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Role of GluA3 AMPA Receptor Subunits in the Presynaptic
and Postsynaptic Maturation of Synaptic Transmission and
Plasticity of Endbulb—Bushy Cell Synapses in the Cochlear
Nucleus

Flora M. Antunes,'> Maria E. Rubio,!? and ““Karl Kandler!>3
Department of Neurobiology, 2Department of Otolaryngology, and *Department of Bioengineering, University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania 15261

The AMPA receptor (AMPAR) subunit GluA3 has been suggested to shape synaptic transmission and activity-dependent plasticity in
endbulb-bushy cell synapses (endbulb synapses) in the anteroventral cochlear nucleus, yet the specific roles of GluA3 in the synaptic
transmission at endbulb synapses remains unexplored. Here, we compared WT and GluA3 KO mice of both sexes and identified several
important roles of GluA3 in the maturation of synaptic transmission and short-term plasticity in endbulb synapses. We show that GluA3
largely determines the ultrafast kinetics of endbulb synapses glutamatergic currents by promoting the insertion of postsynaptic AMPARs
that contain fast desensitizing flop subunits. In addition, GluA3 is also required for the normal function, structure, and development of
the presynaptic terminal which leads to altered short term-depression in GluA3 KO mice. The presence of GluA3 reduces and slows
synaptic depression, which is achieved by lowering the probability of vesicle release, promoting efficient vesicle replenishment, and
increasing the readily releasable pool of synaptic vesicles. Surprisingly, GluA3 also makes the speed of synaptic depression rate-invariant.
We propose that the slower and rate-invariant speed of depression allows an initial response window that still contains presynaptic firing
rate information before the synapse is depressed. Because this response window is rate-invariant, GluA3 extends the range of presynaptic
firing rates over which rate information in bushy cells can be preserved. This novel role of GluA3 may be important to allowing the
postsynaptic targets of spherical bushy cells in mice use rate information for encoding sound intensity and sound localization.
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(s )

We report novel roles of the glutamate receptor subunit GluA3 in synaptic transmission in synapses between auditory nerve fibers
and spherical bushy cells (BCs) in the cochlear nucleus. We show that GluA3 contributes to the generation of ultrafast glutama-
tergic currents at these synapses, which is important to preserve temporal information about the sound. Furthermore, we dem-
onstrate that GluA3 contributes to the normal function and development of the presynaptic terminal, whose properties shape
short-term plasticity. GluA3 slows and attenuates synaptic depression, and makes itless dependent on the presynaptic firing rates.
This may help BCs to transfer information about the high rates of activity that occur at the synapse in vivo to postsynaptic targets
that use rate information for sound localization. /

ignificance Statement

bushy cells (endbulb synapses) are extremely fast which allows
the preservation of the temporal features of sound. EPSCs in
endbulb synapses are mediated by AMPA receptors (AMPARs)
with exceptionally fast kinetics of channel gating (Raman and

Introduction
In the cochlear nucleus, the first central nucleus in the auditory
system, EPSCs at synapses between auditory nerve terminals and
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Trussell, 1992; Isaacson and Walmsley, 1996), which result from
the predominance of GluA3 and GluA4 subunits in their flop
isoforms (Geiger et al., 1995; Wang et al., 1998; Lawrence and
Trussell, 2000; Gardner et al., 2001; Schmid et al., 2001; Sugden et
al., 2002). Flop subunits greatly accelerate the decay of EPSCs
(Trussell and Fischbach, 1989; Gardner et al., 2001; Pei et al.,
2007; Cao and Oertel, 2010), because they have faster rates of
desensitization than their flip counterparts (Sommer et al., 1990;
Mosbacher et al., 1994). The developmental increase of flop sub-
units largely contributes to the developmental speeding of EPSCs
in endbulb synapses (Trussell and Fischbach, 1989; Lawrence and
Trussell, 2000).

Another prominent feature of synaptic transmission in end-
bulb synapses is short-term synaptic depression (Wu and Oertel,
1987; Oleskevich et al., 2004; Wang and Manis, 2008; Yang and
Xu-Friedman, 2009, 2015; Cao and Oertel, 2010), a form of
plasticity that is believed to improve encoding of temporal infor-
mation by reducing responses to non-phase-locked inputs
(Taschenberger and von Gersdorff, 2000; Brenowitz and Trussell,
2001) and to negatively impact the transmission of presynaptic
firing rate, or rate information, by decreasing postsynaptic firing
reliability (Wangand Manis, 2006; Yang and Xu-Friedman, 2009;
Wangetal., 2010). Yet, endbulb synapses can accurately transmit
rate information even at high firing rates, suggesting that synaptic
depression must be circumvented in some way to allow rate in-
formation for a wide range of firing rates (MacLeod et al., 2007;
Bagnall etal., 2008; Lindner et al., 2009; Yang et al., 2009; Turecek
etal., 2017).

Anatomical studies suggest that the GluA3 subunit plays a
preponderant role in activity-dependent plasticity (Whiting et
al., 2009; Wang et al., 2011; Clarkson et al., 2016) and normal
auditory processing (Garcia-Hernandez et al., 2017). Upregula-
tion of GluA3, but not GluA4, is believed to underlie hearing
recovery after transient hearing loss (Clarkson et al., 2016;
Garcia-Herndndez et al., 2017). However, the specific role of
GluA3 in the synaptic transmission in endbulb synapses remains
unexplored. Loss of GluA3 decreases the amplitude and increases
the latency of wave II of the auditory brainstem responses
(Garcia-Hernandez et al., 2017), suggesting that activity in the
cochlear nucleus has been altered. Furthermore, loss of GluA3
produces ultrastructural changes in presynaptic and postsynaptic
terminals of endbulb synapses (Garcia-Hernandez et al., 2017;
Rubio et al., 2017). These changes will have consequences on
synaptic efficacy and plasticity (Taschenberger et al., 2002;
Cathala et al., 2005; Freche et al., 2011; Allam et al., 2015), a
hypothesis that we address in this study by investigating synaptic
transmission and short-term plasticity in endbulb synapses of
GluA3 KO and WT mice.

Our results identify several important roles of GluA3 in syn-
aptic transmission in endbulb synapses. GluA3 makes synaptic
transmission ultrafast by promoting the insertion of flop sub-
units in the postsynaptic terminal. Furthermore, GluA3 is neces-
sary for normal function and maturation of the presynaptic
terminal, which ultimately shape short-term plasticity. GluA3
reduces and slows synaptic depression by lowering the probabil-
ity of vesicle release, promoting efficient vesicle replenishment,
and increasing the readily releasable pool of synaptic vesicles.
Interestingly, we also found that GluA3 makes the speed of syn-
aptic depression rate-invariant. We propose that the slower and
rate-invariant speed of depression conferred by GluA3 allows the
synapse to preserve rate information over a wide range of firing
rates, despite strong synaptic depression. In this scenario, GluA3
is needed for accurate transfer of rate information from spherical
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BCs to postsynaptic targets that use rate information for encod-
ing sound intensity and sound localization.

Materials and Methods

Mice. Brain slices were obtained from CD57B6] WT mice (n = 21 ani-
mals) and GluA3 KO mice (n = 21 animals) of both sexes, aged from
postnatal day (P) 17 to P21. GluA3 KO mice were kindly provided by Dr.
Sakimura (Garcia-Hernandez et al., 2017). Genotyping of these mice was
also confirmed post hoc. All experiments were performed in accordance
with the guidelines of the University of Pittsburgh Animal Care and Use
Committee.

Slice preparation and electrophysiological recordings. Transverse slices
(300 um thick) containing the AVCN were cut with a vibratome (Leica)
in aCSF containing the following (in mm): 125 NaCl, 2.5 KCl, 1 MgCl,, 2
CaCl,, 1.25 NaH,PO,, 25 NaHCOs, and 10 glucose, bubbled with 95%
0,/5% CO,, pH 7.4, at room temperature. Slices were stored at 32°C for
1 hina custom interface chamber before being transferred to the record-
ing chamber for electrophysiology recordings (Weisz et al., 2016). Dur-
ing recordings, slices were continuously bathed in recirculating aCSF
bubbled with 95% O,/5% CO, at 30—33°C (inline heater, SH-27B; War-
ner Instruments). The aCSF used for recordings had the same composi-
tion as the aCSF used for cutting with the addition of 2 um strychnine, 30
uM gabazine, and 50 um APV to isolate AMPA receptor- mediated
EPSCs. Cyclothiazide (50 um) was added for desensitization experi-
ments. No tetrodotoxin was added because sEPSCs at the endbulb reflect
quantal release (Isaacson and Walmsley, 1996; Bellingham et al., 1998; Lu
etal., 2007; Fig. 1).

