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for the Modulation of GABA Release by Presynaptic AMPARs
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Presynaptic ionotropic glutamate receptors (iGluRs) play important roles in the control of synaptogenesis and neurotransmitter release,
yet their regulation is poorly understood. In particular, the contribution of transmembrane auxiliary proteins, which profoundly shape
the trafficking and gating of somatodendritic iGluRs, is unknown. Here we examined the influence of transmembrane AMPAR regulatory
proteins (TARPs) on presynaptic AMPARs in cerebellar molecular layer interneurons (MLIs). 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), a partial agonist at TARP-associated AMPARs, enhanced spontaneous GABA release in wild-type mice but not in stargazer mice
that lack the prototypical TARP stargazin (�-2). These findings were replicated in mechanically dissociated Purkinje cells with functional
adherent synaptic boutons, demonstrating the presynaptic locus of modulation. In dissociated Purkinje cells from stargazer mice, AMPA
was able to enhance mIPSC frequency, but only in the presence of the positive allosteric modulator cyclothiazide. Thus, ordinarily,
presynaptic AMPARs are unable to enhance spontaneous release without �-2, which is required predominantly for its effects on channel
gating. Presynaptic AMPARs are known to reduce action potential-driven GABA release from MLIs. Although a G-protein-dependent
non-ionotropic mechanism has been suggested to underlie this inhibition, paradoxically we found that �-2, and thus AMPAR gating, was
required. Following glutamate spillover from climbing fibers or application of CNQX, evoked GABA release was reduced; in stargazer
mice such effects were markedly attenuated in acute slices and abolished in the dissociated Purkinje cell-nerve bouton preparation. We
suggest that �-2 association, by increasing charge transfer, allows presynaptic AMPARs to depolarize the bouton membrane sufficiently
to modulate both phasic and spontaneous release.
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Introduction
Presynaptic ionotropic glutamate receptors (iGluRs) modify neu-
rotransmitter release (Bureau and Mulle, 1998; Pinheiro and Mulle,
2008; Contractor et al., 2011), growth cone motility (Chang and De
Camilli, 2001; Tashiro et al., 2003; Wang et al., 2011), the distribu-
tion of synaptic vesicles (Schenk et al., 2005), and axonal excit-
ability (Semyanov and Kullmann, 2001; Sasaki et al., 2011).
Despite the recognized importance of these presynaptic receptors
in synapse formation and function, little is known about their
subcellular trafficking and regulation. Specifically, at the nerve

terminal the role of various transmembrane auxiliary subunits,
which have been shown to influence profoundly the behavior of
iGluRs in the somatodendritic compartment, remains unclear.

Multiple iGluR auxiliary subunits have been identified. These
include, for kainate and NMDA receptors, NETO1 and NETO2
(Ng et al., 2009; Zhang et al., 2009), and for AMPARs, transmem-
brane AMPAR regulatory proteins (TARPs; Chen et al., 2000;
Tomita et al., 2003), cornichons (Schwenk et al., 2009), CK-
AMP44 (von Engelhardt et al., 2010), and GSG1L (Schwenk et al.,
2012; Shanks et al., 2012). Of these, the best characterized are the
TARPs, which stably associate with homomeric or heteromeric
assemblies of the core pore-forming GluA1–GluA4 AMPAR sub-
units. Thus, six TARP isoforms, �-2 (stargazin), �-3, �-4, �-5,
�-7, and �-8, with distinct though partially overlapping patterns
of expression in the CNS (Fukaya et al., 2005), have been shown
to differentially modulate trafficking, synaptic targeting, gating,
and pharmacology of AMPARs (Jackson and Nicoll, 2011; Straub
and Tomita, 2012).

The regulation of somatodendritic AMPARs by TARPs can
vary according to both the subcellular location of the receptors and
their subunit composition. For example, in cerebellar molecular
layer interneurons (MLIs), �-2 normally associates with postsynap-
tic and extrasynaptic AMPARs. In its absence, GluA2-lacking
calcium-permeable AMPARs (CP-AMPARs) but not GluA2-
containing calcium-impermeable AMPARs (CI-AMPARs) func-
tion at the synapse without a TARP. By contrast, extrasynaptic
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AMPARs remain functional through association with the other
TARP expressed by MLIs, �-7 (Bats et al., 2012). In cerebellar
granule cells, which also contain both �-2 and �-7, the latter
selectively inhibits CI-AMPARs from reaching the synapse and
promotes the synaptic delivery of CP-AMPARs (Studniarczyk et
al., 2013). Given this divergence in regulation among somatoden-
dritic AMPARs, it seemed possible that presynaptic AMPARs
might exhibit yet greater differences in regulation.

To determine whether TARPs regulate presynaptic AMPARs, we
used electrophysiological measures to examine AMPAR-mediated
modulation of GABA release from cerebellar MLIs (Bureau and
Mulle, 1998; Satake et al., 2000). At these axonal varicosities
AMPARs enhance spontaneous release by increasing voltage-gated
calcium channel (VGCC) openings (Bureau and Mulle, 1998; Rossi
et al., 2008) yet inhibit evoked release, potentially through a
G-protein-based mechanism (Satake et al., 2000, 2004; Rusakov et
al., 2005). We found that, regardless of the presynaptic AMPAR
subtype, TARP �-2 was required for AMPAR-mediated enhance-
ment of spontaneous release and reduction of action potential-
evoked release. This dependence appeared to result not from an
influence of �-2 on AMPAR trafficking, but from the increased
channel gating conferred by �-2 association.

Materials and Methods
Animals and slice preparation. Stargazer (stg/stg) mice were bred from
�/stg mice (C57BL/6 background) and identified according to pheno-
type (smaller size, head tossing, unsteady gait). In each case, identifica-
tion was confirmed by genotyping of tail samples (Letts et al., 1998). The
primers used were as follows: ETn-OR, 5�-GCCTTGATCAGAGTAACT-
GTC-3�; 109F, 5�-CATTTCCTGTCTCATCCTTTG-3�; JS167, 5�-GAG-
CAAGCAGGTTTCAGGC-3�; and E/Ht7, 5�-ACTGTCACTCTATCTG
GAATC-3�. Age-matched C57BL/6 wild-type mice were used as controls.
All procedures for the care and treatment of mice were in accordance
with the Animals (Scientific Procedures) Act 1986. Sagittal slices (250
�m thick) were cut from the cerebellar vermis of postnatal day (P) 10 –
P14 or P20 –P24 mice of either sex, using a vibrating microslicer (650 V;
HM, Micron International). Mice were decapitated, and the brains re-
moved and placed into ice-cold slicing solution, which contained the
following (in mM): 85 NaCl, 2.5 KCl, 0.5 CaCl2, 4 MgCl2, 1.25 NaH2PO4,
25 NaHCO3, 25 glucose, and 64 sucrose, pH 7.4 when bubbled with 95%
O2 and 5% CO2. Slices were transferred to a chamber containing the
following extracellular solution (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1
MgCl2, 25 NaHCO3, 1.25 NaH2PO4 and 25 glucose (bubbled with 95%
O2 and 5% CO2). Slices were then incubated at 34°C for 1 h before
recording.

Mechanical dissociation of Purkinje cells. Purkinje cells were dissociated
from 400 �m sagittal cerebellar slices (prepared as above) using acute vibro-
dissociation in the absence of enzyme treatment (Vorobjev, 1991; Akaike
and Moorhouse, 2003; Duguid et al., 2007). Slices were placed in a 35 mm
culture dish (Nunc) on the stage of a BX51 WI upright microscope (Olym-
pus) and viewed with a 4� objective using oblique infrared illumination. A
fire-polished glass pipette was mounted in a holder connected to a speaker
cone and placed over the Purkinje cell layer. Horizontal vibration was
achieved by driving the speaker with a 4 V, 6 ms square pulse delivered at 90
Hz (S48 stimulator, Natus Neurology). The glass pipette was first vibrated in
an elliptical pattern at the slice surface before being driven through the slice.
The dissociation was performed in a solution containing the following (in
mM): 145 NaCl, 2.5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES, pH 7.3
with NaOH. Dissociated cells were allowed to adhere to the bottom of the
dish for 10 min before recording.

