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Enhancement of GABA Release through Endogenous
Activation of Axonal GABA , Receptors in Juvenile
Cerebellum

Federico F. Trigo, Mireille Chat, and Alain Marty

Laboratoire de Physiologie Cérébrale, Centre National de la Recherche Scientifique and Université Paris Descartes, 75006 Paris, France

Recent evidence indicates the presence of presynaptic GABA, receptors (GABA,Rs) in the axon domain of several classes of central
neurons, including cerebellar basket and stellate cells. Here, we investigate the possibility that these receptors could be activated in the
absence of electrical or chemical stimulation. We find that low concentrations of GABA increase the frequency of miniature GABAergic
synaptic currents. Submaximal concentrations of a GABAR blocker, gabazine, decrease both the miniature current frequency and
the probability of evoked GABA release. Zolpidem, an agonist of the benzodiazepine binding site, and NO-711 (1-[2-
[[(diphenylmethylene)imino]oxy]ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid hydrochloride), a blocker of GABA uptake, both
increase the frequency of miniature currents. These effects occur up to postnatal day 14, but not later. Immunohistochemistry indicates
the presence of a1-containing GABA ,Rs in interneuron presynaptic terminals with a similar age dependence. We conclude that, under
resting conditions, axonal GABA ,Rs are significantly activated, that this activation results in enhanced GABA release, and that it can be
augmented by increasing the affinity of GABA ,Rs or reducing GABA uptake. Our findings suggest the existence of a positive-feedback
mechanism involving presynaptic GABA,Rs that maintains a high release rate and a high local GABA concentration in the immature

cerebellar network.
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Introduction

Evidence accumulated in recent years indicates that, apart from
their conventional role in synaptic transmission, GABA, recep-
tors (GABA,Rs) of the mammalian brain are also engaged in
electrical signaling at extrasynaptic somatodendritic sites as well
as in the axonal domain (for review, see Farrant and Nusser, 2005;
Kullmann et al., 2005). Activation of presynaptic GABA,Rs or
glycine receptors has been shown to depolarize the axon mem-
brane [in pituitary terminals (Zhang and Jackson, 1993); in the
calyx of Held (Turecek and Trussell, 2001, 2002); in mossy fiber
terminals (Ruiz et al., 2003; Nakamura et al., 2007)] and to either
enhance (Turecek and Trussell, 2001, 2002; Xiao et al., 2007) or
decrease (Zhang and Jackson, 1993; Ruiz et al., 2003; Axmacher
and Draguhn, 2004) transmitter release and/or presynaptic cal-
cium transients. Depending on the preparation, it has been sug-
gested that the neurotransmitter molecules that activate these
receptors could arise from spillover from neighboring neurons
(Ruiz et al., 2003; Alle and Geiger, 2007), or from a background
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neurotransmitter concentration (Ruiz et al., 2003), or could
come from the very same axon that bears the receptors [which
would then act as autoreceptors (Pouzat and Marty, 1999)]. In
general, however, much remains to be learned about the activa-
tion conditions and physiological roles of these receptors.

A few recent studies have started to examine whether presyn-
aptic GABA ,Rs or glycine receptors are significantly active in an
unstimulated brain circuit, and if they are, what is the functional
role of this effect. Tonic activation of presynaptic glycine recep-
tors in the ventral tegmental area has been reported to enhance
GABA release until postnatal day 10 (P10), and to inhibit it at P22
or later (Ye et al., 2004). Tonic activation of presynaptic
GABA,Rs was found to inhibit presynaptic Ca*" transients in
hippocampal mossy fibers (Ruiz et al., 2003), whereas no tonic
effect was found in two more recent studies on the same system
(Alle and Geiger, 2007; Nakamura et al., 2007). However, in cases
in which the presynaptic receptors are sensitive to the same trans-
mitter as that released from the axon, it has so far not been tested
whether the probability of transmitter release could be tonically
modulated, undoubtedly because of the technical difficulty of
probing transmitter release while manipulating presynaptic re-
ceptors. In the present work, we address this issue in molecular
layer interneurons (MLIs) of the juvenile cerebellum, which have
been shown to display GABAergic axonal autoreceptor currents
(Pouzat and Marty, 1999). MLI-MLI synapses have large quantal
sizes (Llano and Gerschenfeld, 1993), thus allowing reliable
quantal analysis in the presence of submaximal doses of GABA ,R
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antagonists. With this approach, we found that, under resting
conditions, axonal GABA ,Rs are endogenously activated, result-
ing in a potentiation of GABA release. Our results further show
that this effect is developmentally regulated, and reflects the fact
that the expression of axonal receptors wanes after P14. The ele-
vated GABA release that is associated with the presence of axonal
receptors is likely involved in the establishment of the MLI
network.

Materials and Methods

Slice preparation. Sprague Dawley rats aged 11-20 d were used in this
study. After decapitation under deep anesthesia (halothane), a block of
cerebellum containing the vermis was quickly removed and placed into
an ice-cold artificial CSF (ACSF). Sagittal 200 wm slices were cut using a
vibrosclicer (Leica VT1000S; Leica Microsystems, Wetzlar, Germany),
and then placed in an incubating chamber at 34°C, in which they recov-
ered for 40 min before being transferred first to another vessel held at
room temperature, and later to the recording chamber. The ACSF used
for the slicing procedure and the electrophysiological recordings was
composed of the following (in mm): 130 NaCl, 2.5 KCI, 26 NaHCO;, 1.3
NaH,PO,, 10 glucose, 2 CaCl,, and 1 MgCl,, set to pH 7.4 by the contin-
uous bubbling of a mixture of 95% O, and 5% CO,. For the older group
(P18-P20), 1 mm kynurenic acid was added to the ACSF during slicing.

Electrophysiological recordings. Slices were put in a 1.5 ml recording
chamber and continuously perfused at a flux rate of 1-1.5 ml/min. A 63X
water immersion objective placed on a Zeiss upright microscope (Axios-
kop; Zeiss, Oberkochen, Germany) was used to identify the neurons.
Cerebellar MLIs were recorded using the whole-cell configuration of the
patch-clamp technique with a double EPC-9 operational amplifier
(HEKA Electronik, Lambrecht/Pfalz, Germany). Mostly basket cells were
used, but all experiment series included a few stellate cells. We found that
stellate and basket cells gave similar results, so that results were pooled
together. The recording pipettes were pulled using a two-stage vertical
puller (L/M-3P-A; List Medical, Darmstadt, Germany) and filled with an
intracellular solution of the following composition (in mm): 150 KCl, 1
EGTA, 10 HEPES, 0.1 CaCl,, 4.6 MgCl,, 4 NaATP, 0.4 NaGTP, adjusted
to pH 7.3 with IN KOH and an osmolarity of 300 mOsm. Pipettes resis-
tances were usually ~5 M() when filled with the above intracellular
solution. The holding potential was setat —70 mV. Series resistance (Rg),
as well as membrane capacitance and input resistance, were continuously
monitored by measuring the current transient elicited by hyperpolariz-
ing pulses; Ry was compensated by 50%. Typical uncompensated Rg
values were ~15 M(), and recordings were rejected if Rq increased above
30 MQ.

