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Calretinin-Expressing Synapses Show Improved Synaptic
Efficacy with Reduced Asynchronous Release during High-
Rate Activity
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Calretinin (CR) is a major calcium binding protein widely expressed in the CNS. However, its synaptic function remains
largely elusive. At the auditory synapse of the endbulb of Held, CR is selectively expressed in different subtypes. Combining
electrophysiology with immunohistochemistry, we investigated the synaptic transmission at the endbulb of Held synapses
with and without endogenous CR expression in mature CBA/CAJ mice of either sex. Two synapse subtypes showed similar
basal synaptic transmission, except a larger quantal size in CR-expressing synapses. During high-rate stimulus trains, CR-
expressing synapses showed improved synaptic efficacy with significantly less depression and lower asynchronous release, sug-
gesting more efficient exocytosis than non-CR-expressing synapses. Conversely, CR-expressing synapses had a smaller readily
releasable pool size, which was countered by higher release probability and faster synaptic recovery to support sustained
release during high-rate activity. EGTA-AM treatment did not change the synaptic transmission of CR-expressing synapses,
but reduced synaptic depression and decreased asynchronous release at non-CR-expressing synapses, suggesting that CR helps
to minimize calcium accumulation during high-rate activity. Both synapses express parvalbumin, another calcium-binding
protein with slower kinetics and higher affinity than CR, but not calbindin. Furthermore, CR-expressing synapses only
express the fast isoform of vesicular glutamate transporter 1 (VGluT1), while most non-CR-expressing synapses express both
VGluT1 and the slower VGluT2, which may underlie their lagged synaptic recovery. The findings suggest that, paired with
associated synaptic machinery, differential CR expression regulates synaptic efficacy among different subtypes of auditory
nerve synapses to accomplish distinctive physiological functions in transmitting auditory information at high rates.
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Significance Statement

CR is a major calcium-binding protein in the brain. It remains unclear how endogenous CR impacts synaptic transmission.
We investigated the question at the large endbulb of Held synapses with selective CR expression and found that CR-expressing
and non-CR-expressing synapses had similar release properties under basal synaptic transmission. During high-rate activity,
however, CR-expressing synapses showed improved synaptic efficacy with less depression, lower asynchronous release, and
faster recovery. Furthermore, CR-expressing synapses use exclusive VGluT1 to refill synaptic vesicles, while non-CR-express-
ing synapses use both VGluT1 and the slower isoform of VGluT2. Our findings suggest that CR may play significant roles in
promoting synaptic efficacy during high-rate activity, and selective CR expression can differentially impact signal processing
among different synapses.

Introduction
Calretinin (CR) is one of the major calcium-binding proteins
widely expressed in the brain to regulate intracellular calcium,
and thus calcium-mediated cellular function (Rogers et al., 1990;
Schwaller, 2014, 2020). The synaptic functions of CR are of par-
ticular interest because of the pivotal role of calcium in synaptic
transmission. Studies on the topic were limited, however,
because of the difficulty in identifying and accessing distinct syn-
apses with and without endogenous CR expression. Instead, CR
function was investigated at synapses in transgenic CR-deficient

Received Aug. 31, 2021; revised Jan. 27, 2022; accepted Feb. 7, 2022.
Author contributions: C.Z., M.W., and R.X. designed research; C.Z., M.W., S.L., and R.X. performed research;

C.Z., M.W., and R.X. analyzed data; R.X. wrote the paper.
This work was supported by National Institutes of Health (NIH) Grants R01-DC-016037 and R56-DC-019093

to R.X. Images were generated at The Ohio State University Campus Microscopy & Imaging Facility, which is
supported by NIH Grant P30-CA-016058. We thank Benjamin Seicol for comments on the manuscript.
*C.Z. and M.W. contributed equally to this work.
The authors declare no competing financial interests.
Correspondence should be addressed to Ruili Xie at ruili.xie@osumc.edu.
https://doi.org/10.1523/JNEUROSCI.1773-21.2022

Copyright © 2022 the authors

The Journal of Neuroscience, March 30, 2022 • 42(13):2729–2742 • 2729

https://orcid.org/0000-0003-4573-9805
mailto:ruili.xie@osumc.edu


mice (Schurmans et al., 1997; Gurden et al., 1998; Schiffmann et
al., 1999; Schmidt et al., 2013; Brachtendorf et al., 2015), or syn-
apses with artificial overexpression of CR (Bolshakov et al.,
2019). Consistent with its general role in buffering calcium, CR
was found in these studies to enhance short-term synaptic
depression and indirectly impact the induction of long-term
potentiation. Nonetheless, synapses investigated in these studies
had disturbed CR expression, and were small with unreliable
evoked responses to the tested (single or a few) limited stimula-
tions. It remains unclear how endogenous CR affects synaptic
transmission, especially during sustained activity at high rates
when synaptic calcium accumulates to high levels on repetitive
channel openings. CR binds calcium with positive cooperativity
(Faas et al., 2007) and is expected to operate at greater buffering
capacity under these high calcium conditions (Saftenku, 2012).
The question is ideally investigated in large model synapses with
easy identification, undisturbed endogenous CR expression, as
well as large and reliable synaptic responses.

In cochlear nucleus (CN), the first neural station of the cen-
tral auditory system, principal bushy neurons receive large axo-
somatic synapses from the auditory nerve (AN) named the
endbulb of Held (Nayagam et al., 2011; Yu and Goodrich, 2014).
For decades, these synapses have been studied as a model for the
mechanisms of synaptic transmission as well as for their physio-
logical function in processing temporal fine structure of sound
(Joris et al., 1994a, b; Manis et al., 2011). Recently, we reported
that endbulb of Held synapses can be classified into two groups
based on their selective CR expression (Wang et al., 2021). CR-
expressing endbulbs are presumably from spiral ganglion
neurons (SGNs) with high spontaneous firing rate and low
threshold, whereas non-CR-expressing endbulbs are from
SGNs with medium/low spontaneous firing rate and me-
dium/high threshold (Liberman, 1982; Petitpré et al., 2018;
Sharma et al., 2018; Shrestha et al., 2018; Sun et al., 2018).
These two types of endbulbs transmit different aspects of
sound information (especially about intensity) and converge
at various ratios onto CN bushy neurons with distinct physi-
ological properties (Wang et al., 2021). In response to stimu-
lus trains, bushy neurons that receive predominantly CR-
expressing endbulbs fire more spikes in sustained pattern
with better temporal precision, while those that receive pre-
dominantly non-CR-expressing endbulbs fire fewer spikes in
transient or onset pattern with relatively compromised tim-
ing. It is unknown how endogenous CR impacts the synaptic
transmission at these two types of endbulbs in contributing
to the distinct responses of their postsynaptic bushy neurons.

Combining electrophysiology with immunohistochemistry,
we studied the synaptic transmission at the endbulb of Held syn-
apses with and without endogenous CR expression, using acute
brain slices from normal hearing CBA/CaJ mice. We found that
both types of synapses had similar release property under basal
transmission, but CR-expressing endbulbs showed improved
synaptic efficacy with less depression and reduced asynchronous
release during sustained high-rate activity, which was commonly
observed in AN under physiological condition (Taberner and
Liberman, 2005; Wen et al., 2009). Our findings shed new light
on activity-dependent CR function in synaptic transmission,
especially during prolonged activity at high rates. We further
showed that selective expression of CR at different endbulbs is
accompanied by other key synaptic molecules including parval-
bumin and different isoforms of vesicular glutamate transporters
(VGluTs), which act collectively to accomplish distinctive func-
tions at target synapses.

Materials and Methods
Research animals. CBA/CaJ mice of either sex were obtained from

The Jackson Laboratory, and housed and bred at the animal facility at
The Ohio State University. Mice of either sex were used in this study at
the age of 2–5months. All experiments were conducted under the guide-
lines of the protocol approved by the Institutional Animal Care and Use
Committee of The Ohio State University.

Brain slice preparation. Acute brain slices were prepared as previ-
ously described (Xie and Manis, 2017; Wang et al., 2021). Briefly, mice
were anesthetized via intraperitoneal injection of ketamine (100mg/kg)
and xylazine (10mg/kg) and decapitated, and the brainstem retrieved.
Parasagittal slices containing the CN were cut at a thickness of 225–
240mm using a vibratome (either Vibratome 1000, Technical Products;
or model VT1200S Microtome, Leica Biosystems). Slices were incubated
for 30–45min to recover in artificial CSF (ACSF) at 34°C. ACSF con-
tained the following (in mM): 122 NaCl, 3 KCl, 1.25 NaH2PO4, 25
NaHCO3, 20 glucose, three myo-inositol, 2 sodium pyruvate, 0.4 ascor-
bic acid, 1.8 CaCl2, and 1.5 MgSO4, and was continuously gassed with
95% O2 and 5% CO2.

Electrophysiological recording. After incubation, brain slices were
transferred to a submersion recording chamber under a microscope
(Axio Examiner, Carl Zeiss) and were bathed in the same ACSF continu-
ously flowing at a rate of 2–3 ml/min. Whole-cell recording in voltage-
clamp mode was performed from neurons in the middle- and high-fre-
quency area of the anteroventral CN (Wang et al., 2021). Recording elec-
trodes were made from borosilicate glass pipette (catalog #KG-33, King
Precision Glass) using a micropipette puller (catalog #P-2000, Sutter
Instrument), and filled with electrode solution containing the fol-
lowing (in mM): 130 CsMetSO3, 5 CsCl, 5 EGTA, 10 HEPES, 4
MgATP, 0.3 GTP, 10 Tris-phosphocreatine, and 3 QX 314, with pH
adjusted to 7.20. The electrode solution also contained 0.01% Alexa
Fluor 594 by weight to fill the recorded neurons for visualization.
Electrophysiological data were acquired using Multiclamp 700B am-
plifier, Digidata 1550B Acquisition System, and pClamp 11 software
(Molecular Devices). All recordings were made at 34°C. The study
included only bushy neurons, which were identified morphologi-
cally by having short primary dendrites with heavy branches (Cant
and Morest, 1979; Webster and Trune, 1982; Wu and Oertel, 1984;
Manis et al., 2019) and were further confirmed by receiving
large endbulb of Held synapses (see Immunohistochemistry). A junction
potential of �7mV was corrected in reported voltages. Cells were held
at �67mV, with series resistance compensated by ;75% online. Two
micromolar strychnine was added to the bath ACSF to block glycinergic
inhibitory synaptic transmission. Spontaneous EPSC (sEPSC) events
were recorded first, followed by evoked EPSCs (eEPSC) triggered with
single- and paired-pulse stimulations at the AN to evaluate synaptic
properties under quiescence. Each AN stimulation was a 0.1ms voltage
pulse, delivered through a 75-mm-diameter concentric stimulating elec-
trode (Frederick Haer Company). The stimulus intensity was set at
;30% above the intensity level that reliably triggered maximum eEPSCs
in the target neuron. To investigate synaptic transmission during high-
rate activity, 50-pulse stimulus trains were delivered at 400Hz, followed
by a single post-train stimulation at various delays between 10 and
1500ms after the end of each train to evaluate synaptic recovery. For
some neurons, experiments continued with bath application of 20 mM

EGTA-AM for 15min, and the recordings were repeated. After the com-
pletion of data acquisition, the recording electrode was slowly withdrawn
from the neuron, which resealed and was filled with the Alexa Fluor 594
dye. The brain slice was then fixed in 4% paraformaldehyde in PBS for
15min and washed in PBS for post hoc immunostaining to identify the
subtypes of the endbulb of Held synapses on the recorded neurons
(Wang et al., 2021).

