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Outer hair cells (OHCs) play an essential role in hearing by acting
as a nonlinear amplifier which helps the cochlea detect sounds
with high sensitivity and accuracy. This nonlinear sound process-
ing generates distortion products, which can be measured as
distortion-product otoacoustic emissions (DPOAEs). The OHC ster-
eocilia that respond to sound vibrations are connected by three
kinds of extracellular links: tip links that connect the taller stereo-
cilia to shorter ones and convey force to the mechanoelectrical
transduction channels, tectorial membrane-attachment crowns
(TM-ACGs) that connect the tallest stereocilia to one another and
to the overlying TM, and horizontal top connectors (HTCs) that link
adjacent stereocilia. While the tip links have been extensively
studied, the roles that the other two types of links play in hearing
are much less clear, largely because of a lack of suitable animal
models. Here, while analyzing genetic combinations of tubby
mice, we encountered models missing both HTCs and TM-ACs or
HTCs alone. We found that the tubby mutation causes loss of both
HTCs and TM-ACs due to a mislocalization of stereocilin, which
results in OHC dysfunction leading to severe hearing loss. Intrigu-
ingly, the addition of the modifier allele modifier of tubby hearing
1 in tubby mice selectively rescues the TM-ACs but not the HTCs.
Hearing is significantly rescued in these mice with robust DPOAE
production, indicating an essential role of the TM-ACs but not the
HTCs in normal OHC function. In contrast, the HTCs are required
for the resistance of hearing to damage caused by noise stress.
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Outer hair cells (OHCs) in the cochlea act as a cochlear
amplifier, making the cochlea a highly sensitive and accu-
rate sound processor. Abnormal OHC function leads to severe
hearing loss due to decreased sensitivity and impaired sound-
evoked neural activity (1). OHCs possess actin filament-rich
protrusions called stereocilia on their apical surface. These
stereocilia are arranged in a three-row staircase pattern with the
taller ones connected to adjacent shorter stereocilia by fila-
mentous specializations called tip links (2). Sound vibrations
deflect the stereocilia, pulling on the tip links to open mecha-
noelectrical transduction (MET) channels situated in the shorter
stereocilia (2). Stereocilia deflection initiates an amplification
process in the OHCs that depends on positive feedback driven by
membrane-based somatic electromotility and active stereociliary
bundle motility (2, 3). The amplified sound signal is then trans-
mitted to the brain via neural activity elicited by the inner hair
cells (IHCs). This amplification process in the OHCs is nonlinear,
meaning that the degree of amplification varies depending on the
intensity and frequency of the incoming sound (2, 3). This non-
linear signal processing can create cross-frequency interactions,
which help sharpen frequency selectivity and are critical for the
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perception of complex sounds such as speech (4). Cross-frequency
interactions also generate cochlear distortions, which can be
noninvasively measured as distortion product otoacoustic emis-
sions (DPOAE:s). These are considered a reflection of normal
OHC function (5).

In addition to the tip links, mature OHC stereocilia have two
additional cell-surface specializations (6). The horizontal top
connectors (HTCs) are zipper-like structures present just below
the tip links that connect adjacent stereocilia within and across
rows. Tectorial membrane-attachment crowns (TM-ACs) are
present at the tips of the tallest stereocilia to couple them to one
another laterally and to the overlying gelatinous TM. Thus,
mature OHC stereocilia are interconnected and supported
mainly by three types of extracellular link structures: the tip links,
the HTCs, and the TM-ACs. All three of these types of links are
considered essential for normal OHC function and DPOAE
production (7).

