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Modulation of Ca?*+ channels by metabotropic glutamate re-
ceptors (mGluRs) was investigated in cerebellar granule cells
using the cell-attached configuration of the patch-clamp
technique. Experiments were performed in the absence of
external Ca?+ and Ba?* was used as charge carrier. Bath
applied glutamate or (15,3R) trans-1-aminocyclopentane-
1,3-dicarboxylic acid (1S5,3R t-ACPD) inhibited Ca?* chan-
nels activated by depolarizing pulses. These channels were
sensitive to dihydropyridines and displayed a 23 pS con-
ductance. This effect was mimicked by (28,1'S,2'S)-2-(car-
boxycyclopropyl)glycine (L-CCG-l), a selective agonist of
mGIuR2/R3 receptors, but not by quisqualate at a concen-
tration that stimulated inositol phosphate (InsP) synthesis,
showing that mGluR1 and mGIuRS5 did not participate to this
mechanism. The phosphodiesterase inhibitor, isobutylme-
thylxanthine (IBMX), did not alter the action of the mGIuR
agonists and biochemical measurements showed that 15,3R
t-ACPD, in the presence of IBMX, decreased cAMP formation
in such a small amount that this change could not expiain
the aimost complete inhibition of the channel activity ob-
served under similar experimental conditions. Moreover,
whole-cell recorded L-type Ca?* currents were inhibited by
L-CCG-l, in the presence of 1 mm intracellular cAMP. These
observations were consistent with the hypothesis that cyclic
nucleotide second messengers were not involved in this
effect. Neither the protein kinase C activator phorbol-12,13-
dibutyrate (PDBU) nor the phosphatase inhibitor okadaic acid
affected the action of 1S,3R t-ACPD. The inhibitory action
of 1S,3R +-ACPD was abolished by pertussis toxin (PTX).
These results suggest that mGIluR2 or mGIuR3 receptors
suppress the activity of L-type Ca?+ channels by a mecha-
nism involving G, or G, proteins. A likely direct effect of
G-proteins on the channels is discussed.
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The majority of synapses in the mammalian central nervous
sysiem use glutamate as neurotransmitter to mediate neuronal
excitation. Glutamatergic neurotransmission is mediated by two
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types of receptors, the so-called ionotropic and metabotropic
receptors (for reviews, see Pin et al., 1993; Seeburg, 1993). The
lonotropic receptors are receptor-channel proteins, while me-
tabotropic receptors (mGluRs) are G-protein—coupled recep-
tors.

Seven different subtypes of mGluRs (mGluR I-mGIuR7) have
been cloned and characterized. They can be subclassified into
three groups, according to their sequence similarities, phar-
macological properties, and signaling cascades. In the first group,
mGluR1 and mGIluRS are positively coupled to phospholipase
C and lead to inositol triphosphate (IP3) production. They are
more sensitive to quisqualate than to 1.5,3R -ACPD (Tanabe
etal., 1991). The second group consists of mGluR2 and mGluR3
which are negatively coupled to adenylyl cyclase via a PTX-
sensitive G-protein. They are poorly activated by quisqualate
but more sensitive to 1.5,3R t-ACPD and glutamate. They are
selectively activated by micromolar concentrations of L-CCG-I
(Ishida et al., 1990; Nakagawa et al., 1990; Hayashi et al., 1992;
Pin et al., 1994). Metabotropic GluR4, mGluR6 and mGIluR7
form the third group. They are negatively coupled to adenylyl
cyclase via a PTX-sensitive G-protein and are selectively ac-
tivated by L-aminophosphonobutyrate (L-APB) (Nakanishi,
1992; Shigemoto, 1993).

The existence of various mGluR subtypes coupled to different
second messenger pathways provides multiple possible coupling
mechanisms to ionic channels. Metabotropic GluRs have been
reported to inhibit Ca2+ channels in cultured or freshly disso-
ciated hippocampal neurons. The pharmacology of the effect
was consistent with activation of mainly mGluR1/R5 (Lester
and Jahr, 1990; Sahara and Westbrook, 1993; Swartz and Bean,
1992) and L-APB-sensitive receptors in a smaller proportion of
cells (Sahara and Westbrook, 1993). Two types of coupling
mechanisms have been reported to be involved in this effect.
One which displays a rapid onset (1-3 sec) is consistent with
membrane-delimited G-protein—coupled mechanism (Lester and
Jahr 1990; Swartz and Bean, 1992), another one with a siow
time constant (> 3 min) involves a soluble second messenger
(Sahara and Westbrook, 1993). The transduction pathways have
not yet been identified and the nature of G-proteins involved
is still a matter of debate. Indeed the effects have been found
to be either PTX insensitive (Lester and Jahr, 1990) or PTX
sensitive (Sahara and Westbrook, 1993) in the same cell type.

Moreover, the Ca?* channel subtypes that are modulated by
mGluRs are not well defined. Trans-ACPD has been reported
to inhibit L-type Ca?* channels selectively in neocortical neu-
rons (Sayer et al., 1992), N-type Ca?+ channels in acutely dis-
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sociated CA3 hippocampal neurons (Swartz and Bean, 1992),
and both types of Ca?* channels in cultured hippocampal neu-
rons (Sahara and Westbrook, 1993).