Whole-cell patch-clamp recordings from BCs in the AVCN were per-
formed using a MultiClamp 700B amplifier and a Digidata 1550 digitizer
controlled by Clampex 10.4 software (Molecular Devices). BCs were
identified by their characteristic firing pattern (few brief spikes) to pro-
longed depolarizing current injections (Oertel, 1983; Wu and Oertel,
1987; Cao etal., 2007; Lu et al., 2007). We recorded from BCs in the most
anterior region of the VCN, a region that in mice is occupied mainly by
small spherical BCs, as opposed to globular BCs that are most frequently
found more posteriorly (Tolbert and Morest, 1982; Willard and Ryugo,
1983). Therefore, most of our recordings were likely made from small
spherical BCs (Wright et al., 2014). Recordings were sampled at 50 kHz
and filtered online at 10 kHz. Recording pipettes were pulled from 1.5
mm outer diameter borosilicate glass (Sutter Instruments) to tip resis-
tances of 35 m{). The electrode solution used for all recordings con-
tained the following (in mm): 140 K-gluconate, 4.5 MgCl,, 9 HEPES, 5
EGTA, 4 MG-ATP, 0.3 GTP, 4.4 creatine phosphate (Tris salt), and was
adjusted to pH 7.3 with KOH. Neurons were voltage clamped at =70 mV
and membrane voltages were adjusted online for a measured liquid junc-
tion potential of 14.2 mV. Series resistance (<10 M{)) was compensated
with a 60—80% correction and a 90% prediction (3 kHz bandwidth). The
membrane resistance of BCs was calculated based on responses to +10
and —10 pA current pulses. BC membrane resistance was similar in both
genotypes (WT, median = 82.4M(); KO, median = 91.0M(); Wilcoxon’s
rank-sum test W = 628, p = 0.5; data not shown).

Endbulb-elicited EPSCs were elicited by electrically stimulating the
auditory nerve root with a minimal stimulation protocol (Fig. 2). Briefly,
the stimulus level was increased until a threshold level was determined
and an EPSC was elicited by a single endbulb (Fig. 2A). For each cell, the
stimulus strength was adjusted to be slightly above the minimal strength
that reliably elicited a response (Wang et al., 2010). Endbulb evoked
EPSCs were distinguished by their large amplitude (>1 nA), all-or-none
synaptic currents and brief time course (Isaacson and Walmsley, 1996;
Wang et al., 20105 Fig. 2B). Stimulus pulses were generated by an ISO-
Flex isolator (AMPI, Israel) and delivered through an extracellular
saline-filled glass pipette (~10 wm tip).

Electron microscopy. Twelve mice of both sexes were used for ultra-
structural morphometrical analysis of the synaptic vesicles size within
endbulb terminals. Two mice per age (P20, P44 and P100) and genotype
(WT and KO mice) were used. Mice were transcardially perfused with
fixative, and brainstem sections with the cochlear nucleus were cut with
a vibratome and processed for electron microscopy as previously de-
scribed (Garcia-Hernéndez et al., 2017). Ultrathin sections (80 nm) were
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Figure 1. Spontaneous synaptic events in endbulb synapses differ between WT and GluA3 KO mice: In KO mice, SEPSCs have

smaller amplitude, slower kinetics, and higher frequency. A, Representative traces showing sEPSCs (left) and their corresponding
averaged events (right). WT, blue; KO, red. B—F, Cumulative distribution plots of average sEPSCamplitude (B), half-width (C), rise
time (D), decay tau (), and interevent intervals (F), for both genotypes (WT, n = 26 neurons from 19 animals; KO, n = 30 neurons
from 21 animals; 200 events per neuron; Two sample Kolmogorov—Smirnov test: D = 0.26, for Amplitude; D = 0.18, for half-

width; D = 0.11, for rise-time; D = 0.29, for decay tau; all ***p < 0.001).

cut with a Leica EM UC7 ultramicrotome (Leica Microsystems) and
examined with a JEOL 1400 transmission electron microscope. Endbulb
terminals on spherical bushy cells in the anteroventral cochlear nucleus
were identified as previously described (Garcia-Herndndez et al., 2017).
Images of endbulb synapses were digitally captured with an ORIUS
SC200 CCD camera (Gatan). Images were assembled with Adobe Pho-
toshop, modifying brightness and contrast if necessary.

Experimental design, data analysis, and statistics. Electrophysiological
traces were analyzed using Clampfit 10.4 (Molecular Devices) and Mini-
Analysis (SynaptoSoft). Additional analyses of data, including statistics,
were performed and figures were created using MATLAB (The Math-
Works), except two-way repeated-measures ANOVAs, which were per-
formed with SigmaPlot (Systat Software). Data were tested for normality
using Shapiro-Wilk test, and for equal variances between groups using
Brown—Forsythe test. Statistical tests were considered significant when p
< 0.05.

To quantify the differences in spontaneous activity between WT and
KO, spontaneous events (SEPSCs; 200 events per neuron) were merged
into two overall distributions for WT versus KO for each parameter
measured (amplitude, half-width, rise time, decay time, and interevent
interval) and their distributions were compared using the two-sample
Kolmogorov—Smirnov test (‘kstest2” function in MATLAB; WT, n = 26
neurons; GluA3 KO, n = 30 neurons; Fig. 1). To visualize the differences
between their distributions, their empirical cumulative distribution
functions were plotted (overlaying the distributions of both genotypes,
for each parameter measured; the Kolmogorov—Smirnov test statistic
[D] is the maximum difference between these functions; Fig. 1B-F). The
decay time constants of sSEPSCs were obtained by fitting the decay phase
(10-90%) of the events with single exponential decay functions.

To compare evoked synaptic activity between WT and KO, pairwise
statistical comparisons for endbulb elicited EPSC parameters (ampli-
tude, half-width, rise time, and decay time) between genotypes were
performed using two-sided Wilcoxon’s rank-sum test (WT, n = 29 neu-
rons; KO, n = 19 neurons; Fig. 2). Data are presented as notched box-
plots (Fig. 2C-F). The tops and bottoms of each box are the 25 ™ and 75"
percentiles of the samples, respectively, and their distances are the inter-
quartile ranges. The sample median is represented by the line in
the middle of each box. Data points beyond the whisker length are
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marked as outliers (values that are >1.5 times
the interquartile range away from the top or
bottom of the box; displayed with a + sign).
Notches display the variability of the median
between samples (nonoverlapping notches be-
tween boxes indicate that their medians are sig-
nificantly different at 5% significance level).
To evaluate whether the effect of cyclothi-
azide (CTZ) on the EPSC kinetics differed

between WT and KO two-way repeated-
measures ANOVAs (factors: genotype, drug,
genotype X drug; one-factor repetition; re-
peated factor: drug) were performed. A signif-
icant interaction indicated that the impact of
CTZ was different between WT and KO, i.e.,
there was a differential effect of CTZ between
genotypes, and this was followed by post hoc
comparisons (Holm-Sidak method; compari-
sons versus control group; control group for
genotype: WT; control group for drug: CTR;
n = 7 neurons, per genotype, per condition;

04 06 0.8
Half width (ms)

L

Inter-event interval (ms)

500 1500 Fig. 3). Because there are only two levels of re-
peated measures in the ANOVAs performed
here the assumption of sphericity is met. This is
true for all the repeated-measures ANOVAs
performed in the present work.

