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Frequency-dependent mobilization of
heterogeneous pools of synaptic vesicles
shapes presynaptic plasticity

Frédéric Doussau’, Hartmut Schmidt?, Kevin Dorgans’, Antoine M Valera'",
Bernard Poulain’, Philippe Isope’

'Institut des Neurosciences Cellulaires et Intégratives, CNRS, Université de
Strasbourg, Strasbourg, France; ?Carl-Ludwig Institute for Physiology, University of
Leipzig, Leipzig, Germany

Abstract The segregation of the readily releasable pool of synaptic vesicles (RRP) in sub-pools
that are differentially poised for exocytosis shapes short-term plasticity. However, the frequency-
dependent mobilization of these sub-pools is poorly understood. Using slice recordings and
modeling of synaptic activity at cerebellar granule cell to Purkinje cell synapses of mice, we
describe two sub-pools in the RRP that can be differentially recruited upon ultrafast changes in the
stimulation frequency. We show that at low-frequency stimulations, a first sub-pool is gradually
silenced, leading to full blockage of synaptic transmission. Conversely, a second pool of synaptic
vesicles that cannot be released by a single stimulus is recruited within milliseconds by high-
frequency stimulation and support an ultrafast recovery of neurotransmitter release after low-
frequency depression. This frequency-dependent mobilization or silencing of sub-pools in the RRP
in terminals of granule cells may play a role in the filtering of sensorimotor information in the
cerebellum.

DOI: https://doi.org/10.7554/eLife.28935.001

Introduction

In neuronal networks, transfer of information largely relies on the ability of presynaptic terminals to
convert changes in the firing rate of action potential (AP) into corresponding changes of neurotrans-
mitter release. During trains of APs, the immediate tuning of synaptic efficacy is determined by the
combination of multiple parameters including AP frequency, past firing activity, number of release-
competent synaptic vesicles (SVs), also referred as the readily-releasable pool (RRP), vesicular release
probability (p,), and number of release sites (N). To date, the deciphering of cellular mechanisms
underlying synaptic efficacy has been challenged by the contentious definition of the RRP
(Neher, 2015). Depending on studies, the RRP either corresponds to a large population of docked
SVs releasable by hyperosmotic stimulation or to SVs releasable by a single AP (Moulder and Men-
nerick, 2005; Pan and Zucker, 2009; Neher, 2015). Besides, there is increasing evidence that the
RRP comprises heterogeneous populations of SVs that are differently poised for exocytosis and
sequentially recruited for exocytosis. In the calyx of Held, for example, the RRP can be separated
into a fast-releasing pool (FRP) and a slowly releasing one (SRP) (Sakaba and Neher, 2001,
Sakaba, 2006; Schneggenburger et al., 2012). During a train of APs, SRP vesicles are first con-
verted into FRP vesicles and then mature to a fully-releasable state (Lee et al., 2012, 2013). In the
cerebellar cortex, at synapses between granule cells (GCs) and molecular layer interneurons (MLlIs),
two subsets of the RRP have been described that are also mobilized by a two-step process, although
the transition is faster than at the Calyx of Held (Ishiyama et al., 2014; Miki et al., 2016). Together,
these studies suggest that short-term plasticity during high-frequency trains is shaped by the
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differential mobilization of sub-pools of SVs in the RRP (Pan and Zucker, 2009; Miki et al., 2016).
However, the mechanisms controlling these pools/steps upon a broad bandwidth of stimulation fre-
quencies are still unknown.

Counter-intuitively, the size of the RRP does not determine the direction of presynaptic plasticity
during high-frequency stimulation; at the calyx of Held with a very large RRP (700 to 5000 SVs;
Borst and Soria van Hoeve, 2012) synaptic transmission quickly depresses, whereas at the GC to
Purkinje cell (PC) synapse, synaptic transmission facilitates during tens of APs (Kreitzer and Regehr,
2000; Valera et al., 2012; Schmidt et al., 2013) despite a small RRP (4-8 SVs, Xu-Friedman et al.,
2001) and a relatively high p, (Schmidt et al., 2013; Sims and Hartell, 2005; Valera et al., 2012 -
but see Atluri and Regehr, 1996). Using computer simulations combined with variance-mean
analysis of postsynaptic responses, we previously showed that this striking facilitation is mediated by
an increase in the number of release sites within milliseconds upon a Ca®*-dependent process
(Valera et al., 2012; Brachtendorf et al., 2015). Here, we investigated the cellular mechanisms
underlying presynaptic short-term plasticity at GC-PC synapses not only during burst of activity but
also upon fast changes in the stimulation frequency, as observed during in vivo recordings
(Chadderton et al., 2004; Jérntell and Ekerot, 2006; Rancz et al., 2007; Arenz et al., 2008;
van Beugen et al., 2013). We describe two subsets of SVs in the RRP with distinct properties: a
fully-releasable pool that can be released by a single AP and a reluctant pool that is available for
fusion within milliseconds at high stimulation frequencies. Moreover, we show that the fully-releas-
able pool can be specifically and almost completely silenced by low-frequency stimulation. The ultra-
fast recruitment of reluctant SVs enables the large facilitation of glutamate release at high
frequencies and the rapid recovery of neurotransmitter release following the near complete inactiva-
tion of fully-releasable SVs. We finally designed a model demonstrating how two pools of SVs can
account for the low-frequency depression of glutamate release and its ultrafast recovery at high fre-
quencies. These results support the idea that the distinct composition of the RRP in presynaptic ter-
minals of GCs implements a dynamic filter of neuronal activity. This may explain how sensory inputs
covering a wide range of firing rates are processed within the cerebellar cortex.

Results

Low-frequency depression at the granule cell-Purkinje cell synapse

In order to better understand the mechanisms underlying the strong facilitation of glutamate release
during repetitive stimulations of the GC-PC synapse, we first measured synaptic transmission over a
broad range of frequencies using transverse cerebellar slices prepared from young mice (P18 to
P25). To focus on presynaptic mechanisms and to rule out postsynaptic contributions, we pharmaco-
logically blocked the induction of postsynaptic long-term plasticity (LTP and LTD), NMDA-depen-
dent plasticity (Bidoret et al., 2009, Bouvier et al., 2016), and endocannabinoid signaling
(Marcaggi and Attwell, 2005; Beierlein et al., 2007). We stimulated parallel fibers (PFs) with trains
of stimuli (50 pulses) elicited at different frequencies (2, 50 and 100 Hz) and at near-physiological
temperature (34°C) (Figure 1A). As already reported in rodent cerebellar slices (Kreitzer and
Regehr, 2000), a sustained facilitation of synaptic transmission was observed up to the 25™-30%"
stimulus at frequencies above 50 Hz, indicating that the number of SVs released increased with stim-
ulation frequency. The paired-pulse facilitation at the first interval increased with frequency (paired-
pulse facilitation EPSCo/EPSC4: 171.15% + 10.03 at 50 Hz, n = 9, 215.96% =+ 6.90 at 100 Hz, n = 27,
Figure 1A). After 30 to 40 stimuli, a depression (EPSC./EPSC; < 1) was observed.

At many synapses, asynchronous release of quanta can be triggered by repeated stimulation
(Rudolph et al., 2011; Kaeser and Regehr, 2014). Since asynchronous release can be detected by
changes in the charge/amplitude ratio, we measured the charge and peak amplitude of EPSC during
50 Hz and 2 Hz stimulation. The perfect superimposition of normalized charges and amplitudes at
any stimulus number during 50 Hz and 2 Hz trains suggested that our stimulation protocol did not
evoke asynchronous release (Figure 1A). We then estimated the number of quanta released during
stimulation. Values of quantal parameters described at unitary GC-PC synapses of mice
(Schmidt et al., 2013) were used to estimate the number of quanta released at GC-PC synapse dur-
ing stimulation at 2 Hz, 50 Hz and 100 Hz. The number of PFs stimulated in each experiment was
estimated by dividing the mean value of EPSC amplitude at 0.033 Hz by the median EPSC amplitude
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Figure 1. Low-frequency depression at GC-PC synapses. (A) Averaged EPSC amplitude and charge versus stimulus number during train of stimuli at 2,
50 and 100 Hz. At 50 Hz EPSC amplitude and EPSC charge are represented by light and dark green squares, respectively. At 2 Hz, EPSC amplitudes
and EPSC charge are represented with red diamonds and orange diamonds, respectively. Note strong facilitation at 50 and 100 Hz, no facilitation at 2
Hz. (B) Left and right panels represent the number of quanta released during trains of 50 stimuli at 2, 50 and 100 Hz. Left panel: Cumulative number of
quanta release versus stimulus number at 2 Hz (red line), 50 Hz (green line) and 100 Hz (blue line). Note that the superposition of values at 50 Hz and
100 Hz mask the values at 100 Hz. Right panel: Box-plots showing the corresponding cumulative number of quanta released at the 50 stimulus. No
difference was observed between 50 and 100 Hz (t-test, p=0.82). Mean and median values are indicated in red and black, respectively. (C)
Representative recording traces of EPSCs evoked at 100 Hz and 2 Hz. Inset: The first EPSCs observed during 100 Hz train. The stimulus artifacts have
been subtracted for the 100 Hz train. (D) left, schematics showing the two modes of stimulation. Extracellular stimulations in the molecular layer (ML)
(upper panel) activated beams of PFs (in red) whereas stimulations of the granule cell layer (GCL) (lower panel) led to sparse activations of PFs (in green)
Non-stimulated GCs are represented in light blue. Stimulated areas are represented by concentric orange circles. Right, two examples of the time
course of EPSC amplitudes following stimulation of PFs (upper panel) or of GC somata (lower panel) at 0.033 Hz (gray points) and 2 Hz (red or green
points respectively). (E) Mean normalized EPSC amplitude during sustained 2 Hz stimulations of PFs or GC somata (red and green points respectively).
Note the delay before the actual induction of LFD. The depression was fitted by a monoexponential function (tau = 21.7 s, white line). (F) Selected time
course of LFD recorded in 5 PCs showing differences in the onset and the plateau of depression. (G, H) LFDs elicited in the same cell share the same
Figure 1 continued on next page
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Figure 1 continued

profile of depression. (G) Time courses of two successive LFDs elicited in the same cell. The second LFD protocol (LFD#2, blue points) was performed
after a resting period of 5 min (LFD#1, green points). inset, traces correspond to averaged EPSCs recorded during LFD#1 and LFD#2 (green and blue
traces, respectively) at the indicated stimulus numbers. (H;) EPSC amplitudes recorded at the first stimulus of LFD#1 (green points) and LFD#2 (blue
points). The similar sizes of EPSC amplitudes in LFD#1 and LFD#2 indicates full recovery from depression during the resting period (paired t-test
performed on EPSCs#1 of LFD#1 and LFD#2, p=0.94, n = 8). (H,) Superimposition of mean EPSC amplitudes recorded during LFD#1 (green points) and
LFD#2 (blue points). Same set of experiment as in Hy. (Hs) Box-plots showing the cumulative number of quanta released during LFD#1 and LFD#2
(number of quanta released during LFD: 49.5 quanta + 18.8 quanta for LFD#1 versus 45.6 quanta +, 14.5 quanta for LFD#2, paired t-test, p=0.47, n = 8),
the plateau of LFD#1 and LFD#2 (mean percentage of initial response for LFD: 13.9 + 5.2% for LFD#1 versus 11.8% =, 3.2 for LFD#2, paired t-test,
p=0.39, n = 8) and the delay before the onset of depression (15.6 stimuli + 6.6 stimuli for LFD#1 versus 17.4 stimuli + 7.2 for LFD#2. paired t-test,
p=0.13, n = 8). Since none of these parameters were statistically different between the two conditions, LFD#1 and LFD#2 were considered identical.
Blue and red lines indicate median and mean values respectively. Same set of experiments as in Hy, Ho.

