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Ca”" Channel to Synaptic Vesicle Distance Accounts for the
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Precise regulation of synaptic vesicle (SV) release at the calyx of Held is critical for auditory processing. At the prehearing calyx of Held,
synchronous and asynchronous release is mediated by fast and slow releasing SVs within the readily releasable pool (RRP). However, the
posthearing calyx has dramatically different release properties. Whether developmental alterations in RRP properties contribute to the
accelerated release time course found in posthearing calyces is not known. To study these questions, we performed paired patch-clamp
recordings, deconvolution analysis, and numerical simulations of buffered Ca*" diffusion and SV release in postnatal day (P) 16-19
mouse calyces, as their release properties resemble mature calyces of Held. We found the P16 -P19 calyx RRP consists of two pools: a fast
pool (7= 0.9 ms) and slow pool (T ~4 ms), in which release kinetics and relative composition of the two pools were unaffected by 5 mm
EGTA. Simulations of SV release from the RRP revealed that two populations of SVs were necessary to reproduce the experimental release
rates: (1) SVs located close (~5-25 nm) and (2) more distal (25-100 nm) to VGCC clusters. This positional coupling was confirmed by
experiments showing 20 mm EGTA preferentially blocked distally coupled SVs. Lowering external [Ca*"] to in vivolevels reduced only the
fraction SVs released from the fast pool. Therefore, we conclude that a dominant parameter regulating the mature calyx RRP release

kinetics is the distance between SVs and VGCC clusters.
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Introduction

The availability of fusion competent synaptic vesicles (SVs), the
readily releasable pool (RRP) for action potential (AP) release, is
amajor determinant of the range of the bandwidth that a synapse
can transmit information (Neher, 2010). Sound encoding within
the first few auditory processing stations in the lower auditory
brainstem requires the synaptic connections to transmit infor-
mation in response to a wide range of AP firing rates, up to the
kilohertz range (Grothe et al., 2010). Because of its large size,
experimental accessibility, and similar release probability to
other synapses (Borst, 2010), the calyx of Held/medial nucleus of
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the trapezoid body (MNTB) synapse is a model quantifying RRP
properties for such high bandwidth transmission (Borst, 2010;
Borst and Soria van Hoeve, 2012). Previous studies have shown
that, before hearing onset, postnatal day (P) 8—11, the calyx RRP
of SVs depletes over 2 distinct release time constants, indicating
the presence of “fast” and “slow” SV subpools (Sakaba and Ne-
her, 2001b). The “fast” pool underpins synchronous release of
SVsin response to APs, whereas the “slow” pool consists of asyn-
chronously released SVs during high-frequency AP trains and
long depolarizations (Sakaba, 2006).

After hearing onset, the calyx of Held undergoes developmen-
tal transformations that increase the speed and fidelity of syn-
chronous AP-evoked release to sustain and drive AP spiking in
the MNTB upwards to 1 kHz (Taschenberger and von Gersdorff,
2000), with little to no asynchronous release (Scheuss et al.,
2007). The lack of asynchronous release raises questions whether
aslow pool exists, let alone its role in auditory processing. Even in
prehearing calyces, the cellular mechanisms underlying the slow
pool is under debate; either (1) SVs are positioned at different
distances with respect to voltage-gated Ca** channels (VGCCs)
(Wadel et al., 2007) or (2) SVs exhibit intrinsic differences in
Ca’** sensitivity (Wolfel et al., 2007). Moreover, a study of RRP
dynamics in the mature calyx is lacking, resulting in uncertainties
in how precise transmission necessary for auditory processing is
achieved.
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To uncover mechanisms determining SV availability within
the RRP for fast synchronous release, we examined RRP proper-
ties of the P16—P19 calyx of Held, which has similar release prop-
erties to the mature calyx (Fedchyshyn and Wang, 2005; Lorteije
et al., 2009; Sonntag et al., 2009; Sonntag et al., 2011). Paired
whole-cell patch-clamp recordings followed by deconvolution
analysis revealed that the RRP at P16 P19 depleted faster than in
prehearing calyces (P9-P11) but still exhibited two decay time
constants (7= 0.9 ms, 7 ~ 4 ms) with a ratio of ~2:1 (fast/slow).
The release kinetics and relative composition of the two pools
were unaffected by 5 mMm EGTA, consistent with the idea that
both pools are in close proximity to VGCCs (<100 nm). How-
ever, 1.2 mM external Ca?", which mimics in vivo calyx release
probabilities (Lorteije et al., 2009), reduced release only from the
fast pool. Numerical simulations of buffered Ca** diffusion and
SV release revealed that SVs located close to a cluster of VGCCs
accounted for the fast release component, whereas the distal SVs,
with the same Ca?™" sensitivity, accounted for the slow release kinet-
ics, a prediction confirmed by the preferential inhibition of release of
distal vesicles by 20 mm EGTA. We conclude that, at the functionally
mature calyx of Held, the distance between SVs and VGCCs is a
dominant parameter controlling RRP release kinetics.

Materials and Methods

Animal handling. C57BL/6 mice in two age groups of P9—P11 (immature
calyces) and P16-P21 (functionally mature calyces) from either sex were
used for all the experiments. All experiments were performed in accor-
dance with the animal welfare laws of the Max Planck Florida Institute for
Neuroscience Institutional Animal Care and Use Committee.

Slice preparation. Acute brainstem slices containing the MNTB were
prepared from mice usinga Leica VT 1200 vibratome (P9—P11: 200-um-
thick slices; P16—P21, 180-220-um-thick slices). Slices were immedi-
ately transferred to an incubation beaker containing standard
extracellular solution (at 37°C, continuously bubbled with 95% O,-5%
CO,) containing the following (in mm): 125.0 NaCl, 2.5 KCl, 1.0 MgCL,,
2.0 CaCl,, 10.0 glucose, 25.0 NaHCO;, 1.25 NaH,PO,, 0.4 r-ascorbic
acid, 3.0 myo-inositol, and 2.0 Na-pyruvate, pH 7.3-7.4 (310 mOsm).
After 45 min of incubation, slices were transferred to a recording cham-
ber with the same saline solution at room temperature (25°C).

Electrophysiology. Recordings were made with a HEKA EPC 10/2 am-
plifier controlled by Patch-master software (HEKA). Sampling intervals
and filter settings were 20-50 ws and 6 kHz, respectively. For paired
recordings, presynaptic calyx terminals and principal neurons of MNTB
were simultaneously whole-cell voltage-clamped at —80 mV and —60
mV, respectively. Patch pipettes had an open tip resistances of 4.5-5.5
M{2 and 3.5-4.5 M) for presynaptic and postsynaptic recordings, respec-
tively. Presynaptic patch pipettes were filled with solutions containing
the following (in mm): 130.0 Cs-gluconate, 20.0 TEA-CI, 10.0 HEPES, 5.0
Na,-phosphocreatine, 4.0 MgATP, 0.3 NaGTP, and 0.5 EGTA, pH 7.25
(325-340 mOsm). The amount of 0.5 mwm is an internal EGTA concen-
tration ([EGTA];) that separates the fast and slow release components in
the prehearing calyx (Sakaba and Neher, 2001b), which we considered
“control.” To determine how increasing [EGTA]; affects RRP release
kinetics, presynaptic patch pipettes were filled with either 5 or 20 mm
EGTA. Osmolality of these solutions was similar to that with 0.5 mm
EGTA. In experiments studying the EGTA effect on presynaptic Ca*"
currents (I,), [EGTA]; was increased from 0.5 to 5 mm. The series resis-
tance (Rs) for presynaptic recording pipettes was between 8 and 25 m{)
(usually 10-15 m(2) and compensated to 6—8 m() by the HEKA amplifier
online. Leak currents in presynaptic recordings were subtracted by a P/4
pulse protocol (Armstrong and Bezanilla, 1974). Postsynaptic patch pi-
pettes were filled with same internal solution as the presynaptic one,
except that the [EGTA], was increased to 5 mm. Postsynaptic series resis-
tance was between 3 and 8 M() and compensated to 3 M() online, the
remaining Rs was further compensated completely offline with Igor rou-
tine. During recordings, the bath solution was supplemented with 1.0 um
TTX (Alomone Labs), 20.0 mm TEA-CI (Sigma), and 100.0 um 4-AP

Chen et al. e Synaptic Vesicle Coupling Vesicle Pool Dynamics

(Sigma) to block voltage-dependent sodium and potassium currents,
50.0 uM D-AP5 to block NMDA receptors, 100.0 uM cyclothiazide (CTZ)
and 2.0 mM y-D-glutamylglycine (y-DGG) to minimize AMPA receptor
desensitization and saturation. p-AP5, CTZ, and y-DGG were from Toc-
ris Bioscience.

Because the rate of release of the RRP is highly sensitive to step potentials
(Sakaba and Neher, 2001a), to measure the RRP release rates, a 2 ms square
prepulse from —80 to 70 mV to maximally open VGCCs was applied and
then subsequently stepped back to 0 mV, where the steady-state I, values
are maximal for variable durations. To determine the effect of AP depolar-
ization on I, we used a pseudo AP voltage command waveform from —70
mV to 60 mV, where the depolarization was for 0.2 ms and the repolarization
was for 0.4 ms. The raw currents and the total charge integral were compared
at the two different [EGTA]; (Yang and Wang, 2006). To analyze the activa-
tion kinetics of VGCCs, we used the tail currents observed after 10 ms depo-
larizing pulses from —70 mV to 60 mV.