Although the molecular constituents and mechanisms gov-
erning the tip links have been extensively investigated (2), the
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roles of the TM-ACs and HTCs in OHC function remain un-
clear. This is mainly due to a scarcity of knowledge about their
molecular constituents and a lack of suitable animal models
without these specific links. Thus far, only a few mouse models
have reportedly been used for the study of the molecular ar-
chitecture and function of these two links (8-11). Tecta func-
tional null mutant mice provide an animal model in which the
tips of OHC stereocilia are exposed to the endolymphatic fluid
instead of being embedded in the TM (8, 9). In Tecta mutant
mice, DPOAEs are generated in response to high-intensity
sounds but not to low-intensity sounds, suggesting that the
function of the cochlear amplifier is affected, yet the components
involved in nonlinear sound processing in the OHCs are pre-
served (9). In stereocilin knockout (Strc KO) mice, which lack
both TM-ACs and HTCs, the OHC stereocilia are connected
neither to one another nor to the TM (10, 11). These mice do not
generate DPOAES, even in response to high-intensity sounds,
suggesting a fundamental disruption of the components involved
in the OHC’s nonlinear sound processing (11). Based on these
results, the HTCs were proposed to be an essential component of
the nonlinear sound processing that creates DPOAEs (11).
However, it has been difficult to directly investigate the specific
roles that the HTCs play in hearing because there were no ani-
mal models lacking only the HTCs.

A spontaneous mutation in the tubby gene was discovered 40y
ago that causes obesity, retinal degeneration, and hearing loss in
mice (12, 13). The fubby mouse has a loss-of-function mutation
in the fubby gene—a spontaneous G-to-T transversion at a
splicing donor site that leads to the replacement of 44 carboxyl-
terminal amino acids of the tubby (TUB) protein with 24 intron-
encoded amino acids (14, 15). TUB protein’s conserved
C-terminal tubby region contains a putative DNA-binding do-
main and a phosphatidylinositol 4,5-bisphosphate (PIP,)-binding
region that determines its intracellular localization to the surface
membrane (16). TUB’s N-terminal domain contains a nuclear
localization signal and an intraflagellar transport-A (IFT-A)-
binding domain (17, 18). Some have proposed that TUB acts as a
transcription factor (19), but others have suggested roles in
G-protein—coupled receptor (GPCR) signaling (16), postsynaptic
signaling (20), phagocytosis (21), insulin signaling (22), endocy-
tosis (23), and ciliary transport (24, 25). None of these, however,
sufficiently explain the pathogenesis of the tubby phenotypes.

Hearing loss in fubby mice appears at 3 wk of age and then
grows progressively worse (13). Degeneration of IHCs, OHCs,
and spiral ganglion neurons (SGNs) occurs starting from the
basal end of the cochlea at 1 mo of age and then gradually
progresses toward the apex. OHC loss progresses to the middle
turn by 6 mo of age, whereas IHC and SGN losses are limited to
the basal turn (13, 26, 27). Since hearing loss is already apparent
in all frequency ranges as early as 3 wk of age when there is no
evident loss of HCs and SGNs, the degenerative process is un-
likely to be the primary cause of hearing loss in fubby mice.

While investigating the pathogenesis of the hearing loss of
tubby mice, we found that tubby mice lose two extracellular links
from their OHC stereocilia—the HTCs and the TM-ACs—
mimicking the phenotypes of Strc KO mice. Unexpectedly, we
were able to selectively rescue the TM-ACs but not the HTCs in
tubby mice by adding a modifier allele known as “modifier of
tubby hearing 1” (mothl1) (20, 28). These models provided us with
a unique opportunity to study the function of each of these
stereociliary links in hearing. Our results indicate that the TM-
AC:s but not the HTC:s are essential for normal OHC function as
a nonlinear sound processor and that the HTCs play a critical
role in protecting stereocilia from intense noise exposure.