Therefore, the aim of the present work was to elucidate the
mechanism of Ca?* channel inhibition induced by mGluRs in
cultured cerebellar granular cells. We focused on three issues:
(1) which mGluR subtypes are involved, (2) which second mes-
senger pathway is mobilized, and (3) which Ca?* channel type
is affected. Our results showed that the receptor subtypes in-
volved are mGluR2/R3 and that a major part of the Ca?+ chan-
nels are of L-type. The inhibitory pathway involves a PTX-
sensitive G-protein and a non-membrane-delimited process,
since the effect was observed in cell-attached configuration. Nev-
ertheless, none of the classical cytosolic second messengers that
are known to modulate Ca2* channel activity seemed to mediate
this effect.

Materials and Methods

Tissue cultures. Primary cultures of cerebellar granule cells were pre-
pared as previously described (Van-Vliet et al., 1989). Briefly, 6-d-old
mice were decapitated and the brain removed for dissection of cere-
bellum. After mechanical dissociation of the cerebella, cells were plated
(108 cells per dish) in 35-mm-diameter culture dishes, previously coated
with poly-L-ornithine (15 ug/ml; MW 40,000). The culture medium
contained a 1:1 mixture of Dulbecco’s minimum essential medium and
F-12 nutrient, supplemented with glucose (30 mm), glutamine (2 mm),
sodium bicarbonate (3 mm), 25 mm KCl, HEPES (5 mm), 5% fetal calf,
and 5% horse decomplemented sera. These cultures have been shown
to be highly enriched in neurons (Weiss et al., 1986; Van-Vliet et al.,
1989). Granule cells were identified as 5-10 um round cells with thin
long neurites and represented 95% of the cells.

Electrophysiology and data analysis. Cultures were used for electro-
physiological and biochemical tests at 10 + 1 d ir vitro. For electro-
physiological recordings, the culture medium was replaced by an ex-
ternal solution containing NaCl (140 mm), MgCl, (2 mm), EGTA (0.1
mum), KCI (5§ mm), HEPES (10 mm), TTX (0.3 uM), and p-glucose (10
mM) (pH 7.4). Drug solutions were prepared in this external medium,
pH adjusted to 7.4 and applied using a rapid bath perfusion system as
described elsewhere (Fagni et al., 1991). Unitary currents were recorded
under the cell-attached configuration of the patch-clamp technique using
an EPC7 amplifier (List, Germany). The recording electrodes were made
of glass pipettes filled with a solution consisting of 110 mm BaCl,, 1 um
BAY K 8644 and 10 mMm HEPES (pH 7.4; 3-5 MQ). Calcium channels
were activated by depolarizing pulses of 200 msec duration from 0 to
—60 mV pipette potential. These values corresponded to —60 and 0
mV membrane potentials, respectively, assuming that resting mem-
brane potential of the recorded cells was —60 mV. This assumption
was verified in 10 cells, under whole-cell configuration, by using the
current-clamp recording method, with pipettes filled with a 130 mm
KCl solution: membrane potential was found to be —60 = 7 mV (mean
+ SD).

Only one patch per cell was performed. Unitary current recordings
were filtered at 1 kHz with an eight pole Bessel filter (Frequency Devices,
Haverhill, MA) and sampled at 5 KHz on an AT-3 IBM computer.
Linear leak and capacitive currents were digitally subtracted from re-
cords before analysis. The threshold for detecting opening and closing
transitions was set at 50% of the open level of each event. Data were
thus reduced to values corresponding to open times, close times, and
amplitudes. These values provided a way of calculating open proba-
bilities (VP,; N = putative number of activated channels, P, = putative
unitary open probability), amplitude and open time distributions using
the 5.5 pcLamp software of Axon Instrument (Burlingame, CA). NP,
values were calculated by dividing the integrated time during which
channels stayed open by the duration of the depolarization step, for a
given level of opening. Mean amplitude of unitary currents was cal-
culated by using Gauss relation fitted by least squares to amplitude
distribution histogram. Sums of decaying exponentials were fitted by
least squares to each open time distribution histogram.

Macroscopic Ca2+* currents (I,) were elicited by 450 msec depolar-
izing pulses from —80 to 0 mV and recorded using whole-cell patch
pipettes filled with a solution of the following composition: Cs-acetate

(140 mm), MgCl, (2 mm), EGTA (20 mm), HEPES (10 mm), ATP-Na,
(2 mM), cAMP (1 mm) (pH 7.2). In some experiments, ATP and cAMP
were omitted in the intracellular medium. The presence of these nucle-
otides in the recording pipette considerably improved the stability of
I, by minimizing rundown of the current (see also Slesinger and Lans-
man, 1991). The external medium contained Na-acetate (140 mm), Ba-
acetate (20 mm), TEA-CI (20 mm), HEPES (10 mm), TTX (0.3 um), and
p-glucose (10 mm) (pH 7.4). Linear leak and capacitive currents were
digitally subtracted from records before analysis. Amplitude of I, was
measured at the current peak and percentage variations in the presence
of drugs were calculated versus control (in the absence of drug). Com-
parable results were obtained when measurements were performed on
the plateau phase of I,.

