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EF-hand Ca?*-binding proteins are thought to shape the spatio-
temporal properties of cellular Ca>* signaling and are prominently
expressed in sensory hair cells in the ear. Here, we combined ge-
netic disruption of parvalbumin-«, calbindin-D28k, and calretinin
in mice with patch-clamp recording, in vivo physiology, and math-
ematical modeling to study their role in Ca?* signaling, exocytosis,
and sound encoding at the synapses of inner hair cells (IHCs). IHCs
lacking all three proteins showed excessive exocytosis during pro-
longed depolarizations, despite enhanced Ca®*-dependent inacti-
vation of their Ca®* current. Exocytosis of readily releasable
vesicles remained unchanged, in accordance with the estimated tight
spatial coupling of Ca?* channels and release sites (effective “cou-
pling distance” of 17 nm). Substitution experiments with synthetic
Ca®* chelators indicated the presence of endogenous Ca®* buffers
equivalent to 1 mM synthetic Ca>*-binding sites, approximately half
of them with kinetics as fast as 1,2-Bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid (BAPTA). Synaptic sound encoding was
largely unaltered, suggesting that excess exocytosis occurs extrasyn-
aptically. We conclude that EF-hand Ca®* buffers regulate presynap-
tic IHC function for metabolically efficient sound coding.

calcium buffers | exocytosis | calcium current | synapse | hair cell

Intracellular Ca®" signaling regulates a multitude of cellular
processes. In sensory hair cells, Ca®* is crucial for electrical
frequency tuning, afferent synaptic transmission, and efferent
modulation (reviewed in ref. 1). To separate these signaling
pathways and maintain high temporal fidelity of neurotransmis-
sion, Ca®* signals must be temporally limited and spatially con-
fined to the site of action. Cells typically achieve this by localizing
Ca”* entry and by rapidly removing free Ca”" ions via binding to
cytosolic “buffers” and finally Ca®* extrusion (2-4). Of the various
EF-hand Ca®*-binding proteins, some seem to function primarily
as Ca®"-dependent signaling proteins (e.g., calmodulin and Ca**-
binding proteins 1-8, CaBP1-8), whereas others [parvalbumin-a
(PVa), calbindin-D28k (CB), and calretinin (CR)] are thought to
mainly serve as mobile Ca** buffers.

Hair cells of various species strongly express the Ca**-binding
proteins PV, CB, and, in some cases, CR. This possibly reflects the
need for buffers with different biophysical properties to functionally
isolate different Ca>* signaling mechanisms, which are spatially not
well separated in these compact epithelial cells. Ca**-binding pro-
teins are particularly abundant in frog and chicken hair cells, which
contain millimolar concentrations of parvalbumin-3 (5) as well as of
CR (6, 7). An immune-EM study in rats indicated hundreds of
micromolar of proteinaceous Ca”*-binding sites in inner hair cells
(IHGs) (8). A patch-clamp study in gerbil IHCs reported en-
dogenous buffers equivalent to approximately 0.4 mM 1,2-Bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA) (9).
Genetic deletion of the EF-hand Ca®*-binding proteins PVa, CB,
and CR in mice has facilitated the analysis of their function (10-13;
reviewed in ref. 14), but the combined deletion of these proteins

remains to be studied. IHCs provide an experimentally well-
accessible presynaptic preparation that uses all three. Here, we
studied IHC function and hearing in mice lacking the three buffers
[triple buffer KO (TKO); Pv~/~Cb~~Cr~'~]. By using perforated
and ruptured-patch recordings, we analyzed voltage-gated Ca®*
currents and exocytosis of Pv~/~Chb™~Cr™'~ THCs, in which we
also substituted the deleted endogenous buffers with the synthetic
Ca®* chelators EGTA or BAPTA. Auditory systems function was
probed by measuring otoacoustic emissions and auditory brainstem
responses (ABRs) as well as by recordings from single spiral ganglion
neurons (SGNs). We performed mathematical modeling to estimate
concentrations of the endogenous mobile Ca** buffers and to better
understand how these proteins control exocytosis at IHC synapses.
We conclude that the endogenous buffer capacity of IHCs is well
approximated by 1 mM synthetic Ca®*-binding sites with different ki-
netics. A tight spatial coupling between Ca®* channels and sensors of
exocytosis (Ca** channel-exocytosis coupling) precludes interference
of PVa, CB, and CR with fusion of the readily releasable pool of
vesicles (RRP). Instead, we suggest that these buffers jointly regulate
THC presynaptic function by restricting neurotransmitter release to
active zones (AZs).

Significance

Ca®* ions serve as a key cellular signal and are tightly con-
trolled. One mechanism to limit free Ca* ions is buffering by
Ca?*-binding proteins, which are strongly expressed in sensory
hair cells of the ear. Here we studied how genetic disruption of
the Ca?*-binding proteins parvalbumin-a, calbindin-D28k, and
calretinin affects exocytosis and sound encoding at the syn-
apses of mouse inner hair cells (IHCs) and spiral ganglion
neurons (SGNs). Mutant IHCs showed increased exocytosis, but
the sound-evoked spiking activity in SGNs was unaltered. To-
gether with mathematical modeling, this finding indicates that
a large fraction of exocytosis in mutant IHCs occurred outside
synapses. We conclude that Ca%*-binding proteins shape pre-
synaptic Ca®* signals to restrict exocytosis to active zones, thus
enabling metabolically efficient sound encoding.

Author contributions: T.P., M.G., F.W., N.S., and T.M. designed research; T.P., S.M., and
N.S. performed experiments; M.G. performed mathematical modeling; T.P., M.G., S.M.,
and N.S. analyzed data; T.P., M.G., B.S.,, FW.,, N.S., and T.M. wrote the paper; and B.S.
generated and characterized mouse knockouts.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

"Present address: Synaptic Physiology of Mammalian Vestibular Hair Cells Junior Research
Group, Institute for Auditory Neuroscience and InnerEarLab, University Medical Center
Gottingen, 37099 Goéttingen, Germany.

2T.P. and M.G. contributed equally to this work.

3To whom correspondence may be addressed. Email: tpangrs@gwdg.de, nstrenzke@med.
uni-goettingen.de, or tmoser@gwdg.de.



/ldoc.rero.ch

http

Results

IHCs of Hearing Mice Express PVa, CB, and CR. Hair cells in various
species show specific expression patterns of the EF-hand Ca®*-
binding proteins PVa, parvalbumin-p (PVf) (oncomodulin), CB,
and CR (5, 7, 8, 15), hereafter termed “mobile Ca* buffers” so
as not to ignore the presence of other Ca®* buffers such as ATP.
We performed immunohistochemistry on apical organs of Corti
of hearing C57BL/6 mice [postnatal day (P) 14-26] to charac-
terize the expression of mobile Ca®* buffers in mouse cochlear
hair cells (Fig. 1). In agreement with results obtained in rats (8),
we found mature mouse IHCs to express PVa, CB, and CR (Fig.
1 A-C), but not PVp, which was strongly expressed in outer hair
cells (OHCs) (Fig. 1D). Parallel immunostaining of organs of
Corti from age-matched Pv™'"Cb™~Cr~~ mice confirmed the
absence of these three mobile Ca** buffers from all tissues (Fig.
1 E-G) but the persistent expression of PVp in OHCs (Fig. 1H).

Disruption of PVa, CB, and CR Increases the Amplitude and
Inactivation of Ca’* Current and Enhances Exocytosis in IHCs.
Next, we studied the presynaptic function of Pv~/~Ch~~Cr™/~
THCs by patch-clamp recordings of Ca®* currents and exocytosis.
We first examined the amplitude, voltage dependence, activation,
and inactivation of the IHC Ca®" current that is largely mediated
by Cay1.3 channels (16-18). We used perforated-patch recordings
to not interfere with the endogenous Ca** buffering. We found
a 20% increase of the initial Ca®" current, whereas its voltage-
dependence was unchanged (Fig. 24). Ca**-current kinetics were
analyzed at the potential eliciting the peak Ca®* current (on av-
erage at —17 mV). The activation time constants were comparable
between Pv'~Ch™~Cr™~ and WT (Pv**Cb**Cr**) IHCs (Fig.
2B). However, we observed a significant increase of Ca®*-current
inactivation (nonnormalized currents; Fig. 2C). Inactivation was
first assessed by analyzing the ratio of the current amplitude at the
end of a 100-ms-long depolarization and the initial current am-
plitude. This ratio was smaller in Pv~’/"Cb~~Cr™~ than in Pv*'"*
Ch**Cr*'* THCs (mean + SEM, 0.71 + 0.02 vs. 0.79 + 0.01; P =
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Fig. 1. IHCs of hearing mice express the EF-hand Ca®*-binding proteins PVa,
CB, and CR. (A-H) Maximum projections of confocal stacks from whole-
mount explants of the apical coils of P14-P26 organs of Corti of WT (Top) and
Pv~'~Ch™~Cr~'~ (TKO; Bottom) mice immunolabeled for calbindin-D28k (CB;
A and E), parvalbumin-a (PVa; B and F), calretinin (CR; C and G), and par-
valbumin-p (PVp; D and H, all in green). An antibody against CtBP2 was used
as a marker of presynaptic ribbons and cell nuclei (magenta, D and H). In all
other panels, cell nuclei were stained with Hoechst 34580 (blue). IHC bodies
of WT but not TKO organs of Corti are homogeneously stained for three Ca®*
buffers, CB, PV, and CR. OHCs additionally contain PV, not present in IHCs
and not targeted for deletion in the TKO mice. PVa and CR show immuno-
reactivity also in the afferent fibers (arrowheads). (Scale bar: 5 pm.)
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Fig. 2. Disruption of PVa, CB, and CR enhances Ca>*-current amplitude and
inactivation. (A) Current-voltage relationship of the voltage-gated Ca**
current in TKO (gray, n = 20) and WT (black, n = 23) IHCs from 2-3-wk-old
mice. Note the slightly larger Ca®* currents in the TKO IHCs (*P = 0.01-0.03,
Student t test). (B) Normalized average Ca®* currents in response to 10-100-ms
depolarizations to the peak Ca?*-current potential on an expanded time
scale demonstrate that the kinetics of the activation were not different
among TKO and WT IHCs (P = 0.13, Wilcoxon rank-sum test). Data were
fitted with /() = Ip + Imax X (1 — e~77)P, whereby the power (p) was fixed to 2
in most cases. (C and D) Absolute (C) and normalized (D) Ca®* currents in
response to 100-ms depolarizations to the peak Ca®* current potential. A
stronger Ca®*-current inactivation was observed in the TKO IHCs. Slopes of
the linear fits (1/s) are 1.0 + 0.1 and 1.6 + 0.2 for the Ca* currents in WT (n =
16) and TKO (n = 14) IHCs, respectively (P = 0.02, Student t test).

0.01, Wilcoxon rank-sum test). As a second measure of the Ca**-
current inactivation, we fitted a linear function to the last 50 ms of
the normalized Ca** currents. Its steeper slope for Pv™"'~Cbh™~Cr™/~
IHCs corroborated the notion of a more pronounced inactivation
(Fig. 2D).

To address potential mechanisms underlying the increased
Ca**-current amplitude, we evaluated the number and morpho-
logical appearance of the ribbon synapses in IHCs after hearing
onset (P15-P18). The presynaptic ribbon protein Ribeye/CtBP2
and the postsynaptic glutamate receptor GluA 2/3 were visualized
by confocal microscopy of immunolabeled organs of Corti (19).
We found comparable numbers of ribbons (12.5 + 0.9 and 13.9 +
0.5; ST Appendix, Fig. S1), glutamate receptor clusters (12.5 + 0.8
and 13.4 + 1.1), as well as ribbon synapses (12.0 + 0.9 and 12.6 +
0.9 in six WT and five TKO organs of Corti, respectively). This
argues against a potential up-regulation of synapse number as a
cause for the increased Ca®" current. It also rules out an excito-
toxic degradation of synapses that one might have expected from
potentially enhanced glutamate release in the absence of the three
Ca** buffers.

We then studied depolarization-induced exocytosis by using
membrane capacitance (C,,,) measurements, first in perforated-
patch experiments and second in ruptured-patch recordings from
Pv™/~Cb™=Cr™~ IHCs with varying concentrations of BAPTA or
EGTA in the pipette solution. To probe for potential effects of
Ca?"-buffer deficiency on exocytosis, cells were depolarized for
different durations and C,, was measured before and after de-
polarization (Fig. 3). Interestingly, exocytosis upon short stimuli
was not significantly altered (Fig. 3 C and D), a finding that can,
according to our mathematical model, best be explained by tight
Ca** channel-exocytosis coupling (as detailed later). However,
we found more exocytosis in the Pv~/~Cb~'~Cr~'~ IHCs for lon-
ger stimuli (P < 0.05 for ACp, 100ms; Fig. 3C; figure legends
provide P values of other AC,, measurements) despite compa-
rable Ca®*-charge transfer. The AC,, amplitude was more vari-
able for 200-ms depolarizations, but the hi}gher efficiency of Ca®*
influx to drive sustained exocytosis in Py~ Cb~'~Cr~~ IHCs can
readily be appreciated from the ratio of exocytic increments over
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Fig. 3. Enhanced sustained exocytosis in the absence of PVa, CB, and CR.
(A and B) Representative Ca®* currents (Top) and C,, (AC,,) responses (Bot-
tom) of TKO (gray) and WT (black) IHCs to (A) 20-ms and (B) 100-ms de-
polarization to peak Ca®*-current potential, recorded in the perforated-patch
configuration. (C) Exocytosis (AC,,; Top) and the corresponding Ca®*-current
integrals (Qc,; Bottom) as a function of duration of depolarizations to peak
Ca%*-current potential. The G, increase in response to 100-ms depolarization
(ACm,100ms) Was significantly higher in TKO (gray, n = 24) compared with WT
IHCs [black, n = 23; *P = 0.0003, Wilcoxon rank-sum test; SP = 0.06, Wilcoxon
rank-sum test (C) and Student t test (D)]. Note larger Qc, in TKO IHCs at short
but not long depolarization (*P = 0.009 for 5 ms and P = 0.02 for 10- and 20-
ms depolarization, Student t test). All responses are given as grand averages
(calculated from the means of the individual cells) + SEM. (D) AC,, (Top) and
Qca (Bottom) in response to short depolarizations evoking the exocytosis of
the RRP displayed on an expanded time scale. (E) Ca®*-current amplitudes
(Ica) were significantly increased in the TKO IHCs (*P < 0.0004, Student t test).
(F) The Ca** efficiency of exocytosis was higher in the TKO IHCs for long
depolarizations (*P = 1.5 x 10~'° for 100 ms and P = 0.007 for 200 ms de-
polarization, Wilcoxon rank-sum test). The extracellular [Ca%*] was 5 mM.
(G) Representative Ca®* currents (Top) and AC,, (Bottom) of a TKO IHCs
recorded at room (black) or close to physiological temperature (gray) with 2 mM
extracellular [Ca%*]. (H) Average AG, and Qc, in response to 20- and 100-ms
depolarizations recorded at room temperature (RT; black and dark gray) and
high temperature (HT; close to physiological temperature, light gray and white)
in WT (n = 4) and TKO (n = 5) IHGCs. Note a two- to threefold increase in AC,
responses upon increase in temperature in the IHCs of both genotypes.