Results

Hearing Loss in Tubby Mice Is Due to OHC Defects. Consistent with a
previous report (13), we found that auditory brainstem response
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(ABR) thresholds are increased by 40 to 50 dB SPL at all fre-
quencies in 3-wk-old homozygous fubby mice (Fig. 14). This
result indicates a significant reduction in hearing sensitivity,
which is often the result of a failure of OHC function. We tested
this idea by measuring DPOAE:S in tubby mice. DPOAEs reflect
nonlinear sound processing by OHCs, which is necessary for the
cochlea to detect sounds with high sensitivity and accuracy (7).
DPOAE:s are completely abolished in fubby mice (Fig. 1B),
suggesting that OHC dysfunction is the major cause of their
hearing loss. Consistent with this hypothesis, scanning electron
microscopy (SEM) showed that rows of stereocilia in the OHCs
of tubby mice are not as tightly associated with one another as
those of wild-type mice at postnatal day 21 (P21) (Fig. 1 C-F).
This stereociliary disarrangement is already apparent at P16 (S/
Appendix, Fig. S1 C-F). In higher magnification SEM images and
helium ion microscope (HIM) images, we found a loss of the
HTCs that link adjacent stereocilia (Fig. 1 I and J and SI Ap-
pendix, Fig. S1 E-J). In contrast, the tip links that are essential
for the opening of MET channels in response to sound stimuli
are preserved in fubby mice (Fig. 1J and N). We confirmed the
absence of HTCs and the presence of tip links in fubby mice by
transmission electron microscopy (Fig. 1 K and L). In addition,
we found that tubby mice lack the TM-ACs that connect the
tallest stereocilia to the TM (Fig. 1 M and N). Correspondingly,
the imprints on the undersurface of the TM, which reflect points
of physical contact between the tallest stereocilia and the TM,
are also absent in fubby mice (Fig. 1 O and P). We were unable,
however, to observe any defects in the stereociliary structure of
the IHCs (Fig. 1 G and H) or any disruption of the overall ar-
chitecture of the organ of Corti in most cochlear regions of tubby
mice until at least P21 (Fig. 1 C and D and SI Appendix, Fig. S2).
These results indicate that TUB plays an essential role in the
stereociliary structure and function of OHCs.

TUB Is Localized at the Tips of OHC Stereocilia. This discovery of the
site of the hearing defect in tubby mice (Fig. 1) prompted us to
examine TUB protein localization in the organ of Corti. To this
end, we generated a TUB-specific polyclonal antibody to visu-
alize the cellular and subcellular localization of TUB proteins.
Other groups have reported diffuse TUB immunoreactivity in
the THCs, OHGCs, Deiter’s cells, outer phalangeal cells, and
SGNs (28). We found, however, that TUB immunoreactivity is
limited to the tips of OHC stereocilia in wild-type mice at P21
(Fig. 2 A and E) and is completely absent from tubby mutant
mice (Fig. 2B and SI Appendix, Fig. S3 A and B). We were unable
to detect TUB protein in the IHCs (Fig. 2 A and F) or the
vestibular hair cells (Fig. 2 G and H). TUB immunoreactivity is
first detectable at P5 in the tallest row of stereocilia, but it
spreads to the intermediate and shortest rows by P21 (Fig. 2 C-
E). Next we examined whether TUB localization to the tips of
OHC stereocilia is dependent on PIP, (16, 18). Treating wild-
type whole cochlear explants with phenylarsine oxide, an in-
hibitor of PIP, synthesis, results in the disappearance of TUB
proteins from the stereocilia tips of OHCs (SI Appendix, Fig. S4).
This suggests that the regulation of TUB localization to the tips
of the stereocilia is complex and PIP, dependent.

The Maintenance of Stereocilin Localization Depends on TUB Function.
Stereocilin (STRC) is a stereociliary protein mutated in human
hereditary deafness DFNB16, and mice lacking stereocilin also
show deafness (11, 29). STRC is localized to the tips of OHC
stereocilia and is an essential component of the HTCs and TM-
ACs (10, 11). Interestingly, the phenotypes of Strc knockout mice
closely resemble those of fubby mice in several aspects: both
mutant mice show 1) loss of the HTCs and TM-ACs, 2) pres-
ervation of the tip links, and 3) loss of DPOAE production
(Fig. 1) (10, 11). Consistent with these results, we found both
TUB and STRC proteins are located at the tips of OHC
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Fig. 1. Hearing loss in tubby mice results from OHC defects. (A and B) ABR thresholds and DPOAE amplitudes in ** and tub/tub mice at 3 wk of age (n = 5).
Values and error bars reflect mean + SD. Statistical comparisons were made with two-way ANOVA with Bonferroni corrections for multiple comparisons
(***P < 0.001) at each frequency between ** and tub/tub mice. (C-H) SEM images of the inner and outer hair cells in ** and tub/tub mice at P21. (-N) HIM (/
and J), TEM (K and L), and SEM (M and N) images of OHC stereocilia in ++ and tub/tub mice at P21. White arrowheads indicate HTCs, and magenta arrowheads
indicate sites at which HTCs would normally be located. Tip links are indicated by black arrows. Yellow and magenta arrows indicate the tips of the tallest
stereocilia with or without the TM-ACs, respectively. (O and P) SEM images of the imprints on the undersurface of the TM in ** and tub/tub mice at P21. (Scale

