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Piccolo and Bassoon are the two largest cytomatrix of the active zone (CAZ) proteins involved in scaffolding and regulating neurotransmitter release at presynaptic active zones (AZs), but have long been discussed as being functionally redundant. We employed genetic manipulation to bring forth and segregate the role of Piccolo from that of Bassoon at central auditory synapses of the cochlear nucleus—the endbulbs of Held. These synapses specialize in high frequency synaptic transmission, ideally poised to reveal even subtle deficits in the regulation of neurotransmitter release upon molecular perturbation. Combining semi-quantitative immunohistochemistry, electron microscopy, and in vitro and in vivo electrophysiology we first studied signal transmission in Piccolo-deficient mice. Our analysis was not confounded by a cochlear deficit, as a short isoform of Piccolo (“Piccolino”) present at the upstream ribbon synapses of cochlear inner hair cells (IHC), is unaffected by the mutation. Disruption of Piccolo increased the abundance of Bassoon at the AZs of endbulbs, while that of RIM1 was reduced and other CAZ proteins remained unaltered. Presynaptic fiber stimulation revealed smaller amplitude of the evoked excitatory postsynaptic currents (eEPSC), while eEPSC kinetics as well as miniature EPSCs (mEPSCs) remained unchanged. Cumulative analysis of eEPSC trains indicated that the reduced eEPSC amplitude of Piccolo-deficient endbulb synapses is primarily due to a reduced readily releasable pool (RRP) of synaptic vesicles (SV), as was corroborated by a reduction of vesicles at the AZ found on an ultrastructural level. Release probability seemed largely unaltered. Recovery from short-term depression was slowed. We then performed a physiological analysis of endbulb synapses from mice which, in addition to Piccolo deficiency, lacked one functional allele of the Bassoon gene. Analysis of the double-mutant endbulbs revealed an increase in release probability, while the synapses still exhibited the reduced RRP, and the impairment in SV replenishment was exacerbated. We propose additive roles of Piccolo and Bassoon in SV replenishment which in turn influences the organization and size of the RRP, and an additional role of Bassoon in regulation of release probability.

Keywords: endbulb of Held, cochlear nucleus, readily releasable pool, short-term depression, Bassoon

INTRODUCTION

Active zones (AZs) are specialized regions at the presynaptic terminals where neurotransmitter release occurs. AZs feature an electron-dense meshwork of proteins called the cytomatrix of the active zone (CAZ). CAZ comprises of multi-domain protein families like: Munc13s, Rab3-interacting molecules (RIMs), RIM-binding proteins (RIM-BPs), CAST/ELKS proteins, Piccolo/Aczonin and Bassoon, and Liprins-α (Schoch and Gundelfinger, 2006; Gundelfinger and Fejtova, 2012; Südhof, 2012). The two largest members (>400 kDa) of the CAZ, Piccolo (Fenster et al., 2000) and Bassoon (tom Dieck et al., 1998), are vertebrate-specific and structurally similar. They play an integral role in AZ assembly and scaffolding (Südhof, 2012; Gundelfinger et al., 2016), synaptic vesicle (SV) clustering (Mukherjee et al., 2010), presynaptic protein ubiquitination and degradation (Waites et al., 2013), and CtBP1-mediated activity-regulated gene expression via synapse-to-nucleus signaling (Ivanova et al., 2015, 2016). Piccolo (Figure 1A) and Bassoon, share 10 highly conserved regions, Piccolo Bassoon Homology domains (PBH; tom Dieck et al., 1998; Wang et al., 1999; Fenster et al., 2000; Schoch and Gundelfinger, 2006) including Zn finger and coiled-coiled (CC) domains, which might explain partial overlap in their function.
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FIGURE 1. Selective expression of Piccolo (Aczonin) in central synapses. (A) Domain structure of Piccolo (dark green line) and its shorter isoform Piccolino (light green line). Magenta lines illustrate the position of antigenic peptides used to raise Piccolo antibodies employed in this study. Antibody #1 binding to the C-terminus, selectively identifies Piccolo, while antibody #2 binding to the central region recognizes both Piccolo and Piccolino. Colored asterisks denote binding domains unique to Piccolo (not present in Bassoon) with their respective binding partners written in the same color (see “Introduction” section for description). (B) Scheme of the site of investigation (not drawn to scale): the endbulbs of Held are formed by the auditory nerve fibers (central neurites of SGN) on bushy cells (BCs) of the anterior ventral cochlear nucleus (aVCN; red box). SGNs receive their input from ribbon-type active zones (AZs) of inner hair cells (IHCs, blue box) of the organ of Corti. Spherical bushy cells (SBC) and gobular bushy cells (GBC) receive different numbers of endbulbs. SGNs form bouton-like synapses on stellate cells (SC). (C) Preservation of Piccolino in the organ of Corti of PicMut mice: Maximal projection of confocal images show immunofluorescent puncta of Piccolino (C, antibody #2) in otoferlin (Otof)-labeled IHCs of the organ of Corti, while no Piccolo signal (C’, antibody #1) is found. (D) Reduced expression of Piccolo in PicMut: Maximum projection of confocal image stack of a bushy cell in PicWT (D) and PicMut (D’) labeled for Piccolo (antibody #1), Vglut1 (excitatory synapses) and Gephyrin (inhibitory synapses). (E) Reduced fluorescence intensity of Piccolo (antibody #1) puncta at the BCs of aVCN, at both the endbulb AZs and the inhibitory AZs (inhib. syn.), in PicMut (N = 3; n = 8) mice as compared to PicWT (N = 3; n = 14) mice as obtained in maximum projections of confocal images. ***p-value < 0.001, **p-value < 0.01, Wilcoxon rank sum test. (F) Unaltered fluorescence intensity of Vglut1 (F, staining excitatory synapses) and Gephyrin (F’, staining inhibitory synapses) in the confocal images used to analyze molecular composition of cytomatrix of the AZ (CAZ) proteins at BCs in the aVCN (n.s. p-value ≥ 0.05, Wilcoxon signed rank test in F, paired Student’s t-test in F’). Data information: Box and whisker plots present median, lower/upper quartiles and 10–90th percentiles. Bar plot represents mean ± SEM (error bars). N, number of animals; n, number of BCs. All scale bars −5 μm.



However, despite their close homology, Piccolo has additional features that may ascribe unique functions to it, divergent from Bassoon (Gundelfinger et al., 2016). Piccolo has a unique segment between its first and second CC domains (Figure 1A, orange*), selectively interacting with Actin-associated proteins like Daam1 (Wagh et al., 2015) and Profilin2 (Wang et al., 1999; Waites et al., 2011), thought to regulate dynamic assembly of F-actin within the presynaptic terminal (Waites et al., 2011; Wagh et al., 2015). Since Actin has been a long standing candidate for regulation of SV dynamics involved in exocytosis and endocytosis (Sakaba and Neher, 2003; Lee et al., 2012; Nguyen et al., 2012; Watanabe et al., 2013; Delvendahl et al., 2016; Soykan et al., 2017), Piccolo’s interaction with it might indicate a role of Piccolo in translocating SVs within the nerve terminal thereby regulating SV dynamics and synaptic transmission. The same region between the two CC domains of Piccolo (Figure 1A, orange*), also binds GIT protein (Kim et al., 2003), which interacts with endocytic adaptor protein Stonin2 (Podufall et al., 2014). Another interaction unique to Piccolo is of its N-terminal glutamine-rich (Poly Q; Figure 1A, yellow*) motif with Abp1 (Fenster et al., 2003), which in turn associates with endocytic GTPase Dynamin (Kessels et al., 2001). These interactions with Abp1 and GIT provide additional links to Piccolo’s role in vesicle endocytosis. Unlike Bassoon, Piccolo additionally has a C-terminal PDZ domain and two C-terminal C2 domains (C2A and C2B). The PDZ domain has been linked to exocytosis in pancreatic β-cells (Fujimoto et al., 2002; Shibasaki et al., 2004). The C2A domain (Figure 1A, brown*) was reported to bind to Cav1.2 L-type voltage-dependent Ca2+ channels (Shibasaki et al., 2004), and may act as a low-affinity Ca2+ sensor for exocytosis, making Piccolo a candidate for detecting Ca2+ build-up during high frequency stimulation (Gerber et al., 2001; Garcia et al., 2004; Schoch and Gundelfinger, 2006). While several hypotheses have been put forward for the function of Piccolo, it has remained challenging to unravel its physiological role(s). One study based on RNAi implicated Piccolo as an inhibitor of exocytosis (Leal-Ortiz et al., 2008), while the other, that generated the mouse mutant (Mukherjee et al., 2010) employed in our study, revealed a role in SV clustering in conjunction with Bassoon, but failed to unmask any major exocytosis phenotype.

Here, we studied the consequences of genetic Piccolo disruption at the first central auditory synapse—the endbulb of Held synapse (von Gersdorff and Borst, 2002; Yu and Goodrich, 2014), formed by the spiral ganglion neurons (SGNs) synapsing onto the bushy cells (BCs) of the anterior ventral cochlear nucleus (aVCN; Figure 1B). These large calyceal synapses typically employ more than 100 AZs for reliable and temporally precise signal transmission at frequencies of hundreds of Hertz (Trussell, 1999; Wang et al., 2011). Given the high functional demand, these synapses seem ideally poised for unveiling any discrepancies in synaptic transmission due to molecular perturbation. We combined electrophysiological analysis with studies of the molecular composition and ultrastructure of the AZ in endbulbs of Piccolo-deficient mice. Our results indicate a role of Piccolo in promoting SV replenishment to the readily releasable pool (RRP) and a, likely compensatory, up-regulation of Bassoon at Piccolo-deficient synapses.

Apart from focusing on bringing forth the unique function(s) of Piccolo at the AZ, we investigated the changes in synaptic transmission, with an additional Bassoon manipulation (Altrock et al., 2003). Unlike Piccolo, Bassoon has been the focus of extensive investigation concentrating solely on its function and not just its role in conjunction with Piccolo (Mukherjee et al., 2010; Waites et al., 2013; Ivanova et al., 2016).

In sensory synapses, Bassoon is essential for tethering the synaptic ribbon at AZs both at retinal photoreceptors (Dick et al., 2003; tom Dieck et al., 2005) and cochlear inner hair cells (IHC; Khimich et al., 2005). Bassoon was also found to maintain the Ca2+ channel clustering and synaptic vesicle pool at the presynapse (Frank et al., 2010), and hence establish reliable signal transmission to the auditory nerve fibers (Buran et al., 2010; Jing et al., 2013). In central synapses, Bassoon has been shown to localize P/Q type Ca2+ channels at the AZ (Davydova et al., 2014), and its absence was associated with increase in the number of silent synapses in hippocampal cultures (Altrock et al., 2003), and impaired vesicle replenishment (Hallermann et al., 2010; Mendoza Schulz et al., 2014). Most recently, Bassoon was proposed to be a regulator of presynaptic autophagy (Okerlund et al., 2017).

In context of the extensive research on the function of Bassoon and its role together with Piccolo, we first focused on the function of Piccolo in synaptic transmission. Since the two proteins might compensate for each other’s absence (Mendoza Schulz et al., 2014), studying Piccolo deficiency at the synapse, followed by a partial Bassoon loss in addition aimed to resolve the non-overlapping functions of the proteins. Our work reveals that Piccolo and Bassoon synergistically promote vesicle replenishment and determine the RRP of synaptic vesicles (SV), but possibly employ unique means to this common goal. Piccolo seems not to influence release probability, while Bassoon may be a regulator of it.

MATERIALS AND METHODS

Animals

Mice with cre-mediated excision (Lakso et al., 1996) of exon 14 of the Pclo gene and insertion of a neomycin resistance cassette in the adjacent 3′ intron (Mukherjee et al., 2010; PicMut), and their wildtype littermates (PicWT), of either sex, were studied from postnatal day 14–23. The mouse line was derived by heterozygous breeding with C57Bl/6J genetic background. Animals were genotyped, and re-genotyped post experiments, using PCR. PicBsn animals, with only one intact allele of the Bsn gene in addition to Piccolo mutation, were used. These were derived by heterozygous breeding of PicMut with BsnΔEx4/5 mice (exons 4 and 5 of Bassoon gene deleted (Altrock et al., 2003). All experiments were performed in compliance with the guidelines of the German animal welfare act and were approved by the board for animal welfare of the University Medical Center Göttingen and the animal welfare office of the state of Lower Saxony.

