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Santa Lucia, Istituto di Ricovero e Cura a Carattere Scientifico, 00179 Rome, Italy, 3Istituto di Scienze Neurologiche,
Consiglio Nazionale Ricerche, Sezione di Catania, 95123 Catania, Italy, 4Dipartimento di Scienze Chimiche, Sezione di
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Striatal cholinergic interneurons were recorded from a rat slice
preparation. Synaptic potentials evoked by intrastriatal stimu-
lation revealed three distinct components: a glutamatergic
EPSP, a GABAA-mediated depolarizing potential, and an ace-
tylcholine (ACh)-mediated IPSP. The responses to group II
metabotropic glutamate (mGlu) receptor activation were inves-
tigated on the isolated components of the synaptic potentials.
Each pharmacologically isolated component was reversibly re-
duced by bath-applied LY379268 and ((2S,1�R,2�R,3�R)-2-(2,3-
dicarboxylcyclopropyl)-glycine, group II agonists. In an attempt
to define the relevance of group II mGlu receptor activation on
cholinergic transmission, we focused on the inhibitory effect on
the IPSP, which was mimicked and occluded by �-agatoxin IVA
(�-Aga-IVA), suggesting a modulation on P-type high-voltage-
activated calcium channels. Spontaneous calcium-dependent
plateau-potentials (PPs) were recorded with cesium-filled elec-
trodes plus tetraethylammonium and TTX in the perfusing so-
lution, and measurements of intracellular calcium [Ca2�]i
changes were obtained simultaneously. PPs and the concom-

itant [Ca2�]i elevations were significantly reduced in amplitude
and duration by LY379268. The mGlu-mediated inhibitory effect
on PPs was mimicked by �-Aga-IVA, suggesting an involve-
ment of P-type channels. Moreover, electrically induced ACh
release from striatal slices was reduced by mGlu2 receptor
agonists and occluded by �-Aga-IVA in a dose-dependent
manner. Finally, double-labeling experiments combining mGlu2
receptor in situ hybridization and choline acetyltransferase im-
munocytochemistry revealed a strong mGlu2 receptor labeling
on cholinergic interneurons, whereas single-label isotopic in
situ hybridization for mGlu3 receptors did not show any labeling
in these large striatal interneurons. These results suggest that
the mGlu2 receptor-mediated modulatory action on cell excit-
ability would tune striatal ACh release, representing an interest-
ing target for pharmacological intervention in basal ganglia
disorders.
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Striatal cholinergic transmission plays a fundamental role in the
control of motor function, and the imbalance between striatal
dopamine and acetylcholine (ACh) content has long been con-
sidered the neurochemical basis for movement abnormalities ob-
served in Parkinson’s disease (PD) (Barbeau, 1962; Lehmann and
Langer, 1983; Hornykiewicz and Kish, 1987). Cholinergic inner-
vation in the striatum is provided by a limited number of inter-
neurons that supply this area with one of the highest content of
ACh in the whole brain (Lehmann and Langer, 1983; Graybiel,
1990; Contant et al., 1996) and has been shown to play a key role
in motor function. In vivo and in vitro intracellular recordings
have shown that intrinsic membrane properties regulate the spon-
taneous activity of cholinergic interneurons and that synaptic
inputs are capable of modulating the timing of this activity

(Wilson et al., 1990; Bennett and Wilson, 1998, 1999; Bennett et
al., 2000).

Experimental evidence indicates that metabotropic glutamate
(mGlu) receptors play a major role in governing the excitability of
neurons in different brain areas, including the basal ganglia
(Conn and Pin, 1997; Calabresi et al., 1999; Awad et al., 2000;
Pisani et al., 2001). The modulation of synaptic integration on
striatal cholinergic interneurons has been shown to exert a strong
and direct influence on basal ganglia output structures (Calabresi
et al., 2000; Kaneko et al., 2000; Raz et al., 2001). mGlu receptors
are a heterogeneous family of eight G-protein-coupled receptors,
cloned and divided into three groups differing in amino acid
sequence, pharmacological properties, and second messengers to
which they are linked. Group I includes mGlu1 and mGlu5,
positively coupled to the phosphoinositide hydrolysis transduc-
tion pathway, whereas both group II (mGlu2 and mGlu3) and
group III (mGlu4, mGlu6, mGlu7, and mGlu8) are negatively
linked to cAMP levels (Conn and Pin, 1997).

The presence of mGlu receptors in the striatum has been
documented extensively, and the expression patterns of the three
groups revealed an heterogeneous distribution (Testa et al., 1994,
1995, 1998, Tallaksen-Greene et al., 1998). Immunohistochemical
and pharmacological data have demonstrated recently the coex-
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istence, on cholinergic interneurons, of both group I mGlu1 and
mGlu5 receptors, whose activation results in a significant increase
in cell excitability (Tallaksen-Greene et al., 1998; Pisani et al.,
2001). Immunoreactivity for mGlu2/3 in the striatum revealed a
colocalization with synaptic vesicle protein 2, a protein commonly
associated with presynaptic terminals, indicating the presence of
group II mGlu receptors on corticostriatal terminals (Testa et al.,
1998). Accordingly, electrophysiological studies have shown a
dose-dependent depression of the corticostriatal glutamatergic
synaptic potentials by group II agonists recorded from both me-
dium spiny neurons and cholinergic interneurons (Lovinger and
McCool, 1995; Calabresi et al., 1999).

We used a combination of electrophysiological, optical, bio-
chemical, and immunohistochemical approaches to evaluate the
capability of group II mGlu receptor agonists to affect both
intrinsic membrane properties and synaptic activity of cholinergic
interneurons and to modulate striatal ACh release.