Electrophysiology. During recording, slices or dissociated cells were
continuously perfused in oxygenated extracellular solution. In all ex-
periments, 20 �M D-2-amino-5-phosphonopentanoic acid (AP5) and
10 �M CGP55845 were added to block NMDA and GABAB receptors
respectively. Other drugs used were 20 �M 2-(3-carboxy-
propyl)-3-amino-6-(4 methoxyphenyl)pyridazinium bromide (SR
95531); 1 �M tetrodotoxin (TTX); 2, 20, or 40 �M 6-cyano-7-nitroqui-

noxaline-2,3-dione (CNQX); 20 �M 2,3-dihydroxy-6-nitro-7-sulfa-
moyl-benzo[f]quinoxaline-2,3-dione (NBQX); 2 �M AMPA; and 50 �M

cyclothiazide. One millimole philanthotoxin-74 was included in the pipette
solution in experiments where it was necessary to reduce the whole-cell
AMPAR-mediated current. All drugs were from Ascent or Sigma-Aldrich.

Whole-cell patch-clamp recordings were made from the soma of ei-
ther MLIs or Purkinje cells. Cells were visually identified (BX51 WI with
40� immersion objective, Olympus) using infrared oblique illumina-
tion. Recordings were obtained at room temperature (22–25°C) with a
Multiclamp 700B patch-clamp amplifier (Molecular Devices). Record-
ings were filtered at 3 kHz (eight-pole low-pass digital Bessel) and digi-
tized at 10 kHz using a Digidata 1440A interface and pClamp10 software
(Molecular Devices). For MLIs, patch pipettes were made from thick-
walled borosilicate glass (GC-150F; Clark Electromedical) and fire pol-
ished to a resistance of 5–10 M�. For Purkinje cells, patch pipettes were
made from thin-walled borosilicate glass (G150TF-3, Warner Instru-
ments) and fire polished to a resistance of 3.5– 6 M�. All patch pipettes
were coated with Sylgard resin (Dow Corning 184).

For most voltage-clamp recordings, the internal solution contained
the following (in mM): 128 CsCl, 10 HEPES, 10 EGTA, 10 TEACl, 2
MgATP, 1 CaCl2, and 2 NaCl, pH 7.4 with CsOH (final osmolarity, 285 �
5 mOsmol/L) and the holding potential was set at �70 mV. For Purkinje
cell recordings involving climbing fiber stimulation, the internal solution
contained the following (in mM): 150 K-gluconate, 10 HEPES, 1 EGTA, 4
MgATP, 0.1 CaCl2, 4.6 MgCl2, and 0.4 NaATP, pH 7.4 with KOH (final
osmolarity, 285 � 5 mOsmol/L). The cells were held at �30 mV. The
same internal solution was used for current-clamp recordings of MLIs.

Series resistance, input capacitance, and input resistance were moni-
tored at regular intervals by measuring the current transient elicited by a
10 mV hyperpolarizing voltage step. The series resistance remaining after
60 – 85% compensation was typically 5–20 M�; recordings were rejected
if the series resistance increased above 30 M� or altered by �30%. IPSCs
were evoked using a patch electrode (3–5 M�) filled with external solu-
tion and placed in the molecular layer. Stimuli consisted of paired pulses
(10 – 40 V; 20 �s duration) separated by 30 ms. In recordings from me-
chanically dissociated Purkinje cells, IPSCs were evoked by directly stim-
ulating adherent presynaptic boutons using a patch electrode (4 – 6 M�)
filled with external solution. Current pulses (50 –100 �A, 1.3 ms) were
applied with an iontophoretic amplifier (MVCS-C Iontophoresis system,
NPI Electronic).

Data analysis. Data were analyzed using Igor Pro 6.10 (Wavemetrics).
mIPSCs were detected using a scaled template algorithm (Clements
and Bekkers, 1997) within NeuroMatic 2.6 (http://www.neuromatic.
thinkrandom.com/). The template was based on rising and decaying
exponentials with time constants that were typically set at 1 and 3 ms,
respectively. The “phasic charge transfer” during each recording in TTX
was calculated using an automated procedure (written in Igor Pro). For
each epoch (typically 4 s), an all-point amplitude histogram was gener-
ated and fit with a single-sided Gaussian to the most-positive current
values, providing an estimate of the baseline current noise. The peak of
the histogram was taken as the baseline current value. The integral of
the section of histogram not fitted by the Gaussian represents the charge
carried by the phasic synaptic events. The total charge was divided by
the recording time to give a measure of phasic charge transfer per second.
Unlike measurement of mIPSC frequency, this approach involved no sub-
jective assignment of parameters for the template or subjective selection of
the synaptic events themselves. Although the measure includes mIPSCs and
mEPSCs, the much lower frequency and charge of the latter means that their
contribution was negligible. mIPSCs were segregated on the basis of their
amplitudes and rise times using Divisive Analysis Clustering in R 2.15.1
(R Foundation for Statistical Computing; http://www.r-project.org/) and
RStudio 0.96.331 (RStudio).

For evoked IPSCs, the paired-pulse ratio (PPR) was determined by
dividing the amplitude of the second IPSC by that of the first. Amplitudes
and PPR values were determined from individual sweeps before numer-
ical averaging. The coefficient of variation (CV) of the amplitude of the
first evoked IPSC was calculated as the SD/mean.

Statistics. All data are expressed as mean � SEM. The n number indi-
cates the number of cells. Differences between groups were examined
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using nonparametric statistical tests: two-sided Wilcoxon matched-pairs
tests (paired data) or Mann–Whitney U tests (nonpaired data). Normal-
ized changes were tested using a Wilcoxon signed-rank test. All analyses
involving data from �3 groups were performed using a Kruskal–Wallis
test, followed by pairwise comparisons using Mann–Whitney U tests
(with Holm’s sequential Bonferroni’s correction for multiple compari-
sons). Correlations were tested using Spearman’s rank-order correlation.
Statistical tests were performed using R and RStudio. In the text, all p
values are presented as equalities (two significant figures) unless
	0.0001. In the figures, asterisks denote p values from either Wilcoxon
matched-pairs test or Wilcoxon signed-rank test as follows: *p 	 0.05,
**p 	 0.01, ***p 	 0.001. Hashes denote p values from Mann–Whitney U
tests; #p 	 0.05, ##p 	 0.01, ###p 	 0.001.

Results
CNQX enhances spontaneous release at MLI–MLI synapses
In recordings from cerebellar MLIs, mIPSC frequency is known
to increase following the activation of presynaptic AMPARs on

connected MLIs (Bureau and Mulle, 1998; Liu, 2007; Rossi et al.,
2008), which are thought to depolarize the terminal, thereby ac-
tivating VGCCs (Bureau and Mulle, 1998). When pore-forming
AMPAR subunits are associated with TARPs �-2, �-3, �-4, or
�-8, CNQX acts as a partial agonist, whose effects are potentiated
by positive allosteric modulators, such as cyclothiazide (Menuz et
al., 2007; Bats et al., 2012). We reasoned that if presynaptic
AMPARs in MLIs were associated with �-2, then CNQX should
increase mIPSC frequency. We found that in acute slices from
P10 –P14 wild-type mice, 20 �M CNQX increased mIPSC fre-
quency from 0.54 � 0.15 to 2.66 � 0.73 Hz (n 
 11; p 
 0.00098,
Wilcoxon matched-pairs test; Fig. 1A,C,F). Correspondingly,
the phasic charge transfer per second (see Materials and Meth-
ods) was increased from 2.27 � 0.42 to 7.24 � 1.46 pC (p 

0.00098, Wilcoxon matched-pairs test; Fig. 1B). These changes
were fully reversible on washout of CNQX (Fig. 1A,B) and oc-

