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Hearing over a wide range of sound intensities is thought to require complementary coding by functionally diverse spiral ganglion
neurons (SGNs), each changing activity only over a subrange. The foundations of SGN diversity are not well understood but likely include
differences among their inputs: the presynaptic active zones (AZs) of inner hair cells (IHCs). Here we studied one candidate mechanism
for causing SGN diversity— heterogeneity of Ca 2� influx among the AZs of IHCs— during postnatal development of the mouse cochlea.
Ca 2� imaging revealed a change from regenerative to graded synaptic Ca 2� signaling after the onset of hearing, when in vivo SGN spike
timing changed from patterned to Poissonian. Furthermore, we detected the concurrent emergence of stronger synaptic Ca 2� signals in
IHCs and higher spontaneous spike rates in SGNs. The strengthening of Ca 2� signaling at a subset of AZs primarily reflected a gain of
Ca 2� channels. We hypothesize that the number of Ca 2� channels at each IHC AZ critically determines the firing properties of its
corresponding SGN and propose that AZ heterogeneity enables IHCs to decompose auditory information into functionally diverse SGNs.

Introduction
Ca 2� influx through CaV1.3 Ca 2� channels plays a pivotal role in
hair cell development and function (Platzer et al., 2000; Brandt et
al., 2003). Before hearing onset (approximately P12 in mice; Mi-
kaelian et al., 1965), inner hair cells (IHCs) generate Ca 2�action
potentials (APs) (Kros et al., 1998; Beutner and Moser, 2001;
Marcotti et al., 2003). This pulsatile Ca 2� influx at immature
synapses triggers glutamate release that drives patterned presen-
sory activity in the developing auditory pathway (Beutner and

Moser, 2001; Glowatzki and Fuchs, 2002; Johnson et al., 2005;
Tritsch et al., 2007, 2010).

After hearing onset, sound stimulation generates a graded recep-
tor potential in IHCs (Russell and Sellick, 1983; Kros et al., 1998;
Oliver et al., 2006), which applies equally to the 5–20 synapses in
each IHC. However, IHCs are thought to decompose the contained
auditory information into functionally diverse spiral ganglion neu-
rons (SGNs) via synapses of different properties (Winter et al., 1990;
Zagaeski et al., 1994; Merchan-Perez and Liberman, 1996; Frank et
al., 2009; Grant et al., 2010; Liberman et al., 2011). For example, the
Ca2� signals at the active zones (AZs) of a given IHC vary in ampli-
tude and voltage dependence (Frank et al., 2009), providing candi-
date mechanisms for the diverse SGN response properties that
enable encoding of sound over a wide range of intensities.

Here, we used fast Ca 2� imaging in IHCs and electrophysiol-
ogy around hearing onset in mice to record changes in presynaptic
Ca 2� signaling and postsynaptic SGN spiking. Synaptic Ca 2�

influx became increasingly heterogeneous as a result of the emer-
gence of AZs with greater numbers of Ca 2� channels around the
onset of hearing, when we also found SGNs with higher sponta-
neous spike rates. With computational modeling of these obser-
vations and support from findings in bassoon mutants, we
propose that the number of Ca 2� channels at the AZ is a key
determinant of SGN firing properties.

Materials and Methods
Research with C57BL/6 mice as well as bassoon mouse mutants
(Bsn�Ex4/5) and littermate controls (Bsnwt) of either sex followed national
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animal care guidelines and was approved by the University of Göttingen
Board for animal welfare and the animal welfare office of the state of
Lower Saxony.

