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Complexin Stabilizes Newly Primed Synaptic Vesicles and
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Complexins (Cplxs) are small synaptic proteins that cooperate with SNARE-complexes in the control of synaptic vesicle (SV) fusion.
Studies involving genetic mutation, knock-down, or knock-out indicated two key functions of Cplx that are not mutually exclusive but
cannot easily be reconciled, one in facilitating SV fusion, and one in “clamping” SVs to prevent premature fusion. Most studies on the role
of Cplxs in mammalian synapse function have relied on cultured neurons, heterologous expression systems, or membrane fusion assays
in vitro, whereas little is known about the function of Cplxs in native synapses. We therefore studied consequences of genetic ablation of
Cplx1 in the mouse calyx of Held synapse, and discovered a developmentally exacerbating phenotype of reduced spontaneous and evoked
transmission but excessive asynchronous release after stimulation, compatible with combined facilitating and clamping functions of
Cplx1. Because action potential waveforms, Ca 2� influx, readily releasable SV pool size, and quantal size were unaltered, the reduced
synaptic strength in the absence of Cplx1 is most likely a consequence of a decreased release probability, which is caused, in part, by less
tight coupling between Ca 2� channels and docked SV. We found further that the excessive asynchronous release in Cplx1-deficient
calyces triggered aberrant action potentials in their target neurons, and slowed-down the recovery of EPSCs after depleting stimuli. The
augmented asynchronous release had a delayed onset and lasted hundreds of milliseconds, indicating that it predominantly represents
fusion of newly recruited SVs, which remain unstable and prone to premature fusion in the absence of Cplx1.
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Introduction
The fusion of synaptic vesicles (SVs) at chemical synapses is an
exquisitely fast and precisely controlled process. Triggered by
local Ca 2� domains that build-up near open Ca 2� channels after
arrival of a presynaptic action potential (AP), the probability of
SV fusion increases transiently more than 100,000-fold for less
than 1 ms. This requires the transmitter release machinery to be
in a very responsive state to be called into action with minimum
delay when [Ca 2�]i is elevated, but also to be very reluctant to

operate at resting [Ca 2�]i to minimize uncoordinated fusion
events in the absence of presynaptic APs.

To achieve such speed and temporal precision, presynaptic
terminals maintain a pool of readily releasable SVs (RRP) which
are docked and primed in close proximity to voltage-gated Ca 2�

channels (VGCCs). A brief Ca 2� transient together with the
highly nonlinear Ca 2� sensitivity of the machinery for SV fusion
guarantees a rapid and short-lived release transient. Generating
the RRP and stabilizing primed SVs in a highly fusogenic state
critically depends on numerous regulatory proteins (for review,
see Wojcik and Brose, 2007; Südhof and Rothman, 2009; Südhof
and Rizo, 2011). Among those are complexins (Cplxs), small
hydrophilic proteins that bind to assembled SNARE complexes
(McMahon et al., 1995; Reim et al., 2001; Chen et al., 2002).
Mammalian Cplxs, of which four paralogues are known (Cplx1–
Cplx4; McMahon et al., 1995; Reim et al., 2005), operate at a
postpriming step in SV fusion and their loss causes profound
deficits in release probability (Reim et al., 2001; Xue et al., 2007,
2008). Cplxs also regulate SV priming in certain synapses (Yang
et al., 2013), and they can exert an inhibitory “clamp-like” effect on
transmitter release, depending on the species, Cplx variant, or syn-
apse type studied (Huntwork and Littleton, 2007; Xue et al., 2009).

So far, most studies on the role of Cplxs in mammalian syn-
apse function have relied on cultured neurons, heterologous ex-
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pression systems, or membrane fusion assays in vitro, whereas
little is known about their role in native synapses. We therefore
investigated the function of Cplx1 at the mouse calyx of Held, a
glutamatergic synapse of the mammalian brainstem, during syn-
apse maturation from postnatal day (P)8 –P21. Because of the
large size of its presynaptic terminal, this synapse allows one to
directly study functional presynaptic parameters, such as Ca 2�

influx, AP waveform, RRP size, and Ca 2� influx-release cou-
pling. We show that genetic deletion of Cplx1 results in a devel-
opmentally exacerbating phenotype of reduced spontaneous and
evoked synaptic transmission at resting synapses, but excessive
asynchronous release following synaptic stimulation. Our find-
ings indicate that: (1) Cplx1 enhances spontaneous and evoked
transmitter release at the calyx by increasing the fusogenicity of
SVs, (2) Cplx1 stabilizes newly primed SVs and thereby prevents
their premature release, and (3) Cplx1 is required to achieve the
tight colocalization between VGCCs and docked SVs that is ob-
served in mature calyces, as SV fusion remains highly sensitive to
the slow Ca 2� chelator EGTA in the absence of Cplx1.

Materials and Methods
Animals and genotyping. The generation of Cplx1 knock-out mice was
described previously (Reim et al., 2001). Cplx1 deficient mice were back-
crossed for at least eight generations into the C57BL/6N genetic back-
ground. PCR genotyping was performed with primers 1118/1119 for
wild-type (wt) mice and 1111/1112 for Cplx1 �/� mice sequences (1118,
AGT ACT TTT GAA TCC CCT GGT GA; 1119, TAG CTA TCC CTT
CTT GTC CTT GTG;1111, CGC GGC GGA GTT GTT GAC CTC
G;1112, CTG GCT TGT CCC TGA ATC CTG TCC). Homozygous
Cplx1 �/�, Cplx1 �/�, and heterozygous Cplx1 �/� littermates, as well as
a limited number of C57BL/6N mice at the age of P8 –P30 were included
in this study. All experiments complied with national animal care guide-
lines (LAVES permit 33.9-42502-04-13/1359).

Slice preparation. Cplx1 �/� and Cplx1 �/� littermates of either sex
were used for most of the experiments. For comparison, some recordings
were also obtained from wt C57BL/6N mice of either sex. Brainstem
slices were prepared as described previously (Taschenberger and von
Gersdorff, 2000). After decapitation, the whole brain was immediately
immersed into ice-cold low-Ca 2� artificial CSF (aCSF) containing the
following (in mM): 125 NaCl, 2.5 KCl, 3 MgCl2, 0.1 CaCl2, 10 glucose, 25
NaHCO3, 1.25 NaH2PO4, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-
pyruvate at pH 7.3 when bubbled with carbogen (95% O2, 5% CO2). The
brainstem was glued onto the stage of a VT1000S vibratome (Leica), and
200-�m-thick coronal slices containing the medial nucleus of the trape-
zoid body (MNTB) were cut. Slices were incubated for 30 – 40 min at
35°C in a chamber containing normal aCSF and kept at room tempera-
ture (RT; 21–24°C) for up to 5 h thereafter. The composition of normal
aCSF was identical to that of low-Ca 2� aCSF, except that 3 mM MgCl2
and 0.1 mM CaCl2 were replaced with 1 mM MgCl2 and 2 mM CaCl2.

Electrophysiology. Whole-cell patch-clamp recordings were made from
calyx of Held terminals and principal neurons (PNs) of the MNTB using
an EPC-10 amplifier controlled by “Pulse” or “PatchMaster” software
(HEKA Elektronik). Sampling intervals and filter settings were 20 �s and
5.0 kHz, respectively. Cells were visualized by infrared-differential inter-
ference contrast microscopy through 40� or 60� water-immersion ob-
jectives using an upright BX51WI microscope (Olympus). During
experiments, slices were continuously perfused with normal aCSF solu-
tion. All experiments were performed at RT.

Presynaptic recordings. Presynaptic patch pipettes were pulled from
borosilicate glass (Science Products) on a P-87 micropipette puller (Sut-
ter Instrument) and coated with dental wax to reduce stray capacitance.
Open tip resistance was 4 –5 M�. Access resistance (Rs) was �20 M� and
routinely compensated by 50 – 60% during presynaptic voltage-clamp
experiments. The holding potential (Vh) was �80 mV. For measuring
presynaptic ICa(V) and changes in membrane capacitance (�Cm), pi-
pettes were filled with a solution containing the following (in mM): 140
Cs-gluconate, 20 TEA-Cl, 10 HEPES, 5 Na2-phosphocreatine, 5 ATP-

Mg, 0.3 GTP, pH 7.3, with CsOH. The pipette solution was supple-
mented with varying concentrations of the Ca 2� buffer EGTA (0.5 or 5
mM). During experiments, slices were continuously perfused with 1 �M

TTX, 1 mM 4-AP, and 40 mM TEA-Cl to suppress voltage-gated Na � and
K � currents. Liquid junction potentials were not corrected. Changes in
membrane capacitance (�Cm ) were monitored using the Sine�DC tech-
nique (Lindau and Neher, 1988) with a software lock-in amplifier (im-
plemented in HEKA Pulse/PatchMaster) by adding a 1 kHz sinewave
voltage command (peak-to-peak amplitude �35 mV) to Vh. To avoid a
contamination of �Cm estimates after long-lasting presynaptic depolar-
izations with small Cm transients unrelated to SV exocytosis (Yamashita
et al., 2005), �Cm was estimated from the averaged Cm values during
50 –100 ms after the end of the depolarizations. The number of SVs was
estimated by the following equation: N � �Cm /(Cms � �d 2), where
Cms � �d 2 is the average capacitance contribution from a single SV
given the values of typical membrane capacitance (Cms) with 10 fF/�m 2

and an averaged SV diameter (d) with 	50 nm, yielding an estimation of
single SV capacitance contribution of 	80 aF (Taschenberger et al., 2002;
He et al., 2006, 2009; Sakaba, 2006). Presynaptic recordings with a leak
current 
200 pA were excluded from the analysis. Calyceal APs were
elicited by afferent fiber stimulation via a bipolar stimulation electrode
placed halfway between the brainstem midline and the MNTB. Stimula-
tion pulses (100 �s duration) were applied using a stimulus isolator unit
(AMPI), with the output voltage set to 1–2 V above threshold for AP
generation (�25 V) to exclude stimulation failures at higher frequencies.
Calyceal APs were measured in the current-clamp mode of the EPC-10
after adjusting the fast-capacitance cancellation while in cell-attached
mode using pipettes that were filled with a solution consisting of the
following (in mM): 100 K-gluconate, 60 KCl, 10 HEPES, 0.5 EGTA, 5
Na2-phosphocreatine, 4 ATP-Mg, 0.3 Na2-GTP, pH 7.3 with KOH.

Postsynaptic recordings. For postsynaptic recordings, patch pipettes
were pulled from thin-walled glass (World Precision Instruments) on a
PIP-5 puller (HEKA Elektronik). Open-tip resistance was 2.5–3.5 M�. Rs

ranged from 4 to 7 M�. Rs compensation was set to �84% (2 �s delay).
The holding potential was �70 mV. For measuring postsynaptic APs,
pipettes were filled with a solution consisting of the following (in mM):
100 K-gluconate, 60 KCl, 5 Na2-phosphocreatine, 10 HEPES, 5 EGTA,
0.3 Na2-GTP, and 4 ATP-Mg, pH 7.3, with KOH. For EPSC recordings,
pipettes were filled with a solution consisting of the following (in
mM): 140 Cs-gluconate, 20 TEA-Cl, 10 HEPES, 5 EGTA, 5 Na2-
phosphocreatine, 5 ATP-Mg, 0.3 GTP, pH 7.3, with CsOH. No correc-
tions were made for liquid junction potentials.