Recordings were acquired using the Pulse software (HEKA) at a sam-
pling rate of 5 kHz for spontaneous currents and 10 kHz for evoked
currents, and were filtered at 1 kHz. All recordings were made in the
continuous presence of 6-nitro-7-sulfamoylbenzo(f)quinoxaline-2,3-
dione (NBQX) (2 uMm) and APV (20 um) to block AMPA- and NMDA-
selective glutamate receptors, respectively. Gabazine (SR95531), a high-
affinity antagonist of GABA,Rs, was applied at a concentration of 300
nM, unless otherwise stated. In some experiments, TTX was applied at a
concentration of 0.2 uMm to block voltage-gated Na™ currents; the
benzodiazepine agonist zolpidem was used at a concentration of 0.5 or 1
mun;  1-[2-[[(diphenylmethylene)imino]oxy]ethyl]-1,2,5,6-tetrahydro-
3-pyridinecarboxylic acid hydrochloride (NO-711), a blocker of GABA
uptake, was used at 10 um, and (25)-3-[[(1S)-1-(3,4-dichlorophenyl)-
ethyl]Jamino-2-hydroxypropyl] (phenylmethyl)phosphinic acid (CGP55845),
an antagonist of GABALRs, at 10 M. As a rule, drugs were bath applied.
However, in experiments designed to measure the basal GABA-induced
current, gabazine (50 uM) was applied with a puff pipette to reduce
equilibration time and thus improve measurement accuracy. The record-
ings were either done at room temperature or at near-physiological tem-
perature (34-35°C) (see Results).

Extracellular stimulation conditions were designed to stimulate a sin-
gle presynaptic neuron, as described by Auger et al. (1998). (However,
occasional deviations from this configuration could not be excluded, as
further discussed in Results.) Stimulations were performed with a glass
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pipette filled with ACSF that was placed in the molecular layer. Rectan-
gular pulses of 250-300 ps duration and ~20 V were delivered by an
isolated pulse stimulator (model 2100; A-M Systems, Carlsborg, WA). In
each experiment, the threshold for activation of one presynaptic neuron
was determined, and the stimulus strength was set slightly above this
threshold. Pulse stimulations were delivered in pairs; pairs were repeated
with a period ranging from 2.5 to 4 s.

For paired recordings, the postsynaptic cell was recorded as already
mentioned, and to avoid washout of the synaptic current with time, the
presynaptic cell was recorded with the perforated-patch technique (Di-
ana and Marty, 2003). Amphotericin B was dissolved in DMSO and
added to the following K-gluconate-based internal solution (in mm): 150
K-gluconate, 1.0 EGTA, 10 HEPES, 0.1 CaCl,, 4.6 MgCl,, 4 NaATP, and
0.4 NaGTP. The tip of the recording electrode used for perforated cell-
attached experiments was filled with an amphotericin B-free solution
and the barrel with the amphotericin B-containing one; once a cell-
attached recording was obtained, it usually took ~5 min to gain access to
the cell. Unclamped action potentials were induced with short depolar-
izations to 0 mV.

Drugs were purchased from Sigma-Aldrich (St. Louis, MO), Tocris
Bioscience (Bristol, UK), or Ascent Scientific (Weston-super-Mare, UK).
Stocks of NBQX, APV, TTX, GABA, gabazine, and NO-711 were pre-
pared in water and stored at —20°C. Stocks of zolpidem and CGP55845
were prepared in DMSO and stored at —20°C.

Immunocytochemistry. Animals were anesthetized by an intraperito-
neal injection of 150 wl pentobarbital (Sanofi, La Ballastiere, France)
diluted five times in a 0.9% NaCl solution and transcardially perfused
with a cold (5-6°C) 0.9% NaCl solution, followed by a cold fixative
solution consisting of 4% paraformaldehyde, 0.2% glutaraldehyde, and
0.2% picric acid in 0.15 M phosphate buffer at pH 7.4. After 20 min, the
cerebellar vermis was removed and postfixed overnight in the same fix-
ative solution, excluding glutaraldehyde. Sagittal cerebellar slices (50 wm
thick) were cut after 24 h fixation in cold 0.15 M phosphate buffer with a
Leica VT1000S. All incubations were performed under continuous agi-
tation at room temperature in 24-well culture plates. The sections were
thoroughly washed in PBS (0.03 M phosphate buffer with 0.9% NaCl),
and then incubated 2 h in PBS containing 0.2% Triton X-100 for perme-
abilization (PBST) and 2% bovine serum albumin. Inmunocytochemis-
try used double antigen localization to perform double staining. Sections
were incubated overnight in pairs of primary antibodies prepared in
PBST, composed of the rabbit anti-a1 subunit of the GABA ,R (dilution,
1:5000; kindly provided by Prof. W. Sieghart, Center for Brain Research,
Medical University, Vienna, Austria) and one of the following three an-
tibodies: the mouse monoclonal anti-synaptobrevin-2 (dilution, 1:1000;
kindly provided by Prof. T. Galli, Team “Avenir” Institut National de la
Santé et de la Recherche Médicale, Paris, France); the mouse monoclonal
anti-vesicular GABA transporter (V-GAT) (131011; dilution, 1:1500;
Synaptic Systems, Gottingen, Germany), or the mouse monoclonal anti-
GABA (3A12; dilution, 1:2000; Swant, Bellinzona, Switzerland). After
several washes with PBST, slices were incubated in the dark for 2 h in the
following pair of secondary antibodies, also prepared in PBST: Alexa 488
anti-rabbit IgG (A11008; dilution, 1:300; Invitrogen, Carlsbad, CA) and
CY3 anti-mouse IgG (715-165-151; dilution, 1:300; Jackson ImmunoRe-
search, West Grove, PA). After several washes with PBS, slices were
mounted on glass slides in Prolong Anti-Fade kit mounting medium (P
7481; Invitrogen). Confocal images were acquired with a Zeiss LSM 510
confocal microscope equipped with two lasers, argon multiray (used at
488 nm) and helium (543 nm). Sections were analyzed using a 63X
oil-immersion objective with a numerical aperture of 1.4.

Data analysis. All recordings were analyzed with Igor Pro (Wavemet-
rics, Lake Oswego, OR). Detection of spontaneous events was performed
using a routine written in Igor Pro by Christophe Pouzat Laboratoire de
Physiologie Cérébrale, UMR 8118, CNRS, Paris, France. Detection
threshold was usually set at 10 pA. Detected events were inspected indi-
vidually to reject recording artifacts. The events were considered as inde-
pendent if they were separated by atleast 3 ms. Atleast 3 min of recording
were used to measure the miniature synaptic current frequency.

To analyze synaptic current decay, all detected events were averaged
together in each experimental condition. Average decays were approxi-
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mated by a double exponential function (Llano and Gerschenfeld, 1993).
The fits were performed starting at the point of maximal amplitude with
built-in procedures of Igor Pro.

The failure probability was calculated as the ratio between the number
of failures and the total number of events. For this analysis, a minimal
number of 50 trials was analyzed. An event was classified as a failure if the
mean value calculated in a time window encompassing 2 points before
and 2 points after the minimum value of the average trace was smaller
than three times the SD of the background current. The validity of the
procedure was verified by inspection of individual events. The average
failure sweep did not contain any signal having kinetics similar to that of
the evoked synaptic currents, confirming that events classified as failures
did not include undetected synaptic currents.

The amplitude of evoked currents was measured taking the average of
five points around the peak.

Statistical results are given as means = SEM; # is the number of inde-
pendent experiments; and p indicates the result of Student’s paired ¢t test
comparisons, unless stated otherwise. Differences were considered sig-
nificant at p < 0.05.