DOI: https://doi.org/10.7554/eLife.28935.002

The following figure supplement is available for figure 1:

Figure supplement 1. LFD can be elicited by a broad range of frequencies.
DOI: https://doi.org/10.7554/eLife.28935.003

obtained at unitary GC-PC synapses (5.3 pA, including release failure, Schmidt et al., 2013). The
number of quanta released at any synaptic terminal during each protocol was estimated by dividing
the cumulative EPSC amplitude by the number of PFs stimulated and by the mean value of the quan-
tal content obtained at unitary GC-PC synapse (8 pA, Schmidt et al., 2013). Our estimation does
not take in account the ~10% of GC boutons that contain two active zones and make contact on two
dendritic spines (Xu-Friedman et al., 2001). Therefore, the estimation of the number of quanta
released at individual GC terminals have been underestimated through overestimations of the num-
ber of PFs recruited by external stimulation. Nevertheless, these errors should be constant in all the
stimulation paradigms and we believe that the comparison between cumulative values of quanta
released at individual GC terminals are relevant information. Cumulative EPSC amplitude plots dem-
onstrate that the total number of quanta released is proportional to the stimulation frequency. How-
ever, although initial facilitation during the first two or three pulses is higher at 10 ms than at 20 ms
intervals (Valera et al., 2012) no difference was observed in the maximal recruitment of releasable
SVs between 50 Hz and 100 Hz (number of quanta released per bouton at 50 Hz = 39.47 + 2.75,
n = 9 compared to 40.14 + 7.50 at 100 Hz, n = 27, p=0.82, t-test, Figure 1B).

Conversely, at 2 Hz, the synaptic responses did not facilitate during the first stimuli (Figure 1A,C)
and depressed rapidly after a mean delay of 7 stimuli + 5 stimuli (n = 35) (Figure 1D,E). We named
this rapid blockage of synaptic transmission ‘low frequency depression’ (LFD). Strikingly, the EPSC
amplitudes decreased mono-exponentially in the majority of cells recorded (n = 32) with a mean
time constant of 15.9 s + 1.2 s. A lack of LFD was observed for ~12% of PCs recorded in the vermis
(5 cells out of 39 cells). These cells were excluded from the statistical analysis.

APs are reliably initiated and transmitted along PFs at high frequencies and at physiologic tem-
perature (35°C) (Kreitzer and Regehr, 2000; Isope and Barbour, 2002; Baginskas et al., 2009).
Nevertheless, repetitive extracellular stimulations of PFs can decrease the excitability of fibers excit-
ability due to K* accumulation in the extracellular space (Kocsis et al., 1983). To test, whether LFD
was caused by decreased excitability of PFs, we placed the stimulation electrode in the granule cell
layer (GCL) to stimulate clusters of GC somata rather than beams of PFs (Figure 1D). The lack of any
significant change in the onset and the kinetics of depression after stimulating GC somata
(Figure 1D,E) suggested that impaired PF excitability did not cause LFD.

While the onset and the plateau of LFD varied among PCs (Figure 1F), the depression could be
reliably induced in a given PC as long as the recording of EPSCs could be maintained. In a series of
8 experiments, two LFD (LFD#1 and LFD#2) separated by a resting period of 5 to 10 min were suc-
cessively induced. EPSC amplitudes fully recovered after the resting period following the end of
LFD#1 protocol and the time courses of EPSCs amplitude of LFD#1 LFD#2 were identical
(Figure 1G,H). Our findings reveal for a first time that a sustained stimulation at low frequency can
almost completely silence the release apparatus of GC terminals.

In vivo recordings have shown that GCs fire spontaneously in a range of 0.4 to 10 Hz
(Chadderton et al., 2004; Jorntell and Ekerot, 2006). Therefore, we applied successively at the
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same synapse low-frequency stimulations in a range of 0.5 to 10 Hz (stimulations with random fre-
quencies, Figure 1—figure supplement 1A) or at a fix low frequency (0.5 Hz, 2 Hz or 5 Hz, Fig-
ure 1—figure supplement 1B,C). No change in the properties of LFD were observed after a shift in
the firing frequency (Figure 1—figure supplement 1D,E) indicating that presynaptic terminals of
GCs can filter a broad range of low-frequency activities of GCs.

Immediate recovery from LFD by high-frequency trains

High-frequency stimulations can induce rapid refilling of release sites and the recruitment of new
ones (Saviane and Silver, 2006; Hallermann et al., 2010; Valera et al., 2012, Chamberland et al.,
2014). Therefore, we tested whether an increase of stimulation frequency could fully restore release
from presynaptic terminals after LFD induction. Alternatively, LFD may result from an activity-depen-
dent blockage of presynaptic voltage-dependent calcium channels (Xu and Wu, 2005). In this latter
case, accelerating the refilling of the RRP or increasing the number of release sites N should not
restore glutamate release after LFD. LFD was induced by 300 stimuli at 2 Hz, and a train of 50 stimuli
at 100 Hz was applied immediately after the last stimulus (Figure 2A). Strikingly, after a full blockage
of synaptic transmission, the glutamate release capacity recovered to 70.7 + 7.6% within 10 ms,
reached a peak of amplitude after 5 to 8, and then declined progressively (Figure 2B-D). After the
7t stimuli, EPSC amplitudes evoked by the 100 Hz recovery train reached values that were not sig-
nificantly different from values observed at the same stimulus number in a control train elicited
before LFD induction (Figure 2C,D). This suggests that a full recovery from LFD was achieved within
70 ms.

We then studied how the frequency of stimulation in the train influenced the ability of depressed
synapses to recover a full capacity of release. Accordingly, 50 Hz and 20 Hz trains were applied after
LFD and compared to 50 Hz and 20 Hz trains applied in control conditions. Mean amplitudes of
EPSCs recorded during train at 50 Hz applied in control condition were not statistically different
from those recorded after LFD induction (Figure 2E) within approximately 50 ms (5 stimuli). With 20
Hz applied after LFD, the recovery was limited, and EPSC amplitudes were smaller than the ones
recorded in control condition (Figure 2F).

Recovery from LFD relies on the fast recruitment of reluctant SVs by a
high-frequency train

In principle, the ultrafast recovery of synaptic transmission following LFD could be mediated by (1) a
frequency-dependent ultrafast replenishment of the RRP and/or by (2) the recruitment of a reluctant
pool of SVs that cannot be mobilized at low frequency as suggested in Valera et al., 2012. To test
the latter mechanism, we studied whether the recovery from LFD by a 100 Hz train was affected by
previous exhaustion of the reluctant pool. Our results suggested that the reluctant pool can be
recruited by short bursts at high frequency (paired-pulse/triplet stimulation at 50 or 100 Hz,
Valera et al., 2012). Therefore, we modified the stimulation paradigm for LFD and used 100 triplets
of stimuli repeated at 2 Hz (LFDyiplet) instead of the 300 single pulses at 2 Hz (LFD). The total num-
ber of stimuli was the same in LFDyp1et and LFD. The triplet frequency was changed from 10 Hz to
200 Hz during the experiment. Since LFD protocols can be repeated several times after a recovery
time (Figure 1G), we systematically applied the LFD and LFDypjer protocols to each PC recorded.
Strikingly, the level of recovery after LFDyper Was inversely proportional to the frequency of triplet
stimulation (Figure 3B,C). For example, when triplets frequency was set at 200 Hz during LFDyiplets
synaptic transmission hardly recovered (maximal recovery 38.9%+7.19 n = 6, compared to 196.7%+
8.7, after LFD, n = 27, Figure 3C). This finding suggested that LFDypie: stimulation depleted or dis-
abled the population of SVs that support the recovery from LFD. If SVs released only during LFDxipiet
(that is, at the second and third pulse of triplet stimulation) and during recovery by 100 Hz train
belong to the same pool (the reluctant pool), then the number of quanta released during LFD and
recovery train or during LFDyipie: and recovery train should be the same. We next applied LFD and
LFDyriplet (triplet at 100 Hz) successively in the same cells followed by the application of a 100 Hz
recovery train (Figure 4A,B). Cumulative EPSC amplitudes were determined, and the approximate
number of quanta released for the whole protocol (LFD or LFDypiet +recovery train) was estimated
(Figure 4C). The normalized cumulative EPSC amplitude was higher during LFDyipet than during
LFD (6440.9 + 945% for LFD compared to 9353.5 + 1199.9% for LFDyplet, P<0.001, paired t test,
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Figure 2. Ultrafast recovery from LFD by high-frequency trains. (A) Typical experiment illustrating the time course
of EPSC amplitude during LFD (gray points, stimulation at 2 Hz) and the fast recovery from LFD via high-frequency
trains (red points, stimulation 100 Hz). Inset: protocol of stimulation. Stimulus #1 corresponds to the beginning of
the 2 Hz stimulation. (B) Recording traces of superimposed EPSCs recorded during 2 Hz stimulation (left) and
during the following 100 Hz train (right) at the indicated stimulus number from (A). Note the ultrafast recovery from
depression at 100 Hz (stimulus # 301). (C) Left, Representative EPSC amplitudes evoked by a 100 Hz train applied
before (green), and 10 ms after 300 stimuli at 2 Hz. The dashed line corresponds to the baseline amplitude

Figure 2 continued on next page

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935

6 of 24


https://doi.org/10.7554/eLife.28935

LI FE Neuroscience

Figure 2 continued

defined as mean amplitude at 0.033 Hz. Note the similar size of EPSCs after the fourth stimulus at 100 Hz. Right,
Corresponding traces recorded during these 100 Hz trains. Inset: The first EPSCs observed during train
application. (D) Mean values of normalized EPSC amplitude elicited by trains of stimulation at 100 Hz at baseline
(0.033 Hz, green) or after LFD induction (2 Hz, red). EPSC amplitudes were not significantly different after the
seventh stimuli (MWRST, p=0.181, n = 27). (E) Mean values of normalized EPSC amplitude elicited by trains of
stimulation at 50 Hz and 20 Hz at baseline (0.033 Hz, green) or after LFD induction (2 Hz, red). EPSC amplitudes
were not significantly different after the after the fifth stimuli for 50 Hz trains (t-test, p=0.137, n = 13). EPSC
amplitudes in 20 Hz trains elicited after LFDnever reached amplitudes of EPSCs of 20 Hz trains elicited at rest.
Numbers at the bottom of the graphs indicate the number of cells recorded under each condition.

DOI: https://doi.org/10.7554/eLife.28935.004

n = 18, Figure 4C,D). This suggests that reluctant SVs were recruited by the triplet stimulation.
When the cumulative EPSC amplitude measured during the recovery train was added, no significant
differences were observed between the two protocols (11696.3 + 1163.6% for LFD and recovery
train compared to 11379.0 + 1349.6% for LFDy;plec and recovery train, p=0.61, paired t test, n = 18,
Figure 4C,D). This suggests that SVs recruited only during LFDy;pjet or only during recovery train
belong to the same reluctant pool. Accordingly, the calculated number of quanta released during
LFD was statistically lower than during LFDyple (42.7 £ 6.2 quanta for LFD compared to 60.8 + 8.0
quanta for LFDyipler, P<0.01, paired t-test, n = 18, Figure 4E) and the total number of quanta
released during LFD and recovery train or LFDyipier and recovery train were not significantly different
(77.5 £ 7.7 quanta released for LFD and recovery train compared to 74.8 + 8.9 quanta released for
LFDgiplet and recovery, p=0.51, paired t-test, n = 18, Figure 4E). Moreover, the number of quanta
released during LFD and solely during recovery train (that is, at stimuli #301 to stimuli #350) were
not significantly different (42.7 + 6.2 quanta released for LFD compared to 32.1 + 2.3 quanta
released for recovery train, p=0.1, paired t-test, n = 18, Figure 4E). These results suggest that
releasable SVs in GC boutons segregate in two distinct pools: the fully-releasable pool that can be
released by a single AP and a reluctant pool that can only be recruited during bursts of APs reaching
frequencies > 20 Hz.