Ca*"-current integrals (Fig. 3F). Despite increased initial Ca®*
current, the Ca®* charge transfer for long depolarizations was not

significantly larger in Pv~'~Ch~~Cr™'~ IHCs as a result of stronger
Ca**-current inactivation (Fig. 3C, Lower). Sustained exocytosis
tended to be enhanced for Pv~'"Ch~~Cr”~ THCs also in near
physiological conditions (>32 °C, 2 mM extracellular [Ca**]), in-
dicating that this likely also occurs in vivo (Fig. 3 G and H). We
conclude that the mobile Ca** buffers PVa, CB, and CR con-
tribute to the regulation of presynaptic Ca*" influx and exocytosis.

To approximate the concentration and binding kinetics of the
mobile Ca®* buffers of THCs, we studied the effects of substituting
endogenous Ca** buffers by BAPTA (“fast binding”: association
rate constant ko, = 4 x 10° M~"s™"; see ref. 20) or EGTA (“slow
binding”: ken = 4.5 x 10° or 10’ M~"s™; see refs. 20, 21) on RRP
exocytosis (probed by 20-ms depolarizations) (22) and sustained
exocytosis (approximated by the difference between the responses
to 100- and 20-ms depolarizations). Synthetic buffers were
loaded into Pv~/~Ch~/~Cr~/~ THCs to restore the exocytic
responses of Py**Ch**Cr™* THCs in their native buffering
conditions (Fig. 4). We found that 1 mM EGTA or BAPTA re-
duced sustained exocytosis in Pv""Cb~~Cr”~ THCs to levels com-
parable to Pv"*Cbh™*Cr** THCs recorded in perforated-patch
recordings (Fig. 4B). BAPTA (1 mM) best matched to the exocytic
responses of Pv*Ch™*Cr*"* THC for prolonged depolariza-
tions, but significantly diminished RRP exocytosis (Fig. 44).
Lower concentrations of fast or slow Ca®* buffer, on the con-
trary, left RRP exocytosis unchanged, but could not reinstate the
sustained exocytic response as seen in Pv/*Ch**Cr** THCs.
From these experiments, we conclude that the endogenous
concentration of mobile buffers in IHCs is equivalent to ~1 mM
synthetic Ca**-binding sites, half of them with kinetics as fast as
BAPTA. Of note, none of the tested concentrations of EGTA or
BAPTA was able to accurately restore the exocytic responses as
observed in Pv**Cbh**Cr*'* THCs.

The Absence of PV, CB, and CR Has Little Impact on Hearing. We first
tested cochlear amplification by measuring distortion product
otoacoustic emissions (DPOAEs), which were found to be intact
in Pv”"Cb™~Cr™"~ mice (Fig. 5 4 and B). We then investigated
the synchronized neuronal signaling along the auditory pathway by
measuring ABRs (Fig. 5 C and D). Over the time course of the
project, we encountered variable ABR phenotypes of Pv™'"Ch ™'~
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Fig. 4. Functional estimation of the concentration and kinetics of endog-
enous Ca®*-binding sites in IHCs. (A) AC, and Qc, in response to de-
polarization for 20 ms (probing the RRP) in WT and TKO IHCs using
perforated-patch (black and light gray) and in KO IHCs using ruptured-patch
configuration with different concentrations of the exogenously added syn-
thetic Ca®* chelators BAPTA and EGTA (shades of gray). (B) Difference in the
AC,, and Qc, in response to 100 and 20 ms (probing the sustained exo-
cytosis). When testing the sustained component of exocytosis 0.5 mM of
either buffer was insufficient in Ca* buffering. On the contrary, 1 mM
BAPTA (but not EGTA) significantly reduced the amount of RRP exocytosis (A).
Asterisks denote significant difference vs. WT controls (P < 0.01, Student t test or
Wilcoxon rank-sum test). From left to right, n=18,n=6,n=5,n=12,n=10,
n=7,and n = 12 IHCs were analyzed.
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Fig. 5. Cochlear function is preserved in mice lacking the three most prominent
EF-hand Ca®* buffers. (A and B) Input/output functions of otoacoustic emissions
(i.e., DPOAEs; black lines) of the TKO (A) and WT (B) mice at 16 kHz f; tone. Solid
light gray lines indicate the noise floor; dotted light gray lines indicate 2 SDs
above the noise floor. The dark gray lines represent both primary tones. All data
represent grand averages over several animals. No significant difference was
observed between the WT and TKO mice. (C) Average ABR in response to 80 dB
clicks in WT (black), Pv™-Cb™~ (DKO; blue), and TKO (red) mice. (D) Analysis of
ABR thresholds revealed no significant difference among the three genotypes.
All data are given as mean + SEM.

Cr7~ mice. In the majority of animals, there was no noticeable
increase in the ABR thresholds for tone bursts at different fre-
quencies or clicks in comparison with age-matched Pv*/*Cbh**Cr'*
mice (Fig. 5D). We additionall/y tested hearing in mice deficient
only in PVa and CB (Pv™'~Ch ™). They did not show a significant
hearing deficit as assessed by ABR (Fig. 5 C and D), which is
consistent with the majority of our Pv/~Ch™~Cr™~ data.

Next, we studied sound encoding at the single SGN level. Con-
sistent with their near normal population responses (Fig. 5), the
single fiber thresholds were comparable between Pv~”'~Cbh™~Cr7/~
and Pv"*Cb**Cr*"* SGNs (Fig. 64). The rate of spontaneous SGN
firing was increased in Pv™~Ch~~Cr™~ mice (P = 0.04, Kolmogorov—
Smirnov test; Fig. 6B), which likely reflects enhanced transmitter
release from buffer-deficient IHCs in the absence of sound.

We then stimulated each SGN with 50-ms tone bursts at 30 dB
above threshold at the characteristic frequency (CF) to study
sound-driven spike rates at saturating sound pressure levels (Fig.
6C). Like in previously published data (23-25), all SGNs showed
a high onset firing rate followed by adaptation to reach a lower,
but still sizable, steady-state rate. We found no significant differences
in the peak rates in SGNs of Pv™'"Ch™~Cr™~ mice (Fig. 6D). Steady-
state spike rates were comparable (SI Appendix, Fig. S2B) or even
slightly lower in Pv"'=Cbh~~Cr™~ mice (Fig. 6 C and D), in apparent
contrast to the enhanced sustained exocytosis in IHCs (Fig. 3), an
unexpected observation that we investigated in more detail by
mathematical modeling (as detailed later). Pv”’"Ch”Cr”~ SGNs
also showed very good temporal precision of sound-onset coding
(Fig. 6F). Forward masking experiments (26, 27) revealed a normal
extent of depletion of the RRP and unaltered replenishment kinetics
(Fig. 6F). In summary, the single SGN data agree with the notion of
a largely unimpaired peripheral auditory function, including
a normal temporal precision of sound encoding for transient and
sustained stimuli (SI Appendix, Fig. S3).

No Obvious Up-Regulation of Perisynaptic Mitochondria or Plasma
Membrane Ca’* Pumps in IHCs Lacking PVa and CB. The weak
effects of Ca’*-buffer deficiency on synaptic sound coding
prompted us to test for a potential compensation by enhanced
perisynaptic mitochondrial Ca*" uptake (11, 28). To test whether
mitochondria are present in increased number or are perhaps

enlarged around the synapses in the Ca**-buffer KOs (28), we
performed semiquantitative immunohistochemistry in isolated
organs of Corti of Pv”/~Cbh™'~ and C57BL/6 mice. Apical coils of
the organs of Corti were stained for the mitochondria by using the
marker PNPase (29) and ribbons (CtBP2; Fig. 7 4 and B). Sam-
ples of both genotypes were processed identically and in parallel
during immunohistochemistry and confocal imaging (Fig. 7C).
Cumulative PNPase immunofluorescence was analyzed in a total
of 1,440 C57BL/6 and 1,260 Pv~'~Ch ™'~ synapses from four dif-
ferent experiments on cochleae of eight CS7BL/6 and Pv™'"Ch ™'~
mice. In none of the experiments did we observe a significantly
increased presynaptic PNPase immunofluorescence in IHCs of Py~
Cb™"~ mice, indicating a normal mitochondrial abundance despite
the absence of PVa and CB. Similarly, we did not detect an up-
regulation of the plasma membrane Ca**-pumps (PMCAs; SI Ap-
pendix, Fig. S4).
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Fig. 6. Disruption of PVa, CB, and CR has little impact on sound encoding by
single SGNs. (A) Thresholds measured at the CF of each auditory nerve fiber.
The thresholds of the TKO fibers (gray, n = 111) were comparable to WT
controls (black, n = 37). (B) Spontaneous rate distributions in TKO mice (gray,
n = 104) and control groups (black, n = 34). Higher spontaneous rates were
observed in SGNs of the TKO animals. (C) Mean peristimulus time histograms
(+SEM) plotting the instantaneous spiking rate in 1-ms time bins over the time
course of stimulation with tone bursts at the CF of each SGN, 30 dB above
threshold. The rates and the time course of adaptation were similar in TKO
(gray, n = 87) and WT SGNs (black, n = 35). (D) The analysis of the peak rates
(rate in largest 1-ms bin) vs. the steady-state spike rates (averaged over 10 ms
from 35 ms after stimulus onset) shows comparable rates between TKO SGNs
(gray) and WT controls (black). (E) The variance of the first spike latency was
similar between fibers from TKO mice and WT controls. (F) Recovery from
adaptation probed by a forward-masking paradigm (Inset): maximal masking
and the time course of recovery were similar for TKO (gray, n = 35) and WT
controls (black, n = 8). Stimuli were applied at CF, 30 dB above threshold.
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Fig. 7. Immunofluorescence analysis of perisynaptic abundance of mito-
chondria. (A and B) The whole mount of the C57BL/6 (WT) and DKO organs
of Corti double stained for the mitochondrial marker PNPase (green) and the
presynaptic marker CtBP2 (magenta) reveals similar abundance of mito-
chondria in IHCs of both genotypes. (Scale bar: 5 pm.) (C) Perisynaptic PNPase
immunofluorescence intensity (integrated within a 0.5-um radius around the
center of mass of CtBP2 fluorescence in single confocal sections) in WT and
DKO IHCs. A total of 377 synapses from four C57BL/6 (WT) organs and 357
synapses from four DKO organs were analyzed, and the distributions were
statistically indistinguishable (P = 0.94, Wilcoxon rank-sum test).

Computational Analysis of IHC Exocytosis and SGN Spiking Indicates
Enhanced Extrasynaptic Release in Pv'~Cb~"~Cr~~ IHCs. SGN ac-
tivity is governed by transmitter release at the IHC ribbon syn-
apse. To understand how increased IHC exocytosis of the
Pv=/~Cbh~'~Cr~'~ animals influences SGN spiking rate, we used
mathematical modeling (24) (Fig. 84 and Materials and Methods).
Specifically, we addressed the question whether the excess sus-
tained exocytosis reflects an acceleration of synaptic vesicle re-
plenishment by Ca®* (30, 31) or extrasynaptic release caused by
the wider spread of the synaptic Ca** signal. The model converts
release events in IHCs into SGN spiking by taking into account
neuronal refractoriness (32, 33). Refractory periods in WT and
TKO SGNs were similar (1.11 + 0.04 ms and 1.02 + 0.03 ms,
respectively; SI Appendix, Fig. S5C). By using these parameters
and assuming that all sustained IHC exocytosis occurs synapti-
cally, i.e., drives spiking in the postsynaptic SGNG, the spike rates
predicted for Pv”/~Ch~~Cr~'~ SGNs substantially exceeded the
experimentally observed ones (Fig. 8B). The discrepancy per-
sisted even when assuming unrealistically long refractory periods
(81 Appendix, Fig. S5D). This indicates that a large fraction of the
increased sustained exocytosis in the Pv~'~Cb~~Cr~'~ IHCs
occurs at extrasynaptic (i.e., ectopic) locations, and is ineffective
in driving SGNs. Indeed, membrane-proximal vesicles outside
the AZ are observed in hair cells (34, 35) (Fig. 8C). We then
estimated what fraction of the excess sustained exocytosis in Pv=/~
Cbh™=Cr™~ THCs could be synaptic (Fig. 8D). Only when this
fraction was set at less than 10% did the difference between the
computed and experimentally observed spike rates fall within the
uncertainty range of the experimental data. Therefore, we conclude
that only a minor part of the excess sustained exocytosis, if any,
reflects enhanced vesicle replenishment caused by stronger Ca™*
signaling in the absence of mobile Ca** buffers.

Tight Coupling Between Presynaptic Ca>* Channels and Ca?* Sensors
of Exocytosis Limits the Interference of Mobile Ca** Buffers with IHC
Synaptic Exocytosis. Our experimental observations suggest that
endogenous EF-hand Ca®*-binding proteins possess only modest
ability to influence synaptic transmitter release in IHCs. This
might reflect a very small distance between the Ca®* source (i.e.,
Ca”" channels) and vesicles undergoing fusion at the AZ (“coupling
distance”). To determine this coupling distance in IHCs, we con-
structed a model that predicts the relative amount of exocytosis
triggered when changing the distance between the Ca®* source and

the Ca”* sensor of release (Fig. 94 and Materials and Methods). We
used this model to determine the effective coupling distance R,
(weighted average distance for all channels contributing to the
[Ca®*] at the Ca*" sensor; Materials and Methods and SI Appendix,
section 8) that best matched exocytosis as observed experimentally
under various Ca®*-buffering conditions at room temperature.
The model was based on the spatiotemporal profile of in-
tracellular [Ca®*] resulting from Ca®* influx through a single 1-nm
radius hemispherical source. The integrated exocytosis was as-
sumed to follow [Ca®*] according to a power law relation: ACy, ~
([Ca**])y™. The exponent g accounts for the supralinear de-
pendence of [Ca**] on Qca: [Ca**] ~ Oc, that may result from
partial buffer depletion at high Ca*" influx (SI Appendix, section
7.4). The apparent Ca** cooperativity of exocytosis m was derived
from prior experiments (36) and the value of 1.7 was obtained (S/
Appendix, Fig. S6). We note that our previous studies aimed at
determining the maximal apparent Ca®" cooperativity of the RRP
exocytosis, which is close to the intrinsic Ca** cooperativity,
thus yielding an m in the range of 3—4 in 2-wk-old animals (36,
37). The model relationship of the present study needs to use an
effective m value matched to the experimental conditions [i.e., in
the presence of partial pool depletion/sensor saturation observed
at high Qc, (36)].

