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Both postsynaptic density and presynaptic active zone
are structural matrix containing scaffolding proteins
that are involved in the organization of the synapse.
Little is known about the functional role of these
proteins in the signaling of presynaptic receptors.
Here we show that the interaction of the presynaptic
metabotropic glutamate (mGlu) receptor subtype,
mGlu7a, with the postsynaptic density-95 disc-large
zona occludens 1 (PDZ) domain-containing protein,
PICK1, is required for speci®c inhibition of P/Q-type
Ca2+ channels, in cultured cerebellar granule neurons.
Furthermore, we show that activation of the pre-
synaptic mGlu7a receptor inhibits synaptic transmis-
sion and this effect also requires the presence of
PICK1. These results indicate that the scaffolding
protein, PICK1, plays an essential role in the control
of synaptic transmission by the mGlu7a receptor
complex.
Keywords: calcium channels/mGlu receptor/PICK1/
synaptic transmission

Introduction

Communication between neurons is initiated by the
release of transmitter from the axon terminal into the
synaptic cleft. This release process is modulated by
various complex mechanisms in the presynaptic terminal.
One of these involves autoreceptors located on the axon
terminal that are activated by the released transmitter. The
autoreceptors can be either ionotropic or metabotropic in
nature (Miller, 1998; Frerking and Nicoll, 2000). The
presynaptic metabotropic receptors can inhibit neurotrans-
mitter release by affecting Ca2+ as well as K+ channels
(Saugstad et al., 1996; Takahashi et al., 1996; Zhang and
Schmidt, 1999; Barral et al., 2000; Endo and Yawo, 2000;
Robbe et al., 2001), or by acting directly on the protein
complex involved in exocytosis of the transmitter
(Scanziani et al., 1995). Although these presynaptic
mechanisms have been studied extensively, the molecular
determinants that couple autoreceptors to their targets
have not been identi®ed. At the postsynaptic sites,
protein±protein interactions between a number of post-
synaptic density-95 disc-large zona occludens 1 (PDZ)
domain-containing proteins and the C-terminus of trans-
membrane receptors recently were proposed to be import-

ant not only in the clustering of these receptors, but also in
their coupling to postsynaptic signaling cascades
(Scannevin and Huganir, 2000). Similar protein±protein
interactions at the presynaptic active zone may participate
in the control of transmitter release (Butz et al., 1998;
Garner et al., 2000; Gerber et al., 2001). However,
whether proteins known to interact with presynaptic
receptors are important for the control of synaptic
transmission has not been established.

The glutamatergic synapse provides an ideal system to
study this issue. This synapse represents the major type of
excitatory input in the mammalian central nervous system.
Excitatory postsynaptic glutamatergic currents result
essentially from the opening of a-amino-3-hydroxy-5-
methyl-4-sioxazolepropionic acid (AMPA) receptor chan-
nels. The synaptic release of glutamate is controlled by
various presynaptic receptors (Miller, 1998), including
metabotropic glutamate (mGlu) receptors (Pin and
Duvoisin, 1995). Eight genes have been identi®ed to
encode mGlu receptors and classi®ed into three groups.
Group I mGlu receptors (mGlu1 and mGlu5 subtypes) are
often restricted to the postsynaptic membranes (Lujan
et al., 1997), although exceptions have been noted
(Cochilla and Alford, 1998). Group II (mGlu2 and
mGlu3 subtypes) and group III (mGlu4, mGlu6, mGlu7
and mGlu8 subtypes) mGlu receptors are generally
presynaptic (Shigemoto et al., 1997). The mGlu7 receptor
subtype is the most representative of these presynaptic
mGlu receptors, since it is mainly localized within the
presynaptic active zone (Shigemoto et al., 1997). This has
led to the hypothesis that mGlu7 receptors reduce synaptic
glutamate release through a negative feedback mechanism
(Lafon-Cazal et al., 1999; Dev et al., 2001), which,
however, remains to be identi®ed.

The mGlu7a receptor splice variant interacts with the
PDZ domain-containing protein, PICK1 (Boudin et al.,
2000; Dev et al., 2000; El Far et al., 2000). This protein
scaffolds the receptor into a signaling complex comprising
protein kinase Ca (PKCa) (Staudinger et al., 1997; Dev
et al., 2000, 2001). The aim of the present study was to
identify the role of PICK1 in the mGlu7a receptor-
mediated control of synaptic transmission. Cultured
cerebellar granule cells appeared particularly well suited
for such an analysis because these neurons have been
shown to express endogenous mGlu7 receptors at synaptic
sites, and the transduction cascade of the mGlu7a receptor
in these cells has been well characterized. It involves
inhibition of P/Q-type Ca2+ channels through a PKC-
dependent phosphorylation cascade (Perroy et al., 2000).
Also, the P/Q-type Ca2+ channel has been shown to trigger
a major fraction of cerebellar granule cell mediated-
synaptic transmission (Mintz et al., 1995; Doroshenko
et al., 1997). Here we report that interaction of the mGlu7a
receptor with PICK1 at presynaptic sites is absolutely
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required for inhibition of P/Q-type Ca2+ channels and
synaptic activity by this receptor.