Physiologically, the duration of spontaneous activity of GCs preceding high-frequency bursts is
variable. Therefore, the recruitment of the reluctant pool may occur regardless of the status of the
fully-releasable pool. This latter pool may be fully available, partially silenced or fully silenced. Since
strong paired-pulse facilitation indicates recruitment of the reluctant pool (Valera et al., 2012,
Miki et al., 2016, this study), we studied how high-frequency paired-pulse stimulations randomly
applied during the course of LFD influenced paired-pulse facilitation. Paired-pulse stimulation at
high frequencies applied during LFD induced strikingly high PPR values (Figure 4—figure supple-
ment 1A,C). These strikingly high PPR values were observed whatever was the percentage of inhibi-
tion and regardless of the timing of LFD (Figure 4—figure supplement 1D). These findings strongly
suggest that the status of the fully-releasable pool does not influence the mobilization of the reluc-
tant pool.

A two-pool model accounts for basic experimental findings

Our data suggest a segregation of SVs into different pools at GC terminals, which is in line with sev-
eral previous studies (Valera et al., 2012; Ishiyama et al., 2014; Brachtendorf et al., 2015;
Miki et al., 2016). They further suggest that SVs can be recruited from a reluctant pool into a fully-
releasable pool on a millisecond timescale. Several models can account for these findings (Figure 5),
including a single-pool model with Ca?*-independent replenishment, a sequential two-pool model
with Ca2+-dependent recruitment (Millar et al., 2005; Sakaba, 2008), and a parallel two-pool model
with intrinsically different SVs in which both pools are restored independent of Ca®* (Wélfel et al.,
2007; Schneggenburger et al., 2012). An important demand on such models is that it needs to
integrate the observed high-frequency facilitation and LFD.

First, we analyzed a sequential two-pool model, where release is triggered via a Ca?*-driven, five-
site sensor from a fraction of releasable SVs (Millar et al., 2005; Sakaba, 2008) (Figure 6A, see
Materials and methods). These SVs become replenished in two steps. The first step corresponds to a
Ca®*-dependent priming step (Ro—R;) and the second one to a Ca®*-independent filling step
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Figure 3 continued

stimulation. Right panel, upper trace, EPSCs elicited by the first stimulation at 2 Hz, middle traces, averaged
EPSCs recorded during the LFD plateau (stimuli #280 to #300), bottom traces, EPSC recorded during the 50 Hz
train applied 500 ms after the 2 Hz stimulation (artifacts subtracted). (B) left panels, time courses of EPSC
amplitudes induced by triples pulse at different frequencies (LFDypjer, See inset for protocol) as indicated and by a
subsequent 50 Hz train. Right panel, upper trace, EPSCs elicited by the first triplet at 2 Hz, middle traces,
averaged EPSCs recorded during the LFD plateau (stimuli #80 to #100), bottom traces, EPSC recorded during the
50 Hz train applied 500 ms after the 2 Hz stimulation (artifacts subtracted). For A and B, all data and traces were
obtained in the same PC, and LFDs or LFDsisie: Were elicited after a resting period of 5 min after the end of each
protocol. (C) Mean values of normalized EPSC amplitudes evoked by 50 Hz train (left) and 100 Hz train (right)
applied 500 ms after LFD induction (300 single stimuli at 2 Hz or 100 triple pulses at 2 Hz). Same color code than in
A and B.

DOI: https://doi.org/10.7554/eLife.28935.005

(R4—>V). In this case, Ro+R4 and V correspond to the reluctant and the fully-releasable pool, respec-
tively, as observed in our experiments. In the simulations, release was triggered by Gaussian-shaped
Ca?* signals with amplitudes of ~22 uM (Schmidt et al., 2013). Ca?*-dependent recruitment was
assumed to be driven by residual Ca®* (Figure 6B) with an initial amplitude of 520 nM and a decay
constant of 42 ms (Brenowitz and Regehr, 2007). During high-frequency stimulation (100 Hz), this
residual Ca* sums linearly during 50 stimuli (Brenowitz and Regehr, 2007), building up to a steady
state amplitude of ~2 M. This high concentration of residual Ca®* drove rapid recruitment of SVs
from the reluctant pool into the fully-releasable pool causing a transient increase of the latter pool
(Figure 6C; Valera et al., 2012). Acting in concert with slow Ca®* unbinding from the release sen-
sor, which generates a moderate facilitation on the ms timescale (Bornschein et al., 2013), SV
recruitment resulted in prolonged and facilitated release consistent with our experimental observa-
tions (Figure 6D,E, compared with Figure 1). On the other hand, during low-frequency stimulation
(2 Hz), residual Ca®* dropped back to its resting level between pulses and recruited SVs returned to
the reluctant pool between stimuli. This resulted in the progressive depletion of fully-releasable SVs,
leading to LFD. Renewed driving of the depressed model at high-frequency reproduced a rapid
recovery from LFD and was followed by facilitation (Figure 6D compared with Figure 2), thus illus-
trating the recruitment of the reluctant pool.

Next, we simulated release using two alternative models. The single pool model incorporates an
‘allosteric’ release sensor (Lou et al., 2005) and a replenishment step at a fixed, Ca2+-independent
rate (one-pool model, Walfel et al., 2007). The parallel pool model postulates two pools of releas-
able SVs (SRP and FRP, see introduction) with fast and slow intrinsic release rates (parallel two-pool
model, Wélfel et al., 2007). In both models, the pools are replenished at a fixed rate independent
of Ca?*. Both models predict a depression of release during high-frequency stimulation and a strong
facilitation during sustained low-frequency stimulation (Figure 6F,G). This is in stark contrast to our
experimental results that show the opposite behavior of GC synapses. The latter two models suc-
cessfully described several aspects of release at the depressing calyx of Held synapse that operates
with a very large RRP (Satzler et al., 2002) but cannot explain the release mechanisms at GC-PC
synapses, which are based on a small number of releasable SVs and a rapid Ca®* driven recruitment
of SVs.

Taken together, these findings show that several aspects of our experimental findings, in particu-
lar high-frequency facilitation and LFD, can be reproduced by a simple sequential two-pool model
with Ca?*-dependent recruitment. This does not exclude a contribution of more sophisticated mech-
anisms like activity- dependent ‘a posteriori’ modifications (Wélfel et al., 2007) or a separate facili-
tation sensor (Atluri and Regehr, 1996; Jackman et al., 2016) but hints towards the minimal
requirements for sustained release from a small terminal operating with a small number of releasable
SVs.

Recovery from LFD depends on the size of both pools

The two-pool sequential model predicts that the kinetics of refilling of the fully-releasable pool after
LFD depends on the state of the reluctant pool. For example, when both the fully-releasable pool
and the reluctant pool have been depleted by high-frequency stimulation, the replenishment should
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Figure 4. Recruitment of reluctant vesicles by high-frequency trains underpins recovery from LFD. (A)
Superimposition of ESPC amplitudes elicited during LFD (2 Hz, gray circles) or LFDypje¢ (2 Hz with triplet
stimulation at 100 Hz, red circles) in the same PC, and during the recovery from LFD via application of a 100 Hz
train (gray squares for a 100 Hz train applied 500 ms after LFD, and red squares for a 100 Hz train applied 500 ms
after LFDyipied)- (B) upper traces, superimposition of the first EPSCs recorded at stimulus #1 for LFD (gray trace)
and LFDyiplet (red trace). Lower traces, EPSCs recorded during the 100 Hz trains applied 500 ms after LFD (gray
trace) or 500 ms after LFDyipiet. (C) Mean values of cumulative EPSC amplitudes during LFD and LFDyipe; followed
by a recovery train at 100 Hz (n = 18 cells). LFD and LFDypje: Were elicited successively in the same PCs. The
dashed line indicates the beginning of the 100 Hz trains. o and o’ correspond to the cumulative value at the end
of LFD protocols, B and B’ are values obtained following the recovery trains. (D) Mean values of a, a’, b andf'’
(same y axis as in C). (E) Estimation of the number of quanta released at GC-PC synapse during LFD, LFDyipjec and
during the recovery via 100 Hz train (same set of experiments as in D). For the panels D and E, data were
compared by using paired t-test.
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The following figure supplement is available for figure 4:

Figure 4 continued on next page
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Figure 4 continued

Figure supplement 1. The status of the fully-releasable pool does not influence the mobilization of the reluctant
pool.
DOI: https://doi.org/10.7554/eLife.28935.007

start first in the reluctant pool, and then the fully-releasable pool can be reloaded. To test this
hypothesis, we determined the recovery kinetics of the fully-releasable pool after LFD (Figure 7A,
red points) and LFDypiet (triplet at 200 Hz; Figure 7A, blue points) by applying low-frequency stimu-
lation at 0.033 Hz starting 30 s after the end of the LFD protocol. As shown in Figure 7A, full recov-
ery after LFD was described by a single exponential function (tau = 153.8 s, R? = 0.93), indicating a
single-step process. Recovery following LFDgiplet also followed a single exponential time course
(tau = 212.8 s, Figure 7A) but started with a long delay. Averaged time courses show that simple 90
s shift led to an identical monoexponential recovery in both LFD (mean tau = 156.3 s, R? = 0.98,
n = 8) and LFDyipler (Mean tau = 149.3 s, R% = 0.96, n = 6) (Figure 7B,C). The delay preceding the
exponential recovery from depression after LFDyiplet (<90 s) may reflect the time required to recon-
stitute the reluctant pool. To test this possibility, the following paradigm was designed: SVs from
both the reluctant and fully-releasable pools were depleted by LFDypiet (triplets at 100 Hz), then a
100 Hz test train was applied after a variable resting period (500 ms, 10 s or 1 min of rest after the
end of LFD, Figure 7D). As shown in Figure 7D, amplitudes of EPSCs during the test trains
increased proportionally to the length of the resting period. More interestingly, after 1 min of rest,
the first responses in the test train were still fully blocked (Figure 7E) whereas the amplitudes of the
late responses reflecting the recruitment of the releasable pool (after stimuli # 11-12 in the test train)
were similar to the corresponding responses in the control train (Figure 7F). This demonstrates that
even after 1 min of rest, no SVs from the fully-releasable pool were ready to be released, despite
partial reconstitution of the reluctant pool.

Reluctant SVs can be recruited by increasing Ca®* entry

Finally, we investigated whether SVs in the reluctant pool are maintained in a state of low release
probability. In this case, the reluctant pool could be affected by modifications of p,. First, we studied
the properties of LFD and recovery by 100 Hz train upon an increase in p,. Based on our previous
studies, we estimated that an increase of [Ca®*]. from 2.5 mM to 4 mM can increase p, from 0.25 to
0.67 for SVs in the fully-releasable pool (Valera et al., 2012). In the presence of 4 mM [Ca%*],, the
number of quanta released during LFD almost doubled as compared to LFD elicited in 2.5 mM
[Ca®™]. (Figure 8A-C). However, the time course of normalized amplitudes of EPSCs during LFD was
barely affected in high [Ca?*].; neither the delay, nor the plateau of LFD or the decay time constant
were statistically different in low and high Ca®* conditions (Figure 8D,E). This suggests that similar

two-pool model two-pool model
one-pool model Sequential model parallel model
Fully-releasable pool
¥ — v C?) v

‘ High release rate

two-pool model
a-posteriori model

‘ Low release rate

Low-frequency

T vy

Figure 5. Schematics showing different models of SV release at GC-PC synapses. Based on hypothesis proposed
in other synapses, presynaptic release could be mediated by a homogeneous pool of release-ready SVs (one-pool
model) or through a two-pool model with alternative stages of transition between the two pools. For the two-pool
model, releasable SVs are separated in a fully-releasable pool (red SVs) or a reluctant one (green SVs).