Figure 1. CNQX increases mIPSC frequency in wild-type P10 –P14 MLIs. A, B, Representative current records (A) and phasic charge transfer measurements (B) from a MLI in a slice from a P10
wild-type mouse (dashed lines indicate 0). C, Averaged cumulative probability histograms of mIPSC inter-event intervals. Lines and shaded regions represent the averages and SEMs, respectively
(n 
 11). D, E, Records from a P12 stg/stg MLI as described for A and B. F, Pooled data showing the effects of CNQX on mIPSC frequency. Box-and-whisker plots indicate the median (white line), the
25th–75th percentiles (gray box) and the 10th–90th percentiles (black whiskers); circles and crosses represent individual and mean values, respectively; ***p 	 0.001 (Wilcoxon signed-rank test
vs 1). Hashes denote results of Mann–Whitney U tests (###p 	 0.001) performed following Kruskal–Wallis tests that revealed differences among the groups in terms of normalized mIPSC frequency
(MLIs: �(3)

2 
 20.9, p 
 0.00011; NBQX group not illustrated). G, Representative plot of resting membrane potential from a P14 wild-type MLI calculated using an all-point histogram for each 4 s
division of the voltage record. CNQX produced a 6.3 mV depolarization that reversed upon washout. H, Pooled data from P10 –14 and P20 –23 wild-type animals. Box-and-whisker plots as described in F.
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curred without an alteration in mIPSC amplitude (198.8 � 26.0
and 175.0 � 20.2 pA; p 
 0.58, Wilcoxon matched-pairs test).
Unlike CNQX, the related quinoxaline derivative NBQX (20
�M), which does not act as an agonist on TARPed AMPARs
(Menuz et al., 2007), failed to increase mIPSC frequency or pha-
sic charge transfer (normalized values, 1.08 � 0.11 and 0.92 �
0.11, respectively; n 
 4; both p 
 0.63, Wilcoxon signed-rank
test). Consistent with the known developmental expression of
presynaptic AMPARs (Bureau and Mulle, 1998; Rossi et al.,
2008), CNQX had no effect on mIPSC frequency in slices from
P20 –P23 wild-type mice (Fig. 1F).

In MLIs from stg/stg mice that lack �-2, CNQX had no effect
on mIPSC frequency (normalized frequency, 0.96 � 0.10; n 
 7,
p 
 1.00, Wilcoxon signed-rank test; p 	 0.0001 compared with
the effect of CNQX in wild-type mice, Mann–Whitney U test) or
phasic charge transfer per second (normalized charge, 0.95 �
0.05; p 
 0.47, p 	 0.0001 compared with the effect of CNQX in
wild-type mice; Fig. 1D–F). This suggests that for a major popu-
lation of presynaptic AMPARs at MLI–MLI synapses, their ability
to enhance spontaneous GABA release requires the presence of
�-2. One alternative interpretation of the CNQX-induced in-
crease in mIPSC frequency is that the activation of somatoden-
dritic AMPARs caused depolarization that spread passively into
axonal compartments (Glitsch and Marty, 1999; Christie et al.,
2011). Indeed, in current-clamp recordings from MLIs, we found
that 20 �M CNQX produced an average depolarization of 4.9 �
0.1 mV (n 
 15; Fig. 1G,H). Importantly, we observed a compa-
rable CNQX-induced depolarization in MLIs from older mice
(P20 –P23; 4.8 � 0.4 mV, n 
 7; Fig. 1H), yet CNQX had no effect
on mIPSC frequency or phasic charge in these cells. This absence
of an obligate link between somatodendritic depolarization and
altered mIPSC frequency could be taken to support a presynaptic
locus of AMPARs in juvenile mice. However, as our data do not
address the possibility of an age-dependent change in the axonal
spread of depolarization, we examined the effect of CNQX on a
class of mIPSCs in MLIs that originate from the activation of
presynaptic GABAA autoreceptors (pre-mIPCS or preminis;
Trigo et al., 2010).

AMPAR-induced increase in pre-mIPSC frequency is absent
in stg/stg MLIs
By recording the frequency of pre-mIPSCs originating from ax-
onal GABAA autoreceptors, somatic voltage clamp ensured that
any changes in spontaneous release could not result from an
effect of somatodendritic AMPARs on membrane potential.
mIPSCs in MLIs exhibited a wide range of amplitudes (Fig. 2A–
C), with the smaller events having slower and more varied rise
times than the larger events (Fig. 2B,C). It is suggested that these
slow-rising currents reflect the activation of presynaptic
GABAARs (pre-mIPSCs; Trigo et al., 2010). In support of this
view, we found that the slow mIPSCs were absent from MLIs of
P20 –P23 wild-type mice (Fig. 2D), consistent with the devel-
opmental loss of presynaptic GABAARs after P15 (Trigo et al.,
2007). As shown in Figure 2 E, H, the frequency of these small,
slow-rising pre-mIPSCs was approximately tripled in the pres-
ence of 20 �M CNQX (from 0.05 � 0.01 to 0.17 � 0.06 Hz; n 

11, p 
 0.019; Wilcoxon matched-pairs test). This result sug-
gests that in the absence of somatic depolarization, AMPAR
activation can modify GABA release from MLIs, and that this
effect is most likely mediated by �-2-associated presynaptic
AMPARs.

Can presynaptic AMPARs, like somatodendritic AMPARs
(Bats et al., 2012), function when associated with �-7 or without

a TARP? While CNQX will activate only �-2-associated AMPARs
in MLIs, the full agonist AMPA would be expected to activate
AMPARs and enhance spontaneous GABA release, regardless of
TARP association. In wild-type MLIs, 2 �M AMPA increased the
frequency of pre-mIPSCs (from 0.03 � 0.01 to 0.65 � 0.14 Hz;
n 
 9, p 
 0.012; Fig. 2F,H), but had no effect in recordings from
stg/stg MLIs (0.05 � 0.01 to 0.08 � 0.05 Hz; n 
 11; p 
 0.58; p 

0.0044 vs wild-type MLIs, Mann–Whitney U test; Fig. 2G,H).
Thus, without �-2, presynaptic AMPARs are either not trafficked
to presynaptic sites or are unable to generate sufficient charge
transfer to depolarize the membrane and activate VGCCs.

While our mIPSC results suggest that �-2-associated presyn-
aptic AMPARs are found at MLI–MLI synapses, the AMPAR-
induced increase in pre-mIPSC frequency could reflect, in part,
the activation of presynaptic receptors at MLI–Purkinje cell syn-
apses. MLI boutons that contact other MLIs predominantly con-
tain GluA2-lacking CP-AMPARs, while MLI–Purkinje cell
boutons contain mostly GluA2-containing CI-AMPARs (Rossi et
al., 2008). Given that regulation of AMPARs by TARP isoforms
depends on their subunit composition (Bats et al., 2012; Stud-
niarczyk et al., 2013), we next examined whether AMPARs at
MLI–Purkinje cell boutons differed from those at MLI–MLI bou-
tons in their dependence on �-2.