In both cell-attached and whole-cell recording configurations, depo-
larizing pulses were continuously applied at a rate of 0.2 Hz throughout
the course of the experiment. Controls were taken and then agonists
were perfused for 5 min before quantification of the effects and washed
out. Data were expressed as mean + SD and Student’s ¢ tests were used
for statistical analyses.

Cyclic AMP formation. The method presently used to measure cyclic
AMP formation was adapted from the one previously described for
cultured striatal neurons (Weiss et al., 1985). Briefly, cells were incu-
bated at 37°C with 3H-adenine for 2 hr. Then, cultures were washed
and incubated with 1 mMm IBMX and 15,3R t-ACPD in 1 ml of HEPES-
buffered saline (146 mm NaCl, 4.2 mm KCl, 0.5 mm MgCl,, p-glucose
0.1%, BSA 1%, 20 mMm HEPES, pH 7.2). Calcium was omitted in this
buffer in order to avoid any Ca?* influx. The reaction was stopped by
replacing the incubation medium with ice-cold 5% trichloroacetic acid.
*H-ATP and *H-cyclic AMP were separated by sequential chromatog-
raphy on Dowex and alumina columns. Cyclic AMP formation was
expressed as percent conversion of *H-ATP to *H-cyclic AMP.

Inositol phosphate formation. InsP formation was measured as pre-
viously described (Sladeczek et al., 1985). Briefly, after 3 d in vitro,
cultured neurons were incubated for 7 d with *H-myo-inositol. The
culture medium was then replaced with HEPES-buffered saline (146
mM NaCl, 4.2 mm KCl, 0.5 mm MgCl,, 1.1 mm CaCl,, 0.1% glucose,
10% BSA, 20 mm HEPES, pH 7.2) and neurons were incubated for 10
min in 10 mm LiCl in order to block InsP degradation. The reaction
was performed at 37°C for 30 min, in the presence of glutamate-pyruvate
transaminase (1 U/ml) and pyruvic acid (1 mm), in order to avoid any
contamination by endogenous glutamate. The reaction was stopped by
replacing the incubation medium with ice-cold 5% perchloric acid. Ino-
sitol phosphates were extracted and separated by ion exchange chro-
matography.

Materials. Metabotropic GluR agonists and antagonists were pur-
chased from Tocris Neuramin (Essex, England), except for L-CCG-I,
which was prepared according to the method described by Shimamoto
et al. (1991), and 15,3R t-ACPD, which was generously given by K.
Curry (University of British Columbia, Department of Physiology, Van-
couver, Canada). Pertussis toxin was obtained from List Biochemical
Laboratories (USA), and (S)-BAY K 8644 was a generous gift from
Bayer France/Troponwerke (Germany). All other pharmacological agents
used in this study were obtained from Sigma.

Results

Effect of mGIuR agonists on Ca’* channels

In 6 of 10 patches, application of 100 um 1.S,3R t-ACPD outside
the patch decreased NP, by 61 + 7.9% (significant effect at p <
0.001) and in 4 of 10 patches, completely inhibited voltage-
activated Ca?+* channels (Fig. 1). Such effects appeared after 2-
5 min application and lasted for up to 15 min upon washout of
the agonist. In separate experiments (n = 6), continuous re-
cording over a period of 30 min, in the absence of agonist, did
not display any significant rundown of the channel activity,
indicating that the 1S,3R ¢-ACPD-induced inhibition of the
Ca?* channel resulted from a specific action of the drug and not
from a time-dependent inactivation of the channel.

As illustrated in Figure 24, inhibition of voltage-activated
Ca?+ channels was also found with 1 um L-CCG-I. In five of
five patches, this agonist completely inhibited the Ca** channel
activity after 1-3 min exposure to the agonist. Five minutes
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t—ACPD

Figure 1. Suppression of Ca** chan-
nel activity by 1.5,3R t-ACPD: five rep-
resentative traces of unitary Ca2+* cur-
rents obtained before (leff) and after 5
min perfusion of 1.5,3R -ACPD (100

5 pA
50 ms

application of glutamate (100 um), in the presence of 50 um
CNQX and 10 um CCP, reduced NP, by 83 + 12% (n = 5) (Fig.
2B). Quisqualate (5 um; Fig. 2C) and L-APB (1 mm; Fig. 2D)
did not affect NP, of the Ca?* channel (n = 5 for each drug).

Characterization of the mGluR-sensitive Ca?+ channel

The biophysical properties of the :-ACPD-sensitive Ca?* chan-
nel were examined in 10 patches, before application of 15,3R
t-ACPD. The mean conductance of the channel measured be-
tween —70 and —30 mV pipette potential (+10 and —30 mV
membrane potential, respectively; Fig. 34) was found to be 23.4
+ 0.2 pS. This conductance did not significantly change in the
presence of 1.5,3R t-ACPD, indicating that the agonist did not
affect membrane potential of the recorded cells.