Patch clamp and confocal Ca2� imaging. Patch clamp and confocal Ca2�

imaging of IHCs from apical coils of freshly dissected organs of Corti were
performed as described previously (Frank et al., 2009). The Cs-glutamate-
based pipette solution contained the following (in mM): either 10 EGTA and
0.4 Fluo-5N or 0.5 EGTA and 0.4 Fluo-4FF (Invitrogen), with 0.04 (mono-
mer) or 0.002 (tandem dimer) carboxytetramethylrhodamine-conjugated
RIBEYE-binding peptide (Francis et al., 2011). The extracellular solution
contained the following (in mM): 5 or 1.3 CaCl2, with 0.01 linopirdine,
0.0005 tetrodotoxin, and 0.0001 apamine for isolation of Ca2� current. For
current-clamp measurements, the pipette solution contained the following
(in mM): 145 K-gluconate, 20 KOH–HEPES, 1 MgCl2, 2 MgATP, 0.3
NaGTP, 0.5 EGTA, 0.4 Fluo-4FF, 0.002 tandem dimer peptide. The external
solution contained the following (in mM): 144 NaCl, 5.8 KCl, 1.3 CaCl2, 1
MgCl2, 10 NaOH–HEPES, and 10 D-glucose.

Confocal Ca 2� imaging used x–y scans (10 Hz), spot detection (2–7.5
kHz), and line scans (0.7 kHz) (Frank et al., 2009). Quantification of
line-scan �FFluo-5N was the average evoked change in intensity for three
peak-centered pixels over the last 10 ms of depolarization. Gain of the
IHC membrane input– output function for current was estimated at dif-
ferent frequencies with low-pass filter functions: S � A/(1 � f 2/f0

2) 1/2,
where S is signal analyzed, A is gain, and f and f0 are stimulus and cutoff
frequencies.

Immunohistochemistry. Immunohistochemistry and confocal imaging
(SP5; Leica) of apical cochlear turns were performed as described previ-
ously (Frank et al., 2010) with mouse anti-C-terminal binding protein 2
(CtBP2/RIBEYE; 1:200; BD Biosciences), rabbit anti-CaV1.3 (1:75; Alo-

mone Labs), and secondary Alexa Fluor-labeled antibodies (1:200; Invit-
rogen). CaV1.3 puncta intensity was analyzed as described previously
(Frank et al., 2010).

Single-unit recordings from auditory nerve and cochlear nucleus. Single-
unit recordings from auditory nerve and cochlear nucleus in vivo were
performed as described previously (Taberner and Liberman, 2005; Jing et
al., 2013) but adapted to younger P10 –P21 mice. Under urethane/
xylazine anesthesia, a glass microelectrode was advanced toward the
internal auditory canal. After isolating single-unit spiking activity
(using 90 dB noise bursts for P14 –P21), we measured the spontane-
ous spike rate (during a 10 –30 s silent period, depending on rate in
initial 10 s) and frequency tuning by analyzing the spike rate as a
function of tone frequency and intensity. SGNs were distinguished
from cochlear nucleus units based on electrode position (P10 –P21)
and primary-like response patterns to 50 ms suprathreshold tone
bursts (8 s �1) at best frequency (P14 –P21). The size of P10 –P14
animals made it difficult to obtain a stable stereotactic position, po-
tentially leading to the erroneous inclusion of some bushy cells with
SGN-like response characteristics.

