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SUPPLEMENTARY MATERIALS for Sun et al., "*A Two Ca**-Sensor Model
for Neurotransmitter Release in a Central Synapse"

SUPPLEMENTARY METHODS
Synaptotagmin-2 KO mice. Mice lacking synaptotagmin-2 were described in detail earlier’,

and were bred using standard mouse husbandry procedures. All analyses were performed on
littermate offspring from heterozygous matings, with "wild-type mice" being either homo- or
heterozygous for the wild-type allele. Genotyping was performed by PCR as described, and
confirmed by immunoblotting. The synaptotagmin-2 KO deletes exons 2-7, thereby eliminating the
C,-domains of synaptotagmin-2 (ref. 1). To ensure that this deletion occurred and that no N- or C-
terminal fragment of synaptotagmin-2 is expressed in the brainstem of the KO mice, we performed
immunoblotting analyses on homogenates that were microdissected from the brainstem area
containing the MNTB (Suppl. Fig. 3). Immunoblotting with antibodies that react with either the N-
or the C-terminal sequences of synaptotagmin-2 (antibody A320 raised against the intravesicular N-
terminal sequence; antibody 1735 raised against the C-terminal C,-domains) revealed that the KO
did not cause the production of truncated versions of synaptotagmin-2, consistent with the fact that
virtually all of the protein coding sequences were deleted in the KO. In contrast, the signal for
synaptotagmin-1 was unchanged in the samples. Furthermore, immunoblotting comparisons
between the forebrain and the brainstem samples confirmed that the brainstem is highly enriched in
synaptotagmin-2 and contains little synaptotagmin-1 (Suppl. Figs. 4a and 4b). To ensure that the
KO did not change the overall composition of the brainstem synapses, we also performed a
quantitative analysis of multiple synaptic proteins in the MNTB-homogenates, but detected no
significant difference in any major protein between wild-type and KO samples, in particular no
significant induction of synaptotagmin-1 levels (Suppl. Figs. 4c and 4d). All of the antibodies used
in the immunoblotting experiments and the immunocytochemistry experiments were described in
detail previously".

Immunofluorescence labeling. Brainstems from mice at P5-P14 as indicated were removed

after decapitation, immersed immediately in fresh 4% paraformaldehyde, and incubated overnight at
4 °C, followed by a second overnight incubation in 30% sucrose in phosphate-buffered saline.

Sections (30 um) were cut on a Leica CM3050S cryostat, incubated in primary antibodies (Syt1:



41.1, 1:5,000; synaptotagmin-2: A320, 1:500; Synapsin: C110.22, 1:1,000 or E028, 1:1,000) again
overnight at 4 °C, and then stained with Alexa Fluor conjugated secondary antibodies (Molecular
Probes) at a dilution of 1:400 for 2 hrs at room temperature. Sections were washed, mounted, and
viewed in a confocal microscope.

Slice electrophysiology. Brain slices (200 pm) containing MNTB were prepared in a

parasagital orientation from P7-P9 mice (for double patch or presynaptic cell-attached recording), or
in a transverse orientation from P10-P14 mice (for fiber stimulation and purely post-synaptic
recordings) using standard procedures as described”*. Single and/or double whole-cell recordings of
the nerve terminal and the postsynaptic neuron were performed mostly as described®. All
experiments involved postsynaptic whole-cell recordings with an Axopatch 200B amplifier (Axon
Instruments Inc., CA) using an intracellular pipette solution containing (in mM): 125 K-gluconate,
20 KCI, 4 MgATP, 10 Na,-phosphocreatine, 0.3 GTP, 0.5 EGTA (Sigma), and 10 HEPES-NaOH
pH 7.2. Presynaptic whole-cell recordings were obtained with an EPC-9 amplifier (HEKA,
Lambrecht, Germany). The pre- and postsynaptic series resistances (<15 MQ and 7 MQ) were
compensated by 60 and 98% (lag period of 10 ps), respectively. Both pre- and postsynaptic currents
were low-pass filtered at 5 kHz and digitized at 20 kHz. The postsynaptic input resistance was
calculated from the passive Al - AV relation; cell capacitance was obtained from the whole-cell
capacitance cancelation read-out on AxoPatch-200B. The basic electrical properties of the medial
nucleus of the trapezoid body neurons are not significantly different between wild-type and
synaptotagmin-2 KO neurons (Suppl. Table 1). A potential concern is that since the synaptotagmin-
2 KO mice die at P21-P24, the neurons may not be healthy, and the changes in release may reflect a
pathological event. However, at P7-P14 when we analyze the synaptotagmin-2 KO mice, the KO
mice are not visibly distressed, their protein composition of the brainstem is not detectably altered”
(Suppl. Fig. 4), and the basic electrical properties of the medial nucleus of the trapezoid body
(MNTB) neurons are not impaired (input resistance: WT=774+£51.9 MQ (n=8); KO=735£72.4 MQ
(n=10); cell capacitance: WT=14.93+1.34 pF (n=17); KO=14.20£0.62 pF (n=5)). Thus, the changes
we observe in the KO mice are likely specifically caused by the deletion of synaptotagmin-2.
In the electrophysiological recordings, the following solutions were used with the different
experimental configurations:
a. Presynaptic cell-attached current-clamp recordings to induce presynaptic action-potential
trains with postsynaptic whole-cell recordings that monitor the evoked EPSCs (Fig. 1c).
Bath solution (in mM): 125 NacCl, 2.5 KCI, 1 MgCly, 2 CaCl,, 25 dextrose, 1.25 NaH,;PO,,
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0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 25 NaHCOj3 and 0.05 D-AP5 (pH 7.4);
presynaptic pipette solution (in mM): 125 Cs-gluconate, 20 KCI, 4 MgATP, 10 Na-
phosphocreatine, 0.3 GTP, 0.05 BAPTA, and 10 HEPES-NaOH pH 7.2; stimuli: 40
presynaptic current injections of 1 nA for 3 ms at 50 Hz.