bars: 5 um, Cand D; 1 pm, E, F, O, and P; 0.2 pm, G-N.)

stereocilia in wild-type mice at P21 (Fig. 2 4, E, I, and M).
Similar to TUB, STRC is initially localized to the tips of the
tallest OHC stereocilia in P5 wild-type mice (Fig. 2K), sub-
sequently spreading to the intermediate and shorter stereocilia
by P21 (Fig. 2 K-M). We also observed nearly identical time
courses for the onset and expression patterns of TUB and STRC
proteins when we examined them, respectively, in the right and
left cochlea isolated from the same mice (SI Appendix, Fig. S5).
In tubby mice, surprisingly, although STRC is initially localized
to the tallest stereocilia at P5 (Fig. 2N), it disappears from OHC
stereocilia by P9 and remains undetectable at P21 (Fig. 2 J, O,
and P). In contrast, the localization of STRC in the kinocilia of
the OHCs (Fig. 2N) and vestibular hair cells (S Appendix, Fig.
S6) is unaffected by the fubby mutation. This indicates that the
maintenance of STRC at the tips of OHC stereocilia is de-
pendent on TUB function and that the requirement for TUB in
STRC localization is specific to OHC stereocilia. Using in situ
hybridization, we observed that Strc messenger RNAs (mRNAs)
are specifically expressed in hair cells in both wild-type and fubby
mice (Fig. 2 0-U). In addition, we found no difference between
wild-type and fubby mice when we performed a real-time PCR
analysis of Strc mRNA levels in the cochlea, suggesting that Strc
transcription is not regulated by TUB (Fig. 2)). The localization
of prestin, which is essential for the electromotility of the OHCs
(30), also appears normal in tubby mice (SI Appendix, Fig. S7).
Together, these data indicate that the hearing loss of fubby mice is
caused by a failure in the maintenance of STRC at the tips of
OHC stereocilia, leading to their structural and functional defects.

