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ABSTRACT

Intra organ of Corti (OC) vibrations differ from those measured at the basilar membrane (BM), with
higher amplitudes and a wide-band nonlinearity extending well below a region’s best frequency. The vi-
brations are boosted by the cochlear amplifier, the active processes within the mammalian hearing organ,
and are thus sensitive to metabolic or pharmacological manipulation. We introduced salicylate, a known
blocker of outer hair cell (OHC) based electromotility, into the perilymphatic space by applying sodium
salicylate onto the round window membrane. Vibration patterns of an area of the OC were mapped with
phase sensitive optical coherence tomography before and after treatment; distortion product otoacoustic
emissions (DPOAEs) were measured at similar times to assess the cochlear condition. Following treat-
ment, all regions showed a loss of vibration amplitude and tuning while OHC-region vibrations retained
their wide-band nonlinearity. OC vibrations, which had been relatively confined in a region including
OHCs and extending to the BM at the outer pillar foot, became less confined with structures lateral to
the OHCs sometimes exhibiting the highest amplitudes. Vibrations and DPOAEs could recover to baseline
levels over approximately three hours post treatment.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The mammalian hearing organ, the cochlea, uses active mecha-
nisms to boost its vibratory response to low level sounds. Sound
waves transmitted to the cochlea give rise to traveling waves
whose frequency components each peak at a specific longitudinal
location along the organ’s length, and stimulate the mechanosen-
sitive hair cells. The active process, or cochlear amplifier, endows
the auditory system with high sensitivity to faint sounds, a com-
pressive nonlinearity which greatly expands its dynamic range over
~120 dB or six orders of magnitude in pressure, and sharpened
frequency selectivity at each location’s best frequency (BF). A con-
sequence of the cochlear nonlinearity is the production of distor-
tion product otoacoustic emissions (DPOAEs): when two or more
frequencies or tones are simultaneously presented to the ear, inter-
nal vibrations generate combination tones that propagate through
the auditory pathway in reverse and can be measured in the ear
canal with a sensitive microphone. The most prominent DPOAE is
the 2f; — f, frequency which is generated by pure tones f; and
fo (f> > f1) and is used in both human and animal studies to test
normal auditory function. The hallmarks of the cochlear amplifier
are all physiologically sensitive: they vanish shortly post mortem
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and are compromised to varying levels in hearing impaired hu-
mans and animals.

Because the amplifier operates under feedback, experimentally
dissecting all of its components is challenging. One approach uses
transgenic animals, often genetically engineered mice expressing
genes orthologous to those causing deafness in humans. A second
approach, taken in this study, involves the administration of oto-
toxic drugs to animals with otherwise normal hearing and moni-
toring changes in the cochlea’s sound-evoked electrophysiological
and vibratory responses.

A key component of the amplifier is generated by the outer
hair cells (OHCs) whose basolateral cell bodies undergo con-
traction/expansion when the cells are depolarized/hyperpolarized,
which is based in a piezoelectric-like protein, prestin (Zheng et al.,
2000). This electromotility boosts the vibrations of the cochlear
partition. In genetically modified animals in which prestin was
present but genetically disabled, compound action potential (CAP)
thresholds were elevated by ~ 40 dB (Dallos et al., 2008). In a
full prestin knock-out mouse, the vibration BF shifted to lower fre-
quency, with reduced tuning, but showed similar absolute sensitiv-
ity as the wild-type, perhaps due to reduced stiffness in the mu-
tant (Mellado Lagarde et al., 2008). Post-mortem changes were ab-
sent in the knock-out, confirming that the active process was miss-
ing.

Salicylates and salicylic acid compounds have been known to
be ototoxic since acetylsalicylic acid (aspirin) became the first
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widely available modern analgesic in the 1890s (reviewed in
Sheppard et al. (2014)). In humans, administration of high doses
of salicylate causes temporary threshold elevations, tinnitus and
changes to DPOAEs (Janssen et al., 2000; Long and Tubis, 1988).
Similar changes are seen in mammalian species that are frequently
used as animal models to study the auditory system. Salicyalte’s
negative effects on the auditory system are usually reversible with
the timescale of recovery depending on dosage, administration
pathway, and species.

Salicylate acts through a number of mechanisms at both the
auditory periphery and further upstream. In isolated OHCs, mil-
limolar concentration of salicylate in the extracellular bath is
known to reduce electromotility (Santos-Sacchi et al., 2006; She-
hata et al, 1991) and reduce or abolish the nonlinear capaci-
tance that is frequently used as a surrogate for electromotility
(Kakehata and Santos-Sacchi, 1996). In addition to reducing so-
matic electromotility, salicylate changes other mechanical and elec-
trical properties of the hair cells. Salicylate increases the baso-
lateral conductance of the OHCs (Shehata et al., 1991), an effect
that complicates interpretation of salicylate-induced changes in the
in vivo cochlear microphonic (Murugasu and Russell, 1995). Iso-
lated OHCs show an ~ 65 % reduction in axial stiffness in vitro
when bathed in extracellular solution containing 5 mM salicylate
(Russell and Schauz, 1995). There is also evidence that salicylate
can reduce stereocilia pivoting stiffness. Hakizimana and Fridberger
used a relatively intact in situ guinea pig temporal bone prepa-
ration to measure sound-evoked motion of structures within the
OC (Hakizimana and Fridberger, 2015). Following perfusion with
salicylate, the stereocilia deflections increased. Additional evidence
that salicylate acts through several pathways, some of which can
directly affect the hair bundles, comes from non-mammalian ver-
tebrates, whose orthologues of prestin are not believed to have a
motor function, yet for which salicylate affects DPOAEs or evoked
potentials (Schaechinger and Oliver, 2007; Stewart and Hudspeth,
2000).

Upstream of the sensory cells, salicylate can damage spiral gan-
glion nerve (SGN) fibers, which presumably underlies the tinnitus
that frequently accompanies acute salicylate toxicity (Feng et al.,
2010; Sheppard et al., 2014; Wei et al., 2010). Cultured OC treated
with millimolar salicylate show irreversible loss of SGN fibers but
normal counts of outer hair cells (Sheppard et al., 2014; Wei et al.,
2010). Such damage to the SGN fibers is unlikely to feed back into
the mechanical responses over the timescale of our OCT-based ex-
periments, on the order of a few hours post treatment.

