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A detrimental perceptive consequence of damaged auditory sen-
sory hair cells consists in a pronounced masking effect exerted by
low-frequency sounds, thought to occur when auditory threshold
elevation substantially exceeds 40 dB. Here, we identified the
submembrane scaffold protein Nherf1 as a hair-bundle component
of the differentiating outer hair cells (OHCs). Nherf1−/− mice dis-
played OHC hair-bundle shape anomalies in the mid and basal co-
chlea, normally tuned to mid- and high-frequency tones, and mild
(22–35 dB) hearing-threshold elevations restricted to midhigh
sound frequencies. This mild decrease in hearing sensitivity was,
however, discordant with almost nonresponding OHCs at the co-
chlear base as assessed by distortion-product otoacoustic emissions
and cochlear microphonic potentials. Moreover, unlike wild-type
mice, responses of Nherf1−/− mice to high-frequency (20–40 kHz)
test tones were not masked by tones of neighboring frequencies.
Instead, efficient maskers were characterized by their frequencies
up to two octaves below the probe-tone frequency, unusually low
intensities up to 25 dB below probe-tone level, and growth-of-
masker slope (2.2 dB/dB) reflecting their compressive amplification.
Together, these properties do not fit the current acknowledged
features of a hypersensitivity of the basal cochlea to lower fre-
quencies, but rather suggest a previously unidentified mechanism.
Low-frequency maskers, we propose, may interact within the un-
affected cochlear apical region with midhigh frequency sounds
propagated there via a mode possibly using the persistent contact
of misshaped OHC hair bundles with the tectorial membrane. Our
findings thus reveal a source of misleading interpretations of hear-
ing thresholds and of hypervulnerability to low-frequency sound
interference.
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Mammalian hearing displays remarkable sensitivity, fine tem-
poral acuity, and exquisite frequency selectivity, which

contribute to auditory scene analysis and speech intelligibility. The
first steps of sound processing, i.e., sound wave detection and
neuronal encoding in the cochlea, are performed by two pop-
ulations of hair cells, the inner hair cells (IHCs) and the outer hair
cells (OHCs). These cells are sandwiched between the underlying
basilar membrane (BM) and the overlying tectorial membrane
(TM) (SI Appendix, Fig. S1A). IHCs are the genuine sensory cells
that transduce the sound stimuli into electrical signals in the
primary auditory neurons. OHCs are mechanical effectors that
amplify the sound-evoked movements of the cochlear partition,
sharpen its frequency selectivity, and produce waveform dis-
tortions (1, 2). A pure-tone stimulus entering the cochlea elicits
a traveling wave that propagates along the BM from the cochlear

base toward its apex, increasing in amplitude until it peaks at
a characteristic place, where the mechanical properties of the
cochlea are best tuned to the stimulus frequency. Beyond this
characteristic place, the amplitude of the traveling wave declines
rapidly to zero (1). The gradual changes in mechanical properties
of the cochlea along the BM contribute to establishing the fre-
quency-to-place map such that high-frequency sounds produce
maximal responses in the basal region of the cochlea and low-
frequency sounds propagate further toward the apex. In the
normal cochlea, in response to a pure tone, a locally restricted
OHC-driven active process enhances and sharpens the peak of the
traveling wave, particularly at low stimulus levels. This causes
compressive growth of the wave amplitude at the place tuned
to its frequency (1, 2).
Single auditory-neuron tuning curves (TCs) indicate the min-

imum intensity of a tone required to elicit a neuronal response
as a function of tone frequency; they are informative about
sound-frequency analysis in the cochlea. These curves display
a dip at the characteristic frequency (CF) of the place where
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the neuron recorded is connected; this allows the frequency-to-
place correspondence to be established. Furthermore, the
sharpness of the dip indicates that of the frequency tuning of the
innervated IHC (1). Masking TCs, which can be obtained by
noninvasive techniques, also provide a reliable evaluation of
cochlear frequency selectivity. They depict the minimum in-
tensity of a masking sound required to suppress the response
produced by a probe tone near its threshold of detection, as
a function of masking sound frequency. The masking TC dip
corresponds to the most efficient masking effect and lies near the
CF of the cochlear place where the masker and probe sounds
interact most efficiently. In the normal cochlea, this CF is close
to the probe frequency. The normal masking TCs also present
a secondary minimum: a broad, low-frequency segment less
sensitive than the dip, called the TC tail. In the tail interval, the
low frequency maskers exert their effect at the probe CF place,
but only at levels at least 40 dB higher than the intensity that
confers masking at the dip frequency.
The most common consequence of OHC impairment is an