. Presynaptic afferent fiber stimulations with postsynaptic whole-cell voltage-clamp
recordings (Fig. 2). Bath solution (in mM): 125 NaCl, 2.5 KCI, 1 MgCl,, 0.3-10 CaCl,, 25
dextrose, 1.25 NaH,PO,, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 25 NaHCOj3 and
0.05 D-APS5 (pH 7.4); stimuli: Bipolar electrode-fiber stimulation (3-30 V, 0.1 ms)
Double-patch recordings by simultaneous pre- and postsynaptic whole-cell voltage-clamp
recordings to measure the presynaptic RRP and Ca®*-currents (Figs. 3a-3g). Bath solution
(in mM): 105 NaCl, 20 TEA-CI, 2.5 KClI, 1 MgCl,, 2 CaCl,, 1.25 NaH,POy4, 25 dextrose, 0.4
ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 0.001 tetrodotoxin, 0.1 3,4-
diaminopyridine, 0.05 AP-5 and 0.1 CTZ, 1 kynurenic acid (pH 7.4); presynaptic pipette
solution (in mM): 125 Cs-gluconate, 20 KCI, 4 MgATP, 10 Na-phosphocreatine, 0.3 GTP,
0.05 BAPTA, and 10 HEPES-NaOH pH 7.2; stimuli: presynaptic 4 ms predepolarization to
70-80 mV, followed by 50 ms depolarization to 20 mV.

. Sucrose stimulation with postsynaptic whole-cell voltage clamp recordings to measure the
RRP (Figs. 3h and 3i). Bath solution (in mM): 125 NacCl, 2.5 KCI, 1 MgCl,, 0.3-10 CaCl,,
25 dextrose, 1.25 NaH,PO,, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 25
NaHCO; and 0.05 D-AP5 (pH 7.4); stimulation: puffing 2 M sucrose in bath solution onto
the target terminal with a pipette that is located about 5 um from cell body.

Double patch experiments for simultaneous measurements of presynaptic [Ca*]; and
postsynaptic ESPCs with manipulation of the presynaptic [Ca®*]; (Fig. 4). Bath solution: 125
NaCl, 2.5 KCI, 1 MgCl,, 2 CaCly,, 25 dextrose, 1.25 NaH,PQO,, 0.4 ascorbic acid, 3 myo-
inositol, 2 sodium pyruvate, 25 NaHCO3 and 0.05 D-AP5 (pH 7.4), 0.1 3,4-diaminopyridine,
0.05 AP-5and 0.1 CTZ pH 7.4. In addition, 2 mM y-DGG was applied to the bath solution
when strong flash photolysis was given resulting in [Ca®*]; of >3 pM. In recordings in which
we infused solutions with a low [Ca®*]; of <1 uM into the presynaptic terminals (Suppl. Fig.
11, Fig. 4e), the presynaptic pipette solution included: 105 K-gluconate, 20 KCI, 4 MgATP,
10 Na-phosphocreatine, 0.3 GTP, 0.05 BAPTA, 10 HEPES-NaOH pH 7.2, 20 EGTA, and
5~18 CaCl,, with either 1 fura-4F or 0.05 fura-2 added as Ca®" indicators. In recordings in

which we employed photolysis to increase the [Ca®*]; in presynaptic terminals (Fig. 4), the



presynaptic pipette solution included: 90 potassium gluconate, 20 KCI, 30 HEPES-NaOH
pH 7.2, 4 MgATP, 0.3 GTP, 9 DM-nitrophen (DM-n, Calbiochem, CA), ~1.5 EGTA and 8.6
CaCl,, either fura-4F or Fura-6F was added as Ca®* indicators (1 mM). Stimuli: either by
dialysis of Ca®*-containing solutions into the terminal via the presynaptic pipette solution
(Suppl. Fig. 11a-b, Fig. 4e), or by flash photolysis of DM-nitrophen/Ca?* (Fig. 4). Release
rate was estimated by deconvolution* or mini events counting. Time to peak release rate was
estimated by deconvolution or time to maximum slope of EPSC.

f.  Mini recordings (Suppl. Fig. 6) were carried out under two conditions: 1). Standard

recordings using a bath solution containing (in mM): 125 NaCl, 2.5 KCI, 1 MgCl,, 2 CaCls,,
25 dextrose, 1.25 NaH,PO,, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 25 NaHCO;
and 0.01 bicuculline, 0.01 strychnine, 0.05 D-AP5 (pH 7.4). 2). Under Ca®*-free conditions
using the same bath solution without Ca®*, and additionally dialyzing via a patch pipette into
the presynaptic terminal the following solution containing in mM: 125 K-gluconate, 20 KCl,
4 MgATP, 10 Na,-phosphocreatine, 0.3 GTP, 10.5 EGTA, 5 BAPTA and 10 HEPES-NaOH
pH 7.2.

