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Preface

The symposium “Recent Developments in Auditoiy Mechanics”, in which 
all the papers that appear in these proceedings were presented, was designed to 
enhance interchange between biophysicists, neurobiologists, mathematicians and 
engineers interested in the auditory periphery. This was the seventh in a series of 
symposia and the first one to be held in Japan. The series began with the 
symposium “Mechanics of Hearing” in 1983.

As this series of symposia was previously alternately held in Europe and the 
USA, little information on these symposia reached Japanese researchers. As a 
result, the number of Japanese participants was very small. Therefore, one of the 
aims of the 1999 meeting was to introduce this high-level symposium to Japanese 
researchers. As a result of this effort, 50 Japanese were among the 130 participants. 
I believe that the number of Japanese participants in the next meeting will also be 
large.

In this series of symposia, we have focused on understanding inner ear 
mechanics. However, in order to understand hearing mechanics wholly and 
thoroughly, there was a need to widen the range of topics. Therefore, compared 
to the previous proceedings, more papers on middle-ear mechanics and central 
auditory processing are included in these proceedings. Overall, 73 papers are 
hereby published, and among them, 22 papers are related to the topics mentioned 
above.

During the meeting, one of my close friends, who is involved in research on 
sensors in insects, but had not previously participated in this series of symposia, 
gave me an interesting comment, i.e. “I am surprised that progress in the field of 
hearing mechanics is so little. Most of the topics discussed here were taught 
when I was a graduate student.” This is true. The generation mechanisms of 
otoacoustic emissions have not yet been fully analyzed, although this interesting 
phenomenon was discovered in the late 70’s. One of the strong hypotheses 
concerning the mechanism of outer hair cell (OHC) motility is a conformational 
change of a molecule when the membrane potential of the OHC is altered. 
However this “protein motor” has not yet been identified.

I hope that much progress will be achieved during the three years hereafter, 
and that the next meeting, which will be held in Tuebingen, Germany in 2002, 
will be fruitful and stimulating for all the participants again. Finally, I would like 
to dedicate these proceedings to one of my best friends, Professor Kohyu Fukunishi, 
who passed away just before the meeting, although he was eagerly waiting to 
participate in it.

Hiroshi Wada, 
Tohoku University, 
Sendai,
September, 1999.
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The seventh international symposium on the mechanics of hearing and this volume, 
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Organizing committee:
H. Wada, T. Takasaka, K. Ohyama, K. Ikeda, Y. Suzuki and T. Koike.

Previous publications from this series of symposia:

Mechanics o f Hearing. Edited by E. de Boer and M.A. Viergever. Nijhoff, The Hague/ 
Delft University Press, 1983.

Peripheral Auditory Mechanisms. Edited by J.B. Allen, J.L. Hall, A. Hubbard, S.T. 
Neely and A. Tubis. Springer, Berlin, 1986.

Cochlear Mechanisms: Structure Function and Models. Edited by J.P. Wilson and
D.T. Kemp. Plenum, New York, 1989.

The Mechanics and Biophysics o f Hearing. Edited by P. Dallos, C.D. Geisler, J. W. 
Matthews, M.A. Ruggero and C.R. Steel. Springer, Berlin, 1990.

Biophysics o f Hair Cell Sensory Systems. Edited by H. Duifhuis, J.W. Horst, P. van 
Dijk and S.M. van Netten. World Scientific, Singapore, 1993.

Diversity in Auditory Mechanics. Edited by E.R. Lewis, G.R. Long, R.F. Lyon, P.M. 
Narins, C.R. Steel and E. Hecht-Poinar. World Scientific Singapore, 1996.
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THE EFFECT OF EARDRUM INCLINATION ON 
EAR CANAL ACOUSTIC IMPEDANCE

J. P. FAY, S. PURIA, AND C. R. STEELE 
252 Durand Bldg., Stanford, CA 94305 USA 

E-mail: jfay@stanford.edu

Three anatomical features stand out about the eardrum. First, the eardrum has a pronounced 
conical shape. Second, the eardrum has a well organized substructure of radial and circular 
fibers. Third, the superior portion of cat eardrum lies along the ear canal wall while the inferior 
portion ends the canal at a 50 degree angle. This observation that the superior potion of the 
eardrum lies along the canal led to the hypothesis that the eardrum acts like an elastic wall of the 
ear canal. This would have the effect of significantly slowing the acoustic wave speed. Recently 
Puria and Allen have proposed that the eardrum has a transmission-line like behavior. The 
available experimental data seems to support this claim. As of yet, no model directly based on 
the eardrum’s structure and geometry has been able to reproduce this type of behavior. The 
model presented in this paper tests the hypothesis that the eardrum’s elasticity coupled with the 
inclination of the eardrum in the ear canal can explain this behavior. The results show that the 
eardrum’s inclination and elasticity significantly contribute to the impedance response. The 
model agrees with the experimental data for frequencies up to 9 kHz.

1 Introduction
Starting with the work of Shrapnell and Helmholtz [5] in the mid-19th century, many 
have attempted to understand and model the eardrum. Even though great strides have 
been made in computational mechanics, reproducing the eardrum’s behavior above 4 
kHz remains an elusive goal.

The first attempts to model the eardrum were done with lumped parameter models. 
Zswislocki [16] was the first to successfully develop a lumped parameter model for 
the eardrum and middle ear. However, this model is limited to stimulus frequencies 
below ~3kHz. Over the years, other researchers have attempted to extend the fre
quency range of validity for lumped parameter models [8, 9], Unfortunately, the ear
drum and middle ear have not yielded to such attempts. The best efforts to date are 
still limited to frequencies below 4 kHz.

More recently Puria and Allen [10] have proposed a distributed parameter model. In 
their model, the middle ear is modelled by lumped elements and the eardrum is to a 
first order approximation represented by a one-dimensional transmission line. This 
transmission line model captures the majority of the eardrum’s behavior for frequen
cies up to 25 kHz and is therefore quite interesting. Unfortunately, a model of this 
type does not answer the fundamental question of how the eardrum behaves in this 
way. We only learn that the eardrum has a global behavior very similar to a transmis
sion line. This level of abstraction prevents us from using this model to predict a pri-

mailto:jfay@stanford.edu
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ori how changes in the physical system (e.g. eardrum thickness) will effect the 
response. We are restricted to tuning the parameters once the response is already 
known. Clearly, we need to understand the physical mechanisms behind the trans- 
mission-line like behavior.

Over the past thirty years modelers have begun to study the eardrum using tech
niques borrowed from the study of structural vibrations, [2, 3, 4, 11, 14, 15]. In these 
models, efforts are made to construct a computational model based on anatomical 
data. The thickness, size, shape, and microstructure are all factors that modelers wish 
to include. Unfortunately, the current speed of computers places a severe limitation 
on the complexity of these models. Modelers are forced to simplify the eardrum sys
tem before they can compute a response. How should we simplify the real eardrum? 
What features can be left out? What features are absolutely necessary? These are the 
questions that plague every physical modeler.

The work presented here tests the importance of a single feature of the eardrum sys
tem, the orientation of the eardrum with respect to the ear canal. To date, all of the 
anatomically based models have implicitly assumed that the eardrum effectively ter
minates the ear canal at 90° by assuming that the pressure is spatially uniform over 
the eardrum. Anatomically, the eardrum terminates the ear canal with an average 
angle closer to 25° (see figure 1).

I

Anatomical Orientation Usual Model Orientation
Figure 1. Anatomical cat ear canal termination compared with typical model 
termination

The main justification for taking the a uniform pressure over the eardrum comes 
from a comparison of the acoustic wavelength to the size of the eardrum itself. At 20 
kHz the acoustic wavelength is near 17 mm, while the largest diameter of the ear
drum is 8 mm. When the acoustic wavelength is long in comparison with the size of 
the eardrum, one expects that the acoustic coupling effects will be small and that the 
pressure will be nearly uniform over the eardrum surface. Based on this simple anal
ysis, one would surmise that the pressure would become significantly non-uniform 
starting around 10 kHz. At this frequency the eardrum is the same size as a quarter 
wavelength.
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In addition to the eardrum’s inclination in the ear canal, we also have an effect due to 
the eardrum’s elasticity. The elasticity of the eardrum along the canal wall will slow 
the acoustic speed of propagation. This shortens the wavelength associated with 
given frequency. A shorter wavelength means that the pressure distribution will 
become even more non-uniform than what we would predict solely based upon the 
eardrum’s inclination. Therefore, we should begin to see an effect even below the 
value of 10 kHz calculated earlier.

Are these effects important or are they just minor contributors to the response? With 
a computational model, we explored the significance of each of these effects.

2 Methods

2.1 The Eardrum Model
The eardrum model used in these calculations uses two major simplifications. First, 
the eardrum has been flattened out into the plane of the tympanic ring. Second, the 
eardrum is assumed to be highly orthotropic.

By flattening the eardrum into the tympanic ring plane, we reduce the complexity of 
coupling its vibrations to the acoustics of the ear canal. In addition, the computations 
of the eardrum response become less time consuming. Fortunately, flattening the ear
drum has a minimal impact on its acoustic coupling. Therefore, this model can be 
used to meaningfully probe the two effects discussed above. However, flattening the 
eardrum does have a major impact on its ability to transmit forces to the middle ear 
ossicles. If we were to connect this flat eardrum to a realistic middle ear model, the 
eardrum would be unable to drive the middle ear. For this reason, we chose to model 
a disarticulated stapes case. The adverse effects of flattening the eardrum are mini
mized for this case.

8 mm

Figure 2. Simplified sketch of fiber arrangement in the cat tympanic membrane
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Treating the eardrum as highly orthotropic can be justified from the observed micro- 
structural layout of the eardrum. The eardrum has a highly organized network of 
radial and circumferential fibers [1,7] (see figure 2). Scanning electron microscopy 
has revealed that the fibers run predominately in the radial direction with relatively 
few circular or parabolic fibers. In fact, the middle third of the membrane is often 
observed to be devoid of any circular fibers. Using the radial fiber direction as a 
guide, we have modelled the eardrum using one-dimensional tapered beams. There is 
no circumferential coupling between adjacent beams along their length except at the 
manubrium. The manubrium couples the beams together by constraining the end dis
placements to be compatible with a rigid body rotation of the manubrium.)

2.2 The Acoustic Model
The acoustic model simplifies the ear canal geometry to a right circular cylinder with 
one end sliced in the same plane as the tympanic ring (see figure 3).

"probe" location where 
impedance is calculated

Figure 3. Simplified ear canal geometry

The one dimensional horn equation was used to model the acoustics of this geometry 
(Eq. 1).

^ A T ) + y p M - w p f r a d r  ( e q i )c o r

This equation is capable of handling acoustics in a slender tube with variable cross- 
sectional area and an elastic wall. A is the cross-sectional area, P is the pressure, c0 is
the speed of sound, UJ is the excitation frequency, p is the density of air, vn is the nor
mal velocity of the elastic boundary, and dT is differential arc length along the 
boundary. This type of analysis is valid up to -25 kHz where cross-sectional modes 
start to become important [6, 12, 13].

2.3 Coupling the Ear Canal to the Eardrum
The right hand side term in Eq. 1 allows us to couple the eardrum vibrations to the 
acoustics of the ear canal. First the ear canal was divided into slices. Next, we noted 
which eardrum sections lie within each slice. From the eardrum model, we calculated
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the eardrum response if an oscillating unit pressure load was applied within a given 
slice. The resulting volume velocity of the eardrum within each slice is precisely the 
boundary term on the right hand side of Eq. 1. By preforming these calculations, we 
obtained a matrix that relates the pressure within a slice to the volume velocity of the 
boundary in any other slice.

Vector of boundary
volume velocities —► ]/ =  itjjC • P  ---- V ector of pressures / 2\
within each slice i f  within each slice

Eardrum volume compliance matrix
Similarly, after we apply the finite element method to the horn equation, we obtain a 
matrix equation that relates the volume velocity of the boundary to the average pres
sure within each slice.

Vector of boundary
volume velocities % . . .
within each slice \  ;  Applied pressure at

V /  probe location

P  =  H  V + G  P x (EQ 3)

fVector of pressures
within each slice J  Transfer vector for

applied input pressure
Acoustic impedance matrix

Eq. 2 and Eq. 3 together allow us to solve for the pressure within each segment as a 
function of the applied input pressure.

P  =  ( I - H C ) ~ l G - P x (EQ4)

After these pressures have been found, the total solution is calculated by back-solv- 
ing through all of the equations. The impedance at the “probe” location is finally cal
culated by dividing the pressure by the fluid velocity multiplied by the cross- 
sectional area.

3 Results and Discussion
So is the orientation of the eardrum significant? Figure 4 shows the calculated 
impedance of an eardrum that terminates the ear canal at 90° and 25°. For compari
son purposes, the experimental data of Puria and Allen [10] is shown as well.

Notice that the low frequency asymptotes overlap in all three cases. This indicates 
that the low frequency compliance of the eardrum in series with the volume compli
ance of the air in the canal is the same in all three cases. Figure 4 clearly shows that 
the inclination of the eardrum within the ear canal plays a significant role in deter
mining the acoustic response. If we compare the two computational curves, we see 
that the dominant features (peaks and valleys) of the response have shifted to lower
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frequencies. We see a significant effect of the eardrum orientation as low as 4 kHz. 
Interestingly, previous models based on the eardrum’s structure begin to diverge 
from the experimental data near this 4 kHz value. The inclination effectively length
ens the ear canal. Based on length considerations alone, we would expect to see an 
effect beginning around 10 kHz (see introduction section). So the effect we see here 
must be a combination of the lengthening and the elastic coupling.

If we now compare the calculations for the 25° degree case with the experimental 
results, we see good agreement all the way up to 9 kHz. This is significantly higher 
than the 3-6 kHz achieved by the other anatomical models to date. However, above 9 
kHz more work needs to done as indicated by the divergence of the model and the 
experimental data. There could be many reasons for this including the flat geometry 
of the eardrum model or the existence of cross-sectional acoustic modes.

Simulation for 90°

T3 d
<D o

*3 CO
C  CD
E Oh

3  B
A* M

Simulation for 90°

Frequency, (kHz)
Figure 4. Cat input impedance near the eardrum: Experimental (Solid), Simulation with 90° 
termination (Long Dash), Simulation with 25° termination (Short Dash)
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INTRAOPERATIVE SCANNING LASER DOPPLER INTERFEROMETRY

AM. HUBER, TH. LINDER, M. FERRAZZINI, ST. SCHMID, N. DILLIER, U. FISCH
Department o f Otolaryngology, Head and Neck Surgery, University Hospital o f Zurich,

Switzerland

A method is described that allowed for the first time intraoperative scanning laser Doppler 
interferometry (LDI) in human subjects. As an example how the middle ear can be assessed 
the study focused on the acoustic function of the posterior incudal ligament. The study was 
designed to answer the following questions: 1) Is our LDI system practical for taking 
measurements during surgery? 2) Are the results equal to the findings in temporal bone 
models? 3) Do the vibration characteristics of the middle ear change after the posterior 
incudal ligament is detached? Seven patients with profound bilateral hearing loss undergoing 
cochlear implantation were included in the study. Our measurement system was easily 
applicable for intraoperative measurements. No major difference of the results from live 
human subjects and temporal bone models occurred. Sacrificing the posterior incudal 
ligament had no significant effect on the postoperative hearing result.

1 Introduction

In this paper a method is described that allowed for the first time intraoperative 
laser Doppler interferometry (LDI) in human subjects. As an example how the 
middle ear can be assessed the present study focuses on the acoustic function of the 
posterior incudal ligament (PIL). In certain otologic procedures this ligament has to 
be sacrificed to gain wider access to the middle ear. Its importance for proper sound 
transmission, however is not known.
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Fig A: Measuring Setup



The study was designed to answer the following questions: 1) Is our LDI system 
practical for taking measurements during surgery? 2) Are the results equal to the 
findings in temporal bone (TB) models? 3) Do the vibration characteristics of the 
middle ear change after detaching the PIL?

2 Material and Method

The study included 7 patients with profound bilateral hearing loss undergoing 
cochlear implantation. During implantation the buttress was carefully removed and 
the PIL was sacrificed in order to get wider access through the facial recess for 
proper insertion of the electrodes into the cochlea. Prior to surgery all patients were 
precisely informed and had consented to participate in the study.
A measuring system was developed (Fig. A) based on a scanning laser Doppler 
interferometer (Polytec GmbH). The sensor head and the scanning unit were 
suspended from an operation microscope stand (Contraves). A build in camera and 
a mirror system controlled the laser position on the object. A sterile microphone 
(ER-7, Etymotic Research) and loudspeaker (ER-2, Etymotic Research) was placed 
in the ear canal prior to surgery, so that the tip of the tube microphone had a 
distance of less than 3 mm to the center of the eardrum. The ear canal was plugged 
with a soft foam eartip (Etymotic Research).

