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S| Materials and Methods

Calibration of Two-Photon Ca®* Imaging. To quantify the intracellular
[Ca**] with Ca** indicators of different affinity, minimum (R )
and maximum (Rp,.x) fluorescence ratios were determined in
situ with 10 mM EGTA or 10 mM CaCl, in the intracellular
solution. Fluorescence ratios for calibration were not signifi-
cantly different in cMFBs and granule cells but were consis-
tently about twofold higher than in pipettes (Fig. S14). A
discrepancy in calibration ratios between in-cell and pipette
measurements is a well-known phenomenon with multiple rea-
sons, such as accumulation of fluorophores in subcellular com-
partments (1, 2), increased intracellular fluorescence of Ca**
indicators because of cytosolic viscosity (3), different bleaching
behavior of fluorophores (4), or difficulty to clamp intracellular
Ca®* concentration (5). In our case, insufficient clamping of in-
tracellular [Ca®*] is unlikely for two reasons. First, cMFBs are
small and directly attached to the pipette via comparably low
access resistance, resulting in rapid diffusional equilibration.
Second, one might expect that Rp,.x values differ more between
cells and pipettes because of strong extrusion mechanisms (5). In
contrast, we observed almost identical cell-to-pipette factors for
Rmin and Ry,ax (Fig. S14).

Determination of Ry, can be difficult for low-affinity dyes,
resulting in possible errors of Ca®* amplitude estimation due to
incorrect high values for [Caz+]rest. However, deliberately ad-
justing R, values of Fluo-4FF and OGB-5N so that [Ca2+]rest =
57 nM (Fig. S1B) resulted in a reduction of Ca** amplitudes of,
on average, less than 4%. Thus, the potential uncertainty in de-
termining R, for these dyes is unlikely to appreciably confound
our results.

Single-Indicator Quantification. For experiments with OGB-1, we
also used a single-indicator method (6) for calculation of [Ca**]
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where F denotes the fluorescence in the green channel, Ry is the
dynamic range of the dye, and F,,x the maximum fluorescence
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as determined during a train of 20 stimuli at 300 Hz in each
experiment. Ry for the high-affinity dye OGB-1 was determined
as 5.9 in our experiments (6). We calculated [Ca* s With
Eq. 1 for the dual-indicator approach or by using the following
equation for the single-indicator approach:

1-R{!
[Ca*] _ =Kp u—R;l . [S2]

rest Frnax

Single- and dual-indicator methods gave very similar results
(Figs. S1B and S34).

Dissociation Constants of Ca’* Indicators. For calculation of kg fieds
AP-evoked amplitude, and time constant (Fig. 2), we com-
pared three different sets of dissociation constants (Kp) for
the four Ca®*-sensitive dyes (OGB-5N, Fluo-4FF, Fluo-5F,
and OGB-1):

i) Literature values determined for recording conditions at
34 °C: Kp = 32, 8.1, 1.3, and 0.21 pM, respectively (7, 8).
Resulting parameters were Kg fixed = 11 + 8 and 17 + 7
from A" and 7t extrapolation, A = 0.31 pM [0.19-0.82 pM],
and T = 67 + 24 ms.

ii) Cuvette values measured at room temperature (Fig. S2):
Kp =22.1, 15.3, 0.77, and 0.22 pM, respectively. Using these
Kp values resulted in kg fixea = 18 + 8 and 12 + 8 from Al
and 7 extrapolation, respectively, A = 0.19 pM [0.14-0.31 pM],
and T =45 + 25 ms.

iii) Measured cuvette values scaled by a factor of 1.08: Kp =
24.0, 16.6, 0.83, and 0.24 pM, respectively. The scaling factor
(1.08) was chosen to obtain a mean of the four Kp values
identical to the mean of the four literature values. The re-
sulting parameters were Kg fixeq = 17.5 + 7.5 and 12.7 + 7.2
from A™' and t extrapolation, respectively, A = 0.20 pM
[0.15-0.32 uM], and © = 50 + 25 ms (Fig. 2 and Fig. S3).

Thus, the estimated parameters (e.g., Kg fixed) Were very similar
with these three sets of Kp values. We therefore used the latter
set of Kp values throughout the manuscript.
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Fig. S1. Quantification of two-photon Ca?* signals. (A) Green-over-red fluorescence ratio (G/R) determined in situ was consistently higher than in pipettes.
This difference was observed for maximum (Rnax, measured with 10 mM CacCl,) and minimum (R, measured with 10 mM EGTA) fluorescence ratios. Fluo-
rescence ratios were similar in granule cells (GC) and cMFBs (P = 0.34 and P = 0.80 for Rmay and Ruin, respectively; unpaired t test). (B) The overall [Ca%*] at rest
was 57.4 + 7.1 nM (n = 30 boutons, OGB-1). Calculation with an independent single-indicator method (1) gave similar results (58.9 + 9.3 nM, n = 19; P = 0.90;
unpaired t test). (C) Action potentials in cMFBs were generally evoked by tonic current injection in current-clamp (CC) mode (Materials and Methods). For 300-Hz
train stimulations, we used brief depolarizations to 0 mV (duration, 200 ps) in voltage-clamp (VC) mode. Ca* transients evoked by current injections and
depolarizations had comparable amplitudes and decay time constants (P = 0.35 and P = 0.31, respectively; paired t tests).