EPSCs were elicited by afferent fiber stimulation as described above.
For each AP-evoked EPSC (eEPSC) the series resistance (Rs) value was
updated and stored with the data using the automated Rs compensation
routine implemented in Pulse.

Immunostaining. Freshly dissected brains from P8, P16, and P21
Cplx1 �/� and Cplx1 �/� littermates were gently removed and fixed at
room temperature for 2 h in 4% paraformaldehyde (PFA) PBS. Thereaf-
ter, the brains were immersed overnight at 4°C in 4% PFA PBS. Fifty-
micrometer-thick coronal sections of the MNTB were cut at 0°C and
placed onto SuperFrost microscope slides (Fisher Scientific). After cut-
ting, MNTB slices were washed three times for 10 min each time in PBS
and incubated for 1 h in goat serum dilution buffer (GSDB; 16% normal
goat serum, 450 mM NaCl, 0.3% Triton X-100, 20 mM phosphate buffer,
pH 7.4) in a wet chamber at room temperature. Primary antibodies were
dissolved in GSDB buffer and applied overnight at 4°C in a wet chamber.
After washing three times for 10 min each time (wash buffer: 450 mM

NaCl, 20 mM phosphate buffer, 0.3% Triton X-100), the tissue was incu-
bated with secondary antibodies in GSDB in a wet, light-protected cham-
ber for 1 h at room temperature. Then, the preparations were washed
three times for 10 min each time in wash buffer and one time for 10 min
in 5 mM phosphate buffer, placed onto the glass microscope slides with a
drop of fluorescence mounting medium (Dako), and covered with thin
glass coverslips. The following antibodies were used: rabbit anti-Cplx1/2
(1:300 –700; Synaptic Systems), guinea pig anti-vesicular glutamate
transporter 1 (VGLUT1; 1:4000; Synaptic Systems), and secondary Alex-
aFluor 488- and AlexaFluor 568-labeled antibodies (1:200; Invitrogen).
All immunostaining experiments were repeated at least three times.
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Confocal microscopy and image analysis. Confocal images were ac-
quired using a laser-scanning confocal microscope (Leica TCS SP5, Leica
Microsystems) with 488 nm (Ar) and 561 nm (He-Ne) lasers for excita-
tion and 10� air or 40�/63� oil-immersion objectives. To produce
three-dimensional reconstructions of the specimen, a z-axis stack of two-
dimensional images was taken with a step size of 0.2 �m at a pixel size of
0.09 � 0.09 �m 2. Images were processed using ImageJ and assembled for
display in Adobe Photoshop software.

Immunoblotting. Brain tissue extracts of the MNTB from P8, P16, P21
wt C57BL/6N mice and P17 Cplx1 �/�, and Cplx1 �/� littermates (5– 8
animals per age group) were analyzed by SDS-PAGE and Western blot-
ting using standard procedures. Immunoreactive proteins were visual-
ized with ECL (GE Healthcare). The following antibodies were used:
polyclonal rabbit antibodies to Cplx1/2 (1:2500, Synaptic Systems),
Cplx3 (1:500), and Cplx4 (1:500; Reim et al., 2005), as well as monoclonal
antibodies to Syntaxin 1 (1:20,000), SNAP25 (1:10 6), and Synaptobrevin
2 (1:7500) which were obtained from Synaptic Systems. Expression levels
were normalized to those of tubulin (1: 20,000, Sigma-Aldrich), which
served as loading control. ECL films were scanned and signal intensities
were estimated with Igor Pro (Wavemetrics). All Western blot experi-
ments were repeated three times.

Reverse transcription and real-time PCR. Brain tissue of the cochlear
nucleus region was dissected from P16 –P18 C57BL/6 mice (5– 8 animals
per experiment), followed by total RNA extraction with TRIzol reagent
(Invitrogen). Reverse transcription (1 h at 42°C and 10 min at 70°C) of
the total RNA (800 ng, 1 �g per sample) was performed in first-strand
cDNA synthesis mix containing the following (after the final dilution; in
mM): 50 Tris-HCl, 75 KCl, 5 MgCl2, and 5 DTT adjusted to pH 8.3 and
100 U of SuperScript II reverse transcriptase (Invitrogen), 40 U of RNase-
OUT ribonuclease inhibitor (Invitrogen), as well as 12.5 ng/�l oligo-dT
primers (Invitrogen). Real-time PCRs were performed in triplicate for
each gene transcript using the Qiagen QuantiTect master mix. Quanti-
tative PCR (qPCR) was done using a Mastercycler ep realplex (Eppen-
dorf) system, with Cplx1– 4 probes (QT02332687; QT00494662;
QT00123025; QT00133805) and the house keeping gene Hprt1 (F: CTG
GTG AAA AGG ACC TCT CGA AG; R, CCA GTT TCA CTA ATG ACA
CAA ACG) with temperature cycles of 95°C for 10 min initially, followed
by 40 cycles at 95°C (15 s each) and 60°C (1 min each). In the fluorescence
reporter plot, the cycle threshold (CT) was defined in the exponential
phase of the amplification curve, at a level of 0.2 fluorescence units. A plot
of CT value versus the logarithm of the input amount of total RNA was
fitted with a line to estimate the amplification efficiency of each probe. All
quantitative PCR experiments were repeated three times.

Off-line analysis. Off-line analysis was performed using Igor Pro
(Wavemetrics) and “R” (R Core Team, 2014). After correction for re-
maining series-resistance errors (Traynelis, 1998) using the Rs values
stored in the data files (assuming a linear I–V relationship with a reversal
potential of 0 mV), EPSCs were offset corrected and low-pass filtered
(fcutoff � 5 kHz) using a 10-pole software Bessel filter. Miniature EPSCs
(mEPSCs) were detected using a sliding template algorithm (Jonas et al.,
1993; Clements and Bekkers, 1997). All data are presented as mean �
SEM. Statistical significance of difference was evaluated with the two-
tailed unpaired Student’s t test and p � 0.05 was taken as the level of
statistical significance.

Results
Cplx1 is the predominant Cplx isoform at calyx of Held
terminals
Four Cplx genes (Cplx1– 4) encode four Cplx isoforms in the
mammalian CNS (McMahon et al., 1995; Reim et al., 2001,
2005). Cplx1 and Cplx2 share 86% protein sequence identity and
are ubiquitously expressed in most brain regions with overlap-
ping expression patterns. During development, Cplxs are first
detectable at P6 in the rat brain and their expression increases to
reach a plateau at 	20 d after birth, when most synapses have
been formed (Ishizuka et al., 1997; Reim et al., 2005). To clarify
which Cplx isoforms are expressed at the calyx of Held synapse,
we performed Western blot analyses (Fig. 1A). Protein extracts

were obtained from small tissue samples containing the MNTB
region, which were cut out from acute brainstem slices of P17
Cplx1�/� and wt littermates. For comparison, protein extracts
from whole-brain (P2 fraction) and retina were included in the
analysis. These experiments revealed that among all Cplxs, Cplx1
is the predominantly expressed paralog in the MNTB region, and
only minor coexpression of Cplx2 was detected. Although the
antibody against Cplx1 is not isoform-specific and cross-reacts
with Cplx2, both proteins can be discriminated by their different
molecular weight (Fig. 1A). Cplx3 or Cplx4 expression was not
detectable in the MNTB region, but the two proteins were readily
detected in retina samples (Reim et al., 2005). Notably, the ex-
pression of Cplx1 was completely abolished in Cplx1�/� mice
and no compensatory upregulation of Cplx2 was observed. We
also examined the expression of several key synaptic proteins,
including Syntaxin 1, SNAP 25, and Synaptobrevin 2, to assess
possible changes in protein composition in Cplx1�/� MNTB
synapses. As shown in Figure 1A, the analyzed neuronal SNARE
complex components were expressed in the MNTB and their
levels of expression were found unaltered in Cplx1�/� samples.

Because the protein extract of the tissue samples subjected to
Western blot analysis contained presynaptically as well as post-
synaptically expressed proteins of a nonhomogenous cell popu-
lation, the described expression pattern may not necessarily
reflect the protein expression levels in presynaptic calyces. There-
fore, we used quantitative real-time PCR to examine the Cplx
expression pattern at the mRNA level. Because calyx terminals
originate from the globular bushy cells in the respective con-
tralateral anteroventral cochlear nucleus (AVCN; Harrison and
Irving, 1966; Kuwabara et al., 1991), the ACVN region was dis-
sected out from P16 –P18 wt mice to collect mRNA from bushy
cell somata. After mRNA extraction and reverse transcription,
qPCR analysis was performed. Cplx1, Cplx2, Cplx3, and Cplx4
probes were included in the reactions to validate their relative
expression levels. Figure 1B illustrates that the expression level of
Cplx1 was 12 times higher than that of Cplx2 (p � 0.01), whereas
Cplx3/4 expression was undetectable. These data agree with pre-
vious studies showing strong expression of Cplx1 in the cochlear
nucleus by in situ hybridization (Freeman and Morton, 2004) or
immunocytochemistry (Strenzke et al., 2009). Together with the
Western blot analysis described above, these results show that
Cplx1 is the dominant Cplx isoform present at calyx of Held
terminals.

To characterize the cellular and subcellular distribution of
Cplxs in the MNTB, we performed immunocytochemical analy-
ses of P14 and P21 MNTB slices (Fig. 1C). Colabeling with an
antibody against the presynaptic marker protein Vglut1 (vesicular
glutamate transporter 1) revealed strong Cplx1/2 immunoreactivity
in P14 and P21 calyx terminals. Interestingly, immunolabeling was
present not only in presynaptic calyces but also in MNTB PNs.
Using the same antibody, strong Cplx1/2 immunoreactivity of
somata has been reported before for spiral ganglion neurons and
PNs of the cochlear nucleus (Strenzke et al., 2009), and for
retinal ganglion cells (Reim et al., 2005). We therefore con-
clude that Cplx1/2 are expressed presynaptically as well as
postsynaptically within the MNTB. The abundant expression
of Cplx1/2 in the MNTB PNs raises the possibility that genetic
ablation of Cplx1 may not only affect presynaptic but also
postsynaptic function.

