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The exceptional sensitivity of mammalian hearing organs is attributed to an active process, where force
produced by sensory cells boost sound-induced vibrations, making soft sounds audible. This process is
thought to be local, with each section of the hearing organ capable of amplifying sound-evoked
movement, and nearly instantaneous, since amplification can work for sounds at frequencies up to
100 kHz in some species. To test these fundamental precepts, we developed a method for focally
stimulating the living hearing organ with light. Light pulses caused intense and highly damped
mechanical responses followed by traveling waves that developed with considerable delay. The delayed
response was identical to movements evoked by click-like sounds. This shows that the active process is
neither local nor instantaneous, but requires mechanical waves traveling from the cochlear base toward
its apex. A physiologically-based mathematical model shows that such waves engage the active process,
enhancing hearing sensitivity.

peech, music, and other sounds can be perceived after the excitation of auditory sensory hair cells. These

cells are stimulated by sound-evoked waves that travel along the basilar membrane'. Depending on the

frequencies of the sound that impinges on the eardrum, these waves peak at different locations along the
length of the cochlea®. The cochlea can therefore be regarded as a mechanical frequency analyzer that decomposes
the acoustical stimulus into its component frequencies. As a result, humans can perceive very small frequency
changes, while retaining a sensitivity limited only by the thermal noise of the hair cell transduction™*.

The mechanical and biophysical mechanisms that underlie the remarkable frequency resolving capacity and
sensitivity of the auditory system remain incompletely described®. As sound-induced vibration propagates along
the basilar membrane, it forms a peak at a location that depends on the health of the cochlea as well as the
frequency and amplitude of the stimulus. The classical model idealization of the cochlea is as a series of damped
resonators, whose resonant frequencies vary along the cochlear partition and are coupled mainly through the
inner ear fluids®. More sophisticated mathematical models” " include the fundamental hypothesis that fre-
quency analysis and sensitivity is enhanced by mechanical forces generated by the outer hair cells>''"*°. These
forces are assumed to modulate the sound-evoked motion of each individual segment of the cochlear partition.
Because outer hair cells can generate forces at sound frequencies up to 100 kHz>**, this local active process is
commonly thought to be operational within microseconds. In this work, we investigated the time course of the
active process in the cochlea through a set of experiments and a mathematical model that includes active
processes.

To determine the delay of the cochlear amplifier, one must devise a way to locally stimulate the basilar
membrane when the active process is functional. To this date, the only means of exciting the sensitive
cochlea for mechanical measurements were to use sound?% or electrical currents®~?°; in either case, a focal
force directly applied on the active cochlear partition is impossible. Our method (Figure 1) relies on forces
that develop as photons interact with matter. Absorption of photons causes rapid local heating®*, which is
followed by cooling when the light goes off. This leads to a transient pressure change® and a local force that
acts on the basilar membrane. We show that such a local stimulus does not immediately trigger effective
force production by the outer hair cells. Such force production only occurs when waves travel slowly from
the base of the cochlea toward the apex. The modeling analysis suggests that the amplified response results
from a tightly coordinated multi-cellular process that operates with a delay caused by the travel time of
mechanical waves on the basilar membrane.
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Figure 1| Diagram of the experimental setup. Infrared laser pulses were
focused on the basilar membrane (BM) or on a bead on the BM in the basal
turn of the cochlea. Acoustical clicks were delivered to the external ear
canal, which vibrated the stapes and resulted in the BM vibration. The BM
vibration was measured by focusing the object beam from a laser
interferometer on the reflective bead. Magnitude and phase of the
vibration were determined by detecting Doppler frequency shift of the light
reflected from the bead. BF: best frequency.