increased width of TC dips and a decreased dip sensitivity,
whereas the sensitivity in the interval of the tail may increase.
Frequency shifts of TC dips, less common, are considered to
reflect off-frequency hearing (3, 4), a condition reported in
patients with dead cochlear zones defined as cochlear intervals
in which IHCs and/or associated neurons are nonfunctional.
However, intense sound stimulations may be detected in co-
chlear regions adjacent to dead zones, inferred from the position
of where the masking-TC dips have shifted (4). About 60% of
deaf people with a hearing threshold above 70 dB have cochlear
dead regions (4).
Perturbed frequency selectivity leads to substantial difficul-

ties in understanding speech. Its detection in hearing-impaired
individuals is therefore essential and appropriate patient man-
agement requires its origin to be determined. This would also
help in clarifying the involvement of the various cochlear struc-
tures in sound processing and the way they interplay in both
normal and pathological conditions. Here, we report a study of
the mouse mutant Nherf1−/− defective for Na+-H+ exchanger
regulatory factor 1 (Nherf1), a PDZ domain-containing protein
abundant in the OHC hair bundles. Morphological analysis
showed hair bundle anomalies of OHCs in the basal, but not
apical, region of the cochlea. Electrophysiological investigations
revealed an interference, with inordinate characteristics, of low-
frequency sounds with the response to high-frequency sounds.
The current models of intense low-frequency interference cannot
explain these characteristics. We propose an alternative expla-
nation of the extreme vulnerability of Nherf1−/− mice to low-
frequency sounds.

Results
Nherf1, a PDZ Domain-Containing Protein That Is Abundant in the
OHC Hair Bundle. Solute carrier family 9, member 3, regulatory 1
(Slc9a3r1) transcripts were identified in a subtracted cDNA li-
brary designed to search for proteins preferentially or specifically
expressed in sensory epithelia of the inner ear. Slc9a3r1 encodes
Nherf1 (also called Ezrin-radixin-moesin-binding protein of
50 kDa, Ebp50), a member of the Nherf protein family (SI Ap-
pendix, Fig. S2 A and B) that consists of four PDZ domain-
containing adaptor proteins present in most polarized epithelial
cells. In parallel, our work with the yeast two-hybrid system to
search for partners interacting with key components of the hair
bundle identified Nherf1 as possibly binding to the cytodomain
of cadherin-23 (SI Appendix, Fig. S2A). Cadherin-23 forms both
the transient early lateral links that connect stereocilia to each
other and to the kinocilium, and the tip link, central to the gating
of the mechanoelectrical transduction channels (SI Appendix,
Fig. S1B). Colocalization and coimmunoprecipitation experi-
ments in transfected cells provided further evidence for an
interaction between Nherf1 and cadherin-23 (SI Appendix,
Fig. S2 C–F).

The spatiotemporal distribution of Nherf1 in wild-type mice
was analyzed using antibodies specific to Nherf1 (Fig. 1 A–C and
SI Appendix, Fig. S3A). On embryonic day 15.5 (E15.5), Nherf1
was detected in stereocilia as they emerged at the apical surface
of the differentiating hair cells in the basal region of the cochlea
(SI Appendix, Fig. S3B). As development proceeded, Nherf1
immunostaining increased in the hair bundles of IHCs and
OHCs, with the labeling intensity increasing from the cochlear
base to the apex (Fig. 1A). By E17, Nherf1 was detected in the
hair bundles of all hair cells, throughout the cochlea. The la-
beling was most intense at the tips of the stereocilia (SI Appendix,
Fig. S3C). At postnatal (P) stages, Nherf1 was no longer detected
in IHC hair bundles, whereas the labeling intensity in the OHC
hair bundles continued to increase up to P5, and declined from
P10 onwards (Fig. 1A). Nherf1 and cadherin-23 were both
present at the tips of stereocilia in the differentiating OHC hair
bundles (Fig. 1B), and Nherf1 immunoreactivity was sub-
stantially lower in cadherin-23 deficient (Cdh23v2j/v2j) than con-
trol mice (Fig. 1C), which is consistent with the two proteins
interacting also in vivo.