In vivo, the effects of salicylate on basilar membrane (BM) vi-
brations have been studied in several rodent species (Fisher et al.,
2012; Murugasu and Russell, 1995; Nin et al., 2012; Santos-Sacchi
et al., 2006). Murugasu and Russell used a self-mixing interferom-
eter to measure the sound-evoked motion of the BM in guinea pig
before and after perfusing the scala tympani with artificial peri-
lymph containing several millimolar sodium salicylate. The result-
ing tuning curves were broadened, showed a reversible ~ 45 dB
reduction in the BF peak, and a reduction in the frequency of
the peak. Similar effects, also in guinea pig, were seen by Santos-
Sacchi et al. (2006) who used a laser Doppler vibrometer to mea-
sure BM vibrations before and after perfusing millimolar salicylate
into the scala tympani. Because of technological constraints, tradi-
tional cochlear vibrometry has been limited to studying one sur-
face in the OC, usually the BM when measuring near the cochlear
base. Recent developments in optical coherence tomography (OCT)
have allowed for measurements of multiple structures across the
cochlear partition and have revealed that the structures deeper
within the OC exhibit larger amplitudes and different tuning than
the BM. Additionally, the vibrations in a relatively narrow region,
or hot spot, around the OHCs and extending approximately from
their bases to the reticular lamina (RL) exhibit compressive non-
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linearity across a wide frequency band (Cooper et al., 2018; Fallah
et al., 2019; 2021), while the BM vibrations are nonlinear in a nar-
row band centered on the BF. The wide-band nonlinearity is more
pronounced when the stimuli are themselves wide band (contain-
ing multiple tones, and thus of higher overall amplitude). In gerbil,
salicylate abolished the electrically evoked vibrations at both the
BM and RL (Ren et al., 2016). To our knowledge, the effects of sal-
icylate on the sound-evoked motion of other structures within the
0OC in vivo have not been measured, and observations of the recov-
ery have not been documented.

Rather than perfusing directly into the perilymphatic spaces,
Sadreev et al. (2019) placed 5 L of 100 mM salicylate on
the round window membrane in guinea pigs and measured CAP
threshold elevations over a range of frequencies as a function of
time. By combining their results with a model of passive diffu-
sion and active extrusion, the authors calculated the salicylate con-
centration at different longitudinal locations along the cochlea as
a function of time. Near the base, the concentration reached a
steady state value ~ 5 % of the extracochlear value ~ 10 min-
utes after the drug introduction. We used a similar protocol to
Sadreev et al. to introduce sodium salicylate into the perilymphatic
spaces of the gerbil cochlea in vivo, and used phase sensitive OCT
to measure OC vibrations before and after treatment. DPOAEs were
measured at nearly the same time points to gauge the general
cochlear condition and to assess the efficacy of the drug introduc-
tion and subsequent recovery. In most experiments, we introduced
50 mM sodium salicylate into the round window space and al-
lowed the drug to passively diffuse into the scala tympani for 10 -
30 minutes. Assuming similar rates of diffusion in the two species,
and recognizing the smaller volume of scala tympani in gerbils
(Thorne et al., 1999), the salicylate concentration in the basal per-
ilymph is expected to be at least 2.5 mM and possibly somewhat
greater, sufficient to reduce electromotility and similar to the con-
centrations used in vitro, in situ, and in vivo.

In one set of experiments, we measured OC vibrations along
one axis centered near the intersection of the arcuate and pecti-
nate zones of the BM, and traversing the OHC region. Frequency
and sound pressure level (SPL) were sampled relatively densely
and measurements were taken before, and for up to five hours af-
ter the introduction of salicylate. In a second set of experiments,
we reduced the number of SPLs and frequencies probed and mea-
sured the OC vibrations in slices spaced approximately radially in
10 pum steps, and constructed maps of the vibration patterns in
a 120 - 160 um wide region centered on the OHCs. To give a
brief preview of findings: In the first measurement after salicylate
treatment, BM responses resembled a passive cochlea, showing re-
duced amplitudes, a loss of the BF peak, and linear growth with
increasing SPL. Intra-OC vibrations around the OHC region likewise
showed reduced amplitudes and a loss of the BF peak, but retained
their wide-band nonlinearity. Around 50 minutes post treatment,
the vibrations began to recover both in amplitude and nonlinearity,
with nearly complete recovery observed in the best preparations
some three hours after the drug delivery. In the vibration maps,
the pattern of motion before salicylate was a relatively confined
and oblong distribution extending from the OHCs to a region of the
BM near the outer pillar foot. Following salicylate this changed to a
more diffuse lateral distribution, returning to the tighter distribu-
tion as the vibrations recovered. DPOAEs recovered over a similar
timescale as the vibration.

2. Materials and Methods
2.1. Gerbil Preparation

Protocols were approved by the Columbia University Institu-
tional Animal Care and Use Committee. Young adult gerbils, ap-
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proximately 7-11 weeks old, of either sex were anesthetized with
intraperitoneal (IP) injections of ketamine (40 mg/kg) and sodium
pentobarbital (40 mg/kg). Anesthesia was maintained with supple-
mental doses of pentobarbital given if the animals displayed a re-
flex in response to a light toe pinch. Buprenorphine (0.2 mg/kg)
was administered IP every six hours and some animals were given
subcutaneous injections of 2 % lidocaine in the scalp and pinna
(~ 0.01 mL at each injection site). The gerbil’s scalp was removed
and the head attached to a two-axis goniometer (Melles-Griot)
with dental cement (Durelon, 3M). The left pinna and most of the
cartilaginous ear canal were resected and the animals were tra-
cheotomized to facilitate breathing. The tissue and muscle over the
left temporal bone were carefully dissected and a narrow open-
ing in the bulla was made by chipping the bone with fine for-
ceps. A second window was made in the bulla at a more rostral
location and was used to position a fine needle for delivery of so-
lutions into the round window niche. A bridge of dental cement
was used to firmly attach the bulla to the goniometer. Throughout
the surgery and experiment, the animal’s temperature was main-
tained at 38°C with a servo-controlled heating blanket and moni-
tored with a rectal thermometer. During OCT measurements, ad-
ditional heating was supplied by a lamp and a disposable hand
warmer (Hot Hands, HeatMax Inc.) positioned on the goniometer.
Experiments were conducted on an optics table in an acoustical
isolation booth (Industrial Acoustics Corp.).