In Vitro Electrophysiology

Slice Preparation

Acute parasagittal slices (150 μm) from the cochlear nucleus were obtained as described previously (Mendoza Schulz et al., 2014). Briefly, after sacrifice by decapitation, brains were dissected out and quickly immersed in ice-cold low Na+ and low Ca2+ cutting solution containing (in mM): 50 NaCl, 26 NaHCO3, 120 sucrose, 1.25 NaH2PO4.H2O, 2.5 KCl, 20 glucose, 0.2 CaCl2, 6 MgCl2, 0.7 Na L-ascorbate, 2 Na pyruvate, 3 myo-inositol, 3 Na L-lactate with pH adjusted to 7.4 and osmolarity of around 310 mOsm/l. After removal of the meninges from the ventral face of the brainstem, the two hemispheres were separated by a midsagittal cut and the forebrain was removed at the pons-midbrain junction. The brain blocks containing brain stem and cerebellum were then glued (cyanoacrylate glue; Loctite 401, Henkel) to the stage of a VT 1200S vibratome (Leica microsystems, Wetzlar, Germany) such that the medial side was glued on, the ventral side was facing the blade and the lateral side was facing upwards, submerged in ice-cold cutting solution. For sectioning, the blade was positioned at the height of cerebellar flocculus and sections were cut at a blade feed rate of 0.02 mm/s with an amplitude of 1.50 mm. Slices were incubated for 30 min in artificial cerebrospinal fluid (aCSF) maintained at 35°C, and then kept at room temperature (22–24°C) until recording. Composition of aCSF was identical to the cutting solution except (in mM): 125 NaCl, 13 glucose, 1.5 CaCl2 and 1 MgCl2. The pH of the solution was adjusted to 7.4 and osmolarity was around 310 mOsm/l. All solutions were continuously aerated with carbogen (95% O2, 5% CO2).

Electrophysiology

Patch-clamp recordings were made from BCs of aVCN using EPC10 USB Patch clamp amplifier controlled by the Patchmaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany). Sampling interval and filter settings were 25 μs and 7.3 kHz respectively. Cells were visualized by differential interference contrast (DIC) microscopy through a 40× water-immersion objective (NA 0.8; Zeiss, Oberkochen, Germany) using an Axioscope2 FS plus microscope (Zeiss, Oberkochen, Germany). All experiments were conducted at a temperature of 33–35°C, maintained by constant superfusion (flow rate 3–4 ml/min) of aCSF, heated by an inline solution heater (SH-27B with TC-324B controller; Warner Instruments, Hamden, CT, USA) and monitored by a thermistor placed between the inflow site and the slice in the recording chamber.

Patch pipettes were pulled with P-87 micropipette puller (Sutter Instruments Co., Novato, CA, USA) from borosilicate glass capillaries with filament (GB150F, 0.86 × 1.50 × 80 mm; Science Products, Hofheim, Germany). Open tip pipette resistance was 1.5–3 MΩ when filled with intracellular solution containing (in mM): 115 K-gluconate, 10 HEPES, 8 EGTA, 10 Na2Phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na, 4.5 MgCl2, 10 NaCl and 1 N-(2, 6-dimethylphenyl carbamoylmethyl)triethylammonium chloride (QX-314; Alomone Labs, Jerusalem, Israel) to block sodium channels, with a pH of 7.35 and an osmolarity of 300 mOsm/l. Additionally, 1 mM of fluorescent dye Alexa-488 (Invitrogen) was added to the recording pipette and cell structure was examined during experiments using a HXP 120 mercury lamp, with FITC filter (Semrock hardcoat). Cells were voltage-clamped at a holding potential of −70 mV, after correction for a liquid junction potential of −12 mV. Mean series resistance was around 5 MΩ and was compensated up to 70% with a 10 μs lag. Presynaptic auditory nerve fibers were minimally stimulated with a monopolar electrode in a patch pipette filled with aCSF, placed at a distance of at least one cell diameter from the cell being recorded. Stimulating currents of 10–20 μA were delivered through a stimulus isolator (A360 World Precision Instruments, Sarasota, FL, USA). During recordings, bath solution (aCSF) was supplemented with: 1 mM Kynurenic acid sodium salt (abcam Biochemicals, Cambride, UK), a low-affinity AMPAR antagonist, to prevent receptor saturation/desensitization, 100 μM Cyclothiazide (CTZ; BioTrends, Wangen, Zurich), a positive allosteric AMPAR modulator, to prevent receptor desensitization, 10 μM Bicuculline methchloride, a GABAA receptor antagonist and 2 μM Strychnine hydrochloride, a glycine receptor antagonist. Unless stated otherwise, chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

In Vivo Recordings

Auditory Brainstem Response (ABR)

ABR is a recording of the auditory evoked potentials in response to sound stimulus, recorded from the scalp in a stimulus-locked manner. ABR waves reflect the electrical activity at different stations along the auditory pathway (Melcher et al., 1996), hence providing a measure of signal processing in the whole auditory system.

ABR recordings were performed as described earlier (Jing et al., 2013; Strenzke et al., 2016). Briefly, animals were anesthetized intraperitoneally with a combination of Ketamine (125 mg/kg) and Xylazine (2.5 mg/kg) and their core temperature was maintained at 37°C using a rectal temperature-controlled heating blanket (Hugo Sachs Elektronik; Harvard Apparatus). Additionally, their heart rate was constantly tracked to monitor the anesthesia. The electrode configuration of three subcutaneous needles was the following: the active electrode was positioned underneath the pinna, the reference electrode on the vertex and the ground electrode near the tail. For stimulus generation, presentation, and data acquisition TDT System II (Tucker-Davis Technologies) run by BioSig32 software (TDT) was used. Sound pressure levels were provided as dB SPL peak equivalent (PE) and were calibrated using a [image: image] inch microphone (D 4039, Brüel and Kjaer GmbH). ABRs were obtained as an average of 2 repetitions of 2000 responses to clicks of 0.03 ms presented at 20 Hz in the free field ipsilaterally using a JBL 2402 speaker (JBL GmbH and Co.). The potential difference between vertex and mastoid subdermal needles was amplified (50,000 times), filtered (low pass: 4 kHz, high pass: 400 Hz) and sampled at a rate of 50 kHz for 20 ms. ABR threshold was determined with 10 dB precision as the lowest stimulus intensity that evoked a reproducible response waveform in both traces by visual inspection.

Immunohistochemistry and Confocal Imaging

Animals were transcardially perfused with 2% freshly prepared ice-cold paraformaldehyde with pH adjusted to 7.4. The fixed brain was then removed and brainstem was dissected with a coronal cut few millimetres nasal to the junction between occipital cortex and cerebellum. The brain block was washed overnight in 30% sucrose solution in PBS. For sectioning, the brain block was embedded in Tissue Tek Cryomatrix (Thermo Fisher Scientific, Waltham, MA, USA) and then fixed on the stage of the cryostat (Figocut E cryotome, Reichert-Jung, Depew, NY, USA) such that the caudal aspect was facing upwards and the dorsal side was towards the blade. Advancing from caudal to nasal, 30 μm coronal sections were cut (chamber temperature: −20°C, object temperature: −22°C) and discarded until the appearance of the 7th cranial nerve. Subsequent sections containing aVCN were collected onto electrostatically charged microscope slides (SuperFrost Plus, ThermoFisher Scientific, MA, USA). For parallel processing, one slice of each genotype was collected per slide. Thereafter, the slices were washed for 10 min in PBS and incubated 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) for 1 h, followed by incubation in primary antibodies diluted in GSDB, for 3 h, in a wet chamber at room temperature. After washing 2 × 10 min with wash buffer (450 mM NaCl, 0.3% Triton X-100, 20 mM phosphate buffer) and 2 × 10 min with PBS, the slices were incubated with secondary antibodies diluted in GSDB for 1 h in a light-protected wet chamber at room temperature. The slices were then washed 2 × 10 min with wash buffer, 2 × 10 min with PBS and 1 × 10 min in 5 mM phosphate buffer, and finally mounted with a drop of fluorescence mounting medium based on Mowiol 4-88 (Carl Roth, Karlsruhe, Germany) and covered with a thin glass coverslip.

For inner hair cell immunohistochemistry, apical turns of freshly dissected organ of Corti were fixed in 4% formaldehyde for 10 min and processed as described for fixed brain slices.

Primary antibodies used were: rabbit anti-Piccolo (Antibody #1; 1:200), guinea pig anti-Piccolo (Antibody #2; 1:200), mouse anti-Otoferlin (1:1000; Abcam Biochemicals, Cambridge, UK), guinea pig anti-VGLUT1 (1:500), rabbit anti-VGLUT1 (1:1000), mouse anti-Gephyrin (1:500), mouse anti-Sap7f407 to Bassoon (1:500; Abcam, Cambridge, UK), guinea pig anti-Bassoon (1:500), mouse anti-Calretinin (1:300; Swant, Marly, Switzerland), guinea pig anti-VGAT (1:600), rabbit anti-Munc13-1 (1:200), rabbit anti-RIM1 (1:200), rabbit anti-RIM2 (1:200). Unless stated otherwise, primary antibodies were purchased from Synaptic Systems, Göttingen, Germany. Secondary antibodies used were: AlexaFluor488-, AlexaFluor568- and AlexaFluor647-labeled antibodies (1:200, Invitrogen).

Confocal images were acquired using a laser-scanning confocal microscope (Leica TCS SP5; Leica Microsystems) equipped with 488 nm (Ar) and 561/633 nm (He-Ne) lasers, and 63×/1.4 NA oil-immersion objective. Samples of both genotype: PicWT and PicMut were processed and imaged in parallel, using same laser power, gain and microscope settings.

Electron Microscopy

Animals were transcardially perfused using Karlsson-Schultz buffer (Karlsson and Schultz, 1965; 4% paraformaldehyde, 2.5% glutaraldehyde, 0.5% NaCl, with pH adjusted to 7.4), and the isolated brain was fixed for an additional hour in Karlsson-Schultz buffer and subsequently 150 μm thick parasagittal slices from cochlear nuclei were obtained as described for in vitro physiology, except that the sections were cut at a blade feed rate of 1 mm/s and an amplitude of 1 mm, and a separate vibratome (Leica VT 1200S) was used for sectioning fixed tissue. Slices were fixed overnight on ice using 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2 and washed three times in sodium cacodylate buffer. Post-fixation was performed for 1 h with 1% osmium tetroxide (in 0.1 M sodium cacodylate buffer), followed by a 1 h washing step in sodium cacodylate buffer and three brief washing steps in distilled water. En bloc staining using 1% uranyl acetate in distilled water for 1 h on ice was followed by a brief washing step with distilled water. Finally, slices were dehydrated at room temperature with increasing ethanol concentrations and infiltrated in Epoxy resin (Agar 100 kit, Plano, Wetzlar, Germany; 100% EtOH/Epoxy 1:1, 30 and 90 min; 100% Epoxy, overnight). Slices were further incubated in fresh 100% Epoxy resin and placed on embedding molds. After polymerization for 48 h at 70°C, 70–75 nm sections were cut and placed on formvar-coated copper slot grids (Athene, Plano, Wetzlar, Germany). Slices were post-fixed and stained with uranyl acetate replacement solution/lead citrate following standard protocols. Micrographs were taken with a JEOL electron microscope (JEM 1011, JEOL, Freising, Germany) equipped with a GatanOrius 1200A camera (Gatan, Munich, Germany) using the Gatan Digital Micrograph software package at 12,000×. Endbulb AZs of the aVCN were chosen by the appearance of the vesicles (round) and the synaptic site (asymmetric, denoted as PSD). Only excitatory synapses were taken into account. For analysis, only those AZs were used that showed a clear pre- and postsynaptic membrane.

Data Analysis

Electrophysiology data were analyzed using Igor Pro (Wavemetrics, Lake Oswego, OR, USA), Mini Analysis (Synaptosoft Inc., Fort Lee, NJ, USA) and GraphPad Prism software (La Jolla, CA, USA). Confocal images were analyzed using ImageJ software, Imaris (Bitplane AG, Zurich, Switzerland) and Matlab (Mathworks). Endbulb terminals were tracked and counted visually using ImageJ from Calretinin-stained confocal image stacks. Figures were assembled for display using Adobe Illustrator (Adobe Systems, Munich, Germany). Statistical significance between groups was determined by either unpaired Student’s t-test (in case of normally distributed data with comparable variances between the groups) or Wilcoxon rank sum test (when data distribution did not satisfy the criteria). Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. Data were presented as mean ± SEM when compared using Student’s t-test. In case of Wilcoxon’s rank sum test, data were presented as box and whisker plots showing grand median (of the means of all recordings), lower/upper quartiles, 10–90th percentiles). *, **, *** indicate p < 0.05, 0.01 and 0.001 respectively.