Synaptic strength is reduced in calyx synapses of Cplx1�/� mice
Because Cplx1 is by far the most highly expressed Cplx isoform in
calyx of Held synapses and because genetic ablation of Cplx1

8274 • J. Neurosci., May 27, 2015 • 35(21):8272– 8290 Chang et al. • Complexin 1 Function at the Calyx of Held Synapse



Figure 1. Analysis of Cplx expression in the mouse MNTB. A, P2 fraction from adult brain and tissue homogenates from adult retina and the MNTB region of the superior olivary complex
(SOC) cut out from acute brainstem slices of P17 Cplx1 �/� and Cplx1 �/� littermates (10 �g per lane) were analyzed by SDS-PAGE using antibodies against Cplx1/2, Cplx3, and Cplx4,
as well as antibodies against the presynaptic marker proteins Syntaxin 1AB, Synaptobrevin 2, and SNAP 25. B, Validation of mRNA expression level of different Cplx isoforms in the AVCN
region cut out from acute brainstem slices of P16 –P18 Cplx1 �/� mice by quantitative real-time PCR. The expression level was calculated according to 2��Ctgene�Cthprt1, where Ctgene
and Cthprt1 represent the threshold levels of detection for the genes tested and for the housekeeping gene, respectively. The relative expression was then obtained by normalizing the
expression levels to that of the housekeeping gene hprt1 (n � 3; technical replicates). C, Cplx1/2 localization patterns in the developing mouse calyx of Held. Immunofluorescence images
representing projections of confocal sections of MNTB Cplx1 �/� mice costained with an anti-Cplx1/2 antibody (green, left), and an anti-Vglut1 antibody (red, middle) at P14 and P21.
Cplx1/2 immunofluorescent MNTB PNs are surrounded by ring-like Cplx1/2- and Vglut1-positive structures representing calyx terminals. Right, The corresponding overlay images.
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expression did not result in compensatory upregulation of other
Cplxs in the MNTB (Fig. 1A), we used Cplx1�/� mice as a model
to examine the role of Cplx1 in synaptic transmission at this
synapse. We first recorded AP-evoked EPSCs elicited by afferent
fiber stimulation in wt and Cplx1�/� synapses during postnatal
development from P8 to P30 to test for changes in synaptic
strength. Synaptic transmission was detectable at all ages tested as
indicated by the presence of eEPSCs. Representative examples of
eEPSCs recorded at three different ages in wt and Cplx1�/� mice
are illustrated in Figure 2A. Synaptic strength was essentially un-
changed in young (�P12) Cplx1�/� synapses compared with wt
synapses (Fig. 2A, left). However, eEPSC amplitudes of Cplx1�/�

synapses started to decline strongly at the age of P14 and were
severely reduced compared with those of wt mice at the age of
P20 –P30 (Fig. 2A, middle and right). Figure 2B illustrates AP-
evoked EPSC amplitudes as a function of postnatal age for a
developmental range from P14 to P21. Linear regression analysis
of the scatter plot revealed a gradual decline of the mean eEPSC
amplitude in Cplx1�/� calyx synapses from �9.8 nA (P14) to
�2.1 nA (P21) (Pearson’s r � 0.55, p � 0.001), whereas the mean
eEPSC amplitudes of wt mice increased slightly [from �11.8 nA
(P14) to �12.1 nA (P21); Joshi and Wang, 2002]. Despite con-
siderable synapse-to-synapse variability, eEPSC amplitudes were
on average reduced to 	37% in P16 –P21 Cplx1�/� calyx syn-
apses compared with wt calyx synapses (Table 1). Because synap-
tic strength did not appear to be altered in Cplx1�/� calyx
synapses at P14 and younger ages, we subsequently focused pri-
marily on the characterization of synaptic transmission in
posthearing-onset Cplx1�/� calyx synapses (P16 –P21).

When comparing eEPSC waveforms, we noticed that the time
course of eEPSC of Cplx1�/� calyx synapses was slightly slower
than that of wt calyx synapses. This observation prompted us to
analyze the eEPSC kinetics of Cplx1�/� synapses in more detail.
During early postnatal development of calyx synapses, the decay
time course of their AMPA receptor (AMPAR)-mediated eEPSCs
accelerates markedly. This acceleration of the eEPSC kinetics,
which is mainly caused by changes in the expression pattern of
AMPARs during development, plays an indispensable role in the
refinement of high-fidelity transmission at mature calyx of Held
synapses (Taschenberger and von Gersdorff, 2000; Iwasaki and
Takahashi, 2001; Koike-Tani et al., 2005). We found the kinetics
of eEPSCs in Cplx1�/� calyx synapses to be slightly but consis-
tently slower compared with that of wt synapses, as indicated by
the slower rise times, slower weighted decay time constants and
larger half-width values in Cplx1�/� synapses (Table 1). Because
the time course of eEPSCs is in part determined by the synchrony
of SV fusion (Diamond and Jahr, 1995; Isaacson and Walmsley,
1995; Taschenberger et al., 2005) in addition to the postsynaptic
AMPAR kinetics, it is possible that genetic ablation of Cplx1
affects the synchrony of the vesicular release process in Cplx1�/�

synapses. We therefore analyzed the time course of transmitter
release in P16 –P21 calyx synapses by deconvolving the wave-
forms of eEPSCs with those of the corresponding mEPSCs ob-
tained from the same synapses. Deconvolution of eEPSCs was
performed in the frequency domain using fast Fourier transform
routines yielding the time course of quantal release. As shown in
Table 1, the peak release rates of wt synapses were 
2.5 times
higher than those of Cplx1�/� synapses. In addition, the late
component of synchronous release decayed slightly more slowly
in Cplx1�/� synapses (data not shown), consistent with a stron-
ger contribution of delayed release to the AP-evoked release tran-
sient in these synapses.

Figure 2. Pronounced developmental decline of synaptic strength in calyx synapses of Cplx1 �/�

mice. A, Families of representative EPSCs evoked by afferent fiber stimulation and recorded at various
Vh rangingfrom�70to�70mV(20mVincrements) incalyxsynapsesofCplx1 �/�miceatP9,P21,
and P29 (A1) and Cplx1 �/� mice at P11, P20, and P30 (A2). Insets, Top right and top middle show
the same traces from the corresponding Cplx1 �/� synapses drawn at scale to facilitate comparison.
In both, wt and Cplx1 �/� calyx synapses, NMDAR-mediated EPSC components are strongly reduced
after P10 and virtually undetectable at 	P30. B, Left, Scatter plots of AMPA EPSC peak amplitudes
versus age for wt (B1) and Cplx �/� (B2) mice. Right, Corresponding frequency distribution of EPSC
peak amplitudes. Because EPSC amplitudes recorded in Cplx1 �/� mice (light gray circles) were sta-
tistically not different from those obtained in wt C57BL6N mice (dark gray circles) the results were
pooled. Solid and dotted lines represent linear regressions and 95% confident intervals, respectively.
On average, amplitudes increased slightly (	50 pA/d) in wt (B1) but showed a pronounced decrease (	1
nA/d) in Cplx1�/� mice (B2) during postnatal week 3. C, Mean EPSC amplitudes. Bar graphs represent
summary data for P16 –P21 Cplx1�/� (red) and wt (gray) mice. Number of synapses tested as indicated.
ForP16 –21synapses,theaverageEPSCamplitudeswerereducedby	63%inCplx1�/�synapses.
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Mechanisms underlying the reduced synaptic strength in
Cplx1 �/� calyces
Several mechanisms upstream or downstream of SV fusion con-
tribute to the regulation of synaptic strength, including changes
in presynaptic Ca 2� influx and AP waveform, which both can
result in altered presynaptic release probability (p), alterations in
the size of the RRP (N), or changes in quantal size (q). Previous
work indicates that Cplx deletion primarily affects presynaptic
release probability (Reim et al., 2001). However, in none of the
previously studied preparations, functional presynaptic parame-
ters, such as Ca 2� influx, AP waveform, or RRP size could be
measured directly. Taking advantage of the large size of the calyx
terminal, we studied these properties by direct presynaptic re-
cordings from calyx terminals to clarify the mechanisms under-
lying the reduced synaptic strength in Cplx1�/� calyx synapses.

Quantal size
To exclude the possibility that a decline in synaptic strength
and/or the slowing of eEPSCs was in part mediated by an altered
size and/or changed kinetics of quantal events, we first compared
spontaneous miniature EPSCs (mEPSCs) in Cplx1�/� and wt
calyx synapses. Amplitudes and decay time constants of the
mEPSCs were found unaltered (Table 1; Fig. 3A,D,E), indicating
that removal of Cplx1 is unlikely to affect SV filling and/or the
composition or density of postsynaptic AMPARs at the calyx of
Held synapse. However, we noticed that the mEPSC frequency
was significantly reduced in Cplx1�/� compared with wt calyx
synapses (Table 1; Fig. 3B,C), which may be indicative of a re-
duced presynaptic release probability in calyx synapses of
Cplx1�/� mice. This result of reduced mEPSC frequency in
Cplx1�/� calyx synapses is in sharp contrast to studies on Dro-
sophila neuromuscular synapses, where Cplx deletion causes a
20-fold increase in spontaneous release rate (Huntwork and
Littleton, 2007). Interestingly, the differences in mEPSC fre-
quency between Cplx1�/� and wt calyx synapses diminished
when raising external Ca 2� from 2 to 6 mM (Fig. 3E, right;
p � 0.6).

When plotting the rate of spontaneous release as a function of
age, we found opposite developmental trends for the mEPSC
frequency in wt compared with Cplx1�/� synapses (Fig. 3B).
Although the mEPSC frequency increased slightly during post-
natal maturation in wt synapses, a decrease with age was found in
Cplx1�/� synapses (Spearman’s rank correlation � � �0.267,
p � 0.041). Together, these findings indicate that the reduction of
synaptic strength in Cplx1�/� mice is mainly caused by changes
in transmitter release rather than in quantal size.

Presynaptic Ca 2� influx and size of the readily releasable pool
To test whether genetic deletion of Cplx1 expression can alter
VGCC function and/or the number of releasable SVs, we re-
corded presynaptic voltage-gated Ca 2� currents (ICa(V)) and
changes in membrane capacitance (�Cm) by directly voltage-
clamping wt and Cplx1�/� calyx terminals. As shown in Figure
4A,C,E, peak amplitudes of ICa(V) in Cplx1�/� calyces were es-
sentially unchanged compared with wt calyces. In both, Cplx1�/�

and wt mice, the calyceal ICa(V) increased during development, such
that mean amplitudes of ICa(V) amounted to �0.96 � 0.05 nA at
P8–P12 (n � 27) and �1.49 � 0.08 nA at P16–P20 (n � 20) for wt
terminals and �1.06 � 0.07 nA at P8–P12 (n � 30) and �1.44 �
0.09 nA at P16–P20 (n � 28) for Cplx1�/� terminals. This result
indicates that Cplx1 is not involved in regulating the number of
presynaptically expressed VGCCs.