MATERIALS AND METHODS
Preparation and maintenance of the corticostriatal slices. Male Wistar rats
(20–30 postnatal days) were used for the experiments. Preparation and
maintenance of the slices have been described in detail previously (Ca-
labresi et al., 1998, 1999; Pisani et al., 2000, 2001). In brief, animals were
killed under ether anesthesia by cervical dislocation, the brain was
quickly removed, and corticostriatal coronal slices (180- to 200-�m-thick)
were cut from tissue blocks with the use of a vibratome in an ice-cold
(0°C) Krebs’ solution (see composition below). A single slice was trans-
ferred into a recording chamber mounted on the stage of an upright
microscope (Axioskop FS; Zeiss, Oberkochen, Germany), equipped with
a 60�, 0.90 numerical aperture water immersion objective (LUMPlan FI;
Olympus Optical, Tokyo, Japan) and fully submerged in a continuously
flowing Krebs’ solution (33°C, 3 ml/min) gassed with 95% O2–5% CO2.
The composition of the solution was (in mM): 126 NaCl, 2.5 KCl, 1.3
MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 10 glucose, and 18 NaHCO3.

Optical setup. Cholinergic interneurons were impaled under visual
guidance, according to their characteristic shape and size, up to 100 �m
beneath the surface of the slice. Individual neurons were visualized in
situ using a differential interference contrast (DIC) (Nomarski optics)
optical system combined with an infrared (IR) filter, a monochrome
CCD camera (C3077; Hamamatsu, Shizouka, Japan), and an 11 inch
monitor (Sony, Tokyo, Japan). A mechanical switch allowed to shift from
IR-DIC to UV for microfluorometric measurements. For simultaneous
optical and electrical recordings, the tip of the recording electrodes was
filled with a solution of 1 mM bis-fura-2 (hexapotassium salt; Molecular
Probes, Leiden, The Netherlands) and 100 mM KCl, whereas the shank
was filled with a 2 M KCl solution or with an equimolar CsCl solution.
After cell impalement, cells were loaded with bis-fura-2 by injecting,
through the recording electrode, 0.1–0.5 nA negative current for 10–15
min. Epi-illumination was provided by a 75 W xenon lamp. Excitation
light passed through a shutter and excitation filters (340 and 380 nm).
Emitted light was filtered by a long-pass barrier filter (�470 nm) and
detected by a CCD camera (Photonic Science, Robertsbridge, UK).
Images were stored and analyzed offline (IonVision; ImproVision, Cov-
entry, UK). Changes in [Ca 2�]i are expressed as �F/F0, where �F is the
normalized fluorescence changes over time, and F0 is the background-
subtracted basal fluorescence. The background fluorescence was mea-
sured in a part of the slice remote from bis-fura-2-filled neurons. The
�F/F0 values can be interpreted as changes in [Ca 2�]i (Lev-Ram et al.,
1992; Bennett et al., 2000).

Electrophysiolog ical recordings. An Axoclamp 2A amplifier (Axon In-
struments, Foster City, CA) was used for current-clamp recordings. For
synaptic stimulation, bipolar electrodes were located within the striatum.
Synaptic potentials were measured by averaging responses to four or
eight stimuli, and samples were digitally stored. In a subset of experi-
ments, to evoke calcium-mediated plateau potentials (PPs), electrodes
were filled with CsCl (2 M), and, in the bathing solution, both tetrodo-
toxin (TTX) (1 �M) and tetraethylammonium (TEA) (10 mM) were
added (Misgeld et al., 1986). In this experimental condition, to balance
TEA-induced changes in osmolarity, the concentration of NaCl was
reduced to 120 mM. Traces were displayed on an oscilloscope (Gould
Classic 6000; Gould Instruments, Valley View, OH), stored on both a

high-gain chart recorder (Gould RS 3400; Gould Instruments) and Axo-
Scope 7.0 (Axon Instruments) running on a personal computer for offline
analysis, performed with pClamp 8 (Clampfit). Both frequency and
duration values are expressed as percentage of control, considered as
100%. Drugs were applied by dissolving them to the desired final con-
centration in the saline and by switching the perfusion from control
saline to drug-containing saline, after a three-way tap had been turned
on. Values given in the text and in the figures are mean � SEM of
changes in the respective cell populations. Student’s t test (for paired and
unpaired observations) was used to compare the means.

mGlu2 in situ hybridization and ChAT immunocytochemistry. The cell
type-specific expression of mGlu2 receptor subtype was studied in large
aspiny interneurons of rat striatum by means of a double-labeling ap-
proach using a combination of nonradioactive in situ hybridization and
immunocytochemistry.

Antisense cRNA synthesis. In situ hybridization was performed with an
antisense cRNA for the mGlu2 receptor subtype. DNA template for the
cRNA synthesis was prepared by subcloning a 500 fragment (BamH1-
EcoRI) corresponding to the 3� end of the mGlu2 coding sequence into
the pBluescript SK � transcription vector (Stratagene, La Jolla, CA). The
RNA synthesis was performed on linearized plasmids using a mixture of
ATP (1 mM), CTP (1 mM), GTP (1 mM), UTP (0.65 mM), and digoxi-
genin (DIG)-11-UTP (0.35 mM) using the T7 (antisense) or T3 (sense)
polymerase.