RESULTS

Perturbation of Piccolo Expression in Central but Not Peripheral Auditory Synapses

This study employed constitutive Piccolo mutants with a targeted deletion of exon 14 of Pclo gene and insertion of neomycin resistance cassette in the adjacent 3′ intron, described previously (hereafter dubbed “PicMut”), which lowers the protein levels of Piccolo to approximately 5% in the brain (Mukherjee et al., 2010). A shorter, ~330 kD, C-terminal truncated Pclo splice variant, Piccolino (Figure 1A), is the predominant Pclo isoform at the ribbon synapse of IHC (Regus-Leidig et al., 2013), directly preceding the endbulb of Held. Labeling with antibody #2 (directed against a central epitope, Figure 1A), we found that IHC ribbon synapses in PicMut still express Piccolino (Figure 1C), while the full-length variant, Piccolo, was absent (identified by antibody #1 directed against a C-terminal epitope, Figures 1A,C’). Recordings of ABR (ABR; see “Materials and Methods” section) showed normal sound thresholds and unaltered amplitudes of the spiral ganglion compound action potential, reflected in wave I of the ABRs, indicating normal cochlear sound encoding (Figure 2). In contrast to IHCs, both the excitatory AZs of the endbulb of Held synapse and inhibitory AZs, in the aVCN showed a near complete loss of Piccolo staining (10% of control levels; p-value < 0.001, Wilcoxon rank sum test) indicating a major reduction of Piccolo expression at these central auditory synapses (Figures 1D–E). Our data also indicated a lower fluorescent intensity for Piccolo at PicWT inhibitory AZs as compared to PicWT excitatory endbulb AZs (p-value < 0.01, Wilcoxon rank sum test), suggesting that Piccolo may be differentially expressed in the two types of AZs. However, in this study we focus exclusively on the excitatory endbulb synapses and the exploration of Piccolo’s role at inhibitory synapses would require an independent study. The excitatory AZs at the BCs were identified by co-localization of Piccolo with vesicular glutamate transport 1 (Vglut1; maximal center of mass distance 0.4 μm in xy and 1.2 μm in z), while inhibitory AZs were distinguished by co-localization with Gephyrin (maximal center of mass distance 0.3 μm in xy and 0.9 μm in z). Immunofluorescence intensities of Vglut1 (Figure 1F; p-value ≥ 0.05, Wilcoxon signed rank test) and Gephyrin remained unchanged (Figure 1F’; p-value ≥ 0.05, paired Student’s t-test). We note that this did not strictly differentiate AZs of endbulbs from those of glutamatergic bouton endings, which, however, are much fewer in number (Nicol and Walmsley, 2002; Gómez-Nieto and Rubio, 2009). Therefore, and since Vglut1 is primarily associated with terminals of SGNs (Heeringa et al., 2016), our estimates were strongly dominated by endbulb AZs. Functionally, wave II of the ABRs, thought to arise from activity in the cochlear nucleus (Melcher and Kiang, 1996), demonstrated reduced amplitude suggesting a functional impairment of synaptic transmission from SGNs to the aVCN neurons (Figure 2). Interestingly, later ABR waves seemed unaltered suggesting compensation of Piccolo deficiency.


[image: image]

FIGURE 2. Auditory brainstem response (ABR) indicates preserved cochlear function but alteration in signal propagation at the cochlear nucleus in PicMut mice. (A) Grand averages (line) ± SEM (shaded area) of ABR waveform responses to 80 dB click stimuli at a stimulus rate of 20 Hz of PicWT (N = 7) and PicMut (N = 6) mice at P21–23. N is the number of animals. (B) Comparison of ABR wave amplitudes (calculated as the amplitude difference between peak of the wave and the following trough). In PicMut, wave I (compound action potential of spiral ganglion) has unaltered amplitude, but wave II thought to arise from activity in the cochlear nucleus demonstrates reduced amplitude. Interestingly, the later waves arising from downstream stations in the auditory pathway seem unaltered. Bar plots represent mean ± SEM (error bars). n.s. p-value ≥ 0.05, **p-value < 0.01, Student’s t-test.



Changes in Molecular Composition of the Active Zone Upon Piccolo Disruption

We performed further semi-quantitative immunohistochemistry to analyze the effect of Piccolo disruption on the number of the endbulb of Held synapses and their AZs, as well as on the molecular composition of the AZs. We quantified the number of endbulbs converging on to BCs by visually tracing and counting Calretinin-stained endbulbs (Figure 3A; Lohmann and Friauf, 1996; Mendoza Schulz et al., 2014), not differentiating between globular and spherical BCs. BCs of both genotypes received 3-4 endbulbs on average. 3.56 ± 0.24 for PicMut and 3.67 ± 0.26 for PicWT, Figure 3B; p-value ≥ 0.05, Student’s t-test, which agrees with the number reported in the literature (Cao and Oertel, 2010; Mendoza Schulz et al., 2014) for mice after onset of hearing (p15–p21).


[image: image]

FIGURE 3. Number of endbulbs and endbulb AZs per bushy cell in aVCN. (A) Confocal section of a bushy cell in PicWT labeled with Bassoon (Bsn; AZ marker), Calretinin (endbulbs of Held) and Vgat (inhibitory presynaptic terminals). (B) Number of endbulbs converging onto a bushy cell was quantified by visually tracing and counting Calretinin-stained endbulbs. PicWT (N = 2; n = 12) and PicMut (N = 2; n = 9) receive comparable number of endbulbs (n.s. p-value ≥ 0.05, Student’s t-test). (C) Confocal section of a bushy cell in PicWT labeled with RIM2 (AZ marker), Vglut1 (excitatory synapses) and Gephyrin (Geph, inhibitory synapses). (D) Number of endbulb AZs (approximated from the # of excitatory AZs) per bushy cell quantified by subtracting the number of inhibitory AZs (AZ marker puncta juxtaposed with Gephyrin) from the total number of AZ marker puncta. Endbulb AZ number in PicWT (N = 9; n = 43) and PicMut (N = 9; n = 47) was comparable (n.s. p-value ≥ 0.05, Wilcoxon rank sum test). Data information: Box and whisker plot presents median, lower/upper quartiles and 10–90th percentiles. Bar plot represents mean ± SEM (error bars). N, number of animals; n, number of BCs.



Next, we quantified the number of excitatory AZs per endbulb. In stacks of confocal sections of BCs (Figure 3C), we counted puncta immunofluorescent for the AZ markers (such as Bassoon, RIM1, RIM2 or Munc13-1), which gave us the total AZ count. Subtracting the number of immunofluorescent puncta juxtaposed with Gephyrin immunofluorescence (inhibitory AZ number, see above) from the total count of AZs yielded the number of excitatory AZs, which was unaltered in the PicMut synapses. 428.40 ± 17.93; (median 403) for PicMut and 455.16 ± 18.66; (median 445) for PicWT, Figure 3D, p-value ≥ 0.05, Wilcoxon’s rank sum test. Dividing this number by the average count of endbulbs gave us the number of AZs per endbulb which was also comparable between the genotypes (120.34 for PicMut and 124.14 for PicWT) and agreed with previous reports (Nicol and Walmsley, 2002; Mendoza Schulz et al., 2014). Hence there was no discernible change in the convergence of endbulbs to BCs or the number of AZs therein.

To study the changes in molecular composition, we quantified the immunofluorescence intensities of the CAZ proteins Bassoon, RIM1, RIM2 and Munc13-1. All CAZ proteins exhibited a spot-like fluorescence pattern around the BCs depicting AZs. Bassoon, a close homolog of Piccolo (Fenster et al., 2000), demonstrated significantly increased immunofluorescence intensity at both excitatory endbulbs and inhibitory synapses (Figures 4A,B) in PicMut mice. Immunofluorescence intensities of RIM1 and RIM2 seemed overall weaker in PicMut mice, whereby RIM1 fluorescent intensity was significantly reduced at endbulb AZs and RIM2 at AZs of inhibitory synapses (Figures 4C–F). Munc13-1 immunofluorescence was slightly higher at AZs of inhibitory synapses in PicMut mice, while the intensity was not altered at endbulb AZs (Figures 4G,H). Since the discussion on the changes observed at inhibitory AZs is beyond the scope of this study, we focused mainly on the changes observed at excitatory endbulb AZs. We conclude that Piccolo disruption leads to a reduction in the abundance of RIM1 at AZs of endbulb synapses while Bassoon is upregulated, potentially as a compensatory mechanism.
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FIGURE 4. Altered molecular composition at aVCN synapses in PicMut. (A,C,E,G) Maximal projection of confocal image stacks of BCs in PicWT (left) and PicMut (right). Slices were immunolabeled for different CAZ proteins: Bassoon (A), RIM1 (C), RIM2 (E) and Munc13-1 (G) and co-stained for Vglut1 (excitatory synapses) and Gephyrin (inhibitory synapses). (B,D,F,H) Quantification of fluorescence intensity of CAZ proteins at endbulbs and (inhibitory synapses) of BCs: Bassoon fluorescence intensity (B) was significantly increased at AZs of both endbulbs and inhibitory synapses in the mutant. RIM1 (D) fluorescence intensity was significantly lower at the endbulb AZs in mutant but only tended to be lower at inhibitory AZs. RIM2 (F) fluorescence intensity tended to be reduced at all AZs, but this reached significance only at inhibitory AZs. Munc13-1 (H) fluorescence intensity tended to be slightly increased, which reached significance only at inhibitory AZs. Data information: N, number of animals; n, number of BCs. All scale bars −5 μm. All data presented as box and whisker plots (median, lower/upper quartiles, 10–90th percentiles). Statistical significance between groups was determined by either unpaired Student’s t-test (in case of normally distributed data with comparable variances between the groups) or Wilcoxon rank sum test (when data distribution did not satisfy the criteria). Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. *p-value < 0.05, ***p-value < 0.001. PicWT and PicMut samples were strictly treated in parallel and images were acquired in parallel, using same laser power, gain and microscope settings.



Reduced Synaptic Vesicle Complement at Piccolo-Deficient Active Zones

Using electron microscopy, we investigated ultrastructural changes due to Piccolo deficiency at the AZs of endbulb synapses in ultrathin sections of aVCN (Figures 5A,B). While the length of the postsynaptic density (PSD) was unaltered in the mutant (Figure 5C, p-value ≥ 0.05, Wilcoxon’s rank sum test), the number of SVs per 100 nm of the PSD was significantly reduced at Piccolo-deficient endbulb AZs (Figure 5D, p-value < 0.01, Student’s t-test). For a more comprehensive analysis we compared the SV distribution within 100 nm of the presynaptic AZ membrane (perpendicular to the presynaptic membrane into the cytosol of the presynaptic terminal) in ten 10 nm bins. For each bin, there was a general trend towards fewer SVs per 100 nm of the PSD length in the mutant endbulb AZs (Figure 5E). To assess the number of membrane proximal SVs, which likely contribute to the functionally-defined RRP (Imig, 2013), we focused on the number of SVs per 100 nm of the PSD length within 40 nm of the presynaptic AZ membrane (perpendicular to the presynaptic membrane into the cytosol of the presynaptic terminal). We observed a significant reduction in the membrane proximal SVs in the mutant AZs (Figure 5F, p-value < 0.001 Wilcoxon rank sum test), suggesting a role of Piccolo in the organization and maintenance of the RRP at the AZ.
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FIGURE 5. Ultrastructural analysis reveals reduced synaptic vesicle (SV) complement at PicMut AZ. (A,B) Representative electron micrographs of PicWT (A) and PicMut (B) endbulb synapse active zones (AZs) demonstrating reduced SVs in the mutant AZ. Red arrows demarcate the boundaries of the AZ. Yellow arrow heads mark a region of the PicMut AZ almost devoid of SVs. (C) Unaltered postsynaptic density (PSD) length in PicMut endbulb AZs. Box and whisker plots present grand median, lower/upper quartiles, 10–90th percentiles. n.s.—p-value ≥ 0.05, Wilcoxon’s rank sum test. Each data point represents the PSD length of individual endbulb AZs. (D) Mean SV number per 100 nm of the PSD length significantly reduced at the PicMut endbulb AZs. Data represented as mean ± SEM (**p-value < 0.01, Student’s t-test). Each data point represents the mean SV number per 100 nm of PSD for each endbulb AZ imaged. (E) Mean SV number within 0–10, 10–20, 20–30, 40–50, till 90–100 nm of the AZ perpendicular to the AZ membrane into the presynaptic cytosol normalized to PSD length. Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. Non-normally distributed data are presented as box and whisker plots, lower/upper quartiles, 10–90th percentile; *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 and were tested by Wilcoxon rank sum test. Normally distributed data were tested by Student’s t-test and are presented as bar plot and error bars represent SEM. (F) Mean SV number within 40 nm of the AZ membrane (perpendicular to the AZ membrane into the presynaptic cytosol) normalized to the length of the PSD reduced in PicMut endbulb AZs. Box and whisker plots present grand median, lower/upper quartiles, 10–90th percentiles. ***p-value < 0.001, Wilcoxon rank sum test. Each data point represents the SV number per 100 nm of PSD within 40 nm for each endbulb AZ imaged. PicWT (N = 3; n = 32) in black and PicMut (N = 2; n = 33) in red (N, number of animals; n, number of AZs).