Next, we tested whether the size of the RRP is altered in
Cplx1�/� synapses. We used presynaptic �Cm measurements in
voltage-clamped calyx terminals of wt and Cplx1�/� mice and
evoked SV fusion by step depolarizations of 1–50 ms duration
(from Vh� �80 to 0 mV) to gradually deplete the RRP. Example
traces obtained during such experiments are shown in Figure 4A.
�Cm values were converted into SV numbers by assuming a single
SV capacitance of 80 aF (see Materials and Methods). Consider-
ing that the reduction of synaptic strength in Cplx1�/� calyx
synapses appeared relatively late during development, we catego-
rized the experiments into two age groups (P8 –P12 and P16 –
P20). In Figure 4D, �Cm values are plotted against the duration of

Table 1. Functional parameters of synaptic transmission in P16 –21 Cplx1 �/� and Cplx1 �/� mouse calyx of Held synapses

Parameter Cplx1 �/� Cplx1 �/�
Statistical significance of
differences in mean

eEPSC peak amplitude �11.88 � 0.06 nA (n � 86) �4.37 � 0.04 nA (n � 83) p � 0.001
eEPSC rise time (20 – 80%) 148 � 2 �s (n � 86) 154 � 3 �s (n � 83) n.s.
eEPSC weighted �decay 419 � 11 �s (n � 85) 440 � 14 �s (n � 83) n.s.
eEPSC half-width 517 � 8 �s (n � 86) 552 � 12 �s (n � 83) p � 0.015
mEPSC peak amplitude �62.1 � 2.9 pA (n � 39) �63.6 � 2.4 pA (n � 55) n.s.
mEPSC weighted �decay 240 � 8 �s (n � 39) 238 � 6 �s (n � 55) n.s.
mEPSC frequency 4.79 � 0.43 s �1 (n � 39) 2.14 � 0.19 s �1 (n � 55) p � 0.001
Peak release ratea 823 � 62 SV/ms (n � 24) 309 � 36 SV/ms (n � 36) p � 0.001
Quantal content mb 287 � 21 SV (n � 38) 113 � 13 (n � 55) p � 0.001
Presynaptic ICa(V)

c �1.49 � 0.08 nA (n � 20) �1.44 � 0.09 nA (n � 28) n.s.
RRP sized 351 � 51 fF � 4388 � 638 SV (n � 13) 368 � 39 fF � 4600 � 488 SV (n � 18) n.s.
Release probability pr

e 13.1 � 1.0% (n � 38) 4.9 � 0.6% (n � 55) p � 0.001
Asynchronous release ratef after

high-frequency trains of: 100 Hz 93 � 17 SV/s (n � 28) 1188 � 92 SV/s (n � 44) p � 0.001
200 Hz 147 � 26 SV/s (n � 32) 1832 � 143 SV/s (n � 47) p � 0.001
300 Hz 125 � 37 SV/s (n � 15) 2132 � 172 SV/s (n � 43) p � 0.001

n.s., Not significant.
aPeak release rates were obtained by deconvolving eEPSCs with the respective mEPSC waveforms (see Materials and Methods).
bm was calculated as the peak amplitude ratio eEPSCs/mEPSC and corrected with a factor of 1.4 to account for dispersion of release (Taschenberger et al., 2005).
cPeak ICa( V ) values were obtained from currents evoked by step depolarizations of �10 ms.
dRRP size represents the sum of fast and slowly releasing vesicles as described by Sakaba and Neher (2001a) and was estimated from �Cm measured in response to 50 ms step depolarizations.
epr was calculated as the ratio of m/(0.5 � RRP), assuming that those vesicles that contribute to synchronous AP-evoked release account for 	50% of the total RRP (“fast releasing vesicles”; Sakaba and Neher, 2001a).
fAsynchronous release rates were obtained from line fits to the cumulative release measured after high-frequency trains (Fig. 7B) during a 100 ms interval starting 25 ms after the end of stimulation.
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the presynaptic depolarization. �Cm increased steeply as the du-
ration of depolarization was extended up to 	10 ms. Longer step
depolarizations resulted in further but smaller increases in �Cm.
The relationship between exocytosis and the duration of depolar-
ization was well approximated by a bi-exponential function, in-
dicating heterogeneity among readily releasable SVs, reminiscent
of the fast and slowly releasable pools described by Sakaba and
Neher (2001a). For simplicity, we approximated the total RRP
(sum of fast and slowly releasable SVs) by the �Cm value measured
after a 50 ms depolarization. This value may be an overestimation if
significant SV pool replenishment occurs within the 50 ms step. On
the other hand, ongoing endocytosis may lead to an underestima-
tion of the RRP by �Cm measurements. After converting the �Cm

values into SV numbers, we estimated that Cplx1�/� terminals har-

bor a RRP of 	2720 SVs (218 � 12 fF, n � 30) and 4600 SVs (368 �
39 fF, n � 18) at P8–P12 and P16–P21, respectively. These results
are similar to those obtained from wt mice with an average 	2560
SVs (207 � 17 fF, n � 27) and 4388 SVs (351 � 51 fF, n � 13) at
P8–P12 and P16–P21, respectively (Fig. 4D,F; Taschenberger et al.,
2002; Lin et al., 2011). Thus, presynaptic capacitance recordings
yielded no evidence in favor of an altered RRP size in Cplx1�/�

calyces, indicating that the decrease in synaptic strength is mainly
caused by a decrease in release probability.

Calyceal AP waveform and Ca 2� influx-secretion coupling
The presynaptic AP waveform is a strong regulator of release
probability. AP broadening can increase the number of VGCCs
that open during the AP and prolong their open time, and
thereby increase presynaptic Ca 2� influx (Sabatini and Regehr,
1997; Borst and Sakmann, 1999). Therefore, we tested whether
the calyceal AP waveform is changed in Cplx1�/� synapses. Pre-
synaptic APs were evoked by afferent fiber stimulation in P16 –
P21 Cplx1�/� or wt calyces, and recorded in current-clamp
mode. As illustrated in Figure 5A, AP waveforms were similar in
Cplx1�/� (n � 7) and wt (n � 8) calyces (AP amplitude: 112.8 �
0.3 mV in Cplx1�/� vs 115.2 � 0.2 mV in wt, AP half-width:
262 � 13 �s in Cplx1�/� vs 260 � 14 �s in wt; Fig. 5B,C). Thus,
changes in AP waveform are unlikely to contribute to the reduced
synaptic strength in Cplx1�/� synapses.

During postnatal maturation of calyx synapses, a tighter spa-
tial coupling between VGCCs and docked SVs seems to compen-
sate for the briefer mature AP waveform that leads to reduced
Ca 2� influx (Taschenberger and von Gersdorff, 2000; Nakamura
and Takahashi, 2007). The tighter colocalization between VGCCs
and docked SVs exposes the latter to higher local-domain Ca 2�

concentrations (Wang et al., 2008; Kochubey et al., 2009; Chen et
al., 2015; Nakamura et al., 2015). We therefore considered that
genetic ablation of Cplx1 expression could interfere with this
developmental refinement and result in less tight spatial coupling
between VGCCs and docked SVs in Cplx1�/� synapses, which in
turn, may lower release probability (Fedchyshyn and Wang,
2005; Leão and von Gersdorff, 2009). To test this possibility, we
performed experiments to compare the effect of different con-
centrations of the slow Ca 2� chelator EGTA (0.5 mM vs 5 mM) on
SV exocytosis elicited by AP-like presynaptic depolarizations (1
ms steps from �80 to 0 mV). If VGCCs are tightly coupled to SVs,
even high concentrations of EGTA (5 mM) cannot intercept Ca 2�

ions before they reach the Ca 2� sensor of the release machinery.
Thus, if addition of 5 mM EGTA to the pipette solution effectively
attenuates release, the VGCCs are likely to be located more dis-
tantly from the SVs, providing sufficient time for EGTA to bind
Ca 2� ions in transit (Naraghi and Neher, 1997). With patch pi-
pettes containing either 5 mM or 0.5 mM EGTA, �Cm following
AP-like step depolarizations was measured in P16 –P21
Cplx1�/� and wt terminals. Figure 5D illustrates two represen-
tative recordings obtained with 5 mM EGTA. Both calyces exhibit
very different amount of exocytosis while having nearly identical
ICa(V) amplitudes. The experiments are summarized in Figure
5E,F. SV exocytosis was strongly attenuated by 5 mM EGTA in
Cplx1�/� mice (n � 12, p � 0.01) with an average capacitance
jump �Cm of 17.3 � 4.8 fF (	216 SVs, n � 15) but not in wt
terminals (�Cm of 44.7 � 2.3 fF, 	559 SVs, n � 15) of the same
age. This result indicates that the spatial coupling between
VGCCs and docked SVs is less tight in Cplx1�/� calyces. Given
the similar ICa(V) amplitudes, this may, in part, account for a
lower release probability during AP-evoked release in Cplx1�/�

calyx synapses. In addition, if genetic ablation of Cplx1 interferes

Figure 3. Unaltered mEPSC amplitudes and kinetics but strongly reduced frequency of spon-
taneous mEPSC in Cplx1 �/� calyx synapses. A, Consecutive sweeps of representative mEPSC
recordings (left) and corresponding average mEPSC waveforms (right) from a P21 Cplx1 �/�

(A1, black) and a P19 Cplx1 �/� mouse (A2, red). B, Scatter plot of average mEPSCs frequencies
versus age from P14 –P21 Cplx1 �/� (n � 41; gray circles) and Cplx1 �/� (n � 59; red circles)
mice. Solid lines represent linear regressions. Note the contrasting developmental trends in
Cplx1 �/� versus Cplx1 �/� calyx synapses. C–E, Summary data showing average values for mEPSC
amplitude (C), mEPSC decay time constants (D), and for mEPSC frequency (E, left, normal Ca 2�; right,
elevated external Ca 2�) in P16 –P21 calyx synapses. Number of synapses analyzed as indicated. The
average mEPSCs frequency of Cplx1 �/� mice (red) was 	48% of that in Cplx1 �/� (gray) mice,
whereas mEPSC amplitudes and mEPSC decay kinetics were unchanged.
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with the developmental tightening of the
Ca 2� influx-release coupling in calyx ter-
minals, it is actually expected to cause
stronger functional deficits in more ma-
ture terminals (Fig. 2) because compensa-
tion for reduced Ca 2� influx due to the
briefer mature presynaptic AP waveform
can no longer occur.

