MS neurons and PV-positive interneurons.
To confirm the presence of CB1 on these GABAergic fibers, we

prepared serial ultrathin sections subjected to double-labeling
immunoelectron microscopy (Fig. 9A1–D2). The silver-
enhanced immunogold method revealed that metal particles rep-
resenting the precise subcellular localization of CB1 were
observed on terminals labeled by immunoperoxidase for either
SP (Fig. 9A1,A2), Enk (Fig. 9B1,B2), or PV (Fig. 9C1–D2). Fur-
thermore, these labeled terminals formed symmetrical contact
(Fig. 9A1–E, arrowheads) on spines, spiny dendrites, and somata
with thin perikaryal rims and round nuclei, all suggesting that
their postsynaptic targets are MS neurons.

CB1 is expressed at low levels on glutamatergic axon
terminals in the striatum
The very faint CB1 immunolabeling in thin structures (Fig. 8A�,
arrowheads) was also judged to be specific, because it was entirely
missing in CB1 knock-out sections (supplemental Fig. S4A–G,
available at www.jneurosci.org as supplemental material). To
identify the structure, we performed double immunofluores-
cence staining using the following terminal markers: VGluT1
(glutamatergic terminal marker), VGluT2 (glutamatergic),
VAChT (cholinergic), DAT (dopaminergic), HTT (serotoner-
gic), and NET (norepinephrinergic) (Fig. 8C1–H2). Among these
terminal markers, faint CB1 labeling was often detected on
VGluT1-positive terminals only (Fig. 1D1,D2). Considering that
VGluT1 is selectively present in glutamatergic afferents from the
sensorimotor cortex, whereas VGluT2-containing glutamatergic
axons are derived from the parafascicular thalamic nucleus (Fu-
jiyama et al., 2004), the above results suggest that CB1 is expressed
at low levels in corticostriatal glutamatergic afferents but not in
other subcortical afferents. In support of this notion, moderate
levels of CB1 mRNA were detected in layer V neurons of the
sensorimotor cortex, which send corticostriatal afferents (sup-
plemental Fig. S5C,D, available at www.jneurosci.org as supple-
mental material). In contrast, CB1 mRNA was at the background
level, if any, in neurons of the parafascicular thalamic nucleus,
substantia nigra pars compacta, dorsal raphe, and locus ceruleus,
which supply glutamatergic, dopaminergic, serotonergic, and
norepinephrinergic afferents, respectively, to the striatum (sup-

Figure 4. A, B, Histograms showing tangential distribution of cell membrane-associated immunogold particles for mGluR5 (A)
and M1 (B) on the spine head of medium spiny neurons. Immunoreaction was performed by preembedding silver-enhanced
immunogold. The edge of postsynaptic density is defined as 0 with the synaptic and extrasynaptic side to the left and right,
respectively. Note that the very perisynaptic region (0 – 40 nm bin, black columns) is provided with the highest labeling for
mGluR5 but the lowest labeling for M1 on the spine head. The total number of immunogold particles analyzed is 82 particles for
mGluR5 and 69 particles for M1. The total length of measured cell membrane is 36.0 �m for mGluR5 and 46.5 �m for M1.
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plemental Fig. S5E–O, available at www.
jneurosci.org as supplemental material).

CB1 expression in corticostriatal affer-
ents was verified by immunogold labeling
for CB1. Metal particles representing the
localization of CB1 were indeed found on
nerve terminals forming asymmetrical
synapses onto dendritic spines (Fig. 9E, ar-
row). Quantification of metal particles on
electron micrographs revealed that the
density of CB1-labeling was 3.6-fold
higher on axon terminals forming sym-
metrical synapses than on boutons mak-
ing asymmetrical synapses (Fig. 9F) ( p 	
0.01, Student’s t test). The labeling at
asymmetrical synapses was judged to be
specific, because the density was signifi-
cantly higher than the control level as de-
termined from the density at asymmetri-
cal synapses of CB1 knock-out mice (Fig.
9F) ( p 	 0.01).

Together, CB1 cannabinoid receptor in
the striatum is localized at high levels on
GABAergic afferents forming PV inter-
neuron–MS neuron (PV–MS) synapses
and MS neuron collateral–MS neuron
(MS–MS) synapses, as well as at low levels
on glutamatergic afferents forming corti-
costriatal synapses.