Tissue preparation. Animals were anesthetized and then quickly per-
fused through the ascending aorta with sodium phosphate (50 mM)
buffer, pH 7.5, containing 0.9% NaCl, followed by at least 300 ml of
freshly made fixative solution containing 4% paraformaldehyde in 10 mM
PBS (1� PBS). Brains were removed, postfixed overnight in the same
fixative solution, and stored in a sterile cryoprotective solution of 20%
sucrose in 100 mM sodium phosphate buffer at 4°C until use. Sections ( 40
�m) were cut on a cryostat, collected in 1� PBS, and immediately
processed for in situ hybridization. The nonradioactive in situ hybridiza-
tion method used in the present project has been described in detail
previously (Catania et al., 1995, 1998). After a prehybridization consist-
ing of sequential steps in 0.2 M HCl, 0.25% acetic anhydride in 1.5%
triethanolamine–0.3 M NaCl, pH 8, and 0.1% Triton X-100 in PBS, each
followed by a brief rinse in 1� PBS, the free-floating sections were
transferred into hybridization solution for 1 hr at 55°C. The hybridiza-
tion solution consisted of a mixture of 50% formamide, 250 mg/ml heat
denatured and sheared salmon sperm DNA, 0.05 M sodium phosphate
buffer, pH 6.5, 4� SSC (1� SSC, 150 mM NaCl, and 15 mM Na citrate,
pH 7.0), 5% dextran sulfate, and 1� Denhart’s solution. Sections were
then incubated for at least 12 hr at 55°C in the same solution with sense
or antisense cRNA probes at a final concentration of 1 ng/�l. After
10–20 min rinse in 4� SSC at room temperature (RT), sections were
treated with ribonuclease A (50 �g/ml) for 20 min at 37°C. This was
followed by rinsing in 2� SSC for 2 hr at RT and 0.1� SSC for 30 min
at 55°C. Sections were rinsed again in 100 mM Tris-HCl buffer and 150
mM NaCl, pH 7.5 (buffer 1), preincubated for 1 hr in the same buffer
containing 4% BSA and 1% Triton X-100, and incubated overnight at
4°C in the alkaline phosphatase (AP)-conjugated antibodies (FAB frag-
ment; Boehringer Mannheim, Mannheim, Germany) at 1:1000 dilution.
On the following day, the sections were washed in buffer 1 (three times,
15 min each), rinsed twice (5 min each), and then incubated in buffer 2
[100 mM Tris-HCl, 100 mM NaCl, and 50 mM MgCl2, pH 9.5, containing
4.5 �l /ml nitroblue tetrazolium and 3.5 �l /ml X-phosphate stock solu-
tions (Boehringer Mannheim, Mannheim, Germany)]. The chromogen
reaction was stopped by rinsing the sections in 10 mM Tris-HCl and 1 mM
EDTA, pH 8, for 15 min and in 10 mM Tris-HCl, pH 8, (twice, 15 min).
Sections were then processed for immunohistochemistry. mGlu2 recep-
tor in situ hybridization signal appeared to be highly specific, as demon-
strated by comparing the pattern of distribution with that obtained with
35S-labeled oligonucleotide (Catania et al., 1994; Testa et al., 1994). In
addition, sections incubated with both sense DIG-labeled cRNA or
antisense DIG-labeled cRNA in the presence of a 50-fold excess of
nonlabeled cRNA did not show any signal.

Immunocytochemistry. After the AP reaction was stopped, sections
were transferred into 50 mM Tris-HCl buffer containing 1.5% NaCl, pH
7.4 (TBS), and then permeabilized for 30 min in TBS with 0.4% Triton
X-100. This was followed by preincubation in TBS containing 4% donkey
serum (DS). Sections were subsequently incubated overnight at 4°C in
primary goat anti-ChAT antibody (1:100; Chemicon, Temecula, CA) in
TBS containing 0.1% Triton X-100 and 2% DS. On the following day,
sections were washed in cold TBS and incubated for 2.5 hr in donkey
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anti-goat IgG Cy3-conjugated antibodies (1:200), at RT, in the dark
(Jackson ImmunoResearch, West Grove, PA). Sections were then
washed in TBS containing 1% DS twice and in TBS alone twice (10 min
each). After a brief final rinse in 10 mM Tris-HCl, pH 7.5, sections were
mounted on slides and coverslipped in mounting medium (Sigma, St.
Louis, MO).

mGlu3 in situ hybridization. Single-label isotopic in situ hybridization
was performed as indicated previously (Catania et al., 1994). Specificity
of the hybridization was tested previously by adding a 25-fold excess of
unlabeled probe to the hybridization solution (Catania et al., 1994; Testa
et al., 1994). The general distribution of mGlu3 receptor mRNA has been
detailed previously (Testa et al., 1994). Here, we performed a quantita-
tive analysis of cellular mGlu3 expression (grain counting), and mea-
surement of cell area in the striatum was performed on six dipped
emulsion slides from adult animals, by using a computer-assisted quan-
titative image analysis system (Imaging Research, St. Catharine’s, On-
tario, Canada).

Measurement of endogenous acetylcholine. Striatal slices were set up in
superfusion chambers (1 cm 2 section, 3 mm depth, and 0.3 ml volume),
inserted in a thermostatic water bath at 37°C, and equipped with stimu-
lating platinum electrodes (Beani et al., 1978). The slices were super-
fused with oxygenated Krebs’ solution (see composition above) contain-
ing eserine (10 �M) and atropine (10 nM) at a flow rate of 0.4 ml/min by
means of a peristaltic pump (Minipulse; Gilson, Villiers Le Bel, France).
Sample collection (every 3 min) was started after a washout period of 30
min. The slices were subjected to a double cycle of electrical field
stimulation applied for 2 min at the 39th and 60th minutes with the
following parameters: intensity, 40 mA/cm 2; frequency, 1 Hz; duration,
1 msec. These parameters were chosen based on previous studies from
our group demonstrating exocitotic, calcium-dependent ACh release
under these experimental conditions (Moroni et al., 1981). Moreover,
because the amount of ACh released during the two stimulation cycles
(named St1 and St2) is almost identical (St2/St1 ratio, 1.03 � 0.02; n � 35),
to test drug effect on neurosecretion, agonists were added to the Krebs’
solution 6 min before and during St2 (when used antagonists were added
3 min before agonists), and changes of the St2/St1 ratio were evaluated.
As described previously (Morari et al., 1998), endogenous ACh levels in
the samples were measured by HPLC technique coupled to electrochem-
ical detection according to the methods of Damsma et al. (1987). Briefly,
a cation exchange column was prepared by loading reverse-phase analyt-
ical column (internal diameter of 3 mm, length of 10 cm; Chrompack,
Middelburg, The Netherlands) with sodium lauryl sulfate (5 mg/ml) and
perfused at a flow rate of 0.7 ml/min with a 0.2 M phosphate buffer
containing 5 mM KCl, 1 mM tetramethylammonium, and 0.3 mM EDTA,
pH 8. ACh was hydrolyzed by acetylcholinesterase and oxidized by
choline oxidase in a postcolumn enzyme reactor, and hydrogen peroxide
was maximally oxidized at �500 mV. The electrochemical detector (BAS
LC-4B; Bioanalytical Systems, West Lafayette, IN) was equipped with a
platinum working electrode and an in situ Ag/AgCl reference electrode.
The limit of detection was 	3 nM. Statistical analysis was performed by
the Kruskal–Wallis test for the nonparametric ANOVA, followed by the
Mann–Whitney U test (including the Bonferroni’s correction) for multi-
ple comparisons.

