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ABSTRACT

Mutations in genes encoding tectorial membrane
(TM) proteins are a significant cause of human
hereditary hearing loss (Hildebrand et al. 2011), and
several mouse models have been developed to study
the functional significance of this accessory structure
in the mammalian cochlea. In this study, we use
otoacoustic emissions (OAE), signals obtained from
the ear canal that provide a measure of cochlear
function, to characterize a mouse in which the TM is
detached from the spiral limbus due to an absence of
otoancorin (Otoa, Lukashkin et al. 2012). Our results
demonstrate that spontaneous emissions (SOAE),
sounds produced in the cochlea without stimulation,
increase dramatically in mice with detached TMs even
though their hearing sensitivity is reduced. This
behavior is unusual because wild-type (WT) controls
are rarely spontaneous emitters. SOAEs in mice
lacking Otoa predominate around 7 kHz, which is
much lower than in either WT animals when they
generate SOAEs or in mutant mice in which the TM
protein Ceacam16 is absent (Cheatham et al. 2014).
Although both mutants lack Hensen’s stripe, loss of
this TM feature is only observed in regions coding
frequencies greater than ~15 kHz in WT mice so its
loss cannot explain the low-frequency, de novo SOAEs
observed in mice lacking Otoa. The fact that ~80 % of
mice lacking Otoa produce SOAEs even when they

generate smaller distortion product OAEs suggests
that the active process is still functioning in these
mutants but the system(s) involved have become less
stable due to alterations in TM structure.
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INTRODUCTION

Different sensory organs within the inner ear are
associated with unique accessory structures that
evolved to optimize hair-cell stimulation for the
primary sense, be it auditory or vestibular. In the
cochlea, this accessory structure is the tectorial
membrane (TM; Fig. 1A), an extracellular matrix that
is anchored medially to the surface of the spiral
limbus and laterally to the tallest stereocilia of the
outer hair cells (OHCs). Even though the stereocilia
of the cochlear inner hair cells (IHCs) appear to be
free standing (Lim 1971; Dallos et al. 1972), the TM is
also thought to facilitate their stimulation (Dallos et
al. 1972; Richardson et al. 2008; Lukashkin et al.
2010). The body of the TM contains collagen fibrils
embedded in an unusual striated-sheet matrix, the
major components of which are alpha and beta-
tectorin (Tecta and Tectb, respectively) and Ceacam16
(Legan et al. 1997; Zheng et al. 2011; Kammerer et al.
2012; Cheatham et al. 2014). In the absence of
functional Tecta, the TM becomes completely de-
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tached from the organ of Corti and the animals suffer
a significant hearing loss (Legan et al. 2000; Moreno-
Pelayo et al. 2008; Legan et al. 2014).

While near-normal auditory sensitivity is observed
in young mice lacking Ceacam16, attesting to the fact
that the TM remains closely associated with the organ
of Corti in these mutants, there is a surprising
increase in the number of mice exhibiting spontane-
ous otoacoustic emissions (SOAEs), sounds that
emanate from the cochlea and are thought to reflect
the active process that underlies sensitivity and
frequency selectivity (Gold 1948; Hudspeth 2014).
The SOAEs encountered in Ceacam16 knockout
(KO) mice have frequencies that cluster around
23 kHz (Cheatham et al. 2014). Although control
wild-type (WT) mice are rarely spontaneous emitters,
SOAEs, when present, also originate from this same
frequency-encoding region. The increased number of
SOAEs encountered in Ceacam16 KO mice correlates
with the absence of Hensen’s stripe, a ridge that
projects down from the undersurface of the TM. This
structure is closely apposed to and lies just medial to

the hair bundles of IHCs but is only observed in the
basal 60 % of the mouse cochlea, i.e., for regions
coding frequencies above 15 kHz (Müller et al. 2005;
Cheatham et al. 2014; Legan et al. 2014). Although
striated-sheet matrix fails to form in Ceacam16 KO
mice and despite the appearance of large holes
appearing in the main body of the TM, especially in
the apical, low-frequency end of the cochlea, the
spatial distribution of these structural defects does not
correlate with the observed SOAE frequencies.

