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Key points

e While the metabotropic glutamate receptor (mGluR) is supposed to modulate L-type
voltage-dependent calcium channels (L-VDCCs), its reported actions include both facilitation
and suppression, and thus the modulation of L-VDCCs by synaptic activity has still been under
debate.

e In this study, using acute hippocampal slices of subtype-specific knockout mice, we have shown
that mGluR5 induces facilitation of the depolarization-evoked calcium current.

e This facilitation was not accompanied by the change in single-channel properties of the
L-VDCC itself, but required the activation of calcium-induced calcium release that was
triggered by L-VDCC opening.

e L-VDCCs and mGluR5 were shown to form a complex by coimmunoprecipitation, suggesting
that the specific functional coupling between mGIluR5, InsP; receptors and L-VDCCs played a
pivotal role in the calcium-current facilitation.

e Our study has identified a novel mechanism of the interaction between the mGluR and calcium
signalling, and suggested a contribution of mGluR5 to synaptic plasticity.

Abstract Activity-dependent regulation of calcium dynamics in neuronal cells can play significant
roles in the modulation of many cellular processes such as intracellular signalling, neuro-
nal activity and synaptic plasticity. Among many calcium influx pathways into neurons, the
voltage-dependent calcium channel (VDCC) is the major source of calcium influx, but its
modulation by synaptic activity has still been under debate. While the metabotropic glutamate
receptor (mGluR) is supposed to modulate L-type VDCCs (L-VDCCs), its reported actions
include both facilitation and suppression, probably reflecting the uncertainty of both the
molecular targets of the mGluR agonists and the source of the recorded calcium signal in
previous reports. In this study, using subtype-specific knockout mice, we have shown that
mGluR5 induces facilitation of the depolarization-evoked calcium current. This facilitation was
not accompanied by the change in single-channel properties of the VDCC itself; instead, it
required the activation of calcium-induced calcium release (CICR) that was triggered by VDCC
opening, suggesting that the opening of CICR-coupled cation channels was essential for the
facilitation. This facilitation was blocked or reduced by the inhibitors of both L-VDCCs and
InsP; receptors (InsP;Rs). Furthermore, L-VDCCs and mGluR5 were shown to form a complex
by coimmunoprecipitation, suggesting that the specific functional coupling between mGluR5,
InsP;Rs and L-VDCCs played a pivotal role in the calcium-current facilitation. Finally, we showed
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that mGluR5 enhanced VDCC-dependent long-term potentiation (LTP) of synaptic transmission.
Our study has identified a novel mechanism of the interaction between the mGluR and calcium
signalling, and suggested a contribution of mGluR5 to synaptic plasticity.
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voltage-dependent Ca** channel; WT, wild-type.

Introduction

The metabotropic glutamate receptor (mGIluR) is a
G-protein-coupled receptor encoded by eight different
genes, Grml to Grm8, and is involved in various aspects
of neuronal functions (Masu et al. 1991; Riedel, 1996).
The receptors (mGluR1 to mGluR8) encoded by these
genes are classified into three groups (group I, II and
III) based on their sequence similarities and signal trans-
duction pathways (Nakanishi, 1994; Conn & Pin, 1997).
Group I mGluRs consist of mGluR1 and mGIuR5 and
are coupled to G/;;-protein to activate the production of
InsP; (Abe et al. 1992). Among a wide range of possible
targets of group I mGluRs, the voltage-dependent calcium
channel (VDCC) may play the principal role in the control
of intracellular calcium dynamics. It is well established
that neuronal depolarization triggers large neuron-wide
calcium influx through VDCCs (Tsien et al. 1988; Jaffe et al.
1992). Especially, L-VDCCs have the largest conductance
and the slowest inactivation kinetics. Although many
studies have addressed a possible contribution of group
I mGluRs to L-VDCC modulation, the results have been
largely controversial. The application of mGluR agonists
has been reported to either reduce (Sayer et al. 1992;
Sahara & Westbrook, 1993) or increase (Mironov &
Lux, 1992; Chavis et al. 1996; Topolnik et al. 2009) a
calcium influx through L-VDCCs in many brain regions.
There seem to be at least two main reasons for this
discrepancy. The first is the use of the non-specific mGluR
agonist (&£)-1-aminocyclopentane-trans-1,3-dicarboxylic
acid (t-ACPD). Although t-ACPD was originally
discovered as an agonist for phosphoinositide-coupled
mGluRs, now it is known to be non-selective among the
mGluR groups (Niswender & Conn, 2010), and additional
involvement of Gi/o-coupled group II/III mGluRs in the
ACPD effects has been suggested. The second is the
uncertainty in the source of calcium influx. Many previous
reports do not discriminate among the sources of calcium
influx, resulting in the contamination by non-L-type
VDCCs (N-type, P/Q-type, R-type and T-type). Even

though several reports have utilized L-VDCC antagonists
to verify the origin of calcium influx, they still ignore
the contribution of calcium-generating processes that are
secondary to VDCC activation, such as calcium-induced
calcium release (CICR) (Simpson et al. 1995). In order to
understand the mechanisms underlying the modulation
of L-VDCCs by group I mGluRs, it is essential to pre-
cisely identify and separate the components that might
contribute to the observed effects.

In this study, we set out to investigate the inter-
action between group I mGluRs and calcium signalling
in CA1 pyramidal cells of the mouse hippocampus. Using
subtype-specific knockout (KO) mice, we found that the
activation of mGluR5 facilitated a calcium influx triggered
by depolarization. This facilitation was not accompanied
by the change in single-channel properties of the L-VDCC
itself; instead, it was dependent on CICR, suggesting that
the opening of CICR-coupled surface cation channels
was associated with the facilitation. Furthermore, we
showed that VDCC-induced long-term potentiation
(LTP) was enhanced by mGluRS5 activation. These results
represented a previously unidentified mechanism for
the mGluR-dependent modulation of VDCC-mediated
signalling, and demonstrated a possible mechanism for
the involvement of mGluR5 in synaptic plasticity.

Methods
Animals

This research was approved by the Animal Care and
Experimentation Committee of University of Tokyo,
and all experiments were performed according to the
guidelines laid down by the Committee. C57BL/6] mice
(6—11 weeks old; male) were used in all experiments except
those in which mGIuR5 KO (Lu ef al. 1997) mice (6-11
weeks old; male) were used, which had been backcrossed
to C57BL/6N mice for more than 10 generations. In
the experiments using mGluR5KO mice, their littermate
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wild-type (WT) mice were used as controls. Mice were
deeply anaesthetized with halothane and decapitated. The
brains were quickly removed and 400 um hippocampal
slices were prepared acutely with a tissue slicer (Kato et al.
2009). In this study, we used a minimum number of mice
that were required to draw the conclusions and tried to
minimize their suffering as much as possible.

