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Abstract

A major subtype of glutamate receptors, AMPA receptors (AMPARS), are generally thought to
mediate excitation at mammalian central synapses via the ionotropic action of ligand-gated
channel opening. It has recently emerged, however, that synaptic activation of AMPARS by
glutamate released from the climbing fibre input elicits not only postsynaptic excitation but also
presynaptic inhibition of GABAergic transmission onto Purkinje cells in the cerebellar cortex.
Although presynaptic inhibition is critical for information processing at central synapses, the
molecular mechanisms by which AMPARS take part in such actions are not known. This study
therefore aimed at further examining the properties of AMPAR-mediated presynaptic inhibition at
GABAergic synapses in the rat cerebellum. Our data provide evidence that the climbing fibre-
induced inhibition of GABA release from interneurons depends on AMPAR-mediated activation
of GTP-binding proteins coupled with down-regulation of presynaptic voltage-dependent Ca2*
channels. A Gjjo-protein inhibitor, N-ethylmaleimide, selectively abolished the AMPAR-mediated
presynaptic inhibition at cerebellar GABAergic synapses but did not affect AMPAR-mediated
excitatory actions on Purkinje cells. Furthermore, both G;,o-coupled receptor agonists, baclofen
and DCG-1V, and the P/Q-type calcium channel blocker w-agatoxin IVA markedly occluded the
AMPAR-mediated inhibition of GABAergic transmission. Conversely, AMPAR activation
inhibited action potential-triggered Ca2* influx into individual axonal boutons of cerebellar
GABAEergic interneurons. By suppressing the inhibitory inputs to Purkinje cells, the AMPAR-
mediated presynaptic inhibition could thus provide a feed-forward mechanism for the information
flow from the cerebellar cortex.
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Introduction

Glutamate is a major excitatory neurotransmitter in the mammalian CNS acting through
activation of ionotropic (ion-permeable) glutamate receptors (GluRs). GluRs are generally
classified into the three subtypes: AMPA (a-amino-3-hydroxy-5-methylisoxasole-4-
propionic acid)-, NMDA (N-methyl-o-aspartate)- and KA (kainic acid)-type GluRs (for
reviews, see Ozawa et al., 1998; Dingledine et al., 1999). The main function of ionotropic
GluRs is therefore to mediate postsynaptic excitation leading to rapid point-to-point
signalling at central synapses. It has emerged, however, that all subtypes of ionotropic
GluRs couldexert presynaptic inhibition of neurotransmitter release at many central
synapses, consequently modulating synaptic strength. Activation of presynaptic KA-type
GluRs in the hippocampus inhibits the release of GABA (ry-aminobutyric acid) from
interneurons (Chittajallu et a/, 1996; Rodriguez-Moreno et al., 1997; Kullmann, 2001). In
the cerebellum, activation of presynaptic NMDA receptors in interneurons has been
associated with changes in action potential-independent GABA release (Glitsch & Marty,
1999). We have recently found that activation of AMPA-type GIuRs (AMPARsS) by
glutamate released from the climbing fibre (CF) input to the cerebellar cortex elicits not only
postsynaptic excitation in Purkinje cells (PCs) but also presynaptic inhibition of GABAergic
transmission from cerebellar interneurons, basket cells (BCs), that converge on PCs (Satake
et al., 2000). We therefore proposed that the AMPAR-mediated dual action of direct
excitation at CF—PC synapses and inhibition at BC—PC synapses serves as a feed-forward
mechanism boosting the activity of PCs, the sole output from the cerebellar cortex.

While the excitatory actions of postsynaptic AMPARS have been extensively studied, little
is known about mechanisms that underlie their presynaptic inhibitory actions. Determining
the receptor mechanism is crucial for understanding the physiological implications of this
unique action of AMPARSs in the chemical signalling at central synapses. In the present
study, we therefore aimed at examining how the activation of AMPARsS leads to presynaptic
inhibition of GABAergic transmission at BC-PC synapses in the rat cerebellum. We find
that, in addition to mediating direct postsynaptic excitation in PCs, the CF transmitter
induces presynaptic inhibition of GABAergic transmission through activation of AMPARS
that depends on the Gj;, protein-mediated down-regulation of presynaptic voltage-gated
Ca?* channels, leading to inhibition of GABA release from cerebellar BCs. This study
therefore reveals the basic molecular mechanism by which glutamate acting on AMPARS
exerts direct excitation as well as disinhibition of PCs, enabling the accurate signal transfer
from the CF input.

Materials and methods

Recording of inhibitory postsynaptic currents (IPSCs) from PCs, and conditioning the CF