2.2. Acoustical System

Acoustic signals were generated using a Tucker Davis Technolo-
gies (TDT) system with a sampling rate of 97656.25 S/s. The sound
was played by a Radio Shack tweeter and delivered closed-field to
the ear canal through a plastic tube. Pressures were measured with
an ultrasonic microphone (Sokolich) whose probe tube was posi-
tioned 1 - 2 mm from the tympanic membrane. Sound pressure
levels are reported as dB SPL referenced to the standard value, 0 dB
SPL = 20 pPa. In each experiment we measured DPOAEs evoked
by two simultaneously presented tones of frequencies f; and f,
where f, was swept from 1 to 48 kHz, f;, f> had a fixed ratio of
f2/f1 = 1.2, and the two tones were presented at equal levels of 50
and 70 dB SPL. The signals played for 1 second, were divided into
50 identical presentations and averaged. The cubic distortion prod-
uct 2f; — f, serves as a good indicator of the global health of the
cochlea and a large reduction in the DPOAE evoked by the 50 dB
primaries following the application of salicylate on the round win-
dow membrane was used to assess the drug’s efficacy. Gradual re-
covery of the 50 dB DPOAEs over the subsequent few hours served
as a monitor of the recovery of the active process. Cochlear vibra-
tions were measured in response to zwuis multi-tone complexes,
in which a number of frequencies, n = 15 or 40 depending on
the measurement, were presented simultaneously. The zwuis com-
plexes were generated such that each frequency component con-
tained an integer number of samples per cycle and thus there was
no spectral leakage and such that all frequency components in the
complex were linearly independent, that is containing no harmon-
ics or distortion products, up to third order (Cooper et al., 2018;
Versteegh and van der Heijden, 2012). Each sinusoidal component
in the complex was assigned a random phase so the pressure mag-
nitude of the complex was ~ /n higher than the magnitude of
each component. A discussion of the use of single-tone (narrow-
band) and multi-tone (wide-band) stimulation is in Van der Heij-
den and Joris (2003). Following the main sets of multi-tone exper-
iments, four experiments were performed with a subset of single
tones.
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2.3. Optical Coherence Tomography and Spectral Domain Phase
Microscopy

Cochleae were imaged with a ThorLabs Telesto Il OCT, central
wavelength ~ 1300 nm, equipped with an LSMO03 5x, 0.055 NA
objective lens. After the initial surgery, the gerbils were placed un-
der the OCT and the instrument’s video camera and an operating
microscope were used to position the head. Recordings were made
in the cochlear base through the intact round window membrane,
typically near the 25 kHz location. In a few preparations, we were
able to measure from a somewhat more apical position close to
the 20 kHz location. Once the gerbils were placed under the OCT,
continuous two-dimensional scans (or Bscans) were taken with the
Thorlmage program and minor adjustments were made to the head
until we had a clear view of the OC. For vibrometry, the OCT and
TDT systems were synchronized as previously described (Lin et al.,
2018). Briefly, the clock signal from the TDT zBus was modified us-
ing a custom built digital/analog circuit to give a high duty cycle
(80% high, 20% low) 5 V square wave which served as the TTL trig-
ger for the OCT’s line camera. The OCT was controlled with cus-
tom software written in C++, based on the ThorLabs software de-
velopment kit (SDK). The first steps in the post-processing, trans-
forming the photodetector data from wavelength to wavenumber
(A to k) domain, and then Fourier transforming the k-domain data
into Ascans (one-dimensional maps of brightness vs. depth) were
implemented in the C++ program. The resulting series of time-
dependent Ascans were exported to a solid state drive as 16-bit
raw files for offline analysis. Before and after each vibrometry mea-
surement, the OCT took 1 mm-wide Bscans and false color images
of the two Bscans were compared to check that the sample posi-
tion was stable over the course of the measurements, ~ 3 to 17
minutes depending on the experiment. A small number of record-
ings were discarded because the OC displayed too much drift for
the structures to be tracked or fluid accumulated in the round win-
dow niche.

In the first set of experiments, we measured vibrations along a
single Ascan that traversed the BM and the OHC region. In these
measurements, the stimuli were zwuis tone complexes containing
40 frequencies from ~ 5 to 35 kHz presented from 40 to 80 dB SPL
in 10 dB steps and presented for ~ 5.7 s. A complete set of tuning
curves, 5 amplitudes, took ~ 2.5 minutes, primarily due to the time
required to transform the raw data into Ascans and save the result-
ing files to a solid state drive. Local maxima in the magnitude of
the Ascan correspond to different structures in the OC, and pixels
corresponding to these local maxima were chosen for displacement
measurements. The time variation of the phase of the time-series
of complex Ascans (Mscan), at a given pixel, is proportional to the
axial displacement of the structure at the pixel: the Mscan phase
as a function of time is proportional to the time waveform of the
structure’s displacement. After finding the time waveform, the am-
plitude and phase at each frequency component in the stimulus
were extracted with a time-to-frequency domain Fourier analysis.
For each frequency component, the response was deemed signif-
icant if its amplitude was three standard deviations higher than
the noise level measured in ten neighboring bins. Scripts for de-
termining the displacements as a function of time were written in
MatLab.

In the second set of experiments, we mapped the axial vibra-
tion pattern in a 120 - 160 um wide region centered around the
OHCs. For these experiments, the stimuli contained 15 frequencies
from ~ 10 to 35 kHz or from ~ 7 to 30 kHz depending on the BF
and were played from either 50 or 60 to 80 dB SPL in 10 dB steps
for 1.07 s. Mscans were taken in 10 um steps and the displacement
time waveforms at each pixel of interest were extracted as above.
Linear interpolation was applied to the coarsely sampled grids of
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displacement amplitude (typically normalized to ear canal pressure
as gain) at each location to yield maps that had the same resolu-
tion, or number of pixels per unit length in the radial direction, as
the original Bscan. The resulting maps of the axial vibration pat-
terns were overlaid on greyscale images of the Bscan to identify
the anatomical location of each region of interest. These measure-
ments took 12 - 15 minutes per set, depending on the number of
positions, or slices, that were scanned and the number of ampli-
tudes.