Once the facial recess was opened by the surgeon, a multi-sine tone was generated. 
The signal contained 31 frequencies between 500 and 8000 Hz. The sound pressure 
level was calibrated by the microphone to 80dB SPL for each stimulation frequency. 
Measurements of stapes vibration amplitude were performed as a baseline. These 
measurements were repeated after the PIL was detached from the incus.
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3 Results

The experiment was performed within 10 to 15 minutes, including installing and 
aiming of the measuring system, calibration of the sound and the scanning 
interferometry itself.
Unlike in TB models, in live surgery the facial nerve is intact and limits the view 
onto the stapes footplate (Fig. B). Therefore in only 2 patients the stapes footplate 
was accessible for the laser. In the other 5 cases the vibrations of the stapes head 
were measured. The angle between the laser beam and a imaginary axis 
perpendicular to the stapes footplate was estimated to be 30° to 45° in all 
experiments but did not differ more than 10° between the 2 readings in the same 
patient.

Fig C: Stapes Displacement in Response to 80 dB SPL (n=7)

In Fig C the baseline displacement amplitude of the stapes in 7 cases are given. The 
peak displacement was approximately 2 nano-meter at 80 dB SPL in the frequencies 
below 1000 Hz. The range was 10 to 20 dB over all frequencies. The repeatability 
within two readings of one patients varied less than 1 dB. In Fig D the mean stapes 
displacement amplitudes are plotted for baseline and detached PIL. Although a 
minor increase in vibration amplitudes at lower frequencies and a slight decrease in 
vibration amplitudes at higher frequencies was found, these observations did not 
reach statistical significance according to the Mann-Whitney test. The figure 
includes results of 22 TB models published recently by Asai et al. [1]. The results 
differed slightly at frequencies lower than 2000 Hz and higher than 4500 Hz.
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4 Discussion

Our measurement system was easily applicable for intraoperative middle ear 
assessment with only minimal prolongation of the surgery. The heavy sensor head 
and the scanning unit (12kg) were suspended from a balanced operation microscope 
stand and are therefore comfortable for positioning. The laser light was sufficiently 
reflected from the object without any targets. Adequate sound to noise ratios and 
satisfying coherence of microphone to interferometer signal was obtained.

Fig D: Mean Stapes Displacement in Response to 80 dB SPL

In Fig. D intraoperative stapes displacement measurements are compared to results 
of 22 TB models. Although TB models are believed to exactly mimic the function 
in live humans, certain influence of postmortem changes like inner ear pressure 
change, tissue edema, temperature change, humidity and others can not be ruled out. 
Goode et al. [2] found no difference in umbo vibration of live humans and TB 
models. However, these measurements gave no information on the vibrations 
effectively transmitted to the cochlea. With our method it was for the first time 
possible to assess the displacement amplitudes of the human stapes in vivo and to 
compare it to the results of TB experiments.
The results form intraoperative and TB experiments differed only minimal (10 dB 
in low- and 5 dB in high frequencies). These differences are probably due to the 
range of individual differences, that were approximately 10 to 20 dB in this study. 
A bias originating from post mortem changes or from the measuring setup appears 
to be less likely. We concluded in accordance with the literature, that the TB is a 
very good model for studying middle ear mechanics.
The methods of the two studies differed the following items: 1) The evaluation 
objects (human subjects and TB). 2) The opening of the middle ear to ambient air 
(in the present study the middle ear was unphysiologically open during laser 
readings). 3) Small targets for laser light reflection were necessary in the TB study.
4) The in vivo study included exclusively patients suffering from profound 
sensorineural hearing loss. All these factors did not have a major effect on the 
vibration amplitudes of the stapes.
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No significant difference of the stapes footplate vibration compared to the vibration 
of the head was seen. These results are in accordance with experiments of stapes 
vibration in the TB published by Heiland et al. [3], that showed piston-like 
movement in lower frequencies, rocking movements in higher frequencies and rigid 
body behavior over all measured frequencies.
The measuring beam was not at right angles to the stapes footplate. If the major 
movement is assumed to be perpendicular to the SF, a systemic underestimation of 
the displacement amplitude in the range of 1-3 dB occurs. The measurement angle 
within one experiment however, did not differ more than 10°. The bias for 
assessment of the acoustic function of the PIL is therefore less than 0.2dB and can 
be neglected. The stapedius reflex was not induced during the experiments due to 
the severe hearing loss of the subjects and did not influence the trial.

No significant effect from cutting the PIL was seen. The displacement amplitude of 
the stapes was not influenced by more than 2.9 dB and a range of +/-5dB was not 
exceeded by any subject. This implies that the PIL can be sacrificed during ear 
surgery without the risk of impairing the postoperative hearing result.

5 Conclusion

Our measurement system is easily applicable for intraoperative measurements.
No major difference of the results from live human subjects and TB models occur. 
Sacrificing the PIL has no significant effect on the postoperative hearing result.

Possible future employment of our intraoperative scanning LDI system is: 1) 
Assessment of stapes mobility in chronic ear surgery, as a selection criteria for the 
best technique of hearing reconstruction. 2) Detection of malleus fixation in patients 
suffering from conductive hearing loss to assist in improving hearing results after 
surgery. 3) Intraoperative quality control of ossiculoplasties and active middle ear 
implants. 4) Verification and improvement of mathematical middle ear models.
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The cat middle-ear air cavity is divided into two air spaces by an incomplete bony septum, 
such that the two spaces are connected by a narrow foramen. Measurements of middle-ear 
input admittance and cochlear potentials from cats with intact and modified middle-ear air 
spaces are used to test two hypotheses concerning the function of middle-ear septa. The 
data are consistent with the notion that septa act to smooth the middle-ear response at high 
frequencies by effectively reducing the size of the air spaces at frequencies where the 
impedance of the foramen is large, but do not support the idea that the septum acts to 
increase the sensitivity of the ear to high-frequency sounds. The former role may be 
relevant to the use of high-frequency spectral structure in determining the elevation of 
sound sources.

1 Introduction

The middle ear air cavities are known to have a significant effect on the low- 
frequency response of the middle ears in many mammalian species. This effect can 
be explained in terms of the addition of a cavity impedance in series with the rest of 
the middle ear, where the cavity impedance is determined by the compressibility of 
the middle-ear air volume. In many mammalian species the middle-ear air space is 
divided into multiple, connected cavities by partial bony septa. A relatively simple 
configuration occurs in cats, where two cavities (the tympanic and bullar) are 
connected by a narrow passageway (the foramen) within the septum (Figure 1). The 
connection of the two cavities by a narrow linkage leads to resonances in the middle- 
ear cavity immittance including an admittance zero near 4 kHz that produces a sharp 
notch in middle-ear transmission (Figure 2).
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Figure 1: A coronal 
section through a cat ear 
showing the anatomy 
of the cat middle-ear air 
spaces [4].

TC Tympanic Cavity 
BC Bullar Cavity 
TM Tympanic membrane 
IE Inner Ear
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F Foramen
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Figure 2. The effect of the cavities on 
the magnitude of stapes velocity in cat. 
Measurements made with the cavities 
widely open approximate the response of 
the middle ear without the influence of 
the middle-ear air spaces. In the intact 
ear, the cavities lower the response at 
low frequencies and introduce a notch 
near 4 kHz [1}.

The adaptive significance of middle-ear septa is not known. This work 
addresses two hypotheses of septal function that suggest benefits of the septum on 
middle-ear function at frequencies above the notch frequency. Both hypotheses assert 
that the primary effect of the cat septum and foramen is to reduce the effective 
middle-ear volume at high-frequencies where the foramen’s inertance dominated 
acoustic impedance effectively closes it to sound flow.

Hypothesis 1, put forth by Puria [3,6], is that by reducing the effective 
dimensions of the middle-ear air spaces at frequencies above the cavity admittance 
zero, the septum and foramen remove dimension-dependent resonances in the cavity 
impedance at higher frequencies. This hypothesis suggests removing the septum 
would increase the number of local minima and maxima in middle-ear transmission 
at higher-frequencies,e.g. near 10 kHz.

Hypothesis 2 is based on comparative anatomy and audition which shows good 
low-frequency hearing sensitivity correlates with large middle-ear air volumes and 
good high-frequency sensitivity correlates with small middle-ear air volumes [2]. 
The presence of the inductive foramen effectively limits the cat middle-ear volume to 
the smaller tympanic cavity at high-frequencies while maintaining a large middle-ear 
volume at low frequencies. This hypothesis suggests septum removal would 
produce a reduction in the sensitivity of the middle-earto high-frequency sounds.
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2 Methods

Cochlear potentials and middle-ear input admittance were measured in four ears 
from three cats anesthetized with dial in urethane. Most of the ear canal was 
removed and the sound source placed within 5 mm of the anterior rim of the 
tympanic membrane. The round-window electrode was placed via a 2 mm diameter 
hole in the posterior dorsal bullar wall and sealed in place with dental acrylic. A 5- 
cm-long, 0.5-mm-diameter plastic tube was sealed in the ventral bullar wall to 
prevent the buildup of static pressure within the middle-ear air spaces. The middle- 
ear input admittance and cochlear potentials were measured in the intact and vented 
middle ear and after partial and nearly complete (90%) removal of the septum and 
opening of the foramen. The septum was removed via a 5 x 5 mm hole made in the 
ventral bullar wall. Measurements were made with the bullar holes open or sealed 
with ear-mold impression material. The sound stimuli consisted of broad-bandchirps 
(0.05-25 kHz) of 70-90 dB SPL.

All admittance and ear-canal sound pressure measurements were corrected to 
the level of the tympanic membrane using an effective ear-canal tube model. The 
dimensions of the tube are based on measurements of ear-canal admittance made after 
filling the middle-ear air spaces with saline and saline-filling measurements of the 
volume of the residual ear canal [5]. This correction has a significant effect on the 
admittance and tympanic-membrane sound pressure estimates at frequencies above 
8000 Hz.

3 Results

Measurements of cochlear potential normalized by sound pressure at the 
tympanic membrane, Vcp^^TM’ and middle-ear input admittance Y TM made with the 
bulla closed and the septum intact show the sharp notch in magnitude and rapid 1/8 
to 1/4 period angle change near 4 kHz that is characteristic of the foramen-cavity 
resonance (Figure 3). This notch generally appears to move upward in frequency to 
about 6-7 kHz when half of the septum is removed and moved even higher in 
frequency (8-10 kHz) after more complete removal. This general pattern is observed 
in the cochlear potentials in all four ears and in the admittance in two ears. The 
admittance measurements in the other two ears show a slight increase in the 
frequency of the notch together with an appearance of a new notch at the higher 
frequencies. As the notch shifts up in frequency it tends to become smaller in 
magnitude.

The existence of the notches is best seen in Figure 4 which illustrates the 
measured magnitudes with the septum removed normalized by the magnitude with 
the septum intact. In each of the four ears, septum removal introduces notches in 
the magnitude of VcpIPTM and YTM at 10 kHz, with additional higher frequency
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notches apparent in the cochlear potentials. The presence of these notches is 
evidence for Hypothesis 1.

v cp/ptm b u l l a  CLOSED WITH 
SEPTUM MANIPULATIONS
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Figure 3a&b: Measurements of Vc^^TM  anc* ^ tm *n one ear ma^e with the bullar 
closed and with three different conditions of the septum.

Septum removal was also associated with some inconsistent alterations in the 
average magnitude of VCp/PrM and Y j^  at frequencies above 5 kHz. Figure 4a 
illustrates that, other than at the notch frequencies, the magnitude of the cochlear 
potential at frequencies above 5 kHz was little affected by septum removal in ears 
3R & 4R, while the measurements in ears 5R & 5L show decreases in potential to 
about 1/2 to 1/3 of the intact magnitude at the highest frequencies. The lack of 
change in potential in two of four ears and the small decrease in two others is 
evidence against a septum effect in high-frequency sensitivity (Hypothesis 2). This 
hypothesis is weakened further by the unchanged or increased mean magnitude of the 
high-frequency admittance [Figure 4b) after septum removal in three of four ears.
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Figure 4. Ratios of cochlear potential and input admittance measurements. The 
potentials and admittances measured when the septum was removed are normalized 
by measurements made with the septum intact. The bulla was sealed in both 
measurements. The large peaks near 4 kHz are associated with changes in the 
foramen-cavity resonance observed in the intact case. The smaller notches observed 
at higher frequencies (the arrows) are introduced by septum removal.

4. Discussion

The data are consistent with hypothesis 1, in that opening the septum 
introduces higher frequency notches into middle ear function. The 4 kHz notch in the 
admittance and cochlear-potential measurements from the intact cat ear results from a 
zero in the input admittance of the middle-ear cavities produced by the interaction of 
the stiffness of the middle-ear air spaces and the inertance of the narrow foramen that 
connects the two air spaces. An anatomically-correct structure-based lumped element 
model does a good job of predicting the frequency of the admittance zero [4] (Figure
5). Removal of the septum, modeled by widening the foramen from a 1 to 4 mm 
diameter, leads to a significant decrease in the foramen mass and an upward shift in 
the frequency of the predicted admittance zero to near 10 kHz. This shift is 
consistent with the shift in the frequency of the notch in the data of Figure 3 and the 
frequency of the notches in Figure 4. Enlargement of the foramen should also affect 
the pole in the cavity admittance. This prediction will be tested with measurements 
of cavity admittance.
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Figure 5.
The lumped model of the cat middle ear 
air spaces on the left has four elements 
whose values are restricted by the 
dimensions of the middle-ear air spaces 
[4]. The model for the intact ear 
predicts an admittance zero at 4 kHz 
(above). Alteration of the model to fit 
the septum removed case shifts the 

frequency of the admittance pole to near 10 kHz,

L F - Acoustic mass of the foramen 
depends on foramen length & radius

Rp - Acoustic resistance of the foramen 
depends on foramen length & radius

The high-frequency variations in cochlear potential and admittance magnitude 
introduced by removing the septum are at frequencies where the external ear produces 
notches in the sound pressure at the tympanic membrane [5] (Figure 6). The precise 
frequency of the extemal-ear notch depends on the elevation of the sound. It is 
possible that the middle-ear notches in a septum-less cat ear could interfere with the 
identification of the 8-10 kHz extemal-ear notches associated with sound sources 
below and near the horizon.

Our measurements are inconsistent with hypothesis 2: the suggested beneficial 
effect of the septum on sound transmission at high frequencies. Our cochlear 
potential and admittance data show only inconsistent small decreases in magnitude 
between 5 and 20 kHz when the septum is removed. Indeed, two out of four ears 
show no septum-induced change in average potential magnitude above 5 kHz. A 
potential cause of the small changes observed in the other two ears is the 3 to 4 
hour time lapse between the intact and open-septum measurements.
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Figure 6. A comparison of the middle- 
ear induced notches related to the 
presence and absence of the septum and 
foramen with the bulla cavity closed and 
the notches in external ear transfer 
function measured with sound sources at 
different elevations along the midline. 
Sound source positions below and near 
the horizontal plane contain extemal-ear 
notches in the same frequency range as 
the No-Septum middle-ear notch.
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Volume displacement of the eardrum, and especially of the pars flaccida (PF), is traditionally 
seen as an important factor in middle ear pressure regulation. In this paper we present an in- 
vitro study of PF volume displacement as a function of pressure. The deformation was 
measured in five gerbil ears using an optical shape measuring technique, and volume 
displacement was determined at small pressure intervals in three sequential pressure cycles, in 
the range of ±0.4 kPa, ±2 kPa, and again ±0.4 kPa. Volume displacement did not increase for 
pressures beyond 800 Pa, and the major part of the maximal volume displacement was 
reached in a very small pressure range of a few hundred Pa. For all ears we found that 
maximal PF volume displacement was smaller than 0.2% of the ME volume. We also 
calculated middle ear pressure as a function of pressure in the external ear canal, taking PF 
volume displacement into account. These calculations were also performed using pars tensa 
(PT) displacement data obtained in our previous work. Over the entire pressure range, the 
contribution of the PT in middle ear pressure regulation is much larger than the contribution 
of the PF, and even the deformation of the entire eardrum only has a limited effect on ME 
pressure regulation. The contribution of the PF is marginal, and limited to a range of a few 
cm of water pressure.

1 Introduction

Static pressure differences across the tympanic membrane (TM), often referred to as 
middle ear (ME) pressures, occur in everyday life. The pressure load on the 
eardrum causes deformation of the membrane, and alters the sound perception by 
changing the physiological functioning of the middle ear. It is generally believed 
that the displacement of the eardrum, especially of the soft pars flaccida (PF), plays 
an important role in buffering changes in ME pressure.

The PF is commonly involved in important pathologies of the ME, and its 
retractions and perforation are strongly associated with chronic otitis media and 
with cholasteatoma. Traditionally, its function is believed to be that of pressure 
regulator [1].

Little quantitative data exists on TM shape changes or PF and PT volume 
displacement caused by static pressure. Tympanometry studies [e.g. 2] only give 
information about overall TM volume displacement, but the technique can not 
discriminate between the contributions of PF and PT. PF volume displacement has 
been measured in rats [3], but the physiological validity of the measuring procedure 
(pouring melted Woods metal into the crater formed by the retracted PF) can be 
questioned.
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In the present paper we present eardrum volume displacement data obtained by 
a non contacting optical shape measuring technique. From the deformation 
measurements we can calculate the volume displacement of separate zones of the 
eardrum. We will concentrate on the contribution of the PF.

2 Methods

2.1 Materials

Female Mongolian gerbils of 80g body weight were used. After sacrificing the 
animal, temporal bones were collected immediately post mortem. During the entire 
preparation and experiment, dehydration was prevented by constantly keeping the 
specimens under a stream of saturated water vapor. Measurements on the PF were 
performed on temporal bone preparations with an intact bulla. The PF can be seen 
through the ear canal after some overhanging bone is cut away. The ME is 
pressurized through a tube glued to a small hole through the bullar wall. 
Measurements were obtained on five ears of three animals.