In the present study, we characterized otoancorin
(Otoa) KO mice (Lukashkin et al. 2012) in which the
TM is detached medially from the spiral limbus,
Hensen’s stripe is missing, and the extreme lateral
region overlying the OHCs is thin and fenestrated
(Fig. 1B). Striated-sheet matrix is present within the
main body of the TM, but absent from the region
where the imprints of the tallest stereocilia of OHCs
are observed. Otoa KO mice retain their best sensitivity
(as assessed by OAEs) for frequencies encoded at the
apex of the cochlea and it is from this region, in the
vicinity of 7 kHz, that a profusion of SOAEs is
observed. The high incidence of SOAEs in mice with
TM defects suggests that anatomical changes in this
accessory structure of the cochlea lead to an alteration
in the stability of a tightly coupled system that is
comprised of the basilar membrane, the outer hair
cells and their surrounding supporting cells, and the
TM.

MATERIALS AND METHODS

Mice were tested between 3–7 weeks and 6–7 months
of age while under anesthesia with ketamine/xylazine
(100 mg/kg; 10 mg/kg, IP). The Ceacam16 mice were
on a C57BL6J genetic background, while the Otoa
mice were on a mixed, variable 129/C57BL6J back-
ground, which differs from that in the original
publication on this mutant (Lukashkin et al. 2012).
Data are also provided for mice (129S7/C57BL6J)
lacking prestin. The WT control data were collected
over several years from mice on a mixed, variable
129/C57BL6 background. Distortion product OAEs
(DPOAE), recorded with a custom probe equipped
with a sensitive microphone (Knowles Electronics, FG-
3652-CX), were analyzed using Emission Averager
(EmAv, Neely and Liu 1994) and additional computer
programs written by JH Siegel using Visual Basic. The
probe was placed close to the eardrum and sound
calibrations in the ear canal of each mouse were
performed out to 48 kHz using a chirp stimulus
generated in System Response (SysRes, Neely and
Stevenson 1992). All signals were generated using a
CardDeluxe 24-bit sound card with a sampling rate of

Fig. 1. Tectorial membrane anatomy. Diagram showing normal (A)
and detached (B) tectorial membranes in WT controls and Otoa KO
mice. The drawings of the organ of Corti are based on anatomical
results published by Lukashkin et al. (2012).
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96 kHz. Distortion product otoacoustic emissions were
recorded as DPgrams (f2/f1 = 1.2, L1 =L2=70 dB) for
f2 frequencies between 2 and 47 kHz to cover most of
the mouse hearing range. Input-output functions
were also collected for selected f2 frequencies with
the level of f1 (L1) 10 dB greater than that for f2.
Thresholds for 2f1-f2 were then calculated and
represent the level of f1 producing a DPOAE of
0 dB. Data are presented as means ±one standard
deviation. A one-way analysis of variance (ANOVA)
was performed using a Statistical Package for the
Social Sciences (SPSS). Post hoc t tests were also
acquired. Distortion in the sound was measured using
a tubing coupler with a small volume similar to that of
the mouse ear canal (Pearce et al. 2001). In order to
measure SOAEs, the noise floor in quiet was mea-
sured for 3 min 45 s using SysRes by averaging 40
spectra of the canal pressure into a 524,288 point
buffer. A fast Fourier transform (FFT) was performed
on the time waveform of each sample, and the
magnitudes averaged. A moving rectangular window
served to smooth the spectrum such that energy was
integrated into non-overlapping windows with a width
of 93 Hz. Spontaneous emissions were identified as
peaks in the noise spectrum. Additional details are
provided in our previous publication (Cheatham et al.
2014).

RESULTS

In this report, we focus on otoacoustic emissions
(Kemp 1978), which are produced as a by-product of
hair-cell function (Jaramillo et al. 1993; Mom et al.
2001; Carvalho et al. 2004; Liberman et al. 2004) and
provide a non-invasive tool for studying cochlear
processing. Our initial inquiry was to determine the
degree to which mice lacking Otoa would display
SOAEs since data collected on another TM-mutant
mouse revealed that an exceptionally high proportion
(70 %) of mice lacking the TM protein Ceacam16
showed this behavior. SOAEs are generated in the
absence of stimulation and are thought to signal high
gain and instability (Hudspeth 1997) and to reflect
those processes required for sharp tuning and sensi-
tivity in the mammalian cochlea. Examples of SOAE
traces are provided in Figure 2A for all 12 of the WT
mice in our collection that produced SOAEs (8.2 %;
12/147 mice) independent of strain background.
These results were obtained over a 9-year period,
attesting to the fact that SOAEs in WT mice are
uncommon. Of the 77 WT mice examined from the
Ceacam16 and Otoa colonies, only six animals showed
SOAEs. Although the SOAE frequencies in Ceacam16
KO mice (Fig. 2B) overlap those in controls, SOAEs