Fig. 9C displays the discrepancy between modeled and ex-
perimentally observed exocytosis for assumed coupling distances
between 1 and 100 nm and for three different values of m. When
m is equal to 1.7, the minimum discrepancy is ~11%, which
is smaller than the experimental error [~14% for the average
SEM(AC,,)/mean(ACy,) under different Ca** buffering con-
ditions; Fig. 9C, dash-dotted line]. For small Ca?* influx, icy,
buffer depletion was negligible and the discrepancy between the
model and the measurements insensitive to the absolute value
of i¢,. For instance, a Ca*" influx of 0.3 pA (approximating the
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Fig. 8. Mathematical modeling of spike rates in WT and TKO SGNs.
(A) Schematic representation of the model for release event to spike con-
version (Materials and Methods). (B) Time dependence of vesicle release rate
(blue) and spike rate (red) during sustained exocytosis (t > 25 ms) in WT
(dashed lines) and TKO (solid lines). (C) An example of a transmission EM
micrograph of an IHC ribbon synapse illustrating the concept of the synaptic
vs. ectopic/extrasynaptic vesicle release. Image courtesy of C. Wichmann,
University of Gottingen, Gottingen, Germany. (D) Modeled spike rate de-
pendence on a putative fraction of the excess release contributing to the
spike generation in SGNs in TKO compared with WT at average overall re-
fractory period ta + tr = 1.1 ms.
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Fig. 9. Estimation of endogenous buffer concentrations and effective
coupling distance between presynaptic Ca>* channels and Ca®* sensors of
exocytosis. (A) Schematic representation of the hemispherical source model.
(B) AZ scenarios M2 and M3 from Wong et al. (36) corresponding to the
nanodomain-coupling regime. Orange discs represent RRP vesicles, green
discs represent Ca®* channels, black spots represent Ca** sensors of exo-
cytosis, and violet area represents the presynaptic density. (C) Dependence
of the discrepancy measure z on the effective coupling distance R.. Different
colors stand for different values of the apparent Ca** cooperativity of exo-
cytosis, m. Dashed lines correspond to ic, of 0.3 pA; solid lines correspond to
ica of 7 pA. Black points denote the local minima of the discrepancy measure
z for m of 1.7. Black dash-dotted line corresponds to the average of exper-
imental SEM[AC,,J/Jmean[AC,,] at different Ca®* buffering conditions. (/nset)
Bootstrap distribution of R, estimate for m of 1.7 and i, of 7 pA, generated
as described in Materials and Methods. (D) Spatial profiles of [Ca®*] re-
duction, [Ca*],pu/[Ca®*]_putr, caused by particular intracellular buffers
during Ca®* influx (ic, = 7 pA). Black lines show ratios of the Ca®* profiles in
the presence and absence of 0.5 mM and 1 mM BAPTA, gray lines in the
presence and absence of endogenous buffers with concentrations as
reported previously (8) in P16 rat IHCs (solid and dashed lines correspond to
[Ca%*] spatial profiles at t = 20 ms and t = 100 ms, respectively). Colored
lines are the best fits of [Ca?*],pur/[Ca®*]_putr. With CR (magenta), CB
(blue), and PVa (green) corresponding to 0.5 mM and 1 mM BAPTA.

single channel current at —17 mV) (38) drove negligible buffer de-
pletion and led to estimates of the effective coupling distance of

15 nm, for m of 1.7 (Fig. 9C, dashed red line). As buffer depletion
effects might be more prominent for larger Ca*" influx, we also
determined R, assuming conditions of strong Ca** influx. To this
end, we calculated the extent of buffer depletion near the AZ by
using a hemispherical source equivalent to the entire presynaptic
density in a mature synapse (surface area ~420 x 80 nm?) (36)
and the maximal depolarization-evoked Ca** current per synapse in
Pv*Ch*Crt THCs (15 pA). Near a 1-nm hemispherical source,
a similar level of buffer depletion was obtained for an ic, of 7 pA (ST
Appendix, section 7.3). Even for this extreme scenario, partial buffer
depletion resulted in only a slight rightward shift of the discrepancy
curves (Fig. 9C) with an R, of 17 nm for an m of 1.7. We used
bootstrapping to estimate the confidence range of the R estimate for
ica of 7 pA, which is affected by the estimation errors of m and AC,,.
The 5-95 percentile range spanned from 8 to 30 nm (Fig. 9C, Inset).

In our previous work, we introduced some possible IHC pre-
synaptic AZ arrangements (36). In spatially resolved simulations
with two of these AZ topographies that correspond to the
“nanodomain-coupling” regimen (Fig. 9B), R, ranged between
15 and 27 nm (SI Appendix, section 8.4). They might thus be a
good representation of the true IHC AZs. At the average R, of
17 nm, the influence of the Ca”" buffers on [Ca**] at the Ca*"
sensor is small (0.5 mM BAPTA; Fig. 9D, black line). Together,
these results indicate that endogenous Ca>* buffers do not ap-
preciably interfere with exocytosis at the AZ as a result of tight
coupling between Ca** channels and Ca®* sensors of exocytosis in
IHCs of 2-3-wk-old mice. However, they effectively reduce extra-
synaptic release at sites located more distant from the Ca®* source.

Predicted Concentrations of Endogenous Buffers in Mature Mouse
IHCs. Finally, we used the model to establish lower and upper
bounds on the concentrations of endogenous Ca>* buffers in IHCs.
Exocytosis of a given readily releasable vesicle is governed by [Ca**]
at the Ca®* sensor. According to ACy, recordings (Fig. 4), [Ca®*] at
the Ca®* sensor of exocytosis in Pv*+Ch**Cr*'* should be matched
in Pv”"Cb™~Cr~~ THCs when they are loaded with 0.5 mM
BAPTA. On the contrary, 1 mM BAPTA was required for
adjusting sustained exocytosis of Pv='"Cb~~Cr~'~ IHCs to WT
levels, likely by lirnitin% [Ca®*] further away from the Ca**
channel. The spatial [Ca”"] profiles in the presence of these two
BAPTA concentrations thus define the range of plausible [Ca®*]
levels in the presence of endogenous buffers.

Fig. 9D shows the predicted ratios of the spatial [Ca**] profiles
with 0.5 and 1 mM BAPTA and the best approximation of these
[Ca?*] profiles in the presence of the endogenous Ca”* buffers CB,
CR, and PVa. The spatial [Ca®*] profiles with 0.5 and 1 mM
BAPTA were fitted 20 and 100 ms after stimulus onset, respectively.
Solving the model with concentrations of endogenous mobile
Ca®* buffers (0.5 mM Ca®*-binding sites in total) as estimated in
rat IHCs by using quantitative immunogold EM (8) showed that
these concentrations would be considerably less efficient than 0.5
mM BAPTA. According to our model, the concentration of Ca®*
-binding sites equivalent to 0.5-1 mM BAPTA is between 3.2 and
5.2 mM for CB, between 7.5 and 13.5 mM for CR, and between
1.8 and 4.2 mM for PVa when each buffer is considered sepa-
rately (Fig. 9D). We note that, to convert these concentrations of
Ca**-binding sites into equivalent protein concentrations, the
values have to be divided by 4, 5, and 2 for CB, CR, and PV,
respectively; thus, 0.5 mM BAPTA would correspond to 0.8, 1.5,
and 0.9 mM of the three buffers. These values are consistent with
previous estimates of EF-hand buffer concentrations in neurons
(39-41) and hair cells (7). PVa alone could not fully reproduce the
spatial [Ca®*] profiles predicted for 0.5 or 1 mM BAPTA over
distances longer than 100 nm. However, it is likely that, at low
concentrations, it acts together with higher amounts of CB and
CR to shape the [Ca®*] signal at the IHC synapses.

As shown in Fig. 9D, the upper bounds on endogenous buffer
Ca**-binding site concentrations were estimated by probing



/ldoc.rero.ch

http

[Ca®] at a ¢ = 100 ms after stimulus application. Negligible at
first, the effect of accumulated Ca** on [Ca®*] during stimulation
grows with time (SI Appendix, Fig. S7 A and B). This might affect the
estimated upper bounds on endogenous Ca™*-binding site concen-
trations. We thus reestimated the upper bounds on the Ca?*-binding
site concentrations by using spatial profiles of [Ca**] calculated for
times between 20 ms and 100 ms after stimulus application. As
shown in SI Appendix, Fig. S10 (solid lines), the upper bound
estimates were not considerably different at intermediate times for
CB and PV (by ~20% higher at t = 20 ms than at ¢ = 100 ms). For
CR, the difference in the estimated Ca**-binding site concen-
trations was significant, being 50% higher at = 20 ms than at ¢ =
100 ms. In summary, our results suggest that the concentrations of
endogenous buffers in IHCs are (approximately one order) higher
than those obtained from immunogold counts (8) or the &, rates
of the buffers in situ (i.e., inside cells) are considerably higher than
currently assumed (SI Appendix, section 7.1).

Discussion

In the present study we addressed the role of Ca* buffering EF-
hand Ca**-binding proteins in the presynaptic function of IHCs.
By using KO mice lacking PVa, CB, and CR, we indicate that
mobile Ca** buffers shape THC synaptic Ca®* current by de-
creasing its amplitude and attenuating inactivation. Independent
of their regulation of Ca** channels, they constrain transmitter
release to AZs, ensuring efficient presynaptic function. By using
exocytosis as readout together with mathematical modeling, we
provide quantitative functional estimates for the concentration of
the endogenous Ca?* buffers in IHCs. Furthermore, we estimated
the effective coupling distance between the Ca®* channels and
sensors for exocytosis in IHCs to be very short (mean value of R, =
17 nm). Surprisingly, sound encoding and hearing were largely
intact upon disruption of the three Ca®* buffers. This can be
explained by “Ca”" nanodomain control” of exocytosis, minimiz-
ing the impact of buffers on stimulus—secretion coupling at AZs.

Ca’* Buffering in Mammalian IHCs. Previous work on hair cells had
provided estimates of the concentration of mobile Ca**-binding
sites (5-9, 42-44), demonstrated the significance of mobile and
immobile Ca®* buffers for shaping the spatiotemporal propertics
of synaptic Ca** microdomains (2, 44-46), and investigated the
sensitivity of exocytosis to Ca** buffering (9, 22, 37, 47-49). The
Pv™'=Cb~~Cr™~ mice now enabled us to refine the estimates of
the concentration of mobile Ca**-binding sites in hair cells and
to study the role of the three endogenous Ca”* buffers in hair
cell presynaptic function and afferent auditory signaling.

We found that the length constants of Ca®* buffering, defined
by Ca”*-binding kinetics, diffusion coefficients, and concentrations
of the three Ca”* buffers, are large relative to the effective Ca®*
channel-Ca** sensor coupling distance. Consequently, exocytosis
of the RRP, triggered by short depolarization pulses (<20 ms), was
not noticeably affected by the three Ca®" buffers. During longer
depolarizations (>20 ms), they reduced exocytosis in IHCs pri-
marily by limiting Ca®* spread from the AZ to ectopic release sites
(Fig. 3C). In the substitution experiments, 1 mM BAPTA or
EGTA reduced sustained exocytosis in Pv”~Cb~~Cr~~ IHCs to
levels observed in Pv*"*Ch™*Cr** mice, whereas lower concen-
trations (<0.5 mM) were insufficient. This is in good agreement
with previous results in mice, in which imaging of synaptic Ca**
microdomains yielded values equivalent to 0.5-2 mM Ca**-bind-
ing sites of synthetic Ca®* buffers (44). It also largely agrees with
functional estimates on hair cells from other species (5-7, 9, 42).
However, when estimating the concentrations of endogenous Ca*-
binding sites, a significant difference in the diffusion coefficients
and the Ca®" (un)binding rates of synthetic and endogenous
buffers has to be taken into account. Relying on published Ca**-
binding rates, our model suggested that the concentration of Ca*-
binding sites is approximately one order of magnitude higher than

reported in rat hair cells by using quantitative immunogold la-
beling (~0.54 mM endogenous Ca**-binding sites) (8). Alterna-
tively, faster Ca**-binding rates of the endogenous buffers (an
order of magnitude higher than published) could account for the
observations, or it could be a combination of both effects.

Modulation of Ca?* Influx by Ca** Buffering EF-Hand Ca”*-Binding
Proteins. A somewhat unexpected finding was the enhanced ini-
tial Ca®* influx in Pv”'"Chb™~Cr™"~ IHCs. We did not observe
more synapses in Pv~'"Cb~'~Cr~~ THCs, which could have been
an obvious cause for a greater number of Ca®* channels. Instead,
potential mechanisms for the increased Ca®* influx include more
Ca”* channels per synapse and an enhanced open probability. In
addition, we found that Ca®*-current inactivation was enhanced
in Pv™/"Cb™~Cr~~ THCs. Reduced Ca®* buffering could in-
crease Ca”*-calmodulin-dependent inactivation (CDI). How-
ever, the enhanced inactivation was not reversed upon addition of
synthetic Ca*" chelators, which generally show little potency to
antagonize CDI in mature IHCs (50, 51). Alternatively, EF-hand
Ca**-binding proteins might directly interact with the channel,
which is established for calmodulin and CaBPs (52-55). Indeed,
CR suppresses CDI in Cay2.1 channels (but not Cayl.2
channels) in HEK 293-T cells (56).

Ca?* Nanodomain Control of Fusion at the IHC Ribbon Synapse. Our
previous work suggested that vesicle fusion at IHC ribbon syn-
apses is induced by Ca®* provided by one or few proximal Ca®*
channels (36, 37), nicknamed Ca** nanodomain control. In ac-
cordance, it has been demonstrated that not even 10 mM
BAPTA completely blocks exocytosis in auditory hair cells (57).
The present study took advantage of the disruption of endoge-
nous Ca®* buffers and substitution with synthetic Ca** buffers
to further test this hypothesis. Based on experiments and mod-
eling, we estimated the effective coupling distance R, between
Ca”" channels and vesicular Ca** sensors at ITHC AZs to be ~17 nm
with a 5-95 percentile range of 8-30 nm. Our previously proposed
AZ scenarios of nanodomain control (36) (Fig. 9B) give R, values
that fit well into the proposed range and might thus represent a
good approximation of the true IHC AZ arrangement. Such tight
coupling increases efficacy and speed of synaptic transmission.

Mobile IHC Ca’* Buffering and Hearing. At first sight, finding
a near-normal function of the cochlea in the Pv=/~Cb~/~Cr~/~
mice is surprising. In SGNs, only spontaneous spiking rates were in-
creased, which might be related to the increased Ca?* influx. In
fact, a regulation of spontaneous firing rates by modulating Ca®*
channel open probability has been shown (58). A minor increase
(e.g, 17%) in the number or open probability of Ca** channels could
explain the siﬁniﬁcantly enhanced spontaneous rate in SGNs of
Pv7=Ch™~Cr”~ mice, but may not lead to an obvious enhancement
of the evoked firing rates when driven by strong supratheshold
stimulation (Fig. 6; see also ref. 59).

Sound encoding during continued stimulation was not sig-
nificantly altered despite increased sustained IHC exocytosis.
Mathematical modeling indicated that this discrepancy reflects
extrasynaptic exocytosis of vesicles that contributes less efficiently
to sound coding, if at all. Alternative explanations such as re-
fractoriness (Fig. 8B and SI Appendix, Fig. S5D) and increased
AMPA desensitization (49) seem unlikely. A supralinear rise of
exocytosis during prolonged stimulation was reported for turtle
hair cells and interpreted as Ca**-dependent vesicle replenishment
(60), but the relation to sound encoding remained to be elucidated,
and a contribution of extrasynaptic exocytosis could not be ruled out.