Discussion
Through molecular, anatomical, and
physiological approaches, our findings
highlight that the 2-AG-mediated retro-
grade signaling system is organized in the
striatum in a highly regulated manner, as
schematically illustrated in Figure 10.

Comparison with previous studies on
striatal CB1 expression
High CB1 expression on inhibitory axons/
terminals of PV interneurons and MS
neurons is compatible with previous stud-
ies using double-labeling in situ hybridiza-
tion (Marsicano and Lutz, 1999; Hohm-
ann and Herkenham, 2000) and with an
immunogold study showing dense distri-
bution of CB1 on GABAergic axons and
terminals in the striatum (Matyas et al.,
2006). Low CB1 immunoreactivity in
NOS-positive interneurons (supplemen-
tal Fig. S4 J,K, available at www.
jneurosci.org as supplemental material) is
not incompatible with negativity of CB1 mRNA in Som-positive
interneurons (Hohmann and Herkenham, 2000); rather, the two
studies are consistent in that CB1 expression in this interneuron is
around the threshold level. Here we have further demonstrated
that the CB1-rich GABAergic elements are the afferents of
PV–MS and MS–MS synapses and that CB1 is also expressed on
corticostriatal excitatory synapses. Importantly, these anatomical
results are fully compatible with the electrophysiological findings
that ERS is observed at PV–MS (Freiman et al., 2006; Narushima
et al., 2006b), MS–MS (Freiman et al., 2006), and corticostriatal

synapses (Gerdeman and Lovinger, 2001; Huang et al., 2001;
Kreitzer and Malenka, 2005; Narushima et al., 2006a).

In contrast, our predominant CB1 staining in presynaptic el-
ements is quite different from intense perikaryal staining of var-
ious striatal neurons, as shown by Fusco et al. (2004). Intense
perikaryal labeling was reported for CCK-positive interneurons
in the hippocampus, cerebral cortex, and amygdala (Katona et al.,
1999, 2001; Hajos et al., 2000; Fukudome et al., 2004; Bodor et al.,
2005) but has never been seen in the striatum (Julian et al., 2003;
Matyas et al., 2006) (Fig. 8). The lack of CB1 in the postsynaptic
density and dopaminergic afferents in our study is also incom-

Figure 5. DAGL inhibitor prevents endocannabinoid-mediated retrograde signaling in the striatum. A, Sample traces of IPSC
(top) and EPSC (bottom) showing the suppression induced by 5 s depolarization (depol.) in vehicle solution (left) and in the
presence of THL (right). For EPSC, 50 �M DHPG was supplemented to induce DSE. B, Summary bar graph showing average
magnitudes of DSI and DSE after 5 s depolarization in vehicle solution (open columns) and in the presence of THL (filled columns).
C, Sample traces showing the effect of 1 �M oxo-M or 50 �M DHPG on IPSCs recorded from MS neurons in the BSA-containing
vehicle solution (vehicle) and in the presence of THL (THL). D, Summary bar graph showing the suppression of IPSCs by oxo-M or
DHPG. Data are expressed as a percentage of IPSC amplitudes in oxo-M or DHPG relative to the values before oxo-M or DHPG
application in the vehicle solution (open columns) and in the presence of THL (filled columns). E, Sample traces showing the effect
of oxo-M and DHPG on EPSCs. F, Summary bar graph showing the effect of oxo-M and DHPG on EPSCs. N.S., Not significant. Data
are illustrated similarly to D. Calibration: 100 pA, 5 ms. **p 	 0.01.
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patible with the study by Kofalvi et al. (2005). Although reasons
for these discrepancies remain unclear, we verified the specificity
of our CB1 immunohistochemistry by negative immunostaining
in the CB1-knock-out striatum (Fig. 9F, supplemental Figs. S1H,
S4A–G, available at www.jneurosci.org as supplemental
material).