All recordings were obtained at room temperature except for specific experiments to record
MEPSCs and evoked EPSCs of neurons under physiological conditions at P14 (Suppl. Figs. 6 and
13). In these experiments, the temperature of the bath solution in recording chamber was controlled
at 32-34 °C through an inline heater (SH27-B, Warner Instument) by a heat controller (TC-344B,
Warner Instruments, set to 49 °C, fast loop speed); the temperature was monitored directly in the
batch with the slice.

Ca®*-current determinations.Ca?*-currents were isolated by intracellular application of 125

mM Cs-gluconate and extracellular application of 20 mM TEA-Cl and 1 uM TTX. The voltage
dependence of presynaptic Ca?*-currents (I-V relation) was determined by measuring peak Ca**-
currents in response to presynaptic membrane potential that was increased from -80 mV to various
potentials (-70 ~ +80 mV) for 50 ms. The standard pre-depolarization protocol was applied to
deplete the RRP®. In this protocol, we pre-depolarized the presynaptic terminal for 4 ms from -80
to ~80 mV in the double-patch configuration to maximally open Ca?* channels with no driving
force. We then repolarized the terminal for 50 ms to ~20 mV to open the Ca®*-channels; in this
protocol, the pre-depolarization accelerates the onset of Ca**-current induced by the repolarization.
However, the Ca?*-current induced by this protocol often exhibits an overshoot as indicated by the
arrow in Suppl. Fig. 7b) within 0.6 ms after the re-polarization to 20 mV. The size of this overshoot



varies randomly and is not caused by residual Na current because it still appears after 10 min of 1
MM TTX application, and is not dependent on the time of TTX perfusion. Thus we measured the
maximum Ca?*-current 0.6 ms after the onset of the current (as indicated by open arrows in Suppl.
Fig. 7b) as the peak Ca*-current. For the same reason, we separately determined the 1/V curve of
the Ca**-currents using a standard depolarization protocol without pre-depolarization to 80 mV
(Suppl. Fig. 8), but the overall amount of Ca®*-current measured was very similar.

Ca**-uncaging and Ca**-imaging. The Ca**-uncaging and -imaging setup is depicted in

Suppl. Fig. 10a. An intense UV pulse was generated by a frequency-tripled YAG-ND laser (A=355
nm, Surelite I, Continuum, CA) for rapid Ca?*-uncaging. The pulse intensity (duration 20 ns, energy
60 mJ) was attenuated by insertion of a neutral density filters and adjustment of the charging
voltage of laser lamp. Ca?*-concentrations were measured in situ by ratiometric fluorescence
imaging of nerve terminals filled with fura-2, fura-4F, or fura-6F (ref. 5). Ca?*-indicator dyes were
excited with a UV light source at 340 nm and 380 nm (energy <175W) using a monochromator
(DG-4, Sutter Instrument, CA). The laser pulse was coupled into the epifuorescence port of an
Axioskop and combined with the UV light using a beam-splitter (customized 90%T/10%R for 355
nm with a bandwith of <10 nm, Chroma Tech, VT). Both UV beams were collimated to optimize
the intensity on the targeted terminal. A CCD camera (ORCA-ER, Hamamatzu, Japan) with on-chip
binning was used to capture infrared images (300x300 pixels) and Ca**-images (19x19 pixels) of
the terminal (Suppl. Figs. 10b-10c). The fluorescence in the measuring area (as indicated by the red
outline) with background fluorescence subtraction (off-line)® was used to calculate the [Ca®*];.
Images were captured using MetaFluor software and analyzed by IgorPro (Wavemetrics).

For Ca”* uncaging by photolysis, the presynaptic pipette solution contained (in mM): 90 K-
gluconate, 20 KCI, 30 HEPES-NaOH pH 7.2, 4 MgATP, 0.3 GTP, 9 DM-nitrophen (DM-n,
Calbiochem, CA), ~1.5 EGTA and 8.6 CaCl,. Either 1 mM fura-4F or Fura-6F were added as Ca”*
indicators®. The [Ca?']; of this solution was confirmed to be <100 nM using Fura-2 (0.05 mM) both
in vitro and in vivo. In the weak photolysis experiments to increase [Ca®*]i to <200 pM, the pipette
solution contained ~4.5 mM EGTA, 5.5 mM CaCl; and 0.5 mM Fura2 to further reduce basal
[Ca?*]; below 40 nM. The presynaptic pipette solution used to the Ca*-dialysis experiments
contained 20 mM EGTA with different concentrations of CaCl, and Ca** indicators to clamp the
free [Ca']; at concentrations from 40 nM to 1 uM ©.