Results

Presynaptic effects of a submaximal dose of gabazine
Cerebellar MLIs are interconnected by powerful GABAergic syn-
apses (Llano and Gerschenfeld, 1993). Each MLI receives synap-
tic inputs from a few presynaptic partners, which can be stimu-
lated individually with local extracellular stimulation (Auger et
al., 1998). Individual MLI-MLI synapses have few release sites
and large quantal sizes (Kondo and Marty, 1998). In this work, we
asked whether, under resting conditions, there exists a tonic ac-
tivation of presynaptic GABA,Rs at MLI-MLI synapses that
could affect synaptic transmission. To this end, we compared the
properties of synaptic currents before and after application of a
submaximal dose of the GABA,R blocker gabazine. We used a
concentration of 0.3 uM, which reduces the mean miniature cur-
rent amplitude to approximately one-third of the control.

First, we examined the effects of gabazine on synaptic currents
that were evoked using extracellular stimulation in slices pre-
pared from P11-P14 animals (Fig. 1 A, left). These currents have
mixed excitatory/inhibitory effects on follower cells (Chavas and
Marty, 2003) and are therefore called GPSCs hereafter (for
“GABAergic postsynaptic currents”), rather than IPSCs. Using
minimal extracellular stimulation conditions, aiming at stimulat-
ing one presynaptic MLI (see Materials and Methods), we found
that application of 0.3 uMm gabazine reduced the peak amplitude
to 13 = 3% of the control (n = 5), representing a much smaller
residual amplitude than that found in parallel experiments on
miniature synaptic currents (35 * 5%; n = 5) (Fig. 1 B, left, inset)
[see next section and Fig. 3 for experiments on miniature GPSCs
(mGPSCs)]. These results indicate that the effects of gabazine on
evoked GPSCs are more pronounced than what would be ex-
pected on the basis of its postsynaptic effect, perhaps because of a
decrease in release probability in the presence of gabazine. Fur-
thermore, the paired-pulse ratio of the evoked GPSCs was en-
hanced in gabazine (from 0.74 + 0.19to 1.27 = 0.30; n = 5; p <
0.05) (Fig. 1 A, C, left), again suggesting that gabazine application
led to a reduction in the GABA release probability.

Different results were obtained if the same experimental pro-
tocol was performed on slices prepared from P18—P20 animals
(Fig. 1A—C, right). In these conditions, the mean amplitude of
the first response in a pair protocol was reduced to 36 = 8% of the
control (n = 5), a percentage that was significantly larger than the
above value at P11-P14 ( p < 0.05, unpaired ¢ test), and that was
now similar to that of the reduction of the corresponding minia-
ture synaptic currents (to 30 * 2% of control; n = 4; p > 0.05,
unpaired f test, evoked currents vs mGPSCs). The paired-pulse
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Figure1. Age-dependent presynaptic effects of a submaximal concentration of gabazine. 4,

Comparison of the effects of 0.3 um gabazine at P11-P14 and at P18 —P20. This submaximal
dose of gabazine reduced much more potently the amplitude of evoked synaptic currents in the
younger age group than in the older age group (top panels; black traces, control; gray traces,
gabazine; averages of 80 —100 sweeps). After scaling to the amplitude of the first response, an
increase in the paired-pulse ratio was apparent in the P11-P14 group, but not in the P18 —P20
group (bottom panels). Paired stimuli were separated by 30 ms and repeated every 3 s. B,
Summary results (n = 5 for each experimental condition), showing a significantly larger am-
plitude reduction for evoked than for miniature currents at P11-P14, but not at P18 —P20. The
results suggest that 0.3 um gabazine reduces the release probability at the younger age group
but not at the older age group. Insets, Mean miniature currents for cells belonging to each age
group, showing a similar amplitude reduction by 0.3 um gabazine. For the P11-P14 cell, the
average amplitude was 115 pA in control and 36 pA during gabazine (a 69% reduction),
whereas for the P18 —P20 cell, the amplitude was reduced from 124 to 41 pA (a 67% reduction).
(alibration: 40 pA, 2 ms. €, Summary results from five experiments at P11-P14 and from five
experiments at P18 —P20 (the wash has 4 cells in both cases), showing a significant and revers-
ibleincrease in the paired-pulse ratio in the first group, and no change in the second group. In B
and €, error bars represent SEM; in the right column of €, error bars are smaller than black dots.
(trl, Control; Gbz, gabazine; ns, not significant; PN, postnatal; PPR, paired-pulse ratio.

ratio remained unchanged (control, 1.07 * 0.28; gabazine,
1.00 = 0.24; n = 5; p > 0.05). Together, the results suggest that
gabazine exerts both a presynaptic and a postsynaptic inhibitory
effect in the P11-P14 age group, and a purely postsynaptic effect
in the P18-P20 age group.

However, before reaching a firm conclusion on the site of
action of gabazine, we considered the possibility of spurious ef-
fects linked to the use of extracellular stimulation in these exper-
iments. For example, the number of presynaptic cells that are
recruited by the extracellular stimulation could be modified by
gabazine, as well as by a previous stimulus within a pair sequence.
Such effects could conceivably have led to the results of Figure 1
without the intervention of true presynaptic changes. Therefore,
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Figure2.  In paired recordings, a submaximal concentration of gabazine induces an age-dependent increase in failure rate. 4,

Traces from a connected MLI-MLI pair showing depolarization-driven presynaptic action currents (top), and postsynaptic re-
sponses (middle traces), both in the control (left) and in the presence of 0.3 um gabazine (right). In both situations, a clear gap
separates failures from successful responses. Failure averages (bottom traces) fail to reveal any component displaying kinetics
similar to those of the evoked currents. (Positive and negative current transients mark the onset and offset of the presynaptic
depolarizing voltage step, reflecting capacitive coupling between presynaptic and postsynaptic pipettes.) In this cell, gabazine
reduced the peak current amplitude to 14% of the control. B, Amplitude histograms for successful events (open bins) and for
failures (in black; SD value of 1.7 pA), from the data in A. The failure rate increased from 0.63 in control to 0.74in 0.3 wum gabazine.
C, Summary results showing a significant failure rate increase in the P11-P14 age group (left: 4 pairs), but no change in the
P18—P20 age group (right: 6 pairs). D, Summary of extracellular stimulation and paired recording data with gabazine at room
temperature (n = 35), showing that application of the GABA,R blocker significantly increases the failure rate in the P11-P14 age
group, but fails to change the release probability at P18 or later. The gray and black symbols correspond to individual experiments
and to averages, respectively; error bars correspond to SEM. Ctrl, Control; Norm., normalized; Nb., number.
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al., 1998). In the present set of experi-
ments, the mean mGPSC amplitude was
99 £ 20 pA (n = 5), ~60 times larger than
the mean SD of the background current
(1.5 *= 0.2 pA; n = 12). In addition to this
exceptionally high signal-to-noise ratio,
quantal analysis at this synapse is facili-
tated by the facts that each release site is
associated with a narrow range of quantal
amplitudes (Auger and Marty, 1997), and
the number of release sites that are in-
volved in one synaptic connection is small
[typically 1-5 (Kondo and Marty, 1998)].
Accordingly, in paired MLI-MLI record-
ings, there is a gap between noise level and
the lowest quantal amplitude. In the ex-
ample shown (Fig. 2A, B, left panels), the
lowest amplitude of successful events was
40.6 pA, whereas the amplitude SD of the
traces classified as failures was 1.7 pA (Fig.
2 B, filled bin histogram). In 0.3 um gaba-
zine, the smallest measured event had an
amplitude of 13.4 pA, still allowing a clear
separation from the background noise
(Fig. 2A, B, right panels). To verify failure
identification, we averaged events classi-
fied as failures and showed that these
events did not contain any signal follow-
ing the time course of synaptic currents
(Fig. 2A, bottom traces). The failure rate
could therefore be accurately determined
both in control conditions and in the pres-
ence of gabazine. We found a significant
increase in the failure rate in the P11-P14
group (from 0.62 * 0.02 to 0.74 = 0.02;
n = 4 pairs; p < 0.01) and no effect in the
P18—P20 group (0.40 = 0.12 in the control
vs 0.41 = 0.11 in gabazine; n = 6 pairs; p >
0.05). The difference between the failure rate
in gabazine and the failure rate in control is
shown in Figure 2C for both age groups.
These results exclude an extracellular stimu-
lation artifact as an explanation for the ef-
fects of Figure 1, and they confirm that gaba-
zine decreases the release probability at P11—
P14, and not at P18—P20.