OHC Hair Bundles from Nherf1−/− Mice Display a Base-to-Apex Gradient
of Abnormal Shapes. Scanning electron microscopy analysis of the
differentiating and mature cochlea in Nherf1−/− mice showed
major hair bundle anomalies in OHCs, but not in IHCs (Fig. 2).
At early (P0–P5) and later (P20–P60) postnatal stages, the OHC
hair bundles had rounded, hooked, wavy, or linear shapes (Fig. 2
A and B and SI Appendix, Fig. S4 A and B). However, the length,
and the number of stereocilia per OHC hair bundle, the regular
staircase-like pattern of the stereocilia rows, and the hair-bundle
links that connect the growing stereocilia, did not differ between
Nherf1−/− and control mice (Fig. 2). Despite the persistence of
the links between the kinocilium and adjacent stereocilia, the
positioning of the kinocilia relative to their expected posi-
tions along the planar cell polarity axis (Fig. 2D) was abnormal

Fig. 1. Nherf1 in the mouse auditory hair cells. (A) Nherf1 immunostaining
is detected on embryonic day 16 in the stereocilia of IHCs and OHCs. After
birth (P0 and P12), Nherf1 was detected only in OHC hair bundles. Nherf1
labeling was intense at the tips of the differentiating stereocilia. (B and C)
Nherf1 and cadherin-23 colocalized at the stereocilia tips. On P5, Nherf1
labeling is weaker in the stereocilia of hair cells, but not in the supporting
cells (arrows in B and C), in Cdh23v2j/v2j (C) than in control (B) mice. (Scale
bars, 5 μm.)
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in OHCs at the cochlear base in P3–P7 Nherf1−/− mice (SI Ap-
pendix, Fig. S4C: only 26 ± 2% of the kinocilia at the cochlear
base were present within 6° of the planar polarity axis, versus
58 ± 3% for wild-type mice). Quantitative analysis of the Nherf1−/−

cochlea at P20–P25 revealed a conspicuous cochlear base–apex
gradient of hair bundle shape anomalies: 80 ± 5%, 50 ± 5%, and
10 ± 2% of hair bundles were abnormal in the basal, middle, and
apical regions of the cochlea, respectively. These anomalies
were very pronounced at the base, and subtler at the apex of
the cochlea (Fig. 2C and SI Appendix, Fig. S5 A–C).
In wild-type mice, the tallest stereocilia of the OHC hair

bundles are anchored in the TM, where they form characteristic
V-shaped imprints at its lower aspect (Fig. 2D). These imprints
provide a well-defined overall view of the shape of the OHC hair
bundle’s anchor in the TM. In Nherf1−/− mice, these imprints
were present, but they were severely misshaped for 90 ± 5% of
OHCs at the cochlear base and only affected, and less strongly
so, for 15 ± 3% of OHCs at the apex (Fig. 2D and SI Appendix,

Fig. S5D). Antibodies directed against stereocilin, a protein
present at the interface between the tips of the tallest stereocilia
of the OHCs and the TM, labeled the stereocilia imprints in
the TM (Fig. 2D and SI Appendix, Fig. S5E). This confirms that the
anchoring of these stereocilia in the TM was normal, despite
the abnormal shapes of the hair bundles.

In Nherf1−/− Mice, Mild Midhigh Frequency Threshold Elevation Contrasts
with Severely Defective Responses of the OHCs at the Cochlear Base.
We next analyzed the hearing sensitivity of Nherf1−/− mice at
P21–P25 by measuring the thresholds of distortion-product otoa-
coustic emissions (DPOAEs) and auditory brainstem responses
(ABRs) to brief pure-tone stimuli in the 5- to 40-kHz frequency

Fig. 2. Abnormal OHC hair bundle shapes in Nherf1−/− mice. (A and B) In
Nherf1−/− mice, the shapes of the OHC hair bundles are abnormal mainly in
the basal cochlear region: wavy, linear, and hooked shapes are observed.
(C ) Abnormally shaped OHC hair bundles (light and dark greens, Lower)
and normal, V-shaped hair bundles (blue) were counted in each cochlear
region (basal, middle, apical) in Nherf1−/− and wild-type mice: in Nherf1−/−

mice, 80 ± 5% of OHCs in the cochlear basal region displayed abnormal
hair bundle shapes. (D) In Nherf1−/− mice (Lower), OHC imprints on the
TM at the cochlear base (also labeled by anti-stereocilin antibodies, green)
predominantly correspond to misshaped arrays of OHC stereocilia. (Scale
bars, 1 μm.)