In a final set of four experiments, we measured vibrations in
response to pure tone stimuli at three levels: 65, 75, and 85 dB
SPL and two frequencies: one close the location’s BF, where the
BM nonlinearity is strongest, and a second close to BF/2 where
the BM responses are linear. The BF was estimated at the start of
the experiment by measuring displacements over a wide frequency
range in response to a 15-component zwuis complex. In these ex-
periments, the stimuli were presented for approximately 1 second
and the final displacements were averaged over 50 repetitions in
the time domain.

The noise level in the vibration measurement is determined
by the magnitude of the selected Ascan pixel, which depends on
the feature and reflectivity (the size of the Ascan peak). In the
best preparations, the noise floor could be as low as .02 -.05 nm.
Noise rises if the Ascan peak is reduced, which can happen due to
micrometer-scale shifts in the preparation.

2.4. Experimental Procedure

After the positioning described above we took two or three
baseline measurements each consisting of a set of DPOAE-grams
and vibration tuning curves. Once the baseline recordings were
completed, 5 uL of 50 mM sodium salicylate in artificial peri-
lymph (0.125 mM NaCl, 0.35 mM KCl, 25 mM NaHCOs3, 1.2 mM
MgCl,, 1.3 mM CaCl,, NaH;PO4, 5 mM glucose, pH 7.4) was placed
onto the round window membrane and allowed to passively dif-
fuse into the scala tympani. In most experiments, the salicylate so-
lution was removed with a paper wick after 10 minutes and the
round window membrane was washed with 5 uL of fresh artificial
perilymph for 3 - 5 minutes and then dried with a paper wick.
The solution was delivered with a Hamilton syringe and custom-
made needle, 10 cm in length with inner and outer diameters of
250 and 360 pum, made from fused silica tubing (Polymcro Tech-
nologies). Because the excess fluid in the round window niche re-
fracted the light from the OCT, it was not possible to take vibra-
tion recordings with the solution present. In preliminary experi-
ments, after removing the sodium salicylate solution, some prepa-
rations showed persistent fluid accumulation in the round window
space, perhaps due to the higher osmolarity of the salicyate solu-
tion. Washing the round window niche with fresh artificial peri-
lymph reduced, but usually did not completely eliminate, this fluid
accumulation. Between recordings, we checked the round window
space with the operating microscope, wicked off any excess fluid,
and monitored the position of the OC with Thorlmage and made
minor adjustments to the position of the animal’s head as needed
to keep the OC approximately centered in the field of view. Some
drift in the preparation was inevitable due to the long time scale,
3 - 5 hours post treatment, of the experiments. Because it was not
possible to perfuse the perilymphatic spaces while simultaneously
taking OCT-based measurements, we relied on the cochlea’s natu-
ral mechanisms to recover from the brief application of salicylate.

Immediately after applying the salicylate, we took a DPOAE-
gram and repeated this 10 minutes later, right before the washout.
The high frequency (typically above f, ~ 15 — 20 kHz) DPOAEs typ-
ically declined within this ten minutes indicating that the salicy-
late had reached the OHC bodies. In the single-line vibration ex-
periments, we measured DPOAE-grams and OCT tuning curves af-
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ter the washout and repeated the measurements every ten min-
utes. Because the areal vibrometery measurements took 12 - 15
minutes per set, these were instead repeated every 20 minutes.
At the conclusion of the experiment, the animals were overdosed
with pentobarbital and in some cases, a set of post mortem tuning
curves or vibration maps were measured.

3. Results

A total of 28 gerbils were used in this study. Following the
initial surgery and prior to the introduction of sodium salicylate
into the cochlea, all ears tested showed robust 2f; — f, DPOAE-
grams in response to 50 and 70 dB SPL primaries and baseline
vibrations were healthy. BM tuning curves showed a well de-
fined peak around the location’s BF that grew nonlinearly with in-
creased sound pressure, while responses below the BF showed lin-
ear growth. OHC-region tuning curves, measured ~ 55 - 60 um
deeper, also showed a peak near the BF, had larger amplitudes
than the BM vibrations, and exhibited a wide-band nonlinearity
across all frequencies tested, consistent with recent measurements
of OC vibrations (Cooper et al., 2018; Fallah et al., 2019; Strimbu
et al., 2020). Three animals were used for preliminary experiments,
primarily to devise the surgical approach for the salicylate deliv-
ery onto the round window membrane. In four early experiments,
we introduced 100 mM sodium salicylate into the round window
space. In those cases, both BM and OHC-region vibrations appeared
passive ~ 30 - 40 minutes post treatment and failed to recover
over the timescale of the experiment, up to ~ 5 hours after the sal-
icylate was introduced. In subsequent experiments, 50 mM sodium
salicylate was used instead. We also did a control experiment, in
which 100 mM glucose was added to artificial perilymph, to match
the osmolarity of salicylate solution. In that case no changes were
observed.

Immediately after the salicylate was applied, DPOAEs evoked by
the 50 dB primaries were typically abolished above f, ~ 30 kHz
and there was a modest drop in the levels at lower frequencies.
As little as 10 - 20 minutes following the salicylate, DPOAEs were
significantly reduced, with the 50 dB DPOAEs above f; ~ 15 kHz
typically falling into the noise level and substantial reduction in
those evoked by the 70 dB primaries. The loss of distortion prod-
ucts at frequencies close to the BF of the location of interest, ~
25 kHz, indicates that the cochlear amplifier at that location was
significantly compromised.