For in vivo calibration of Ca?*-indicator signals, we introduced Ca?* indicators with an

intracellular K-Gluconate pipette solution into the terminal. Quantitative estimation of Ca*'-



concentrations can be done by ratiometric measurements of fluorescence intensity at different
excitation wavelengths®®:
[Ca®7i = Kett - (R-Rumin) / (Rmnax —R) (1)
R=F340 / F3g0 (2)

where R is an experimentally measured ratio of fluorescence intensities at two different excitation
wavelength of 340 and 380 nm; Rpin is ratio in the absence of Ca®"; Ryax is ratio of saturated Ca?*
dye; Kess is the effective dissociation constant of the indicator. The calibration constants Kes, Rmin,
Rmax, Were determined by the calibration procedure®. Fluorescence calibration for the [Ca*']
intraterminal dialysis experiments using Fura2 was performed with a regular Ca?*-imaging
calibration kit (50 pM fura-2, Molecular Probes, F-6774) with a [Ca?*]=0, [Ca**]=65 nM, [Ca**]=39
MM solution to determine Rmin, Rmax, Rint, respectively. For photolysis experiments, fluorescence
calibration was performed with the following pipette solutions:
Rmin: normal pipette solution + 0 Ca?*and 5 BAPTA, 10 EGTA
Rmax: normal pipette solution + 10 CaCl,
Rin:  fura-4F: 140 K-Gluconate, 20 KCI, 20 HEPES-NaOH pH7.2, 10 HEDTA, 3 CaCl,, 1 fura-

4F to obtain [Ca**]i=1.22 yM (K¢=1.4 uM for fura-4F)

fura-6F: 60 K-Gluconate, 20 KCI, 20 HEPES-NaOH pH7.2, 80 DPTA, 10 CaCl,, 1 fura-6F

to obtain [Ca**]i=10.75 uM (K¢=10 pM for fura-6F)

fura-2: 130 K-Gluconate, 20 KCI, 20 HEPES-NaOH pH 7.2, 20 EGTA, 10 CacCly, 0.5 fura2

to obtain [Ca®*]i= 70 nM (K=0.22 uM for fura-2)

For fura-2 imaging, we used exposure times of 30 ms (in photolysis experiment) and 100 ms
(for defined [Ca®"] solution injection experiment) with a 2 Hz capture rate. For fura4F and fura-6F
imaging, we used 10 ms exposure times with 2 Hz capture rates before the flash, and 10-30 Hz
capture rates after the flash. The ratiometric signal was low-pass filtered (1-15 Hz)

Ca**-relaxation. In photolysis experiments, the whole-cell patched presynaptic terminals

contained Ca**, Mg?* and multiple Ca®* and Mg?* buffers as well as DM-nitrophen and ATP
(summarized in Suppl. Fig. 12). Before photolysis, at least 7 types of Ca®* buffers interact with
Ca”" and Mg** and reach to an equilibrium that results in a free [Ca*']; of <100 nM (reaction (1)-(7)
with parameters in supplementary figure 4 of ref. 8). During photolysis, a fraction (p) of the Ca**
DM-nitrophen complex decomposes into two subphotoproducts, CaDM*, CaDM** with 52% and
48% fractions, respectively; the same is observed for DM-nitrophen, MgDM-nitrophen, as reactions

(8)-(13). After photolysis, these two types of subproducts uncage Ca?*, Mg?* and produce the other
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photoproducts, DM; and DM, with rate of g; and g, respectively. The new produced DM; and DM,
will interact with Ca?* and Mg?* as new buffers (reactions (8)-(17)). As predicted by the Ca?*-

1> the photolysis reaction and the rebinding of Ca®* to unphotolyzed DM-

relaxation mode
nitrophen and photolysed products cause two kinetic phases of decreasing [Ca®*]i: (1) Rapid decay
of the [Ca?*]; spike within ~200 ps; (2) Slow decay of [Ca**]; (see Suppl. Fig. 12b, red trace). The
rapid [Ca?*]i spike was shown not to significantly control the release at Calyx terminal while the
slow [Ca?']; decay is the main determinant of vesicle release ®°. Since the time constant of the slow
[Ca?*]; decay could be several milliseconds to tens of milliseconds, the time scale of the kinetics of
release in synaptotagmin-2 deficient terminals, this slow phase of [Ca®*]; decay could cause an
underestimation of release induced by photolysis of caged Ca*. To overcome this difficulty, we
increased the illumination time of the dual-wavelengths UV light from the monochromator.
Although this UV light has much less power than the laser beam, the chronic illumination produces
mild photolysis of intracellular Ca**/DM-nitrophen complexes (CaDM)*2. Thus, we could in the
experiments delay the decay of [Ca®"]; after laser photolysis of caged Ca®* by changing the Ca?*-
imaging capturing frequency (Fig. 5). An example of the quantitative analysis is illustrated in Suppl.
Fig. 12b: The laser pulse uncaged 7% of CaDM alone, resulting in a decay with a time constant of
2.5 ms (red trace). However, when the laser photolysis was followed by mild photolysis produced
by UV light from the monochromator (assuming that 0.000044% of CaDM was uncaged per 0.02
ms with a ~20 Hz image capture frequency). As the relexation model predicted, the mild photolysis
with 10 times less than the laser power is enough to keep the [Ca®*]; stably elevated for prolonged
time periods (T >100 ms).

Data processing. Most of model simulation and data analysis, including mEPSCs and offline

processing of sucrose triggered mEPSC (Suppl. Fig. 9), were done by IgorPro. We use the
deconvolution program downloaded from Dr. Erwin Neher’s website

(http://www.mpibpc.mpg.de/groups/neher/software/index.html) to calculate the release rate

assuming an mEPSC size of 30 pA with a measured waveform*. EPSCs obtained in the presence of
2 mM y-DGG were multiplied by 2 because control experiments determined that 2 mM y-DGG
decreased the EPSC amplitude 2-fold.

