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Figure S1. Expression Levels of Presynaptic Proteins in Munc13  -1V4*R K|

Mice - Related to Figures 1 and 2

Synaptosome fractions (P2) were prepared from brains of Munc13-1"" and
Munc13-1"***R mice at postnatal days 9 (P9) and 28 (P28). The samples were
subjected to Western blot analysis using specific antibodies to the proteins
indicated. Sample amounts and exposure times for the given protein were varied
according to the signal intensity and therefore cannot be used for comparison

between P9 and P28 samples. Numbers indicate kDa.
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Figure S2. Recovery of Releasable SV Pools Assessed by Capacitance
Measurements - Related to Figures 3 and 4

Changes in membrane capacitance elicited by two depolarizing pulses, which
were separated by variable intervals, were measured (see Figure 3 and 4 for
details). The first pulse depleted the releasable pool of SVs, including the fast
and the slow components of release (Sakaba and Neher, 2001; Sun and Wu,
2001). Changes in membrane capacitance elicited by the second depolarization
relative to those of the first depolarization were used to quantify the recovery of
the sum of fast and slowly releasable SV pools. Note that the deconvolution
method cannot be applied here and therefore a separation of fast and slowly
releasing SV pools is impossible. The presynaptic patch pipettes contained 0.5
mM EGTA.

(A) Data from WT (black trace, n=6) and Munc13-1"*®*R mice (gray trace, n=6) at
P9-11.

(B) The initial 2 s of the recovery time course plotted in (A), shown with an
expanded time scale.

(C) Data from WT (black, n=7) and Munc13-1"*®® calyces (gray, n=7) at P14-17.

Data are presented as mean + SEM.
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Figure S3. Short -Term Depression in the Calyx of Held - Related to Figures
6 and 7

Averaged, normalized amplitudes of EPSC trains elicited by 50 presynaptic APs
at frequencies of 10 or 100 Hz recorded in calyx synapses from WT (black) and
Munc13-1"***R (gray) mice (see Figures 4 and 7).

(A) 10 Hz, P9-11. WT, black, n=9; Munc13-1"**R gray, n=9.

(B) 100 Hz, P9-11. WT, black, n=9; Munc13-1"®*R gray, n=6.

(C) 10 Hz, with 1 mM kynurenic acid present in the bath, P9-11. WT, black, n=5;
Munc13-1"4**R gray, n=7.

(D) 100 Hz, with 1 mM kynurenic acid present in the bath, P9-11. WT, black, n=5;
Munc13-1"*®*R gray, n=5.

(E) 10 Hz, P14-17. WT, black, n=15; Munc13-1"V***? gray, n=15.

(F) 100 Hz, P14-17. WT, black, n=16; Munc13-1"***R gray, n=17.

Data are presented as mean + SEM.
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Figure S4. Auditory Brainstem Responses in Munc13 -1V***R K| Mice -
Related to Figures 3-7

(A) Grand averages of auditory brainstem responses (ABRs) to 80 dB clicks
presented at 20 Hz from P27-P35 WT (black, n=5) and Munc13-1"***R mice (red,
n=5). ABR peak I, following the published classification (Jewett et al., 1970), is
thought to represent synchronous sound onset responses in the auditory nerve,
whereas peak Il partly results from activity of MNTB neurons (Melcher and
Kiang, 1996). A detailed analysis showed similar amplitudes and latencies of all 5
ABR waves in response to clicks presented at stimulus rates of 20 Hz and 100
Hz and intensities of 40-100 dB in WT and Munc13-1"**® animals.

(B) ABR thresholds in response to tone bursts of varying intensities and click
stimuli from WT (black, n=5) and Munc13-1"V***" mice (red, n=5) are not
significantly different. Distortion product otoacoustic emissions (DPOAES),
reflecting sound propagation and active cochlear amplification, were also

W464R
1

unchanged in Munc13- mice (not shown).

Data are presented as mean + SEM.