In 11 experiments, we measured OC vibrations in a single line
in a region near the intersection of the arcuate and pectinate zones
and traversing the OHC region (Fig. 1 shows one Bscan with the
recording region indicated). Fig. 2 shows tuning curves measured
at select times during one such experiment that showed good re-
covery. (In the 11 experiments, a range of recovery was observed.
As noted above, with 100 mM salicylate, recovery was not ob-
served, and observing a range of recovery with the 50 mM salicy-
late is probably due to both differences in the diffusion of salicy-
late into the scala tympani, and the particular physiological state of
the individual cochleae.) The top row shows a set of baseline tun-
ing curves measured in response to the 40-frequency component
zwuis complex. Fig. 2 A and B show the BM and OHC region vibra-
tion sensitivity or gain, in nm/Pa, and panel C shows the phase in
cycles, referenced to the ear canal pressure. In these and other fig-
ures, the BM tuning curves are shown in blue, and the OHC-region
tuning curves are shown in orange with darker shades denoting
higher SPLs. Both sets of tuning curves show a well defined peak at
the BF, around 27 kHz in this cochlea, and OHC-region amplitudes
that can be ~ 10x greater than the BM at lower SPLs. (BF is de-
fined as the peak frequency at the lowest SPL measured, 40 or 50
dB SPL.) The BM tuning curves show nonlinear growth within the
BF peak and linear growth for frequencies well below the BF while
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Fig. 1. A. Bscan from experiment #846, 11-12-2020. Arrows show the beam direc-
tion, which defines the direction of vibration measurement. B. Bscan labeled and
colored to identify significant components and landmarks. The single red arrow in
A represents a single-line measurement from the first set of experiments, in which
vibrations of structures along a single Ascan line that included the OHC region were
measured. The multiple arrows in A represent the motion mapping of the second
set of experiments, in which vibrations of structures along several Ascan lines were
measured, and subsequently presented as heat maps of vibration amplitude.

the OHC region shows a compressive nonlinearity at all frequencies
tested. 20 minutes post treatment both BM and OHC-region show
depressed amplitudes and a loss of the BF peak. The BM vibrations
resembled those of a passive or post mortem cochlea, showing lin-
ear growth at all frequencies and levels. The OHC region vibrations
showed little-to-no measurable responses around the 27 kHz BF
and generally depressed amplitudes. They retained the wide-band
nonlinearity, although at the lower stimulus levels (to 60 dB SPL)
the responses became almost linear, perhaps due to the smaller re-
sponse amplitudes compared to baseline. Around 50 minutes post
treatment, vibration amplitudes began to show steady improve-
ment and a gradual re-emergence of the BF peak. These improve-
ments progressed over subsequent recordings and by 220 minutes
the responses were essentially fully recovered. (The BM responses
are less clear, due to an elevated noise level at the BM pixel com-
pared to the original measurements.) At further times, there was
no further improvement, as shown for the BF in the summary plots
in the final row of the figure. The phase (panels C, F, I, L) was not
substantially affected by the salicylate, and we emphasize the am-
plitude variations in this report. The last panel, O, shows a heat
map plot of the changes in DPOAEs evoked by the 50 dB primaries
before and after salicylate. In general, the recovery of the DPOAEs
following salicylate was reasonably correlated with the recovery of
the vibration amplitudes and tuning.

In the second set of six experiments we mapped vibration pat-
terns by taking successive Mscans at 13 - 17 radial locations in 10
pm steps, or slices, across the OC. The axial direction (of the OCT
light beam) was the same for all slices, so the direction of the vi-
bration measurement is the same, and is the vertical direction in
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Fig. 2. Loss and recovery of cochlear amplification following salicylate. The top row
(panels (A) - (C)) shows baseline tuning curves measured before the application of
salicylate. In this and all subsequent figures, time t = 0 corresponds to the applica-
tion of the sodium salicylate onto the round window membrane. Panel (A) shows
the BM tuning curves which are plotted in shades of blue and (B) shows OHC-
region, ~ 50 - 60 um deeper in the OC, in shades of orange. Darker shades indi-
cate higher SPLs (key in top panels). Panel (C) shows phase referenced to ear canal
pressure. (D) - (F) show the gains and phases 20 minutes after salicylate appli-
cation. The BM responses resemble those of a passive cochlea, while the OHC re-
sponses retained wide-band nonlinearity but lost the BF peak. Around 50 minutes
post treatment, panels (G) - (I), BM and OHC-region vibrations began to recover
and at around 220 minutes (J) - (L) the responses had largely recovered to base-
line levels. (M) and (N) summarize the gains at the BF for the BM and OHC-region
and the heat map plot in panel (O) shows the drop and subsequent recovery of the
2f; — f, DPOAEs evoked by the 50 dB SPL primaries. The DPOAE level is indicated
by the colorbar at the right and the times are on the vertical axis. Experiment #846,
11/12/2020.

the maps (Fig. 1). Because of the large number of recordings, we
used a shorter experimental window, ~ 1 second of OCT record-
ings rather than the ~ 5 seconds used for the single axis mea-
surements. Because these shorter recordings have a lower signal to
noise ratio (limiting the ability to measure vibrations at the lowest
SPLs) and to reduce the total number of scans, these experiments
only ran from 50 or 60 to 80 dB SPL. Fig. 1 shows an initial Bscan
from one such experiment. In this and some other preparations the
tectorial membrane (TM) is visible and the inner spiral sulcus can
be clearly delineated. The RL, a thin, stiff lamina that is continu-
ous with the apical surface of the hair cells and runs between the
inner sulcus and the lateral cells, is also visible in this image. (We
use the term “lateral cells” to refer to the region adjacent to the
outer tunnel composed of Hensen, tectal and lateral tunnel cells
(Spicer et al., 2003).
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Fig. 3. Areal vibration patterns before and after salicylate treatment. Panels (A) and (B) show the loss and recovery of DPOAEs evoked by 50 dB (A) and 70 dB SPL (B)
primaries after salicylate was applied. Panel (C) shows the time course of the f, ~ 20 kHz, DPOAE evoked by 50 dB SPL primaries. This is plotted as the mean (solid blue
line) and standard deviation (shaded region) measured from three adjacent f, frequencies, ~19 - 21 kHz. The individual panels in (D) show heat maps of the vibration
patterns in a 160 pm-wide region of the OC overlaid on the structural Bscan. Pixels whose amplitudes were less than three standard deviations above the noise floor were
assigned a value of 0, and appear as transparent in this and subsequent figures. Three frequencies, and the two highest SPLs are shown as labeled in the baseline panels
at the left. The highest frequency shown (27 kHz) was the peak frequency for 50 dB SPL stimulation. The colorbar at the right applies to all the vibration maps. Regions of
highest vibration, within two standard deviations of the maximum amplitude of each panel, are outlined in white to indicate the main vibration pattern. (E) and (F) show
the same regions at later times: 40 minutes post treatment and 220 minutes post treatment, when the vibrations reached their best recovery. The location of the pillar cells
is schematized in (E). After salicylate, the vibrations were not as tightly contained around the OHC-region and at 40 minutes, structures lateral to the OHCs show the largest

vibrations. Experiment #855, 12/15/2020.