Drug source and handling. (5S, 10R)-(�)-5-Methyl-10,11-dihydro-5H-
dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801), CNQX,
(2S,1�R,2�R,3�R)-2-(2,3-dicarboxylcyclopropyl)-glycine (DCG-IV), and
LY341495 were from Tocris Cookson (Bristol, UK); nifedipine,
�-conotoxin GVIA (�-Ctx-GVIA), �-conotoxin-MVIIC (�-Ctx-
MVIIC), and �-agatoxin IVA (�-Aga-IVA) were from Alomone Labs
(Jerusalem, Israel); scopolamine, bicuculline methiodide (BMI), TTX, and
TEA were from Sigma (Milan, Italy). Eserine, acetylcholinesterase, and
choline oxidase were purchased from Sigma (St. Louis, MO). LY379268
was a gift from Eli Lilly and Company.

RESULTS
Characterization of cholinergic interneurons
Electrophysiological data were collected from 164 striatal inter-
neurons, recorded from a slice preparation. The large and poly-
gonal shape of the cell body (25–46 �m) and the two to four
dendritic branches allowed the visual identification of these cells
by means of IR-DIC videomicroscopy and by bis-fura-2-
fluorescence (Fig. 1A). These neurons displayed electrophysio-
logical characteristics that have been attributed previously to

striatal cholinergic interneurons (Kawaguchi, 1993; Kawaguchi et
al., 1995; Aosaki et al., 1998; Pisani et al., 1999). Spontaneous
firing occurred in nearly 50% of the cells. Low membrane poten-
tial (�62 � 3.4 mV) and high input resistance (145 � 56 M
) are
typical features of these cells. Small depolarizing current pulses
(100–500 pA) elicited few action potentials, followed by a long-
lasting afterhyperpolarization (350 � 130 msec) (Fig. 1B). The
amplitude of the action potential was 70.5 � 3 mV, and the
duration of spike at half-amplitude was 0.71 � 0.05 msec. During
hyperpolarizing current pulses (100–400 pA, 2–3 sec), a time-
dependent decline of the electrotonic potential could be ob-
served, indicating the presence of an Ih (Fig. 1B).

Intrastriatal synaptic stimulation evoked EPSPs in the recorded
cells (Fig. 1C). Because a spontaneous firing activity was ob-
served in part of the cells, negative current (up to 100 pA) was
injected through the recording electrode to hyperpolarize the cell
and hold the membrane potential at approximately �70 mV. Bath
application of the NMDA glutamate receptor antagonist MK-801
(30 �M) significantly reduced both the amplitude and the duration
of the EPSP, and the subsequent addition of the AMPA gluta-
mate receptor antagonist CNQX (10 �M) further reduced the
amplitude of these potentials to 	30% of the control value (Fig.
1C). The complete suppression of the residual depolarizing po-
tential was obtained by adding 10 �M BMI or 50 �M picrotoxin,

Figure 1. Distinctive features of striatal cholinergic interneurons. A, A
380 nm fluorescence image of a cholinergic interneuron recorded with a
bis-fura-2-containing electrode (average of 256 images). Note the rela-
tively large soma and two main dendritic branches. Scale bar, 25 �m. B,
Depolarizing current pulses evoked a spike discharge, followed by a
pronounced afterhyperpolarization; full action potential height was trun-
cated. Note the “sag” conductance appearing during current pulses in the
hyperpolarizing direction, expression of an Ih current. C, Intrastriatal
synaptic stimulation evoked an EPSP that was fully blocked by the
coadministration of ionotropic glutamate receptors MK-801 (30 �M) and
CNQX (10 �M) plus BMI (10 �M), a GABAA receptor antagonist. In the
presence of MK-801, CNQX and BMI synaptic stimulation revealed a
slow, muscarinic IPSP, fully blocked by scopolamine (1 �M).
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GABAA receptor antagonists (Fig. 1C). It should be noted that
the depolarizing feature of the GABAA responses was attribut-
able to the intracellular loading with KCl. After full blockade of
the glutamatergic and GABAergic components, the stimulus in-
tensity was slightly increased, revealing a slow hyperpolarizing
potential (IPSP) (Fig. 1C). This potential ranged from 3 to 12 mV
in amplitude and from 400 to 750 msec in duration (n � 108). As
described previously (Calabresi et al., 1998, Pisani et al., 2000),
this IPSP results from an increase in membrane potassium con-
ductance and is completely blocked by the muscarinic receptor
antagonists scopolamine (1 �M) (Fig. 1C).