input

All experiments were carried out according with the institute guideline for animal
experiments. Sagittal slices (250-300 pm thick) were prepared from the cerebellum of
Wistar rats (12-18-day-old, anaesthetized with halothane) as previously described (Saitow et
al., 2000). After incubation with oxygenated saline at room temperature for at least 1 h, the
slices were transferred to a recording chamber mounted on the microscope stage and
continuously superfused with an artificial cerebrospinal fluid (ACSF) that contained(in mw):
NacCl, 138.6; KCl, 3.35; CaCls, 2.5; MgCl,, 1.0; NaHCO3, 21.0; NaH,POy, 0.6; and
glucose, 10.0 (bubbled with 95% O, and 5% CO, and kept at pH 7.4). Flow rate was 0.5—
1.0 mL/min, and all experiments were performed at room temperature. Membrane currents
of PCs held at —40 to —20 mV were recorded in the whole-cell mode using a voltage-clamp
amplifier (EPC-8, List Electronic). Patch-clamp electrodes (resistance 3—-6 MQ) were filled
with an internal solution that contained (in mw): caesium methanesulphonate, 150.0; KCl,
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5.0; K-EGTA, 0.1; Na-HEPES, 5.0; Mg-ATP, 3.0; and Na-GTP, 0.4 (pH adjusted to 7.4).
Cerebellar interneuron-mediated IPSCs were evoked by stimulation (30 V for 100 ps)
through glass electrodes filled with ACSF and placed in the molecular layer, 100-300 ptm
from the recorded cells. IPSCs thus recorded were completely abolished by bicuculline (10
), indicating that they were mediated by GABA receptors; therefore, they were referred
to as GABAA-IPSCs. Miniature IPSCs were recorded in an ACSF containing 0.5 pum
tetrodotoxin (TTX) and analysed based on the detection threshold as described previously
(Satake et al.,, 2000). Spontaneously occurring and miniature IPSCs (mIPSCs) were recorded
during a constant period of 5-20 s before and after drug treatments, and detected after visual
inspection of recorded traces to analyse their frequency and amplitude distributions. In some
experiments, the CF input was conditioned by repetitive stimulation (5-50 Hz for 0.8-1 s) to
examine CF-induced inhibition of GABAAIPSCs (Satake et al., 2000). To examine the
GABA receptor sensitivity in PCs, GABA (100 mw) was applied by iontophoresis from
microelectrodes placed in the vicinity of PCs.

Monitoring intracellular Ca2* at BC terminals

Slices were viewed through a water-immersion objective (60x, NA 0.9) of an upright
microscope with a confocal laser scan head attached (Olympus, Fluo view FVV300). BCs
were identified using differential interference contrast (DIC) microscopy and heldin whole-
cell mode. Recordings were made using the patch electrode filled with an internal solution
that contained (in mwm): potassium methanesulphonate, 150.0; MgCl,, 4.6; Na-HEPES, 10.0;
Mg-ATP, 3.0; and Na-GTP, 0.4; supplemented with 200 v of the Ca2* indicator Oregon
Green 488 BAPTA-1 (Molecular Probes). Approximately 20 min after loading with the
indicator, fluorescence (frame mode) as well as DIC images were inspected to identify BC
terminals located in the layer of PC soma. To monitor rapid Ca2* influx into the indicator-
filled terminals, the fluorescence time course was recorded in line-scan mode: the scan line
was positioned across the identified locations of BC-PC synaptic contacts, and fluorescence
signals were sampled at a rate of 2.5 ms per line in 1.5-s-long sweeps. BCs were held at —60
mV and stimulated by a train of three pulses (3 ms to 0 mV) to induce action potentials
(escape action currents) 150 ms after the imaging onset. The Ca2* transient amplitude was
expressed as the percentage fractional change in fluorescence A F/ where Fy is the baseline
fluorescence before action potential generation and AF= F— Fy is the incremental change in
fluorescence induced by action potentials following BC stimulation.

Drug application

Drugs were applied by superfusion unless otherwise stated. The sources of drugs were as
follows: (RS)-AMPA, a-methyl-4-carboxyphenylglycine (MCPG), a-cyclopropyl-4-
phosphonophenylglycine (CPPG), d-(-)-2-amino-5-phosphonopentanoic acid (o-AP5), 1-
aminoindan-1,5-dicarboxylic acid (AIDA), 2S,2'R,3"R-2-(2",3"-dicar-
boxycyclopropyl)glycine (DCG-1V), SCH50911, ZM241385, WIN55212-2 and AM251
(Tockris Cookson); GABA, KA, kynurenate, for skol in and ryanodine (Sigma);
cyclothiazide, H-7 and bisindolylmaleimide | (Research Biochemical International); BAPTA
and N-ethylmaleimide (Nacalai Tesque); TTX (Sankyo); w-agatoxin IVA (AgTX) and w-
conotoxin GVIA (CgTX; Peptide Institute Inc). GYKI53655 was kindly provided by Eli
Lilly and Company and CGP55845A by Novart is Pharma. GYKI153655, ZM241385,
WIN55212-2 and AM251 dissolved in dimethyl sulfoxide (DMSQ) were stored at =20 °C
and diluted before experiments, at concentrations of DMSO <0.1% (v/v).

Data analysis

The paired-pulse ratio of IPSC amplitudes was calculated from the amplitude ratio of the
second to the first IPSCs (interstimulus interval 80 ms) as previously described (Saitow et
al., 2000; Satake et al.,, 2000). All the plotted data and columns in graphs represent mean +
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SEM. The statistical significance of differences was examined by one-way analysis of
variance or Tukey—Kramer’s parametric multiple comparison test. Differences giving ~-
values <0.05 were judged significant.

