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Abstract In mammals, the piezoelectric protein, Prestin,
endows the outer hair cells (OHCs) with electromotility
(eM), which confers the capacity to change cellular length
in response to alterations in membrane potential. Together
with basilar membrane resonance and possible stereociliary
motility, Prestin-based OHC eM lays the foundation for
enhancing cochlear sensitivity and frequency selectivity.
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However, it remains debatable whether Prestin contributes
to ultrahigh-frequency hearing due to the intrinsic nature of
the cell’s low-pass features. The low-pass property of
mouse OHC eM is based on the finding that eM magnitude
dissipates within the frequency bandwidth of human
speech. In this study, we examined the role of Prestin in
sensing broad-range frequencies (4—80 kHz) in mice that
use ultrasonic hearing and vocalization (to >100 kHz) for
social communication. The audiometric measurements in
mice showed that ablation of Prestin did not abolish
hearing at frequencies >40 kHz. Acoustic associative
behavior tests confirmed that Prestin-knockout mice can
learn ultrahigh-frequency sound-coupled tasks, similar to
control mice. Ex vivo cochlear Ca*" imaging experiments
demonstrated that without Prestin, the OHCs still exhibit
ultrahigh-frequency transduction, which in contrast, can be
abolished by a universal cation channel blocker, Gadolin-
ium. In vivo salicylate treatment disrupts hearing at
frequencies <40 kHz but not ultrahigh-frequency hearing.
By pharmacogenetic manipulation, we showed that specific
ablation of the OHCs largely abolished hearing at frequen-
cies >40 kHz. These findings demonstrate that cochlear
OHCs are the target cells that support ultrahigh-frequency
transduction, which does not require Prestin.

Keywords Prestin - PIEZO2 - Ultrahigh-frequency hear-
ing - Electromotility - Outer hair cells

Introduction

Mammalian auditory function has ample capacity to
discriminate sound frequencies ranging from several Hz

to >100 kHz [1]. In large part, this functionality relies on
the organ of Corti, a relatively newly-evolved organ
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comparable to that found in lower vertebrates, which is
comprised of three rows of outer hair cells (OHCs) and one
row of inner hair cells (IHCs). The frequency-selectivity of
hair cells is determined by their position along the cochlear
coil. At the apex, the hair cells sense low frequencies; at
the basal turn, they detect high frequencies [2, 3]. At each
frequency, a travelling wave vibrates on the basilar
membrane and finds its best matching position where
OHC:s actively and locally amplify the motion between the
tectorial and basilar membranes [2, 4]. OHCs can change
their length in response to fluctuations in receptor potential,
a property also defined as electromotility (eM) [5-8].
OHC-based eM is believed to contribute to cochlear
amplification, which significantly improves hearing sensi-
tivity and frequency-selectivity in mammals [2, 3].

The somatic eM of the OHC is generated by the motor
protein, Prestin [2, 9, 10]. As it is extensively expressed on
the lateral membrane of OHCs, Prestin behaves as a
biological piezoelectric element containing at least two
functional domains: a voltage sensor, which detects
fluctuations in membrane potential, and an actuator, which
can undergo conformational change [10-12]. Recently,
these component domains have been depicted by cryoelec-
tron microscopy as discrete structures [13—15]. Prestin is
the key protein enhancing the frequency-tuning process by
providing OHCs with eM that is the basic mechanism
driving cochlear amplification [10, 16, 17].

Although active cochlear amplification has been
recorded both in vivo and in vitro at wide-ranging
frequencies, the contribution of Prestin-based somatic eM
at high frequencies remains elusive. In order to generate
cochlear amplification, the OHC must change its length in
a cycle-by-cycle manner, as reported at lower frequencies,
such as 1 kHz [4, 9]. However, theoretically, Prestin-driven
amplification is limited by two low-pass filters: one is
formed by the resistance and capacitance of the cell
membrane [18] and the other is due to the internal
limitations in the velocity of conformational change of
Prestin [19]. Using different recording configurations, the
measured cut-off frequency of OHC eM varies consider-
ably across several studies, in which the upper limit ranged
from a few kHz [20] to at least 79 kHz [21-23]. Thus,
whether Prestin-based OHC motility can power amplifica-
tion through ultrahigh frequencies has not yet been
established.

Interestingly, many animals, including mice, use ultra-
sonic hearing and vocalization (20 kHz to >100 kHz) for
communication [24]. Previous phylogenetic and functional
studies on Prestin have revealed trends in the distribution
of genetic polymorphisms that appear to coincide with the
ability of particular species to echolocate [25-29]. This
suggests a co-evolution of Prestin eM with the ultrasonic
vocalization of echolocating animals, such as cetaceans,
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bats, and dolphins. Also noteworthy, in vivo approaches
have shown that Prestin enhances hearing sensitivity across
the whole frequency range [16, 30]. On the other hand, our
recent study revealed that PIEZO2, a mechanically-acti-
vated channel, likely mediates ultrasonic hearing via OHCs
[31]. Taken together, these data have motivated further
study of the essential role Prestin plays in ultrasonic
hearing.

Materials and Methods
Mouse Strains and Animal Care

Prestin-knockout (Prestin-KO) and Prestin-P2A-DTR
(diphtheria toxin receptor) (Prestin-DTR) mouse lines
were generated as described [32, 33]. Wild-type (WT)
C57BL6 (B6) mice were used as controls for Prestin-KO
mice. Prestin-DTR and littermate controls at the age of 3
weeks received a single intraperitoneal (i.p.) injection of
diphtheria toxin (DT; Sigma, 2 pg/mL dissolved in saline)
at a dose of 20 ng/g body weight. One week later, foot-
shock behavior and audiometry were recorded in both DTR
and littermate mice. The experimental procedures were
approved by the Institutional Animal Care and Use
Committee of Tsinghua University.