Modeling. We applied the different kinetic models to fit the data in our experiment (Fig.5a-
b). The conventional one Ca?*-sensor kinetic model and the allosteric one Ca**-sensor kinetic model

7,81
d,8,3

were simulated as describe with modified parameters (see Suppl. Fig. 13 legend). In our two

Ca®*-sensor model, each vesicle in the RRP can be released via three independent pathways: 1)



Ca**-independent fusion in the spontaneous mode, i.e. direct exocytosis of vesicles from the RRP
with a release rate of y1. An effectivity factor (C) to account for the change in spontaneous release
rate in synaptotagmin-1 and -2 deficient synapses was included; 2) Synchronous Ca®*-evoked
fusion mode triggered by full occupancy of the 5 binding sites of the synchronous release Ca?*-
sensor'*%: 3) Asynchronous Ca**-evoked release triggered by occupancy of 2 Ca?*-binding sites of
an unidentified Ca®*-sensor. The Ca®* binding states can be defined by XnYm(t), where Xn
represents the state in which n binding sites of the Ca**-sensor for synchronous release have been
occupied (n=0-5), and Ym the state in which m binding sites of Ca®* sensor of asynchronous release
have been occupied (m=0-2). a and B represent the binding and dissociation constants, respectively,
of the Ca?*-sensor for synchronous release, and ¥, and & the binding and dissociation constants for
asynchronous release. b is the cooperativity factor'®. Note that X0Y0}-c=RRP. The kinetics of Ca*'-
binding states can be described as:
when 0<n<5,0<m<2:
d(XnYm)/dt= a-(5-n+1)-Xn-1Ym-[Ca*]; + B-b" (n+1)-Xn+1Ym - a-(5-n)-XnYm:[Ca*'];
- B-b™ n-XnYm + X-(2-m+1)-XnYm-1.[Ca®*]; + 5:b™ (m+1)-XnYm+1
- X-(2-m)-XnYm:[Ca®']; - &-b™ m-XnYm
when n=0, m=0:
d(X0Y0)/dt= B- XL1YO - 5:a-X0YO0-[Ca®*]; + 8- X0Y1 - 2:X-X0Y0-[Ca?*]; - y1-XOYO
when n=5
d(XnYm)/dt= a-(5-n+1)-Xn-1Ym-[Ca*]; + B-b" (n+1)-Xn+1Ym - a-(5-n)-XnYm-[Ca*'];
- B-b™ n-XnYm + X-(2-m+1)-XnYm-1.[Ca®*]; + 5:b™ (m+1)-XnYm+1
- X-(2-m)-XnYm:[Ca®']; - &-b™% m-XnYm - y2-(XnYm)
when m=2
d(XnYm)/dt= a-(5-n+1)-Xn-1Ym-[Ca*]; + B-b" (n+1)-Xn+1Ym - a-(5-n)-XnYm:[Ca*'];
- B-b™ n-XnYm + X-(2-m+1)-XnYm-1.[Ca?*]; + 5:b™ (m+1)-XnYm+1
- X-(2-m)-XnYm:[Ca?']; - 3-b™% m-XnYm - y3-(XnYm)
The total release within At:
fuse(t,At )=[y1-X0Y0+y2-(X5Y0+X5Y 1+ X5Y2)+y3-(X0Y 2+ X1Y2+X2Y 2+X3Y2
+X4Y2+X5Y2)]- At
Where: spontaneous release=y1-X0YO0- At
synchronized release=y2-(X5Y0+X5Y1+X5Y2) - At



asynchronized release=y3:(X0Y2+X1Y2+X2Y2+X3Y2+X4Y2+X5Y?2) - At
Miscellaneous. All statistical analyses were performed using using Student's t-test.
Immunoblotting and PCR were performed essentially as described”.
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Supplementary Table 1

Summary of basic parameters of synaptic responses in the Calyx of Held from synaptotagmin-2 KO and wildtype mice

Parameter Description WT (n) Syt2 KO (n) P (t-TEST)
Basic electrical properties of MNTB neuron

Input resistance (MQ) 774£51.9 (8) 735+72.4 (10) n.s.

Cell capacitance (pF) 14.93+1.34 (17) 14.20+0.62 (n=5) n.s.
Characteristics of spontaneous release (‘minis")

Age of 10-14 days (room temperature)

mEPSC frequency Spontaneous events/sec 4.8+1.3(11) 101.4 £ 26.1 (12) 0.00000362**
mEPSC amplitude (pA) 30.4£5.2 (11) 31.6+3.9(12) n.s.

MEPSC risetime (ms) 20%-80% risetime 0.12 £0.02 (11) 0.12£0.04 (12) n.s.

Age of 10-14 days (32-34 °C)

mEPSC frequency Spontaneous events/sec 28.0+3.2(11) 215+ 19 (6) 0.00001689**
mEPSC amplitude (pA) 59.1+7.7(11) 53.9£6.9 (6) n.s.

MEPSC risetime (ms)  20%-80% risetime 0.07 £0.01 (12) 0.07 £ 0.01 (6) n.s.

Age of 7-10 days (room temperature)

mEPSC frequency Spontaneous events/sec 3.1+£05(5) 23.1+ 3.7 (7) 0.00083242**
mEPSC amplitude (pA) 33.9+3.7(5) 31.6+1.6(7) n.s.

MEPSC risetime (ms) 20%-80% risetime 0.14 £ 0.02 (5) 0.15+0.03 (7) n.s.