Model of hair cell synapse. For the model of hair cell synapse (adapted
from Meddis et al., 1990), the release fraction k is a sigmoidal function of
stimulus intensity, with 500-fold increase at saturating level based on
release rate change at saturating [Ca 2�]i (Beutner et al., 2001). Release
rate was further scaled by NCa (Ca 2� channel number). The spike gen-
eration probability, following an exponential distribution scaled by the
cleft transmitter content c, was modulated by both absolute (0.8 ms) and
relative (exponential function with � � 2 ms) refractoriness. The spike
scaling parameter h was kept constant (value of 2). The model was
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Figure 1. Naturalistic synaptic Ca 2� signal in IHCs before and after hearing onset. A, Change in fluorescence of the Ca 2� indicator Fluo-4FF (green) in a P10 IHC reveals a hotspot, colocalizing
with the ribbon (red) marked by the fluorescent peptide (2 �M dimer). Scale bar, 3 �m. Boxes enlarged to the right. B, Small depolarizing current pulses (Icmd, top) applied to a prehearing IHC elicited
APs (middle), overlay of three pulses. The normalized fluorescence change of Fluo-4FF (�F/F0) at a synaptic ribbon indicated transient Ca 2� influx (bottom) during each AP. C, Top, Immature IHCs
were stimulated with a square depolarization or with the recorded waveform of a Ca 2� AP (Vcmd). The whole-cell Ca 2� current (ICa, middle) and �F/F0 (bottom) were similar for the two stimuli.
�F/F0 traces are grand averages of 10 repetitions for each AZ (8 AZs in 4 IHCs). D, E, Differential responses of the membrane potential of a P10 (gray) or P15 (black) IHC in response to inwardly rectified
sinusoidal current of 200 pA peak-to-peak amplitude at 200 Hz (D) and 2 kHz (E). F, The temporally compressed response of a P15 IHC to 200 Hz, 1 nA amplitude current was presented to IHCs in
voltage clamp. Membrane potentials (Vm, top, corrected for attenuation as predicted by a resistor– capacitor circuit model), measured ICa (middle), and �F/F0 of Ca 2� indicator at an AZ (bottom)
from a P15 IHC (AZ #3 in Cell 1, as in H ) stimulated at four frequencies. Robust �F oscillations were observable up to 500 Hz. G, Amplitude of ICa (open circles) estimated as the fast Fourier transform
magnitude at the stimulus frequency, normalized to Vm. Solid curves are fits to a filter function for three IHCs (see Materials and Methods). H, �F/F0 oscillation amplitudes of three AZs from two IHCs
of similar ICa amplitude, estimated as the fast Fourier transform magnitude at the stimulus frequency. Dotted lines and error bars represent the mean and variation (3� SD) of background (bg) noise
within �100 Hz of the stimulus frequency, offset on x-axis for clarity. In these three AZs, the �F/F0 oscillation fell to noise level �2 kHz.
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implemented in Igor Pro (Wavemetrics) and used to simulate post-
stimulus time histograms (PSTHs) as a function of stimulus intensity
for different NCa.

Data analyses. Data analyses and statistical tests were done in Igor Pro
for Ca 2� imaging and immunohistochemistry. SGN recordings were
analyzed using MATLAB (MathWorks). Normality of dataset was as-
sessed with the Jarque–Bera test. The F test was used to assess equality of
variance in normally distributed datasets. Unpaired, two-tailed Wilcox-
on’s rank test (Mann–Whitney U test) was used to compare non-normal
or data with unequal variances. Otherwise, unpaired, two-tailed t tests

were used. Comparison of dispersion was per-
formed with a modified Levene’s test (Brown
and Forsythe, 1974). One-way ANOVA fol-
lowed by Dunn’s tests were used to detect dif-
ferences in multiple comparisons. Data are
presented as mean � SEM, unless specified
otherwise.

Results
Naturalistic Ca 2� signals at IHC
synapses before and after hearing onset
First, we studied Ca 2� signals at IHC syn-
apses labeled with a fluorescent ribbon-
binding peptide (Fig. 1A, right). Robust
Ca 2� transients followed the time course
of changes in Vm during Ca 2� APs elicited
in immature IHCs under current clamp
(spot detection; Fig. 1B). The recorded
Ca 2� APs caused a synaptic Ca 2� signal of
amplitude comparable with that evoked
by a 20 ms step command to �7 mV (Fig.
1C), a stimulus that elicits maximal Ca 2�

current and triggers exocytosis of readily
releasable vesicles in IHCs (Beutner and
Moser, 2001).