Piccolo Disruption Reduces the Amplitude of Evoked EPSCs at the Endbulb of Held While Leaving the eEPSC Kinetics and Miniature EPSCs Unaltered

To determine the functional consequences of Piccolo disruption at the endbulb of Held synapse, we studied synaptic transmission in acute sagittal slices of the brainstem of PicMut and PicWT mice by recording EPSCs from BCs at postnatal days 15–21. BCs were distinguished from stellate cells (SC; another major cell type in the aVCN) by the faster kinetics of their postsynaptic currents (Isaacson and Walmsley, 1995) and their characteristic short-term plasticity (Chanda and Xu-Friedman, 2010). In addition to such functional identification, each recorded cell was filled with fluorescent dye Alexa 488 via the patch pipette for morphological distinction. BCs are spherical in appearance with one primary dendrite terminating in a dense bush-like dendritic tree (Wu and Oertel, 1984), distinct from SC, which are asymmetrical in shape and have multiple dendrites branching off in various directions giving them a star-like appearance (Figures 6A,B).
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FIGURE 6. Miniature EPSC amplitude and kinetics preserved in PicMut synapses. (A,B) Images of bushy cells (BC, A) and stellate cells (SC, B) filled with fluorescent dye Alexa 488 and fixed after the recording, illustrating typical BC morphology, spherical with one primary dendrite ending in a dense bush-like dendritic tree and typical SC morphology, asymmetrical with multiple far-ranging dendrites branching off in different directions (B). All four cells were recorded and imaged at different times and the images assembled together for presentation. (C) Representative traces of mEPSC: Continuous recording (left) and average (dark bold line) of all mEPSC events of the representative cell (light thin lines; right) for PicWT (C) and PicMut (C’). (D–H) Analysis of mEPSC: mEPSC amplitude (D), decay time (E), full-width at half-maximum (FWHM; F) rise time (G) and frequency (H) remained unaltered. Each data point represents the mean estimate of a given BC. Normally distributed data presented as mean (grand average of the means of all BCs) ± SEM (D–F,H; n.s.—p-value ≥ 0.05, Student’s t-test). Non-normally distributed data presented as box and whisker plots (grand median (of the means of all BCs), lower/upper quartiles, 10–90th percentiles; (G) n.s.—p-value ≥ 0.05, Wilcoxon rank sum test). PicWT N = 16; n = 22, PicMut N = 16; n = 24 (N, number of animals; n, number of BCs).



We first studied miniature EPSCs (mEPSC), in the presence of 1 mM Kynurenic acid (Elmslie and Yoshikami, 1985) and 100 μM CTZ (Yamada and Tang, 1993), to check if quantal size or kinetics of single vesicle release were altered at Piccolo-deficient endbulbs. As previously reported (Oleskevich and Walmsley, 2002), application of TTX does not alter the spontaneous EPSCs (sEPSCs) at the mouse BCs. This has been corroborated by various other studies (Lu et al., 2007; Mendoza Schulz et al., 2014). Therefore, mEPSCs were recorded as spontaneous events in whole-cell recordings of BC in Pic WT (Figure 6C) and PicMut (Figure 6C’) that were voltage-clamped at −70 mV (Figure 6). We did not observe differences in the mEPSC amplitude (Figure 6D), kinetics (Figures 6E–G) and frequency (Figure 6H; p-value ≥0.05 for all three quantities, Figures 6D–F,H Student’s t-test, Figure 6G Wilcoxon rank sum test). To eliminate the possibility of CTZ obscuring the changes in AMPA receptor composition, we compared the decay kinetics of mEPSC events in the absence of CTZ. The mEPSC decay times for PicWT (157.10 ± 2.86 μs; median 158 μs) and PicMut (161.72 ± 3.27 μs; median 155 μs) were comparable (p-value ≥ 0.05, Wilcoxon’s rank sum test).

Next, we investigated evoked synaptic transmission in the presence of 1 mM Kynurenic acid and 100 μM CTZ to avoid saturation and desensitization of AMPA receptors (Chanda and Xu-Friedman, 2010), respectively. Evoked EPSCs (eEPSC) were elicited by minimal electrical stimulation of the auditory nerve fibers by a monopolar electrode placed in the proximity of the recorded BC, whereby each stimulus is aimed to elicit one action potential in one endbulb (Yang and Xu-Friedman, 2008). Analysis of eEPSC evoked by single stimulations (Figure 7) revealed reduced eEPSC amplitude in BCs of PicMut mice (3.15 ± 0.25 nA; median 2.83 nA) as compared to PicWT (4.43 ± 0.37 nA; median 3.52 nA), Figures 7A,B, p-value < 0.01, Wilcoxon rank sum test. The kinetics of rise and decay (Figures 7C–E), and the synaptic delay (Figure 7F) remained unaltered; p-value ≥ 0.05, Figures 7C,D,F Wilcoxon’s rank sum test and Figure 7E Student’s t-test. Synaptic delay was calculated as the time between the start of stimulus (voltage output of the amplifier as dictated by the experiment protocol) and the time when the respective EPSC response reaches 10% of its peak amplitude.
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FIGURE 7. Reduced evoked EPSC amplitude in Piccolo-deficient endbulb of Held synapses. (A) Average traces of evoked EPSC (eEPSC) in PicWT (black) and PicMut (red) showing reduced eEPSC amplitude in the mutant. Inset: Average PicMut eEPSC trace scaled to the peak of the average wildtype trace demonstrating unaltered eEPSC kinetics in the mutant. Positive peak at onset of trace reflects the stimulation artifact. (B) Reduced eEPSC amplitude in PicMut (N = 19; n = 34) as compared to PicWT (N = 21; n = 33). Each data point represents the mean estimate of a given BC, box and whisker plots present grand median (of the means of all BCs), lower/upper quartiles, 10–90th percentiles). **p-value < 0.01, Wilcoxon rank sum test. (C–F) eEPSC kinetics: rise time (C), full-width at half-maximum (FWHM; D) and decay time (E), and synaptic delay (F) were not significantly altered between the two genotypes. Non-normally distributed data presented as box and whisker plots (grand median (of the means of all BCs), lower/upper quartiles, 10–90th percentiles; (C,D,F) n.s. —p-value ≥ 0.05, Wilcoxon rank sum test). Normally distributed data presented as mean (grand average of the means of all BCs) ± SEM (E; n.s.—p-value ≥ 0.05, Student’s t-test). PicWT N = 19; n = 28, PicMut N = 19; n = 28 (N, number of animals; n, number of BCs).



Reduced RRP Size and a Slower Recovery from Short-Term Depression in Piccolo Mutants

Quantal size (mEPSC amplitude) being unaltered, we next investigated the RRP size, release probability and pool dynamics to investigate the cause of the reduced eEPSC amplitude. We studied responses to high frequency train stimulation: 50 consecutive stimuli delivered at 100 and 200 Hz (in the presence of 1 mM Kynurenic acid and 100 μM CTZ). At these frequencies, both PicMut and PicWT mice exhibited comparable short-term depression (Figures 8A,A’). Both genotypes demonstrated similar kinetics of short-term depression during train stimulation (Tau (τ), Table 1; Figures 8B,B’). The paired pulse ratio (PPR) was not significantly altered at inter-stimulus intervals of 5 ms and 10 ms (Table 1). The extent of depression assessed as the amplitude in the steady-state reached after 30 train pulses was comparable (EPSC30–50/EPSC1, Table 1; Figures 8B,B’).
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FIGURE 8. Analyzing vesicle pool dynamics during high-frequency stimulation at Piccolo-deficient endbulb of Held synapses. (A) Average traces of EPSCs evoked in response to 100 Hz train stimulation, recorded from PicWT (A) and PicMut (A’) endbulb synapses, illustrating characteristic fast kinetics and short-term depression of bushy cell EPSCs, which remain preserved in the mutant. Inset shows the last EPSC of the train and spontaneous activity (mEPSC events) for 100 ms after the cessation of train stimulus, demonstrating comparable asynchronous activity in PicWT (black, left) and PicMut (red, right) (A”; PicWT N = 7; n = 9, PicMut N = 6; n = 10) p-value ≥ 0.05, Student’s t-test. (B,B’) Normalized EPSC amplitude plotted against stimulus number demonstrates comparable short-term depression in PicWT (black) and PicMut (red) in response to high-frequency train stimulation at 100 Hz (B) and 200 Hz (B’). (C,C’) To estimate the readily releasable pool size (RRP), replenishment rate and release probability (Pr) using the Schneggenburger-Meyer-Neher (SMN) method, EPSCs from trains were plotted cumulatively against stimulus number and the linear fit (solid gray line) to the last ten steady-state amplitudes was back-extrapolated (dotted gray line) to the y-axis for 100 Hz (C) and 200 Hz (C’). For quantitative analysis refer to Table 1. (D,D’) To estimate the RRP and Pr using the Elmqvist and Quastel (EQ) method, absolute EPSC amplitudes from trains were plotted against cumulative amplitudes of the all EPSCs preceding the corresponding EPSC and, the linear fit (solid blue line) to the first 3–5 data points was forward-extrapolated (dotted blue line) to the x-axis for 100 Hz (D) and 200 Hz (D’). For quantitative analysis refer to Table 1. For 100 Hz: PicWT N = 19; n = 28, PicMut N = 19; n = 28. For 200 Hz: PicWT N = 13; n = 21, PicMut N = 13; n = 19. N, number of animals; n, number of BCs.



TABLE 1. Comparison of RRP size, vesicle replenishment, release probability and short-term depression at the endbulb of Held synapse in PicWT and PicMut mice.
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The size of the RRP, the release probability (Pr) and the SV replenishment rate were estimated by applying two variants of the cumulative analysis to the EPSC trains: Schneggenburger-Meyer-Neher (SMN) method (Schneggenburger et al., 1999) and Elmqvist and Quastel (EQ) method (Elmqvist and Quastel, 1965; both recently reviewed in Neher, 2015). In the SMN method (Figures 8C,C’), EPSC amplitudes from trains are plotted cumulatively against the stimulus number. A line fit to the steady-state points (last 10 of the 50 points) is back-extrapolated to the y-axis, and the y-intercept divided by the mEPSC amplitude estimates the RRP size, while Pr is estimated by the ratio of vesicle content of EPSC1 to that of the RRP. The slope of the linear fit itself, approximates the rate of vesicle replenishment during the train. The SMN analysis (Figures 8C,C’, Table 1) only revealed a non-significant trend towards a reduced RRP size in the mutant. Another finding was the reduced rate of vesicle replenishment in the mutant that reached significance at 100 Hz stimulation (p-value = 0.012, Student’s t-test). The estimate of Pr was not significantly changed upon Piccolo disruption at any stimulation frequency. Asynchronous release following the train stimulation was unchanged: the rate of mEPSCs was not different in first 100 ms after the end of 100 Hz trains between BCs of both genotypes (Figure 8A” inset).

In the EQ method (Figures 8D,D’ used previously at central auditory synapse in Taschenberger et al., 2002), absolute EPSC amplitude in response to a given stimulus, n (EPSCn), in the train is plotted against the cumulative EPSC amplitudes of the stimuli prior to stimulus n (Cumulative amplitudes of EPSC0 to EPSCn−1). A line fit to the first 3–5 points is forward extrapolated to the x-axis and the x-intercept divided by the mEPSC amplitude estimates the RRP size, while Pr is determined as the slope of the linear fit. In contrast to the SMN method, the EQ method more robustly reported the reduced RRP size in Piccolo mutant endbulb synapses (Figures 8D,D’, Table 1), demonstrated by a significant reduction in RRP at both 100 and 200 Hz stimulation frequencies. As with the SMN method, the estimates of Pr were comparable between the two genotypes.

To further verify our finding of slower vesicle replenishment in PicMut endbulbs at 100 Hz suggested by SMN analysis, we studied the recovery from short-term depression, by measuring eEPSC amplitudes elicited by single stimuli presented at varying time intervals after a conditioning 100 Hz train of 50 pulses (Figure 9A). Recovery is displayed as the eEPSC amplitudes normalized to the amplitude of the first eEPSC of the conditioning train (Figure 9B). The time course of recovery was fitted with a double exponential function:
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FIGURE 9. Recovery from short-term depression is slowed at Piccolo-deficient endbulb of Held synapses. (A) Representative traces of PicWT (upper panel, black) and PicMut (lower panel, red) endbulb synapses to illustrate the recovery protocol. Following a conditioning 100 Hz train of 50 stimuli, recovery from short-term depression was assessed by single test pulses presented after (in ms) 25, 50, 75, 100, 250, 500 (further in s) 1, 2, 4, 6, 10, 12 and 16. Inset shows the responses to the first 5 stimuli in detail. (B) Recovery plotted as mean (± SEM) EPSC amplitude in response to test pulses normalized to the first EPSC amplitude of the conditioning train. Dashed lines are double exponential fits. The time constants (τ) are provided on the graph, amplitude ratios of the two recovery components (fast/slow) were 0.15 and 0.55 for PicWT and PicMut respectively. Inset shows the first five responses in detail. **p-value < 0.01, *p-value < 0.05. Statistical significance between groups was determined by either unpaired Student’s t-test (in case of normally distributed data with comparable variances between the groups) or Wilcoxon rank sum test (when data distribution did not satisfy the criteria). Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. PicWT N = 15; n = 10–18, PicMut N = 25; n = 12–24. N, number of animals; n, number of BCs.



A double exponential time course of recovery at physiological temperatures has been previously reported for calyceal synapses: endbulb of Held (Yang and Xu-Friedman, 2008) and calyx of Held (Kushmerick et al., 2006), with time constants comparable to our wildtype estimates. The amplitude and tau (τ) values for the fits were as follows: for PicMut A1 = 0.24 ± 0.04, τ1 = 101.9 ms ± 35.4; A2 = 0.43 ± 0.03, τ2 = 2.98 s ± 0.57 and PicWT A1 = 0.07 ± 0.01, τ1 = 30.2 ms ± 14.8; A2 = 0.44 ± 0.01, τ2 = 3.05 s ± 0.23. PicMut endbulbs showed a significantly slower recovery during the initial phase (Figure 9B) with longer time constant for the fast component of the double exponential fits. The kinetics of the slow components were comparable.