for Otoa KOs (Fig. 2C) are usually lower in frequency.
In our hands, 34 of 43 Otoa KOs (79 %) had
measureable SOAEs.

SOAE data are plotted as a bar graph in Figure 3 to
show the distribution of their frequencies (Fig. 3A)
and magnitudes (Fig. 3B) for the Otoa (red) KO mice,
and for reference for the Ceacam16 KOs (blue), as well
as for the 12 WT animals that exhibited SOAEs
(black). The rare SOAEs in WT mice occur at
frequencies corresponding to cochlear locations
where Hensen’s stripe is a distinct feature of the TM.
The average SOAE frequency in WT mice is 22.6
± 3.8 kHz, similar to that in Ceacam16 KOs where the
average frequency is 23.8 ± 3.7 kHz. Both these
frequencies/averages, however, are much higher than
the average SOAE frequency in Otoa KOs, which is 7.6
± 4.1 kHz for the whole population of emissions.
Although nine Otoa KO mice produce SOAEs above
~15 kHz, in the same region as those seen in Ceacam16
KOs and WT mice, this behavior is observed only
when the animals retain larger high-frequency
DPOAEs. Otoa KOs, therefore, generate both de novo
low- and higher-frequency SOAEs, with the average
frequency for those above 15 kHz being 18.4 ± 1.2 kHz
(n= 12) and that for SOAEs below 15 kHz being 6.4
± 1.8 kHz (n = 102). Also, if a WT mouse is a
spontaneous emitter, the average number of SOAEs
with different peak frequencies produced per mouse
is similar to that encountered in Ceacam16 KOs, i.e.,
an individual WT mouse that emits generates on
average 2.3 SOAEs (28 SOAEs/12 WT mice) and a
Ceacam16 KO produces 2.4 (156 SOAEs/65 mice). In
contrast, an Otoa KO generates 3.4 (114 SOAEs/34
mice) SOAEs per mouse per recording. Panel B shows
that the average magnitude of SOAEs is somewhat
smaller for mice lacking otoancorin. The average
magnitude for WT controls is 14.7 ± 5.5 dB, that for
Ceacam16 KOs, 16.8 ± 4.8 dB and for Otoa KOs, 11.3
± 7.4 dB. Finally, in Figure 3C, SOAE magnitudes are
plotted as a function of SOAE frequency for WT
(black squares), Ceacam16 (blue triangles), and Otoa
KOs (open red circles). Although some of the SOAEs
in the Otoa KO mice are of high magnitude (see
Fig. 2C), collectively, they tend to distribute over a
larger range than in WT and Ceacam16 KO mice,
thereby resulting in a smaller average SOAE magni-
tude. It is also noted that the Otoa KO mice with
SOAEs above ~15 kHz are those animals that produce
the largest DPOAEs at high f2 frequencies. In fact,
when mice lacking otoancorin retain some sensitivity
at high f2 frequencies, they too can exhibit SOAEs in
the same region as WT and Ceacam16 KOs.