To study short-term depression, trains of
stimuli were delivered consisting of 10 repeti-
tions of 20 pulses at different frequencies (10,
50, 100, and 300 Hz), every 2 s (WT, n = 18,23,
29, and 13 neurons; KO, n = 6, 6, 17, and 14
neurons; for each frequency, respectively; Fig.
4). For each neuron, EPSC amplitudes evoked for each pulse were aver-
aged over the 10 repetitions. EPSC amplitudes were then normalized to
the amplitude of the first EPSC in the train. The normalized amplitudes
over time (stimulus number) were fitted with a single exponential with
two parameters (y = ae™ + c), where b is the decay constant and c is the
steady-state using the “fit” function in MATLAB. The fit function also
computes the coefficient of determination (adjusted r2) of the whole fit
and the 95% confidence intervals (CI) for the fitted parameters, which we
used to determine the significance levels for comparisons of the decay
and steady state between WT and KO (Figs. 4, 5, 6). The same experi-
mental design and analysis was repeated in some neurons recorded under
the effect of CTZ to control for desensitization (WT, n = 7 and 6 neu-
rons; KO, n = 7 and 5 neurons; at 100 Hz and 300 Hz, respectively; Figs.
5,6).

To determine the size of the readily releasable pool (RRP) and the
initial probability of vesicle release (Pr) we used two different methods:
the train method (Schneggenburger et al., 1999; Thanawala and Regehr,
2013; Fig. 7) and the EQ method (Fig. 7; Elmqvist and Quastel, 1965). For
both methods, the normalized EPSC amplitudes for the 300 Hz trains
were summed throughout the train stimulus to give a cumulative nor-
malized EPSC amplitude curve, for each neuron (WT, n = 22 neurons;
KO, n = 15 neurons; Fig. 7A, D). For the train method, a regression line
was fitted to the final 5 points of the cumulative normalized EPSC and
back-extrapolated to the y-axis (Fig. 7A). The y-intercept corresponds to
RRP,,;, (arrows in Fig. 7A), and Pr,,;, equals EPSC, divided by RRP,;,,
(Schneggenburger et al., 1999; Thanawala and Regehr, 2013; Lu and
Trussell, 2016; Fig. 7A-C). For the EQ method, first used in a mammalian
CNS synapse by Taschenberger et al. (2002; calyx of Held synapse), nor-
malized EPSC amplitudes were plotted versus the cuamulative normalized
EPSC (Fig. 7D). The first 4 points of the normalized EPSC amplitudes
were extrapolated to the x-axis. The x-intercept corresponds to RRPg
(arrows in Fig. 7D), and Pry, equals EPSC, divided by RRPy, (EImqvist
and Quastel, 1965; Lu and Trussell, 2016; Fig. 7D-F ). Both methods give
close estimates of RRP and Pr, but the estimates are not necessarily iden-
tical, due to their different assumptions about replenishment. The train
method assumes that once the RRP has been depleted by repetitive stim-
ulation, the remaining responses rely on a replenishment of the RRP
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Figure 2.  Evoked synaptic responses in endbulb synapses of WT and GluA3 KO mice. In the

KO, AMPAR-mediated EPSCs have slower kinetics. A, Single endbulb-elicited EPSCs were
elicited by increasing stimulus strength until an all-or-nothing EPSC was elicited (arrow). B,
Example EPSCs froma WT (blue) and a KO (red) bushy cell. CF, Distribution of EPSCamplitudes
(€) and kinetics (D—F) displayed as notched boxplots (line in the middle: median; box: inter-
quartile range; whiskers: full range excluding outliers; outliers: marked with + sign; notches:
provide an approximate confidence interval for the population median) (WT, n = 29 from 21
animals; KO, n = 19 from 18 animals). Lack of GluA3 had no effect on EPSC amplitudes (C;
Wilcoxon's rank-sum test: W = 779, p = 0.15) and rise times (E; Wilcoxon’s rank-sum test:
W = 490, p = 0.87; Notches between WT and KO boxplots overlap). Lack of GluA3 significantly
increased EPSC half-widths (D; Wilcoxon’s rank-sum test: W = 587, **p = 0.009) and decay
time constants (F; Wilcoxon's rank-sum test: W = 558, **p = 0.001; notches between WT and
KO boxplots do not overlap).

(Schneggenburger et al., 1999; Thanawala and Regehr, 2013). Thus, the
rate of replenishment will correspond to the slope of the linear fit back-
extrapolated to the y-axis (Fig. 7A,I) and the y-intercept of the linear fit
represents the cumulative amount of release minus the release by newly
recruited vesicles, which is then taken as an estimate of the RRP,, ;.
(Schneggenburger et al., 1999; Thanawala and Regehr, 2013; Lu and
Trussell, 2016). In contrast, the EQ method relies primarily on EPSCs
early in the train and assumes that the effects of replenishment are small
and can be ignored (Elmqvist and Quastel, 1965; Taschenberger et al.,
2002; Thanawala and Regehr, 2013; Lu and Trussell, 2016). Because the
Pr may decrease during the stimulus train (Wu and Borst, 1999), the EQ
method measures the initial RRP that may be released with higher Pr.
To evaluate whether RRP and Pr estimates differed between genotype
(WT vs KO) and method (train vs EQ) two-way repeated-measures
ANOVAs (one for each independent variable: RRP and Pr) where per-
formed (factors: genotype, method, genotype X method; one-factor rep-
etition; repeated factor: method), followed by post hoc comparisons
(Holm-Sidak method; all pairwise multiple comparisons; Fig. 7A-F).
The same analysis was repeated for the population of neurons under the
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Figure3. Blocking AMPAR desensitization with cyclothiazide (CTZ) had a stronger effect on
EPSCsin GluA3 KO than in WT mice. A, Example EPSC from a WT bushy cell in control (blue) and
in the presence of (TZ (gray). B, Example EPSC from a KO bushy cell in control (red) and in the
presence of CTZ (gray). C—F, EPSC amplitude (C), half-width (D), rise time (E), and decay time
(F) valuesin control (CTR) and in the presence of CTZ, in WT (blue panels on the left;n = 7) and
KO (red panels on the right; n = 7). ¢, (TZ had no effect on EPSC amplitudes [2-way repeated-
measures ANOVA: F; 1,y = 0.335, p = 0.573, genotype; F; 1, = 4.738, p = 0.050, drug;
Fiq,12 = 0.640, p = 0.439, interaction]. D, CTZ prolonged EPSCs half-widths more strongly in
KO mice than in WT mice [2-way repeated-measures ANOVA/Holm—Sidak method: F; 1,) =
23.295, p = <<0.001, genotype X drug interaction; CTR vs CTZ, within genotype: KO, t =
7.110,p < 0.001; WT, t = 1.985, p = 0.071; WT vs KO, within (TZ: t = 4.964, p << 0.001].,
(TZ had a similar effect on EPSC rise times in either genotype [2-way repeated-measures
ANOVA: F; 15y = 8.379, p = 0.01, genotype; F; 1, = 21.836, p << 0.001, drug; F; 1 =
1.097,p = 0.32, interaction]. F, CTZ prolonged more strongly EPSCdecay timesin KO thanin WT
mice [2-way repeated-measures ANOVA/Holm—Sidak method: £, ;,) = 13.135, p = 0.003,
genotype X druginteraction; CTR vs CTZ, within genotype: KO, t = 9.613,p < 0.001; WT,t =
2.787, p = 0.016; WT vs KO, within (TZ: t = 5.389, p < 0.001]. *p << 0.05, ***p << 0.001;
lower square brackets, CTR vs CTZ, within genotype; upper square brackets, WT versus KO,
within (TZ.

effect of CTZ to control for desensitization (WT, n = 6 neurons; KO, n =
5 neurons; Fig. 7G,H ). Replenishment rate was estimated from the slope
of the linear fit (train method) for responses under the effect of CTZ (Fig.
7I; same population of neurons as Fig. 7G,H ). Comparison for replen-
ishment rate between WT and KO was performed using two tailed f test.
Synaptic vesicle size was measured in both genotypes (WT: n = 260 at
P20, n = 54 at P44, n = 91 at P100; KO: n = 262, n = 56 at P44, n = 55
at P100; Fig. 8). Image] software (1.43u, NIH, https://imagej.nih.gov/ij/)
was used for the morphometric analyses of the vesicle sizes. The radius
from inner to inner leaflet of the bilayer membrane was measured. De-
lineation of the larger and minor diameter of the synaptic vesicles was
performed while being blinded to the age and genotype of the mice. The
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where bis the decay, and cis the steady state). Gray dashed lines indicate the steady-state plateau reached during synaptic depression. Compared with WT mice, in KO mice synaptic depression was
stronger and faster as evidenced by its lower steady state (gray dashed lines; all frequencies) and its faster decay (at 100 Hz and 300 Hz). * Statistical significance derived from the 95% confidence

intervals calculated by the “fit” function in MATLAB.

diameter of the synaptic vesicles was calculated by dividing the sum of
the major and minor diameter by 2. A two-way ANOVA (factors:
genotype, age, genotype X age) was performed to determine whether
there were differences in vesicle size between genotypes (WT vs KO)
and age (P20 vs P44 vs P100), and/or if there were interactions be-
tween these two factors. The “histfit” function in MATLAB was used
to plot the histograms and superimpose the fitted normal distribu-
tions of the vesicle diameters data (Fig. 8C). The histfit function uses
the function “fitdist” to create a probability distribution object to fit
a probability distribution to the data. The x* goodness-of-fit test was
used to test the null hypothesis that the vesicle diameters data came

from a normal distribution with a mean and variance estimated from
these data (“chi2gof” function in MATLAB).