Rescue of tubby Hearing by moth1 Is Accompanied by a Restoration
of OHC Function. The hearing loss of mice carrying the fubby
mutation, which originally arose in the C57BL/6J genetic back-
ground, is rescued by crossing such mice with the AKR/J, CAST/
Ei, or 129/Ola strains (28) (Fig. 34). These strains have a
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sequence polymorphism in the Mapla gene that is referred to as
mothl (20). The presence of mothl restores the hearing loss of
tubby mice by an unknown mechanism. We took advantage of
this unique phenomenon to address the question of whether and
how STRC mediates TUB function in the OHCs. We crossed
tubby mice in the C57BL/6J background (tub/tub; Map1a®°) with
AKR/N mice to generate mice carrying both the fubby mutation
and the protective Mapla allele (tub/tub; Mapla™®*®). Consistent
with previous reports (20, 28), the ABR thresholds of tub/tub;
Mapla®® mice were significantly improved compared with
those of wub/tub; Mapla®® mice at all frequencies examined ex-
cept for 30 kHz at P21 (Fig. 3B). We found that the DPOAE
amplitudes of tub/tub; Mapla™™® mice are also significantly in-
creased compared with those of tub/tub; Map1a®® mice, except at
higher frequencies (Fig. 3 C and D). Since the rescue of hearing
appeared incomplete at higher frequencies, unlike what had
been previously reported (28), we extended our analysis to fub/
tub; Map]aAKR mice at P15, the time of hearing onset, and found
that ABR thresholds and DPOAE amplitudes are similar to
those of wild-type mice at all frequencies examined (SI Appendix,
Fig. S8 A and B). The input/output functions of DPOAE am-
plitudes at a low-frequency (12 kHz) f, and a high-frequency (24
kHz) f, also show no significant difference between fub/tub;
Mapla™® and wild-type mice for all stimulus levels (ST Appen-
dix, Fig. S8 C and D). This suggests that hearing is rescued by the
modifier Mapla®®® allele even at higher frequencies at early
ages. The later increase in ABR threshold at frequencies above
12 kHz by P21 implies that HTCs may also contribute to long-
term maintenance of hair bundle structure. Collectively, these
ABR and DPOAE results suggest the rescue of hearing in tub/
tub; Mapla™® mice is accompanied by a restoration of OHC
function.
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Fig. 2. TUB is required for the maintenance of STRC localization to the tips of OHC stereocilia. (A and B) Immunofluorescence images of the organ of Corti
labeled with a TUB antibody (green) and phalloidin (magenta) in +* (A) and tub/tub (B) mice at P21. (C-E) Developmental series of TUB localization in the OHC
stereocilia at P5 (C), P9 (D), and P21 (E). (F-H) The absence of tubby immunoreactivity in IHCs (F) and hair cells of the crista (G) and saccule (H). The IHC image
in F was magnified from the image in A and rotated 180° to appear in its correct orientation. (/ and J) Immunofluorescence images of the organ of Corti
labeled with a STRC antibody (green) and phalloidin (magenta) in ++ (1) and tub/tub (J) mice at P21. (K-P) Developmental series of STRC localization in OHC
stereocilia in *** (K-M) and tub/tub (N-P) mice at P5 (K and N), P9 (L and O), and P21 (M and P). White arrows indicate the tallest stereocilia, and white and
blue arrowheads indicate the second and third rows of stereocilia, respectively. Yellow arrows indicate kinocilia (K and N). The absence of STRC in the tallest
stereocilia is indicated by magenta arrows (O and P). (Q-U) Images of in situ hybridizations showing the regions of Strc mRNA expression in the organ of Corti
of **(Q, R, and T) and tub/tub (S and U) mice at P5 (Q-S) and P9 (T and U). (V) Quantitative real-time PCR analyses showing relative expression levels of Strc
mRNAs in ** and tub/tub mice at PO (n = 4) and P8 (n = 5). Statistical significance was determined using two-tailed Student’s t test (n.s.: nonsignificant, P >
0.05). OHC, outer hair cell; IHC, inner hair cell; SL, spiral limbus; SGNs, spiral ganglion neurons; OoC, organ of Corti. (Scale bars: 5 pm, A, B, and G-J; 1 pm, C—F

and K-P; 100 pm, Q; and 20 pm, R-U.)

Horizontal Top Connectors Are Nonessential for Nonlinear Cochlear
Signal Processing. We therefore compared the structure of the
OHC stereocilia of tub/tub; Mapla®® mice and tub/tub; Mapla*®
mice. In tub/tub; MapZaB6 mice, the HTCs and the TM-ACs in
OHC stereocilia and the imprints on the undersurface of the TM
are lost (Fig. 3 E-G and K-M and SI Appendix, Fig. S9 A-F).
Presumably, this occurs because formation of both the TM-ACs
and HTGC:s is dependent on STRC (10, 11). Interestingly, in tub/
tub; Mapla®®® mice, the TM-ACs at the stereocilia tips and the
imprints on the TM are rescued, but the HTCs are still missing
(Fig. 3 O-S and SI Appendix, Fig. S9 G-I). In an immunofluo-
rescence analysis, we found that STRC localization is rescued only
to the tallest row of stereocilia, not the intermediate or shortest
rows (Fig. 3 H, N, and T and SI Appendix, Fig. S10). Using an
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immunogold analysis, we confirmed the finding that STRC lo-
calization is rescued in tubftub; Mapla™® mice to the tallest
stereocilia tips (Fig. 3 I, O, and U and SI Appendix, Fig. S9 P-R)
and to the TM imprints (Fig. 3 J, P, and V). These results suggest
that the rescue of hearing in tub/tub; Mapla™®® mice is due to the
selective rescue of STRC to the tallest stereocilia, which then
permits coupling between the tallest stereocilia and the TM; the
rescue might be further strengthened by STRC’s possible role in
interconnecting the stereocilia laterally and thereby organizing the
tallest rows in a regular pattern.