1. Maravall M, Mainen ZF, Sabatini BL, Svoboda K (2000) Estimating intracellular calcium concentrations and buffering without wavelength ratioing. Biophys J 78(5):2655-2667.
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Fig. S2. Measurements of dissociation constants for Ca* indicators. (A-D) Dissociation constants (Kp) were determined in cuvettes at room temperature for
the four different Ca®* indicators used in the present study (OGB-5N, Fluo-4FF, Fluo-5F, and OGB-1). Green over red fluorescence ratios were measured with
buffered solutions ranging from 0 to 1 mM free [Ca®*]. Data were normalized to the maximum fluorescence ratio and fit with a sigmoid function (black lines).
Note the logarithmic scale of the abscissa. The half-points of the functions (dashed gray lines) give the Kp of the Ca* indicators. The measured Kp values were
used to scale the assumed Ky values from the literature (S/ Materials and Methods).

Delvendahl et al. www.pnas.org/cgi/content/short/1508419112 20of6


www.pnas.org/cgi/content/short/1508419112

A B 5 1 205 nM 5 1 50.3 £25.3
£ [152,314] £
T 2 2
—~ 100+ £ £
s : :
° o0 0
o 0 5 10 -50 0 50 100 150
£ 104 Amplitude™' (uM-") T (ms)
s
E w1 1 127 £7.2
g 269 +17 8 175+75
N 5 ;
S Q o Qi}c,\ £ £
N [e] [e]
Q‘(\@ @ Q4 \\Q Z9 Z 0 <l
o P 'a’o@‘b S 200 250 300 350 0 20 40
(<\\) ) < = ¥ (s KE, fixed