2-AG-mediated retrograde suppression at
corticostriatal synapse
In addition to CB1 expression on corticostriatal afferents, we have
revealed for the first time that DAGL� is distributed at the highest

level on spines of MS neurons. As for mGluR5, our observations
of somatodendritic distribution in the order of spine � dendritic
shaft � soma, predominant extrasynaptic expression, and peri-
synaptic accumulation at asymmetrical synapses are consistent
with previous studies (Paquet and Smith, 2003; Mitrano and
Smith, 2007). This molecular organization will explain the elec-
trophysiological findings that corticostriatal excitatory transmis-
sion is suppressed by CB1 agonists (Gerdeman and Lovinger,
2001; Huang et al., 2001) and that DSE and endocannabinoid-
dependent LTD are induced in MS neurons only when postsyn-
aptic depolarization or L-type calcium channel activation is com-
bined with group I mGluR activation (Kreitzer and Malenka,
2005; Narushima et al., 2006a) (Fig. 6). Such cooperativity is also
found for hippocampal neurons (Varma et al., 2001; Ohno-
Shosaku et al., 2002) and cerebellar Purkinje cells (Brenowitz and
Regehr, 2005; Maejima et al., 2005). PLC� is sensitive to both
intracellular calcium levels and Gq activity and functions as a

Figure 6. Activation of group I mGluRs causes dose-dependent enhancement of striatal DSI
and DSE. A, Representative data demonstrating enhancement of DSI by 5 �M DHPG. Each point
represents the average of three consecutive traces. Depolarizing pulses (depol.) with duration of
0.1 or 1 s were applied before and during DHPG application at the time points indicated with
upward arrows. Inset, Sample IPSC traces showing DSI in the control external solution and in the
presence of 5 �M DHPG. Calibration: 100 pA, 10 ms. B, Representative data demonstrating
enhancement of DSE by 25 �M DHPG. Depolarizing pulses with 5 s duration were applied before
and during DHPG application. Inset, Sample EPSC traces showing DSE before and after DHPG
application. Calibration: 100 pA, 10 ms. C, Summary bar graphs showing dose-dependent en-
hancement of DSI and DSE by DHPG. The degree of enhancement was calculated as the change
in the magnitude of DSI or DSE during DHPG application relative to the value before application
(�Suppression).

Figure 7. Cooperative enhancement of DSE by combined activation of M1 and group I
mGluRs. A, Representative data showing enhancement of DSE by combined application of 5 �M

DHPG and 0.5 �M oxo-M. Data are shown in a manner similar to Figure 6B. Calibration: 100 pA,
10 ms. depol., Depolarizing pulse. B, Summary bar graph showing enhancement of DSE by 5 �M

DHPG alone, 1 �M oxo-M alone, coapplication of 5 �M DHPG and 0.5 �M oxo-M, and coappli-
cation of DHPG and oxo-M in the presence of 1 �M pirenzepine (Prz).
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coincidence detector of the two events
(Hashimotodani et al., 2005; Maejima et
al., 2005).

In awake animals, MS neurons are al-
most quiescent (i.e., down-state) when the
animals are at rest. MS neurons display
transient high-frequency firing (up-state)
in response to synchronous excitatory in-
puts from the sensorimotor cortex, when
the animals initiate movements (Hikosaka
and Wurtz, 1989). As cortical activity is
increased, high-frequency activation of
ionotropic and metabotropic glutamate
receptors activates PLC� supralinearly
(most likely PLC�1 in MS neurons) (Wa-
tanabe et al., 1998), elevates DAG levels in
the activated spines, and produces 2-AG
from DAG by DAGL�. Then, 2-AG travels
backwards to suppress glutamate release
from the terminals (Fig. 10, right). In-
triguingly, in slice preparation, DSE can-
not be induced by depolarization alone
and requires coactivation of group I
mGluRs (Narushima et al., 2006a). Be-
cause CB1 density is low on corticostriatal
afferents, relatively high concentration of
2-AG around corticostriatal excitatory
synapses must be required for DSE induc-
tion. The abundance of mGluR5 and
DAGL� in spines should help 2-AG syn-
thesis beyond the threshold, when
postsynaptic depolarization and mGluR5
activation coincide. Hence, such molecu-
lar arrangements around corticostriatal
synapses should enable this local feedback
loop to operate only after robust cortical
excitation, which leads to suppression of
hyperactivity of the MS neuron.