DOI: https://doi.org/10.7554/eLife.28935.008
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Figure 6. Models of LFD and short-term facilitation. (A) Left, scheme illustrating the sequential model of Ca%*
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Figure é continued on next page
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Figure 6 continued

is referred to as sequential ‘two-pool’ model. During high-frequency stimulation, the residual Ca®* increases,
resulting in recruitment of SVs from the reluctant pool into the fully-releasable pool, that is, a temporal increase in
the fully-releasable pool that enables short-term facilitation (red arrow). The residual Ca®* generates an additional
moderate, short-lasting facilitation due to slow unbinding from the release sensor (dashed red arrow). During low-
frequency activation at 2 Hz, the residual Ca®* drops back to resting level between stimuli and SVs recruited to the
fully-releasable pool return to the reluctant pool (green arrow). (B) Simulated amplitudes of residual Ca®* during
high- (100 Hz, black) or low-frequency (2 Hz, red) activation starting from a resting Ca?* (Cayes) level of 50 nM. (C)
Fraction of Ca?* unoccupied SVs in the fully-releasable pool (V) of the release sensor during the initial three
activations of a 100 Hz (black) or 2 Hz (red) activation train. Note that during the first three stimuli at low frequency,
the fully-releasable pool relaxes to its initial (V = 1, i.e. 100%) from a transient overfilling (V > 1) prior to the next
pulse. The fully-releasable pool continues to increase in size during high-frequency activation due to the build-up
of residual Ca?* and continuous recruitment of reluctant vesicles (cf. B). (D) Transmitter release rates during three
stimuli at high (black) or low frequencies (red), normalized to the first release event (E) Paired-pulse ratios (PPRs)
calculated as the ratio of release probabilities in the i-th (p,,)) and the first pulse (p, 1) during 100 Hz (filled black) or
2 Hz (red) stimulation. Open circles show PPRs during 100 Hz activations started in a previously depressed state.
(F) Left, one-pool model of Ca%* binding and release according to Wélfel et al., 2007 consisting of the ‘allosteric’
sensor model (Lou et al., 2005) supplemented with a reloading step of 2 SVs/ms. Right, in contrast to our
experimental findings, this model generates low-frequency facilitation and high-frequency depression. (G) Left, as
in F but for two parallel, non-interacting pools of SVs differing in their release rate constants thereby generating a
"fast releasing pool of SVs’ (release rate |, as in F) and a ‘slowly releasing pool of SVs' (release rate J,<l, asin F,
Walfel et al., 2007). Both models are restored via Ca®* independent reloading steps of 2 SVs/ms. Right, note that
similar to the model in F, this simulation generates a high-frequency depression and a low-frequency facilitation.
Models in F and G fail to reproduce our experimental findings.

DOI: https://doi.org/10.7554/eLife.28935.009

mechanisms underlying LFD occur at low and high p, conditions. On the other hand, the recovery
from LFD was strongly reduced (maximal recovery 85.5%+11.6 n = 5, Figure 8D) with high [Ca®*].
This indicates that the reluctant pool was partially exhausted after LFD in high [Ca®*].. Hence, the
increase in the number of quanta released during LFD in high [Ca®*], probably arises from the
recruitment of SVs in reluctant pool.

Next, we tested whether recruitment of the reluctant pool could be affected by impairing the
spatiotemporal profile of [Ca?*]. EGTA is a slow Ca®" chelator that does not affect [Ca®*] in the
nanodomain during single AP but dampens the building-up of [Ca?*] during high-frequency trains
(Schmidt et al., 2013). Accordingly, LFD and the recovery from LFD by 100 Hz train were monitored
before and after application of 10 uM EGTA-AM. Bath application of 10 uM EGTA-AM did not affect
the basal release of glutamate (Figure 8F, Schmidt et al., 2013) and the time course of LFD
(Figure 8F-H) whereas the recovery from LFD was slowed-down and reduced during the first
responses of the 100 Hz train. Statistically significant differences were detected only at stimulus #4
and #5 of the train (p=0.031 for both stimuli, signed rank test, n = 6) (Figure 8G). The reduction in
the number of reluctant SVs recruited by a 100 Hz recovery train following an alteration of the spa-
tiotemporal profile of Ca®* confirms our simulation that suggests that one transition step from the
reluctant state to the fully-releasable is Ca?*-dependent.

Discussion

The present work demonstrates that the release of glutamate and the presynaptic short-term plastic-
ity at GC-PC synapses are shaped by two pools of releasable SVs, namely fully-releasable SVs and
reluctant SVs, which are differentially poised for exocytosis. Whether both pools constitute sub-pools
of the RRP is still a matter of debate (Pan and Zucker, 2009; Neher, 2015). Here, we propose that
the RRP is restricted to the fully-releasable pool, that is, to the only SVs that can be released by a
single AP (see also Miki et al., 2016).

Mechanism underlying the recruitment of reluctant SVs
We cannot exclude that GC boutons are heterogeneous and divided in subsets equipped only with
the fully-releasable pool, only with the reluctant pool or with both pools. Nevertheless, we previously
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Figure 7 continued on next page
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Figure 7 continued

graph and against time in the right graph. The thick red and blue lines on the right graph show monoexponential
fits. Note the delay of recovery after LFDyipler, stimulation. (B) Normalized mean amplitudes of EPSCs evoked by
0.033 Hz stimulation 30 s after LFD (red points, n = 8) and after LFDypje: (triplet stimulation at 200 Hz, blue points,
n = 6). EPSC amplitudes were normalized to the mean value of EPSCs recorded during a baseline established by
stimulation at 0.033 Hz. Thick red and blue lines represent monoexponential fits. (C) same values as in B, except
that the time axis was shifted by 90 s for experimental values obtained during the recovery train applied after
LFDyiplet (blue points). (D) Recovery from LFDyip1er probed by 100 Hz as indicated by the stimulation paradigm.
Left, EPSC traces recorded during the 1% triplet stimulation at 2 Hz. Right, EPSC traces recorded during 100 Hz
trains applied 500 ms, 10's or 60 s after LFD protocol ended. Traces are superimposed with EPSCs recorded
during a 100 Hz train applied before LFD induction (gray traces). (E) Superimposition of the first responses to the
trains recorded in D. The color code is the same as in D. (F) Mean values of EPSC amplitudes recorded during 100
Hz trains applied 500 ms, 10 s or 60 s after the LFD protocol ended.

DOI: https://doi.org/10.7554/eLife.28935.010

showed that stimulations of unitary GC-PC synapses and stimulations of beam of PFs gave similar
values of the PPR (Valera et al., 2012; Brachtendorf et al., 2015). Since the ultrafast recruitment of
the reluctant pool underlies part of the strong paired-pulse facilitation observed at GC-PC synapses,
we believe that most of GC terminals are equipped with both pools. Our simulation and experimen-
tal findings show that the recruitment of reluctant SVs is achieved via both Ca?*-dependent and
Ca®*-independent steps. Several presynaptic proteins involved in priming stages bear C2-domains
that mediate their actions in Ca®*-dependent and Ca®*-independent priming processes
(Pinheiro et al., 2016). Notably, two C2-domain-containing proteins have been implicated in short-
term facilitation, synaptotagmin 7 (Jackman et al., 2016; Jackman and Regehr, 2017) and Munc13s
(Betz et al., 1998; Augustin et al., 2001; Basu et al., 2007; Shin et al., 2010; Zhou et al., 2013).
Synaptotagmin 7 is unlikely to play a role in the ultrafast recruitment of SVs from the reluctant pool
because of the slow kinetics of its C2A domain (Hui et al., 2005; Brandt et al., 2012 but see
Jackman and Regehr, 2017). Alternatively, Munc13s can mediate short-term facilitation through the
calmodulin-binding domain (Junge et al., 2004; Zikich et al., 2008) and/or via heterodimerization
of the C2A-domain with the Rab3-binding protein RIM (Camacho et al., 2017). Interestingly,
Munc13s are required in a superpriming step that may be analogous to the transition process
described in this study (Lee et al., 2013; Lipstein et al., 2013, Ishiyama et al., 2014). At present, it
is not known whether these interactions are fast enough to mediate the transition from the reluctant
pool to the fully-releasable one.

In other cerebellar synapses, strong short-term facilitation relies on an ultrafast reloading of
release sites (Saviane and Silver, 2006; Miki et al., 2013). Future experiments will determine
whether these fast reloading processes are analogous to the fast recruitment of reluctant SVs at GC
to PC synapses. Several scaffolding proteins of the cytomatrix at the active zone such as Bassoon or
actin filaments tether SVs in the close vicinity of release sites (Schoch and Gundelfinger, 2006;
Siksou et al., 2007, 2011, Gundelfinger et al., 2015, Kittel and Heckmann, 2016) and are
required to speed-up the refilling of emptied release sites during high-frequency stimulations
(Hallermann et al., 2010; Lee et al., 2012, Hallermann and Silver, 2013; Miki et al., 2016). At GC-
PC synapses, these filamentous proteins may serve as tracks or molecular motors driving reluctant
SVs up to the fusion sites (Hallermann and Silver, 2013). Anyhow, both experimental data (Figure 7)
and simulations (Figure 6) suggest that SVs can revert from the fully-releasable status back to the
reluctant one, but it remains unclear why the equilibrium shifts toward the reluctant state at low fre-
quencies. The step back to the reluctant state may correspond to an ‘a posteriori’ mechanism
impeding the functioning of active release sites in the low-frequency range (Wdlfel et al., 2007,
Schneggenburger et al., 2012). After SV fusion, release sites have to be purged of SV membranes
and the time course of this clearance by endocytosis may act as a limiting factor for exocytosis dur-
ing repetitive activities (Hosoi et al., 2009; Hua et al., 2013). On the other hand, as proposed for
invertebrate synapses (Silverman-Gavrila et al., 2005; Doussau et al., 2010), LFD may arise from an
imbalance in the activation of presynaptic kinases and phosphatases and as such the kinase/phos-
phatase balance would act as a frequency sensor regulating the equilibrium between the two pools.
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Figure 8. The reluctant pool can be recruited by increasing p,. (A) Amplitude of ESPCs in the same PC during
LFD (left panel) and during the recovery from LFD (middle panel) by a 100 Hz train before and after an increase in
[Ca®"]. from 2.5 mM (gray points) to 4 mM (blue point). The right panels show the same experiment with EPSC

amplitudes normalized with respect to the first response of LFD (B) Corresponding cumulative number of quanta
release during LFD (stimuli #1 to #300) and during the recovery train (stimuli #3071 to #350) in low and high [Ca®']..
(same color code than in A). (C), Mean values of the cumulative number of quanta release during LFD (stimuli #1
to #300) and during recovery train at 100 Hz (stimuli #301 to #350) in low and high [Ca®*].. The dashed line
represents the end of the LFD protocol (same color code than in A). LFD and recovery trains were recorded in the
same PCs. (D), Mean values of normalized EPSC amplitudes during LFD (left panel) and during the recovery via a

Figure 8 continued on next page
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Figure 8 continued

100 Hz train (right panel) in presence of 2.5 mM (gray points, same set of data than in Figure 1E for LFD and same
set of data than in Figure 2D for recovery trains) and 4 mM [Ca®*], (blue points). EPSC amplitudes were
normalized with respect to the first response of LFD. (E) Box-plots showing the delay (mean number of stimuli
before the onset of LFD: 14.5 + 2.8, n = 30 at [Ca®'], = 2.5 mM compared to 17.6 £8.0, n = 5, at [Ca%*].=4 mM,
MWRST, p=0.60), plateau of LFD (mean percentage of initial responses: 14.2 £ 2.0%, n = 30 at [Ca®"]e = 2.5 mM
compared to 9.3+ 1.4%, n =5, at [Ca®*l.=4 mM, p=0.69, MWRST) and decay time (tau: 14.3s+1.3s, n = 30 at
[Ca®*], =25 mM comparedto 18.9 s+ 6.8, n =5, at [Ca%*].=4 mM, p=0.87, MWRST) in presence of 2.5 mM
(gray boxes, same set of data than in Figure 1E for LFD and same set of data than in Figure 2D for recovery
trains) and 4 mM [Ca®"], (blue boxes). Black and red lines indicate median and mean values, respectively. (F) left,
typical experiment showing the time course of EPSC amplitudes before and after application of 10 uM EGTA-AM.
Black points correspond to EPSCs recorded during 0.033 Hz stimulation. Gray and red symbols correspond to
EPSCs recorded during LFD (circles) and during the recovery trains at 100 Hz (triangles) before and after the bath
application of 10 UM EGTA-AM respectively. Arrows indicate the application of a recovery train at 100 Hz. The pink
box represents the bath application of 10 uM EGTA-AM. Right, corresponding ESPC amplitudes normalized with
respect to the first response of LFD. (G) Mean EPSC amplitudes recorded during LFD (left panel) and during
recovery trains (right panel) before (gray points) and after (red points) application of EGTA-AM. Note the
difference in EPSC amplitudes evoked during the first stimuli at 100 Hz. Numbers at the bottom of the graphs
indicate the number of cells recorded. (H) Box-plots showing the cumulative number of quanta released during
LFD, the plateau of LFD and the delay before the onset of LFD before and after application of 10 uM EGTA-AM
(same set of experiment as in G). None of these three parameters were statistically different between the two
conditions (paired t-test, p=0.65, for the cumulative number of quanta released, paired t-test, p=0.39 for the
plateau of LFD and paired t-test, p=0.89, for the delay, n = é). Blue and red lines indicate median and mean values
respectively.