Effect of group II and III mGlu receptor activation on
cholinergic IPSP
In the presence of a combination of ionotropic glutamate recep-
tor and GABAA receptor blockers, brief bath application of the
selective group II mGlu receptor agonist LY379268 (1–30 �M)
did not, per se, affect resting membrane potential, action potential
amplitude, and input resistance of the recorded neurons but was
able to reversibly reduce the amplitude of this IPSP in a dose-
dependent manner (n � 38; p � 0.005) (Fig. 2A,B). A dose–
response curve analysis revealed an IC50 value of 1.6 � 0.5 �M.
Similarly, DCG-IV significantly reduced the IPSP amplitude (1
�M; 40 � 8%; n � 7; p � 0.01; data not shown). The inhibitory
effect produced by both agonists was prevented by perfusing the
slices with LY341495 (3 �M), a selective group II mGlu receptor
antagonist (data not shown). It has been reported recently that
multiple high-voltage-activated (HVA) calcium channels contrib-
ute to inhibitory synaptic transmission onto cholinergic interneu-
rons. In particular, it was reported that blockade of P/Q-type
HVA channels abolishes nearly 80% of GABAA-mediated syn-
aptic currents (Momiyama and Koga, 2001). Interestingly, bath-
applied �-Aga-IVA (20 nM), known to selectively block, at this
concentration, P-type HVA calcium channels, was able to mimic
the inhibitory action of LY379268 (n � 16; 57 � 6.6%; p � 0.01)
(Fig. 2C). Indeed, in the presence of �-Aga-IVA, perfusion with
10 �M LY379268 did not produce any additional decrease in IPSP
amplitude (Fig. 2C), suggesting that �-Aga-IVA targeted the
same element. Previous reports have demonstrated that activa-
tion of dopamine D2-like receptors by quinpirole significantly
reduced the cholinergic IPSP and that this effect was occluded by
the N-type channel blocker �-Ctx-GVIA (Pisani et al., 2000).
Similarly, GABAA-mediated synaptic input to cholinergic inter-
neurons was reduced by quinpirole and mimicked by �-Ctx-
GVIA (Momiyama and Koga, 2001). We therefore tested
whether �-Ctx-GVIA could interfere with the mGlu2/�-Aga-
IVA-mediated inhibitory action. As shown in Figure 2D, bath-
applied �-Ctx-GVIA (1 �M) reduced the IPSP amplitude (n � 9;
65 � 6%; p � 0.005) (Fig. 2D). Indeed, in the presence of
�-Ctx-GVIA, LY379268 was still effective, producing an addi-
tional reduction in the amplitude of the synaptic potential.

Muscarine and oxotremorine, a muscarinic M2-like receptor
agonist, have been shown to hyperpolarize cholinergic interneu-
rons (Calabresi et al., 1998). The membrane hyperpolarization
was coupled to decreased basal levels of intracellular calcium,
presumably attributable to the reduced firing activity (Pisani et
al., 1999). Because M2-like muscarine receptors and mGlu2 re-
ceptors share the same coupling to Go class proteins, we tested
whether the oxotremorine-induced hyperpolarization was af-
fected by LY379268. Figure 2E shows that bath-applied ox-
otremorine (300 nM, 1 min) reversibly hyperpolarized the re-
corded neuron, interrupting the spontaneous firing discharge

Figure 2. LY379268 exerts an inhibitory effect on IPSP recorded from
cholinergic interneurons. A, A control IPSP evoked by intrastriatal stim-
ulation in MK-801, CNQX, and BMI (30, 10, and 10 �M, respectively) in
the perfusing solution was significantly reduced in amplitude by
LY379268 (5 min, 10 �M) in a reversible manner. B, A dose–response
curve for the inhibitory effect of LY379268 revealed an IC50 of 1.6 � 0.5
�M. Each data point was obtained by averaging at least four independent
observations. C, The P-type HVA channel blocker �-Aga-IVA (20 nM)
significantly reduced the IPSP amplitude recorded in 30 �M MK-801, 10
�M CNQX, and 10 �M BMI. After reaching a steady-state inhibition with
�-Aga-IVA, coapplication of �-Aga-IVA plus LY379268 (10 �M) did not
induce any further decrease in IPSP amplitude. D, �-Ctx-GVIA (1 �M)
reduced the IPSP amplitude. The following bath application of LY379268
(10 �M) produced an additional decrease in the IPSP amplitude. E, Bath
application of oxotremorine (300 nM, 1 min) hyperpolarized the recorded
cell and blocked the action potential discharge in a reversible manner. In
LY379268 (10 �M, 10 min preincubation), the oxotremorine-mediated
effect was not modified.
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observed in control condition. However, in the presence of
LY379268 (10 �M) in the bathing solution, the oxotremorine-
mediated hyperpolarization was unaffected, suggesting that two
independent mechanisms underlie their effects.

Neither L-AP-4 (10–30 �M) nor L-serine-O-phosphate (SOP)
(10–30 �M) were able to significantly affect the IPSP amplitude,
suggesting that group III does not contribute to modulate the
ACh-mediated synaptic potential (n � 18; p � 0.01; data not
shown).

Modulation of glutamate- and GABA-mediated
synaptic components by group II mGlu receptors
Previously, it has been shown that glutamate-mediated EPSPs
evoked by cortical stimulation are negatively modulated at pre-
synaptic level by group II mGlu receptor agonists, presumably
located on corticostriatal glutamatergic terminals (Lovinger and
McCool, 1995; Calabresi et al., 1999). We analyzed the responses
to group II mGlu receptor activation on the glutamatergic com-
ponent of the EPSP evoked by intrastriatal synaptic stimulation.
In the presence of BMI and scopolamine in the bathing solution,
LY379268 (10 �M) was able to reversibly depress the EPSP
amplitude (53 � 8%; n � 7; p � 0.05) (Fig. 3A). Similarly,
DCG-IV (1 �M) reduced the glutamate-mediated EPSP (61 �
9%; n � 7; p � 0.005; data not shown). Continuous perfusion
with CNQX (10 �M), MK-801 (30 �M), and scopolamine revealed
a GABAA-dependent, BMI-sensitive depolarizing potential
(DPSP) (Fig. 2A). The selective group II agonists LY379268 (10
�M; 58 � 6%; n � 16; p � 0.001) (Fig. 3B) and DCG-IV (1 �M;
60 � 5%; n � 8; p � 0.05; data not shown) induced a dose-
dependent, reversible decrease in the amplitude of the DPSP,

with no detectable change on action potential amplitude, resting
membrane potential, and input resistance.

Modulation of calcium-mediated plateau potentials
A subset of experiments was performed by filling microelectrodes
with CsCl and bis-fura-2. In this condition, and in the presence of
TEA (10 mM) and TTX (1 �M) in the external medium, a slow,
spontaneous electrical activity was recorded (0.25 � 0.02 Hz),
characterized by long-lasting (575 � 80 msec) depolarizing PPs
(n � 34) (Fig. 4) (Misgeld et al., 1986). The mean firing rates of
cholinergic interneurons in vitro have been reported to be be-
tween 1 and 2 Hz (Bennett et al., 2000). In this particular
experimental condition, it is conceivable to record significantly
lower mean frequencies, especially considering the long duration
of spontaneous PPs.