To examine more closely the age depen-
dence of the effect, we pooled results obtained
with extracellular stimulation together with
those obtained with paired recordings (Fig.
2D). This was justified because a failure rate
analysis performed on the extracellular stimu-
lation experiments illustrated in Figure 1 gave
results that were very similar to those obtained
with paired recordings. Thus, in the P11-P14
group shown in this figure, the failure rate in-
creased from 0.38 = 0.10t0 0.57 £ 0.12 (p <

the effects of gabazine were reexamined in an independent set of
experiments with paired MLI-MLI recordings (Kondo and
Marty, 1998). MLIs have very large quantal synaptic currents and
very low recording noise, resulting in an exceptionally favorable
signal-to-noise ratio for the study of synaptic current fluctuations
(Llano and Gerschenfeld, 1993; Auger and Marty, 1997; Auger et

0.05), whereas in the P18—P20 group the failure rate did not change
(045 * 0.12 to 0.45 = 0.13; p > 0.05); these values are very similar to
those of Figure 2C. The results of the overall plot indicate that gabazine
significantly increases the failure rate in the period P11-P14, but not past
P18 (Fig.2D) (0.52 = 0.04t0 0.64 = 0.04; n = 23; P11-P14;and 0.44 =
0.07 t0 0.44 = 0.08; n = 12; P18—P20).
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Figure 3. A submaximal concentration of gabazine produces an age-dependent decrease in mGPSC frequency at near-

0.37 £ 0.11 to0 0.47 = 0.10 (n = 5; p <
0.05), and that it reduced the mean evoked
current to 0.25 * 0.03 of the control, a
significantly higher reduction than that
observed in separate experiments on mG-
PSCs at near-physiological temperature
(0.38 £ 0.03; p < 0.05, unpaired ¢ test,
evoked currents in cell-attached experi-
ments vs mGPSCs). The spike frequency
of the presynaptic cells did not change significantly during the
application of the drug (from 2.5 + 0.6 t0 2.9 * 1.0Hz;n=5;p >
0.05). These results indicate that the presynaptic effects of gaba-
zine are not strongly affected by presynaptic stimulation or by
temperature.

In summary, the results of Figures 1 and 2 indicate that appli-
cation of a submaximal concentration of gabazine leads to an
age-dependent reduction of the release probability at MLI-MLI
synapses. These results have several important implications.
First, they suggest that the release probability of GABA is con-
trolled by axonal GABA,Rs. Second, they suggest that GABA
release is tonically activated by this pool of GABA 4 Rs. Third, they
indicate that the facilitatory effects of axonal GABA ,Rs on GABA
release can only be observed until P14. The latter conclusion is in
full agreement with our previous findings concerning the age
dependence of the autoreceptor current amplitude (Pouzat and
Marty, 1999) and of its effect on MLI firing (Mejia-Gervacio and
Marty, 2006).

Effects of endogenous GABA on mGPSC frequency

To test further the hypothesis that endogenous GABA binds to
axonal receptors and enhances transmitter release, we next exam-
ined the effects of submaximal concentrations of gabazine on
miniature synaptic currents. As before, the experiments were tak-
ing advantage of the exceptionally high signal-to-noise ratio of
MLI recordings, which allowed us to accurately measure the fre-
quency of mGPSCs both in control saline and in the presence of
gabazine. A first series of experiments was performed at room
temperature. We found that gabazine application led to a de-
crease in the frequency of mGPSCs (mean ratio to the control,

physiological temperature. A, Comparison of the effects of 0.3 um gabazine (application periods indicated by gray bars) on the
mGPSCs at P13 (a) and at P19 (b). This submaximal gabazine concentration produced a reduction of the amplitude of the mGPSCs
in both cells but only reduced the mGPSC frequency at P13. Timescale is the same in @ and b. B, Cumulative event frequency
histograms of the cellsin A (black traces, control; gray traces, in gabazine). The reduction of the mGPSC frequency was statistically
significant in the P13 cell (K-S test, p << 0.01) but not in the P19 cell (K-S test, p > 0.05). €, Pooled results showing a significant
reduction in the mGPSC frequency produced by 0.3 pum gabazine at P11-P14 ( p < 0.05, n = 7), but no effect at P18 -P20 (n =
5). Error bars indicate SEM. Freq, Frequency; Gbz, gabazine; PN, postnatal.

0.42 = 0.12; p < 0.05; accompanied by an amplitude reduction to
35 * 5% of the control; n = 5). These results indicate that, in the
absence of action potential-driven GABA release, there is enough
endogenous GABA to significantly activate presynaptic
GABA ,Rs. They also suggest that this endogenous activation re-
sults in enhanced spontaneous GABA release. We next repeated
these experiments at near-physiological temperature (34—35°C)
to investigate whether, under these conditions, there would still
be enough GABA to activate axonal GABARs. In the younger
age group (P11-P14) (Fig. 3Aa,B), application of 0.3 uM gabazine
led to a clear reduction not only of the amplitude, but also of the
frequency of mGPSCs (mean ratio to the control, 0.70 = 0.10;
p < 0.05 n = 7) (Fig. 3C). In the older age group, however
(P18-P20) (Fig. 3Ab) (see summary results in Fig. 3C), no effect
was observed on the frequency (ratio to the control, 1.07 = 0.05;
p > 0.05; n = 5). Neither the mean control amplitude of the
events (135 = 13 vs 144 = 11 pA; p > 0.05, unpaired ¢ test) nor
the remaining amplitude percentage (38 = 3 vs 38 = 4%; p >
0.05, unpaired t test) were statistically different between the P11—
P14 and P18-P20 groups. To test whether the lack of effects of
gabazine in the older age group could be attributable to an occlu-
sion by endogenous activation of GABAgRs (Mann-Metzer and
Yarom, 2002), we repeated the latter experiments in the presence
of the GABAR blocker CGP55845 (10 uMm). We found that, in
this condition, gabazine failed again to alter the mini frequency
(frequency ratio in gabazine over control, 0.91 = 0.10; p > 0.05;
n = 4) (datanot shown), thus confirming the lack of endogenous
activation of GABA,Rs in the P18—P20 group. Together, the re-
sults indicate that, in TTX, there is a significant spontaneous
activation of GABA,Rs both at room temperature and at near-
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physiological temperature, and that this activation results in an
age-dependent enhancement of the frequency of miniature syn-
aptic currents. Thus, endogenous GABA 4R activation exerts ex-
citatory effects both on evoked and on action potential-
independent GABA release. The two effects are presynaptic, have
the same sign, and have the same age dependence, implying that
they engage the same GABA,Rs and that their mechanisms are
similar.