Modified Auditory Brainstem Response (mABR)

Mice of either sex were anesthetized with 0.4% pentobar-
bital sodium in saline (0.2 mL/10 g, volume/body weight,
i.p.). During the whole experiment, body temperature was
maintained at 37 °C by a heating pad. After vertex skin
removal, the skull was exposed and secured with a
stainless-steel screw (M1.4 x 2.5). In contrast to the
classical ABR configuration, a modified ABR (mABR)
configuration was recorded to acquire better ABRs in
response to ultrahigh-frequency stimuli. This was accom-
plished by connecting the electrode to a microscrew
attached to the skull posterior to bregma (-7 mm AP,
0 mm ML), as previously described [31]. Precautions were
taken not to puncture the dura. A recording electrode was
connected to the screw by a silver wire with a diameter of
0.1 mm. Other operations were similar to regular ABR
procedures. Reference and ground electrodes were inserted
subcutaneously at the pinna and groin, respectively. The
animals were overdosed with pentobarbital at the end of
acute experiments. In survival experiments, the screw was
secured with dental cement for later measurements. After
surgery, lidocaine ointment was applied locally and
Meloxicam (4 mg/kg i.p.) was injected for anesthesia,
analgesia, and anti-inflammation.

mABR data were collected at ~200 kHz by an RZ6
workstation controlled by BioSig software (Tucker-Davis
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Technologies, Alachua, FL). Clicks and 4-16 kHz pure-
tone bursts were generated by a TDT MF1 closed-field
magnetic speaker. A TDT EC1 (Coupler Model) electro-
static speaker was used to generate high frequencies
(32-80 kHz). Prior to experiments, the two speakers were
calibrated using 377C01 (free-field) or 377C10 (pressure)
microphones with a 426B03 preamplifier and a 480C02
signal conditioner (PCB Piezotronics, Depew, NY). For
sound stimulation, 0.1-ms clicks or 5-ms tone-bursts with a
0.5-ms rise/fall time were delivered at 21 Hz, with
intensities ranging from 90 to 10 dB SPL in 10-dB steps.
Responses to each acoustic stimulation with defined
frequency and intensity levels were bandpass filtered
(100 or 300 to 3000 Hz), amplified by RA4LI & RA4PA
Medusa PreAmps (Tucker-Davis Technologies, Alachua,
FL), repeatedly sampled 512 times, and then averaged. For
lower frequencies, the lowest stimulus sound level at which
a repeatable wave I could be identified was defined as the
threshold [34]. Typically, frequencies >54 kHz in wave-
form were hard to identify due to the low signal-to-noise
ratio. In most cases, wave I was missing in the waveform as
reported by other groups [35]. However, one peak appeared
at ~3ms and its latency increased and amplitude
decreased with stimulus levels. This peak was used to
identify the threshold when wave I could not be detected.
The responses disappeared postmortem, so the signals were
biological.

Salicylate, a known competitor of intracellular chloride
binding, was used to inhibit the functionality of Prestin.
Specifically, 200 mg/kg sodium salicylate was applied i.p.
to 1-month-old WT B6 mice. A higher salicylate dose was
avoided since it can induce higher hearing-threshold
elevation, making survival more difficult for mice during
the 2-h measurement sessions. The 200 mg/kg limit
introduced only mild hearing threshold elevation at lower
frequencies by ~20 dB SPL. mABR thresholds were
monitored every 10 min until 120 min post-injection and
were measured again on day 2 to record the recovery. For
finer time resolution, the responses were averaged 256
times, and only the EC1 speaker was used to deliver the
pure tone stimuli (12-80 kHz) in a close-field configura-
tion. Each measurement took ~8 min.

Acoustic Cue-Associated Freezing Behavior

Male mice were used to investigate freezing behavior.
Mouse locomotion in an operant (cubic, 30 x 30 x
30 cm?) or activity box (cylindrical, diameter of 35 c¢m and
height 30 cm) was carried out in a soundproof chamber
(Shino Acoustic Equipment Co., Ltd, Shanghai, China),
and captured on camera with an infrared light source. Each
mouse was allowed to freely explore the operant box for 30
min before the sound-associated foot-shock training.

During the training, an acoustic cue of 10 s containing a
50-ms pure tone (16 kHz or 63 kHz) at 50-ms intervals,
was played. Electrical shocks of 1 s at 0.6 mA were given
to the mouse at 5s and 10 s. In the operant box, the
electrical shocks were delivered by a metal grid floor
powered by an electrical stimulator (YC-2, Chengdu
Instrument Inc., Chengdu, China). Acoustic cues were
generated by a free-field electrostatic speaker ES1 placed
15 cm above the floor and powered by an RZ6 workstation
with BioSig software (Tucker-Davis Technologies, Ala-
chua, FL). The cue was delivered every 3 min, and
repeated 10 times before the trained mouse was placed
into the home cage. After 24 h, the trained mouse was
transferred to an activity box to test freezing behavior. In
the activity box, the same ES1 speaker was placed 15 cm
above the chamber floor to generate a 16 kHz or 63 kHz
acoustic cue of 10 s duration (identical to the training
cues). Cues were delivered at least 5 times during each test
procedure. The sound intensity on the arena floor was
calibrated from 70 dB SPL to 90 dB SPL, which is in the
range of mouse hearing.

Immunostaining

Mice were selected for immunostaining at the ages of
3 weeks, 1 month, 6 weeks, or 2 months. After anesthesia
with Avertin (30 mg/mL in saline, 0.12-0.15 mL/10 g),
mice were perfused with ice-cold phosphate-buffered
saline (PBS), and then sacrificed by decapitation. The
inner ears were dissected from the temporal bone, and fixed
in fresh 4% paraformaldehyde (DF0135, Leagene, Anhui,
China) in PBS for 12-24 h at 4 °C. After fixation, the inner
ears were washed three times (10 min each) with PBS, and
then immersed in 120 mM EDTA decalcifying solution
(pH 7.5) for 24 h at room temperature (RT, 20-25 °C).
This step was also followed by PBS washing.

The cochlear coils were finely dissected from the inner
ears in PBS and blocked in 1% PBST [PBS + 1% Triton
X-100 (T8787, Sigma-Aldrich, St. Louis, MO)] with 5%
BSA (A3059, Sigma-Aldrich, St. Louis, MO) at room
temperature for 1 h. The cochlear tissue was then incubated
in 0.1% PBST/5% BSA solution with MYO7A antibody
(1:1000, Cat.25-6790, Proteus Biosciences Inc., Ramona,
CA) overnight at 4 °C and washed 3 times with 0.1%
PBST at RT. The tissue was incubated with secondary
antibody (Invitrogen anti-rabbit Alexa Fluor 647, 1:1000,
A21244; Invitrogen Alexa Fluor 488 Phalloidin, 1:1000,
Cat. A12379) and 1:1000 DAPI in 0.1% PBST/5% BSA
solution at RT for 2—4 h. The tissue was washed 3 times
with 0.1% PBST and mounted with ProLong Gold
Antifade Mountant (Cat. P36930, Life Technology, Rock-
ville, MD). Fluorescent immunostaining patterns were
captured by an A1/SIM/STORM confocal microscope (Al
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N-SIM STORM, Nikon, Japan). Whole-view images of
cochlear tissue were composited using Photoshop software
(Adobe, San Jose, CA).