Release away from the ribbon-type AZ has previously been
observed in retinal bipolar cells (61, 62), where it is physiologi-
cally relevant for communication of bipolar cells to AIl amacrine
cells (62). The results of our study suggest that such extrasynaptic
exocytosis of IHCs has little influence on the postsynaptic SGN
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spiking. Together with previous studies demonstrating a good
correlation between the presynaptic release rate and postsynaptic
spiking in WT and bassoon mutant animals (24), it further sug-
gests little or no ectopic release in the presence of endogenous
Ca®* buffers. We conclude that the properties of the endogenous
buffer Ca®* binding and their diffusion kinetics allow for a meta-
bolically efficient control of the Ca**-dependent sound encoding.

Materials and Methods

Animals. The TKO line Pv"~Cb™~Cr’~ was generated by breeding the two
double KO (DKO) lines, Pv"~Cb~"~ (63) (genetic background: C57BL/6 x 129/
OlaHsd x 129/SvJ)) and Pv~/~Cr™'~ (64) (genetic background: C57BL/6 x 129/
OlaHsd). The initial double-heterozygous litters (Pv/~Cb*~Cr*'~) were used
to generate the TKO line. The genotype was determined by PCR for the mutated
loci in the three genes, Pvalb, Calb1, and Calb2, as reported before (65-67). The
line was then maintained as an inbred line with a mixed C57BL/6 x 129/(OlaHsd x
SvJ) background. We studied the auditory phenotype of DKO (Pv”~Cb™") and
TKO (Pv-Cb™~Cr™") mice. Control experiments were performed on WT animals
(Pv**Cb**Cr*™*) with the most similar background to TKO mice (mixed back-
ground of C57BL/6 and 129/OlaHsd). These animals originated from a previous
heterozygote (Pv*~Cr*"") breeding. All experiments were done in compliance
with the national animal care guidelines and were approved by the board for
animal welfare of the University Medical Center Goettingen, the animal welfare
office of the state of Lower Saxony, and the institutional animal care and use
committee of the Massachusetts Eye and Ear Infirmary.

Immunohistochemistry and Confocal Microscopy. Immunohistochemistry was
performed as described previously (19). To analyze the abundance of mito-
chondria, we fixed organs of Corti in methanol at —20 °C for 20 min and
double-stained hair cells for PNPase (mitochondria marker) (29) and CtBP2 (19)
(to identify ribbons). In all other cases, organs were fixed with 4% (wt/vol)
formaldehyde for 10-60 min on ice. The following antibodies were used:
mouse IgG1 anti-CtBP2 (1:200; BD Biosciences), rabbit anti-GluR2/3 (1:200;
Chemicon), mouse anti—albindin-D28k, mouse anti-calretinin, mouse anti-
parvalbumin-o, rabbit anti-oncomodulin (anti-parvalbumin-B; all 1:500; Swant),
rabbit anti-PNPase (1:500; Proteintech), rabbit VGlut3 (1:500; Abcam), mouse
5F10 (pan-PMCA marker, 1:200; Abcam) and secondary Alexa Fluor 488- and
Alexa Fluor 568-labeled antibodies (1:200; Molecular Probes). In some instances,
nuclei were stained with Hoechst 34580 (1:1,000; Molecular Probes). Confocal
images were acquired by using a laser-scanning confocal microscope (TCS SP2;
Leica Microsystems) with 488-nm (Ar) and 561-nm (He-Ne) lasers and a 63x oil im-
mersion objective. z-axis stacks of 2D images were taken with a step size of 0.5 pm.
Z-projections were done in ImageJ (National Institutes of Health). The ribeye/
CtBP2 and GluR2/3 immunofluorescence spots were counted in the z-stacks and
divided by the number of IHCs. Juxtaposed spots of pre- and postsynaptic im-
munofluorescence were taken to identify intact IHC ribbon synapses. To assess
the perisynaptic abundance of mitochondria, we measured the cumulative
PNPase immunofluorescence intensity within a circle with a radius of 0.5 pm
around the center of mass of the ribbon (CtBP2 immunofluorescence) in
confocal sections of IHCs by using a custom-written MATLAB routine.

Patch-Clamp Recordings. KO (Pv'~Cb™~Cr~") and WT mice (Pv**Cb*"*Cr'*)
with postnatal ages of 14-23 d were killed by decapitation. The apical co-
chlear turns were dissected in Hepes Hanks solution containing (in mM): 5.36
KCl, 141.7 Nacl, 1 MgCl;, 0.5 MgSO,4, 10 Hepes, 11.1 p-glucose, and 3.42
L-glutamine, pH 7.2. IHCs were patch-clamped in the perforated-patch con-
figuration as previously described (17). For estimation of endogenous buffer
equivalents, Pv"'"Cb™"~Cr~"~ IHCs were patch-clamped in the ruptured-patch
configuration. The pipette solution contained (in mM): 130 Cs-gluconate,
10 TEA-Cl, 10 4-AP (4-aminopyridine; Merck), 1 MgCl,, 10 Hepes, 300 pg/mL
amphotericin B (for perforated patch-clamp experiments; Calbiochem),
2 MgATP, and 0.3 NaGTP (both for ruptured-patch experiments), pH 7.2,
with osmolarity of approximately 290 mOsm. In ruptured-patch experi-
ments, pipette solution additionally contained different concentrations of
exogenous buffers: 0.1, 0.5, or 1 mM BAPTA or 0.5 or 1 mM EGTA. The ex-
tracellular solution contained (in mM): 106 NaCl (113 mM in Fig. 3 G and H),
35 TEA-Cl, 2.8 KCI, 5 CaCl, (2 mM in Fig. 3 G and H), 1 MgCl,, 10 Hepes,
1 CsCl, 11.1 p-glucose, pH 7.2, with osmolarity of approximately 300 mOsm.
All chemicals were obtained from Sigma-Aldrich unless stated otherwise.
We used an EPC-9 amplifier (HEKA Electronics) controlled by Pulse
software (HEKA Electronics). C,, increments (AC,,) were measured as pre-
viously described (22), averaging 400 ms before and after (skipping the
first 40 ms) depolarization. To measure AC,, IHCs were stimulated by
depolarizations of different durations to peak Ca®* current potential at

intervals of 30-60 s. For Ca®* current inactivation experiments, IHCs were
depolarized for 100 ms. All voltages were corrected for liquid junction
potential (=17 mV). In ruptured-patch experiments, measurements were
initiated an average of 2.5 min after patch rupture to allow for the dif-
fusion of exogenous buffer into the cytosol. The waiting time depended
on the series resistance Ry, which relates to the kinetics of diffusional ex-
change as previously described (68). Unless stated otherwise, all recordings
were performed at room temperature.

ABRs, Otoacoustic Emissions, and Recordings from Single SGNs. Recordings of
ABRs and DPOAEs (69) as well as extracellular recordings from SGNs (23, 24) were
performed as described previously. Briefly, 12-16-wk-old mice were anesthetized
by i.p. injection of xylazine (2.5 mg/kg) and ketamine (125 mg/kg, ABR and
DPOAE) or xylazine (5 mg/kg) and urethane (1.32 mg/kg, for single SGN
recordings). The occipital bone and cerebellum were partly removed, and SGNs
near the auditory nerve’s entry zone into the cochlear nucleus were approached
by a glass microelectrode filled with 2 M KCl and 4% (wt/vol) methylene blue
during noise burst stimulation. Sound-responsive neurons were first character-
ized by obtaining their spontaneous rate, tuning curves, and responses to 50-ms
tone bursts presented at the CF of the SGN, 30 dB above threshold. SGNs were
distinguished from primary cochlear nucleus units based on their primary-like
response characteristics and irregular firing pattern, as well as by the electrode
position, which was confirmed after the end of the experiment. Spike de-
tection was performed online based on a manually set amplitude criterion.

Data Analysis. Data analysis was performed in Igor Pro (Wavemetrics) and
MATLAB (Mathworks) software, confocal images were assembled for display by
using ImageJ and Photoshop (Adobe Systems), and final figures were composed
in lllustrator (Adobe Systems). To calculate activation time constants of Ca**
currents, data were fitted with the following function: [(t) = lo + Jmax X (1 — e 7).
In most cases, data could be well fitted with the parameter power (p) fixed to 2,
or else p was set as a free parameter. Mean AC,, and Ca®" current estimates
present grand averages calculated from the mean estimates of individual IHCs.
All results are expressed as mean + SEM. Data were tested for randomness,
normality (Jarque-Bera test), and equality of variances (F-test) and compared
for statistical significance by using a Student t test (in case of normal distribu-
tion and equal variance of both samples) or Wilcoxon rank-sum test.

Mathematical Modeling. Mathematical modeling was done by using MATLAB
R2012b (Mathworks).

Conversion of neurotransmitter release to spikes. The release rate was inferred
from exocytic AC,,, estimates of IHCs (at room temperature). In the model, the
SGN generates a spike in response to each release event unless it is in the
refractory state, which lasts for a period of ta + t (ta is the absolute refractory
period, tz the relative refractory period; Fig. 9A). Although ts was fixed for
a particular SGN, tg was a random number drawn from a monoexponential
distribution with a mean value . The stationary spike rate (Rg) is related to
the release rate (R?°) and the refractory period in the following way (32): Ry =
R/ + R (ta + Tr)]. Given that changes in the sustained release rate (between
50 and 200 ms; Fig. 9B) are slow in comparison with the duration of the re-
fractory period, we applied the adiabatic approximation: Ry(t) ~ RAtM[1 +
R(t)-(ta + Tr)]. To estimate the release rate R.(t), the experimental AC(t)
values were first converted to the number of released synaptic vesicles, N(t):
N(t) = sc:ACn(t)/(Csy-Nsyn). Here, a G, of 44.5 aF was taken as average ACy,
upon fusion of single synaptic vesicle (70), the Ny, of 12 is the number of
synapses per IHC as obtained from immunohistochemistry (Fig. 2). sc < 1 is
a scaling coefficient to account for differences between in vitro (patch-clamp)
and in vivo (single unit recordings) conditions [such as the amplitude of stimulus-
evoked IHC depolarization, temperature, ion homeostasis (e.g., [Ca**].), and/or
the case that a single release event may correspond to release of a few synaptic
vesicles] (70, 71). Next, N(t) was fitted by A-t + B-(1 — e™)" for the Pv*"*Cb™*Crt'*
IHCs and At + B-(1 — )" + t(a-t + b) for the Pv"-Cb™"~Cr™'~ IHCs (S/ Appendix,
Fig. S2A). Finally, the release rate R(t) was obtained by calculating the time
derivative of N(t).

Refractory periods. We collected experimental cumulative interspike intervals
corresponding to the sustained part of PSTH (30-50-ms interval; Fig. 6C). The
parameter ta was estimated as the interspike interval smaller than 99.5% of
the remaining interspike intervals in the sample from the SGN under con-
sideration. To estimate 1k, the cumulative interspike interval distribution
excluding the 0.5% smallest interspike intervals was fitted for each SGN with
the expression (which applies for the model formulated earlier):
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where 1 is experimental estimate of the mean interspike interval. The fitting
was done by minimizing the relative discrepancy between the model and
the experimental cumulative distributions Y|/P" — P5/P% in the range of P
values between 0 and 0.9 (S/ Appendix, Fig. S5 A and B).

Concentrations of the endogenous Ca’* buffers and effective coupling distance
between presynaptic Ca** channels and Ca®* sensors of exocytosis. Buffer con-
centrations and the effective Ca?* channel-exocytosis coupling distance (i.e.,
RJ) were estimated by using a hemispherical Ca®* source model (Fig. 94). A
hemispherical Ca?* source with 1-nm radius was embedded in a hemi-
spherical volume with 2-pm radius, which corresponds to the mean distance
between neighboring synapses in IHCs (72). The simulation volume was filled
with 2 mM MgATP and the chosen concentrations of BAPTA, EGTA, or en-
dogenous buffers. Initially, the system was in a steady state with uniform
distribution of Ca®*, Mg“, and buffers. The boundary of the simulation
volume was assumed to be reflective for all considered particle species. This
effectively mimics the effect of Ca>* coming from the neighboring synapses
and also fixes the amount of buffers available per synapse. On the contrary,
pure reflection of Ca®* from the boundary ignores Ca®* removal by the pumps
and through exchange with the remaining volume of the IHC, which is con-
siderably larger (2.2 pL) (73) than the volume of 12 hemispheres of 2 um each
(~0.02 pL). It is shown in SI Appendix, section 7.6, however, that these effects
do not considerably influence our results. Ca®>* concentration at time t and
distance r from the source, [Ca%*](t,r), is governed by a system of reaction—
diffusion equations as described in S/ Appendix, section 7.1.

We assumed that the amount of release in a 20-ms time window was
proportional to ([Ca%*1(n)™ 9. [Ca?*](r) was estimated 20 ms after the onset
of stimulus. During this time window, [Ca®*](r) in simulations was essentially
stationary (apart from the initial equilibration of the profile, which, how-
ever, is very fast; S/ Appendix, section 7.2).