Whole-cell calcium-current recordings

The external solution contained (in mm): 119 NaCl, 2.5
KCl, 1.3 MgSQOy, 2.5 CaCl,, 1.0 NaH,POy,, 26.2 NaHCO;
and 11 glucose. The internal solution contained (in
mM): 122.5 caesium gluconate, 17.5 CsCl, 8 NaCl, 10
Hepes, 0.2 EGTA, 2 Mg-ATP and 0.3 Na;-GTP (pH
7.2;290-310 mosmol1™!). The ATP-regenerating internal
solution contained (in mM): 105 caesium gluconate, 17.5
CsCl, 8 NaCl, 10 Hepes, 0.2 EGTA, 2 Mg-ATP, 2 Na,-ATP,
0.3 Na;-GTP, 20 phosphocreatine and 50 U ml~! creatine
phosphokinase (pH 7.2; 290-310 mosmoll™!). In the
experiments examining the effect of GDP-gS, Na;-GTP
was replaced by 1 mM GDP-8S in both the internal
solution and the ATP-regenerating internal solution. Acute
hippocampal slices were continuously superfused at a rate
of 1.7-1.9 ml min~" with the external solution saturated
with 95% O, and 5% CO; in a submersion-type recording
chamber. All the experiments were performed at 25 &+ 2°C.
The connections between the CA1 and CA3 regions were
keptintact. Whole-cell patch-clamp recordings were made
from CA1 pyramidal cells with the blind technique. The
tips of recording electrodes were filled with the internal
solution and then backfilled with the ATP-regenerating
internal solution. The resistance of glass electrodes was
3.5-6.5 MQ. After forming the whole-cell configuration,
25mM TEA and 1 uMm TTX were added to the external
solution to block voltage-dependent potassium and
sodium channels, respectively. The membrane potential of
the recorded cells was held at —80 mV immediately after
forming the whole-cell configuration, and was changed
to —45mV after starting the perfusion of TEA and
TTX. Membrane potential values were not corrected for
the liquid-junction potential. The calcium current was
calculated using the leak subtraction method. Briefly, two
5 mV hyperpolarizing pulses and one 10 mV depolarizing
pulse (200 ms duration each) were delivered to the cells
every 10 s. The sums of the holding currents during these
three pulses were calculated, and the average values of the
last 50 ms were used as the calcium-current amplitude.
Recordings were made using a MultiClamp 700B amplifier
(Molecular Devices, Sunnyvale, CA, USA). The signal was
filtered at 4 kHz, digitized at 10kHz and stored on a
personal computer equipped with Clampex 9 (Molecular
Devices). The series resistance and input resistance were
monitored by applying 5mV hyperpolarizing pulses
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throughout the experiments. The series resistance was not
compensated in order to maintain the signal-to-noise ratio
as high as possible. The data from the cells that deviated
from any of the following criteria were discarded: first,
the resting membrane potential must be more negative
than —60 mV at the beginning of whole-cell recordings;
second, the input resistance must be higher than 120 M2
at the beginning of whole-cell recordings; third, the series
resistance must not change by more than 20% throughout
the experiment; finally, the calcium current must not
exhibit spike-like activity during the recording period. The
facilitation ratio was calculated using the averaged value
from 4 to 6 min after the start of dihydroxyphenylglycine
(DHPG) perfusion. All the experiments in this paper
were conducted as described above, unless otherwise
mentioned.

Glutamate iontophoresis

Sharp glass electrodes for iontophoresis (30-70 M$2) were
filled with 250 mM sodium glutamate solution (pH 8.0).
The braking (+10nA) and ejection (—80 to —200 nA;
10-20 ms) currents were provided to the electrode by using
Clampex 9. The position of iontophoresis electrodes was
determined in a blind manner: an ejection current was
applied at 1 Hz, and the electrode was moved forward in
the stratum radiatum until the response to the glutamate
ejection was observed in the whole-cell recording. The
amplitude and duration of the ejection current were
then adjusted so that the response of about 100 pA was
obtained. Then, the ejection frequency was reduced to
0.1Hz, and after establishing the stable recording of
responses to glutamate iontophoresis, 10 mm TEA, 1 uM
TTX and 50 uM D-(—)-2-amino-5-phosphonovaleric acid
(D-APV; an NMDA receptor antagonist) were added to
the external solution, and calcium currents were recorded
along with the iontophoretic response. In order to pre-
vent an immediate effect of iontophoretically applied
glutamate on calcium currents, glutamate was ejected
after each depolarizing pulse. At the end of experiments,
10 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a
non-NMDA-receptor antagonist, was applied to verify
that the iontophoretic response was mediated by AMPA
receptors. Only the data of the experiments in which
CNQX blocked more than 80% of the iontophoretic
response in amplitude were accepted for analysis.

Synaptic activation of mGIuRs

The solutions were the same as those described in the
whole-cell calcium-current recording section, except the
following two conditions: first, 5 mM QX-314 chloride was
added to both the internal solution and ATP-regenerating
internal solution, and the concentration of CsCl was
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reduced by 5 mm; second, the external solution contained
a cocktail of receptor antagonists (20 um CNQX, 50 uM
D-APV, 100 uM picrotoxin (an A-type GABA-receptor
(GABAAR) antagonist), 2um CGP55845 (a B-type
GABA-receptor (GABAgR) antagonist), 1 uM atropine
(a muscarinic ACh-receptor (mAChR) antagonist) and
10 uM mecamylamine (a nicotinic ACh-receptor (nAChR)
antagonist)) instead of TTX. A bipolar tungsten
stimulating electrode was placed in the stratum radiatum
close to the cell layer. To avoid direct stimulation of the
dendrites of the recorded cells, the stimulating electrode
was placed in the position more than 500 um distant
from the recording electrode. In each recorded cell, the
intensity of the stimulus was adjusted to evoke EPSCs
of about 200 pA before application of CNQX. After
recording baseline calcium currents for 5min, tetanic
stimulation (100 Hz, 1 s) was applied immediately before
depolarizing pulses. This procedure was repeated by
applying stimulation with x1, x2 and x3 intensities at
a 5min interval. The slow EPSC component that over-
lapped with the calcium current was subtracted using Excel
software.

Single-channel recordings of L-VDCCs

The external solution contained (in mwm): 119 NaCl,
2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 1.0 NaH,PO,, 26.2
NaHCO; and 11 glucose. The internal solution contained
(in mM): 110mM BaCl,, 10mm Hepes, 1 um TTX
and 1 um BayK-8644 (pH 7.2), an L-VDCC activator.
The resistance of glass recording electrodes was
2.5-5.0 MQ. Cell-attached patch-clamp recordings were
made from CA1 pyramidal cells with the blind technique.
Depolarization (90 mV, 500 ms) was applied to the
patched membraneata 10 sinterval. The signal was filtered
at0.6-1.0 kHz, digitized at 10 kHz and stored on a personal
computer. Single-channel events were detected from the
stable part of the traces during depolarizing pulses, using
Clampfit 9 (Molecular Devices). In some experiments,
20 M nifedipine was perfused at the end of experiments,
which confirmed that the single-channel events originated
in the L-VDCC on the patched membrane (data not
shown).

