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Encoding the wide range of audible sounds in the mammalian
cochlea is collectively achieved by functionally diverse type I spiral
ganglion neurons (SGNs) at each tonotopic position. The firing of
each SGN is thought to be driven by an individual active zone (AZ)
of a given inner hair cell (IHC). These AZs present distinct proper-
ties according to their position within the IHC, to some extent
forming a gradient between the modiolar and the pillar IHC side.
In this study, we investigated whether signaling involved in planar
polarity at the apical surface can influence position-dependent AZ
properties at the IHC base. Specifically, we tested the role of Gαi
proteins and their binding partner LGN/Gpsm2 implicated in cyto-
skeleton polarization and hair cell (HC) orientation along the epi-
thelial plane. Using high and superresolution immunofluorescence
microscopy as well as patch-clamp combined with confocal Ca2+

imaging we analyzed IHCs in which Gαi signaling was blocked by
Cre-induced expression of the pertussis toxin catalytic subunit
(PTXa). PTXa-expressing IHCs exhibited larger CaV1.3 Ca2+-channel
clusters and consequently greater Ca2+ influx at the whole-cell and
single-synapse levels, which also showed a hyperpolarized shift of
activation. Moreover, PTXa expression collapsed the modiolar–pillar
gradients of ribbon size and maximal synaptic Ca2+ influx. Finally,
genetic deletion of Gαi3 and LGN/Gpsm2 also disrupted the modiolar–
pillar gradient of ribbon size. We propose a role for Gαi proteins and
LGN in regulating the position-dependent AZ properties in IHCs and
suggest that this signaling pathway contributes to setting up the
diverse firing properties of SGNs.
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The sense of hearing relies on vivid, temporally precise, and
tireless encoding of sounds ranging in pressure over six or-

ders of magnitude. Active amplification of cochlear vibrations
for soft sounds and compression at strong ones enable the inner
hair cell (IHC) receptor potential to represent the broad range
of audible sound pressures (1). Each IHC forms ribbon synapses
with several type I spiral ganglion neurons (SGNs) that relay the
auditory information to the brainstem. Each of the functionally
diverse SGNs only encodes a fraction of the audible range of
sound pressures. Collectively, they cover the entire dynamic range:
high-spontaneous rate, low-sound threshold SGNs (high SR) en-
code soft sounds, and low-spontaneous rate, high-threshold SGNs
(low SR) encode loud sounds (2–4). Since such functionally di-
verse SGNs can exhibit comparable frequency tuning, they are
thought to receive input from neighboring or even the same IHC
at a given tonotopic position (2, 5, 6). Based on back-tracing ex-
periments it was proposed that low-SR SGNs preferentially con-
tact the modiolar side of the IHCs, facing the spiral ganglion,
while high-SR SGNs are more likely to target the pillar side of the
IHCs, facing the outer hair cells (OHCs) (6).

Several mechanisms have been proposed to explain the dif-
ferent SGN firing patterns. Postsynaptic morphology shows dif-
ferent fiber caliber and mitochondrial content (6) as well as
different amounts of AMPA receptors (7–9). The lateral olivo-
cochlear system could provide differential efferent modulation
(7, 10). Finally, presynaptic mechanisms could establish the dif-
ferent firing properties of SGNs (6, 11–14), where larger ribbons
associated with more synaptic vesicles and Ca2+ channels are
found at modiolar active zones (AZs) likely facing low-SR SGNs
(6, 11–14). How larger AZs, likely having greater maximal syn-
aptic strength, could drive low-SR SGNs remained a mystery
until it was discovered that their Ca2+ influx seems to operate at
more depolarized potentials than that of AZs of the pillar side
(14). This could readily explain the higher spontaneous rate and
lower sound threshold of the SGNs contacting the pillar AZs,
where substantial release is expected at the resting potential of
IHCs and small receptor potentials might suffice to increase the
release rate (14). However, how the IHC manages to diversify
AZs to decompose the full auditory information contained in the
receptor potential into different neural channels remains largely
unclear. Nonmutually exclusive candidate mechanisms for the
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observed spatial gradients of AZ properties include (i) a cell
autonomous signaling mechanism in IHCs or an instructive in-
fluence by (ii) SGNs or (iii) efferent innervation.
Here we explored the exciting possibility that planar polarity

mechanisms responsible for establishing the proper architecture of
the hair bundles and their uniform orientation across HCs (15–17)
also instruct the observed basolateral gradients of IHC synapse
properties. During early development, the apical HC compartment
located between the tallest stereocilia and the abneural junctions of
the cell (the bare zone) lacks protrusions and hosts the polarized
localization of Insc, LGN/Gpsm2, and Gαi (18). This protein
complex was first shown to control mitotic spindle orientation and
thereby asymmetric cell division in Drosophila, a function broadly
conserved in mammals (19). Gαi-LGN exclude aPKC, and the
resulting compartmentalization of the HC apex influences the po-
sition of the kinocilium and the stereocilia, shaping cytoskeleton
intrinsic asymmetry and possibly aligning it with tissue-wide polarity
cues residing at cell–cell junctions, including core planar cell polarity
(PCP) proteins (18, 20, 21). Moreover, LGN and Gαi are also
enriched at the tips of the tallest stereocilia (22–24), making the
Insc-LGN-Gαi complex a promising candidate for conveying in-
formation across compartments (23). Pertussis toxin (PTX) is well
known to ADP ribosylate and block Gαi signaling, and interestingly,
PTX application led to PCP defects and a deficit of kinocilium
migration in HCs in cochlear cultures (20). Moreover, transgenic or
Cre-induced expression of PTX catalytic subunit (PTXa) in HC in
vivo induced PCP defects, stereocilia stunting, and severe hair
bundle disorganization associated to profound deafness (18, 23).
LGN mutants shared stereocilia stunting and profound deafness
(22–25), while milder hair bundle defects and hearing loss were
reported in mutant mice lacking Gαi3 (22), and these phenotypes
were accentuated in conditional double Gαi2/Gαi3 mutants (25).
Neither LGN nor single Gαi3 mutants recapitulate the severe PCP
defects observed in PTXa-expressing HCs, presumably because of
functional redundancy among Gαi proteins (18, 20).
Here we combined morphological and physiological analysis of