Fig. 3. Hearing impairment at midhigh sound frequencies in Nherf1−/−

mice. (A–D) DPOAEs, CM potentials, and ABRs in P20–P25 wild-type (black)
and Nherf1−/− (red) mice. (A) DPOAE thresholds (±SD) at and above 20 kHz
are significantly higher in Nherf1−/− mice than in wild-type mice. (B) The
DPOAEs (±SD) at 32 kHz are indistinguishable from noise background in
Nherf1−/− mice (red, downward-pointing arrows; n = 11). In these cases,
DPOAE thresholds were arbitrarily set at 75 dB SPL, the highest intensity
stimulus tested. (C) The amplitude of the CM potential for a 10-kHz tone-
burst stimulus (±SEM), measured at the round window, was significantly
smaller in Nherf1−/− mice (n = 10) than in control mice (n = 10). (D) Beyond
15 kHz, the ABR thresholds (±SD) were significantly higher in Nherf1−/− mice
than in control littermates. (E) ABR wave-I timing at 10 and 32 kHz as
a function of stimulus sound level in Nherf1−/− mice. For 10-kHz tone-burst
sound stimuli, average ABR wave-I latencies (±SD) did not differ between
wild-type (black dashed line) and Nherf1−/− mice (red dashed line), regard-
less of the strength of the stimulus. The latency of the 32-kHz ABR wave I for
Nherf1−/− mice (red plain line) was shifted upward by 0.4–0.6 ms relative to
that for wild-type mice (black plain line) between 45 and 85 dB SPL. *P <
0.05, **P < 0.01, and ***P < 0.001. ns, not significant.
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range (Fig. 3). There was no significant difference in DPOAE
thresholds between Nherf1−/− (n = 11) and wild-type (n = 11) mice
for primary tone frequencies in the 5- to 15-kHz range (P > 0.99;
Fig. 3A). By contrast, between 19 and 28 kHz, DPOAE thresh-
olds in Nherf1−/− mice were higher than normal and approached
the upper limit of detectability (Fig. 3A and SI Appendix, Fig.
S6A), and DPOAEs were undetectable at 32 kHz in all mutant
mice (Fig. 3B). The corresponding DPOAE threshold elevations
were 29.7 ± 14 dB at 20 kHz and >47.5 dB at 32 kHz (P <
0.0001; Fig. 3A). We also measured the cochlear microphonic
potential (CM), which, being proportional to the sound-induced
transducer potentials of the OHCs of the basal-most cochlear
region, is an indicator of their mechanoelectrical transduction
(5): the mean CM was 10 times smaller in Nherf1−/− mice (n =
10) than in wild-type mice (n = 10) (P < 0.05, Fig. 3C), indicating
a drastic decrease of OHC function in the cochlear base. The
ABR thresholds of Nherf1−/− mice (n = 24) were within the
normal range for tone-burst frequencies below 15 kHz (P =
0.2307 at 15 kHz), consistent with the normal DPOAEs in the
low-frequency interval. Above 15 kHz, ABR thresholds were
only moderately higher than in control mice (by 22.2 ± 10 dB
at 20 kHz and 35 ± 12 dB between 32 and 40 kHz, P < 0.0001)
(Fig. 3D), at odds with the DPOAE defects.
We analyzed the latencies of the first peak of the compound

action potential (CAP) and its ABR wave-I correlate, which
reflect the synchronous response of the auditory nerve to tone
bursts. They depend on the propagation delay of the wave as-
sociated with the stimulus to the responding cochlear site. They
also include intensity-dependent contributions from the local
processing mechanisms in the sensory cells. In wild-type mice,
CAP latencies in response to a 10-kHz probe were between 2.02
ms at the ABR threshold and 1.28 ms at 105 dB sound-pressure
level (SPL); at 32 kHz, the range was from 1.70 ms at the ABR
threshold to 1.15 ms at 105 dB SPL (n = 10) (Fig. 3E). The
difference in CAP latencies at a given sound level between 10
kHz and 32 kHz was consistent with the base-to-apex cochlea
frequency map. In Nherf1−/− mice (n = 10), the CAP latency plot
at 10 kHz was similar to that for control mice (P > 0.85, Fig. 3E):
at 32 kHz, the CAP latency was between 1.97 and 1.31 ms, and
thus in the same range as for 10 kHz tone bursts (Fig. 3E). Even
at stimulus levels of 95 (P < 0.01) and 105 (P < 0.05) dB SPL,
such that OHC function negligibly influences the timing and size
of cochlear responses, CAP latency at 32 kHz remained at least
0.18 ms longer in Nherf1−/− than in control ears (Fig. 3E and SI
Appendix, Fig. S6B).