Coimmunoprecipitation

Hippocampi were dissected out from adult mice and
homogenized in a lysis buffer containing 50 mm Tris-HCl
(pH 7.5), 150 mMm NaCl, 1% NP-40 and a protease
inhibitor cocktail (Complete mini EDTA-free, Roche
Applied Science, Tokyo, Japan). The suspension was
centrifuged at 20,000 ¢ for 5min, and the supernatant
was incubated overnight with a rabbit polyclonal antibody
against mGluR5 (no. 06-451, Upstate Biotechnology, Lake
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Placid, NY, USA). The immune complex was then pre-
cipitated using Protein G-Sepharose (GE healthcare, Hino,
Japan), and washed three times with the lysis buffer. The
bound proteins were eluted and subjected to Western-blot
analysis using the following antibodies: anti-mGluR5
(51-69996, BD Pharmingen, Franklin Lakes, NJ, USA),
anti-Homer (sc-8921, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and anti-calcium channel antibodies («1c
subunit, C1603, Sigma-Aldrich, Tokyo, Japan).

Experiments on VDCC-dependent LTP

The solutions were the same as those described in the
whole-cell calcium-current recording section, except that
50 uM D-APV and 100 uM picrotoxin were added to the
external solution instead of TEA and TTX. To prevent
epileptiform activity propagating from the CA3 region,
a cut was made between the CAl and CA3 regions.
Whole-cell patch-clamp recordings were made from CAl
pyramidal cells with the blind technique. The membrane
potential was held at —80 mV throughout the experiment.
For recording the baseline response, electrical stimuli
were delivered at 0.1 Hz through a bipolar tungsten
stimulating electrode placed in the stratum radiatum. The
stimulus intensity was adjusted to evoke EPSCs of about
100 pA. VDCC-dependent LTP was induced by repeated
application of depolarizing pulses, as described in the
previous report (Kato et al. 2009). Briefly, the cell was
depolarized repetitively to +-10mV for 1s 20 times at a
6s interval in the presence of D-APV. The stimulation
of afferent fibres was interrupted during the depolarizing
pulses. The potentiation ratio was calculated as the ratio of
the averaged value from 26 to 30 min after the conditioning
to that during the baseline period.

Statistical analysis

All values are expressed as the mean & SEM. Statistical
analysis was performed using Student’s # test for unpaired
data, except the analysis comparing the values in the
same cells, to which a paired ¢ test was applied. The
experiments using mutant mice were performed in a blind
manner.

Drugs

Drugs used in this study were DHPG, pD-APV, CNQX,
CGP55845, QX-314, nifedipine, thapsigargin, cyclo-
piazonic acid (CPA) (Tocris Bioscience, Bristol, UK),
GDP-fS, picrotoxin, atropine, mecamylamine, H89, PKI
6-22 amide, Rp-cAMPS (Sigma-Aldrich), BayK-8644,
chelerythrine, Bis I, Bis V, caffeine, 2-APB, TMB-8
(Calbiochem, San Diego, USA) and TTX (Sankyo, Osaka,
Japan). In the experiments with H89, PKI 6-22 amide,
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thapsigargin, CPA and caffeine, hippocampal slices were
incubated in an interface-type recovery chamber with
the drugs for at least 1 h before transferring them to
the recording chamber, and were perfused with the
Ringer solution containing each drug throughout the
experiments. In the experiments with Bis I, Bis V,
chelerythrine, barium, 2-APB, TMB-8 and nifedipine,
drug application was started in the recording chamber
and the incubation time ranged from 15 to 60 min before
DHPG application.

Results

Calcium-current facilitation by mGIluR5 activation

We tested the effect of DHPG, a group I mGluR-selective
agonist, on calcium currents in the CA1 pyramidal cells of
the mouse hippocampus. The group I mGluR includes
mGluR1 and mGluR5, and the CAl pyramidal cells
have been shown to express mGluR5 predominantly
(Shigemoto et al. 1993). Thus, we evaluated the specific
action of DHPG by comparing the effects between
mGluR5 KO and WT mice (Fig. 1A). Calcium currents
were evoked by applying depolarizing pulses to the
voltage-clamped pyramidal cells in the presence of TTX
and TEA. These currents were carried by calcium, as
replacing external calcium with magnesium abolished the
majority of the evoked currents (77.9 & 0.8% reduction
8-10min after the substitution: Supplementary Fig.
S1A). Application of 5 um DHPG for 5 min significantly
increased the calcium current in WT mice (135.6 & 5.3%,
n=10, P < 0.0001), but this effect was completely absent
in mGluR5 KO mice (102.2 4+ 1.5%, n=7, P=0.1993;
WT wvs. KO: P <0.0001). There was no difference in
amplitudes of the baseline calcium current between
the genotypes (WT: 41.1 £2.9 pA; KO: 35.9 £ 2.6 pA,
P =0.2050). The facilitation observed in WT mice
disappeared after withdrawal of the drug (115.3 & 3.5%,
10 min after the start of washout), suggesting that the
effect of DHPG was reversible. In most experiments
in this paper, we applied DHPG within 20 min after
the formation of the whole-cell configuration; however,
whenever we waited for longer periods before its
application, we observed smaller facilitation of calcium
currents (data not shown). This washout effect suggested
the involvement of cytoplasmic second messengers
and/or other intracellular components in this facilitation
process.

To confirm the involvement of the canonical
mGluR5-mediated signal-transduction pathway, we next
examined whether G-proteins were involved in this
facilitation by including the G-protein inhibitor GDP-8S
in the internal solution (Fig.1B). GDP-8S caused
gradual decrease in the calcium-current amplitude
(data not shown), and it took about 30 min after
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the formation of the whole-cell configuration until
the current amplitude stabilized. In order to adjust
the timing of the DHPG application, in control
experiments, we kept recording calcium currents without
any manipulations for about 30 min before starting
the DHPG application, which may have resulted in
smaller potentiation in this set of experiments than
that in the other control experiments. Intracellular
application of 1 mMm GDP-8S completely blocked the
DHPG-induced facilitation of calcium currents (GDP-AS:
97.9 4+ 2.3%, n=238, P=0.3991; control: 124.2 4 5.8%,
n=7, P=0.0061). There was a significant difference
between GDP-fS and control conditions (P = 0.0004).
This result suggested the involvement of G-proteins
in the calcium-current facilitation, supporting the idea
that G-protein-coupled receptors such as mGluRs were
involved in this facilitation.

