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Adenomatous Polyposis Coli Protein Deletion in Efferent
Olivocochlear Neurons Perturbs Afferent Synaptic
Maturation and Reduces the Dynamic Range of Hearing
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Normal hearing requires proper differentiation of afferent ribbon synapses between inner hair cells (IHCs) and spiral ganglion neurons
(SGNs) that carry acoustic information to the brain. Within individual IHCs, presynaptic ribbons show a size gradient with larger ribbons
on the modiolar face and smaller ribbons on the pillar face. This structural gradient is associated with a gradient of spontaneous rates and
threshold sensitivity, which is essential for a wide dynamic range of hearing. Despite their importance for hearing, mechanisms that
direct ribbon differentiation are poorly defined. We recently identified adenomatous polyposis coli protein (APC) as a key regulator of
interneuronal synapse maturation. Here, we show that APC is required for ribbon size heterogeneity and normal cochlear function.
Compared with wild-type littermates, APC conditional knock-out (cKO) mice exhibit decreased auditory brainstem responses. The IHC
ribbon size gradient is also perturbed. Whereas the normal-developing IHCs display ribbon size gradients before hearing onset, ribbon
sizes are aberrant in APC cKOs from neonatal ages on. Reporter expression studies show that the CaMKII-Cre used to delete the floxed
APC gene is present in efferent olivocochlear (OC) neurons, not IHCs or SGNs. APC loss led to increased volumes and numbers of OC
inhibitory dopaminergic boutons on neonatal SGN fibers. Our findings identify APC in efferent OC neurons as essential for regulating
ribbon heterogeneity, dopaminergic terminal differentiation, and cochlear sensitivity. This APC effect on auditory epithelial cell synapses
resembles interneuronal and nerve–muscle synapses, thereby defining a global role for APC in synaptic maturation in diverse cell types.
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Introduction
Ribbon synapses mediate transmission between cochlear inner
hair cells (IHCs) and spiral ganglion neurons (SGNs). These syn-
apses are specialized for fast, synchronized neurotransmitter re-
lease at stimulus onset, and sustained release for as long as the
stimulus is present (Moser and Beutner, 2000; Khimich et al.,

2005; Grant et al., 2010). Both onset and sustained responses are
graded with stimulus intensity.

A single IHC makes synaptic contact with terminals from 5 to
30 SGNs. However, each SGN contacts a single IHC via a single
ribbon synapse (Ruel et al., 2007; Liberman et al., 2011). SGNs
display threshold sensitivities that can differ by several orders of
magnitude (Taberner and Liberman, 2005). These threshold dif-
ferences are critical to the impressive dynamic range of hearing.
Threshold sensitivity is inversely correlated with spontaneous
discharge rate (SR): high-SR fibers have low thresholds, while
low-SR fibers have high thresholds. The SR gradient is mirrored
by complementary gradients in synaptic morphology. Low-SR
and high-SR fibers contact opposite sides of the IHC: synapses on
the pillar (high-SR) side have large glutamate receptor patches
opposite small presynaptic ribbons, whereas synapses on the mo-
diolar (low-SR) side exhibit smaller glutamate receptor patches
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Significance Statement

This study identifies novel molecules and cellular interactions that are essential for the proper maturation of afferent ribbon
synapses in sensory cells of the inner ear, and for normal hearing.
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opposite larger ribbons (Liberman, 1982; Liberman et al., 2011;
Yin et al., 2014). Although the SR gradient is critical for dynamic
range of the auditory periphery, little is known about mecha-
nisms that underlie differentiation of these synaptic gradients.

Ribbon synapse number and function are refined throughout
development by numerous mechanisms, including the following:
transient and sustained innervation of neonatal IHCs and SGN
dendrites, respectively, by efferent olivocochlear (OC) neurons;
purinergic and neurotrophic signals from supporting cells; thy-
roid hormone; and differential influx of Ca 2� into IHCs (John-
son et al., 2005; Sendin et al., 2007; Tritsch et al., 2007; Vetter et
al., 2007; Roux et al., 2011; Zuccotti et al., 2012; Wong et al., 2013,
2014). In the adult cochlea, OC–SGN synapses are required for
maintenance of SR range and ribbon size gradients, particularly
large modiolar ribbons, as shown by surgical de-efferentiation
(Liberman, 1990; Yin et al., 2014). Not yet defined are when and
how, during development, ribbon-size gradients are generated,
or the impact on cochlear function if they are not established.

Here, we investigated a role of adenomatous polyposis coli
protein (APC) in ribbon synapse differentiation, based on its role
in regulating maturation, density, function, and molecular com-
position of interneuronal synapses (Temburni et al., 2004;
Rosenberg et al., 2008, 2010; Mohn et al., 2014). APC is a ubiq-
uitously expressed scaffold and mRNA binding protein with mul-
tiple functions and binding partners (Fearnhead et al., 2001;
Preitner et al., 2014). APC loss in neurons leads to excessive
�-catenin levels and deregulation of both canonical Wnt-
stimulated gene expression and cadherin synaptic adhesion com-
plexes that, in turn, dynamically modulate synaptic density and
maturation (Yu and Malenka, 2004; Salinas, 2012; Mohn et al.,
2014). Intellectual disabilities and autism are associated with
APC heterozygous gene deletions in humans (Heald et al., 2007;
Zhou et al., 2007). APC loss in humans may impair hearing sen-
sitivity (Lutz et al., 2006; Jones et al., 2010). Here, we show that
APC conditional knock-out (cKO) mice exhibit reduced cochlear
function, aberrant afferent synapse ribbon size gradients, and
altered differentiation of efferent OC dopaminergic presynaptic
inputs to SGN fibers. Our findings identify novel roles for APC
and efferent OC inputs in establishing ribbon heterogeneity and
normal hearing sensitivity.