Immunohistochemistry. Immunostaining of the fixed brain slices
with labeled neurons were performed as previously described
(Káradóttir and Attwell, 2006; Lin and Xie, 2019; Wang et al., 2021).
Slices with labeled neurons were first incubated in blocking solution
(10% horse serum, 0.5% Triton X-100, and 0.05% NaN3 in PBS) at room
temperature for 6 h, followed by overnight incubation with primary anti-
bodies against CR (rabbit ant-CR; 1:500; catalog #214102, Synaptic
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Systems) and VGluT1 (guinea pig anti-VGluT1; 1:500; catalog #135304,
Synaptic Systems) at 4°C. After rinsing, slices were then incubated with
corresponding secondary antibodies (goat anti-rabbit IgG; Alexa Fluor
647 conjugated; 1:500; catalog #A21245, Thermo Fisher Scientific; and
goat anti-guinea pig IgG; Alexa Fluor 488 conjugated; 1:500; catalog
#A11073, Thermo Fisher Scientific) for 4 h at room temperature. The sli-
ces were rerinsed and mounted on slide using DAPI-Fluoromount-G
mounting media (Southern Biotech). Confocal images of the target neu-
rons and innervating AN synapses were acquired using a confocal
microscope (model FV3000, Olympus).

Expression patterns of parvalbumin, calbindin, VGluT1, and
VGluT2 in AN synapses were studied using cryo-sectioned CN slices
(Lin and Xie, 2019). After cutting, acute brain slices containing CN were
immediately fixed in 4% paraformaldehyde in PBS for 15min, washed,
and cryoprotected in 30% sucrose in PBS. Slices were then embedded in
Cryo-Gel (Instrumedics) and resectioned in the same parasagittal orien-
tation to 30mm in thickness using a cryostat slicer (model CM3050 S,
Leica Biosystems). Resectioned slices were triple stained using antibodies
against CR (rabbit ant-CR; 1:500; catalog #214102, Synaptic Systems),
VGluT1 (guinea pig anti-VGluT1; 1:500; catalog #135304, Synaptic
Systems), and parvalbumin (chicken anti-parvalbumin; 1:500; catalog
#195006, Synaptic Systems), calbindin (chicken anti-calbindin; 1:500;
catalog # 214006, Synaptic Systems), or VGluT2 (chicken anti-VGluT2;
1:500; catalog #135416, Synaptic Systems). Corresponding secondary
antibodies were used including goat anti-chicken IgY, DyLight 755 con-
jugated (1:500; catalog #SA5-10 075, Thermo Fisher Scientific).

Image processing.We followed the same image analysis procedure as
in our previous study (Wang et al., 2021) using Imaris software (version
9.5.0; Oxford Instruments). Three-dimensional structure of the dye-
filled target bushy neuron, CR-labeled AN synaptic terminals, and
VGluT1-labeled puncta surrounding the soma of the target neuron were
analyzed using semiautomated Imaris tools. The volumes of the
VGluT1-labeled puncta were measured, including puncta that located
inside the CR-labeled synaptic terminals and those that did not. These
puncta volumes were used to quantify the amount of CR-expressing and
non-CR-expressing synaptic inputs onto the target neurons, respectively.
Bushy neurons that received .70% CR-expressing synaptic inputs by
volume were classified as the CR group, and those with ,25% CR-
expressing synaptic inputs were classified as the non-CR group.

Electrophysiology analysis. sEPSC events were detected using an am-
plitude threshold of two times the SD of the background noise and
measured in MATLAB (MathWorks). All other electrophysiological
data were analyzed in Igor Pro (WaveMetrics) using custom-written
algorisms, as described in previous studies (Xie and Manis, 2013, 2017)
and specified in the Results section.

Experimental design and statistical analysis. Experimental design of
this study was two group comparison in different properties of synaptic
transmission between CR-expressing and non-CR-expressing synapses.
Statistical analyses were performed with GraphPad Prism (version 6.0
h). Group data were first analyzed using D’Agostino–Pearson omnibus
test to determine whether they are normally distributed. Statistical com-
parisons were then made using either unpaired t test (data with normal
distribution) or Mann–Whitney test (data that are not normally distrib-
uted). Two-way ANOVA was used to compare stimulus train-evoked
responses between two groups, as specified in the Results section. All
data are reported as the mean 6 SD except in certain figure panels,
which plotted mean 6 SEM for purposes of clarity, as specified in the
figure legends.

Results
Classification of neurons with CR- and non-CR-expressing
synaptic inputs
Our previous study showed that CR-expressing and non-CR-
expressing endbulb of Held synapses converge onto individual
CN bushy neurons, and that the convergence ratio varies (Wang
et al., 2021). Neurons that receive exclusively CR-expressing or
non-CR-expressing synapses are rare. The present study used the

same method as in our previous study (Wang et al., 2021) to
quantify the volume of synaptic inputs based on the 3D recon-
struction of the synapses, and classified postsynaptic bushy neu-
rons based on the ratio of the types of synaptic inputs they
receive. As shown in Figure 1, slices containing dye-filled neu-
rons were immunostained with antibodies against VGluT1,
which labels glutamate vesicles in all AN synapses, and CR,
which labels CR-expressing synaptic terminals. VGluT1-labeled
puncta surrounding the somata of the target bushy neurons were
reconstructed in 3D from image stacks (Fig. 1, right panels), and
their volumes were measured to quantify the ratio of CR-
expressing synapses (Fig. 1, VGluT1 puncta inside CR-labeled
synaptic terminals, yellow) and non-CR-expressing synapses
(Fig. 1, VGluT1 puncta outside of CR-labeled terminals, green).
We classified bushy neurons with .70% of synaptic inputs from
CR-expressing synapses as CR dominant (Fig. 1A–C), and those
with ,25% as non-CR dominant (Fig. 1D–F). To investigate the
synaptic transmission of synapses with and without CR, we per-
formed voltage-clamp recording from these two groups of bushy
neurons, including 35 neurons with CR-dominant synapses
(referred to as the CR synapse group) and 31 neurons with non-
CR-dominant synapses (referred to as the non-CR synapse
group) recorded from a total of 57 CBA/CaJ mice. The average
membrane resistance was 137 6 104 MV in CR synapse group
and 120 6 79 MV in non-CR synapse group (Mann–Whitney
test, p=0.278). Correspondingly, the average membrane capaci-
tance was 17.8 6 4.9 and 19.9 6 5.4 pF (Mann–Whitney test,
p= 0.246), and the series resistance was 16.0 6 4.8 and 14.7 6
5.7 MV (Mann–Whitney test, p= 0.197). Because these groups
contained heterogeneous populations of CR inputs (.70% vs
,25%), it is likely that the differences observed in this study
were an underestimate between synapses with and without CR
expression.

Synaptic transmission under quiescence is similar between
CR and non-CR synapses
We first recorded sEPSCs from the target neurons to evaluate
spontaneous vesicle release under quiescence (Fig. 2A). CR and
non-CR synapses released sEPSCs with similar event frequency
(Fig. 2B; CR synapses, 6.76 5.5Hz; non-CR synapses, 7.26 5.4;
Mann–Whitney test, p=0.800) and average decay time constant
(Fig. 2C; CR synapses, 0.35 6 0.17ms; non-CR synapses, 0.376
0.18; Mann–Whitney test, p= 0.423). The average sEPSC ampli-
tude, however, was significantly larger in CR synapses (Fig. 2D,E;
CR synapses: –85.9 6 19.6 pA, n= 34; non-CR synapses: –74 6
28.6 pA, n=31; Mann–Whitney test, p=0.0057). As shown in
Figure 2F, sEPSC amplitude distribution skewed toward large
amplitudes at both synapse subtypes with an average skewness of
0.70 6 0.29 (n=34) in CR synapses and 1.08 6 0.56 (n=31) in
non-CR synapses (Mann–Whitney test, p=0.0004). The results
indicate that both CR-expressing and non-CR-expressing synap-
ses have similar spontaneous release property, except an average
of 15% larger quantal size in CR-expressing synapses.

Evoked release (eEPSCs) were then investigated in response
to single (Fig. 3A) or paired-pulse stimulations (Fig. 3B,C). The
average eEPSC peak amplitudes were similar between CR synap-
ses (–3.66 1.9 nA, n=35) and non-CR synapses (–3.76 1.5 nA,
n= 31; Fig. 3D; Mann–Whitney test, p= 0.474). The decay phase
of the average eEPSC from each cell was best fit with either a sin-
gle or a double exponential function, from which the eEPSC
decay time constant was derived (tau from single exponential fit
or weighted tau from double exponential fit; Xie and Manis,
2013). On average, the eEPSC decay time constant was 0.50 6
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0.18ms (n=35) in CR synapses and 0.68 6 0.40ms (n= 31) in
non-CR synapses (Fig. 3E; Mann–Whitney test, p= 0.155).
Similarly, no significant difference was found in the paired-pulse
ratio (PPR) at either 2.5ms paired-pulse interval (Fig. 3F; CR
synapse: 0.89 6 0.10, n=32; non-CR synapse: 0.92 6 0.20,
n= 31; Mann–Whitney test, p=0.571), or 50ms internal (Fig.
3G; CR synapse: 0.91 6 0.06, n=35; non-CR synapse: 0.91 6
0.04, n=31; Mann–Whitney test, p= 0.808). Therefore, CR and
non-CR synapses show similar evoked release to single-pulse or
paired-pulse stimulations, indicating that endogenous CR does

not affect the basal synaptic transmission at the endbulb of Held
synapses.