Comparison of short-term plasticity in
calyx synapses of Cplx1 �/� and wt mice
Before hearing onset (P12–P13), pro-
nounced short-term depression is gener-
ally observed in calyx of Held synapses.
During maturation, the magnitude of de-
pression decreases (Taschenberger and
von Gersdorff, 2000; Iwasaki and Taka-
hashi, 2001; Joshi and Wang, 2002). To
study the effect of Cplx1 deletion on syn-
aptic plasticity, eEPSC trains evoked by
afferent-fiber stimulation at different fre-
quencies (50, 100, and 200 Hz) were re-
corded in Cplx1�/�, Cplx1�/� and wt
calyx synapses. Sample eEPSC trains are
shown in Figure 6A. Consistent with pre-
vious reports, eEPSC trains of wt calyx
synapses showed mostly depression
(Erazo-Fischer et al., 2007; Lipstein et al.,
2013). In contrast, eEPSCs of Cplx1�/�

calyx synapses (n � 50, P16 –P21) initially
strongly facilitated. The maximum facili-
tation, which usually occurred following
the second or third stimulus of the train,
was 107 � 3%, 120 � 4%, and 140 � 6%
relative to the first eEPSC amplitude (eE-
PSC1) for frequencies of 50, 100 and 200
Hz, respectively. During trains of 35 stim-
uli, eEPSCs showed less depression in
Cplx1�/� (72 � 6%, 52 � 5%, and 37 �
5% of EPSC1 for 50, 100, and 200 Hz, re-
spectively) compared with wt synapses
(25 � 2%, 17 � 1%, and 10 � 1% of
eEPSC1 for 50, 100, and 200 Hz, respec-
tively; Fig. 6B,C). Heterozygous
Cplx1�/� mice showed a moderately re-
duced eEPSC amplitude with �8.45 �
1.42 nA (n � 11, P16 –P21) but virtually
unchanged synaptic plasticity with 28 �
3%, 23 � 2%, and 14 � 1% depression at
steady-state relative to eEPSC1 for 50, 100,
and 200 Hz trains, respectively. The reduced
depression and enhanced synaptic facilita-
tion of eEPSCs during train stimulation in
Cplx1�/� synapses is consistent with a
lower release probability in these synapses.

To obtain a mean vesicular release
probability ( pr), we estimated the quan-
tal content (m) of single AP-evoked EP-
SCs in wt and Cplx1 �/� synapses. Pr can
then be obtained by dividing this quan-
tity by the total number of release-ready
SVs. Because fast, synchronous AP-
evoked release predominantly recruits

Figure 4. Unaltered voltage-gated Ca 2� currents and similar RRP size in Cplx1 �/� calyx terminals. A, SV exocytosis triggered
by presynaptic Ca 2� influx and recorded by capacitance measurements. Representative presynaptic ICa(V) and the corresponding
changes in membrane capacitance (�Cm) evoked by step depolarizations of 1, 2, 3, 5, 9, 17, 33, and 50 ms duration from Vh ��80
to 0 mV were recorded with 0.5 mM EGTA in the pipette solution in a Cplx1 �/� (A1) and a Cplx1 �/� (A2) terminal. B,C, Scatter
plots of peak amplitudes of ICa(V) (B) and corresponding maximum �Cm values (obtained from 50 ms step depolarizations) as a
function of postnatal age. Solid lines represent linear regressions. Both ICa(V) as well as exocytosis increased similarly in Cplx1 �/�

(gray circles) and Cplx1 �/� (red circles) terminals with maturation. Number of terminals tested as indicated. D, Average �Cm

values plotted as a function of step depolarization length for Cplx1 �/� (black) and Cplx1 �/� (red) terminals. Data were grouped
into two developmental stages: P8 –P10 (open symbols) and P16 –P20 (filled symbols). �Cm values were similar for wt and
Cplx1 �/� terminals throughout development. E, F, Averaged peak amplitudes of ICa(V) (E) and �Cm values (50 ms step depolar-
izations; F ) for Cplx1 �/� (black) and Cplx1 �/� (red) terminals. Number of terminals tested as indicated.
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SVs from the fast-releasing SV pool (	50% of the total RRP)
(Sakaba and Neher, 2001a; Sakaba, 2006), we divided our es-
timates for m by 50% of the total RRP (as estimated by the
average �Cm in response to a 50 ms depolarization, see above).
Consistent with the reduction of eEPSC amplitudes, pr was
	2.5-fold reduced in Cplx1 �/� mice, with an averaged value
of pr � 3.5 � 0.4% compared with pr � 9.3 � 0.6% in wt mice.
These pr values can be regarded as a lower estimate because
deriving m from eEPSC amplitudes does not take into account
the temporal dispersion of release but rather assumes that
quanta are released in perfect synchrony. Neglecting any late
quanta consequently underestimates m (Borst and Sakmann,
1996). Using the correction that was derived in a previous

study (Taschenberger et al., 2005), we therefore multiplied the
amplitude ratio eEPSC/mEPSC by a factor of 	1.4 to estimate
m (Table 1).

To test whether eEPSCs and synaptic plasticity of Cplx1�/�

calyx synapses can be rescued to a wt-like pattern (Reim et al.,
2001), we raised pr by increasing the external Ca 2� concentration
([Ca 2�]e) during the recordings. As summarized in Figure 6D–F,
eEPSC amplitudes were strongly augmented from an average
value of �1.3 � 0.2 nA to �5.1 � 1.0 nA (n � 9, p � 0.01) and
synaptic facilitation in Cplx1�/� calyx synapses was converted to
wt-like synaptic depression when we compared AP-evoked 100
Hz eEPSCs trains in normal external Ca 2� (2 mM) with those
recorded after elevating [Ca 2�]e to 4 mM.

Figure 5. Unaltered calyceal AP waveform but higher sensitivity of SV exocytosis to intracellular EGTA in P16 –P21 Cplx1 �/� calyx terminals. A, Representative presynaptic calyceal APs elicited
by afferent fiber stimulation and recorded in current-clamp configuration in a P17 Cplx1 �/� (black) and a P18 Cplx1 �/� (red) terminal. B, Average AP amplitudes (left) and AP half-widths (right)
were similar in Cplx1 �/� (black) and Cplx1 �/� (red) terminals. Number of terminals tested as indicated. C, AP waveform is stable during repetitive presynaptic high-frequency firing. AP trains
consisting of 35 APs elicited at a frequency of 100 Hz in a Cplx1 �/� (black) and a Cplx1 �/� (red) terminal. Left, The first three and last three APs in the trains. Right, The first and last AP are shown
superimposed for comparison. D–F, Presynaptic Ca 2� influx (D1, E1, F1) and SV exocytosis (D2, E2, F2) in response to AP-like depolarizations (1 ms steps to 0 mV). D, Representative recordings
from a Cplx1 �/� (black) and a Cplx1 �/� (red) terminal with 5 mM EGTA in the pipette solution. Note the similar ICa(V) but strongly attenuated �Cm in the Cplx1 �/� calyx terminal. E,F, Average
traces for ICa(V) and �Cm recorded in Cplx1 �/� (E) and Cplx1 �/� (F ) terminals with either 0.5 mM EGTA (black traces) or 5 mM EGTA (red traces) in the pipette solution. Light gray and light red areas
in (E2, F2) represent �SEM. Although exocytosis in Cplx1 �/� terminals was relatively insensitive to the slow Ca 2� chelator EGTA (E), the latter attenuated the average �Cm value by 	50% in
Cplx1 �/� terminals (F ).
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Excessive asynchronous release causes aberrant AP firing in
Cplx1 �/� calyx synapses
Following high-frequency EPSC trains, we observed excessive
asynchronous release in mature Cplx1�/� calyx synapses (P16 –
P21; Fig. 7A), that was absent from wt synapses of the same age,
and was also never observed in younger homozygous Cplx1�/�

(P8–P10), heterozygous Cplx1�/� or wt calyx synapses. The de-
layed release persisted for �500 ms after the end of the eEPSC
trains (Fig. 7A). Although observed at a variety of synapses (Goda
and Stevens, 1994; Vincent and Marty, 1996; Lu and Trussell,
2000; Otsu et al., 2004; Hefft and Jonas, 2005), asynchronous
release is generally scarce at the calyx of Held (Erazo-Fischer et al.,
2007; Scheuss et al., 2007), consistent with its role as a fast, faith-

ful, and temporally precise relay. To estimate the total number of
asynchronously released quanta after stimulus trains in Cplx1�/�

synapses, we integrated the postsynaptic current after offset correc-
tion by subtracting a single or double exponential fit to the baseline.
The baseline current, possibly generated by residual glutamate in the
synaptic cleft, was determined by dividing the current into time seg-
ments of 10 ms duration, determining the minimum absolute cur-
rent in such segments, and interconnecting these local minima.
Cumulative charges versus time are plotted in Figure 7B. Current
integrals were converted to SV numbers by division by the
average mEPSC charge (Table 1). We estimated total numbers
of 305, 492, and 562 asynchronously released SVs after 100,
200, and 300 Hz trains, respectively.

Figure 6. Reduced short-term depression during EPSC trains in P16 –P21 calyx synapses of Cplx1 �/� mice. A, Representative 100 Hz trains consisting of 35 EPSCs evoked by afferent-fiber
stimulation in a Cplx1 �/� (black), a Cplx1 � (blue), and a Cplx1 �/� (red) calyx synapse. B, C, Pooled data of eEPSC train amplitudes before (B) and after (C) normalizing to the peak of the eEPSC1

plotted against stimulus number. Stimulus trains consisted of 35 APs elicited at a frequency of 50, 100, or 200 Hz. Same color code as in A. Cplx1 �/� mice had reduced average eEPSC amplitudes
and, in contrast to Cplx1 �/� mice, showed synaptic facilitation for all stimulus frequencies tested. Slightly reduced synaptic depression is observed in heterozygous Cplx1 �/� mice. eEPSC
amplitudes were obtained from averages of at least five repetitions per synapse and stimulus frequency. D–F, Short-term plasticity in Cplx1 �/� synapses is largely restored to wt-like pattern by
raising external [Ca 2�]. D, Representative 100 Hz eEPSC trains recorded in a Cplx1 �/� synapse in normal (D1; 2 mM), as well as elevated (D2; 4 mM) external [Ca 2�]. Changes in amplitude of EPSC1

after switching from 2 to 4 mM external [Ca 2�] are plotted for nine Cplx1 �/� synapses in the inset. On average, initial EPSC peak amplitudes increased approximately fivefold. E, F, Summary data
obtained from 9 Cplx1 �/� synapses showing average EPSC train amplitudes before (E) and after (F ) normalizing to EPSC1 for recordings in normal (2 mM; light red) and elevated (4 mM; dark red)
external [Ca 2�].