Materials and Methods
Animals. APC cKO mice were generated by crossing APC lox468/
lox468 mice (Gounari et al., 2005) with CaMKII-Cre mice (Rios et al.,
2001). APC fl/fl Cre-positive mice were used, and APC fl/fl Cre-
negative littermates served as wild-type (WT) controls (Mohn et al.,
2014). CaMKII-Cre ROSA LacZ reporter mice were generated by
crossing CaMKII-Cre mice with the ROSA26 Cre reporter strain (So-
riano, 1999). CaMKII-Cre mTmG reporter mice were generated by
crossing CaMKII-Cre mice with mT/mG fluorescent reporter mouse
(Muzumdar et al., 2007). All experiments used both male and female
mice in nearly equal numbers. All procedures were in compliance
with National Institutes of Health guidelines and approved by the
Tufts University and the Massachusetts Eye & Ear Infirmary Institu-
tional Animal Care and Use Committee.

Cochlear function tests. Animals, 6–9 weeks of age, were anesthetized
with ketamine (100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.). Auditory
brainstem responses (ABRs) and distortion product otoacoustic emission
(DPOAE) responses were measured in an acoustically and electrically
shielded chamber at 30°C. The Eaton-Peabody Laboratories (EPL) Acoustic
System, EPL PXI System, and EPL Cochlear Function Test Suite were used to
stimulate, record, and analyze cochlear function in the mice (http://www.
masseyeandear.org/research/otolaryngology/investigators/laboratories/
eaton-peabody-laboratories/epl-engineering-resources/). To measure
ABRs, needle electrodes were placed subdermally at the lower pinna

(positive), the vertex of the skull (negative), and above the tail (ground).
Short tone pips (4 ms, 0.5 ms rise–fall) were presented at half-octave
intervals between 5.6 and 42 kHz, at 10 –90 dB in 5 dB steps. ABR thresh-
olds were defined as the minimum sound pressure level (SPL) at which
an ABR waveform is readily discerned across �2 5 dB steps. For DPOAE
measurements, two pure tones (f1 and f2) were played through separate
speakers, with f2 � 1.2 � f1 and 10 dB less intense than f1. The DPOAE
response amplitude at the 2f1-f2 distortion frequency was used to deter-
mine thresholds, defined as the calculated f2 value at which a 0 dB SPL
DPOAE is produced.

Tissue preparation and staining. Animals were anesthetized with iso-
flurane followed by killing via cervical dislocation and decapitation. For
epithelial whole mounts, cochleae were removed and immediately
flushed with ice-cold PBS, followed by cold 4% paraformaldehyde (PFA)
through cochlea windows and a hole in the cochlear apex. Cochleae were
postfixed at 4°C for 3 h with gentle rotation. Postnatal day (P) 21 to adult
(7–9 weeks old) cochleae were decalcified in cold PBS containing 0.125 M

EDTA under gentle rotation for 2 d. P14 cochleae were decalcified for 1 d,
and P0 –P10 cochleae did not require decalcification. The epithelial
whole mounts were dissected from base to apex. For cryostat sectioning,
cochleae were dissected after transcardial perfusion with ice-cold PBS,
followed by 4% PFA, postfixation overnight at 4°C while rocking, decal-
cification, and infiltration with graded 10 –30% sucrose in PBS over 3 d
while rocking. Cochleae were rapidly frozen in cryostat embedding me-
dia, and sectioned (12 �m-thick slices) along the modiolar plane.

For �-galactosidase (LacZ) staining, cochleae were dissected after
transcardial perfusion of PBS and 4% PFA, postfixed for 1 h, and stained
in toto through the cochlea windows under gentle rocking at 37°C over-
night, washed 3� for 10 min in PBS, followed by postfixation and pro-
cessing for whole-mount or cryostat sectioning as described above. The
staining solution contained 1 mg/ml X-gal in 5 mM K3Fe(CN)6, 5 mM

K4Fe(CN)6.3 H2O, 2 mM MgCl2.6 H2O, 0.01% Na-deoxycholate, and
0.02% NP-40 (Gómez-Casati et al., 2010).

For immunostaining, epithelial whole mounts were permeabilized by
freezing in PBS at �80°C, followed by 1 h gentle rocking in blocking
solution consisting of 1% Triton-X and 5% normal horse serum (Sigma-
Aldrich) in PBS. Whole mounts were then rocked in a humidity-
controlled chamber overnight at 37°C in primary antibody diluted in
blocking solution, washed 3� for 5 min in blocking solution, incubated
for 2 h at 37°C in secondary antibody diluted in blocking solution,
washed 3� for 5 min in PBS, and mounted in Fluoromount-G (Southern
Biotech). For cryostat section immunostaining, sections on slides were
blocked for 1 h at 20°C, stained in primary antibody solution for 2 h at
20°C, washed 3� 5 min, stained in secondary antibody solution for 1 h at
20°C, washed 3� for 5 min, and mounted using Fluoromount-G.

Primary antibodies used were as follows: rabbit anti-myosin VIIa (1:
200; Proteus BioSciences, 25-6790), mouse-IgG2a anti-GluR2 (1:1000;
Millipore, MAB397), mouse-IgG1 anti-CtBP2/ribeye (1:200; BD Trans-
duction Laboratories, 612044), rabbit anti-vesicular acetylcholine
transporter (anti-VAT; 1:200; Abcam, ab68986), chicken anti-tyrosine
hydroxylase (anti-TH; 1:1000; Abcam, ab76442), chicken anti-neuro-
filament H (1:1000; Millipore, AB5539), and chicken anti-GFP (1:500;
Aves Labs, GFP-1020). Secondary antibodies used were as follows: Dy-
Light 405 donkey anti-rabbit (1:400), Alexa 488 donkey anti-chicken
(1:400), Alexa 488 goat anti-mouse-IgG2a (1:200), cyanine 3 anti-
mouse-IgG1 (1:200), Alexa 647 donkey anti-chicken (1:400), Alexa 647
donkey anti-rabbit (1:400; all Jackson ImmunoResearch affinity-purified
secondary antibodies). In addition, Hoechst 33258 dye (1:10,000; Invit-
rogen) was included in secondary antibody mixtures to stain nuclei. As
controls for specific staining, secondary antibody only and omission of
secondary antibody were used separately to verify background fluores-
cence. Autofluorescence was minimal in specimen preparation.