In the Absence of Piccolo, Partial Loss of Bassoon Affects Evoked Transmission, Short-Term Depression and Recovery from Depression at the Endbulb of Held, but Has No Effect on Spontaneous Release

In addition to the mutation of Piccolo, we also studied the effect of disrupting (deleting exons 4 and 5, BsnΔEx4/5, Altrock et al., 2003) one allele of Bassoon on vesicle replenishment rate. The mutant is henceforth referred to as PicBsn. Using the recovery paradigm described above, we estimated the kinetics of SV recovery after short-term depression by means of double exponential fits (Figure 10). The amplitude and tau (τ) values of the fit at PicBsn synapses were as follows: A1 = 0.30 ± 0.04, τ1 = 141.2 ms ± 50.7; A2 = 0.45 ± 0.04, τ2 = 4.03 s ± 1.05. In previous studies (Mendoza Schulz et al., 2014), heterozygosity for BsnΔEx4/5 did not have any phenotype on synaptic transmission. However, in the absence of Piccolo, even partial loss of Bassoon seems to exacerbate the slowing of vesicle replenishment (Figure 10B).
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FIGURE 10. Impairment in recovery from short-term depression further aggravated at PicBsn endbulb of Held synapses. (A) Representative traces of PicWT (upper panel, black) and PicBsn (lower panel, green) endbulb synapses to illustrate the recovery protocol. Following a conditioning 100 Hz train of 50 stimuli, recovery from short-term depression was assessed by single test pulses presented after (in ms) 25, 50, 75, 100, 250, 500 (further in s) 1, 2, 4, 6, 10, 12 and 16. Inset shows the responses to the first 5 stimuli in detail. (B) Recovery plotted as mean (± SEM) EPSC amplitude in response to test pulses normalized to the first EPSC amplitude of the conditioning train. Dashed lines are double exponential fits. The time constants (τ) are provided on the graph, amplitude ratios of the two recovery components (fast/slow) were 0.15 and 0.67 for PicWT and PicBsn respectively. PicMut recovery trace shown in gray for comparison. Inset shows the first five responses in detail. Comparing PicWT and PicBsn recoveries, ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05. Statistical significance between groups was determined by either unpaired Student’s t-test (in case of normally distributed data with comparable variances between the groups) or Wilcoxon rank sum test (when data distribution did not satisfy the criteria). Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. PicWT N = 15; n = 10–18, PicBsn N = 5; n = 10. N, number of animals; n, number of BCs.



The aggravation of slowed recovery from vesicle depletion upon Bassoon disruption in addition to Piccolo mutation, provided the impetus to investigate synaptic transmission in PicBsn mice. For a comprehensive analysis all three modes of release (Kaeser and Regehr, 2014): spontaneous, asynchronous and evoked, were studied, just like for PicMut mice. All recordings were made in the presence of 1 mM Kynurenic acid and 100 μM CTZ to eliminate postsynaptic factors influencing the inference.

mEPSC recorded as spontaneous events from postsynaptic BCs were comparable between PicWT (Figure 11A) and PicBsn (Figure 11A’). The analysis did not reveal any differences in the mEPSC amplitude, kinetics or frequency of events (p-value ≥ 0.05 for all three quantities, Figures 11B–E Student’s t-test, Figure 11F Wilcoxon rank sum test).
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FIGURE 11. Miniature EPSC amplitude and kinetics preserved in PicBsn endbulb synapses. (A) Representative traces of mEPSC: Continuous recording (left) and average (dark bold line) of all mEPSC events of the representative cell (light thin lines) (right) for PicWT (A) and PicBsn (A’). (B) Analysis of mEPSC: mEPSC amplitude (B), decay time (C), full-width at half-maximum (FWHM; D), rise time (E) and frequency (F) remain unaltered. Each data point represents the mean estimate of a given BC. Normally distributed data presented as mean (grand average of the means of all BCs) ± SEM (B–E; n.s. p-value ≥0.05, Student’s t-test). Non-normally distributed data presented as box and whisker plots (grand median (of the means of all BCs), lower/upper quartiles, 10–90th percentiles; (F) n.s.—p-value ≥ 0.05, Wilcoxon rank sum test). PicWT N = 16; n = 22, PicBsn N = 5; n = 13. N, number of animals; n, number of BCs.



Interestingly, the reduced eEPSC amplitude phenotype observed in Piccolo-deficient synapses showed a “pseudo-rescue” upon additional deletion of a single Bassoon allele. eEPSC amplitudes were largely unaltered in PicBsn endbulbs (Figures 12A,B; 4.10 ± 0.25 nA for PicBsn vs. 4.43 ± 0.37 nA for PicWT, p-value ≥ 0.05, Student’s t-test). The kinetics of rise and decay (Figures 12C–E), and the synaptic delay (Figure 12F) remained unaltered; p-value ≥ 0.05, Figures 12C,D,F Wilcoxon’s rank sum test and Figure 12E Student’s t-test. Again, in contrast to PicMut, endbulbs of PicBsn mice demonstrated a lower PPR in response to pairs of stimuli presented at inter-stimulus intervals of 5 and 10 ms (Table 2).
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FIGURE 12. Unaltered evoked EPSC amplitude in PicBsn mutants as “pseudo-rescue” of PicMut phenotype. (A) Average traces of evoked EPSC (eEPSC) in PicWT (black) and PicBsn (green) showing unaltered eEPSC amplitude in the PicBsn mice. Inset: Average PicBsn eEPSC trace scaled to the peak of the average wildtype trace demonstrating unaltered eEPSC kinetics in the mutant. Positive peak at onset of trace reflects the stimulation artifact. (B) Unaltered eEPSC amplitude in PicBsn (N = 6; n = 17) as compared to PicWT (N = 21; n = 33). Data presented as mean (grand average of the means of all BCs) ± SEM (n.s.—p-value ≥ 0.05, Student’s t-test). (C–F) eEPSC kinetics: rise time (C), full-width at half-maximum (FWHM; D) and decay time (E), and synaptic delay (F) were not significantly altered in PicBsn as compared to PicWT. Non-normally distributed data presented as box and whisker plots (grand median (of the means of all BCs), lower/upper quartiles, 10–90th percentiles; (C,D,F) n.s. p-value ≥ 0.05, Wilcoxon rank sum test). Normally distributed data presented as mean (grand average of the means of all BCs) ± SEM (E; n.s. p-value ≥ 0.05, Student’s t-test). PicWT N = 19; n = 28, PicBsn N = 6; n = 17. N, number of animals; n, number of BCs.



TABLE 2. Comparison of RRP size, vesicle replenishment, release probability and short-term depression at the endbulb of Held synapse in PicWT and PicBsn mice.
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A lower PPR is indicative of a higher release probability which was not seen in PicMut mice. To further analyze the effects of Bassoon disruption in addition to the absence of Piccolo, responses to high frequency train stimulations were studied (Figures 13A,A’) to assess the RRP size, release probability and pool dynamics. The evoked response was quantified using cumulative analysis as described above (Figures 13C–D’; Table 2). Undetected in the SMN analysis, the EQ analysis revealed a smaller RRP and an increased Pr in the PicBsn endbulbs as compared to PicWT (Table 2). Short-term depression was also stronger at endbulbs of PicBsn mice than in PicWT as determined by a smaller τ (time constant of decay of the response to train stimulation) and a reduced steady-state amplitude (EPSC30–50/EPSC1, significant only at 100 Hz; Figures 13B,B’, Table 2). This contrasts with the phenotype observed with Piccolo mutation alone, where no discernible change in short-term depression was noted. Endbulb of Held synapses in the PicBsn mice tended to have more asynchronous activity as compared to PicWT synapses, but this did not reach statistical significance (Figure 13A” inset).
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FIGURE 13. Analyzing vesicle pool dynamics during high-frequency stimulation at PicBsn endbulb of Held synapses. (A) Average traces of EPSCs evoked in response to 100 Hz train stimulation, recorded from PicWT (A) and PicBsn (A’) endbulb synapses, illustrating characteristic fast kinetics and short-term depression of bushy cell EPSCs, which remain preserved in the mutant. Inset shows the last EPSC of the train and spontaneous activity (mEPSC events) for 100 ms after the cessation of train stimulus, demonstrating a trend towards increased asynchronous activity in PicBsn (green, right) as compared to PicWT (black, left) (A”; PicWT N = 7; n = 9, PicBsn N = 4; n = 13) p-value = 0.06, Student’s t-test. (B,B’) Normalized EPSC amplitude plotted against stimulus number demonstrates greater short-term depression in PicBsn (green) as compared to PicWT (black) in response to high-frequency train stimulation at 100 Hz (B) and 200 Hz (B’). (C,C’) To estimate the readily releasable pool size (RRP), replenishment rate and release probability (Pr) using the SMN method, EPSCs from trains were plotted cumulatively against stimulus number and the linear fit (solid gray line) to the last ten steady-state amplitudes was back-extrapolated (dotted gray line) to the y-axis for 100 Hz (C) and 200 Hz (C’). For quantitative analysis refer to Table 2. (D,D’) To estimate the RRP and Pr using the EQ method, absolute EPSC amplitudes from trains were plotted against cumulative amplitudes of the all EPSCs preceding the corresponding EPSC, and the linear fit (solid blue line) to the first 3–5 data points was forward-extrapolated (dotted blue line) to the x-axis for 100 Hz (D) and 200 Hz (D’). For quantitative analysis refer to Table 2. For 100 Hz: PicWT N = 19; n = 28, PicBsn N = 6; n = 17. For 200 Hz: PicWT N = 13; n = 21, PicBsn N = 5; n = 14. N, number of animals; n, number of BCs.



DISCUSSION

We studied the role of Piccolo in high frequency transmission at the endbulb of Held synapses of the auditory pathway. Piccolo disruption elicited changes in the molecular composition of the AZ, some of which might partially compensate for Piccolo deficiency (Bassoon) while the reduction of RIM1 might contribute to the observed deficit in vesicle pool size (Han et al., 2011). Through electrophysiology, we provide evidence for a role of Piccolo in maintaining the RRP size and efficiency of recovery from short-term depression. Additionally, we aimed to segregate the function of Piccolo from that of its close homolog, Bassoon. We propose that Piccolo and Bassoon promote efficient SV-replenishment to the RRP in an additive manner and differ regarding their impact on release probability.

Changes in Molecular Composition of Endbulb AZs Upon Piccolo Disruption

Deletion of exon 14 of Pclo along with insertion of a neomycin resistance cassette drastically reduced Piccolo expression as observed by semi-quantitative analysis by immunofluorescence. The reduction of Piccolo immunofluorescence on average amounted approximately to 90%, which is close to what was found by Western blotting of whole brain homogenate (95%; Mukherjee et al., 2010). Therefore, manipulation of Piccolo employed at the endbulb synapse was incomplete and, hence, the analysis likely underestimated the role of the protein. This calls for a refined genetic deletion that targets all splice variants. However, this drawback of the currently used Pclo manipulation also offered an advantage: the C-terminus, affected by the mutation, is absent from its shorter variant, Piccolino (Regus-Leidig et al., 2013, 2014), the predominant Piccolo isoform at the ribbon synapses of the IHCs. The data illustrate that the Piccolino expression remains intact at the IHCs of PicMut. ABR recordings corroborated the notion of intact IHC synapses and indicated overall normal cochlear function. This provided a unique opportunity to selectively study the effects of Piccolo disruption at the endbulb without any bias from the preceding synapse that was confounding the previous analysis of Bassoon function at the endbulb synapse (Mendoza Schulz et al., 2014).

The gross morphology of the endbulb synapse was not affected by Piccolo disruption: the number of the auditory nerve fibers converging onto BCs and the number of AZs per endbulb remained unaltered. Since Piccolo interacts directly or indirectly with most other CAZ proteins (Wang et al., 2009), we also studied how the molecular composition of AZ is affected upon its disruption. Semi-quantitative expression analysis was employed by integrating immunofluorescence of excitatory and inhibitory AZs onto BCs. Since excitatory AZs were required to co-localize with Vglut1 that is thought to distinguish endbulb terminals from Vglut2-positive bouton endings (Heeringa et al., 2016), it is reasonable to consider the analysis of excitatory AZs to mostly report properties of endbulb AZs. Out of the four CAZ proteins (Bassoon, RIM1, RIM2 and Munc13-1) investigated, expression levels of Bassoon and RIM1 were significantly altered at endbulb AZs. It is interesting to note that the two proteins that were altered share regions of homology with Piccolo (Wang et al., 1999). RIM and Piccolo both exhibit Zn finger domains, a PDZ domain and two C-terminal C2 domains and Bassoon shares ten highly conserved PBH domains with Piccolo (tom Dieck et al., 1998; Wang et al., 1999; Fenster et al., 2000). RIM1 immunofluorescence intensity was reduced while that of Bassoon was increased. It can be speculated that the reduction in RIM1 could be a consequence of it not being integrated properly at the synapse in the absence of Piccolo, as Piccolo is thought to play an integral role in AZ assembly and scaffolding (Gundelfinger et al., 2016). Bassoon, on the other hand, thought to have partially overlapping functions with Piccolo (Mukherjee et al., 2010; Waites et al., 2013), could be upregulated in PicMut as a compensatory mechanism. This is in line with a previous report (Mendoza Schulz et al., 2014), where Piccolo expression was upregulated in Bassoon deficient synapses, likely to compensate for the loss of some of Bassoon’s function.