CR synapses show improved synaptic efficacy during high-
rate activity
Under physiological condition, AN can be highly active and fire
spikes at rates .400Hz (Kiang et al., 1965; Taberner and
Liberman, 2005; Wen et al., 2009). We therefore assessed the
synaptic transmission at both CR and non-CR synapses in
response to AN stimulation with 50-pulse trains at 400Hz. Both

Figure 1. Classification of neurons with CR- and non-CR-expressing synaptic inputs. A–C, Example bushy neurons that receive predominantly CR-expressing synapses. Panels from left to
right: Alex Fluor 594-filled neurons, CR staining, VGluT1 staining, merged image, and 3D-reconstructed VGluT1-labeled puncta. Color representation in the right two panels: yellow, VGluT1-la-
beled puncta from CR-expressing synapses (overlap of red and green); green, VGluT1-labeled puncta from non-CR-expressing synapses. Numbers in the right panels mark the volume ratio of
synaptic inputs from CR-expressing synapses. D–F, Example bushy neurons that receive predominantly non-CR-expressing synapses. Scale bar, 5mm.
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synapses showed vigorous eEPSCs at the beginning of the stimu-
lus train, followed by synaptic depression with reduced eEPSC
peak amplitude until reaching a steady state toward the second
half of the train (Fig. 4A). Synaptic depression, however, was less
profound in CR synapses, in which the normalized eEPSCs were
significantly larger in peak amplitude toward the later section of
the 400Hz train than those of non-CR synapses (Fig. 4B; two-

way ANOVA; pulse number effect: F(49,2550) = 181, p, 0.0001;
synapse type effect: F(1,2550) = 219, p, 0.0001; interaction:
F(49,2550) = 0.976, p= 0.5209). On average, eEPSCs depressed to
26.6 6 6.7% (n=25) during the last 20 pulses of the train at CR
synapses, compared with 18.66 7.7% (n= 28) at non-CR synap-
ses (unpaired t test: t(51) = 4.07, p=0.0002). The results indicate
that CR synapses have higher synaptic efficacy with significantly
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less depression, which is expected to promote the transmission
of sustained activity at high rates.

We calculated the readily releasable pool (RRP) size of the
synapses using the 400Hz eEPSC trains. As described by
Schneggenburger et al. (1999), the quantal content of each
eEPSC was calculated as the eEPSC peak amplitude divided by
quantal size (average sEPSC amplitude), and the cumulative
eEPSC size (in number of vesicles) was plotted throughout the
stimulus train (Fig. 4C). The steady-state phase of the cumulative
plot (from 21st to 50th pulse) was fit with a line, which was back-
extrapolated to time 0 to obtain estimated RRP size. As shown in
Figure 4D, CR synapses had significantly smaller RRP size (177
6 82 vesicles, n= 25) than non-CR synapses (3146 143 vesicles,
n= 28; Mann–Whitney test, p, 0.0001). The initial release prob-
ability (Pr), calculated as the first eEPSC size divided by the RRP
size, was significantly higher in CR synapses than non-CR

synapses (Fig. 4E; CR synapse: 0.244 6 0.040, n=25; non-CR
synapse: 0.187 6 0.051, n=28; unpaired t test, t(51) = 4.44,
p, 0.0001).

A high rate of synaptic transmission releases a large quantity of
glutamate at the synaptic cleft that can desensitize and saturate
postsynaptic AMPA receptors (AMPARs; Chanda and Xu-
Friedman, 2010), especially at immature synapses (Taschenberger
et al., 2002; Renden et al., 2005; Wang and Manis, 2008). This
study used mature CBA/CaJ mice .2months of age, and it is
unclear whether AMPAR desensitization and saturation decrease
the eEPSC responses during the steady-state phase of the stimulus
train and cause an underestimation of RRP size in Figure 4, C and
D. Therefore, we also calculated the RRP size using the method by
Elmqvist and Quastel (1965), which relies on the initial eEPSCs of
the stimulus train and is less prone to AMPAR desensitization and
saturation issues. As shown in Figure 4F, the vesicle release of
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from the baseline. B, Comparison of eEPSC peak amplitude throughout 400 Hz trains (normalized to the first eEPSC) from CR and non-CR synapses. For clarity, error bars represent SEM. C,
Cumulative plots of the eEPSC size from the same two example neurons in A. Lines, Linear regression of the steady-state release. The RRP size was estimated as the y-axis intercept of the fitted
line. D, E, Summary in RRP size (D) and initial release probability (E) using the method in D at CR and non-CR synapses. ***p, 0.001; ****p, 0.0001. F, Plot of individual eEPSCs against
the cumulative size of prior eEPSCs from the same two example neurons in A. Lines, Linear regression of the initial eEPSCs. The RRP size was estimated as the x-axis intercept of the fitted line.
G, H, Summary in RRP size (G) and initial release probability (H) using the method in F at CR and non-CR synapses. *p, 0.05.

2734 • J. Neurosci., March 30, 2022 • 42(13):2729–2742 Zhang, Wang et al. · CR1 Synapses Show Improved Synaptic Efficacy



individual eEPSCs throughout the 400Hz train was plotted against
the cumulative release preceding the given stimulus, and the RRP
size was estimated as the x-axis intercept of the line fitted to the
first several eEPSCs of the train. Consistent with Figure 4, C and
D, the calculated RRP size using the initial eEPSCs of the train was
also significantly smaller in CR synapses (304 6 135 vesicles,
n=25) than in non-CR synapses (450 6 248 vesicles, n=28; Fig.
4G; Mann–Whitney test, p=0.017). The Pr was higher in CR syn-
apses than non-CR synapses (Fig. 4H; CR synapse: 0.1706 0.046,
n=25; non-CR synapse: 0.138 6 0.055, n=28; Mann–Whitney
test, p=0.013). Overall, calculation using both the steady-state and
the initial eEPSCs of the 400Hz trains showed that CR synapses
have smaller RRP size but larger Pr than non-CR synapses. The
differences between these two methods are likely because of differ-
ent model assumptions, as discussed by Neher (2015).

To further clarify the contribution of
AMPAR desensitization to synaptic trans-
mission at CR and non-CR synapses, we
applied 50 mM cyclothiazide (CTZ) to
block AMPAR desensitization and tested
its effect in six CR synapses and seven
non-CR synapses. On average, CTZ did
not change the amplitude of single evoked
EPSCs at both CR (control, –3.16 1.2 nA;
CTZ, –3.2 6 1.3 nA; n= 6; paired t test:
t(5) = 0.212, p=0.841) and non-CR synapses
(control, –3.6 6 1.1nA; CTZ, –4.6 6
1.6nA; n=7; paired t test: t(6) = 2.42,
p=0.052). However, eEPSC kinetics became
slower after CTZ application resulted in a
significantly larger EPSC decay time con-
stant at both synapses (CR control, 0.50 6
0.17ms; CR with CTZ, 2.65 6 1.15ms;
n=6; paired t test: t(5) = 5.33, p=0.0031.
Non-CR control, 0.84 6 0.42ms; non-CR
with CTZ, 2.66 6 1.13ms; n=7; Wilcoxon
matched-pairs signed-rank test, p=0.0156).
In consequence, the baseline EPSC response
during the 400Hz train was elevated under
CTZ at both synapses (Fig. 5A). Synaptic
depression was only slightly relieved
throughout the 400Hz train under CTZ, but
the change was significant at both synapses
(Fig. 5B; CR synapses, two-way ANOVA:
CTZ effect: F(1,500) = 18.0, p, 0.0001; pulse
number effect: F(49.500) = 85.3, p, 0.0001;
interaction, F(49,500) = 0.562, p. 0.9999; Fig.
5D; non-CR synapses, two-way ANOVA;
CTZ effect: F(1,600) = 9.51, p=0.0021; pulse
number effect: F(49,600) = 64.4, p, 0.0001;
interaction, F(49,600) = 0.189, p. 0.9999).
The calculated RRP size using the steady-
state eEPSCs of the trains was not signifi-
cantly different between control and CTZ
application at both CR (Fig. 5C; control, 168
6 69 vesicles; CTZ: 1786 66 vesicles, n=6;
Wilcoxon test, p. 0.999) and non-CR syn-
apses (Fig. 5E; control, 300 6 181 vesicles;
CTZ, 387 6 241 vesicles, n=7; Wilcoxon
test, p=0.375). The results suggest that
AMPARs does desensitize during high-rate
synaptic transmission at mature endbulb of
Held synapses, but does not significantly
contribute to the observed differences in

RRP size between CR and non-CR synapses.
Since eEPSC peak amplitude only reflects synchronous vesicle

release, we additionally calculated the total vesicle release per
stimulation throughout the train, which is the charge transfer
under each eEPSC curve that includes both synchronous and
asynchronous release. The total release was significantly more
reduced during the stimulus train in CR synapses than non-CR
synapses (Fig. 6A; two-way ANOVA; pulse number effect:
F(49,2550) = 35.3, p, 0.0001; synapse type effect: F(1,2550) = 231,
p, 0.0001; interaction: F(49,2550) = 0.127, p. 0.9999), reflecting
more efficient exocytosis given their larger eEPSC peak ampli-
tude (Fig. 4B). We defined the synchronous release as the eEPSC
charge transfer within a 1ms window surrounding the eEPSC
peak (Fig. 6B, from 0.3ms before to 0.7ms after the peak, cyan
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Figure 5. CTZ effects on synaptic transmission. A, Example eEPSCs to 400 Hz stimulus trains at CR and non-CR synapses.
Ticks on top, Stimulus onset. Traces in black was under CTZ application. Trains were normalized to the first eEPSC peak for
comparison. B, Comparison of eEPSC peak amplitude throughout 400 Hz trains (normalized to the first eEPSC) from CR synap-
ses before and after CTZ application. For clarity, error bars represent SEM. C, Summary of estimated RRP size before and after
CTZ application. NS, Not significant. D, Comparison of eEPSC peak amplitude throughout 400 Hz trains (normalized to the first
eEPSC) from non-CR synapses before and after CTZ application. Error bars represent SEM. E, Summary of estimated RRP size
before and after CTZ application. NS, Not significant.
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area), and the rest as the asynchronous release (gray area).
Throughout the stimulus train, CR synapses had significantly
less asynchronous release than non-CR synapses (Fig. 6C; two-
way ANOVA; pulse number effect: F(49,2550) = 16.9, p, 0.0001;
synapse type effect: F(1,2550) = 725, p, 0.0001; interaction,
F(49,2550) = 0.901, p=0.6697), and the difference grew larger with
increasing pulse number. During the last 20 pulses of the stimu-
lus train, 35 6 6% (n=25) of the vesicle release were asynchro-
nous in CR synapses, compared with 46 6 8% (n= 28) in non-
CR synapses (unpaired t test: t(51) = 5.01, p, 0.0001). The
enhanced asynchronous release in non-CR synapses contributes
to the elevated summation current from the baseline as exampled
by Figure 4A.