Confocal microscopy. All fluorescence microscopy was imaged using a
Nikon A1R confocal system in the Tufts Center for Neuroscience Re-
search Imaging Facility. The mTmG reporter mice were imaged using a
Nikon 40� plan apochromat (APO) objective at 0.25 �m/pixel resolu-
tion and 0.25 �m steps. All micrographs used for ribbon volumetric
analysis were imaged using a 60� plan APO objective at 0.10 �m/pixel
resolution and 0.25 �m steps, at subsaturating gain.
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Quantitative volumetric ribbon analysis. The cochlear region at the
junction between the first and second cochlear turns, corresponding
to �16 kHz where, in WT mice, ribbon size gradients are most pro-
nounced (Liberman et al., 2011), was imaged for quantitative ribbon
analysis. Imaris software was used to analyze the 3D z-stacks. The
numbers and volumes of presynaptic ribbons and postsynaptic
AMPAR clusters at IHC–SGN synapses, as well as the efferent OC
dopaminergic and cholinergic presynaptic terminals on IHCs and
SGN fibers were measured. Using the ribbons as a representative
example, volumes were determined by defining a minimum threshold
above local background and a minimum acceptable Gaussian distri-
bution of voxel intensity around a given punctum, to minimize false-
positive noise, while allowing detection of small ribbons. Identical
parameters were used within each age group, and similar parameters
were used between each age. IHCs were delineated using MyoVIIa
staining, while ribbon volumes were isolated using CtBP2 staining.
Postsynaptic contacts were localized using a combination of GluA2
and neurofilament H immunomarkers. Every ribbon was quantified
within each IHC, 4 –7 IHCs were analyzed per animal, and 4 – 8 ani-
mals were analyzed per age and genotype. To minimize experimental
variability, age-matched WT and APC cKO cochleae, often from lit-
termates, were processed, stained, and imaged together. The average
ribbon volume in WT IHCs was used to normalize modiolar and
pillar ribbon volumes in both WT and cKO age-matched mice within
a given staining group. To minimize observer bias, the volumes of the
three ribbons closest to the cuticular plate on the modiolar face and
on the pillar face within each IHC were averaged and normalized
across each genotype in each staining group. Using this normaliza-
tion, relative changes in pillar-face and modiolar-face ribbon volumes could
then be compared between genotypes within each age, and the ribbon vol-
ume gradients compared as a function of developmental age.

Immunoblot analysis. Lysates were prepared from 12 pooled cochleae
isolated from six APC cKO mice and six WT littermates. The immuno-

blots were analyzed with antibodies to APC (Santa Cruz Biotechnology)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Millipore
Bioscience Research Reagents) as a loading control.

Results
Attenuated neural responses from adult APC cKO cochleae
To assess cochlear function, we measured the ABR, which reveals
the magnitude of sound-evoked neural activity in the auditory
periphery. Compared with WT littermates, APC cKO mice dis-
played elevated ABR thresholds across all frequencies tested (p �
0.001, two-way ANOVA with repeated measures; Fig. 1a,c).
Threshold shifts increased with increasing frequency. Indeed,
APC cKO mice often had no detectable ABR response at 32 and
45.2 kHz at the highest sound pressure presented (90 dB SPL). At
high frequencies, the suprathreshold amplitude of wave 1, the
summed activity of the cochlear nerve, was also significantly re-
duced in the APC cKOs (Fig. 1b). In contrast, the summating
potential (SP) arising presynaptically from the IHCs (Yuan et al.,
2014) was unaffected by the targeted deletion (WT SP, 0.235 �
0.029 �V; cKO SP, 0.197 � 0.034 �V for 16 kHz and 80 dB SPL;
p � 0.418 unpaired t test).

Correspondingly, OHC function also appeared normal in the
APC cKO ears. To assess OHC function, we measured DPOAEs,
which arise from nonlinearities in mechanoelectric transduction,
and are amplified by normal OHC function and transmitted back
to the ear canal, where they can be measured. DPOAE thresholds
in APC cKOs were not significantly different from those of WT
littermates (Fig. 1d; p � 0.104, two-way ANOVA with repeated
measures). Thus, threshold elevations in APC cKO mice appear
to arise largely from dysfunction in synaptic transmission be-

Figure 1. APC cKO mice have attenuated cochlear neural responses. a, Representative ABR waveforms at 16 and 32 kHz are reduced in APC cKO mice (right, red), compared with WT littermates
(left, black). However, IHC-based summating potentials (arrowheads) appear unaffected. b, APC cKO mice display decreased ABR peak 1 amplitudes at both 16 and 32 kHz (*p � 0.029 and *p �
0.024, respectively, Holm–Sidak t test). Responses to 50 dB SPL stimuli are shown: n � 10 APC cKOs and 9 WTs at 6 –9 weeks old. c, APC cKO mice exhibit elevated ABR thresholds ( p � 0.001, 2-way
ANOVA; n � 10 APC cKOs and 9 WTs). d, OHC function is not significantly different from WT in APC cKO mice, based on DPOAE thresholds ( p � 0.104, 2-way ANOVA, n � 12 APC cKOs and 13 WTs).
Error bars in b– d represent SEM.

9238 • J. Neurosci., June 17, 2015 • 35(24):9236 –9245 Hickman et al. • APC Deletion Perturbs Ribbon Size Gradients and Hearing



tween IHCs and the cochlear nerve terminals that synapse with
them.

Altered ribbon size gradients in adult APC cKO IHCs
To look for changes in synaptic morphology, we immunostained the
cochlear sensory epithelium for CtBP2, a major component of presyn-
aptic ribbons (Schmitz et al., 2000; Zenisek et al., 2003), and quantified
the number and volume of IHC ribbons at the 16 kHz region. We fo-
cusedonthisregionbecauseribbonsizegradientsaremostpronounced
here in WT mice (Liberman et al., 2011). APC cKOs and WTs (6–9
weeks old) displayed similar numbers of ribbons per IHC (Fig. 2a), and
mean values (�20) were consistent with those in previous studies in
mice (Liberman et al., 2011). To test for the presence of postsynaptic
AMPAR patches on the SGN fibers at sites apposing presynaptic rib-
bons, we double-stained for the GluA2 subunit. Nearly every ribbon in
IHCsofWTs(99.7%)andAPCcKOs(99.2%)wasclosely juxtaposedto

an AMPAR cluster (Fig. 2b). Thus, the reduc-
tioninABRresponses inAPCcKOmiceisnot
caused by a loss of afferent ribbon synapses.