To find R, based on the experimental data, we minimized the mean rel-
ative deviation of the ratios of modeled and experimentally observed re-
lease during the first 20 ms in different Ca®* buffering conditions:

4
|aj — b;(r)|
z(r)= Wi — 2 — [2]
,-; " min(ab;(r))
Here, aj = ACy, o/AGy; is the ratio of AG, values estimated in TKO IHCs
(at room temperature) with 1 mM BAPTA (ACy,0) and 1 mM EGTA (j = 1),
0.5 mM BAPTA (j = 2), 0.5 mM EGTA (j = 3), or no exogenous buffer (j = 4). bj =
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1 Supplementary Figure 1

Figure S1: Comparable number of ribbon synapses in the IHCs of the triple buffer knockout
and wild-type mice. (A — B) Confocal images of whole-mounts of organs of Corti double stained
for the presynaptic marker CtBP2/Ribeye (magenta) and postsynaptic marker GluA 2/3 (green). The
number of synapses in tko IHCs (B) was comparable to that of wt IHCs (A). Intact synapses are defined

by the juxtaposition of pairs of pre- and postsynaptic fluorescent spots. Scale bar: 5 pum.
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2 Supplementary Figure 2
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Figure S2: Cumulative exocytosis and SGN spike rates in response to prolonged stimuli
in wt and tko mice. (A) Phenomenological fits to the experimental AC,,(t) data. The wt data were
fitted by AC,,(t) = A" -t + B'- (1 — e ¥/")" with (A’, B',7,n) treated as fitting parameters. The tko
data were fitted by AC,,(t) = A" -t + B"- (1 —e /") +t-(a' -t + V) with parameters (A’, B',7,n)
set to the same values as for the wt data. Parameters o’ and o' were found by fitting the difference
between the experimental estimates of AC,,(t) from tko and wt ITHCs by ¢ - (a' - t + ¥’). Note that
parameters (A, B, a,b) considered in Methods section “Conversion of neurotransmitter release events to
spikes” correspond to the parameters (A’, B',a’,b") multiplied by sc/(Cy, - Ngyn). (B) Mean peristimulus
time histogram (+s.e.m.), plotting the instantaneous spiking rate in 1-ms time bins over the time course
of stimulation with 100 ms long tone bursts at the characteristic frequency of each SGN, 30 dB above

8 threshold. The rates and the time course of adaptation were similar in tko (grey, n = 35) and wt SGNs
(black, n = 8).
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Figure S3: Precision of ongoing sound encoding is not affected by the absence of the
three Ca?* buffers. (A) Synchronization of SGN spiking to amplitude modulated transposed tones
(formed by modulating a continuous sine wave at CF by a half-wave rectified sinusoid) was assessed
at several stimulus intensities and modulation frequencies to determine the maximal synchronization
index. (B) Maximal synchronization at 500 Hz was comparable between tko (grey, n = 49) and wt SGNs
(black, n = 11) in spite of the tendency towards higher spontaneous rates in tko. (C) The steepness of
spike rate increase with tone burst intensities was unchanged between tko (grey, n = 64) and wt (black,
n = 22) SGNs. (D) The dynamic range of sound encoding (range of intensities over which the spike rate

increases), which co-varies with spontaneous spiking rate, was similar among genotypes.
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4 Supplementary Figure 4
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Figure S4: No compensatory upregulation of Ca?t ATPases (PMCAs) in the plasma membrane of the
double buffer knockout IHCs. (A-B) Maximal projections of confocal image stacks of a wt (A) and a dko (B) organ of
Corti, stained for panPMCA (5F10, magenta) and an THC marker Vglut3 (green). (C-E) An example demonstrating how
the analysis of the PMCA fluorescence intensity was performed. (C) For each z-stack the immunofluorescence intensity
was analyzed in the image plane with the best discernible nuclei (white circles denoting their centers). (D) Line profiles
of Vglut3 (green) and PMCA (magenta) fluorescence intensity in the apical, supranuclear and midnuclear THC region
(white, blue and yellow line in panel C, respectively). Please note that we restricted our analysis to these cellular regions
because the PMCA immunofluerescence was less well discernible in the basal parts of THCs of either genotype (due to
strong fluorescence in the surrounding tissue, e.g., the nerve fibers). (E) Fluorescence line profiles (from D) of separate
cells aligned and superimposed (upper and middle panels). Lower panels show grand averages. Note a visible increase in
the PMCA immunofluorescence at the cell borders (arrows). The average fluorescence intensity of these peaks was taken as
the IHC PMCA fluorescence. (F) Histogram of average PMCA immunofluorescence in the three cellular regions. Note a
significant decrease in the PMCA fluorescence in the plasma membranes of dko THCs as compared to wt controls (Wilcoxon

rank sum test, asterisks, p < 0.05).
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5 Supplementary Figure 5
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Figure S5: Estimation of the refractory periods and their impact on the discrepancy between the modeled
spiking rates in wt and tko SGNs. (A) An exemplary cumulative distribution function of inter-spike intervals of
SGNs. Blue solid line — experimental data (wt), red dashed line — the best model fit. 7 estimated by this model is likely a
minor overestimate because this model ignores the finding that spiking slightly deviates from Poissonian statistics for short
inter-spike intervals (1). (B) Dependence of the discrepancy between the experimental data and the model from (A) on
the fitting parameter 7g. As it follows from the expression of PM(t) given in Methods, the discrepancy measure has two
equivalent minimum points. We found, however, that, in most of the cases considered, the minimum point corresponding to
the larger of the two values of g resulted in release rate estimates considerably higher than those based on the capacitance
increment recordings from wt THCs. We thus selected the smaller of the two 7r estimates, which always gave reasonable
release rate estimates. In a few cases, when both estimates of 7 resulted in reasonable release rates, the difference between
them was small. (C) Scatter plot of the overall refractory period estimate to + 7r vs. steady-state spike rate from different
SGNs (wt n = 35, tko n = 87). (D) Spike rate dependence on ta + 7r of modeled tko SGNs. Different colors represent
spike rate estimates at different time points after stimulus onset. The scaling coefficient sc was chosen in such a way that
the modeled spike rate of wt SGNs, derived from the AC,, data from wt IHCs, equaled the experimental observation
— 250 Hz — at a given ta + 7r, 50 ms after stimulus onset. The sc values increased from 0.23 at ta +7r = 0 to 0.94 at
ta +mr = 3ms. The same sc values were then used for calculating spike rates of modelled tko SGNs based on AC,, data

from tko IHCs.
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6 Supplementary Figure 6
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Figure S6: Apparent Ca2t cooperativity of exocytosis in the operating range of Ca?* influx
at IHC synapses used for estimating the effective coupling distance R.. Apparent
Ca?* cooperativities were estimated as the slope factors of linear fits (solid lines) of AC,, vs Q¢, relations
based on external [Ca®T]manipulation from seven mature IHCs (points) in log-log scale. Each color in the
figure represents a particular cell. The data were taken from (2). Q¢, interval used for the data fitting
shown here was [ max[Qc,]/2.5, max[Qc,]] for each cell individually. The resulting Ca®" cooperativity

averaged over all cells, which we denote by m, was equal to 1.7. This value of m was used for estimating

/ldoc.rero.ch

the effective coupling distance R., as described in Methods. To make sure that the estimate of m was

not sensitive to small changes in the choice of the left boundary of the Q)¢, interval, we also considered

http

values of the left boundary from max|[Qc,]/1.1 to max[Qc,)/3. The resulting m values varied between
1.5 and 1.9.
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7 Modeling of Ca?" Dynamics (Including Supplementary Fig-
ures 7 — 11)

In this section, we provide additional information on modeling Ca?* dynamics in the framework of a

single Ca%* source model formulated in Methods.

7.1 Reaction-Diffusion equations for [Ca?"] dynamics

In the presence of one of the mobile exogenous buffers, BAPTA or EGTA, the dynamics of [Ca®"] and
concentrations of the mobile Ca®" buffers following the onset of Ca?' influx at t = 0 were modeled by

the following closed system of reaction-diffusion equations:

[ 0,[MgBo] =Kk, - [Mg>*] - ([BoJr — [MgBo] — [CaBg]) — (kg0 — Do - A;) - [MgBy]
[Mg?t] = (Do - A;[MgBy] — 0,[MgBy]) + D’ - A, [Mg**]
9;[CaBg| = kon o - [Ca?T] - ( Bo|t — [MgBy] — [CaBO]) — (kogo —Dp-A ) - [CaBy]
0[CaBy] = ko1 - [Ca®T] - ( 1t — [CaB ]) (koﬁl — Dy - ) [CaBy]

[ CaB

Ca?] = Tiy (Di - Ac[CaBy] — [CaBy]) +D - A[Ca*’]

\

Here, By stands for ATP, and B; stands either for BAPTA or EGTA. k., and k.g are Ca?* binding
and dissociation rates of a particular buffer. k/ and k/; are Mg®" binding and dissociation rates of
a particular buffer. Dy and D; are the diffusion coefficients of By and B; respectively. We assumed
that the diffusion coefficients of Ca?"- or Mg?T-bound buffer molecules are equal to the the diffusion
coefficients of the corresponding free buffer molecules. D and D’ stand for the diffusion coefficients of
Ca®t and Mg?" respectively. A, = 52 (r?2 .. ) is the radial component of the Laplace operator.
Note that concentrations of free buffer molecules at any point of space and time were determined by the

difference between the total and Mg?*-bound and/or Ca?*-bound buffer concentrations. The total buffer

http://doc.rero.ch

concentrations were constant in space and time. This applies whenever Ca?t-bound and Mg?*-bound
molecules have the same diffusion coefficients as the corresponding free buffer molecules, the total buffer
concentrations are distributed uniformly within the simulation volume at t = 0 (as it was assumed in
our model), and boundary conditions formulated in the next paragraph are used (see (3)).

In the case of the original model, the boundary conditions read as

J[Ca*T]
or

d[Ca*"
or

e H),

=0
A7 -D-F-r? ’

T=T0 r=rq r=R r=R

here, X — Mg?" or one of the Ca*" or Mg?" bound buffer molecules, F' — Faraday constant, H(t) —
Heaviside step function. In the case of the modified version of the original model considered in section

7.6, the boundary conditions read as

J[Ca*T]

iCa a{X]
or HE) 5

4.7-D-F -2

=0, [Ca’*]|

r=rQ

=R [Ca®*]o, [XH -

r=rg

Here, [Ca?t]y and [X]y are concentrations of Ca®* and other ions and molecules in the simulation volume

before onset of Ca?* influx. Noteworthy, due to the symmetry, a hemispherical source model with

o
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reflecting boundary at the base of the hemispherical simulation volume is equivalent to a spherical
source model, with identical Ca?" flux density, embedded in a spherical simulation volume.

In the presence of mobile endogenous Ca?* buffers, [Ca?"] was determined by the following set of
equations (or a particular subset of this set, when not all of the physiological endogenous buffers were
considered together):

.

O[MgBo] = ki, - [Mg**] - ([Bo]r — [MgBo] — [CaBo]) — (kigo — Do - As) - [MgBy]
0:[MgB1] = ki, 1 - [Mg**] - (2 [Bi]r — [MgB1] — [CaBy]) — (kiz, — D1 - A;) - [MgBi]
0[Mg™t] = 2L, (Di - A[MgBi] — 0, [MgBi]) + D' - A,[Mg*']

,[CaBy) = kon - [Ca2t] - ([BoJr — [MgBy] — [CaBo]) — (koo — Do - A;) - [CaBy)

O [CaB1] = kon1 - [Ca®f] - (2 [By]r — [MgB4] — [CaBi]) — (ko1 — D1 - A,) - [CaBy]

O [CaBs] = kon - [Ca®"] - (4 [Bo]r — [CaBs]) — (ko2 — Da - A,) - [CaBs]

0,[CaBs] = kons - [Ca2*] - ([Bs)r — [CaBs]) — (kors — Ds - A,) - [CaBs]

0[CaBy] = k7, , - [Ca®] - (2 [By]r — [CaBy] — [CasBy]) — (kig, — Di- A) - [CaBy]
O[CaxBy] = k& , - [Ca?™] - [CaBy] — (ki 4 — Da- A,) - [CagBy]

0,[Ca?*] = 37 (Ds - A [CaBy] — 0;[CaBy]) + D - A,[CasBy] — 6,[CasBy] + D - A,[Ca?*]

\
Here, By stands for ATP, B; — parvalbumin-a (PV), By — calbindin-D28k (CB), B3 — non-cooperative
binding site of calretinin (CRpon.coop.); B4 — cooperative binding site of calretinin with no Ca?*-bound
(CReoop.); CaBy — cooperative binding site of calretinin with one Ca*"-bound (CaCReoop.), CasBy —
cooperative binding site of calretinin with two Ca?*t bound. The following Ca?t and Mg?* binding and

unbinding rates were used for simulations:
. BAPTA — ko, = 400 mM~" - ms ", kog = 0.088 ms ™", (3).
- EGTA — kop = 10mM ™1 - ms™, kog = 0.0007 ms™, (4).
- ATP — kop = 1000 mM 1 - ms™, kog = 90 ms™, (5).
- ATP (Mg?") — kop = 10 mM ™t - ms™, kog = 0.45 ms™ 1, (5).
" PV kew = 103 mM! - ms~", keg = 0.00095 ms~?, (6).
- PV (Mg?*") — kop = 0.8 mM~! - ms™!, kog = 0.025 ms™?, (6).
OB kew = 75 mM" - ms?, ko = 0.0295 ms ", (7).
- CRuoncoop. — Kon = 7.3 mM ™! - ms™ | kog = 0.252ms™!, (8).
- CReoop. — kon = 1.8 mM ™! - ms™, kog = 0.053 ms™!, (8).
- CaCReoop. — kon = 310 mM ' - ms™, kg = 0.02ms™!, (8).

The diffusion coefficients were set to 0.22 um? - ms™! for Ca?*, Mg®", ATP, BAPTA, and EGTA (3), to
0.02 ym? - ms~! for PV and CR (8,9), and to 0.043 ym? - ms~* for CB (10). The resting Ca’"concentration,
[Ca?T](r,t = 0), was set to 50 nM (11).

The above systems of partial differential equations were solved numerically in MATLAB using built-in

PDE solver pdepe.
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7.2 Temporal evolution of [Ca?T]

Fig. STA-B show time evolution of normalized [Ca®"] after onset of stimulus® at distances up to 100 nm
from the edge of a rp = 1 nm hemispherical source (ic, = 15 pA) embedded in a hemispherical simulation
volume of 2 ym radius with reflecting boundary conditions. In all plots shown, [Ca®T](r, t) was normalized
to [Ca*™|(r,t = 20 ms). Panels on the left in Fig. ST were obtained for the simulation volume filled
with 2 mM MgATP, while panels on the right correspond to the simulation volume filled with 2 mM
MgATP + 0.5 mM BAPTA. Tt follows from the panels (A) and (B) that the temporal profiles of [Ca?"]
were approximately characterized by two time scales. The initial time scale corresponded to the quasi-
equilibration of Ca?* diffusion and reaction with the buffer molecules. The later, much slower time scale
corresponded to accumulation of Ca?T and the accompanying increase in the fraction of Ca?*-bound
buffer molecules due to the prolonged Ca*" influx. As can be seen in the plots, [Ca?t] at distances up to
100 nm away from the source stayed rather constant during the first 20 ms after the initial build-up. This
was especially true for points located closer to the source. At t = 100 ms, however, the accumulation of
Ca?" was considerable at the greater distances, in relative terms. This is seen better in Fig. STC-D,
where normalized spatial [Ca®"| profiles are shown for selected time points?®.

In the case of a real presynaptic active zone, a 15 pA influx of Ca*" ions (a finding of our present
work) is spread over an area of the cellular membrane which is considerably larger than the surface
area of a rg = 1 nm hemispherical source. Thus, the absolute levels of [Ca"] at small distances from
the source were overestimated in our model®. This overestimation could result in a decreased effect of
the accumulated bulk Ca?" on [Ca?'] in the proximity of the source during prolonged depolarizations.
To examine this, we repeated the calculations with a ry = 70 nm radius hemispherical source. The
surface area of this larger hemisphere approximately matched the area of the presynaptic density at
THC synapses (420 x 80 nm?, (2)). We found that, although the influence of the accumulated Ca*" on
[Ca?"] was slightly stronger in this case, the conclusions drawn from the model with ry = 1 nm radius
hemispherical source did not change — compare plots in Fig. STE-F with the corresponding plots in
Fig. STA-B. Note that, when a point of interest is close to the edge of the Ca?* source, the average
distance between the point of interest and effective Ca** point sources which are spread on the surface of
the hemisphere is considerably higher in the case of the ry = 70 nm radius hemisphere than the ry = 1 nm
radius hemisphere. This is one of the reasons why the influence of the accumulated Ca*" on [Ca*"| was
slightly stronger for the ryp = 70 nm source than for the rp = 1 nm source. The same fact explains why
initial phases of the [Ca®"] temporal profiles were associated with a slightly slower time scale in the case

of the larger, rg = 70 nm, hemisphere.