Results

To determine the cochlear partition’s response to a local force stimu-
lus, Mongolian gerbils were anesthetized and surgically prepared for
recording the basilar membrane vibration®***. Recordings were per-
formed with a scanning heterodyne laser interferometer from the
basal turn of the cochlea that responds optimally to sounds at fre-
quencies ~13-16 kHz. In each animal, we first verified that com-
pressive nonlinearity and sound-evoked responses to low-level tones
were present, as expected in a sensitive cochlea®. Then, 30-ps infra-
red laser pulses were aimed on a gold-coated glass bead, which was
placed on the basilar membrane. Upon laser excitation, the upper
surface of the bead moved toward the laser beam and then returned
to its equilibrium position as the light turned off (Figure 2a). This
polarity of motion is consistent with thermal expansion of the excited
bead and tissues. Following this initial spike of movement were
physiologically vulnerable, gradually increasing wavelets that peaked
after about 0.5 ms and then decayed. The frequency content of these
wavelets increased rapidly over time (Figure 2a, lower panel). All
eight sensitive preparations in this report showed initial peaks and
delayed wavelet responses when laser pulses and measurement point
were collocated.

Then, the laser pulse was focused 50 pm closer to the base of the
cochlear partition, while maintaining the response measurement
spot at the original location. Under this condition, the initial spike
of motion was nearly extinguished (Figure 2b). Apart from the
change in the initial movement, the wavelets had nearly identical
delay and temporal content (compare Figure 2a and b). Spectro-
grams were also unchanged and displayed the same upward fre-
quency glide (Figure 2b, lower panel). Finally, the excitation location
was moved 50 um closer to the apex of the cochlea (Figure 2c).
Again, apart from the initial movement, this did not alter the vibra-
tions at the measurement site, which continued to show a delayed
response with an upward frequency glide indistinguishable from
those measured at the two other excitation sites. Cross-correlation
analysis revealed no measureable time lag among the three responses
in the same animal. Hence, with the exception of the initial spike, a
100-um change of the excitation location did not alter the delayed
response. According to the group velocity of the traveling wave at the
best frequency near the measured location (~3 m/s), ~33-ps delay is

expected if a backward traveling wave was responsible for the reverse
transmission. In contrast to the basilar membrane responses, a sim-
ple and lightly damped resonant system, an aluminum beam, dis-
played its maximum vibration amplitude immediately after the light
pulse and frequency glides were absent (Figure 2d).

The magnitude spectrum of the laser pulse-induced responses of
the basilar membrane revealed a peak centered at ~16 kHz
(Figure 2e; red solid line, left scale), and a rapid phase decrease with
frequency (blue solid line, right scale). The shapes of the magnitude
and phase spectra were similar to those of sound-evoked motions at a
stimulus level of 30 dB SPL (dashed lines). In both cases, the res-
ponses were typical for a forward traveling wave”. In contrast, the
magnitude and phase spectra of the aluminum beam vibration were
very different (Figure 2f) in which the sharpness of tuning was higher
and the phase underwent an abrupt shift only near the resonance
frequency.

When the power of the laser pulse was attenuated, the magnitude
of the local stimulus decreased and a change in the mechanical res-
ponse occurred (Figure 3a). At the pulse power of 15 pJ/pulse, a
rapid initial movement was followed by oscillations that peaked at
~0.4 ms. As the power of the laser pulse decreased, the responses of
the basilar membrane were essentially amplitude-scaled replicas of
one another. These data are consistent with the known near-linear
behavior of the basilar membrane vibration at low sound pressure
levels®. As in Figure 2b and ¢, when laser pulses were focused on the
basilar membrane 50 pm away from the measurement location on
either side, the early motion spike was abolished but there was no
substantial change in waveforms of the delayed response (Figure 3b
and ¢).

We also compared laser pulse-induced responses to those induced
by acoustical clicks delivered by a speaker connected to the animal’s
ear canal. Laser pulses induced delayed wavelet response (Figure 3d)
is similar in shape to those induced by an acoustical impulse
(Figure 3e). By aligning the onset of stapes motion (lowermost record
in Figure 3e) with the beginning of the laser pulse (Figure 3d) we
found that the delay of the light-evoked response (0.451 = 0.036 ms,
n = 8) was similar to that of the acoustically induced response (0.45-
0.47 msin Figure 3e). This indicates the rapid transfer of energy from
the spot of laser excitation toward the base of the cochlea, causing a
physiologically vulnerable wave that travels forward, from the base of
the cochlea toward its apex®®.