Results

Altered spontaneous synaptic transmission in GluA3

KO mice

To better understand the role of AMPAR subunits in synaptic
transmission at the endbulb synapse, we performed whole-cell
patch-clamp recordings from BCs in brain slices from WT and
GluA3 KO mice (P17 to P21). We first evaluated spontaneous
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neurotransmitter release by analyzing A
AMPAR-mediated sEPSCs (Fig. 1). We

found that the absence of GluA3 in KO _ﬁ
mice changed the amplitude, half-width,
10-90% rise time, decay tau, and inter-
event intervals of sSEPSCs (Fig. 1 B—F; two-
sample Kolmogorov—Smirnov test). The
distribution of sEPSC amplitudes from
GluA3 KO mice was significantly shifted
to the left (Fig. 1B; two-sample Kolmogo-
rov—Smirnov test), indicating an increase
in the proportion of smaller amplitude
events in KO mice (median amplitude:
WT = 104.37 pA, KO = 80.57 pA). Com-
pared with WT mice, sEPSCs in KO mice
also had slower kinetics as indicated by a
right shift of the distributions of their
half-widths, rise times, and decay con-
stants (Fig. 1C-E; two-sample Kolmogo-
rov-Smirnov test; median half-width:
WT = 0.30 ms, KO = 0.34 ms; median
rise-time: WT = 0.13 ms, KO = 0.14 ms;
median decay tau: WT = 0.20 ms, KO =
0.25 ms). Finally, compared with WT

100 Hz

B 100 Hz

Relative Amplitude (@)
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WT control
WT CTZ

KO control
KO CTZ 2

20 ms

100 Hz

mice, in KO mice sEPSCs occurred at a
higher frequency as indicated by a left
shift of the distribution of sEPSC inter-
event intervals (Fig. 1F; two-sample
Kolmogorov—Smirnov test; median inter-
event intervals: WT = 234.37 ms, KO =
192.90 ms).

In summary, sSEPSCs in WT mice were

Relative amplitude O

large and brief, resembling those previ-
ously described in mice at a similar age
(Lu et al., 2007; Wright et al., 2014). Ab-
sence of GluA3 subunits in AMPA recep-
tors resulted in events that were smaller,
occurred at higher frequencies, and had
slower kinetics, mostly due to a slower de-
cay than WT animals (Fig. 1). Because
during development, sEPSCs in endbulb
synapses become progressively larger
(Bellingham et al., 1998; Brenowitz and
Trussell, 2001) and briefer (Brenowitz
and Trussell, 2001; Lu et al., 2007) our
results may reflect a developmental delay
in the maturation of sSEPSCs in GluA3 KO mice.

Figure 5.

Evoked synaptic transmission is slower in GluA3 KO mice
To examine whether a lack of GluA3 altered evoked transmission
in endbulb synapses, we recorded single fiber-evoked EPSCs in
BCs using a minimal stimulation protocol (Fig. 2A). Stimulating
the WT endbulbs elicited large and brief events, resembling those
previously described (Cao and Oertel, 2010; Chanda and Xu-
Friedman, 2010; Wanget al., 2010; Fig. 2B). Lack of GluA3 had no
significant effect on EPSC peak amplitudes (Fig. 2C; Wilcoxon’s
rank-sum test) and rise times (Fig. 2E; Wilcoxon’s rank-sum
test). However, it significantly slowed EPSC kinetics as revealed
by their longer half-widths (Fig. 2D; Wilcoxon’s rank-sum test)
caused by longer decay time constants (Fig. 2F; Wilcoxon’s rank-
sum test).

The unchanged amplitudes of evoked EPSCs in GluA3 KO
mice (Fig. 2C) despite smaller quantal size (Fig. 1B) suggests that

Stimulus number

10 15 20 5 10 15 20

Stimulus number

Stronger depression of the GluA3 KO synapse persists after blocking AMPAR desensitization with cyclothiazide (CTZ).
A, Example traces froma WT neuron in response to 100 Hz frequency stimulation in control (blue) and in the presence of CTZ (cyan).
B, Same as A but from a KO neuron in control (red) and in the presence of (TZ (orange). C, Plot on the left, normalized EPSC
amplitudes of the population vs stimulus number at 100 Hz stimulation frequency, in control and in the presence of CTZ (same color
code asin Aand B; n = 7 neurons per genotype, per condition). Amplitude values are jittered in the x-axis (“jitterAmount” = 0.4
units in MATLAB). Right: decay curves and their respective confidence intervals (outer lines) derived from single exponential fits to
the data plotted on the left. Dashed lines indicate the steady-state plateau reached during synaptic depression in the presence of
(TZ for WT (cyan) and KO (orange) neurons. D, Same as in € but for 300 Hz stimulation frequency (WT: n = 6 neurons; KO:n = 5
neurons; per condition). For both stimulation frequencies, the stronger and faster depression in KO mice persisted during desen-
sitization block. * Statistical significance between WT (cyan) and KO (orange) in the presence of (TZ, derived from the 95%
confidence intervals calculated by the “fit” function in MATLAB.

in KO mice, more vesicles were released per action potential due
to an increased probability of release, which is in line with the
higher frequency of sEPSC in these mice (Fig. 1 A, F). Because the
fast decay of EPSCs in endbulb synapses is largely determined
by the fast desensitization of postsynaptic AMPA receptors
(Gardner et al., 2001; Cao and Oertel, 2010; Chanda and Xu-
Friedman, 2010), we next investigated whether the slower de-
cay of evoked EPSCs in KO mice (Fig. 2D) is due to slower
AMPAR desensitization.

Higher proportion of flip subunits confers slower
desensitization of AMPARs in GluA3 KO mice

AMPAR desensitization is greatly regulated by the relative pro-
portion of flip and flop splice variant subunits (Sommer et al.,
1990; Mosbacher et al., 1994; Koike et al., 2000). Flip subunits
have slower desensitization than flop subunits, resulting in
slower decays of AMPAR-mediated currents (Trussell and Fisch-
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Figure 6.

bach, 1989; Lawrence and Trussell, 2000; Gardner et al., 2001;
Quirk et al., 2004; Pei et al., 2007). Therefore, we tested whether
an enhanced proportion of flip-containing subunits in postsyn-
aptic AMPARs may explain the slower EPSC kinetics in KO mice.
To this end, we measured changes in desensitization caused by
the application of cyclothiazide (CTZ), an AMPAR desensitiza-
tion blocker with pronounced preference for flip isoforms
(Partin et al., 1994; Fleck et al., 1996; Kessler et al., 2000). The
magnitude of the effect of CTZ on desensitization (reflected by
EPSC duration) will thus be a function of the proportion of flip
subunits in the synapse (Fig. 3). As expected, in KO mice, CTZ
prolonged the duration of EPSCs more strongly than in WT mice
(Fig. 3; 2-way RM ANOVAs/Holm-Sidak comparisons), by pro-
longing EPSC half-widths (Fig. 3D) and decay times (Fig. 3F). In
contrast, in either genotype CTZ had no effect on EPSC ampli-
tudes (Fig. 3C), and slightly increased EPSC rise times (Fig. 3E).

The weak modulation by CTZ in the WT is consistent with the
predominant expression of fast desensitizing flop subunits in ma-
ture endbulb synapses (Mosbacher et al., 1994; Koike et al., 20005
Lawrence and Trussell, 2000; Gardner et al., 2001). The stronger
modulation by CTZ in KO mice compared with WT mice indi-
cates that the slower kinetics of endbulb AMPAR currents (Figs.
1,2, 3) in KO mice is due to a higher portion of slow desensitizing
flip subunits. As AMPARs at endbulb synapses undergo a devel-
opmental enrichment of flop subunits (Lawrence and Trussell,
2000; Gardner et al., 2001), the high portion of flip subunits in
KO mice may indicate that GluA3 plays a role in the maturation
of endbulb synapses.