These results showed that while CR synapses were smaller in
RRP size, they had higher Pr and their evoked vesicle release was
more synchronous during high-rate activity than that for non-
CR synapses. These features warrant effective exocytosis in CR
synapses to improve high-rate synaptic transmission that sup-
ports reliable spikes in postsynaptic neurons. During the process,
CR as a calcium-binding protein is expected to curtail the eleva-
tion of calcium within the synaptic terminal and reduce asyn-
chronous vesicle release. The effect of CR calcium buffering
would become more substantial during high-rate activity, as syn-
aptic calcium can be significantly elevated on repetitive calcium
influx over a prolonged time (Saftenku, 2012).

EGTA-AM improves synaptic transmission at non-CR
synapses
To test whether the lower asynchronous vesicle release in CR
synapses is due to more efficient calcium regulation within the
synaptic terminal, we studied the effect of EGTA-AM treatment
on synaptic transmission in both CR and non-CR synapses.
EGTA-AM is a membrane-permeable form of the calcium-che-
lating agent EGTA that enters the synaptic terminal to generate
intracellular EGTA, which reduces the level of free calcium ions
and decreases asynchronous release (Kaeser and Regehr, 2014).
As shown in Figure 7A, EGTA-AM treatment did not change the
synaptic depression throughout the 400Hz trains at CR synapses
as measured in normalized eEPSC peak amplitude (n=7 neu-
rons; two-way ANOVA; pulse number effect: F(49,600) = 58.1,
p, 0.0001; EGTA-AM effect: F(1,600) = 0.0849, p=0.7709; inter-
action: F(49,600) = 0.0510, p. 0.9999). However, synaptic depres-
sion was significantly reduced at non-CR synapses (Fig. 7B; n=5

neurons; two-way ANOVA; pulse number effect: F(49,400) = 47.3,
p, 0.0001; EGTA-AM effect: F(1,400) = 63.1, p, 0.0001; interac-
tion: F(49,400) = 0.360, p. 0.9999). Similarly, when measured in
EPSC total charge, EGTA-AM did not change the transmission
at CR synapses (Fig. 7C; two-way ANOVA; pulse number effect:
F(49,600) = 34.1, p, 0.0001; EGTA-AM effect: F(1,600) = 2.69,
p= 0.1014; interaction: F(49,600) = 0.0629, p. 0.9999), but showed
a trend to relieve synaptic depression at non-CR synapses (Fig.
7D; two-way ANOVA; pulse number effect: F(49,400) = 2.92,
p, 0.0001; EGTA-AM effect: F(1,400) = 2.93, p=0.0876; interac-
tion: F(49,400) = 0.0249, p. 0.9999). The relative asynchronous
release was not changed throughout the EPSC train in CR synap-
ses after EGTA-AM treatment (Fig. 7E; two-way ANOVA; pulse
number effect: F(49,600) = 1.41, p= 0.0391; EGTA-AM effect:
F(1,600) = 2.33, p=0.1276; interaction: F(49,600) = 0.0409,
p. 0.9999), but was significantly reduced in non-CR synapses
(Fig. 7F; two-way ANOVA; pulse number effect: F(49,400) = 0.527,
p= 0.9965; EGTA-AM effect: F(1,400) = 13.7, p=0.0003; interac-
tion: F(49,400) = 0.0337, p. 0.9999). It is worth noting that the
effect of EGTA-AM treatment was more prominent toward the
second half of the 400Hz trains (Fig. 7B,D,F), where more cal-
cium is expected to accumulate at the synaptic terminal after re-
petitive calcium influx. The results suggest that calcium
accumulation is alleviated in CR synapses during high-rate activ-
ity, presumably because of the calcium buffering of CR, so that
synaptic transmission is not affected by exogenous EGTA. In
contrast, because of the lack of CR calcium buffering, non-CR
synapses likely accumulate higher levels of calcium during high-
rate activity, which is chelated by exogenous EGTA, resulting in
reduced asynchronous release and improved synaptic efficacy.

Both CR and non-CR synapses express parvalbumin but not
calbindin
CR, parvalbumin, and calbindin are the three most commonly
expressed calcium-binding proteins in the nervous system
(Schwaller, 2020). To test what other calcium-binding proteins
are also used, we investigated the expression patterns of all three
calcium-binding proteins at the endbulb of Held synapses using
immunohistochemistry. As shown in Figure 8A, triple staining
of VGluT1, CR, and parvalbumin revealed that both CR and
non-CR synapses were labeled by parvalbumin. In contrast, nei-
ther synapse was labeled by calbindin, which only occasionally
labeled some postsynaptic CN neurons (Fig. 8B). Therefore, CR

0.6

0.5

0.4

0.3

0.2

0.1

R
el

at
iv

e 
aE

P
S

C
 c

ha
rg

e

50403020100

Pulse number

 CR
 Non-CR

1.2

1.0

0.8

0.6

0.4

0.2

E
P

S
C

 c
ha

rg
e 

(n
or

m
)

50403020100

Pulse number

 CR
 Non-CR

0.3 nA
0.5 ms

synasyn asyn

asynasyn syn

Figure 6. CR synapses show less asynchronous release during high-rate activity. A, Comparison of eEPSC total charge throughout 400 Hz trains (normalized to the first eEPSC) from CR and
non-CR synapses. For clarity, error bars represent SEM. B, Calculation of synchronous and asynchronous release within each stimulus cycle from the example neurons in Figure 4A. Only the last
two eEPSCs of the trains were shown. Cyan, Synchronous release charge as quantified within a 1 ms window surrounding the eEPSC peak (from 0.3 ms before the peak to 0.7 ms after the
peak); gray, asynchronous release outside of the 1 ms window within the stimulus cycle; arrows, stimulus onset. C, Relative asynchronous EPSC (aEPSC) charge within each stimulus cycle
throughout the eEPSC trains at CR and non-CR synapses. Error bars represent SEM.

2736 • J. Neurosci., March 30, 2022 • 42(13):2729–2742 Zhang, Wang et al. · CR1 Synapses Show Improved Synaptic Efficacy



synapses express both CR and parvalbumin as the main calcium-
binding proteins, while non-CR synapses only express parvalbu-
min. Given the drastic differences in their calcium-binding
kinetics and affinity (Schwaller, 2010, 2020), CR and parvalbu-
min may regulate synaptic calcium under different conditions
and differentially impact the synaptic transmission at CR and
non-CR synapses (for details, see Discussion).

CR synapses recover faster
Synaptic transmission is a dynamic process that involves vesicle
depletion and recovery, which collectively determine the trans-
mission efficiency, especially during high-rate activity. We stud-
ied the vesicle recovery in both CR and non-CR synapses by
assessing the post-train recovery of eEPSCs, which were probed
at 10–1500ms after the end of 400Hz stimulus train. As shown
in Figure 9A, eEPSCs recovered faster in size at CR synapses

than those at non-CR synapses. The differ-
ence in recovery speed was significant
throughout the tested 1500ms post-train
window (Fig. 9B; two-way ANOVA; re-
covery time effect: F(11,450) = 52.4, p,
0.0001; synapse type effect: F(1,450) = 72.2,
p, 0.0001; interaction: F(11,450) = 0.964,
p=0.479), and was most profound during
the first several hundred milliseconds. To
quantify the recovery speed, we best fit the
eEPSC recovery of each cell with either a
single or a double exponential function to
calculate the eEPSC recovery time con-
stant. A double exponential function was
used only when the slow time constant
was at least three times longer than the fast
decay time constant, and the resulted fit
had a x 2 value that was at least three times
smaller than that of a single exponential fit
of the same data. Overall, the recovery of
eEPSC amplitude in eight CR synapses
and nine non-CR synapses were best fit by
a single exponential function with the av-
erage decay time constant of 64 6 47 and
156 6 165ms, respectively. eEPSC recov-
ery of 11 CR synapses were best fit by a
double exponential function, with the av-
erage fast decay of 28 6 13ms (weight, 56
6 27%) and slow decay of 152 6 115ms
(weight, 44 6 27%). Twelve non-CR syn-
apses showed eEPSC recovery that were
best fit by a double exponential function,
with the average fast decay of 26 6 13ms
(weight, 54 6 13%) and slow decay of 834
6 674ms (weight, 46 6 13%). We calcu-
lated the weighted decay time from synap-
ses with double exponential fit and plotted
all the synapses in Figure 9C. Overall, CR
synapses recovered with an average time
constant of 100 6 176ms (n=19), com-
pared with 276 6 259ms (n=21) in non-
CR synapses (Mann–Whitney test, p=
0.0011). Because of the large variation in
eEPSC amplitudes, the recovery time con-
stant estimated from individual synapses
had a fairly wide range. When we averaged
all synapses within each subtype (Fig. 9B),

the eEPSC recovery in CR synapse was best fit by a single expo-
nential function (red curve) with a decay time constant of 58ms,
and the recovery of non-CR synapse was best fit by a double ex-
ponential function (blue curve) with a fast decay of 31ms (62%
weight) and a slow decay of 791ms (38% weight). These results
suggest that synaptic vesicles recover significantly faster in CR
synapses, which contributes to improved synaptic efficacy and
better supports sustained activity at high rates than non-CR
synapses.