mouse IHCs expressing PTXa (23) and found that the disruption of
Gαi signaling affects the properties and spatial heterogeneity of the
AZs in IHCs. Confocal and stimulated emission depletion (STED)
microscopy showed that the mutant synapses were unchanged in
number but were reorganized with larger and more complex Ca2+-
channel clusters and a loss of the modiolar–pillar gradient of ribbon
size. Performing patch-clamp and live confocal Ca2+ imaging, we
showed that the mutant IHCs exhibited an increased amplitude and
hyperpolarized activation of Ca2+ influx at the whole-cell and single-
synapse levels. Moreover, the modiolar–pillar gradient for synaptic
Ca2+ influx strength observed in control condition was collapsed in
PTXa-expressing IHCs. The gradient of ribbon size was also dis-
rupted in Gαi3 and LGN KOs, suggesting that HC-intrinsic mecha-
nisms influencing planar polarity at the apical membrane might also
regulate the modiolar–pillar distribution of ribbon synapse properties.

Results
The Modiolar–Pillar Gradient of Ribbon Size Is Dependent on Gαi
Function. Organs of Corti from 3-wk-old control (Atoh1-Cre- or
PTXa-negative, referred to as PTXa controls) and Atoh1-Cre;
PTXafl/fl mice (referred to as PTXa mutants) were processed in
parallel for immunohistochemistry. As previously reported (23),
PTXa-expressing IHCs presented disorganized and shortened
hair bundles. Moreover, they occasionally showed a misplaced
basal body indicated by the position of the fonticulus/cytoplasmic
channel in phalloidin stainings of F-actin, demonstrating that
planar orientation defects most severe in OHCs (18) can also
affect IHCs. In control IHCs, the fonticuli were invariably lo-
cated toward the pillar side of the cell, indicating a correct apical
IHC orientation. Interestingly, most misoriented mutant IHCs
showed a diametrically opposite position of the fonticulus toward
the modiolus (180° inversion; Fig. 1A).

Next, we combined F-actin labeling to record IHC orientation
with immunostaining against Otoferlin or Vglut3 to outline the IHC
shape and CtBP2/RIBEYE to estimate the localization of the rib-
bons and approximate their size. Thereby, we investigated whether
the altered apical orientation might go along with a change of the
previously reported modiolar–pillar gradient of ribbon size in IHCs
(14, 27). For analysis, we reconstructed the IHCs in cylindrical co-
ordinates to overlay multiple cells and study the position de-
pendence of ribbon size (SI Appendix, SI Materials and Methods). As
expected, in IHCs of PTXa control littermates, the modiolar–pillar
gradient of RIBEYE-immunofluorescence intensity [proxy of rib-
bon size (28), normalized to the mean modiolar RIBEYE immu-
nofluorescence intensity] was observed [modiolar, 1.00 ± 0.03
(SD = 0.40), n (number of replicates) = 211 AZs vs. pillar, 0.82 ±
0.03 (SD = 0.34), n = 148 AZs in 22 IHCs, N (number of ani-
mals) = 5, P < 0.00001, Mann–Whitney–Wilcoxon test] (Fig. 1 B
and C, in black). Initially, we considered using PTXa-expressing,
noninverted IHCs as internal controls. Interestingly, however, we
observed a complete collapse of the ribbon size gradient upon
PTXa expression regardless of apical IHC orientation [PTXa mu-
tant noninverted, in blue, modiolar, 1.00 ± 0.03 (SD = 0.35), n =
190 AZs vs. pillar, 0.99 ± 0.03 (SD = 0.35), n = 171 AZs in 22 IHCs,
N = 12, P = 0.88; PTXa mutant 180° inverted, in red, modiolar,
1.00 ± 0.02 (SD = 0.31), n = 192 AZs vs. pillar, 0.95 ± 0.02 (SD =
0.31), n = 174 AZs in 22 IHCs, N = 12, P = 0.75, Mann–Whitney–
Wilcoxon test for both conditions] (Fig. 1 B and C).
To enhance the specificity of our manipulation, we turned to

mutants constitutively lacking either Gαi2 or Gαi3. Both litter-
mate controls and homozygote mutants lacking Gαi2 exhibited
a modiolar–pillar gradient of RIBEYE-immunofluorescence
[Gαi2KO/KO, modiolar, 1.00 ± 0.03 (SD = 0.38), n = 220 AZs
vs. pillar, 0.64 ± 0.02 (SD = 0.26), n = 107 AZs vs. Gαi2+/+ or
Gαi2KO/+, modiolar, 1.00 ± 0.03 (SD = 0.43), n = 213 AZs vs.
pillar, 0.77 ± 0.03 (SD = 0.31), n = 114 AZs; in 18 IHCs for N =
4 for both conditions, P < 0.00001, Mann–Whitney–Wilcoxon
test] (SI Appendix, Fig. S1A). However, deleting Gαi3 collapsed
the modiolar–pillar gradient of ribbon size [Gαi3KO/KO, mod-
iolar, 1.00 ± 0.02 (SD = 0.36), n = 218 AZs vs. pillar, 1.04 ± 0.03
(SD = 0.38), n = 145 AZs, P = 0.24 vs. Gαi3KO/+, modiolar,
1.00 ± 0.02 (SD = 0.33), n = 225 AZs vs. pillar, 0.76 ± 0.02 (SD =
0.27), n = 143 AZs; in 20 IHCs for N = 5 for both conditions, P <
0.00001, Mann–Whitney–Wilcoxon test] (Fig. 2A). Interestingly,
constitutive inactivation of LGN/Gpsm2, a direct binding partner
of Gαi3, also collapsed the gradient of ribbon size [LGNKO/KO,
modiolar, 1.00 ± 0.02 (SD = 0.35), n = 231 AZs vs. pillar, 0.96 ± 0.03
(SD = 0.36), n = 184 AZs, P = 0.11 vs. LGNKO/+, modiolar, 1.00 ±
0.02 (SD = 0.36), n = 298 AZs vs. pillar, 0.75 ± 0.02 (SD = 0.27),
n = 128 AZs; in 24 IHCs for N = 4 for both conditions, P <
0.00001, Mann–Whitney–Wilcoxon test] (Fig. 2B). Together, these
results suggest that the Gαi-LGN complex previously shown to
affect cell polarity during apical HC morphogenesis is also crit-
ical to establish the modiolar–pillar gradient of ribbon synapse
size in IHCs.
Downregulating Gαi activity in HCs with PTXa, inactivating both