Combined microfluorometric measurements allowed a simul-
taneous analysis of the increases in [Ca2�]i (Fig. 4A). A cocktail
of HVA calcium channel blockers (Wheeler et al., 1994) com-
posed of nifedipine (10 �M) for L-type, 20 nM �-Aga-IVA for
P-type, 1 �M �-Ctx-GVIA for N-type, and 1 �M �-Ctx-MVIIC
for Q-type fully blocked both the electrical events and the simul-
taneous [Ca2�]i transients (n � 12) (Fig. 4B).

Bath-applied LY379268 (10 �M, 10 min) was able to reversibly
reduce the duration of PPs (52.9 � 6% of control) (Figs. 5A, 6b),
as well as the peak amplitude of coincident [Ca2�]i transients
(n � 16; 58 � 4.3% of control; p � 0.005) (Fig. 5A). Analogous
results were obtained with DCG-IV (n � 9; 1 �M; p � 0.001; data
not shown). Because the cholinergic IPSP was significantly re-
duced in amplitude by �-Aga-IVA, we verified whether also the
spontaneous PPs were affected by the P-type HVA blocker. The
decrease in duration induced by LY379268 was mimicked and
occluded by 20 nM �-Aga-IVA (data not shown; n � 10; 51.6 �
7.5% of control; p � 0.005), supporting an involvement of P-type
channels. Accordingly, peak amplitude of [Ca2�]i transients was
reduced by �-Aga-IVA (n � 11; 57 � 7.5% of control; p � 0.005)
(Fig. 5B).

Quinpirole, a D2-like dopamine receptor agonist, was shown to
modulate N-type channels (Yan et al., 1997; Momiyama and
Koga, 2001). We therefore tested whether the inhibitory action on
PPs exerted by LY379268 and occluded by �-Aga-IVA was af-
fected by �-Ctx-GVIA. �-Aga-IVA (20 nM) (10 min) reversibly
reduced the duration of PPs compared with controls (Fig. 6a,b),
as well as the peak amplitude of coincident [Ca2�]i transients. In
the presence of �-Aga-IVA, �-Ctx-GVIA (1 �M) further de-
creased PPs duration. Accordingly, the simultaneous [Ca2�]i

elevation was further reduced (n � 6; 33 � 8% of control; p �
0.001) (Fig. 6c).

Endogenous ACh release and its modulation by group
II mGlu receptor agonists
A set of experiments was performed on a striatal slice preparation
to measure endogenous ACh release and the possible modulatory
role of group II mGlu receptor agonists. ACh released during the
two stimulation cycles (named St1 and St2) is nearly identical
(St2/St1 ratio, 1.03 � 0.02; n � 35). Thus, to test drug effect on
endogenous ACh secretion, agonists were added to the perfusing
solution before and during St2, and changes of St2/St1 ratio were
evaluated (for additional details, see Materials and Methods).
Indeed, ACh release induced by electrical stimulation was signif-
icantly reduced by DCG-IV in a dose-dependent manner (n � 30;
p � 0.005) (Fig. 7A). LY379268 (10 �M) caused a quantitatively
similar decrease in ACh release that was mimicked and occluded

Figure 3. Glutamate- and GABA-mediated synaptic components are
inhibited by group II mGlu receptor activation. A, The glutamate-
mediated component of the EPSP was isolated by bathing the slice in a
solution containing BMI (10 �M), a GABAA receptor antagonist, plus
scopolamine (1 �M). In this condition, LY379268 (10 �M, 5 min) reduced
the EPSP amplitude without affecting intrinsic membrane properties. A
complete return to baseline values was observed 10–15 min after washout.
B, In the presence of the ionotropic glutamate receptor antagonists
MK-801 (30 �M) and CNQX (10 �M) plus scopolamine, the GABAergic
component of the synaptic potential was significantly reduced by
LY379268 (10 �M, 5 min). This inhibitory effect was fully reversed after
10–15 min washout. Resting membrane potential was constant throughout
the experiment (�66 and �60 mV).
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Figure 4. Spontaneous calcium-dependent PPs and simultaneous
[Ca 2�]i transients. A, Intracellular recordings were performed with 1 �M
TTX and 10 mM TEA in the perfusing solution and CsCl (2 M) plus
bis-fura-2 (1 mM) in the recording microelectrode. In this experimental
condition, a spontaneous, rhythmic spiking activity was generated (a).
Each of these long-lasting PPs was followed by a prominent afterhyper-
polarization and was coupled to a simultaneous transient increase in
[Ca 2�]i , as revealed by combined optical recordings (b). In c, at higher
sweep speed (compare time scale in A), a single PP (thick bar) and the
coincident [Ca 2�]i rise (thin bar) are shown. The dotted line indicates
which PP was enlarged in b. B, [Ca 2�]i transients were fully blocked by
perfusing a cocktail solution; HVA calcium channel blockers were com-
posed of 10 �M nifedipine for L-type, 20 nM �-Aga-IVA for P-type, 1 �M
�-conotoxin GVIA for N-type, and 1 �M �-conotoxin MVIIC for
Q-type.