Pharmacological profile of AMPAR-mediated disinhibition

Presynaptic

Presynaptic inhibition at hippocampal interneuron—pyramidal cell synapses has been
associated with the ionotropic action of KA-type GIluRs (Kullmann, 2001). Therefore, we
first attempted to determine the pharmacological profile of AMPAR-dependent inhibition of
GABAergic transmission at cerebellar BC-PC synapses and to compare it with the actions
of KA. Application of either of the non-NMDA-type GIuR agonists AMPA or KA, at
concentrations of 0.3-3 pm, markedly reduced the amplitude of GABA receptor-mediated
IPSCs (GABAA-IPSCs) in PCs (Fig. 1A and B) as reported previously (Satake et a/., 2000):
e.g. AMPA (0.5 pm) and KA (3 puw) inhibited IPSCs by 61 + 7% (7= 16) and 54 = 7% (n=
16), respectively, with no changes in the IPSC kinetics [the decay time constants in control,
AMPA and KA were 22 + 1.6 (n=20),24 £ 2.2 (n=10) and 22 + 1.6 ms (n = 10),
respectively]. Both AMPA- and KA-induced inhibition of GABa-IPSCs were completely
abolished by the nonselective antagonist of ionotropic GIuRs, kynurenate (3 mw; Fig. 1C),
whereas the nonselective metabotropic GIUR (mGIuR) antagonist MCPG (0.5 mw), the group
/111 mGluR-selective antagonist CPPG (0.5 mw), the group | mGIuR antagonist AIDA (0.3
mw) and the NMDA receptor antagonist o-AP5 (50 m) were all without significant effect
(Fig. 1C). Furthermore, the AMPA-induced inhibition of IPSCs was not affected by 20 pwm
forskolin (Fig. 2F), which could suppress the IPSC inhibition induced by the group I1/111
mGIuR agonist DCG-IV (Konishi & Mitoma, 1997). These observations rule out the
involvement of group I and 11/111 mGIuRs in the AMPA-induced IPSC inhibition.

We further determined subtypes of ionotropic non-NMDA GluRs involved in the GABAA-
IPSC inhibition using two pharmacological tools. First, the AMPAR-specific antagonist
GYKI53655 (Paternain et al., 1995) suppressed the AMPA-induced, but not KA-induced,
inhibition of IPSCs in the concentration range 1-10 pwm (Fig. 1D); the selectivity of
GYKI53655 was, however, concentration-dependent, with the 1Csq values of 1.0 and 21.4
v for AMPA and KA, respectively. Second, as we reported previously, cyclothiazide, an
inhibitor of AMPA receptor desensitization (Partin ef al., 1993; Wong & Mayer, 1993),
selectively enhanced the AMPA-induced inhibition without affecting the KA-induced
inhibition (Satake et a/,, 2000). Taken together, these results indicate that the AMPA-
induced inhibition of GABA release at BC—PC synapses is selectively mediated by
activation of AMPA-type GIuRs, which can be pharmacologically distinguished from the
KA receptor-mediated action.

locus of AMPAR-mediated disinhibition

We then asked whether the GluR-mediated disinhibition involves the presynaptic, rather
than postsynaptic, site of action. Both AMPA and KA, in the concentration range eliciting
the inhibition of GABAA-IPSCs, produced a slight inward current (Fig. 2A) accompanied by
a decrease in the input resistance, consequently resulting in a small reduction in the
postsynaptic GABA receptor sensitivity in PCs (Fig. 1E and F, open circles). However, the
extent of the AMPA-induced reduction in the IPSC amplitude was far greater than that of
the postsynaptic changes (Fig. 1F, closed circles), indicating that the postsynaptic actions of
AMPA cannot account for the observed GluR-mediated GABAA-IPSC inhibition. To test
this further, we analysed the effects of GIuR agonists on the paired-pulse ratio (PPR) of
stimulation-evoked IPSCs. This ratio was significantly increased by 0.5 pu AMPA (from
1.04 £ 0.04 to 1.57 + 0.16; n=16, < 0.01) or 3 pm KA (from 1.05 + 0.04 t0 1.35 £ 0.12; n
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=13, P<0.05; see also sample records in Fig. 1A and B). The GIuR agonists increased both
the frequency and the mean amplitude of spontaneous (action potential-driven) IPSCs in
PCs (Fig. 2A-C). Furthermore, neither AMPA nor KA altered the mean amplitude of TTX-
insensitive mIPSCs recorded from PCs, although both agonists increased the frequency of
mIPSCs (see Fig. 2D). The change is consistent with a previous report showing age-
dependent up-regulation of GABA release (an increase in the mIPSC frequency) following
activation of AMPARSs in cerebellar interneurons (Bureau & Mulle, 1998). These
observations suggest that a presynaptic mechanism for inhibiting GABA release (namely,
inhibition of evoked IPSCs) mainly contributes to the AMPA- and KA-induced inhibition of
GABAergic transmission at BC—PC synapses.

We next examined whether the presynaptic inhibitory action of AMPA can be explained by
the fatigue of the GABA release machinery resulting from the AMPAR-induced increase in
BC firing rates. To address this, we first compared the effect of AMPA application with that
of high-frequency stimulation of presynaptic inputs (which would mimic the increased firing
rate) on the PPR of evoked IPSCs. We found that electrical stimulation at 50 Hz for 2s in the
presence of the GABAg receptor antagonist CGP55845A (1 w) reduced the mean
amplitude of GABAA-IPSCs to an extent which exceeded the effect of 0.5 pu AMPA
application (decrease by 71 + 4 vs. 61 + 7%, n=19 and 16, respectively; see Figs 1A and
2E). The repetitive stimulation, however, produced only a slight change in the PPR (an
increase by 16 + 10%, from 0.88 £ 0.04 before to 1.00 £ 0.08 after the repetitive stimulation,
n=19; P> 0.1, Fig. 2E), whereas the AMPA application resulted in a substantial increase in
this parameter by 51 + 13%; different from the baseline PPR at £< 0.01 (see above) and
different from the effect of repetitive stimulation at < 0.05. This finding indicates that the
synaptic fatigue associated with the increased firing rate is unlikely to explain the observed
changes in the GABA release probability following application of AMPA. Furthermore,
when a brief pressure pulse (10 psi, 50 ms) of AMPA (2-5 ) was focally applied through
a patch pipette in the somatic vicinity of the recorded PC (the area of BC terminals),
spontaneous GABAA-IPSCs in PCs were transiently depressed (by 30 £ 6%, n=24, P<
0.001) for a period of up to 200 ms postpulse, which was followed by a slowly developing
facilitation lasting several seconds (consistent with the diffusive spreading of AMPA). This
depression could not be explained by the synaptic fatigue, suggesting instead a direct effect
of AMPAR activation on the GABA release machinery.