Synaptic recovery was shown to be regulated by calcium, in
which high calcium accelerates the speed of vesicle endocytosis
and RRP replenishment (Dittman and Regehr, 1998; Neher and
Sakaba, 2008), and buffering the residual calcium with EGTA at
the synaptic terminal was reported to slow down EPSC recovery
(Yang and Xu-Friedman, 2008; Cho et al., 2011; Ritzau-Jost et
al., 2018). In this study, surprisingly, we did not observe any
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Figure 7. EGTA-AM improves synaptic transmission at non-CR synapses. A, B, Effect of EGTA-AM treatment in eEPSC peak
amplitude (normalized to the first eEPSC) throughout 400 Hz trains in CR (A) and non-CR (B) synapses. Ctrl, Control; EGTA, af-
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significant changes in EPSC recovery time constant after EGTA-
AM treatment in either CR (Fig. 9D; n= 7; control, 74 6 70ms;
EGTA, 1236 131ms; Wilcoxon test, p= 0.9375) or non-CR syn-
apses (Fig. 9E; n= 5; control, 159 6 150ms; EGTA, 98 6 84ms;
Wilcoxon test, p= 0.3125). The results indicate that in addition
to their distinctive expression of calcium-binding proteins, CR
and non-CR synapses may differ in other synaptic machinery
involving calcium-independent processes (Ritzau-Jost et al.,
2018) that contribute to the difference in their synaptic recovery
speed.

CR synapses do not express VGluT2
One rate-limiting step in synaptic recovery is vesicle recycling
(Hori and Takahashi, 2012), including especially the process of
refilling newly formed vesicles with neurotransmitter (Nakakubo
et al., 2020). Both CR and non-CR synapses in this study are glu-
tamatergic and require VGluTs to pack the vesicles with gluta-
mate. The two major isoforms of VGluTs expressed in the CN
are VGluT1 and VGluT2 (Gómez-Nieto and Rubio, 2011; Ito et
al., 2011). While VGluT1 is expressed in both CR and non-CR
synapses (Wang et al., 2021), it is unclear whether and how
VGluT2 is expressed in these synapses that may underlie their
differences in synaptic transmission. VGluT1 was shown to have
faster kinetics than VGluT2 in loading glutamate into synaptic
vesicles, which helps improve sustained synaptic transmission
(Nakakubo et al., 2020).

We triple-stained CN against VGluT1, VGluT2, and CR to
investigate the expression pattern of VGluT2 in CR and non-CR
synapses. As shown in Figure 10, CR synapses were labeled by
VGluT1 and CR (Fig. 10, merged panel, yellow), but not by
VGluT2. In contrast, most non-CR synapses were labeled by
both VGluT1 and VGluT2 (Fig. 10, merged panel, cyan), and not
by CR. Thus, CR synapses only express the fast VGluT1 isoform
that helps promote the speed of vesicle recycling, whereas most

non-CR synapses coexpress both VGluT1 and the slower
VGluT2 isoforms that presumably contribute to the lagged vesi-
cle recycling and synaptic recovery. We also found some occa-
sional non-CR synapses that were labeled by only VGluT1 and
not by VGluT2 or CR (Fig. 10, merged panel, green), which sug-
gests further diversification of non-CR synapses that may involve
additional elements to serve different synaptic functions.

Discussion
Function of CR in synaptic transmission
CR is known to buffer calcium and regulate synaptic function.
Because of its positive cooperativity in binding calcium (Faas et
al., 2007; Saftenku, 2012), CR is expected to impact synaptic
transmission in an activity-dependent manner. Specifically, CR
binds calcium at a slow rate when calcium levels are low, but the
rate drastically accelerates with increasing calcium as more cal-
cium-binding sites are occupied. Under resting condition, the
level of calcium is very low (,100 nM) and CR is mostly in cal-
cium-free form (Schwaller et al., 2002; Schwaller, 2020). Action
potential invasion triggers calcium influx and transient elevation
of calcium, which quickly diminishes after calcium channel clo-
sure and activation of multiple calcium clearance pathways
(Garaschuk et al., 1997; Billups and Forsythe, 2002; Kim et al.,
2005). During sustained activity with repetitive calcium influx,
calcium accumulates within synaptic terminal, resulting in
enhanced residual calcium, which grows with increasing firing
rate and duration (Saftenku, 2012). Therefore, during infrequent
firing or the first several spikes of the stimulus train, CR likely
binds calcium at a slow rate and functions with moderate impact
on synaptic transmission. In this study, we found that CR-
expressing and non-CR-expressing endbulbs had similar basal
synaptic transmission and PPR (Figs. 2, 3), supporting the notion
that CR buffering does not significantly impact synaptic

Figure 8. Both CR and non-CR synapses express parvalbumin but not calbindin. A, Representative staining of endbulb of Held synapses against VGluT1 (green), CR (red), and parvalbumin
(magenta). Note that all VGluT1-labeled synapses were also labeled by parvalbumin. Triangles, Example neurons with predominant CR synapses labeled by all three markers; stars, example
neurons with predominant non-CR synapses labeled by VGluT1 and parvalbumin but not CR. B, Representative staining of endbulb of Held synapses against VGluT1 (green), CR (red), and cal-
bindin (magenta). Note that all VGluT-labeled synapses were not labeled by calbindin. Triangles, Example neurons with predominant CR synapses labeled by VGluT1 and CR; stars, example neu-
rons with predominant non-CR synapses labeled only by VGluT1.
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transmission at low activity level. Our findings
under high rate activity, during which residual cal-
cium builds up to high levels (Zhuang et al., 2020)
that engage greater CR buffering capacity, suggest
that CR helps improve synaptic efficacy by alleviat-
ing the buildup of residual calcium and reducing
asynchronous release. The impact of CR likely
increases with accumulating calcium level as
reflected by the gradually increased difference in
asynchronous release throughout the stimulus
trains between CR and non-CR synapses (Fig. 6C).
A similar effect of CR in buffering calcium was
simulated in cerebellar granule cells and was not
mimicked by any concentrations of exogenous cal-
cium chelators (Saftenku, 2012).

Function of parvalbumin at CR and non-CR
synapses
We investigated the expression patterns of three
major calcium-binding proteins at the endbulbs
(Fig. 8) and found that both CR-expressing and
non-CR-expressing synapses also express parvalbu-
min, a slower calcium buffer than CR (Schwaller,
2020). The calcium-binding sites of parvalbumin
also bind magnesium, and are mostly occupied by
magnesium under resting condition when the cal-
cium level is low (,100 nM) and the magnesium
level is at 0.3–0.6 mM (Li-Smerin et al., 2001;
Schwaller et al., 2002; Schwaller, 2020). The slow
dissociation of magnesium from the binding sites
delays the rate of calcium binding to parvalbumin
when intracellular calcium elevates. Furthermore,
parvalbumin has significantly higher affinity to
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Figure 9. CR synapses recover faster. A, Example EPSC recovery from two example neurons with CR (red) and non-CR (blue) synapses after 50-pulse stimulus train at 400 Hz. eEPSCs were
normalized to the first eEPSC of the train (data not shown). Recovery was probed at 10 ms (first eEPSC), and 20, 40, 70, 120, 200, 300, 440, 600, 800, 1100, and 1500ms (last eEPSC) after the
end of stimulus train. B, Summary EPSC recovery in all CR and non-CR synapses. Error bars represent SEM. C, Comparison of EPSC recovery time constant. **p, 0.01. D, EPSC recovery time
constant in CR synapses before (Ctrl) and after EGTA-AM treatment (EGTA). E, EPSC recovery time constant in non-CR synapses before (Ctrl) and after EGTA-AM treatment (EGTA). NS, Not
significant.

Figure 10. CR synapses do not express VGluT2. Representative staining of endbulb of Held synapses against
VGluT1 (green), CR (red), and VGluT2 (blue). Note that all CR synapses colabeled by VGluT1 and CR (merged
panel, yellow) were not labeled by VGluT2, while most non-CR synapses labeled by VGluT1 but not CR were la-
beled by VGluT2 (merged panel, cyan). Triangles, example neurons with predominant CR synapses labeled by
VGluT1 and CR, but not VGluT2; stars, example neurons with predominant non-CR synapses labeled by VGluT1
and VGluT2, but not CR.
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calcium (Kd, 50–250 nM; Lee et al., 2000; Schwaller, 2020) than
CR (initial binding Kd, 28–36mM; Faas et al., 2007), which results
in differential calcium buffering under different activity levels. At
resting condition with low calcium (,100 nM), a small fraction
of parvalbumin binds calcium and helps to maintain a low cal-
cium environment. During synaptic transmission, local synaptic
calcium transiently rises to up to hundreds of micromoles
(Augustine et al., 1991; Llinás et al., 1992a, b; Hsu et al., 1996;
Wang and Augustine, 2014), causing more parvalbumin binding,
which helps to curb calcium diffusion and regulate short-term
synaptic plasticity (Caillard et al., 2000; Vreugdenhil et al., 2003;
Collin et al., 2005). During repetitive transmission at high rates,
however, the persistently elevated calcium is expected to saturate
most parvalbumin and decrease its buffering capacity. Under
such conditions, CR calcium binding accelerates and plays the
dominant role. Therefore, the main function of parvalbumin is
likely to buffer calcium at rest and during infrequent activity at
both CR-expressing and non-CR-expressing synapses. In con-
trast, CR takes over the major role in buffering calcium at CR-
expressing synapses to improve synaptic efficacy during sus-
tained transmission at high rates. Lacking such a mechanism,
non-CR-expressing synapses likely build up higher residual cal-
cium within the terminals resulting in enhanced asynchronous
release and more synaptic depression during high-rate activity.
Interestingly, parvalbumin and calbindin were shown not to
affect synaptic transmission at recurrent Purkinje neuron synap-
ses during high-rate activity (Bornschein et al., 2013), suggesting
that calcium-binding proteins may have distinctive functions at
different central synapses.