Gαi2 + Gαi3 or inactivating LGN resulted in profound deafness in
young adults already (22–26). To explore the possibility that the
disruption of the modiolar–pillar gradient of ribbon size is consec-
utive to the loss of sound-evoked synaptic activity, we turned to
Myo15sh2 mice.Myo15sh2 HCs show normal planar architecture and
orientation but like PTXa and LGN mutants exhibit disorganized
and shortened hair bundles associated with complete deafness (29).
Myo15sh/sh2 IHCs retained a significant modiolar–pillar gradient of
ribbon size [Myo15sh/sh2, modiolar, 1.00 ± 0.05 (SD = 0.65), n = 173
AZs vs. pillar, 0.66 ± 0.04 (SD = 0.62), n = 133 AZs vs. Myo15sh2/+

controls, modiolar, 1.00 ± 0.03 (SD = 0.37), n = 203 AZs vs. pillar,
0.73 ± 0.02 (SD = 0.23), n = 193 AZs in 21 IHCs for N = 3 for both
conditions, P < 0.00001, Mann–Whitney–Wilcoxon test] (SI Ap-
pendix, Fig. S1B). This indicates that altered mechanoelectrical
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transduction resulting from stunted stereocilia is not the primary
cause for the lost gradient of ribbon size observed in IHCs lacking
Gαi-LGN function.

Inactivating Gαi Reorganizes and Potentiates Ca2+ Influx at IHC AZs.
Next, we performed a detailed immunofluorescence analysis
of ribbon synapse morphology in PTXa-expressing IHCs. We
stained against CtBP2/RIBEYE and found no significant dif-
ferences between PTXa control and mutant conditions for the
average number of ribbons per IHC [PTXa mutant, 12.41 ± 0.43
(SD = 2.12) vs. PTXa control, 12.54± 0.29.(SD = 1.44); n= 24 IHCs,
N = 6, P = 0.81, t test] or their mean RIBEYE immunofluorescence

intensity [PTXa mutant, 6.51 ± 0.13 a.u. (SD = 2.49 a.u.), n = 360
AZs, N = 9 vs. PTXa control, 6.62 ± 0.13 a.u. (SD = 2.26 a.u.); n =
327 AZs; N = 9, P = 0.28, Mann–Whitney–Wilcoxon] (SI Appendix,
Fig. S2 A–C). Next, we labeled CaV1.3 Ca2+ channels, contributing
more than 90% of the voltage-gated Ca2+ influx in IHCs (30–32).
Using confocal microscopy, presynaptic Ca2+-channel clusters were
identified as spots of CaV1.3 immunofluorescence juxtaposed to the
postsynaptic density (PSD) detected as PSD-95 immunofluorescent
spots. CaV1.3 channels remained clustered at mutant AZs and were
further quantified by fitting CaV1.3 immunofluorescent spots with a 2D
Gaussian function. The amplitudes of the fits in PTXa-expressing IHCs
were significantly greater for CaV1.3 [PTXa mutant, 0.74 ± 0.03 a.u.
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Fig. 1. Blocking Gαi signaling by PTXa expression in IHCs disrupts the modiolar–pillar gradient for ribbon size. (A) Maximal projection (Top) and single
confocal section (Bottom) of the IHC cuticular plates stained with phalloidin marking F-actin. The immunostainings reveal the shortened and disorganized
hair bundles in the PTXa mutant organ of Corti, as well as the misplaced fonticulus/cytoplasmic channel indicating the position of the basal body (blue arrows
for PTXa mutant noninverted cells and red arrows for PTXa mutant 180° inverted cells). (Scale bar: 10 μm.) (B) The polar charts (black for PTXa control, blue for
PTXa mutant noninverted cells, and red for PTXa mutant 180° inverted cells) display locations and intensities of immunofluorescently labeled CtBP2 marking
the ribbons. Modiolar and pillar refer to facing toward or away from the ganglion in the modiolus; apical and basal refer to the tonotopic axis of the organ of
Corti. The fluorescence intensity of each CtBP2 signal point is reflected by its color, with warmer, yellow tones indicating higher intensity and cooler, darker
tones indicating lower intensity. Each radial circle is 2.5 μm. (C) The IHCs from PTXa control condition display a significant gradient with stronger ribbons in
the modiolar side (M) compared with the pillar side (P) [PTXa control (black), modiolar, n = 211 AZs vs. pillar, n = 148 AZs, P < 0.00001, Mann–Whitney–
Wilcoxon test]. This gradient collapsed completely in the PTXa mutant IHCs regardless of the fonticulus position [PTXa mutant noninverted (blue), modiolar,
n = 190 AZs vs. pillar, n = 171 AZs, P = 0.88; PTXa mutant 180° inverted (red), modiolar, n = 192 AZs vs. pillar, n = 174 AZs, P = 0.75, Mann–Whitney–Wilcoxon
test for both conditions]. Box plots show 10th, 25th, 50th, 75th, and 90th percentiles with individual data points overlaid; means are shown as crosses.
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(SD = 0.38 a.u.) vs. PTXa control, 0.52 ± 0.03 a.u. (SD = 0.27 a.u.);
n = 118, N = 6 for both genotypes, P < 0.00001, Mann–Whitney–
Wilcoxon test]. This was the case also for PSD-95 [PTXa mutant,
0.37 ± 0.02 a.u. (SD = 0.20 a.u.)] vs. PTXa control, 0.28 ± 0.01 a.u.
(SD = 0.15 a.u.); n = 118, N = 6 for both conditions, P =
0.0009 and Mann–Whitney–Wilcoxon test) (Fig. 3 A and B). In-
terestingly, we observed a strong positive correlation between the
immunofluorescence intensities for CaV1.3 and its associated PSD-
95 in PTXa control IHCs (Pearson coefficient of 0.74, P < 0.00001).
This correlation was weaker for PTXa mutant IHCs (Pearson co-
efficient of 0.36, P < 0.001) (n = 100 spots, N = 5 for both conditions)
(Fig. 3C), indicating that the scaling of presynaptic densities with PSD
size is impaired upon PTXa expression. In agreement with the en-
larged PSDs in the mutant condition, the GluA3 immunofluorescent
spots [indicating the postsynaptic AMPA receptor (AMPAR)
clusters] showed a significantly increased intensity [PTXa mutant,
0.85 ± 0.03 a.u. (SD = 0.28 a.u.) vs. PTXa control, 0.74 ± 0.02 a.u.
(SD = 0.23 a.u.); n = 120, N = 4 for both genotypes, P < 0.00001,
Mann–Whitney–Wilcoxon test], while they maintained their ring-like
shape (SI Appendix, Fig. S3 A and B).
To analyze the spatial organization of synaptic Ca2+ channels,