This rescue of hearing in the absence of the HTCs (Fig. 3) is
surprising because the HTCs were considered essential in normal
hearing. They were proposed to govern the coherent motion of
the OHC stereocilia bundles that ensures the concerted gating of
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Fig. 3. Hearing is rescued in tub/tub; Map1a”“" mice by the selective preservation of the TM-AGs. (A) A diagram illustrating the rescue of hearing for tub/tub
mice of the C57BL/6 strain by crossing them with mice of the AKR strain carrying the modifier Map1a allele (Map1a”*<). Both **; Map1a®® and **; Map1a“<®
mice show normal hearing, and both genotypes are used as wild type. (B and C) ABR thresholds (B) and DPOAE amplitudes (C) of wild-type (n = 31), tub/tub;
Map1a®® (n = 12), and tub/tub; Map1a™*® (n = 18) mice at 3 wk. Values and error bars reflect means + SD. Statistical comparisons were made with two-way
ANOVA using Bonferroni corrections for multiple comparisons (*P < 0.05, ***P < 0.001; n.s.: nonsignificant [P > 0.05]). Black and magenta symbols indicate
statistical significance at each frequency between wild-type and tub/tub; Map1a”*® mice and between tub/tub; Map1a®® and tub/tub; Map1a*<R mice, re-
spectively. (D) Representative frequency spectrum of the ear-canal signal showing the primary tones f; and f, and DPOAEs at 2f;-f, and 3f;-2f, frequencies. (E,
F, K, L, Q, and R) SEM images of OHC stereocilia in the midcochlear region of wild-type, tub/tub; Map1a®, and tub/tub; Map1a“*® mice at 3 wk. The presence
and absence of TM-ACs in the tallest stereocilia rows are indicated by white and magenta arrows, respectively. White arrowheads indicate HTCs and magenta
arrowheads indicate sites at which HTCs would normally be located. (G, M, and S) SEM images showing the imprints on the undersurface of the TM in wild-
type (G), tub/tub; Map1a®® (M), and tub/tub; Map1a”® (S) mice. (H, N, and T) Immunofluorescence images of OHC stereocilia labeled with a STRC antibody
(green) and phalloidin (magenta) at P21. The presence and absence of STRC at the tallest stereocilia are indicated by white and magenta arrows, respectively.
The presence and absence of STRC in the lower stereocilia rows are indicated by white and magenta arrowheads, respectively. (/, J, O, P, U, and V) Immu-
nogold SEM images visualizing STRC localization in OHC stereocilia (/, O, and U) and TM imprints (J, P, and V) in the midcochlear region. (Scale bars: 0.2 pm, E,
F, I-L, O-R, U, and V; and 1 ym, G, H, M, N, S, and T.)

MET channels (31, 32) and to provide the structural basis for the ~ bundles against noise trauma (33, 34). This hypothesis, however,
production of DPOAE (11). Our results suggest instead that the  remains untested due to a lack of suitable animal models missing
HTCs are dispensable for the nonlinear signal processing by —only the HTCs. We, therefore, examined this possibility usin
OHG:s and the subsequent production of DPOAE. noise-exposed wild- -type, tub/tub; Map1a36 and tub/tub; Mapla®
mice. As expected, noise exposure (broadband noise in the 2- to
Horizontal Top Connectors Are Required for Noise-Resistant Hearing.  20-kHz frequency range at 105 dB SPL for 2 h) dramatically in-
What role, then, do the HTCs play in auditory function? They  creases ABR thresholds in response to click (Fig. 44) and pure
are thought to maintain the mechanical stability of stereocilia  tone (SI Appendix, Fig. S11 A-C) stimuli in all three genotypes.
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However, while we observed a significant improvement in the
ABR thresholds of wild-type mice over the course of 14 d, we saw
no such improvement in fub/tub; Mapla®® and tub/tub; Mapla*R
mice (Fig. 44 and SI Appendix, Fig. S11 A-C). Similarly, noise-
induced reductions in DPOAE amplitudes in response to pure
tone (Fig. 4B and SI Appendix, Fig. S11 D-F) stimuli were sig-
nificantly reversed 14 d later in wild type, but not in fub/tub;
Map1a®® or in tub/tub; Mapla™*® mice. Correspondingly, the TM-
ACs and the TM imprints were preserved after noise exposure in
wild-type mice, but they disappeared or became less distinct in fub/
tub; Mapla™®*® mice (Fig. 4 C-N; images from midcochlea). These
results suggest that, as was previously proposed (33, 34), the
mechanical stability of stereocilia bundles weakens in the absence
of structural support provided by the HTCs that connect the
stereocilia together as a unit and prevent the stereocilia from
splaying. This role for the HTCs may prevent the stereocilia from
splaying against mechanical stress and from easy detachment from
the TM. We cannot exclude the possibility, however, that the
rescued TM-ACs are more or less different in quality from those
of wild types, making the coupling between stereocilia and the TM
less stable.