Age of 7-10 days (with 5 mM BAPTA/10 mM EGTA/O Ca in terminals, room temperature)

mEPSC frequency Spontaneous events/sec 1.3+0.3(9) 6.7+0.2 (11) 0.00079161**
mMEPSC amplitude (pA) 27.7x9.7(9) 29.6 £7.9 (11) n.s.

MEPSC risetime (ms) 20%-80% risetime 0.11+£0.04 (9) 0.12 £ 0.05 (11) n.s.

Fiber stimulation evoked release

EPSCap Amplitude

[Ca®"] =0.3 mM 0.06 = 0.002 (5) 0.05 £ 0.01 (6) n.s.

[Ca®*]. =0.5 mM 0.18 £0.12 (6) 0.11 £0.02 (6) n.s.

[Ca®*]e =0.7 mM 0.57 £0.22 (6) 0.163 £ 0.032 (7) 0.04561032*
[Ca*]. =2 mM 3.96 £0.91 (14) 0.54 +£0.22 (17) 0.00042191**
[Ca®*]e =10 mM 10.765 + 1.12 (5) 0.89 +£0.25 (6) 0.00160864**



EPSCap Charge (pC), calculated as the integral of the EPSC over 100 ms

[Ca®*]. =0.3 mM
[Ca®*]. =0.5 mM
[Ca?"], =0.7 mM
[Ca®*]e =2 mM

[Ca®*]. =10 mM

Time to peak (ms) from initial point to peak of EPSC

[Ca®*]. =0.3 mM
[Ca®*], =0.5 mM
[Ca?"]. =0.7 mM
[Ca®*]e =2 mM

[Ca®]. =10 mM

Time to achieve half of the total normalized charge transfer (ms)

[Ca®*]. =0.3 mM
[Ca®*], =0.5 mM
[Ca?"]. =0.7 mM
[Ca®*]e =2 mM

[Ca®*], =10 mM

50 ms depolarization evoked response (with 0.1 mM CTZ and 1 mM Kyn)

Peak Ic, (NA)

Qica (PC)

EPSCs (nA)
EPSC charge (nC)
Risetime (ms)
Latency (ms)

Sucrose evoked response
integral of 2 M sucrose evoked mEPSCs over 5 s

QSucrose

electrical charge of Ica

integral of postsynaptic current for 2 s
20%-80% rise time
from onset of presynaptic I, to 10% of EPSC

0.15 +0.11 (5)
0.22 +0.16 (6)
0.78 +0.34 (6)
17.3 £3.23 (14)
39.59 + 8.23 (5)

0.59 + 0.03 (5)
1.14 £0.20 (6)
1.03 +0.09 (6)
0.84 +0.03 (14)
0.70 +0.02 (5)

44.1+11.8 (5)
7.1+1.0 (6)
2.5+0.8 (6)
4.9 £0.7 (14)
4.05 + 0.6 (5)

1.66 £0.12 (12)
39.6 + 7.56 (12)
11.5 +0.63 (12)
0.80 +0.10 (12)
0.73+0.10 (12)
1.38 £0.10 (12)

159.88 + 33.98 (10)

0.29 +0.11 (6)
0.34 + 0.06 (6)
0.50 +0.37 (7)
1.75 + 0.39 (17)
3.75 +0.59 (6)

0.58 + 0.03 (6)
1.04+0.17 (6)
1.37+0.18 (7)
2.98 +0.35 (17)
1.80 +0.25 (6)

22.8 +9.6 (6)
12.3 + 1.4 (6)
11.1 + 1.6 (7)
26.8 +1.7 (17)
7.90 + 0.6 (6)

1.75 £ 0.1 (14)

37.3+2.72 (14)
6.51 + 1.21 (14)
0.84 +0.18 (14)
2.88 +0.33 (14)
7.08 £0.13 (14)

184.80 + 28.99 (11)

n.s.
n.s.
n.s.
0.00000181**
0.00001653**

n.s.
n.s.
n.s.
0.00000096**
0.00679543**

n.s.
n.s.
n.s.
0.0069399149*
0.0081073223*

n.s.
n.s.
0.028095844*
n.s.
0.008399149*
0.009668963*

n.s.

All data shown are means + SEMs (number of cells recored in parentheses). n.s. = non-significant
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Modeling

Fitted or assumed parameters

Liner regression at double logorithmic coordinates:

WT
Syt2 KO

2-Sensor Model
RRI:>model
a

B

Fast K4
b

X

)

sKy

vl

yl

y2

v3

Conventional model
RRPmodeI

kon

koff

Kg

b

y

Allosteric model
RRI:’model

kon

koff

Kyq

b

I

f

Readily releasable pool in SS model
Kon 0f Ca binding site of fast sensor
Ko 0f Ca binding site of fast sensor
for Ca binding site of fast sensor
coorperativity

Kon Of Ca binding site of slow sensor
Kot Of Ca binding site of fast sensor
for Ca binding site of slow sensor
spontaneous release rate
spontaneous release rate in syt2 KO
fast release rate

slow release rate

Readily releasable pool in SS model
Kon 0f Ca binding site of fast sensor
Kot Of Ca binding site of fast sensor
for Ca binding site of fast sensor
coorperativity

release rate

Readily releasable pool in SS model
Kon 0f Ca binding site of fast sensor
Kot Of Ca binding site of fast sensor
for Ca binding site of fast sensor
coorperativity

rate constant

allosteric factor

Log (y)=A+5log (x) ~ y=0.90-x°; A=-0.04525
Log (y)=A+2log (x) ~ y=0.54-x* ; A=-0.26662