Chang et al. • Complexin 1 Function at the Calyx of Held Synapse J. Neurosci., May 27, 2015 • 35(21):8272– 8290 • 8281



Figure 7. Strongly enhanced asynchronous release in P16 –P21 Cplx1 �/� synapses promotes aberrant postsynaptic AP firing. A, Ten consecutive traces of 200 Hz trains consisting of 35 EPSCs
evoked by afferent-fiber stimulation and recorded in a P20 Cplx1 �/� (black), a P19 Cplx1 �/� (blue), and a P20 Cplx1 �/� (red) calyx synapse are shown superimposed. Amplitudes of AP-evoked
synchronous EPSCs are truncated. Note the strongly enhanced asynchronous release during the first 500 ms following the stimulus trains in the Cplx1 �/� synapse. B, Average cumulative charge
of asynchronously released quanta plotted versus time after the end of stimulation for different stimulus frequencies (100, 200, and 300 Hz) for Cplx1 �/� (gray and black), heterozygous Cplx1 �/�

(blue), and Cplx1 �/� (red) synapses. Cumulative charge of asynchronous release was obtained by integration after subtracting an exponential fit to the baseline to take into account a small current
component activated by residual glutamate. C, Average cumulative charge of asynchronous release after 200 Hz trains plotted versus time for recordings in normal (2 mM) and elevated (4 and 6 mM) external
[Ca 2�]. Elevating external [Ca 2�] further augmented asynchronous release in Cplx1 �/� synapses. D, SV exocytosis after stimulus trains assayed by presynaptic membrane capacitance measurements.
Stimulus trains consisted of 35 steps (1 ms from Vh ��80 to 0 mV) at a frequency of 200 Hz. Average �Cm traces are shown. Number of terminals tested as indicated. D1, In the presence of 0.5 mM EGTA,
Cplx1 �/� synapses (red) showed ongoing delayed SV fusion after train stimulation. Delayed SV fusion was nearly undetectable in Cplx1 �/� terminals (black). D2, With 5 mM EGTA in the pipette solution,
delayed release in Cplx1 �/�mice was suppressed. E, 200 Hz (top) and 300 Hz (bottom) postsynaptic AP trains elicited by afferent fiber stimulation and recorded in a Cplx1 �/� (E1) and a Cplx1 �/� (E2) MNTB
PN in current-clamp mode. Whereas wt synapses generally followed presynaptic stimulation faithfully, Cplx1 �/� neurons generated numerous aberrant spikes during and/or following the stimulus trains. F,
Average numbers of APs elicited by high-frequency stimulus trains (100, 200, and 300 Hz, 35 stimuli) obtained from wt (black) and Cplx1 �/� (red) synapses. Number of cells recorded as indicated. Average
numbers of APs in Cplx1 �/� MNTB PNs were 35, 34, and 34 for 100, 200, and 300 Hz, respectively, whereas Cplx1 �/� PNs fired on average 
44 postsynaptic APs for any of these frequencies.
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For comparison, we calculated the ratio of total asynchronous
release during the first 500 ms following 200 Hz stimulation ver-
sus total synchronous release during the stimulus train (SVasyn/
SVsyn). The total synchronous release was estimated by dividing
cumulative eEPSC amplitudes by the average mEPSC amplitude
obtained for the same synapse, and multiplying this value with
1.4 to correct for temporal dispersion of release (see above;
Taschenberger et al., 2005).

The average ratio SVasyn/SVsyn for 200 Hz stimulation was
dramatically higher in Cplx1�/� compared with wt synapses
(26.0 � 1.0%, n � 50 vs 2.9 � 0.4%, n � 32, p � 0.001) or
Cplx1�/� synapses (1.8 � 0.5%, n � 11; Fig. 7A). As expected,
asynchronous release increased with higher stimulus frequency,
most likely due to the increase in residual [Ca 2�]i (Fig. 7B). In
Cplx1�/� synapses, the rates of asynchronous release measured
immediately after high-frequency trains were �12 times higher
compared with wt synapses for each frequency tested (Table 1).
Nevertheless, during the final phase of 200 Hz stimulus trains, the
average rates of synchronous release (number of synchronously
released SVs divided by stimulus interval; 4423 � 328 SV/s, n �
40, Cplx1�/�; 6095 � 535 SV/s, n � 28, Cplx1�/�) were still
significantly higher than the average rates of asynchronous release
measured shortly after stimulation (Table 1). Thus, even in
Cplx1�/� calyx synapses only a minority of SVs was released asyn-
chronously during presynaptic AP firing.

Pronounced delayed and asynchronous SV fusion was also
observed in presynaptic �Cm measurements after repetitive stim-
ulation (Fig. 7D). Presynaptic terminals were stimulated using
trains of 35 1 ms steps to 0 mV (from Vh � �80 mV) at 200 Hz.
In P16 –P21 Cplx1�/� calyces, there was a continuous increase in
membrane capacitance even after cessation of stimulation in ad-
dition to the �Cm jump seen immediately after the stimulus train,
indicating ongoing asynchronous release. Such a delayed release
component was absent from presynaptic �Cm recordings in wt
mice of the same age (Fig. 7D1). Asynchronous release is thought
to require accumulation of residual Ca 2� after intense stimula-
tion (Katz and Miledi, 1968; Barrett and Stevens, 1972). Ca 2�

chelators, such as EGTA preferentially inhibit asynchronous re-
lease during high-frequency action-potential trains but are less
effective in suppressing synchronous release (Otsu et al.,
2004). To determine whether asynchronous release in
Cplx1�/� mice is triggered by elevated intracellular Ca 2�, we
included a high concentration of the Ca 2� buffer EGTA (5 mM)
into the presynaptic patch pipette to chelate residual Ca 2� in the
terminals. Under such conditions, no delayed asynchronous SV
fusion was observed in Cplx1�/� calyces (Fig. 7D2).

As a fast and reliable relay synapse, the calyx of Held needs to
faithfully transmit presynaptic activity over a wide range of input
frequencies to provide well timed inhibition to other brainstem
nuclei (for review, see Borst and Soria van Hoeve, 2012). High
levels of asynchronous release after high-frequency trains in
Cplx1�/� synapses may impede faithful and temporarily precise
transmission. We therefore studied the impact of enhanced asyn-
chronous release during physiologically relevant stimulus trains
on postsynaptic AP generation in MNTB PNs (Fig. 7E,F). Under
current-clamp conditions, stimulation of afferent fibers with
100 –300 Hz trains consisting of 35 stimuli reliably elicited an
average number of 	35 spikes in MNTB PNs of P16 –P21 wt
mice. In contrast, numerous aberrant APs were observed during
and following such stimulus trains in all recordings from PNs of
Cplx1�/� MNTB (Fig. 7E). The average number of APs gener-
ated in response to 35 stimuli in Cplx1�/� mice varied depending
on stimulation frequency (100 Hz, 50 � 4, n � 17; 200 Hz, 49 �

3, n � 18; 300 Hz, 44 � 4, n � 15; Fig. 7F). These observations
indicate that Cplx1 expression is essential for faithful and precise
high-frequency transmission at the calyx of Held synapse.

Excessive asynchronous release was a robust phenomenon
seen in all Cplx1�/� calyx synapses regardless of their initial
eEPSC amplitudes. A scatter plot of total asynchronous release
after 200 Hz trains versus initial amplitudes of the eEPSCs trains
shows that peak amplitudes of AP-evoked eEPSC of wt and
Cplx1�/� synapses overlapped to a large extend (P16 –P21; Fig.
8A). However, all Cplx1�/� synapses that had initial eEPSC am-
plitudes within the range of wt synapses showed clearly higher
values of cumulative asynchronous release. The latter parameter
was above �5 pC for most Cplx1�/� synapses, although it rarely
exceeded that number in wt synapses. It thus appears that the
consequences of genetic ablation of Cplx1 for synaptic strength
on the one hand and for asynchronous release on the other hand
are not strongly correlated in individual Cplx1�/� synapses (Fig.
8A). Figure 8B exemplifies two recordings in Cplx1�/� calyx
synapses showing either strongly reduced or wt-like synaptic
strength. Despite their very different initial eEPSC amplitudes,
both synapses showed similarly enhanced asynchronous release
following the 200 Hz EPSC trains.

Cplx1 stabilizes newly recruited SVs to prevent their
premature fusion
As shown above, synchronous and asynchronous release compo-
nents were differentially affected by Cplx1 deletion: asynchro-
nous release was strongly augmented in all Cplx1�/� calyx
synapses, whereas synchronous eEPSC amplitudes were severely
reduced in a majority of them. We therefore considered the pos-
sibility that such divergent effects are observed because distinct
SV pools generate asynchronous and synchronous release com-
ponents. If, on the other hand, both asynchronously and syn-
chronously released SVs originate from the same pool,
competition between both modes of transmitter release may be
observed (Otsu et al., 2004). During high-frequency trains, the
amount of steady-state release is limited by the SV replenishment
rate, which is significantly accelerated in a Ca 2�-dependent man-
ner at the end of such stimulus trains and shortly thereafter
(Wang and Kaczmarek, 1998; Sakaba and Neher, 2001b; Lipstein
et al., 2013). After cessation of stimulation, the global [Ca 2�]i

quickly returns to basal levels (Müller et al., 2007), such that 	0.5
s later, the SV replenishment rate is expected to correspond to the
much lower, basal rate of SV replenishment (Hosoi et al., 2007).
Assuming a replenishment rate constant of 	1⁄4 s�1 (von Gers-
dorff et al., 1997), and a total number of sites contributing to
AP-evoked release of approximately one-half of the RRP as esti-
mated by �Cm measurements (0.5 � 4600 � 2300; Fig. 4), we
obtain a basal rate of SV replenishment of 	575 SV/s for a fully
depleted RRP. Because immediately after 200 Hz trains the aver-
age rate of asynchronous release exceeds the replenishment rate
(Table 1), recovery from synaptic depression should be delayed in
Cplx1�/� synapses if asynchronously and synchronously re-
leased SVs originate from the same pool. Figure 9A,B shows that
this is indeed the case. Using 200 Hz trains consisting of 25 stim-
uli, recovery from depression was monitored by eliciting test eE-
PSCs at different post-train recovery intervals (250 ms to 16 s) in
P14 –P21 Cplx1�/� and wt synapses. The 250 ms time interval
was chosen as the shortest interval because at that time remaining
Ca 2�-dependent facilitation of presynaptic ICa(V) and/or post-
synaptic AMPA-receptor desensitization are expected to be
small. To calculate the recovery ratio, we normalized the test
eEPSC amplitudes to that of the first eEPSC elicited by the con-
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ditioning trains. Figure 9B plots the recov-
ery ratio versus time. For Cplx1�/�

synapses, the curve exhibits a drop in the
early phase of the recovery time course
with a minimum at 1 s recovery interval,
indicating that indeed more SVs were
consumed than replenished. For intervals
�2 s, the recovery time course appeared
to be similar in Cplx1�/� and wt syn-
apses. We compared the time course of
recovery for larger intervals (from 2 to
16 s, excluding the initial recovery from
0.25 to 1 s) by fitting single exponentials to
the curves. The average time constant for
Cplx1�/� synapses (� � 4.8 � 0.3 s, n �
12) was similar to that in wt synapses (� �
4.0 � 0.6 s, n � 17). Together, these ob-
servations indicate that loss of Cplx1 does
not affect the replenishment rate, but ex-
cessive asynchronous release in Cplx1�/�

calyx synapses delays pool replenishment
after depletion, indicating that asynchro-
nously and synchronously released SVs
originate from the same reservoir.