Masking Tuning Curves for Midhigh Frequency Sounds Display Major
Shifts Toward Low Frequencies in Nherf1−/− Mice. To examine fur-
ther the functional status of basal OHCs in Nherf1−/− mice,
masking TCs were used to measure their frequency selectivity
(Fig. 4). Masking TCs show how the relative frequency distance
between masker and probe frequencies shapes their interaction
at the cochlear site where this interaction, and thus the masking
effect, occurs. Probe frequencies were set either at 10 kHz,
a frequency with normal ABR hearing thresholds (Fig. 3 A and
D), or between 20 and 40 kHz, corresponding to frequencies at
which cochlear responses were clearly affected in all Nherf1−/−

mice (Fig. 3 A and D). In the normal cochlea, the masking-TC
dip lies close to the frequency of the probe tone, irrespective of
the tested probe frequency (10, 27, 32, or 40 kHz; Fig. 4A). In
Nherf1−/− mice at 10 kHz (n = 12), masking TCs displayed
a narrow dip near the probe frequency and a broad low-fre-
quency tail, almost superimposed on those in Nherf1+/+ (n =
12) mice (Fig. 4A). By contrast, for probe frequencies equal to or
above 20 kHz (n = 33), the masking TCs in Nherf1−/− mice were
markedly abnormal: there were few dip-like minima around the
probe frequency and only for masker intensities exceeding 100
dB SPL (Fig. 4 A and B and SI Appendix, Fig. S7A, Right).
Conversely, intense masking was systematically observed for
masker tones of lower frequencies, with a mean of 12.7 ± 5.3 kHz,

such that the most efficient masker was 2.15 octaves below the probe
with the highest frequency tested (40 kHz).
Our calibration of the acoustic setup, and the masking TCs

obtained in Nherf2−/− mice (Fig. 4C and SI Appendix, Figs. S8 C
and D and S9), defective for another member of the Nherf
protein family, rule out any possibility of participation of the
spectral splatter to the shift of masking toward low-frequency
sounds. The low-frequency minimum of masking TCs in Nherf1−/−

mice peaked for masker levels a mean of 15 ± 11 dB lower than
the probe tone, in some cases 25 dB lower (Fig. 4 A and B). In
each mutant, the frequency interval of this efficient masking was
within the frequency range of its normal ABR and DPOAE
thresholds (red background in Fig. 4 A and B). For any single
ear, masking TCs with probes of different frequencies between
20 and 40 kHz, such that DPOAE thresholds at these frequen-
cies exceeded 70 dB (n = 7), systematically coincided within 5 dB

Fig. 4. Abnormally efficient masking of midhigh frequency sounds by lower
frequency sounds in Nherf1−/− mice. (A) For a low-frequency probe tone (10
kHz) (Left graphs on the Left), the masking TC recorded in a Nherf1−/− mouse
did not differ from that in a wild-type mouse. The most efficient masker (dip
of the V-shaped curve) was at or near the probe frequency and within 10 dB
of the probe intensity (see ABR thresholds curve). For midhigh frequency
probe tones [27 (blue), 32 (green), and 40 (orange) kHz], the efficient
masking (the dip of the TC) was shifted toward low-frequency sounds (light
red background), on average at 12.5 kHz in the Nherf1−/− mice. (B) Scat-
terplots of the most efficient masking frequency (TC dip frequency) as
a function of probe frequency in wild-type (gray to black dots) and Nherf1−/−

(colored dots) mice. Colored lines connect data points collected in the same
ear at the different probe frequencies as indicated. In Nherf1−/− mice (n =
12), the efficient masking for midhigh frequency sounds (beyond 20 kHz)
was shifted toward low-frequency sounds. (C) For a 20-kHz probe tone in
Nherf2−/− mice, the most efficient masking (still centered near the probe
frequency) was at higher levels than for wild-type mice. (D) Growth of
masker (GOM) curves for off-frequency conditions (signal at 32 kHz and
masker at 12.5 kHz). In the intermediate range of probe tone-burst in-
tensities (yellow zone), the slope of the GOM curves for wild-type mice was
shallow (0.35 dB/dB, n = 10) and that for Nherf1−/− mice was much steeper
(2.2 dB/dB, n = 12). The large GOM allowed compression measurements to
be made with probe tone-burst levels not exceeding 65 dB SPL (yellow zone),
which kept the risk of spectral splatter under control.
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of each other over the whole frequency range of tested maskers
(Fig. 4B and SI Appendix, Fig. S7A).
In normal healthy ears, maximum masking occurs when the