The response was very different in the insensitive cochlea. In this
case, the initial spike of motion remained but the delayed response
was absent (black solid line in Figure 3d). Within 200 ps of the start
of the pulse, there was a close correspondence between responses
recorded in the sensitive ear and those recorded postmortem (black
line in Figure 3d). This data confirm that the physiologically vulner-
able force-generating mechanism of the outer hair cells'* was not
involved in the immediate response of the basilar membrane to laser
pulses. The death of the animal abolished all the later components of
the response, demonstrating that force production of outer hair cells
is important for the slowly developed wavelet observed in the sens-
itive cochleae.

The waveforms between 0.1 and 1.0 ms in Figures 2a-c, 3a—c, and
3d from three different gerbils indicate that laser pulse-induced
delayed basilar membrane response is similar across animals. To
further show this similarity, the magnitude and phase spectra of
the delayed responses induced by 15.0-p] laser pulses measured from
eight gerbils are presented in Figure 4. In order to compare data
across animals and to obtain means and standard errors, the fre-
quency and magnitude were normalized to the peak frequency and
the peak magnitude respectively. The phase curves were shifted ver-
tically to zero at frequency 1.0. The mean magnitude curve in panel a
shows a sharply tuned peak centered at normalized frequency 1.0.
The mean phase curve in panel b indicates that phase decreased with
frequency. Small magnitude and phase standard errors in panels a
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Figure 2 | Laser pulse-induced basilar membrane vibrations and response from a simple resonator. (a) Time waveform of the BM response to laser
pulses (15 pJ/pulse) focused on a glass bead shows a periodic oscillation with a gradual onset and offset. The spectrogram shows that the instantaneous
frequency of the ringing response increases with time. (b, c) BM responses to laser pulses focused on a basal (b) or apical (c) location ~50 pm from the
bead are similar to those in panel a. (d), In contrast to panels a—c, the vibration from an aluminum beam shows instantaneous long-lasting periodic
oscillation at a resonant frequency. (e) Magnitude and phase spectra of laser pulse-induced BM ringing response (red and blue solid lines) are similar to
those of 30-dB SPL swept tone-induced responses (red and blue dashed lines). (f) Magnitude and phase spectra of the resonant response (red and blue
line) show a sharp peak and ~3.14-radians phase shift at the resonant frequency. Data presented in panels a—c were collected from one cochlea.

and b demonstrate high repeatability of the measurement. Thus,
grouped data in Figure 4 confirm that similar laser pulse-induced
delayed responses exist in all sensitive cochleae.

Discussion

To test the hypothesis that a local stimulus can induce an instant
active response of the cochlear partition, a precisely defined local
stimulus is needed. Such a stimulus cannot rely on direct mechanical
contact, which would instantly disrupt sensory cell function.
Electrical stimulation suffers from the large space constant of the
cochlear ducts, which causes the stimulus to reach many hair cells
simultaneously®®. Similar problems are evident in the case of acous-
tical stimuli. Our method used intense but brief pulses of infrared

light that generated a pressure pulse, but did not disrupt the sens-
itivity of the cochlea. Upon absorption by tissue at the focal point, the
laser pulse heated the tissues and caused a pressure impulse®™*. This
local stimulus is indicated by the initial spike response when the laser
pulse was focused on the measured location (Figures 2a, 3a, and 3d).
The absence of the initial spike when the excitation and measure-
ments sites were separated (Figures 2b, 2¢, 3b, and 3c¢) indicates that
the mechanical stimulus was a local one. A distributed initial vibra-
tion would have caused an early peak even after separation of the
measurement and excitation locations.