CNQX enhances spontaneous GABA release on to Purkinje
cells in the presence of cyclothiazide
When recording from Purkinje cells in acute slices, CNQX did
not affect mIPSC frequency, even when the concentration was
doubled from 20 to 40 �M (4.1 � 0.9 vs 4.3 � 1.1 Hz; n 
 10, p 

0.43, Wilcoxon matched-pairs tests; Fig. 3E). However, when the
slices were preincubated with 50 �M cyclothiazide, 40 �M CNQX
increased both mIPSC frequency and phasic charge transfer per
second (from 5.4 � 0.9 to 13.7 � 3.0 Hz and from 8.9 � 1.9 to
21.6 � 6.2 pC; n 
 11, both p 
 0.00098; Fig. 3A,B,E). This lack
of effect of CNQX, in the absence of cyclothiazide, suggests a
target-dependent difference in CNQX efficacy, which could re-
flect differences in AMPAR subunit expression (Rusakov et al.,
2005; Rossi et al., 2008), AMPAR flip/flop splicing differences
(Menuz et al., 2007), or TARP differences (Bats et al., 2012). In all
subsequent recordings from Purkinje cells, 50 �M cyclothiazide
was present whenever CNQX was applied. Of note, 40 �M CNQX
(plus cyclothiazide) had no effect on mIPSC frequency in Pur-
kinje cells from P20 –P23 wild-type mice (Fig. 3E), nor in Pur-
kinje cells from P10 –P14 stg/stg mice (normalized frequency,
0.98 � 0.09; n 
 5, p 
 0.81, Wilcoxon signed-rank test; p 

0.00092 compared with the effect of CNQX in wild-type mice,
Mann–Whitney U test; Fig. 3C–E). However, as with the MLI
recordings, subthreshold depolarization following the activation
of somatodendritic AMPARs may have contributed to the in-
crease in mIPSC frequency. To circumvent this and limit our
study to AMPARs at MLI–Purkinje cell boutons, we next exam-
ined the effects of AMPAR activation in dissociated Purkinje cells
to which functional MLI presynaptic terminals remained at-
tached (Akaike and Moorhouse, 2003).

Presynaptic CI-AMPARs are unable to modulate GABA
release in the absence of �-2
Purkinje cells were mechanically dissociated from acute cerebel-
lar slices of P10 –P14 wild-type mice (see Materials and Meth-
ods). The cells, which were identified by their large soma and
characteristic remains of the apical dendrite (Fig. 4A), exhibited
spontaneous currents with kinetics similar to those recorded
from Purkinje cells in acute cerebellar slices (Fig. 4B,C). In the
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presence of TTX, all mechanically dissoci-
ated Purkinje cells displayed mIPSCs,
with a mean peak amplitude (at �70 mV)
of �262 � 28 pA and 37% decay time of
6.6 � 0.7 ms (n 
 16). Consistent with the
absence of the dendritic tree, the mIPSC
frequency (0.6 � 0.1 Hz) was less than
that seen in Purkinje cells in acute slices
(3.6 � 2.4 Hz, n 
 73). The application of
40 �M CNQX (plus 50 �M cyclothiazide)
increased the mIPSC frequency (normal-
ized frequency, 1.57 � 0.10; n 
 7, p 

0.016; Fig. 4G). In the absence of MLI so-
mata, dendrites, and most of the axons,
this CNQX-induced increase in mIPSC
frequency can result only from the activa-
tion of presynaptic AMPARs.

To address whether �-7-associated
AMPARs or TARPless AMPARs occur at
MLI–Purkinje cell boutons, we next ex-
amined the effects of the full agonist
AMPA on mIPSC frequency in dissoci-
ated Purkinje cells. In wild-type mice, ap-
plication of 2 �M AMPA increased mIPSC
frequency (normalized frequency, 2.50 �
0.39; n 
 9, p 
 0.004; Fig. 4D,E,G),
whereas in cells form stg/stg mice AMPA
had no effect (normalized frequency,
0.85 � 0.09; n 
 11, p 
 0.12, Wilcoxon
matched-pairs test; p 	 0.0001 compared
with wild type, Mann–Whitney U test;
Fig. 4F,G). This suggests that without �-2,
CI-AMPARs are either not trafficked to
the presynaptic terminal or, if present,
that they generate insufficient charge
transfer to increase the probability of
spontaneous release.

We reasoned that if AMPARs could
still reach the terminal in stg/stg MLIs, then
enhancing their activity might enable such
�-2-lacking receptors to generate sufficient
charge transfer to enhance spontaneous

Figure 2. CNQX and AMPA increase frequency of pre-mIPSCs. A, Individual representative mIPSCs recorded from a single P12
wild-type MLI show a mixture of large fast-rising events (black) and low-amplitude slow-rising events (gray). B, Averages of the
two classes of events recorded from the MLI in A reveals a clear difference in amplitudes. Inset, When normalized to their peak

4

amplitude, the slower rise of the smaller events is clear. C,
Combined amplitude histogram and rise-time distribution
plotted as a function of mIPSC amplitude from the same P11
MLI recording. The plot of 20 – 80% rise time versus peak am-
plitude shows that small events have slower rise times than
large events. Light gray symbols (in this and subsequent pan-
els) indicate pre-mIPSCs identified by cluster analysis (see Ma-
terials and Methods). D, An equivalent rise time-versus-
amplitude plot of mIPSCs from a P22 wild-type mouse shows a
relatively tight distribution of rise times. E–G, Plots of 20 –
80% rise time of individual mIPSCs as a function of peak
amplitude before and after application of 20 �M CNQX in
P10 –P14 wild-type MLIs (E), 2 �M AMPA in P10 –P14 wild-
type MLIs (F), and 2 �M AMPA in P10 –P14 stg/stg MLIs (G). H,
Pooled data show the frequency of slow-rising small-
amplitude mIPSCs is increased following treatment with CNQX
or AMPA in wild-type P10 –P14 MLIs. In contrast, AMPA treat-
ment had no effect in recordings from P10 –P14 stg/stg MLIs.
Box-and-whisker plots as in Figure 1. *p 	 0.05 (Wilcoxon
signed-rank test). #p 	 0.05 (Mann–Whitney U test).
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GABA release. Therefore, we next tested the effect of AMPA on
mIPSC frequency in mechanically dissociated Purkinje cells from
stg/stg mice in the presence of the positive allosteric modulator
cyclothiazide (50 �M). To limit the whole-cell current from
AMPARs in the Purkinje cell body, we reduced the driving force
by holding the Purkinje cell at �40 mV and included in the patch
pipette 1 mM philanthotoxin-74, an open-channel blocker of CI-

AMPARs (Jackson et al., 2011). In these conditions, AMPA pro-
duced a 1.57 � 0.13-fold increase in mIPSC frequency (n 
 6; p 

0.031; Wilcoxon signed-rank test; Fig. 4G), which was markedly dif-
ferent from the effect of AMPA alone (p 
 0.00064; Mann–Whitney
U test). This result suggests that in the absence of �-2, CI-AMPARs
are present presynaptically. Given that AMPARs are still trafficked to
presynaptic sites in stg/stg mice, the most parsimonious interpreta-
tion of this result is that the requirement for �-2 reflects its influence
on receptor gating.

Suppression of evoked GABA release by presynaptic AMPARs
is reduced in stg/stg mice
Contrary to their facilitation of spontaneous release, the activa-
tion of presynaptic AMPARs attenuates action potential-evoked
release. In cerebellar MLIs and at the calyx of Held, this has been
attributed to a G-protein-mediated mechanism (Satake et al.,
2004; Rusakov et al., 2005; Takago et al., 2005), potentially inde-
pendent of cation influx through the AMPAR pore (Wang et al.,
1997). Given that presynaptic AMPARs seem to require �-2 for
its influence on gating but not necessarily trafficking, we specu-
lated that AMPAR-mediated inhibition of action potential-
evoked release might not require �-2.

During repeated climbing fiber stimulation, glutamate
escapes uptake mechanisms to activate presynaptic AMPARs on
MLI axons (Satake et al., 2000, 2006; Rusakov et al., 2005). The
resulting suppression of release causes a reduction of the evoked
IPSC amplitude in Purkinje cells (Satake et al., 2000, 2006). We
examined whether TARP �-2 association is required for presyn-
aptic AMPAR effects on evoked release by comparing the effects
of AMPAR activation on GABA release from MLIs of wild-type
and stg/stg mice.