AMPAR action was independent of diffusible second messengers

Next, we sought to examine whether the GluR-mediated disinhibition is elicited by a direct
or indirect second messenger-mediated action of AMPA or KA: it has recently been reported
that the retrograde messengers released from postsynaptic neurons, in particular
endocannabinoids, suppress GABAergic inhibitory transmission via activation of
presynaptic CBL1 receptors at cerebellar and hippocampal synapses (Ohno-Shosaku et af.,
2001; Wilson & Nicoll, 2001; Yoshida et a/., 2002). Previously it has been shown that
buffering free Ca2* in the postsynaptic cell with 40 mw BAPTA abolishes this retrograde
signalling, whereas 10 mv BAPTA was almost ineffective (Glitsch et a/., 2000). Because we
previously tested the effect of 10 mw BAPTA on the GluR-mediated disinhibition (Satake et
al., 2000), we loaded cells with 40 mm BAPTA in the present study. This, however, failed to
alter the CF stimulation-induced inhibition of GABAa-IPSCs (Fig. 2F, see also Fig. 3D),
thus ruling out the involvement of postsynaptic Ca2*-dependent retrograde messengers. To
address the involvement of presynaptic cannabinoid receptors more directly, we incubated
slices with the CB1 antagonist AM251 (2 ) (Wilson & Nicoll, 2001); this treatment had
no effect on the CF- and AMPA-induced inhibition of IPSCs (Fig. 2F). This negative result
could not be explained simply by an incomplete action of the drug in slice preparations,
because AM251 virtually abolished the inhibitory action of WIN55212-2 (1 ), an

Eur J Neurosci. Author manuscript; available in PMC 2012 July 02.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Satake et al.

Page 6

exogenous CB1 agonist (Ohno-Shosaku et af., 2001; Wilson & Nicoll, 2001; Yoshida et al.,
2002), on GABAA-IPSCs (Fig. 2F).

Previously, it has been reported that KA receptor activation inhibits GABAergic
transmission between hippocampal CA1 interneurons and pyramidal neurons through an
indirect action of releasing GABA from interneurons that results in activation of presynaptic
GABAg auto-receptors (Frerking ef al., 1999). However, this possibility was unlikely to
contribute significantly to the phenomenon studied here because application of AMPA or
KA still inhibited stimulus-evoked GABAA-IPSCs recorded in PCs after treatments with
GABAGg receptor antagonists CGP55845A, 1w, (Davies et al., 1993; Yamada et al., 1999)
and SCH50911, 50 pw, (Frerking et al., 1999) (see Fig. 2F). Moreover, AMPA and KA
inhibited the IPSCs in the presence of an adenosinea,a receptor antagonist, ZM241385, 10
v, (Poucher et al., 1995) (Fig. 2F) and mGIuR antagonists including MCPG, CPPG and
AIDA (Fig. 1C). Therefore, these data strongly suggest that the GIuR agonists trigger a
direct receptor-mediated mechanism of presynaptic inhibition of GABAergic transmission at
BC-PC synapses rather than acting indirectly through a secondary diffusible modulator.

AMPAR-mediated disinhibition depended on G-protein-coupled signalling

We then examined the mechanisms by which GIuR activation inhibits GABA release from
cerebellar interneurons. Although it has been suggested that AMPA/KA-type GIuRs in
cortical and hippocampal neurons activate G-protein-dependent intracellular signalling
cascades (Wang et al., 1997; Rodriguez-Moreno & Lerma, 1998; Frerking et al., 2001;
Marin et al., 2001), the precise mechanisms are not fully understood (see Kullmann, 2001
for a review). We therefore attempted to investigate the signalling mechanism that underlies
the GIluR-dependent presynaptic inhibition at cerebellar inhibitory synapses. To address
whether the AMPA/KA receptor-mediated disinhibition at BC—-PC synapses also involves
G-protein activation, we first tested the effects of N-ethylmaleimide (NEM), a Gj, protein
blocker (Asano & Ogasawara, 1986). When cerebellar slices were treated with NEM (250
) for 5-10 min, the AMPA/KA-induced inhibition of GABA-IPSCs was markedly
suppressed (Fig. 3A), with no effect on the inward current responses produced in PCs by the
GIuR agonists (see Figs 2A and 3B; n=10, £> 0.5). The observation points to the
involvement of Gj, proteins in the GluR-mediated inhibition of IPSCs at BC-PC synapses.
This notion was further supported by the finding that the NEM treatment also abolished
GABAA-IPSC inhibition induced by the two authentic Gj/,-coupled receptor activators,
DCG-1V, an mGIluR2/3 agonist, and baclofen, a GABARg receptor agonist (Fig. 3A). While
the NEM treatment virtually abolished the actions of DCG-IV and baclofen on IPSCs, its
effect on the AMPA-induced disinhibition was incomplete. The remaining inhibitory action
of AMPA after the NEM treatment (* 20%) was probably due to the postsynaptic action on
GABA receptor sensitivity (see Fig. 1F). In contrast, NEM had no significant effects on
IPSC inhibition induced by the Gg-coupled mGIuR1/5 agonist (RS)-3,5-
dihydroxyphenylglycine (DHPG), confirming the specificity of NEM treatment on Gj/,-
dependent synaptic processes (H. Kubota, unpublished observations).