One may wonder whether the laser pulse-induced basilar mem-
brane responses resulted from neural activation. It has been demon-
strated that optical stimulation with an infrared (1,844-1,869 nm)
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Figure 3 | Laser pulse- and acoustic click-induced basilar membrane vibrations. (a—c) Laser pulse-induced BM vibrations at optical power from 1.5 to
15 pJ/pulse by 5 dB per step. Data in panels a—c were collected when laser pulses were focused on the bead (a) or on alocation ~50 um basal (b) or apical
(¢) to the bead. Data in panels a—c are from one cochlea and those in panels d and e from another. Those animals are different from that for data in

Figure 2. The light-induced ringing responses disappeared in the insensitive cochlea (black line in panel d). (e) Click-induced BM responses at different

sound levels are similar to the laser pulse-induced ringing responses.

laser elicits compound action potentials similar to responses to elec-
trical stimulation*®*'. Because the laser power used in the current
study (1.5-15 pJ/pulse with peak power 50-500 mW and average
power 0.0015-0.015 mW) is much smaller and the laser wavelength
is shorter than those used in reported experiments, optically-induced
neural activation likely was not significantly involved in the present
experiment.

Mathematical models were developed to understand the laser
pulse-induced basilar membrane vibration. In many cochlear mod-
els, such as one-dimensional models®, only non-symmetric fluid

modes, which results in the cochlear slow or traveling wave, are
admitted. We used this common approximation in conjunction with
a point force applied to the basilar membrane to simulate the excita-
tion due to the laser light. Our model was a modified version of a
previous model** with the parameters from Table 1. Under impulse
excitation, the model predicted an immediate transient response
followed by a wavelet that arrived with twice the delay observed
experimentally. There was no combination of parameters that
allowed the model to predict a delay similar to those in Figure 2a-
c and Figure 3a-d. Hence a more sophisticated model is needed.
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Figure 5| A three dimensional model of the cochlea predicts the correct
delays. (a—c) The result from a cochlear model, which allows fast
transmission of energy in the cochlear fluid. Due to negligible delay
resulted from the fast wave, the ringing response reaches its peak at a time
equal to the cochlear traveling wave delay from the stapes to the best-
frequency location (7). Laser pulse was focused on the bead (a), at a
location ~50 pum basal (b) or apical (c) to the bead. (d) Predicted
acoustical impulse-induced response. Except for the lack of the initial peak,
the response reaches the maximum at time 1t and is very similar to the
laser-induced response.

Normalized frequency

Figure 4 | Magnitude and phase spectra of laser pulse-induced delayed
responses. (a) The mean magnitude curve (the solid red line) shows a
sharply tuned peak centered at normalized frequency 1.0. (b) The mean
phase curve (the red solid line) indicates that phase decreased with
frequency. Data were collected at 15-pJ pulse power from 8 animals. The
frequency and magnitude were normalized to the peak frequency and the
peak magnitude respectively. The phase curves were shifted vertically to
zero at frequency 1.0. SE: standard error.

Table 1 | Parameters for the cochlear model (x is in meters). BM: basilar membrane. OHC: outer hair cells. TM: tectorial membrane. HB:

hair bundle. RL: reticular lamina

TM radial length [Ref. 45]

Effective TM cross-sectional mass
Electromechanical coupling coefficient
Oval window stiffness

Round window stiffness

TM bending stiffness

TM shear stiffness

HB stiffness

RL stiffness

OHC stiffness

TM longitudinal shear modulus

TM longitudinal shear damping
Mechanoelectrical transducer sensitivity

Parameters Values

B (40°C) 385x 10¢/K

¢ (40°C) 4.178 J/gK

o 0.3

Duct height 0.5 mm

BM length 11 mm

OHC length 25 um (base) to 65 um (apex)

87 um (base) to 180 um (apex)

1.08 x 10-%€** kg/m

—0.122 (base) to —0.152 (apex) N/m/mV
1.8 X 108 N/m?

1.8 X 107 N/m?

1.233 X 10%¢ 727 N/m?

1.233 X 10%e ¢27* N/m?

1.879 X 10%e7%64x N/m?

4.008 X 10%e77°64x N/m?

4.008 x 10%e77°¢4x N/m?