Enhanced short-term depression in GluA3 KO mice

Some of the changes in synaptic transmission in GluA3 KO mice
may also reflect changes in the presynaptic endbulb terminal. For
example, the higher sEPSC frequency we observed in KO mice
(Fig. 1A,F) could reflect a higher probability of vesicle release
(Pr). If this is the case, we expect to see differences in short-term
synaptic depression at the endbulb synapse between WT and KO
mice (Oleskevich et al., 2000, 2004; Wang and Manis, 2008; Yang
and Xu-Friedman, 2008; Wright et al., 2014). In the endbulb
synapse (and the majority of synapses in the CNS; Zucker and
Regehr, 2002; Taschenberger et al., 2002) short-term depression

Rate-invariant

GluA3 is required for slower and rate-invariant speed of synaptic depression. 4, Decay constants and their respective
95% confidence intervals (bars) obtained by the single exponential fits ([y = ae X 1 ], where bis the decay constant) to the train
dataat 10, 50, 100, and 300 Hz, for WT (blue) and KO (red) mice, same data as Figure 4 shows. B, Same as in A but for responses in
the presence of (TZat 100 and 300 Hz, for WT (cyan) and KO (yellow) mice, same data as Figure 5 shows. While in WT mice the speed
of depression is similar between stimulation frequencies (rate-invariant), in KO mice the speed of depression increases with the
increase in stimulation frequency (rate-dependent), both in control conditions () and in the presence of CTZ (B).
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is primarily due to a depletion of presyn-
aptic vesicles (Wang and Manis, 2008;
Yang and Xu-Friedman, 2008; Cao and
Qertel, 2010). The time course of short-
term depression largely depends on the
initial Pr: the larger the Pr, the faster the
depletion of vesicles and the faster the
speed of depression (Abbott et al., 1997;
Abbott and Regehr, 2004; Regehr, 2012).
Therefore, if Pr is increased in KO mice,
we expect that short-term depression is
faster in KO mice. To address this hypoth-
esis, we evoked EPSCs using stimulus
trains at 10, 50, 100, and 300 Hz, which
correspond to firing rate frequencies that
occur in the auditory nerve in vivo (Joris et
al., 1994; Taberner and Liberman, 2005;
Figs. 4, 5, 6). Consistent with previous
studies in WT mice (Wang and Manis,
2008; Cao and Oertel, 2010; Chanda and
Xu-Friedman, 2010), EPSC amplitudes
decreased over the course of the train in-
dicating short-term depression, which
was present at all frequencies tested in both genotypes (Fig. 4).

As expected (Wang and Manis, 2008; Yang and Xu-Friedman,
2009), the decay of amplitudes (normalized to the first response)
was well fitted by single exponentials (Fig. 4C; adjusted r* at 10,
50, 100, and 300 Hz: WT, 0.38, 0.41, 0.61, and 0.85, respectively;
KO, 0.61, 0.63, 0.76, and 0.92, respectively), suggesting that re-
lease is primarily mediated by a population of vesicles with sim-
ilar release probability (Thanawala and Regehr, 2016). The high
percentage of variance explained by the exponential fits (high
adjusted r2) at 100 and 300 Hz is also consistent with theoretical
models that predict an exponential decay of responses when de-
pression is caused by vesicle depletion (Hennig, 2013), which is
the case of the WT endbulb at these frequencies (Wang et al.,
2010; at frequencies <100 Hz other factors than depletion may
contribute to depression). Overall, the percentage of explained
variance was higher in KO mice, even at frequencies <100 Hz,
suggesting that the lack of GluA3 enhanced vesicle depletion.
Consistent with this, depression was more pronounced in KO
than in WT mice as indicated by significantly lower amplitudes
during the final steady-state plateau of depression (gray dashed
line in Fig. 4C; steady state, [WT, KOJ: 10 Hz, [0.60, 0.52]; 50 Hz,
[0.52,0.42]; 100 Hz, [0.36, 0.27]; 300 Hz, [0.13, 0.10]; WT vs KO,
different for all frequencies, 95% CI).

Furthermore, depression was significantly faster at high stim-
ulation frequencies in KO than in WT mice (Figs. 4C, 6A; decay
constant, [WT, KOJ: 10 Hz, [—0.44, —0.40]; 50 Hz, [—0.34,
—0.44]; 100 Hz, [—0.30, —0.60]; 300 Hz, [ —0.44, —0.95]; differ-
entat 100 Hz and 300 Hz, 95% CI). Finally, whereas the speed of
depression was stimulus frequency-invariant in WT mice (blue
traces in Figs. 4C, 6A; decay constant, [10 Hz, 50 Hz, 100 Hz, 300
Hz]: [—0.44, —0.34, —0.30, —0.44]; not different between fre-
quencies, 95% CI), in KO mice, the speed of depression increased
with increasing stimulation frequency, leading to very fast de-
pression at high frequencies (red traces in Figs. 4C, 6A; decay
constant, [10 Hz, 50 Hz, 100 Hz, 300 Hz]: [ —0.40, —0.44, —0.60,
—0.95]; significantly different between frequencies, 95% CI). To
the best of our knowledge, the stimulus frequency-invariant
speed of depression in WT endbulb synapses was not mentioned
in previous studies, as opposed to the steady-state that is thought
to be frequency-dependent at high rates (Wang and Manis, 2008;

b KO CTZ

e
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Cao and Oertel, 2010; Chanda and Xu-
Friedman, 2010; >100 Hz). However,
these studies (and our study) used a rather
small number of stimuli (=40), and it is
possible that steady-state depression is
also frequency-invariant for very long
stimulus trains similar to what has been
observed in other synapses (Yang et al.,
2009; Turecek et al., 2017).

While these results support a higher
probability of neurotransmitter release
and faster vesicle depletion in GluA3 KO
mice, they cannot exclude the possibility
that differences in AMPAR desensitiza-
tion also contribute to the differences in
depression between genotypes. This pos-
sibility may be especially relevant in re-
spect to the speed of depression that is
sensitive to receptor desensitization as
faster desensitization leads to faster de-
pression (Yang and Xu-Friedman, 2008).
To test for this possibility, we compared
the speed of depression at high-frequency
rates (100 and 300 Hz) with and without
blocking desensitization with CTZ (Figs.
5, 6B). Consistent with previous studies,
we found that desensitization contributed
to the speed of depression but not to the
steady-state of depression (Yang and Xu-
Friedman, 2008; Cao and Oertel, 2010;
Fig. 5). Specifically, CTZ significantly
slowed depression at 100 Hz in KO mice
(Fig. 5C; decay constant, [CTR, CTZ]:
KO, [—0.66, —0.28], different, 95% CI;
WT, [—0.27, —0.21], not different, 95%
CI), and at 300 Hz in both genotypes (Fig.
5D; decay constant, [CTR, CTZ]: KO,
[—0.92, —0.50]; WT, [—0.42, —0.22], all
different, 95% CI). In contrast, CTZ did
not change the steady-state depression in
either genotype and at either frequency
(Fig. 5C,D; steady-state, [CTR, CTZ]:
WT, 100 Hz [0.35, 0.39], 300 Hz [0.14,
0.12]; KO, 100 Hz [0.23, 0.25], 300 Hz
[0.08, 0.08]; not different, 95% CI).