Within a single IHC, ribbon synapses
normally exhibit a size gradient, with
larger ribbons on the modiolar side and
smaller ribbons on the pillar side (Liber-
man et al., 2011; Yin et al., 2014). Fibers
synapsing on the modiolar face tend to
have high thresholds and low spontane-
ous rates (SRs), while fibers synapsing on
the pillar face have low thresholds and
high SRs (Liberman, 1982). To determine
whether the ribbon size gradient is altered
in APC cKO IHCs, we compared ribbon
volumes on the modiolar versus pillar
faces in the 16 kHz region. To compare
data from ears processed and imaged on
different days, volumes in cKOs were nor-
malized to the average ribbon size from
WTs processed on the same day. The rib-
bon size gradient was readily detected in
WT mice (Fig. 2c,d); however the gradient
was absent in APC cKOs (Fig. 2c,e). Rib-
bons on APC cKO modiolar and pillar
faces were similar in volume, with APC
cKO pillar ribbons approximately twice
the volume of WT pillar ribbons (Fig. 2c).
Since large ribbons normally indicate
high-threshold, low-SR SGNs, the ribbon
dysmorphology could reflect the ABR
threshold elevations seen in APC cKO
mice (Fig. 1).

Cellular site of cochlear APC deletion
To identify mechanisms underlying the
ribbon synapse changes in APC cKOs, we
first confirmed that expression of CaMKII
Cre recombinase excises the floxed APC
gene in APC cKO cochlea. We show a
marked reduction of APC protein levels,
as detected by immunoblotting (Fig. 3a).
Next, we identified the cell types in the
adult cochlea that express the CaMKII-
Cre and lose APC. We used two reporter
mouse lines: ROSA LacZ mice, for bright-
field histological studies, and membrane-

bound (m) dTomato-mGFP (mTmG) mice (Muzumdar et al.,
2007) for fluorescent studies. Previous analyses of CaMKII-Cre
expression in the developing mouse brain showed expression
chiefly in postmitotic, glutamatergic neurons, beginning neona-
tally and reaching peak expression in the third postnatal week
(Rios et al., 2001). Surprisingly, neither IHCs nor SGNs, both of
which are glutamatergic, were sites of CaMKII expression (Fig.
3b–g). Signal was never observed in IHCs or OHCs (Fig. 3e– g).
Few Cre-positive cells were detected among the thousands of
SGNs in epithelial whole mounts of CaMKII-Cre ROSA mice
(Fig. 3b). Similarly, cryostat sections of CaMKII-Cre mTmG co-
chleae showed an overwhelming predominance of Cre-negative
(red) SGNs (Fig. 3c). In contrast, CaMKII-Cre was expressed in
fibers of the OC efferent system and in a subset of nonsensory
support cells of the organ of Corti. The signal in the OC fibers is
visible in the region of the spiral ganglion, where a small subset of the

Figure 2. IHCs in APC cKOs display normal ribbon numbers but lack the normal ribbon-size gradient. a, IHC ribbon counts
(CtBP2-positive puncta) at the 16 kHz region in APC cKO mice are similar to those in WT mice. b, In both APC cKOs and WTs, virtually
all ribbons form synapses, i.e., are closely juxtaposed to GluA2-positive puncta. c, APC cKOs lack the normal gradient of large
modiolar to small pillar ribbons, and have significantly larger pillar-face ribbon volumes (*p � 0.05, Mann–Whitney test). d, e,
Confocal micrographs of ribeye (CtBP2)-immunolabeled ribbons at synaptic pole of IHCs (outlined in white based on MyoVIIa
staining) in z-stacks, oriented on the y–z-axis, show the lack of ribbon size gradient, and increased size of pillar-face ribbons in APC
cKOs compared with WT littermates. Scale bar, 10 �m. n � 4 –7 IHCs from each of four WT mice and five APC cKO mice. Error bars
in a– c represent SEMs.
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fibers directed toward the organ of Corti are
GFP-positive (Fig. 3c, yellow arrowheads),
and in the region under the IHC (Fig. 3e,
inset), where the OC fibers spiral in the
inner spiral bundle (ISB). Supporting
cell expression is seen in the low-power
view of the CaMKII-Cre ROSA LacZ
mice (Fig. 3b,b’). In the high-power con-
focal images from the mTmG mice, the re-
porter signal is clearly present in inner and
outer pillar cells, and in Deiters’ cells under-
neath the OHCs (Fig. 3d–g).

To determine the developmental time
course of APC deletion, we examined
CaMKII-Cre expression in mTmG re-
porter mice at weekly intervals from P0 to
P28 (Fig. 4). At P0, expression was con-
fined to OC neurons, as seen in the intra-
ganglionic spiral bundle within the spiral
ganglion, the ISB beneath the IHCs, and
the osseous spiral lamina that connects
them (Fig. 4a,e). At P7–P9, when OC fibers
contact both IHCs and SGN terminals
(Simmons et al., 2011), Cre expression is
readily detected in the ISB (Fig. 4b,g,h), and
in the region of the cochlear nucleus
where the central axons of the auditory
nerve are present (Fig. 4f). At this age, Cre
expression is also observed in OC effer-
ents crossing the nascent tunnel of Corti
(Fig. 4b). CaMKII-Cre expression in sup-
porting cells appears later, beginning at
P14 when supporting cell staining is
patchy, with signal in �1 of 30 cells (Fig.
4c). By P28, when the cochlea is morpho-
logically and physiologically identical to
the adult, the great majority of pillar and
Deiters’ cells are positive for CaMKII-Cre,
and expression remains in the OC fibers
in the ISB (Fig. 4d). Previous reports of
APC heterozygous gene deletion in mouse
cochlea supporting cells show changes in
microtubule cytoskeleton dynamics and
reduced bundling (Mogensen et al.,
2002). Such changes are not apparent in
APC cKOs, whose cochlear morphology
and mechanoelectrical transduction, as-
sessed by measuring DPOAEs, appear
normal. Overall, the restricted expression
of CaMKII-Cre in two cell types, with dif-
ferent ages of onset, makes it important to
determine when during development the
ribbon gradients normally appear and
whether they ever appear in the APO cKO
ears.