5 kPa

0.075 Pa's

3.6016 X (LHBo/LHB)67252'3X S/rad/m
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In order to include all the relevant physical effects, we relaxed the
restriction that only non-symmetric waves were allowed in the model
by admitting the symmetric solutions as well. These symmetric
modes typically represent fast compressional waves in the fluid.
The excitation to this three-dimensional cochlear model** consisted
of two point heat sources, above and below the basilar membrane,
with slightly different amplitudes (see the cochlear model in
Methods). The amplitude of the excitation was estimated from the
laser light heat absorption®. The early response of the model
resembled the experimental results in several ways. The initial brief
response was dominated by a large transient at the location of the
heating sources (Figure 5a). Just as in the experiments, this large
initial response was not seen when the heat sources were 50 pm away
from the observation position (Figure 5b and c). Secondly, in this
mathematical model including the cochlear active process, the
delayed wavelet response was seen, just as in experimental data.
Simulation results from acoustical stimulation (Figure 5d) show that
the group delay of laser pulse-induced response (Figure 5a—-c) was the
same as the acoustical click-induced response, which is consistent
with the experimental data in Figure 3d and e. Both experimental and
modeling results indicate that energy is propagated rapidly from the
location of the heating source to the base of the cochlea, subsequently
generating a forward traveling wave. We also performed simulations
when outer hair cell force production was turned off. In this case, the
initial highly damped transient remained while the delayed wavelet
response was eliminated, just as in the post-mortem data as shown in

d

Figure 3d. The model predicts that the delayed response is mediated
by outer hair cell motility.

Both the experiment and the model present a surprising result: the
large initial response generated from the laser pulses does not result
in an immediately amplified response. Hence, the effective engage-
ment of the active mechanism that enhances the response of the
cochlea to low-level sounds cannot be initiated instantly by a local
point force applied on the basilar membrane. For either light or
acoustical stimulation, the generation of an enhanced response
(Figure 3d and e) requires the presence of a traveling wave. This
wave coordinates the electromechanical response of the outer hair
cells along the length of the basilar membrane to enhance hearing
sensitivity. In retrospect, this is an appropriate design for processing
external sounds that travel from the base of the cochlea toward the
apex.

Methods

Generation and delivery of laser pulses. An infrared laser diode (SDL-6380-A, JDS
Uniphase Corporation, San Jose, CA) was used to generate laser pulses at wavelength
0f 930 nm. A 30-ps positive electrical pulse was used to control the laser power, which
was limited to 0.5 W in front of the objective lens. There was no detectable sound

generated at any laser pulse levels (from 1.5 to 15 pJ/pulse) through optoacoustic

mechanism* in the air, likely due to relatively short wavelength and low laser power.
A dichroic mirror was used to introduce the infrared laser beam into the optical path
of the laser interferometer and to focus laser pulses on the basilar membrane through
a20X objective lens (NA, 0.42) (gray dashed line in Figure 1). The position of the laser
focal spot was changed by moving the collimating lens with an x-y translation stage,

Acoustic

Fill)

force

Internal

Helicotrema

Heat
source

Helicotrema
)

Figure 6 | Schematics of the cochlear model and three stimulation methods. SV: scala vestibuli. ST: scala tympani. BM: basilar membrane (a) Acoustic
impulse stimulation through the oval window. (b) An internal impulse force simulating the force generated by the laser pulses focused on the bead.
(c) Internal heat sources above and below the BM when laser pulses were focused on a basal or apical location.
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while the focal spot of the object beam of the laser interferometer (solid red lines in
Figure 1) was unchanged.

Measurement of the basilar membrane vibration. Twenty-eight healthy young
Mongolian gerbils (40-80 g) with normal hearing were used in this study. Animal
preparation and surgical procedures were as previously described®*. The animal use
protocol was approved by the Oregon Health & Science University Institutional
Animal Care and Use Committee. Laser pulse- and acoustic click-induced basilar
membrane vibrations were measured using a scanning heterodyne laser
interferometer***”. The voltage output from the laser interferometer controller was
proportional to the vibration velocity of a gold-coated bead, which can reliably track
the basilar membrane vibration*!. The stapes vibration was also measured using the
same interferometer**.