Because (1) the rate of spontaneous SV
fusion was reduced in Cplx1�/� calyces,
(2) enhanced asynchronous release was
seen in Cplx1�/� calyces after stimuli
leading to strong SV consumption, and
because (3) augmented asynchronous re-
lease was long-lasting in Cplx1�/� caly-
ces, possibly outlasting the residual
presynaptic [Ca 2�]i, we hypothesized that
the asynchronously released quanta pre-
dominantly represent uncoordinated re-
lease of SVs newly recruited to the RRP
and that Cplx1 is required to stabilize
these SVs and prevent their premature fu-
sion (Dhara et al., 2014). To test this hy-
pothesis, we quantified changes in
spontaneous SV fusion after eliciting a
single presynaptic AP (Fig. 10). In wt calyx
synapses, we noticed a small but sizeable
drop of the mEPSC rate (from 3.69 � 0.5
to 3.31 � 0.59 Hz, n � 11) after a single
presynaptic AP consistent with a small re-
duction of the RRP (Fig. 10A). In contrast,
the mEPSC release rate remained elevated
for several hundreds of milliseconds in
Cplx1�/� calyx synapses. On average, the
mEPSC frequency increased from 1.06 �
0.14 to 2.55 � 0.31 Hz after stimulating
with a single AP in Cplx1�/� calyx syn-
apses (n � 15; Fig. 10A). To study onset
and decay kinetics of the delayed asyn-
chronous release in more detail, we repeated these experiments
but used either elevated [Ca 2�]e (Fig. 10B) or delivered a short
burst of three APs instead of a single AP (Fig. 10C). After such
stimuli, the time course of changes in mEPSC rate could be re-
solved more clearly. On average, the delayed increase in mEPSC
frequency peaked at 	230 –250 ms after stimulation. Its time
course could be well approximated with a double-exponential
function having a �rise of 	150 –190 ms and �decay of 420 – 430 ms.

These results indicate that newly recruited SVs remain unstable
and are more prone to being released prematurely in calyx syn-
apses of Cplx1�/� mice.

Expression of Cplx2 protects immature Cplx1 �/� calyx of
Held synapses from functional deficits
The absence of Cplx1 from calyx synapses led to functional defi-
cits only relatively late in development (�P14), whereas synaptic

Figure 8. Effects of Cplx1 ablation on initial eEPSC amplitudes and amount of asynchronous release after train stimuli are weakly
correlated in individual Cplx1 �/� synapses. A, Scatter plot of cumulative asynchronous release following 200 Hz stimulus trains versus
initial EPSC amplitude for 32 Cplx1 �/� (black) and 50 Cplx1 �/� (red) synapses. Note the large overlap of the two datasets with respect
to initial EPSC amplitudes. In contrast, significantly higher rates of asynchronous release were consistently observed after train stimulation
in Cplx1 �/� synapses, even if initial, synchronous EPSCs were wt-like. B, Examples for two P18 Cplx1 �/� synapses showing either low
(left column) or much higher, wt-like synaptic strength (right column) to exemplify consistency among Cplx1 �/� synapses regarding
augmented asynchronous release despite their heterogeneous EPSC amplitudes and short-term plasticity pattern. B1, Average EPSC
amplitudesobtainedfromthreerepetitionsfor50,100,and200Hztrainswereplottedasafunctionofstimulusnumber.B2,Representative
200 Hz EPSC train sample traces for the same cells as shown in (B1). B3, Delayed release following 200 Hz EPSC trains shown expanded and
at a faster time scale. Four consecutive traces are shown superimposed.
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transmission in young synapses (�P12) appeared normal. Be-
cause several Cplx isoforms can be coexpressed in individual neu-
rons (Reim et al., 2001), other Cplxs may compensate for the loss
of Cplx1 early in development when the mature pattern of pro-
tein expression is not yet fully established. To test such a possi-
bility, we studied changes in Cplx2 expression during postnatal
development of the MNTB by Western blot analysis of wt tissue
and by anti-Cplx1/2 immunofluorescence staining of Cplx1�/�

MNTB in which the remaining immunofluorescence represent
anti-Cplx2 immunoreactivity (Fig. 11). Because our antibody
and all other antibodies available detect both, Cplx1 and Cplx2, a
specific Cplx2 staining in wt MNTB is impossible. Figure 11A,B
illustrates that the Cplx2/Cplx1 expression ratio in the MNTB is
reduced from P8 to P16 and remains low thereafter. The lack of
somatic anti-Cplx2 immunoreactivity in MNTB PNs of P7 and
P21 Cplx1�/� mice indicates that these neurons solely express
Cplx1 (Fig. 11C, compare Fig. 1C). Although absent from PN

somata, anti-Cplx2 staining that shows the typical morphology of
calyx terminals at this developmental stage was abundant in the
P7 Cplx1�/� MNTB in many continuous regions surrounding
PNs (Fig. 11C, top row). Colocalization with anti-Vglut1 staining

Figure 9. Asynchronously released SVs are recruited from the same pool that is contributing
to synchronous EPSCs. Delayed recovery of synchronous EPSCs from depression during stimulus
trains in Cplx1 �/� calyx synapses. A, Sample traces of conditioning 200 Hz EPSC trains evoked
by afferent-fiber stimulation (25 stimuli) that largely depleted the readily releasable SV pool
(left) recorded in a P20 Cplx1 �/� synapse (A1) and a P19 Cplx1 �/� synapse (A2). Only the
first three and last three EPSCs of the trains are shown for clarity. Recovery of the RRP was tested
by eliciting single EPSCs after the indicated recovery intervals (250 ms to 16 s; right). Insets,
Comparison of asynchronous release during the first 240 ms immediately following the stimulus
trains. Four sweeps are shown superimposed. B, Average time course of recovery from depres-
sion induced by 200 Hz trains. Peak amplitudes of the test EPSC were normalized by division by
that of the first EPSCs of the conditioning trains. Note that maximum depression of EPSC ampli-
tudes is observed after a recovery interval of 1 s in Cplx1 �/� synapses, because strong asyn-
chronous release after conditioning trains further augments synaptic depression and delays
recovery of EPSC amplitudes in these synapses. Pooled data from 17 Cplx1 �/� and 12
Cplx1 �/� synapses.

Figure 10. Asynchronously released quanta represent predominantly newly primed SVs. A,
Changes in mEPSCs frequency observed after eliciting a single AP-evoked eEPSCs in Cplx1 �/�

(black traces) Cplx1 �/� (red traces) synapses. Top, Twenty consecutive traces are plotted
superimposed. eEPSCs are peak truncated. mEPSCs frequencies were monitored 1 s before and
0.5 s after stimulation. Arrows mark the time point of stimulation. Solid lines represent average
mEPSC frequencies calculated for 25 ms bins and the light gray and light red areas represent
�SEM (bottom). The mEPSC frequency was slightly reduced after stimulation in Cplx1 �/�

(black) but strongly enhanced in Cplx1 �/� (red) mice. B, Similar experiment as in A but with
external Ca 2� raised from 2 to 6 mM to more clearly resolve the onset and decay of delayed
asynchronous release. Traces from two representative experiments are shown in the top, aver-
age data are shown in the bottom. The smooth, solid red curve in B (bottom) represents a
double-exponential fit to the asynchronous release rate yielding �rise 	190 ms and �decay

	420 ms. C, Similar experiment as in B but applying a short train of three APs instead of a single
AP. Rise and decay time constants of the asynchronous release rate were 	150 ms and 	430
ms, respectively. Insets in C illustrate AP-evoked synchronous eEPSCs from two representative
experiments. Note the delayed onset of the increase in mEPSC frequency in B, C, which peaked
at 
200 ms after stimulation.
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verified expression of Cplx2 in calyx ter-
minals at this developmental stage. In
contrast, anti-Cplx2 immunoreactivity
was much weaker in the MNTB of
Cplx1�/� mice at P21, when it was re-
stricted to a few small patches and did not
overlap with anti-Vglut1 staining (Fig.
11C, bottom row). Possibly, this remain-
ing staining reflects Cplx2 expression in
small inhibitory, glycinergic boutons at
this developmental stage. Together, these
results indicate that immature calyx ter-
minals coexpress Cplx1 and Cplx2, and
the developmental loss of Cplx2 from ca-
lyx terminals accounts, at least in part, for
more severe functional deficits of the
Cplx1 deletion in older (�P14) calyx
synapses.

A hypothetical model of Cplx functions
at the calyx of Held synapse
Based on the experimentally observed func-
tional deficits in Cplx1�/� mice, we pro-
pose the following mechanistic model for
the functions of Cplx1 at the calyx synapse
(Fig. 12): Following transmitter release, the
RRP is replenished by newly recruited SVs,
which dock in the proximity of VGCCs. Af-
ter docking, SVs undergo a two-step prim-
ing process. Before transition into the stable
‘fully primed’ state, they first enter an unsta-
ble “semiprimed” state from which prema-
ture fusion events are likely to occur at low
[Ca2�]i (Figs. 7, 8). This intrinsically unsta-
ble semiprimed state may require the pres-
ence of Cplx1 to “clamp” SVs to prevent
premature fusion (Dhara et al., 2014). Alter-
natively, Cplx1 may serve as a “specificity
factor” that promotes the association of SVs
and SNARE complexes with the “correct”
Ca2� sensor (Neher, 2010), i.e., Syt2 at the
calyx of Held. SV may be in the semiprimed
state as long as they, or their SNARE com-
plexes, are (transiently) bound to a Ca2�

sensor different from Syt2 (Walter et al.,
2011). After transition into the fully primed
state, SVs fuse primarily after AP-evoked
Ca2� increase and premature fusion events
are unlikely to occur. Because their RRP is
intact and spontaneous fusion rates are re-
duced in Cplx1�/� calyx synapses, we pos-
tulate that the majority of SVs eventually
reside in the fully primed state at resting
conditions, even in the absence of Cplxs. After presynaptic AP firing,
the RRP is partially depleted and semiprimed vesicles transiently
accumulate that may prematurely fuse in the absence of Cplx1.

Within the scope of this model, the presence of Cplx1 in wt
calyx terminals (Fig. 12) has thus two consequences: (1) Cplx1 ac-
celerates the transition into the fully primed state, making the
semiprimed state a very short-lived transition state, and/or pre-
vents premature fusion of semiprimed vesicles. (2) Cplx1 in-
creases the secretory rate and thereby enhances spontaneous and
AP-evoked synchronous release.