We probed the fidelity of synaptic Ca2�

signals in IHCs of hearing mice with natu-
ralistic potentials generated by inwardly rec-
tified sinusoidal (mechanotransducer-like)
currents in preceding experiments (Fig.
1D,E). We simultaneously monitored the
IHC Ca2� current and Fluo4-FF fluores-
cence using spot detection (Fig. 1F). Stimu-
lus frequency was scaled by temporal
compression of the response to 1 nA, 200 Hz
stimulation to bypass the filtering effects of
the membrane time constant. We found
that the modulation of the Ca2� current
and the Fluo4-FF fluorescence by the
receptor-potential-like stimuli declined
with increasing frequency (Fig. 1G,H ).
Fitting a low-pass filter function to the nor-
malized Ca2� current (see Materials and
Methods), we observed a cutoff frequency
of 867 � 166 Hz (n � 3 IHCs), which is
slightly higher than that of the IHC mem-
brane filter in vitro (527 � 135 Hz, 500 pA,
Vm � �57 mV) and in vivo (490 Hz; Russell
and Sellick, 1983). Fluo4-FF fluorescence
modulation declined at lower frequencies
(Fig. 1H), often being visible at 500 Hz (five
of eight AZs) and sometimes detectable at 1
kHz with fast Fourier transformation (Fig.
1F,H; three of eight AZs, e.g., AZ #3).

Developmental changes in the firing properties of
mouse SGNs
We did not detect sound-evoked activity to noise and tone bursts up
to 100 dB in P10 mice (at 10 Hz of repetition). Instead, P10 neurons
spontaneously fired bursts of spikes, as shown in Figure 2A. As de-
scribed previously for SGNs in vitro (Tritsch et al., 2010), spikes
clustered within “mini-bursts”, which were on average separated by
a silent interval of �120 ms. In addition, mini-bursts clustered into
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Figure 2. Developmental changes in SGN firing properties in vivo. A, A 20 s example trace of spontaneous spiking activity of single P10
(top) and P14 (bottom) SGNs. Note the alternation between silence and active periods in P10, whereby mini-bursts cluster in maxi-bursts.
B, ISI histograms of representative SGNs in three age groups (red, P10; black, P14 –P15; blue, P20 –P21) during spontaneous activity. The
strong peak for the P10 SGN at�120 ms shows the inter-mini-burst interval. C, CV of ISI for SGNs in three developmental age groups. A CV
of �1 is typical for a stochastic Poisson process, whereas a higher CV is related to bursting activity. n.s., No significant difference; ***p �
0.001. D, Averaged PSTHs of SGNs in response to a 50 ms tone burst at characteristic frequency (CF; 30 dB above threshold, for P14 –P15,
n � 9 SGNs; P20 –P21, n � 11 SGNs) or of a 50 ms noise burst (P10, n � 8 SGNs).
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maxi-bursts that could last for 	1 s and oc-
curred at intervals of seconds (Fig. 2A,B).
Reflecting the multimodal interspike inter-
vals (ISIs) in P10 neurons, their coefficient
of variation (CV) was 	1 (2.2 � 0.2, n �
15), significantly larger than the ISI CV of
Poissonian spontaneous activity in P14–
P21 neurons (Fig. 2C). In comparison to
P14-P15, thresholds at best frequency were
lower in SGNs of P20–P21 mice (p �
0.0001). For both hearing age groups, best
frequencies spanned �3 octaves centered at
�12 kHz. At P20–P21 (Fig. 2D), we found
shorter first spike latencies (p � 0.01) and a
tendency toward higher peak and adapted
rates (p � 0.33 and 0.05) compared with
P14–P15 SGNs, whereas adaptation kinet-
ics was indistinguishable (p � 0.96). On av-
erage, the spontaneous firing rate was lower
at P10 than after hearing onset (p � 0.02;
P10, 11.5 � 2.1 Hz, n � 15 vs P14–P21,
24.9 � 4.6 Hz, n � 20), whereas there was
no significant difference between the older
groups (p � 0.8; P14–P15, n � 9 vs P20–
P21, n � 11). This developmental emer-
gence of SGNs with higher spontaneous
rate is consistent with findings in cats
(Walsh and McGee, 1987).