Piccolo Disruption Mildly Affects Synaptic Transmission at the Endbulb of Held

So far, a unifying picture of the role of Piccolo in synaptic transmission has been missing. While one study implicated Piccolo as a negative regulator of SV exocytosis (Leal-Ortiz et al., 2008), others stated Piccolo plays no major role in SV release (Mukherjee et al., 2010) or, together with Bassoon, contributes to maintenance of the structural integrity of the AZ (Waites et al., 2013). In the present study of the endbulb of Held synapse, an amplitude reduction of eEPSCs evoked by single action potentials was observed. BCs are responsible for high fidelity transmission of timing information (Oertel, 1999). Hence, even this mild reduction (~20%) in eEPSC amplitudes at the level of individual synapses potentially seems to impair the synchronized activity in the cochlear nucleus as demonstrated by the reduction of ABR wave II amplitude.

Kinetics of release, on the other hand, were not changed either for eEPSCs or for mEPSCs. The unaltered mEPSCs amplitude (quantal size) and kinetics rule out post-synaptic changes in abundance or properties of AMPA receptors. This is supported by the unchanged spatial extent of the PSD in PicMut endbulb AZs, reported by the electron micrograph analysis of the synaptic ultrastructure. In contrast, global disruption of Bassoon increased the quantal size and significantly enlarged the PSD length (Mendoza Schulz et al., 2014). This was suggested to reflect homeostatic upscaling of excitatory synaptic contacts in response to reduced SGN input to BCs due to impaired synaptic sound encoding in the cochlea. Excluding postsynaptic alterations and changes in vesicular glutamate content based on the unaltered mEPSCs, leaves two possibilities, a reduction in either the release probability (Pr) or the RRP size to explain the reduced eEPSC amplitude. The EQ analysis of eEPSC trains (Elmqvist and Quastel, 1965) indicated a reduced RRP size as the primary reason for the reduced eEPSC amplitude. While, the SMN (Schneggenburger et al., 1999) method failed to disclose a significant reduction in RRP size, our notion was corroborated by a reduced synaptic vesicle pool at the AZ observed on an ultrastructural level using electron microscopy. Pr, on the other hand, seemed largely unaltered as estimated by both the analysis methods.

After cessation of the stimulus following depression, the recovery protocol revealed an impairment in SV recovery, where the fast phase of recovery was slowed by a factor of three. Piccolo’s contribution to vesicle replenishment could be attributed to its interaction with Actin regulatory protein like Daam1, required for F-actin assembly (Wagh et al., 2015), that may regulate conversion of reluctant SVs to the fast releasing RRP (Lee et al., 2012). Moreover, the reduction in RIM1 might contribute to the observed reduction in RRP, as RIMs play a crucial role in making vesicles fusion competent (Wang et al., 1997; Gracheva et al., 2008; Deng et al., 2011; Han et al., 2011; Fernández-Busnadiego et al., 2013; Kintscher et al., 2013; Jung et al., 2015) and hence in determining the RRP size (Han et al., 2011, 2015). With its extended reach into the cytosol, tens of nanometers beyond the dense projections of the CAZ (Limbach et al., 2011), Piccolo might escort SVs from further away in the presynaptic cytosol and deliver them to RIM to make them release ready. The reduction in RIM1 expression reported in this study could be in line with this synaptic interplay. Indeed, our electron microscopy analysis demonstrating a reduced pool of SVs at the Piccolo-deficient AZs lends support to this hypothesis.

Interestingly, a trend towards further slowing of the fast phase of recovery from short-term depression was observed upon disrupting one allele of Bassoon, in addition to the mutation of Piccolo. Nevertheless, finding reduced vesicle replenishment upon disruption of either Bassoon (Hallermann et al., 2010; Mendoza Schulz et al., 2014) or Piccolo suggests that neither protein alone is sufficient to maintain wildtype performance of SV replenishment, even despite a likely compensatory, up-regulation of the respective other gene.

This implies partially additive function, probably even at the same AZs as the majority of them contain both proteins (Dondzillo et al., 2010; Mendoza Schulz et al., 2014), although Piccolo and Bassoon may promote replenishment through different molecular pathways. As discussed above, Piccolo might employ an interplay of F-actin assembly, interaction with other CAZ proteins like RIM and its Ca2+ sensing domain. Bassoon on the other hand, might tether SVs via interactions with the SV associated protein Mover (Ahmed et al., 2013; Körber et al., 2015) and could also assist in positioning of Ca2+ channels (Davydova et al., 2014) and SVs close to each other (Hallermann et al., 2010).

Future work will be required to dissect the precise molecular mechanisms by which Piccolo acts in vesicle replenishment. This should also target roles of Piccolo in SV endocytosis and low-affinity Ca2+ sensing. Piccolo binds Actin associated proteins like Abp1 (Fenster et al., 2003), and GIT1 (Kim et al., 2003), both of which have been linked to SV endocytosis. As stated earlier, Piccolo plays a role in dynamic assembly of F-actin, which is needed for retrieval of SVs both by bulk (Nguyen et al., 2012) and ultrafast (Watanabe et al., 2013) endocytosis. The finding that only the fast component of recovery was affected would imply a rapid mechanism, such as ultrafast endocytosis or release-site clearance (Haucke et al., 2011), to be involved. The C2A domain of Piccolo acts as a low- affinity Ca2+ sensor (Gerber et al., 2001; Garcia et al., 2004), which is ideal to sense Ca2+ build-up during high-frequency activity at the synapse. At the endbulb of Held, Ca2+ drives the fast component of recovery (Wang and Manis, 2008; Yang and Xu-Friedman, 2008) and Piccolo is an interesting candidate as the sensor driving this Ca2+ dependent rapid recovery.

Segregation of the Roles of Piccolo and Bassoon at the Active Zone

To elucidate the synergistic function of Bassoon and Piccolo, physiology of Piccolo mutant mice with additional heterozygosity for a partial deletion of the Bassoon gene (PicBsn mice, Bsn: deletion of exons 4 and 5; Altrock et al., 2003), was further probed. The phenotype observed was intermediate between the changes in neurotransmission seen in Piccolo and Bassoon-deficient endbulbs (Mendoza Schulz et al., 2014). Bassoon heterozygosity did not exert any synaptic deficits by itself (Mendoza Schulz et al., 2014). However, at the endbulb of Held, in the absence of Piccolo, Bassoon heterozygotes demonstrate a reduced PPR indicative of an increased release probability, faster and greater extent of depression to train stimulation, and a tendency for higher asynchronous release upon cessation of high frequency stimulation.

Interestingly, the eESPC amplitude, which was reduced in Piccolo-deficient endbulbs, seemed comparable to the PicWT values in PicBsn mice demonstrating a “pseudo-rescue” of PicMut phenotype. In Bassoon KO, the eEPSC amplitude was comparable to that of the wildtype likely because of homeostatic upscaling of excitatory synaptic contacts in response to reduced SGN input to BCs due to impaired synaptic sound encoding in the cochlea (Mendoza Schulz et al., 2014). However, this is not valid for PicBsn mice, as the cochlea does not suffer from Piccolo deficiency and one allele of Bassoon seems sufficient to sustain neurotransmission at the cochlear ribbon synapses (Frank et al., 2010). This is reflected in the unaltered mEPSC amplitude, as opposed to an increase observed at endbulbs of Bassoon KO (Mendoza Schulz et al., 2014).

EQ analysis, but not SMN analysis, estimated a reduction in RRP. This discrepancy in the estimations of the two methods arises from the assumptions on which they are based. The SMN analysis estimates the pool size by the decrement in the vesicle pool during stimulation and is thus influenced by the extent of depression during the train (Neher, 2015). Hence, an increased depression (lower steady-state amplitude) at PicBsn endbulbs could overestimate RRP size giving values, comparable to that of the PicWT. EQ analysis on the other hand, estimates the RRP by forward-extrapolation, as it would have been before the onset of stimulation and is hence independent of the stimulation frequency used and the synaptic depression resulting therein (Neher, 2015). Considering the reduced RRP at the PicBsn synapses, we speculate that the “pseudo-rescue” of eEPSC amplitude is due to an increase in release probability as indicated by a lower PPR and higher Pr by the EQ cumulative analysis.

Taken together, partial lack of Bassoon in Piccolo-deficient synapses seems to add changes in the release probability to the phenotype observed in PicMut mice. It is interesting to speculate that Piccolo and Bassoon maintain synaptic vesicle clustering at the synapse (Mukherjee et al., 2010), but while they both have a collaborative role in vesicle replenishment, Bassoon might have a role in regulation of Ca2+-influx, SV release and/or their coupling as well. This hypothesis opens questions and a need for further investigations to probe the changes in interactions and compositions of the CAZ proteins and the active zone ultrastructure in the absence of two of its largest proteins.

AUTHOR CONTRIBUTIONS

This study was conceived by TM and TB. The experimental work was performed by TB (acute slice electrophysiology, immunohistochemistry, contribution to electron microscopy) and CW (electron microscopy). TB and TM prepared the manuscript with contributions of CW.

ACKNOWLEDGMENTS

We thank N. Dietrich, S. Gerke, T. Goldak and C. Senger-Freitag for expert technical assistance and G. Hoch for developing image analysis routines. We thank A. Mendoza Schulz and Y. Yang for training TB in BC recordings. We thank E. Neher and T. Dresbach for discussion and comments on the manuscript. Our gratitude also goes to C. H. Huang and J. Neef for constant support and scientific discussion. This work was supported by the German Research Foundation through the Göttingen Graduate School for Neurosciences, Biophysics and Molecular Biosciences (GSC 226, excellence fellowship to TB), Collaborative Research Center 889 (to TM (A2) and CW (A7)), Collaborative Research Center 1286 (to TM (B5) and CW (A4)), the Center for Nanoscale Microscopy and Molecular Physiology of the Brain, and the Leibniz program (to TM).

REFERENCES

Ahmed, S., Wittenmayer, N., Kremer, T., Hoeber, J., Kiran Akula, A., Urlaub, H., et al. (2013). Mover is a homomeric phospho-protein present on synaptic vesicles. PLoS One 8:e63474. doi: 10.1371/journal.pone.0063474

Altrock, W. D., tom Dieck, S., Sokolov, M., Meyer, A. C., Sigler, A., Brakebusch, C., et al. (2003). Functional inactivation of a fraction of excitatory synapses in mice deficient for the active zone protein bassoon. Neuron 37, 787–800. doi: 10.1016/s0896-6273(03)00088-6

Buran, B. N., Strenzke, N., Neef, A., Gundelfinger, E. D., Moser, T., and Liberman, M. C. (2010). Onset coding is degraded in auditory nerve fibers from mutant mice lacking synaptic ribbons. J. Neurosci. 30, 7587–7597. doi: 10.1523/JNEUROSCI.0389-10.2010

Cao, X.-J., and Oertel, D. (2010). Auditory nerve fibers excite targets through synapses that vary in convergence, strength, and short-term plasticity. J. Neurophysiol. 104, 2308–2320. doi: 10.1152/jn.00451.2010

Chanda, S., and Xu-Friedman, M. A. (2010). A low-affinity antagonist reveals saturation and desensitization in mature synapses in the auditory brain stem. J. Neurophysiol. 103, 1915–1926. doi: 10.1152/jn.00751.2009

Davydova, D., Marini, C., King, C., Klueva, J., Bischof, F., Romorini, S., et al. (2014). Bassoon specifically controls presynaptic P/Q-type Ca2+ channels via RIM-binding protein. Neuron 82, 181–194. doi: 10.1016/j.neuron.2014.02.012

Delvendahl, I., Vyleta, N. P., von Gersdorff, H., and Hallermann, S. (2016). Fast, temperature-sensitive and clathrin-independent endocytosis at central synapses. Neuron 90, 492–498. doi: 10.1016/j.neuron.2016.03.013

Deng, L., Kaeser, P. S., Xu, W., and Südhof, T. C. (2011). RIM proteins activate vesicle priming by reversing autoinhibitory homodimerization of Munc13. Neuron 69, 317–331. doi: 10.1016/j.neuron.2011.01.005

Dick, O., tom Dieck, S., Altrock, W. D., Ammermüller, J., Weiler, R., Garner, C. C., et al. (2003). The presynaptic active zone protein bassoon is essential for photoreceptor ribbon synapse formation in the retina. Neuron 37, 775–786. doi: 10.1016/s0896-6273(03)00086-2

Dondzillo, A., Sätzler, K., Horstmann, H., Altrock, W. D., Gundelfinger, E. D., and Kuner, T. (2010). Targeted three-dimensional immunohistochemistry reveals localization of presynaptic proteins Bassoon and Piccolo in the rat calyx of Held before and after the onset of hearing. J. Comp. Neurol. 518, 1008–1029. doi: 10.1002/cne.22260

Elmqvist, D., and Quastel, D. M. (1965). A quantitative study of end-plate potentials in isolated human muscle. J. Physiol. 178, 505–529. doi: 10.1113/jphysiol.1965.sp007639