Representative heat maps are presented in Figs. 3, 4, 5, 6. The
color-coded heat maps of the vibration patterns were overlaid on
greyscale Bscans. In the E panels, the position of the pillar cells is
approximated, and by referring to Fig. 1, the location of other land-
marks can be identified. In each of the heat-map figures, the top
row shows the loss and recovery of DPOAEs at both stimulus levels
and the right-hand panel shows the mean (solid line) and standard
deviation (shaded region) of three DPOAE bins around f, ~ 20 kHz.
The heat maps in Figs. 3, 4, 5, 6 panels (D) - (F) show vibration
amplitudes at three frequencies (the highest frequency shown cor-
responds to the BF) and the two highest SPLs (70 and 80 dB SPL).
(At lower SPLs many regions in the Bscan heat maps would not
emerge from the noise; in order to see the vibration patterns the
relatively high SPLs were used. Tuning curves extending to lower
SPL are shown in separate figures.) The colorbars at the far right
apply to all maps in the set. Regions with the largest vibration am-
plitudes - within two standard deviations of the maximum - are
outlined in white to visualize vibration patterns.

Prior to the salicylate treatment, the vibration patterns showed
a stereotypical pattern in which the largest amplitudes are rela-
tively confined in an oblong region including OHCs and extending
to the BM at the outer pillar foot. Following the salicylate treat-
ment, there was a general decline in amplitude and also qualita-
tive changes in the shape of the vibration patterns. At 40 min-

utes, structures lateral to the OHCs showed greater motion than
the OHC region itself, albeit at lower amplitudes than the base-
line conditions. In preparations with good recovery, the vibration
patterns returned approximately to baseline conditions by ~ 3 hrs.
Fig. 9 shows tuning curves measured at three points from the ex-
periment of Fig. 3, with the BM position in blue, OHC-region in
orange, and a position close to the RL in red. As noted above, the
RL extends from the inner sulcus to the lateral cells, and the data
denoted “RL” in our presented tuning curves was typically from a
slice 10 - 20 um medial from where OHC-region measurements
were made. Panel F in Fig. 9 includes tuning curves, plotted in
grey, measured 20 pm lateral to the OHC region at a time point
20 minutes after salicylate was introduced, when the lateral re-
gion showed significantly higher amplitudes than what we usually
identify with the OHC-region, adjacent to the outer pillar cell. 20
minutes post salicylate, all three regions showed the characteristic
loss of amplitude and tuning. Tuning curves at the three regions of
interest (RL, OHC, BM) are shown for the experiments of Figs. 4, 5
and 6 in Figs. 10, 11 and 7, respectively.

Fig. 7 shows a preparation where data were recorded from a
slightly more apical location with a BF around 20 kHz. The BM vi-
brations at the 20 minute mark appeared passive (panel D) while
the OHC and RL-regions had responses that retained their wide-
band nonlinearity but were low-pass in character. At the relatively
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Fig. 4. Similar to the previous figure. This preparation exhibited its fullest recovery at 200 minutes post treatment. Experiment #878, 3/19/2021.

low SPLs of 50 and 60 dB the OHC and RL responses were ap-
proximately linear at the 20 minute mark, perhaps because of the
smaller response amplitudes compared to baseline. In this experi-
ment, although the response to salicylate was robust, the BF peak
re-emerged more quickly, around the 40 minute mark, and in gen-
eral the vibrations recovered more quickly than in other experi-
ments.

Fig. 8 shows a summary of the data from the experiment of
Figs. 6 and 7. Panel (A) shows a Bscan, which for clarity has
been drawn stretched in the radial direction. The dashed vertical
lines show the locations at which the Mscans were recorded -
to avoid clutter only the odd numbered Mscans are labeled and
the color-coded circles and diamonds indicate the location of BM,
OHC-region, and RL-region. Panels (B) - (D) show the BM, OHC-
region, and RL amplitudes at different times. Amplitudes at two
points along the BM and within the OHC-region are shown, as in-
dicated by the color- and symbol-coded plots. OHC and BM vibra-
tions are shown from two slices to indicate that the particular slice
of measurement did not have a substantial effect on the obser-
vations. OHC and RL regions recovered nearly monotonically and
smoothly in this experiment; the BM recovery showed a degree
of non-monotonicity at ~ 100 minutes, but this was not a general
feature of the data (for example it was not observed in the sum-
mary panel of Fig. 2M). All regions had essentially full recovery by
~ the 150 minute mark.

Figs. 4 and 10 are from another preparation that showed good
recovery in vibration and DPOAE (BF=27 kHz). These results are
included to substantiate the findings of recovery of functional
cochlear amplification, along with the recovery of the baseline vi-
bration pattern. Figs. 5 and 11 are from a preparation that showed
poor recovery. The OHC and RL-region vibrations retained wide-

band nonlinearity but did not recover the baseline amplitude and
the BF peak never emerged in any location in Fig. 11. DPOAEs also
showed poor recovery (Fig. 5), and the shape of the vibration pat-
tern did not regain the oblong shape apparent in the baseline con-
dition.