2.2 Static pressure cycle

The air pressure load on the eardrum was computer controlled so that it can be 
changed in small accurate steps. Data were obtained in three subsequent pressure 
cycles with respective ranges of ±400 Pa, ±2 kPa, and again ±400 Pa

In the three cycles, shape measurements were recorded every 10 Pa in the 
pressure range between -100 Pa and 100 Pa. In the rest of the range, 100 Pa 
pressure steps were used. The complete measurement cycle, consisting of the three 
pressure runs, was finished in less that 6 minutes.

2.3 Shape measurement

At each pressure step, the shape of the deformed membrane was measured with our 
opto-electronic moire interferometer which we especially designed for research in 
otology [4]. The apparatus generates contours of equal displacement on video 
images of the object. The topograms are generated at a rate of 25 images per 
second, and the deformation difference between two subsequent contours is 85|nm, 
so the technique allows fast full field deformation measurements with high 
resolution.

During measurements, the moire fringe images are recorded on video tape. 
Afterwards, the images are trasferred to a PC, and semi-automatic evaluation of the 
fringe patterns yields a set of three dimensional data points of the deformed eardrum 
surface.
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2.4 Volume displacement calculation

When the PF is deformed, a clear boundary can be seen between the undeformed 
and the deformed part of the surface. In the gerbil, this boundary closely resembles 
a circle. Therefore, a circle can be fitted through the data points indicating the 
membrane border. We define the volume displacement of the PF as the volume 
enclosed by the surface of the deformed membrane and the flat circular disk, 
delimited by the PF border. In a previous paper [5] we showed that the surface 
shape of the deformed PF can be modeled as a spherical cap. The radius of the 
sphere fitted through the shape data points of the deformed surface, and the radius 
of the border can then be used to calculate the PF volume displacement.

Around 0 Pa, some membranes flip over from a slightly concave to a slightly 
convex shape, without becoming perfectly flat. If this occurred, no volume 
displacement could be calculated in the region of instability, and corresponding data 
points are not present in the volume versus pressure curves presented below.

3 Results

3.1 P F  volume displacement as a function ofpressure

Figure 1 and 2 show a typical result of the volume displacement versus ME pressure 
curves which we obtained. Figure 1 shows the volume displacements obtained in 
the first 400 Pa cycle (thick line) together with the results obtained in the second, 2 
kPa cycle (thin line). Because we did not find any significant change in volume 
displacement for pressures beyond 800 Pa, we truncated the pressure axis at this 
value, so that the low pressure value measurements are shown in more detail.
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Figure 1. PF volume displacement as a function of ME pressure for the first 400 Pa cycle and the 
2 kPa cycle.
Let us look at the first, small pressure cycle (fig. 1, thick lines). The cycle starts 

at zero pressure, and decreases to -400 Pa (full line, diamonds). At zero pressure
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the membrane is flat, so the volume displacement equals zero. Between 0 and -200 
Pa the volume displacement increases rapidly with pressure. The slope of the curve 
decreases between -300 Pa and -400 Pa. After reaching -400 Pa, the pressure was 
increased back towards 0 Pa (dashed line, squares). The change of volume 
displacement with pressure is again small between -400 Pa and -300 Pa, and the 
curve becomes very steep between -200 Pa and zero. The curve for increasing 
pressures falls completely below the curve for decreasing pressures, displaying a 
clear hysteresis.
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Figure 2. PF volume displacement as a function of ME pressure for the first 400 Pa cycle and the
2 kPa cycle.

After reaching 0 Pa, the cycle continues with increasing pressure up till 400 Pa 
(dashed line, squares), followed by a decrease back to zero (full line, diamonds). 
After a steep rise, the curve levels off at 150 Pa. The non-linearity is more 
pronounced than in the negative part of the cycle. Hysteresis is again obvious.

Now let us look at the values obtained in the large pressure cycle (fig. 1, thin 
lines with triangles and crosses). The decreasing pressure curve, starting from 0 Pa 
and going down to -800 kPa, shows a non-linear increase of volume displacement, 
but with values which systematically are beneath the values obtained in the first 
cycle at corresponding pressure values. For pressures beyond -500 Pa, there is no 
further measurable increase of volume displacement. After reaching -2 kPa, 
pressure was increased back to 0 Pa. The dashed line with crosses, representing the 
data in this increasing part of the cycle, show that volume displacement does not 
change significantly for pressure values up to -300 Pa: the deformation of the 
membrane remains unchanged, though the deforming pressure is relieved. In the 
positive part of the cycle, curves are obtained which resemble those of the first 
pressure cycle, but all displacement values are slightly larger.

Figure 2 shows the volume displacements measured in the third pressure cycle 
(thick line, circles on full line for decreasing pressure, stars on dotted line for 
increasing pressure), again with the first 400 Pa cycle as a reference (thin line, 
diamonds and squares). We see that the negative decreasing pressure curve lies 
lower than the curve obtained for the first cycle, and nearly coincides with the first
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increasing pressure curve. In the third cycle, the membrane deformation remains 
virtually unchanged for increasing pressures between -400 Pa and -100 Pa. This 
behavior is quite in contrary to the first cycle, where the membrane gradually 
returned to its flat state.

In the data for the other ears the important features such as hysteresis, strong 
non-linearity and changed behavior after undergoing a first and a second 
deformation were again present. Maximal volume displacement at -2kPa varied 
from -0.476 |il to -0.301 |il between ears, and maximal volume displacement at 
+2kPa ranged from 0.239 fil to 0.358 |a.l

3.2 Maximal volume displacement and ME air volume

After the moir£ measurements were finished, the volumes of the ME cavities 
were measured by comparing the weight of the air filled bulla with the weight after 
the bulla was filled with water. We found that the ME air cavity varied from 250 |il 
to 270 (il between ears. For all ears we found that maximal PF volume displacement 
was smaller than 0.2% of the ME volume. Other authors [6] found similar, slightly 
smaller values ranging from 210 fj.1 to 237 |nl.

4 Discussion

4.1 PF volume displacement as a function o f ME pressure

Our measuring method is non-contacting and allows to obtain volume versus 
pressure data for a large number of ME pressures in a few minutes, so that data can 
be obtained with minimal artifact. The measuring precision is good enough to 
resolve hysteresis effects and to detect changes in behavior before and after 
application of ME pressures.

Our measurements show that PF volume displacement is a highly non-linear 
function of ME pressure. The major part of the maximal PF volume displacement is 
obtained in a very small pressure range of about 200 Pa. Maximal PF volume 
displacement relative to ME volume is smaller than 0.2% for all ears.

From Boyle’s law, we know that for an ideal gas the product P.V is a constant. 
The PF could thus help to eliminate pressure differences Ap between middle and 
outer ear under conditions of changing external pressure, by allowing a volume 
change AV of the air enclosed in the ME volume. The present results for AV/V 
show that this mechanism can not compensate for pressure changes larger than
0.2% of the ambient pressure, or 200 Pa. At least all pressure changes beyond an 
initial 200 Pa will therefore result in loading of the pars tensa.
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4.2 Effect o f eardrum volume displacement on ME pressure regulation

In our measurements we determine the PF volume displacement as a function of the 
pressure difference across the membrane. In reality, a pressure increase in the ear 
canal will result partly in an increase of ME pressure, and partly in pressure loading 
of the TM. If we think of the deformation of the eardrum as a ME pressure 
regulation mechanism, its aim would be to make the ME pressure equal to the ear 
canal pressure, so that no pressure difference exists over the membrane. From our 
measurements, and taking the ME air volume into account, we can calculate the 
amount of pressure compensation caused by membrane volume displacement. 
Details on the calculations will be presented in a forthcoming paper.

In fig. 3 we have plotted pressure compensation (in %, relative to ear canal 
pressure) due to PF volume displacement as a function of ear canal pressure. In the 
worst case, the PF would be completely rigid, and it could not contribute at all to 
ME pressure regulation. We would then obtain a horizontal line at 0%. Movement 
of a perfectly flaccid membrane could compensate for all pressure changes, 
resulting in a horizontal line at 100%.
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Figure 3. Contribution of PF and entire eardrum to ME pressure regulation

The figure shows that for all pressures, pressure compensation due to PF 
motion is less that 30%, and decreases rapidly for increasing pressure difference. In 
the figure we also show the result for the entire gerbil eardum [7], based on 
measurements from our previous work. Even at small pressures, compensation is 
only partial, and at 2 kPa ear canal pressure, compensation is nearly down to 50%.

5 Conclusions

We have shown in an in-vitro model that PF volume displacement is a highly 
non-linear function of ME pressure and that maximal PF volume displacement is 
obtained in a very small pressure range of about 400 Pa. Our measurements also 
indicate that a relatively small static pressure of 2 kPa causes at least short term
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changes in membrane behavior. Even for ME pressures as small as 100 Pa, the 
contribution of PF volume displacement to ME pressure regulation is marginal. At 
least all pressure changes beyond an initial 100 Pa result in loading of the pars 
tensa.

If the PF has a functionality as a ME pressure change buffer, the present results 
show that the effect is only significant at extremely small pressure differences. On 
the other hand, we see that even the tiniest changes in static ME pressure can make 
the PF move: a pressure change as small as 100 Pa results in a volume displacement 
of more than 50% of the maximal obtainable value. It has been proposed by other 
authors [3] that the PF may have a function as a very sensitive pressure detector. 
Our measurements show that the sensitivity of the membrane to extremely small 
static pressure changes is indeed high enough to fulfill this function. Our results 
also do not contradict that the PF may be important in buffering very small pressure 
changes (0 Pa to <100 Pa), which may be necessary for the good condition of the 
ME and the eardrum.
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The mechanisms of hearing loss in otitis media with effusion (OME), a common 
clinical condition, were investigated by measuring umbo motion with a laser 
vibrometer while different fluids were introduced into the middle ear of a human 
temporal bone preparation. Various amounts of saline (to simulate serous effu
sions) and glycerin (to simulate more viscous mucoid effusions) contacted part 
or all of the tympanic membrane (TM) and filled part or all of the middle ear. 
Reductions in umbo motion matched hearing losses reported with OME within 5 
dB. Above 700 Hz, reductions depended mostly on the percentage of the TM 
contacted by fluid; below 700 Hz reductions depended mostly on the reduction 
in middle-ear air volume by the fluid. Results also suggested that the effects of 
glycerin viscosity are small (5-10 dB) and important only above 2 kHz.

1 Introduction

Middle-ear fluid is a primary feature of otitis media with effusion (OME), a 
common clinical condition that affects at least 85% of the population at some point 
in their life [1]. In OME, the middle ear may be partly or completely filled with 
fluid, and the fluid can be serous, mucoid or glue-like. Although the degree and fre
quency dependence of conductive hearing loss in ears with OME can vary, a flat 25- 
30 dB loss across frequency is typical [2,3].

Possible mechanisms suggested to explain the conductive hearing loss in OME 
include: (1) a fluid-induced increase in mass of the tympanic membrane (TM) [4]; (2) 
a reduction in the volume of the middle-ear air space and hence a reduction in its 
compliance [5]; (3) viscous damping of ossicular motion by fluid [6]; and (4) an in
crease in TM stiffness by negative middle-ear static pressure often associated with 
OME [7].

The relative importance of these different mechanisms is not clear, and there are 
no analytical descriptions or models of how fluid causes hearing loss. Only a few 
studies have investigated these mechanisms, and results have been contradictory. 
Some of the problems with both animal and clinical studies are that it is difficult to 
isolate the effect of only one mechanism to the exclusion of others, and it is difficult 
to determine the volume of fluid (or residual air) within the middle ear accurately. 
Furthermore, many clinical studies use pure-tone thresholds averaged across many 
frequencies, whereas the effects of mechanisms discussed above might be frequency- 
dependent.
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In this study we investigated mechanisms of fluid-induced reductions in umbo 
motion in human cadaver ears in a preparation in which fluids could be introduced 
into different parts of the ear in a controlled fashion.

2 Preparation and measurement methods

Our preparation is similar to that described previously [8,9], In normal tempo
ral bones harvested at autopsy, the bony ear canal was preserved, the mastoid was re
duced by drilling, and the middle ear was exposed via the facial recess and aditus. 
The volume of air within the middle ear in our bones was 1.0-1.4 ml. All external 
surfaces of the temporal bone were covered with dental cement to prevent leakage of 
air (or fluid) from the middle ear. Fluid was introduced into the middle ear from a 
calibrated syringe via a silicone rubber “fill tube” attached to a short metal sleeve 
cemented into the bony eustachian tube. The bone was oriented as it would be in a 
patient seated upright.

Sound stimuli (broadband chirps) at 80-100 dB SPL were presented at the lateral 
end of the bony ear canal. Sound pressure was measured 5-10 mm from the umbo 
(Pu) with a probe tube microphone. Umbo velocity Vu was measured by a laser- 
Doppler vibrometer (Polytec OFV-501) focused via a 3-mm window in the anterior 
canal wall onto a small piece of reflective tape (0.25 mm^, 0.05 mg) glued to the 
umbo.

Vu and Pu were measured initially with the middle ear air-filled and sealed 
from the atmosphere, and then with increasing amounts of fluid in the middle ear: 
saline [viscosity ~1 cP (centipoise)], to simulate serous effusions (common with 
OME); and glycerin (viscosity -1500 cP, specific gravity 1.26), to simulate more 
viscous mucoid effusions. All measurements we report are at least 15 dB above arti
fact estimated by measuring motion of bone near the ear canal in response to the 
sound stimuli. For comparisons with clinical data, we used reductions in the magni
tude of Vu as an indicator of hearing loss.

3 R esu lts

3.1 Umbo motion with the middle ear air- filled and sealed

The mean of all Vu measurements in seven temporal bones (Figure 1) was 
similar to previous measurements in both temporal bones [10—12] and human sub
jects [9]. The mean IVul was slightly lower than previous measurements below 
700 Hz, which may be explained by the smaller middle-ear volume in our prepara
tion. IVul was stable within a factor of 2 (6 dB) throughout the experiments and be
tween repeated experiments. IVul increased approximately linearly with stimulus 
level over the frequency range 100 Hz—10 kHz. The ratio of IVul to artifact was 25— 
45 dB over this frequency range.
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Figure 1. Magnitude of mean umbo velocity Vu (normalized to Py) measured in seven temporal bones 
with the middle ear air-filled and sealed from the atmosphere (as in the normal ear). Shading shows ± 
1 standard deviation. Artifact is shown by shading at bottom. Mean IVjjl from four other studies is also 
shown.

3.2 Umbo motion with saline in the middle ear

Saline was introduced into the inferior part of the middle ear of seven temporal 
bones through the fill tube attached to the metal sleeve in the eustachian tube. 
Different amounts of saline caused changes in Vu that varied in magnitude and 
frequency (Figure 2A). When 50% of the TM was covered with saline (Step 1), the 
mean change in IVul was small: IVul was reduced 5-10 dB above 700 Hz and about
2 dB below 300 Hz. When 100% of the TM was covered but air remained in the adi- 
tus and facial recess (Step 2), IVul was reduced above 400 Hz, on average by approx
imately 25 dB at 1 kHz and above. Below 400 Hz the change was comparable to 
that seen with Step 1. IVul increased slightly near 300 Hz. When the entire middle 
ear was filled (Step 3), IVul was reduced by about 12 dB below 600 Hz, but there 
was little reduction in IVul above 800 Hz beyond that seen with Step 2.

3.3 Umbo motion with glycerin in the middle ear
Glycerin was introduced into the middle ear of four temporal bones in three steps 
similar to those described for saline (Figure 2B). In Step 1 (50% of the TM
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Figure 2. Mean reduction in 
IVjjl (relative to the middle ear 
dry) with different amounts of 
(A) saline or (B) glycerin in the 
middle ear. Error bars show 
typical values of ± 1 standard 
error of the mean (s.e.m.). The 
middle ear was progressively 
filled in three steps: Step 1: 
Cover -50% of the TM by 
injecting 0.2-0.7 ml of fluid, 
which reduced the middle-ear 
volume Vme by 20-70%. Step 2: 
Cover 100% of the TM, leaving 
air in the aditus and facial recess 
by injecting an additional 0.1-0.5 
ml of fluid. Step 3: Fill the 
middle ear completely by 
injecting an additional 0.4-1.0 
ml, which reduced V ^E t0 zero. 
Static middle-ear pressure was 
maintained at atmospheric 
throughout this procedure. No 
air bubbles were visible in the 
middle ear when it was 
completely filled with fluid. 
Control measurements were 
made with the middle ear air- 
filled before and after these 
three steps.

covered with glycerin), IVjjl was reduced on average by 5—8 dB across the frequency 
range. In Step 2 (100% of the TM covered), IVxjl was reduced by about 14 dB 
below 200 Hz and by 30-40 dB at 1 kHz and above. In Step 3 (entire middle ear 
filled), IVul was reduced by 20—25 dB below 1 kHz and by 30—40 dB from 1—3 kHz. 
There was little reduction in IVul above 800 Hz beyond that seen in Step 2.
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4 D iscussion

4.1 Reduction in umbo velocity by fluid is similar to hearing loss with OME

The mean reduction in IVul with saline matches mean clinical losses (within 5 
dB) at 1 kHz and above (Figure 3). The reduction in IVul with saline on 100% of 
the TM is shown; the reduction with the middle ear completely filled with saline 
was similar at these high frequencies.