In the control experiments shown in Fig. 1A and B,
we always observed DHPG-induced increase in the input
resistance of the recorded cells (Fig. 1A: 147.7 & 3.0%,
P =0.0025; Fig.1B: 133.1 +2.3%, P=0.0171). This
observation pointed to the possibility that DHPG might
have increased the recorded calcium current just because
the increase in input resistance resulted in a decrease of
the current loss through the cell membrane (Williams &
Mitchell, 2008). To rule out this possibility, we measured
the AMPA receptor (AMPAR)-mediated current evoked
by glutamate iontophoresis onto the dendrite as a control
and tested whether DHPG had any effects on the evoked
current (Fig. 1C). In order to exclude the contribution
of the NMDA receptor (NMDAR)-mediated current
and to prevent the induction of NMDAR-dependent
synaptic plasticity, 50 um D-APV was added to the
external solution. Although DHPG significantly facilitated
the calcium current, no change was observed in the
AMPAR-mediated current simultaneously recorded in the
same cells (calcium current: 127.2 & 6.3%, P =0.0126;
AMPAR current: 93.2 +6.4%, P=0.3459, n=>5). The
smaller facilitation in calcium currents compared to
Fig. 1A may have been caused by the washout of
the facilitation mechanism in the recorded neurons
due to the additional time needed for searching the
optimal position for iontophoretic glutamate application.
There was a significant difference between the calcium
current and AMPAR-mediated current (P = 0.0347). This
result strongly argued against the contribution of the
passive membrane properties to the facilitation, and
confirmed the specific effect of DHPG on the calcium
current.

We next tested whether synaptic activation of mGluR5
instead of the drug application could facilitate calcium
currents (Fig. 1D). Stimulating electrodes were placed in
the stratum radiatum to stimulate Schaffer collaterals
for evoking synaptic release of glutamate. In this set of
experiments, TTX was excluded from the external solution
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to allow electrical stimulation of Schaffer collaterals and
5mM QX-314 was included in the recording pipette
instead to block the generation of action potentials in the
recorded neuron. The cocktail of receptor blockers was also
applied to the external solution to exclude the possible
contribution of other receptors (AMPAR, NMDAR,
GABA4R, GABAgR, mAChR and nAChR: see Methods).
Tetanic stimulation (100 Hz, 1s) at various intensities
was first applied, and then, the depolarizing pulse for
evoking a calcium current was delivered 15 ms after to

and others J Physiol 590.13
maximize mGluR activation at the time of calcium-current
recording. As shown in a representative example (Fig. 1D,
left), tetanic stimulation caused facilitation of the calcium
currents. The facilitation was observed only in the
calcium current that was recorded immediately after
tetanic stimulation, and the facilitating effect disappeared
within 10s after tetanic stimulation. To confirm that
this facilitation was mediated by mGIuR5, we also
performed the same experiments in mGluR5 KO mice
and compared the results with those in WT mice

A B
£180 £ 140
o .. | ®mGIUR5 KO © e GDPBS
S160[ owWT b a 3 oControl  ¢é¢
=140} 060 2120 S,
£ 120} 0 °°°°.,8 b £ 100 N M¢¢¢
s -ooooooowooﬁm'?"? © 100 808006080880 ¢ a4 43 s
2 100 : ST
5 ol DHPG \C__f: £ 80
o 60 . 3
T 40k 1 1 1 1 1 T goL 1 1 1 1 1
© "4 5 0 5 10 15 © 40 5 0 5 10 15
Time (min) Time (min)
c Glutamate -
iontophoresis 1601 e Calcium current
R o140} ©Glu current i
°° Sie0f N ’“hom _I
2100} ¢ e
§ ﬂ 52,
2 8o} é 00°0%¢
o c
*5— 60 _I
O 40 L L 1 1
-10 -5 0
Time (mln)
D Synaptic stimulation _
E£50 x2  x3 E1s0r
© v c mm mGIuR5 KO *
2 . F160f O3
230} b a =
5 a oo ® S1a0f
= 20} 00p00 Ooo 0000 °°°O J ¥
o b 2120}
g 10 § |_'r_| i
@ ol . . . . @100 L1 el
© "0 5 10 15 20 © x1 x2 x3
Time (min) Stimulation strength

Figure 1. mGluR5-dependent facilitation of calcium currents

A, left, comparison of the DHPG (a group I-mGIuR agonist; horizontal bar)-induced calcium-current facilitation
between WT (open circles; n = 10) and mGIuR5 KO (filled circles; n = 7) mice. Right, averaged calcium-current
traces recorded at the times indicated by a—d. B, comparison of the DHPG-induced calcium-current facilitation in
the presence (filled circles; n = 8) and absence (open circles; n = 7) of intracellular GDP-BS, a G-protein inhibitor.
C, left, schematic diagram of the glutamate-iontophoresis experiment. Middle, comparison of calcium-current
(filled circles) and glutamate-response (open circles) amplitudes during DHPG application (n = 5). Right, averaged
traces of calcium currents (a and b) and glutamate responses (c and d) recorded at the times indicated by a—d. D,
left, representative example of the calcium-current facilitation induced by tetanic stimulation (100 Hz, 1 s; arrows)
of Schaffer collaterals. The number above each arrow indicates how many times stronger the stimulation intensity
was, compared to the baseline stimulation intensity. Middle, representative traces of calcium currents recorded at
the times indicated by a and b are shown. Right, summary of the synaptic stimulation-induced calcium-current

facilitation in WT (open columns; n = 8) and mGIuR5 KO

(filled columns; n = 9) mice.*P < 0.05. Calibration: 20

pA, 100 ms for calcium currents and 50 pA, 100 ms for glutamate responses.
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(Fig. 1D, right). The facilitation of calcium currents was
observed both in WT (x1:104.8 £ 1.8%, P = 0.0328; x2:
120.2 £ 3.1%, P =0.0003; x3: 147.7 £ 6.7%, P = 0.0002,
n=238) and KO (x1: 104.0 +1.4%, P=0.0238; x2:
114.0 £ 2.5%, P = 0.0006; x3: 127.6 £ 5.4%, P =0.0010,
n=9) mice at all stimulation intensities. However,
the facilitation in WT was larger than that in
KO mice at the highest stimulation intensity (x1:
P =0.7538; x2: P=0.1368; x3: P =0.0344), supporting
the idea that the calcium-current facilitation induced by
synaptic stimulation was at least partially dependent on
mGluR5.

Direct modification of the L-VDCC is not involved in
the calcium-current facilitation

To elucidate molecular mechanisms underlying the
calcium-current facilitation, we next examined a possible
contribution of protein kinase A (PKA) and protein
kinase C (PKC) to the facilitation, both of which were
reported to upregulate the L-VDCC through direct
phosphorylation of the channel (Flockerzi et al. 1986;
Stea et al. 1995). Especially, PKC has been suggested
to mediate the mGluR-induced facilitation of calcium
signalling in hippocampal interneurons (Topolnik et al.
2009). Therefore, we first tested the effects of the PKC
inhibitors chelerythrine and Bis I on the calcium-current
facilitation (Fig.2A); however, we did not observe
any change in the DHPG-induced -calcium-current
facilitation in the presence of 2 puM chelerythrine
(chelerythrine: 139.7 4 5.6%, n= 8, P = 0.0002; control:
136.1 £ 3.8%, n =7, P = 0.0001; chelerythrine vs. control:
P=0.6132) nor 1uMm Bis I (Bis I.: 145.6 +5.5%,
n=7, P=0.0002; Bis V (an inactive Bis I analogue)
control: 145.4 +£6.7%, n=7, P=0.0005; Bis I vs. Bis
V: P=0.9822). We next tested the effects of the PKA
inhibitors PKI, Rp-cAMPS and H89 (Fig.2B). Again,
we did not observe any change in the DHPG-induced
calcium-current facilitation by 100 uM intracellular PKI
6-22 amide (PKI: 150.247.5%, n=9, P=0.0002;
control: 148.3 £ 5.7%, n =6, P = 0.0004; PKI vs. control:
P =0.8443), bath-applied 1puM membrane-permeant
myristoylated PKI 14-22 (PKL: 137.8 £3.0%, n=7,
P =10.0001; control: 140.4+7.3%, n=6, P=0.0027;
PKI wvs. control: P=0.7564) nor 1mM intracellular
Rp-cAMPS (Rp-cAMPS: 140.1 £ 6.1%, n =6, P = 0.0012;
control: 138.9 +£4.2%, n="7, P < 0.0001; Rp-cAMPS vs.
control: P =0.8806). However, in the presence of 10 um
H89, the facilitation was significantly decreased (H89:
122.8 +5.0%, n=11, P = 0.0010; control: 149.0 4 6.9%,
n=12, P < 0.0001; H89 vs. control: P =0.0061). Because
H89 is a drug with many reported side effects
(Murray, 2008), especially the side effect causing the
depletion of intracellular calcium stores (Lahouratate
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et al. 1997: see below), we concluded that neither
PKC nor PKA seemed to work downstream of
mGluR5.