In five cells, NP, of the Ca?* channel was measured at different
membrane potentials. One example is illustrated in Figure 3B
where NP, progressively increased as membrane was depolar-
ized (as pipette potential became more negative), indicating a
strong voltage dependence of the recorded channel and a thresh-
old potential for activation of —30 mV pipette potential (—30
mV membrane potential). Open time distribution of the channel
was best fitted to two exponentials with time constants of 0.6
and 4.4 msec, respectively (Fig. 3C). This indicated two path-
ways of closure from the open state of the channel.

The pharmacological properties of the trans-ACPD sensitive
Ca?* channel were also studied. The Ca?+ channel was first
identified by its unitary conductance and threshold activation
potential. The cell was then exposed to 0.1 uM nifedipine, ap-
plied outside the recorded patch. The dihydropyridine com-
pletely and reversibly blocked the recorded Ca?* channel in all
of the patches tested (n = 4; Fig. 3D). Note that all experiments
reported in this study were performed in the presence of 1 um
BAY K 8644 in the recording pipette solution. Under these
conditions, 83% of the patches (13 over 16 patches) displayed

uM) (right). This effect was representa-
tive of three other patches. In this and
the following figures, the lower traces
represent voltage steps from 0 to —60
mV pipette potential (equivalent to a
step from —60 to 0 mV membrane po-
tential).

the Ca?* channel activity characterized here above. In 12 patch-
es where BAY K 8644 was omitted in the pipette, only four of
them displayed Ca2* channel activity similar to that found in
the presence of BAY K 8644 (Fig. 3E). In these four patches,
NP, of the Ca*>* channels was 82 + 12% lower than NP, found
in the presence of BAY K 8644. Indeed, in these patches most
of the applied depolarizing pulses failed to elicit channel activity.
In all the patches where dihydropyridine agonist and antagonist
affected Ca2+ channels, 15,3R t-ACPD (100 uM) inhibited these
channels.

Sensitivity of the mGluR effect to PTX

Cultures prepared from same animals were separated in two
groups: control cells (untreated) and cells exposed over night to
PTX (200 ng/ml). In PTX-treated cells, NP, of the Ca2* channel
was 0.25 + 0.18 in the absence of mGIluR agonist and 0.35 +
0.14 (n = 5) after 15 min perfusion of trans-ACPD (500 uM).
These two mean values were not significantly different from
each other (p =< 0.05) (Fig. 4). The PTX treatment did not change
mean unitary current amplitudes (1.2 + 0.11 pA; n = 6) mea-
sured at —60 mV pipette potential (0 mV membrane potential),
or their threshold activation potential (—30 mV pipette or mem-
brane potential).

Patches performed in control cells displayed voltage-activated
Ca?* channels that were inhibited by bath applied 1S,3R ¢-
ACPD (100 um; NP, in the absence of drug = 0.43 + 0.29; NP,
after 5 min perfusion of 1S,3R t-ACPD = 0.11 + 0.13; n = 6),
indicating a normal sensitivity of the cultures to the mGluR
agonist in the absence of PTX treatment.

Pharmacology of phospholipase C—coupled mGluRs in
cerebellar granule cells

Inositol phosphate formations induced by glutamate, 15,3R
t-ACPD and quisqualate were measured and compared (Fig. 5).
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Figure 2. Effects of mGluR agonists
on Ca?+ channels. Recordings 4 and B QUIS (5 uM) + CNQX (50 uM) AP4 (1mb)

were obtained from the same patch and
C and D from a different patch. Glu,
Quis, and AP4 stand for glutamate,
quisqualate, and L-APB, respectively.
Test traces of unitary Ca2* currents were
obtained after 5 min perfusion of the

corresponding agonists. Calibration: 5 ,
pA, 50 msec (for all traces).

The rank of potency of these agonists was quisqualate > glu-
tamate > 1S5,3R-trans-ACPD. Here, it is interesting to consider
concentrations of these agonists that were used in our electro-
physiological tests. Thus, 100 um glutamate and 5 uM quis-
qualate increased InsP formation by 100%, whereas 100 um
15,3R t-ACPD increased InsP formation by only 15%. One
micromolar L-CCG-I did not induce any detectable InsP for-
mation.

Effect of 1S,3R t-ACPD on IBMX-induced increase in cAMP
production

Dihydropyridine-sensitive Ca?* channels are up-regulated by
D1 dopaminergic and $-adrenergic receptor-stimulated cAMP-
dependent phosphorylation in bovine chromaffin cells (Artalejo
et al.,, 1990) and frog cardiomyocytes (Hartzell et al., 1991),
respectively. Because mGluR 2, mGluR3, mGluR4 and mGluR6
are negatively coupled to adenylyl cyclase, we examined the
possibility that the mGluR agonist-induced inhibition of Ca?*
channels could result from a net decrease in the rate of cAMP-
induced channel phosphorylation due to a mGluR-induced
cAMP depletion. Five minutes incubation of granule cells in
the presence of the phosphodiesterase inhibitor, IBMX (1 mm),
resulted in a substantial increase in Ca?* channel activity (Fig.
6A4). Indeed, NP, increased by 63.3 + 9.9% (n = 5) during IBMX
application (this effect was significant at p < 0.001). The same
cells were then exposed for 5 min (still in the presence of IBMX)
to 1.5,3R ¢-ACPD (100 um) and this reduced NP, of the channels
by 73.0 £ 11.3% (Fig. 6A4).