Cochlear Ca** Imaging

A hemicochlear preparation [36, 37] was used for Ca®"
imaging of OHCs [31]. Mice at 1 month of age were
anesthetized with isoflurane and sacrificed, and then the
cochleae were dissected out using a dissection solution
containing (in mmol/L): 5.36 KCl, 141.7 NaCl, 1 MgCl,,
0.5 MgSOy,, 0.1 CaCl,, 10 H-HEPES, 3.4 L-glutamine, 10
D-glucose (pH 7.4, osmolarity 290 mmol/kg). After
immersion in cutting solution containing (in mmol/L) 145
NMDG-CI, 0.1 CaCl,, 10 H-HEPES, 3.4 L-glutamine, 10
D-glucose (pH 7.4, osmolarity 290 mmol/kg), cochleae
were glued to a metal block with Loctite 401 and cut into 2
halves by a vibratome (VT1200S, Leica, Wetzlar, Ger-
many; FREQ index at 7/Speed index at 50). The section
plane was configured in parallel to the modiolus to
minimize tissue damage. The hemicochleae were trans-
ferred into a recording dish, glued to the bottom, and
loaded with 25 pg/mL Fluo-8 AM (Invitrogen, Waltham,
MA) in the recording solution. After 10-min incubation in a
dark box at RT, the dye-loading solution was replaced by
dye-free recording solution containing (in mmol/L): 144
NaCl, 0.7 Na,PO,4, 5.8 KCI, 1.3 CaCl,, 0.9 MgCl,, 10
H-HEPES, 5.6 D-glucose (pH 7.4, osmolarity 310 mmol/
kg).

An upright microscope (BX51WI, Olympus, Tokyo,
Japan) equipped with a 60x water immersion objective
(LUMPIlanFL, Olympus, Tokyo, Japan) and an sCMOS
camera (ORCA Flash 4.0, Hamamatsu, Hamamatsu-Shi,
Japan) was used for Ca’" imaging, controlled by
MicroManager 1.6 software [38] with a configuration of
4 x 4 binning, 100-ms exposure time, and 2-s sampling
interval. To maintain the best performance of the hemic-
ochlea preparations, the whole procedure from cutting to
imaging was finished within 15 min to ensure tissue sample
integrity.

Ultrasound Generation and Delivery ex vivo

A customized 80-kHz ultrasound transducer 27 mm in
diameter was powered by a radio-frequency amplifier
(Aigtek, ATA-4052, China) integrated with a high-fre-
quency function generator (Rigol, DG1022U, China). An
80-kHz transducer was chosen because of its relatively
small size (the lower the frequency, the larger the size) and
its compatibility with physiological hearing frequencies in
mice. For calibration, a high-sensitivity hydrophone (Pre-
cision Acoustics, UK) was positioned directly above the
vibration surface. Transducer outputs were calibrated in a
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tank filled with deionized, degassed water under free-field
conditions. To stimulate the cochlea, the transducer was
tightly fixed to the bottom of the recording dish with
ultrasound gel. The distance between the tissue and
ultrasound transducer was <5 mm. For the 80-kHz ultra-
sonic stimulation, a single pulse of 100 ms was applied,
with a calibrated intensity at 8.91 W/cm? IspTa.

Low-frequency Fluid-jet Stimulation of Cochlea

The fluid-jet configuration was used as previously reported
[39]. Briefly, a 27-mm diameter circular piezoelectric
ceramic was sealed in a self-designed mineral oil tank. An
electrode with a 5-10 um diameter tip filled with recording
solution (in mmol/L: 144 NaCl, 0.7 Na,PO,, 5.8 KCI, 1.3
CaCl,, 0.9 MgCl,, 10 H-HEPES, 5.6 D-glucose, pH 7.4,
osmolarity 310 mmol/kg) was mounted in the tank and
transmitted the pressure wave to the hair bundle of an OHC
in cochlea samples. The circular piezoelectric ceramic was
driven by a sinusoidal voltage fluctuation generated from a
patch-clamp amplifier (EPC10 USB, HEKA Elektronik,
Lambrecht/Pfalz, Germany) and amplified 20-fold with a
custom high-voltage amplifier. The 100-ms sinusoidal
stimulation was delivered at a frequency of 2000 Hz and
an amplitude of 130 V.

Nonlinear Capacitance Recording

Neonatal mice at P7-P8 were used. Basilar membrane with
hair cells was dissected and bathed in external solution
containing (in mmol/L): 120 NaCl, 20 TEA-CI, 2 MgCl,, 2
CoCl,, and 10 H-HEPES (pH 7.3 with NaOH, osmolality
300 mmol/kg with D-glucose). An internal solution at the
same pH and osmolality contained (in mmol/L): 140 CsCl,
2 MgCl,, 10 EGTA, and 10 H-HEPES. Whole-cell patch
clamping was done at a holding potential of 0 mV (Axon
Axopatch 200B, Molecular Devices, Sunnyvale, CA). A
continuous high-resolution two-sine stimulus (390.6 and
781.2 Hz) with 10 mV peak amplitude superimposed on a
250-ms voltage ramp (from +150 to —150 mV) was used.
Data were acquired and analyzed using jClamp (Scisoft,
New Haven, CT). Capacitance-voltage data were fit with a
two-state Boltzmann function.

b

ze
Cn = NLC + Ciin = Omax kB_Tm + Ciin
where
b Vm - Vh
=exp| —ze
P\ 2T

Ciin is the linear membrane capacitance, Q.. is the
maximum nonlinear charge, z is valence, e is electron
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charge, Kz is the Boltzmann constant, 7 is absolute
temperature, V,, is membrane potential, and V), is voltage
at peak capacitance.

Experimental Design and Statistical Analysis

For animal tracing and locomotion evaluation, videos of
mouse locomotion in foot-shock were analyzed using
MatLab (MathWorks, Natick, MA) and EthoVision XT
software (v11.5, Noldus, Wageningen, Netherland). The
center of each mouse was used to draw the locomotion
trace. To show speed, the locomotion trace was dotted every
0.5 s. To analyze foot-shock behavior, the percentage
freezing time pre-cue (30 s before conditioned stimulus),
and post-cue (30 s after conditioned stimulus), were
calculated to compare the effect of sound-induced freezing.

For Ca®" data analysis, to extract fluorescence signals
we visually identified the regions of interest (ROIs) based
on fluorescence intensity. To estimate fluorescence
changes, the pixels in each specified ROI were averaged
(F). Relative fluorescence changes, DF/F, = (F-Fy)/F),
were calculated as Ca®" signals. The cochlear imaging data
were analyzed offline using Micromanager software. An
ROI was drawn to cover each hair cell. The fluorescence
intensity of each ROI was normalized to its value in the
frame immediately prior to each stimulation.

Data were managed and analyzed with MatLab 2014b
(MathWorks, Natick, MA), Excel 2016 (Microsoft, Seattle,
WA), Prism 6 (GraphPad Software, San Diego, CA), and
Igor pro 6 (WaveMetrics, Lake Oswego, OR). N numbers
are indicated in the figures or legends. For audiometry and
behavioral experiments, N values present biological repli-
cates of individual mice. For cochlear Ca’" imaging
experiments, N values indicate biological replicates of
individual cells, which were collected from at least 3 mice.
All data are shown as the mean =+ SD, as indicated in the
figure legends. We used a two-tailed #-test for one-to-one
comparison or one-way ANOVA for one-to-many com-
parisons to determine statistical significance (*P <0.05,
**P <0.01, ***P <0.001, and ****P <0.0001), which
were compared by nonparametric tests if the data distri-
bution was not Gaussian.