Figure 5. LY379268 reduces calcium-dependent PPs by modulating
P-type calcium channels. Aa, Spontaneous PPs recorded from a cholin-
ergic interneuron (top) and simultaneous [Ca 2�]i elevation (bottom) in
control condition and in the presence of LY379268 (10 �M). At higher
sweep speed, the trace represents a single PP in controls and in LY379268
(b). Note the net reduction caused by LY379268 both in PPs duration and
increase in [Ca 2�]i (b). Ba, Similarly, bath-applied �-Aga-IVA (20 nM)
mimicked the inhibitory effect induced by the mGlu receptor agonist, on
both the duration of PP and the concomitant [Ca 2�]i rise. The trace on
the right (b) shows, at higher sweep speed, the action of �-Aga-IVA on a
single PP and on a individual [Ca 2�]i transient.
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by �-Aga-IVA (20 nM, n � 6) (Fig. 7B). In addition, in slices
preincubated with 20 nM �-Aga-IVA for 30 min, LY379268 was
unable to affect the stimulated ACh release (Fig. 7B), supporting
the evidence of a complete mutual occlusion between the mGlu2
receptor agonist and �-Aga-IVA.

mGlu2 receptor in situ hybridization and ChAT
immunocytochemistry double-labeling analysis
Nonradioactive in situ hybridization allowed a clear visualization
of neurons labeled for mGlu2 receptor subtype. The general
distribution of AP labeling was similar to the distribution of

mGlu2 subtype obtained with antisense 35S-oligonucleotides and
was described previously (Testa et al., 1995). The signal was
particularly strong in isolated cells of the internal granule cells
layer, which might correspond to Golgi or Lugaro cells and the
entorhinal cortex (data not shown). Signal was not present in
astrocytes. The expression of mGlu2 in the striatum was low or
undetectable in the vast majority of neurons. However, scattered
large- and medium-sized neurons were moderately or strongly
labeled. Double-labeling experiments using an anti-ChAT anti-
body revealed that the great majority of ChAT-positive neurons
(n � 123; 95 � 1.1%; p � 0.001) (Fig. 8) were indeed mGlu2
mRNA positive. Few neurons labeled for mGlu2 mRNA were not
immunopositive for ChAT. These neurons were smaller than
cholinergic neurons and might represent another population of
striatal interneurons.

mGlu3 receptor in situ hybridization analysis
The general distribution of mGlu3 mRNA signal was identical to
that described by Testa et al. (1994). Briefly, the signal was
moderate in the striatum, cortex, and the corpus callosum and was
abundant in the thalamic reticular nucleus. The majority of neu-
rons in the striatum appeared uniformly and moderately labeled,
with the exception of few large polygonal cells. Quantitative
analysis of grain counting confirmed that cells with an area larger
than 300 �m2 (365 � 59 �m2; n � 23) had a labeling intensity
equal to background levels (3.4 � 1.0 grains/100 �m2; data not
shown; p � 0.05), whereas the rest of the striatal population,
taken as a whole, had a mean area and grain density of 118 � 53
and 10 � 5 grains/100 �m2, respectively (n � 527; data not
shown). This last population comprised cells with area ranging
between 20 and 299 �m2 and likely contain glial cells and
medium-sized neurons and interneurons, but no difference was
found between groups of cells with different area with regards to
grain density; grain density levels of this heterogeneous cell
population was approximately half of that found in cells of the
thalamic reticular nucleus, which were the most labeled neurons
in our brain sections (20 � 10 grains/100 �m2; n � 33; data not
shown). There was a statistically significant difference between
the group of large striatal neurons (�300 �m2) and the rest of
striatal cells with regard to grain density ( p � 0.001 by Kruskal–
Wallis one-way ANOVA on ranks). Among the different striatal
cell populations, only large cholinergic neurons have a cell size
larger than 300 �m2. This quantitative results confirmed the
observation by Testa et al. (1994) that large striatal cholinergic
neurons do not contain mGlu3 mRNA.

DISCUSSION
One of the primary roles attributed to group II and III mGlu
receptors is their ability to reduce presynaptically transmitter
release both at glutamatergic and nonglutamatergic synapses
(Conn and Pin, 1997; Cartmell and Schoepp, 2000). This effect is
usually achieved through an inhibitory action on HVA calcium
channels (Stefani et al., 1996; Conn and Pin, 1997). In the present
work, we provide evidence for a modulatory role of group II
mGlu receptors on striatal cholinergic interneuron excitability.
This action on cell excitability might result in the observed
decrease in ACh release. In addition, we demonstrate that the
group II mGlu receptor subtype involved is most likely mGlu2.

Modulation of cell excitability by group II
mGlu receptors
Cholinergic interneurons have been shown to play a key role in
the basal ganglia circuitry, by influencing the excitability of the

Figure 6. Additive effects of �-Aga-IVA and �-Ctx-GVIA on PPs.
�-Aga-IVA (20 nM, 10 min) reversibly reduced the duration of PPs
compared with controls (a, b), as well as the peak amplitude of coincident
[Ca 2�]i transients. In �-Aga-IVA, �-Ctx-GVIA (1 �M) produced an
additional decrease in PPs duration, as well as in the simultaneous [Ca 2�]i
elevation (c).

Figure 7. mGlu2 receptor activation reduces ACh release through the
suppression of P-type calcium channels. A, A dose–response curve for the
inhibitory effect of the group II mGlu agonist DCG-IV on the electrically
evoked release of endogenous ACh from a striatal slice preparation,
expressed as the St2 /St1 ratio values (electrical stimulation after and
before agonist administration, respectively). Each data point was obtained
from at least six independent observations. All experiments were per-
formed in the presence of 30 �M MK-801. B, Summary plots showing that
the inhibitory action of LY379268 was mimicked and occluded by �-Aga-
IVA. In slices preincubated in �-Aga-IVA, LY379268 (ratio St2/St1) was
no more effective in the modulation of ACh release compared with
controls.
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major output neurons of the striatum, the medium spiny projec-
tion neurons (Calabresi et al., 2000; Kaneko et al., 2000). Indeed,
it is believed that these cells integrate glutamatergic synaptic
inputs from thalamus and cortex, with dopaminergic inputs orig-
inating in substantia nigra (Graybiel 1990; Kawaguchi, 1993;
Kawaguchi et al., 1995). In vivo electrophysiological experiments
from primates have identified these cholinergic interneurons as
“tonically active neurons” (TANs). They are activated by the
presentation of sensory stimuli of behavioral significance or
linked to reward (Graybiel et al., 1994; Raz et al., 2001).