Elmslie, K. S., and Yoshikami, D. (1985). Effects of kynurenate on root potentials evoked by synaptic activity and amino acids in the frog spinal cord. Brain Res. 330, 265–272. doi: 10.1016/0006-8993(85)90685-7

Fenster, S. D., Chung, W. J., Zhai, R., Cases-Langhoff, C., Voss, B., Garner, A. M., et al. (2000). Piccolo, a presynaptic zinc finger protein structurally related to bassoon. Neuron 25, 203–214. doi: 10.1016/s0896-6273(00)80883-1

Fenster, S. D., Kessels, M. M., Qualmann, B., Chung, W. J., Nash, J., Gundelfinger, E. D., et al. (2003). Interactions between Piccolo and the actin/dynamin-binding protein Abp1 link vesicle endocytosis to presynaptic active zones. J. Biol. Chem. 278, 20268–20277. doi: 10.1074/jbc.M210792200

Fernández-Busnadiego, R., Asano, S., Oprisoreanu, A.-M., Sakata, E., Doengi, M., Kochovski, Z., et al. (2013). Cryo-electron tomography reveals a critical role of RIM1α in synaptic vesicle tethering. J. Cell Biol. 201, 725–740. doi: 10.1083/jcb.201206063

Frank, T., Rutherford, M. A., Strenzke, N., Neef, A., Pangršič, T., Khimich, D., et al. (2010). Bassoon and the synaptic ribbon organize Ca2+ channels and vesicles to add release sites and promote refilling. Neuron 68, 724–738. doi: 10.1016/j.neuron.2010.10.027

Fujimoto, K., Shibasaki, T., Yokoi, N., Kashima, Y., Matsumoto, M., Sasaki, T., et al. (2002). Piccolo, a Ca2+ sensor in pancreatic β-cells. Involvement of cAMP-GEFII.Rim2. Piccolo complex in cAMP-dependent exocytosis. J. Biol. Chem. 277, 50497–50502. doi: 10.1074/jbc.M210146200

Garcia, J., Gerber, S. H., Sugita, S., Südhof, T. C., and Rizo, J. (2004). A conformational switch in the Piccolo C2A domain regulated by alternative splicing. Nat. Struct. Mol. Biol. 11, 45–53. doi: 10.1038/nsmb707

Gerber, S. H., Garcia, J., Rizo, J., and Südhof, T. C. (2001). An unusual C2-domain in the active-zone protein piccolo: implications for Ca2+ regulation of neurotransmitter release. EMBO J. 20, 1605–1619. doi: 10.1093/emboj/20.7.1605

Gómez-Nieto, R., and Rubio, M. E. (2009). A bushy cell network in the rat ventral cochlear nucleus. J. Comp. Neurol. 516, 241–263. doi: 10.1002/cne.22139

Gracheva, E. O., Hadwiger, G., Nonet, M. L., and Richmond, J. E. (2008). Direct interactions between C. Neurosci. Lett. 444, 137–142. doi: 10.1016/j.neulet.2008.08.026

Gundelfinger, E. D., and Fejtova, A. (2012). Molecular organization and plasticity of the cytomatrix at the active zone. Curr. Opin. Neurobiol. 22, 423–430. doi: 10.1016/j.conb.2011.10.005

Gundelfinger, E. D., Reissner, C., and Garner, C. C. (2016). Role of bassoon and piccolo in assembly and molecular organization of the active zone. Front. Synaptic Neurosci. 7:19. doi: 10.3389/fnsyn.2015.00019

Hallermann, S., Fejtova, A., Schmidt, H., Weyhersmüller, A., Silver, R. A., Gundelfinger, E. D., et al. (2010). Bassoon speeds vesicle reloading at a central excitatory synapse. Neuron 68, 710–723. doi: 10.1016/j.neuron.2010.10.026

Han, Y., Babai, N., Kaeser, P., Südhof, T. C., and Schneggenburger, R. (2015). RIM1 and RIM2 redundantly determine Ca2+ channel density and readily releasable pool size at a large hindbrain synapse. J. Neurophysiol. 113, 255–263. doi: 10.1152/jn.00488.2014

Han, Y., Kaeser, P. S., Südhof, T. C., and Schneggenburger, R. (2011). RIM determines Ca2+ channel density and vesicle docking at the presynaptic active zone. Neuron 69, 304–316. doi: 10.1016/j.neuron.2010.12.014

Haucke, V., Neher, E., and Sigrist, S. J. (2011). Protein scaffolds in the coupling of synaptic exocytosis and endocytosis. Nat. Rev. Neurosci. 12, 127–138. doi: 10.1038/nrn2948

Heeringa, A. N., Stefanescu, R. A., Raphael, Y., and Shore, S. E. (2016). Altered vesicular glutamate transporter distributions in the mouse cochlear nucleus following cochlear insult. Neuroscience 315, 114–124. doi: 10.1016/j.neuroscience.2015.12.009


Imig, C. (2013). Molecular and Morphological Correlates of Synaptic Vesicle Priming. Göttingen: Georg August University.



Isaacson, J. S., and Walmsley, B. (1995). Receptors underlying excitatory synaptic transmission in slices of the rat anteroventral cochlear nucleus. J. Neurophysiol. 73, 964–973.


Ivanova, D., Dirks, A., and Fejtova, A. (2016). Bassoon and piccolo regulate ubiquitination and link presynaptic molecular dynamics with activity-regulated gene expression. J. Physiol. 594, 5441–5448. doi: 10.1113/JP271826

Ivanova, D., Dirks, A., Montenegro-Venegas, C., Schöne, C., Altrock, W. D., Marini, C., et al. (2015). Synaptic activity controls localization and function of CtBP1 via binding to Bassoon and Piccolo. EMBO J. 34, 1056–1077. doi: 10.15252/embj.201488796

Jing, Z., Rutherford, M. A., Takago, H., Frank, T., Fejtova, A., Khimich, D., et al. (2013). Disruption of the presynaptic cytomatrix protein bassoon degrades ribbon anchorage, multiquantal release, and sound encoding at the hair cell afferent synapse. J. Neurosci. 33, 4456–4467. doi: 10.1523/JNEUROSCI.3491-12.2013

Jung, S., Oshima-Takago, T., Chakrabarti, R., Wong, A. B., Jing, Z., Yamanbaeva, G., et al. (2015). Rab3-interacting molecules 2α and 2β promote the abundance of voltage-gated CaV1.3 Ca2+ channels at hair cell active zones. Proc. Natl. Acad. Sci. U S A 112, E3141–E3149. doi: 10.1073/pnas.1417207112

Kaeser, P. S., and Regehr, W. G. (2014). Molecular mechanisms for synchronous, asynchronous, and spontaneous neurotransmitter release. Annu. Rev. Physiol. 76, 333–363. doi: 10.1146/annurev-physiol-021113-170338

Karlsson, U., and Schultz, R. L. (1965). Fixation of the central nervous system from electron microscopy by aldehyde perfusion. I. Preservation with aldehyde perfusates versus direct perfusion with osmium tetroxide with special reference to membranes and the extracellular space. J. Ultrastruct. Res. 12, 160–186. doi: 10.1016/S0022-5320(65)80014-4

Kessels, M. M., Engqvist-Goldstein, Å. E. Y., Drubin, D. G., and Qualmann, B. (2001). Mammalian Abp1, a signal-responsive F-actin-binding protein, links the actin cytoskeleton to endocytosis via the gtpase dynamin. J. Cell Biol. 153, 351–366. doi: 10.1083/jcb.153.2.351

Khimich, D., Nouvian, R., Pujol, R., Tom Dieck, S., Egner, A., Gundelfinger, E. D., et al. (2005). Hair cell synaptic ribbons are essential for synchronous auditory signalling. Nature 434, 889–894. doi: 10.1038/nature03418

Kim, S., Ko, J., Shin, H., Lee, J.-R., Lim, C., Han, J.-H., et al. (2003). The GIT family of proteins forms multimers and associates with the presynaptic cytomatrix protein piccolo. J. Biol. Chem. 278, 6291–6300. doi: 10.1074/jbc.M212287200

Kintscher, M., Wozny, C., Johenning, F. W., Schmitz, D., and Breustedt, J. (2013). Role of RIM1α in short- and long-term synaptic plasticity at cerebellar parallel fibres. Nat. Commun. 4:2392. doi: 10.1038/ncomms3392

Körber, C., Horstmann, H., Venkataramani, V., Herrmannsdörfer, F., Kremer, T., Kaiser, M., et al. (2015). Modulation of presynaptic release probability by the vertebrate-specific protein mover. Neuron 87, 521–533. doi: 10.1016/j.neuron.2015.07.001

Kushmerick, C., Renden, R., and von Gersdorff, H. (2006). Physiological temperatures reduce the rate of vesicle pool depletion and short-term depression via an acceleration of vesicle recruitment. J. Neurosci. 26, 1366–1377. doi: 10.1523/JNEUROSCI.3889-05.2006

Lakso, M., Pichel, J. G., Gorman, J. R., Sauer, B., Okamoto, Y., Lee, E., et al. (1996). Efficient in vivo manipulation of mouse genomic sequences at the zygote stage. Proc. Natl. Acad. Sci. U S A 93, 5860–5865. doi: 10.1073/pnas.93.12.5860

Leal-Ortiz, S., Waites, C. L., Terry-Lorenzo, R., Zamorano, P., Gundelfinger, E. D., and Garner, C. C. (2008). Piccolo modulation of Synapsin1a dynamics regulates synaptic vesicle exocytosis. J. Cell Biol. 181, 831–846. doi: 10.1083/jcb.200711167

Lee, J. S., Ho, W.-K., and Lee, S.-H. (2012). Actin-dependent rapid recruitment of reluctant synaptic vesicles into a fast-releasing vesicle pool. Proc. Natl. Acad. Sci. U S A 109, E765–E774. doi: 10.1073/pnas.1114072109

Limbach, C., Laue, M. M., Wang, X., Hu, B., Thiede, N., Hultqvist, G., et al. (2011). Molecular in situ topology of Aczonin/Piccolo and associated proteins at the mammalian neurotransmitter release site. Proc. Natl. Acad. Sci. U S A 108, E392–E401. doi: 10.1073/pnas.1101707108

Lohmann, C., and Friauf, E. (1996). Distribution of the calcium-binding proteins parvalbumin and calretinin in the auditory brainstem of adult and developing rats. J. Comp. Neurol. 367, 90–109. doi: 10.1002/(sici)1096-9861(19960325)367:1<90::aid-cne7>3.0.co;2-e

Lu, Y., Harris, J. A., and Rubel, E. W. (2007). Development of spontaneous miniature EPSCs in mouse AVCN neurons during a critical period of afferent-dependent neuron survival. J. Neurophysiol. 97, 635–646. doi: 10.1152/jn.00915.2006

Melcher, J. R., Guinan, J. H. Jr., Knudson, I. M., and Kiang, N. Y. S. (1996). Generators of the brainstem auditory evoked potential in cat. II. Correlating lesion sites with waveform changes. Hear. Res. 93, 28–51. doi: 10.1016/0378-5955(95)00179-4

Melcher, J. R., and Kiang, N. (1996). Generators of the brainstem auditory evoked potential in cat. III. Identified cell populations. Hear. Res. 93, 52–71. doi: 10.1016/0378-5955(95)00200-6

Mendoza Schulz, A., Jing, Z., Sánchez Caro, J. M., Wetzel, F., Dresbach, T., Strenzke, N., et al. (2014). Bassoon-disruption slows vesicle replenishment and induces homeostatic plasticity at a CNS synapse. EMBO J. 33, 512–527. doi: 10.1002/embj.201385887

Mukherjee, K., Yang, X., Gerber, S. H., Kwon, H.-B., Ho, A., Castillo, P. E., et al. (2010). Piccolo and bassoon maintain synaptic vesicle clustering without directly participating in vesicle exocytosis. Proc. Natl. Acad. Sci. U S A 107, 6504–6509. doi: 10.1073/pnas.1002307107

Neher, E. (2015). Merits and limitations of vesicle pool models in view of heterogeneous populations of synaptic vesicles. Neuron 87, 1131–1142. doi: 10.1016/j.neuron.2015.08.038

Nguyen, T. H., Maucort, G., Sullivan, R. K. P., Schenning, M., Lavidis, N. A., McCluskey, A., et al. (2012). Actin- and dynamin-dependent maturation of bulk endocytosis restores neurotransmission following synaptic depletion. PLoS One 7:e36913. doi: 10.1371/journal.pone.0036913

Nicol, M. J., and Walmsley, B. (2002). Ultrastructural basis of synaptic transmission between endbulbs of Held and bushy cells in the rat cochlear nucleus. J. Physiol. 539, 713–723. doi: 10.1113/jphysiol.2001.012972

Oertel, D. (1999). The role of timing in the brain stem auditory nuclei of vertebrates. Annu. Rev. Physiol. 61, 497–519. doi: 10.1146/annurev.physiol.61.1.497

Okerlund, N. D., Schneider, K., Leal-Ortiz, S., Montenegro-Venegas, C., Kim, S. A., Garner, L. C., et al. (2017). Bassoon controls presynaptic autophagy through Atg5. Neuron 93, 897.e7–913.e7. doi: 10.1016/j.neuron.2017.01.026

Oleskevich, S., and Walmsley, B. (2002). Synaptic transmission in the auditory brainstem of normal and congenitally deaf mice. J. Physiol. 540, 447–455. doi: 10.1113/jphysiol.2001.013821

Podufall, J., Tian, R., Knoche, E., Puchkov, D., Walter, A. M., Rosa, S., et al. (2014). A presynaptic role for the cytomatrix protein GIT in synaptic vesicle recycling. Cell Rep. 7, 1417–1425. doi: 10.1016/j.celrep.2014.04.051

Regus-Leidig, H., Fuchs, M., Löhner, M., Leist, S. R., Leal-Ortiz, S., Chiodo, V. A., et al. (2014). In vivo knockdown of Piccolino disrupts presynaptic ribbon morphology in mouse photoreceptor synapses. Front. Cell. Neurosci. 8:259. doi: 10.3389/fncel.2014.00259

Regus-Leidig, H., Ott, C., Löhner, M., Atorf, J., Fuchs, M., Sedmak, T., et al. (2013). Identification and immunocytochemical characterization of piccolino, a novel piccolo splice variant selectively expressed at sensory ribbon synapses of the eye and ear. PLoS One 8:e70373. doi: 10.1371/journal.pone.0070373


Sakaba, T., and Neher, E. (2003). Involvement of actin polymerization in vesicle recruitment at the calyx of held synapse. J. Neurosci. 23, 837–846.