3000
1.53*10°M*s™
58005s™
37.9uM*

0.25

2.94*10° M5t
130s*

442 uMm*
4.17%10* s
2.23*1073 s
6000 s™

6000 s™

3000

1.53*10° M5
5800s™
37.9uM*

0.25

6000 s

3000
1.80*10° Mg
3000s™
16.7uM™

0.5
4.17*10%s*
27.0
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Supplementary Table 2

Summary of measurements of the relationship of [Ca']; to release rate in the Calyx of Held
from synaptotagmin-2 KO and wildtype mice

_____________________ Wild-type o SYE2KO
Cell # ca** [Ca*) release Cell # Ca** [Ca®']i release
dye (UM) rate dye rate

1. Microdialysis of defined Ca**-buffers into the Calyx terminals

1 fura4 0.270156 0.046 1 fura4 0.375025 0.093
2 0.569986 0.13 2 0.496001 0.163
3 0.360228 0.072 3 0.435513 0.085
4 0.4981 0.098 4 0.604879 0.097
5 0.422915 0.103 5 0.387123 0.103
6 0.511098 0.162 6 0.459708 0.06
7 0.670866 0.164 7 0.580684 0.082
8 0.510298 0.068 8 0.39922 0.053
9 0.269956 0.013 9 0.604879 0.154
10 0.30104 0.019 10 0.604879 0.054
11 0.409318 0.033 11 0.737952 0.19
12 1.0655 0.685 12 0.604879 0.047
13 0.615965 0.101 13 0.44761 0.073
14 0.555895 0.124 14 0.604879 0.097
15 0.839992 0.14 15 1.17757 0.31
16 0.604879 0.148
17 0.411318 0.067
18 1.08346 0.32
19 0.340932 0.033
20 0.426731 0.081
16 fura2 0.079194 0.0025 21 fura2 0.066387 0.0071
17 0.047391 0.0027 22 0.133029 0.0208
18 0.069486 0.0032 23 0.141668 0.0254
19 0.05199 0.0025 24 0.065651 0.01
20 0.09838 0.0051 25 0.136485 0.0141
21 0.078184 0.0046 26 0.114025 0.0131
22 0.130974 0.0043 27 0.150306 0.0249
28 0.157217 0.0213
29 0.160672 0.0182
30 0.125773 0.0278
31 0.122663 0.0131
32 0.091738 0.0085
33 0.052738 0.0091
34 0.096921 0.0114
35 0.231506 0.0239
36 0.215957 0.0244
37 0.19177 0.0203
38 0.174493 0.011
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2. Laser flash photolysis of caged Ca?*

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

fura6F 9.18725
6.18663
8.07411
11.944
6.20714
4.08915
3.48961
4.22798
4.86043
9.93975
7.63483
5.0151
4.0004
3.72652
2.90262

fura4F 2.53949
3.10088
2.31064
1.91172
2.56729
1.75365
3.21236
1.46091
3.51932
3.21346
3.10758
1.21686
3.31474
3.4997
1.52405
2.63467
1.4782
2.73945
2.45621

1768.82

812.4321
1553.722
1349.413
654.0752
234.0922
108.4053
512.3471
450.8572
2211.853
1161.492
1161.272
277.1243
490.9013
415.7972

127.9923
179.1092
192.4912
115.1635
161.0543
26.3542
124.7101
41.7543
459.043
360.0092
462.2445
15.4744
367.7713
462.4435
31.7842
188.2592
40.1448
294.8693
183.8833
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39
40
41
42
43
44
45
46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

furabF 6.67207
6.92395
12.2108
9.38321
3.31316
10.6757
11.4317
6.06552
8.69836
10.3215
3.18118
7.90751
3.89934
5.0124
6.80009
11.8569
5.36243
4.87527
6.06613
8.08068
4.29934
3.54474
7.10623
8.88052
5.50892
7.60868

fura4F 2.5006
1.50181
2.20096
2.10168
2.70156
2.17986
2.4997
2.72056
2.50291
2.83402
1.58868
0.935413
2.27228
2.47224
2.63583
2.28164
5.36243
3.4995
2.92052

24.1382
27.7793
43.5917
23.5264
1.74176
25.2685
31.0268
17.0419
10.4493
11.0598
15.60141
46.9812
22.4017
20.8004
30.5211
28.0816
46.9803
5.4828
14.286
17.0419
23.4041
19.351
40.0102
10.4493
20.834
33.9111

4.0641
2.4811
1.4963
41421
4.1613
4.1923
3.8411
3.2964
10.2441
1.8562
2.0802
1.5224
3.7421
3.2961
1.6644
10.2412
12.9631
7.4642
11.2331



57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74

75
76
77
78

1.67167
1.5104
0.953009
1.5099
1.12308
1.78165
2.12456
2.72611
2.64133
0.82656

fura2 0.096515
0.290485
0.120323
0.181218
0.086567
0.071086
0.176856
0.201507

fura4F 0.859128
0.49846
0.500902
0.421676

48.1782
36.8333
2.0885

6.9075

6.9615

14.7813
24.3006
45.0036
33.2163
1.14725

0.0155
0.019
0.006
0.01225
0.003
0.0015
0.01
0.0045

0.0855
0.133
0.086
0.037

84

85
86
87
88
89
90
91
92

93
94
95
96
97
98
99
100
101
102
103
104
105
106

2.90152

fura2 0.845258
0.177494
0.157591
0.183133
0.196501
0.14676
0.24874
0.123192

fura4F 1.4973
1.58868
0.469506
0.74899
0.600034
0.470266
0.424495
0.393341
0.599525
0.451617
0.984103
0.768746
1.62358
0.892172