In order to quantify the effective variation in cAMP concen-
tration produced by the IBMX treatment, intracellular cCAMP
formation was measured over 5 min exposure to the phospho-
diesterase inhibitor. Figure 6B shows that under such condi-
tions, CAMP progressively accumulated with time. In separate
experiments, we verified that this increase in cCAMP synthesis
was stabilized after 5 min exposure to the drug (not shown).
Therefore, we measured the effect of 15,3R -ACPD (100 um)

WW

il

after a 5 min IBMX treatment. When 1S,3R (-ACPD (5 min
exposure) was added to the IBMX containing medium, we ob-
served only a slight decrease in the percentage conversion of
3H-ATP to *H-cAMP (from 0.62 £ 0.01% to 0.53 + 0.01%;
Fig. 6B).

Role of protein kinase C on t-ACPD—induced inhibition of
Ca?* channel

Protein kinase C (PKC) has been shown to exert inhibitory
effects on dihydropyridine-sensitive Ca2* channels in cardiac
cells (Lacerda et al., 1988). Activation of PKC by phorbol esters
also suppresses a high threshold Ca?+ current in hippocampal
pyramidal neurons (Doerner et al., 1990). Therefore, we tested
the role of PKC in the 1S,3R {-ACPD-mediated inhibition of
Ca?* channels, in our preparation. Treatment of cerebellar neu-
rons with the PKC activator, PDBU (0.1 uM, 15 min), did not
significantly affect the activity of Ca?+ channels (Table 1; com-
pare first and second columns). In the same cells (z = 5), 5 min
perfusion of 1.5,3R ¢-ACPD (100 um), in the presence of PDBU,
still strongly inhibited the recorded Ca?* channel (Table 1; com-
pare second and third columns).

Effect of phosphatase inhibitor on t-ACPD-induced inhibition
of Ca?* channel

We finally tested the hypothesis that mGluR-induced Ca?*
channel inhibition resulted from dephosphorylation of the chan-
nel. Okadaic acid was bath applied for 20 min at concentration
(80 nM) that inhibits phosphatases 1 and 2A (Armstrong and
White 1992). This drug alone slightly increased the activity of
Ca?* channels (Fig. 7) as expected from a drug that would reduce
channel dephosphorylation. Following the okadaic acid treat-
ment, 5 min application of 15,3R t-ACPD (100 uMm) was then
tested in the same cell. The mGluR agonist completely inhibited
Ca?+* channel activity (Fig. 7). Similar results were obtained in
seven different cells.
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Figure 3. Pharmacological and bio-
physical properties of the mGluR-sen-
sitive Ca’* channel. 4, Current—voltage
relationship obtained from 10 patches
displaying mGluR-sensitive Ca2+
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tion of membrane potential. Data fitted
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with time constants of 0.6 and 4.4 msec
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tively. D, Application of nifedipine (0.1
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Figure 4. Suppression of the 15,3R (-ACPD-induced inhibition of
Ca?* channels by PTX (200 ng/ml). Five representative traces of unitary
Ca?* currents obtained before (/eft) and after 5 min perfusion of 15,3R
t-ACPD (100 uM) (right). This effect was representative of five other
patches. The lower traces represent voltage steps from 0 to —60 mV
pipette potential.

cells. E, Unitary Ca2* currents recorded
in the absence and presence of BAY K
86644 (1 um). Note the increase in
channel activity in the presence of the
dihydropyridine agonist.
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Figure 5. Dose-response curves for glutamate-, quisqualate-, and 1.5,3R
t-ACPD-induced InsP formation in cultured cerebellar granule cells.
Experiments with glutamate were performed in the presence of 50 um
CNQX and 10 um CPP in order to avoid both AMPA and NMDA
receptor activation. Basal InsP formation was 146 + 18 dpm. Experi-
ments with quisqualate were performed in the presence of 50 um CNQX
in order to avoid AMPA receptor activation. Basal InsP formation was
1560 + 193.2 dpm. In experiments with 15,3R -ACPD basal InsP
formation was 1580 + 123 dpm. For all curves, each point represents
the mean + SEs of triplicates.



7072 Chavis et al. - mGIuR2/R3 Inhibit L-Type Caicium Channels

A
CONTROL

) WMJM%W

IBMX + ACPD

40 ms
3pA

0mV

- 60 ‘
0,6
4
(=]
=)
3
g
=
$
0 -
® )2
0,0 — T T T 1 t (min)
0 2 4 6 8 10
Figure 6. Intracellular cAMP depletion does not induce Ca’>* channel

inhibition. A, Cell-attached recordings obtained from a same patch
under control conditions (upper trace), after 5 min application of 1 mm
bath applied IBMX (middle trace) and after 5 min application of 100
uM 15,3R 1-ACPD in the presence of IBMX (lower trace). This example
is representative of four other patches. B, Cells were treated for 5 min
with IBMX (1 mm). Some were harvested at indicated times and cAMP
formation was measured as described in Materials and Methods; 100

Table 1.