The mean reduction in IVul with glycerin matches mean clinical losses (within
5 dB) at 1 kHz and below. IVul data with saline were affected below about 700 Hz 
by an artifact related to the experimental setup, but the reduction is expected to be 
similar to that seen with glycerin in this low-frequency range (discussed in more de
tail in Section B 2 below).

The mean reduction with glycerin exceeds mean clinical losses at 2 kHz by 
about 10 dB. The mean clinical data probably reflect hearing loss in OME with 
serous effusions (most common clinically), the viscosity of which is closer to saline 
than glycerin.

Assuming the artifact in low-frequency measurements can be eliminated, the re
duction in IVul with the middle ear filled with saline appears to be a good predictor 
of hearing loss in most cases of OME.
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Figure 3. Comparison of mean reductions in IVjjl for 100% of TM covered by saline and middle ear 
filled with saline to the mean of hearing losses observed in patients with OME [2,3]. Error bars on 
curves show ±1 s.e.m. Error bars on symbols show ± 5 dB representing typical variation in clinical 
measurements. Shading shows the estimated magnitude and frequency range of the contribution of 
various mechanisms to hearing losses observed clinically in OME and to reductions in IVyi measured in 
this investigation.
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4.2 A view of the dominant mechanisms of hearing loss in OME

Our results enable us to comment on the contributions of the four mechanisms 
discussed earlier to hearing loss observed clinically in OME (Figure 3).

(1) The 25-30 dB hearing loss and reduction in IVul above 700 Hz may be due 
primarily to the mass of fluid on the TM. For both saline and glycerin, the reduc
tion in IVul above 700 Hz depended on the percentage of the TM covered with fluid, 
regardless of the viscosity of the fluid or the remaining middle-ear volume. Once the 
entire TM was covered, further injections of fluid caused no additional reduction in 
IVul at high frequencies.

For saline measurements, an artifact (see (2) below) effectively eliminated the 
effect of reductions in middle-ear volume by saline when the middle ear was not 
completely filled. Under these circumstances, in which the mass of the fluid on the 
TM may have been the only contributor to the reduction in IVul, reductions were 
observed only at high frequencies.

(2) The 20-25 dB hearing loss and reduction in IVul below 300 Hz may be due 
primarily to the reduction in middle-ear volume by fluid. For glycerin, as the mid- 
dle-ear volume volume was progressively reduced, IVul showed a concomitant and 
progressive reduction below about 300 Hz. Even after the entire TM was covered, 
further injections of fluid caused an additional reduction in IVul at low frequencies.

With saline in the middle ear, an artifact increased the effective middle-ear vol
ume at low frequencies. (The compliance of the walls of the silicone rubber fill tube 
through which fluid was introduced into the middle ear added to the compliance of 
the middle-ear air space.) As a consequence, filling the middle ear with saline caused 
less of a reduction in the effective middle-ear volume. Under these circumstances, 
IVul showed little reduction below 400 Hz until the middle ear was completely filled 
and less reduction than with glycerin below 1 kHz.

The higher viscosity of glycerin caused the metal sleeve between the fill tube 
and the middle ear to appear closed acoustically when glycerin was introduced into 
the middle ear, thereby isolating the tube compliance from the middle ear. 
Clamping or blocking the tube during saline measurements should cause a reduction 
in IVul comparable to that seen with glycerin.

Hearing loss from 300-700 Hz may be due to a combination of mass and reduc
tion in volume.

(3) Viscous forces by middle-ear fluid on the TM and ossicles may cause about 
10 dB additional hearing loss above 2 kHz in OME with mucoid effusion. Though 
glycerin and saline differ substantially in viscosity, their density and surface tension 
are similar; so differences in IVul between saline and glycerin above 2 kHz were pre
sumably caused by the difference in viscosity. Reductions in IVul were similar with 
saline and glycerin between 700 Hz and 2 kHz, and the differences at low frequencies 
may be due to the artifact mentioned above; hence, viscous effects may be important 
only at high frequencies.



35

(4) The similarity of our data to clinical results below 1 kHz suggest that 
stiffening of the TM by negative middle-ear static pressure may not be a significant 
source of hearing loss in OME. Negative middle-ear static pressure has been shown 
to reduce umbo motion only below 1 kHz [12]. In this frequency range, our data 
match clinical hearing losses fairly well, which implies that the role of negative 
middle-ear static pressure is small.
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Acoustical energy is transmitted from the tympanic membrane to the inner ear by the middle 
ear ossicles. It is generally accepted that the ossicles rotate around a fixed axis and function as 
mechanical levers. Measurements of malleus vibration made through the intact ear canal have 
clearly shown that the malleus motion is not a rotation about a fixed suspension axis but that 
translation and rotation components in all three dimensions are present and change 
dramatically over the frequency of hearing. An important question is how this malleus motion 
at the middle ear input is converted into motion of the stapes at the output where it defines the 
inner ear input. The motion of the stapes has been difficult to measure in the past because 
access is limited and only a small portion of the crura can be seen. In order to get a better 
access to the stapes a novel preparation of the cat temporal bone was utilized. To determine its
3-D motion, the vibration of the stapes was measured with a confocal heterodyne 
interferometer at three points from different viewing angles. Its geometry was also measured. 
Assuming that the system behaves as a rigid body, the stapes motion was calculated. Stapes 
motion calculated by finite-element modeling was also found to be three dimensional, in 
qualitative agreement with the experimental motion. The question arises of what functional 
role these 3-D vibrations play in hearing.

Research supported by Emil Capita Fund, NOSH, Fund for Scientific Research (Flanders, Belgium),
Research Funds of the University of Antwerp (RUCA), Medical Research Council (Canada).

1 Introduction

The hypothesis that the ossicles take part in the middle ear impedance 
transformation action by rotating as a lever system about a fixed axis - in cat this 
axis is described to run through the cranial anchorage of the anterior process of the 
malleus and the end of the short process of the incus - is well accepted. As a 
consequence the stapes should vibrate almost as a piston in the oval window and all 
points on the the manubrium of the malleus should vibrate in phase.

mailto:wimdec@ruca.ua.ac.be
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The motion of the stapes defining the middle ear output was studied by 
different authors in man and in various species. In human Kobrak [11], von Bekesy
[1] and Kirikae [12] describe the stapes motion as a rotation about an axis in the 
plane of the footplate, the position however differs from study to study. More 
sophisticated and more recent measurements (Dankbaar [2], Gundersen [10], 
Feenstra and Vlaming [8]) agree on a predominantly piston-like movement of the 
stapes footplate. Some authors mention a supplementary rotational movement but 
with significantly smaller displacement.

In cat only Guinan and Peake [9] measured the stapes motion in great detail 
using stroboscopic microscopy. It was found that to a good approximation the 
footplate has a piston-like motion.

We have clearly shown in a series of papers that the malleus of cat does not 
vibrate according to the fixed axis hypothesis (Decraemer and Khanna [3], [4], [7]) 
but that the motion is varying from frequency to frequency and that all 3-D 
components of translation and rotation are present. The complexity of the malleus 
motion motivated us to investigate also the motion of the stapes. We did not assume 
any preferential direction of stapes motion but measured the full 3-D components of 
the stapes vibration at three points, one at the stapes head and two on the two 
respective crura, and calculated herewith the 3-D rigid body motion of the stapes. 
From these measurements the frequency responses for three dimensional rotation 
and translation components were determined.

2 Material and Preparation

The view of the stapes is severely obstructed by parts of the incus and malleus, the 
suspending ligaments and the tympanic cavity wall that forms a niche that houses 
the footplate and the lower half of the crura. To obtain good access to the stapes that 
allows both good visualization and good incidence for interferometric 
measurements we had to recur to measurements on fresh temporal bones.

The experiments were performed on temporal bones of young cats with healthy 
ears. The external ear is mostly removed leaving about 1 cm of the end of the 
external ear canal. A tight fitting conical ear insert is placed in the remaining ear 
canal. An acoustic transducer with a probe microphone is coupled to this insert to 
apply sound and measure its pressure [13]. The middle ear cavity is opened form the 
ventral side. The muscle ligament attached to anterior process (AP) of the malleus 
handle is cut and removed. When the whole is further enlarged we obtain a good 
aperture to the stapes head and upper part of both crura (Fig. 1). The lower part of
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the crura and the footplate of the stapes remain hidden behind a bony rim and 
vibration measurements could not be obtained there.

To prevent desiccation we provide extra humidity in the middle ear by placing 
tiny pieces of wet paper towel on the floor of the middle ear cavity. Then we 
resealed with a microscope cover slip that was held with a ring of soft modeling 
clay pressed around the cavity opening. This novel middle ear preparation has the 
advantage that the middle ear cavity is closed during the measurements and it is 
minimally altered in volume. The bony septum is also kept in place. The total 
preparation time was of the order of three hours.

Figure 1. Picture of the middle ear of a cat taken through the opening made in the wall of the middle 
ear. We recognize from top to bottom first the white structure as the malleus (M) with the anterior 
process (AP) pointing to the camera (the ligament was severed), then part of the incus (I) and stapes (S) 
with its front and rear leg. The footplate is hidden in a bony niche.

3 Equipment and Measuring Procedure

The object is mounted so that both crura and the head of the stapes are visible 
(Fig. 1). Two nested goniometers allow to change the observation angle of any 
selected point in two orthogonal planes by rotation of the object around the focal 
point [5]. Three translation stages equipped with micrometer reading scales record
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the x,y,z coordinates precisely. The acoustic system and the temporal bone are 
mounted on the same post and move together as the position or the observation 
direction is changed. The measuring equipment and procedure has been described 
previously [3].

For a large number of frequencies vibration was measured at 3 points Pj (i=l,3 
using different viewing angles by changing the goniometers positions in small 
increments. Sound pressures are measured simultaneously.

4 Results

4.1 Determination of the rigid body motion

The rigid body motion parameters are calculated in two steps. First we measured the 
vibration at three points on the stapes, spread out from each other as far as possible: 
one point at the head of the stapes, the other two points as low as possible on the 
front and the rear leg. The position of these points in the image plane as seen during 
the experiment is shown as thick dots in fig. 2.

0.001

0
y in m

-0.001

Figure 2. The three observation points on the stapes (thick dots) and some points to outline geometry of 
the stapes, incus and malleus (finer dots). The observation direction for the interferometer is along the z- 
axis.

x in m
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The amplitude and phase of the x, y and z component of the displacement of 
the given point are computed following the procedure outlined in an earlier paper 
[51. Then the 3-D motion components for all points Pj at a given frequency are 
utilized in a subsequent numerical fitting procedure to reconstruct the 3-D rigid 
body motion of the stapes. This fit [6,7] determines the amplitude and phase of the 
translational and rotational displacements dst(t) and d@(t) which in Eq. 1 describe 
the infinitesimal displacement of a given point with position vector ri

dsjt)=dst(t)+ d0 (t)xri (1)

4.2 From the experimental to an intrinsic coordinate reference system for the 
stapes

Parameters dst(t) and d0(t) are hard to interpret as the orientation of the stapes with 
respect to the experimental reference system is arbitrary and determined by the 
accessibility to the stapes during the experiment (Fig. 1). We apply therefore a

0

-0 .5  

y  i n  mm

-1 .5

Figure 3. A simplified model of the stapes constructed from two orthogonal views of the stapes. In the 
right panel (Fig. 4b) we see it in a frontal view. In the left panel (Fig. 4a) the model is rotated and 
translated to bring it in the position of the stapes in the temporal bone during the measurements described 
in this paper.

coordinate transformation to bring the stapes from the experimental position shown 
in Fig. 3a into an intrinsic reference system shown in Fig. 3b. The coordinate origin 
is translated to the center of the footplate.
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4.3 Frequency responses in the intrinsic coordinate reference system for the 
stapes

When the above coordinate transformation is applied to the components of the 
translation and rotation displacement they can be quite well interpreted: the x and z 
rotation components are rotations about the long and short axis of the elliptical 
footplate that will cause tilting of the footplate, the y-component is an in-plane 
rotation of the stapes footplate in the oval window. The x and z translation 
components are both in-plane translations for the footplate, the y-component is the 
out-of-plane motion. The final motion of the stapes is a combination of all these 
components were the phase differences between the components have to be taken 
into account.

4.3.1 Frequency responses for the translation components

translation

frequency in Hz

frequency in Hz

Figure 4. Frequency responses for the x, y, and z components of the translation displacement part in the 
rigid body motion. The upper panel Fig. 5a shows the amplitudes per Pa as a function of frequency, the 
lower panel (Fig. 5b) the respective phases relative to the sound pressure.
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The amplitude of the y-motion (the piston-like component, Fig. 4, upper) is one 
order of magnitude larger than the x- component (along the long axis of the 
footplate) and the z- component (along the short axis of the footplate) at most 
frequencies. The shape of the amplitude response curve is very comparable to that 
of points on the manubrium (Decraemer and Khanna (1991). The low frequency 
plateau, the resonance peak at about 2 kHz, the dip at 4 kHz due to the bulla cavity 
resonance, the roll-off at higher frequencies with a few fluctuations superimposed, it 
all is present in the stapes curve. The phase difference (Fig. 4, lower) between the 3 
components is at low frequencies about 180 degrees and close to a multiple of 180 
degrees at higher frequencies.

4.3.2 Frequency responses for the angular displacement

The rotation (Fig. 5, upper) about the long axis of the footplate (x-axis) 
dominates the two other components up to 8 kHz. Above this frequency the x 
component decreases and the 3 amplitudes become more or less comparable. The 3 
components remain almost perfectly in phase over the entire frequency range.

rotation

frequency in Hz

Figure 5. Frequency responses for the x,y, and z components of the angular displacement of the rigid 
body motion. The upper panel Fig. 6a shows the amplitudes per Pa as a function of frequency, the lower 
panel (Fig. 6b) the respective phases relative to the sound pressure
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5 Discussion

The measurement technique has made middle ear vibration measurements 
possible with the middle ear cavity closed and nearly intact thanks to a novel 
preparation. The present results are based on one complete set of 3-D measurements 
obtained on a single temporal bone. At all frequencies the motion of the stapes has a 
large piston-like component but other substantial components are also present.
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The achievement of structure-based volume geometry data of human temporal bones 
performs a necessary assumption for several applications in modeling and general 
visualization of the human hearing organ and its components. In consequence of evaluating 
various physical techniques for high-resolution temporal bone imaging mainly the results of 
non-invasive X-ray absorption microtomography will be presented here. By that approach 
many internal structures and components of temporal bone specimens have been imaged with 
spatial resolution in the 10 micron range and visualized three-dimensionally. The results 
indicate the high capabilities of that approach and promise further resolution enhancements 
into the submicron region. Furthermore they have been transferred into individual geometry 
models for simulation acousto-mechanic sound transfer through middle and inner ear.

1 Introduction

For several decades the anatomy and morphology of the temporal bone and its 
structures are well known in principle. But up to now there was no approach for 
derivating individual 3D geometry models from them. So far mostly generalized 
models are developed from anatomy textbooks or particular morphologic 
parameters. Therefore the study's activities are directed onto providing complete 
three-dimensional imaging of the temporal bone including differentiation of certain 
macroscopic and microscopic structures. The procedures should be noninvasive and 
possibly capable for in vivo or in situ application.

Unfortunately there are some particular problems regarding temporal imaging. 
It is the most solid bone of the human body. Often it is referred to as 'petrous bone'. 
Therefore the highest concentration of calcium, or electron density, respectively, is 
found there. The geometric dimensions of the anatomic structures of interest 
express high dynamics. They range from about 20mm (e.g., widest extent of the 
bony labyrinth) down to l^im (e.g., hair cell level). The entire hearing organ is 
situated in an 8cm3 cube. Further dynamics is found in the change of target types: 
bones (ossicles), soft tissue (tympanic membrane, tendons), and cavities (air-filled:

mailto:vogel@imsdd.fhg.de
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tympanic cavity, fluid-filled: inner ear). All these components would affect the 
acoustic transfer behaviour and thus should be taken into account.

Therefore the imaging approach should include capabilities for structure 
differentiation and should be non-invasive to preserve natural placements. Even an 
approach allowing application in vivo for clinical diagnosis could be considered in 
the future. But so far it is just a research task.

The most promising technique regarding differentiation of various tissue types 
and high spatial resolution capabilities was expected to be provided by histologic 
sectioning and computer-aided three-dimensional reconstruction. Tissue types may 
be colour-marked by staining and the resolution should only depend on slice 
thickness and image scanner, e.g., (digital) still camera.

But the main problem with histologic sections at this time is their geometric 
incosistency comparing all individual slices of the series. The geometric relations 
become distorted by wrinkles, chaps, strains, and shrinkage. Therefore further 
rectification becomes necessary. Because of their random orientation they have to 
be realigned for volume reconstruction. This may be assisted by external or internal 
markers, such as artificial holes provided by drilling. Finally there are variations in 
illumination and staining intensity, this requires radiometric correction too. In 
consequence, the geometric distortions, especially by wrinkles, appeared often in 
dimensions of hundreds of microns or even millimeters. The specimen has to be 
destroyed at all. The entire procedure is very time-consuming. Thus this approach 
was cancelled for further data acquisition.