we performed two-color, 2D-STED imaging of CaV1.3 and PSD-
95 immunofluorescence. CaV1.3 clusters were categorized ac-
cording to their arrangements and number of structures (33, 34)
(Fig. 3 D and E). PTXa control and mutant IHCs exhibited
comparable proportions of point-like clusters [9 and 10%, re-
spectively; characterized by a Gaussian fitting ratio full width half

maximum (FWHM) long axis/FWHM short axis <2; purple].
While ∼40% of the control AZs showed the typical line-like or-
ganization of CaV1.3 immunofluorescence (defined by a width
inferior to 140 nm; red), these structures were rare in mutant
IHCs with a prevalence of only 8%. However, the fat line-like
clusters, defined as lines wider than 140 nm (blue), had equiva-
lent prevalence in both control (23%) and mutant (27%) condi-
tions. Importantly, PTXa-expressing IHCs showed a greater
proportion of complex clusters (55%), defined by two or more
CaV1.3 immunofluorescent structures at the synapse, than control
IHCs (26%). Moreover, while these complex arrangements exhibi-
ted up to two or three structures in the control AZs, they could
present up to five in the mutant ones (Fig. 3 D and E). Accordingly,
the average number of CaV1.3-immunofluorescent spots was sig-
nificantly higher at synapses of PTXa-expressing IHCs compared
with control ones [PTXa mutant, 2.10 ± 0.11 (SD = 1.26) vs. PTXa
control, 1.34 ± 0.06 (SD = 0.61), n = 120 synapses, N = 3 for both
conditions; P < 0.00001, Mann–Whitney–Wilcoxon test]. This dif-
ference was most probably underestimated due to the low resolu-
tion of 2D-STED in the z axis. The greater number of CaV1.3-
immunofluorescent spots at STED resolution is consistent with the
stronger CaV1.3-immunofluorescence intensity observed at the
confocal level (Fig. 3 A and B). Altogether, these data suggest that
PTXa-expressing IHCs possess normally sized ribbons, whereas
CaV1.3 Ca2+ channels are organized in larger and more complex
clusters, juxtaposed to larger PSDs compared with controls.
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Fig. 2. Inactivating Gαi3 or LGN collapses the modiolar–pillar gradient for ribbon size. (A) The polar charts display locations and intensities of immuno-
fluorescently labeled CtBP2 marking the ribbons. Modiolar and pillar refer to facing toward or away from the ganglion in the modiolus; apical and basal refer
to the tonotopic axis of the organ of Corti. The fluorescence intensity of each CtBP2 signal point is reflected by its color, with warmer, yellow tones indicating
higher intensity and cooler, darker tones indicating lower intensity. The spatial gradient for ribbon strength was lost upon Gαi3 inactivation (modiolar, n =
218 AZs vs. pillar, n = 145 AZs for 20 IHCs, N = 5, P < 0.00001, Mann–Whitney–Wilcoxon test), whereas it was preserved in the heterozygote littermate controls
(modiolar, n = 225 AZs vs. pillar, n = 143 AZs in 20 IHCs, n = 5, P < 0.00001, Mann–Whitney–Wilcoxon test). Box plots show 10th, 25th, 50th, 75th, and 90th
percentiles with individual data points overlaid; each radial circle is 2.5 μm, and means are shown as crosses as for B. (B) The inactivation of LGN collapsed the
gradient of ribbon size [LGN KO, modiolar, n = 231 AZs vs. pillar, n = 184 AZs, P = 0.11 vs. LGN control (heterozygotes), n = 298 AZs vs. pillar, n = 128 AZs, P <
0.00001; 24 IHCs, n = 4, Mann–Whitney–Wilcoxon test for both conditions].
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Inactivating Gαi Causes an Increased Amplitude and Hyperpolarized
Activation of IHC Ca2+ Influx. To physiologically characterize the effect
of inactivating Gαi on CaV1.3 Ca2+ channels, we first recorded the
whole-cell Ca2+ current of PTXa-expressing IHCs in the ruptured-
patch configuration (5 mM [Ca2+]e; Fig. 4A). The amplitude of the
Ca2+ influx (Fig. 4, Ai) was substantially increased in PTXa-expressing
IHCs [PTXa mutant, −276 ± 8 pA (SD = 50 pA), n = 40 IHCs, N =
13 vs. PTXa control, −191 ± 6 pA, SD = 38 pA, n = 40 IHCs, N = 14;
P< 0.00001, t test], consistent with themore numerous CaV1.3 channels
indicated by immunohistochemistry. Next, we analyzed the voltage de-
pendence of Ca2+-channel activation (Fig. 4B) and found a significant
hyperpolarizing shift of −4 mV of the voltage of half-maximal Ca2+-
channel activation, Vh [Fig. 4, Bi; PTXa mutant, −28.16 ± 0.54 mV
(SD = 3.41 mV), n = 40 IHCs, N = 13 vs. PTXa control, −24.34 ±
0.46 mV (SD = 2.93 mV), n = 40 IHCs, N = 14, P < 0.00001, t test].
Moreover, we found a subtle but significant increase of the voltage
sensitivity of activation (apparent as a decrease of the slope factor
k) in mutant IHCs [PTXa mutant, 7.33 ± 0.06 mV (SD = 0.41 mV),
n = 40 IHCs, N = 13 vs. PTXa control, 7.72 ± 0.07 mV (SD =
0.42 mV), n = 40 IHCs, N = 14, P < 0.00001, t test; Fig. 4, Bii].
To test the consequences of the CaV1.3 Ca2+ channel rear-