Data analysis. Electrophysiological data were analyzed offline with
custom programming written in Igor Pro (version 6.12A; Wavemetrics).
Statistics analyses were performed with Prism 5 (GraphPad Software).
All averaged data from experiments are shown as mean * SEM. To
compare two different groups, an unpaired Student’s ¢ test was used. To
compare different datasets within the same group, paired Student’s t test
was used. For Figure 8, the tail current amplitude was plotted against
voltage and fitted with the Boltzmann function I = 1/(I,,,, + exp (V2 —
V)/k), where Vv: and k represent the half-activation voltage and slope
factor, respectively. For EPSC analysis, EPSC amplitudes were measured
as peak minus baseline. Synaptic delays in response to step depolarization
(step) were defined as the duration between the onset of the I, and the
time at which the EPSCs were 50% of their maximum. To estimate the
presynaptic I, charge, the presynaptic I, was integrated. For the 1 ms
step, the Ca®" charges were measured from the onset of the Ca?* influx
to the point where 10% of the peak I, remained. For other longer steps,
the Ca®* charge was measured from the onset of the Ca" influx to the
time of the peak of the tail currents, which were generated by stepping the
presynaptic voltage back to holding potential.

Deconvolution analysis. We used a deconvolution method to estimate
quantal release rates using a previously established method for the calyx of
Held synapse (Neher and Sakaba, 2001b; Sakaba and Neher, 2001b, c, a).
This method takes into account clearance of residual glutamate in the syn-
aptic cleft (Neher and Sakaba, 2001a, b; Sakaba and Neher, 2001b). The
quantal size for EPSC deconvolution is based on methods introduced by
Neher and Sakaba (2001a, b). To determine quantal release rates, a template
miniature EPSC (mEPSC) waveform was empirically generated for each
paired recording using a macro based on Neher and Sakaba (2001a, b). The
mEPSC waveform generated for each paired recording used an average
mEPSC amplitude specific for the P9-P11 or P16—P19 mouse calyx (Wang
et al., 2008), while the mEPSC fast and slow time constant of decay was
determined by varying the time constants of decay and their relative ampli-
tude (macro based on Neher and Sakaba, 2001a, b). Briefly, the residual
current was estimated using presynaptic depolarizations of different dura-
tions to estimate the residual current due to slow glutamate clearance (macro
based on Neher and Sakaba, 2001a, b). Under the recording conditions used,
the residual current is the major slow decay component in the EPSC re-
corded from the prehearing calyx synapses (Neher and Sakaba, 2001b;
Sakaba and Neher, 2001a, b, c¢). However by P16, there is a small residual
current in the calyx/MNTB cleft (Joshi et al., 2004; Renden et al., 2005),
consistent with little to no contribution of slow glutamate clearance to the
EPSC waveform at P16—P19 under the recording conditions used (Wang et
al., 2008). Although the deconvolution analysis yields an accurate estimate of
the fast release component, caution must be taken for measuring the slow
vesicle release as they can be influenced by parameters used for the residual
glutamate current. However, the negligible slow components in the P16—
P19 calyx are not subject to potential issues with fitting of the spillover cur-
rent. Quantal release rates were subsequently integrated to obtain the
cumulative release to estimate the RRP size. For the long depolarization step
for 30 ms in the P9—P11 group and for 10 ms in the P16-P19 group, the
cumulative release was further corrected for the refilling of SVs during the
stimulation; the average refilling rate was 10 SVs/ms in both P9-P11 and
P16-P19 groups under our experimental condition. For the experiments
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Figure1.  The speed of synaptic transmission is increased with development at the calyx of Held/MNTB synapse. A1, A2, Presynaptic stimulation protocol. Top, The presynaptic potential was depolarized to
70 mV for 2 ms, followed by 0mV for 1,3, 5, 10, 20, 30, and 50 ms. The duration of 0 mV and the related responses are labeled as Dep1 ms, Dep3 ms, Dep5 ms, Dep10 ms, Dep20 ms, Dep30 ms, and Dep50 ms,
respectively. Middle, Resulting presynaptic I, values. Bottom, Corresponding EPSCs. Dashed line box represents a magnified view of the decaying EPSCs. A7, Representative traces from P9—P11 mice. A2,
Representative traces from P16 —P19 mice. B7, B2, Average traces of |, (top) and corresponding average traces of EPSCs (middle). BT, P9 —P11 mice. Red traces represent Dep3 ms. Green traces represent Dep30
ms. B2, P16 —P19 mice. Black traces represent Dep1 ms. Blue traces represent Dep10 ms. ¢, Summary data for EPSC amplitudes. EPSCs are from Dep3 ms and Dep30 msin P9—P11 mice (9 pairs) and from Dep1
msand Dep10 msin P16—P19 mice (11 pairs). Data are presented as mean == SEM. D, Average release rate trace. E7, E2, Cumulative release from P9 —P11 synapses (E7) and P16 —P19 synapses (E2). Arrow
points to the fast rising and slowly rising phase of the curve, which is contributed by fast pool and slow pool, respectively. F, Normalized average release rate. G1, Normalized cumulative release from P9—P11
synapses. The endpoint of the traces is at the time of 3 ms after the end of the 30 ms step. G2, Normalized cumulative release from P16 —P19 synapses. The endpoint of the traces is at the time of 3 ms after the
end of the 10 ms step. H, Summary for the number of SVs released by Dep3 ms and Dep30 msin P9—P11 group and Dep1 ms and Dep10 ms in P16 —P19 group. The numbers of fast-releasing SVs released by
Dep30 ms and Dep10 ms are shown as fast pool in P9—P11 group and P16 —P19 group, respectively. Data are presented as mean = SEM.
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Table 1. Summary of synaptic response and SV release rate from P9 —P11 calyx of
Held synapse

Dep3 ms Dep30 ms

Parameter (mean = SEM; n) (mean = SEM;n)  pvalue (paired ¢ test)
EPSCamplitude (nA) 1552130090 168 *=136(9) >10.05

Calcium charge (pC) 381 +029(9) 322*x289(9) NA

10%—90% EPSCrise time 1.87 =0.08(9) 223*=0.19(9) <0.05

(ms)
Synaptic delay (ms) 227 £011(9) 243 £0.13(9) <0.05
Vesicles released (vesicles) 1370 == 157 (9) 2137 =306(9) << 0.01

NA, Not analyzed.

with 20 mm EGTA (see Fig. 6), refilling was not corrected because the RRP
could not be depleted. The corrected cumulative release was fitted with dou-
ble exponential function from the early onset of release to 3 ms after the end
of the depolarization. The faster component in the fitting was considered as
fast-releasing SV pool (fast pool); the slower component was considered as
slow-releasing SV pool (slow pool).

Diffusion-reaction simulations of Ca®". Using SDS-digested freeze-
fracture replica immunogold labeling, we previously demonstrated that
Ca,2.1 channels are clustered at both young and old animals (Nakamura
et al., 2015). Based on this finding, as well as experimental results esti-
mating EGTA inhibition of AP-evoked release and the properties of en-
dogenous fixed buffers, we used numerical simulations to establish that
SVs are tightly coupled to the perimeter of VGCC clusters (Nakamura et
al., 2015). The model proposed here also considers variable distances of
SV from the edge of VGCC clusters but simulates SV release in response
to voltage step depolarization rather than APs, and allows the possibility
that SVs may be located at more distal sites.

Here we simulate the spatial and temporal profile of [Ca**] following
voltage step activation of VGCC located in clusters using the Java-based
simulation environment D3D (DiGregorio et al., 2007; Nakamura et al.,
2015). Ca*" entry, diffusion, and binding with buffers were simulated by
numerically integrating partial differential equations applying an explicit
finite-element (Euler) method (DiGregorio et al., 1999), using experimen-
tally constrained endogenous fixed buffer properties (Nakamura et al.,
2015). Diffusion was allowed within a volume 0.8 (x) X 0.8 (y) X 1.0 (z) wm,
containing a single Ca*" entry site. The height (z) matches the thickness of
the terminal (Sitzler etal., 2002), whereas the xand y dimensions correspond
to the average nearest neighbor distance between VGCC clusters (Nakamura
etal.,2015). The elemental simulation volume (voxels) was 10 X 10 X 10 nm
used for finite difference calculations. The four x/y surfaces were set to reflect
any diffusants, thus being mathematically equivalent to an infinitely ex-
tended synaptic surface of the calyx. The Ca** entry site was placed in the
center of a single surface (z = 0) bounding this volume. The entry site con-
sisted of 24 channels placed in a grid manner separated by their nearest-
neighbor distance of 20 nm (calculated from Nakamura et al., 2015). Similar
nearest-neighbor distance was estimated using atomic force microscopy of
30 nm gold particles in the chick calyx preparation (Haydon etal., 1994). The
time course of the Ca** entry was adopted directly from measured I-, traces
(see Figs. 1B, 4B, 6E, and 7B), but scaled to match the amplitude of the
single-channel current estimated from single-channel recordings at the calyx
of Held and calibrated for 2 mm extracellular Ca®" (0.15 pA) (Sheng et al.,
2012). It should be noted that a similar value for single-channel current was
determined for Ca,2.2 channels in the chick ciliary ganglion (Weber et al.,
2010). Because the open probability was estimated to be 0.5 at 0 mV (Sheng
etal., 2012), we assumed all channels could eventually open during the step
pulse, but accounted for the open probability by reducing the single-channel
current by half (0.075 pA). For simulations in 1.2 mm Ca**, the amplitude of
this mean single VGCC current was scaled to 0.06 pA according to the ratio
of measured I, (1.2 mM vs 2 mm Ca®"). Model parameters were set to
match experimental condition as often as possible: resting free [Ca**] = 50
nM, Ca*" diffusion coefficient (D, 2+) = 220 um?*/s (Allbritton et al.,
1992), endogenous fixed buffer (EFB) binding ratio = 40 (Helmchen et al.,
1997), EFB concentration = 4 mm, EFB K, = 100 um, and an EFB forward
binding rate of (k,,,,) = 1 X 10®/Msec (Nakamura et al., 2015). We included
650 uM free ATP in the simulation to match the expected free ATP concen-
tration in our patch pipette (calculate using Max Chelator based on 4 mm
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total Mg-ATP). The values for Ca>" binding to ATP were as follows:
Kp» ca = 200 uM, k1, ca = 5 X 10%/Msec (Baylor and Hollingworth,
1998), Dyrp = 220 wm?/sec. The parameters for EGTA were as fol-
lows: k,,, = 1.05 X 107/Msec, K, = 70 nM, Dy = 220 pum?/sec
(Né4gerl et al., 2000). The time step was calculated according to a
stability criterion, h = (3 X D X dt)/9x?, where D is the diffusion
coefficient of the fastest species and dx is the length of vertices of
simulation voxels.