EXTENDED EXPERIMENTAL PROCEDURES

Generation of Munc13 -1"***R K| Mice

A previously published mouse genomic clone (pM13-27.1; (Augustin et al.,
1999)) and DNA fragments that had been PCR amplified from mouse embryonic
stem cell DNA were used to construct a targeting vector in pTKNeoLox (Augustin
et al., 1999; Rhee et al., 2002) for the generation of Munc13-1"***" K| mutant
mice by homologous recombination in embryonic stem (ES) cells (Figure 1A). In
the targeting vector, a Neomycin resistance gene flanked by two /loxP sites was
positioned in sense orientation between a 5' short arm containing exons 10 and
11 (encoding the CaM binding site of Munc13-1) and a 3' long arm containing
exons 12-16. In addition, the targeting vector contained two copies of the HSV
thymidine kinase gene 5' of the short arm. The short arm was generated by PCR
using the mouse genomic sequence as template and designed to contain a
single point mutation that changes the tryptophane in position 464 of Munc13-1
to an arginine and introduces a new Agel restriction site, which was used for
diagnostic purposes (Figures 1C and 1D). The targeting vector was sequenced to
verify the expected composition and used for homologous recombination in
mouse ES cells. Homologously recombined ES cells were identified by Southern
blotting using DNA digested with EcoRl and a probe (Probe S1) that represents a
short sequence 5' of the short arm (Figures 1A and 1B), followed by PCR

amplification and sequencing of exon 11 to verify cointegration of the point
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mutation. Mice carrying the Munc13-1"4¢4R

neo allele were generated as described
(Thomas and Capecchi, 1987). To eliminate the Neomycin resistance gene,
Munc13-1"4**R ., mice were crossed with Ella-cre mice, which express the Cre
recombinase protein under the control of the adenovirus Ella promotor in early
embryonic stages (Lakso et al., 1996). Offspring from these interbreedings were
identified by PCR amplification of the diagnostic PCR fragment indicated in
Figure 1A. PCR products were digested with Nhel and/or Agel and analyzed on
agarose gels (Figure 1C), and, in addition, sequenced to verify the presence of
the desired mutation (Figure 1D). Animals in which a successful cre

1W464R/WT

recombination had occurred (Muncl3- ) were selected to breed

W464R/W464R W464R
1 1

homozygous Muncl3- (referred to as Muncl13- in the present
text) and WT littermates for all experiments. Mice were routinely genotyped by

PCR (Figure 1E).

Protein Chemistry

Co-immunoprecipitation experiments were performed essentially as described
previously (Betz et al., 1997; Junge et al., 2004). In brief, purified synaptosomes
from mouse brain were solubilized at a protein concentration of 2 mg/ml in 50
mM Tris/HCI pH 8, 150 mM NaCl, 1 mM CaCl,, 1 mM EGTA, 1% IGEPAL
(Sigma), 0.2 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, and 0.5 mg/ml
leupeptin (solubilization buffer). After stirring on ice for 15 min, insoluble material

was removed by ultracentrifugation (1 h, 150,000 x g, 4iC). The supernatant was
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recovered, and 2 ml were incubated for 1 h at 4;C with 5 ul of an affinity-purified
antibody directed against Muncl13-1 (Varoqueaux et al., 2005). After addition of
20 pl bed volume of Protein-G-Sepharose (GE Healthcare Life Sciences) and
incubation for further 2 h at 4 iC, the beads containing the immune complexes
were washed five times with solubilization buffer containing only 0.1% IGEPAL,
resuspended in SDS-PAGE sample buffer, and analyzed by SDS-PAGE and
immunoblotting. For Western blotting analyses, the following antibodies were
used: mouse monoclonal (mm) anti-CaM (Upstate Biotechnology); mm anti-
CAPS 1 (BD Biosciences); rabbit polyclonal (rp) anti-Doc2 (Groffen et al., 2010);
mm anti-Muncl13-1 (3H5; (Betz et al., 1998); rp anti-Munc13-1, anti-ubMunc13-2,
anti-bMunc13-2, and anti-Munc13-3 (Varoqueaux et al., 2005); rp anti-Munc18-1
(Synaptic Systems); rp anti-msec7-1 (Neeb et al.,, 1999); rp anti-msec7-3
(Sigma); mm anti-Rim (BD Biosciences); mm anti-!//* SNAP (77.2; Synaptic
Systems); mm anti-SNAP25 (71.1; Synaptic Systems); mm anti-Synapsin 1
(46.1, SYSY); mm anti-Synaptobrevin 1/2/3 (10.1; Synaptic Systems); mm anti-
Synaptobrevin 2 (69.1; Synaptic Systems); mm anti-Synaptophysin 1 (7.2;
Synaptic Systems); mm anti-Synaptotagmin 1 (41.1; Synaptic Systems); mm

anti-Syntaxin 1A/B (78.2; Synaptic Systems).