We made voltage-clamp recordings from Purkinje cells at a
holding potential of �30 mV, allowing us to distinguish EPSCs
(inward currents) from IPSCs (outward currents). Stimulation,
via an extracellular electrode placed in the granule cell layer close
to the recorded Purkinje cell (Fig. 5A), produced large, all-or-
nothing EPSCs that showed paired-pulse depression characteris-
tic of climbing fiber input (Fig. 5B). A second electrode placed in
the lower third of the molecular layer (Fig. 5A) was used to stim-
ulate the axons of MLIs (presumptive basket cells). The ampli-
tudes of five consecutive pairs of IPSCs (Fig. 5C, S2) were
measured before and after climbing fiber stimulation (40 stimuli
at 50 Hz; Fig. 5C, S1). In slices from wild-type mice we observed
a 42 � 5% reduction in the IPSC amplitude (from 1.00 � 0.13 to
0.54 � 0.07 nA, n 
 13; p 
 0.00024; Fig. 5C–E). In slices from
stg/stg mice this suppression of IPSC amplitude following climb-
ing fiber stimulation was much less (11 � 3%, p 
 0.031, n 
 6;
p 
 0.00088 vs wild type; Fig. 5F,G).

Climbing fiber stimulation led to an increase in paired-pulse
facilitation (Fig. 5H), a threefold increase in the CV of IPSC
amplitude (normalized CV, 3.20 � 0.85; n 
 13; p 
 0.00073)
and, across all recordings, the magnitude of the climbing fiber-
induced suppression of GABA release correlated with the change
in PPR (Fig. 5I). This suggests that the climbing fiber-induced
reduction in IPSC amplitude reflects a suppression of release by
presynaptic AMPARs. Of note, the decay of climbing fiber EPSCs
in Purkinje cells was faster in stg/stg than in wild-type mice (Fig.
5J). While this could reflect altered kinetics of postsynaptic
AMPARs at Purkinje cell synapses, a recent study found that the
selective deletion of �-2 from Purkinje cells led to a reduction in
the amplitude of the climbing fiber EPSC, with little apparent
change in kinetics (Kawata et al., 2014). The speeding of the EPSC
could therefore indicate an altered release of glutamate, or an

Figure 3. CNQX increases mIPSC frequency in Purkinje cells when in the presence of cyclothi-
azide. A, Representative current records from a P13 wild-type Purkinje cell showing the CNQX-
induced increase in mIPSC frequency. B, The corresponding record of phasic charge transfer,
calculated every 2 s (dashed lines denotes 0 pC). C, D, Representative current and phasic charge
records from a P12 stg/stg Purkinje cell, as described in A and B. E, Pooled data showing the
effect of 40 �M CNQX on mIPSC frequency normalized to control values in the absence and
presence of 50 �M cyclothiazide. Box-and-whisker plots as described in Figure 1. **p 	 0.01
(Wilcoxon signed-rank test versus zero). ### indicates p 	 0.001 (Mann–Whitney U test vs
CNQX in P10 –P14 Purkinje cells, following a Kruskal–Wallis test that revealed a significant
effect of group �(3)

2 
 23.7, p 	 0.0001).
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accelerated clearance (Barbour et al., 1994; Wadiche and Jahr,
2001), or both. Thus, the reduction in the suppression of IPSC
amplitude in stg/stg mice could result from a difference in the
glutamate waveform experienced by presynaptic AMPARs,
rather than the specific loss of presynaptic �-2. To obviate this
potentially confounding issue, we next examined whether MLI–
Purkinje cell IPSCs in stg/stg and wild-type mice were differen-
tially affected by exogenous AMPAR agonists.

CNQX activates presynaptic �-2-associated AMPARs to
inhibit evoked GABA release
For CNQX to sufficiently activate presynaptic AMPARs and en-
hance mIPSC frequency in Purkinje cells in acute slices, it was
necessary to add cyclothiazide (Fig. 3). However, when recording
from Purkinje cells in the absence of TTX, we found that 40 �M

CNQX (plus 50 �M cyclothiazide) increased the frequency of
IPSCs to such an extent that it was difficult to differentiate extra-
cellularly evoked IPSCs. We therefore reduced the concentration
of CNQX to 2 �M. This concentration (in the presence of 50 �M

cyclothiazide) produced a 46 � 6% reduction in the amplitude of
the first evoked IPSC (Fig. 6A,B,F), a 35 � 5% increase in the

PPR (Fig. 6C,F), and a 44 � 21% increase in the CV of IPSC
amplitude (all measures, n 
 6; p 
 0.031; Fig. 6F). In cells from
stg/stg mice, CNQX had no effect on these measures (n 
 6; p 

1.00, 0.31, and 0.69; Fig. 6D–F). These results are consistent with
the idea that the presynaptic AMPARs responsible for the atten-
uation of evoked GABA release at MLI–Purkinje cell synapses
require �-2 association. However, as MLI firing was increased by
CNQX (data not shown), it remained possible that the reduction
in the probability of release simply reflected this increase in firing
(Kondo and Marty, 1998). Thus, it was necessary to determine
whether a reduction in action potential-driven release could oc-
cur in the absence of changes in presynaptic firing. To achieve
this, we turned again to mechanically dissociated Purkinje cells
and examined the effects of AMPAR activation on evoked GABA
release.

CNQX reduces evoked release probability independent of
changes in MLI firing
To evoke currents from adherent boutons on mechanically dis-
sociated Purkinje cells, a patch pipette delivering a current pulse
was scanned across the cell surface. At specific locations that were

Figure 4. Activation of AMPARs in mechanically dissociated Purkinje cells. A, Image of an acutely dissociated cell, illustrating the large soma and truncated proximal dendritic tree. Scale bar, 20
�m. B, Representative current record from a Purkinje cell dissociated from a P12 wild-type mouse with typical mIPSCs. C, Average waveform from 48 mIPSCs recorded from the cell in B under control
conditions; shaded area denotes SEM. D, Voltage-clamp recording from a P11 mechanically dissociated Purkinje cell showing mIPSCs and the corresponding phasic charge measurements obtained
before and during application of 2 �M AMPA. E, Cumulative probability histogram shows a clear decrease in the inter-event interval in 2 �M AMPA (same cell as D; n 
 63 and 466 mIPSCs). F, mIPSCs
and corresponding phasic charge transfer from a dissociated Purkinje cell from a P14 stg/stg mouse, in the absence and presence of 2 �M AMPA. G, Pooled data show that both 2 �M AMPA and 40
�M CNQX [plus 50 �M cyclothiazide (CTZ)] increased mIPSC frequency in wild-type Purkinje cells (*p 	 0.05, **p 	 0.01; Wilcoxon signed-rank test vs 1). By comparison, AMPA failed to alter mIPSC
frequency in Purkinje cells dissociated from stg/stg mice, unless preincubated with 50 �M CTZ (*p 	 0.05; Wilcoxon signed-rank test vs 1). Hashes denote results of Mann–Whitney U tests (###p 	
0.001) performed following a Kruskal–Wallis test that revealed differences among the groups treated with AMPA in terms of normalized mIPSC frequency (�(2)

2 
 19.03, p 	 0.0001). Box-and-
whisker plots as described in Figure 1.
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spatially restricted, currents could be reli-
ably evoked. These required activation of
voltage-gated sodium channels and were
mediated by postsynaptic GABAARs, as
they could be completely blocked by ei-
ther TTX (1 �M) or SR-95531 (20 �M; Fig.
7A,B). In cells from wild-type mice, ap-
plication of 2 �M CNQX (plus 50 �M

cyclothiazide) produced a 30 � 4% re-
duction in the amplitude of the evoked
IPSCs, a 3.1 � 0.6-fold increase in the fail-
ure rate, and a 1.4 � 0.1-fold increase in
the CV of IPSC amplitude (all measures,
n 
 7; p 
 0.016; Fig. 7C). This result
demonstrates that AMPAR-mediated
suppression of evoked GABA release can
occur independently of changes in MLI
firing and confirms that, as with their ef-
fects on spontaneous release, AMPAR-
mediated inhibition of evoked GABA
release requires �-2 association.

Discussion
Our results establish that presynaptic
AMPARs require the association of TARP
�-2 to allow them to modulate GABA re-
lease. As our functional data suggest that
CI-AMPARs can reach axonal varicosities
in the absence of �-2, we propose that the
dependence on �-2 reflects its influence
on AMPAR gating. The resulting increase
in steady-state charge transfer allows depo-
larization of the bouton membrane suffi-
cient to enhance spontaneous release and
reduce action potential-evoked release.