The results so far make it less likely that
the calcium-current facilitation is mediated by the
modulation of channel properties of VDCCs through
phosphorylation. Therefore, we next tested this possibility
directly by analysing single-channel properties of VDCCs.
Considering its long inactivation time constant, the
L-VDCC should be the major VDCC that contributes to
the calcium current in our recording conditions (Tsien
et al. 1988: see Fig. 5A). In a previous report, t-ACPD has
been shown to facilitate the single-channel barium current
of L-VDCCs in the cerebellum (Chavis et al. 1996). We
thus tested whether the same mechanism contributed to
the mGluR5 action we observed in this study. Figure 3A
shows a representative example, in which DHPG was
applied during the single-channel recording of the barium
current through L-VDCCs. In contrast to the report by
Chavis et al. (1996), we did not observe any change in
the current amplitude (baseline: 1.04 + 0.03 pA; DHPG:
1.07 £0.03 pA, P=0.5203, n=8), the open probability
(baseline: 0.0606 & 0.0086; DHPG: 0.0636 +0.0164,
P=0.8738) or the median of open time (base-
line: 5.10 £ 0.50 ms; DHPG: 5.66 & 0.65 ms, P = 0.5057)
(Fig. 3B). The single-channel current amplitude was
similar to that of L-VDCCs at the membrane potential of
+10 to +20 mV in the previous report (Church & Stanley,
1996). Taken together, these results argued against the
direct modulation of channel properties of the L-VDCC
by mGIuR5 activation, suggesting that the facilitation
mechanism was different from that reported in the pre-
vious studies.

Requirement of CICR for the mGluR5-induced
calcium-current facilitation

The lack of the change in single-channel properties of
VDCCs raised the possibility that mGluR5 might have
facilitated calcium currents not through the change in
the VDCC itself, but by affecting the secondary process
that was evoked by VDCC activation, such as CICR.
CICR is a phenomenon of calcium release from intra-
cellular stores mediated by InsP; receptors (InsP;Rs) and
ryanodine receptors (RyRs) localized in the membrane of
the sarcoplasmic/endoplasmic reticulum (Simpson et al.
1995), the primary stores of intracellular calcium. The
plasma membrane and the sarcoplasmic/endoplasmic
reticulum have been reported to contact each other
(Gardiner & Grey, 1983; Takeshima et al. 2000), and
the L-VDCC has a direct interaction with the ryanodine
receptor (RyR) on the sarcoplasmic reticulum (Nakai
et al. 1996), suggesting that the L-VDCC is a well-suited
candidate for the trigger for CICR. In order to examine the
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contribution of CICR to the calcium-current facilitation,
we interfered with this process pharmacologically, using
three mechanistically independent means, as follows
(Fig. 4A). First, we tested the effects of thapsigargin and
CPA, blockers of sarcoplasmic/endoplasmic-reticulum
calcium ATPase (SERCA). Because SERCA is required for
the loading of calcium into the endoplasmic reticulum, its
prolonged blockade causes the depletion of intracellular
calcium stores. As shown in Fig. 4A, the DHPG-induced
calcium-current facilitation was significantly suppressed
in both 1 um thapsigargin (thapsigargin: 129.8 & 2.8%,
n=10, P < 0.0001; DMSO control: 148.1 +2.7%, n=29,
P < 0.0001; thapsigargin vs. DMSO control: P =0.0002)
and 15 um CPA (CPA: 139.9 £4.1%, n=9, P < 0.0001;
DMSO control: 157.0 £ 6.6%, n=9, P <0.0001; CPA
vs. DMSO control: P=0.0464). Second, we tested
the effect of caffeine, an agonist of RyRs, on the
facilitation (Fig.4B). Although the significant effects of
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the SERCA blockers supported the contribution of CICR
to the facilitation, the remaining facilitation might have
resulted from incomplete depletion of the calcium store.
Therefore, we aimed at thorough depletion by releasing
stored calcium actively through RyRs. Caffeine (20 mm)
completely blocked the DHPG-induced facilitation
of calcium currents (caffeine: 86.4+2.7%, n=3,,
P =0.0023; control: 143.6 £7.9%, n=7, P=0.0010;
caffeine vs. control: P < 0.0001) (Fig.4A and B), further
supporting the role of calcium stores in the facilitation.
A high concentration of caffeine is reported to reduce
VDCC currents in the muscle blastomere (Nakajo et al.
1999), but there was no significant difference in the
baseline calcium-current amplitude between the two
groups (caffeine: 35.9 £ 2.7 pA; control: 31.7 £ 3.5 pA,
P =0.3532). Third, we examined the effect of the sub-
stitution of barium for the extracellular calcium. CICR
is inhibited by this manipulation because it requires an
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Figure 2. Calcium-current facilitation is independent of both PKC and PKA

A, left, DHPG (horizontal bar)-induced calcium-current facilitation in the presence (filled circles; n = 8) and absence
(open circles; n=7) of chelerythrine, a PKC blocker. Right, DHPG-induced calcium-current facilitation in the
presence of Bis I, a PKC inhibitor (filled circles; n=7) and Bis V, an inactive analogue of Bis | (open circles;
n=7). B, left, summary of the DHPG-induced calcium-current facilitation in the presence of PKA inhibitors, intra-
cellularly applied PKI 6-22 (PKI: n = 9; control: n = 6), bath-applied myristoylated PKI 14-22 (PKI: n = 7; control:
n = 6), Rp-cAMPS (Rp-cAMPS: n = 6; control: n =7) and H89 (H89: n = 11; control: n = 12). The facilitation
ratio was normalized to that in the control experiment for each drug. *P < 0.05. Right, the time course of
the DHPG-induced calcium-current facilitation in the presence (filled circles) and the absence (open circles) of
bath-applied myristoylated PKI 14-22.
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and barium was unable to trigger CICR (Nagasaki & Kasai,
1984). For this purpose, we substituted 1.3 mm BaCl,
and 2.5 mm MgCl, for 2.5 mm CaCl, and 1.3 mm MgSO,
in the external solution. In this solution DHPG failed
to facilitate barium currents (BaCl,: 98.7 +1.2%, n=7,
P =0.3142; control: 132.7+2.3%, n=7, P <0.0001;
BaCl, vs. control: P < 0.0001) (Fig.4A). Taken together,
the results of these three sets of experiments clearly
indicated the requirement of CICR for the DHPG-induced
calcium-current facilitation. This conclusion well explains
the result of the H89 experiment (Fig. 2B), considering
its calcium-depleting side effect. Because CICR itself is
not supposed to contribute to the currents in whole-cell
recordings, this result suggests the involvement of
CICR-coupled surface channels, such as transient receptor
potential canonical (TRPC) channels (Minke & Cook,
2002).