Results

Ultrahigh-frequency Hearing is Preserved in Mice
with Prestin Knockout

In order to determine whether Prestin is crucial for
ultrahigh-frequency hearing, the ABR thresholds were
measured in both Prestin-KO and WT mice for hearing
sensitivity at multiple frequencies (up to 80 kHz) (Fig. 1).

The Prestin-KO mouse was generated by a CRISPR/Cas9-
mediated base editing approach, and showed a loss of
OHC-eM [32] as previously described [17].

Consistent with previous studies [17], 2-month old
Prestin-KO mice exhibited significantly elevated pure-tone
mABR thresholds at 4-32 kHz cues; although these
thresholds were relatively high (~70 dB SPL), they were
still in the detectable range (Fig. 1A, E, dark purple).
However, at frequencies >40 kHz, the Prestin-KO mice at
2 months showed mABR thresholds >90 dB SPL, the
ceiling threshold indicative of profound deafness in general
ABR testing (Fig. 1A, D, E, dark purple). One-month-old
Prestin-KO mice showed mABR deficits similar to
2-month-old Prestin-KO mice at hearing frequencies
ranging from 4 kHz to 32 kHz (Fig. 1B, E, light purple
vs dark purple). However, hearing in the 40-80 kHz range
was preserved with thresholds similar to control WT mice
(Fig. 1C, D, E, light purple vs gray), distinct from that of
2-month-old Prestin-KO mice (Fig. 1D, E, light purple vs
dark purple). The amplitude of PI-N1 of the mABR
waveform in 1-month-old Prestin-KO mice was decreased
by nearly half (Fig. S1). This implies that the Prestin-KO
mice suffered some degree of neuronal loss prior to the
elevation of mABR thresholds. Together, these results
indicate that in mice, Prestin enhances hearing sensitivity
primarily in an upper limit range of 40 kHz, but plays a less
important role at frequencies above 40 kHz.

Freezing Behavior Associated with Ultrahigh-fre-
quency Hearing is Preserved in Prestin- KO Mice

To confirm that Prestin-driven OHC mechanics were not
crucial for ultrahigh-frequency hearing, sound-associated
fear conditioning experiments were performed for low- and
high-frequency hearing in Prestin-KO mice (Fig. 2A). In
the Prestin-KO mice and control cohorts, fear-conditioning
tests were applied using an acoustic cue that was paired
with electrical shocks to generate conditioned-freezing
behaviors (Fig. 2A). On day 2, 1-month-, 2-month-old
Prestin-KO, and 1-month-old WT mice were examined for
sound cue-associated freezing behavior (Fig. 2B). The
I-month-old Prestin-KO mice were able to be trained to
respond to the 16-kHz cue at 90 dB SPL but had a limited
response to this cue at 60 dB SPL, while the control WT
mice responded to the 16-kHz cue at both intensities
(Fig. 2B-D). This demonstrates that the cochlear amplifier
is intact in WT in the low-frequency range.

By comparison, both the 1-month-old Prestin-KO and
WT mice acquired freezing behavior in response to the
63-kHz cue at 90 dB SPL (Fig. 2B, E). Consistent with the
above mABR results, Prestin-KO mice showed associative
freezing to the 63-kHz cue at 1 month but lost this

@ Springer



774

Neurosci. Bull. July, 2022, 38(7):769-784

A

90 dB
80dB
70dB
60 dB
50dB
40dB

30dB

Prestin-KO 2M

4 kHz

) VP

12 kHz

4 kHz 8 kHz 12 kHz 16 kHz

90 dB

048 o AAY M

60dB A N

50dB s e AN, ALY

B0dB e e AN A A
D [ wr Il Prestin-KO |

™ 1™ 2M

54 kHz
90 dB —_—
80 dB
70dB ~\ AL _
60dB M TN _—
63 kHz -
90 dB W —_—
80 dB ,/J\mf\.\“/ [ —
70dB  ~ /N s —
60dB AN~ A
80 kHz
90 dB W I
80 dB N/\/v-”\\// -
70dB v\ An o m

Fig. 1 Prestin-knockout mice show distinct sensitivity at low and
high frequencies. A Representative example of mABR signals in a
2-month-old (2M) Prestin-KO mouse. B Representative example of
mABR signals in a 1-month (1M) Prestin-KO mouse. C Representa-
tive example of mABR signals in a 1-month (1IM) WT C57BL/6
mouse. D Enlarged mABR traces with 54 kHz, 63 kHz, and 80 kHz
sound stimuli in (A—C). Bold lines indicate visual thresholds. Peak at
~3 ms was used to identify the threshold for high frequencies.
E Pure-tone mABR thresholds in Prestin-KO mice and control mice
at designated ages. Note the distinct ABR thresholds to ultrasound
frequencies between Prestin-KO mice at 1 month (1M, light purple)
and Prestin-KO mice at 2 months (2M, purple). 1-month-old (1M)

sensitivity at 2 months of age (Fig. 2B-E). Freezing
behavior in Prestin-KO mice was not as pronounced as that
seen in WT mice when coupled with either 16 kHz or
63 kHz (Fig. 2C-E). This was thought to be the result of
decreased freezing time potentially due to disrupted
cochlear function [10, 16, 17]. These results suggest that
Prestin and its eM may modestly contribute to, but are not
essential for ultrahigh-frequency hearing.
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Prestin-KO mice vs control mice, Kruskal-Wallis test, 4 kHz, ***P =
0.0002; 8 kHz, ***P = (0.0006; 12 kHz, **P = 0.0026; 16 kHz,
##kp = (,0002; 32 kHz, **P = 0.0047; 40 kHz, P = 0.7802; 54 kHz,
P >0.9999; 63 kHz, P = 0.9704; 80 kHz, P >0.9999. 2-month (2M)
Prestin-KO mice vs control mice, Kruskal-Wallis test, 4 kHz, ***P =
0.0005; 54 kHz and 80 kHz, ***P = 0.0003; ****P <0.0001 at other
frequencies. 1-month-old (1M) Prestin-KO mice vs 2-month-old (2M)
Prestin-KO mice, Kruskal-Wallis test, 4 kHz, P >0.9999; 8 kHz, P >
0.9999; 12 kHz, P = 0.7182; 16 kHz, P >0.9999; 32 kHz, P = 0.734;
40 kHz, **P = 0.0016; 54 kHz, ***P = 0.0001; 63 kHz, ***P =
0.0009; 80 kHz, **P = (0.0013. Data are presented as the mean £ SD.
N numbers are shown in panels.