frequency of at least one of the two interfering sounds, the probe or
the masker, coincides with the CF of the cochlear place where the
masking effect is generated (2, 4, 6). In an active cochlea, the BM
vibration for intermediate stimulus intensities (20–80 dB SPL)
undergoes compressive amplification of its displacements solely at
the CF place of the stimulus, where it increases by only about 0.3
dB/dB increase of sound level in the ear canal. By contrast, cochlear
vibrations at places distant from the CF place, not influenced by
OHC activity, increase linearly by 1 dB/dB (1). Which of the two
sounds is at CF at the interference place can be determined by
measuring the increase of the efficient masker intensity with in-
creasing probe intensity (growth of masker, GOM) (6).
In wild-type mice, when probe and masker frequencies were

close to each other (20 and 19 kHz, or 32 and 30 kHz, re-
spectively), a paradigm referred to as “on-frequency” masking,
the GOM was about 1 dB/dB: both the probe and masker co-
chlear responses displayed similar compressed rates of increase
at their interference place (20 kHz or 32 kHz CF place, re-
spectively) (6). In Nherf1−/− mice with normal ABRs at 10 kHz, a
frequency at which on-frequency masking was efficient, the GOM
was also about 1 dB/dB (Fig. 4D and SI Appendix, Fig. S7B).
We then examined masking when probe and masker are set at

very different frequencies, e.g., 32 and 12.5 kHz, respectively,
referred to as “off-frequency” masking. In Nherf1+/+ mice, the
GOM was 0.35 dB/dB (n = 10) for probe intensities between 30
and 65 dB SPL (Fig. 4D), and was slightly steeper above 65 dB
SPL. This is coherent with the reported decrease in compression
at increasing levels (1). In Nherf1−/− mice (n = 12), the pattern of
masker growth under the same stimulation conditions was re-
versed: the GOM was 2.2 dB/dB for probe intensities in the 50-
to 65-dB SPL range (Fig. 4D). This inversed pattern indicates
that the efficient low-frequency maskers undergo more com-
pression than the probe sound that they mask, suggesting that
maskers act near their own CF place. This raises questions about
the idea that in the 50- to 65-dB SPL range (Fig. 4D), the place
where the high-frequency probe stimulus elicits its CAP has
a high CF (SI Appendix, Table S1).

Discussion
The hearing impairment in Nherf1−/− mice is characterized by
a transition between near-normal low-frequency responses, be-
low 15 kHz, and abnormal high-frequency responses above 15
kHz (Fig. 3 A and C). Consistent with this, anomalies of OHC
hair bundles are rare at the cochlear apex, more prevalent in the
middle region of the cochlea, and involve 95% of OHCs at the
cochlear base. The lack of Nherf1-mediated structural and sig-
naling activities in these mutant mice probably results in slack-
ening of stereocilia membrane tension, as suggested by the
irregular shapes of OHC hair bundles. During hair bundle dif-
ferentiation, cell intercalations and cell–cell junction remodeling
concomitant with the convergent extension process are con-
spicuous at the cochlear base but are rare at the apex. This may
explain the gradient of the prevalence of anomalies increasing
from apex to base. The absence of high-frequency DPOAEs and
the about 10-fold reduction of CM potential amplitude in
Nherf1−/− mice indicate an overall lack of activity of the basal
OHCs. This is not consistent with the small magnitude of ABR
threshold elevations above 20 kHz. The OHCs are believed to
influence the sensitivity of the cochlear response by acting in
a feedback loop, which amplifies cochlear vibrations by up to
60 dB, when cycle-by-cycle OHC feedback occurs with the ap-
propriate timing. Accordingly, a 60-dB increase in ABR thresholds
in the high-frequency range was expected in Nherf1−/− mice (1),
such that the increase of 22–35 dB that was observed was sur-
prising (Fig. 3).
The apparent mildness of ABR threshold shifts in Nherf1−/−

mice is also inconsistent with the substantial abnormality of
their frequency selectivity. Modified masking TCs, such that

maximally efficient masking frequencies are below the probe
frequency, have already been reported in two conditions: the
so-called “hypersensitivity of the tail” (7) and “off-frequency
detection” (4).
In the hypersensitivity of the tail cases, TCs of individual au-