Alternative explanations for the
observed modulation of release
probability
In addition to the activation of presynap-
tic AMPARs, there are several alternative
explanations for the effects we observed.
First, exogenous AMPAR agonists could
have activated somatodendritic AMPARs
in MLIs and influenced release probability
by causing subthreshold depolarization
(Christie et al., 2011) or by increasing fir-
ing (Kondo and Marty, 1998). We were
careful to rule out these possibilities by
examining pre-mIPSCs in MLIs or re-
cording from mechanically dissociated
Purkinje cells, both of which confined the
site of release probability modulation to
presynaptic terminals.

A second possibility is that exogenous
AMPAR agonists, or climbing fiber stim-
ulation, caused the release of a retrograde
messenger from the Purkinje cell that in-
creased the frequency of mIPSCs and/or
reduced the amplitude of evoked IPSCs.
Retrograde release of glutamate from Pur-
kinje cells can activate both presynaptic
NMDARs and metabotropic glutamate

Figure 5. Climbing fiber stimulation-induced inhibition of evoked IPSCs is attenuated in Purkinje cells from stg/stg mice. A, Image of a
sagittal cerebellar slice (P11) showing the position of pipettes used for climbing fiber and MLI stimulation (S1, granule cell layer; S2, inner
molecular layer). The recording electrode is on the soma of the Purkinje cell (PC). Scale bar, 20�m. B, Inset shows representative records of
climbing fiber-evoked EPSCs recorded in a Purkinje cell from a wild-type mouse (P10). Failures (gray) were seen with 40 V stimuli, while
successes (black) were seen with 44 V stimuli. The currents showed characteristic paired-pulse depression and the corresponding plot of
peak amplitude shows responses were all or nothing with increasing stimulus voltage. C, Representative currents from a Purkinje cell in a
slicefromaP11wild-type(Wt)mouseshowingIPSCsevokedbypaired-pulseMLIstimulation,before(S2,aandb;black)andafter(S2,aand
b; gray) climbing fiber stimulation (S1; 40 stimuli at 50 Hz). The protocol was repeated five times and responses overlaid; climbing fiber-
evoked EPSCs are shown as different shades of gray. D, Representative averaged IPSCs from recordings of the type shown in C (S2a pre-CF
and S2a post-CF), with consistent trace coloring for identification. E, Pooled data showing the climbing fiber (CF)-induced inhibition of IPSC
peak amplitude in wild-type Purkinje cells. Box-and-whisker plots as in Figure 1, ***p 	 0.001 (Wilcoxon signed-rank test vs 0). F,
Averaged IPSCs from a representative stg/stg Purkinje cell recording of the type shown in C (records as in D). G, Pooled data showing the
climbing fiber-induced inhibition of IPSC peak amplitude (calculated as 100-[S2a post-CF/S2a pre-CF]) in wild-type and stg/stg Purkinje
cells. Box-and-whisker plots are as described in Figure 1, ***p 	 0.001, *p 	 0.05 (Wilcoxon signed-rank test vs 0). ###p 	 0.001,
wild-type versus stg/stg (Mann–Whitney U test). H, Currents enlarged from C, showing that climbing fiber stimulation increased the
facilitation of successive IPSCs (on average normalized PPR was increased by 1.65 � 0.041-fold, p 
 0.00024; Wilcoxon signed-rank test
vs 1). I, Scatterplot showing the relationship between the climbing fiber-evoked change in PPR and the degree of IPSC inhibition (Spear-
mann’s rank-order correlation, rs, p
0.0003). J, Representative climbing fiber-evoked EPSCs from a P11 stg/stg mouse (gray) overlaid on
the wild-type (Wt) currents from B (black). Compared with climbing fiber-evoked EPSCs from wild-type (n 
 7), those from stg/stg (n 

4) exhibited faster 10 –90% rise times (0.58�0.04 vs 0.97�0.10 ms; p	0.01) and 37% decay times (2.65�0.34 vs 10.02�1.78 ms;
p	0.01), although EPSC amplitude was unchanged (1.68�0.48 vs 2.27�0.46 nA; p
0.53). The first EPSCs evoked by any pair or train
of stimuli were analyzed. p values are from Mann–Whitney U tests.
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(mGluR) 2/3 receptors (Glitsch et al., 1996; Duguid and Smart,
2004). As the NMDAR antagonist AP5 was always included in
our extracellular solutions, we can rule out any involvement of
NMDARs. Moreover, as presynaptic mGluRs act to suppress
spontaneous release from MLI boutons (Glitsch et al., 1996),
their activation cannot explain the increase in the frequency of
mIPSCs that we observed following application of AMPAR ago-
nists. In addition, the suppression of evoked IPSC amplitude,
following either climbing fiber stimulation or application of
AMPA or kainate, has been shown to be unaffected by the mGluR
antagonists �-methyl-4-carboxyphenylglycine (MCPG) and
�-cyclopropyl-4-phosphonophenylglycine (CPPG; Satake et al.,
2000, 2004). By contrast, the suppression of evoked IPSC ampli-

tude is strongly attenuated by application
of either the AMPAR antagonists GYKI
53655 (Satake et al., 2000) or SYM2206
(Satake et al., 2006) or by the nonselective
glutamate receptor blocker kyneurate (Sat-
ake et al., 2004).

Retrograde release of the endocan-
nabinoid 2-arachidonoylglycerol can also
occur at MLI–Purkinje cell synapses fol-
lowing either elevation of postsynaptic
calcium (Ohno-Shosaku et al., 2001; Wil-
son and Nicoll, 2001) or activation of
postsynaptic mGluR1 (Galante and Di-
ana, 2004). The resulting activation of
cannabinoid-1 receptors at MLI boutons
would depress GABA release (Galante and
Diana, 2004). Again, this is incompatible
with the increased frequency of mIPSCs
that we observed following AMPAR ago-
nist application. In addition, as Satake et
al. (2004) showed, the suppression of
evoked IPSC amplitude following treat-
ment with AMPA or kainate is not af-
fected by the cannabinoid-1 receptor
antagonist N-(piperidin-1-yl)-5-(4-iodo-
phenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carboxamide (AM 251).

Last, TARPs have a secondary struc-
ture that shares �25% identity with the
�-1 subunit of VGCCs found in skeletal
muscle (Letts et al., 1998). High-voltage-
activated N-type and P/Q-type VGCCs
are responsible for mediating action
potential-dependent release from MLIs
(Forti et al., 2000). Could the attenuated
effects of CNQX, AMPA, or climbing fi-
ber stimulation we observed in stg/stg
mice have resulted from the absence of an
interaction between �-2 and VGCCs?
Most studies that have examined either
P/Q-type channels in heterologous ex-
pression systems (Letts et al., 1998; Klug-
bauer et al., 2000; Rousset et al., 2001;
Moss et al., 2003) or a mixed P/Q-type,
N-type, L-type population in cerebellar
granule cells (Chen et al., 2000) have
found �-2 to have no effect on VGCC ac-
tivation kinetics, voltage dependence of
activation, or peak current amplitude.
Some, but not all, studies found �-2 asso-

ciation to negatively shift the voltage dependence for steady-state
inactivation (Letts et al., 1998; Klugbauer et al., 2000; Rousset et
al., 2001). Thus, fewer �-2-associated VGCCs would be available
for activation at rest. By contrast, the current mediated by a
mixed population of high-voltage-activated VGCCs in thalamic
relay neurons was increased in stg/stg compared with wild-type
mice (Zhang et al., 2002). In agreement, Kang et al. (2001) found
that the N-type VGCC current in Xenopus oocytes was reduced
by �-2. These inhibitory, or modestly potentiating, effects of �-2
on VGCCs suggest that the absence of this potential interaction is
unlikely to explain the attenuated or abolished effects on release
probability of AMPARs in stg/stg MLIs.