More importantly, differences in AM-
PAR desensitization cannot fully account
for the stronger depression in KO mice.
First, when AMPAR desensitization was
blocked by CTZ, KO mice still had signif-
icantly faster and stronger depression
than WT mice (Figs. 5, 6B; decay constant
and steady-state; different, 95% CI). Sec-
ond, CTZ also did not abolish the

Antunes et al. ® Role of GluA3 in Synaptic Transmission in Endbulb Synapses

A B
6 Y-intercept = RRPTrain
O
[%2]
o £
2 g
© O
= i
E = o
5®
3 E
e}
=
Stimulus number
D E
O 1@ X-intercept = RRP_,
»n
o
v ]
o i}
I &
© o
£
S
=z
Cumulative
normalized EPSC
G H |
*
9 wreTz 1 » 0.2 -
KO CTZ )
§ . £ fc
a~ 45 o ® F 0.5 ° 22041
o o ¢ a [OR |
o & ol 1 ﬁ
P/ g ~ ™
0
0 4.5 9 0 0.5 1 WT KO
RRP_, Preq
Figure 7.  Synaptic vesicle pool size, release and replenishment differ between WT and GluA3 KO mice. In KO mice, the readily

releasable pool (RRP) is decreased, the probability of vesicle release (Pr) is increased, and the rate of replenishment is slower. 4,
Example of estimation of the RRP size in a WT (blue) and a KO (red) neuron using the train method (Schneggenburger etal., 1999).
The relative size of RRP,;, corresponds to the y-intercept of a linear regression line back-extrapolated from the last 5 points of
cumulative normalized EPSCamplitudes during 300 Hz stimulation (open circles). Arrows indicate the y-intercept (RRP,,;,) for the
two example neurons (WT: RRP,..;, = 2.98; KO: RRP,,;, = 2.03). B, Relative RRP,,,;, of the population (WT:n = 22;K0:n = 15).
(, Estimates of the relative probability of vesicle release (Pr,,;,) from the same populations of neurons as in B, calculated by diving
the first EPSCin the train by the RRP,,;,. D, Example of estimation of the RRP in the same neurons as in 4 using the EQ method
(RRP, EImquist and Quastel, 1965). The relative size of RRP, corresponds to the x-intercept of a linear regression line extrapo-
lated from the first 4 points of cumulative normalized EPSC amplitudes during 300 Hz stimulation (open circles) plotted versus the
normalized EPSCamplitudes. Arrows indicate the x-intercept (RRP,) for the two example neurons (WT: RRP;, = 3.89; KO: RRP,
= 2.03). E-F, RRP estimates (E) and Pr estimates (F) obtained by the EQ method (RRP and Prg,, same population asin Band ().
The size of the RRP (B,E) is significantly smaller in KO than in WT mice [2-way RM ANOVA/Holm Sidak method: Fa 35 = 11563,
p = 0.002, genotype; F; 35, = 19.065, p < 0.001, method; ; 35) = 2.916, p = 0.097, interaction; WT vs KO, t = 4.366, p <
0.001]. Pr(CF) isssignificantly higherin KO than in WT mice [F, 55) = 16.604, p < 0.001, genotype; F; 55, = 32.661,p < 0.001,
method; F; 35, = 0.641, p = 0.429, interaction; WTvs KO, t = 4.366, p << 0.001]. G, H, Comparison of RRP estimates (G) and Pr
estimates (H) obtained by the two methods for 300 Hz trains during desensitization blockade with cyclothiazide (WT, cyan: n =
6 neurons; KO, orange: n = 5 neurons). Compared with WT mice, KO mice have smaller RRP (G) [, o) = 18.307, p = 0.002,
genotype; WTvs KO, RRP, ;.:t = 2.580, p = 0.025; RRP:t = 5.512, p < 0.001]) and higher Pr (H) [, 4y = 13.473,p = 0.005,
genotype; WT vs KO, Pr, i t = 2.905, p = 0.016; Prey: t = 4.321, p = 0.002]. In WT mice, RRP,, is significantly higher than
RRP yain (G) [F( ) = 20.301, p = 0.001, genotype X method interaction; RRP¢o s RRP, ., t = 6.964, p < 0.001], whereas in KO
mice, RRPg, is identical to RRP, ., (t = 0.257, p = 0.8). ], The relative rate of replenishment corresponds to the slope of the linear
fit back-extrapolated using the train method (A). The relative rate of replenishment is slower in KO than WT mice (two-tailed
unpaired ¢ test: t = 2.806, df = 9, p = 0.02). *p < 0.05, ***p < 0.001.

frequency-dependency of the speed of depression in the KO,
which was still significantly faster at 300 than at 100 Hz during
CTZ application, indicating that frequency-dependent speed of
depression is not entirely mediated by AMPAR desensitization
(Figs. 5C, 6B; decay constant, [100 Hz, 300 Hz]: [—0.28, —0.50],
different, 95% CI). This is again in sharp contrast to WT mice in
which the speed of depression remained frequency-invariant in
the presence of CTZ (Figs. 5D, 6B; decay constant, [100 Hz, 300
Hz]: [—0.21, - 0.22], not different, 95% CI).

Together, these data indicate that AMPAR desensitization
plays a rather minor role in the depression of synaptic trans-
mission in endbulb synapses in either WT or KO mice and
thus does not contribute to the differences in depression be-
tween both genotypes. Therefore, both in WT as well as KO
mice, depression is primarily due to presynaptic mechanisms
of vesicle release (Bellingham and Walmsley, 1999; Taschen-
berger et al., 2002; Wang and Manis, 2008; Yang and Xu-
Friedman, 2008).
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Figure 8.  The lack of GIuA3 arrests the developmental increase of synaptic vesicle size. 4, Electron micrographs of endbulb-
bushy cell synapses of WT (left column) and KO mice (right column) at P20 (upper row) and P44 (lower row) postnatal days. AN,
Auditory nerve; BC, Bushy cell. Scale bar: 200 nm. B, Vesicle size as well as their age-dependent increase was different between WT
and KO mice [2-Way ANOVA/Holm Sidak method; F; 77, = 104.249, p << 0.001, interaction]. In WT mice (blue), synaptic vesicle
size increases with age (from P20 to P44; P20 vs P44, t = 14.626, p << 0.001; P44vsP100, t = 0.135,p = 0.892; P20vs P100, t =
17.767, p < 0.001). In KO mice (red), synaptic vesicle size does not change significantly with age (P20 vs P44, t = 1.728,p =
0.162; P44vsP100, t = 2.014,p = 0.127;P20vs P100, t = 0.863, p = 0.388), and is smaller than in the WT at all ages tested (P20:
t=4.478,p < 0.001;P44:t = 14.857,p < 0.001; P100: t = 14.216, p < 0.001). C, Vesicle size distributions with superimposed
fitted normal distributions for WT (blue) and KO (red) mice at P20 (left panel), P44 (middle panel) and P100 (right panel) postnatal
days. Sigma symbols () as insets represent the SD of the normal distributions. Except for KO mice at P20, all distributions assume
anormal distribution (WT: P20, x2 = 6.9, df = 6, p = 0.334; P44, x> = 3.3,df = 3,p = 0.348; P100, x> = 2.3,df = 5,p =
0.808; K0: P20, x'2 = 20,df = 6,p = 0.003; P44, x* = 5.8, df = 4,p = 0.214; P100, x> = 5.4, df = 4,p = 0.249). ***p <
0.001.
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7A-C; RRP,,,;, and Pr,;,) and the EQ
method (Elmqvist and Quastel, 1965;
Taschenberger and von Gersdorff, 2000;
Lu and Trussell, 2016; Fig. 7D-F; RRPg
and Pryq). Both methods provide good
estimates of synaptic parameters when
applied to highly depressing synapses
with high Prand prominent vesicle deple-
tion (Thanawala and Regehr, 2016; Kaeser
and Regehr, 2017), such as the endbulb
(Wang and Manis, 2008; Yang and Xu-
Friedman, 2008; Ngodup et al., 2015).
Both methods indicate that GluA3 KO
mice have a higher Pr and a smaller RRP
than WT mice (Fig. 7A-F; 2-way RM
ANOVAs/Holm-Sidak ~ comparisons),
which can explain the enhanced speed
(due to higher Pr) and steady-state level
(smaller RRP) of depression in KO mice.
However, these estimates are influenced
by AMPAR desensitization, which would
cause an underestimation of the RRP size
that could mask the actual differences be-
tween genotypes. To address this issue, we
estimated RRP and Pr for responses re-
corded in the presence of CTZ (Fig.
7G,H). Even under these conditions,
GluA3 KO synapses still have smaller RRP
and higher Pr (Fig. 7G,H; 2-way RM
ANOVAs/Holm-Sidak ~ comparisons).
Regarding the differences between meth-
ods, in WT mice, RRPy, is significantly
higher than RRP,,;, (cyan dots in Fig.
7G), whereas in KO mice, RRPy, is iden-
tical to RRP,,;, (orange dots in Fig. 7G).
The fact that in WT mice, the RRP
obtained by the EQ method is higher than
the RRP obtained by the train method
(Fig. 7G) likely reflects the different as-
sumptions about replenishment used by
the two methods (Thanawala and Regehr,
2013). The train method assumes that
the rate of replenishment is constant
throughout the train, when in fact replen-
ishment likely is smallest at the beginning
of the train and highest at the end. Thus,
by determining replenishment at the end
the train, the train method overestimates
replenishment. Because the RRP obtained
by the train method corresponds to the
cumulative EPSCs minus the replenished
vesicles, the overestimated replenishment
causes an underestimation of the real RRP
(Thanawala and Regehr, 2013). In con-
trast, the EQ method assumes complete
absence of replenishment at the beginning