Immunocytochemistry

Mice were sacrificed at either P9-11 or P15-17 by decapitation upon isofluorane

anaesthesia. Brains were removed and rapidly frozen in isopentane cooled to -
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35;C. Twenty um-thick sagittal cryosections were made at the anatomical level of
the medial nucleus of the trapezoid body (MNTB) and thaw-mounted on
Superfrost slides. To ensure comparable fixation and Ilabelling conditions
between genotypes, sections from wild-type and Munc13-1"*®*R mice were
collected on each slide, air-dried for 15 min and simultaneously immersion-fixed
in ice-cold 4 % paraformaldehyde solution (4 % PFA in 0.1 M PB, pH 7.4) for 5
min at RT.
Sections were incubated 90 min at RT in blocking solution (0.1 M PB, 5 % normal
goat serum, 0.1 % cold water fish skin gelatine, 0.5 % Triton X-100, pH 7.4) and
then overnight at 4{C with primary antibodies (pAb rabbit anti-Munc13-1,
Synaptic Systems 126 103; mAb mouse anti-Bassoon, Enzo Life Sciences
SAP7F407, 1:400; pAb chicken anti-MAP2, Novus NB300-213, 1:600) diluted in
incubation buffer (0.1 M PB, 3% normal goat serum, 0.1% cold water fish skin
gelatine, 0.3% Triton X-100, pH 7.4). Slides were washed extensively in PB, then
incubated 2 h at RT in the dark with fluorescent secondary antibodies (Alexa 488-
coupled goat anti-rabbit; Alexa 555-coupled goat anti-mouse; Alexa 633 goat
anti-chicken, Invitrogen, 1:2000) diluted in incubation buffer. Coverslips were
mounted on slides with Aqua-PolyMount (Polysciences, Warrington, PA).
Confocal laser scanning micrographs of calyx of Held synapses were
acquired with a Leica TCS-SP5 confocal microscope equipped with a tuneable
White Light Laser (WLL) and hybrid GaAsP Detectors (HyD). An HCX PL APO

lambda blue 63x, NA=1.2 water immersion objective and a pinhole setting of 0.38
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AU was used to obtain single-plane micrographs (512 x 512; pixel spacing x,y =
48.1nm) in sequential scanning mode. Laser power and gain were optimized to
ensure that all signals collected were in the linear range of detection. Confocal
images were subjected to spatial deconvolution by use of two ImageJ (National
Institutes of Health; Bethesda, MD) plugins: point spread functions (PSF) were
generated using Diffraction PSF 3D plugin and iterative deconvolution was
performed with the Richardson-Lucy algorithm (DeconvolutionLab plugin;
Biomedical Imaging Group, EPFL; Lausanne, Switzerland).

Individual Bassoon immunoreactive puncta representing calyceal AZs
were selected prior to visualization of the Muncl13-1 immunoreactivity, and the
guantification tools provided within the Leica LCS software package were used to
measure the fluorescence intensities of Muncl3-1 and Bassoon positive
structures within a circular mask (0.7 um diameter) centered on Bassoon positive
puncta. Raw fluorescence intensity data were imported into Microsoft Excel
software for normalization and analysis. The mean ratio of Munc13-1 to Bassoon
signal intensity was calculated at individual active zones and data from both
genotypes were normalized to wild-type values.

The Colocalization plugin of Image J was used to detect and graphically
represent sites of colocalization between Muncl3-1 and Bassoon. The plugin
overlays 8-bit images from green (Munc13-1) and red (Bassoon) channels and
displays colocalized points in white (display value = 255). Two signals were

considered colocalized if their respective channel intensities exceeded an
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arbitrary threshold (set to 40 for both channels) and the ratio of pixel intensities
for both channels exceeded 50%. Identical parameters were used for the
analysis of wild-type and Munc13-1"*®*R calyces. To quantify the degree to which
Munc13-1 is spatially associated with Bassoon at the active zone, the mean area
of overlap/colocalization was measured in calyceal profiles from respective
genotypes using the Analyse Particles and Measure commands of Image J. The
relative proportion of Bassoon-positive active zones exhibiting colocalization with
Munc13-1 isoform was calculated by dividing the number of individual colocalized
sites by the total number of Bassoon puncta in calyceal profiles. This analysis
was repeated with horizontally flipped Muncl3-1 images to estimate the
contribution of incidental colocalization.