Emergence of AZs with strong
Ca 2� influx
Because AZs with strong Ca2� influx might
“drive” the highly sound-sensitive SGNs,
which also have high spontaneous rates, we
tested for a developmental change in
synaptic Ca 2� influx of IHCs. We ana-
lyzed the synaptic Ca 2� influx at the AZs
of P10 and P14 IHCs by line scans of
Fluo-5N fluorescence at fluorescently
tagged ribbons during 20 ms step depolar-
izations to �7 mV with 10 mM EGTA in
the pipette (Fig. 3A). The mean �F/F0

(p � 0.007; but not the mean �F, p �
0.58) and the dispersion of �F/F0 (CVP10 �
0.52, n � 58; CVP14 � 0.82, n � 75,
modified Levene’s test, p � 0.0018) were
significantly greater after hearing onset (Fig.
3B). The separation between the �F distri-
butions in their upper halves (Fig. 3F) indi-
cates a selective strengthening of Ca2�

influx at a subset of AZs. Neither spatial
spread (Fig. 3C, p�0.16) nor the voltage dependence (Fig. 3D, using
Fluo-4FF and spot detection, p � 0.09) of the synaptic Ca2� signal
changed significantly. For comparison, in Figure 3F, we replot the �F
distributions acquired in IHCs of hearing-impaired mice in which the
presynaptic scaffold bassoon is disrupted (Bsn�Ex4/5) and the average
synaptic Ca2� influx and its heterogeneity are reduced (Frank et al.,
2010).

Next, we approximated the amount of CaV1.3 protein at
ribbon-occupied AZs before (P6) and after (P21) hearing onset
using semiquantitative immunofluorescence microscopy, identi-
fying ribbons and juxtaposed CaV1.3 immunofluorescent spots
as synapses in confocal microscopy (Fig. 3E; Frank et al., 2010).

We found a developmental increase in intensity and dispersion of
CaV1.3 cluster immunofluorescence, which we assume to scale with
the number of CaV1.3 molecules (Fig. 3G; mean � SD; P6, 6494 �
3004 a.u., n � 366; P20, 7424 � 3731 a.u., n � 359; p � 0.004 for
mean and p � 0.0015 for dispersion). In conclusion, we found evi-
dence for a gain of AZs with a large CaV1.3 channel complement
accompanying the emergence of AZs with large Ca2� influx around
hearing onset (Fig. 3F,G).

Relating synaptic Ca 2� signaling to firing properties of SGNs
Synaptic �FFluo-5N amplitudes (Fig. 3F ), CaV1.3 immunoflu-
orescence intensities (Fig. 3G), and SGN spontaneous spike
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opment for measurements of median-normalized �FFluo-5N (F ), immunofluorescence of CaV1.3 puncta (G), and spontaneous rate
of putative SGNs of wild-type mice (H ). Compared with mature wild-type mice, mature but hearing-impaired bassoon mutant
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rates (Fig. 3H ) all increased in variability, through gain of
synapses with stronger �FFluo-5N and immunofluorescence,
and gain of SGNs with higher spontaneous rates (schematized
in Fig. 4C). Conversely, Bsn�Ex4/5 mutants lack IHC AZs with
strong Ca 2� signals and SGNs with high spontaneous rates
(Fig. 3 F, H; Jing et al., 2013).