ditory neurons innervating IHCs at cochlear places where OHCs
stereocilia or these cells themselves are absent, have no sen-
sitive dip at CF and display abnormally great sensitivity in re-
sponse to low frequencies (7). This hypersensitivity is attributed
to increased shear motion of the TM, due to slackened coupling
to the organ of Corti in the absence of functional OHC; this is
believed to confer on the basal cochlea an increased sensitivity to
low-frequency vibrations (7). Comparison of abnormal neuronal
TCs and normal reference TCs at similar CFs show that low-
frequency responses emerge in such situations at levels 10–15 dB
lower than normal (7–9). In the less severe condition in which
OHCs are damaged yet still present, the dips of neuronal TCs
are found near the normal CF, and low-frequency tails with in-
creased sensitivity are usually observed, the tail minimum being
at about the same level as the dip. However, several of our ex-
perimental findings in Nherf1−/− mice are not consistent with this
model. First, the masking of high-frequency probes by low-fre-
quency maskers in Nherf1−/− mice is much stronger than
reported for cases ascribed to hypersensitivity of the tail (7).
Low-frequency maskers at levels 15 dB and sometimes 25 dB
below the probe level on average exerted effective masking in
Nherf1− /− mice, whereas tail levels for low-frequency in-
terference in cases of hearing loss of other types are between 15
and 25 dB higher than the probe level (Fig. 4C and SI Appendix,
Fig. S8D); in cases of hypersensitivity of the tail as described
elsewhere, masking would not occur at levels lower than probe
level. Second, the frequency interval at which a hypersensitive
tail is found should relate directly to the mechanical coupling of
the TM to OHCs at the probe–CF place, where CAP responses
to the probe are elicited. This is not the case in Nherf1−/− mice, in
which probe frequencies could vary from 20 to 40 kHz with no
influence on masking TC shapes or dip positions. Indeed, the
masking TC shapes in a given ear seemed to be related to the
low-frequency interval of normal auditory sensitivity in that ear.
Third, according to the hypersensitivity of the tail hypothesis, low
frequencies exert their masking effect at the CF place of the
high-frequency probe. Whether OHCs are functional or not,
it is generally believed that vibrations, far from their own CF
place, can undergo neither amplification nor compression (1),
and therefore the expected GOM should be lower than 1 dB/dB.
It does not appear possible to reconcile the observed GOM in
Nherf1−/− mice with this interpretative model. Finally, unlike in
the case of the hypersensitivity of the tail (7), Nherf1−/− OHC
hair bundles are still anchored in the TM.
The other hypothesis, off-frequency detection, mirrors the

hypersensitivity of the tail model by positing that high-frequency
probes near their ABR threshold (at levels <65 dB SPL) are not
detected at the place tuned to the probe itself but at the CF
places of best maskers, i.e., within the normally sensitive and
immediately apical cochlear region. In the typical case of a dead
basal cochlear region, high-frequency probes are indeed detected
at sensitive places not tuned to those probes but adjacent to
the dead cochlear region (4). In Nherf1−/− mice, the GOM data
in off-frequency settings show a 2.2 dB/dB slope, which indicates
that the maskers, but not the probes, undergo compression; this
implies that the places where masking occurs also actively pro-
cess masker-induced vibrations (1) (SI Appendix, Table S1). The
unusual ability of low-frequency maskers to act at levels up to 25
dB lower than the detection threshold of the high-frequency
probe provides further support to the notion that the probe is
detected at places where the masker is amplified. In the case of
dead cochlear regions, sensitive places just apical to a dead zone
can still be reached by the traveling BM wave, but the probe
intensity would usually have to exceed 70 dB SPL to overcome
the strong apical-ward attenuation beyond the CF place (70 dB/
octave) (10). In Nherf1−/− mice, the masking TC dips could shift
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downward by up to two octaves with neural responses to 32 or 40
kHz probe tone bursts at 60 dB SPL being masked optimally by
masker tones at 10–12 kHz (Fig. 4A), thus raising the critical
issue of how high-frequency vibrations could have reached the
apical detection site as they could not have traveled along the
BM. A mechanism of apical propagation other than Békésy’s
BM traveling wave is presumably therefore operating in Nherf1−/−