These approaches are potentially vulnerable to the following sources of
inaccuracy: i) the Image J analyse particles feature occasionally failed to
recognize adjacent active zone puncta or sites of colocalization as independent
signals and ii) the radial symmetry exhibited by calyceal profiles likely leads to
overestimates of incidental colocalization frequency. However, both genotypes
were subject to the same experimental bias and analysed under identical
conditions.

Statistical analyses were performed with GraphPad Prism (Version 6.00;
GraphPad, LaJolla,CA). Normalized Munc13-1 signal intensities were compared
by unpaired Student t-tests. Calyceal profiles from three animals per genotype

were included in the analysis.
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Electrophysiology

Transverse brainstem slices (200 pum thick) were prepared from 9 to 17 day old
(P9-P17) mice as described previously (Borst et al., 1995; Forsythe, 1994). The
standard extracellular solution contained (in mM) 125 NaCl, 2.5 KCI, 2 CaCl,, 1
MgCl,, 25 glucose, 25 NaHCOg3, 1.25 NaH,PO,, 0.4 ascorbic acid, 3 myoinositol,
and 2 Na-pyruvate (pH 7.4, bubbled with 95 % O,, 5 % CO,). For slicing, CaCl,
and MgCl, were changed to 0.1 mM and 3 mM, respectively. For P14-P17
animals, 60 mM NaCl was replaced with sucrose in the slice solution.
Experiments were performed at 20-22;C.

Paired recordings. In paired recordings of the pre- and postsynaptic
compartments, 50 uM D-AP5 (Tocris), 100 uM cyclothiazide (CTZ; Tocris) and 2
mM kynurenic acid (Kyn; Tocris) were included in the external solution to isolate
postsynaptic AMPA-receptor mediated EPSCs and to reduce desensitization and
saturation of postsynaptic AMPA receptors. 1 uM TTX (Alomone Labs) and 10
mM TEA-CI (Sigma-Aldrich) were included to block Na® and K" channels,
allowing the isolation of presynaptic Ca®* currents. A presynaptic calyx terminal
and the contacting postsynaptic MNTB principal neuron were whole-cell voltage
clamped at -70 or -80 mV using an EPC10/2 amplifier (HEKA). The presynaptic
patch pipette (5 to 8 MQ) solution contained (in mM) 135 Cs-gluconate, 20 TEA-
Cl, 10 HEPES, 5 Nay-phosphocreatine, 4 MgATP, 0.3 GTP and 0.5 EGTA (pH

7.2). The presynaptic series resistance (5 to 20 MQ) was compensated by 30-
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70%. Presynaptic capacitance measurements at the calyx terminal were carried
out using an EPC10/2 amplifier in the sine + DC configuration (Sun and Wu,
2001). A sine wave (30 mV amplitude, 1000 Hz) was superimposed on a holding
potential of -80 mV. The postsynaptic pipette (2 to 5 MQ) contained the same
solution as the presynaptic pipette, except that the EGTA concentration was
increased to 5 mM. The postsynaptic series resistance (3 to 10 MQ) was
electronically compensated such that the uncompensated resistance was below
3 MQ. The remaining resistance was further compensated off-line. Calmodulin
inhibitory peptide (MLCK peptide) was obtained from Calbiochem.

Fiber stimulation. Postsynaptic cells were whole-cell voltage clamped
and either a glass pipette filled with bath solution and placed in the vicinity of the
principal cell or a bipolar stimulation electrode placed halfway between the
midline of the SOC and the MNTB were used to evoke presynaptic APs. Stimulus
intensity was set to a level about 1-2 V above presynaptic AP firing threshold.