DOI: https://doi.org/10.7554/eLife.28935.011

Our calculations indicate that the number of SVs that can be released during high-frequency
trains after a full depletion of fully-releasable SVs corresponds to the size of the reluctant pool (Fig-
ure 4). Since the number of SVs released per bouton (30-40 SVs, Figures 1 and 4) during 50/100 Hz
trains, LFD, LFDyple: OF during recovery trains far exceeds the number of docked SVs counted in one
varicosity at GC-PC synapses (4-8 SVs, Xu-Friedman et al., 2001), we postulate that the two releas-
able pools are refilled by other pools (recycling pool, reserve pool) during LFD, LFDyipie: and during
the late phase of high-frequency trains.

The segregation of releasable SVs in two pools shapes short-term
plasticity

Neuronal networks in the cerebellar cortex have to process sensory information coded at ultra-high
frequencies (up to 1 kilohertz, van Kan et al., 1993; Arenz et al., 2008, Arenz et al., 2009). Most
of this information is conveyed to the granular layer, the input stage of the cerebellar cortex, via the
mossy fiber (MF) pathway. Strikingly, MF-GC synapses can sustain high frequency trains of input by
using a specific arrangement of the presynaptic machinery to achieve ultra-fast reloading of SVs
(Saviane and Silver, 2006; Rancz et al., 2007; Hallermann et al., 2010; Ritzau-Jost et al., 2014).
However, it is not clear how these high- frequency inputs are integrated at the GC-PC synapses, the
major site for information storage in the cerebellum (Thach et al., 1992; Ito, 2006, D’Angelo and
De Zeeuw, 2009). We previously showed that none of the classical mechanisms for facilitation
(including the buffer saturation model and residual Ca?*, Pan and Zucker, 2009: Regehr, 2012)
involving only an increase in p, can account for the high paired-pulse facilitation at GC-PC synapses
and for its unusual ability to sustain glutamate release at high-frequency trains. During a train of APs
at high frequency, the local [Ca®*] at release sites increases (Schmidt et al., 2013) leading to an
immediate increase in the number of release sites N that underlies high values of paired-pulse facili-
tation (Valera et al., 2012; Brachtendorf et al., 2015). Here, we show that this increase in N arises
from the fast recruitment of reluctant SVs into a fully-releasable pool. A fast and sequential recruit-
ment of a ‘replacement pool’ in ‘a docked pool’ accounting for paired-pulse facilitation has been
recently described at GC-MLI synapses (Miki et al., 2016). The GC-PC synapse is unique, because it
allows for inactivation of the fully-releasable pool by low-frequency stimulation. The combination of
both mechanisms endows these synapses with the striking ability to filter repetitive activities around
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2 Hz and to invert the orientation of presynaptic plasticity (full depression versus strong facilitation)
depending on the stimulation frequency (Figure 2). Finally, during high-frequency inputs, GC-PC
synapses are able to set the release glutamate independently of the state of the synapse (synapse at
rest or depressed synapse) (Figure 2).

Physiological implications

Our results provide new hypotheses about information processing in the MF-GC-PC pathway. In vivo
experiments have shown that in lobules IV and V, GCs responding to joint rotation fire spontane-
ously at 2-10 Hz due to sustained synaptic inputs from MFs. Upon joint movement, their firing rate
shifts instantaneously into burst mode with frequencies ranging from ~50 Hz to 300 Hz (Jérntell and
Ekerot, 2006). Based on our work, we propose that GC-PC synapses filter GC activity. In the
absence of sensory activity, GC inputs to PCs are silenced as most SVs are in the reluctant state. Dur-
ing joint movement, the efficient transmission of high-frequency activity from MF to GC
(Saviane and Silver, 2006; Rancz et al., 2007; Hallermann et al., 2010) and from GC to PC
(Valera et al., 2012) is enabled by the recruitment of the reluctant pool at GC-PC terminals. The effi-
cient filtering of low-frequency activity would enhance the signal to noise ratio and enable PCs to
discern sensory signals from spontaneous activity in GCs. Future in vivo studies will reveal whether
this model correspond to a realistic process of information in the cerebellar cortex.

Materials and methods
All experimental protocols are in accordance with European and French guidelines for animal experi-

mentation and have been approved by the Bas-Rhin veterinary office, Strasbourg, France (authoriza-
tion number A 67-311 to FD).

Slice preparation

Acute horizontal cerebellar slices were prepared from male C57BI/6 mice aged 18-25 days. Mice
were anesthetized by isoflurane inhalation and decapitated. The cerebellum was dissected out in
ice-cold ACSF bubbled with carbogen (95% O,, 5% CO,) and containing (in mM) 120 NaCl, 3 KCl,
26 NaHCOg3, 1.25 NaH,POq,, 2.5 CaCl,, 2 MgCly, 10 glucose and 0.05 minocyclin. Slices were then
prepared (Microm HM650V, Germany) in an ice-cold solution containing (in mM) 93 N-Methyl-D-
Glucamine, 2.5 KCI, 0.5 CaCl,, 10 MgSQy,, 1.2 NaH,PO,4, 30 NaHCO3, 20 HEPES, 3 Na-Pyruvate, 2
Thiourea, 5 Na-ascorbate, 25 D-Glucose and 1 Kynurenic acid (Millar et al., 2005; Walfel et al.,
2007; Sakaba, 2008). Slices 300 um thick were briefly soaked in a sucrose-based solution at 34°C
bubbled with carbogen and containing (in mM) 230 sucrose, 2.5 KCI, 26 NaHCO3, 1.25 NaH,PO,,
25 glucose, 0.8 CaCl, and 8 MgCl, before being maintained in bubbled ASCF medium (see above)
at 34°C until further use.

Electrophysiology

After at least 1 hr of recovery at 34°C, a slice was transferred to a recording chamber. In order to
block inhibitory transmission, postsynaptic plasticity and retrograde signaling, GABAg and endocan-
nabinoid signaling, slices were continuously perfused with bubbled ACSF containing the following
GABAA, GABAg, NMDA, CB1 and mGIuR1 receptor antagonists: 100 uM picrotoxin, 10 pum
CGP52432 (3-[(3,4-Dichlorophenyl)-methyllamino]propyl(diethoxymethyl)phosphinic acid), 100 uM
D-AP5 (D-(-)—2-Amino-5-phosphonopentanoic acid) and 1 uM AM251 (1-(2,4-Dichlorophenyl)—5-(4-
iodophenyl)—4-methyl-N-(piperidin-1-yl)— 1H-pyrazole-3-carboxamide) and 2 uM JNJ16259685 ((3,4-
Dihydro-2H-pyrano[2,3-blquinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone).  Recordings  were
made at 34°C in PCs located in the vermis. PCs were visualized using infrared contrast optics on an
Olympus BX51WI upright microscope. Whole-cell patch-clamp recordings were obtained using a
Multiclamp 700A amplifier (Molecular Devices, USA). Pipette (2.5-3 MQresistance) capacitance was
cancelled and series resistance (R,) between 5 and 8 mQ was compensated at 80%. R, was moni-
tored regularly during the experiment and the recording was stopped when R, changed significantly
(>20%). The membrane potential was held at —60 mV. The intracellular solution for voltage-clamp
recording contained (in mM): 140 CsCH3SO3;, 10 Phosphocreatine, 10 HEPES, 5 QX314-Cl, 10
BAPTA, 4 Na-ATP and 0.3 Na-GTP. Parallel fibers were stimulated extracellularly using a monopolar
glass electrode filled with ACSF, positioned at least 100 pm away from the PC to ensure a clear
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separation between the stimulus artifact and EPSCs. Pulse train and low-frequency stimulation were
generated using an Isostim A320 isolated constant current stimulator (World Precision Instruments,
UK) controlled by WinWCP freeware (John Dempster, Strathclyde Institute of Pharmacy and Biomed-
ical Sciences, University of Strathclyde, UK). The synaptic currents evoked in PCs were low-pass fil-
tered at 2 KHz and sampled at 20 to 50 KHz (National Instruments, Austin, Texas).

Simulation of transmitter release and Ca?*dynamics

Models for Ca2+-dependent SV fusion and replenishment (Sakaba, 2008) were transformed into the
corresponding ordinary differential equations and numerically solved using Mathematica 10.0 (Wol-
fram Research). Release rates were obtained by differentiation of the fused state. Paired-pulse ratios
were calculated from the ratios of release probabilities obtained by the integration of release rates.
Parameters for the release sensor part of the sequential two-pool model (Figure 7A,V, correspond-
ing to fully-releasable SVs) were similar to those used by Sakaba (Schmidt et al., 2013) with forward
rate ko, = 1108 M~'s™", backward rate ko = 3000 s, cooperativity b = 0.25, and release rate y
= 5000 s '. Parameters for the replenishment part of this model (Ro, R; representing the reluctant
pool) were similar to those given by Millar et al., 2005 for a phasic synapse and defined empirically.
The forward and backward rate constants of Ca?*-dependent priming and unpriming were
Korim = 8*108 M~ "s™" and Kunprim = 120 s~ respectively. Ca2+-independent filling and unfilling rates
were ke = 200 s™" and kynfy = 150 577, respectively. Ninety percent of released SVs were recycled
into the unprimed pool, supported by a slow Ca®*-independent filling rate of kpssa = 0.002 s,
reflecting filling from a reserve pool. Recovery from low-frequency depression (LFD, see results sec-
tion) was simulated by restarting the model at high frequency with the size of the releasable pool set
to the value at the end of the 2 Hz train, and the unprimed pool (Ro) fully recovered. The one-pool
model (Figure 7F) and the parallel two-pool model (Figure 7G) and their parameters were taken
from Wolfel et al. (2007).

Release-triggering Ca®* signals were simulated as repeated Gaussian curves spaced by interstim-
ulus intervals and adjusted to match the amplitude (22.5 uM) and half-width (5 ps) of the estimated
action potential-mediated Ca®* signal at the release sensor of PF synapses (Schmidt et al., 2013). In
the sequential two-pool model (Figure 7A), SV replenishment was driven by residual Ca®* with an
amplitude of 520 nM per pulse, dropping exponentially with a time constant of 42 ms and summing
linearly depending on the length of the interstimulus interval (Brenowitz and Regehr, 2007). For
the two other models (Figure 7G,F) SV replenishment occurred at a constant rate of 2 SV/ms
(Wélfel et al., 2007). Resting Ca®* was assumed to be 50 nM.