rangement in the PTXa mutant IHCs on exocytosis, we performed
membrane capacitance measurements (Cm) in the perforated patch-
clamp configuration (1.3 mM [Ca2+]e; Fig. 4 C–H). IHCs were step

depolarized to −17 mV for different durations (2 to 50 ms) to probe
the vesicle pool dynamics. Consistent with the above results, the
integrated Ca2+ influx [Ca2+ charge (QCa)] of the PTXa mutant
IHCs was significantly increased for every pulse duration tested
(QCa at 2 ms, P = 0.002; QCa at 5 ms, P = 0.004; QCa at 10 ms, P =
0.004; QCa at 20 ms, P = 0.01; QCa at 50 ms, P = 0.01, n = 10 IHCs,
N = 7 in the PTXa mutant; n = 10 IHCs, N = 6 in the PTXa
control; t test; Fig. 4D). Surprisingly, despite the significantly in-
creased Ca2+ influx, the PTXa mutant IHCs tended to have smaller
exocytic Cm changes (ΔCm) for short stimulus durations that are
thought to primarily reflect the readily releasable pool of vesicles
(RRP, ΔCm at 2 ms, P = 0.02, t test; at 10 ms, P = 0.03, Mann–
Whitney–Wilcoxon test). Sustained exocytosis of IHCs was probed
with 50-ms step depolarization, which yielded comparable ΔCm.
The ratio of ΔCm over QCa, i.e., the efficiency of Ca

2+ influx to drive
exocytosis, was reduced for all depolarization durations tested in
PTXa mutant IHCs (n = 10 IHCs, N = 7 in the PTXa mutant; n =
10 IHCs, N = 6 in the PTXa control; for ratio at 2 ms, P = 0.02; at
5 ms, P = 0.01; at 10 ms, 0.006; at 20 ms, P = 0.001; QCa at 50 ms,
P = 0.005, t test; Fig. 4E). Possible reasons include an impaired
coupling of Ca2+ channels to vesicular release sites, which seems
plausible given the disarrangement of the CaV1.3 Ca2+ channel
clusters (Fig. 3 D and E). However, we cannot exclude a contri-
bution of other mechanisms such as a putative saturation of the
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(C) Representative Ca2+ currents (Top) and corresponding low-pass filtered capacitance (Bottom) traces recorded from PTXa mutant and control IHCs in response
to 20-ms step depolarization to −17 mV from the holding potential of −87 mV (perforated-patch configuration, 1.3 mM [Ca2+]e). The PTXa mutant IHCs showed
bigger Ca2+ currents than the control IHCs, while the capacitance jumps (ΔCm) were comparable. (D) Mean exocytic ΔCm (Top) and Ca2+ current integrals (QCa)
(Bottom) as a function of depolarization duration (mean ± SEM, n = 10 IHCs, N = 7 in the PTXa mutant; n = 10 IHCs, N = 6 in the PTXa control; for QCa at 2 ms, P =
0.002; for QCa at 5 ms, P = 0.005; for QCa at 10 ms, P = 0.003; for QCa at 20 ms, P = 0.007; for QCa at 50 ms, P = 0.007, t test; forΔCm at 2 ms, P = 0.02, t test; at 10 ms,
P = 0.03, Mann–Whitney–Wilcoxon test). (E) Relation between exocytic ΔCm and QCa from PTXa mutant and control IHCs (mean ± SEM; fill color of the mean
points darkens with increasing depolarization duration). PTXa mutant IHCs showed significantly lower efficiency of Ca2+ influx to drive exocytosis for every
depolarization duration. (Ei) Ratio of ΔCm and QCa from PTXa mutant and control IHCs upon 20-ms step depolarization (n = 10 IHCs, N = 7 in the PTXa mutant;
n = 10 IHCs, N = 6 in the PTXa control; for ratio at 2 ms, P = 0.02; at 5 ms, P = 0.01; at 10 ms, P = 0.006; at 20 ms, P = 0.001; QCa at 50 ms, P = 0.005, t test).
(F) Representative Ca2+ currents (Middle) and corresponding low-pass filtered capacitance (Bottom) traces recorded from PTXa mutant and control IHCs upon 100-ms
step depolarization to −41 mV from the holding potential (perforated-patch configuration, 1.3 mM [Ca2+]e). Stimulus template (Top) illustrates the 2-mV steps
starting from −53 to −37 mV. (G) Mean exocytic ΔCm (Top) and Ca2+ current integrals (QCa) (Bottom) as a function of depolarization voltage (mean ± SEM, n = 8
IHCs, N = 4 in the PTXa mutant; n = 9 IHCs, N = 5 in the PTXa control; for QCa at −37mV, P = 0.002; for QCa at −39mV, P = 0.005; for QCa at −41mV, P = 0.01, t test;
for QCa at −43 mV, P = 0.02; for QCa at −45 mV, P = 0.016; for QCa at −47 mV, P = 0.05; for QCa at −49 mV, P = 0.046, Mann–Whitney–Wilcoxon test). (H) Relation
between exocytic ΔCm and QCa from PTXa mutant and control IHCs (mean ± SEM; fill color of the mean points darkens with increasing depolarization voltage).
The ratio between the ΔCm and QCa was comparable throughout the different voltage range (−53 to −37 mV, with 2-mV increments). (Hi) Ratio of ΔCm and QCa