Data reported in the Result section are from 8 among 28 gerbils. Twenty animals
were excluded from this report due to either high-frequency hearing loss or poor
transparency of the inner ear fluids caused by invasive surgery and bleeding. The
results presented in Figures 2, 3a—c, and 3d and e are from 3 different gerbils and those
in Figure 4 are from all 8 animals showing sensitive responses.

Since the each segment of the cochlear partition has been thought to function as a
resonator, the laser pulse-induced response from a simple resonator was also mea-
sured. The resonator was made of a ~0.1-mm thick ~1-mm wide aluminum beam.
The aluminum beam was held using custom-made forceps attached to a 3-dimen-
sional positioning system. The resonant frequency was varied by changing the length
from the holding point to the tip of the strip, where the laser pulse was focused.

Signal generation and data acquisition. A 30-ps rectangular pulse was used to
control the laser-diode current and to drive a speaker. The laser pulse or acoustic
click was presented at the rate of 10 times per second. The signal from the
interferometer controller was averaged 10-200 times depending on the signal-to-
noise ratio. Frequency spectra and spectrograms of the averaged signal were
obtained through the Wigner transform using Igor Pro software (Wavemetrics,
Inc. Lake Oswego, OR). The delay of click-evoked vibration was the time interval
between the onset of motion at the stapes and the basilar membrane. Similarly, the
delay of laser pulse-induced basilar membrane vibration was calculated as the time
difference between the onset of the laser pulse and the basilar membrane
vibration. The peak time of the basilar membrane vibration was determined by the
maximum of the signal envelope obtained through the Hilbert transform using
Igor Pro software.

The cochlear model. The mathematical model was developed from a previous
physiologically based linear model that couples the mechanical, electric, and acoustic
fields of the cochlea'®*>**. The acoustic click was modeled as an impulse force on the
stapes or the oval window (Figure 6a). The internal force was modeled as an impulse
force on the basilar membrane* at a single location (Figure 6b). Laser light absorption
was modeled as a heating source according to the linear acoustics equations®. Under
such localized laser heating (Figure 6¢), the governing equation for the intracochlear
fluid pressure, p, is

20y 13 B0,
v 2o cp(?tq’ Q)

where ¢ is the speed of sound in the cochlear fluid. § and ¢, are, respectively, the
coefficient of thermal expansion and the specific heat capacity at constant pressure of
the fluid. g is the heat absorbed by the fluid per unit time and per unit volume. We
approximate the heating from the laser pulses as a boxcar function which can be
written as

q=0Qo[3(x1)+d(x2)][H(0) — H(to)], @)

where QO is the power of the laser (0.5 W), « is the estimated fraction of power
absorbed by the fluid, x, and x, are the positions vector of the laser focal heating
(located just above and below the BM) at a distance of 0.245 mm, 0.25 mm, and
0.255 mm away from the base (depending on the focal point of the laser), ¢, is the
duration of the laser pulse (30 ps), and H(t) is the Heaviside function in time. The
Dirac delta functions 6(X;) and d(X,) have the dimension of inverse volume. Hence,
Equation (1) can be rewritten as

2 1% _

— 100 P oo o) 00) — 0 (3)
¢ ot I

where 6(t) has the dimension of inverse time. Time harmonic solutions of the form

exp(—imt) are sought. Equation (3) can be written in the frequency domain as

2 o B N .
Vp+ c_ZP: —ocg Qo[0(x1) +(x2)][1 — exp (—iwty)], (4)

which is the governing equation for the intracochlear fluid pressure with the existence
of a localized heat source, P is the Fourier transform or frequency domain
representation of the pressure. The right-hand side of Equation (4) is the forcing term
corresponding to the heat source shown in Figure 5c. To represent the asymmetric
heat absorption below and above the basilar membrane, an absorption ratio of
0.53:0.47 is used. For an o value of 0.3, then 30% of the power is absorbed as heat.

A model for gerbils was developed and used for the simulation. The parameters for
gerbils were derived from those for guinea pigs'** based on the length of the basilar
membrane. The scaled or adjusted parameters from the guinea pig model are listed in
Table 1. Impulse responses were obtained through Fourier Transformation of the
data in the frequency domain to the time domain.
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