Results

Selective inhibition of P/Q-type Ca2+ channels by
recombinant mGlu7a receptor
Because of the lack of a selective agonist, the mGlu7a
receptor was activated by the group III mGlu receptor
agonist, D,L-2-amino-4-phosphonobutyrate (D,L-AP4
500 mM + 1 mM MK801; see Materials and methods).
This agonist could also activate the other major pre-
synaptic group III mGlu receptor, the mGlu4 subtype
(Shigemoto et al., 1997). We eliminated this cross-talk by
performing our experiments in cultured cerebellar granule
cells prepared from mGlu4-de®cient mice (Pekhletski
et al., 1996). We veri®ed that these mGlu4 knock-out
neurons displayed fractions of Ba2+ current (IBa) subtype
similar to the wild-type cultured cerebellar granule cells
(Perroy et al., 2000), i.e. 41% of P/Q-type (sensitive
to 250 nM w-agatoxin-IVA), 10% of N-type (sensitive to
1 mM w-conotoxin-GVIA) and 22% of L-type (sensitive
to 1 mM nimodipine) currents, with the remaining 27%
(insensitive) of current being of the R-type. D,L-AP4 did
not alter total IBa, indicating the absence of functional
group III mGlu receptor in the soma of these cells.
Transfection of cDNA encoding the mGlu7a receptor (N-
myc-tagged) into these neurons resulted in both somatic
and neuritic expression of the receptor (Figure 2B1; Perroy
et al., 2000). This did not alter the relative ratio of IBa
subtypes (Figure 1A), nor the selective inhibition of the
w-agatoxin-IVA-sensitive IBa by D,L-AP4 (Figure 1B).
These results showed that the recombinant mGlu7a
receptor selectively inhibited P/Q-type Ca2+ channels in
mGlu4-de®cient cerebellar granule cells, as reported for
wild-type cerebellar granule cells (Perroy et al., 2000).

PICK1 is required for the mGlu7a receptor-
mediated inhibition of Ca2+ channels
We then searched for a role for PICK1 in the selective
inhibition of P/Q-type Ca2+ channels by the mGlu7a
receptor. The natural mGlu7b receptor splice variant is
generated by an out-of-frame insertion in the C-terminus
that results in the replacement of the last 16 amino acids of
the mGlu7a receptor by 23 different amino acids (Flor
et al., 1997; Corti et al., 1998). In the yeast two-hybrid
system, this receptor interacts with much lower af®nity
than mGlu7a receptor to PICK1 (El Far et al., 2000), and
this interaction has not been con®rmed in neurons (Boudin
et al., 2000; Dev et al., 2000). When transfected in
cerebellar granule cells, like the mGlu7a receptor
(Figure 2B1), the mGlu7b receptor (tagged at its extra-
cellular N-terminus with a myc epitope) was expressed at
the surface of the soma of these cells, as revealed by
immunocytochemistry performed in living (non-permea-
bilized) cerebellar granule neurons (Figure 2B2).
However, in contrast to the mGlu7a receptor, activation
of the mGlu7b receptor with D,L-AP4 did not affect
somatic IBa in these neurons (Figure 2C). Therefore, the
extreme C-terminus of the mGlu7a receptor is required for
its selective coupling to P/Q-type Ca2+ channels.

The C-terminal LVI sequence of the mGlu7a receptor is
essential for its interaction with the PDZ domain of PICK1

(Dev et al., 2000; El Far et al., 2000). We therefore
examined its role in the inhibition of Ca2+ channels by this
receptor. The LVI sequence was mutated into AAA or LPI,
or deleted of its isoleucine residue at position ±1
(Figure 2A). Neither the mGlu7aAAA (El Far et al.,
2000), nor the mGlu7aLPI or mGlu7aLV (Dev et al.,
2000) receptor mutants interact with PICK1. All these
mGlu7a receptor mutants (bearing an N-terminal tag) were
expressed at the surface of the cell body of transfected
cerebellar granule neurons (Figure 2B3±5). Furthermore,
in human embryonic kidney (HEK)-293-transfected cells,
the inositol (1,4,5)-trisphosphate (IP3) formation induced
by the mutant receptors was similar to that obtained with
the mGlu7a receptor, indicating adequate coupling of the
mutant receptors to G0-protein (Figure 2D). However,
these mutants failed to inhibit IBa in transfected cultured
cerebellar granule cells (Figure 2C). We conclude from
these results that the last three C-terminal amino acids of
the mGlu7a receptor are required for coupling the receptor
to Ca2+ channels. In agreement with this conclusion, the
replacement of the C-terminal intracellular tail of the
mGlu7a receptor by that of the mGlu2 receptor did not
affect membrane expression of the chimeric receptor in the
soma, but prevented it from inhibiting P/Q-type Ca2+

channels (2 6 2% inhibition, n = 6; Perroy et al., 2001).