In addition to the inhibition of stimulation-evoked GABAA-IPSCs by AMPA or KA, the
GIuR agonists increased the frequency of spontaneous IPSCs recorded in PCs (see Fig. 2A
and B). However, not only the AMPA-induced facilitatory action but also the AMPA.-
evoked in ward currents were unaffected by the NEM treatment (Fig. 3B and C), although
NEM by itself increased the occurrence of synaptic responses: AMPA (0.5 pwv) increased the
frequency of spontaneous IPSCs, both in the control solution and after treatment of NEM,
by 576 £ 94 (n=14) and 135 + 18%, respectively (7= 8, see Figs 2C and 3B), and there
was no significant change in the AMPA (0.5 pv)-induced inward currents in PCs (the mean
amplitudes of 108 * 31 before and 109 + 36 pA after the NEM treatment, respectively; 7=
10, > 0.9). Thus, the exogenous GIUR agonists appear to elicit two distinct actions on
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GABAergic transmission at BC—PC synapses: (i) the NEM-sensitive G-protein-coupled
inhibition of GABA release and (ii) the NEM-insensitive (and therefore ionotropic)
excitation in cerebellar interneurons, resulting in the increase in spontaneous IPSCs in PCs.

Although manipulations with exogenous GIuR agonists indicated a link from AMPA/KA.-
type receptors to the G-protein-dependent signalling cascade, it was important to establish
whether a similar mechanism would be evoked by synaptic release of glutamate. Figure 3D
and E shows that the NEM treatment did suppress the CF stimulation-induced inhibition of
GABAA-IPSCs, with no significant effect on either stimulus-evoked IPSCs or CF-induced
excitatory postsynaptic currents (EPSCs) per se. These results suggest that both endogenous
and exogenous GIuR agonists act on GABA release by activating the G;/, protein-coupled
intracellular signalling pathway. This prompted us to test the hypothesis that the AMPA/
KA-type GluRs and typical G-protein-coupled receptors would share the same mechanisms
downstream receptor activation. This hypothesis was examined in the experiment illustrated
in Fig. 4. The Gjj,-coupled receptor agonist DCG-IV (0.1 pw) and baclofen (3 pm) not only
suppressed the GABAA-IPSC (see Figs 3A and 4A) but also resulted in almost complete
occlusion of the AMPA/KA- and CF stimulation-induced disinhibition (Fig. 4A-C). This
result provides independent evidence for the possible involvement of G-protein-dependent
pathway in the AMPA/KA receptor-mediated disinhibition.

AMPAR activation inhibited presynaptic Ca2* influx into individual BC terminals

We next sought to determine which signalling pathways are linked to the GIuR-mediated G-
protein activation. One potential candidate is the pathway that involves voltage-dependent
Ca?* channels (VDCCs), because neurotransmitter-activated G-proteins have been shown to
modulate the functional state of VDCCs (Zamponi & Snutch, 1998; Ikeda & Dunlap, 1999).
To address this, we examined whether Ca2* channel antagonists would affect the GIuR-
mediated inhibition of GABAergic transmission. The P/Q-type VDCC antagonist AgTX
(0.1 puw) effectively suppressed GABAA-IPSCs at BC-PC synapses (Fig. 5A), whereas the
N-type VDCC antagonist CgTX (1 puwm) showed only a slight blocking action (Fig. 5B) (see
also Forti et al., 2000; Stephens et al., 2001). The latter was not due to incomplete action of
CgTX, because this blocker depressed EPSCs evoked in PCs by activation of parallel fibres
(inhibition by 45 + 5%, n=7). with AgTX markedly abolished the AMPA-induced
Treatment inhibition of GABAA-IPSCs (Fig. 5A and D). In contrast, the inhibitory action of
AMPA remained almost unaltered after treatment with CgTX (Fig. 5B and D). This result
suggests that AMPAR-mediated G-protein signalling is negatively coupled to P/Q-type
VDCCs, thereby inhibiting GABA release from presynaptic terminals of BCs. This
hypothesis was further supported by the experiments in which we imaged action potential-
evoked Ca?* transients in individual axonal boutons of BCs (Fig. 6A and B; also Forti er al,,
2000): presynaptic Ca2* entry triggered in response to BC action potentials was significantly
reduced by application of 0.5 um AMPA (Fig. 6B and C). The time-course and spatial
localization of axonal Ca2* transients evoked by BC action potentials were similar to those
shown in the previous study by Forti et a/. (2000).

The AMPA-induced inhibition of IPSCs was not affected by the Ca2* store modulator
ryanodine (100 pw; Fig. 5C and D), the adenylyl cyclase activator forskolin (20 pwm) or the
cell-permeable protein kinase inhibitor H-7 (30 ) and bisindolylmaleimide I (1 ) (Fig.
2F; also Rodriguez-Moreno et al., 2000), ruling out the involvements of intracellular Ca2*
stores (Llano et al., 2000; Fill & Copello, 2002) and protein kinase-dependent cascades
(Rodriguez-Moreno & Lerma, 1998; Rodriguez-Moreno et af., 2000) in the GluR-mediated
disinhibition at BC—-PC synapses.