L“Onset of stimulus” and “onset of Ca?* influx” are used as synonyms in sections 6.1 - 6.6.
2Similar effects were also found when 2 mM MgATP + 1 mM BAPTA or 2 mM MgATP + (0.5 — 1) mM EGTA were

used as Ca?t buffers. Naturally, the effect of Ca?t accumulation on [Ca?T] is less pronounced for higher concentrations of

exogenous Ca?t buffers and/or smaller ic, levels.
3Note that, in this work, estimations of concentrations of the endogenous buffers or the coupling distance between

presynaptic Ca?t channels and Ca?T sensors of exocytosis were based on the ratios of [Ca?T] estimated in different Ca?*

buffering conditions, not the absolute levels of [Ca?*].

1N
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Figure S7: Temporal evolution of [Ca®*]. (A) Ratios of temporal [Ca?*] profiles at certain distances
from the source, [Ca?"](t|r)/[Ca?*](t = 20|r), based on ic, = 15 pA Ca’" influx through a ry = 1 nm
hemispherical source with the simulation volume filled with 2 mM MgATP. (B) The same as (A), but
with the simulation volume filled with 0.5 mM BAPTA and 2 mM MgATP. (C) Ratios of spatial Ca*"
profiles at fixed times, [Ca?*](r]t)/[Ca?*](r|t = 20), corresponding to the temporal profiles shown in (A).
(D) The same as (C), but with the simulation volume filled with 0.5 mM BAPTA and 2 mM MgATP.
(E) Temporal profiles of [Ca?"] based on ic, = 15 pA Ca®" influx through a ry = 70 nm hemispherical
source with simulation volume filled with 2 mM MgATP. (F) The same as (E), but with the simulation
volume filled with 0.5 mM BAPTA and 2 mM MgATP.
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7.3 Extent of Ca?* buffer depletion due to Ca?t influx

To find the value of ic, which results in a similar extent of Ca?* buffer depletion for a ryg = 1 nm
hemispherical source as at the presynaptic active zone, we varied levels of ic, and compared the resulting
Ca?*buffer concentrations with the ones corresponding to a ry = 70 nm source* with ic, = 15 pA. Fig. S8
shows the ratios of increments of the Ca?*-bound buffer concentrations due to onset of Ca?* influx
through the rg = 1 nm and ry = 70 nm hemispherical sources as functions of the distance from the edge
of the sources. In the case shown here, Ca?* influx was set to 15pA for the ry = 70 nm source and 7pA for
the 1y = 1 nm source. The concentrations were estimated 20 ms after onset of Ca?Tinflux. The simulation
volume was a hemisphere of 2 um radius with reflecting boundary conditions. The total concentrations
of exogenous buffers BAPTA and EGTA, each of them considered separately, were set to either 0.5 mM
or 1 mM. Moreover, in all considered cases, a total of 2 mM ATP was included. As can be seen from the
plots, the ratios of the amounts of depleted buffers, BAPTA + ATP or EGTA + ATP, were around 1 or
higher for the distances considered. This indicates that the ry = 1 nm source with ic, = 7 pA resulted in
a similar extent of Ca?* buffer depletion as the ry = 70 nm source with ic, = 15 pA over distances 0 to

50 nm from the Ca2t source.

= = = BAPTA (0.5 mM, total) + ATP (2 mM, total)

—— BAPTA (1 mM, total) + ATP (2 mM, total)

- - - EGTA (0.5, mM total) + ATP (2 mM, total)

—— EGTA (1 mM, total) + ATP (2 mM, total)

0 10 20 30 40 50
Distance from the source (nm)

Figure S8: Ratios between increased Ca2?t-bound buffer concentrations due to Ca?* influx
for hemispherical Ca?* sources with ro = 1 nm, ic, = 7 pA, and ro = 70 nm, ic, = 15 pA as

functions of the distance from the edge of the sources.

7.4 Influence of the partial buffer depletion on the [Ca?*] vs. ic, relation

It was assumed in the model considered in Results that integrated exocytosis, AC,, follows [Ca?*]at the
sensor of exocytosis according to a power law relation. However, [Ca®T] at the sensor of exocytosis is not
an experimentally accessible quantity currently. Thus, in order to determine the exponent parameter of
the relation between AC,, and [Ca®"] at the sensor of exocytosis, we have to employ the experimentally
accessible relation between the integrated release and integrated Ca** influx, Qcq: AC,, ~ (Qca)™ (see
section 6). We show below that Qc, ~ [Ca?T]?. Thus, AC,, ~ [Ca*T]™".

Due to nonlinearities inherent to the dynamics of Ca?" and buffer concentrations, the dependence

of [Ca?*](t,r) on the Ca*" influx level ic, is nonlinear in general. We simulated the dependence of

4Which has the surface area similar in extent to that of a real IHC presynaptic density as explained in section 7.2.

10

22



/ldoc.rero.ch

http

[Ca?T](t,r) on ic, to quantitatively check how much this relation deviates from the linear approximation.
It turned out that, for all the considered buffering conditions, the relation was well approximated by
[Ca2t](r) ~ ig?" at distances of 0 to 100 nm from the source. Fig. S9B-D show the [Ca2t] vs. ic,
relations at distances of 0, 10, 25, 50, 100 nm away from the source, at t = 20 ms for three different
Ca?* buffer sets: 2 mM MgATP, 0.5 mM BAPTA + 2 mM MgATP, 0.5 mM EGTA + 2 mM MgATP.
Black solid lines represent the simulated data, while magenta dashed lines represent the best fits of the
form [Ca®T](r) = k(r) -ilc/f(r). ic, values ranging from 0.3 pA to 7 pA were considered. The radius of the
hemispherical source was set to 1 nm. The radius of the simulation volume hemisphere was 2 ym. The
boundary was reflective for all ions and molecules considered. Fig. S9A shows the dependence of the
exponent ¢ on the distance from the source, r, for the three aforementioned Ca?" buffering conditions.
q values were only slightly smaller than 1, thus the [Ca?*] vs. ic, relation was only slightly supralinear.
When concentrations of BAPTA and EGTA were increased from 0.5 mM to 1 mM, ¢(r) shifted slightly

towards 1.

A B 0.5 mM BAPTA + 2 mM MgATP
Uy 10"
——— 0.5 mM EGTA + 2 mM MgATP -
0.951 2 mM MgATP E
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Figure S9: Influence of the partial buffer depletion on [Ca®*] vs. ic, relation. (A) Dependence
of the exponent ¢ corresponding to the best fits of simulated ig, vs. [Ca?*] relations by ic, = k-[Ca®*]? on
the distance from a ry = 1 nm hemispherical Ca**source with ic, = 7 pA. (B-D) Simulated ic, vs. [Ca®T]
relations (black solid lines) and the optimal fits of the form ic, = k-[Ca?*]? (dashed magenta lines) with

different contents of Ca?* buffers.
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Note that Qc, = t - i¢, for constant ic,, where t is the time passed since stimulus onset. Thus,
[Ca%*](r) = (k(r)/tY/a) . Qlc/(f(r). To take into account the effect of partial buffer depletion on the esti-
mate of the effective coupling distance between presynaptic Ca?* channels and Ca?* sensors of exocytosis
for ic, = 7 pA, we used ¢(r) profiles corresponding to 0.5 mM BAPTA +2 mM MgATP buffering condi-
tions, which roughly approximates the natural Ca?* buffering conditions in IHC as shown in our present

work. We used ¢(r) = 1 for estimating the coupling distance for weak [Ca?*] influx (ic, = 0.3 pA).

7.5 Effect of accumulated bulk Ca2?* during prolonged stimulation on the

model predictions of concentrations of the endogenous Ca?*t buffers

The upper bounds for concentrations of the endogenous Ca?* buffers shown in Fig. 9C were estimated
by probing [Ca®"] at t = 100 ms after stimulus onset. It was shown in section 7.2 (see Fig. STA-B)
that the effect of the accumulated Ca?* on [Ca®"] increased with time after stimulus onset from neg-
ligible at t = 20 ms to significant at t = 100 ms. This could affect the estimates of the upper bounds
for the concentrations of the endogenous Ca?* buffers, which were determined by matching the spa-
tial [Ca?*] profiles at t = 100 ms (see Results and Fig. 9C). To test this, we re-estimated the upper
bounds for the concentrations of the endogenous Ca®" buffers by probing spatial profiles of [Ca®"] at
times between 20 ms and 100 ms after stimulus onset. Solid lines in Fig. S10 show dependencies of
the estimates of Ca®T-binding site concentrations of the endogenous buffers on the time when [Ca?"]
was probed. The estimates of Ca?T-binding site concentrations for calbindin-D28k and parvalbumin-a
decreased only slightly when comparing values obtained at t = 20 ms to t = 100 ms: from 6.4 mM to
5.2mM for calbindin-D28k and from 5.0 mM to 4.2 mM for parvalbumin-a. The difference was more
significant for calretinin — the estimate of the Ca?"-binding site concentration decreased from 21.0 mM

at t =20ms to 13.8 mM t = 100 ms. The reason why calretinin was so sensitive to the accumulated

Ca?* is that it has highly cooperative Ca?* binding sites, with the first binding step being much slower
than the second one.
=
£ 1 mM BAPTA
25 —__CR,ig,=7pA
§ —CB,i,, =7pA
‘o 20 — PV, =7pA
o - - _CR,i,, =15pA
"g 15— - - -CB,i;, =15pA
'_cT: Te-sl - - -PV,i,, = 15pA
& 1o T TTeell
m ~~~~~
L._,) - -~ -
R B
[
T 0 | | | J
E 20 40 60 80 100
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Figure S10: Estimation of concentrations of the endogenous buffer Ca?*-binding sites equiv-
alent to 1 mM BAPTA based on [Ca®t| probed at different moments after stimulus onset.
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Dashed lines in Fig. S10 show dependencies of the estimates of the Ca?*-binding site concentrations
on the moment when [Ca?*] was probed after onset of ic, of 15 pA. The results were essentially the same
as with ic, = 7 pA for calbindin-D28k and parvalbumin-«. However, the concentration estimates were

decreased by ~ 7 mM for calretinin.

7.6 Influence of the type of boundary conditions on the estimates of the

endogenous buffer concentrations and the coupling distance R,

The original model of [Ca?"] dynamics presented in this work assumed a hemispherical simulation volume
with 2 ym radius. The boundaries of the simulation volume were set to be reflective to all molecules
and ions considered. The choice of the radius of the simulation volume was based on the finding that
the presynaptic active zones of inner hair cells are separated by 2 um on average (12). The reflecting
boundary condition set at the hemispherical boundary of the simulation volume was meant to effectively
take into account accumulation of Ca?T due to Ca?* channels from the synapse under consideration
as well as Ca?* channels from neighboring synapses. On the other hand, such a boundary condition
could lead to an overestimation of the [Ca?*] because it does not take into account removal of Ca®* ions
and Ca?*-bound buffer molecules from the neighborhood of the presynaptic site due to exchange of the
molecules with the large non-synaptic part of the IHC volume. Indeed, 12 hemispheres with 2 ym radius
correspond to only one percent of hair cell volume (2.2 - 1071 m=3, (13)) on average. The purely reflective
boundary at the base of the simulation volume ignores Ca** removal by Ca?" pumps. To check how the
choice of the boundary conditions affected our estimates of the endogenous buffer concentrations and
the coupling distance between presynaptic Ca?* channels and Ca?" sensors of exocytosis, we performed
equivalent simulations with different boundary conditions. Specifically, we fixed concentrations of all
considered molecules and ions at the hemispherical boundary of the simulation volume to their resting
levels, i.e., levels before the onset of Ca?" influx. The base of the hemisphere was chosen to be reflecting
as in the original model. The radius of the hemispherical simulation volume, R, was set to either 2 ym
or 4 um. Such boundary conditions can be treated as overestimating the intensity of Ca?* removal from
the neighborhood of the presynaptic active zones.

Fig. S11A-B show plots of ratios [Ca?"|(r|t)/[Ca?"]*(r| + o) at selected times. Here, [Ca®"](x|t)
stands for [Ca?*] at the distance r from the source at moment ¢ after stimulus onset, estimated by using
the original model with reflecting boundary conditions. [Ca?*]*(r| 4+ oo) stands for the steady state [Ca?"]
at the distance r from the source, estimated by using the “resting-level” boundary conditions introduced
in the previous paragraph (see also section 7.1). Solid (dashed) lines correspond to [Ca?*]* estimated
using a R = 2 ym (R = 4 pm) simulation volume. Fig. S11A corresponds to 2 mM MgATP, Fig. S11B
corresponds to 0.5 mM BAPTA + 2 mM MgATP. These profiles are quantitatively similar to the spatial
profiles shown in Fig. S7C-D, where [Ca®"](r|t = 20) was used for scaling. The differences between the
results corresponding to R = 2 um and R = 4 pym simulation volumes were negligible (compare solid and
dashed lines in Fig. S11A-B). This similarity can be explained by the fact that, in the first 20 ms after
onset of Ca?t influx, the processes of Ca?* diffusion and binding to the buffers were confined to a small
volume, which was far away from the hemispherical surface of the simulation volume. These results

suggest that the estimate of R, is rather insensitive to the precise choice of boundary conditions, given

1~
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that the radius of the simulation volume, R, is > 2 um. This idea is corroborated by the observation
that dependencies of the discrepancy measure z on the effective distance between the Ca?* source and
Ca?* sensors of exocytosis shown in Fig. S11C were strikingly similar to the equivalent plots shown
in Fig. 9B. Estimates of the effective concentrations of the endogenous buffer Ca?* binding sites did
not strongly depend on which of the boundary conditions were used either (compare Fig. S11D with
Fig. 9C), except the upper bound estimate for calretinin. The latter was larger by ~ 50% in the case of

the resting-level boundary conditions because of the Ca?" binding cooperativity of calretinin.

A 2 mMMgATP, i, = 15pA B ) 5mMBAPTA + 2 mM MATP, i, = 15pA

—_ts 3k .
1.8 1= 1o0ms ——t=100ms
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Figure S11: Results based on the simulations with boundary conditions that fix concen-
trations of all molecular species to the resting levels at the hemispherical surface of the
simulation volume. (A-B) Spatial profiles of ratios [Ca*"](r|t)/[Ca®T]*(r| + c0) at selected times.
Solid (dashed) lines correspond to [Ca®"|*(r| + oo) estimated with the radius of the simulation volume
equal to R =2pum (R =4 pum). (C) Dependence of the discrepancy measure z on the effective cou-
pling distance between presynaptic Ca?* channels and sensors of exocytosis. Dashed lines correspond to
ica = 0.3 pA, solid lines correspond to ic, = 7 pA. The black dash-dotted line corresponds to the average
of the experimental s.e.m.[AC,,]/(AC,,) over different Ca?* buffering conditions (R = 2 ym). (D) Ratios
of [Ca®"] in the presence, denoted by [Ca®"] .., and the absence, denoted by [Ca*"| ¢, of particular
buffers as functions of the distance from the 1 nm radius hemispherical source. Color lines are the best
fits of [Ca®T],pusr./[Ca’T| _pug. corresponding to 0.5 mM and 1 mM BAPTA with [Ca?T],pug. /[Ca®T] pus.

corresponding to either calretinin (magenta), calbindin-D28k (blue) or parvalbumin-a (green).
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8 Defining and Evaluating the Effective Coupling Distance R,
(Including Supplementary Figure 12)

Several versions of the model of a single effective vesicular release site driven by a single effective
Ca?* channel have been applied to evaluate the proximity between presynaptic Ca?t channels and
Ca?" sensors of exocytosis based on the differential effect of mobile exogenous Ca?* buffers with dif-
ferent Ca?* binding kinetics and concentrations on exocytosis (see, for example, (14 — 17)). Intuitively,
the coupling distance, which we denote by R, estimated in the framework of that model reflects the
proximity between the Ca?* channels and the vesicular release sites within the active zone. However,
how R. is quantitatively related to the parameters which define the spatial arrangement of presynaptic
Ca**channels and vesicular release sites, as well as the kinetic parameters which define the Ca**dynamics,
has not been analyzed before.