In consequence of evaluating different physical techniques for high-resolution 
temporal bone imaging mainly the results of X-ray absorption microtomography 
will be presented here. Therefore an X-ray cone beam focused down to few microns 
passes the object (intact temporal bone specimen, 20x20x20 mm3) in a tomographic 
arrangement. Subsequently the projections onto a matrix detector become 
reconstructed to obtain an isotropic data volume. Generally spatial resolutions in the 
lOfim range may be achieved. The generated volume data became segmented and 
converted into vector formats.

By that approach the external ear canal, ossicles, tympanic cavity, and liquid- 
filled caves of the osseous labyrinth have been imaged with 30 îm spatial resolution 
and visualized clearly. Even soft tissue components (e.g., tympanic membrane, 
ligaments, vessels, nerves) have been detected, but with less quality and accuracy 
due to the radiation energy in contrast to the ordinal numbers of the chemical 
compartments of those tissues. The results were processed for presentation as 
pseudo three-dimensional images and animations, on autostereoscopic displays, or 
as enlarged scalable solid models from rapid prototyping respectively.

Another approach provides potential in vivo application for derivation of 
individual geometry models of patient's ears. It bases on advanced acquisition and 
processing of conventional or spiral CT or MRI data to obtain resolution-enhanced 
isotropic data sets from that routine diagnostic imaging equipment.
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2 Material and Method

Several temporal bone specimens were obtained from human cadavers at last 
48 hours post mortem and were prepared by microscopic dissection to a cube with 
20mm extents. The middle and inner ear structures remained completely intact. All 
specimen underwent microtomographic investigation by using two different 
techniques. The first approach used an microfocus X-ray tube with a focal spot of 
about lOfim, yielding spatial resolution at the same level. The introduction of a 
microfocus X-ray tube into tomographic arrangement allows to increase the 
resolution down to few microns. Similar to the fan beam arrangements of clinical 
CT scanners a cone beam crosses the medium at once. Therefore only object 
rotation is necessary to perform tomographic imaging. The radiation energy applied 
for that experiment was about 150keV, the tube current 200mA. Unfortunately 
there is a controversial relation for choosing the energy. For detecting soft tissues,
i.e., providing lower electron densities, lower radiation energy would be needed. 
Otherwise its amount must be sufficient to cross the specimen at all. The temporal 
bone, especially the region encapsulating the inner ear, performs the most solid 
bone of the human body. Obviously the highest calcium concentration and therefore 
electron density is found there.

Alternatively a synchrotron radiation source has been introduced, allowing 
parallel beam projection and resolution capabilities in the submicron range. The 
energy selected by monochromator was adjusted to 24keV.

The tomographic sections were segmented using semi-automatic region- 
growing algorithms and three-dimensionally reconstructed. The segmentation 
allows structure differentiation (within the limits of the applied energy band) and 
object identification. Therefore various pseudo-3D images, animations, and solid 
models have been generated from that data. Furthermore the segmented voxel were 
connected by polygons to provide vectorized elements for transferring the objects to 
geometry models. Because of the voxel-based element numbers polygon-reduction 
algorithms were applied additionally.
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3 Results

The following pictures derived from the tomographic data and segmentations shall 
demonstrate the imaging capabilities of that approach and the transfer of the 
structures to geometry models.

Fig. 2: Segmentation and reconstruction of the complex middle and inner ear 
(left) and the ossicular chain.

Fig. 1: Microtomographic sections

Fig. 3: Left: Long process of incus and stapes including stapedius tendon. 
Center: Interpolation of the annular ligament.
Right: Stapes footplate including annular ligament and showing calcium spot 
possibly otosclerotic focus.



Fig. 4: Left: View inside the cochlea with segmented Lamina spiralis ossea. 
Center: View inside the inner ear canal.
Right: Exposure of nerves, ossicular chain and labyrinth.

Fig. 5: Left: Coordinate derivation from complex geometry model. 
Center: Labyrinth geometry model incorporating 6342 triangles. 
Right: 3D-visualization on an autostereoscopic display.

4 Conclusions

Basically the results indicate the high performance of microtomographic approaches 
for imaging internal temporal bone structures at currently spatial resolution in the 
10|j.m range and capabilities for future enhancements down to the submicron level. 
This allowed the semi-automated derivation of individual data-based geometry 
models of various temporal bone components relevant for the mechanics of hearing. 
These models have been successfully fed into FEM analysis for simulating the 
sound transfer through the middle ear. The upcoming introduction of new physical 
tomographic imaging principles promises the additional accurate detection of soft 
tissues, e.g., membranes.

However, the X-rays property of being absorbed in accordance to electron 
densities gives the opportunity for observing the density distribution (mass over 
volume) of the ossicles. For bones the density is mainly determined by the calcium
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concentration. This can be taken into account concerning the above-mentioned 
geometry models for FE analysis. Now they can be transferred from surface to 
volume models, at least regarding the density parameters. Otherwise it might affect 
the determination of center of gravity of single ossicles or different parameters.

Fig. 6: Left: Area of cross-sectional plane through malleus and incus. 
Right: Cross-section showing density distribution and cavities.
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Diseased hearing sometimes is repaired by insertion of passive or active im plants 
into the middle ear. M ultibody System models (MBS) are used to describe the 
three-dimensional m otion of the normal and the reconstructed middle ear structure 
and the sound transfer through the middle ear. For the description of the ear drum  
the Finite Element approach is used. The param eters of the models are derived 
from different measurements on cadaver specimen and living subjects. Pathological 
situations are simulated by changing particular param eters an d /o r the structure 
of the model. The transfer characteristic of a reconstructed ear depends strongly 
on the design of the im plant itself but also on the technique and the conditions of 
its insertion as well as on the remaining middle ear structure. The motions of the 
stapes and the umbo are discussed for a natural middle ear and compared with a 
pathological situation of a beginning otosclerosis. An active im plant is applied to 
the m anubrium  or the long process of incus, different directions of excitation are 
considered. Undesired feed back due to sound radiation from the ear drum  may 
lead to resonance effects.

1 In tro d u c tio n

To describe the sound transmission through the middle ear by the ossicular 
chain, the spatial motion of the stapes has to be investigated in detail. Mecha
nical models facilitate this for normal, pathological and reconstructed middle 
ears [1], [2], [3]. Depending on the particular disease and essentially on the 
spatial orientation of an implanted prosthesis the rocking motions of the sta
pes become dominant. Due to the coupling conditions between prosthesis and 
ossicles a limited or a distorted sound transfer is caused.

2 M ethods

For the outer ear canal an air column in a rigid cylindrical tube was chosen. For 
the ear drum the finite element approach was used to describe the nonuniform 
membrane and bending stiffness as well as the nonuniform thickness. These 
studies lead to lumped mass models which are coupled to the ossicular chain. 
The ossicles are considered as rigid bodies and the ligaments and joints as mas- 
sless spring/damper combinations, [4]. Using a multibody systems formalism,
[5], a nonlinear model was created as shown in figure 1. The stiffness of the

mailto:ae@mechb.uni-stuttgart.de
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Figure 1: MBS-model of the middle ear

ear drum and the annular ring is introduced by full matrix relations. Due to 
small displacements in the hearing region up to 80 dB SPL linear kinematics 
and linear constitutive equations of the compliant materials are assumed. The 
entire model has f = 20 degrees of freedom.

Using such models, pathological situations can be described by changing 
the corresponding parameters and / or the structure of the model itself.

A different mechanical structure is present if passive or active im plan ts
[6] are used for the replacement of destroyed ossicles or to drive the complete 
chain for compensation of a specific hearing loss. The implants are modeled as 
additional multibody systems consisting of rigid bodies viscoelastically coupled 
to the middle ear. In fig. 2 the structure of a middle ear with an active 
implant is shown, the dynamical behavior of each block is described by its 
transfer function. The active part consists of a microphone, an amplifier and 
an actuator characterized by the transfer functions Gm icro , Gamp and Gact> 
respectively.

For the hearing impression it is very important where the microphone is 
placed, at which point A the actuator is attached and in which direction the 
active excitation is oriented. This governs the matrix of the transfer functions 
G fs between the applied force f  and the spatial stapes motion ys =  G jsf  
which is the input to the inner ear. This transfer function is derived from the



53

ys
Figure 2: Sound transfer of a reconstructed ear with active im plant

equations of motion of the middle ear model

My + Dy + Ky = B Af(t) (1)
with the mass matrix M, the damping matrix D, the matrix of elastic restoring 
forces K and the input matrix connected with the force vector f .

For an arbitrary excitation the motion of the system is characterized by 
the time history of the generalized coordinates y. Looking on the steady state 
harmonical excitation, the motion is described by the frequency dependent 
amplitudes and phases of y or the transfer functions.

The complete relationship between the scalar input p and the hearing 
impression h in the normal ear is given by

h — G s i Y s  — ^*si^*psP- ( 2 )

Here G st denotes the matrix of transfer functions between stapes motion ys 
and hearing impression h in the normal ear, Gps the matrix of transfer func
tions between the sound pressure p and y s in the normal ear. The hearing 
impression hr in the case of a reconstructed ear is given by

hr — G siry s — G sjrG G  a c tG a m p  G r (3)
The gain between input p and hearing impression hr depends on type and 

place of the microphone, the amplification factor, structure of the actuator, its 
suspension and its coupling to the ossicles as well as on the three-dimensional 
dynamical behavior of the middle ear.

The desired hearing impression in the case of a reconstruction is to be 
equal to the normal ear hr = h. To reach this, an amplification of G comp is 
needed to compensate hearing loss in the middle and inner ear

^  _ G^jGps
Cramp — CrCOmp — ^  ^  ~

f  s {Jact^Jmicro'-rpm
(4)
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This lower bound in some cases reaches very high values. Due to sound radiated 
by the ear drum, a closed loop to the microphone is given. To avoid resonance 
effects, the upper bound of amplification is

G a m p  — G s ta b  ^ G hpG AhG actG (5)

Ci’ diJ. c sus m b r-VW S m p CC A

dsus w  1  w  ,i j ossicle

The stability condition is a strict demand which means, that a full compensa
tion cannot always be achieved.

A plane unidirectional actuator 
is considered to show some funda
mental effects, fig. 3. Real ac
tuators are viscoelastically hinged 

yb ‘ yp in the three-dimensional space and
the coupling to the ossicular chain 
is a six-dimensional regarding threeFigure 3: Simplified actua to r model

forces and three moments.
All these aspects of sound transfer are strongly dependent on the individual 

situation of the natural ear, the particular disease and the specific way of 
reconstruction. For an optimal hearing impression the dynamics of the entire 
system has to be considered.

3 Discussion

The normal ear, shows a fre
quency - dependent transfer be
havior. Tilting 7s denotes the ro
tation around the short axis of 
the footplate, see fig. 1. A be
ginning otosclerosis with a par
tially stiffened annular ring (fac
tor 20 in the posterior section 
indicated by point 3 in fig. 1 
is considered. A drop down of 
the stapes motion ys can be seen 
in the frequency domain up to 3 
kHz, which is relevant for speech 
understanding. For this specific 

configuration in some small frequency bands a better hearing occurs than in 
the normal case. For the tilting angles there is no significant difference between

frequency [Hz]

Figure 4: Stapes piston m otion y s and angle 7 s 
for norm al and otosclerotic ear
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frequency [Hz]

Figure 5: Comparison between force and displace
ment transducer

the normal and the pathological ear which means that in the latter case the 
rocking motions a s and j s dominate the piston motion.

Looking at the actuator in 
fig. 3, for low values of Cj a force 
transducer is given, displacement 
transducers have a high internal 
stiffness. A force transducer is 
more similar to the natural ex
citation as plotted in fig. 5. A 
displacement transducer produ
ces relatively small stapes displa
cements in the lower frequency 
range up to 2 kHz but shows an 
effective excitation in the higher 
frequencies. Due to the dynami
cal behavior of the actuator itself, the excitation of a real actuator in the higher 
frequency range is below the ideal one.

In fig. 6 the displacement of 
the actuator’s driving pin yp is 
compared to the piston motion ys 
of the stapes for a soft coupling 
with tissue and a stiff one achie
ved by gluing. A soft coupling re
duces the transfer of the pin mo
tion to the ossicles in the higher 
frequency range. Softening the 
coupling leads to reasonable re
lative displacements in the con
tact area. A very stiff coupling 
imposes some restrictions to the

Figure 6 : Stapes (ys) and pin (yp) motion, force 
transducer

ossicular motion which may lead to a totally changed kinematical behavior.

A concentrated force in the y-direction (Fy) at the manubrium (point 2 in 
fig. 1) leads to a similar transfer function as of the normal ear excited by sound 
pressure as shown in fig. 7. A slight reduction occurs for driving at the long 
process. Even a spatially oriented force (Fxyz) applied at the long process 
causes reasonable piston motions of the stapes: below 3 kHz, the motion is 
reduced only by 10 dB whereas the higher frequencies are transmitted as in 
the natural case. If the larger tilting motions are not taken into account, it 
seems to be possible to drive the intact ossicular chain even at an ‘unnatural’
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point. But in the case of a disease like otosclerosis, this driving point is not an 
effective one.

With an intact inner ear, 
a natural hearing impression is 
achieved, if the stapes motion of 
the reconstructed ear is equal to 
the normal one: ys = ysr. In fig. 
8 the coupling force for a hearing 
impression equivalent to 60 dB 
SPL is plotted. Driving at the 
manubrium, the coupling force is 
quite low. If the actuator is at
tached to the long process, hig
her forces are necessary varying 
strongly with frequency. In the

100 1000 
frequency [Hz]

10000

Figure 7: Different coupling point and 
force direction, force transducer

case of the considered otosclerosis strong forces are required in particular below
3 kHz. The coupling element must transmit this force, otherwise a distorted 
hearing with higher harmonics and elevated noise level is caused.

Assuming an unilateral cons
traint, a pretension higher than 
the coupling force is required. 
This demand holds for passive 
and active implants. Because of 
relaxation in the ligaments, an 
initially given pretension lowers 
down, which leads to a distorted 
hearing.

Placing the microphone in 
the external ear canal, the up
per bound for the amplification 
is defined by stability of the clo
sed loop, whereas the demand of 

natural hearing impression defines the lower one. In fig. 9 stability is achieved, 
if the gain margin is above 0dB. The curves represent the demand of normal 
hearing impression. For a normal ossicular chain driven at the manubrium, 
there is a gain margin of nearly 20dB to compensate inner ear hearing loss. 
For an otosclerotic ear, normal hearing cannot be achieved in some frequency 
bands. There the amplification factor must be reduced to avoid instability.

frequency [Hz]

Figure 8 : Coupling force to yield a hearing impres
sion as 60 dB in the norm al ear. Different force 
directions, norm al and otosclerotic ear
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Conclusions

The force transmission bet
ween passive prosthesis or an ac
tive actuator and the ossicle is li
mited depending on the specific 
design of coupling and principle 
of force transmission.

Most of the possible coup
ling mechanisms (except gluing) 
need a considerable pretension 
between prosthesis and ossicle.

This pretension should be . JPI ,. „ .r ig u re y : ro ten tia l to com pensate hearing loss
adjusted very carefully because
of statical load to the ligaments. Due to long time relaxation of the ligaments 
it may be reduced which leads to clapping or distortion.

For the reconstruction of damages and losses in the middle or inner ear, 
some strict limitations exist. Gluing of prostheses to the ossicles might cause 
an undesired restriction of the motion of the ossicular chain. Stability of the 
closed loop demands a limited amplification gain for compensation of diseases.
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MATHEMATICAL ANALYSIS OF SOUND TRANSMISSION 
IN THE AUDITORY CANAL

H.TAIJI
National Hospital of Tokyo Medical Center, 2-5-1 Higashigaoka, Meguro-ku,

Tokyo 152-8902, Japan 
E-mail: taiji@med.keio.ac.jp

A one-dimensional model that considers the standing-wave effect was applied to simulation 
of sound transmission in the external ear. The sound pressure at any location in the auditory 
canal could be predicted by summating the ingoing acoustic waves and outgoing waves. The 
calculated values of the sound pressure gain from the free field to the eardrum were similar to 
the experimental results. The increase of the high-frequency response achieved by using an 
earmold with a large-diameter bore could be almost completely explained by computer 
simulation with this model. The impedance of the human eardrum could be estimated by 
measuring the standing wave patterns. This model is applicable for predicting how the shape 
of sound transmission tubes can influence the frequency response of a hearing aid.

1 Introduction

There are various mathematical models for characterizing sound transmission in the 
auditory canal. Standing-wave effect for frequencies below 8 kHz was generally not 
thought to be a problem. However, a simple model that considers incident sound 
waves is insufficient to explain the transmission of sound between the canal 
entrance and the eardrum. For example, the sound pressure gain from the free field 
to the eardrum, i.e., the 2.5-kHz peak, cannot be explained by incident waves alone. 
The transmission of sound could probably be better explained by calculating the 
standing wave in the canal. In the present study, computer simulation was done 
assuming that the auditory canal was a hard-walled loss-free tube. Sound pressure 
distributions within the canal could be computed by summating the ingoing and 
outgoing plane waves. A computer program was developed to simulate the effects 
on sound transmission of changes in the geometry of the auditory canal and of 
hearing-aid tubes carrying sound to the eardrum.