Fig. 1. Selective inhibition of P/Q-type Ca2+ channels by the mGlu7a
receptor. (A) Inhibitory effects of the indicated drug (nimodipine 1 mM)
and toxins (1 mM w-conotoxin-GVIA and 250 nM w-agatoxin-IVA) on
IBa. (B) Inhibitory effect of the same drug and toxins, but in the pres-
ence of D,L-AP4 (500 mM), on IBa. Both histograms (A and Bb) and
IBa traces (Ba) were obtained from neurons transfected with the
mGlu7a receptor. Each bar of the histogram represents the mean
(6 SEM) of at least 10 experiments.
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The above results suggested that binding of the wild-
type mGlu7a receptor to PICK1 was required for the
coupling of the receptor to Ca2+ channels. This hypothesis
was therefore examined in cultured cerebellar granule
cells co-transfected with a ¯uorescent PICK1 antisense
oligonucleotide and a mGlu7a receptor expression plasmid
(Figure 3A and C2). Treatment with the antisense, but not
sense oligonucleotide abolished expression of PICK1, in a
dose-dependent manner (Figure 3B), without altering the
total (Figure 3B) and cell surface (Figure 3C1) expression
of transfected mGlu7a receptor, nor total expression of the
native mGlu1a receptors (Figure 3B). The relative
amounts of the different IBa subtypes were not altered

by the antisense oligonucleotide (w-agatoxin-IVA, w-con-
otoxin-GVIA and nimodipine inhibited 39 6 2, 10 6 1
and 23 6 2% of total IBa, respectively; n = 8). In neurons
transfected with mGluR7a and treated with the antisense,
but not the sense oligonucleotide, D,L-AP4 did not sig-
ni®cantly affect IBa (Figure 3D). However, activation of
PKC by phorbol 12,13-dibutyrate (PDBu; 1 mM) blocked
29 6 3% (n = 7) of total IBa in these cells, as in non-
transfected cells (27 6 5% inhibition of total IBa, n = 7).
Subsequent application of w-agatoxin-IVA induced only
4 6 3% IBa inhibition. This indicated that the PKC-
sensitive IBa was at least of the P/Q type. After 5 days
in the absence of antisense oligonucleotide treatment,
D,L-AP4 again blocked 38 6 5% (n = 8) of IBa. These

Fig. 3. PICK1 was required for the mGlu7a receptor-mediated inhib-
ition of Ca2+ channels. (A) PICK1 ¯uorescent signal from antisense
oligonuclotide transfected in cerebellar granule cells. Note the
large number of cells (90%) transfected with the oligonucleotide.
A similar result was obtained with a PICK1 sense oligonucleotide.
(B) Immunoblots prepared from cultured cerebellar granule cells
transfected with mGlu7a receptor alone (Control), or co-transfected
with mGlu7a receptor and PICK1 sense (PICK1 S) or antisense
(PICK1 AS) oligonucleotides at the indicated concentration, and
revealed using an anti-mGlu7a receptor, an anti-mGlu1a receptor or
anti-PICK1 antibodies. (C) Cell surface immunolabeling of the trans-
fected N-myc-tagged mGlu7a receptor (1) and intrinsic ¯uorescence of
the transfected PICK1 antisense oligonucleotide (2) in the same living
(non-permeabilized) cell. (D and E) Inhibition of IBa induced by
D,L-AP4 (D) and the mGlu2 receptor agonist, LY354740, (1 mM; E), in
neurons transfected with mGlu7a receptor or co-transfected with
mGlu7a receptor and PICK1 antisense (PCIK1 AS) or sense (PICK1 S)
oligonucleotides. Each bar of the histograms represents the mean
(6 SEM) of at least six experiments.

Fig. 2. The extreme C-terminus of the mGlu7a receptor plays an essen-
tial role in the coupling between the receptor and Ca2+ channels.
(A) C-terminal sequence of the mGlu7a, mGlu7b and mutated mGlu7a
receptor splice variants. (B) Cell surface immunolabeling of the
N-myc-tagged mGlu7a (1), mGlu7b (2) and mGlu7a mutants receptors
(3±5), in living (non-permeabilized) transfected neurons. In (2), (4)
and (5), neuritic immunolabeling of the transfected receptors became
apparent when the focus was readjusted on the neurites (not shown).
(C) Percentage of IBa inhibition induced by D,L-AP4, in mGlu7a,
mGlu7b or mGlu7a mutant receptor-transfected neurons. For each bar
of the histogram, n >7. (D) IP accumulation measured in HEK-293
cells transiently expressing the indicated receptor and incubated or not
(basal) in the presence of D,L-AP4. The data are expressed as the per-
centage of basal IP formation obtained in the absence of drug (basal).
Values indicated as controls (CT) were obtained in HEK-293 cells
transfected with the empty vector (pRK5). Each bar of the histogram
represents the mean 6 SEM of four independent experiments per-
formed in triplicate.
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results also showed that the interaction between mGlu7a
receptor and PICK1 was required for the inhibition of P/Q-
type Ca2+ channels by this receptor complex, without
affecting the mGlu7a receptor signaling pathway down-
stream of PKC. In the same neurons, the PICK1 antisense
oligonucleotide did not modify the inhibitory effect of
native mGlu2 receptor on N- and L-type Ca2+ channels
(Figure 3E; Chavis et al., 1995), indicating that the
treatment with the antisense oligonucleotide did not alter

other activated G0-protein-dependent transduction path-
ways.