In this section we provide a mathematical analysis for understanding the physical meaning of R..
This analysis unravels that R., in general, is a complicated, nonlinear average of the physical distances
between the presynaptic Ca?* channels and Ca?* sensors of exocytosis. The main advantage of the single
Ca?* source model compared to spatially resolved models is that it produces a single output, R,, which
embodies the essence of all possible active zone topographies which are compatible with the experimental
data. However, as we explain later in this section, the model also has a disadvantage that the exact
value of R. depends not only on the structural but also on the kinetic parameters of the system, such
as Ca?* cooperativity of exocytosis or Ca?" binding kinetics of intracellular Ca?* buffers. Thus, to avoid
misinterpretations of R., care has to be taken when designing the experiments.

In this section, we also provide results of spatially resolved models of IHC presynaptic active zones
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introduced previously (see (2)). We show that active zone topographies suggested as corresponding to

the “Ca?" nanodomain coupling” regime in (2) are compatible with the R, estimate determined in our

present work.

http

8.1 Active zones with 1 vesicular release site and IN Ca2?t channels, no
Ca?* buffers

First of all, let us consider a presynaptic active zone which contains N Ca?* channels and one vesicular
release site (see Fig. S12A). We assume that no Ca?* buffers are present in the cytoplasm and that
Ca?* diffuses freely above the reflective cellular membrane. In this case, a particular channel 4 results
in an increment of [Ca®"], which, averaged over time in steady state at fixed membrane potential, is

inversely proportional to the distance from the mouth of that channel® (3):
iCa ' Po

§([Ca?t]); = TR, B 1]

For the sake of mathematical tractability, here and further on in sections 8.1 — 8.5, we treat Ca?T channels as point
sources and assume open boundary conditions above the plane of the plasma membrane (see (3)), unless stated otherwise.
It follows from the results of section 7.6 that such an approximation would have negligible effect on the estimates of the

effective coupling distance R..
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where i¢, is single Ca?* channel current, R; — distance from the mouth of i-th channel to the point of
interest, F' — Faraday constant, D — diffusion coefficient of Ca?*, P, — open probability of the channels
in steady state at a given membrane potential. Let us now consider a response of such a model synapse
to a depolarizing pulse of certain length. We assume that exocytosis at the synapse is fully determined
by the time-averaged Ca®* concentration at the vesicular release site®, ([Ca?t]) = SV §([Ca®*]); 7, and
is not affected by momentary Ca?* concentration fluctuations due to the channel opening and closing
(the validity of this assumption is considered in section 8.5). We also assume that functional relation
between ([Ca"]) and the amount of vesicles released in a chosen time period 7', which we denote by
A, is bijective: A, = f({[Ca*™])). Given this, we can apply a single Ca?* source model to determine
the effective coupling distance R. from a measured A, : R. is the distance from a single Ca?* source,
with total Ca?* influx Ic, = N - icq, to the point of interest at which Ca?* concentration is equal to

([Ca?*]) = f~1(A,q.). Taking into account equation [1], we can express R. in the following way:

Il P XN(eP)/(en FoD) SN R §(Ca),
Lon-F D ([Ca?¥]) ([Ca2+]) ([Ca?])

I A V(¢ T W
_;Rz (ZN 5<[Ca2+1>]-> = e 2

Jj=1

R,

Thus, R, is a weighted average of distances from all the channels to the Ca?* sensor of exocytosis,
which we denote by (R)%,. Here, superscript £ stands for “linear” and subscript C'a indicates that the
averaging weights depend on how §([Ca**]); depends on R; 8. The weight for each channel is the relative
contribution of that channel to ([Ca®T]) at the vesicular release site. The higher is the contribution of
a channel to ([Ca?]) and, thus, exocytosis, the closer is (R)Z, to the distance from that channel to the
sensor. Note that the choice Ic, = N -i¢, is derived from the requirement that R, = R; when R; = R;

for any 7 and 7, i.e., when all the channels are equidistant to the Ca2?* sensor.

SHere and further on, we assume that the exocytosis rate depends on [Ca?f] at a particular point associated
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with the vesicular release site which we will call “Ca2t sensor”. “Ca2?t concentration at a vesicular release site” and

“Ca?* concentration at a Ca?t sensor of exocytosis” are used as synonyms in sections 8.1 — 8.5.

"Here and further on, we assume that the contribution of the background [Ca?*], i.e., [Ca®*] in the absence of stimulus,
is negligible.

8Tt is shown in section 8.4 that, in general, the averaging weights depend not only on the quantitative expression of

§([Ca?*]),

; vs. R; but also on the properties of release rate dependence on ([Ca%*]). Moreover, as it is shown in 8.2, the

averaging is nonlinear if Ca?* buffers are present in the presynaptic solution.
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Figure S12: Examples of the active zone topographies considered in section 8. Orange discs
— RRP vesicles, green discs — Ca?* channels, black spots — Ca?* sensors of exocytosis, violet area —

presynaptic density.

8.2 Active zones with 1 vesicular release site and IN Ca2?* channels, one
set of Ca?T buffers

Let us next consider a situation equivalent to that introduced in the previous section, except that we
now assume the presence of one presynaptic mobile Ca?* buffer. As it was shown in section 7.4, the
linearized approximation of Ca?t dynamics works well for the synapse considered in this work?. Then,
the time-averaged stationary spatial Ca?" concentration profile resulting from a single Ca?* channel in

the presence of a Ca*" buffer with a single binding site reads as (3):

MO = e oo () = e B,
where Dp is diffusion coefficient of the buffer molecules, x and A\ are parameters dependent on the
resting Ca®" concentration, Ca*" binding and unbinding rates of the buffer as well as D and Dp (see
(3) for quantitative definition of x and A). Let us now, as in the previous section, assume that we
estimate ([Ca®"])at the vesicular release site based on an experimentally measured amount of exocytosis:
([Ca?*]) = f~1(A,). Then, we can apply the single Ca?* source model and estimate the effective

coupling distance R, by solving the following equation:

[Ca'Po

(Catt)) = C

(A+B-e R/ & R, 4]

9This assumption is applied to all the situations considered in sections 8.2-8.5 whenever the presence of Ca?* buffers is
assumed.
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If we denote §([Ca?*]); = g(R;), equation [4] can be written in the following way:

,ngl(ﬁﬁﬁﬁ)zgl(ﬁiim&ﬁzﬂR%; B

Thus, in this case, R. can be interpreted as a nonlinear average, which we denote by (R>Jc\fa, of R;s
implicitly weighted by contributions of the corresponding channels to ([Ca®"]). Here, superscript N
stands for “nonlinear”. The higher the contribution of a channel to ([Ca?*]) and, thus, exocytosis, the
closer (R)Y is to the distance from that channel to the Ca®* sensor of exocytosis. Equation [5] is valid
for any arbitrary well defined dependence of 6([Ca®*]); on R;, for example, the one in the presence of
multiple mobile Ca?* buffers in the presynaptic solution.

It follows from equation [5] that (R)N. = (R):, = R; if all the channels are equidistant to the
Ca®" sensor, i.e., R; = R; for any i and j. If the channels are not equidistant, (R)Y, # (R)5,. However,
note that at sufficiently small distances, i.e., when R; < A, and at sufficiently large distances, i.e., when
R; > \, §{[Ca?"]); is approximately inversely proportional to R; even in the presence of Ca*" buffers.
This statement follows from equation [3], see also (3). Thus, if a fraction of the channels is sufficiently
close to the Ca®* sensor, while the remaining channels are sufficiently far away from the Ca®" sensor,
(BN, ~ (R)E,.

To estimate how big the difference between (R)%, and (R)%, might be in Ca’* buffering conditions
used in this work, we considered a Ca?* channel cluster consisting of 2 to 5 channels, which were dis-
tributed in a 2D area, like in Fig. S12A. Each of the channels was located from the Ca?* sensor of
exocytosis not closer than 1 nm and not further than 100 nm. 0.5 mM and 1 mM of either BAPTA
or EGTA were considered as presynaptic Ca?* buffers. To estimate the maximum and the minimum
values of the difference (R)Y, — (R)%,, we used the optimization based on a genetic algorithm (MAT-
LAB function ga, Generations=20- N, StallGenLimit=15- N ,PopulationSize=N - 50, EliteCount=N -5,
CrossoverFraction=0.6, TolFun=10"'?) followed by Nelder-Mead simplex method (MATLAB function

fminsearch) repeated with 100 different initial conditions. In all these cases considered, the numerical
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optimization suggested that (R)%, > (R)%, with the equality between the two present only when all the
Ca?* channels were equidistant to the sensor. max[(R)¥, — (R)Z,] was larger for buffers with smaller

parameter A, and for larger N, as summarized in Table S1.

max[(R), — (R)&,], nm
0.5 mM EGTA | 1mMEGTA | 0.5mM BAPTA | 1 mM BAPTA
N =2 3 4 9 9
N=3 4 6 14 14
N=4 5 7 17 17
N=5 6 7 19 19
Table S1
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8.3 Active zones with 1 vesicular release site and N Ca?* channels, two
sets of Ca2t buffers

As it is formulated in Methods, the single Ca?* source model was designed to estimate the effective
coupling distance R, from experimental data in such a way that knowledge of the absolute values of
([Ca*]) at the vesicular release sites is not required'’. Indeed, if we measure amounts of released

vesicles in two different Ca?* buffering conditions, then the ratio of these two estimates, Aver 1/ D2 =
FU{[Ca?T]y))/ f({[Ca?t]y)) = ({[Ca®T];)/{[Ca?T]3))™ can be used to extract the R,:

Ay A1+ Bi- o—Re/M\™ s
A7‘el.,2 B Ay + By - e—Rc/X2 c

[6]

Here, A’s and B’s depend only on the physical parameters of the buffer molecules, their concentrations,
diffusion coefficient of Ca"and the resting [Ca®"|at the presynaptic site. m is the apparent cooperativity
of exocytosis!'. If we denote 6([Ca’"];); = g1(R;), §{[Ca®T]y); = g2(R;), and g1(x)/g2(x) = gr2(z),

equation [6] can be rewritten in the following way:

. g1<<[0a2+h>) _ g <z£i1 gluaz)) e -
([Ca*]) >it1 go(Ri) :

Here, subscript 12 stands for the two buffering conditions “1” and “2” used to estimate (R)éf;m. The su-
perscript * is used to emphasize that the effective coupling distance is calculated by estimating exocytosis
in two different presynaptic Ca>*buffering conditions “1” and “2”. Like (R),, <R)éf;12 can be interpreted
as a nonlinear average, of R;s implicitly weighted by the contributions of the corresponding channels to
([Ca?*]). However, in general, <R)gf;‘712 (R}éfa’l and <R)gf;‘712 (R)jgaz, unless all the Ca? channels are
equidistant to the Ca?" sensor of exocytosis, in which case (R)N: 1, = (R)¥,; = (R)¥,, = Ri. Clearly,
equation [7] is valid for any arbitrary well defined dependence of §([Ca?*]); on R;, for example, the one
in the presence of multiple mobile Ca?" buffers in the presynaptic solution.

That we do not need to know the absolute values of ([Ca?*]) at the Ca*" sensor of exocytosis or
Ca?* currents that give rise to ([Ca’"]) in order to determine R. as defined by equation [7] is a very
important advantage of the mentioned approach over that considered in section 8.2. Indeed, ([Ca®*]) at
Ca?" sensors of exocytosis is not a measurable quantity with currently available experimental techniques.
On the other hand, this approach has one disadvantage, which always has to be kept in mind when
interpreting estimates of R. based on the experimental data. The disadvantage is that it is necessary
to measure the release in at least two different Ca®" buffering conditions, only one of which can be the
natural one. Thus, an estimate of R. achieved by using this approach depends not only on the intrinsic
properties of the system being studied, but also on how we choose to study the system. It follows from
equation [3] that, when the buffering length constant A is decreased (by increasing concentration of the
buffer, for example), the contribution of a particular channel to ([Ca®T]) at a Ca®" sensor of exocytosis is
decreased the more the further that channel is away from the sensor. Thus, if mobile Ca** buffers used for

estimating R, are much stronger than the endogenous buffers of the synapse, the coupling distance may be

10 Assuming the linearity between ic, and ([Ca?t]) at the vesicular release sites.
"UHere and further on, we assume that the apparent Ca?* cooperativity is the same in both Ca?* buffering conditions

used for determining R..
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considerably underestimated. Vice versa, if mobile Ca?* buffers used for estimating R, are much weaker
than the endogenous buffers of the synapse, the coupling distance may be overestimated. Nevertheless,

as it is shown next, <R)£f;,12 is closely related to quantities uniquely determined by the configuration of

the natural system, for example, (R)&, ; or (R)g,.,, and carries valuable information about the system if
the experiment is designed appropriately. Noteworthy, if spatially resolved simulations are performed to
check the hypothesis of particular scenarios of the active zone organization, the experimental estimate
of R, can be directly compared to its modeled counterpart independently of the buffering conditions!?.

To better understand the physical meaning of <R>/g;712, we compared it with linear weighted aver-
age distances (R)&,; and (R)&,,, estimated separately in the two Ca*" buffering conditions used for
estimating <R>éf;712 13 To this end, we first considered the previously introduced active zone model
consisting of one vesicular release site and two to five Ca>™ channels (see section 8.2). Pairs constructed
from four Ca?* buffers introduced above were considered, namely: 1 mM BAPTA & 0.5 mM BAPTA,
1 mM BAPTA & 1 mM EGTA, 1 mM BAPTA & 0.5 mM EGTA, 0.5 mM BAPTA & 1 mM EGTA,
1 mM EGTA & 0.5 mM EGTA and 0.5 mM BAPTA & 0.5 mM EGTA. Numerical global optimization
(performed in the same way as introduced in section 8.2) resulted in (R)g,, > <R)/C\/;712 > (R)E,, for
buffers “1”7 and “2” with Ay > A;.