Ribbon size gradients in IHCs from neonatal WT and APC
cKO mice
The ribbon size gradient is already present in WT IHCs at P9 (Fig.
5a), before IHCs respond to sound stimuli. At this age, the num-
ber of ribbons is higher (27.1 � 1.06/IHC) than at P28 (20.1 �
0.850/IHC) and adult (7–9 weeks, 20.4 � 0.212/IHC). In WT P9,
P28, and adult mice, modiolar-face ribbons are larger than pillar-

face ribbons (Fig. 5a). Additionally, average ribbon size increases
in the developing IHC, reducing the relative size difference be-
tween the cuticular-most modiolar-face and pillar-face ribbons
compared with average ribbon volume per IHC, from P9 through
adulthood (Fig. 5a).

As in WTs, APC cKOs exhibit an increased number of ribbons
at P9 (28.3 � 1.44/IHC), compared with P28 (20.6 � 0.360/IHC)
and adult (20.5 � 0.691/IHC) ribbon numbers. At P9, pillar-face

Figure 3. CaMKII-Cre recombinase expression is restricted to OC neurons and supporting cells of the adult cochlea. a, Immu-
noblotting shows decreased APC protein levels in cochlear lysates from pooled APC cKOs, compared with that of WT littermates (6
mice, 12 cochleae in each lane). GAPDH, as a loading control. b, CaMKII-Cre expression (xgal, blue) is robust in the organ of Corti and
sparse in the spiral ganglion, as shown in a cochlea epithelial whole mount of an adult ROSA-LacZ reporter mouse. b’, Inset, A small
region of the organ of Corti outlined in b, is enlarged to more clearly show labeling of support cells, including inner pillar cells (IPC),
outer pillar cells (OPC), and Deiters’ cells. IHCs are not labeled. c, No CaMKII-Cre-positive SGNs (green, mGFP) are present among the
abundant Cre-negative SGNs (red, mTomato) in this representative cryostat section of an adult mTmG Cre reporter mouse. Cre-
positive (green, mGFP) processes (yellow arrowheads), likely efferent OC axons, are seen entering and leaving the ganglion. Cell
nuclei are labeled (blue, HOECHST). d, Schematic diagram of CaMKII-Cre (green) expression in LOC fibers to the IHC area, medial OC
(MOC) fibers to the OHC area, as well as selected supporting cells, including IPCs, OPCs, and Deiters’ cells. e, Representative cryostat
section from adult mTmG reporter mouse showing CaMKII-Cre expression pattern in the organ of Corti. Cre-positive (green, mGFP)
IPCs, OPCs, Deiters’ cells, and spiraling LOC inputs (yellow arrowheads); Cre-negative (red, mTomato) IHCs, OHCs, and SGN fibers
(white arrowhead). Lower right inset, Higher-magnification view of Cre-positive (green, mGFP) LOC terminals (yellow arrowhead).
f– g, CaMKII-Cre-positive (green, mGFP) IPCs, OPCs, and Deiters’ cells, and Cre-negative (red, mTomato) IHCs and OHCs in confocal
images focused at the middle of the tunnel of Corti (f ) and the roof of the tunnel of Corti (g). The V-shaped stereocilia (g; red,
mTomato) are seen on Cre-negative OHCs. Scale bars: a, 50 �m; b, e– g, 20 �m. (ROSA LacZ mice, n � 6 Cre� and 8 WT; mTmG
mice, n � 8 Cre� and 8 WT).
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ribbons are significantly larger in APC cKOs, compared with WT
littermates (p � 0.0109, Mann–Whitney test; Fig. 5a). The
modiolar-face ribbons are larger still, but not different in size
between APC cKOs and WTs (Fig. 5a). Furthermore, while WT
mice display a clear ribbon size gradient, APC cKO mice do not;
i.e., their modiolar ribbons are not significantly larger than pillar
ribbons (WT p � 0.0003, cKO p � 0.0556, Mann–Whitney test).
These results demonstrate that ribbon sizes are aberrant by P9 in
APC cKO mice, when APC deletion is restricted to the OC sys-
tem; it is not yet deleted in the supporting cells, which occurs
later, in the second and third postnatal weeks (Fig. 4c,d). The
pillar ribbons remain larger at P28 and adult ages in APC cKOs
compared with WTs (both p � 0.016, Mann–Whitney test). The
ribbon size gradient remains absent in APC cKOs at P28 (p �
0.413) and adulthood (p � 0.667, Mann–Whitney test; Fig. 5a).
Overall, in WTs, modiolar-face ribbons are 89% larger than
pillar-face ribbons at P9, 43% larger at P28, and 132% larger in
adulthood (6 –9 weeks), whereas in APC cKOs, the size difference
is reduced to 53% larger at P9, 19% larger at P28, and 13% larger
in adulthood. Complementarily, APC cKO AMPAR patches on
SGN fibers trend to smaller, but not significantly different, sizes
in cKOs, compared with WT littermates, at immature (P9, �17%
smaller) and mature ages (7–9 weeks, �27% smaller; Fig. 5b).
Thus, loss of APC from OC terminals in the postnatal ear leads to
delayed refinement of modiolar ribbon sizes, incomplete refine-
ment of pillar ribbon sizes, loss of the ribbon size gradient within
IHCs, and a trend to smaller postsynaptic AMPAR cluster
volumes.

Efferent OC presynaptic terminals are altered in neonatal
APC cKO cochleae
Because the loss of IHC ribbon size gradients correlates tempo-
rally with CaMKII-Cre-mediated deletion of APC in efferent OC

neurons, we looked for changes in OC inputs to the cochlea in
APC cKO neonates. We immunostained both cholinergic (VAT)
and dopaminergic (TH) efferent subgroups that innervate IHCs
and SGN fibers, respectively, at this age. The presynaptic termi-
nals are readily observed throughout the ISB (Fig. 6a,b). We
quantified their number and volume in the 16 kHz region of P10
cochleae. The cholinergic efferent OC terminals trended to re-
duced volumes and density in APC cKO mice, compared with
WTs (but were not significantly different, unpaired t test; Fig.
6a–c). In contrast, the inhibitory, dopaminergic efferent termi-
nals displayed significantly increased volumes and density in the
cKOs (Fig. 6a,b,d). These structural changes are consistent with
reduced ABRs in the APC cKO mice (Ruel et al., 2001; Groff and
Liberman, 2003).