Release simulation and the estimation of SV distance. We recently found
that AP-evoked release is best modeled by sensors located at the periph-
ery of VGCC clusters (Nakamura et al., 2015). Therefore, to simulate
vesicular transmitter release, we used 5-state model of Ca”—dependent
vesicle fusion of developing mice (Wang et al., 2008), integrated using a
forward Euler numerical integration routine (IgorPro). SV release was
then simulated from the modeled [Ca®"] (above) at various distances
from the perimeter of VGCC clusters. The output of the release model is
the probability that a single SV will be released as a function of time
(single SV release rate), at a given location. Cumulative release rates were
calculated from the integral of the single SV release rates. To estimate the
distribution of SVs, we linearly combined different numbers of single SV
release rates or their cumulative release rate for each simulation voxel,
until the resulting summed release rate trace matched by eye both the
experimental release rate and cumulative release rate. We did not time
shift single SV release rates. The number of single SV release rate traces
per location (simulation voxels) was taken to be the number of released
SVs at a particular distance from the VGCC cluster. Contour lines were
drawn using the implemented function of Igor. For simulation results,
values are given as mean * SD.

Results

The readily releasable pool at the functionally mature calyx

of Held

To examine the RRP in the posthearing, functionally mature calyx
(P16-P19), we used paired whole-cell voltage-clamp recordings of
the calyx/MNTB synapse, which is amenable to presynaptic voltage
clamp (Yang and Wang, 2006). To characterize the release kinet-
ics, we delivered step depolarizations (steps) of variable duration
to the presynaptic terminal to evoke transmitter release (Lee et
al., 2012). First, we validated this protocol by estimating the RRP
dynamics at the prehearing (P9-P11) calyces from mice. For
steps 3 ms or longer, the EPSC amplitudes were similar (Fig. 1AI;
Table 1), indicating a fast pool of SVs within the RRP, which
depletes within 3 ms (Fig. 1B1,C). In addition, the slow decay of
the EPSC evoked by a 30 ms step was comparable with a much
longer step (50 ms), indicating that the 30 ms depolarization was
sufficient to deplete the RRP (Fig. 1A1). Our results indicate that
the peak of the EPSC evoked by a 3 ms step can be used to
measure the fast pool, whereas the EPSC evoked by a 30 ms step
can be used to measure the RRP in the P9—P11calyx, as previously
reported in rats (Lee et al., 2012).

However, in the P16—P19 calyx, we found that the 1 ms and all
the subsequent longer step times resulted in similar peak EPSC
amplitudes (Fig. 1A2,B2,C). Longer steps did not increase the
peak ESPC amplitude, suggesting that the fast pool of SVs can be
released in 1 ms. Analysis of the decay of the EPSCs, which is
thought to be influenced by slowly releasing SVs in both P9-P11
and P16-P19 (Sakaba and Neher, 2001a, b, c; Wang et al., 2008),
revealed that the 10 ms step was sufficient to release all SVs within
the RRP, as longer step duration did not further extend the EPSC
decay (Fig. 1A2). Additionally, EPSCs evoked by 1 and 10 ms
steps exhibited similar 10%—-90% rise time and synaptic delay
(Table 2). Together, these results demonstrate that, at the P16—
P19 calyx, there is an acceleration of SV release from the fast pool
within the RRP and in the RRP compared with the P9—P11 calyx.
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Table 2. Summary of synaptic response from different recording conditions at P16 —P19 calyx of Held synapse®

Stimulation Paired ¢ test
Dep1ms Dep10 ms Dep50 ms pvalue
Parameters Conditions (mean = SEM; n) (mean = SEM; n) (mean = SEM; n) (Dep1 msvs Dep 10 ms)
EPSCamplitude (nA) 2mu[Ca®"],and 0.5 mm[EGTA], (2) 22.0 = 2.40 (1) 21.00 = 2.20 (11) NA p > 0.05
2mu[Ca®"],and 5 mu [EGTAT; (b) 21.0 = 1.83(13) 20.3 = 1.73 (13) NA p>0.05
2mm [Ca”]e and 20 mm [EGTAT; (0) 473 +1.03(8) 5.28 =+ 0.56 (8) 5.02 = 0.48 (7) p > 0.05[1msvs 10 ms];
p=>0.05[Tmsvs50ms];
p=>0.05[10msvs 50 ms]
1.2mm[Ca*"], and 0.5 mm [EGTA], (d) 17.1 +3.07 (9) 18.2 +£3.33(9) NA p>0.05
Unpaired t test Compare EGTA effect p > 0.05,aversus b; p > 0.05, aversus b;
p < 0.0001,a p<0.0001,a
versus ¢ Versus ¢
Compare calcium effect p > 0.05,aversus d p > 0.05,aversus d
Calcium influx 2mum[Ca®"],and 0.5 mm[EGTA], (2) 151011 (1) 112 =1.73(1) NA NA
charge (pC) 2mu[Ca®"],and 5 mu [EGTAT; (b) 1.66 = 0.10 (13) 12.5 +0.69 (13) NA NA
2mu[Ca®"],and 20 mm[EGTA], () 119 +0.17(8) 9.62 = 0.95 (8) 431+ 432(7) NA
1.2mm[Ca®"], and 0.5 mm [EGTA], (d) 121 +0.16 (9) 9.09 + 0.88 (9) NA NA
Unpaired ¢ test Compare EGTA effect p > 0.05,aversus b; p > 0.05,aversus b;
p > 0.05,aversusc p > 0.05,aversusc
Compare calcium effect p = 0.058,aversusd p < 0.05,aversus d
10%-90% EPSC rise 2mm [Ca”]e and 0.5 mm [EGTA]; (a) 0.61 = 0.02 (11) 0.60 = 0.02 (11) NA p>0.05
time (ms) 2mu[Ca®"],and 5 mu [EGTAT; (b) 0.65 £ 0.02 (13) 0.67 = 0.03 (13) NA p>0.05
2mu[Ca®"],and 20 mm[EGTA]; (0 0.68 = 0.02 (8) 1.34 = 0.19(8) 147 £0.18(7) p<<0.05[1msvs10ms];
p<0.05[1msvs50ms];
p=>0.05[10msvs 50 ms]
1.2mm[Ca®"], and 0.5 mm [EGTA], (d) 0.66 = 0.01(9) 0.75 % 0.03 (9) NA p<0.05
Unpaired ¢ test Compare EGTA effect p > 0.05,aversus b; p > 0.05,aversus b;
p<<0.05,aversusc p<<0.001,a
Versus ¢
Compare calcium effect p < 0.05,aversus d p < 0.001,aversus d
Synaptic delay (ms) 2mu[Ca®"],and 0.5 mm[EGTA], (a) 1.02 £ 0.03 (11) 1.00 £ 0.02 (11) NA p>0.05
2mu[Ca®"],and 5 mu [EGTAT; (b) 1.07 = 0.04 (13) 1.05 £ 0.04 (13) NA p>0.05
2mm [Ca”]e and 20 mm [EGTAT; (0) 1.34 = 0.06 (8) 1.52 +0.12(8) 1.49 =+ 0.14 (7) p>0.05[1msvs10ms J;
p=>0.05[Tmsvs50ms J;
p=>0.05[10msvs50ms |
1.2mm[Ca®"], and 0.5 mm [EGTA], (d) 1.14 %= 0.03 (9) 1.13 £0.02 (9) NA p>0.05
Unpaired t test Compare EGTA effect p > 0.05,aversus b; p > 0.05, aversus b;
p < 0.0001,a p < 0.0001,a
Versus ¢ versus ¢
Compare calcium effect p << 0.01,aversus d p < 0.001,aversus d

“Two-tailed unpaired t test was used to compare a versus b, a versus ; one-tailed unpaired t test was used to compare a versus d. NA, Not analyzed.

Quantitative analysis of the RRP at the functionally

mature calyx

To more thoroughly analyze the contribution and amplitude of
each pool, we deconvolved the EPSC to derive the release rate as
a function of time (Neher and Sakaba, 2001b; Wang et al., 2008)
(for detailed explanation, see Material and Methods) for both
P9-P11 and P16-P19 calyces, which we will from here on refer to
as release rate. Deconvolution analysis revealed that the peak
release rates were dramatically increased in P16-P19 calyces
compared with P9—P11 calyces (1541 = 155 SV/ms; n = 11 vs
522 = 511 SV/ms; n = 9; p < 0.0001) (Fig. 1D), similar to the
developmental acceleration of release in response to APs
(Taschenberger et al., 2005; Wang et al., 2008; Kochubey et al.,
2009). Furthermore, analysis of the release rate for the 10 ms step
demonstrated a clear appearance of a slowly released component
in P16-P19 calyces, although this slow component was much
faster than the slow component in P9—P11 calyces (Fig. 1F).