Figure 6. CNQX reduces evoked IPSC amplitude and release probability. All recordings were performed in the presence of 50 �M

cyclothiazide. A, Averaged evoked IPSCs from a representative P10 wild-type Purkinje cell. The records show only the first IPSC from
paired stimulation. Superimposed traces (left) were aligned to a common baseline (right) to illustrate the reduced IPSC amplitude
in 2 �M CNQX (gray) compared with control (black). Note, the relatively unsteady baseline in CNQX reflects the high frequency of
spontaneous IPSCs following CNQX application, resulting from increased MLI excitability. In addition, the shift in the baseline
current reflects the CNQX-mediated activation of TARP-associated somatodendritic AMPARs in the Purkinje cell. B, Representative
time course of the CNQX-induced reduction in evoked IPSC peak amplitude in a wild-type Purkinje cell (P10). Horizontal gray bars
indicate the time periods over which average IPSC amplitudes were calculated. C, Paired evoked IPSCs (from the same P10
wild-type recording in A) were scaled to the first IPSC and showed a pronounced increase in PPR in 2 �M CNQX (gray) compared
with control (black). D, E, Same as A and C for a representative P11 stg/stg Purkinje cell. F, Pooled data showing inhibition of IPSC
peak amplitude, enhancement of PPR, and increased CV of the first IPSC by 2 �M CNQX in wild-type Purkinje cells (black box). *p 	
0.05 (Wilcoxon signed-rank test vs 1). These effects were absent in stg/stg neurons. #p	0.05 wild type vs stg/stg (Mann–Whitney
U test). Box-and-whisker plots are as described in Figure 1.
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�-2 Enhances presynaptic AMPAR gating but is not essential
for AMPAR trafficking
Previous studies have shown that �-2 increases the single-channel
conductance of recombinant CP-AMPARs (homomeric GluA1,
GluA3, and GluA4) and CI-AMPARs (homomeric GluA2 and
heteromeric GluA2/4) by 50 – 80% (Soto et al., 2009; Jackson et
al., 2011; Coombs et al., 2012). A corresponding difference in
conductance has also been described for native AMPARs that
were inferred to be either TARPed or TARPless (Bats et al., 2012).
For recombinant receptors, �-2 also slows desensitization by 20 –
100% (Turetsky et al., 2005; Milstein et al., 2007; Suzuki et al.,
2008; Soto et al., 2009; Coombs et al., 2012) and increases gluta-
mate potency; the EC50 value of GluA1 homomers is reduced by
�3– 6-fold (Yamazaki et al., 2004; Priel et al., 2005; Tomita et al.,
2005; Kott et al., 2007). What might be the expected effect of �-2
on presynaptic AMPARs at MLI–Purkinje cell boutons? As these
receptors are of the CI subtype (Rusakov et al., 2005; Satake et al.,
2006), and given that MLIs are suggested to express all GluA
subunits (Rossi et al., 2008), they are likely to be heteromeric.
Data from heterologously expressed heteromeric AMPARs
(GluA2(R)/4(Q); Jackson et al., 2011), suggests that �-2 associa-
tion causes a fourfold increase in open probability at steady-state
(Po,ss) and increases the single-channel conductance ( g) from 6.0
to 10.8 pS. Accordingly, the current through a single AMPAR
(iAMPA 
 Po,ss � g) would be increased �7-fold by �-2.

Given the target-specific heterogeneity in the subunit compo-
sition of presynaptic AMPARs (Rossi et al., 2008), �-2 association
may confer greater enhancement of AMPAR effects on release
probability at MLI–MLI boutons than at MLI–Purkinje cell bou-
tons. For CP-AMPARs present at MLI–MLI boutons, �-2 would
be expected to attenuate (and speed recovery from) their voltage-
dependent block by endogenous intracellular polyamines (Soto
et al., 2007) and enhance relative calcium permeability (Kott et
al., 2007; Coombs et al., 2012). These additional effects may have
contributed to the apparent target-dependent difference in
CNQX efficacy, where the partial agonist was able to increase
mIPSC frequency in MLIs but did so only in Purkinje cells when
cylcothiazide was present.

Overall, �-2 would be expected to considerably enhance
charge transfer via presynaptic CI-AMPARs and CP-AMPARs,
and increase direct calcium entry via CP-AMPARs. Increased
charge transfer would produce a correspondingly larger terminal
depolarization and thus enhance the activation of VGCCs. Such
amplification could allow the enhancement of spontaneous re-
lease or the attenuation of evoked release by a relatively small

number of AMPARs, which may be important in the spatially
constrained environment of a presynaptic site. In addition, the
moderately increased glutamate potency might be expected to
broaden the spatial extent over which glutamate spillover influ-
ences GABA release, by increasing the number of MLI boutons
affected.

For postsynaptic AMPARs, TARPs are known to promote
their dendrite-selective sorting (Matsuda et al., 2008), cell-
surface delivery (Tomita et al., 2003), and synaptic accumulation
(Chen et al., 2000; Bats et al., 2007; Howard et al., 2010). Given
that GluA2-containing CI-AMPARs in MLIs are unable to accu-
mulate at postsynaptic sites in the absence of �-2 (Bats et al.,
2012), it was surprising that presynaptic CI-AMPARs appeared
to reach the MLI terminal without �-2. The absence of an abso-
lute dependence on TARPs for the trafficking of presynaptic
AMPARs is supported by data from hippocampal pyramidal neu-
rons and Purkinje cells. Here, it was found that following
AMPAR export from the Golgi apparatus, TARP interaction with
the �4 subunit of the clathrin-based adapter protein-4 was nec-
essary for the somatodendritic, but not axonal, targeting of AM-
PARs (Matsuda et al., 2008). It is possible that axonal targeting
could involve suppression of this interaction, potentially through
phosphorylation of serine or threonine residues in the TARP C
terminal (Matsuda et al., 2008).

Mechanisms underlying the differential effects of
presynaptic AMPARs
Presynaptic AMPARs at MLI terminals have opposing actions on
evoked and spontaneous GABA release onto Purkinje cells.
AMPARs have been proposed to reduce evoked release by inhib-
iting VGCCs through an unidentified G-protein pathway (Satake
et al., 2004). This was further argued for on the basis that presyn-
aptic AMPARs did not exert an ionotropic effect sufficient to
activate VGCCs to a degree that could be detected by calcium
imaging (Rusakov et al., 2005). This view is difficult to reconcile
with the presynaptic AMPAR-induced increase in mIPSC fre-
quency, which requires the activation of VGCCs (Bureau and
Mulle, 1998; Rossi et al., 2008; our own observations). In addi-
tion, our data suggest presynaptic AMPAR gating is required for
both the reduction of evoked release and the facilitation of spon-
taneous release.

One possibility is that presynaptic AMPARs produce modest
membrane depolarization, leading to only a small increase in
VGCC open probability and a nanomolar elevation of interter-
minal calcium concentration. Although such changes in calcium

Figure 7. CNQX effects on evoked release are preserved in Purkinje cells dissociated from P10 –P14 mice. All recordings were performed in the presence of 50 �M cyclothiazide. A, Stimulation of
a single adherent MLI bouton on an acutely dissociated P12 Purkinje cell evoked IPSCs that were blocked by 1 �M TTX (light gray trace). The amplitude of the average IPSC waveform decreased in
2 �M CNQX (dark gray trace). B, Sample time course of CNQX-induced reduction in evoked IPSC peak amplitude from a different dissociated Purkinje cell (P13). The amplitude recovered to original
values following removal of CNQX, and events were abolished completely by application of the GABAAR blocker SR 95531 (20 �M). Horizontal gray bars indicate the time periods from which IPSC
measurements were averaged. C, Pooled data showing inhibition of IPSC peak amplitude, increased CV of IPSC amplitude, and increased failure rate in the presence of CNQX. *p 	 0.05 (Wilcoxon
signed-rank test vs 1). Box-and-whisker plots as described in Figure 1.
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may be difficult to identify using calcium indicators, they have
been shown to influence release probability (Awatramani et al.,
2005). A suitable analogy is provided by asynchronous release,
which also involves relatively small increases in calcium above
rest and, at MLI terminals, can weaken subsequent action
potential-evoked transmission (Christie et al., 2011). Potential
mechanisms for depression of evoked transmission during
asynchronous-like release include the depletion of releasable ves-
icles or the inactivation of release sites (Fioravante and Regehr,
2011). However, for presynaptic AMPARs at MLI terminals, a
mechanism that exclusively involves these forms of depression
appears unlikely, given that puff application of AMPA was shown
to reduce action potential-elicited Ca 2� signals (Rusakov et al.,
2005). Alternatively, AMPAR-mediated inhibition of evoked release
could reflect inactivation of axonal voltage-gated sodium channels
(Graham and Redman, 1994; Zhang and Jackson, 1995; Hori and
Takahashi, 2009), decreased input resistance (Cattaert and El
Manira, 1999), or a reduced driving force for calcium entry.