Progressive Loss of Cochlear Hair Cells in Prestin-
KO Mice

It has been reported that ablation of Prestin induces the
progressive loss of hair cells [40]. Therefore, we assessed
the survival of hair cells in Prestin-KO mice at different
ages. At 2 months of age, Prestin-KO mice lost the
majority of OHCs and some basal IHCs (Fig. 3A, D). This
may explain the abolished mABR signals at ultrahigh
frequencies (Fig. 1E, dark purple). The absence of hair
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Fig. 2 Ultrahigh-frequency hearing-associated freezing behavior is
preserved in 1-month-old (1M) Prestin-KO mice. A Paradigm of
sound-cue associated freezing behavior. Pure-tone sound at 16 kHz or
63 kHz played by a TDT ES1 (Free Field) electrostatic speaker is
used as the conditioned stimulus, and foot-shock was used as the
unconditioned stimulus. B Representative examples of locomotion of
control mice, 1-month (1M), and 2-month (2M) Prestin-KO mice
before (gray, 30 s), during (red, 10 s), and after (blue, 30 s) the pure-
tone sound cue. The mice had been trained to pair either the 16-kHz
or the 63-kHz cue with the foot-shock-induced freezing. Dots indicate
the location of a mouse every 0.5 s. Note that the 2M Prestin-KO
mouse reacts to the 16 kHz but not the 63 kHz cue at 90 dB SPL.

cells in 1.5-month Prestin-KO mice was not as profound as
that in 2-month-old animals (Fig. 3E). Prestin-KO mice at
the age of 1 month showed mostly preserved OHCs and
IHCs, except for some OHC loss at very basal locations
(Fig. 3B, F). Mechanistically, this may hinder the preser-
vation of ultrahigh-frequency hearing (Fig. 1E). Further,
we examined the cochleae from 3-week-old Prestin-KO
mice and found that most of their hair cells were preserved
(Fig. 3C, G). Thus, by measuring mABR thresholds in

(L
C

N
o

16 kHz 60dB
Freezing time (%)
N
o

o

Q \\@ « ®

?(05{\(\’

= Pre-cue *kk%
mm  Post-cue

*k k%

10

o
o o

63 kHz 90dB
Freezing time (%) m
[
o

40
20
0
(\0\ \\\‘6\ \»\0\
»\N\ 0o \ﬂ’\
o
(05““ ‘es\‘(\

C Percentage freezing time with the 16-kHz cue at 90 dB SPL. Pre-
cue vs post-cue, paired t-test test, Prestin-KO 1-month (1M), ty =
13.7, **#%P <0.0001; Prestin-KO 2-month (2M), 1, = 9.477, ***P =
0.0009; WT, tg = 27.57, ****P <(0.0001. D Percentage freezing time
with the 16-kHz cue at 60 dB SPL. Pre-cue vs Post-cue, paired #-test
test, Prestin-KO 1M, t, = 1.0, P = 0.3739; WT, 5 = 3.796, *P =
0.0127. E Percentage freezing time with the 63-kHz cue at 90 dB
SPL. Pre-cue vs Post-cue, paired #-test test, Prestin-KO 1M, ty =
14.07, ****P <0.0001; Prestin-KO 2M, t; =0.7977, P = 0.4512; WT,
to = 15.81, ****P <0.0001. In (C-E), data are presented as the mean
+ SD, and N numbers are shown in panels.

3-week-old Prestin-KO mice (Fig. 4), we continued to
show an obvious loss of hearing sensitivity at 4-32 kHz, as
was seen in the 1-month-old Prestin-KO mice. Neverthe-
less, ultrasonic hearing in the range from 40 kHz to 80 kHz
remained similar to the control cohort (Fig. 4C, D, gray vs
yellow). These results from 3-week-old mice provide
further confirmation that the Prestin defect disrupts lower
frequency- but not ultrahigh-frequency hearing. The
mABR thresholds of 3-week-old mice at ultrahigh
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Fig. 3 Progressive loss of hair
cells in Prestin-KO mice.

A Reconstructed whole cochlear
coil showing outer hair cell
(OHC) survival from a
2-month-old (2M) Prestin-KO
mouse. The cochlea is labeled
with MYO7A antibody (white),
phalloidin (red), and DAPI
(blue). Left panels: scale bar,
300 pm. Right panels: enlarged
images of apical, middle, and
basal fragments in the dashed-
line frames in (A). Scale bar,
100 pm. Note OHCs are only
preserved in the apical coil. B,
C Reconstructed whole cochlear
coils showing OHC survival
from a 1-month-old (IM) Pres-
tin-KO mouse (B) and a
3-week-old (3W) Prestin-KO
mouse (C). All the staining
conditions are similar to (A).
Note that most of the OHCs are
present except in the basal part
(B). D-G Loss of OHCs and
IHCs in positions along the
cochlear coil (as ratios) in 2M
D), 6W (E), IM (F), and 3W
(G) Prestin-KO mice. In (D-G),
data are presented as the mean
4+ SD, and N numbers are
shown in panels.
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Fig. 4 mABR measurements from 3-week-old (3W) Prestin-knock-
out mice. A Representative example of mABR signals in a 3W WT
mouse. B Representative example of mABR signals in a 3W Prestin-
KO mouse. C Amplified representative examples of mABR signals in
response to 54-80 kHz, 60-90 dB SPL stimuli (visual thresholds
bolded). The peak at ~3 ms is used to identify the threshold. D Pure-
tone mABR thresholds in Prestin-KO and control mice at 3W. Groups

frequencies were slightly higher than those of 1-month-old
animals (Fig. 1E vs Fig. 4D), probably because ultrasonic
hearing was not fully mature at 3 weeks of age.

Ultrahigh Frequency-induced Response
in Cochlear OHCs After Prestin Deletion

As the cells responsible for cochlear amplification, OHCs
possess mechano-electrical and electro-mechanical trans-
ducers (for functional forward and reverse transduction) at
low frequencies, both of which are required for normal
functionality. We examined both transductions, including
ultrahigh-frequency transduction in ex vivo cochlea prepa-
rations. First, reverse transduction was tested with nonlin-
ear capacitance (NLC) recordings, which showed complete
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are compared at each frequency. Prestin-KO mice vs control mice,
Sidak’s multiple comparisons test, 4 kHz, ****P <0.0001; 8 kHz,
kP <0.0001; 12 kHz, ****P <0.0001; 16 kHz, ****P <(0.0001;
32 kHz, ****P <0.0001; 40 kHz, P = 0.9824; 54 kHz, P >0.9999;
63 kHz, P >0.9999; 80 kHz, P >0.9999. Data are presented as the
mean £ SD. N numbers are shown in panels.

loss of motility in Prestin-KO OHCs, but not in the control
cohort (Fig. 5A, B). Next, we tested whether Prestin
contributes to ultrahigh-frequency forward transduction at
the cellular level. The OHCs were stimulated by ultrahigh-
frequency vibration while responses were monitored using
Ca”* imaging of the hemicochlea with an epifluorescence
microscope [31]. A custom-made ex vivo stimulation stage
delivered vibration of 80 kHz, which mimicked mechanical
vibration in the cochlea driven by ultrahigh frequency
(Fig. 5C). The cochlea preparation was loaded with Fluo-8
AM, a sensitive Cca’t dye, to illuminate the vibration-
evoked Ca”" response of the hair cells.