Schneggenburger, R., Meyer, A. C., and Neher, E. (1999). Released fraction and total size of a pool of immediately available transmitter quanta at a calyx synapse. Neuron 23, 399–409. doi: 10.1016/s0896-6273(00)80789-8

Schoch, S., and Gundelfinger, E. D. (2006). Molecular organization of the presynaptic active zone. Cell Tissue Res. 326, 379–391. doi: 10.1007/s00441-006-0244-y

Shibasaki, T., Sunaga, Y., Fujimoto, K., Kashima, Y., and Seino, S. (2004). Interaction of ATP sensor, cAMP sensor, Ca2+ sensor, and voltage-dependent Ca2+ channel in insulin granule exocytosis. J. Biol. Chem. 279, 7956–7961. doi: 10.1074/jbc.M309068200

Soykan, T., Kaempf, N., Sakaba, T., Vollweiter, D., Goerdeler, F., Puchkov, D., et al. (2017). Synaptic vesicle endocytosis occurs on multiple timescales and is mediated by formin-dependent actin assembly. Neuron 93, 854.e4–866.e4. doi: 10.1016/j.neuron.2017.02.011

Strenzke, N., Chakrabarti, R., Al-Moyed, H., Müller, A., Hoch, G., Pangrsic, T., et al. (2016). Hair cell synaptic dysfunction, auditory fatigue and thermal sensitivity in otoferlin Ile515Thr mutants. EMBO J. 35, 2519–2535. doi: 10.15252/embj.201694564

Südhof, T. C. (2012). The presynaptic active zone. Neuron 75, 11–25. doi: 10.1016/j.neuron.2012.06.012

Taschenberger, H., Leão, R. M., Rowland, K. C., Spirou, G. A., and von Gersdorff, H. (2002). Optimizing synaptic architecture and efficiency for high-frequency transmission. Neuron 36, 1127–1143. doi: 10.1016/s0896-6273(02)01137-6

tom Dieck, S., Altrock, W. D., Kessels, M. M., Qualmann, B., Regus, H., Brauner, D., et al. (2005). Molecular dissection of the photoreceptor ribbon synapse: physical interaction of Bassoon and RIBEYE is essential for the assembly of the ribbon complex. J. Cell Biol. 168, 825–836. doi: 10.1083/jcb.200408157

tom Dieck, S., Sanmartí-Vila, L., Langnaese, K., Richter, K., Kindler, S., Soyke, A., et al. (1998). Bassoon, a novel zinc-finger CAG/glutamine-repeat protein selectively localized at the active zone of presynaptic nerve terminals. J. Cell Biol. 142, 499–509. doi: 10.1083/jcb.142.2.499

Trussell, L. O. (1999). Synaptic mechanisms for coding timing in auditory neurons. Annu. Rev. Physiol. 61, 477–496. doi: 10.1146/annurev.physiol.61.1.477

von Gersdorff, H., and Borst, J. G. G. (2002). Short-term plasticity at the calyx of held. Nat. Rev. Neurosci. 3, 53–64. doi: 10.1038/nrn705

Wagh, D., Terry-Lorenzo, R., Waites, C. L., Leal-Ortiz, S. A., Maas, C., Reimer, R. J., et al. (2015). Piccolo directs activity dependent F-actin assembly from presynaptic active zones via daam1. PLoS One 10:e0120093. doi: 10.1371/journal.pone.0120093

Waites, C. L., Leal-Ortiz, S. A., Andlauer, T. F. M., Sigrist, S. J., and Garner, C. C. (2011). Piccolo regulates the dynamic assembly of presynaptic F-actin. J. Neurosci. 31, 14250–14263. doi: 10.1523/JNEUROSCI.1835-11.2011

Waites, C. L., Leal-Ortiz, S. A., Okerlund, N., Dalke, H., Fejtova, A., Altrock, W. D., et al. (2013). Bassoon and piccolo maintain synapse integrity by regulating protein ubiquitination and degradation. EMBO J. 32, 954–969. doi: 10.1038/emboj.2013.27

Wang, X., Hu, B., Zieba, A., Neumann, N. G., Kasper-Sonnenberg, M., Honsbein, A., et al. (2009). A protein interaction node at the neurotransmitter release site: domains of aczonin/piccolo, bassoon, CAST, and rim converge on the N-terminal domain of Munc13–1. J. Neurosci. 29, 12584–12596. doi: 10.1523/JNEUROSCI.1255-09.2009

Wang, X., Kibschull, M., Laue, M. M., Lichte, B., Petrasch-Parwez, E., and Kilimann, M. W. (1999). Aczonin, a 550-Kd putative scaffolding protein of presynaptic active zones, shares homology regions with rim and bassoon and binds profilin. J. Cell Biol. 147, 151–162. doi: 10.1083/jcb.147.1.151

Wang, Y., and Manis, P. B. (2008). Short-term synaptic depression and recovery at the mature mammalian endbulb of held synapse in mice. J. Neurophysiol. 100, 1255–1264. doi: 10.1152/jn.90715.2008

Wang, Y., O’Donohue, H., and Manis, P. (2011). Short-term plasticity and auditory processing in the ventral cochlear nucleus of normal and hearing-impaired animals. Hear. Res. 279, 131–139. doi: 10.1016/j.heares.2011.04.018

Wang, Y., Okamoto, M., Schmitz, F., Hofmann, K., and Südhof, T. C. (1997). Rim is a putative Rab3 effector in regulating synaptic-vesicle fusion. Nature 388, 593–598. doi: 10.1038/41580

Watanabe, S., Rost, B. R., Camacho-Pérez, M., Davis, M. W., Söhl-Kielczynski, B., Rosenmund, C., et al. (2013). Ultrafast endocytosis at mouse hippocampal synapses. Nature 504, 242–247. doi: 10.1038/nature12809


Wu, S. H., and 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.



Yamada, K. A., and Tang, C. M. (1993). Benzothiadiazides inhibit rapid glutamate receptor desensitization and enhance glutamatergic synaptic currents. J. Neurosci. 13, 3904–3915.


Yang, H., and Xu-Friedman, M. A. (2008). Relative roles of different mechanisms of depression at the mouse endbulb of held. J. Neurophysiol. 99, 2510–2521. doi: 10.1152/jn.01293.2007

Yu, W.-M., and Goodrich, L. V. (2014). Morphological and physiological development of auditory synapses. Hear. Res. 311, 3–16. doi: 10.1016/j.heares.2014.01.007

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Butola, Wichmann and Moser. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnsyn-09-00014-g009.gif
PicMut

2n0A|

Ts 200ms
B ] BWT oo s Hilsg, e
1 B BT = e
3
B 10
£
Eos
Q
d
& 0.6
2
5
S
E
S0 A5 exslih

985+0.57 0.0
0.00 0.10 0.20

0 2 4 6 8 10 12 14 16
time (s)





OPS/images/umath_1.gif
—Al
f(x)=yo—Ae Tt —Aje

—_ At/tz





OPS/images/fnsyn-09-00014-g011.gif
|
1.5,

0.0:
n.s.

v
D
0.
£
z 0.
Zo0.
z
Q0.
2
&
£0.

S # v v & o
~ 7 N O 8.
o @ o 2% (@H) fouonbay DS
g 2
CHRTIIO0 25
<
& LI T T T B Y
§ 8 2 2 3 S g
©  (sw)own Keadp Dgdgw
s
. D 25
= S N o
codjmo 22 oo 54

< e 0w = W o w2
ofar >t & d 8 3 3 ¢ 8
‘ r P 0 0 0 0 0 0

£ (swr) iy 351 06-01 OSdAW

S 2 2 2 <
086420

B ) gomdysaa






OPS/images/fnsyn-09-00014-g010.gif
i

2nA|

Ts 200ms
B W PicWT = = = dbl. exp. fit
12 B PicBsn = = = dbl. exp. fit
’ B PicMut = = = dbl.exp. it ,

°

e
%

=
bs

3.05s+0.23
4.03 s+ 1.05 0.0:
0.00 0.10 0.20

normalized EPSC amplitude
I
S

e
i

=
=

0 2 4 6 8 10 12 14 16
time (s)





OPS/images/fnsyn-09-00014-t001.jpg
Frequency

Parameter PicWT PicMut p-value

100 Hz
PicWTN=19;n=28
PicMutN =19;n =28

200 Hz
PicWTN=13;n=21
PicMutN =13;n=18

RRPsyn (# vesicles) 298.08 + 31.00 (266.38) 247.86 + 24.15 (215.93) 033, W

Repl. (#vesicles/ms) 1.88 = 0.14 (1.79) 1.9 +0.12 (1.30) 0012, T

Pra) 017 +£0.02 (0.14) 0.18 £0.02 (0.14) 055, W

EPSCgo_s0/EPSC; 032 +0.03 (0.33) 0.28 +0.02 (0.27) 030, T

RRPsyn (# vesicles) 380,54 + 45.67 (344.29) 265.13 + 32.31 (257.78) 0.051, W

Repl. (#vesicles/ms) 220 +0.28 (1.89) 1.77 £0.16 (1.72) 0.30, W

Pra) 0.20 +0.03 (0.14) 0.21 +0.04 (0.15) 0.96, W

EPSCgo_s0/EPSC; 0.20 +0.03 (0.19) 0.22 +0.02 (0.21) 058, T

g: quantal size, taken from mEPSC amplitude; RRP: readly releasable pool: Repl.: replenishment rate of vesicles; P,: release probabilty; EPSCso-so/EPSC; : average
ampltude of EPSC30-50 normalized to the ampltude of EPSC; : time constant of a single exponential fit to the decay of evoked EPSC ampltudes during train
stimulation. Data presented as mean = SEM, and medians in parentheses. Statistical significance between groups was determined by either unpaired Student’s t-test
(in case of normally distributed data with comparable variances between the groups, T) or Wiicoxon rank sum test (when data distribution did not satisfy the criteria, W).
Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. p-value = 0.05 signifying statistical significance in bold.
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Frequency

Parameter PicWT PicBsn p-value

100 Hz
PicWTN=19;n=28
PicBsnN=6;n=17

200 Hz
PicWTN=13;n=21
PicBsnN=5;n=14

RRPsun (# vesicles) 298,08 + 31.00 (266.38) 264.44 & 40.41 (189.07) 037, W

Repl. (#vesicles/ms) 1.88+0.14(1.79) 1.48+0.22 (1.82) 014, T

Prea) 0.17 £ 002 (0.14) 022 +0.02(0.22) 0.02, W

EPSCa0-s0/EPSC1 0.32 +0.08 (0.39) 0.23 +0.02 (0.25) 0.03, W

RRPsmn (# vesicles) 380.54 + 45.67 (344.29) 322.37 +£51.71 (316.24) 0.42, W

Repl. (#vesicles/ms) 220 +0.28 (1.89) 1.73+0.32 (1.89) 027,T

Prea) 0.20 + 0.08 (0.14) 0.24 +0.03(0.29) 0.06, W

EPSCa-50/EPSCy 0.20 +0.03 (0.19) 0.14 +£0.01 (0.12) 0.15, W

g: quantal size, taken from mEPSC amplitude; RRP: readly releasable pool: Repl.: replenishment rate of vesicles; P;: release probabilty; EPSCso-so/EPSCi: average
ampltude of EPSC 30-50 normalized to the amplitude of EPSCT; < time constant of a single exponential fit to the decay of evoked EPSC ampltudes during train
stimulation. Data presented as mean = SEM, and medians in parentheses. Statistical significance between groups was determined by either unpaired Student’s t-test
(in case of normally distributed data with comparable variances between the groups, T) or Wiicoxon rank sum test (when data distribution did not satisfy the criteria, W).
Normality of distribution was tested with Jarque-Bera test and variances were compared with F-test. p-value = 0.05 signifying statistical significance in bold.
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