The results shown to this point were observed using zwuis
multi-tone stimulation. Many frequencies are captured together,
which is necessary due to the long data acquisition times and sig-
nal to noise limitations of the OCT measurements. The multi-tone
stimuli are also useful in that the intra-OCC sub-BF nonlinearity,
which is an interesting and illuminating finding of OCT measure-
ments, is emphasized due to the overall high SPL of the stimu-
lus compared to single tones. For completeness, we followed the
multi-tone experiments with four single-tone experiments, three
of which showed good recovery following the salicylate treate-
ment. Following a multi-tone run to determine BF, responses were
measured at two single frequencies, BF and BF/2. Reporting on
the OHC region: based on observations from previous studies
(Fallah et al., 2019; Wang et al., 2019), at BF/2 we expected to ob-
serve less baseline nonlinearity with single-tone versus multi-tone
stimulation. The response to salicylate was expected to be simi-
lar with the single and multi-tones: we expected to observe a re-
duction and then recovery in response amplitude. At BF, we ex-
pected to see a large reduction, corresponding to loss of functional
amplification. These expectations were borne out in Fig. 12, which
shows single-tone data in panels B and C and tuning curves gen-
erated with the zwuis multi-tone stimulus in panel A. Panels D-
F are from a multi-tone experiment, the same preparation as in
Figs. 6, 7, 8, and included for easy comparison. The BF results were
similar for multi and single-tones, strongly nonlinear at baseline
and regaining that nonlinearity as the responses recovered follow-
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Fig. 5. Similar to the previous figures. This experiment showed poor recovery in the DPOAEs and the vibrations. Experiment #859, 1/12/2021.

ing salicylate application. At the earliest time point following sal-
icylate, the BF responses were approximately linear and passive
when they are detectable, at the highest SPLs. The baseline BF/2
responses were approximately linear for the single tones (panel C),
were reduced slightly following salicylate (by a factor less than 2,
largest reduction at the highest SPL) and recovered over the same
200 minute time scale as the BF tones, while retaining nearly lin-
ear scaling with level. The near-linearity of the single-tone BF/2
results is consistent with expectations that the nonlinearity ob-
served in the cochlea is primarily due to saturation of the mecha-
noelectric transduction (MET) current. (Electromotility will even-
tually saturate, but at larger motions than are sufficient to satu-
rate MET transduction (Adachi et al.,, 2000; Olson, 2020). With a
single tone stimulus, the overall level of the stimulus is smaller
than with a multi-tone stimulus, and with BF/2 stimulation the
MET channel is apparently not driven into saturation, even at 85
dB SPL (see also Fallah et al. (2019)). Salicylate caused a reduction
in the motion, presumably due to reduced electromotility, but with
the single tone BF/2 stimulation the motion still scaled nearly lin-
early with SPL following salicylate, reaffirming the linearity of MET
current under these stimulus conditions.

On close inspection, after the salicylate the BF/2 tones did show
a small degree of nonlinearity at the highest SPLs (panel C, going
from 75 to 85 dB SPL). The multi-tone BF/2 results (panel F) also
showed more reduction at the highest than at lower SPLs. These
SPL dependencies are subtle, but suggest that the MET channel is
saturating more strongly after salicylate and it is possible that the
salicylate influences MET to a degree, perhaps via material stiffness
changes in the OC. The overall effect of salicylate on mechanics is
discussed further below.

4. Discussion

While the effects of salicylate treatment on BM vibrations in
vivo have been previously studied (Fisher et al., 2012; Murugasu
and Russell, 1995; Nin et al, 2012; Santos-Sacchi et al., 2006),
its consequences on intra-OC sound-evoked vibrations were not
known. Phase sensitive OCT has allowed for intra-OC vibrations to
be observed, including the effect of salicylate. To recap our ma-
jor observations: The vibrations in all regions showed a wide-band
decrease in amplitude and a loss of BF peak following salicylate
treatment. The OHC and RL-region vibrations retained their wide-
band nonlinearity throughout and could even become low-pass in
character. This persistent nonlinearity means that electromotility,
which is driven by (nonlinear) OHC transducer current was re-
duced but not eliminated by salicylate. On the other hand, the
BF peak that is the hallmark of the cochlear amplifier was tem-
porarily eliminated. Maps of the axial vibration amplitudes in an
approximately radial section reveal both quantitative and qualita-
tive changes in the motion patterns following salicylate. Following
treatment with salicylate, there was a loss of amplitude and am-
plification at all regions and in some cochleae structures lateral to
the OHC-region exhibited the highest vibration amplitudes. Base-
line vibration amplitudes and patterns recovered by ~ 3 hrs.

Phase sensitive OCT and other interferometric techniques such
as laser Doppler vibrometry measure displacement or velocity in
one dimension, parallel to the axis of the light beam. Sound-
evoked vibrations within the OC are complex, with components
in the transverse, radial, and longitudinal directions (Cooper et al.,
2018; Lee et al, 2016; Ren et al, 2016). Indeed, the true me-
chanical input into the MET channels is the radial motion of the
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Fig. 6. Similar to the previous figures, but in this preparation data were taken from a lower frequency location, BF ~ 20 kHz. Post-salicylate the responses were low-pass in
this experiment, so the highest frequency shown (17 kHz) is slightly lower than the BF. Likely due to viewing further down the cochlear spiral in this preparation, the Bscan
image is somewhat different from the Bscans in the other experiments. Experiment # 884, 4/15/2021.

hair bundles, driven by the relative shear between the TM and
the RL. Determining the three-dimensional vibration patterns with
an instrument having a single light beam requires measuring vi-
brations from the same structures at multiple angles (Lee et al.,
2016). In our experiments, cochleae were imaged with a field of
view as shown in Fig. 1, and the axial measurement would ide-
ally be transverse (perpendicular to the plane of the BM), but
volumetric imaging indicates that our vibration measurements in-
clude significant longitudinal and radial components. These differ-
ent components cannot be resolved with a single-axis measure-
ment. In our recent studies of recovery following furosemide, there
was correspondence between changes in motion, local cochlear mi-
crophonic (LCM) and DPOAEs following furosemide (Strimbu et al.,
2020; Wang et al., 2019). Similarly, in the present study with sal-
icylate, the reduction and recovery in motion was closely tied to
changes in DPOAEs. These correlations indicate that the single-axis
motion measurement is an informative, albeit incomplete, monitor
of cochlear response. Quantifying the orientation of the OC and its
substructures during the OCT experiments and resolving the indi-
vidual components of the motion is an ongoing project in our lab.