D,L-AP4 inhibits spontaneous synaptic activity via
blockade of P/Q-type Ca2+ channels
We next examined the possibility that blockade of
P/Q-type Ca2+ channels by endogenous mGlu7a receptor
was responsible for inhibition of glutamatergic synaptic
transmission. Spontaneous currents were recorded using

Fig. 4. Activation of endogenous mGlu7 receptor with D,L-AP4 blocks spontaneous synaptic activity. (A) Spontaneous synaptic currents recorded
under control condition (CT), or in the presence of D,L-AP4 or w-agatoxin-IVA, in a non-transfected neuron. (B) Representative frequency (a and c)
and amplitude (b and d) distributions of spontaneous synaptic events obtained from non-transfected neurons. (C) Relative frequency histograms. In
this and all the following histograms, F/Fb is the ratio of the instantaneous frequency of spontaneous synaptic currents recorded in the presence of the
indicated drug over the instantaneous frequency of the spontaneous synaptic currents recorded under control conditions (in the absence of drug), in the
same non-transfected neuron. (a), (b) and (c) were obtained from the same cells (n >5). (D) The same as (C). (a) and (b) were obtained from two
different sets of cells (n >5). (E and F) Co-localization of the native mGlu7a receptor (E) or PICK1 (F) with synaptophysin, obtained in permeabilized
cultured cerebellar granule cells. The three panels in (E) and (F) were taken from the same ®eld.
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the whole-cell patch-clamp con®guration, in non-
transfected cultured cerebellar granule cells. These
currents occurred at a mean basal frequency (Fb) of
1.1 6 0.2 Hz (n = 10; Figure 4Aa) and were blocked
reversibly by tetrodotoxin (TTX, 0.3 mM; FTTX/
Fb = 0.06 6 0.01, n = 5) or 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, 50 mM; FCNQX/Fb = 0.10 6 0.02,
n = 7). Together, these results indicated that the recorded
spontaneous currents were of synaptic glutamatergic
(AMPA receptor-mediated) origin, even if we cannot
exclude a presynaptic role for AMPA receptors.
w-agatoxin-IVA decreased their spontaneous frequency
(Figure 4Ac, Ba and Ca), without affecting their amplitude
(Figure 4Bb), indicating that presynaptic P/Q-type Ca2+

channels controlled transmission at these synapses.
D,L-AP4, at a concentration (100 mM) that activates high

af®nity group III mGlu receptors only (mGlu6, mGlu4
and mGlu8 receptors; Pin and Duvoisin, 1995), did not
affect this spontaneous synaptic activity (FD,L-AP4/Fb =
1.0 6 0.1, n = 5). However, a higher concentration
(500 mM) of this agonist decreased the frequency
(Figure 4Ab, Bc and Cb), but not amplitude (Figure 4Bd)
of the spontaneous excitatory currents. The group III mGlu
receptor-preferring antagonist, S-2-amino-2-methyl-4-
phosphonobutanoic acid (MAP4; 410 mM), inhibited the
effect of D,L-AP4 (Figure 4Cc). Separate controls per-
formed in the current-clamp mode showed that D,L-AP4
only slightly depolarized the neurons from ±70 6 1 to
±63 6 2 mV (n = 12), without signi®cantly affecting their
input resistance (2.1 6 0.3 and 1.9 6 0.4 GW, in the
absence and presence of D,L-AP4, respectively; n = 10 for
each condition). These data indicated an action of the drug
on presynaptic low af®nity group III mGlu receptors, i.e.
most probably the mGlu7 receptor subtype (Okamoto
et al., 1994; Saugstad et al., 1994). The inhibitory action of
D,L-AP4 on synaptic currents was not additive with that of
w-agatoxin-IVA (Figure 4D), indicating that the activated
mGlu7 receptor inhibited synaptic transmission by block-
ing P/Q-type Ca2+ channels. Given that in our cultures the
recombinant mGlu7a receptor subtype selectively blocked
P/Q-type Ca2+ channels, these results further suggested
that the endogenous receptor activated by D,L-AP4 was of
the mGlu7a subtype. We therefore checked for the
presence of native mGlu7a receptor subtype in cultured
cerebellar granule cells, using a speci®c anti-mGlu7a
receptor antibody. These studies revealed a punctate
pattern of expression and exclusively neuritic localization
of native mGlu7a receptors that co-localized with the
presynaptic marker, anti-synaptophysin antibody (95%
mGlu7a-immunoreactive spots were synaptophysin im-
munopositive; n = 100 spots taken from three different
cultures; Figure 4E). This was consistent with a synaptic
localization of this receptor in our cultures.

PICK1 is required for inhibition of spontaneous
synaptic activity by the mGlu7a receptor
Having established that activation of endogenous pre-
synaptic mGlu7a receptors inhibits spontaneous synaptic
activity, we assessed whether PICK1 was involved in this
effect. We ®rst checked for the presence of PICK1 in the
studied neurons using a speci®c anti-PICK1 antibody. We
found a homogenous and punctate pattern of expression of
this protein in the cell body and neurites that co-localized

with synaptophysin immunoreactivity (95% co-localiza-
tion obtained from 100 PICK1-immunoreactive spots
taken from three different cultures; Figure 4F). After
treatment of the cultures with a PICK1 antisense (Figure 5),
but not sense (not shown) oligonucleotide, application of
D,L-AP4 did not modify the frequency nor amplitude of the
spontaneous synaptic events. This indicated that PICK1
was required for the mGlu7a receptor-mediated inhibition
of synaptic transmission. We veri®ed that in the same
antisense oligonucleotide-transfected neurons, w-aga-
toxin-IVA still decreased the frequency of spontaneous

Fig. 5. Inhibition of spontaneous synaptic activity mediated by the
endogenous mGlu7a receptor required the presence of PICK1.
(A) Relative frequency histogram (as in Figure 4C) obtained after
PICK1 antisense oligonucleotide treatment, in the presence of D,L-AP4
and w-agatoxin-IVA (n >5 cells). (B) Cumulative probability of inter-
event intervals and amplitude of spontaneous synaptic events (as in
Figure 4B) obtained in the presence of D,L-AP4 (a and b) or w-agatox-
in-IVA (c and d), from a neuron treated with a PICK1 antisense oligo-
nucleotide.