2 Methods

Computer simulation was based on the following assumptions:
• The walls of the auditory canal or the hearing-aid tube can be treated as 

acoustically rigid.
• The curvature of the canal can be ignored.
• The eardrum is perpendicular to the canal axis.
• Transverse variations of sound pressure at each cross-sectional site can be 

ignored.
• Bessel function is negligible.

The simulated response was validated by comparison with measured response 
curves using a Zwislocki-type ear simulator and a Rastronics CCI-10 frequency

mailto:taiji@med.keio.ac.jp
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response analyzer. In addition, the frequency response of a hearing-aid with a large- 
diameter bore in the earmold was compared with that of a hearing aid with a regular 
earmold.
Eardrum reflectance is a more convenient indicator compared with impedance, 
especially at high frequencies. To estimate the eardrum reflectance, the sound 
pressure amplitude and phase were measured at three different locations in the ear 
canal. Measurements were done in 6 healthy adults using 4, 5, and 6 kHz pure tone, 
and an FFT analyzer (Rion SA-74). The distance from the eardrum to the earplug 
was estimated using a thread. Eardrum reflectance was calculated using the 
assumption that the auditory canal is a tube with a constant cross-sectional area.

3 Theory

The symbols used in this section are listed below:
R, eardrum reflection coefficient (absolute value)
R2 earplug reflection coefficient (absolute value)
L distance from the eardrum to the earplug 
x distance from the pick-up point to the earplug 
co angular frequency (2 n  *f)
X wavelength 
k wave number (2  n  / X ) 
c pressure constant
G sound pressure gain at the pick-up point (dB)
8 phase shift at the eardrum 

In a cylinder with a uniform cross-sectional area, the interaction of ingoing and 
outgoing waves produces a standing wave. To derive the standing wave patterns in 
the canal, the gauge pressures of the ingoing acoustic waves and the outgoing waves 
were calculated.
The gauge pressure of the ingoing waves (Pg-*) is given by

Pĝ =c ittjte'H**"-2?®
n=0

\c ( - ik )  YJ(<RxR2)r,e~ik 2nL
n=0

=-ickAel{‘, '-kx) (1)

where A= Y,{R\R j)e
n =o

n -ik-2nL

-i-2kL \n

M =

= ) 

1

n=o 1 -  RxR2e~i2kL

-J\-2R]R2 c o s  2kL + Ri2 R2 2
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The gauge pressure of the outgoing waves (Pg*- ) is given by 

Pg<"= c I  RJRlR2)nike^0)t~k(2L~x+2nL̂
n=0

n=0

(2)
The gauge pressure of standing wave (P) is derived as 

Pg=Pg~*+ P g ^
= ickA[- e‘l‘“'- la) + Rie‘W‘-H2L-x)} j

N  = e k \ A 1  +  f t I I 2») - ik (2 L -2 x)

2/2 |^ |2J + /?12 - 2 /?1 cos 2&(Z, -  x)}
2

T
2,2 1 ~ cos2A:(Z -  x) +

1 - 2RXR2 coslkL  + R 2R2 
Therefore, the ratio of the sound pressures is

Pn i

1 -  2RX cos 2k(L -  x) + Rx
\ -2 R xR2 cos2kL + R}2R2

(3)

However, if the two ends of the canal are not free, changes of the phase component 
must be considered. For example, when the two ends are regarded as fixed, the 
sound pressure gain (G) is

G = 20 log10
1 + 2/?j cos 2k(L -  x) + R

\ - 2 R xR2 cos2kL + R 2 R22
(4)

Assuming that the earplug is a fixed end and the phase shift at the eardrum is 8 , 
the gain is

G = 20 log 10
1-2/?! cos{2&(Z, -  x) -  <5} + /?]

1 + 2RXR2 c o s (2 k L - S )  + R 2 R22
(5)

These equations are applicable to the simulation of sound transmission via tubes 
with a complicated geometry, considering the cascade conjunction of the tubes. 
When the cross-sectional area of a tube changes from S, to S2, the reflection 
coefficient (R) is expressed as

R =
S< -S, (6)
iSj + S 2

Then the transfer function of the sound transmission path consisting of the external 
ear and a hearing-aid tube can be obtained by assuming a multi-segmental uniform 
transmission line. From equations (3)-(6), a digital computer program was written to
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calculate the transfer function.
When the sound pressure of two points in the ear canal was measured and the 

phase shift at the eardrum ( S ) was assumed to be n , the eardrum reflection 
coefficient ( Rx ) could be estimated from the transfer function. From equation (3),

P2 ll + 2Rj cos2k(L -x2) +R\2 
P\ \ l  + 2Rj cos2k(L- xx) + R 2 

where Px and P2 are the observed sound pressures at the measuring point Xj and 

*2 -
The eardrum reflectance (9? ) is defined as 

W = R 2

4 Results and discussion

4.1 The external ear system
Assuming that the concha cavity and the ear canal form a straight cylindrical tube, 
the transfer function of the external ear system was calculated. The values of the 
parameters chosen for this study are summarized in Table 1.

Tablel. Model parameter values
Parameter Value Description

''o 25.0 cm effective radius of a tentative plane passing 
through the incident sound wave

r ch 1.5 cm effective radius of the concha cavity

I ch 0.9 cm length of the concha cavity
rf ec 0.35 cm effective radius of the ear canal

lec 2.7 cm length of the ear canal

First, the eardrum reflection coefficient magnitude (R) and phase ( S ) were 
regarded as constant. Assuming R=0.67 and S = n , the sound pressure gain from 
the free field to the eardrum was calculated (Fig. 1, solid line). The 3-kHz peak 
represents the resonance of the auditory meatus, and the 5-kHz peak is due to 
resonance in the concha. Second, determining R and 8 as a function of frequency 
according to the data from Zwislocki[l] and Hudde[2], the sound pressure gain at 
the eardrum was calculated (Fig. 1, broken line).
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Frequency(kHz)

Figure 1. Calculated sound pressure gain from the free field to the eardrum.
The eardrum reflection coefficient is assumed to be constant (solid line), or is 
determined from previous data as a function of frequency (broken line)

4.2 Effect o f earmold alterations
It is well known that a significant increase in the high-frequency response can be 
obtained by widening the earmold bore. Figure 2 illustrates an earmold with a 
Bakke-hom and a 4-mm bore.

2mm

0

Figure 2. A Bakke-hom in an earmold with a 4-mm bore
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This earmold system can be approximately modeled as a 4-segment transmission 
line. The difference in the sound pressure gain between a 4-mm bore with Bakke- 
hom and a 2-mm bore was calculated by analogy to equations (3)-(6). The solid 
curve in Figure 3 shows the calculated effect of altering the earmold. Relative to the 
2-mm bore the Bakke-hom and 4-mm bore provided high-frequency enhancement.

CO
3  10c(0Oo
m
o 5 u <

0 1 2 3 4 5 6
Frequency(kHz)

Figure 3. Measured pressure gain and theoretical prediction of the effect of earmold 
alteration. The solid line is the theoretical gain of the earmold with Bakke-hom and 4- 
mm bore relative to that with 2-mm bore. The broken line is the measured gain.

The effect of altering the earmold was examined with a Zwislocki-type ear 
simulator. The measured pressure gain of the earmold with a Bakke-hom and 4-mm 
bore relative to that with a 2-mm bore is shown in the broken line in Figure 3. 
Relative to the theoretical prediction, the experimental results showed greater high- 
frequency enhancement with the Bakke-hom and 4-mm bore.

4.3 Measurement o f eardrum reflectance
Figure 4 shrows the average mean and standard deviation of the eardrum reflectance, 
as well as a comparison with the previous data [2,3]. The average reflectance 
derived from the measured data (open circles) was slightly smaller than those 
previously reported by Hudde (broken line) [2] and Lawton (dot-dash line) [3]. 
Previously, the ear canal transfer function was measured using short sound pulses, 
and the eardrum impedance was derived from it [2]. However, it is theoretically 
possible to estimate the eardrum reflectance by measurement of the pure-tone sound 
pressure distribution in the ear canal. For example, if the sound pressure amplitude 
can be measured at a minimum ( jPmin ) and a maximum ( Pmm), from equation (5),
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* 1 + 7?
d = 20 log]0

where d = Pm~ -  Pmm , R, denotes the eardrum reflection coefficient.

o>0 e
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Frequency (kHz)

Figure 4. Mean and standard deviation ( +  1 SD) of eardrum reflectance (open 
circles). The broken line shows the data reported by Hudde, and the dot-dash line 
shows the results of Lawton.

5 Conclusions
The sound pressure gain at the eardrum relative to that in the free field as a function 
of frequency was well explained by calculating the standing wave effect. Measured 
and computed values for the effect of earmold alteration were in reasonably close 
agreement. This model can be used to predict how changes to the shape of sound 
transmission tubes will alter the frequency response of a hearing aid.
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INPUT IMPEDANCE OF THE COCHLEA DEPENDS ON THE 
OPERATING POINT OF THE ACTIVE AMPLIFER
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University of Tubingen, Department of Otolaryngology, Section of Physiological 
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For many years considerable work has been done on modelling inner ear mechanics 
with the aim of checking hypotheses on the function of the active amplifier. A pre
ponderant issue has been the replication of the experimentally measured am plitude 
and phase characteristics of the sharp tuning of basilar membrane motion at low 
intensities, putting increasing weight on realistic modelling of the micromechanics 
of the organ of Corti. From the point of view of a one-dimensional approach, it 
has become evident th a t more than  one solution for the longitudinal distribution of 
the passive and active point impedance of the basilar membrane exists. Additional 
criteria for checking underlying hypotheses are the replication of suppression and 
distortion patterns, feedback stability and the amount of energy, which must be 
provided by the cochlear feedback system. The aim of the present work is to use 
the input impedance of the cochlea to investigate experimentally cochlear models 
in the active and passive intensity ranges. Our computations in the frequency do
main follow a formalism first described by Kanis and de Boer [1]. A certain class of 
nonlinear, locally active models can be treated with this formalism [2]. Depending 
on the underlying model, we have found a difference in the magnitude of the input 
impedance between the linear passive and the linear active region of up to 14%, 
whilst in the compressive region each model showed a characteristic variation. In 
order to  compare the behaviour of the cochlear models with reality, we have mea
sured the input impedance at the tympanic membrane of healthy human subjects 
using heterodyne laser interferometry. We were able to  record the impedance down 
to  sound pressure levels of 50 dB SPL a t a stimulus frequency of 3 kHz. Between 
50 and 70 dB SPL, which is theoretically within the compression region, we have 
found an input impedance variation of 20% compared to higher sound pressure 
levels in the linear passive region. In summary, we have evidence th a t the inten
sity dependence of the input impedance of the cochlea can be measured a t the 
tym panic membrane.

1 Introduction

Since the advent of in vivo measurements of the vibration of the basilar mem
brane (BM) at low sound pressures a great deal of research effort has been 
undertaken to build mathematical models capable of reproducing its sharp 
tuning characteristics. Today, the models comprise in some way the force 
produced by the outer hair cells (OHC), which is mostly understood as an 
active amplification process. A variety of physical representations of the mi
cromechanical interactions in the organ of Corti have been developed, all being
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capable of reproducing reasonably well amplitude and phase characteristics of 
the travelling wave.

The input impedance of the cochlea is an important quantity because 
it loads the middle ear and enables a check of the frequency dependence of 
cochlear models. For example, the problem of wave reflections at low frequen
cies, which arise in certain models, but not in measurements of cochlear input 
impedance, has been accounted for by introducing a tapered scala geometry 
together with a small degree of viscosity of the cochlear fluids [3].

Allen [4] has measured distortion product emissions near the tympanic 
membrane, in order to discuss the existence of an active amplifier. He had also 
introduced the idea of using tympanic membrane impedance measurements 
to detect changes in BM resistance [5].

Measurements of the tympanic membrane input impedance at different 
sound pressure levels have been carried out so far only in order to investigate 
the linearity of the middle ear transfer function up to relatively high sound 
pressure levels. In Buunen [6], measurements in anesthetized cats down to 
sound pressure levels of 30 dB SPL have been presented, but in increments of 
20 dB SPL.

If the middle ear transfer function is linear, it should be possible to mon
itor the variation of the cochlear input impedance due to the sound pressure 
dependent change in the action of the cochlear amplifier by vibration mea
surements at the tympanic membrane. This opens a possibility for checking 
cochlear models in vivo, especially for human subjects, where experimental 
access to the cochlea is not possible.

2 Method and results

2.1 I. Mathematical Models

We have investigated two models, which belong to the class of locally active 
models in a one dimensional realization. The nonlinear behaviour of the active 
mechanism, i.e. the dependence of the amplitude of the basilar membrane 
(BM) motion on the sound pressure level, is introduced in a frequency domain 
solution known as a ’’quasi-linear approach”, first published by J.L. Kanis 
and E. de Boer [1]. We have implemented the cited model using Matlab
5.2 software. The underlying passive long-wave model represents the human 
cochlea. The curves shown are computed with 800 sections for the full length 
of the cochlea. The stimulus frequency for the curves shown is 3 kHz. All 
parameters and especially the input/output-function are taken as published 
in the cited paper. Fig. 1 shows magnitude and phase of the input impedance
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at the stapes as a function of stapes velocity. In addition, the input/output- 
function of the maximum velocity amplitude of the BM-vibration is shown 
(scale on the right side of the plot).
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Figure 1. M agnitude and phase of the input impedance of the cochlea according to  K anis’ 
(left) and Geisler’s model (right). Resultant input/output-function of the maximum BM- 
velocity am plitude (dashed line) with scale on the right side.

The second model has been implemented following a micromechanical 
model of the active amplification by the outer hair cells given by C.D. 
Geisler [7] for the cat cochlea. Here, we used the same passive BM-impedance 
as in the first model and have changed three parameters in order to yield rea
sonable tuning curves: (i) the feedback force parameter to q = 1.15, (ii) the 
relative cross-over frequency of the all-pass circuit u)r = u>o/10 and (iii) the 
delay factor n = 0.3. The geometrical parameters (A, B, p/b, £, i/j) have been 
taken without change. With this implementation a tip-tail-ratio of roughly 
40 dB and a Q\odB of 7.0 is obtained. In order to incorporate a nonlinear de
pendence of the tuning curves on the sound pressure level, the feedback force 
factor q is locally reduced following q = qQtanh{\w\lwSat)l{\^\lw Sat) in anal
ogy to the model of Kanis. Here, qo is the feedback force factor assumed for 
low sound pressure levels, w the the vibration velocity and w8at — O.Olcm/s 
the upper limit, where active amplification is reduced almost to zero.
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2.2 II. Measurements on human subjects

We have measured the dependence of the input impedance at the tympanic 
membrane on the sound pressure level of 5 healthy human subjects using laser 
velocimetry. The setup is described in Rodriguez et al [8]. Depending on the 
subject and experimental conditions (i.e. effective reflectivity of the tympanic 
membrane, lateral movements etc.) the input impedance in the midfrequency 
range could be measured with a signal-to-noise ratio of more than 10 dB down 
to a sound pressure level of 50 dB SPL in the best case. As stimulus, a 3 kHz 
sinusoid was chosen with amplitude increased in 2 dB-increments from 40 to 
80 dB SPL.
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Figure 2. Impedance m agnitude measurements at the tympanic membrane. Dash-dotted 
lines: corresponding carrier-to-noise ratios (CNR), a) and b): measurements showing signifi
cant impedance variations in a sound pressure range of 55-70 and 65-70 dB SPL respectively, 
c) and d): measurements showing no significant variations due to  poor CNR in th a t sound 
pressure range.

Fig. 2 depicts the magnitude of the specific acoustic impedance, together 
with the carrier-to-noise ratio (CNR) of the demodulated interferometer sig
nal, as a function of sound pressure level, for four ears from three subjects. At
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CNR-values of more than 20 dB we can assume a relative impedance measure
ment resolution of better than 10%. Bearing this in mind, we see significant 
impedance variations at sound pressure levels of more than 55 dB SPL, which 
disappear almost completely above 70 dB SPL in fig. 2a, and one significant 
impedance variation below 70 dB SPL in fig. 2b. Fig. 2c and 2d are from two 
of the three other subjects, which showed no significant impedance variations, 
presumably due to poor CNR.

2.3 III. Discussion

We have chosen to model the cochlea with the quasi-linear approach because 
it has a generalized form, which makes (i) different models relatively easily 
accessible and (ii) may give insight into types of BM-point-impedance that 
yield the experimentally accessible input impedance of the tympanic mem
brane. Obviously, several models can not be modelled in this way, and several 
features such as viscosity and longitudinal coupling of the BM axe not in
cluded. For example, the impedance variation in the Kanis model seems to 
be linked with reflections from the peak (compare [1]) in the compression 
region, which may be damped by perilymph viscosity and longitudinal cou
pling. On the other hand, in the frequency range considered here, this effect 
might be too small to affect the qualitative behaviour of the input impedance 
variation.

It is obvious that the noise level must be reduced considerably in order 
to obtain substantial information, even at this freqeuncy, where in healthy 
subjects losses in the middle ear are minimal and the load of the annular 
ligament can be neglected (compare [9]).