To assess cochlear performance and its relation to
the propensity to generate SOAEs, data for DPOAEs
at 2f1-f2 are shown in Figure 4A where average
magnitudes (± one standard deviation) are plotted as
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a function of f2 frequency with L1 =L2=70 dB SPL. In
addition to results from WT controls (black), DPOAEs
are included for Ceacam16 (blue) and Otoa KO (red)
mice. The latter mutants are separated into four
groups: young (3–7 weeks of age) Otoa KOs with both
high- (hi) and low- (lo) frequency SOAEs (solid lines)
and those with low-frequency SOAEs only (dot-dashed
lines) and young Otoa KO mice that did not generate
SOAEs (dashed lines) and older Otoa KO mice at 6–
7 months of age (dotted lines). As reported previously
(Cheatham et al. 2014), mice lacking Ceacam16 retain
near-normal DPOAEs when young in spite of the
presence of large holes, especially in the apical TM,
and the fact that both the striated-sheet matrix and
Hensen’s stripe are missing. In contrast, reduced
DPOAEs are recorded in Otoa KOs. For young animals
generating SOAEs, the largest DPOAE responses are
recorded for relatively low f2 frequencies and, in some
mice, for higher f2 frequencies as well. Otoa KOs with
high-frequency SOAEs produce DPOAEs that are
larger than those in mice with only low-frequency
SOAEs. This is especially true in the vicinity of
f2 = 17.8 kHz, which is near the average SOAE
frequency (18.4 ± 1.2 kHz) for mice generating spon-
taneous emissions above 15 kHz. Mice lacking Otoa
that do not exhibit SOAEs have small DPOAEs
independent of f2 frequency. In fact, their responses
differ from the noise floor only in a narrow frequency
range. Data for older Otoa KOs (dotted lines) show
DPOAEs at 2f1-f2 but only for low f2 frequencies. Six

of these eight older mice lacking otoancorin pro-
duced SOAEs, but all were less than 9 kHz. A one-way
ANOVA revealed that the WT controls and the
various groups of Otoa KOs were statistically different
from one another (range of significant effects:
F(4,36)=12.08–68.87, pG0.01). Post hoc t tests also
showed that Otoa KOs with high-frequency SOAEs
(average SOAE frequency 18.4 kHz) were statistically
different (pG0.01) from KOs with only low-frequency
SOAEs at f2 = 17.8 kHz. For comparison, we appended
our results from mice lacking prestin to show high-
level OAEs measured in a cochlea where the outer
hair cells lack somatic electromotility and, hence,
amplification (Dallos et al. 2008). The data were
obtained from Prestin KOs that produce DPOAEs
since emissions in mice lacking prestin are known to
be highly variable such that only those with the best
sensitivity generate DPOAEs and then only at high
stimulus levels (Liberman et al. 2004). Comparisons
between mice lacking otoancorin and those lacking
prestin indicate that for much of the frequency range of
hearing, responses generated in Otoa KO mice are no
larger than those for Prestin KOs. In fact, DPOAEs in
Otoa KOs exceeded those in mice lacking prestin only at
low (G9 kHz) and high (925 kHz) f2 frequencies,
providing evidence for some amplification.

Input-output functions were also obtained for
DPOAEs at selected f2 frequencies. In Figure 4B,
results are provided for f2 = 8 kHz (f1 = 6.667 kHz and
2f1-f2 = 5.332 kHz). Again, the data for mice lacking

Fig. 2. SOAE spectra. Representative SOAE spectra are provided for all WT animals (A) in our collection, along with those from a selection of
mice lacking Ceacam16 (B) or otoancorin (C). All data are plotted on an ordinate with arbitrary scale, i.e., the 10-dB scale applies to all panels.
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Otoa are plotted separately for young animals with
and without SOAEs and for older KOs. Young Otoa
KOs with SOAEs (solid lines) produced larger
DPOAEs than mice without SOAEs (dashed lines),
and both groups showed greater variability than WT
controls. Average DPOAEs for mice at 6–7 months
(dashed lines) fall in between the values for the
younger mice with and without SOAEs. The average
threshold shift for young Otoa KOs with SOAEs was
11.1 dB, while that for young mice lacking SOAEs was
35.4. The average threshold shift for older Otoa KO
mice was 21.8 dB. A one-way ANOVA revealed a
statistically significant difference between WT and
Otoa KO groups (range of significant effects:
F(3,30)=4.63–19.47, p=0.01–0.00). Post hoc t tests also
showed that Otoa KO mice with SOAEs were different