The major cell type that takes up Ca>" dye, the OHCs in
I-month-old WT mice showed a significant increase in
fluorescence when subjected to 80 kHz vibration (Fig. 5D,
E). A similar ultrahigh-frequency-elicited Ca*" response
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Fig. 5 Ultrahigh-frequency-induced response in cochlear OHCs after
Prestin deletion. A Nonlinear capacitance (NLC) in both Prestin-
knockout and WT control OHCs. A representative example showing
typical NLC pattern from a control OHC (gray). The NLC is absent in
Prestin-knockout OHCs (purple). B Qg (Qmax/Ciin) in Prestin-KO and
WT OHCs. Unpaired t-test, ****P <0.0001. C Schematic showing
preparation of hemicochlea and setup for ultrasonic transducer
stimulation. An 80-kHz transducer is fixed underneath the recording
dish with ultrasound gel. D Ultrasonic stimulation evokes Ca®"
responses in OHCs of cochlea preparations from control and Prestin-

was recorded in WT OHCs, Prestin-KO OHCs, and WT
OHCs when exposed to salicylic acid perfusion (10 mmol/
L), which blocks Prestin function (Fig. 5D, E) [41].
Furthermore, this response was abolished by treatment with
the non-selective cation channel blocker, Gd>" (10 pumol/
L) (Fig. 5D, E). In addition, low-frequency fluid-jet-
induced hair-bundle mechanotransduction was preserved in
Prestin-KO OHCs (Fig. S2). This result is similar to that
seen in WT animals; inhibition by the mechanotransduc-
tion channel blocker dihydrostreptomycin (Fig. S2). These
results suggest that Prestin is not responsible for ultrahigh-
frequency forward transduction.

Salicylate Disrupts Low-frequency Hearing
but not Ultrahigh-frequency Hearing

The OHC loss in Prestin-KO mice (Fig. 3) may compro-
mise efforts to fully define the role of Prestin in ultrahigh-
frequency hearing. To test this hypothesis more closely, we
used pharmacological methods to acutely disrupt Prestin

@ Springer

KO mice. WT cochleae, Prestin-KO cochleae, WT cochleae treated
with 10 mmol/L salicylic acid (WT+SA) were examined for the
blockade of Prestin, and WT cochleae were treated with 10 pmol/L
Gd*+ (WT+Gd). Arrows indicate ultrasonic stimulation. The images
were collected at 2-s intervals. E Quantification of the peak Ca®"
responses of OHCs calculated from recordings in (D). Kruskal-Wallis
test: WT vs Prestin-KO, P >0.9999; WT vs WT+SA, P >0.9999; WT
vs WT+Gd, ***P = (0.0001. In (B) and (E), data are presented as the
mean £ SD, and N numbers are shown in panels.

function while maintaining OHC integrity. One-month-old
WT mice were injected i.p. with salicylate to inhibit Prestin
electromotility in vivo [42, 43]. The mABR thresholds
were monitored every 10 min until 120 min after the
thresholds stabilized, and were measured again on day 2 to
test hearing recovery. Fig. 6A shows the mABR threshold-
changes vs tone frequencies after salicylate injection. The
threshold variation after salicylate injection is shown in
Fig. 6B at a finer time resolution. Immediately after the
injection, the 32—-40 kHz thresholds were elevated. 70 min
after injection, lower frequency thresholds (12-40 kHz)
were elevated by ~20 dB SPL and stabilized. In contrast,
higher frequency thresholds (54-80 kHz) showed no
significant change. The threshold elevation of 1240 kHz
recovered on the second day, indicating that the elevation
was due to salicylate injection. These results indicate that
the hearing sensitivity at lower frequencies (12-20 kHz)
largely relies on Prestin electromotility, while sensitivity at
higher frequencies (54-80 kHz) does not. It is interesting
to note that 32-40 kHz thresholds showed different
variation compared to lower and higher frequencies
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Fig. 6 Salicylate disrupts low-frequency hearing but not ultrahigh-
frequency hearing. A Pure-tone mABR thresholds change after 200
mg/kg salicylate i.p. injection in I-month-old C57BL/6 mice.
Thresholds before the injection, just after the injection (0 min), and
at 70 min, 110 min, one day (day 2) post-injection are shown.
Thresholds at 12-20 kHz show significant elevation after injection
and stabilize at 70 min post-injection. This elevation recovered on the
second day. In contrast, 54—-80 kHz thresholds remained unchanged.
Before vs 110 min, Dunnett test, 12 kHz, **P = 0.0041; 16 kHz,

(Fig. 6): the thresholds increased immediately after salicy-
late injection (0 min) and had not completely recovered to
the untreated level by the second day. This may be due to
salicylate-induced tinnitus, a known side-effect [44].

Prestin-DTR Mice Used for Selective OHC
Ablation

The previous experiments with Prestin-knockout mice
exposed to salicylate were designed to examine Prestin’s
role in ultrahigh-frequency hearing distinct from other
OHC factors. Next, we investigated ultrahigh-frequency
hearing in mice with OHC-specific ablation, using the DT/
DTR system that has been applied successfully to kill cells
of interest [45]. A Prestin-P2A-DTR knock-in mouse line
was generated (Prestin-DTR mice), which exhibit Prestin
promoter-driven DTR expression in its entirety, while
preserving intact OHC Prestin expression [33]. After one
injection of DT (20 ng/g) at postnatal day 21 (P21), the
cochleae were dissected from heterozygous Prestin-DTR/+
and littermate (+/+) control mice, at P28 (Fig. 7A).
Compared to the DT-injected controls in which all hair
cells were intact (Fig. 7B, D, E), injected Prestin-DTR/+
mice showed OHC loss of ~90% along the cochlear coils
(Fig. 7C, D), in contrast to IHCs (Fig. 7C, E). This
immunostaining result demonstrates the high efficiency of
DT/DTR-driven OHC damage in Prestin-DTR mice.