Discussion
Our findings suggest that APC and efferent OC inputs are regu-
lators of ribbon synapse morphology and threshold sensitivity in
the developing mammalian inner ear. APC cKO mice exhibit
elevated ABR thresholds across the frequency range of mouse
hearing. Hair cell function appears normal, based on summating
potentials that arise presynaptically from IHCs (Yuan et al., 2014)
and DPOAEs that reflect mechanoelectric transduction and co-
chlear amplification mediated by OHCs. On the other hand, IHC
afferent ribbon synapses are structurally altered in APC cKOs. By
P9, ribbons are aberrantly large, particularly on the pillar face of
the sensory cell, and the ribbon size gradient, established in WT
mice by this early age, is reduced in APC cKOs. Thus, the de-
creased cochlear sensitivity of APC cKOs appears to arise from
dysfunction of the primary synapse between IHCs and SGNs.

The postsynaptic component of IHC ribbon synapses, type-I
SGNs, make up 95% of the auditory nerve that carries auditory
information to the brain (Spoendlin, 1972). Each type-I SGN

Figure 4. CaMKII-Cre is expressed in OC fibers at P0, and later at P14 in supporting cells. a, e, At P0, Cre expression is restricted to OC fibers, as seen in the ISB below IHCs (a), and in the
intraganglionic spiral bundle (e; IGSB). b, f, h, At P7–P9, expression is strong in OC fibers, as seen in the ISB in whole mounts (b) and cross sections (h) of the organ of Corti; in OC fibers crossing the
tunnel of Corti (b, yellow arrow), and contacting IHCs (h, yellow arrow), as well as in the interstitial region of the cochlear nucleus (f; CN). There is no expression in hair cells (e.g., b, 3 white
arrowheads). c, At P14, CaMKII-Cre expression is seen in medial OC fibers (yellow arrow) and now appears in a subset of inner pillar cells (IPCs), outer pillar cells (OPCs), and Deiters’ cells. d, By P28,
expression is seen in a larger number of these same supporting cell types. g, Schematic cross section shows Cre-positive OC terminals (green, mGFP) surrounding the synaptic pole of the IHC. Scale
bars, a– d, 20 �m; e, 50 �m; f, 200 �m; h, 20 �m. (P0: n � 4 Cre�, 3 WT; P7: n � 10 Cre�, 11 WT; P9: n � 10 Cre�, 11 WT; P14: n � 2 Cre�, 3 WT; P21: n � 7 Cre�, 5 WT; P28: n � 10
Cre�, 5 WT).
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terminal contacts a single IHC at a single
active zone, to which a single presynaptic
ribbon is typically anchored (Liberman,
1982). The ribbon size gradient in normal
IHCs is mirrored by a complementary
gradient in the sizes of postsynaptic AM-
PAR clusters, and these morphological
gradients may play a role in the threshold
sensitivity gradients observed in record-
ings from SGN central axons (Liberman,
1978; Tsuji and Liberman, 1997; Taberner
and Liberman, 2005). On the modiolar
face of the IHC, large ribbons appose
small AMPAR clusters on SGN dendrites,
whereas on the pillar face, small ribbons
appose large AMPAR clusters (Liberman
et al., 2011; Yin et al., 2014). Pillar-face
small-ribbon synapses correspond to
SGNs with high SRs and mediate re-
sponses at low SPLs, whereas modiolar-
face large-ribbon synapses correspond to
SGNs with low SRs and mediate responses
to higher-level stimuli (Liberman, 1982).
Thus, the gradients of synapse size and
threshold sensitivity in the normal ear are
necessary for the large dynamic range of
the auditory periphery.

APC cKO mice exhibit elevated
thresholds, and aberrantly large ribbons
on the pillar face, leading to loss of ribbon
size gradients. In addition, the postsynap-
tic AMPAR clusters of APC cKO mice
trend to smaller volumes compared to
those of WT littermates. This afferent syn-
apse dysmorphology is consistent with the
reduced cochlear sensitivity of APC cKO
mice. However, ribbon dysmorphology
does not always produce threshold shifts,
as observed in mature cochleae after
acoustic overstimulation that causes per-
manent changes in ribbon morphology
despite only reversible elevations of
threshold (Lin et al., 2011; Furman et al.,
2013). Ribbon sizes therefore seem plas-
tic. As yet undefined is whether simulta-
neous changes occur in active zone or
postsynaptic organization following noise
exposure, and which architectural prop-
erties of the afferent synapse are critical for recovering low-
threshold responses.

The ribbon size gradient is present in the mouse cochlea mid-
dle turn by P9, an age when IHCs do not yet respond to sound.
Instructive cues for the ribbon size gradient are already present at
neonatal ages. In contrast, the ribbon size gradient is perturbed
and AMPAR volume trends to smaller sizes by P9 in APC cKOs.
The structural and functional changes define APC as a key mol-
ecule for normal cochlear function.

Developmental analysis of cochlear CaMKII-Cre expression
suggested that APC deletion is targeted to efferent OC neurons,
but not IHCs, OHCs, SGNs, or supporting cells by P0 and P9.
Thus OC efferents appear to be the cell type in which APC func-
tions to regulate afferent ribbon synapse morphology. At neona-
tal ages, medial OC efferents transiently establish nicotinic

synapses on IHC somata, and lateral OC (LOC) efferents estab-
lish axodendritic synapses on SGNs (Simmons et al., 1996; Pujol
et al., 1998; Katz et al., 2004; Bulankina and Moser, 2012). Our
Cre expression data suggest that APC is deleted in both OC neu-
ron subgroups. Consistent with this expression pattern, we ob-
serve altered presynaptic terminal differentiation of both
cholinergic and dopaminergic efferent inputs within the ISB of
neonatal APC cKO cochleae. �9/10-Subunit-containing nAChRs
and small-conductance calcium-activated potassium channels
(SK2s) cofunction at the nicotinic synapse formed by OCs onto
IHCs and OHCs. Gain-of-function and loss-of-function genetic
perturbations of these channels demonstrate that nicotinic syn-
aptic signaling regulates maturation of the OHC-based cochlear
amplifier (and thus of cochlear frequency selectivity and the
tonotopic map), as well as Ca 2� sensitivity of vesicle fusion at