Data and statistical analysis

Data were acquired using WinWCP 4.2.x freeware (John Dempster, SIPBS, University of Strathclyde,
UK). Analyses were performed using PClamp9 (Molecular Devices, USA), Igor (6.22A) graphing and
analysis environment (Wavemetrics, USA). Error bars in figures show SEMs. Student’s t test or paired
t-test were performed when data were normally distributed; the Mann-Whitney Rank Sum Test
(MWRST) or the signed rank test were used in all other cases. Statistical tests were performed using
SigmaPlot 11 (Systat Software). The levels of significance are indicated as ns (not significant) when
p>0.05, * when p<0.05, ** when p<0.01 and *** when p<0.001.

Acknowledgements

This work was supported by the Centre National pour la Recherche Scientifique, the Université de
Strasbourg, the Agence Nationale pour la Recherche Grant (ANR-15-CE37-0001-01 CeMod) and by
the Fondation pour la Recherche Médicale to PI (# DEQ20140329514). We thank the TIGER project
funded by INTERREG IV Rhin Supérieur program and European Funds for Regional Development
(FEDER, # A31). This work was also supported by a DFG grant to HS (SCHM1838). AMV and KD
were funded by a fellowship from the Ministére de la Recherche. AMV was also funded by a fellow-
ship from the Fondation pour la Recherche Médicale. We thank Sophie Reibel-Foisset and the animal
facility Chronobiotron (UMS 3415 CNRS and Strasbourg University) for technical assistance. We
thank Dr. Frank Pfrieger, Dr. Matilde Cordero-Erausquin and Joanna Lignot (Munro Language Serv-
ices) for proofreading.

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 19 of 24


https://doi.org/10.7554/eLife.28935

e LI F E Research article Neuroscience

Additional information

Funding

Funder Grant reference number  Author
Agence Nationale de la Re- ANR-2010-JCJC-1403-1 Philippe Isope
cherche MicroCer

Fondation pour la Recherche  DEQ20140329514 Philippe Isope
Médicale

Centre National de la Re- Philippe Isope
cherche Scientifique

Université de Strasbourg Philippe Isope
INTERREG IV Rhin superieur ~ FEDER # A31 Philippe Isope
Deutsche Forschungsge- SCHM1838 Hartmut Schmidt
meinschaft

Agence Nationale de la Re- ANR15-37-CE37-0001-01 Philippe Isope
cherche CeModR

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Frédéric Doussau, Conceptualization, Resources, Data curation, Formal analysis, Supervision, Valida-
tion, Investigation, Visualization, Methodology, Writing—original draft, Project administration, Writ-
ing—review and editing; Hartmut Schmidt, Resources, Software, Formal analysis, Funding
acquisition, Investigation, Methodology, Writing—review and editing; Kevin Dorgans, Data curation,
Software, Formal analysis, Investigation, Methodology; Antoine M Valera, Software, Formal analysis;
Bernard Poulain, Conceptualization, Writing—review and editing; Philippe Isope, Conceptualization,
Formal analysis, Supervision, Funding acquisition, Validation, Investigation, Visualization, Methodol-
ogy, Project administration, Writing—review and editing

Author ORCIDs

Frédéric Doussau () http://orcid.org/0000-0002-3769-1402
Hartmut Schmidt @ https://orcid.org/0000-0002-9516-423X
Kevin Dorgans (&2 http://orcid.org/0000-0003-1724-6384
Antoine M Valera (i https://orcid.org/0000-0002-0230-9752
Bernard Poulain () http://orcid.org/0000-0002-2601-5310
Philippe Isope () https://orcid.org/0000-0002-0630-5935

Ethics

Animal experimentation: All experimental protocols are in accordance with European and French
guidelines for animal experimentation and have been approved by the Bas-Rhin veterinary office,
Strasbourg, France (authorization number A 67-311 to FD)

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.28935.013
Author response https://doi.org/10.7554/eLife.28935.014

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/elife.28935.012

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 20 of 24


http://orcid.org/0000-0002-3769-1402
https://orcid.org/0000-0002-9516-423X
http://orcid.org/0000-0003-1724-6384
https://orcid.org/0000-0002-0230-9752
http://orcid.org/0000-0002-2601-5310
https://orcid.org/0000-0002-0630-5935
https://doi.org/10.7554/eLife.28935.013
https://doi.org/10.7554/eLife.28935.014
https://doi.org/10.7554/eLife.28935.012
https://doi.org/10.7554/eLife.28935

e LI FE Research article

Neuroscience

References

Arenz A, Bracey EF, Margrie TW. 2009. Sensory representations in cerebellar granule cells. Current Opinion in
Neurobiology 19:445-451. DOI: https://doi.org/10.1016/j.conb.2009.07.003, PMID: 19651506

Arenz A, Silver RA, Schaefer AT, Margrie TW. 2008. The contribution of single synapses to sensory
representation in vivo. Science 321:977-980 . DOI: https://doi.org/10.1126/science. 1158391, PMID: 18703744

Atluri PP, Regehr WG. 1996. Determinants of the time course of facilitation at the granule cell to Purkinje cell
synapse. Journal of Neuroscience 16:5661-5671. PMID: 8795622

Augustin |, Korte S, Rickmann M, Kretzschmar HA, Siidhof TC, Herms JW, Brose N. 2001. The cerebellum-
specific Munc13 isoform Munc13-3 regulates cerebellar synaptic transmission and motor learning in mice.
Journal of Neuroscience 21:10-17. PMID: 11150314

Baginskas A, Palani D, Chiu K, Raastad M. 2009. The H-current secures action potential transmission at high
frequencies in rat cerebellar parallel fibers. European Journal of Neuroscience 29:87-96 . DOI: https://doi.org/
10.1111/j.1460-9568.2008.06566.x, PMID: 19087162

Basu J, Betz A, Brose N, Rosenmund C. 2007. Munc13-1 C1 domain activation lowers the energy barrier for
synaptic vesicle fusion. Journal of Neuroscience 27:1200-1210 . DOI: https://doi.org/10.1523/JNEUROSCI.
4908-06.2007, PMID: 17267576

Beierlein M, Fioravante D, Regehr WG. 2007. Differential expression of posttetanic potentiation and retrograde
signaling mediate target-dependent short-term synaptic plasticity. Neuron 54:949-959 . DOI: https://doi.org/
10.1016/j.neuron.2007.06.002, PMID: 17582334

Betz A, Ashery U, Rickmann M, Augustin I, Neher E, Stidhof TC, Rettig J, Brose N. 1998. Munc13-1is a
presynaptic phorbol ester receptor that enhances neurotransmitter release. Neuron 21:123-136. PMID: 9697
857

Bidoret C, Ayon A, Barbour B, Casado M. 2009. Presynaptic NR2A-containing NMDA receptors implement a
high-pass filter synaptic plasticity rule. PNAS 106:14126-14131 . DOI: https://doi.org/10.1073/pnas.
0904284106, PMID: 19666514

Bornschein G, Arendt O, Hallermann S, Brachtendorf S, Eilers J, Schmidt H. 2013. Paired-pulse facilitation at
recurrent Purkinje neuron synapses is independent of calbindin and parvalbumin during high-frequency
activation. The Journal of Physiology 591:3355-3370. DOI: https://doi.org/10.1113/jphysiol.2013.254128,
PMID: 23671160

Borst JG, Soria van Hoeve J. 2012. The calyx of Held synapse: from model synapse to auditory relay. Annual
Review of Physiology 74:199-224. DOI: https://doi.org/10.1146/annurev-physiol-020911-153236,
PMID: 22035348

Bouvier G, Higgins D, Spolidoro M, Carrel D, Mathieu B, Léna C, Dieudonné S, Barbour B, Brunel N, Casado M.
2016. Burst-Dependent Bidirectional Plasticity in the Cerebellum Is Driven by Presynaptic NMDA Receptors.
Cell Reports 15:104-116 . DOI: https://doi.org/10.1016/].celrep.2016.03.004, PMID: 27052175

Brachtendorf S, Eilers J, Schmidt H. 2015. A use-dependent increase in release sites drives facilitation at
calretinin-deficient cerebellar parallel-fiber synapses. Frontiers in Cellular Neuroscience 9:27. DOI: https://doi.
org/10.3389/fncel.2015.00027, PMID: 25691858

Brandt DS, Coffman MD, Falke JJ, Knight JD. 2012. Hydrophobic contributions to the membrane docking of
synaptotagmin 7 C2A domain: mechanistic contrast between isoforms 1 and 7. Biochemistry 51:7654-7664.
DOI: https://doi.org/10.1021/bi3007115, PMID: 22966849

Brenowitz SD, Regehr WG. 2007. Reliability and heterogeneity of calcium signaling at single presynaptic
boutons of cerebellar granule cells. Journal of Neuroscience 27:7888-7898 . DOI: https://doi.org/10.1523/
JNEUROSCI.1064-07.2007, PMID: 17652580

Camacho M, Basu J, Trimbuch T, Chang S, Pulido-Lozano C, Chang SS, Duluvova |, Abo-Rady M, Rizo J,
Rosenmund C. 2017. Heterodimerization of Munc13 C2A domain with RIM regulates synaptic vesicle docking
and priming. Nature Communications 8:15293 . DOI: https://doi.org/10.1038/ncomms15293, PMID: 28489077

Chadderton P, Margrie TW, Hausser M. 2004. Integration of quanta in cerebellar granule cells during sensory
processing. Nature 428:856-860 . DOI: https://doi.org/10.1038/nature02442, PMID: 15103377

Chamberland S, Evstratova A, Téth K. 2014. Interplay between synchronization of multivesicular release and
recruitment of additional release sites support short-term facilitation at hippocampal mossy fiber to CA3
pyramidal cells synapses. Journal of Neuroscience 34:11032-11047. DOI: https://doi.org/10.1523/JNEUROSCI.
0847-14.2014, PMID: 25122902

D’Angelo E, De Zeeuw Cl. 2009. Timing and plasticity in the cerebellum: focus on the granular layer. Trends in
neurosciences 32:30-40 . DOI: https://doi.org/10.1016/].tins.2008.09.007, PMID: 18977038

Doussau F, Humeau Y, Benfenati F, Poulain B. 2010. A novel form of presynaptic plasticity based on the fast
reactivation of release sites switched off during low-frequency depression. Journal of Neuroscience 30:16679—
16691. DOI: https://doi.org/10.1523/JNEUROSCI.3644-09.2010, PMID: 21148007

Gundelfinger ED, Reissner C, Garner CC. 2015. Role of Bassoon and Piccolo in Assembly and Molecular
Organization of the Active Zone. Frontiers in Synaptic Neuroscience 7:e19.