Fig. $3. Action potential-evoked amplitudes and bootstrap analysis. (A) Amplitude of Ca®* transients recorded with different indicators. For OGB-1, ampli-
tudes estimated by dual-indicator (1) and single-indicator (2) approaches were also compared. Note the logarithmic scale of the ordinate. (B) Statistical re-
liability of the extrapolation in Fig. 2 C and D was addressed with bootstrap analysis (3) (Materials and Methods). Shown are histograms of bootstrap samples
for the parameters amplitude (A), decay time constant (z), Ca’*-extrusion rate (y), and Ca“—binding ratio (xg). Analysis of kg was performed with A" (black) and
7 (gray) data.
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Fig. S4. Endogenous mobile Ca?* buffers impact on residual Ca®* transients in cMFBs. (A) Overlay of the Ca®* transient model prediction and experimental
data for a single AP with 50 uM Fluo-5F (Upper, green) and in addition 100 uM of the Ca®* chelator EGTA (Lower, red). Experimental data (gray) are taken from
Fig. 4A. (B) Decay time constants (t) and amplitudes of residual Ca* transients in the simulations. The prediction matches the experimental data well (Fig. 4B).
(C) Grand average of Ca®* transients in response to a 300-Hz AP train (20 stimuli) in control (50 pM Fluo-5F; n = 17) and EGTA condition (50 yM Fluo-5F +
100 uM EGTA, n = 7). Data were recorded at 3-kHz sampling rate; dashed lines indicate time of APs. (D) Average normalized amplitude of the residual Ca®*
transient in response to 20 APs at 300 Hz (the amplitude was normalized to the amplitude extrapolated from the initial slope). Adding 100 uM EGTA reduced
the peak amplitude by 30% (P = 0.046; unpaired t test). (E) Simulation of a 300-Hz train of APs (20 stimuli). Dashed lines indicate time points of APs. The
amplitude of the resulting residual Ca** transient is reduced by adding 100 uM EGTA (red). (F) The model predicts an ~30% reduction of the residual Ca**
amplitude for a 300-Hz train, corroborating our experimental observations.
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Fig. $5. Kinetics of endogenous fixed Ca®* buffers. We analyzed the detailed kinetics of [Ca®*] rise at the edge of cMFBs. In simulations, we varied the
backward (ko) or forward binding-rates (kon) of the endogenous fixed buffer while adjusting its total concentration such that kg fixeq Was constant. When ko
was low, the initial increase in [Ca®*] had a clear overshoot (A), which was not present in the experimental data. Data are from Fig. 8£: grand average from the
edge of ctMFBs (n = 20; bin size, 0.2 ms; error bars represent SEM). The model prediction also deviated largely from the data when k,,, was large (B). (C) Plot of
%2 Vs. Kofs. kon Was kept constant at 5 x 108 s™.-M™". Top axis denotes the K of the endogenous buffer. (D) Plot of y vs. kon. kot Was kept constant at 16,000 s™".
Top axis denotes the Kp of the endogenous buffer. (E) Plot of y? vs. ken, and keg. The model standard combination is indicated (black cross). We thus infer that
kot must be larger than 10,000 s™', and kon, < 6 x 10° ms™-uM™", with Kp of the endogenous buffers >20 M. Our boundaries for ko¢ and Kp are similar to
previous approximations obtained at the calyx of Held presynaptic terminal (1, 2) and indicate that the endogenous fixed buffers at cMFBs are of low affinity
with very fast kinetics.
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Fig. S6. Simulations with different release schemes. When comparing the time course of the vesicular release rate with low (kg fixes = 15) and high (kg fixed =
100) Caz+—binding ratio of the fixed endogenous buffers, the full-width at half-maximum (FWHM) was smaller for kg fixed = 15 (Fig. 9). We tested the robustness
of this finding by varying the release scheme used in the simulations and by varying the required adjustments to obtain a vesicular release probability of 0.3.
(A) Time course of the release rate for a single AP differs for low and high kg fixea- The FWHM is illustrated. (B) The ratio of FWHM between kg fixeq = 100 and
KE fixed = 15 is plotted for the various conditions. The four different release schemes are color-coded [Lou et al. (1); Schneggenburger and Neher (2); and Wang
et al. (3), for P9-11 and P16-19]. To adapt the release schemes to our preparation and recording conditions, we first adjusted all rates to 37 °C, assuming a Qo
factor of 3. Second, the following four strategies were compared with obtain a vesicular release probability of 0.3 (4): increasing kon, decreasing ko, increasing
kon, @nd decreasing kofs with the same factor or increasing the fusion rate. In some cases it was impossible to achieve a release probability of 0.3 with physically
plausible values (#). With all tested release schemes, the FWHM of the release rate was more than twofold longer for kg fixed = 100 compared with kg fixed = 15.
The resulting parameters used for the simulations depicted in Fig. 9B (modified Wang et al. P16-19 scheme) were as follows: kon = 135 s -M™", kot = 14,742 57,
vesicle fusion rate (y) = 6,000 s™', and b = 0.25. We also repeated these simulations with a distance between vesicle and nearest Ca?* channel of 50 nm instead
of 20 nm, which prolonged the release rate FWHM from 114 to 356 ps (using Wang et al. P16-19 scheme and kg fixeq = 15). However, the prolongation of the
release rate with kg fixeq = 100 was similar for all tested release schemes (i.e., greater than twofold). Thus, our findings are independent of the implementation
of the release scheme and the vesicle to Ca®* channel coupling distance.
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Table S1. Model parameters used in simulations
Parameter (units) Concentration (uM)  Kp (uM) ke (s7"-M™") kot (s1) D (um?s7") K

Ca’* 2202
[Ca®*Trest 0.057°
Endogenous buffers
Fixed 480° 32 5 x 108 16,000 0 15¢
Mobile 100° 0.29 0.05 x 10%9 19 20" 500
ATP 370 200% 5% 10%  100,000¢ 220% 1.8
Gluconate 150,000 57,000™ 1% 105™ 5,700,000™ 220 2.6™
Ca* indicators
OGB-1 50 0.24" 4.3 x 108 1037 140 1299
100 2699
OGB-5N 200 24" 2.5 x 108 6,000P 140 8.29
Fluo-5F 50 0.83" 3 x 10% 249P 140 509
200 2089
Fluo-4FF 100 16.6" 3 x 10% 4.98° 140 5.99

Concentration, dissociation constants (Kp), binding kinetics (ko and kos), diffusion coefficients (D), and
Caz“'—binding ratios (k) used in simulations.
°Ref. 1.
PCompare with Fig. S18.
“Calculated as Kp x x.
dRefs. 2 and 3; compare with Fig. S5.
€Compare with Fig. 2.
fCompare with Fig. 4.
9Based on Fig. 4, the kinetic parameters of the mobile buffer were set to values of EGTA at physiological
temperature and pH 7.3 (4).
PRef. 5.
iCalculated as concentration/Kp. Note that the Ca*-binding ratio of the mobile buffer is misleading, because
kinetics of extrusion and equilibration with the mobile buffer are comparable at cMFBs (6) (Discussion).
iCalculated free ATP concentration.
“Ref. 7.
'Calculated as concentration/Kp.
TRef. 8.
"Based on Fig. S2; see S/ Materials and Methods.
°Ref. 9.
PCalculated as Kp X kon.
9Incremental Ca*-binding ratio (Eq. 5).
"Ref. 10.
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