A potential pitfall of the gabazine approach is that the mGPSC
count depends on amplitude, because smaller events are more
likely to escape detection (Stell and Mody, 2002). This artifact
seemed unlikely in the present case because of the excellent
signal-to-noise ratio of miniature current recordings in MLIs,
and also because the lack of effect at P18 —P20 served as an inter-
nal control. Two additional analyses were performed to assess the
potential effect of detection failures. First, we averaged the 10 or
20 largest events in control and in gabazine, and we calculated the
amplitude reduction of 300 nm gabazine on this category of
events [ “largest-event count matching” method (Stell and Mody,
2002)]. We found a mean reduction of 69 = 1.5%, not signifi-
cantly different from that found on the entire mini population
(62 = 3%; p > 0.05), indicating that the percentage of events that
were lost in the noise was small (Stell and Mody, 2002). Second,
we estimated this percentage as follows. We took a representative
recording of mGPSCs in the presence of TTX, NBQX, and APV at
near-physiological temperature (supplemental Fig. 1 A, top trace,
available at www.jneurosci.org as supplemental material). We
then detected the mGPSCs with the routine used during the
present work (threshold, 10 pA); the number of detected events
was 80. We then divided the amplitude of each detected event by
afactor of 3 (66.6% reduction), simulating the reduction induced
by 300 nm gabazine. To mimic normal noise conditions, we
added each individual event to a trace recorded from another cell
in the same conditions but in the presence of 50 uM gabazine
(supplemental Fig. 1 A, bottom trace, available at www.jneurosci.
org as supplemental material). The number of detected events in
this sweep was 74, that is, 92.5% of the original events. Events that
were not detected in the reconstituted sweep (6 of 80) are shown
by arrows in supplemental Figure 1 A, top trace (available at
www.jneurosci.org as supplemental material). The cumulative
frequency histograms for the two sweeps are shown in supple-
mental Figure 1B (available at www.jneurosci.org as supple-
mental material). In contrast to the results of Figure 3, there is
no statistical significant difference between the two distribu-
tions when assessed with a Kolmogorov—Smirnov (K-S) test
(p > 0.05). These results indicate that detection failures do
not account for the reduction in mGPSC frequency by 300 nm
gabazine.

Effects of NO-711 on mGPSCs

The concentration of GABA in the interstitial brain volume is
potently controlled by GABA transporters. Of the four known
GABA transporters, GAT-1 plays a predominant role (Soudijn
and van Wijngaarden, 2000). In the developing molecular layer of
the cerebellum, GAT-1 is located in presynaptic terminals of
MLIs (Takayama and Inoue, 2005). GAT-1 can be blocked spe-
cifically by lipophilic analogs of nipotenic acid and guvacine,
such as tiagabine and NO-711 (Soudijn and van Wijngaarden,
2000). We reasoned that application of NO-711 should elevate
the level of ambient GABA, potentially leading to effects opposite
to those observed with a submaximal gabazine concentration.
Therefore, we examined the effects of NO-711 on mGPSCs re-
corded at near-physiological temperature (Fig. 4). NO-711 led to
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a small but significant increase in the amplitude (mean ratio to
the control, 1.18 * 0.08; p < 0.05; n = 5) (Fig. 4D) as well as in
the time constant of the slow decay component of mGPSCs
(mean ratio to the control, 1.22 = 0.06; p < 0.05; n = 5) (Fig.
4D). Slowing of mGPSC decay by NO-711 has been previously
described in this preparation (Nusser et al., 2001). These results
indicate that NO-711 increases the amplitude and duration of the
GABA concentration transient in the synaptic cleft, and thus ex-
erts a postsynaptic effect. In addition, we found that NO-711
markedly increased the mGPSC frequency (mean ratio to the
control, 1.80 * 0.26; p < 0.05; n = 5) (Fig. 4A,C,D). AllINO-711
effects were poorly reversible, as expected from the lipophilic
nature of the drug.

In view of the age dependence of gabazine effects, we per-
formed a new series of NO-711 experiments in the P18 P20 age
group (data not shown). The results were variable: one cell dis-
played a mGPSC frequency increase, another cell displayed a fre-
quency decrease, and the remaining three cells did not show any
effect. Overall, there was a small, statistically nonsignificant in-
crease (mean ratio to the control, 1.22 = 0.29; p > 0.05; n = 5).
Thus, the effects of NO-711, like those of gabazine, are develop-
mentally regulated.

The mGPSC frequency increase apparent in Figure 4 confirms
that GAT-1 is a potent modulator of the ambient GABA level, and
that this level controls in turn the amount of GABA release by
binding to axonal GABA,Rs. The sign of the effect (a potentia-
tion) is in agreement with that obtained above in gabazine exper-
iments, and confirms that activation of GABA,Rs enhances
GABA release. The effect cannot be explained on the basis of a
possible activation of GABARs, which was previously shown to
decrease the rate of mGPSCs in this preparation (Mann-Metzer
and Yarom, 2002). Because no GABARR blocker was included in
the present experiments, the potentiating effect of GABA R acti-
vation appears to override any inhibitory effect that could arise
from GABAR activation on application of NO-711.

The positive action of GABA on GABA release creates a
positive-feedback loop. In most experiments, bouts of activity
lasting ~10 s each were apparent during NO-711 application, as
exemplified by the period marked b in Figure 4 A. Within these
active periods, bursts of ~100 ms duration were observed (Fig.
4 B). These observations suggest the existence of several feedback
loops operating on a time course of tens of milliseconds to tens of
seconds during NO-711 application. To analyze these bursts, we
fitted cumulative interevent interval histograms with biexponen-
tial functions (for an example, see Fig. 4C), and we calculated the
ratio between the two time constants, both in control and in
NO-711. We observed a significant increase in this ratio in the
five cells recorded, from 3.2 * 2.2 to 23.7 = 10.7 (p < 0.05,
paired ¢ test) (Fig. 4C, right), indicating that, apart from the fre-
quency increase, the pattern of discharge of the minis is also
altered during the application of the drug.

Effects of zolpidem on mGPSCs

We next asked whether it would be possible to enhance the basal
effects of presynaptic GABA,Rs by modifying the affinity of the
receptors for GABA. We compared mGPSCs at near-
physiological temperature with and without zolpidem, an agonist
of the benzodiazepine binding site. Again, strikingly different
results were found for the P11-P14 and P18-P20 age groups (Fig.
5). In the first age group, zolpidem increased the frequency of
mGPSCs (representative experiment in left part of Fig. 5A, with
corresponding cumulative frequency histograms in top part of
Fig. 5B), whereas the frequency was not changed in the second
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age group (Fig. 5A, right part; B, bottom
graph). On average, zolpidem significantly
increased the mGPSC frequency in the
P11-P14 group (mean frequency ratio
over control, 1.46 = 0.1; n = 10; p < 0.01)
but did not change it in the P18-P20
group (mean ratio over control, 0.99 =
0.08; n = 7; p > 0.05). These results sug-
gest that increasing ion flow through pre-
synaptic GABA,Rs results in increased
neurotransmitter release in the P11-P14
group.