Specific functional coupling between the mGIuR5,
InsPsR and L-VDCC

Next, we tried to determine which type of receptors,
either InsP;Rs or RyRs, was responsible for this observed
effect. We used 2-APB, a blocker of InsP;Rs (Fig. 4C), and
TMB-8, a blocker of RyRs (Fig. 4D). Although we did not
observe any effect of 10 uM TMB-8 on the calcium-current
facilitation (TMB-8: 147.2 +10.0%, n="7, P =0.0033;
control: 150.2 +3.6%, n=7, P <0.0001; TMB-8 vs.
control: P = 0.7840), 30 M 2-APB significantly decreased

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

143.44+5.7%, n=38, P=0.0001; 2-APB wvs. control:
P =0.0104). These results suggested the contribution of
InsP;Rs, but not RyRs, to the signalling downstream of
mGluR5. This conclusion is consistent with the report
showing that mGluR5, Homer and InsP;Rs constitute a
protein complex (Brakeman et al. 1997; Kato et al. 1998;
Tu et al. 1998). Considering the tight interaction between
L-VDCCs and the sarcoplasmic reticulum (Nakai et al.
1996), it is reasonable to assume that mGluR5, InsP;Rs
and L-VDCCs form a large protein complex, which enables
efficient functional coupling between each component. To
test this hypothesis, we examined the specificity of the
mGluR5 action on L-VDCC-coupled CICR. Figure. 5A
and B shows a representative experiment, in which DHPG
was applied after blocking the L-VDCC component
of calcium currents with 20 um nifedipine (blockade
20 min after starting the perfusion: 62.4 & 2.3% of base-
line (n=10); Supplementary Fig. S1B). As shown in
Fig. 5C, DHPG did not have a facilitatory effect on the
nifedipine-insensitive component of the calcium current
(nifedipine: 98.8 +3.2%, n=9, P=0.7190; DMSO
control: 121.9 £ 3.1%, n=9, P=0.0001; nifedipine vs.
DMSO: P <0.0001). This result confirmed the specific
action of mGIuR5 on L-VDCC-coupled CICR and
suggested the functional coupling between mGluR5,
InsP;Rs and L-VDCCs. Finally, we directly tested the
physical interaction between L-VDCCs and mGluR5 by
coimmunoprecipitation experiments (Fig. 5D), and found
that mGluR5 was coimmunoprecipitated with Cavl.2, a
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Figure 4. InsP3R-dependent facilitation of calcium currents

A, summary of the DHPG-induced calcium-current facilitation in the presence of calcium store-depleting drugs,
thapsigargin (thap: n = 10; DMSO control: n =9), CPA (CPA: n=9; DMSO control: n =9), caffeine (caffeine:
n=29; control: n=8) and BaCl, (BaCl,: n=7; CaCl, control: n =7).*P < 0.05. B, time course of the DHPG
(horizontal bar)-induced calcium-current facilitation in the presence (filled circles) and the absence (open circles)
of caffeine. C, the DHPG-induced calcium-current facilitation in the presence (filled circles; n = 9) and the absence
(open circles; n = 8) of 2-APB, an InsPsR inhibitor. D, the DHPG-induced calcium-current facilitation in the presence
(filled circles; n = 7) and the absence (open circles; n = 7) of TMB-8, a RyR inhibitor.
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major L-VDCC subunit in the hippocampus, and the
scaffolding protein Homer (Brakeman et al. 1997; Kato
et al. 1998), which was reported to bridge many proteins
including mGluR5, InsP;Rs and TRPC channels (Tu et al.
1998; Yuan et al. 2003). These results strongly suggest
the formation of a large protein complex that facilitates
the functional coupling between mGluR5, L-VDCCs and
InsP;Rs.

Facilitation of VDCC-dependent LTP by mGIuR5
activation

Finally, we asked whether this mechanism of
mGluR5-dependent calcium-current amplification had
any roles in synaptic plasticity. We have previously shown
that LTP is induced by applying repeated depolarizing
pulses to the voltage-clamped cells (Kato ef al. 2009).
Because this LTP has been shown to depend on L-VDCCs,
we examined whether this type of LTP was augmented
by the DHPG-induced calcium-current facilitation. The
calcium-current facilitation was dependent on mGluR5
activation (Fig. 1A), and thus, we compared the effects of
DHPG on this type of LTP between WT and mGluR5 KO
mice (Fig. 6). As shown in Fig. 6A, L-VDCC-dependent
LTP was significantly facilitated by the application of
DHPG in WT mice (DHPG: 144.9 +3.7%, n=14,
P < 0.0001; control: 122.8 +6.4%, n=15, P=0.0030;
DHPG vs. control: P = 0.0066). However, this facilitating
effect was completely absent in mGluR5 KO mice (DHPG:
124.0 £ 9.4%, n=11, P = 0.0295; control: 123.0 & 6.6%,
n=11, P =0.0057; DHPG vs. control: P =0.9318). These
results supported the mGluR5-dependent facilitation of
L-VDCC-dependent LTP. Although the detailed analysis of
calcium currents during depolarizing pulses was difficult
because the experiments were conducted in the absence of
TTX and TEA to record synaptic responses, it seemed
to be reasonable to conclude that the DHPG-induced
enhancement of LTP specifically observed in WT mice
was caused by the calcium-current facilitation observed in
this study.

Discussion

The present study has shown that the group I mGIuR
agonist facilitates calcium signalling through previously
unidentified mechanisms. Our results have several
implications for the molecular mechanisms underlying
this facilitation. First, this facilitation was abolished by
the genetic deletion of mGluR5 or G-protein inhibitors,
suggesting the involvement of the mGluR5 signalling
pathway (Abe et al. 1992). Second, inhibitors of either
PKA or PKC did not block the calcium-current facilitation,
suggesting that these kinases were not likely to contribute
to it. Third, the facilitation was not accompanied by
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the change in single-channel properties of L-VDCCs,
ruling out the direct modification of L-VDCCs. Fourth,
the perturbation of CICR reproducibly blocked the
facilitation, suggesting the requirement of intracellular
calcium-channel activation. Fifth, the blocker of InsP;Rs,
but not RyRs, decreased the facilitation, suggesting the
role of CICR mediated by InsP;Rs. Finally, the L-VDCC
antagonist completely blocked the facilitation, suggesting
the specific requirement of L-VDCCs as a calcium source
for CICR. Taken together, our results suggest that mGIluR5
activation facilitates calcium signalling not through the
change in L-VDCC properties per se, but through the
activation of CICR-coupled surface channels that is
triggered by L-VDCC activation.