from PTXa mutant and control IHCs upon 100-ms step depolarization to −39 mV.
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Ca2+ sensor of exocytosis. Furthermore, we have probed the
voltage dependence of exocytosis given the hyperpolarized shift
(−5 mV) in the activation of Ca2+ influx in the PTXa mutant
IHCs. IHCs were step depolarized for 100 ms in the physiologi-
cally relevant voltage range, starting from −53 to −37 mV with
2-mV increments (Fig. 4F). PTXa mutant IHCs exhibit significantly
bigger QCa for most voltage steps, while the tendency toward larger
ΔCm did not reach statistical significance (n = 8 IHCs, N = 4 in the
PTXa mutant; n = 9 IHCs, N = 5 in the PTXa control) (Fig. 4G).
Interestingly, the ratio of ΔCm over QCa was comparable between
PTXa mutant and control IHCs in the physiologically relevant
voltage range (Fig. 4 H and Hi).
Next, we studied presynaptic Ca2+ signaling at individual AZs

using spinning-disk confocal microscopy of IHCs loaded with the
low-affinity Ca2+ indicator Fluo-4FF (800 μM), the nonfluorescent
chelator EGTA (10 mM), and a TAMRA (tetramethylrhodamine)-
conjugated CtBP2-binding peptide. Under these conditions the
Ca2+ indicator fluorescence serves as a proxy of synaptic Ca2+ influx
(12, 14, 33). AZs were identified by spots of the CtBP2-binding
peptide fluorescence where Ca2+ signals (Fluo-4FF hotspots)
commenced upon depolarization. We found an increased maximal
rise of Fluo-4FF fluorescence, i.e., synaptic Ca2+ influx, in PTXa
expressing IHCs [PTXa mutant, ΔF/Fmax, 2.05 ± 0.10 (SD = 1.34),
n = 175 AZs vs. PTXa control, 1.59 ± 0.08 (SD = 1.10), n = 175

AZs; in 20 IHCs for N = 12 for both conditions, P = 0.0002, Mann–
Whitney–Wilcoxon test; Fig. 5A]. This gain of synaptic Ca2+ influx
strength agrees with the analysis of CaV1.3 immunofluorescence
and with the enhanced Ca2+ influx at the whole-cell level. More-
over, as at the whole-cell level, we found a significant hyper-
polarized shift (approximately −4 mV) of activation of the synaptic
Ca2+ influx [PTXa mutant, Vh, −28.77 ± 0.71 mV (SD = 8.42 mV),
n = 142 AZs in 20 IHCs, n = 12 vs. PTXa control, Vh, −24.11 ±
0.57 mV (SD = 6.77 mV), n = 141 AZs in 20 IHCs, N = 12, P <
0.0001, Mann–Whitney–Wilcoxon test; Fig. 5, Bi]. However, the
voltage sensitivity of activation was not significantly different for the
synaptic Ca2+ influx in PTXa-expressing IHCs likely due to higher
variability at the single synapse level [PTXa mutant, k, 6.74 ±
0.17 mV (SD = 1.99 mV), n = 142 AZs in 20 IHCs, N = 12 vs.
PTXa control, 6.81 ± 0.18 mV (SD = 2.13 mV), n = 141 AZs in 20
IHCs, N = 12, P = 0.55, Mann–Whitney–Wilcoxon test; Fig. 5 Bii].
Finally, we studied the spatial extent of the synaptic Ca2+

signals by measuring the FWHM of 2D Gaussian function fits to
the hotspots of Ca2+-indicator fluorescence. We found a greater
spread of synaptic Ca2+ signals in PTXa-expressing IHCs [PTXa
mutant, long axis (L.A.) = 1,061 ± 21 nm (SD = 266 nm), short
axis (S.A.) = 779 ± 18 nm (SD = 228 nm); n = 162 AZs in 20
IHCs, N = 12 vs. PTXa control, L.A. = 909 ± 20 nm (SD =
252 nm); S.A. = 672 ± 17 nm (SD = 218 nm), n = 160 AZs in 20
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IHCs, N = 12, P < 0.0001, Mann–Whitney–Wilcoxon test for
both axis] (Fig. 5 C and D). This larger spread of the presynaptic
Ca2+ signals is in agreement with the higher prevalence of AZs
with multiple Ca2+-channel clusters in PTXa-expressing IHCs.

The Modiolar–Pillar Gradient of Maximal Synaptic Ca2+ Influx Is Lost
upon PTXa Expression, but the Pillar–Modiolar Gradient of Its Voltage-
Dependent Activation Is Maintained. By reconstructing the imaged
IHCs as cylindrical models, we then studied the position depen-
dence of AZ properties in live imaging experiments as previously
described (14). At P14-18 a tendency for a stronger maximal Ca2+

influx was found for modiolar AZs, which also showed a signifi-
cantly more depolarized activation of the Ca2+ channels. Perform-
ing this analysis on the synaptic Ca2+ influx of PTXa control and
mutant IHCs at P21-26, as expected, we found a stronger ΔF/Fmax
for modiolar than for pillar AZs in PTXa control IHCs [modiolar,
1.68 ± 0.11 (SD = 1.17), n = 104 AZs vs. pillar, 1.39 ± 0.11 (SD =
0.91), n = 65 AZs in 19 IHCs, N = 11, P = 0.033, Mann–Whitney–
Wilcoxon test]. PTXa expression completely collapsed this gradient
[modiolar, 1.96 ± 0.13 (SD = 1.32), n = 98 AZs vs. pillar, 1.94 ±
0.17 (SD = 1.31), n = 57 AZs in 18 IHCs, N = 10, P = 0.91, Mann–
Whitney–Wilcoxon test] (Fig. 6A). The “winning” AZs, defined for
each cell as the synapse exhibiting the strongest Ca2+ influx (high-
lighted in blue in the box plot and polar charts), were in great
majority positioned on the modiolar side in PTXa control IHCs,
as previously described (14). In contrast, their localization seemed