Next, we got estimates of (R)&, 1, (R)&, ., and (R)Jgj’m for examples of physiologically realistic active
zone topographies. To this end, we studied three IHC active zone topography scenarios — M1, M2, and
M3 — considered in (2), see Fig. S12B-D. In those three scenarios, 14 readily releasable pool vesicles
(orange disks, R = 20 nm) were randomly distributed at the longer sides of the presynaptic density
(violet rectangle). All the Ca®" sensors of exocytosis (black dots) were located at the level of the plasma
membrane, at the longer sides of the presynaptic density. In scenario M1, 50 Ca?" channels (green
disks, R = 7.5 nm) were distributed randomly within the presynaptic density. In scenario M2, 36 out
of 50 Ca?" channels were distributed randomly within the presynaptic density, while the remaining 14
Ca?* channels were placed in contact with the Ca?* sensors of exocytosis. In scenario M3, there were
only 14 Ca?" channels in contact with the Ca?* sensors. We considered 100 active zone realizations for
each scenario. Four pairs of mobile Ca?™ buffer sets, the same as those used in our experiments, were
assumed: 1 mM BAPTA + 2mM ATP & 0.5 mM BAPTA + 2mM ATP, 1 mM BAPTA + 2 mM ATP
& 1 mM EGTA 4+ 2 mM ATP, 1 mM BAPTA + 2mM ATP & 0.5 mM EGTA + 2 mM ATP, and 1 mM
BAPTA + 2 mM ATP & 2 mM ATP. Mouth of each Ca?* channel was treated as a hemispherical source
with 1 nm radius and icq = 0.3 pA. (R)&, 1, (R)q.,, and (R}éf;‘ﬂ were estimated for each active zone
scenario as averages over separate vesicular release sites within a particular realization of the active zone
and over 100 realizations of that active zone scenario. The results are summarized in Table S2.

We found that, as in the case of the simplified active zone model considered before, inequality
(R)Gqs > (R)g;m > (R)¢&,, holds for active zone scenarios M1, M2, and M3. (R)’éf;m was shifted

more towards (R)&,, than to (R)E,,. As expected, values of (R)E, , (R)&,,, and (R)N:,, were the

120f course, in this case, the exact value of R. depends on the properties of the Ca?t buffers used. However, now we
need to use only one set of Ca?t buffers. This set of buffers may be chosen, at least in principle, to be that which is present
in a real synapse.

13The main reason why we chose (R)%, ; and <R>éa}2, not (R)j(}[a’l and <R>é~fa72, to compare to <R>JC\[;‘)12 is that (R)&,

N

have a clearer physical meaning than (R)p, (compare equations [2] and [5]).
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“1” 1mM BAPTA “1” TmM BAPTA | “1” 1TmM BAPTA | “1” 1 mM BAPTA
“2”7 0.5 mM BAPTA | “2” 0.5 mM EGTA “27 1TmM EGTA “27 -
(+2mM ATP) (+2mM ATP) (+2mM ATP) (+2mM ATP)
(R)Ear 35 35 35 35
ML | (R)N¥ 1, | (nm) 36 44 43 45
(R)E4 2 40 65 62 70
(R)Eanr 19 19 19 19
M2 | (R)Nx 1, | (nm) 20 28 27 29
(R)E 24 47 44 52
(R)Ean 10 10 10 10
M3 | (RyN:y, | (nm) 11 15 15 16
(R)E 12 26 24 29
Table S2

smallest for scenario M3 (the most tight coupling), and the largest for scenario M1 (the least tight
coupling) at any buffering conditions considered. The largest difference between (R)g,, and (R)&, ;,
which reflects the sensitivity of R, estimate to the Ca?' buffering conditions, was found for scenario M1
and the smallest — for scenario M3. This is partially explained by the fact that a tighter coupling with
fewer channels contributing Ca?* to particular vesicular release sites results in a smaller variability of the
distances between the channels and the vesicular release site about the average one. Another reason is
that the considered mobile Ca?* buffers have a relatively small effect on 6([Ca®*]); when the coupling is
so tight as in scenario M3, as mentioned in section 8.2. The estimates of (R)&, ;, (R)é,., and <R>/c\*/;,12

were smaller with stronger Ca®* buffering conditions. For example, in the case of scenario M1, (R)Nx 1,

O was equal to 36 nm for 1 mM BAPTA + 2 mM ATP & 0.5 mM BAPTA + 2 mM ATP, compared to

htt

45 nm for 1 mM BAPTA + 2mM ATP & 2 mM ATP. This trend is explained by the fact that the
relative contributions of more distant Ca?* channels are reduced when the strength of the Ca?* buffers
is increased.

In conclusion, the results discussed in this section suggest that, at least for the Ca** buffering condi-
tions considered in this work, <R)gj’12 can be treated as an upper or lower bound for (R)5, estimated in
the natural Ca®" buffering conditions. <R)/C\/;712 is the upper bound for (R)Z, when buffer “2” is weaker,
i.e., with higher lambda, than the natural Ca®" buffer in the synapse while buffer “1” is not stronger
than the endogenous buffer. (R)JC\/;"H is the lower bound for (R)%, when buffer “2” is not stronger than
the endogenous Ca?* buffer in the synapse while buffer “1” is stronger, i.e., with lower lambda, than the

natural buffer.

8.4 Active zones with M vesicular release sites and N Ca?t channels

Real presynaptic active zones contain considerably more than one vesicular release site. If the dependence
of vesicle release rate on [Ca®"] is non-linear, the interpretation of the effective coupling distance R, for

an active zone with M > 1 site is more complicated compared to the situations with M = 1 considered
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so far'®. To see this, let us consider an active zone with M > 1 vesicular release sites driven by N
Ca?" channels. As before, we assume that the contribution to the time-averaged Ca*" concentration
at a particular vesicular release site j by a particular channel 7 is a bijective function of the distance
between the channel and the corresponding Ca®* sensor of exocytosis: §([Ca?*]);; = g(R;;). We also
assume that, for each vesicular release site, the amount of vesicles released in particular time window 1T’
depends only on time-averaged Ca*" concentration at that vesicular release site: A, ; = f({[Ca®T]);) =
f( Zfil §([Ca?*]);;). Then, R. estimated by recording the amount of release at the active zone, A, s =

Zj]\/il A,ej, in the presence of a particular set of Ca?* buffers can be expressed in the following way:

1 1o (&
Rc:91<ﬁf1<M2f<29(3j¢)>>>- 8]
j=1 i=1

Equation [8] is a generalization of equation [5] for active zones with an arbitrary number of vesicular
release sites. R, defined by equation [8] can be interpreted as a nonlinear, implicitly weighted average
of distances between a particular channel and a particular Ca?" sensor of exocytosis over all possible
channel-sensor pairs. Differently from the situation with a single vesicular release site, the nonlinear
averaging of distances between one of the Ca?t channels and one of the Ca?* sensors of exocytosis now
depends not only on how §([Ca’*"]);; depends on R;; but also on how A, ; depends on ([Ca®T]);.
Qualitatively, the larger the relative contribution of a particular Ca®* channel to ((Ca®"]); at a particular
vesicular release site is and the larger the relative contribution of that vesicular release site to the overall
release at the active zone A,y is, the closer is R, to the distance between that particular Ca?* channel
and Ca?" sensor of exocytosis of that particular vesicular release site.

If all vesicular release sites are equivalent in the sense of how the Ca?* channels are positioned in

regards of them, i.e., if R;; = Ry; = R; for any j, j/, and i, the effective coupling distance for the

d whole active zone is equal to the effective coupling distance for one of the vesicular release sites. Indeed,

htt

if that condition is met, equation [8] reduces to equation [5]. Equation [8] reduces to R, = R;; when
R;; = Ry j for arbitrary i, ¢/, j, and j'. i.e., when all the Ca®* channels are at the same distance from all
the Ca?" sensors. In this case, R, is equal to the physical distance between any of those Ca?* channels
and any of those Ca" sensors of exocytosis at the active zone. If A, ; depends on ([Ca?']); linearly,
ie, if f(z) = a-xz+0, the effective coupling distance R, is equal to the effective coupling distance of the

“average vesicular release site” within the active zone:
1.1

Re=g ' — = Ri:) | |- 9

(33 (2w ) g

When dependence of A, ; on ([Ca*"]); follows a power law, i.e., when f(z) = k- 2™, and no

Ca?* buffers are present in the presynaptic solution, i.e., when §{[Ca*"]);; is described by [1], [8] has the

14This is true independently of how many vesicles are actually released during the observation window.
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following form:

M N ™ .
R. = l<i ( (R]z)> ) >: M.N.ZCG.PO/(ZL'?T'F.f)lm:
’ (N 2| 2 M- (o (D))

M
v 5([Ca?*];3) ) _ rngm
ZZ (M (% Zj’:l (Zi':1 5<[Cag+]j’,i’>) ) /

Here, (- Z?,il (ny:l 5([Ca2+]j/7i/>)m)l/m is the power m mean (Holder mean) of ([Ca**']);; over all
M vesicular release sites at the active zone. Thus, the effective coupling distance R., in this case, is
a weighted linear average of distances from all the Ca?* channels to all the Ca?" sensors in the active
zone, which we denote by ((R))&.". Here, the second angular brackets stand for averaging over vesicular
release sites (in addition to the averaging over Ca®T channels). The superscript m expresses the idea
that the effective coupling distance depends on the apparent Ca?' cooperativity of exocytosis. The
weight for distance R;, between channel ¢ and vesicular release site j is equal to the ratio between
the increment of Ca?* concentration at the vesicular release site j contributed by the channel i and
the power m mean of Ca*" concentrations over all vesicular release sites at the active zone multiplied

by the number of the vesicular release sites. It follows from the properties of the Holder mean that

(o (20 8([Ca Ty )) ™)™ > (S0, (00, 6(CaHy ) ™)™ for my > my. Thus, the

higher is Ca?* cooperativity of exocytosis, the smaller is ((R))&".

When R. is estimated by using the measurements of A, » in two different Ca?*buffering conditions'®

&
=
(o
kﬁ

(x) = k- 2™, the equivalent of equation [8] reads as

. ((ZM <25191<Rj,¢>>*”)”m)
c = G12 i N m
Zj:l ( Zizl 92<Rj,i))

where ¢1(R;;) and g2(R;;) are dependencies of ([Ca*"]);; on R;; in Ca®" buffering conditions “1” and

(RY) o, [11]

“2” respectively, gia(z) = g1(x)/g2(x). Taking into account the results from section 8.3, it is tempting to
hypothesize that ((R))gjg could be an upper and a lower bound for ((R)) é;”l and ((R>>é;n2, respectively,
and could be rather well approximated by the average of the later two. We checked this idea with the
realistic active zone topographies considered in section 8.3 and shown in Fig. S12B-D. The results of
our simulations for m = 1.7, the experimentally predicted value of the apparent Ca?* cooperativity of
exocytosis (see Fig. S6), are summarized in Table S3. The results are strikingly similar to those for
(R)E1. (R)N:1y, and (R)E, 5, shown in Table S2'°. Thus, all the conclusions and comments made at
the end of section 8.3 in the context of an active zone with a single vesicular release site, are valid for R,
estimated for scenarios M1, M2, and M3 with all vesicular release sites within an active zone considered

collectively.

15 Ag it was done in our study.
16We also considered higher m values. As mentioned before, R, estimates are smaller for larger m. However, for active

zone topographies scenarios M2 and M3, m = 5 resulted in estimates of ((R)}g:g only < 1nm smaller than those for
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“1” 1mM BAPTA “1” 1mM BAPTA | “1” 1mM BAPTA | “1” 1 mM BAPTA
“2” 0.5 mM BAPTA | “2” 0.5 mM EGTA “2” 1 mM EGTA “ -
(+2mM ATP) (+2 mM ATP) (+2 mM ATP) (+2 mM ATP)
(R)E, 31 31 31 31
M1 | ((RYN=m | (nm) 32 41 40 42
(R))G, 37 63 60 68
(R) &, 19 19 19 19
M2 | (R)5rr | (m) 20 28 28 30
(R)) g, 24 47 44 51
(R)) e 10 10 10 10
M3 | ((RYNxm | (nm) 11 15 15 16
((R)) e 12 26 24 29
Table S3

Finally, we have to note that we used estimates of capacitance increments in four different pairs of
Ca?* buffering conditions collectively to estimate the R, (see Methods). This was done with the purpose
to reduce the influence of measurement noise in the experimental data. Thus, in order to interpret the
experimental estimate of R, in the context of spatially resolved active zone models, we have to estimate
the same quantity for those modeled active zones. The corresponding model estimates of R, calculated
in the mentioned way were 41 nm, 28 nm, and 15 nm for scenarios M1, M2, and M3, respectively. Thus,
our experimental estimate R, = 17 nm with 5 — 95 percentile range of 8 — 30 nm (see Results) for the
single Ca?* source model is compatible with the active zone topography scenarios M2 and M3 but not

scenario M1.

8.5 Influence of the Ca?' channel opening-closing dynamics on R, estimate

All considerations related to R, in sections 8.1-8.4 were based on the assumption that exocytosis rate at
any vesicular release site is a well defined function of the time-averaged stationary Ca?* concentration at
that vesicular release site. In our experiments, cumulative release was measured 20 ms after the stimulus
onset. 20 ms is much longer than the characteristic equilibration time of the channel opening, which
is 0.5 ms at the membrane potential corresponding to the peak Ca*" current in THCs (18). Thus, the
assumption of stationarity is justified. However, “averaging out” the fluctuations of Ca?" concentration
due to opening and closing of the presynaptic Ca?* channels may still substantially influence the results,
if channel gating is not sufficiently fast!”. To check this averaging assumption we performed additional

simulations where the build-up and decay of [Ca®"] due to the channel gating was modeled explicitly as

2k Lkyq
it was done in (2). We assumed a three state Markov model of the channel gating: C1_CyZ__0,
1k_q 2:k_q

ki = 1.78 ms™! k_; = 1.37ms™!. Vesicle fusion followed the kinetic model proposed by (19). All the

m = 1.7. For scenario M1, the differences were not larger than 4 nm, which is still small compared to the absolute values
Nk,

of <<R>>Ca,{g‘

"By speed of channel gating we mean the closing and opening rates of the channel.

Thus, at least for the considered active zone topographies, m does not affect value of R, considerably.
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kinetic parameters of vesicle fusion were set to the original values except that k,, was reduced four times
in order to reproduce reasonable m and AC,, values. Vesicle replenishment was treated as a single step
process with a fixed rate k.., = 0.13ms™!. Other relevant details of the simulation procedure are reported
in (2).

Using the aforementioned model to calculate A, s and its dependence on ([Ca?*]) , we estimated
the coupling distance R, in the same way which was discussed in the last paragraph of section 8.4. The
corresponding values of R, for scenarios M1, M2, and M3 were 37 nm, 27 nm, and 14 nm, respectively.
This is in a very good agreement with the estimates of R, that were achieved by ignoring the fluctuations
of [Ca?*] due to the [Ca*"| channels closing and opening. This result lets us conclude that, for active
zone topographies and the kinetic parameters considered in this work, the channel gating noise does not

considerably affect the estimation of R..
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