Presynaptic Ca’* current recordings. For P9-P11 calyces, the
intracellular solution contained (in mM): 100 Cs gluconate, 30 TEA-CI, 30 CsCl,
10 Hepes, 0.1 EGTA, 5 Naz-phosphocreatine, 4 ATP-Mg, 0.3 GTP, pH 7.3 with
CsOH. The extracellular solution contained (in mM) 85 NaCl, 2.5 KCI, 25
NaHCOg3;, 1.3 NaH,;PO,4, 2 CaCl;, 1 MgCl,, 25 glucose, 0.4 ascorbic acid, 3
myoinositol, and 2 Na-pyruvate (pH 7.4). 1 uM TTX, 1mM 4-AP and 40 mM TEA-
Cl were added to block voltage-gated Na* and K* currents. For measurements of

P14-P17 calyxes, the intracellular and extracellular solutions were the same as
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those used for the paired recordings. To measure Ca** currents, the presynaptic
compartment was whole-cell voltage clamped at -80 mV and trains of 1 ms step
depolarizations to 0 mV (P9-P11 calyces) or to +40 mV (P14-P17 calyces) were
applied at various frequencies. Presynaptic recordings with an access resistance
>20 MQ or with leak current >100 pA were excluded from the analysis.

Analysis. Quantal release rates were estimated by the deconvolution
method, adapted for the calyx of Held (Neher and Sakaba, 2001). This method
assumes that the total EPSC can be separated into a residual current, due to the
delayed clearance of glutamate from the synaptic cleft, in addition to the current
component evoked by quantal release events. By combining deconvolution with
fluctuation analysis, we have shown that this method is valid in the presence of
cyclothiazide and kynurenic acid. Quantal release rates were subsequently
integrated to obtain the cumulative release. Cumulative release was fitted by a
double exponential function after correction for SV replenishment (Neher and
Sakaba, 2001). In some cases, a single exponential function would fit the
cumulative release of the second release transient equally well. However, a small
fraction of the fast releasing SV pool component might have been easily missed.
Therefore, we generally assumed the time constants of the second cumulative
release to be the same as those elicited by the first stimulus (Sakaba and Neher,
2001). The relative recovery of the EPSC (Figure 5) was expressed as

Recovery = (EPSC test - SSDconditioning)/(EPSCconditioning - SSDconditioning)-
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The time course of recovery was fitted by a double exponential function
according to f(x) = (al+a2) -al*exp(-x/taul) -a2*exp(-x/tau2). Paired pulse ratios
(PPRs; Figure 6 and 7) were calculated by dividing the amplitudes of the second
by that of the first EPSCs in a given train. Ca?* current integrals were calculated
for the analysis of the modulation of presynaptic Ca®" influx during train

stimulation.

Auditory Physiology

For recordings of auditory brainstem responses (ABRs) and distortion product
otoacoustic emissions (DPOAESs), animals aged 27-35 days were anesthetized
with a combination of ketamine (125 mg/kg) and xylazine (2.5 mg/kg) i.p., and the
heart rate was monitored to control the depth of anesthesia. The core
temperature was maintained constant at 37jC using a rectal temperature-
controlled heat blanket (Hugo Sachs ElektronikbHarvard Apparatus). For
stimulus generation, presentation, and data acquisition, we used the TDT I
System (Tucker Davis Technologies) run by BioSig32 software (Tucker Davis
Technologies). Sound pressure levels (SPL) are provided in decibels SPL root
mean square (RMS) (tonal stimuli) or decibels SPL peak equivalent (clicks) and
were calibrated using a # inch BrYel and Kj%r microphone (model 4939). Tone
bursts (4/8/12/16/24/32 kHz, 10 ms plateau, 1 ms cos2 rise/fall) or clicks of 0.03
ms were presented at 40 Hz (tone bursts) or 20 Hz or 100 Hz (clicks) in the free

field ipsilaterally using a JBL 2402 speaker. The difference potential between
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vertex and mastoid subdermal needles was amplified 50000 times (NeuroAmp),
filtered (400-4000 Hz), and sampled at a rate of 50 kHz for 20 ms, 1300 times to
obtain two mean ABRs for each sound intensity. Hearing threshold was
determined with 10 dB precision as the lowest stimulus intensity that evoked a
reproducible response waveform in both traces by visual inspection. For DPOAE,
continuous primary tones (F2: 6/8/12/16/20kHz, 60dB SPL; F1: 4/6/10/13.3/16.6
kHz, 50dB SPL) were delivered through the ED1/EC1 speaker system (Tucker
Davis Technologies) and a custom-made probe containing an MKE-2
microphone (Sennheiser). The microphone signal was amplified (DMX 6Fire,

Terratec) and analyzed by fast Fourier transformation using Matlab (Mathworks).

Statistics
All data are presented as mean £ SEM. Statistical significance of changes was
tested using Student's t-test. P-values smaller that 0.05 were considered to

indicate significant differences.
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