Eur J Neurosci. Author manuscript; available in PMC 2012 July 02.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Page 8

Discussion

The present results suggest that, in addition to acting on ionotropic GIluRs to produce the
postsynaptic excitation, the excitatory transmitter released by the CF elicits presynaptic
inhibition of GABAergic transmission via activation of AMPA-type GluRs that involves,
either directly or indirectly, G-protein-mediated metabotropic activity. Our data are
consistent with the previous biochemical evidence showing that the GIuR1 subunit of
AMPA receptors could interact with Gaj; and activate G; proteins, leading to inhibition of
the forskolin-stimulated activity of adenylyl cyclase in cortical neurons (Wang et al., 1997).
More recently, it has also been reported that KA-type GluRs exhibit metabotropic actions at
hippocampal inhibitory synapses where their activation depresses GABAergic transmission
through a G-protein-dependent phospholipase C—protein kinase C cascade (Rodriguez-
Moreno & Lerma, 1998). In the present study, however, the AMPA/KA-induced inhibition
of GABAA-IPSC at the BC-PC synapse was not affected by treatments with protein kinase
inhibitors H-7 and bisindolylmaleimide I, or the adenylyl cyclase activator forskolin (Fig.
2F). This is in parallel with the previous study showing that KA receptor activation at
hippocampal excitatory synapses inhibits glutamate release via a mechanism that depends on
G-proteins but does not require protein kinases (Frerking et al,, 2001). Thus, it appears that
GluR-activated G-proteins are coupled with distinct and multiple signalling cascades at
excitatory and inhibitory synapses.

GABAergic transmission has been shown to undergo modulation through the actions of
multiple neurotransmitters and modulators. Among them is the retrograde messenger
endocannabinoid, which diffuses from postsynaptic neurons acting on presynaptic terminals
to inhibit GABA release in the hippocampus (Ohno-Shosaku et a/., 2001; Wilson & Nicoll,
2001) and the cerebellar cortex (Diana et al., 2002; Yoshida et al., 2002). Moreover, GABA
released following KA receptor activation from hippocampal interneurons depresses
GABAergic transmission through an indirect action on presynaptic GABAg auto receptors
(Frerking et al., 1999). However, the AMPA/KA- and CF-stimulation induced IPSC
inhibition at cerebellar BC-PC synapses was unaffected by BAPTA infusion into the
postsynaptic neuron PCs or by pharmacological manipulations with the antagonists for CB1,
GABAg, adenosine receptors and mGIuRs (Figs 1C and 2F; Satake et al., 2000).
Furthermore, it has recently been reported that stimulation of Bergmann glia induces a long-
lasting depression of GABAergic transmission via activation of ionotropic GIuRs
(Brockhaus & Deitmer, 2002). The onset and time course of this glia-mediated modulation
of GABAergic synapses are clearly different from those of the CF- and AMPAR-mediated
inhibition of GABAA-IPSCs described here. Therefore, our findings suggest that the
activation of AMPARSs by synaptically released glutamate as well as exogenous GIuR
agonists directly inhibits GABA release at cerebellar inhibitory synapses without recruiting
secondary inhibitory modulators.

One alternative explanation for the observed IPSC depression is an increase in the ambient
level of GABA following the AMPA-induced enhancement of interneuron activity. The
latter could in principle inhibit the GABA release machinery by activating presynaptic
GABAg receptors (see, e.g., Frerking et al., 1999). However, this mechanism would imply a
positive correlation between the network activity of interneurons and the extent of IPSC
depression, which was not the case as indicated by our data from the test of high frequency
stimulation in presynaptic inputs (Fig. 2E). Furthermore, the AMPA-dependent increase in
ambient GABA could not explain the rapid transient depression of IPSCs following a local
application of AMPA.

As for the role of G-proteins in GluR-mediated presynaptic inhibition, it remains to be
determined precisely whether the inhibition of GABA release is a direct consequence of
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AMPAR-mediated G-protein activation or associated with another mechanism that is under
the tonic control of G-proteins and affected by AMPAR activation. The marked occlusion of
actions mediated by AMPARs and G-protein-coupled receptors, which we observed at BC—
PC synapses (Fig. 4), makes the latter possibility less likely. A candidate mechanism
underlying the GluR-mediated inhibition of GABA release at the BC-PC synapse is that the
By subunits of G-proteins (GB+y) dissociated by AMPA/KA receptor activation may inhibit
the activity of P/Q-type Ca%* channels in nerve terminals of cerebellar interneurons.
Modulation of presynaptic VDCCs by G-y may serve as a dominant mechanism of
presynaptic inhibition at various central synapses (Zamponi & Snutch, 1998; lkeda &
Dunlap, 1999).

Our data from the experiments using the subtype-specific toxins showed that: (i) the P/Q-
type Ca2* channel mainly contributes to stimulation-evoked GABA release from cerebellar
BC terminals (Forti ef a/., 2000; Stephens ef a/., 2001), and (ii) the AMPA/KA-induced
inhibition of GABA release was occluded by the P/Q-type-specific blocker AgTX (Fig. 5).
Therefore, the observation that AMPA inhibited the CaZ* transients elicited by action
potentials in GABAergic interneuron terminals (Fig. 6) strongly supports the notion that P/
Q-type Ca2* channels (which normally occur in axons rather than dendrites) serve as a target
of the GluR-mediated G-protein activation. It is also possible that AMPAR activation could
inhibit presynaptic Na* spikes and consequently suppress Ca2* influx into BC terminals. In
any case, the suppression by AMPAR activation of evoked Ca?* influx into presynaptic
axonal varicosities would explain the inhibition of GABA release observed in this study. To
further substantiate this hypothesis, it would be important to investigate whether GIuRs
occur in nerve terminals of cerebellar GABAergic interneurons and whether their inhibitory
actions are specific to their axonal, rather than dendritic, location.