1.6642

0.203
0.036
0.0125
0.0125
0.0125
0.0095
0.016
0.0055

0.824
0.584
0.024
0.1335
0.0915
0.0375
0.0205
0.0215
0.0285
0.0955
0.167
0.104
0.441
0.521

Release rate is indicated as vesicles/ms, and were calculated by counting mini events for
low [Ca*']; (WT: cells 1-22 and 67-78; KO: cells 1-38 and 87-106), and by deconvolution
for higher [Ca*]; (the remaining cells). Experiments where mini events were counted
included only AP-5 as a pharmacological blocker, whereas deconvolution experiments
included AP-5, cyclothiazide, and y-DGG to impair receptor desensitization. The [Ca*'];
was measured in situ using microfluorimetry with the indicated Ca*-dyes.
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Supplementary Figure 12
Ca’*-relaxation.
We used a Ca”* relaxation model with the parameters from refs. 6-9 to estimate the [Ca®*]; time
course.
a. The reactions (1)-(7) describe the kinetics of Ca®* and Mg buffering before photolysis, which
reach to an equivalent status with free [Ca**]; <100 nM (measured both in vivo and in vitro). The
reactions (8)-(17) describe the photolyzing process of CaDM-nitrophen, MgDM-nitrophen and
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nitrophen during and shortly after photolysis. p is the rate of photolysis, with which a fraction of
caged compounds decomposed into two subphotoproducts, CaDM*, CaDM**, DM*, DM**,
MgDM*, MgDM**, with different percentages (52% and 48%). q; and g are the rate of uncaging,
with which two types of subproducts start to uncage Ca®*, Mg®* and other photoproducts DM; and
DM after photolysis. Reactions (14)-(17) describe the kinetics that new produced DM-; and DM-;
further interact with Ca** and Mg?* as buffers. The reactions (1)-(7) along with (14)-(17) describe
the kinetics of Ca?* and Mg?* buffering after photolysis.

b. Example of the [Ca*]; decay time course when the laser pulse uncaged 7% of CaDM and
followed by a mild photolysis produced by UV from monochromator (presumably 0.000044%
corresponding to a ~20 Hz imaging capturing frequency, 340/380 UV exposure time=0.6 s every
second). It is predicted that mild photolysis with only 107 of the laser power is sufficient to keep the
[Ca?*]; elevated for a long time.
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Supplementary Figure 13

Quantitative models of release used for data fitting

a. Two Ca**-sensor model (see legend to Fig. 5).

b. Conventional one Ca?*-sensor model®*®. Parameters: ko,=1.53*10% M*s, ko=5800 s, y=6000
s, b=0.25 (adjusted from [13]; Bollman et al. proposed a mechanistically similar model®).

c. Allosteric one Ca®*-sensor model’. Parameters: kon=1.80*10 Ms™, ko#=3000 s, I,= 4.17*10™
s, f=27.0, b=0.5. In all models, the RRP size is set to 3000 vesicles.
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Supplementary Figure 14

Asynchronous component during a single action potential evoked EPSCs.

In rats, a prominent asynchronous release component has been found in EPSCs evoked by isolated
APs at physiological temperature'®. Moreover, the appearance of a massive stimulation-dependent
increase in mini frequency during an AP train has suggested the existence of asynchronous release
in intact Calyx synapses'®. In our experiments, postsynaptic voltage-clamp recordings of EPSCs
were evoked in the presence 50 uM D-APS5 by afferent fiber stimulation in P14 wild-type calyx
synapses at 34 °C. mEPSCs were also obtained from the same traces, and averaged (n=11) by
aligning them with their onsets.

a. A representative EPSC evoked by an isolated AP (black) was superimposed with the scaled
average mEPSCs (red; n=11, from the same trace with inter-mEPSC intervals of >20 ms). The
expansion displays the evoked EPSC on a larger scale; arrows indicate quantal-like events. Note
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that the decay time course exhibits a significance difference between EPSC and mEPSCs recorded
from the same cells as noted previously™. The slow component of the EPSC lasts longer than 20 ms,
whereas mEPSCs usually decay back to baseline within 5 ms. A detailed observation of the late
phase of EPSCs reveals that quantal-like events can often be observed in EPSCs recorded at 34 °C
from P14 mice as indicated by the arrows in the expansion (observed in >70% of cells (n=53)).

c. EPSCs in response to a 50 Hz AP trains induced by fiber stimulation at 34 °C. Expansions of

parts of the EPSCs are shown below. The quantal-like events are increased during the stimulus train,
and often consist of multiple simultaneous quanta (arrowheads). The events are not an artifact or

due to AMPA channel noise’ because they always occur during a late phase of high frequency
stimulation (100%, n=53) in which these quantal-like events are well shaped as asynchronous
EPSCs (b). The results demonstrate that asynchronous release is an intrinsic component of
transmitter release in mature calyx of Held.
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