Figure 5. Ribbon size gradient appears by P9 in WT mice, but not in APC cKO mice. a, Left, Confocal micrographs of ribeye (red,
CtBP2)-immunostained ribbons at synaptic poles of individual IHCs (blue, MyoVIIa) in z-stacks, oriented on the y–z-axis. Right,
Histograms of volumetric analysis of IHC ribbon sizes, normalized within each age group. In WT mice, the size gradient, large
modiolar (m) ribbon to small pillar (p) ribbon, is present prehearing (P9, ***p � 0.0003), and further refined after hearing onset
(P28, *p � 0.0238) and mature by adulthood (8 –10 weeks, *p � 0.0286, Mann–Whitney test). In contrast, the ribbon size
gradient is perturbed in prehearing through adulthood in APC cKOs. In particular, pillar ribbons are abnormally large, compared
with WT pillar ribbon sizes (*p � 0.0159, Mann–Whitney test), and resemble modiolar ribbon volumes at all ages examined.
Refinement of modiolar-face ribbon size is delayed in APC cKOs (P9 and P28). Adult data are replotted from Figure 2 for age
comparison. Scale bar, 5 �m. P9: n � 5 APC cKOs and 8 WTs; P28: n � 5 APC cKOs and 6 WTs. Error bars represent SEMs. b,
Flattened confocal z-stacks of cochlea whole mounts in the 16 kHz region show the base of IHCs immunolabeled for ribbons (red,
CtBP2) and postsynaptic AMPARs (green, GluA2). At both P9 (top) and adult (bottom) ages, APC cKO mice show a trend to smaller
AMPAR patches compared with WT littermates. At P9, before dendritic pruning is complete, there are more GluR patches than
ribbons, while in adults there is typically one ribbon per GluR patch. Scale bar, 10 �m. n � 2–5 cKOs, n � 4 –5 WTs.
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IHC ribbon synapses (Walsh et al., 1998; Fettiplace and Fuchs,
1999; Vetter et al., 1999, 2007; Marcotti et al., 2004; Johnson et al.,
2007, 2013). Despite these changes, neural thresholds are not
altered in mice with SK2 or nAChR subunit genetic manipula-
tions (Vetter et al., 1999, 2007; Johnson et al., 2007; Murthy et al.,
2009). Thus, the increased thresholds in APC cKO mice are not
likely due to the trend to reduced cholinergic innervation.

LOC efferent inputs onto SGN dendrites modulate postsyn-
aptic firing rates, and refine ribbon synapse function (Felix and
Ehrenberger, 1992; Ruel et al., 2001; Groff and Liberman, 2003;
Darrow et al., 2006b, 2007; Vetter et al., 2007; Yin et al., 2014).
LOC inputs consist of distinct excitatory and inhibitory sub-
populations (Groff and Liberman, 2003; Darrow et al., 2006a,b).
Our analysis of markers for the excitatory (cholinergic, VAT) and
inhibitory (dopaminergic, TH) inputs show a significant increase
in volume and density of dopaminergic terminals in neonatal
APC cKO mice, suggesting increased efferent inhibition. Further,
in both APC cKOs and WT littermates, TH puncta are larger and
more common on the modiolar side of the ISB (Fig. 6a,b), sug-
gesting that polarization of the dopaminergic inputs may regulate
the polarized differentiation of afferent ribbon sizes, AMPAR
cluster size, and SGN SRs along the modiolar–pillar axis. Coupled
with the afferent ribbon synaptic changes, our data indicate that
APC and efferent OC innervation play an essential role in direct-
ing the differentiation of auditory synapses.

In the adult mouse cochlea, maintenance of ribbon synapse
gradients requires OC synapses on SGNs. Surgical interruption of
the OC bundle in adult mice leads to loss of complementary
ribbon and AMPAR patch size gradients and a reduced SR range

(Liberman, 1990; Yin et al., 2014). The effects of adult de-
efferentation suggest that LOC efferents modulate postsynaptic
firing rates and that loss of this modulation retrogradely influ-
ences presynaptic ribbon morphology (Liberman, 1990; Yin et
al., 2014).

Interestingly, ribbon size is regulated by Ca 2� influx through
L-type voltage-gated Ca 2� channels, but not by neurotransmis-
sion, during a critical developmental window in zebrafish lateral-
line hair cells and in pinealocytes (Sheets et al., 2012). If a similar
mechanism operates in the mammalian cochlea, APC loss from
efferent OCs may cause abnormal Ca 2� influx and L-type Ca 2�

channel levels and/or localization in IHCs at neonatal ages and
thereby lead to afferent ribbon synapse dysmorphology. Struc-
tural and functional refinements of cochlear ribbon synapses are
regulated by maturation of CaV1.3 channel clustering at active
zones, emergence of stronger Ca 2� signals, tighter spatial cou-
pling between Ca 2� influx and exocytosis in IHCs, and by altered
postsynaptic properties and higher spontaneous spike rates in
SGNs (Ruel et al., 2001; Liberman et al., 2011; Huang et al., 2012;
Wong et al., 2013, 2014).

At interneuronal and nerve–muscle synapses, APC organizes
a multiprotein synaptic complex that is essential for proper mat-
uration (Wang et al., 2003; Temburni et al., 2004; Rosenberg et
al., 2008, 2010; Mohn et al., 2014). Blocking APC function in only
one of the two synaptic partners at interneuronal nicotinic syn-
apses leads to changes in both presynaptic and postsynaptic spe-
cializations, including decreases in nAChR clusters, actively
recycling synaptic vesicles, active zone proteins, and neurexin
and neuroligin adhesion molecules (Temburni et al., 2004;