Presynaptic changes underlie the enhanced depression in
GluA3 KO mice

To test whether alterations in vesicle dynamics and release under-
lie the enhanced depression of the endbulb synapses in GluA3 KO
mice, we used two independent methods to estimate the size of
the RRP and the Pr: the train method (Schneggenburger et al.,
1999; Thanawala and Regehr, 2013; Lu and Trussell, 2016; Fig.

of the train, when likely there is some replenishment, which re-
sults in an overestimation of the RRP (Thanawala and Regehr,
2013). Because replenishment occurs at the WT endbulb synapse
(Wang and Manis, 2008; Yang and Xu-Friedman, 2008; Chanda
and Xu-Friedman, 2010), our results are in line with the predic-
tion that RRP,,,;, provides a lower-bound estimate of the RRP
while RRPy, provides an upper-bound estimate of the RRP
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(Thanawala and Regehr, 2013). Why is the expected difference in
RRP, i, and RRPy, not present in the KO mice? Because the rate
of replenishment significantly contributes to the discrepancy be-
tween RRP,;, and RRPy, a lower rate of replenishment in KO
mice would decrease this discrepancy. Our data indicate that this
is indeed the case, because the slopes of the linear fits obtained
with the train method, which correspond to the rate of replenish-
ment, are significantly shallower in KO mice than in WT mice
(Fig. 7I; two-tailed unpaired t test). This is also in close accor-
dance with the lower steady-state plateau of depression observed
in KO mice compared with WT mice (gray dashed lines in Figs.
4C, 5C,D).

In summary, our electrophysiological experiments support
the hypothesis that the presynaptic mechanisms that enhance
depression in GluA3 KO mice are caused by an increase in Pr, a
decrease in RRP, and a decrease in replenishment (Fig. 7). Fur-
thermore because depression of WT endbulb synapses is reduced
during development (Brenowitz and Trussell, 2001), these find-
ings argue in favor of an abnormal synaptic development of
GluA3 KO endbulb synapses. Additionally, our findings link the
absence of GluA3, a postsynaptic AMPAR subunit, to altera-
tions in the presynaptic terminal, suggesting that GluA3 par-
ticipates in a retrograde mechanism that influences short-
term plasticity in WT endbulb synapses (Petersen et al., 1997;
Haghighi et al., 2003; Lindskog et al., 2010; Tracy et al., 2011;
Haj-Dahmane et al., 2017). Our results are unexpected be-
cause a previous study using GluA3 KO mice report only small
changes in synaptic transmission in calyx of Held synapses
(Yangetal., 2011) suggesting that GluA4 is the main determi-
nant for fast synaptic transmission in calyx synapses. Thus, it
appears that GluA4 and GluA3 have different roles in calyx vs
endbulb synapses, although we cannot exclude the possibility
that loss of GluA4 would produce strong effects in endbulb
synapses as well.

Synaptic vesicle size is smaller in GluA3 KO mice

The smaller quantal size in GluA3 KO mice (Fig. 1A,B) may
reflect a smaller vesicle size (Sulzer and Edwards, 2000; Karu-
nanithi et al., 2002). It should be noted that quantal size variation
cannot always be predicted by synaptic vesicle size (Taschen-
berger et al., 2002). Other sources, such as vesicular glutamate
concentration as well as the number of AMPARs and their
clustering in the postsynaptic density contribute to quantal
size variation (Edwards, 2007; Wu et al., 2007). Here, we mea-
sured synaptic vesicle size of endbulb synapses at different ages
(P20, P44, and P100 postnatal days) using electron micros-
copy (Fig. 8). In line with their smaller quantal sizes (Fig.
1A, B), KO mice had significantly smaller vesicle size than WT
mice at all ages tested (Fig. 8B; 2-Way ANOVA/Holm Sidak
comparisons). Furthermore, in WT mice, vesicle size in-
creased with age until it reached maturity at ~P44 (Fig. 8 B, C),
but in KO mice vesicle size did not increase with age (Fig.
8B, (). This indicates that GluA3 is necessary for the normal
developmental increase in presynaptic vesicle size (Fig. 8B) as
well as quantal size (Fig. 1 A, B; Bellingham et al., 1998) that
occurs in the WT endbulb.

Discussion

In this study, we demonstrate novel roles of the glutamate
receptor subunit GluA3 in synaptic transmission and short-
term plasticity at endbulb synapses between auditory nerve
fibers and BCs in the cochlear nucleus. At the postsynaptic
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site, GluA3 promotes the insertion of postsynaptic AMPARs
that contain flop subunits thereby contributing to the gener-
ation of ultrafast glutamatergic currents (Lawrence and Trus-
sell, 2000; Gardner et al., 2001; Pei et al., 2007). Unexpectedly,
GluA3 is also required for the normal function and matura-
tion of the presynaptic terminal, whose properties are primar-
ily responsible for shaping short-term plasticity. In GluA3 KO
mice, we observed faster and more pronounced short-term
depression, which is likely caused by an increased Pr and a
decreased size and speed of replenishment of the RRP of syn-
aptic vesicles. Finally, we observed that in WT mice the speed
of synaptic depression was rate-invariant, a feature that was
lost in KO mice. We propose that the slower speed of depres-
sion and its rate-invariance in WT mice circumvents the non-
linearities of synaptic transmission imposed by short-term
depression (Tsodyks and Markram, 1997; Abbott and Regehr,
2004). This allows preservation of rate information over a
wider range of spike frequencies, aiding the encoding of sound
intensity and sound localization in binaural brainstem nuclei,
which are the main projection targets of spherical BCs.

GluA3 promotes the insertion of flop subunits in
postsynaptic AMPARs

Our results indicate that a lower proportion of flop subunits in
AMPARSs leads to slower kinetics of glutamatergic synaptic cur-
rents at endbulb synapses in GluA3 KO mice. Because flop sub-
units increase gradually during development to become the
predominant isoform in mature synapses (Monyer et al., 1991;
Lawrence and Trussell, 2000; Gardner et al., 2001; Sugden et al.,
2002; Peietal., 2007), it is likely that our results from young adult
KO mice reflect impaired synaptic development. The mecha-
nisms that regulate the developmental increase of flop subunits
are largely unknown. It has been proposed that in endbulb syn-
apses flop subunit insertion is influenced by signals released from
developing endbulb terminals, because nucleus magnocellularis
neurons (avian homologues of spherical BCs) grown in cell cul-
ture without endbulb synapses fail to transition to flop-
dominated AMPARs (Lawrence and Trussell, 2000). Results
from the present study point to a critical role of GluA3 in medi-
ating the insertion of flop-containing AMPAs in BCs because
flop-containing AMPAs were significantly reduced in GluA3 KO
mice (Fig. 3). Because in BCs, GluA1 and GluA2 subunits are not
or only weakly expressed, it is likely that in KO mice, GluA3 is
replaced by GluA4, which shares with GluA3 the fast kinetics and
high expressions levels in BCs (Wang and Kaczmarek, 1998; Pe-
tralia et al., 2000; Gardner et al., 2001; Schmid et al., 2001). In this
scenario, AMPARs in BC of KO mice are predominantly GluA4
homomers, which can only be trafficked to the membrane as
GluA4 flip subunits (Rossmann et al., 2011; Coleman et al., 20165
GluA4 flop homomers are retained at the endoplasmic reticu-
lum). Thus, we propose that lack of GluA3 and loss of the ability
to enable trafficking of GluA4 flop subunits as heterodimeric
GluA3/GluA4 flop receptors in WT animals (GluA3 is an
obligatory heteromer; Coleman et al., 2016) leads to the ex-
pression of homomeric GluA4/GluA4 flip receptors in mutant
mice. Although a previous study using freeze-fracture immu-
nogold labeling failed to observe an increase in GluA4 subunit
in GluA3 KO mice (Rubio et al., 2017), such an increase may
have remained undetected due to technical limitations.
Freeze-fracture can only detect one subunit per AMPAR
(Tanaka et al., 2005) and thus will only detect one GluA4
subunit per GluA4-containing AMPAR. This limitation would



Antunes et al. @ Role of GluA3 in Synaptic Transmission in Endbulb Synapses

leave additional GluA4 subunits associated with a switch from
GluA3/GluA4flops to GluA4/GluA4flips undetected. It is also
possible that GluA2 subunits are increased in KO mice, which
would result in a reduction in the AMPAR-mediated postsyn-
aptic Ca*"influx. Although the present study did not address
this, it has been shown that Ca*" influx via AMPARs play an
important role in the maturation of calyx synapses (Lujan et
al., 2019). If this scenario also applies to endbulb synapses, a
decrease in calcium influx could also have contributed to the
delayed synaptic development in KO mice.