Two recent papers from our group (Strimbu et al., 2020; Wang
et al., 2019) reported the effects of furosemide on cochlear po-
tentials, DPOAEs, and vibrations. Furosemide transiently abolishes
the endocochlear potential (EP) by blocking the Na*/K*/2CI~ trans-
porter in the stria vascularis lining the interior of the otic cap-
sule. The EP is essential to normal cochlear amplification and the
ototoxic effects of furosemide are typically reversible. It is infor-
mative to compare the response of the cochlea to furosemide and
salicylate. Immediately after the intravenous furosemide injection,

the EP dropped from its normal physiological value of ~+ 80 mV
to negative values consistent with a passive diffusion potential.
EP recovered first rapidly, then more gradually over ~ 40 min-
utes to a relatively stable but depressed value around +40 to +60
mV. Following furosemide, the DPOAEs, LCM and evoked vibrations
showed a biphasic recovery. An initial recovery of sub-BF vibra-
tion and LCM responses occurred over ~ 1 hr, followed by recovery
of the BF-peak starting at ~ 70 minutes, reaching nearly or com-
plete baseline values ~ 2 hrs post treatment. The DPOAEs reached
a global minimum shortly after the drug delivery, then underwent
a relatively rapid but incomplete recovery over the subsequent 10
- 20 minutes, followed by a second minimum some 50 minutes
after treatment, and finally by a slow recovery to nearly baseline
levels over the following 2 hrs. By analysing DPOAEs and harmon-
ics in the LCM in terms of the hair bundles’ MET function, the
furosemide data indicated that the MET apparatus underwent an
operating point shift during the time interval the EP was most de-
pressed and subsequently readjusted, with the major readjustment
occurring along with the recovery of the BF peak.

In contrast to the two-stage recovery of DPOAEs following
furosemide, following salicylate application the recovery of the
DPOAEs was largely monotonic. DPOAEs reached a minimum some
10 minutes following the salicylate application, likely due to the
time required for salicylate to diffuse into the scala tympani and
reach a concentration sufficient to block prestin, and exhibited a
steady recovery to baseline levels in the subsequent few hours.
The recovery of vibrations was also different in the two studies
- with the furosemide study, the sub-BF vibrations recovered fully
by ~ 50 minutes, before the BF peak recovered. With the salicylate,
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Fig. 7. Individual tuning curves recorded from three regions of interest at different
times before (top row) and after application of salicylate (three subsequent rows).
Same preparation as Fig. 6, experiment #884. The reticular lamina vibrations, la-
beled RL, were measured at the most medial location along the RL from which we
obtained reliable sets of tuning curves, 10 ©m medial to the BM/OHC-regions. Refer
to Fig. 8 for the locations of the RM, OHC-region, and RL.

Fig. 9. Tuning curves from the same preparation as Fig. 3, experiment #855. In
panel (F), the tuning curves measured 20 um lateral to the OHCs are plotted in
shades of grey, with darker shades indicating higher SPLs.

shape, including OHCs and extending from the RL to the BM at
the foot of the outer pillar cell, to a more diffuse state that was

while the OHC and RL-region vibrations retained wide-band non-
linearity throughout, the sub-BF amplitude recovery occurred on a
similar time scale as the BF peak.

In the present study we used areal vibration mapping, which
revealed that following salicylate the OC moved differently than
it moved in the healthy state - it went from a contained oblong

often largest lateral of the OHCs. The shape change has similar-
ity with the post-mortem changes that have been documented
(Cooper et al.,, 2018), although the active process (nonlinearity)
maintained a presence in the case of salicylate. The salicylate-
induced vibration shape change is likely caused in part by the re-
duced amplitude and forcing of OHC electromotility and also influ-
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Fig. 8. Summary of the loss and recovery of amplification in the vibrations following salicylate. Panel (A) shows a reference Bscan taken at the start of vibration mea-
surements. For clarity, the image has been stretched in the horizontal direction. Horizontal and vertical scale bars are 50 um and 200 pm respectively. Half of the optical
sections where the vibration measurements were made are marked with dashed lines and labeled. The blue, orange, and red symbols are the locations of the BM-, OHC-,
and RL-regions whose vibration gains (at BF) are shown in the subsequent panels. By 180 minutes, post treatment, the vibration amplitudes at the BF had largely recovered.
For the BM and OHC-regions, gains at two radial locations, 20 wm apart, are shown. The vibration amplitudes of these structures varied little within this 20 pum radial
section. The symbols in the line plots correspond to the markers in the Bscan and the color code (50 - 80 dB SPL with darker shades indicating higher SPLs) is the same as
the previous figure. Same preparation as Figs. 6 and 7, experiment #884.
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Fig. 10. Tuning curves from the same preparation as Fig. 4, experiment #878.

enced by the reduced OHC turgor pressure and somatic and bun-
dle stiffness changes that have been observed in in vitro studies
(Dallos et al., 2008; Hakizimana and Fridberger, 2015; Russell and
Schauz, 1995; Shehata-Dieler et al., 1994). The cochlea relies on
both its passive mechanical properties, such as the local stiffness,
damping and longitudinal coupling, and its active mechanisms to
achieve sharp frequency selectivity and amplification at each lon-
gitudinal location. Perturbing the stiffness of the OHC bodies or
the hair bundles will alter the local mechanical properties of the
cochlear partition and reduce the efficacy of the active process
(Dewey et al., 2018; Fisher et al., 2012).

To summarize, the recovery from both furosemide and salicylate
involves multiple factors - in the case of furosemide, it involves
(substantial) restoration of the drive voltage to MET current, and
the recentering of MET channels; with salicylate it involves both
electromotility recovery and the re-establishment of physical prop-
erties needed for functional patterns of vibration.
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Fig. 11. Tuning curves from the same preparation as Fig. 5, experiment # 859. This
cochlea did not recover following salicylate application.
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Fig. 12. Reduction and recovery of OHC-region vibrations in response to pure tone
stimulation following salicylate. Panel (A) shows the OHC-region vibrations mea-
sured in response to a 15 component zwuis complex at the start of the experiment.
These tuning curves were used to determine BF. Panels (B) and (C) show the loss
and recovery of gain in response to a pure tones close to BF (B) and BF/2 (C) at
65, 75, and 85 dB SPL. At BF/2, prior to salicylate treatement the OHC region vibra-
tions were essentially linear and became weakly nonlinear following the salicylate
treatment. The weak nonlinearity diminished over the subsequent three hours as
the amplitude steadily recovered. Experiment #901. For comparison, panels (D) -
(F) show corresponding data from multi-tone experiment #884.
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