Discussion

Our study indicates that TUB protein plays an important role in
OHC function by maintaining STRC localization at the tips of
stereocilia as well as the integrity of the STRC-dependent ster-
eociliary links—the HTCs and TM-ACs (Fig. 5). The tub/tub;
Mapla™® mice provided us with an unprecedented opportunity
to determine the roles that these stereociliary links play in
hearing. We found that the TM-ACs that couple the tallest
stereocilia to the TM are essential in hearing sensitivity and for
generating the distortion products (DPOAEs) that reflect nor-
mal OHC function. In contrast, the HTCs are required for noise-
resistant hearing (Fig. 5).

Our results appear to conflict with those of Verpy et al., who
studied Strc KO mice and proposed that the HTCs are required
for cochlear distortion (11). Their conclusion included the as-
sumption that the TM-ACs that connect OHC stereocilia to the
TM are dispensable for cochlear distortion. This assumption
grew out of the prior observation that Tecta functional null
mutant mice, the stereocilia of which are detached from the TM,
still produce DPOAESs, albeit only in response to high-intensity
sounds (9). However, Strc KO mice lose both the HTCs and the
TM-ACs, completely abolishing DPOAE production. Thus, it
remained unclear whether the HTCs are essential for cochlear
distortion because there was not yet any animal model lacking
only the HTCs. Here, in this study, we directly address this issue
with tub/tub; Mapla®®® mice, which lose their HTCs, but not
their TM-ACs. The robust production of DPOAEs in tub/tub;
Mapla™™® mice makes it clear that HTCs are dispensable for
cochlear distortion. In addition, these mice show a rescue of
hearing sensitivity—as evidenced by their reduced ABR thresh-
olds—accompanied by a selective preservation of STRC in the
TM-AC:s. These results suggest the TM-ACs are more important
for generating cochlear distortion and cochlear amplification
than the HT'Cs. We cannot exclude the possibility, however, that
the HTCs are involved in the generation of DPOAEs when both
the HTCs and the TM-ACs are intact. Still, if HTCs have one at
all, we expect their contribution to be small. Although we were
unable in this study to quantify the extent to which the TM-ACs
contribute to the generation of DPOAEs directly, we are still
interested in clarifying the origin of cochlear distortion. Our
study does provide a useful starting point for future research
because we were able to confirm the finding that cochlear dis-
tortion requires STRC (11). Further studies of STRC, its binding
partners, and the molecular mechanisms by which they function
will help clarify the inner ear structures involved in the pro-
duction of cochlear distortions.
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In this study, we also assigned a protective function to the
HTCs. Outer hair cells are the most vulnerable components of
the hearing system. The stereocilia bundles are the primary site
of injury following loud noise exposure. Such injuries typically
reduce bundle stiffness (35). Our results indicate that the HTCs
provide mechanical support to stereocilia, preventing injury.
They do so by tying stereociliary bundles to one another within
and between rows, connecting all of the stereocilia of each hair
cell together as a unit. This seems to increase bundle sturdiness
and prevent the splaying of the stereocilia that can occur with
repeated acoustic insults. Similarly, the reduced bundle sturdi-
ness that occurs when HTCs are defective likely increases sus-
ceptibility to age-related hearing loss. Consistent with this
hypothesis, computational models of stereociliary bundle me-
chanics suggest that the lateral links connecting upper stereocilia
to one another are likely to contribute most to bundle stiffness,
improving their resistance to intense sound-induced damage
(36). Moreover, another recent report implicated the HTCs in
the maturation and maintenance of OHC bundle stiffness (37).
Collectively, these findings suggest that HTCs are important in
the pathogenesis of both genetic and environmental hearing
impairments. Until recently, STRC was the only molecular
component that had been associated with the HTCs. However,
Avan et al. (38) reported that otogelin and otogelin-like are also
components of the HTCs. STRC, otogelin, and otogelin-like are
all secretory proteins. TUB also undergoes unconventional se-
cretion in neuronal cell lines (39). Because both otogelin and
otogelin-like disappear from OHC stereocilia in the absence of
STRC (38), their expression in HTCs and TM-ACs should be
likewise dependent on TUB. Further identification of the mo-
lecular composition of HTCs will greatly facilitate our un-
derstanding of the roles that HTCs play in bundle stiffness and
may also reveal potential therapeutic targets for noise-induced
hearing loss.