Estimated RRP size at the endbulb of Held synapses
Multiple studies reported the RRP size of endbulb of Held synap-
ses that spans from ;100 vesicles (Oleskevich et al., 2004;
Taruno et al., 2012), 200–600 vesicles (Butola et al., 2017; Xie
and Manis, 2017), to.1000 (Lin et al., 2011). The large variation
may be attributed to different animal models and ages, but espe-
cially the use of distinct methods and stimulation paradigms
favoring different assumptions about vesicle pool models
(Neher, 2015). Our estimated RRP sizes are within the range of
previous findings using the same cumulative analyses (Butola et
al., 2017; Xie and Manis, 2017). The large size of 1060 vesicles
reported by Lin et al. (2011) is likely an overestimation, since
their study depleted RRP using prolonged voltage jumps of up to
50ms but neglected RRP replenishment during the process. As
shown in Figure 9 and in other studies (Wang and Manis, 2008;
Yang and Xu-Friedman, 2009; Mendoza Schulz et al., 2014),
RRP recovers significantly within 50ms and the replenished
vesicles would contribute to the measured capacitance jump,
resulting in exaggerated RRP size.

Synaptic recovery and VGluTs
Synaptic vesicles released during transmission are constantly
replenished to maintain continuous activity. The faster synaptic
recovery in CR-expressing synapses suggests that they have more
efficient vesicle replenishment, as indicated by steeper overall
slope of the cumulative EPSCs in Figure 4C. This recovery pro-
cess is regulated by calcium and can be slowed down by calcium
buffer EGTA (Cho et al., 2011; Ritzau-Jost et al., 2018).
Surprisingly, our study showed that synaptic recovery was faster
in CR-expressing synapses (Fig. 9A–C), which presumably have
lower synaptic calcium because of CR buffering than that of
non-CR-expressing synapses. It suggests that in addition to cal-
cium buffering, other mechanisms may also contribute to the

different recovery speed. Indeed, we found that CR-expressing
endbulbs express only VGluT1, while non-CR-expressing end-
bulbs express both VGluT1 and VGluT2. In VGluT1 knock-out
mice, Nakakubo et al. (2020) showed that the loss of VGluT1 at
the calyx of Held significantly slowed down the speed of vesicle
refilling because of the slow action of VGluT2, which did not
change the basal synaptic transmission, but significantly
increased the failure rate with impaired fidelity during sustained
transmission. Therefore, it is likely that vesicle refilling is slower
in non-CR-expressing endbulbs because of VGluT2, which con-
tributes to their lagged synaptic recovery. It is also possible that
the expression of other proteins like piccolo and bassoon is
stronger in CR-expressing synapses allowing for faster vesicle
reloading (Hallermann and Silver, 2013), which needs further
investigation in future studies.

CR and auditory function
CR was used as a molecular marker to differentiate physiologi-
cally and anatomically distinctive SGN populations (Liu and
Davis, 2014; Petitpré et al., 2018; Sharma et al., 2018; Shrestha et
al., 2018; Sun et al., 2018) and is believed to play significant roles
in auditory function. Specifically, CR is expressed in SGNs with
high spontaneous rate and low threshold (Liberman, 1982),
which constantly fire spikes at rates up to 120 spikes/s even in
quiet environment (Liberman, 1978; Taberner and Liberman,
2005), and their intracellular calcium continuously accumulates
because of repetitive channel openings. The buffering capacity of
CR may be essential in these SGNs to keep the calcium level low
and reduce calcium related cellular damages (Farber, 1990). In
contrast, CR-deficient SGNs have a medium/low spontaneous
rate and a medium/high threshold. These SGNs fire fewer spikes
and respond to loud (and often transient) sound signals, during
which intracellular calcium only temporarily rises. Excessive and
prolonged calcium elevation may be detrimental to these neu-
rons because of the lack of CR buffering capacity (Sharma et al.,
2018), which happens under pathologic conditions like noise
overexposure. Indeed, cochlear synaptopathy after noise insult
and during aging preferentially damages low-spontaneous rate
SGNs (Kujawa and Liberman, 2009; Sergeyenko et al., 2013;
Kujawa and Liberman, 2015; Liberman et al., 2015; Liberman,
2017), whose central AN synapses are also more severely degen-
erated during age-related hearing loss (Wang et al., 2021).
Therefore, CR may play a neural protective role in CR-express-
ing SGNs through enhanced calcium buffering.

Our previous study (Wang et al., 2021) showed that bushy
neurons innervated by predominantly CR-expressing end-
bulbs fire sustained spikes to high-rate stimulation and are
optimized to process constantly ongoing sound informa-
tion. In contrast, bushy neurons with predominantly non-
CR-expressing endbulbs fire only transient or onset spikes
and are ideal to detect transient signals. Both types of
responses are well supported by the distinct synaptic prop-
erties observed in this study, in which CR-expressing end-
bulbs show improved synaptic efficacy with less depression,
lower asynchronous release and faster synaptic recovery
promoting sustained transmission; whereas, the opposite
features appear in non-CR-expressing endbulbs favoring
the transmission of transient signals. Together, our results
highlight a crucial role for CR in processing auditory infor-
mation, in which differential calcium buffering and vesicle
recycling at CR-expressing and non-CR-expressing end-
bulbs support unique synaptic properties required for
proper auditory circuit function.

2740 • J. Neurosci., March 30, 2022 • 42(13):2729–2742 Zhang, Wang et al. · CR1 Synapses Show Improved Synaptic Efficacy



References
Augustine GJ, Adler EM, Charlton MP (1991) The calcium signal for trans-

mitter secretion from presynaptic nerve terminals. Ann N Y Acad Sci
635:365–381.

Billups B, Forsythe ID (2002) Presynaptic mitochondrial calcium sequestra-
tion influences transmission at mammalian central synapses. J Neurosci
22:5840–5847.

Bolshakov AP, Kolleker A, Volkova EP, Valiullina-Rakhmatullina F, Kolosov
PM, Rozov A (2019) Overexpression of calretinin enhances short-term
synaptic depression. Front Cell Neurosci 13:91.

Bornschein G, Arendt O, Hallermann S, Brachtendorf S, Eilers J, Schmidt H
(2013) Paired-pulse facilitation at recurrent Purkinje neuron synapses is
independent of calbindin and parvalbumin during high-frequency activa-
tion. J Physiol 591:3355–3370.

Brachtendorf S, Eilers J, Schmidt H (2015) A use-dependent increase in
release sites drives facilitation at calretinin-deficient cerebellar parallel-
fiber synapses. Front Cell Neurosci 9:27.

Butola T, Wichmann C, Moser T (2017) Piccolo promotes vesicle replenish-
ment at a fast central auditory synapse. Front Synaptic Neurosci 9:14.

Caillard O, Moreno H, Schwaller B, Llano I, Celio MR, Marty A (2000) Role
of the calcium-binding protein parvalbumin in short-term synaptic plas-
ticity. Proc Natl Acad Sci U S A 97:13372–13377.

Cant NB, Morest DK (1979) Organization of the neurons in the anterior divi-
sion of the anteroventral cochlear nucleus of the cat. Light-microscopic
observations. Neuroscience 4:1909–1923.

Chanda S, Xu-Friedman MA (2010) A low-affinity antagonist reveals satura-
tion and desensitization in mature synapses in the auditory brain stem. J
Neurophysiol 103:1915–1926.

Cho S, Li GL, von Gersdorff H (2011) Recovery from short-term depression
and facilitation is ultrafast and Ca21 dependent at auditory hair cell syn-
apses. J Neurosci 31:5682–5692.

Collin T, Chat M, Lucas MG, Moreno H, Racay P, Schwaller B, Marty A,
Llano I (2005) Developmental changes in parvalbumin regulate presyn-
aptic Ca21 signaling. J Neurosci 25:96–107.

Dittman JS, Regehr WG (1998) Calcium dependence and recovery kinetics of
presynaptic depression at the climbing fiber to Purkinje cell synapse. J
Neurosci 18:6147–6162.

Elmqvist D, Quastel DM (1965) A quantitative study of end-plate potentials
in isolated human muscle. J Physiol 178:505–529.

Faas GC, Schwaller B, Vergara JL, Mody I (2007) Resolving the fast kinetics
of cooperative binding: Ca21 buffering by calretinin. PLoS Biol 5:e311.

Farber JL (1990) The role of calcium ions in toxic cell injury. Environ Health
Perspect 84:107–111.

Garaschuk O, Yaari Y, Konnerth A (1997) Release and sequestration of cal-
cium by ryanodine-sensitive stores in rat hippocampal neurones. J
Physiol 502:13–30.

Gómez-Nieto R, Rubio ME (2011) Ultrastructure, synaptic organization, and
molecular components of bushy cell networks in the anteroventral coch-
lear nucleus of the rhesus monkey. Neuroscience 179:188–207. &

Gurden H, Schiffmann SN, Lemaire M, Böhme GA, Parmentier M,
Schurmans S (1998) Calretinin expression as a critical component in the
control of dentate gyrus long-term potentiation induction in mice. Eur J
Neurosci 10:3029–3033.

Hallermann S, Silver RA (2013) Sustaining rapid vesicular release at active
zones: potential roles for vesicle tethering. Trends Neurosci 36:185–194.

Hori T, Takahashi T (2012) Kinetics of synaptic vesicle refilling with neuro-
transmitter glutamate. Neuron 76:511–517.

Hsu SF, Augustine GJ, Jackson MB (1996) Adaptation of Ca(21)-triggered
exocytosis in presynaptic terminals. Neuron 17:501–512.

Ito T, Bishop DC, Oliver DL (2011) Expression of glutamate and inhibitory
amino acid vesicular transporters in the rodent auditory brainstem. J
Comp Neurol 519:316–340.

Joris PX, Smith PH, Yin TC (1994a) Enhancement of neural synchronization
in the anteroventral cochlear nucleus. II. Responses in the tuning curve
tail. J Neurophysiol 71:1037–1051.

Joris PX, Carney LH, Smith PH, Yin TC (1994b) Enhancement of neural syn-
chronization in the anteroventral cochlear nucleus. I. Responses to tones
at the characteristic frequency. J Neurophysiol 71:1022–1036.

Kaeser PS, RegehrWG (2014) Molecular mechanisms for synchronous, asyn-
chronous, and spontaneous neurotransmitter release. Annu Rev Physiol
76:333–363.

Káradóttir R, Attwell D (2006) Combining patch-clamping of cells in brain
slices with immunocytochemical labeling to define cell type and develop-
mental stage. Nat Protoc 1:1977–1986.

Kiang NY, Pfeiffer RR, Warr WB, Backus AS (1965) Stimulus coding in the
cochlear nucleus. Trans AmOtol Soc 53:35–58.