What is the physiological significance of the CF- and AMPAR-mediated disinhibition in the
cerebellar function? The CF stimulation mimicked every aspect of the exogenous AMPA
application-induced disinhibitory action on GABAergic transmission at BC-PC synapses in
the cerebellar cortex (the present study and Satake et a/., 2000). Thus, we propose that
glutamate released from the CF input activates “ionotropic’ AMPARSs eliciting postsynaptic
excitation at CF—PC synapses and‘metabotropic’ AMPARs mediating presynaptic inhibition
at BC-PC inhibitory synapses, this consonant action ensuring the cerebellar output from the
PC. In hippocampal cell culture, AMPAR subunits GIuR1 and GIuR2 are expressed and
organized in functional receptors in axonal terminals of hippocampal neurons (Schenk et al.,
2003). Recent studies have also shown that functional AMPARs that occur in central
terminals of the dorsal root ganglion neurons could inhibit glutamate release from primary
afferent terminals in the rat spinal cord (Lee et al,, 2002; Lu et al., 2002). It is therefore
conceivable that the GIuR-mediated presynaptic inhibition depending on G-protein-coupled
VDCC regulation represents a mode of the gain control of neurotransmission which is
widely distributed to excitatory and inhibitory synapses in the mammalian CNS. This
possibility awaits further scrutiny.
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Fig. 1.

Pharmacological profile of the inhibitory effects of GIuR activation on GABAA-IPSCs at
cerebellar BC-PC synapses. (A,B) Inhibitory actions of AMPA and KA on stimulation-
evoked GABAA-IPSCs recorded from PCs. Upper traces represent superimposed successive
IPSCs evoked in a PC every 15 s by paired-pulse stimulation before (control) and after bath
application of AMPA (0.5 uw in A) and KA (3 v in B). Lower graphs represent average
time course and concentration-dependency of GIuR agonist-induced IPSC inhibition.
AMPA, 0.5 pm (O) and 0.3 puu (@) in A and KA, 3 pum (O) and 1 v (@) in B were applied
during the periods indicated by horizontal bars, and the amplitude of IPSCs was expressed
as a percentage of the control determined before agonist application (7= 5-16). (C)
Summary of the effects of GIuR antagonists on the AMPA- and KA-induced inhibition of
IPSCs. The effect of 5-min application of AMPA (0.5 pm) or KA(3 pm) on IPSCs was tested
in the control solution and after each drug (kynurenate, 3 mm; MCPG, 0.5 mw; CPPG, 0.5
mw; AIDA, 0.3 mw; and d-AP5, 50 pw) was applied for at least 15 min (7= 5-10). ***P<
0.001. (D) Dose-response curves for actions of GYKI53655 (applied for at least 15 min) on
the AMPA- and KA-induced IPSC inhibition. Each point on the corresponding dose of
GYKI53655 represents the extent of IPSC inhibition induced by the 5-min application of
AMPA (0.5 uwm, open circles) or KA (3 pwm, closed circles), as determined in separate
experiments. (E) Effects of AMPA on GABA-induced currents in a PC. GABA was
iontophoretically applied to the vicinity of the recorded PC via constant current pulses
(lower trace) before (control) and after AMPA (0.5 w) superfusion. Traces represent sample
recordings from data shown in F. (F) Comparison of the effects of AMPA on the GABAp
receptor sensitivity of PCs and stimulation-evoked GABAA-IPSCs. GABA currents were
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repeatedly induced by iontophoretic application of GABA (100 mw) at a constant interval,
and IPSCs were evoked as in A. AMPA (0.5 pw) was applied by superfusion during the
period indicated by a horizontal bar. The amplitudes of GABA currents (O) and stimulation-
evoked IPSCs (@) were expressed as a percentage of the control determined before AMPA
application (7= 10).
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Fig. 2.