Validity of the proposed molecular mechanisms

Even though we included caesium, TTX and TEA in
our solutions to block most of the voltage-dependent
channels, additional care should be taken to interpret
the properties of the current recorded in the whole-cell
configuration. First, the increase in the recorded currents
might be attributable to the reduction in a leak current,
rather than real change in depolarization-evoked currents
(Williams & Mitchell, 2008). However, this is quite unlikely
in our study, because we did not observe any effect
of DHPG on the AMPA current that was evoked by
glutamate iontophoresis (Fig. 1C). If there is any change of
membrane properties, it should affect the AMPA current
evoked on the distal dendrites more seriously than the
current deriving from L-VDCCs that localized mainly
in the proximal region of pyramidal cells (Westenbroek
et al. 1990). Second, the depolarization-evoked current
might contain current components originating from
channels other than VDCCs. It is known that some
K* channels cannot be blocked completely by caesium
and TEA. However, considering almost thorough
disappearance of the depolarization-evoked current in
nominally Ca’*-free external solution (Supplementary
Fig. S1A), the contribution of voltage-dependent K*
channels to the evoked current is negligible in our
experimental conditions, ruling out the possibility that
DHPG directly closes K* channels. The large decrease
in the depolarization-evoked current by nifedipine also
confirmed that the recorded current was mediated by
the L-VDCC (Fig. 54; Supplementary Fig. S1B). However,
these results do not exclude possible contribution of the
channels that are activated secondarily by increased intra-
cellular Ca?* that enters through VDCCs. Although the
DHPG-induced facilitation of the depolarization-evoked
current is dependent on the L-VDCC (Fig. 5C), the lack of
change in the L-VDCC single-channel properties (Fig. 3)
suggests that it is the channels activated secondarily, but
not the L-VDCC itself, that are modulated by DHPG.
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The candidates include Ca’*"-activated K" channels,
Ca?*-activated Cl~ channels and CICR-coupled TRPC
channels; however, considering the effects of various CICR
blockers (Fig. 4), the TRPC channel is likely to mediate
the current facilitation. This idea is supported by the
reports showing the direct (Kiselyov et al. 1999) and
Homer-mediated (Kiselyov ef al. 1998; Yuan et al. 2003)
interaction between InsP;Rs and TRPC channels, and we
confirmed here the interaction of L-VDCCs and mGIuR5
with Homer (Fig.5D). In accord with this hypothesis,
2-APB, which we used as an InsP;R blocker, also inter-
feres with the TRPC channels (Xu et al. 2005), and
therefore, the blockade of the current facilitation by 2-APB
(Fig. 4C) may be mediated not only by its action on
InsP;Rs but also on TRPC channels. The lack of specific
blockers for TRPC channels hampered us from directly
testing this possibility, but it would be interesting to study
the facilitation mechanism further using subtype-specific
TRPC KO mice in future (Freichel et al. 2005).

There still remains an argument related to the
contribution of VDCCs to the facilitation. Although
the lack of change in the single-channel properties in
the presence of DHPG (Fig. 3) argues against any change
in the channel properties of VDCCs, it is still possible
that the current facilitation is mediated by increase in
the number of L-VDCCs. However, it is rather unlikely
based on the following three reasons. First, we did not
observe any increase in the number of channels in the
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patched membrane during single-channel recordings in
the presence of DHPG. Second, the rapid time course
of the facilitation induced by synaptic stimulation is
hard to explained by the change in surface expression of
the channels, which would have taken much more time
(Herlitze et al. 2003). Third, the requirement of Ins P;Rs for
the facilitation could not be explained by simple increase
in the number of L-VDCCs. Taken together, these results
support the idea that the primary target of DHPG is not
the VDCC itself, but the channels that are activated down-
stream of the VDCC.

We have shown that synaptic stimulation can be
substituted for DHPG in inducing the calcium-current
facilitation (Fig. 1D). Although the time course of the
synaptically induced facilitation is apparently faster than
that of the DHPG-induced facilitation, it is likely
attributed to fast reuptake of synaptically released
glutamate and slow penetration and washout of DHPG
in slice preparations. The decrease of the synaptically
induced facilitation in mGluR5 KO mice confirms its
dependency on mGluR5. However, the genetic ablation
of mGIuR5 blocked only half of this facilitation,
suggesting the existence of other factors required for
the synaptically induced facilitation. We propose three
possible mechanisms. First, mGluR1, the other subtype
of the group I mGluR, might also contribute to the
calcium current facilitation. However, this is quite unlikely
considering the complete disappearance of the facilitation

Figure 6. Facilitation of VDCC-dependent LTP by
mGIuR5 activation

A, left, depolarizing pulse (open arrow; Depol.
pulses)-induced LTP in the presence (filled circles;

n = 14) and the absence (open circles; n = 15) of
DHPG in WT mice. Right, averaged EPSC traces
recorded at the times indicated by a—d in the left panel.
B, left, depolarizing pulse-induced LTP in the presence
(filled triangle, n = 11) and the absence (open triangle,
n = 11) of DHPG in mGIuR5 KO mice. Right, averaged
EPSC traces recorded at the times indicated by e-h in
the left panel. Calibration: 50 pA, 20 ms.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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by the application of DHPG, which is an agonist
for both mGluR1 and mGlIuR5, in mGluR5 KO mice
(Fig. 1A). The predominant expression of mGluR5 over
mGluR1 in CA1 hippocampal pyramidal cells also makes
it unlikely that mGIuR1 contributes to the facilitation
(Shigemoto et al. 1993). Second, insufficient clamping
of the membrane potential of recorded neurons during
strong synaptic stimulation might have contributed to
the remaining facilitation. In spite of the pharmacological
blockade of the major receptors by the blocker cocktail
(Fig. 1D), we still observed remaining synaptic responses
at stronger stimulation intensities, whose source we did
not seek further. These remaining excitatory inputs might
have caused poorer space-clamping in distal dendrites
(Williams & Mitchell, 2008), resulting in regenerating
activation of L-VDCCs (Schiller et al. 1997). However,
considering biased distribution of L-VDCCs toward
the soma (Westenbroek et al. 1990), the contribution
of distal L-VDCCs should be relatively small. Third,
stronger synaptic stimulation might have released other
neurotransmitters and/or neuromodulators including
noradrenaline, serotonin and dopamine, which may have
contributed to the facilitation. Indeed, there are reports
on the modulation of VDCCs by g-adrenergic (Gray
& Johnston, 1987) and 5-HT (Nakamura et al. 2000)
receptors. Further studies will be required to test whether
these neuromodulators contribute to the synaptically
induced facilitation of calcium currents.