*##%pP = (0.0005; 20 kHz, ****P <0.0001; 32 kHz, ****P <0.0001;
40 kHz, ****P <0.0001; 54 kHz, P = 0.1380; 63 kHz, P >0.9999;
80 kHz, P = 0.8995. Before vs day2, Dunnett test, 12 kHz, P =
0.8995; 16 kHz, P = 0.4577; 20 kHz, P >0.9999; 32 kHz, *P =
0.0280; 40 kHz, ***P = 0.0005; 54 kHz, P = 0.1380; 63 kHz, P =
0.4577; 80 kHz, P = 0.8995. B Time-lapse mABR threshold variation
after salicylate injection. The injection time was defined as 0 min
(gray arrow). Data are presented as the mean + SD. n = 3.

Ultrahigh-frequency Hearing Is Disrupted
in Prestin-DTR Mice

Using a similar injection procedure (as in Fig. 7A), we
measured the mABR thresholds in the two mouse groups.
Compared with the control littermate mice in the 4-80 kHz
frequency range (Fig. 8A, C), mice with DTR-induced
OHC loss showed significant elevation of the mABR
threshold (Fig. 8B, C). This suggested that reduction in
OHCs resulted in severe hearing loss over the entire
frequency range. mABR audiograms showed two kinds of
threshold elevation profile (Fig. 8C). For 440 kHz, the
experimental mice retained residual hearing with thresh-
olds ~10 dB below 90 dB SPL (Fig. 8C, green). In line
with previous reports, residual hearing capacity in this
frequency range relies on intact IHCs when amplification is
uniquely disrupted by a lack of OHC-based eM [17]. On
the other hand, for 40-80 kHz frequencies, there were no
detectable mABR thresholds to 90 dB SPL in Prestin-DTR/
+ mice (Fig. 8C, green). This indicates that there is more
disrupted hearing sensitivity in ultrahigh frequencies.
Moreover, it suggests that the loss of OHCs, rather than
the lack of OHC eM, is the determining factor in abolishing
ultrahigh-frequency sensitivity.

Next, sound-associated fear conditioning experiments
were applied to assess hearing function in the Prestin-DTR/
+ mice and controls. Figure 8D shows an example of
locomotion in injected experimental mice and littermate
controls. Freezing behavior was quantified as the percent-
age of time that the mice stopped moving as a function of
the fright response (Fig. 8E, F). With 16-kHz 90-dB SPL
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Fig. 7 Cochlear OHC loss in

A ~ ) .
DT-injected Prestin-DTR mice. Dlpheltherla toxin

Histology, mABR, footshock training & test
|

A Schedule of DT injection and P21
related tests. B Immunostaining
image showing hair cell status
in a control mouse at P28.
Enlarged images show survival
of OHCs in apical, middle, and
basal locations. The cochlea is
labeled with MYO7A antibody
(white), phalloidin (red), and
DAPI (blue). Note that most
OHCs are lost but IHCs are not.
Scale bar, 100 pm. C Immunos-
taining image showing hair cell
status in a Prestin-DTR mouse
at P28. The staining protocol
and display conditions are as in
(B). Scale bar, 100 pm. D, E
Percentage loss of OHCs

(D) and IHCs (E) at locations
along the cochlea coil of P28
Prestin-DTR and control mice.
N numbers are shown in panels.
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cues, control mice exhibited significantly different freezing  Discussion

times pre- and post-cue (Fig. 8E, right). However, Prestin-
DTR mice showed no learning deficits with 16-kHz 90-dB
SPL cues since freezing was preserved after DTR-induced
OHC knockout (Fig. 8E, left). The stimulus at 90 dB SPL
was used because it was higher than the hearing threshold
at 16 kHz as demonstrated by mABR testing (Fig. 8E).
Freezing time was slightly reduced in DTR-induced OHC-
knockout mice due to hearing loss. The freezing behavior
of control mice in response to 63-kHz 90-dB SPL cues was
well preserved (Fig. 8F, right). In contrast, OHC-knockout
mice lacked this behavior, as their freezing times for both
pre- and post-sound cues were near 0% (Fig. 8F, left).
These results, which complement the mABR data and
behavioral data from Prestin-KO mice (Figs 1, 2, and),
show that the presence and functionality of OHCs are
essential for ultrahigh-frequency sound detection.

@ Springer

In summary, we found that OHCs are essential for sensitive
ultrahigh-frequency hearing. When OHCs were killed,
either by DT/DTR-mediated cell toxicity in 1-month-old
Prestin-DTR mice (Fig. 7C, D), or by extensive degener-
ation due to removal of Prestin in 2-month-old Prestin-KO
mice (Fig. 3A, D), ultrahigh-frequency hearing (>40 kHz)
was completely abolished. Our data suggest that Prestin is
not essential for ultrahigh-frequency hearing, since ultra-
high-frequency hearing in 3-week-old Prestin-KO mice
was preserved when Prestin was absent but OHCs were still
present. These conclusions were supported by mABR
recordings (Figs 1, 4, and 8A—C) and freezing behavior
tests (Figs 2 and 8D-F).

By providing locally enhanced amplification, Prestin
appears to improve frequency tuning [10, 16, 30]. This
raises the question of how wide a hearing frequency range
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Fig. 8 mABR measurements and acoustically-associative freezing
behavior of DT-injected Prestin-DTR mice. A Representative exam-
ple of mABR signals in an injected littermate control mouse.
B Representative example of mABR signals in an injected Prestin-
DTR/+ mouse. C mABR thresholds in the Prestin-DTR/4+ mice
(green) and control littermate mice (without Prestin-DTR expression,
dark gray). All mice were injected with DT. Note that the injected
Prestin-DTR/+ mice show no detectable mABR response at 90 dB
SPL at frequencies from 54 kHz to 80 kHz. Control vs injected
Prestin-DTR/+, Mann-Whitney test, **P = 0.0012 at 40 kHz, ***P =
0.0006 at other frequencies. D Representative examples of locomo-
tion of control and Prestin-DTR/+ mice before (gray, 30 s), during

Prestin supports. Compound action potential (CAP) record-
ings have been used to probe the frequency-sensitivity in
Prestin-KO mice [10, 46]. However, in these experiments,
older mice (30-58 days) were used, and demonstrated a
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(red, 10 s), and after (blue, 30 s) the pure-tone sound cue at 90 dB
SPL. The mice had been trained to pair either the 16-kHz or the
63-kHz cue with the foot-shock-induced freezing. Dots indicate the
location of a mouse every 0.5 s. Injected littermate mice were used as
controls. E, F Percentage freezing time with the 16-kHz cue (E) or the
63-kHz cue (F). Pre-cue vs Post-cue, paired t-test, Prestin-DTR/+
mice at 16 kHz, t5 = 13.81, ****P <(0.0001; Control mice at 16 kHz,
ts = 9.774, ***P = 0.0002; Prestin-DTR/4+ mice at 63 kHz, tg =
0.1187, P = 0.9094; Control mice at 63 kHz, t5 = 5.386, **P = 0.003.
In (C), (E), and (F), data are presented as the mean + SD. N numbers
are shown in panels. All the mice were ~ 1 month old.