from mice without SOAEs for L1 = 50 to 80 dB.
Between 70 and 80 dB, older mice were also different
from Otoa KOs without SOAEs (pG 0.05). Distortion in
the sound is also appended as the gray line and
indicates that DPOAEs in Otoa KOs without SOAEs
may not be biological. Although not shown here,
moderate threshold shifts were also obtained for
DPOAEs at f2 = 4.5 kHz (12.9 dB) and f2 =6 kHz
(12.6 dB) for Otoa KO mice with SOAEs. Based on
these estimates, Otoa KOs with SOAEs were deemed to
have suffered a partial loss of gain, especially for f2
frequencies below ~10 kHz. In spite of the reduction
in DPOAE magnitudes, most of the Otoa KOs show
large and numerous SOAEs in the frequency region
between ~4 and 8 kHz where they retain reasonable
sensitivity and amplification. Data in Figure 4C show
results for f2 = 12 kHz (f1 = 10 kHz, 2f1-f2 = 8 kHz). In
this case, the functions are shifted to the right by
~40 dB for all Otoa KO mice independent of age and
whether they produced SOAEs or not. A one-way
ANOVA revealed that WT and Otoa KO mice were
statistically different (range of significant values:
F(3,32)=3.06–138.17, p = 0.04–0.0). The decrease in
DPOAE magnitude for Otoa KO mice was not unlike
that for mice lacking prestin (plotted in green) and
signifies high-level production of OAEs at high sound
levels in the absence of somatic electromotility.

DISCUSSION

In mice lacking Otoa, where the TM is detached from
the limbus, DPOAEs are smaller than in controls.
However, in spite of this decrease in DPOAE magni-
tude, numerous SOAEs are recorded especially at low
frequencies. Although the overall increase in expres-
sion of SOAEs vis-à-vis WT is similar to that in
Ceacam16 KO mice (Cheatham et al. 2014), low-
frequency SOAEs are only observed in Otoa KO mice.
Therefore, in mice lacking otoancorin, most SOAEs
appear to be generated in the apical region of the
cochlea where these mice produce their largest
DPOAEs and where signal processing appears to be
near normal. This observation is consistent with the
idea that some degree of amplification is necessary for
SOAE generation. In fact, SOAEs can be observed in
humans but only when threshold shifts are less than
~20 dB HL (Probst et al. 1991).

It is also emphasized that a small group of good
Otoa KO emitters produce signals between ~16 and
~21 kHz, overlapping with those seen in WT and
Ceacam16 KO mice. Although some Otoa KO mice at
6–7 months of age retained SOAEs at low frequencies,
none of the older mice exhibited high-frequency
SOAEs, as their responses to high f2 frequencies were

Fig. 3. SOAE frequencies and magnitudes. The number of SOAEs is
plotted as a function of their peak frequency (A) and magnitude (B).
The total number of mice with SOAEs and the total number of SOAEs
observed in each mouse group is provided in the legend. The
position of Hensen’s stripe in WT mice is also indicated in panel A
along the abscissa to show that it is present in controls but only for
more basal locations encoding frequencies greater than ~15 kHz
(Cheatham et al. 2014; Legan et al. 2014). Panel C provides a plot of
SOAE magnitude versus SOAE frequency for WT (black squares),
Ceacam16 KOs (blue triangles), and Otoa KOs (red open circles).
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also reduced. Young mice lacking otoancorin can,
therefore, generate SOAEs with the same frequencies
as Ceacam16 KO and WT mice, but only when they
retain some sensitivity at these high frequencies.

Measurements on isolated TMs (Jones et al. 2015)
suggest that the striated-sheet matrix can enhance
energy dissipation and suppress SOAEs in normal

animals. Although this is a possible explanation for
the increased incidence of SOAEs in Ceacam16 KO
mice, Otoa KO mice retain striated-sheet matrix
within the main body of the TM but are, nonetheless,
excellent emitters. Hensen’s stripe is also absent from
the apical, low-frequency region of the TM in wild-type
mice, so the loss of this structural feature from the

Fig. 4. DPOAEs. Panel A provides DPOAE magnitudes for 2f1-f2
plotted as a function of f2 frequency for equal-level primaries at
70 dB. Although Ceacam16 KO mice (blue) have near-normal
responses when young, the Otoa KOs show reduced responses.
The animals lacking Otoa are plotted in red for four different groups:
mice producing both high- (hi) and low- (lo) frequency SOAEs with
solid lines, those generating low-frequency SOAEs only with dot-
dashed lines, those lacking SOAEs with dashed lines, and Otoa KO
mice at 6–7 months of age with dotted lines. Results from mice
lacking prestin are also appended and plotted in green. Data are
presented as means and standard deviations (plotted in one direction
only for clarity), and the controls are plotted in black. It is also
emphasized that in our hands the Otoa KO mice show smaller
DPOAEs than in the initial report on this mouse mutant (Lukashkin et