Some of our results are inconsistent with the two pre-
vious studies that argue that the mGluR facilitates calcium
signalling through direct modulation of L-VDCCs. First,
Topolnik et al. (2009) studied the effect of DHPG on
action potential-evoked calcium signalling using calcium
imaging in hippocampal interneurons, and suggested
PKC-dependent long-term facilitation of calcium influx
through L-VDCCs, which is incompatible with the
PKC-independent transient facilitation in our study.
Second, Chavis et al. (1996) studied the effect of t-ACPD
on L-VDCC currents in cerebellar granule cells. In
contrast to our results, they observed the facilitation of
barium currents through L-VDCCs even in the absence
of extracellular calcium, which was mediated by increase
in single-channel open probability of L-VDCCs. These
discrepancies might be attributable to the difference in cell
types, but the greatest difference between these previous
studies and ours is the concentration of mGluR agonists
(100 uM DHPG in Topolnik ef al., 400 uM t-ACPD in
Chavis ef al. and 5um DHPG in our study). In our
preliminary experiments, calcium spikes were frequently
observed in recorded neurons even in the presence of
10 uM DHPG, precluding precise measurement of calcium
currents. Furthermore, considering the strong synaptic
stimulation required to obtain a similar facilitation ratio
to that at 5 um DHPG (Fig. 1D: 120-150% facilitation),
the use of 20-fold higher concentrations of DHPG
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might have over-activated mGluRs than in physiological
conditions and/or produced side effects such as activation
of other receptors than mGluRs. Therefore, we believe
that the modulation of calcium currents by physiological
activation of mGluR5 is mediated by CICR, but not by the
modification of the L-VDCC itself.

Functional coupling between mGIuRS5, InsP;Rs and
L-VDCCs

The most straightforward explanation for the
InsP;R-activation mechanism is the synergistic action of
InsP; and calcium (Bezprozvanny ef al. 1991; Finch et al.
1991). It has been reported that either InsP; or calcium
alone activates InsPsRs only partially, and full activation
of InsP;Rs requires both of them. The activation of
mGluRS5 is known to result in InsP; production through
the Gq/11-PLCB pathway. Furthermore, the degradation
of elevated InsP; after mGluR activation is supposed
to occur within 1s (Nakamura et al. 1999), which is
consistent with the short duration of the facilitation
(shorter than 10 s) observed in our study (Fig. 1D). These
reports support the idea that calcium and InsP; derived
from L-VDCC and mGluR5 activation, respectively,
work synergistically on InsP;Rs to trigger large CICR.
The disappearance of the calcium-current facilitation in
the presence of the L-VDCC blocker (Fig.5C) suggests
a specific coupling between mGluR5, InsP;Rs and
L-VDCCs, and the coimmunoprecipitation of mGIuR5
with L-VDCC and Homer directly confirmed physical
interaction between these proteins (Fig. 5D). In neurons,
Homer/Vesl-family scaffold proteins form a large protein
complex by bridging many proteins, including mGIuR5,
InsP;Rs and TRPC channels (Brakeman et al. 1997; Kato
et al. 1998; Tu et al. 1998; Yuan et al. 2003). Our results
suggest the existence of an even larger protein complex
containing L-VDCCs as a member. We propose that this
protein complex enables fine control of calcium dynamics
through the close coupling between L-VDCCs, mGIuRS5,
CICR machinery and CICR-coupled ion channels
(Fig. 7).

Another novel finding in our study is the requirement of
coincident activation of mGluR5 and L-VDCCs not only
for the induction of CICR but also for the generation
of the large inward current, and the latter is, to our
knowledge, the first demonstration in the literature of
this research field. There is a report on the group
I mGluR-dependent activation of presumptive TRPC
channels (Gee et al. 2003). In contrast to our results,
this report demonstrates a tonic inward current through
TRPC channels during DHPG application without evoked
depolarization of the recorded cells, even though the
inward current is also dependent on Ca** influx through
VDCCs. There are also differences in the results at the



mGiluR5

n(

H. K. Kato and others

Ca2+

sP3R

molecular level between the report and our study. In the
previous study, mGluR1 is also associated with the inward
current in addition to mGluR5, and TRPC channels
are activated even in the presence of GDPB-S. These
inconsistencies might be derived from the differences in
the intracellular Ca®* concentrations and/or molecular
compositions between cultured slices in the previous study
and acute slices in ours. In more physiological conditions,
where the basal intracellular Ca** concentration is kept
lower, we believe that coincident activation of mGluR5
and L-VDCCs would be an important factor for the
generation of the inward current. It is well known that
the coincidence detection of presynaptic and postsynaptic
activities realized by NMDARs is a critical molecular
mechanism for learning and memory (Lisman, 1989).
Cooperative generation of the large inward current by
simultaneous activation of mGluRs and L-VDCCs might
also work as an additional mechanism for the detection
of coincidence between presynaptic glutamate release and
postsynaptic depolarization. In future studies, it would be
interesting to test whether this inward current is confined
around the presynaptically active synapses using Ca’"
imaging.

Facilitation of VDCC-dependent LTP by mGIuR5
activation

Compared with the well-known role of group I mGluRs
in long-term synaptic depression (Oliet et al. 1997;
Watabe et al. 2002; Liischer & Huber, 2010), it has
been controversial whether they also contribute to
LTP induction (Kullmann et al. 1992; Bashir et al.
1993; Manzoni et al. 1994; Lu et al. 1997; Francesconi
et al. 2004). This controversy has been attributed to
either the poor specificity of mGluR antagonists or the
differences in LTP-inducing protocols, but the exact causes
have been still unclear. Here, we propose a previously
unknown mechanism by which group I mGluRs can
enhance LTP: upregulation of VDCC-CICR coupling.
Using subtype-specific mGluR KO mice, we have shown
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Figure 7. The model for the
mGIuR5-InsP3R-L-VDCC complex

mGIuR5, InsPsRs and L-VDCCs constitute a large
protein complex, which is tethered to the scaffold
protein Homer. This protein complex enables the
efficient functional coupling between each component.
Activation of mGIuR5 generates the second messenger
InsP3, which acts on InsP3Rs synergistically with calcium
entering through L-VDCCs, leading to the amplification
of calcium signalling.

that mGluR5 activation facilitates VDCC-dependent LTP.
Because this form of LTP is independent of NMDARs
(Kato et al. 2009), it is unlikely that the metaplastic
modulation through NMDAR upregulation (Aniksztejn
et al. 1992) is associated with this LTP facilitation. Rather,
it is reasonable to assume that mGluRS5 increases calcium
currents, resulting in the LTP facilitation, although we
cannot exclude other mechanisms including additional
change in intracellular signalling pathways (Miura et al.
2002; Bortolotto et al. 2005). Considering the involvement
of L-VDCCs in both synaptic plasticity (Grover & Teyler,
1990; Aniksztejn & Ben-Ari, 1991; Kato et al. 2009) and
spatial memory (Borroni et al. 2000; Moosmang et al.
2005), mGluR5 may contribute to memory formation
through this novel mechanism.
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