NP,

control NP, NP,

(in the absence in the presence in the presence

of drug) of PDBU of PDBU + ACPD
0.38 + 0.01 0.50 = 0.03 0.04 £ 0.03

0.24 + 0.05 0.21 £ 0.04 0.15 £ 0.04

0.44 + 0.08 0.43 + 0.01 0.12 + 0.06

0.30 £ 0.01 0.34 + 0.02 0.11 = 0.04

0.38 + 0.02 0.36 + 0.02 0.00

The phorbol ester, PDBU, does not affect the action 1S,3R t-ACPD on Ca?*
channels. Each table value is a mean (£SD) of cell-attached recorded Ca>* channel
NPo calculated from 60 successive pulses, in five different cells (each line was
obtained from a same patch), each of them recorded in the following three different
conditions (columns): under control conditions (first column), after 15 min ap-
plication of PDBU (0.1 um, second column), and after 5 min application of 1S,3R
t-ACPD (100 um) in the presence of PDBU (third column).

Effects of mGluR agonists on the macroscopic Ca’* current

Different types of Ca?* channels have been described in cere-
bellar granule cells (Forti and Pietrobon, 1993; Pietrobon et al.,
1993; Zhang et al., 1993; Bossu et al., 1994). The possibility
that mGluR stimulation could affect non-L-type Ca?*+ channels
was therefore examined on macroscopic I, recorded in the
whole-cell configuration of the patch-clamp technique. Note
that these experiments were performed in the presence of mil-
limolar concentrations of intracellular ;cAAMP and ATP. Indeed,
the very rapid rundown of I, obtained in the absence of these
nucleotides in the recording pipette rendered difficult the study
of mGluRs on this current.

L-CCG-I (1 um) inhibited I, by 40.7% (£13.2%, n = 12).
The effect appeared within 2-5 min perfusion of the drug as
shown in Figure 84 and could last for up to 15 min. The action
of L-CCG-I on I, was compared to the one of nifedipine at a
concentration (10 um) of this dihydropyridine that blocked all
L-type Ca?* channels. The inhibitory action of nifedipine was
faster (Fig. 8B) and significantly smaller (27.5% = 10.2%; n =
12; p = 0.05) than the one of L-CCG-I. When [, was first
inhibited by L-CCG-I, nifedipine did not induce significantly
larger inhibition of the current (n = 10, Fig. 84), indicating that
L-CCG-I blocked all the L-type Ca?* current. However, when
I, was first inhibited by nifedipine, L-CCG-I did induce sig-
nificant further inhibition (11.7% =+ 8.2% more inhibition, n =
10) of the current (Fig. 8B), indicating that L-CCG-I blocked
also non-L-type I.,. Comparable results were obtained with
nimodipine instead of nifedipine (n = 5).

Discussion

The present findings show that mGluRs negatively coupled to
adenylyl cyclase inhibited L-type Ca?* channels via a pertussis
toxin-sensitive pathway, in cultured cerebellar granule cells.
Most of these results were obtained under cell-attached config-
uration, a recording condition that was the most suitable for
the purpose of this work, considering the fact that a second
messenger system was likely to be involved.

It has been previously shown that low concentrations of mGIluR

—

M 15,3R t-ACPD was added after the 5 min IBMX treatment. cAMP
accumulation was also measured at the indicated times during the 1.5,3R
t-ACPD application.
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Figure 7. The phosphatase inhibitor okadaic acid does not affect the
action 15,3R t-ACPD on Ca?* channels. Recordings were obtained from
a same cell-attached macropatch before (left traces) and after 20 min
okadaic acid treatment, in the absence (middle trace) and following 5
min perfusion of 100 um 1S5,3R t-ACPD (right traces). These results
are representative of six other patches.

agonists induce cell depolarization in slice preparation (Stratton
et al., 1989; Charpak et al., 1990; Pacellli and Kelso, 1991).
However, in the present experiments, the amplitude of unitary
currents was identical before and during agonist application.
This ruled out the possibility that the mGluR-induced inhibi-
tion of the channels resulted from depolarization of the cell.
Indeed, we have previously shown that z-ACPD does not evoke
significant inward current in our preparation (Manzoni et al.,
1990a), and therefore no depolarizing effect of the drug should
have been expected in the present study.

Our experiments were designed to determine which subtype
of mGIluR was involved in Ca?* channel inhibition. The fol-
lowing arguments are against the involvement of mGIluR1/RS,
but rather in favor of mGluR2/R3.

(1) Quisqualate is much more potent at mGluR1/R5 than at
mGluR2/R3 (Manzoni et al., 1991; Nakanishi 1992; Prezeau
et al., 1992; Tanabe et al., 1992). This agonist was found to be
the most potent in inducing InsP formation, a typical mGluR 1/
R5 response. Nevertheless, used at a concentration inducing
maximal InsP formation, quisqualate was unable to inhibit Ca+
channel activity. This shows that the inhibition of Ca?+ channels
could not be mediated by mGluR1/RS.