Fig. 6. Model of action of presynaptic mGlu7a receptors on synaptic
transmission. The PDZ domain of PICK1 interacts with the C-terminus
of mGlu7a receptors (1) or with the catalytic subunit of PKCa (2).
PICK1 dimerizes and thus provides a physical link between the recep-
tor and the kinase. In cerebellar granule cells, these receptors activate a
G0-protein and inhibit P/Q-type Ca2+ channels through a PKC-depend-
ent pathway (3) (Perroy et al., 2000). Under enhanced presynaptic
activity, the excess of glutamate released would activate this pathway,
decrease glutamate transmitter release (4) and reduce synaptic transmis-
sion. Our results show that inhibition of both P/Q-type Ca2+ channels
and synaptic transmission requires the presence of PICK1.
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synaptic currents (Figure 5Bc), without affecting their
amplitude (Figure 5Bd), indicating that the antisense
oligonucleotide did not affect the control of synaptic
transmission by the P/Q-type Ca2+ channels. Similar
results were observed after transfection of a PICK1 sense
oligonucleotide.

PICK1 not only interacts with mGlu7a receptor, but also
with AMPA receptor subunits, and clusters these receptors
at post-synaptic sites (Xia et al., 1999; Scannevin and
Huganir, 2000). We therefore examined the effect of the
PICK1 antisense oligonucleotide on basal spontaneous
activity. Neither amplitude nor basal frequency (Fb = 0.9
6 0.2 Hz, n = 10) of spontaneous synaptic currents
recorded in neurons transfected with the PICK1 antisense
oligonucleotide were signi®cantly different from those
found in non-transfected neurons (Fb = 1.1 6 0.2 Hz,
n = 10). In the same transfected cells, CNQX still
inhibited the spontaneous activity (FCNQX/Fb = 0.11 6
0.30, n = 7). Therefore, knock-out of PICK1 by the
antisense oligonucleotide did not signi®cantly alter the
AMPA receptor-mediated synaptic activity. This observa-
tion was in agreement with previous studies showing that
under normal conditions, association of PICK1 with
AMPA receptors is not essential for synaptic accumulation
of these receptors (Osten et al., 2000; Xia et al., 2000).
Taken together, these results suggested that presynaptic
mGlu7a receptor activation results in a PICK1-dependent
inhibition of P/Q-type Ca2+ channels and inhibition of
synaptic transmission.

Discussion

Our results show that the interaction between PICK1 and
the C-terminus of the mGlu7a receptor is required for
agonist-induced inhibition of P/Q-type Ca2+ channels, as
well as for presynaptic control of spontaneous synaptic
activity (Figure 6). Taken together, these observations
provide the ®rst evidence for a key role of PICK1 in the
control of synaptic transmission by the presynaptic
mGlu7a receptor.

The cerebellar cultures as a model to study mGlu7
receptor function
When searching for the presence of endogenous mGlu7a
receptor in primary cultures of cerebellar granule cells, we
found that this receptor was localized exclusively at
neuritic synaptic sites. This was consistent with previous
®ndings showing a predominant localization of mGlu7
receptors at presynaptic sites (Shigemoto et al., 1997).
Moreover, we found that both endogenous mGlu7a
receptor and PICK1 co-localized with synaptophysin,
suggesting that mGlu7a receptor and PICK1 co-exist at
presynaptic sites. Upon transfection in cerebellar neurons,
the recombinant wild-type receptor was found in both
soma and neurites, and this con®rmed previous observa-
tions in cultured cerebellar granule cells (Perroy et al.,
2000) and hippocampal neurons (Stowell and Craig,
1999). The reason for the different localization of the
endogenous and recombinant receptors is unknown. It may
be argued that this resulted from an insuf®cient amount of
native PICK1 to transport the receptor to the synapse.
However, strong PICK1 immunolabeling was found in
both soma and neurites in our cultured cerebellar granule

cells. Moreover, speci®c mutation/deletion experiments
showed that PICK1 was not required for the neuritic
targeting of the receptor, in either cerebellar granule cells
(present study) or hippocampal neurons (Boudin et al.,
2000; McCarthy et al., 2001). Similarly to the wild-type
mGlu7a receptor, the different mGlu7a receptor constructs
used here, as well as the mGlu7b receptor, were
incorporated into the neuronal plasma membrane. This
was in agreement with other reports showing that inter-
action with PICK1 is not required for cell surface
traf®cking of the mGlu7a receptor (Boudin et al., 2000).