Hallermann S, Fejtova A, Schmidt H, Weyhersmiiller A, Silver RA, Gundelfinger ED, Eilers J. 2010. Bassoon
speeds vesicle reloading at a central excitatory synapse. Neuron 68:710-723 . DOI: https://doi.org/10.1016/j.
neuron.2010.10.026, PMID: 21092860

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 21 of 24


https://doi.org/10.1016/j.conb.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19651506
https://doi.org/10.1126/science.1158391
http://www.ncbi.nlm.nih.gov/pubmed/18703744
http://www.ncbi.nlm.nih.gov/pubmed/8795622
http://www.ncbi.nlm.nih.gov/pubmed/11150314
https://doi.org/10.1111/j.1460-9568.2008.06566.x
https://doi.org/10.1111/j.1460-9568.2008.06566.x
http://www.ncbi.nlm.nih.gov/pubmed/19087162
https://doi.org/10.1523/JNEUROSCI.4908-06.2007
https://doi.org/10.1523/JNEUROSCI.4908-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17267576
https://doi.org/10.1016/j.neuron.2007.06.002
https://doi.org/10.1016/j.neuron.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17582334
http://www.ncbi.nlm.nih.gov/pubmed/9697857
http://www.ncbi.nlm.nih.gov/pubmed/9697857
https://doi.org/10.1073/pnas.0904284106
https://doi.org/10.1073/pnas.0904284106
http://www.ncbi.nlm.nih.gov/pubmed/19666514
https://doi.org/10.1113/jphysiol.2013.254128
http://www.ncbi.nlm.nih.gov/pubmed/23671160
https://doi.org/10.1146/annurev-physiol-020911-153236
http://www.ncbi.nlm.nih.gov/pubmed/22035348
https://doi.org/10.1016/j.celrep.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27052175
https://doi.org/10.3389/fncel.2015.00027
https://doi.org/10.3389/fncel.2015.00027
http://www.ncbi.nlm.nih.gov/pubmed/25691858
https://doi.org/10.1021/bi3007115
http://www.ncbi.nlm.nih.gov/pubmed/22966849
https://doi.org/10.1523/JNEUROSCI.1064-07.2007
https://doi.org/10.1523/JNEUROSCI.1064-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17652580
https://doi.org/10.1038/ncomms15293
http://www.ncbi.nlm.nih.gov/pubmed/28489077
https://doi.org/10.1038/nature02442
http://www.ncbi.nlm.nih.gov/pubmed/15103377
https://doi.org/10.1523/JNEUROSCI.0847-14.2014
https://doi.org/10.1523/JNEUROSCI.0847-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25122902
https://doi.org/10.1016/j.tins.2008.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18977038
https://doi.org/10.1523/JNEUROSCI.3644-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/21148007
https://doi.org/10.1016/j.neuron.2010.10.026
https://doi.org/10.1016/j.neuron.2010.10.026
http://www.ncbi.nlm.nih.gov/pubmed/21092860
https://doi.org/10.7554/eLife.28935

e LI FE Research article

Neuroscience

Hallermann S, Silver RA. 2013. Sustaining rapid vesicular release at active zones: potential roles for vesicle
tethering. Trends in Neurosciences 36:185-194. DOI: https://doi.org/10.1016/].tins.2012.10.001,
PMID: 23164531

Hosoi N, Holt M, Sakaba T. 2009. Calcium dependence of exo- and endocytotic coupling at a glutamatergic
synapse. Neuron 63:216-229. DOI: https://doi.org/10.1016/j.neuron.2009.06.010, PMID: 19640480

Hua Y, Woehler A, Kahms M, Haucke V, Neher E, Klingauf J. 2013. Blocking endocytosis enhances short-term
synaptic depression under conditions of normal availability of vesicles. Neuron 80:343-349 . DOI: https://doi.
org/10.1016/j.neuron.2013.08.010, PMID: 24139039

Hui E, Bai J, Wang P, Sugimori M, Llinas RR, Chapman ER. 2005. Three distinct kinetic groupings of the
synaptotagmin family: candidate sensors for rapid and delayed exocytosis. PNAS 102:5210-5214 .
DOI: https://doi.org/10.1073/pnas.0500941102, PMID: 15793006

Ishiyama S, Schmidt H, Cooper BH, Brose N, Eilers J. 2014. Munc13-3 superprimes synaptic vesicles at granule
cell-to-basket cell synapses in the mouse cerebellum. Journal of Neuroscience 34:14687-14696. DOI: https://
doi.org/10.1523/JNEUROSCI.2060-14.2014, PMID: 25355221

Isope P, Barbour B. 2002. Properties of unitary granule cell->Purkinje cell synapses in adult rat cerebellar slices.
Journal of Neuroscience 22:9668-9678. PMID: 12427822

Ito M. 2006. Cerebellar circuitry as a neuronal machine. Progress in Neurobiology 78:272-303. DOI: https://doi.
org/10.1016/j.pneurobio.2006.02.006, PMID: 16759785

Jackman SL, Regehr WG. 2017. The Mechanisms and Functions of Synaptic Facilitation. Neuron 94:447-464 .
DOI: https://doi.org/10.1016/j.neuron.2017.02.047, PMID: 28472650

Jackman SL, Turecek J, Belinsky JE, Regehr WG. 2016. The calcium sensor synaptotagmin 7 is required for
synaptic facilitation. Nature 529:88-91 . DOI: https://doi.org/10.1038/nature 16507, PMID: 26738595

Junge HJ, Rhee JS, Jahn O, Varoqueaux F, Spiess J, Waxham MN, Rosenmund C, Brose N. 2004. Calmodulin
and Munc13 form a Ca2+ sensor/effector complex that controls short-term synaptic plasticity. Cell 118:389-
401. DOI: https://doi.org/10.1016/j.cell.2004.06.029, PMID: 15294163

Jorntell H, Ekerot CF. 2006. Properties of somatosensory synaptic integration in cerebellar granule cells in vivo.
Journal of Neuroscience 26:11786-11797. DOI: https://doi.org/10.1523/JNEUROSCI.2939-06.2006, PMID: 170
93099

Kaeser PS, Regehr WG. 2014. Molecular mechanisms for synchronous, asynchronous, and spontaneous
neurotransmitter release. Annual Review of Physiology 76:333-363. DOI: https://doi.org/10.1146/annurev-
physiol-021113-170338, PMID: 24274737

Kittel RJ, Heckmann M. 2016. Synaptic vesicle proteins and active zone plasticity. Frontiers in Synaptic
Neuroscience 8:8. DOI: https://doi.org/10.3389/fnsyn.2016.00008, PMID: 27148040

Kocsis JD, Malenka RC, Waxman SG. 1983. Effects of extracellular potassium concentration on the excitability of
the parallel fibres of the rat cerebellum. The Journal of Physiology 334:225-244. DOI: https://doi.org/10.1113/
jphysiol.1983.sp014491, PMID: 6864558

Kreitzer AC, Regehr WG. 2000. Modulation of transmission during trains at a cerebellar synapse. Journal of
Neuroscience 20:1348-1357. PMID: 10662825

Lee JS, Ho WK, Lee SH. 2012. Actin-dependent rapid recruitment of reluctant synaptic vesicles into a fast-
releasing vesicle pool. PNAS 109:E765-E774 . DOI: https://doi.org/10.1073/pnas. 1114072109, PMID: 223
93020

Lee JS, Ho WK, Neher E, Lee SH. 2013. Superpriming of synaptic vesicles after their recruitment to the readily
releasable pool. PNAS 110:15079-15084 . DOI: https://doi.org/10.1073/pnas. 1314427110, PMID: 23980146

Lipstein N, Sakaba T, Cooper BH, Lin KH, Strenzke N, Ashery U, Rhee JS, Taschenberger H, Neher E, Brose N.
2013. Dynamic control of synaptic vesicle replenishment and short-term plasticity by Ca(2+)-calmodulin-
Munc13-1 signaling. Neuron 79:82-96 . DOI: https://doi.org/10.1016/j.neuron.2013.05.011, PMID: 23770256

Lou X, Scheuss V, Schneggenburger R. 2005. Allosteric modulation of the presynaptic Ca2+ sensor for vesicle
fusion. Nature 435:497-501. DOI: https://doi.org/10.1038/nature03568, PMID: 15917809

Marcaggi P, Attwell D. 2005. Endocannabinoid signaling depends on the spatial pattern of synapse activation.
Nature Neuroscience 8:776-781. DOI: https://doi.org/10.1038/nn1458, PMID: 15864304

Miki T, Hirai H, Takahashi T. 2013. Activity-dependent neurotrophin signaling underlies developmental switch of
Ca2+ channel subtypes mediating neurotransmitter release. Journal of Neuroscience 33:18755-18763.
DOI: https://doi.org/10.1523/JNEUROSCI.3161-13.2013, PMID: 24285882

Miki T, Malagon G, Pulido C, Llano I, Neher E, Marty A. 2016. Actin- and myosin-dependent vesicle loading of
presynaptic docking sites prior to exocytosis. Neuron 91:808-823 . DOI: https://doi.org/10.1016/j.neuron.2016.
07.033, PMID: 27537485

Millar AG, Zucker RS, Ellis-Davies GC, Charlton MP, Atwood HL. 2005. Calcium sensitivity of neurotransmitter
release differs at phasic and tonic synapses. Journal of Neuroscience 25:3113-3125 . DOI: https://doi.org/10.
1523/JNEUROSCI.4717-04.2005, PMID: 15788768

Moulder KL, Mennerick S. 2005. Reluctant vesicles contribute to the total readily releasable pool in
glutamatergic hippocampal neurons. Journal of Neuroscience 25:3842-3850 . DOI: https://doi.org/10.1523/
JNEUROSCI.5231-04.2005, PMID: 15829636

Neher E. 2015. Merits and limitations of vesicle pool models in view of heterogeneous populations of synaptic
vesicles. Neuron 87:1131-1142. DOI: https://doi.org/10.1016/j.neuron.2015.08.038, PMID: 26402599

Pan B, Zucker RS. 2009. A general model of synaptic transmission and short-term plasticity. Neuron 62:539-554.
DOI: https://doi.org/10.1016/j.neuron.2009.03.025, PMID: 19477155

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 22 of 24


https://doi.org/10.1016/j.tins.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23164531
https://doi.org/10.1016/j.neuron.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19640480
https://doi.org/10.1016/j.neuron.2013.08.010
https://doi.org/10.1016/j.neuron.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/24139039
https://doi.org/10.1073/pnas.0500941102
http://www.ncbi.nlm.nih.gov/pubmed/15793006
https://doi.org/10.1523/JNEUROSCI.2060-14.2014
https://doi.org/10.1523/JNEUROSCI.2060-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355221
http://www.ncbi.nlm.nih.gov/pubmed/12427822
https://doi.org/10.1016/j.pneurobio.2006.02.006
https://doi.org/10.1016/j.pneurobio.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16759785
https://doi.org/10.1016/j.neuron.2017.02.047
http://www.ncbi.nlm.nih.gov/pubmed/28472650
https://doi.org/10.1038/nature16507
http://www.ncbi.nlm.nih.gov/pubmed/26738595
https://doi.org/10.1016/j.cell.2004.06.029
http://www.ncbi.nlm.nih.gov/pubmed/15294163
https://doi.org/10.1523/JNEUROSCI.2939-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17093099
http://www.ncbi.nlm.nih.gov/pubmed/17093099
https://doi.org/10.1146/annurev-physiol-021113-170338
https://doi.org/10.1146/annurev-physiol-021113-170338
http://www.ncbi.nlm.nih.gov/pubmed/24274737
https://doi.org/10.3389/fnsyn.2016.00008
http://www.ncbi.nlm.nih.gov/pubmed/27148040
https://doi.org/10.1113/jphysiol.1983.sp014491
https://doi.org/10.1113/jphysiol.1983.sp014491
http://www.ncbi.nlm.nih.gov/pubmed/6864558
http://www.ncbi.nlm.nih.gov/pubmed/10662825
https://doi.org/10.1073/pnas.1114072109
http://www.ncbi.nlm.nih.gov/pubmed/22393020
http://www.ncbi.nlm.nih.gov/pubmed/22393020
https://doi.org/10.1073/pnas.1314427110
http://www.ncbi.nlm.nih.gov/pubmed/23980146
https://doi.org/10.1016/j.neuron.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23770256
https://doi.org/10.1038/nature03568
http://www.ncbi.nlm.nih.gov/pubmed/15917809
https://doi.org/10.1038/nn1458
http://www.ncbi.nlm.nih.gov/pubmed/15864304
https://doi.org/10.1523/JNEUROSCI.3161-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24285882
https://doi.org/10.1016/j.neuron.2016.07.033
https://doi.org/10.1016/j.neuron.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27537485
https://doi.org/10.1523/JNEUROSCI.4717-04.2005
https://doi.org/10.1523/JNEUROSCI.4717-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15788768
https://doi.org/10.1523/JNEUROSCI.5231-04.2005
https://doi.org/10.1523/JNEUROSCI.5231-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15829636
https://doi.org/10.1016/j.neuron.2015.08.038
http://www.ncbi.nlm.nih.gov/pubmed/26402599
https://doi.org/10.1016/j.neuron.2009.03.025
http://www.ncbi.nlm.nih.gov/pubmed/19477155
https://doi.org/10.7554/eLife.28935

e LI FE Research article

Neuroscience

Pinheiro PS, Houy S, Serensen JB. 2016. C2-domain containing calcium sensors in neuroendocrine secretion.
Journal of Neurochemistry 139:943-958. DOI: https://doi.org/10.1111/jnc.13865, PMID: 27731902