To determine the RRP size, we integrated the release rate for
the 30 ms step from P9-P11 calyces and 10 ms step from P16—
P19 (Fig. 1D), and corrected for ongoing replenishment during the
depolarization (Neher and Sakaba, 2001b). Analysis of the cumula-
tive release rates revealed that RRP size was increased from P9-P11

to P16-P19 by ~30% (2137 = 306 SVs; n = 9 vs 2714 £ 247 SVs;
n = 11) (Tables 1 and 3). This developmental increase in the RRP
size was not due to the correction for ongoing replenishment as the
uncorrected pool sizes in P16—P19 calyces (2818 = 258 SVs;n = 11)
were also larger than in P9-P11 calyces (2396 * 342 SVs; n = 9).
We also integrated the peak release rates of the 1 and 3 ms steps to
determine the putative fast pool size in both age groups. Fast pools
were also increased from P9-P11 (1370 = 158 SVs; n = 9) to P16—
P19 (1759 * 183 SVs; n = 11) (Fig. 1EL,E2,H). We estimated the
relative fraction of the fast pool size (3 or 1 ms) by dividing its inte-
grated vesicular release by the total RRP size (corrected 30 or 10 ms).
The fast pool occupies ~64% of total RRP in P9-P11 calyces in
agreement with previous reports (Chen et al., 2013), and similarly, it
occupies ~65% in P16—P19 calyces. To corroborate our definition
of fast and slow pools in P16-P19 calyces, we fit the cumulative
release rate with a double exponential function (Sakaba and Neher,
2001c). Analysis revealed that the RRP was depleted with 2 distinct
time constants (0.87 * 0.04 ms vs 4.18 * 0.24 ms; n = 11), com-
prised of 1701 = 235 fast SVs (n = 11) and 1011 = 147 slow SVs (n =
11), which closely matched the sizes determined from 1 and 10 ms
steps, respectively. This held true for our measurements at P9—P11
calyces as previously reported (Chen et al., 2013) and matched the
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Table 3. Summary of SV release rates at P16 —P19 calyx of Held synapse under different recording conditions”

Chen et al. e Synaptic Vesicle Coupling Vesicle Pool Dynamics

Stimulation Paired t test
Dep1ms Dep10 ms Dep50 ms pvalue
Parameters Conditions (mean = SEM; n) (mean = SEM; n) (mean = SEM; n) (Dep1msvs Dep10 ms)
Peak release rate 2mm[Ca®"],and 0.5 mm[EGTA], (a) 1605 = 160 (11) 1541 + 154 (11) NA p>0.05
(vesicles/ms) 2mm[Ca®"], and 5 mu [EGTAT; (b) 1559 = 140 (13) 1502 =+ 138 (13) NA p > 0.05
2mm [(a”]e and 20 mm [EGTA], (c) 335 + 73 (8) 313 +51(8) 260 =+ 43 (7) p>0.05[Tmsvs 10 ms];
p > 0.05[1msvs 50 ms];
p > 0.05[10msvs 50 ms]
1.2mu[Ca?" ], and 0.5 mu [EGTA], (d) 1123 * 215 (8) 1179 = 240 (8) NA p =005
Unpaired t test Compared EGTA effect p > 0.05, aversus p > 0.05, aversus p > 0.05, aversus
b; p < 0.0001,a b; p < 0.0001,a b; p < 0.0001,a
versus ¢ versus ¢ versus ¢
Compared calcium effect p > 0.05,aversusd p > 0.05, aversusd p < 0.05,aversusd
Vesicles released 2mm[Ca®"],and 0.5 mu [EGTAT; (a) 1759 = 183 (11) 2714 + 247 (11) NA NA
(vesicles) 2mum[Ca®*],and 5 mm [EGTA]; (b) 1769 + 181(13) 3031 = 295 (13) NA NA
2mm[Ca?*], and 20 mu [EGTAT, () 438 + 93 (8) 1204 + 124 (8) 1748 % 176 (7) p < 0.0001[1msvs 10 ms];
p << 0.0001[1msvs50ms];
p << 0.001[10msvs 50 ms]
1.2mm[Ca**],and 0.5 mm [EGTAT; (d) 1188 + 223 (8) 2635 = 530 (8) NA NA
Unpaired t test Compared EGTA effect p > 0.05, aversus p > 0.05, aversus
b; p < 0.0001,a b; p <0.0001,a

Versus ¢

Compared calcium effect p <0.05,aversusd

Versus ¢
p > 0.05,aversusd

“Two-tailed unpaired t test was used to compare a versus b, a versus ¢; one-tailed unpaired t test was used to compare a versus d. NA, Not analyzed.

fast pool size from the 3 ms step (Table 1). Comparison of the two
time constants between P16—P19 and P9-P11 revealed that the fast
and slow components become accelerated by ~2.5-fold and 4-fold,
respectively. This acceleration in the P16—P19 calyx was also reflected in
the normalized cumulative release curves (Fig. 1G). Together, our 1 and
10 ms step protocol can be used to estimate size of the fast pool and total
RRP (fast and slow pools), respectively, in the P16-P19 calyx. More
importantly, we demonstrate the existence of a slow pool of SVs within
the RRP in the functionally mature calyx.

Simulations of RRP dynamics reveal that shortening the Ca**
sensor distance to VGCCs reproduces the developmental
changes in release kinetics of the RRP

The origin of fast and slow release components could be either
different Ca’" sensitivities of SVs (Wolfel et al., 2007; Sch-
neggenburger et al., 2012) or different SV positions (Meinrenken
et al., 2002; Wadel et al., 2007; Neher and Sakaba, 2008). To
determine whether SV position relative to VGCCs could account
for the fast and slow components of release, we first performed
3D reaction—diffusion simulations (DiGregorio et al.,, 1999;
Nielsen et al., 2004) of the calyx terminal [Ca*" ] using a recently
established VGCC cluster perimeter release model that accurately
predicts developmental changes in AP-evoked release (Naka-
mura et al., 2015). However, in this instance, we simulated the
spatiotemporal profile [Ca*>*] for step depolarization-induced
activation of many VGCCs distributed in a tight cluster (Fig. 2A).
The VGCC density (20 nm nearest neighbor distance) and num-
ber (24 VGCCs) were set according to average values obtained
from the EM of SDS-freeze-fracture replica immunogold labeled
samples (Nakamura et al., 2015). The endogenous Ca*" buffer
properties were also determined from Ca*™* imaging experiments
(Nakamura et al., 2015). Simulation of the intracellular [Ca®*] in
the proximity of VGCCs reached 100 uM within the first 1 ms of
the step, then slowly increased to 120 um by the end of the 10 ms
pulse (Fig. 2B). This lack of increase in peak amplitude, plus a
steep spatial dependence (Fig. 2C,D), argues that a standing
[Ca®*] gradient is present and is nearly at steady state by the end

of the 10 ms depolarization step (i.e., not changing their spatial
extent, despite longer durations of Ca®™ entry).

Next, we estimated SV release rates at particular locations (i.e.,
individual simulation voxels) with a 5-state release model for func-
tionally mature mice (Wang et al., 2008), triggered by the simulated
[Ca?"] time course at that voxel. Our simulations revealed that the
maximum release rate decreased more steeply than the [Ca**] at
increasing distance from the VGCC cluster (Fig. 2C). This effect is
clearly illustrated in a plot of the release probability (integral of re-
lease rate) versus sensor distance from the periphery of VGCC clus-
ter. In response to a 1 ms step, the SV release probability was one
within 20 nm and then fell sharply with increasing distance from the
cluster (Fig. 2D). In response to a 10 ms step, the SV release proba-
bility was one up to 60 nm. We found that the distance that corre-
sponded to a 50% release probability was 31 nm for 1 ms step and
was 119 nm for the 10 ms step, respectively. Furthermore, the sim-
ulations show that longer steps more efficiently triggers SV release at
further distances (Fig. 2D). To examine which sensor locations re-
produced a release time course comparable with measured release
rates, we normalized the release rate and cumulative release (Fig.
2E,F). The time course of release became slower at longer distance
(Fig. 2G), and no single location could reproduce the fast and slow
release components (compare with Fig. 2E, inset, thick gray trace).

Therefore, we considered the possibility that a distribution of
SV locations might better predict experimental release rates. To
estimate possible spatial distributions, we linearly combined
multiples of single SV release rates and cumulative release rates,
calculated for individual simulation voxels (without time shift-
ing), until the summed release time course and summed cumu-
lative release rate matched the experimental release rate and
cumulative release rate, respectively, of the whole calyx estimated
for 1 and 10 ms steps (Fig. 3A, B). The number value of the release
rate (or cumulative release rate) for each location was then trans-
formed directly into a single distribution of the number value of
SVs as a function of location (Fig. 3C). For the 1 ms step, the
majority of SVs contributing to release were estimated to be
within 20 nm of the cluster perimeter (16 = 8 nm). However,
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Figure2.  Numerical simulationsforCa ™ diffusion and releasetime course in functional mature calyces. 4, Schematic diagram showing VGCC locations at the synaptic surface. A total of 24 VG(Cs
are placed at the center of simulation volume (nearest neighbor distance = 20 nm). Lines indicate the distance from the nearest VGCC. B, Spatial distribution of local [Ca** ] formed around a VGCC
cluster in response to 10 ms steps. [EGTA]; is 0.5 mm. €, Simulated time course of [Ca 2 (top) and corresponding release rate (bottom) at various distances from the nearest VGCC (i.e., cluster
perimeter) in response to 1 ms (black) and 10 ms (green) step durations. D, The [Ca® "] (measured at the end of step, just before the tail component) and release probability were plotted against
the distance from the nearest VGCC. E, Top, Experimental |, trace evoked by a 1 ms step, which was scaled such that the current at the end of the step equaled one-half the single-channel current
(to account for 0.5 open probability) and then used to define the Ca" entry through a single channel. Middle, Simulated single SV release rate, in response to scaled I, for various distances from
the nearest VGCC. Inset, The same traces, but normalized. Thick gray trace represents the release rate estimated from deconvolution of measured EPSC. Bottom, Cumulative single SV release rate.
F, Same as E, but simulations were performed with a |, evoked by 10 ms steps. G, Plot of the 50% rise time of the cumulative release (measured from the onset of Ca ™ influx) versus distance.

release rates in response to the 10 ms step depolarization required
additional SVs to be positioned at longer distances from the clus-
ter perimeter (~20-100 nm). To elucidate the spatial distribu-
tion of only those SVs corresponding to the slowly releasing pool
of SVs with the RRP, we subtracted the SV distribution for 1 ms
step from that for 10 ms step and determined that the mean
distance of slowly releasable SVs was 53 = 21 nm.