We found that the amplitude and the
decay duration of mGPSCs were increased
by zolpidem at both age groups (Fig. 5C).
The mean zolpidem over control ratios
were for the two age groups (P11-P14 and
P18-P20, respectively): peak amplitude,
1.28 £0.04 (p<0.01;n=10) and 1.25 =
0.09 ( p <0.05; n = 7); slow time constant,
1.57 +0.10 (p< 0.01;7 = 10) and 1.77 =
0.12 (p < 0.01; n = 10); fast time con-
stant, 1.67 = 0.11 ( p < 0.01; n = 10) and
1.71 = 0.16 (p < 0.01; n = 7); and per-
centage amplitude of the slow time con-
stant, 1.30 = 0.11 ( p < 0.01; » = 10) and
1.76 = 0.18 (p < 0.01; n = 7). These re-
sults are consistent with the currently ac-
cepted view that MLI-MLI synapses pos-
sess GABA ,Rs primarily made up with a1,
B2, and 2 subunits (Nusser et al., 1997;
Pirker et al., 2000), with a possible contri-
bution of @2 and a3 subunits at younger
ages (Vicini et al., 2001). Because zolpi-
dem induces amplitude and kinetic
changes in mGPSCs that are at least as
marked at P18—P20 as at P11-P14, the
lack of effect of zolpidem on mGPSC fre-
quency at P18—P20 cannot be ascribed to a
general loss of sensitivity of GABA,Rs to
zolpidem. Rather, the age-dependent ef-
fects on mini frequency suggest either that
presynaptic receptors, unlike postsynaptic
receptors, become insensitive to zolpi-
dem, or that the density of presynaptic re-
ceptors drops between P11-P14 and
P18-P20.

mGPSC frequency modulation in
Purkinje cells

MLI axons establish synaptic contacts not
only with other MLIs, but also with Pur-
kinje cells (PCs). To investigate the syn-

apse specificity of presynaptic GABA ,Rs, we examined the effect of
zolpidem on the frequency of mGPSCs in PCs at P11-P14. The
experiments were performed in the same conditions as those in
MLI (near-physiological temperature; addition of TTX, NBQX,
and APV). In PCs, zolpidem (1 um) produced a significant increase
in the frequency of mGPSCs (mean frequency ratio over control,
1.34 = 0.12; n = 6; p < 0.05) (Fig. 5D). These results indicate that
presynaptic GABA,Rs modulate both MLI-MLI and MLI-PC

synapses.
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The GABA uptake blocker NO-711increases the mGPSC frequency. A, NO-711 (10 wum) (applied during continuous bar

above trace) produced a large increase in mGPSC frequency (from 0.45 to 1.04 Hz in the cell shown here). B, Parts of segments a
(control), b (peak of the NO-711 effect), and ¢ (end of NO-711 application), as identified in trace A, shown on an expanded
timescale. Note the occurrence of short bursts (2—3 events) in b. (, Left, Cumulative interevent histograms in control and during
NO-711, for the cell presented in A. The gray traces correspond to biexponential fits to the data. Time constants in the control
condition were virtually the same (7, = 2.44s; T, = 2.425), whereas they differed by a factor of 8 during the application of the
drug (1, = 1.8655; 7, = 226 ms). Right, Pooled results from five cells. The T/, ratio is significantly higher than 1in the presence
of NO-711, but notin the control. In addition the 7,/ ratio significantly increases in NO-711 compared with the control (asterisk).
These results show that events have a higher tendency to occurin bursts during the drug than in the control. D, Pooled results (n =
5) showing that blocking GAT-1with NO-711induced a significant increase in the frequency, as well as in the amplitude and in the
time constant of the slow decay component of miniature currents. Error bars correspond to SEM. In Cand D, asterisks represent
statistically significant differences. ns, Not significant.

Effects of weak GABA stimulation on mGPSC frequency

As was shown in previous sections, the mGPSC frequency can be
modulated by varying the concentration of ambient GABA or by
modifying the affinity of the receptors for the neurotransmitter.
We next aimed at mimicking an increase in the concentration of
ambient GABA by applying low doses of exogenous GABA, look-
ing at possible ensuing changes in mGPSC frequency. A first
series of experiments was performed using puff applications of
GABA, at concentrations ranging from 250 nMm to a few micro-

molar, and with durations of 15-30 s. These experiments gave
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inconsistent results, with some cells showing a decrease in the
frequency and others an increase (data not shown). To avoid
confounding effects of GABA concentration gradients and of ac-
tivation of GABAzRs (Mann-Metzer and Yarom, 2002), we per-
formed a new experimental series using bath application of the
neurotransmitter in the presence of the GABALR antagonist
CGP55845 (10 uM). These experiments were performed at near-
physiological temperature. The GABA concentration was chosen
to obtain an increase in holding current slightly larger than that
obtained with 10 uM of NO-711, giving a dose of 375 nM (mean
GABA-induced current increase, 9.4 = 3.1 pA; n = 5;vs 4.6 = 0.8
pA in NO-711; n = 5). Under these conditions, mGPSCs still
stood out of the noise very clearly (Fig. 6A). GABA did not
change their mean amplitude (mean ratio to the control, 1.04 =
0.12; n = 7), but it significantly increased their frequency (mean
ratio to the control, 1.53 * 0.20; p < 0.05; n = 7) (Fig. 6A,B).
From the seven cells tested, six showed a frequency increase and
one showed a frequency decrease. These effects were reversible on
washing (Fig. 6C). These results show that, in these experimental
conditions, application of exogenous GABA reliably enhances
transmitter release.

Evidence for presynaptic GABA,Rs in MLI terminals

To assess the presence of presynaptic GABA,Rs in MLI synaptic
terminals, we examined the subcellular localization of fluorescent
signals associated with an antibody directed against the al
GABA,R subunit (Fig. 7). To distinguish presynaptic from
postsynaptic receptors, we used a variety of presynaptic or
postsynaptic markers as counterstain. Furthermore, we focused
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Zolpidem produces an age-dependent increase in mGPSC frequency. A, Sample traces from a P13 MLI (left) and from
a P18 MLI (right), in control conditions (top traces) and in the presence of 500 nm zolpidem (bottom traces), illustrating a large
zolpidem-induced increase in mGPSC frequency at P13 but not at P18. B, Cumulative event frequency histograms of the cells in 4
(black traces, control; gray traces, zolpidem). There was a statistically significant increase in mGPSC frequency in the P13 cell (top
graph; K-S test, p < 0.05) but not in the P18 cell (bottom graph; K-S test, p > 0.05). (, mGPSCaverages for the cells shown in A
and B, showing an increase in the amplitude and decay duration in zolpidem in both cells (black traces, control; gray traces,
zolpidem). Normalized averages (insets) show that zolpidem prolonged more the time course of decay in the P18 cell than in the
P13 cell. D, Pooled results from 10 and 7 MLIs of the P11—-P14 and P18 —P20 groups, respectively, showing an increase in the
mGPSC frequency only in the younger group. In the P11-P14 group, a similar frequency increase was found in Purkinje cells (n =
6) and in MLIs. Error bars indicate SEM. Ctrl, Control; Freq, frequency; PN, postnatal; Zolpi, zolpidem.
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our attention to the synapses made onto
Purkinje cell somata and main dendritic
branches because of their large size. We
found that, at these synapses, putative pre-
synaptic terminals were more strongly
stained at P12 than at P18 by the antibody
directed against the a1 GABA,R subunit.
At P12, three different presynaptic mark-
ers [synaptobrevin 2 (Fig. 7, top left),
V-GAT (Fig. 7, middle left), and GABA
(Fig. 7, bottom left)] displayed a large de-
gree of overlap with the a1 GABA,R sub-
unit, and in particular, strongly stained the
same putative presynaptic terminals (Fig.
7, white arrows). At P18, presynaptic
markers still strongly outlined the putative
presynaptic structures, whereas the stain-
ing for the al GABA,R subunit was al-
most completely lost (Fig. 7, right panels).
We used the postsynaptic marker calbi-
ndin as control, finding no overlap with
the al GABA,R subunit (results not
shown). Together, the results suggest that
MLI synaptic terminals express the al
GABA R subunit, with an expression level
that is markedly higher at P12 than at P18.
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Analysis of the holding current