(2) We found glutamate to be an order of magnitude more
potent than 15,3R t-ACPD in inducing InsP formation, whereas
these agonists have been shown to be equipotent at mGluR2/
R3 receptorsin transfected CHO cells (Nakanishi, 1992; Tanabe
et al., 1992). We also found these compounds to be roughly
equally potent in inhibiting Ca2* channels, suggesting that this
effect was mediated by mGluR2/R3 rather than mGluR1/RS5.

(3) The very selective mGluR2/R3 agonist, L-CCG-I (Hayashi
et al., 1992; Pin et al., 1994), was the most potent agonist in
inducing Ca?* channel inhibition.

(4) The lack of efficacy of L-APB on Ca?* channels ruled out
the implication of mGluR4, mGIluR6, and mGIluR7.

(5) Metabotropic GluRs coupled to PLC have been found to
be either sensitive or insensitive to PTX, depending on the
system (Pin et al., 1993). In primary cultures of cerebellar gran-
ule celis (Nicoletti et al., 1988), hippocampal or striatal neurons
(Ambrosini and Meldolesi, 1989), high concentration of PTX
(1 pg/ml) was reported to only partially inhibit stimulation of
InsP metabolism induced by glutamate or quisqualate. On the
other hand, 1 ug PTX in cultured striatal neurons (Prezeau et
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Figure 8. Inhibition of whole-cell calcium currents by L-CCG-I (1 um)

and nifedipine (10 pm). 4, Time course of the inhibitory effect of L-CCG-
1. Inset shows I, recorded under control condition (/) and in the pres-
ence of L-CCG-I (2) and L-CCG-I + nifedipine (3). Note the absence
of nifedipine effect when nifedipine was applied on top of L-CCG-I.
Similar results were observed in nine other cells. Calibration: 50 pA,
100 msec. B, Time course of the inhibitory effect of nifedipine and
L-CCG-I + nifedipine. Inset shows I, recorded under control condition
(/) and in the presence of nifedipine (2) and L-CCG-I + nifedipine (3).
Calibration: 100 pA, 100 msec. Note that L.-CCG-I induced additional
inhibition of I, when it was applied on top of nifedipine. Similar results
were observed in nine other cells.

al., 1992) and only Ing of the toxin in CHO cells (Tanabe et
al., 1992) completely reversed glutamate-induced inhibition of
adenylyl cyclase. Taken together, these observations are con-
sistent with a lower PTX sensitivity of G-proteins coupled to
mGIluR 1/R5 than those (probably G;- or G,-like proteins) cou-
pled to mGluR2/R3. In our preparation, relatively low concen-
tration (200 ng/ml) of PTX completely inhibited the mGluR
effects on Ca?* channels, suggesting a preferential role for
mGluR2/R3 via a G;- or G,-like protein.

(6) In neuronal cultures, the protein kinase C activator PDBU
has been shown to attenuate mGluR 1/RS-stimulated InsP syn-
thesis (Canonico et al., 1988; Manzoni et al., 1990b) but not
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mGluR2 like-induced adenylyl cyclase inhibition (Prezeau et
al., 1992). Here we found that the inhibition of Ca?* channels
by mGluR agonists was not affected by PDBU, reinforcing the
idea that this effect was mediated by mGluR2/R3.

The features of the Ca?+ channel presently inhibited by mGluR
agonists were similar to those of L-type Ca?* channels previ-
ously characterized in cultured cerebellar granule cells isolated
from rat (Bossu et al., 1994). Because of the facilitatory effect
of BAY K 8644 on the channel activation, we performed our
pharmacological tests in the presence of the dihydropyridine
agonist. Our cell-attached experiments are consistent with our
whole-cell recordings showing that mGluR2/R3 receptors in-
hibit L-type I.,. Our whole-cell recordings also indicate that
mGluR2/R3 receptors inhibit non-L-type 7.,. It is possible that
this non-L-type I, originated from N-type Ca** channel activity
since such current has been shown to be downregulated by
mGluRs in CA3 pyramidal neurons (Swartz and Bean, 1992;
Sahara and Westbrook, 1993). Our observations are also con-
sistent with whole-cell recordings obtained by others in neo-
cortical (Sayer et al., 1992) and hippocampal neurons (Sahara
and Westbrook, 1993).

Because mGluR-induced inhibition of L-type Ca?* channels
was observed in the cell-attached recording configuration, a
transduction mechanism was likely to be involved in this effect.
The following observations suggested that none of the classical
diffusible second messengers are potential candidates.

(1) L-Type Ca?+ channels need to be phosphorylated in order
to be activated by membrane depolarization (Armstrong and
Eckert, 1987; Sculptoreanu et al., 1993). cAMP-dependent ki-
nase seems to be a good candidate for such a control (same
references). Consistent with this hypothesis, we found an upre-
gulation of L-type Ca?* channels by IBMX and no significant
rundown of I, in the presence of intracellular cAMP. 1.5,3R ¢-
ACPD almost abolished Ca2+ channel activity, even in the pres-
ence of IBMX and decreased cAMP formation in such a small
proportion (15% decrease) that this change could not explain
its electrophysiological correlate (6 1% to 100% decrease in Ca?+
channel NP,). High concentration (1 mm) of intracellular cAMP
did not change the inhibitory effect of L-CCG-I on I, in our
whole-cell experiments. Therefore, although 15,3R t-ACPD-
induced inhibition of L-type Ca?* channels seemed to be me-
diated by mGluR2/R3, this effect did not probably result from
adenylyl cyclase inhibition. Note that in order to significantly
inhibit cAMP production by mGluR2/R 3 stimulation, it is nec-
essary to activate adenylyl cyclase strongly with forskolin pre-
viously (Prezeau et al., 1992; Tanabe et al., 1992).