The spatial distribution of SVs within the RRP in P9-P11
calyces was estimated using simulations of Ca>* entry during 3

and 30 ms step depolarization (Fig. 1BI) and calculated release
using 5-state release model for P9—P11 mice (Wang et al., 2008).
Release rate time courses were well fit by a linear combination of
simulated single SV release rates from different locations (Fig.
3D,E). SV locations corresponding to both the fast and slow
release components were shifted to longer distances in P9—
P11 calyces (Fig. 3F), giving a mean distance of 56 * 38 nm for
the fast pool and 135 * 80 nm for the slow pool. More impor-
tantly, these simulations suggest that the RRP release kinetics
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Estimating pool locations using the combination of deconvolution and simulation at P9 —P11and P16 —P19 calyces. A, Experimental release rate (top) and cumulative release (bottom)

representing the population average from P16 —P19 calyces for 1 ms step. Traces were fit with a linear combination of simulated single SV release rate and cumulative release rates, respectively
(dashed line). B, Same as A, but for 10 ms step. C, Spatial distributions of released SVs that was used to fit traces in A and B; distribution for 1 and 10 ms steps. Gray area represents the subtraction
between the two distributions. D, Same as 4, but for P9—P11 calyces and for a 3 ms step. E, Same as D, but for 30 ms step. F, Fitted spatial distributions of SVs as in C, but for P9—P11 calyces, and

for comparison P16 —P19, for different steps.

in both the P9-P11 and P16-P19 calyces can be determined
exclusively by a heterogeneous distribution of distances be-
tween SVs and VGCC cluster perimeters.

We would like to stress the reaction—diffusion and release
simulations are based on key experimentally measured parame-
ters, such as single-channel current at the calyx of Held (Sheng et
al., 2012) and VGCC localization (Nakamura et al., 2015). Al-
though we did not consider stochastic channel opening here, the
spatial averaging by diffusion and sensor binging over the long
step depolarization suggests that deterministic simulations are an
appropriate simplification (Klingauf and Neher, 1997). How-
ever, it is important to note the choice of release model can be
important for precise distance estimates because we found that,
in young animal simulations, an allosteric binding model (Lou et
al., 2005) predicted longer VGCC-SV distance (60% increase) for
the slow pool (data not shown). Unfortunately, an allosteric
model for older animals does not exist.

EGTA (5 mMm) has no significant effects on the release kinetics
of the RRP in the functionally mature calyx

Based on our simulations, both SV pools in the functionally mature
calyx become more tightly coupled to VGCCs, with the fast pool SV
distances matching those proposed for SVs released by APs (Fed-
chyshyn and Wang, 2005; Wang et al., 2009; Nakamura et al., 2015).
Therefore, we hypothesized that the release rates of the fast and slow

poolin the RRP should be differentially sensitive to additions of high
concentrations of the slow exogenous Ca’* chelator, EGTA, as
EGTA has been extensively used as an indirect estimate of VGCC to
SV distances (Adler et al., 1991; Eggermann et al., 2011). In P9—P11
calyces, increasing the EGTA concentration ([EGTA];) from 0.5to 5
mM, slowed down the release kinetics of the RRP and resulted in
incomplete depletion of the RRP (Sakaba and Neher, 2001¢), but in
P16-P19 calyces, increasing [EGTA]; to 5 mm did not affect the
EPSC amplitude, rise time, or synaptic delays (Fig. 4B; Table 2). The
1 ms and the subsequent longer step durations also resulted in sim-
ilar peak EPSC amplitude, rise time, and synaptic delay (Table 2),
suggesting that 1 ms also depletes the fast pool in the presence of 5
mM EGTA. For durations >10 ms, we observed similar EPSC de-
cays, consistent with RRP depletion by 10 ms, similar to control
condition (Fig. 4A). In addition, 5 mM EGTA resulted in no change
in the peak release rates, RRP size, or time the constants of release
from the slow pool release (Fig. 4C1,D1I; Table 3). Furthermore, the
contribution of the fast pool to the RRP (SVs released by 1 ms/ SVs
released by 10 ms) was also similar (Fig. 4E,F). However, 5 mm
EGTA slightly slowed the time constants of the fast pool (1.05 = 0.05
ms; n = 13; 5mM EGTA vs 0.87 * 0.04 ms; n = 11; 0.5 mm EGTA;
p < 0.05) (Table 4).

To estimate SV locations that would reproduce measured re-
lease rates, [Ca®"] changes were simulated in the presence of 5
mM EGTA (Fig. 5A). The 5 mM EGTA had no significant effect on
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Table 4. Time constants of RRP release in P16 —P19 calyx of Held

Conditions
Parameters 2mu[Ca?*],and0.5mm [EGTAT ()  2mm[Ca?*],and 5mm[EGTAli(b) ~ 1.2mm[Ca?*],and 0.5mm[EGTAL, ()  Unpairedttest (p value)
Tau fast (mean = SEM; ms) 0.87 = 0.04 1.05 = 0.05 117 = 0.10 p < 0.05, aversus b
n 1 13 8 p << 0.01, a versus
Tau slow (mean = SEM; ms) 418 £0.24 3.81+0.15 430 £ 0.32 p > 0.05,aversus b
n n 13 8 p > 0.05, a versus ¢

2+]

the peak [Ca*"] induced by 1 ms step but decreased peak [Ca
and release probability induced by 10 ms step (Fig. 5B,C). The
inhibition of the [Ca**] increased with increasing distance from
the cluster, reducing the calculated release probability preferen-
tially at distal locations (Fig. 5C). Interestingly, the [Ca**] at 200
nm remained close to resting levels in the presence of 5 mMm
EGTA, suggesting no crosstalk between Ca>* entry sites. When

release rates time courses were fit with the sum of simulated single
SV release rates (Fig. 5D, E), as described above (Fig. 3D, E), the
estimated SV distances in 5 mM EGTA were similar to those in 0.5
mM EGTA (Fig. 5F). Together, a 10-fold increase of [EGTA]; did
not change the RRP release kinetics or the estimated distance
between SVs and VGCC in the P16-P19 calyx, suggesting that 5
mM EGTA is not capable of blocking release at distances <100
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of 10 ms step in the presence of 0.5 mw (top) and 5 mm (bottom) EGTA. B, Time course of [Ca2*] at various distances from the nearest VGCC in response to 1 ms (black) and 10 ms (green) steps. C,
The amplitude of steady-state [Ca* ] (top), release probability (middle), and the inhibition of vesicular release probability by 5 mm EGTA (bottom) was plotted against the distance from the nearest
VGCC. D, Deconvolution tracesin P16 —P19 calyces for 1 ms steps in the presence of 5 mm EGTA were fit with simulated single vesicle release and cumulative release rates. £, Same as D, but for 10 ms.

F, Spatial distributions of SVs released in 0.5 and 5 mu EGTA.

nm. Because the 5 mM EGTA simulations predict a dramatically
reduced [Ca*"] between VGCC clusters, but did not affect the
slow release component, we conclude that Ca** domains around
VGCC clusters, rather than global [Ca**], drives release of both
close (10—20 nm) and distal (20—100 nm)-coupled vesicles.

EGTA (20 mMm) inhibits release of synaptic vesicles from the
slow pool

Because 5 mM EGTA was unable to selectively inhibit the release
of SVs located distally from the VGCC cluster, we hypothesized
that this [EGTA]; might not be sufficient. To test this theoreti-
cally, we performed simulation of [Ca*"] with 20 mm EGTA
using I, traces in the presence of 0.5 mm EGTA (Fig. 1B). We
simulated the spatiotemporal profile of [Ca**] in response to
step depolarization in the presence of 20 mm EGTA and then
predicted release from the locations estimated from 0.5 mm
EGTA experiments (Fig. 3C). Our simulations revealed that, in
contrast to 5 mM EGTA, 20 mM EGTA caused a decrease of the
steady-state [Ca®"] both for 1 and 10 ms step with what was
progressively larger for increasing distance from the cluster pe-
rimeter (Fig. 6A, B). Correspondingly, the magnitude of inhibi-

tion of release by 20 mm EGTA, relative to 0.5 mMm EGTA, was
larger at longer distances (Fig. 6C). Finally, the predicted the
number of releasing SVs at various distances from VGCC cluster
is shown in Figure 6D, indicating that, for the 10 ms step simula-
tion, 20 mM EGTA inhibited release of SVs located >50 nm from
the perimeter of VGCC clusters.

To test these predictions, we performed paired recordings
with 20 mM EGTA in our presynaptic patch pipette (Fig. 6E). The
higher [EGTA]; resulted in a significant reduction of the EPSC
amplitudes compared with 0.5 mM EGTA (4.7 = 1.0 nA; n = 8 vs
22.0 £2.4;n =11, p <0.0001; Table 2). In addition, we observed
a reduction in the presynaptic I, (Table 2). Unlike in the pres-
ence of 0.5 or 5 mMm EGTA, increasing step durations evoked
EPSCs with increasing decay times for steps up to 50 ms long,
indicating that the RRP was not depleted by 10 ms in the presence
of 20 mM EGTA (Fig. 6 E, F). Further evidence of incomplete RRP
depletion was an appearance of a hump during the decay of the
EPSC, which corresponded to the Ca’" tail current-induced
release.