The results of the previous sections indi-
cate that presynaptic GABA,Rs are acti-
vated by endogenous GABA under resting
conditions. This raises the question as to
whether the ambient GABA concentration
is sufficient to permanently activate
postsynaptic and/or presynaptic GABA,Rs. The standard
method that has been used so far to examine such issues (at least
at the postsynaptic level) has been to analyze changes in the hold-
ing current with various pharmacological manipulations (Stell
and Mody, 2002; Farrant and Nusser, 2005; Kullmann et al.,
2005). We therefore reexamined possible changes in the holding
current under the conditions of the previous experiments (Figs.
3-6, all performed at near-physiological temperature in TTX). As
illustrated in Figure 8 A, addition of NO-711, zolpidem, or low
GABA concentrations, all led to an increase in the holding cur-
rent. However, application of gabazine, at concentrations as high
as 50 uM, failed to induce any change in the holding current (Fig.
8 A, left top panel). This indicates that the ambient GABA con-
centration is insufficient to significantly activate somatodendritic
GABA ,Rs. Because MLI axons are electrically compact, axonal
currents are mostly transmitted to the soma (Pouzat et al., 1999;
Mejia-Gervacio et al., 2007), so that the lack of holding current
changes in gabazine also indicates that axonal GABA ,Rs are not
continuously activated at rest. However, a statistically significant
negative shift in holding current was observed in NO-711 (from
—26.8 £4.5t0 —31.4 £ 5.8 pA; p <0.01;1n=5), zolpidem (from
—21.1 £ 1.86 to —25.6 = 3.1 pA; p < 0.05; n = 9), and GABA
(from —45.8 = 9.9 to —49.2 = 10.0 pA; p < 0.05; n = 5), indi-
cating that each of these drugs was able to continuously activate
somatodendritic and/or axonal GABA ,Rs (Fig. 8 B).

Discussion
The present work reveals an excitatory control of GABAergic
synapses that is mediated by activation of GABA  Rs. GABA re-
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lease is inhibited by application of gaba-
zine, either in normal saline or in the pres-

control
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GABA wash

ence of TTX, indicating that endogenous l
GABA can activate the receptors in both
conditions. In addition, GABA release is
enhanced by application of zolpidem or
NO-711, or of low doses of GABA itself,
indicating that the synapse can be modu-

lated in both directions around its resting
level.

The fact that the effects concern the
probability of GABA release is classically
taken as a strong indication that the re-
ceptors involved are presynaptic. [t must
be stressed, however, that there is a sig-
nificant coupling between somatoden-
dritic and axonal compartments in
MLIs, so that somatic depolarizations
are partially transmitted to presynaptic
terminals (Glitsch and Marty, 1999;
Mejia-Gervacio et al., 2007). Thus, in
this case, a presynaptic site of action
does not necessarily imply that the re-
ceptors are located in the axonal com-
partment. Nevertheless, two additional
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lines of evidence argue in favor of an
axonal location of the GABA ,Rs respon-
sible for enhancing transmitter release.
First, immunohistological data (Fig. 7)
provide morphological evidence for the
presence of GABA ,Rs in axon terminals,
with an age dependence that matches
that of the endogenous GABA,R-
mediated effects. Second, gabazine fails
to alter the holding current (Fig. 8), in-
dicating that it cannot act by blocking a tonic somatodendritic
current. Together, the available evidence strongly suggests
that the GABA,Rs generating the endogenous excitation are
located in the axon domain.

In normal saline, 0.3 uM gabazine decreased the evoked re-
lease probability approximately threefold, and in the presence of
TTX, it reduced the mini rate approximately twofold, indicating
that endogenous GABA increased the evoked and spontaneous
release, respectively, at least threefold and twofold. These num-
bers, which were obtained at room temperature, indicate a very
potent action of endogenous GABA via axonal GABA,Rs. They
also indicate that action potential-mediated release of GABA
plays a minor role in supplying the GABA that is needed to acti-
vate the presynaptic GABARs. Importantly, the presynaptic ef-
fect of gabazine is also manifest at near-physiological tempera-
ture, excluding an artifactual explanation based on abnormally
low GABA uptake. Nevertheless, at near-physiological tempera-
ture, the gabazine-induced mini frequency decrease was reduced
compared with room temperature conditions (30 vs 58%), sug-
gesting that the enhanced GABA uptake associated with the
higher temperature blunted the effects of endogenous activation
of axonal GABA ,Rs.

There are two basic distinct mechanisms that could account
for our results. The first possibility is that the active GABA cor-
responds to the concentration generally found in the interstitial
fluid (ambient GABA hypothesis). The second possibility is that
GABA is provided by the axon that bears the GABA,Rs (autore-
ceptor hypothesis). The following arguments make the first hy-
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Low GABA doses increase the mGPSC frequency. A, GABA (375 nm) produced a large increase in mGPSC frequency
(from 0.47 to 1.05 Hz in the cell shown here). Note the increase in holding current and current noise during the GABA application
(middle sweeps). B, Cumulative event frequency histograms of the cell presented in 4 (K-S test, p << 0.01, control vs GABA). (,
Summary plot showing results from individual experiments (gray traces; data corresponding to the cell shown in A marked by
asterisk) and their mean (black trace) during control, GABA, and wash. In B and (, error bars correspond to SEM. Ctrl, Control.

pothesis rather unlikely. First, we find that gabazine does not
reduce the holding current (even at doses up to 50 um), suggest-
ing that ambient GABA levels are too low to significantly activate
either somatodendritic or axonal receptors. Second, previous re-
ports of tonic GABA ,R-induced currents indicate the involve-
ment of high-affinity receptors either containing the 8 subunit
(Brickley et al., 2001; Mangan et al., 2005; Glykys et al., 2007) or
containing only a and 8 subunits (Mortensen and Smart, 2006).
The high affinity of these receptors is presumably required to
sense the very low concentration of ambient GABA. In contrast,
we find that the receptors are sensitive to zolpidem, implying that
they contain a y subunit, which is probably y2 in view of the
known repertoire of GABA,R subunits in MLIs (Pirker et al.,
2000). We also find that the axonal GABA,Rs contain the al
subunit. Altogether, these receptors appear to contain the aly2
combination, which is known to confer moderate GABA affinity
to the receptors with which it is associated. Likewise, the evidence
obtained in hippocampal granule cells suggests that presynaptic
GABA,Rs contain o2 and 2 subunits, and have a moderate
affinity for GABA (Ruiz et al., 2003; Alle and Geiger, 2007). Thus,
axonal GABA ,Rs are unlikely to be able to sense ambient GABA.