3 Conclusion

The computation of the two cochlear models, which are comparable regard
ing tip-to-tail ratio at low sound pressure levels, phase characteristics, I/O- 
function of BM-velocity amplitude and characteristic frequency shift, shows 
remarkably different input impedance behaviour. Both models predict input 
impedance variations of 14 and 2 %, respectively, with changing sound pres
sure level. We were able to measure significant impedance variations in the 
region of 55 to 70 dB SPL at the tympanic membrane of two human sub
jects. Thus, it seems possible to acquire information noninvasively on the 
active amplifier in the cochlea via impedance measurements at the tympanic 
membrane.



70

R eferences

1. J.L. Kanis and E. de Boer, J. Acoust. Soc. Am  94, 3199 (1993).
2. E. de Boer, J. Acoust. Soc. Am  98, 1400 (1995).
3. S. Puria, J. Acoust. Soc. Am  89, 287 (1991).
4. J.B. Allen and P.F. Fahey, J. Acoust. Soc. Am  92, 178 (1992)
5. J.B. Allen in Peripheral auditory mechanisms, eds. J.B. Allen et al 

(Springer, Berlin, 1986).
6. T.J.F. Buunen, J. Acoust. Soc. Am  69, 744 (1981)
7. C.D. Geisler, Hear. Res. 68 , 253 (1993).
8. J. Rodriguez Jorge et al, Hals-Nasen-Ohrenheilkunde 45, 997 (1997).
9. T.J. Lynch, J. Acoust. Soc. Am  72, 108 (1982)



71

THEORETICAL ANALYSIS OF SOUND TRANSMISSION IN HUMAN 
MIDDLE EAR AND ITS EFFECTS ON OTOACOUSTIC EMISSIONS

T. KOIKE AND H. WADA 
Department o f  Mechanical Engineering, Tohoku University, Aoba-yama 01,

Sendai 980-8579, Japan 
E-mail: koike@wadalab.mech. tohoku. ac.jp

T. KOBAYASHI 
Nagasaki University School o f  Medicine, Nagasaki, Japan 

E-mail: koby@nagasaki-u. ac.jp

K. OHYAMA 
Tohoku Rosai Hospital, Sendai, Japan 

E-mail: ja7mij@ med. email, ne.jp

T. TAKASAKA 
Tohoku University School o f  Medicine, Sendai, Japan 

E-mail: takasaka@orl.med. tohoku. ac.jp

In this study, a three-dimensional FEM model of a human middle ear was established, and the 
antorograde and retrograde pressure gains of the normal and pathologic middle ears were 
analyzed. Then, the levels of otoacoustic emissions (OAEs) in pathologic ears such as secretory 
otitis media, otosclerosis and incudo-stapedial joint separation were estimated based on the 
obtained pressure gains. The OAE frequency characteristics showed distinctive patterns 
depending on the kind of disorder and its degree.

1 Introduction

Otoacoustic emissions (OAEs) can be utilized in the diagnosis of hearing disorders, 
particularly for subjects who cannot be tested behaviorally. However, many factors 
may affect the measurement of OAEs and consequently their interpretation.

At the middle ear resonance frequency, the tympanic membrane vibrates with 
the largest displacement amplitude, and the sound energy coming into the external 
auditory meatus is transmitted efficiently into the cochlea. Therefore, OAEs, which 
are considered to be transmitted to the external auditory meatus through the middle 
ear in a retrograde fashion, would also be detected most distinctly at the middle ear 
resonance frequency region [7,8].

To clarify the effects of the middle ear on OAEs, it is important to examine the 
middle ear sound transmission. Some measurements of both retrograde and anterograde 
middle ear sound transmission in animals and human temporal bones have been 
performed [4,9]. However, these specimens are difficult to handle, and the results

mailto:takasaka@orl.med
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Figure 1. FEM model of a human right middle ear. (a) Tympanic membrane (TM) and ossicles. 
Boundary condition at the tympanic ring consists of linear (KL) and torsional (KT) springs, and a loading 
of the cochlea on the stapes footplate is expressed by a damping (Dc). 1, TM (pars tensa); 2, TM (pars 
flaccida); 3, malleus; 4, incus; 5, stapes; 6, anterior malleal ligament; 7, posterior incudal ligament; 8, 
tensor tympani tendon; 9, stapedial tendon; 10, annular ligament, (b) Middle-ear cavities and external 
auditory meatus. The air volume of the tympanic cavity and that of the mastoid cavity are 0.86 ml and 
0.55 ml, respectively.

may be contaminated by some variables that are hard to control. Application of the 
Finite-Element Method (FEM) enables complicated irregular geometries of biological 
structures to be modeled easily, and it also enables their dynamic behavior to be 
understood in detail without experiments.

In this study, first, applying the FEM program developed by our group, a three- 
dimensional FEM model of a human ear, which included external auditory meatus, 
tympanic membrane, ossicles and middle ear cavities, was established. Then, the 
anterograde and retrograde transmission gains of the normal and pathologic middle 
ear were calculated. Finally, the levels of OAEs were estimated, and the middle ear 
effects on OAEs were examined on the bases of the obtained pressure gains.

2 FEM model

Figure 1 shows the FEM model of a human right middle ear. Geometry of this model 
is based on the dimensions obtained from the study of Kirikae [2] and Kamifusa [1].

Two hundred and thirty two flat triangular plate elements are applied to the 
tympanic membrane. In this model, both pars tensa and pars flaccida are considered, 
and the Young's modulus of the pars flaccida is taken to be 1 /3 of that of the pars tensa. 
The boundary condition at the tympanic ring consists of linear and torsional springs. 
Due to the lack of the tympanic ring in the superior portion, the stiffness in the superior
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portion is assumed to be smaller than the stiffness in the inferior portion. The 
distribution of the tympanic membrane thickness is determined referring to the study 
of Kamifusa [1].

Eighty two hexahedral elements are applied to the model of the ossicles. In this 
model, the function of the anterior malleal ligament, posterior incudal ligament, tensor 
tympani tendon, stapedial annular ligament and stapedial tendon are taken into account. 
It is reported that the malleus and incus vibrate as a solid body [2], and the incudo- 
stapedial joint (I-S joint) is movable. Therefore, the malleus and incus are connected 
rigidly, and movable I-S joint are considered by taking the Young's modulus of the I-
S joint element to be smaller than that of the ossicles. Several studies suggest that the 
cochlear impedance is damping dominant [3,10]. Therefore, the loading of the cochlea 
on the stapes footplate is expressed by the damping Dc.

Figure 1(b) shows the FEM model of the middle ear cavities and external auditory 
meatus. In this model, tympanic cavity, aditus and antrum are expressed by the 
rectangular solids filled with air. The volume of each cavity is based on the dimensions 
obtained from Kirikae [2]. The air volume of the tympanic cavity and that of the 
antrum are 0.86 cm2 and 0.55 cm2, respectively. The cross-sectional area of the aditus 
is 6.25 mm2. External auditory meatus is expressed by a straight tube with a rigid 
wall.

The tympanic membrane, ossicles, ligaments and tendons are assumed to be 
homogeneous and isotropic. The damping of these parts is expressed by

C=aM + |3K (1)
where C, M and K are the system damping, mass and stiffness matrices, respectively, 
and a  and (3 are damping parameters.

3 Mechanical properties

The Young's modulus and the density of the tympanic membrane are determined based
on the values obtained from the study of Wada et al. [5]. The Poason's ratio of the 
tympanic membrane is assumed to be 0.3. The density of the ossicles is based on the 
values which are obtained from Kirikae's work [2]. The Young's modulus of the 
ossicles is estimated to be 1.2* 1010 N/m2, which is the same as that of a human humerus.

The stiffness of the tympanic ring and the Young's modulus of the ligaments and 
tendons are unknown. In this study, their mechanical properties were determined 
through a comparison between the numerical results obtained from the FEM analysis 
and the measurement results of the manipulated temporal bone, which were obtained
by the sweep frequency impedance meter (SFI) developed by our research group [5],
A detailed description of the measurement method of the manipulated temporal bone 
has already been given in the Reference [6].

The bulk modulus of the air in the tympanic cavities and the external auditory
meatus is 1.36* 105 N/m2, and its density is 1.18* 103 kg/m3. The mechanical properties
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Table 1. Mechanical properties used to the FEM model of the normal ear.

Young's modulus Density Damping parameters 
(N / m2) (g / cm3) a  (1/s) (J (s)

Tympanic membrane (pars tensa) 3.34x107 1.2 260 3.7x10-5
Tympanic membrane (pars flaccida) l.llx lO 7 1.2 260 3.7x10-s
Anterior malleal lig. 2.1 x 107 2.5 0.0 1.86x 10 s
Posterior incudal lig. 6.5xl05 2.5 0.0 1.86x 10 s
Tensor tympani tendon 2.6x 10* 2.5 0.0 3.72x10"
Stapedial annular lig. 6.5xl04 2.5 0.0 3.72x1 O'4
Stapedial tendon 5.2xl05 2.5 0.0 3.72x10"
Incudostapedial joint 6.0x 10s 2.5 0.0 5.0x10"
Ossicles 1.2x l010 2 .7 -6.1 0.0 3.72x10"
Cochlea Dc = 0.624 Ns / m

used to the FEM model are summarized 
in Table 1.

4 Analysis

4.1 A nterograde and retrograde pressure 
gains o f normal middle ear

Figure 2. 
gains.

FREQUENCY (kHz) 
Numerically obtained transmission

Anterograde pressure gain GA is defined 
as the ratio of the intracochlear pressure 
Pc to the meatus stimulus pressure Ps, and 

the retrograde pressure gain GR is defined as the ratio of the pressure at the entrance of 
the external auditory meatus PMIC to the intracochlear pressure PAMP generated by the 
cochlear amplification.

Figure 2 shows numerically obtained anterograde and retrograde transmission 
gains. These values are calculated on the condition that the length of the external 
auditory meatus is 20 mm and the impedance of the probe ZP is infinity. The maxima 
anterograde pressure gains are approximately 18 dB at 1 kHz and 20 dB at 4.2 kHz, 
and the retrograde one is approximately -32 dB at 1 kHz. The peaks of GA and GR 
around 1 kHz are caused by the resonance of the middle ear, and the peak of GA at 4 
kHz is caused by the resonance of the external auditory meatus. The GR is much 
lower than the GA over the entire frequency region due to the large difference in 
impedance between the cochlea and external auditory meatus.

4.2 Estimation o f the levels o f click evoked OAEs (CEOAEs)

The relationships among each pressure defined above are given by the equations as 
follows:

p -  G P P = G P  P = G P  (2)
r c  V J A r S ’ MIC R AMP * * A MP ' J C 1 C »  v  '
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where Gc is the unknown function of cochlear amplification. Therefore, OAEs level 
is expressed by

OAEs(dB) = 20 log

G'c = 20 log

MIC

REF

= 20 log GaG r
REF

REF

= 201og(G,GR)+GV, (3)

(4)

where P^p is reference pressure.
Figure 3 shows the bidirectional pressure gain GAGR and m easurem ent 

re su lt of OAEs. The GAGR is obtained from the FEM analysis, and the 
measurement is the averaged spectrum of click evoked OAEs obtained from 
14 ears of 7 norm al subjects using IL092 in the linear stim ulus mode. 
From eq.(3), it is obvious that the difference between the GAGR and measurement 
result can be represented by G’c. To make the OAE level obtained from eq.(3) 
coincide with the measurement result, the unknown cochlear function G’c must be 
determined as a simple equation:

G’c - 6 .5 /  (kHz). (5)
This result suggests that the function of cochlear amplification changes monotonously 
with frequency and has no peaks differing from the middle ear pressure gain. Therefore, 
the peaks in the spectrum of measured OAEs are dominated by the middle ear 
characteristics.

4.3 Frequency characteristics o f OAEs in patients

Based on the cochlear function G’c 
determined above and the GAGR calculated 
using the FEM model, which was 
modified to express each disorder, the 
levels of OAEs of patients with secretory 
otitis media (SOM), otosclerosis and I-S 
joint separation were obtained numerically 
from eq.(3).

Figure 4 shows numerically obtained 
levels of OAEs of normal subject and 
patients with SOM. In this study, SOM is 
expressed by using the mechanical 
properties of water to the element of 
middle ear cavities. The dashed line shows 
measurement result of noise level of 
IL092. These results suggest that OAEs

Figure 3. Measurement and numerical results 
of OAEs. The measurement is the averaged 
spectrum of click evoked OAEs obtained from 
14 ears using IL092 in the linear stimulus 
mode. The dashed lines indicate 1 S.D. The 
GaGr is obtained from the FEM analysis, and the 
numerical result of OAEs is obtained from eq. (3) 
using the value of G'< = 6 .5 / (kHz).
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Figure 4. Numerically obtained levels of 
OAEs of normal subject and patient with 
SOM. The dashed line shows measurement 
result of noise level of IL092.

FREQUENCY (kHz)
Figure 6. Numerically obtained levels of 
OAEs of patient with 1-S joint separation. I- 
S joint separation is expressed by taking the 
Young's modulus of the I-S joint E,s to be 
6.0* 103 N/m2 and 6.0X102 N/m2.

are detectable at low frequencies when 
effusion in the middle ear space is little 
(less than 1/3 of the TM), because the 
numerically obtained OAE level is higher 
than the noise level at these frequencies. 
By contrast, if the middle ear space is filled 
with effusion, the OAE level is lower than 
the noise level over the entire frequency 
region.

Figure 5 shows numerically obtained 
OAEs of patients with otosclerosis. 
Otosclerosis is expressed by taking the 
Young's modulus of the stapedial annular 
ligament E AL to be 100 times (EAl =  6.5x1 06 
N/m2) and 1000 times (E Al -  6.5X107N/ 
m2) as large as the normal value. Because 

of the Young's modulus of trabecular bone is 8.8 X 107N/m2, the cases of E Al -  6.5 x 106 
N/m2 and E AL = 6.5 x 107 N/m2 are assumed to be corresponding to the mild and serious 
cases of otosclerosis, respectively. In the mild case, the OAE level is lower than the 
normal value at low frequencies but not affected at high frequencies. Therefore, in a 
mild case of otosclerosis, OAEs may be detectable at higher frequencies, although its 
level decreases at low frequencies. However, in the serious case of otosclerosis, the 
OAE level is lower than the noise level over the entire frequency region.

Figure 6 shows the numerically obtained OAEs of patients with 1-S joint 
separation. I-S joint separation is expressed by taking the Young's modulus of the I-S 
joint EIS to be 1 % (EIS = 6.0X 103 N/m2) and 0.1 % (E,s = 6.0X 102 N/m2) of the normal

Figure 5. Numerically obtained levels of 
OAEs of patients with otosclerosis. Otoscle
rosis is expressed by taking the Young's 
modulus of the stapedial annular ligament 
Eal to be 6.5* 106 N/m2 and 6.5X107 N/m2.
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value. When Ets — 6.0><103N/m2, OEA level around 1 kHz is close to the normal level. 
In contrast, in the case of E,s = 6.0X 102 N/m2, the OAE level of the patient is about 50 
dB lower than the normal value at wide frequency range. These results suggest that 
OAEs around 1 kHz are probably detectable if the joint is separated incompletely and 
connected by a fibrous union. However, if the I-S joint is separated completely, OAEs 
cannot be detectable.

5 Conclusions

1. Efficiency of the middle ear retrograde pressure gain is lower than that of the 
anterograde one.

2. Cochlear activity is proportional to frequency.
3. The peaks in the OAE spectrum are dominated by the middle ear characteristics.
4. The levels of OAEs obtained from middle ear disorder patients such as secretory 

otitis media, otosclerosis and I-S joint separation depend on the degree of the 
disorder, and each disorder possesses its own distinctive OAE frequency 
characteristics.
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The effects of lidocaine on basilar membrane (BM) vibration and compound action potential 
(CAP) were studied in young guinea pigs in order to elucidate the acting site of lidocaine in the 
cochlea The BM vibration was measured with a laser doppler vibrometer through an opening 
made on the bony wall of the scala tympani at the basal turn. Ten minutes after local 
administration of lidocaine into the scala tympani, the velocity of BM vibration and CAP 
amplitude decreased significantly at around the characteristic frequency (CF) of the stimulus 
sound (p<0.05). The maximum decrease was 4 dB in the velocity of BM vibration and 40 dB 
in the CAP amplitude. In contrast, such change was not observed after intravenous injection of 
lidocaine. The present results suggest that lidocaine acts not only on the outer hair cells but 
also on the cochlear nerve when it is administered into the scala tympani.

1 INTRODUCTION

Lidocaine is the most popular local anesthetic and is, in otologic field, used to 
suppress tinnitus. Intravenous injection [4, 8, 9] and intratympanic adm inistration 
[1, 10] of lidocaine have been shown to suppress tinnitus, however the exact 
mechanism of lidocaine’s effects on the cochlea remains unclear. The purpose of this 
study is to elucidate the acting site of lidocaine in the cochlea by measuring the 
basilar membrane (BM) vibration and compound action potential (CAP) when 
lidocaine is administered into the scala tympani or injected intravenously.