Rancz EA, Ishikawa T, Duguid |, Chadderton P, Mahon S, Hausser M. 2007. High-fidelity transmission of sensory
information by single cerebellar mossy fibre boutons. Nature 450:1245-1248 . DOI: https://doi.org/10.1038/
nature05995, PMID: 18097412

Regehr WG. 2012. Short-term presynaptic plasticity. Cold Spring Harbor Perspectives in Biology 4:a005702.
DOI: https://doi.org/10.1101/cshperspect.a005702, PMID: 22751149

Ritzau-Jost A, Delvendahl |, Rings A, Byczkowicz N, Harada H, Shigemoto R, Hirrlinger J, Eilers J, Hallermann S.
2014. Ultrafast action potentials mediate kilohertz signaling at a central synapse. Neuron 84:152-163 .
DOI: https://doi.org/10.1016/j.neuron.2014.08.036, PMID: 25220814

Rudolph S, Overstreet-Wadiche L, Wadiche JI. 2011. Desynchronization of multivesicular release enhances
Purkinje cell output. Neuron 70:991-1004 . DOI: https://doi.org/10.1016/j.neuron.2011.03.029, PMID: 216585
90

Sakaba T, Neher E. 2001. Preferential potentiation of fast-releasing synaptic vesicles by cAMP at the calyx of
Held. PNAS 98:331-336 . DOI: https://doi.org/10.1073/pnas.021541098, PMID: 11134533

Sakaba T. 2006. Roles of the fast-releasing and the slowly releasing vesicles in synaptic transmission at the calyx
of Held. Journal of Neuroscience 26:5863-5871. DOI: https://doi.org/10.1523/JNEUROSCI.0182-06.2006,
PMID: 16738227

Sakaba T. 2008. Two Ca(2+)-dependent steps controlling synaptic vesicle fusion and replenishment at the
cerebellar basket cell terminal. Neuron 57:406-419 . DOI: https://doi.org/10.1016/j.neuron.2007.11.029,
PMID: 18255033

Saviane C, Silver RA. 2006. Fast vesicle reloading and a large pool sustain high bandwidth transmission at a
central synapse. Nature 439:983-987 . DOI: https://doi.org/10.1038/nature04509, PMID: 16496000

Schmidt H, Brachtendorf S, Arendt O, Hallermann S, Ishiyama S, Bornschein G, Gall D, Schiffmann SN, Heckmann
M, Eilers J. 2013. Nanodomain coupling at an excitatory cortical synapse. Current Biology 23:244-249.
DOI: https://doi.org/10.1016/j.cub.2012.12.007, PMID: 23273895

Schneggenburger R, Han Y, Kochubey O. 2012. Ca(2+) channels and transmitter release at the active zone. Cell
Calcium 52:199-207. DOI: https://doi.org/10.1016/j.ceca.2012.04.011, PMID: 22682961

Schoch S, Gundelfinger ED. 2006. Molecular organization of the presynaptic active zone. Cell and Tissue
Research 326:379-391. DOI: https://doi.org/10.1007/s00441-006-0244-y, PMID: 16865347

Shin OH, Lu J, Rhee JS, Tomchick DR, Pang ZP, Wojcik SM, Camacho-Perez M, Brose N, Machius M, Rizo J,
Rosenmund C, Siidhof TC. 2010. Munc13 C2B domain is an activity-dependent Ca2+ regulator of synaptic
exocytosis. Nature Structural & Molecular Biology 17:280-288. DOI: https://doi.org/10.1038/nsmb.1758,
PMID: 20154707

Siksou L, Rostaing P, Lechaire JP, Boudier T, Ohtsuka T, Fejtova A, Kao HT, Greengard P, Gundelfinger ED,
Triller A, Marty S. 2007. Three-dimensional architecture of presynaptic terminal cytomatrix. Journal of
Neuroscience 27:6868-6877. DOI: https://doi.org/10.1523/JNEUROSCI.1773-07.2007, PMID: 17596435

Siksou L, Triller A, Marty S. 2011. Ultrastructural organization of presynaptic terminals. Current Opinion in
Neurobiology 21:261-268. DOI: https://doi.org/10.1016/j.conb.2010.12.003, PMID: 21247753

Silverman-Gavrila LB, Orth PM, Charlton MP. 2005. Phosphorylation-dependent low-frequency depression at
phasic synapses of a crayfish motoneuron. Journal of Neuroscience 25:3168-3180. DOI: https://doi.org/10.
1523/JNEUROSCI.4908-04.2005, PMID: 15788774

Sims RE, Hartell NA. 2005. Differences in transmission properties and susceptibility to long-term depression
reveal functional specialization of ascending axon and parallel fiber synapses to Purkinje cells. Journal of
Neuroscience 25:3246-3257. DOI: https://doi.org/10.1523/JNEUROSCI.0073-05.2005, PMID: 15788782

Satzler K, Sohl LF, Bollmann JH, Borst JG, Frotscher M, Sakmann B, Liibke JH. 2002. Three-dimensional
reconstruction of a calyx of Held and its postsynaptic principal neuron in the medial nucleus of the trapezoid
body. Journal of Neuroscience 22:10567-10579 . PMID: 12486149

Thach WT, Goodkin HP, Keating JG. 1992. The cerebellum and the adaptive coordination of movement. Annual
Review of Neuroscience 15:403-442. DOI: https://doi.org/10.1146/annurev.ne.15.030192.002155,
PMID: 1575449

Valera AM, Doussau F, Poulain B, Barbour B, Isope P. 2012. Adaptation of granule cell to Purkinje cell synapses
to high-frequency transmission. Journal of Neuroscience 32:3267-3280. DOI: https://doi.org/10.1523/
JNEUROSCI.3175-11.2012, PMID: 22378898

van Beugen BJ, Gao Z, Boele HJ, Hoebeek F, De Zeeuw Cl. 2013. High frequency burst firing of granule cells
ensures transmission at the parallel fiber to purkinje cell synapse at the cost of temporal coding. Frontiers in
Neural Circuits 7:95. DOI: https://doi.org/10.3389/fncir.2013.00095, PMID: 23734102

van Kan PL, Gibson AR, Houk JC. 1993. Movement-related inputs to intermediate cerebellum of the monkey.
Journal of Neurophysiology 69:74-94. PMID: 8433135

Waélfel M, Lou X, Schneggenburger R. 2007. A mechanism intrinsic to the vesicle fusion machinery determines
fast and slow transmitter release at a large CNS synapse. Journal of Neuroscience 27:3198-3210. DOI: https://
doi.org/10.1523/JNEUROSCI.4471-06.2007, PMID: 17376981

Xu J, Wu LG. 2005. The decrease in the presynaptic calcium current is a major cause of short-term depression at
a calyx-type synapse. Neuron 46:633-645. DOI: https://doi.org/10.1016/j.neuron.2005.03.024, PMID: 15944131

Xu-Friedman MA, Harris KM, Regehr WG. 2001. Three-dimensional comparison of ultrastructural characteristics
at depressing and facilitating synapses onto cerebellar Purkinje cells. Journal of Neuroscience 21:6666-6672.
PMID: 11517256

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 23 of 24


https://doi.org/10.1111/jnc.13865
http://www.ncbi.nlm.nih.gov/pubmed/27731902
https://doi.org/10.1038/nature05995
https://doi.org/10.1038/nature05995
http://www.ncbi.nlm.nih.gov/pubmed/18097412
https://doi.org/10.1101/cshperspect.a005702
http://www.ncbi.nlm.nih.gov/pubmed/22751149
https://doi.org/10.1016/j.neuron.2014.08.036
http://www.ncbi.nlm.nih.gov/pubmed/25220814
https://doi.org/10.1016/j.neuron.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/21658590
http://www.ncbi.nlm.nih.gov/pubmed/21658590
https://doi.org/10.1073/pnas.021541098
http://www.ncbi.nlm.nih.gov/pubmed/11134533
https://doi.org/10.1523/JNEUROSCI.0182-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16738227
https://doi.org/10.1016/j.neuron.2007.11.029
http://www.ncbi.nlm.nih.gov/pubmed/18255033
https://doi.org/10.1038/nature04509
http://www.ncbi.nlm.nih.gov/pubmed/16496000
https://doi.org/10.1016/j.cub.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23273895
https://doi.org/10.1016/j.ceca.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22682961
https://doi.org/10.1007/s00441-006-0244-y
http://www.ncbi.nlm.nih.gov/pubmed/16865347
https://doi.org/10.1038/nsmb.1758
http://www.ncbi.nlm.nih.gov/pubmed/20154707
https://doi.org/10.1523/JNEUROSCI.1773-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17596435
https://doi.org/10.1016/j.conb.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21247753
https://doi.org/10.1523/JNEUROSCI.4908-04.2005
https://doi.org/10.1523/JNEUROSCI.4908-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15788774
https://doi.org/10.1523/JNEUROSCI.0073-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15788782
http://www.ncbi.nlm.nih.gov/pubmed/12486149
https://doi.org/10.1146/annurev.ne.15.030192.002155
http://www.ncbi.nlm.nih.gov/pubmed/1575449
https://doi.org/10.1523/JNEUROSCI.3175-11.2012
https://doi.org/10.1523/JNEUROSCI.3175-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22378898
https://doi.org/10.3389/fncir.2013.00095
http://www.ncbi.nlm.nih.gov/pubmed/23734102
http://www.ncbi.nlm.nih.gov/pubmed/8433135
https://doi.org/10.1523/JNEUROSCI.4471-06.2007
https://doi.org/10.1523/JNEUROSCI.4471-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17376981
https://doi.org/10.1016/j.neuron.2005.03.024
http://www.ncbi.nlm.nih.gov/pubmed/15944131
http://www.ncbi.nlm.nih.gov/pubmed/11517256
https://doi.org/10.7554/eLife.28935

e LI F E Research article Neuroscience

Zhou K, Stawicki TM, Goncharov A, Jin Y. 2013. Position of UNC-13 in the active zone regulates synaptic vesicle
release probability and release kinetics. eLife 2:01180. DOI: https://doi.org/10.7554/eLife.01180

Zikich D, Mezer A, Varoqueaux F, Sheinin A, Junge HJ, Nachliel E, Melamed R, Brose N, Gutman M, Ashery U.
2008. Vesicle priming and recruitment by ubMunc13-2 are differentially regulated by calcium and calmodulin.
Journal of Neuroscience 28:1949-1960. DOI: https://doi.org/10.1523/JNEUROSCI.5096-07.2008, PMID: 182
87511

Doussau et al. eLife 2017;6:28935. DOI: https://doi.org/10.7554/eLife.28935 24 of 24


https://doi.org/10.7554/eLife.01180
https://doi.org/10.1523/JNEUROSCI.5096-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18287511
http://www.ncbi.nlm.nih.gov/pubmed/18287511
https://doi.org/10.7554/eLife.28935