Figure 6. Efferent OC presynaptic terminals are altered in neonatal APC cKO cochleae. a, b, Flattened, confocal z-stacks in x-y (left) and y-z (right) orientations show immunolabeled cholinergic
(red, VAT) and dopaminergic (green, TH) efferent OC presynaptic boutons in the 16 kHz region of P10 WT (a) and APC cKO (b) cochlea epithelial whole mounts. TH-immunolabeled boutons are larger
and more common on the modiolar (m) side of the ISB in APC cKOs (b), compared with WT littermates (a). Smaller TH boutons are seen in the osseous spiral lamina (OSL). a’, a’’, b’, b’’, VAT (a’, b’)
and TH (a’’, b’’) channels from these same micrographs are displayed alone for increased clarity. Scale bar: a, b, 10 �m. c, d, Volumetric analysis of VAT-labeled (c) and TH-labeled (d) efferent
terminals in the 16 kHz region of the ISB. VAT-positive terminals show a trend to reduced volume in APC cKOs. TH boutons are significantly increased in volume and density (d). n � 5 APC cKOs and
3 WTs. Error bars represent SEMs. *p � 0.011, **p � 0.0049, unpaired t test.
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Rosenberg et al., 2008, 2010). In hippocampal neurons, APC cKO
leads to increases in the frequency of AMPA-mediated miniature
EPSPs at glutamatergic synapses (Mohn et al., 2014). Molecular
changes caused by APC cKO in central neurons include altered
levels of �-catenin and its associated pathways of canonical Wnt
signal transduction and cadherin-based intercellular adhesion
(Mohn et al., 2014). Both pathways signal bidirectionally at in-
terneuronal synapses and neuromuscular junctions to modulate
synaptic density, size, function, maturation, and plasticity (To-
gashi et al., 2002; Li et al., 2008; Koles and Budnik, 2012; Salinas,
2012; Mohn et al., 2014). Our findings at the sensory hair cell
ribbon synapse, together with the role of APC at interneuronal
and nerve–muscle synapses, suggest a global role for APC in
directing the proper maturation of synapses in diverse cell
types.

Hearing abnormalities have been reported in only some pa-
tients with APC loss-of-function gene mutations (Lutz et al.,
2006; Jones et al., 2010). The precise mutations were not mapped
in the small cohort tested for hearing. Unfortunately, this pre-
vents determining whether hearing loss correlates with APC de-
letions, but possibly not with truncations or point mutations that
may have milder effects. Intellectual disabilities, ranging from
severe to mild, and autism spectrum disorders are associated with
APC heterozygous gene deletions (Hockey et al., 1989; Cross et
al., 1992; Raedle et al., 2001; Heald et al., 2007; Zhou et al., 2007).
Reduced hearing, as a potential comorbidity, would significantly
impact these individuals.
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Schmitz F, Königstorfer A, Südhof TC (2000) RIBEYE, a component of syn-
aptic ribbons: a protein’s journey through evolution provides insight into
synaptic ribbon function. Neuron 28:857– 872. CrossRef Medline

Sendin G, Bulankina AV, Riedel D, Moser T (2007) Maturation of ribbon
synapses in hair cells is driven by thyroid hormone. J Neurosci 27:3163–
3173. CrossRef Medline

Sheets L, Kindt KS, Nicolson T (2012) Presynaptic CaV1.3 channels regulate
synaptic ribbon size and are required for synaptic maintenance in sensory
hair cells. J Neurosci 32:17273–17286. CrossRef Medline

Simmons DD, Mansdorf NB, Kim JH (1996) Olivocochlear innervation of in-
ner and outer hair cells during postnatal maturation: evidence for a waiting
period. J Comp Neurol 370:551–562. CrossRef3.0.CO;2-M Medline

Simmons D, Duncan J, de Caprona DC, Fritzsch B (2011) Development of
the inner ear efferent system. In: Springer handbook of auditory research:
auditory and vestibular efferents, pp 187–216. New York: Springer New
York.

Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre re-
porter strain. Nat Genet 21:70 –71. CrossRef Medline

Spoendlin H (1972) Innervation densities of the cochlea. Acta Otolaryngol
73:235–248. CrossRef Medline

Taberner AM, Liberman MC (2005) Response properties of single auditory
nerve fibers in the mouse. J Neurophysiol 93:557–569. Medline

Temburni MK, Rosenberg MM, Pathak N, McConnell R, Jacob MH (2004)
Neuronal nicotinic synapse assembly requires the adenomatous polyposis

coli tumor suppressor protein. J Neurosci 24:6776 – 6784. CrossRef
Medline

Togashi H, Abe K, Mizoguchi A, Takaoka K, Chisaka O, Takeichi M (2002)
Cadherin regulates dendritic spine morphogenesis. Neuron 35:77– 89.
CrossRef Medline

Tritsch NX, Yi E, Gale JE, Glowatzki E, Bergles DE (2007) The origin of spon-
taneous activity in the developing auditory system. Nature 450:50–55.
CrossRef Medline

Tsuji J, Liberman MC (1997) Intracellular labeling of auditory nerve fibers
in guinea pig: central and peripheral projections. J Comp Neurol 381:
188 –202. CrossRef Medline

Vetter DE, Liberman MC, Mann J, Barhanin J, Boulter J, Brown MC, Saffiote-
Kolman J, Heinemann SF, Elgoyhen AB (1999) Role of alpha9 nicotinic
ACh receptor subunits in the development and function of cochlear ef-
ferent innervation. Neuron 23:93–103. CrossRef Medline

Vetter DE, Katz E, Maison SF, Taranda J, Turcan S, Ballestero J, Liberman
MC, Elgoyhen AB, Boulter J (2007) The alpha10 nicotinic acetylcholine
receptor subunit is required for normal synaptic function and integrity of
the olivocochlear system. Proc Natl Acad Sci U S A 104:20594 –20599.
CrossRef Medline

Walsh EJ, McGee J, McFadden SL, Liberman MC (1998) Long-term effects
of sectioning the olivocochlear bundle in neonatal cats. J Neurosci 18:
3859 –3869. Medline

Wang J, Jing Z, Zhang L, Zhou G, Braun J, Yao Y, Wang ZZ (2003) Regula-
tion of acetylcholine receptor clustering by the tumor suppressor APC.
Nat Neurosci 6:1017–1018. CrossRef Medline

Wong AB, Jing Z, Rutherford MA, Frank T, Strenzke N, Moser T (2013)
Concurrent maturation of inner hair cell synaptic Ca 2� influx and audi-
tory nerve spontaneous activity around hearing onset in mice. J Neurosci
33:10661–10666. CrossRef Medline

Wong AB, Rutherford MA, Gabrielaitis M, Pangrsic T, Göttfert F, Frank T,
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