al. 2012). This difference may reflect strain background such that the
data reported here are for mice on a mixed, variable 129/B6
background, while those used by Lukashkin et al. were CBA/
Ca × B6 F1 hybrids. The backcross to CBA/CaJ appears to minimize
the age-related hearing loss known to plague the C57BL6J line.
Input-output functions for 2f1-f2 are plotted in panel B for f2 = 8 kHz
and in panel C for f2 = 12 kHz. Data for Otoa KO mice in panels B
and C are again separated into two groups: those with (red solid
lines) and those without (red dashed lines) SOAEs. Input-output
functions for older Otoa KO mice are also appended and appear as
dotted lines. Panel C also shows results from prestin KO mice (green).
Distortion in the sound was measured in a tubing coupler and is
indicated in panels B and C by the solid gray line.
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basal, high-frequency end of the TM is unlikely to
account for the increased incidence of low-frequency
SOAEs detected in animals where the most prominent
anatomical change is detachment of the TM from the
spiral limbus.

A recent modeling study (Prodanovic et al. 2015)
suggests that viscous damping in the sub-tectorial
space influences the oscillatory behavior of the
cochlear partition and the dissipation of energy. Loss
of limbal attachment and the absence of Hensen’s
stripe are both likely to influence sub-tectorial fluid
flow and could therefore lead to a change in the
production of SOAEs, albeit in different regions of
the cochlea. If suppression of spontaneous activity was
linked to the complex hydrodynamics of fluid flow
within the sub-tectorial space, then detaching the TM
from the limbus as in Otoa KO mice and/or removing
Hensen’s stripe might be expected to increase SOAE
expression. The fact that WT and Ceacam16 KO mice
do not emit at low frequencies may relate to the
possibility that less than maximal available gain is
adequate in normally operating ears. In other words,
the system may be more stable in normal ears for
regions coding lower-frequency inputs.

Oscillatory hair bundle behavior was first observed
in the turtle cochlea (Crawford and Fettiplace 1985)
and was predicted in cochlear models (Neely and Kim
1986). Subsequent experiments in non-mammalian
vertebrates (Martin et al. 2003) showed that these
movements disappeared when the mechanoelectrical
transducer channels were blocked and that SOAEs
were not observed when an accessory structure was
attached to the sense organ (Strimbu et al. 2010).
Recent work by Salvi et al. (Salvi et al. 2015) also
suggests that hair bundles in mice with TM mutations
can oscillate spontaneously due to a change in their
mechanical load and that the frequency of these
oscillations is expected to decrease with decreasing
stiffness. In addition, model predictions indicate that
changes in the balance between TM stiffness/mass
can also influence SOAE generation (Maoileidigh and
Hudspeth 2013). If spontaneous bundle movements
change the OHC membrane potential, then a spon-
taneous change in OHC length could be induced as
well. These observations imply that physical changes
in the TM can influence SOAE frequency, as well as
the degree to which spontaneous activity is generat-
ed/suppressed. If the TM-defect in Otoa KOs in-
creases OHC-mediated gain, then the system could
move toward a region of instability. A combination of
increased gain/instability and reduced suppression
may, therefore, account for the SOAEs seen in Otoa
mutant mice.

Taken together, these results suggest that the
mammalian organ of Corti in normal animals may
have evolved to maximize amplification while preserv-

ing stability (Salvi et al. 2015). In light of unavoidable
viscous losses attendant to the traveling wave in
mammals, providing active gain was probably the
primary factor that drove evolution of the OHC
system, with the additional requirement that stability
be maintained. Force-generating outer hair cells,
coupled by accessory structures, provide high sensitiv-
ity allowing faint sounds to be heard in mammals even
at high frequencies. However, the amount of active
gain is limited by the added practical requirement
that the system remains stable. The high incidence of
SOAEs seen in mice with mutations that cause distinct
changes in the TM suggests that this accessory
structure and the mechanical load that it provides to
the sense organ serve to maintain cochlear stability
and that a high incidence of SOAEs may be diagnostic
of dysfunction (Ruggero et al. 1983).
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