Kim M-H, Korogod N, Schneggenburger R, Ho W-K, Lee S-H (2005)
Interplay between Na1/Ca21 exchangers and mitochondria in Ca21

clearance at the calyx of Held. J Neurosci 25:6057–6065.
Kujawa SG, Liberman MC (2009) Adding insult to injury: cochlear nerve

degeneration after “temporary” noise-induced hearing loss. J Neurosci
29:14077–14085.

Kujawa SG, Liberman MC (2015) Synaptopathy in the noise-exposed and
aging cochlea: primary neural degeneration in acquired sensorineural
hearing loss. Hear Res 330:191–199.

Lee SH, Schwaller B, Neher E (2000) Kinetics of Ca21 binding to parvalbu-
min in bovine chromaffin cells: implications for [Ca21] transients of
neuronal dendrites. J Physiol 525 Pt 2:419–432.

Liberman MC (1978) Auditory-nerve response from cats raised in a low-
noise chamber. J Acoust Soc Am 63:442–455.

Liberman MC (1982) Single-neuron labeling in the cat auditory nerve.
Science 216:1239–1241.

Liberman MC (2017) Noise-induced and age-related hearing loss: new per-
spectives and potential therapies. F1000Res 6:927.

Liberman LD, Suzuki J, Liberman MC (2015) Dynamics of cochlear synapt-
opathy after acoustic overexposure. J Assoc Res Otolaryngol 16:205–219.

Lin KH, Oleskevich S, Taschenberger H (2011) Presynaptic Ca21 influx and
vesicle exocytosis at the mouse endbulb of Held: a comparison of two au-
ditory nerve terminals. J Physiol 589:4301–4320.

Lin S, Xie R (2019) Principal neurons in the anteroventral cochlear nucleus
express cell-type specific glycine receptor a subunits. Neuroscience
415:77–88.

Li-Smerin Y, Levitan ES, Johnson JW (2001) Free intracellular Mg(21) con-
centration and inhibition of NMDA responses in cultured rat neurons. J
Physiol 533:729–743.

Liu W, Davis RL (2014) Calretinin and calbindin distribution patterns specify
subpopulations of type I and type II spiral ganglion neurons in postnatal
murine cochlea. J Comp Neurol 522:2299–2318.

Llinás R, Sugimori M, Silver RB (1992a) Presynaptic calcium concentration
microdomains and transmitter release. J Physiol Paris 86:135–138.

Llinás R, Sugimori M, Silver RB (1992b) Microdomains of high calcium con-
centration in a presynaptic terminal. Science 256:677–679.

Manis PB, Xie R, Wang Y, Marrs GS, Spirou GA (2011) The endbulbs of
Held. In: Synaptic mechanisms in the auditory system (Trussell LO,
Popper AN, Fay RR, eds), pp 61–93. New York: Springer.

Manis PB, Kasten MR, Xie R (2019) Classification of neurons in the adult
mouse cochlear nucleus: linear discriminant analysis. PLoS One 14:
e0223137.

Mendoza Schulz A, Jing Z, Sánchez Caro JM, Wetzel F, Dresbach T, Strenzke
N, Wichmann C, Moser T (2014) Bassoon-disruption slows vesicle
replenishment and induces homeostatic plasticity at a CNS synapse.
EMBO J 33:512–527.

Nakakubo Y, Abe S, Yoshida T, Takami C, Isa M, Wojcik SM, Brose N,
Takamori S, Hori T (2020) Vesicular glutamate transporter expression
ensures high-fidelity synaptic transmission at the calyx of Held synapses.
Cell Rep 32:108040.

Nayagam BA, Muniak MA, Ryugo DK (2011) The spiral ganglion: connect-
ing the peripheral and central auditory systems. Hear Res 278:2–20.

Neher E (2015) Merits and limitations of vesicle pool models in view of het-
erogeneous populations of synaptic vesicles. Neuron 87:1131–1142.

Neher E, Sakaba T (2008) Multiple roles of calcium ions in the regulation of
neurotransmitter release. Neuron 59:861–872.

Oleskevich S, Youssoufian M, Walmsley B (2004) Presynaptic plasticity at
two giant auditory synapses in normal and deaf mice. J Physiol 560:709–
719.

Petitpré C, Wu H, Sharma A, Tokarska A, Fontanet P, Wang Y, Helmbacher
F, Yackle K, Silberberg G, Hadjab S, Lallemend F (2018) Neuronal heter-
ogeneity and stereotyped connectivity in the auditory afferent system.
Nat Commun 9:3691.

Renden R, Taschenberger H, Puente N, Rusakov DA, Duvoisin R, Wang LY,
Lehre KP, von Gersdorff H (2005) Glutamate transporter studies reveal
the pruning of metabotropic glutamate receptors and absence of AMPA

Zhang, Wang et al. · CR1 Synapses Show Improved Synaptic Efficacy J. Neurosci., March 30, 2022 • 42(13):2729–2742 • 2741

http://dx.doi.org/10.1111/j.1749-6632.1991.tb36505.x
https://www.ncbi.nlm.nih.gov/pubmed/1683754
https://www.ncbi.nlm.nih.gov/pubmed/20026597
https://www.ncbi.nlm.nih.gov/pubmed/12122046
http://dx.doi.org/10.3389/fncel.2019.00091
https://www.ncbi.nlm.nih.gov/pubmed/30930749
http://dx.doi.org/10.1113/jphysiol.2013.254128
https://www.ncbi.nlm.nih.gov/pubmed/23671160
http://dx.doi.org/10.3389/fncel.2015.00027
https://www.ncbi.nlm.nih.gov/pubmed/25691858
http://dx.doi.org/10.1073/pnas.230362997
https://www.ncbi.nlm.nih.gov/pubmed/11069288
http://dx.doi.org/10.1016/0306-4522(79)90065-4
https://www.ncbi.nlm.nih.gov/pubmed/530438
http://dx.doi.org/10.1152/jn.00751.2009
http://dx.doi.org/10.1523/JNEUROSCI.5453-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21490209
http://dx.doi.org/10.1523/JNEUROSCI.3748-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15634771
https://www.ncbi.nlm.nih.gov/pubmed/9698309
http://dx.doi.org/10.1113/jphysiol.1965.sp007639
https://www.ncbi.nlm.nih.gov/pubmed/5827910
http://dx.doi.org/10.1371/journal.pbio.0050311
http://dx.doi.org/10.1289/ehp.9084107
https://www.ncbi.nlm.nih.gov/pubmed/2190804
http://dx.doi.org/10.1111/j.1469-7793.1997.013bl.x
http://dx.doi.org/10.1016/j.neuroscience.2011.01.058
https://www.ncbi.nlm.nih.gov/pubmed/21284951
http://dx.doi.org/10.1111/j.1460-9568.1998.00373.x
https://www.ncbi.nlm.nih.gov/pubmed/9758174
http://dx.doi.org/10.1016/j.tins.2012.10.001
https://www.ncbi.nlm.nih.gov/pubmed/23164531
http://dx.doi.org/10.1016/j.neuron.2012.08.013
http://dx.doi.org/10.1016/s0896-6273(00)80182-8
https://www.ncbi.nlm.nih.gov/pubmed/8816713
http://dx.doi.org/10.1002/cne.22521
https://www.ncbi.nlm.nih.gov/pubmed/21165977
http://dx.doi.org/10.1152/jn.1994.71.3.1037
http://dx.doi.org/10.1152/jn.1994.71.3.1022
http://dx.doi.org/10.1146/annurev-physiol-021113-170338
https://www.ncbi.nlm.nih.gov/pubmed/24274737
http://dx.doi.org/10.1038/nprot.2006.261
https://www.ncbi.nlm.nih.gov/pubmed/17487186
https://www.ncbi.nlm.nih.gov/pubmed/5834666
http://dx.doi.org/10.1523/JNEUROSCI.0454-05.2005
http://dx.doi.org/10.1523/JNEUROSCI.2845-09.2009
https://www.ncbi.nlm.nih.gov/pubmed/19906956
http://dx.doi.org/10.1016/j.heares.2015.02.009
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-2-00419.x
https://www.ncbi.nlm.nih.gov/pubmed/10835044
http://dx.doi.org/10.1121/1.381736
https://www.ncbi.nlm.nih.gov/pubmed/670542
http://dx.doi.org/10.1126/science.7079757
https://www.ncbi.nlm.nih.gov/pubmed/7079757
http://dx.doi.org/10.12688/f1000research.11310.1
https://www.ncbi.nlm.nih.gov/pubmed/28690836
http://dx.doi.org/10.1007/s10162-015-0510-3
https://www.ncbi.nlm.nih.gov/pubmed/25676132
http://dx.doi.org/10.1113/jphysiol.2011.209189
http://dx.doi.org/10.1016/j.neuroscience.2019.07.019
https://www.ncbi.nlm.nih.gov/pubmed/31325562
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00729.x
https://www.ncbi.nlm.nih.gov/pubmed/11410630
http://dx.doi.org/10.1002/cne.23535
https://www.ncbi.nlm.nih.gov/pubmed/24414968
http://dx.doi.org/10.1016/S0928-4257(05)80018-X
https://www.ncbi.nlm.nih.gov/pubmed/1364193
http://dx.doi.org/10.1126/science.1350109
https://www.ncbi.nlm.nih.gov/pubmed/1350109
http://dx.doi.org/10.1371/journal.pone.0223137
https://www.ncbi.nlm.nih.gov/pubmed/31581200
http://dx.doi.org/10.1002/embj.201385887
https://www.ncbi.nlm.nih.gov/pubmed/24442636
http://dx.doi.org/10.1016/j.celrep.2020.108040
https://www.ncbi.nlm.nih.gov/pubmed/32814044
http://dx.doi.org/10.1016/j.heares.2011.04.003
https://www.ncbi.nlm.nih.gov/pubmed/21530629
http://dx.doi.org/10.1016/j.neuron.2015.08.038
https://www.ncbi.nlm.nih.gov/pubmed/26402599
http://dx.doi.org/10.1016/j.neuron.2008.08.019
https://www.ncbi.nlm.nih.gov/pubmed/18817727
http://dx.doi.org/10.1113/jphysiol.2004.066662
https://www.ncbi.nlm.nih.gov/pubmed/15331689
http://dx.doi.org/10.1038/s41467-018-06033-3
https://www.ncbi.nlm.nih.gov/pubmed/30209249


receptor desensitization at mature calyx of Held synapses. J Neurosci
25:8482–8497.