2-AG-mediated retrograde suppression
at PV–MS and MS–MS synapses
Inhibitory synaptic transmissions at
PV–MS and MS–MS synapses are also
sensitive to CB1 agonists (Szabo et al.,
1998; Freiman et al., 2006; Narushima et
al., 2006b), and the magnitude of DSI is
enhanced by activation of group I mGluRs
(Freiman et al., 2006) (Fig. 5C,D). In con-
trast to DSE, DSI in MS neurons can be
induced by depolarization alone (Na-
rushima et al., 2006b). This may be rele-
vant to abundant CB1 at these inhibitory
synapses. Moreover, robust DSI enhancement by activation of
group I mGluRs or M1 (Narushima et al., 2007) (Fig. 5C–F) and
the distribution of DAGL�, mGluR5, and M1 around inhibitory
synapses (Narushima et al., 2007) (Figs. 2, 3) point to the physi-
ological importance of coincidental activation of these Gq-
coupled receptors for DSI induction (Fig. 10, left), as is the case
for DSE induction. Indeed, ambient acetylcholine derived from
cholinergic interneurons is involved in tonic enhancement of DSI
in MS neurons (Narushima et al., 2007).

PV or fast-spiking interneurons receive cortical excitatory in-
puts and exert powerful inhibition onto the MS neuron through

their pericellular basket formation and through their electrical
coupling via gap junction (Kita et al., 1990; Koos and Tepper,
1999; Bolam et al., 2000). Even a single spike of PV interneuron
can delay or prevent spiking in an MS neuron (Koos and Tepper,
1999). Therefore, PV–MS synapse constitutes a powerful feedfor-
ward inhibitory circuits, and DSI at this synapse leads to the
increase of the excitability of the MS neuron. On the other hand,
MS neuron collaterals form numerous inhibitory synapses onto
dendritic shafts and spines of MS neurons (Kubota and Kawagu-
chi, 2000; Wilson, 2004). Compared with PV–MS synapses,
MS–MS synapses produce smaller IPSCs when measured at the

Figure 8. CB1 is highly expressed in axons and terminals of medium spiny neurons and parvalbumin interneurons. Throughout
this figure, CB1 is pseudocolored in red. A, Single immunofluorescence for CB1. Inset, Arrows and arrowheads indicate intense
(putative inhibitory afferents) and weak (putative excitatory afferents) CB1 immunolabeling, respectively. B1–H2, Semithin
cryosections subjected to double immunofluorescence for CB1 and terminal markers (green; B1,B2, vesicular GABA transporter
VGAT; C1,C2, vesicular acetylcholine transporter VAChT; D1,D2, type 1 vesicular glutamate transporter VGluT1; E1,E2, type 2
vesicular glutamate transporter VGluT2; F1,F2, plasmalemmal dopamine transporter DAT; G1,G2, plasmalemmal serotonin trans-
porter HTT; H1,H2, plasmalemmal norepinephrine transporter NET). Arrowheads and arrows indicate terminals judged to be
positive and negative for CB1, respectively. I1–J2, Double immunofluorescence for CB1 and SP (green; I1, I2) or enkephalin (Enk)
(green; J1, J2). Note low CB1 contents in neuropeptide-carrying perikarya (arrows) and high CB1 contents in neuropeptide-
carrying axons (arrowheads). K1, K2, Triple immunofluorescence for CB1, PV (green), and VGAT (blue). Note low CB1 contents in
PV-carrying perikarya (arrows) and high CB1 contents in PV/VGAT-carrying terminals (arrowheads), the latter surrounding a
putative MS neuron (asterisk) in a basket-like manner. Scale bars: A, I2, J2, K2, 10 �m; A�, B2, C2, D2, E2, F2, G2, H2, 2 �m.
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soma and are thought to modulate dendritic integration and syn-
aptic plasticity of corticostriatal and thalamostriatal synapses and
to attenuate backpropagation of action potentials into dendrites
(Tepper et al., 2004). Therefore, DSI of MS–MS synapse may
augment excitability of the MS neuron less effectively than that of
PV–MS synapse but would elaborate on information processing
in local dendrites of MS neurons.

Differential but synergistic modulation
by glutamatergic and cholinergic inputs
on DSE enhancement
Although group I mGluR agonist DHPG
enhances both DSI and DSE, mAChR ag-
onist oxo-M enhances DSI only (Na-
rushima et al., 2006a) (Fig. 5C–F). How-
ever, oxo-M can readily enhance DSE
when coadministered with DHPG (Fig. 7).
This finding suggests that induction
threshold for striatal ERS is modulated
differentially but synergistically depend-
ing on cholinergic and cortical activities.
Tonically active cholinergic interneurons
in primates change their firings in re-
sponse to reward-related or aversive stim-
uli (Apicella, 2002). Cholinergic interneu-
ron activity is also influenced by
nigrostriatal dopaminergic and thalamos-
triatal glutamatergic inputs (Aosaki et al.,
1994; Bennett and Wilson, 1998; Wa-
tanabe and Kimura, 1998). Therefore, it
can be assumed that as cholinergic activity
is elevated alone, the threshold for DSI de-
creases preferentially, whereas that for
both DSI and DSE decreases when cholin-
ergic and corticostriatal activities are ele-
vated simultaneously. Thus, the balance
between cholinergic and cortical inputs
will determine the degree of ERS of inhi-
bition and excitation and should modu-
late striatal output.