The auditory phenotypes of Strc KO mice and tubby mice
appear to be identical, suggesting that these two molecules are
tightly linked in stereocilia and in their role in normal hearing. It
remains unclear how TUB protein determines the stereociliary
localization of STRC in this study. The role that TUB plays in
regulating the localization of various proteins in the primary
cilia, which are microtubule-based sensory organelles extending
from the cell surface, is more well studied. For example, TUB
protein is required for the ciliary trafficking of somatostatin re-
ceptor 3 and melanin concentrating hormone receptor 1 in mice
(40) and Inactive and NompC in Drosophila (25). In addition, the
tubby family protein Tulp3 is required for the ciliary trafficking
of at least 16 class A GPCRs (24) as well as the small GTPase
ARLI13B (41). The interaction of tubby family proteins with IFT-
A components is critical for their regulation of the trafficking of
membrane proteins in primary cilia (42). Unlike in primary cilia,
there are no reports on the role that tubby family proteins play in
stereocilia, which are actin-based structures. Thus, this report
extends the role of TUB to actin-based organelles and suggests
that TUB can regulate protein localization via another mecha-
nism that is distinct from that occurring in primary cilia.

Another hint that TUB is a versatile molecule in both ster-
eocilia and primary cilia comes from the close relationship be-
tween tubby family proteins and ciliary membrane phospholipids.
In Caenorhabditis elegans, the tubby homolog TUB-1 regulates
the membranous phosphoinositide composition of primary cilia
(43). In mice and flies, tubby family proteins have a characteristic
phosphoinositide-binding motif, and their function in the regu-
lation of protein localization in primary cilia requires the in-
teraction of this motif with membrane phosphoinositide (42, 44).
Stereocilia may share a similar regulatory mechanism because we
found that TUB protein is displaced from stereocilia when
stereociliary membranes are depleted of PIP,. It remains unclear,
however, how TUB is delivered to stereocilia, how it interacts with
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STRC, and how it affects STRC localization so that it can con-
tribute to the establishment and maintenance of HTCs and TM-
ACs. We hope to address these questions in future studies to
expand our understanding of how tubby family proteins precisely
regulate protein localization in tiny hair-like structures such as
primary cilia and stereocilia across different tissues.

Materials and Methods

Tubby and AKR/N mice were purchased from The Jackson Laboratory (cat-
alog # 000562) and Japan SLC (catalog # SLC-M-0248), respectively. Immu-
nofluorescence staining, scanning electron microscopy, and in situ hybridization
were performed as previously described (11, 45). ABRs and DPOAEs were mea-
sured in a sound-proof chamber using Tucker-Davis Technologies (TDT) RZ6
digital signal processing hardware and the BioSigRZ software package. Detailed
materials and methods appear in S/ Appendix, Materials and Methods.
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