Ritzau-Jost A, Jablonski L, Viotti J, Lipstein N, Eilers J, Hallermann S (2018)
Apparent calcium dependence of vesicle recruitment. J Physiol 596:4693–
4707.

Rogers J, Khan M, Ellis J (1990) Calretinin and other CaBPs in the nervous
system. Adv Exp Med Biol 269:195–203.

Saftenku EE (2012) Effects of calretinin on Ca21 signals in cerebellar granule
cells: implications of cooperative Ca21 binding. Cerebellum 11:102–120.

Schiffmann SN, Cheron G, Lohof A, d’Alcantara P, Meyer M, Parmentier M,
Schurmans S (1999) Impaired motor coordination and Purkinje cell
excitability in mice lacking calretinin. Proc Natl Acad Sci U S A 96:5257–
5262.

Schmidt H, Brachtendorf S, Arendt O, Hallermann S, Ishiyama S,
Bornschein G, Gall D, Schiffmann SN, Heckmann M, Eilers J (2013)
Nanodomain coupling at an excitatory cortical synapse. Curr Biol
23:244–249.

Schneggenburger R, Meyer AC, Neher E (1999) Released fraction and total
size of a pool of immediately available transmitter quanta at a calyx syn-
apse. Neuron 23:399–409.

Schurmans S, Schiffmann SN, Gurden H, Lemaire M, Lipp HP, Schwam V,
Pochet R, Imperato A, Böhme GA, Parmentier M (1997) Impaired long-
term potentiation induction in dentate gyrus of calretinin-deficient mice.
Proc Natl Acad Sci U S A 94:10415–10420.

Schwaller B (2010) Cytosolic Ca21 buffers. Cold Spring Harb Perspect Biol 2:
a004051.

Schwaller B (2014) Calretinin: from a “simple” Ca(21) buffer to a multifunc-
tional protein implicated in many biological processes. Front Neuroanat
8:3.

Schwaller B (2020) Cytosolic Ca21 buffers are inherently Ca21 signal modu-
lators. Cold Spring Harb Perspect Biol 12:a035543.

Schwaller B, Meyer M, Schiffmann S (2002) “New” functions for “old” pro-
teins: the role of the calcium-binding proteins calbindin D-28k, calretinin
and parvalbumin, in cerebellar physiology. Studies with knockout mice.
Cerebellum 1:241–258.

Sergeyenko Y, Lall K, Liberman MC, Kujawa SG (2013) Age-related cochlear
synaptopathy: an early-onset contributor to auditory functional decline. J
Neurosci 33:13686–13694.

Sharma K, Seo YW, Yi E (2018) Differential expression of Ca(21)-buffering
protein calretinin in cochlear afferent fibers: a possible link to vulnerabil-
ity to traumatic noise. Exp Neurobiol 27:397–407.

Shrestha BR, Chia C, Wu L, Kujawa SG, Liberman MC, Goodrich LV (2018)
Sensory neuron diversity in the inner ear is shaped by activity. Cell
174:1229–1246.e17.

Sun S, Babola T, Pregernig G, So KS, Nguyen M, Su SM, Palermo AT,
Bergles DE, Burns JC, Muller U (2018) Hair cell mechanotransduction
regulates spontaneous activity and spiral ganglion subtype specification
in the auditory system. Cell 174:1247–1263.e15.

Taberner AM, Liberman MC (2005) Response properties of single auditory
nerve fibers in the mouse. J Neurophysiol 93:557–569.

Taruno A, Ohmori H, Kuba H (2012) Inhibition of presynaptic Na(1)/K
(1)-ATPase reduces readily releasable pool size at the avian end-bulb of
Held synapse. Neurosci Res 72:117–128.

Taschenberger H, Leão RM, Rowland KC, Spirou GA, von Gersdorff H
(2002) Optimizing synaptic architecture and efficiency for high-fre-
quency transmission. Neuron 36:1127–1143.

Vreugdenhil M, Jefferys JG, Celio MR, Schwaller B (2003) Parvalbumin-defi-
ciency facilitates repetitive IPSCs and gamma oscillations in the hippo-
campus. J Neurophysiol 89:1414–1422.

Wang LY, Augustine GJ (2014) Presynaptic nanodomains: a tale of two syn-
apses. Front Cell Neurosci 8:455.

Wang Y, Manis PB (2008) Short-term synaptic depression and recovery at
the mature mammalian endbulb of Held synapse in mice. J Neurophysiol
100:1255–1264.

Wang M, Zhang C, Lin S, Wang Y, Seicol BJ, Ariss RW, Xie R (2021) Biased
auditory nerve central synaptopathy is associated with age-related hear-
ing loss. J Physiol 599:1833–1854.

Webster DB, Trune DR (1982) Cochlear nuclear complex of mice. Am J
Anat 163:103–130.

Wen B, Wang GI, Dean I, Delgutte B (2009) Dynamic range adaptation to
sound level statistics in the auditory nerve. J Neurosci 29:13797–13808.

Wu SH, Oertel D (1984) Intracellular injection with horseradish peroxidase
of physiologically characterized stellate and bushy cells in slices of mouse
anteroventral cochlear nucleus. J Neurosci 4:1577–1588.

Xie R, Manis PB (2013) Target-specific IPSC kinetics promote temporal
processing in auditory parallel pathways. J Neurosci 33:1598–1614.

Xie R, Manis PB (2017) Synaptic transmission at the endbulb of Held deterio-
rates during age-related hearing loss. J Physiol 595:919–934.

Yang H, Xu-Friedman MA (2008) Relative roles of different mechanisms of
depression at the mouse endbulb of Held. J Neurophysiol 99:2510–2521.

Yang H, Xu-Friedman MA (2009) Impact of synaptic depression on spike
timing at the endbulb of Held. J Neurophysiol 102:1699–1710.

Yu WM, Goodrich LV (2014) Morphological and physiological development
of auditory synapses. Hear Res 311:3–16.

Zhuang X, Wong NF, Sun W, Xu-Friedman MA (2020) Mechanisms and
functional consequences of presynaptic homeostatic plasticity at auditory
nerve synapses. J Neurosci 40:6896–6909.

2742 • J. Neurosci., March 30, 2022 • 42(13):2729–2742 Zhang, Wang et al. · CR1 Synapses Show Improved Synaptic Efficacy

http://dx.doi.org/10.1523/JNEUROSCI.1848-05.2005
https://www.ncbi.nlm.nih.gov/pubmed/16162930
http://dx.doi.org/10.1113/JP275911
https://www.ncbi.nlm.nih.gov/pubmed/29928766
http://dx.doi.org/10.1007/978-1-4684-5754-4_32
https://www.ncbi.nlm.nih.gov/pubmed/2191557
http://dx.doi.org/10.1007/s12311-011-0263-4
https://www.ncbi.nlm.nih.gov/pubmed/21394464
http://dx.doi.org/10.1073/pnas.96.9.5257
https://www.ncbi.nlm.nih.gov/pubmed/10220453
http://dx.doi.org/10.1016/j.cub.2012.12.007
http://dx.doi.org/10.1016/S0896-6273(00)80789-8
http://dx.doi.org/10.1073/pnas.94.19.10415
https://www.ncbi.nlm.nih.gov/pubmed/9294225
http://dx.doi.org/10.1101/cshperspect.a004051
https://www.ncbi.nlm.nih.gov/pubmed/20943758
http://dx.doi.org/10.3389/fnana.2014.00003
https://www.ncbi.nlm.nih.gov/pubmed/24550787
http://dx.doi.org/10.1101/cshperspect.a035543
http://dx.doi.org/10.1080/147342202320883551
https://www.ncbi.nlm.nih.gov/pubmed/12879963
http://dx.doi.org/10.1523/JNEUROSCI.1783-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/23966690
http://dx.doi.org/10.5607/en.2018.27.5.397
https://www.ncbi.nlm.nih.gov/pubmed/30429649
http://dx.doi.org/10.1016/j.cell.2018.07.007
https://www.ncbi.nlm.nih.gov/pubmed/30078709
http://dx.doi.org/10.1016/j.cell.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30078710
http://dx.doi.org/10.1152/jn.00574.2004
http://dx.doi.org/10.1016/j.neures.2011.11.003
https://www.ncbi.nlm.nih.gov/pubmed/22100365
http://dx.doi.org/10.1016/s0896-6273(02)01137-6
https://www.ncbi.nlm.nih.gov/pubmed/12495627
http://dx.doi.org/10.1152/jn.00576.2002
https://www.ncbi.nlm.nih.gov/pubmed/12626620
http://dx.doi.org/10.3389/fncel.2014.00455
https://www.ncbi.nlm.nih.gov/pubmed/25674049
http://dx.doi.org/10.1152/jn.90715.2008
https://www.ncbi.nlm.nih.gov/pubmed/18632895
http://dx.doi.org/10.1113/JP281014
https://www.ncbi.nlm.nih.gov/pubmed/33450070
http://dx.doi.org/10.1002/aja.1001630202
https://www.ncbi.nlm.nih.gov/pubmed/7072613
http://dx.doi.org/10.1523/JNEUROSCI.5610-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19889991
https://www.ncbi.nlm.nih.gov/pubmed/6726347
http://dx.doi.org/10.1523/JNEUROSCI.2541-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23345233
http://dx.doi.org/10.1113/JP272683
https://www.ncbi.nlm.nih.gov/pubmed/27618790
http://dx.doi.org/10.1152/jn.01293.2007
https://www.ncbi.nlm.nih.gov/pubmed/18367696
http://dx.doi.org/10.1152/jn.00072.2009
https://www.ncbi.nlm.nih.gov/pubmed/19587324
http://dx.doi.org/10.1016/j.heares.2014.01.007
https://www.ncbi.nlm.nih.gov/pubmed/24508369
http://dx.doi.org/10.1523/JNEUROSCI.1175-19.2020
https://www.ncbi.nlm.nih.gov/pubmed/32747441

	Calretinin-Expressing Synapses Show Improved Synaptic Efficacy with Reduced Asynchronous Release during High-Rate Activity
	Introduction
	Materials and Methods
	Results
	Discussion