Deconvolution analysis demonstrated significant reduction
in peak release rates (Fig. 6G; Table 3). Normalization of the



Chen et al. e Synaptic Vesicle Coupling Vesicle Pool Dynamics J. Neurosci., February 4, 2015 - 35(5):2083-2100 « 2093

Simulation (prediction)

A -1 t=10ms C D
(1 mefefise (atthe end of Vostep). Ca**(uM) 1msstep 10 ms step 1 ms step
V-step onset) 120 160
— EGTA (mM) 8004
0.5 mM 80 =120 —05 -0-0.5mM EGTA
EGTA | - = 80 ] —20 600 -m-20 mM EGTA
I-40 @
l O, 40 E 400
0 0d. > 1. g

2004

-
o
1
]

1]
o
= S
= 8
53 5 0
22 as i g
2o g 10 ms step
> @ I
ROfiai 00 . B
1.0- . é
20 nm 50 nm 100 nm 5 g g
20 uM —o5mm 2w 057 T
el < UG e .
0 100 200 0 100 200 0 50 100 150
Distance (nm) Distance (nm) Distance (nm)
Recordings and deconvolution
E 20mM[EGTAJ, F Normalized EPSCs
——Dep1ms —Dep10ms — DepS0ms ‘1

“\'r r "

5ms 20mM[EGTA]
— — Depims
— Dep10ms
| 1nA — Dep50ms
G H 5ms I
K Yoad 210 1400
E 20mM[EGTA] s g 120
L0 — Depims 8% 3 1000
2 — Dep10ms s s °
?:’200 [] e 800
s 2ms Bos 2ms g 2ms
& 2
] 00 o
J K L 10 ms step
1 ms step 10 ms step
- 10_
deconvolution 500 O ~0-1ms
4 & — 10
500 simulation & fit ms
% 1 PP 4004
— - e
3 200 5 g
© 1 Qo 3]
S 100 - € 3004 g
© =] p
14 J ; _‘% 0.54
0- S 4 °
g < g Simulation and fit
o = a --0.5 MMEGTA
o 1000 1004 -0-20 mM EGTA
2 Prediction
3 ] —20 mM EGTA
g r 0 = OOJ T T T T T T 1
o 04 0- 0 50 100 0 20 40 60 80 100 12
5ms 5ms

Distance (nm) Distance (nm)

Figure6.  The 20 mmEGTAresultsinincomplete depletion of the RRP and reduction of release from distal SVs in the P16 —P19 calyx of Held. A, Simulated spatial distribution oflocal [Ca 2 * ] around
aVGCC cluster in response to 1 ms step (left) and 10 ms step (right) in the presence of 0.5 mu (top) and 20 mu (bottom) EGTA. For both simulations, we used |, template recorded in 0.5 mm EGTA.
B, Simulated time course of [Ca® "] (top) and corresponding release rate (bottom) traces at various distances for 1 ms (black) and 10 ms (green) steps. €, The simulated steady-state [Ca "] (top),
release probability (middle), and the inhibition of vesicular release probability by 20 mm EGTA (bottom). D, Simulations using the spatial distribution of released (Figure legend continues.)



2094 - J. Neurosci., February 4, 2015 - 35(5):2083-2100

release rates revealed that 20 mM EGTA resulted in a dramatic
slowdown in the SV release (Fig. 6H ), as might be expected for a
competition between the Ca®" sensor with the high [EGTA],
Integration of the release rates revealed reductions in the release
of both fast and slow SVs in the presence of 20 mm EGTA(Fig. 61;
Table 3) Furthermore, the RRP could not be depleted with a 50
ms step (1748 £ 176 SVs; n = 7; 20 mMm EGTA 50 ms step vs
2714 = 247 SVs; n = 115 0.5 mM EGTA 10 ms step).

To estimate the SV locations in these experiments, we simu-
lated the [Ca**] and release using I, waveform recorded in the
presence of 20 mm EGTA (Fig. 6E). Simulations and fits of
the measured release rates (Fig. 6]) revealed that SVs >50 nm
were not necessary to reproduce release rates in response to the 10
ms steps (Fig. 6K). To compare the predicted vesicular release
locations (Fig. 6D) with those estimated from fits to the decon-
volution traces (Fig. 6K), we normalized and superimposed the
cumulative spatial distributions of SVs (Fig. 6L), which were sim-
ilar. Thus, our experimental and simulated results demonstrate
thatincreasing [EGTA]; to 20 mM could sufficiently compete with
SV release, thus preventing RRP depletion for 10 ms depolarization
steps. Moreover, the SVs located >50 nm from the perimeter of the
VGCC cluster were preferentially inhibited, as would be expected for
the slow on-rate Ca>" buffer, EGTA. Finally, these findings support
the hypothesis that distally coupled SVs account for the slowly re-
leasing pool in low EGTA conditions.

Lowering the external Ca®* concentration selectively affects
fast pool of the RRP

It has been demonstrated that the in vivo release characteristics of the
functionally mature calyx can be mimicked by lowering external
Ca*" concentration ([Ca**],,,) to 1.2 mm (Lorteije et al., 2009). In
addition, lowered [Ca**],,, dramatically impacts the AP-evoked
EPSC amplitude, suggesting that the release probability of SVs in the
fast pool is affected (Neher and Sakaba, 2008). Using 1 ms steps, we
found that the total entry of Ca>* charge was reduced by 20% in the
1.2 mMm Ca®" (Table 2), which resulted in a reduction of EPSC am-
plitudes by ~20%. Our paired recording revealed that, although
the EPSC amplitudes did not increase for step durations >1
ms, the decay continued to increase for durations up to 10 ms
(Fig. 7A). However, at the end of 10 ms step, the decay of the
EPSCs was similar in both [Ca®*],,, (Fig. 7B), indicating that
the 10 ms step is sufficient to release the total RRP in 1.2 mm
Ca’". The 10%-90% rise time of the EPSC between 10 and 1
ms pulse was slower in 1.2 mM Ca*™ (0.75 + 0.03 ms; 7 = 9 vs
0.66 = 0.01; n = 9; p < 0.05) (Fig. 7B; Table 2).

<«

(Figure legend continued.) SV from 0.5 mm EGTA (Fig. 6C) predict that 20 mm EGTA (green)
preferentially blocks release from distal vesicles. E, Presynaptic stimulation protocol (top), the
presynaptic holding potential was depolarized to 0 mV gradually for Tms, 10ms, and 50 ms. The
stimulation protocol and the related responses are labeled as Dep1 ms, Dep10 ms, and Dep50
ms, respectively. Middle, Resulting presynaptic |, values. Bottom, Corresponding EPSCs. Aver-
age traces for 1and 10 ms (n = 8) and for 50 ms (n = 7) steps. F, Normalized EPSCs at 1,10, and
50 ms depolarizations. G, Deconvolved release rates. H, Normalized values. /, Their integrated
release rates to determine total SVs releases with Dep1 ms and 10 ms. J, Experimental release
rates and cumulative release from P16 —P19 calyces and their fit with linearly combined single
vesicle release rate and cumulative release rate (dashed line), simulated with 20 mm EGTA. The
(a* entry was based on template |, traces recorded in the presence of 20 mm EGTA (Fig. 6F)
and with a single-channel conductance scaled by the ratio of whole terminal I, amplitudes in
recordings with 0.5 versus 20 mm EGTA. K, Spatial distributions of SVs released in response to 1
and 10 ms steps in the experiment with 20 mm EGTA. L, Cumulative histogram for the spatial
distribution of vesicular release for the prediction (red, 20 mm EGTA) and the estimation from
the fit of the deconvolution-derived cumulative release rates.
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Deconvolution analysis revealed that the peak release rates
were similar between 1 and 10 ms step durations; however, 1.2
mm Ca** reduced peak release rates by 30% compared with 2 mm
Ca** (Fig. 7CI; Table 3). Normalization of the peak release rates
demonstrate a slight slowdown in time to peak, although there
was a significant increase in the proportion of delayed (slow)
component compared with experiments performed in 2 mm
Ca** (Fig. 7D2). The total RRP size in 1.2 mm Ca** was similar
to2mM (2635 * 530 SVs; n = 8 vs 2714 * 247 SVs; n = 11) (Fig.
7D1,E; Table 3), although there was a significant decrease in the
total number of SVs released by the 1 ms pulse (1188 = 223 SVs;
n=_8vs1759 = 183 SVs; n = 11, p < 0.05) (Fig. 7E). This was in
line with our results obtained with the double exponential fit of
the integrated release rates demonstrating a significant slowdown
in the release of the fast pool (1.17 = 0.01 ms; n = 8 vs 0.87 = 0.04
ms; n = 11, p < 0.001), but no change in the rate of release of the
slow (4.30 = 0.32 ms; n = 8 vs 4.18 £ 0.24 ms; n = 11) (Fig. 7D2;
Table 4). Furthermore, the contribution of the fast pool to the
RRP in 1.2 mM Ca** was smaller than thatin 2 mm Ca®" (0.45 +
0.02;n = 8vs0.65 = 0.03; n = 11; p < 0.001) (Fig. 7E, F). These
data indicate that lowering [Ca*™],,, did not alter the size of the
RRP but slowed only the fast pool release rates, consistent with
the intracellular Ca*" concentration dependence of release rate
(Bollmann et al., 2000; Schneggenburger and Neher, 2000).

We next used [Ca®*] and release simulations in which the
single VGCC current was reduced (see Materials and Methods) to
predict vesicle locations of the experiments performed in 1.2 mm
Ca**(Fig. 7G-I). The 1 ms step simulations resulted in fewer
released SVs from the fast pool only, but a similar distribution in
the distances of fast released SVs, compared with 2 mm Ca’*
(14 = 5nm) (Fig. 7G,I). The 10 ms step simulations, on the other
hand, resulted in similar number and distribution of released SVs
(Fig. 7H,I). Subtraction of the 1 ms from the 10 ms step also
revealed a similar spatial distribution of the slowly releasing SVs
(37 = 21 nm). The decrease in the release fraction during 1 ms
steps in low [Ca®"],,, is due to the smaller single-channel current
that, even with clustered VGCCs, does not achieve a high enough
release probability to deplete the fast pool. However, the 10 ms
step duration is sufficient to deplete both pools and thus pre-
dicted identical distribution of SVs.