mice. This mechanism differs by its ability to spread medium-
level high-frequency vibrations toward the cochlear apical region.
Various modes of vibration have been detected in the cochlea, and
they include a fast acoustic-pressure wave traveling in cochlear
duct fluids (11), but which has little effect on hair bundle de-
flection. The latencies of the high-frequency ABRs of Nherf1−/−
mice, if produced off frequency by an acoustic-pressure wave,
should be as short as in Nherf1+/+ mice. The Reissner membrane
has recently been described to support the propagation of
vibrations that contribute significantly to the excitation of the
apical-most part of the cochlea (12). Recent ex vivo investiga-
tions of the viscoelastic properties of the TM suggest that it is
possible for a wave to travel longitudinally along this membrane
(13–15). If the in vivo properties are similar to those reported ex
vivo, the features of the TM wave might allow it to propagate
high-frequency vibrations to the apex of Nherf1−/− cochleas. IHC
excitation requires the deflection of stereocilia bundles, and TM
vibrations may cause such deflection even when the BM and
reticular lamina do not vibrate.
How can high-frequency waves propagate along the TM from

basal places? Nherf1−/− mice have normal numbers of OHCs in
the basal region that, strikingly, display persistent mechanical
coupling to the TM (Fig. 2). Consequently, passive vibrations
of the basal BM might be transmitted to the TM. Normally,
vibrations of the reticular lamina differ in amplitude and timing
from those of the BM and both display rapid phase changes in
the longitudinal direction near the CF, due to OHC mechanical
feedback (16); this likely hampers the efficacy of any leak to the
TM in wild-type conditions. In Nherf1−/− mice with defective
basal OHCs, one would expect BM motion, although weak, to
occur in phase with the reticular lamina over a broad region,
which may act as a beamforming mechanism resulting in signif-
icant TM motion. It is also possible that the disrupted stiffness
gradient of OHC stereocilia bundles in Nherf1−/− mice favors this
beamforming mechanism, whereas in the normal case, the stiff-
ness gradient would oppose it by controlling the spatial decay of
waves in the basoapical direction. Ex vivo, TM waves undergo
little attenuation over hundreds of micrometers and travel at 3–6
m/s, in a smooth frequency- and place-dependent manner (13).
This would translate into an ∼0.4-ms travel time between the
places with CFs at 40 and 10 kHz, which is consistent with the
observed shift in wave-I latencies of ABRs to high-frequency
tone bursts in Nherf1−/− mice (Fig. 3E). The off-frequency de-
tection model would also account for the need for on-frequency
maskers to be about 40 dB more intense than the 20 and 32 kHz

probes, because the interaction between these probes and
maskers is assumed to occur apically at places tuned to the best
maskers, and which respond nonlinearly only to sounds near
their CF. Contrary to the normal cases in which masking has
a strong suppressive component, in Nherf1−/− mice, the only
possible masking mechanism would be the line-busy mechanism
by which the masker saturates the neuronal activity and swamps
the transient probe-induced activity (17); this requires the
masker to be about 40 dB more intense than the probe.
In summary, the off-frequency detection mechanism can ac-

count for the results we report in Nherf1−/− mice without any
need for altering the basic tenets of cochlear mechanics. We
propose that a mode of propagation along the TM that has been
described in vitro may extend abnormally in the apical direction
via the persisting coupling between inactive OHCs and the
TM. In patients with a similar abnormality, this would bias the
interpretation of audiometric evaluation by suggesting a mis-
leadingly mild high-frequency hearing impairment. This would in
turn affect the hearing-aid fitting procedure. The detection of
medium-level high-frequency sounds despite a severely damaged
cochlear base may provide a beneficial natural frequency trans-
position, akin to that implemented by hearing aids that nu-
merically displace inaudible high-frequency components to a
midfrequency interval to which the ear remains more sensitive.
However, our findings in Nherf1−/− mice suggest that transposed
information is so vulnerable to interference from low-frequency
sounds that patients are likely to have major difficulties hearing
in noisy environments, inconsistent with a hearing impairment
misdiagnosed as “mild.” Therefore, screening for this newly
identified type of cochlear dysfunction is essential for appropri-
ate clinical evaluations of patients with hearing disorders. Our
study indicates that this problem could be identified by system-
atic screening for inconsistency between ABR and DPOAE
measurements, and that abnormal psychophysical masking test
results would reveal the unusual detrimental impact of low-fre-
quency sounds.

Materials and Methods
A detailed description of the methods is available in SI Appendix, Materials
and Methods. Nherf1−/−, Nherf2−/−, and Cdh23v2j/v2j mice were used. Im-
munofluorescence analysis, study of the structure of the auditory hair cells
by light and scanning electron microscopy, and the in vivo measurements for
physiological analysis were performed. Experiments with animals were car-
ried out using protocols approved by the Animal Use Committee of INSERM
and Institut Pasteur.
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