Role of PICK1 in the mGlu7a receptor coupling to
Ca2+ channels
Here we provide evidence for a new function for PICK1 in
neurons: the support of speci®c inhibition of P/Q-type
Ca2+ channels by the mGlu7a receptor. In addition to this
effect, PICK1 aggregates the mGlu7a receptor at synaptic
sites in hippocampal neurons (Boudin et al., 2000) and
downregulates the PKC-mediated phosphorylation of the
receptor in COS-7 cells (Dev et al., 2000). A number of
other intracellular proteins have been shown to interact
with receptors and cluster them into large complexes, but
only a few of them have been found to play a role in the
receptor function (Scannevin and Huganir, 2000). For
instance, the Na+/H+ exchanger regulator factor (NEHRF)
aggregates b2-adrenergic receptors, and this association
controls the activity of the Na+/H+ exchanger (Hall et al.,
1998). Also, Homer proteins cluster group I mGlu
receptors and control their Ca2+ signaling in neurons (Tu
et al., 1998). Homer also controls group I mGlu receptor
coupling to Ca2+ and K+ channels in neurons
(Kammermeier et al., 2000). This function of Homer
was reminiscent of the role of PICK1 in the mGlu7a
receptor coupling to Ca2+ channels shown here. Thus, a
general feature of mGlu receptor-interacting proteins
could be to provide an additional level of coupling
speci®city between the different receptor subtypes and
their effectors that act in addition to the G-protein
selectivity.

The mechanism by which PICK1 promoted the coupling
between the mGlu7a receptor and the Ca2+ channel is not
understood. PICK1 could dimerize and scaffold the
mGlu7a receptor with PKCa to form an mGlu7a
receptor±PICK1±PKCa signaling complex (Staudinger
et al., 1997; Xia et al., 1999; Dev et al., 2000; El Far
et al., 2000). However, this complex has not been
described to interact directly with any ion channel.
Therefore, an additional factor might be required for
coupling the mGlu7a receptor to P/Q-type Ca2+ channels.
This factor could be another scaffolding protein that would
physically link the mGlu7a receptor complex to the
channel. The A-kinase anchoring protein 79/150
(AKAP79/150) has been described to interact with
PKCa and ionic channels (Carr et al., 1992; Coghlan
et al., 1995; Klauck et al., 1996; Fraser and Scott, 1999;
Colledge et al., 2000) and therefore is a potential candidate
for such a function. Alternatively, PKCa might not
interact directly with P/Q-type Ca2+ channels, but rather
phosphorylate speci®c sites on these membrane proteins.
However, in spite of multiple consensus PKC phosphoryl-
ation sites on the Cav2.1 subunit, none of them has yet
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been described to constitute a speci®c target of a particular
PKC subtype.

In addition to PICK1, calmodulin and G-protein bg
subunits have been shown to interact in a mutually
exclusive manner with the C-terminus of the mGlu7
receptor (Nakajima et al., 1999; O'Connor et al., 1999).
This interaction occurs in the proximal C-terminus of the
receptor, which is common to the mGlu7a and mGlu7b
receptor variants and is thought to be important for
ef®cient signaling through G-protein bg subunits
(O'Connor et al., 1999; El Far et al., 2000). Since only
the mGlu7a receptor variant was able to inhibit Ca2+

channels in cerebellar granule cells, it is unlikely that
calmodulin contributed directly to the coupling between
the mGlu7a receptor and Ca2+ channels in these cells. This
did not exclude any other possible calmodulin-dependent
regulation of this signaling pathway, since calmodulin has
been shown to promote L-AP4-induced inhibition of
synaptic transmission in hippocampal preparations
(O'Connor et al., 1999).

The mGlu7b receptor has been shown also to interact
with PICK1 in the yeast two-hybrid system, although with
much lower af®nity than the mGlu7a receptor (El Far et al.,
2000). Therefore, although when overexpressed, somatic
mGlu7b receptor did not affect Ca2+ currents, we cannot
rule out an effect of this receptor on spontaneous synaptic
currents.

Role of PICK1 in the mGlu7a receptor-mediated
inhibition of synaptic transmission
Our results support the hypothesis that the mGlu7 receptor,
PICK1 and P/Q-type Ca2+ channels are co-expressed at
presynaptic sites. This hypothesis is also documented by
other immunocytochemical and functional studies (Turner
et al., 1992; Takahashi and Momiyama, 1993; Regehr and
Mintz, 1994; Wheehler et al., 1994; Dunlap et al., 1995;
Shigemoto et al., 1996; Kinzie et al., 1997; Torres et al.,
1998; Jun et al., 1999; Xia et al., 1999). It is worth noting
that only high concentrations of D,L-AP4 were effective in
inhibiting spontaneous synaptic activity. This con®rmed
the absence of functional, higher af®nity mGlu4 (in mGlu4
knock-out neurons; Pekhletski et al., 1996), mGlu6
(exclusively expressed in the retina; Nomura et al.,
1994) and mGlu8 receptor subtypes in cerebellar granule
cells.