The effect of EGTA (5 mm) on presynaptic Ca>" currents in
the functionally mature calyx

Although 5 mM EGTA had a minimal effect on P16 P19 release
kinetics, 5 mM EGTA, but not 20 mm EGTA, resulted in a slight
increase in presynaptic I, amplitudes. Because slight changes in
intracellular [Ca®"] can have large impacts on release rates, we
examined whether the increased internal [EGTA]; alters VGCC
properties and mask the EGTA effect on the RRP release rates.
Although it is known at the P9—P11 calyx that Ca** buffer con-
centrations within the terminal impact Ca**-dependent inacti-
vation and facilitation (Lin et al., 2012), this remained unknown
at P16—P19 calyces. Therefore, we characterized the EGTA effect
on I, at the P9—P11 calyx. Analysis of current to voltage (I/V)
relationship of the I, revealed the following: (1) the amplitude of
steady-state I, became smaller from —50 mV to —20 mV; and
(2) a slight rightward shift occurred in the activation kinetics in
the presence of 5 mm EGTA at P9-P11 (Fig. 8A,CI,C2). In con-
trast, at P16—P19, the activation of I, occurred at more negative
voltages in the presence of 5 mMm EGTA, although current ampli-
tudes for voltage steps >0 mV were similar (Fig. 8 B,D1,D2).
Additionally, we also measured the peak amplitude of the Ca**
tail currents. We found that 5 mM EGTA resulted in similar tail



Chen et al. e Synaptic Vesicle Coupling Vesicle Pool Dynamics J. Neurosci., February 4, 2015 - 35(5):2083-2100 « 2095

+2
& 1.2 mM [Ca ]ext & oM [Ca®],  1.2mM[Ca’,

lca —— Depilms  —— Depims

—— Depims — Dep3ms—— Dep5ms—— Dep10ms —— Dep20ms—— Dep30ms—— Dep50ms — DeplOms —— Dep10ms

EPSC
0.5nA

5nA

0.5nA

normalized EPSC

5ms
A 2 2 109
5 1400 [\ 2mM[Ca" ), 1.2mM[Ca" ], 09 2500~ 0.9
£ [ | — Dept — Depi| ? |
TR A TS i gos
0.7 - ‘@ © 07+
ﬁ 06 2 $ 06
g © 1500 £
2 05 8 S 05—
E 0.4 gwoo— g 0.4
S 03+ 2 3 03
5 s N
g 02+ o 2 s00-| T 02
0.1 1ms 3 2ms E o1 s
0.0 0 0.0
E F - e
° g 1.0 l—l
]
«
% 0.8 P
4000 1 R = oo
n ofe
Q o o9 0.6 P
i ©
% ° 1 ‘@ ° o o
A ° [) $ 0.4 o0
= 2000 4 %o -
*Te g
v II 1 ee0 S 0.2+
LS =
®ee g
0 . - . Z 00 T o T i
Dep1ms Fast Pool Dep10ms 2 mM Ca 1.2 mM Ca

G H |
1 ms step (1.2 mM Ca?) 10 ms step (1.2 mM Ca?*) 1000 -

1 ms step 54,
1000 1 1000 z —0—2.0mM Ca2+
2 ——deconvolution £ ——deconvolution f:,f —-0-1.2mMCa
P -+ -+ simulation & fit = ---- simulation & fit @ 5001
2 500+ a =
3 Q
2 & 0
0- 1000 10msstep
) z ——2.0mM Ca
o2 1000+ o 3 -o-12mM Ca®*
Q Q ? 500
= = 3
: 5
S g 040 ... O
O 0- (&) T T T 1
5ms 0- Bme 0 50 100 150

Distance (nm)

Figure7. The1.2mm[Ca”"],,slowersynaptictransmission and synaptic vesicles release kinetics at the P16 —P19 calyx of Held. A, Stimulation protocol (top) and resulting presynaptic|, (middle) and EPSCs
(bottom). Dashed line box represents a magnified view of the decaying EPSCs. Two arrows indicate the time window of the magnified EPSCs. B, Average traces of |, (top) and corresponding average traces of
EPSCs (bottom) from 2mmand 1.2 mm Ca 2" group. Inset, Normalized EPSCs and the rising phase of the EPSCs. €, Average release rate (€7) and normalized peak release rate (€2). D, Average cumulative release
(D1) and normalized cumulative release (D2). E, Summary for SVs released by Dep1 ms and Dep10 ms in 1.2 mm Ca> ™. The numbers of fast-releasing SVs released by Dep10 ms are shown as fast pool. F,
Comparison of the ratio of number of SVs released by Dep1ms to Dep10 msin 2mmand 1.2mm Ca®*. ***p < 0.001. E, F, Data are presented as mean = SEM. G, Deconvolution traces in P16 —P19 calyces for
Tmsstepinthe presence of 1.2 mm Ca > were fit with simulated single vesicle release and cumulative release rates. H, Same as G, but for 10 ms step. /, Spatial distributions of SVs releasedin 1.2mmCa ™. Traces
from 2mm Ca® ™ shown for comparison were identical to those in Figure 3¢.



2096 - J. Neurosci., February 4, 2015 - 35(5):2083-2100

PO-11

Chen et al. e Synaptic Vesicle Coupling Vesicle Pool Dynamics

P16-19

0.5mM EGTA 5mM EGTA 0.5mM EGTA 5mM EGTA
0.5nA 0.5nA E% i h
2ms 2ms
osen| E 050
05 DSMO% !;" O&A%a
0.0 *» _ 00+ 0.0 H 2027
- | * < 4
g 02 e 204 < 00+
= 044 z S 8
g g = £ .02
8 -06- 504 £-0.8 3
3 08 o 2 Q04
(8] - 5 °
2 104 206+ 0-1.2+ 2
L T 2 =06
-1.2 4 g T
£-0.8 @16 £ g
1.4 S 1 2
-1.6 Z 10 2.0 = 10-
; T T T T T 1 — T T T T 1 “ — T T T T T 1 ™ T T T T T 1
60 40 20 0 20 40 60 40 20 0 20 40 60 60 40 20 0 20 40 60 60 40 20 0 20 40 60
Voltage (mV) Voltage (mV) Voltage (mV) Voltage (mV)
3.0 1.0 3.5, — e R, 1.0 *
0.9 0.9
2.5 3.04 /_s
3 ,2\ 0.8 :E 0.8
P 2.5 -~
g 20 % 0.7 g :g 0.7
=1 g oe = 20l 2 ose
s 5 * 8 3
E 1.6 O 0.5 8 3 0.5
% * E 0.4: = 5 % 0.4
= 10 g - N
s 0.3 1.04 = 0.3
Z 02 E 0.2
0.6 0.54 =
* 0.1 * 0.1
* *
€0 -40 20 0 20 40 €0 o €0 -40 -20 0 20 40 €0 -0 40 -20 0 20 40 60 o €0 40 -20 o 20 40 60
Voltage (mV) Voltage (mV) Voltage (mV) Voltage (mV)
Figure8. Effect ofincreasing [EGTA]; concentration to 5 mu on the |, kinetics at the P16 —P19 calyx of Held. A, B, Representative | , traces for current/voltage (I/V) curve analysis from —70 mV

to 60 mV at 0.5 mm EGTA and 5 mm EGTA, respectively, from immature and mature calyx of Held. Insets, Tail currents at the abovementioned voltages. €7, I/V plot representing the average I,
amplitudes at steady state plotted against voltage. €2, Normalized average raw |, amplitudes at steady state (///,,,) against voltage inimmature calyces. D1, D2, Identical plots in mature synapses.
E, F, Represent analysis of voltage-dependent activation of VGCCs. Activation curves were obtained from tail currents evoked by a 10 ms step to various membrane potentials from —70 mV to 60
mV. Data obtained with 0.5 mm EGTA (n = 7) and 5 mm (n = 8) in P9—P11 and 0.5 mm EGTA (n = 14) and 5 mm (n = 11) in P16 —P19 were plotted against voltage and fitted by the Boltzmann
function/ = 1/(I,,,,+ exp (V'/2 — V)/k), where 1/'/2and k represent the half-activation voltage and slope factor, respectively, in E7 and F1 for P9—P11and P16 —P19 calyces, respectively. The tail
currents were normalized to the maximal value (///,,,,,) for E2 and F2, before Boltzmann fit. The currents were statistically compared by unpaired Student's ttest. Data are presented as mean = SEM.

currents amplitude at all voltages tested for P9-P11 (Fig. 8EI).
However, in P16-P19 calyces, the tail currents amplitudes were
>0 mV (Fig. 8FI). I/V relationship of the tail current and its fit
with a Boltzmann function revealed a rightward shift in the half-
activation voltage in P9—P11 calyces from —12.0 = 0.8 mV (n =
15,0.5 mm EGTA) to —5.8 = 0.3 mV (n = 12,5 mM EGTA) and
a slightly faster kinetics of activation in P16—P19 calyces (5.6 =
0.2; n = 12; 5 mm EGTA) versus (4.3 = 0.7; n = 15; 0.5 mM
EGTA) (Fig. 8E2,F2).

Although the increased [EGTA]; facilitated Ca?* tail currents
at positive voltages, these were in response to a 10 ms step. Pre-
vious studies at immature calyces have demonstrated that prede-
polarization steps can increase I, (Awatramani et al., 2005; Hori
and Takahashi, 2009); therefore, it remained unknown whether
Ca’" influx triggered by AP would be affected by increased
[EGTA];. To test this, we recorded I, evoked by pseudo-AP
waveforms in both [EGTA]; (Yang and Wang, 2006). Figure 9
reveals that the increase in [EGTA]; did not affect I, ampli-
tude and charge evoked by AP-like waveforms P16-P19 calyx
terminals. Finally, there was no change in peak steady state I,

at 0 mV, indicating that our RRP measurements in the pres-
ence of 5 mMm [EGTA]; are not caused by the increases in I,.

Discussion

Using whole-cell paired recordings in combination with decon-
volution analysis and an established VGCC to Ca** sensor
model, we elucidated the alterations in the RRP that contribute to
accelerated SV release kinetics and that underpin the early stages
of auditory processing at the functionally mature calyx of Held
terminal (P16—P19). Our results are in agreement with previous
studies demonstrating developmental increase in SV release effi-
cacy in response to APs (Taschenberger and von Gersdorft, 20005
Taschenberger et al., 2002; Renden and von Gersdorff, 2007;
Wang et al., 2008; Kochubey et al., 2009). In the P9-P11 calyx, a
3 ms and a 30 ms step depletes the fast pool and total RRP,
respectively (Lee et al., 2012). In contrast, we demonstrate, at the
P16-P19 calyx, that a 1 ms step was sufficient to release the fast
pool, whereas a 10 ms step was necessary to deplete the entire
RRP (Figs. 1 and 2). Using our RRP size estimates from the 10 ms
step (Figs. 1, 4, and 7) and dividing by reported AZ numbers
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(Taschenberger et al., 2002), we estimate there are ~2—6 releas-
able SVs per AZ, consistent with earlier estimates of docked SVs
per AZ from P9, P14, and P16 rats (Sitzler et al., 2002; Taschen-
berger et al., 2002; Horstmann et al., 2012).