GluA3 is required for the functional development of the
presynaptic terminal

GluA3 KO mice exhibited profound and unexpected changes in
the physiological characteristics of the presynaptic endbulb, in-
cluding smaller vesicle content as indicated by reduced quantal
size and vesicle diameter (Figs. 1, 8), reduced RRP (Fig. 7), and
higher Pr (Fig. 7). These properties in young adult KO mice re-
semble the properties of endbulbs in immature WT animals (Bel-
lingham et al., 1998; Brenowitz and Trussell, 2001; McKay and
Oleskevich, 2007), again suggesting that a lack of GluA3 leads to
a delayed or an arrested synaptic development. Because GluA3 is
also expressed in the hair cell to spiral ganglion cell synapse
(Safieddine and Eybalin, 1992; Knipper et al., 1997; Sebe et al.,
2017), it is possible that the observed changes reflect develop-
mental impairments originating in spiral ganglion neurons and
perhaps arise from abnormal afferent activity. One possibility is
that excitability of the nerve terminal in KO mice has a more
“immature phenotype”. For example, the increased Pr in KO
mice (Fig. 7) could partly be caused by an immature, broader
action potential waveform (Kandler and Friauf, 1995; Taschen-
berger and von Gersdorff, 2000), which could lead to a larger
presynaptic Ca*>* influx (Taschenberger and von Gersdorff,
2000). Consistent with this, auditory brainstem responses in
adult KO mice, indicate impaired transmission already in the
auditory nerve (Garcia-Herndndez et al., 2017), although it re-
mains to be shown when exactly these changes appear during
development.

Another interesting possibility is that AMPARs in BCs partic-
ipate in a retrograde homeostatic signaling mechanism that ad-
justs glutamate release in endbulb terminals (Klug et al., 2012;
Yang and Xu-Friedman, 2012), as demonstrated for postsynaptic
AMPARs and other glutamatergic receptors at other synapses
(Petersen et al., 1997; Haghighi et al., 2003; Lindskog et al., 2010;
Tracy et al., 2011; Haj-Dahmane et al., 2017). Such homeostatic
mechanism can compensate for reduced AMPAR activation by
increasing presynaptic glutamate release (Petersen et al., 1997;
Haghighi et al., 2003; Lindskog et al., 2010), which can be trig-
gered by an increase in presynaptic Ca®" current (Delvendahl et
al., 2019). Because the number of synaptic AMPARs is reduced in
GluA3 KO mice (Rubio et al., 2017), the increased Pr in KO mice
(Fig. 7) could reflect a form of retrograde homeostatic compen-
sation in endbulb synapses that leads to a recovery of synaptic
strength (Figs. 2, 7). Retrograde signaling is thought to underlie
the “coordinated plasticity” that coregulates Pr (and short-term
plasticity) of different endbulbs that converge on the same BC
(Yang and Xu-Friedman, 2009, 2012). Because the similarity be-
tween converging endbulbs initiates shortly after the onset of
hearing, activity-dependent homeostatic mechanisms may un-
derlie this ‘coordinated plasticity’ (Klug et al., 2012; Yang and
Xu-Friedman, 2012). Postsynaptic regulation of presynaptic Pr
has been found in numerous brain regions suggesting that it is a
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general mechanism regulating short-term plasticity in the brain
(Neocortex: Markram et al., 1998; Cerebellum and cochlear nu-
cleus: Yang and Xu-Friedman, 2012; Avian cochlear nucleus: Ahn
and MacLeod, 2016; Cerebellum: Delvendahl et al., 2019). Fi-
nally, a reduced number of AMPARs in KO mice was correlated
with a smaller RRP (Fig. 7), similarly to what has been described
previously in developing hippocampal neurons (Tracy et al.,
2011), indicating that postsynaptic AMPARs influence the pre-
synaptic release machinery at functionally very diverse synapses
in the brain.

GluA3 is required for slower and rate-invariant speed of
synaptic depression

The increased Pr in KO mice strongly accelerated short-term
depression during high-frequency train stimulation (Abbott et
al., 1997; Abbott and Regehr, 2004). In addition, whereas in WT
mice the speed of synaptic depression was rate-invariant, in KO
mice the speed of depression increased with the stimulation rate
(Figs. 4, 5, 6). Our recordings were made in the most anterior
region of the VCN, which primarily contains small spherical BCs
in mice (Willard and Ryugo, 1983; Wright et al., 2014). In mice, a
high-frequency hearing animal, an important function of BCs is
to encode sound intensity as a rate code, which plays an impor-
tant role to compute interaural sound level differences in the
major target nucleus of BCs, the lateral superior olive (Sanes and
Rubel, 1988; Cant, 1991; Smith et al., 1993; Doucet and Ryugo,
2003; Tollin, 2003; Gémez-Alvarez and Saldafia, 2016). Because
synaptic depression at endbud synapses quickly leads to high
failure rates in eliciting postsynaptic spikes, it is still unknown
how BCs accurately transmit rate information to the lateral supe-
rior olive (Yang and Xu-Friedman, 2009; Wang et al., 2010). It
should be noted, however, that the external calcium concentra-
tion of 2 mMm commonly used in slices and in our experiments
likely is higher than that in vivo (~1.2 mm, Borst, 2010), which
would result in a higher Pr and an overestimation of depression
in slice recordings. Because synaptic depression varies between
individual BCs in vitro it has been proposed that less-depressing
BC:s are suitable for rate coding of sound intensities (Yang and
Xu-Friedman, 2009). However, even strongly depressing syn-
apses can transmit rate information, for as long as the speed of
depression is slow enough to allow computation of spike rates
during the initial (transient) response window (Tsodyks and
Markram, 1997). If this also holds true for BCs, the faster depres-
sion speed in BCs of KO mice (Figs. 4, 5, 6) may interfere with rate
coding of sound intensities.

We also observed that the speed of depression in WT mice was
rate invariant over a stimulus frequency range of 10-300 Hz (Fig.
6), indicating that the transient response needed for rate coding is
preserved over a range of firing rates that naturally occur in the
auditory nerve in vivo (Joris et al., 1994; Taberner and Liberman,
2005). We propose that the rate-invariance of depression speed in
WT mice (Fig. 6) extends the dynamic range of rate encoding of
BCs to allow rate-invariant transmission, which is a fundamental
property of synapses that transmit information via rate codes
(MacLeod et al., 2007; Bagnall et al., 2008; McElvain et al., 2015).
We suggest that in endbulb synapses, rate-invariant speed of de-
pression is likely achieved by their large RRP and by the activity-
dependent rate of replenishment both of which counteract vesicle
depletion (Wang and Kaczmarek, 1998; Wang and Manis, 2008;
Yang and Xu-Friedman, 2008). This is also supported by our
finding that the faster and rate-dependent speed of depression in
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GluA3 KO mice correlated with slower replenishment (Figs. 6, 7).
By adjusting replenishment in an activity-dependent manner, the
endbulb synapse can achieve rate-invariant transmission, simi-
larly to what occurs at synapses in the avian intensity pathway
(MacLeod etal., 2007) and other nonauditory pathways (Turecek
etal., 2016, 2017) where facilitation occurs together with depres-
sion to produce rate-invariant transmission.
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