A peculiar feature of cholinergic interneurons is represented by
a low threshold for firing activity, implying that synaptic inputs
may exert a strong influence on spike timing (Wilson et al., 1990).
The present results suggest that activation of mGlu2 receptors
might effectively modulate synaptic activity through an interac-
tion with P-type calcium channels. Recently, it has been demon-
strated that GABAA synaptic currents recorded from striatal
cholinergic interneurons were reduced by 	95% by coadminis-
tration of N-type and P/Q-type channel blockers (Momiyama and
Koga, 2001). Our data on the muscarinic IPSP are in agreement
with the study by Momiyama and Koga and demonstrate that the
mGlu2-mediated response is occluded by �-Aga-IVA but also
that a further reduction of the synaptic potential is obtained by
adding N-type channel blockers. Indeed, the relative contribution
of different HVA calcium channels in the modulation of striatal
cholinergic interneurons activity is not surprising because both
N-type and P-type channels have been shown to mediate the
M2/M4 muscarinic receptor-dependent control of interneuron
excitability (Yan and Surmeier, 1996). More recently, release
studies performed on brain slices from M2 and M4 receptor single
knock-out mice indicated that, in the striatum, the autoinhibitory
effect on ACh release is mediated by M4 receptors (Zhang et al.,
2002).

Although synaptic inputs regulate spike timing (Wilson et al.,
1990; Bennett and Wilson, 1998), a key role in the regulation of
ongoing spontaneous firing activity has been attributed recently
to the intrinsic membrane properties of these cells (Bennett and
Wilson, 1999; Bennett et al., 2000). Indeed, calcium entry trig-
gered by firing activity has been shown to shape the action
potential waveform and to activate calcium-dependent potassium
channels (Bennett et al., 2000). In the present work, we show that
mGlu2 receptor agonists shorten calcium-dependent plateau po-

tentials, suggesting that they might modulate cell excitability by
affecting calcium-dependent potassium conductances.

In line with these data are also our observations that mGlu2
receptor agonists significantly reduce electrically stimulated ACh
release and that this response was mutually occluded by blockade
of P-type HVA calcium channels.

Morphological studies provided evidence for either a postsyn-
aptic or a presynaptic localization of the group II mGlu receptor
members mGlu2 and mGlu3. Depending on both the region and
the cell type, these receptors subserve a variety of functions.
Postsynaptically located group II mGlu receptors may generally
modulate cell excitability, whereas presynaptic mGlu2 and mGlu3
serve both as autoreceptors and heteroreceptors, thereby limiting
transmitter release (Petralia et al., 1996; Cartmell and Schoepp,
2000). The present work demonstrates that cholinergic interneu-
rons, unequivocally identified by ChAT staining, express mGlu2
receptors. The presence of mGlu2 receptors on cholinergic neu-
rons, which has been postulated by others on the basis of mor-
phological features, has been here confirmed by means of double
labeling. Moreover, we performed a detailed quantitative and
statistical analysis on mGlu3 receptor expression in different
types of striatal cells, showing that large cells (�300 �m2) do not
contain mGlu3 receptor labeling. Considering that, among the
different striatal cell subtypes, only large cholinergic neurons
have an area larger than 300 �m2, we can conclude that striatal
cholinergic interneurons express mGlu2 but not mGlu3 receptor
subtypes. In agreement with the present result are previous
reports showing that mGlu2 immunostaining was confined to
rather large and aspiny cells (Ohishi et al., 1998). Accordingly, the
expression of mGlu3 in the striatum was restricted to medium-
sized neurons and glial elements (Ohishi et al., 1993; Testa et al.,
1994) and terminals of corticostriatal fibers (Tamaru et al., 2001).
In our experimental condition, mGlu2 receptor signal was iden-
tified only on neurons and was virtually absent from glial
elements.

Lack of effect of group III mGlu receptor agonists
Both L-AP-4 and L-SOP, selective group III mGlu receptor ago-
nists, failed to significantly alter either the intrinsic membrane
properties or the IPSP of the recorded cells. These results were
not surprising given the distribution pattern of group III mGlu
receptors in the striatum. Ruling out mGlu6, whose expression is

Figure 8. Representative example of
ChAT/mGlu2 mRNA-positive neurons in
the striatum. On the lef t (a), a typical
ChAT-positive neuron is shown under UV
light epifluorescence. On the right (b), the
same microscopic field under bright light
reveals the mGlu2 in situ hybridization sig-
nal (arrow). Scale bar, 20 �m.
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confined to bipolar cells in the retina, among group III mGlu
receptors, a low immunoreactivity for mGlu4 and mGlu8 was
detected in the striatum (Saugstad et al., 1997; Bradley et al.,
1999). The hybridization signal for mGlu7 was intense on pre-
synaptic glutamatergic terminals of the corticostriatal pathway
and on terminals of GABAergic striatopallidal and striatonigral
projection neurons (Kosinski et al., 1999), presumably serving
both as autoreceptors and heteroreceptors. Accordingly, corti-
cally evoked EPSPs were reduced by activation of group III mGlu
receptors (Pisani et al., 1997; Calabresi et al., 1999). However,
cholinergic interneurons and other classes of striatal interneurons
showed no labeling for mGlu7 receptors (Kosinski et al., 1999).

Functional implications
The convergence of ACh and dopamine in the striatum is central
not only to the control of voluntary movement but also to the
clinical manifestations of movement disorders such as PD
(Kaneko et al., 2000; Raz et al., 2001). Indeed, in vivo recordings
from TANs have shown that lesioning the nigrostriatal dopami-
nergic pathway in primates, such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine treatment, lead to an oscillatory electrical
behavior, in a frequency range that overlaps the range of the
tremor frequencies (Raz et al., 2001). The use of anticholinergic
drugs represented one of the earliest therapies to PD, and, on this
basis, the hypothesis of an imbalance between dopamine and
ACh in the striatum was postulated. Thus, agents able to modu-
late the excitability of cholinergic interneurons, and in turn,
striatal ACh content could represent an interesting alternative to
anticholinergic drugs in the treatment of PD. The present findings
suggest a possible synergic pharmacological approach with D2

dopaminergic and mGlu2 receptor agonists, both limiting striatal
cholinergic transmission.
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