complete CAP threshold shift from a low- to higher-
frequency (45 kHz) boundary of recordings. There is
extensive OHC loss in mice older than 1 month [40], and
two studies have shown further evidence of hearing
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sensitivity and frequency selectivity in Prestin-KO mice
(17-21 days old) [16, 30]. Interestingly, in Prestin-KO
mice, the CAP thresholds were elevated at all frequencies
from low to high (up to 70 kHz) [30], and basilar
membrane displacement measured by interferometry
showed that the tuning characteristic frequency shifted
from 60 kHz to 45 kHz [16, 30]. Subsequently, data from
Prestin-499 mice that carry a motility-defect V499G point
mutation, showed that Prestin-499 mice completely lost
sharp frequency tuning. This effect is similar to that
reported in post-mortem studies [30], which argue that
knockout of Prestin affects both the stiffness of OHCs and
organ of Corti mechanics.

Furthermore, with phylogenetic analysis, Prestin shows
an  evolutionary  correlation  with  echolocation
[25-27, 29, 47]. The resulting membrane-conformation of
prestin appears to be linked to its NLC function, which
may participate in high-frequency hearing. In contrast, the
combined experimental data from our investigations of
Prestin-DTR mice and Prestin-KO mice provided evidence
that distinguishes the role of Prestin from that of OHCs in
frequency selectivity. For frequencies between 4 kHz and
32 kHz, 3-week- and 1-month-old Prestin-KO mice had
audiometric thresholds and behavioral test results similar to
2-month-old Prestin-KO mice. This suggests that Prestin is
essential for low-frequency hearing. However, at frequency
ranges beyond 32 kHz, 3-week- and 1-month-old Prestin-
KO mice showed hearing sensitivity similar to control
mice, and this disappeared 2 months after OHCs died,
indicating that OHC maintenance, not Prestin, is key to
ultrahigh-frequency hearing.

In vivo recordings measuring the motion of the organ of
Corti have provided insight into frequency selectivity in
mice. However, due to in vivo experimental limitations, the
cycle-by-cycle response of OHCs to high-frequency stimuli
is hard to determine. Some authors have proposed that this
is not a necessary requirement for the cochlear amplifier to
operate [48]. A more recent study of organ of Corti motion
patterns from the apical cochlea in mice show that the
cycle-by-cycle response is enhanced by OHCs at frequen-
cies <10 kHz, while this enhancement is reduced in Prestin
499 mice [49]. Yet, it is still questionable how high the cut-
off frequency of Prestin-based eM is supported by its
molecular properties. Before Prestin was cloned [9], eM in
guinea-pig OHCs was found to be responsive to stimulus
frequencies beyond 79 kHz [23], or limited to the 22-kHz
boundary [21]. However, these results were made in
microchamber preparations that bypassed membrane filter-
ing problems [50-52]. A whole-cell patch capacitance
measurement approach revealed that the limiting frequency
is near 25 kHz [22].

In vitro measurements of OHC electromotility and
membrane filtering properties were made to bridge the gap
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between the experimental findings and the presumed
theoretical barrier. By introducing the intrinsic piezoelec-
tric property, it has been shown that the resistance—
capacitance (RC) time constant is not a problem for high-
frequency performance [53]. The RC time constant has
been probed by assays ranging from an extracellularly-
based cross-membrane voltage stimulus [21], to a robust
K™ current that drops membrane resistance, Ry, [54], and
subsurface cisternae resistance [55, 56]. It has been
suggested that OHCs exhibiting a lower in vivo resting
R,, and activating more ion channels, could, in theory,
improve the RC time constant of the cell membrane [57].
However, NLC, the signature property of Prestin, seems to
inhibit facilitation of the high-frequency eM response
because peak NLC (nearly double the linear capacitance)
slows the membrane time constant [56, 58, 59]. Recently,
the membrane filtering issue has been revisited by simul-
taneous measurement of motility and NLC using both
microchamber and whole-cell patch clamping techniques
[19, 20]. With appropriate compensation of significant
series resistance, the most optimistic estimation of the
frequency-following capability for OHC electromotility
does not exceed 16 kHz [60]. This is far below the known
high-frequency hearing range in mammals, including
humans. Due to the capacitive nature of the Prestin
response, in order for eM to follow the cycle-by-cycle
motion of the basilar membrane, the operation of Prestin
needs to shift off the peak of the NLC curve. This shift is
necessary to gain a slightly faster time constant at the
expense of a lower contribution to mechanical input to
organ of Corti movement [60, 61].

It should be noted that receptor potentials are driven by
the opening and closing of the mechano-electrical trans-
duction (MET) channels located at the tips of the
stereocilia [62, 63]. Although MET channels have a
super-fast activation time constant that is shorter than
10 ps (>100 kHz) [64], whether the bundle as a whole can
overcome mechanical obstacles such as the viscoelastic
drag of the fluid, and whether tectorial membrane coupling
allows high-speed cyclical motion, remains an open
question. These factors alone may exclude the possibility
of Prestin-based eM in a cycle-by-cycle manner during
ultrahigh-frequency stimulation. Thus, while benefiting
from position-derived frequency selectivity, high-fre-
quency OHCs may not require cycle-by-cycle motility.
Rather, by using mechanics-based OHC-DC (Dieter’s Cell)
movement, or the mechanical properties inferred from the
in vivo measurements taken by Vavakou et al., high-
frequency OHCs may serve as modulators for sound-
evoked vibration [48].

In conclusion, our study has revealed that Prestin may
not be an essential element for hearing at ultrahigh
frequencies, the major frequency range for auditory
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communication in mice. Prestin enhances the hearing
sensitivity at low frequencies but is less likely to be an
important biological factor in high-frequency hearing.
Combined with our previous work [31], we speculate that
the mechanosensitive channel PIEZO2 may acquire the
ultrasonic energy and vibrate the cuticular plate, which
further orchestrates the MET channel opening in hair
bundles. Thus, Prestin enhances the sensitivity to low-to-
middle-high frequencies by endowing OHCs with somatic
motility, while PIEZO2 contributes to the detection of
ultrahigh frequencies by vibrating stereocilia. Future work
should recruit in vivo approaches, such as interferometry,
to study organ of Corti motion patterns in more basal coil
locations. This configuration would directly interrogate
OHC motility across the cochlear coil upon hearing
ultrahigh frequencies. Other genetically-engineered mouse
models may be used, such as Prestin-499 and conditional
knockout of Prestin. For example, conditional knockout
mice provide an excellent opportunity to examine the effect
of Prestin deletion in adult animals that are known to have
well-developed cochlear structure and the associated
mechanical properties.
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