These difficulties disappear in the framework of the auto-
receptor hypothesis. Our previous findings demonstrate that
axonal GABA,Rs can be activated by one action potential
(Pouzat and Marty, 1999). Thus, in normal saline, the spon-
taneous firing of MLIs could provide, through activation of
autoreceptors, the signal leading to enhanced GABA release.
However, because axonal GABA,Rs can modulate release in
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Figure 7.  Age-dependent staining of MLI presynaptic terminals with an antibody directed
against the a1 GABA,R subunit. Confocal images of the Purkinje cell layer and lower molecular
layer (displayed in the bottom and top part of each panel, respectively). Each panel represents
the superimposition of a green immunostaining for the o1 GABA,R subunit, and of a red
immunostaining of presynaptic markers (top panels, synaptobrevin 2; middle panels, V-GAT;
bottom panels, GABA). Presynaptic structures on Purkinje cell somata display double staining at
P12 (left panels, white arrows), but not at P18 (right panels). PN, Postnatal.

the presence of TTX, the autoreceptor hypothesis also requires
that one vesicular release event results in a significant activa-
tion of presynaptic GABA Rs. The currents associated with
such presynaptic single vesicular release events have not been
reported so far. However, these currents may simply be too
small to be detectable as individual events in somatic record-
ings, and too infrequent to summate as a continuous baseline
current. Effects of miniature synaptic currents on transmitter
release have been reported at the Drosophila neuromuscular
junction, in which blockade of glutamatergic miniature syn-
aptic currents results in an increase of transmitter release
(Franck et al., 2006). An interesting feature of the autorecep-
tor hypothesis in the present work is that it predicts a positive-
feedback loop, because GABA release is self-reinforcing. Such
positive feedback provides an explanation for the conspicuous
bursts of mGPSCs observed when the receptors were activated
in zolpidem, GABA, or NO-711 (Fig. 4). These bursts presum-
ably reflect local and transient increases in the GABA
concentration.

Ambient GABA and autoreceptor hypotheses are not exclu-
sive. Moreover, it is possible that the GABA that activates presyn-
aptic GABA,Rs does not exclusively come from the axon that
bears the receptor, and some of it could be provided by neighbor-
ing axons. If this were the case, the activation of axonal GABA ,Rs
would be a collective autocrine phenomenon, involving a cluster
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Figure 8.  Effect of gabazine, NO-711, zolpidem, and GABA on holding current. A, Effect of

gabazine (50 wm; puff-applied for 30 s), NO-711 (10 wm), zolpidem (500 nm), and GABA (375
nu) on the tonic current of MLIs (black traces, control; gray traces, in the presence of a drug; all
drugs were bath-applied except for gabazine). Gabazine did not produce any change on the
holding current (from —25.2to —25.7 pAin this cell), whereas the other drugs increased the
holding current (from —20.9 to —26.9 pA, from —28.5 to —36.4 pA, and from —29.6 to
—44.1pAforNO-711, zolpidem, and GABA, respectively). The cellsillustrated here are the same
as those illustrated in Figures 4— 6. B, Average holding current change induced by gabazine,
NO-711, zolpidem, and GABA. Error bars indicate SEM. Ctrl, Control; Gbz, gabazine; HC, holding
current; Zolpi, zolpidem.

of MLIs. This is all the more plausible because most of the cells
used for the present work were basket cells, and basket cell axons
run in bundles parallel to the Purkinje cell layer. In conclusion,
the available evidence favors the autoreceptor hypothesis, but it
does not allow elimination of the ambient GABA hypothesis, and
additional work will be needed to determine the exact contribu-
tion of both mechanisms.

What could be the cellular mechanism underlying presynaptic
potentiation? Several lines of arguments concur to suggest that
GABA,R activation results in a depolarization of the axonal
membrane. First, this is what has been found in all examples so far
in which the presynaptic potential could be measured (as re-
viewed in Introduction). Second, the somatodendritic Cl; level of
MLIs is high [15 mM (Chavas and Marty, 2003)], so that the
somatodendritic Cl~ reversal potential, Eq, is close to the cell
resting potential. Because in other brain neurons, Cl; levels have
been found to be higher in axons (Szabadics et al., 2006) and in
synaptic terminals (Price and Trussell, 2006) than in the soma,
E, may likewise be higher in MLI axons than in MLI somata. It is
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thus plausible that activation of MLI axonal GABA ,Rs could give
rise to depolarizing responses. Third, such a possibility is consis-
tent with the recently demonstrated excitatory effects of autore-
ceptors on MLI firing (Mejia-Gervacio and Marty, 2006). Other
aspects of the presynaptic response parallel to or downstream of
membrane depolarization are presently uncertain. It seems un-
likely that a simple depolarization-mediated calcium rise, as doc-
umented in the calyx of Held (Awatramani et al., 2005), could
apply in the present case, because of the small size of the
GABA ,R-induced current. According to our recent model of
MLI passive membrane properties (Mejia-Gervacio et al., 2007),
the fraction of somatically measured current over true autorecep-
tor current is, in the limit of low signal (a good approximation
here), thL/L, where L is the reduced length constant of the axon.
This is close to 0.9 because L was estimated at 0.55. Thus, a major
part of the autoreceptor current should be read in the soma.
Because gabazine fails to induce any measurable current change
in a voltage-clamped situation with isotonic Cl , the autorecep-
tor current cannot be more than ~5 pA on average in this con-
dition. In an unclamped cell and physiological Cl~, the figure
cannot be larger than 1 pA. This is unlikely to produce a sufficient
depolarization of the axon membrane to significantly alter
transmitter release. An alternative coupling mechanism be-
tween GABA,R and presynaptic Ca; elevation could be pro-
vided by an “osmotic response” associated with a sustained
elevation of Cl; (Chavas et al., 2004). But, although the large
surface-to-volume ratio of the axon is favorable to such a
mechanism, it is again unclear whether GABA ,R-induced cur-
rents would be sufficient, and still other coupling mechanisms
may need to be envisaged.

Our results suggest that presynaptic GABA,Rs are respon-
sible for increasing the strength of GABAergic synaptic trans-
mission in a specific time window, corresponding to synapse
development. The developmentally regulated, GABA,R-
mediated increase in release probability described here could
account for the previous report that the release probability of
MLI-Purkinje cell synapses decreases between P10 and P20
(Pouzat and Hestrin, 1997). In agreement with this work, we
find that the endogenous excitatory effects mediated by pre-
synaptic GABA ,Rs disappear around P15. This is not attrib-
utable to an age-dependent decrease of Cl;, as measured by
somatic gramicidin perforated-patch recordings, because CI;
is constant from P12, the earliest age examined in this study,
until P45, much later than the transition seen in Figure 2D
(Chavas and Marty, 2003). Because the amplitude of autore-
ceptor currents [which are measured at constant Cl; (Pouzat
and Marty, 1999)], as well as the presynaptic staining of the a1
GABA R subunit (Fig. 7), follow the same age dependence as
that observed with presynaptic GABA ,R-mediated excitation,
we propose that GABA ,Rs are both somatodendritic and ax-
onal up to P14, but that the density of axonal receptors drops
sharply past P14. It is striking that the age span of presynaptic
autoreceptors matches the period of expansion of the molec-
ular layer. Both phenomena end at the same time (near P15),
suggesting that presynaptic GABA,R-mediated signaling
plays a role in the growth and wiring of the molecular layer
network.
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