We modified a published IHC–SGN synapse model (Med-
dis et al., 1990) to ask whether variations in the number of
synaptic Ca 2� channels could account for SGN diversity.
Based on the linear apparent Ca 2� dependence of release rate
in mature IHCs (Brandt et al., 2005; Johnson et al., 2005; Keen
and Hudspeth, 2006; Goutman and Glowatzki, 2007), we as-
sumed that release scales linearly with the number of Ca 2�

channels at the AZ in this simplified model (see Materials and
Methods). The rate-level functions, calculated from the sim-
ulated PSTHs, predicted that larger Ca 2� channel comple-
ments alone (Fig. 4A, purple trace) would result in higher
spontaneous spike rates and greater sound sensitivities. Inter-
estingly, when approximating the dynamic range of sound
encoding by the SGN population of Bsn�Ex4/5 and wild-type
littermates across all frequencies for levels up to 90 dB SPL, we
found a smaller range of encoded sound pressures in Bsn�Ex4/5

mice (49 vs 58 dB; Fig. 4B). The dynamic ranges and auditory
thresholds of Bsn�Ex4/5 SGNs were shown previously to be
normal when matched for spontaneous rate and best fre-
quency, respectively (Buran et al., 2010; Jing et al., 2013),
arguing that the reduced range of population encoding pri-
marily reflected the lack of low-threshold, high spontaneous
rate SGNs.

Discussion
Ca 2� signals in IHCs: from presensory
spiking to synaptic encoding of sound
Patterned presensory activity is a hallmark
of neural development common to several
sensory systems (Blankenship and Feller,
2010). In the developing auditory system,
bursting activity was reported in several
species (Walsh and McGee, 1987; Gum-
mer and Mark, 1994; Lippe, 1994; Tritsch
et al., 2010) and has been attributed to
tightly regulated Ca 2� APs in immature
IHCs (Kros et al., 1998; Tritsch et al.,
2007; Johnson et al., 2011), which triggers
IHC exocytosis (Beutner and Moser,
2001; Glowatzki and Fuchs, 2002; John-
son et al., 2005) and bursts of Na� APs in
SGNs (Glowatzki and Fuchs, 2002;
Tritsch et al., 2007, 2010). Our Ca 2�

imaging experiments, performed in the
presence of intracellular Cs� that inhibits
Ca2�-induced Ca2� release in IHCs
(Kennedy and Meech, 2002), argue for ro-
bust synaptic Ca2� influx before hearing
onset. Changes in Ca2� indicator fluores-
cence at AZs of IHCs of hearing mice fol-
lowed graded receptor potentials to lower
frequencies than the IHC Ca2� current (Fig.
1). However, our confocal Ca2� imaging
may underestimate the temporal fidelity of
the Ca2� signal driving exocytosis as a result
of the limited binding kinetics of the Ca2�

indicator as well as spatial averaging of
[Ca2�] within the confocal point-spread

function (Frank et al., 2009).

Subcellular decomposition of auditory information in IHCs
Precisely how IHC synapses decompose auditory information
toward SGNs with different sensitivities remains an important
question in sensory biology (for review, see Meyer and Moser,
2010). Here we report that AZs with larger Ca 2� channel com-
plement, likely enabling more intense synaptic Ca 2� signaling,
coemerge with SGNs of higher spontaneous rate and sensitivity
to sound. We also observed a developmental increase in variance
for all quantities. In Bsn�Ex4/5 mice, which lack SGNs with high
spontaneous rate and sound sensitivity (Fig. 3F–H), the IHCs
have few ribbons and also lack AZs with strong Ca 2� signals
(Frank et al., 2010). We propose that IHCs develop AZs with
different ribbon sizes and Ca 2� channel complements, enabling
differential encoding of auditory information (Fig. 4C). We hy-
pothesize that AZs with many Ca 2� channels drive SGNs with
high spontaneous rates and sensitivities. However, we do note
that our study included SGNs from tonotopic regions beyond the
apex, from which IHCs were recorded. In addition, other mecha-
nisms, for example, differences in voltage dependence of synaptic
Ca2� influx (Frank et al., 2009), Ca2� dependence or mode of re-
lease (Grant et al., 2010; Heil and Neubauer, 2010), or postsynaptic
properties and regulation (Ruel et al., 2001; Liberman et al., 2011),
may also contribute to SGN diversity.
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