more random in PTXa-expressing IHCs. However, there was no
significant difference in their average positions along the modiolar–
pillar axis (P = 0.10, t test) (SI Appendix, Fig. S4) and their respective
contributions (ratio between mean ΔF/Fmax of winner/mean ΔF/Fmax
of the rest of the AZs) for a given cell [PTXa mutant, 2.49 ± 0.18
(SD = 0.78) vs. PTXa control, 2.27 ± 0.24 (SD = 1.08), P = 0.46,
t test]. In contrast to the ΔF/Fmax gradient, the pillar–modiolar
gradient for the Vh of Ca2+-channel activation was maintained in
PTXa expressing IHCs [PTXa mutant, modiolar, −26.35 ± 0.83 mV
(SD = 7.50 mV), n = 80 AZs vs. pillar, −30.64 ± 1.47 mV (SD =
9.57 mV), n = 42 AZs in 18 IHCs, N = 10; P = 0.013 vs. PTXa
control, modiolar, −23.19 ± 0.74 mV (SD = 6.69 mV), n = 81 AZs
vs. pillar, −25.70 ± 0.96 mV (SD = 6.96 mV), n = 53 AZs in 19
IHCs, N = 11; P = 0.039, t test for both conditions] (Fig. 6B).

Discussion
The auditory system processes sound pressures ranging over six
orders of magnitude. SGNs with different and complementary
firing properties work together to encode this wide dynamic
range of audible sounds. Despite progress in defining mechanisms,
the functional diversity of SGNs remains largely enigmatic. De-
fining where the primary mechanism resides and how it is estab-
lished and maintained are active fields of research. Here we
investigated whether Gαi-LGN function, known to influence cell-
intrinsic planar polarity at the apex of the HCs, also affects the
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completely collapsed in the PTXa mutant (PTXa mutant, modiolar, n = 98 AZs; pillar, n = 57 AZs, P = 0.91, Mann–Whitney–Wilcoxon test). The strongest AZs
from each cell are highlighted in blue in both polar charts and box plots. Data were pooled from 19 and 18 IHCs in PTXa control and mutant conditions,
respectively; box plots show 10th, 25th, 50th, 75th, and 90th percentiles with individual data points overlaid; each radial circle is 2 μm, and means are shown
as crosses, as for B. (B) The polar charts display voltages for half-maximal activation Vh as a function of AZ positions in live-imaging experiments. Box plots
of the voltage for half-maximal activation Vh and Vh estimates of individual IHCs show a significant hyperpolarized shift of the fractional activation of the
CaV1.3 channels in the pillar side compared with the modiolar side in both control and mutant conditions (PTXa mutant, modiolar, n = 80 AZs; pillar, n = 42
AZs, P = 0.013; PTXa control, modiolar, n = 81 AZs; pillar, n = 53 AZs, P = 0.039; t test for both conditions).
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presynaptic heterogeneity at the base of IHCs. Interestingly, dis-
rupting Gαi activity via PTXa expression in IHCs collapsed the
modiolar–pillar gradients of ribbon size and maximal synaptic Ca2+

influx, while reorganizing and enlarging the synapses. Indeed, we
found larger and more complex Ca2+-channel clusters by immu-
nofluorescence microscopy, which was corroborated by the obser-
vation of increased Ca2+ influx at the whole-cell and single-synapse
levels. Importantly, PTXa consistently disrupted the modiolar–pillar
gradient of ribbon size regardless of IHC planar orientation. Since
inactivation of Gαi3 or its binding partner LGN do not affect HC
orientation but also disrupted the modiolar–pillar gradient of ribbon
size, we suggest that reliance on Gαi function differs to polarize
apical and basal IHC features. This could potentially be explained
by a strict requirement for Gαi3 to establish the ribbon gradient,
while the apical cytoskeleton might be redundantly oriented by
multiple Gαis. Overall, our results suggest that Gαi3-LGN partici-
pates in establishing the position-dependent properties of IHC AZs.

A Role for Gαi in Setting Up the Spatial Gradient of AZ Properties in
IHCs. Although it is well established that PTXa specifically ADP-
ribosylates and impairs Gαi function (35), PTXa might affect IHC
development in more ways than strictly disrupting planar polarity
mechanisms. While the enlarged synaptic Ca2+ influx observed
upon PTXa argues against decreased IHC fitness or impaired IHC
activity, simultaneous disruption of Gαi2 and Gαi3 was reported to
impair IHC maturation (26). This conclusion was based on the
absence of large-conductance Ca2+-activated K+ (BK) channels
at the IHC neck and the persistence of small-conductance
Ca2+-activated K+ (SK2) channels present before hearing onset
and juxtaposed to efferent boutons. PTXa-expressing as well as LGN
KO IHCs showed variable BK signals from IHC to IHC ranging
from normal clustering to no signal (SI Appendix, Fig. S5 B and C).
Agreeing with this mosaic BK expression, SK2 channels ubiqui-
tously present at P7 were observed in a fraction of PTXa expressing
IHCs at P22 but were completely absent in littermate controls (SI
Appendix, Fig. S6 A–C). However, several observations argue
against a leading role of delayed IHC maturation on the observed
PTXa mutant synaptic phenotype. Gαi3 mutant IHCs lost their
modiolar–pillar gradient for ribbon size but exhibited a clustering of
BK channels at their neck (SI Appendix, Fig. S5A). Supportive ev-
idence also includes the report of a significant gradient in immature
IHCs before hearing onset (27). Moreover, targeted inactivation of
the Gαi3-binding partner LGN also collapsed the gradient of the
size of synaptic ribbons, suggesting that the similar collapse upon
PTXa likely reflects defective Gαi3-LGN cell polarization. While
the increased whole-cell Ca2+ current per se could be consistent
with impaired IHC maturation (e.g., ref. 36), further arguments
against a major maturational deficit include (i) a qualitatively sim-
ilar amount of extrasynaptic CaV1.3 Ca2+ channels at the confocal
level as well as a comparable maximal Ca2+ influx potentiation in
PTXa mutants at the whole-cell and synapse levels (30 and 23%,
respectively); (ii) well-defined PSDs at the confocal and STED
levels, in contrast to the several small PSDs per contact found at
earlier stages (28); (iii) same ribbon intensity and number, while
more and smaller ribbons were found in immature IHCs; and fi-
nally, (iv) stronger synaptic Ca2+ influx, while weaker Ca2+ influx
per AZ was found before hearing onset (28). Altogether, Gαi sig-
naling could thus be required for aspects of IHC maturation in-
dependently from its role in diversifying ribbon synapse properties.
In conclusion, our results strongly suggest that Gαi-LGN signaling
directly regulates the modiolar–pillar gradient of synapse properties.
Considering other possible confounding mechanisms, it is