Of note, depolarization mediated by presynaptic ligand-gated
channels does not necessarily lead to an inhibition of evoked
release. For example, glycine and GABAA receptors at the calyx of
Held also depolarize the membrane and increase VGCC activity,
yet they enhance evoked release (Turecek and Trussell, 2001,
2002). The depolarization and resulting increase in basal Ca 2�

concentration (Awatramani et al., 2005) is thought to be suffi-
cient to produce a Ca 2�-dependent facilitation of P/Q-type
VGCCs, but insufficient to trigger inactivation of sodium chan-
nels or other mechanisms that underlie depression (Hori and
Takahashi, 2009). Further investigation is required for a com-
plete understanding of the mechanisms underlying the differen-
tial actions of presynaptic AMPARs at MLI boutons.

References
Akaike N, Moorhouse AJ (2003) Techniques: applications of the nerve-

bouton preparation in neuropharmacology. Trends Pharmacol Sci 24:
44 – 47. CrossRef Medline

Awatramani GB, Price GD, Trussell LO (2005) Modulation of transmitter
release by presynaptic resting potential and background calcium levels.
Neuron 48:109 –121. CrossRef Medline

Barbour B, Keller BU, Llano I, Marty A (1994) Prolonged presence of glu-
tamate during excitatory synaptic transmission to cerebellar Purkinje
cells. Neuron 12:1331–1343. CrossRef Medline

Bats C, Groc L, Choquet D (2007) The interaction between stargazin and
PSD-95 regulates AMPA receptor surface trafficking. Neuron 53:719 –
734. CrossRef Medline

Bats C, Soto D, Studniarczyk D, Farrant M, Cull-Candy SG (2012) Channel prop-
erties reveal differential expression of TARPed and TARPless AMPARs in star-
gazer neurons. Nat Neurosci 15:853–861. CrossRef Medline

Bureau I, Mulle C (1998) Potentiation of GABAergic synaptic transmission
by AMPA receptors in mouse cerebellar stellate cells: changes during
development. J Physiol 509:817– 831. CrossRef Medline

Cattaert D, El Manira A (1999) Shunting versus inactivation: analysis of
presynaptic inhibitory mechanisms in primary afferents of the crayfish.
J Neurosci 19:6079 – 6089. Medline

Chang S, De Camilli P (2001) Glutamate regulates actin-based motility in
axonal filopodia. Nat Neurosci 4:787–793. CrossRef Medline

Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki Y, Wenthold RJ,
Bredt DS, Nicoll RA (2000) Stargazin regulates synaptic targeting of
AMPA receptors by two distinct mechanisms. Nature 408:936 –943.
CrossRef Medline

Christie JM, Chiu DN, Jahr CE (2011) Ca 2�-dependent enhancement of
release by subthreshold somatic depolarization. Nat Neurosci 14:62– 68.
CrossRef Medline

Clements JD, Bekkers JM (1997) Detection of spontaneous synaptic events
with an optimally scaled template. Biophys J 73:220 –229. CrossRef
Medline

Contractor A, Mulle C, Swanson GT (2011) Kainate receptors coming of

age: milestones of two decades of research. Trends Neurosci 34:154 –163.
CrossRef Medline

Coombs ID, Soto D, Zonouzi M, Renzi M, Shelley C, Farrant M, Cull-Candy
SG (2012) Cornichons modify channel properties of recombinant and
glial AMPA receptors. J Neurosci 32:9796 –9804. CrossRef Medline

Duguid IC, Smart TG (2004) Retrograde activation of presynaptic NMDA
receptors enhances GABA release at cerebellar interneuron-Purkinje cell
synapses. Nat Neurosci 7:525–533. CrossRef Medline

Duguid IC, Pankratov Y, Moss GW, Smart TG (2007) Somatodendritic re-
lease of glutamate regulates synaptic inhibition in cerebellar Purkinje cells
via autocrine mGluR1 activation. J Neurosci 27:12464 –12474. CrossRef
Medline

Fioravante D, Regehr WG (2011) Short-term forms of presynaptic plastic-
ity. Curr Opin Neurobiol 21:269 –274. CrossRef Medline

Forti L, Pouzat C, Llano I (2000) Action potential-evoked Ca 2� signals and
calcium channels in axons of developing rat cerebellar interneurones.
J Physiol 527:33– 48. CrossRef Medline

Fukaya M, Yamazaki M, Sakimura K, Watanabe M (2005) Spatial diversity
in gene expression for VDCC gamma subunit family in developing and
adult mouse brains. Neurosci Res 53:376 –383. CrossRef Medline

Galante M, Diana MA (2004) Group I metabotropic glutamate receptors
inhibit GABA release at interneuron-Purkinje cell synapses through en-
docannabinoid production. J Neurosci 24:4865– 4874. CrossRef Medline

Glitsch M, Marty A (1999) Presynaptic effects of NMDA in cerebellar Pur-
kinje cells and interneurons. J Neurosci 19:511–519. Medline

Glitsch M, Llano I, Marty A (1996) Glutamate as a candidate retrograde
messenger at interneurone-Purkinje cell synapses of rat cerebellum.
J Physiol 497:531–537. CrossRef Medline

Graham B, Redman S (1994) A simulation of action potentials in synaptic
boutons during presynaptic inhibition. J Neurophysiol 71:538 –549.
Medline

Hori T, Takahashi T (2009) Mechanisms underlying short-term modula-
tion of transmitter release by presynaptic depolarization. J Physiol 587:
2987–3000. CrossRef Medline

Howard MA, Elias GM, Elias LA, Swat W, Nicoll RA (2010) The role of
SAP97 in synaptic glutamate receptor dynamics. Proc Natl Acad Sci U S A
107:3805–3810. CrossRef Medline

Jackson AC, Nicoll RA (2011) The expanding social network of ionotropic
glutamate receptors: TARPs and other transmembrane auxiliary sub-
units. Neuron 70:178 –199. CrossRef Medline

Jackson AC, Milstein AD, Soto D, Farrant M, Cull-Candy SG, Nicoll RA
(2011) Probing TARP modulation of AMPA receptor conductance with
polyamine toxins. J Neurosci 31:7511–7520. CrossRef Medline

Kang MG, Chen CC, Felix R, Letts VA, Frankel WN, Mori Y, Campbell KP
(2001) Biochemical and biophysical evidence for �2 subunit association
with neuronal voltage-activated Ca 2� channels. J Biol Chem 276:32917–
32924. CrossRef Medline

Kawata S, Miyazaki T, Yamazaki M, Mikuni T, Yamasaki M, Hashimoto K,
Watanabe M, Sakimura K, Kano M (2014) Global scaling down of ex-
citatory postsynaptic responses in cerebellar Purkinje cells impairs devel-
opmental synapse elimination. Cell Rep 8:1119 –1129. CrossRef Medline

Klugbauer N, Dai S, Specht V, Lacinová L, Marais E, Bohn G, Hofmann F
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