A cellular mechanism of RRP release kinetics

Using numerical simulations of buffered Ca** diffusion and a single
synchronous SV release sensor (Nakamura et al., 2015), we demon-
strate a broad distribution in the distance between the edge of VGCC
clusters, and SVs can replicate the time course of experimentally
derived RRP release rates corresponding to both fast and slow pools
at P9-P11 or P16-P19 calyces (Fig. 3). The average VGCC-SV dis-
tance at the P16—P19 calyces was ~15 nm for fast pool SVs (evoked
by the 1 ms pulse) and is similar to previous estimates of ~20 nm for
AP-evoked release (Wangetal., 2009; Nakamura etal., 2015). There-
fore, it is likely that SVs evoked by 1 ms step constitute the same pool
as those involved in AP-evoked release. In line with this idea, the fast
pool undergoes a developmental shortening of the average
VGCC-SV distance similar to AP-evoked release (Wang et al., 2009;
Nakamura et al., 2015). The VGCC-SV distance for the slow pool
was estimated to be between 25 and 150 nm, and like SVs in the fast
pool, undergoes a similar developmental tightening. In P16—P19
animals, the release rates measured with 20 mm EGTA in the presyn-
aptic pipette were consistent with a preferential block of distal SVs.
Because a typical AZ diameter is ~300 nm (calculated from
Taschenberger et al., 2002) and EM evidence suggests on average 1
cluster per AZ comprising only 12% of the AZ area (Nakamuraetal.,
2015), our data are consistent with conclusion that both the close
and distally coupled SVs are all located within the AZ (Taschen-
berger and von Gersdorff, 2000; Taschenberger et al., 2002).

Although molecular mechanisms for tightening of the AP-
evoked release RRP are emerging (Hosoi et al., 2009; Young and
Neher, 2009; Yangetal., 2010; Chen et al., 2013), the mechanisms
underlying slow pool release remains unclear. Our simulations
and analysis are consistent with a single fast sensor (Schneggen-
burger and Neher, 2000; Wang et al., 2008) at 25-150 nm away
from VGCC clusters (Fig. 6). Differential Ca>™" sensitivity has
been proposed as an alternative mechanisms for slow pool release
(Wolfel et al., 2007). We cannot rule out that heterogeneous
intrinsic Ca** sensitivity contributes to slow pool release. How-
ever, the contribution of a second Ca** sensor or sensors appears
to affect delayed release events that occur well after depolariza-
tion steps (Sun et al.,, 2007; Babai et al., 2014). Alternatively,
differences in the fast Ca®" sensor copy number could also im-
pact slow release rates (Dittrich et al., 2013). Nevertheless, our con-
clusions are well supported by data from the P§—P10 calyx, which
demonstrated that only a twofold difference in intrinsic Ca*™ sensi-
tivity between the fast and slow pool SVs cannot fully account for the
10-fold difference in release kinetics (Wadel et al., 2007).

Varying the [Ca®" ], at immature calyces influences the frac-
tion of the SVs released by APs from the RRP, likely due to alter-
ations in [Ca*"] domains around single channels (Weber et al.,
2010; but see Meinrenken et al., 2002). Indeed, a 10 ms step fully
released the fast pool and overcame the slightly slower release
kinetics (Fig. 7), resulting in a similar total RRP. Our simulations
show that longer depolarizations allow for [Ca®"] domains
around clusters to extend longer distances thus allowing access to
distal SVs (Fig. 2). Consistent with this finding, the estimated
distances of the two SV pools were nearly identical in 2 mm or 1.2
mwm Ca** (Fig. 7). Such spatiotemporal dependence of [Ca*™]
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domains on the duration of the Ca** entry may account for why
in P11-P14 calyces there is an apparent change in the RRP when
using APs (Thanawala and Regehr, 2013).

Furthermore, because of the requirement of binding of mul-
tiple calcium ions to trigger SV fusion and high dependence on
the [Ca**].,, (Schneggenburger and Neher, 2000; Bischofberger
etal., 2002), lowering the [Ca*™ ], would result in a slowdown in
the onset of fusion. Supporting this hypothesis, we observed a 100
s increase in the synaptic delay in 1.2 mm Ca** compared with
2mm Ca>" group, which is also predicted by simulations (120 s
increase in synaptic delay at 20 nm distance from VGCC cluster
perimeter). This delay is assumed to be due to Ca*>* ion binding
and subsequent initiation of fusion. However, recent reports of
postpriming maturation of SVs, which lowers the activation energy
required for SV fusion may also be Ca®" dependent (Basu et al.,
2007; Lee et al., 2013). Thus this increase in the synaptic delay may
correlate to a possible Ca*" dependency of postpriming.

In other model systems, evidence exists for a single VGCC
opening triggering SV release (Stanley, 1993), and it has been
hypothesized that VGCC numbers can modulate AP-evoked re-
lease (Bertram et al., 1996; Gentile and Stanley, 2005). At the
calyx, the number of channels per cluster is highly variable (2-73)
and on average ~20 (Nakamura et al., 2015). Thus, a small frac-
tion of clusters (<20%) would exhibit one channel opening per
AP (open probability 0.2) (Sheng et al., 2012). When a single VGCC
opens, our model suggests that SVs located in the fast pool (20 nm)

would have a low release probability (<0.03) (Nakamura et al.,
2015). Although possible, single-channel release events are not the
dominant mode of AP-evoked release at the calyx of Held as the
P16-P19 calyx uses multiple VGCCs to trigger release of SVs
in response to an AP (Fedchyshyn and Wang, 2005). To un-
derstand SV release in response to step depolarizations, we
simulated 24 channels, a value close to the mean number of
VGCCs per cluster (Nakamura et al., 2015), and showed that
the fast pool is comprised of SVs tightly coupled to the cluster
perimeter (Fig. 2). For 10 ms step depolarizations, the [Ca*"]
at a distance is increased sufficiently to trigger release at dis-
tances up to 100 nm in P16—P19 animals (Fig. 2). Thus, open
VGCCs clusters likely mediate release from both pools. Nev-
ertheless, for the rarely observed isolated single channels
(<3% of all detected channels) (Nakamura et al., 2015), lon-
ger depolarizations could mediate SV release (simulations not
shown).

Implications for the calyx’s ability to drive MNTB spiking
over a wide range of firing rates

To support the encoding of auditory information, the posthear-
ing calyx drives the spiking in the MNTB neuron over a broad
range of firing rates, with little to no contribution from asynchro-
nous release (Taschenberger et al., 2005; Scheuss et al., 2007).
Because the AP waveform is very narrow, even during high firing
rates at the posthearing calyx (Taschenberger and von Gersdorff,
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2000), it is likely that only SVs tightly coupled to VGCCs (<25
nm) will be released in response to auditory stimulation. Al-
though our data cannot discriminate whether fast and slow SVs
exist at a single release site (Fig. 10A) or whether there are indi-
vidual release sites that consist solely of either fast or slow SVs
(Fig. 10 B), the slow SVs likely have physiological significance.
Recent work has shown slow pool SVs can be rapidly converted
(<<80 ms) into fast pool SVs (Lee et al., 2012), through positional
priming that drives these distal SVs close to VGCCs (Neher and
Sakaba, 2008). Despite endocytosis rates at P14-P18 calyces being
faster than prehearing calyces, they are on the orders of seconds
(Kushmerick et al., 2006; Renden and von Gersdorff, 2007) and are
too slow to follow rapid firing rate fluctuations (timescale of milli-
seconds) experienced by the calyx. Thus, we hypothesize that the
slow pool contributes to a rapid SV replenishment for AP-evoked
release to maintain spiking of MNTB in response to rapid firing rate
changes in response to acoustic stimulation. Although the molecular
mechanism that accounts for the rapid conversion from slow to fast
pool SVs is poorly defined, Muncl3s (Chen et al., 2013; Lipstein et
al., 2013) and actin network (Lee et al., 2012) might play a role.

Slow pool conversion a general mechanism for sustaining
signaling at high AP firing rates

Relative positioning of VGCC to SVs coupling and control of SV
release kinetics for AP-evoked release was first proposed more
than a quarter century ago (Yoshikami et al., 1989; Augustine,
1990; Adler et al., 1991; Stanley, 1993) and has been well studied
in the calyx of Held (Sakaba and Neher, 2001b; Meinrenken et al.,
2002; Fedchyshyn and Wang, 2005; Sakaba et al., 2005; Sakaba,
2006; Wadel et al., 2007; Neher and Sakaba, 2008; Wang et al.,
2008; Young and Neher, 2009; Neher, 2010; Lee et al., 2012).
Despite being considered as a specialized synapse, the calyx of
Held release properties are very similar to a wide variety of model
systems (Borst, 2010; Eggermann et al., 2011). Indeed, a number
of synapses within the CNS and PNS from invertebrates to verte-
brates have biphasic recovery rates of replenishment of SVs
within the RRP with recovery time constants of tens of millisec-
onds and seconds that are matched with the recovery rate at the calyx
(Hallermann and Silver, 2013), suggesting that a slow pool may also
exist in other synapses. Interestingly, these fast recovery time con-
stants are at minimum ~50-fold faster than SV recovery rates
through endocytosis (Wu et al., 2014). Because positional priming is
the rate-limiting step for SV availability for AP-evoked release, it is
possible that fast recovery time constants represent the SV position-
ing rate at the close proximity of the edge of VGCC clusters. There-
fore, the regulation of positional priming may be necessary to alter
the reliability of a synapse to meet the functional demands of the
circuit within which it is embedded.
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