Our study of spontaneous activity was performed in the
absence of TTX, because the mGlu7a receptor was
expected to inhibit synaptic transmission through blockade
of voltage-activated Ca2+ channels. The recorded spon-
taneous events might therefore comprise both action
potential-dependent and -independent synaptic events.
However, we showed that the mGlu7 receptor agonist,
D,L-AP4: (i) altered the frequency but not the amplitude of
spontaneous events; (ii) did not signi®cantly alter mem-
brane potential nor membrane resistance of the neurons;
(iii) its inhibitory effect on Ca2+ currents was blocked by
the receptor antagonist, MAP4; and (iv) such an effect was
not additive to that of agatoxin-IVA. Altogether, these
observations suggested a presynaptic mGlu7 receptor-
mediated inhibition of transmitter release through block-
ade of P/Q-type Ca2+ channels, rather than an action of
D,L-AP4 on the presynaptic cell ®ring or exocytosis

machinery, as reported for cannabinoid presynaptic
receptors (Robbe et al., 2001).

In conclusion, our results suggest an mGlu7a receptor-
mediated negative feedback control of synaptic transmis-
sion that depends on the interaction of the receptor with the
scaffolding protein PICK1 and inhibition of P/Q-type Ca2+

channels. Thus, a function for PICK1, in addition to
assembling mGlu7a receptors at presynaptic active zones,
is to allow the receptor coupling to speci®c targets that
control neurotransmitter release.

The mGlu7 receptor displays low af®nity for glutamate
(Okamoto et al., 1994; Saugstad et al., 1994), suggesting
that this receptor is activated only when the concentration
of glutamate in the synaptic cleft is elevated suf®ciently.
This hypothesis is supported by the observation that
group III mGlu receptors, possibly of the mGlu7a subtype,
inhibit excitatory synaptic transmission during high- but
not low-frequency synaptic activity, in the locus coeruleus
(Dube and Marshall, 2000). This demonstrates that the
mGlu7a receptor±PICK1 complex is neuroprotective and
is consistent with physiological studies showing a marked
susceptibility of adult mGlu7 receptor knock-out mice to
epileptic agents (Masugi et al., 1999; Sansig et al., 2001).

Materials and methods

Cell culture
Primary cultures of cerebellar cells were prepared from mGlu4 knock-out
mice (Pekhletski et al., 1996), as previously described (Van Vliet et al.,
1989). Brie¯y, 1-week-old newborn mice were decapitated and the
cerebellum dissected. The tissue was then triturated gently using ®re-
polished Pasteur pipets and the homogenate was centrifuged at 500 r.p.m.
The pellet was resuspended and plated in tissue culture dishes previously
coated with poly-L-ornithine. Cells were maintained in a 1:1 mixture of
Dulbecco's modi®ed Eagle's medium and F-12 nutrient (Gibco),
supplemented with glucose (30 mM), glutamine (2 mM), sodium
bicarbonate (3 mM) and HEPES buffer (5 mM), decomplemented fetal
calf serum (10%) and 25 mM KCl in order to improve neuronal survival.
One-week-old cultures contained 106 cells.

Plasmids, oligonucleotides and transfection
All the studied mGlu7 receptors were tagged at their N-terminus with
either a myc (wild-type mGlu7a, mGlu7aLPI, mGlu7aLV and wild-type
mGlu7b receptor) or ¯ag (mGlu7aAAA receptor) epitope, as described
previously (El Far et al., 2000; Perroy et al., 2000). The antisense
oligonucleotide (tgtcatagtctaagtctgcaaacat; Eurogentec, Angers, France)
corresponded to positions 1±25 of the mouse PICK1 gene. The antisense
and sense oligonucleotides were phosphorothioated and labeled with
S-modi®ed [3¢]¯uorescein before transfection into cultured neurons.

Immediately before plating, cerebellar cultures were co-transfected
with the mGlu7 receptors and the transfection marker, green ¯uorescent
protein (GFP)-containing plasmid, pEGFP-N1 (Clontech), using the
transfection lipid, Transfast (Ango et al., 1999). The sense or antisense
oligonucleotides were transfected using the same method, at a
concentration of 0.5 mM. The oligonucleotides were then added at this
concentration every 2 days, in the absence of Transfast, until the day of
the experiment. Under these conditions, 90% of the neurons were
transfected with the oligonucleotides (Figure 3A), which allowed us to
study their effects using immunoblots and electrophysiological record-
ings of spontaneous synaptic events. GFP or oligonucleotide ¯uorescent
signals served to visualize the transfected neurons in electrophysiological
studies of IBa.

Immunological analyses
Immunocytochemistry and western blots were performed in 7±10 days
in vitro (DIV) cultures using a rabbit anti-mGlu7a receptor (0.5 mg/ml)
and rabbit anti-PICK1 (1/50 dilution) antibodies, the speci®city of which
has been described previously (Shigemoto et al., 1996, 1997; El Far et al.,
2000). Co-immunolabeling of synaptophysin was performed using a
mouse anti-synaptophysin antibody (1/200; Calbiochem). For these
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immunocytochemical experiments, cerebellar cultures were ®xed in a 4%
paraformaldehyde/0.1 M glucose-containing phospate-buffered saline
(PBS) solution, permeabilized with 0.05% Triton X-100 and incubated
overnight, at room temperature, in the presence of the anti-mGlu7a
receptor antibody. The presence of myc- or ¯ag-tagged proteins at the cell
surface of cultured neurons was examined in living (non-permeabilized)
cells exposed for 30 min at 37°C to a polyclonal rabbit anti-myc (1/300;
ABR Inc., CO) or mouse anti-¯ag (1/700; Sigma, France) primary
antibody. Cells were then rinsed, ®xed as described above and exposed
for 2 h at room temperature to the following secondary antibodies: a goat
Texas Red-conjugated anti-rabbit IgG (1/1000) and a ¯uorescein
isothiocyanate (FITC)-conjugated anti-mouse (1/400) antibody (both
from Jackson Immunoresearch Laboratory, PA). Cells were then rinsed
with PBS and mounted on glass coverslips for observation on an
Axiophot 2 Zeiss microscope. Immunoblotings were performed as
described previously (Blahos et al., 1998), using the rabbit anti-mGlu7a
receptor (0.5 mg/ml) and rabbit anti-PICK1 antibodies.