Discussion
We studied the functional consequences of Cplx1 removal from
calyx of Held synapses of juvenile mice. Our results can be sum-
marized by the following eight key observations: (1) Mature ca-
lyces solely express Cplx1, whereas younger ones also coexpress a
smaller amount of Cplx2. Cplx1 expression is not limited to pre-
synaptic terminals but also abundant in postsynaptic MNTB
PNs, which do not express Cplx2. (2) Genetic deletion of Cplx1
neither affects developmental profiles nor the number of synaptic
GluRs. Quantal size, as well as the developmental pruning of

Figure 11. Developmental downregulation of Cplx2 expression in calyx terminals. A, Westernblot analysis of developmental
changes in Cplx1/2 expression. Brain homogenates obtained from dissected MNTB regions of P8, P16, and P21 wt mice (10 �g
protein per lane) were analyzed by SDS-PAGE and immunoblotting using an anti-Cplx1/2 antibody. Positions of Cplx1 and Cplx2
protein are indicated. B, Intensity profiles obtained from the blot shown in A. Note the decrease in relative contribution of the Cplx2
isoform to the total complexin expression. Different exposure times were used for the analysis to account for the changes in
absolute Cplx expression levels from P8 to P21. C, Immunofluorescence images representing confocal sections of MNTB regions of
Cplx1 �/� mice costained with an anti-Cplx1/2 (green, left) and anti-Vglut1 (red, middle) antibody at P7 (top row) and P21
(bottom row). Right columns show the corresponding overlays. Note the overlap of the Cplx2 fluorescence with that of Vglut1 at P7
(orange) but not at P21, indicating undetectable expression of Cplx2 in calyx terminals of the latter age. The Cplx2-positive puncta
that were not costained with Vglut1 presumably represent Cplx2-expressing inhibitory synapses.
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NMDARs from postsynaptic densities, remain unaltered in
Cplx1�/� mice. (3) Synaptic strength is strongly reduced in the
absence of Cplx1. This functional defect appears relatively late
during postnatal maturation (�P16). (4) The presynaptic AP
waveform, presynaptic Ca 2� influx, RRP size, and quantal size
are unaltered in Cplx1�/� calyces, indicated that the reduced
synaptic strength upon Cplx1 deletion is mediated by a decrease
in release probability, which in turn is caused by mechanisms
downstream of presynaptic Ca 2� influx, such as a changed Ca 2�

sensitivity of the release machinery and/or altered spatial cou-
pling between docked/primed SVs and VGCCs. (5) Ca 2�-
triggered SV fusion in Cplx1�/� calyces shows higher sensitivity
to EGTA, indicating a defect in the developmental tightening of the
spatial coupling between VGCCs and docked/primed SVs in mature
Cplx1�/� terminals.(6)Excessiveasynchronousreleasefollowspresyn-
aptic AP burst firing in Cplx1�/� synapses. EPSPs generated by
asynchronously released quanta trigger aberrant APs in MNTB
PNs during and after stimulus trains, thus greatly reducing the
temporal fidelity of transmission. (7) Recovery of synchronous
eEPSCs after pool depletion is delayed by asynchronously re-
leased quanta in Cplx1�/� synapses, indicating that asynchro-
nous and synchronous release components compete for the same
pool of readily releasable SVs. (8) Even though the average rate of

spontaneous release is lower in resting Cplx1�/� synapses, the
mEPSC frequency is strongly and long-lastingly enhanced even
after single APs or short AP bursts, indicating that newly primed
SVs remain unstable and are prone to being released prematurely
in the absence of Cplx1.

Collectively, our data indicate that Cplx1 serves three func-
tions at the calyx of Held synapse. (1) Cplx1 acts as a positive
modulator of SV exocytosis and enhances AP-evoked synchro-
nous release. (2) Cplx1 stabilizes newly primed SVs that replenish
the RRP after SV consumption. (3) Cplx1 function is required for
the developmental tightening of the spatial coupling between SVs
and VGCCs that usually occurs during calyx maturation and
seems to be abolished in the absence of Cplx1. All of these func-
tions strongly promote synchronous over asynchronous SV
exocytosis.

An unresolved role of postsynaptically expressed Cplx1 at the
calyx of Held
Although somatic anti-Cplx1/2 immunofluorescence has been
reported before (Yamada et al., 1999; Reim et al., 2005; Strenzke
et al., 2009) and Cplx is present in dendritic spines and shafts
(McMahon et al., 1995; Yamada et al., 1999), its role in basal
postsynaptic function remains obscure. Ahmad et al. (2012) re-
ported a lack of postsynaptic effects following Cplx1 knock-down
in hippocampal CA1 pyramidal cells where neither the AMPA/
NMDA receptor ratio nor the composition of AMPARs or
NMDARs were changed. We found strong anti-Cplx1/2 immu-
nostaining in MNTB PNs which was abolished in Cplx1�/� mice.
However, neither quantal size nor mEPSC kinetics were altered in
the absence of Cplx1, indicating similar subunit composition of
synaptic AMPARs in Cplx1�/� and wt synapses. In addition, we
found the ratio of NMDAR-mediated to AMPAR-mediated
EPSC components unaltered in young Cplx1�/� synapses (data
not shown), and the developmental pruning of NMDARs from
postsynaptic densities occurred similarly in mature Cplx1�/�

and wt calyx synapses, so that NMDARs contributed �3% to the
eEPSC amplitude in both genotypes. Thus, a lack of Cplx1 does
not seem to affect the developmental expression pattern of post-
synaptic GluRs in MNTB PNs.

Multiple roles of Cplx1 in regulating SV exocytosis
Depending on the experimental conditions and species tested,
Cplxs were found to facilitate or inhibit SNARE-complex-
mediated SV fusion. In most Cplx-deficient synapses tested so
far, fast synchronous Ca 2�-triggered release is decreased, indi-
cating that Cplxs are positive regulators of SV fusion (Reim et al.,
2001; Huntwork and Littleton, 2007; Xue et al., 2007; Yang et al.,
2010a; Hobson et al., 2011; Martin et al., 2011). A number of
studies further reported a decreased rate of spontaneous release
in the absence of Cplxs (Reim et al., 2001; Xue et al., 2007, 2008;
Strenzke et al., 2009; Lin et al., 2013). Other experimental results
indicate an inhibitory clamp-like function of Cplxs, because: (1)
genetic deletion of Cplx increases spontaneous release at Dro-
sophila and Caenorhabditis elegans neuromuscular synapses
(Huntwork and Littleton, 2007; Hobson et al., 2011; Martin et al.,
2011), (2) Cplx knock-down causes increased spontaneous re-
lease rates in mouse cortical neurons (Maximov et al., 2009) and
olfactory bulb neurons (Cao et al., 2013) in culture, and (3) Cplxs
inhibit SNARE-mediated fusion in vitro (Giraudo et al., 2006).

At the calyx of Held synapses, synaptic strength and sponta-
neous release are reduced in Cplx1�/� mice, indicating that
Cplx1 is a positive regulator of SV fusion at this synapse. On the

Figure 12. Hypothetical model of Cplx function at the calyx of Held synapse. After pool
depletion by AP-evoked SV release, newly recruited SVs need to dock and prime near VGCCs. We
postulated that priming is a two-step process. Initially, a semiprimed state (a) is achieved from
which SVs can easily undergo premature fusion at low or even resting [Ca 2�]i. This semiprimed
SV state may represent an intrinsically unstable state or correspond to SVs that are initially
bound to a Ca 2� sensor other than Syt2. After transition into the fully primed state (b), SVs fuse
primarily after AP-evoked Ca 2� increase and premature fusion events are unlikely to occur.
We hypothesize that the presence of Cplx1 in calyx terminals (right column) hast two conse-
quences: (1) it accelerates the transition into the fully primed state making the semiprimed a
very short-lived state and/or prevents premature fusion of semiprimed vesicles. (2) Cplx1 in-
creases the secretory rate of fully primed vesicles and thereby enhances spontaneous as well as
evoked release.
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other hand, asynchronous release was augmented in Cplx1�/�

calyx synapses for several hundreds of milliseconds after single
presynaptic APs and short AP bursts, and strongly enhanced after
high-frequency stimulus trains. Both of these observations are
consistent with an additional inhibitory role of Cplx1, albeit not
as a fusion clamp of spontaneous release, i.e., at resting [Ca 2�]i,
because the increased fusion events uncovered by the Cplx1 loss
seem to be triggered by elevations of [Ca 2�]i (Fig. 7C,D).

Cplxs are not the only presynaptic proteins assigned with pos-
itive and negative regulatory functions. Synaptotagmin (Syt) is
indispensable for synchronous SV fusion but might additionally
be required to suppress asynchronous and spontaneous release
(Maximov and Südhof, 2005; Pang et al., 2006; Kochubey and
Schneggenburger, 2011). Tang et al. (2006) suggested that Cplxs
bind to partially assembled SNARE complexes during priming,
forcing completion of SNARE-complex assembly from a loose to
a tightly assembled state that serves as a substrate for Ca 2�-
bound Syt. If Cplx acts as a fusion clamp that is later removed by
Syt, then the loss of Syt should arrest SVs in a clamped state. The
opposite was however observed in Syt-deficient synapses, which
show dramatically enhanced spontaneous release (Pang et al.,
2006; Kochubey and Schneggenburger, 2011), indicating that
Cplx action is not simply reverted by Syt.

Cplx1 loss causes a defect in the developmental tightening of
the coupling between VGCCs and docked SVs
To elucidate the mechanisms accounting for the attenuated syn-
chronous release in Cplx1�/� mice, we measured calyceal AP
waveform, presynaptic Ca 2� influx, RRP size and quantal size,
and found all of these parameters unaltered compared with wt
synapses. However, presynaptic capacitance measurements re-
vealed a higher sensitivity to the slow Ca 2� chelator EGTA in
Cplx1�/� terminals. This result is consistent with a less tight
coupling between docked/primed SVs and VGCCs. Rapid AP-
triggered neurotransmitter release requires an exquisite active
zone (AZ) organization allowing interactions between VGCCs
and readily releasable SVs at the shortest possible distances. Prop-
erly positioning SVs to VGCCs becomes an important require-
ment especially in mature calyx terminals that are characterized
by very brief APs (Young Jr and Neher, 2009). The distance be-
tween VGCCs and docked SVs determines the level of the local
[Ca 2�]i sensed by the release machinery and thereby regulates
release probability (for review, see Neher and Sakaba, 2008). The
presynaptic Rab-3 interacting molecule (RIM) plays an impor-
tant role in maintaining a high VGCCs density at calyx of Held
synapses (Han et al., 2011). Furthermore, septin, a filamentous
protein, regulates the distance between VGCCs and docked/
primed SVs during maturation of the calyx terminal, and thus
participates in the developmental switch from Ca 2� microdo-
main to nanodomain signaling (Yang et al., 2010b). A larger dis-
tance between docked SVs and VGCCs is expected to lower the
peak release rates and broaden the release transients. Indeed,
deconvolution of eEPSCs recorded in Cplx1�/� calyx synapses
established a strongly reduced peak release rate and additionally a
slightly slower rise and decay of the release time course. Although
Cplxs are not known to directly interact with VGCCs, it is possi-
ble that they assist in the process of SV positioning via interaction
with other AZ proteins. Thereby, the absence of Cplx1 and the
consequent functional defects may indirectly affect the develop-
mental maturation of calyx synapses.

Cplx1 expression in calyx terminals is required for high-
fidelity transmission at calyx of Held synapses
MNTB PNs provide precisely timed inhibition to their target
neurons. To preserve the timing of APs along the auditory path-
way, transmission at calyx of Held synapses is optimized for min-
imum temporal jitter and maximum reliability (for review, see
Borst and Soria van Hoeve, 2012). After genetic ablation of Cplx1
expression, which strongly shifts the balance from synchronous
toward asynchronous release at calyx synapses, the temporal fi-
delity of transmission is severely compromised. Desynchroniza-
tion of presynaptic and postsynaptic AP firing at the level of the
MNTB may contribute to delayed peaks and decremented ampli-
tudes of late components of auditory brainstem responses ob-
served in young adult mice in vivo (Strenzke et al., 2009).
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