(2) Both up- and downregulations of L-type Ca2+ channel by
protein kinase C have been observed in vertebrate neurons.
Phorbol esters suppress the high threshold Ca?+ current in hip-
pocampal neurons (Doerner et al., 1990) and increased the Ca?*
current in frog sympathetic neurons (Bley and Tsien, 1990; Yang
and Tsien, 1993). As mGluR1/R5 are known to activate PKC
in incubated neurons, we tested this hypothesis. In our prepa-
ration, L-type Ca2* channels were not significantly sensitive to
the PKC activator, PDBU. Furthermore, PDBU did not sig-
nificantly alter 1.5,3R -ACPD effects on Ca?*+ channel activity.
Finally, the mGluR 1 agonist, quisqualate, at concentration that
markedly increased IP3 formation and therefore probably dia-
cylglycerol synthesis and Ca** release from intracellular stores,
induced poor inhibition if any of L-type Ca2+ channels.

Along the same argument, dephosphorylation of L-type Ca?*
channels should also result in channel inhibition and indeed

direct or indirect implication of protein phosphatases in the
regulation of L-type Ca?* channels has been proposed (see Arm-
strong and White, 1992). We found that okadaic acid, at con-
centration where the toxin inhibits both protein phosphatase 1
and 2A, did not suppress mGluR-induced inhibition of L-type
Ca?* channels. The possibility that other phosphatases could be
involved is however not excluded.

Intracellular Ca?*+ downregulates Ca2+ activity (Bossu et al.,
1989; Kalman et al., 1988; Yue et al., 1990). Since our exper-
iments were performed in external Ca?+-free medium (both bath
and patch-pipette), one can rule out the possibility that the
mGluR-induced inhibition of L-type Ca?* channels resulted
from Ca?* entry. An alternative possibility might be that stim-
ulation of mGluRs coupled to phospholipase C inhibited L-type
Ca?* channels by releasing Ca2* from intracellular IP3-sensitive
stores. This hypothesis seems also unlikely since the pharma-
cology of the inhibitory effect of mGluRs on L-type Ca2+ chan-
nels matched the one of mGluR2/R3 rather than mGIuR1/R5.

The consensus of results today would be that mGluRs, like
muscarinic receptors (Bernheim et al., 1991; Mathie et al., 1992),
modulate Ca?* channels through two independent unidentified
pathways: a fast and membrane-delimited pathway that selec-
tively inhibits N-type channels (Sahara and Westbrook, 1993;
Swartz and Bean, 1992) and a slower Ca*-dependent pathway
that inhibits L- and N-type channels through a second messenger
(Sahara and Westbrook, 1993; Sayer et al., 1992). Our results
are consistent with this assumption. The latency of the effect
was always in the order of several minutes, suggesting mobili-
zation of a diffusible second messenger, although none of the
classical diffusible cytosolic second messengers that we tested
appeared to be involved.

Several reports have suggested a direct inhibition of neuronal
L-type Ca?* channels by a PTX-sensitive G-protein (Dolphin
and Scott, 1989; Haws et al., 1993). Since inhibition of L-type
Ca?* channels by mGluR stimulation could be prevented by
PTX treatment and since no classical diffusible messenger seemed
to be involved, a simple hypothesis would be that a G, or G;
like protein directly blocked the channel. Such a hypothesis
would be in agreement with the one of Lester and Jahr (1990)
in hippocampal cells and with the latency of the effects obtained
in our experiments, assuming that the involved putative G-pro-
tein diffused to a certain distance from the receptor within the
plasma membrane. An alternative hypothesis would be that
lipid-soluble messengers, such as lipoxygenase metabolites of
arachidonic acid, which are known to directly modulate K+
channels (Piomelli and Greengard, 1990), also affect Ca?* chan-
nels. However, at the moment no such mechanism has been
found.

Stimulation of mGIluR1/RS increases the intracellular Ca2+
concentration via mobilization of the IP3 pathway. We showed
elsewhere (Bossu et al., 1992; Chavis et al., 1994) that in ad-
dition to this pathway mGluR 1/R5 can increase the intracellular
Ca2* concentration in cerebellar granule cells by activating L-type
Ca?* channels via a PTX-insensitive second messenger path-
way. Conversely, we show here that activation of mGIluR2/R3
blocks Ca®* entry. Such a dual processes would provide an
original physiological control of intracellular Ca2* via a single
neurotransmitter (glutamate) acting on two different receptors
(mGIluR 1/R5 and mGluR2/R3) coupled to different G-proteins
(PTX-sensitive or -insensitive). This modulation may play an
important role in the control of cell firing and synaptic plasticity
in glutamatergic networks.
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