worth noting that stunted and disorganized stereocilia affecting hair
bundle function and thus sound encoding per se are unlikely to alter
synapses, as we did not find obvious changes in position-dependent
morphological synapse properties in Myo15sh2 mutants. Nonethe-
less, some aspects of the synaptic phenotype observed in the PTXa
mutant IHCs are reminiscent of the USH1C deaf-circler mutant

mice, where absence of the harmonin protein induces severe hair
bundle defects. There, too, an increased amplitude and hyper-
polarized activation of synaptic Ca2+ influx was observed, but no
evidence for an immaturity phenotype was found (14). A gain of
synaptic function through increased number and more hyper-
polarized activation of Ca2+ channels could be a mechanism to
increase spontaneous SGN firing to compensate for the lack of
sound-evoked firing. Hence, the potentiated Ca2+ influx could be
secondary to a deficit of mechanotransduction.

Candidate Mechanisms for Defining Position-Dependent AZ Ca2+

Influx Properties. Using single-cell RNA sequencing, recent
studies (37–39) characterized three distinct subpopulations of type
I SGNs in the mouse. Interestingly, these transcriptome-based
subpopulations expressed distinct complements of transcription
factors but also ion channels, receptors, and synaptic proteins.
Moreover, as these different subpopulations were shown to differ-
entially target the IHC basolateral periphery, their profiling offered
potential postsynaptic determinants that could account for hetero-
geneous firing properties of the SGNs. Moreover, these SGN sub-
populations might exert differential instructive influence on the
properties of presynaptic IHC AZs. By reconstructing the patch-
clamped cells we found that blocking Gαi signaling abolishes the
modiolar–pillar gradient for the maximal strength of synaptic Ca2+

influx but preserves the pillar–modiolar gradient for the voltage
dependence of Ca2+ channel activation. This finding might indicate
that distinct mechanisms govern the spatial distribution of the
number of Ca2+ channels per AZ and their voltage dependence of
activation. This observation of unchanged spatial gradient of voltage
dependence of activation would be consistent with observations in
IHCs of Gipc3 KO mice, where the gradient for the strength of
synaptic Ca2+ influx was reversed, while the pillar–modiolar one for
voltage dependence of activation was maintained (14). The mutated
Gipc3343A allele disrupts the hair bundle structure and leads to
progressive sensorineural hearing loss (40). Gipc1 was shown to
interact with the core PCP protein Vangl2, and its disruption leads
to maturation defects affecting hair bundle orientation and integrity
(41). Interestingly, an interaction between Gipc1 and Tyrosine ki-
nase receptor TrkA was described in culture, proposing Gipc1 as a
link between TrkA and G protein signaling (42). Candidate mech-
anisms defining the voltage dependence of activation at a given AZ
include the precise splice CaV1.3 variant(s) (14, 43, 44), the subunit
composition (45), and interacting proteins present (14, 34, 46, 47).
Several studies in the neuromast HCs of larval zebrafish, in-

cluding modified expression of RIBEYE (48, 49) and frame shift
ribeye mutations (50), as well as Cre-deletion of RIBEYE in the
mouse cochlea and retina (34, 51, 52), have shown a relationship
between the ribbon and the Ca2+-channel cluster organization. A
depolarized shift of the voltage dependence activation of Ca2+ in-
flux was found in RIBEYE-deficient IHCs (34), but a direct in-
teraction of RIBEYE and the Ca2+ channel complex has not yet
been reported. Aside from RIBEYE, Bassoon has been shown to
promote Ca2+-channel tethering at the AZ (53) likely via in-
teraction with RIM-binding protein (54). RIM-binding protein was
reported to interact with CaV1.3 Ca2+ channels (55) and is neces-
sary to establish a normal Ca2+-channel complement at the IHCAZ
(56). Moreover, RIM2α and β have been reported to promote the
clustering of these channels at the synapse (47), and RIM2 and
RIM3 were shown to directly interact with the pore-forming subunit
of CaV1.3 Ca2+ channel (57). It will be of interest to explore pos-
sible interactions determining whether the trafficking of these dif-
ferent AZ proteins are governed by the Gαi3-LGN complex. Future
experiments are required to investigate the importance of LGN for
synaptic physiology and identify potential alternative interacting
partners for Gαi besides LGN, including membrane receptors or
other planar polarity protagonists. In particular, it will be in-
teresting to ask whether tissue-level mechanisms regulating IHC
planar orientation at cell–cell junctions (e.g., core PCP proteins)
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also influence the spatial gradient of ribbon size and/or synaptic
physiology. In addition, emphasis should be put on ultrastructural
studies by electron microscopy to further characterize the spatial
reorganization of the synapses, as well as recordings from auditory
nerve fibers to assess the effect on the SGN firing rate diversity.

Materials and Methods
All experiments complied with national animal care guidelines and were
approved by the University of Göttingen Board for Animal Welfare, the
Animal Welfare Office of the State of Lower Saxony, and the Animal Care
and Use Committee of The Jackson Laboratory. For details of patch-clamp

and confocal Ca2+ imaging, immunohistochemistry and confocal/STED im-
aging, and data analysis, see SI Appendix, SI Materials and Methods.
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