Measurement of inositol phosphate accumulation
The wild-type and mutant receptors were tested for their coupling to
G-protein in HEK-293 cells, using the method that we described
previously (Parmentier et al., 1998). Brie¯y, inositol phosphate (IP)
accumulation was measured in HEK-293 cells co-transfected with the
tested receptor and a recombinant G-protein. The receptors were co-
transfected with a chimeric Gqi9-protein. In the Gqi9 chimeric protein, the
C-terminal nine residues of the G-protein aq subunit were replaced by
those of the G-protein ai2 subunit, enabling the coupling of the receptors
to phospholipase C (Parmentier et al., 1998).

Electrophysiology
We used the whole-cell patch-clamp con®guration to record IBa from
GFP-expressing (mGlu receptor co-transfected) cerebellar granule cells,
after 9 6 1 DIV, as described previously (Ango et al., 1999). The bathing
medium contained: 20 mM BaCl2, 10 mM HEPES, 10 mM tetra-
ethylammonium acetate, 3 3 10±4 mM TTX, 10 mM glucose, 120 mM
Na-acetate and 10±3 mM MK-801, adjusted to pH 7.4 with NaOH and
330 mOsm with Na-acetate. Drug solutions were prepared in this medium
and pH readjusted to 7.4 with NaOH. Group III mGlu receptors were
activated using D,L-AP4. The N-methyl-D-aspartate receptor channel
blocker, MK-801 (1 mM), was added to all solutions in order to avoid
activation of this receptor by the D-isoform of D,L-AP4 (unpublished
observation). Patch pipets were made from borosilicate glass, coated with
Sylgard, and their tip ®re-polished. Pipets had resistances of 3±5 MW
when ®lled with the following internal solution: 100 mM Cs-acetate,
2 mM MgCl2, 10 mM HEPES, 15 mM glucose, 20 mM CsCl, 20 mM
EGTA, 2 mM Na2ATP and 1 mM cAMP, adjusted to pH 7.2 with CsOH
and 300 mOsm with Cs-acetate.

Barium currents were evoked by 500 ms voltage-clamp pulses, from a
holding potential of ±80 mV, to a test potential of 0 mV, applied at a rate
of 0.1 Hz. Current signals were recorded using an Axopatch 200
ampli®er, ®ltered at 1 kHz with an 8-pole Bessel ®lter and sampled at
3 kHz on a Pentium II PC computer. Analyses were performed using the
pClamp6 program of Axon Instruments. Barium currents were measured
at their peak amplitude and values expressed as mean 6 SEM of the
indicated number (n) of experiments. A 20 mV voltage step from a
holding potential of ±80 mV elicited a monoexponential transient current.
Input resistance was computed from the steady current ¯owing after
termination of such transient.

Spontaneous currents were recorded in a bathing medium composed of
140 mM NaCl, 2 mM CaCl2, 3 mM KCl, 10 mM HEPES, 10 mM
D-glucose, adjusted to pH 7.4 with NaOH and 330 mOsm with NaCl.
Whole-cell patch clamp electrodes contained 140 mM KCl, 10 mM
HEPES, 10 mM D-glucose, adjusted to pH 7.2 with KOH and 300 mOsm
with KCl. The spontaneous activity was recorded in neurons held at a
potential of ±80 mV and analyzed of¯ine using the Axograph 4.5 software
from Axon Instruments. The software detected events on the basis of
amplitudes exceeding a threshold of ±25 pA below baseline noise of the
recording. All the detected events were re-examined and accepted or
rejected on the basis of visual examination. The program then measured
amplitudes and intervals between successive detected events. The
frequency of spontaneous activity was calculated by dividing the total
number of detected events (100 6 10 events) by the total time sampled.
Cumulative probability plots were constructed to compare amplitude and
inter-event interval distributions of spontaneous currents obtained from
different experimental conditions. Amplitude and inter-event interval
histograms were binned in 1 pA and 20 ms intervals, respectively.
Frequencies were also normalized by calculating the F/Fb ratio, where F

and Fb were frequency values obtained from the same cell during the test
and control conditions, respectively. Data obtained from the indicated
number (n) of cells were expressed as the mean 6 SEM and analyzed
using the Student's t-test, with P < 0.05.

Materials
D,L-AP4, CNQX, MK-801 and MAP4 were purchased from Tocris
Cockson (UK). Nimodipine was purchased from RBI (USA). w-agatoxin-
IVA and w-conotoxin-GVIA were from Alomone Labs (Israel), and
PDBu from Fluka (France). LY354740 was a generous gift from
D.Schoepp (Lilly).
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