In hippocampal pyramidal cells and
Purkinje cells, mGluR1� and mGluR5 are
accumulated at the perisynaptic annulus
of excitatory synapses (Baude et al., 1993;
Nusser et al., 1994; Lujan et al., 1996,
1997). These group I mGluRs form com-
plexes coimmunoprecipitated with inosi-
tol 1,4,5-trisphosphate receptor (IP3R)
via scaffolding protein Homer (Brakeman
et al., 1997; Tu et al., 1998). Homer further
binds to ionotropic glutamate receptors
via Shank and GRIP (glutamate receptor-
interacting protein) (Dong et al., 1997;
Sheng and Kim, 2000; Uemura et al.,
2004). Furthermore, PLC� is accumu-
lated at the perisynaptic region and forms
complexes coimmunoprecipitated with
mGluR1�, IP3R, and Shank (Nakamura et
al., 2004; Hwang et al., 2005; Nomura et
al., 2007). At excitatory synapses, group I
mGluRs and their downstream molecules
are thus physically interacted and re-
cruited to the perisynaptic region, pre-
sumably to increase the efficiency and

specificity of signal transduction. The same mechanism may re-
cruit mGluR5 to the perisynaptic region of corticostriatal syn-
apses (Paquet and Smith, 2003) (Fig. 4A) but might exclude M1

from there (Fig. 4B). In contrast, mGluR5 is distributed more
loosely around symmetrical synapses, regardless of synaptic and
extrasynaptic membranes (Paquet and Smith, 2003) (our unpub-
lished data). We assume that different somatodendritic and peri-

Figure 9. Immunoelectron microscopy demonstrating dense CB1 localization in axons and terminals of MS neurons and PV
interneurons. A1–D2, Double labeling by preembedding silver-enhanced immunogold for CB1 and immunoperoxidase for neu-
ronal markers (A1, A2, SP; B1–B3, Enk; C1–D2, PV). Note the dense CB1 labeling on the cell membrane of SP-, Enk-, or PV-positive
nerve terminals (NT in larger font), all forming symmetrical synapses (arrowheads) onto dendritic spines (Sp) or perikarya (Pe).
Arrows indicate asymmetrical synapses, whose presynaptic nerve terminals are rarely labeled by double-labeling experiment,
because of lower sensitivity than single immunogold labeling. Two or three consecutive images from serial sections show repro-
ducible immunogold labeling on the terminal membrane. E, Single immunogold labeling for CB1. Low but significant labeling can
be detected on the terminal membrane (top left portion; NT) forming an asymmetrical synapse (arrow) with an MS neuron spine.
See heavy labeling on a nerve terminal forming a symmetrical synapse (arrowhead) with a dendritic shaft (Dn). F, The mean
number of metal particles per 1 �m of presynaptic terminal membrane. CB1 labeling is 3.6 times higher at symmetrical synapses
than at asymmetrical synapses in wild-type (WT) control mice. The background level is determined from labeling density at
asymmetrical synapses of CB1 knock-out (KO) mice. Numbers in parentheses indicate the number of synaptic profiles examined.
The total length of measured cell membrane is 101.7 �m for symmetrical synapses in wild-type mice, 140.3 �m for asymmetrical
synapses in wild-type mice, and 81.2 �m for asymmetrical synapses in CB1 knock-out mice. Error bars indicate the mean � SD.
*p 	 0.01. Scale bars, 500 nm.
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synaptic distributions between mGluR5 and M1 (Fig. 10) may
cause different extents of receptor– effector coupling and under-
lie differential effects of DHPG and oxo-M on DSE enhancement.

In conclusion, our findings provide evidence that a set of re-
ceptors and enzymes involved in 2-AG-mediated retrograde sig-
naling are arranged in the striatum to be able to modulate effec-
tively the excitability of the MS neuron depending on cortical
activity and cholinergic tone.
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