The CF stimulation- and AMPA-induced disinhibition at BC—-PC synapses was independent
of indirect actions of releasing retrograde inhibitory messengers or modulators. (A) Small
inward currents (downward deflections) and an increase in the frequency of spontaneous
IPSCs (upward deflections) in a PC following application of AMPA (0.5 pw) and KA (3 pm).
(B) Successive traces of spontaneous IPSCs recorded from a PC in the control solution (left)
and after 0.5 um AMPA application (right). (C,D) Effects of AMPA on spontaneous IPSCs
(sIPSCs) and mIPSCs recorded in PCs. Changes in the frequency (hatched column) and the
mean amplitude (@) of sSIPSCs (C, n=14) and mIPSCs (D, n = 5) were determined before
and after bath application of AMPA (0.5 m). Recordings in D were made in the presence of
TTX (0.5 uwm). (E) Sample records of first IPSCs evoked by paired-pulse stimuli before
(control, left) and 500 ms after repetitive stimulation of presynaptic inputs at 50 Hz for 2 s
(fatigue, middle). After averaging five successive traces, the depressed first IPSC (black
trace) was scaled to the control IPSC (grey trace) and superimposed, showing no significant
change in the PPR after the repetitive stimulation (scaled, right). (F) Tests of possible
involvements of intracellular Ca2* increase and retrograde inhibitory messengers or
modulators in the CF- and AMPA-induced disinhibition. The extents of IPSC depression
induced by CF-conditioning stimulation (5 Hz for 1 s as in Fig. 3B), 1 pm WIN55212-2
(WIN, a CB1 agonist) and 0.5 um AMPA were determined in the control solution (open
columns) and after each treatment (closed columns). BAPTA (40 mw) infused into PCs from
the recording electrode was without effect on the CF-dependent disinhibition. AM251
treatment (2 pw, > 20 min) selectively suppressed the effect of the CB1 agonist without
significantly affecting the CF- and AMPA-induced disinhibition. The GABAg receptor
antagonists CGP55845A (1 pm) and SCH50911 (50 puv) and the adenosineaoa receptor
antagonist ZM241385 (10 ) caused no discernible effects on the GluR-agonist-induced
disinhibition (/7= 5-13). Treatments with forskolin (20 ), H-7 (30 pm) and
bisindolylmaleimide I (Bis; 1 m) were without effects on the AMPA-induced disinhibition
(n=5-19). ***P< 0.001.
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Possible involvement of G;,q proteins in the GIuR- and CF stimulation-induced inhibition of
cerebellar GABAergic transmission. (A) Effects of NEM, a Gj,, protein inhibitor, on
GABAA-IPSC depression induced by the GIuR agonist AMPA and KA, the Gj/, protein-
coupled receptor agonist DCG-1V and baclofen, and CF conditioning-stimulation. The
extents of IPSC depression during 5-min applications of AMPA (0.5 pu), KA (3 pw), DCG-
IV (0.5 pv) and baclofen (5 ) were determined in the control ACSF (open column) and
after treatment with 250 wm NEM (closed column) (n7= 5-8). The CF-dependent IPSC
depression was induced by conditioning stimulation of CF at 5-50 Hz for 0.8-1 s (7= 10).
***P<0.001, **P<0.01. (B) AMPA-induced inward current in a PC and enhancement of
SIPSCs after the treatment with NEM. AMPA (0.5 uw) produced inward currents in PCs:
mean amplitude, 108 + 31 before and 109 + 36 pA after the NEM treatment, respectively (n
=10, P>0.9). (C) sIPSCs recorded in a PC before (control) and during 0.5 pm AMPA
application after the treatment with NEM. Note that both the AMPA-induced inward current
and increase in sSIPSCs remained unaltered after the NEM treatment in B and C. (D,E)
Sample records of successive control IPSCs (left) and CF-conditioned (5-50 Hz for 0.8-1 s)
IPSCs (right) recorded in a PC in the control ACSF (upper traces) and after treatment with
250 wv NEM (lower traces). Each arrowhead indicates the peak of first IPSCs evoked by test
paired-pulse stimuli. In E, averaged control (black trace) and CF-conditioned GABAA-
IPSCs (red trace) were superimposed with an expanded trace scale. The NEM treatment
suppressed the CF-dependent disinhibition without significantly affecting IPSCs and CF-
induced EPSCs (downward responses).
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Fig. 4.

Occlusion of the GIuR- and CF stimulation-induced disinhibition by the mGluR2/3 agonist
DCG-1V and the GABAGR receptor agonist baclofen. (A) Successive traces of GABAA-
IPSCs evoked every 15 s in a PC were super-imposed in control solution (left), and in the
presence of DCG-1V (0.1 pw) (middle), and both DCG-IV (0.1 v) and AMPA (0.5 jum)
(right). (B) DCG-1V (0.1 pm) and AMPA (0.5 pum) were applied during the periods indicated
by horizontal bars, and the amplitude of IPSCs was expressed as a percentage of the control
determined before the DCG-1V application (n7= 7). (C) The inhibitory effects of AMPA (0.5
), KA (3 pv) and CF-conditioning stimulation (5-50 Hz for 0.8-1 s) on GABAA-IPSCs
were determined in control solution (open column), and in the presence of DCG-1V (0.1 pm)
(closed column) and baclofen (3 pwm) (stippled column) (n=5-11). ***£< 0.001, **P<
0.01.
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Fig. 5.

Involvement of inhibition of P/Q-type VDCCs in the AMPA/KA-induced inhibition at BC—
PC synapses. (A—C) Effects of VDCC antagonists and ryanodine on GABA-IPSCs and the
GIuR agonist-induced disinhibition. The amplitude of IPSCs evoked as in Fig. 1A was
expressed as percentage of the control determined before application of each drug. AgTX
(0.1 pm, A), CgTX (1 pum, B), ryanodine (100 v, C) and AMPA (0.5 um) were applied
during the periods indicated by horizontal bars. (D) Summary data for the effects of VDCC
antagonists and ryanodine on the IPSC inhibition induced by 5-min application of AMPA
(0.5 pw) and KA (3 pm)(n7=5-10). *P < 0.05.
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Fig. 6.
Inhibitory effect of AMPA on action potential-induced fast Ca2* influx in presynaptic BC
terminals. (A) A confocal fluorescence image of BC superimposed on a differential
inference contrast image. A single BC (in yellow) was visualized after loading with the Ca2*
indicator Oregon Green 488 BAPTA-1 (0.2 mw) via the patch electrode. Gray shade
separates the molecular layer from the PC layer; dotted profiles indicate three PC bodies and
an arrow shows one axonal varicosity adjacent to a PC body across which a scanning line
was positioned to monitor Ca2* transients. (B) Action potential-triggered Ca2* transients in
a single axonal bouton of the BC. Three depolarization pulses in a BC elicited action
potentials (escape action currents, upper panel), which evoked Ca?*-dependent fluorescence
transients at the imaged varicosity (original scans in middle panel, and scan profiles in lower
panel); indicative examples for control (left panels) and in the presence of 0.5 um AMPA
(right panels). (C) The average time course of changes in evoked-Ca?* transients (measured
as an incremental signal normalized by the baseline level, A F/Fy). AMPA (0.5 pm) was
applied during the period indicated by the horizontal bar. Average A F/F at the end of
AMPA application was 78 £ 10% of baseline A ~/Fy immediately before the initiation of
application (=8, < 0.05). Scale bar, 20 pum.
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