2 MATERIALS AND METHODS

2.1 Animal preparation
Young guinea pigs weighting 200 g to 300 g were anesthetized with an 
intraperitoneal injection of sodium pentobarbital (30 mg/kg). Following tracheal 
intubation, the animal was ventilated with a respirator. Pancuronium bromide (0.15 
mg/kg) was administered intraperitoneally for muscle relaxation. The body 
temperature of the animal was kept at 37 °C with a heating blanket during the 
experiments. Following removal of the pinna, the posterior-lateral otic bulla was 
opened and the cochlea was exposed. The BM was exposed through a small hole 
made on the bony wall of the scala tympani at the basal turn. The head was 
positioned to keep the BM horizontal.

2.2 Measurements o f basilar membrane vibration
A laser doppler vibrometer system (POLYTEC, OFV 3000) was used to measure the 
velocity of BM vibration. This system converts the target velocity to a voltage signal.
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The laser beam was a Helium-Neon laser of less than 1 mW and the spot size of the 
laser beam at the focal plane was approximately 10/z m in diameter. A few glass 
microbeads with a diameter of 10 to 301± m were placed on the BM as light reflectors 
and the laser beam was focused on them. The BM vibration in perpendicular 
direction was measured in response to a stimulus sound, which was a pure tone 
delivered to the ear canal from a function generator (NATIONAL, VP-7421 A) via a 
tubed earphone (ETYMOTIC RESEARCH, ER-2). Sound pressure of the stimulus 
sound was monitored with a probe microphone (ETYMOTIC RESEARCH, ER-7C) 
located close to the tympanic membrane, and was controlled to be 90 dB SPL in 
frequencies between 0.125 and 20 kHz. The voltage signals from the vibrometer 
controller were fed to a spectrum analyzer (HEWLETT PACKARD, 3582A) and the 
data were analyzed. Although the characteristic frequencies (CFs) varied between
9 kHz and 13 kHz depending on the location of glass microbeads, the animals with 
the CFs at 11 kHz were exclusively assigned for this study.

2.3 Electrophysiological recordings
CAPs were recorded with a silver electrode placed on the round window following 
measurement of BM vibration. Two other electrodes were placed in the ipsilateral 
neck muscle as a reference and under the parietal skin as a ground, respectively. 
Stimulus sound was a tone pip with a 1 ms rise and fall time at a characteristic 
frequency (CF), which was detected by measuring of the BM vibration. It was 
provided to the ear canal by a sound generator (DANA JAPAN, DA-502A) via a 
tubed earphone (ETYMOTIC RESEARCH, ER-2). Sound pressure near the 
tympanic membrane was monitored with a probe microphone (ETYMOTIC 
RESEARCH, ER-7C). For CAP recordings, the intensity of the tone pip was changed 
in 10 dB steps between 40 dBpeSPL and 120 dBpeSPL. Two hundred consecutive 
responses were amplified and averaged by a signal processor (NEC, SYNAX 1200).

2.4 Administration o f lidocaine
Lidocaine was applied locally or generally. For local administration (n = 6), 5 u 1 
(250 ii g) of lidocaine diluted with artificial perilymph was introduced using a 
micropipet into the scala tympani via the small hole made for measuring the BM 
vibration. As a control (n = 6), 5 ix 1 of artificial perilymph was adm inistered 
instead. For general administration (n = 6), lidocaine (1.5 mg/kg) was slowly injected 
into the cervical vein for 30 seconds. The dose was based on the clinical dose used to 
suppress tinnitus. BM vibrations and CAPs were measured before and 10 minutes 
after administration of lidocaine.

2.5 Statistical analyses
S tuden t’s t-test was used to analyze the results.
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3 RESULTS

3.1 Effects o f local administration
Figure 1 shows the BM vibration at a sound intensity of 90 dB before and 10 minutes 
after local administration of lidocaine. The data were the averages of 6 animals with 
the CFs at 11 kHz. After administration of lidocaine, the average peak velocity 
decreased from 605 to 372 /i m/s at the CF, and the maximum decrease was 4dB. The 
decrease was significant between 9 kHz and 13 kHz, when the CF was 11 kHz.

Figure 2 represents the input-output curves of CAP amplitudes before and 
after local administration of lidocaine in the same animals as shown in Figure 1. 
The stimulus sound was a tone pip at the CF (11kHz). For convenience, CAP 
amplitude at 120 dBpeSPL before the administration was defined as 100% in each 
case. Local administration caused a marked elevation of CAP threshold with an 
average of 40 dB. In contrast, neither velocity of BM vibration nor CAP amplitude 
changed after administration of the artificial perilymph (Figure 3,4).

3.2 Effects o f general administration
Figure 5 and 6 summarize the effects of general administration of lidocaine on the 
BM vibration and CAP. It is apparent that the intravenous injection did not have any 
effects on either BM vibration or CAP.

4 DISCUSSION

According to experimental studies by Hughes et al. [3] and Laurikainen et al. [5,6], 
lidocaine applied to the round window causes decrease of both cochlear 
microphonics (CM) and CAP. In human studies, intratympanic [7] and intravenous
[2] administration of lidocaine altered the amplitudes of evoked otoacoustic 
emissions; thus affecting the outer hair cells (OHCs) functions. Although lidocaine is 
reported to suppress the cochlear functions, the acting site of lidocaine after local 
administration in the cochlea remains unclear. The present study disclosed that it acts 
not only on OHCs but also on the cochlear nerve. Lidocaine administered into the 
scala tympani might diffuse rapidly to the cortilymph through the habenula perforata 
and might reach around the OHCs. It suppressed the motility of the OHCs, resulting 
decrease of the velocity of BM vibration. It might also reach the cochlear nerves 
through the habenula perforata and block the nerve conduction. The effect on the 
cochlear nerves was greater than that on the OHCs, since the decrease of the CAP 
amplitude was larger than that of the BM vibration.

In general administration, lidocaine had no effect on BM vibration or CAP 
amplitude. Laurikainen et al. [6] reported that neither intravenous injection nor 
infusion into the anterior inferior cerebellar artery had any effect on CAP or CM, 
suggesting a presence of the blood-labyrinthine barrier. We concluded that clinical
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dose of lidocaine does not have any effect on cochlear function.
In conclusion, the present study indicates that the acting sites of lidocaine 

administered into the scala tympani are both the OHCs and the cochlear nerves.
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N=6

Frequency (kHz)
Fig. 1 Mean velocity of the basilar membrane (BM) vibration before and 10 min 

after the administration of lidocaine into the scala tympani. The vertical 
bars indicate one standard deviation. An asterisk indicates a significant 
decrease (* p<0.05, ** p<0.01).

50 60 70 80 90 100 110 120 
Sound Intensity (dBpeSPL)

Fig. 2 Input-output curves of compound action potential (CAP) evoked by a tone 
pip at the characteristic frequency (CF) before and 10 min after the 
administration of lidocaine into the scala tympani. For convenience, 
CAP amplitude at 120dB before the administration was defined as 100% 
in each case. The vertical bars indicate one standard deviation. An 
asterisk indicates a significant decrease (* p<0.05, ** p<0.01).
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N = 6

Frequency (kHz)

Fig. 3 The mean velocity of the BM vibration before and 10 min after the 
administration of artificial perilymph into the scala tympani (control 
animals). The vertical bars indicate one standard deviation.
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Fig. 4 Input-output curves of CAP amplitude in control animals. The vertical 
bars indicate one standard deviation.
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Fig. 5 The mean velocity of the BM vibration before and 10 min after the 

intravenous injection of lidocaine. The vertical bars indicate one 
standard deviation.
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Fig. 6 Input-output curves of CAP amplitude before and 10 min after the 
intravenous injection of lidocaine. The vertical bars indicate one 
standard deviation.
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Inwardly rectifying K+ (Kir) channels play pivotal roles in regulation of excitability of the cells 
and setting their resting membrane potential in various tissues. However, the expression and 
function of Kir channels in inner ear have not been fully elucidated. Here we report that a Kir 
channel, Kir4. I/Kab-2, is crucial for auditory function in cochlea of inner ear. Using the 
electrophysiological experiment, RT-PCR method, and immunohistochemistry, we found that 
Kir4.1 was specifically expressed at the basolateral membrane of marginal cells in stria 
vascularis and might play the central role in formation of positive endocochlear potential [3]. 
Furthermore, in satellite cells of cochlear ganglions, we detected the specific localization of 
Kir4.1 on their myelin sheaths with immunogold electron microscopy, suggesting that Kir4.1 is 
responsible for regulation of K+ ions extruded from the ganglion neurons during excitation [4], 
Therefore, Kir 4.1 may be indispensable for proper function of inner ear.

1 Introduction

Cochlear endolymph, an unusual extracellular fluid containing 150 mM K+, 2 
mM Na+, 20 |uM Ca2+, has a highly positive potential of ~+80 mV. This so called 
"endocochlear potential (EP)" is essential for hearing. Generation of high 
concentrations of K+ ([K+]) and positive EP in endolymph have been considered to 
occur at the cochlear stria vascularis [12]. Although pivotal roles of K+ channels 
expressed in stria vascularis in formation of EP have been suggested, the types and 
distribution of K+ channels in cochlea have not been characterized.

Cochlear ganglion neurons, one of the bipolar sensory neurons, are excited at 
their dendrites by glutamate released from the hair cells, and then transduce the hair 
cell signal to the central auditory system. The somata of cochlear ganglion neurons 
are surrounded by usually more than two satellite cells, as in the case of other types
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of sensory and autonomic ganglions. Electron microscopic examination has 
revealed that cochlear satellite cells wrap the somata of ganglion neurons with 
multiple layers of myelin sheaths, the structure of which is similar to that of the 
myelin sheaths of Schwann cells surrounding peripheral nerve fibers [10]. 
However, neither functional roles nor electrical properties of satellite cells have been 
fully clarified so far.

Using a variety of experimental methods, we found that, in stria vascularis, 
Kir4.1 was localized at the basolateral membrane of marginal cells, and might play 
the central role in formation of positive EP. We further identified that Kir4.1 was 
expressed specifically in myelin sheaths of cochlear satellite cells, suggesting that 
this channel may be responsible for regulation of K+ ions extruded from the ganglion 
neurons during excitation. These results indicate that Kir4.1 may be the channel 
crucial for auditory function.

2 Methods

2.1 Measurement o f endocochlear potential.

Healthy albino guinea pigs (200-250 g) (SLC, Hamamatsu, Japan) were 
anesthetized intramuscularly with pentobarbital sodium (Nembutal; Abbott, Chicago, 
IL). The right cochlea was exposed with a ventrolateral approach. Endocochlear 
potential (EP) on the right side was measured with a glass microelectrode filled with 
160 mM KC1 solution, inserted into the scala media of the second turn through the 
spiral ligament (see inset of Fig. 1). Vascular perfusion of the stria vascularis was 
performed at a rate of 1.5 ml/min through a polyethylene tube located in the right 
vertebral artery.

Control perfusate contained (in mM): 136.5 NaCl, 5.4 KC1, 1.8 CaC12, 0.53 
MgC12, 5.5 glucose, and 5.0 HEPES-NaOH buffer (pH 7.4). Barium chloride and 
4-aminopyridine were dissolved in control solution before use. When 40 mM 
tetraethylammonium chloride was used, the NaCl concentration was adjusted to 
maintain the correct osmotic pressure.
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2.2 RT-PCR analyses and in situ hybridization histochemistry o f KAB-2 in rat 
cochlea.

Total RNA from whole cochleae of female adult Sprague-Dawley (SD) rats (130-170 
g) (SLC) was extracted by guanidine thiocyanate methods. cDNA was synthesized 
using oligo-(dT) primers after treatment of RNA with deoxyribonuclease (DNase) I. 
Stria vascularis was isolated as follows. The ear capsules of female adult SD rats 
(130-170 g) (SLC) were exposed and broken out. Then cochlear lateral walls with 
stria vascularis and spiral ligament were isolated. Stria vascularis were separated 
from spiral ligament with a fine needle in cold phosphate buffered saline (PBS). 
The pieces of isolated stria vascularis were suspended in the solution containing 10 
mM Tris-HCl, 1 mM EDTA, pH 7.4. They were rapidly frozen with dry ice and 
thawed twice. Then DNase I and tRNA (10 mg) were added to the mixture in the 
presence of ribonuclease inhibitor and incubated for 15 min at 37 degree. After 
incubation, the mixture was treated with proteinase K for 30 min at 55 degree and 
then for 10 min at 70 degree. RNA was treated with phenol and chloroform, and 
precipitated with ethanol. The RNA thus obtained was used to synthesize cDNA, 
which was used for PCR reaction. The nucleotide positions of primers specific to 
cDNA of different inwardly rectifying K+ (Kir) channel subunits and the protocols of 
each PCR reaction are described in [3]. For positive control reactions, cDNA of 
each Kir subunit was used as a template. All PCR products were analyzed by a 2% 
agarose gel. Ethidium bromide was used for staining of PCR products.

2.3 Immunohistochemistry

Affinity-purified anti-KAB-2C2 antibody, which was raised against the amino acid 
sequence in the C-terminal end of rat Kir4.1/Kab-2 (EKEGSALSVRISNV), was 
prepared as reported previously (5).

Slice immunohistochemistry was performed as described previously [5]. 
The cryo-sections of cochleae were incubated with anti-KAB-2C2 antibody (0.08 
(ig/ml) and treated with ABC-kit (Vector Laboratories).

2.4 Immunogold electron microscopy.

Immunogold electron microscopic analysis was performed as described 
previously [2, 9]. Ultra-thin sections of cochleae were treated with anti-KAB-2C2 
antibody (30 ng/ml), and then incubated with gold-conjugated secondary antibody 
(10 nm particles).
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3. Results

3.1 Effects o f blockers o f K+ channels on EP

To estimate which types of K+ channels might be crucially involved in generation 
of the highly positive endocochlear potential (EP), we perfused three kinds of K+ 
channel blockers, Ba2+, a non selective blocker of inwardly rectifying K+ (Kir) 
channels, and 4-aminopyridine (4-AP) and tetraethylammonium (TEA), blockers of 
voltage-dependent K+ (Kv) channels, into a right vertebral artery while measuring EP 
in guinea pig. Capillaries in the stria vascularis diverge from the anterior inferior 
cerebellar artery, one of the branches of the vertebral artery. Thus, the blockers 
were probably applied to intermediate cells, the basolateral surface of marginal cells 
and the apical side of basal cells in the stria vascularis.

EP under control conditions was approximately -80 mV in each of guinea pigs 
we examined. Perfusion of Ba2+ (300 jxM - 3 mM) caused rapid (< 1 min) and 
prominent decline of EP in a dose dependent fashion as reported previously [6]. 
Continuous perfusion of Ba2+ for 2 min depressed EP by 20.5 ±2.1 mV at 300 |nM,
41.3 ±4.1 mV at 1 mM, and 71 ±2.6 mV at 3 mM (means ± S.D.; n=4). These 
responses were reversible (Fig. 1). On the other hand, perfusion of high 
concentrations of 4-AP (3 mM) or TEA (40 mM) had little effect on EP (n=4; Fig. 1, 
lower panel). The Ba2+ induced depression of EP is, therefore, likely to be the 
result of inhibition of Kir channels and not Kv channels, although high 
concentrations of Ba2+ could also inhibit Kv channels.

3.2 RT-PCR analyses

The Kir family has more than ten members. To identify which Kir subunits are 
expressed in cochlea, the reverse transcription-polymerase chain reaction (RT-PCR) 
analysis of rat cochlear total RNA was performed using specific sets of primers for 
eleven Kir subunits, ¥̂ m-2fYJir4.\, ROMKl/Kirl.l, GIRKl-4/Kir3.1-3.4, 
IRK3/Kir2.1-2.3, uKATP-l/Kir6.1 and BIR/Kir6.2. These primers can identify all 
Kir subunits so far reported with the exception of BIR9/Kir5.1. Because Kir5.1 
alone did not form a functional Kir channel [1], in this study we have examined 
almost all subunits, which are currently available, forming functional Kir channels.

We found that five Kir subunits, i.e. Kir4.1, Kir 1.1, Kir3.4, Kir6.1 and Kir2.2),
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were expressed in whole cochlea. We further performed RT PCR analysis of the 
total RNA isolated from stria vascularis. Among the five subunits, only Kir4.1 was 
expressed in stria vascularis. Therefore, among eleven Kir subunits so far 
examined, Kir4.1 is the only one expressed in stria vascularis.

3.3 Immunohistochemistry

We have developed a specific polyclonal antibody against the C-terminal region 
of Kir4.1 subunit (anti-KAB-2C2 antibody) [5]. We examined the distribution of 
Kir4.1 in rat cochlea using this antibody. Kir4.1-immunoreactivity existed in stria 
vascularis in all turns of cochlea. The immunoreactivity was also detected in organ 
of Corti. At a higher magnification, the immunoreactivity was detected on Deiters' 
cells in the organ, but not in outer hair cells. Kir4.1 -immunoreactivity was also 
detected in spiral ganglions. Careful observation revealed that this 
immunoreactivity was detected not in the ganglion neurons, but in the satellite cells 
surrounding neurons.

To further investigate the subcellular localization of Kir4.1 in cochlea, we 
performed immunogold electron microscopic examinations in stria vascularis and 
ganglions. In stria vascularis, Kir4.1-gold particles were specifically localized at 
the basolateral membrane, but not apical membrane, of marginal cells. Gold 
particles were detected neither on the membrane of intermediate nor that of basal 
cells. In cochlear ganglions, it was revealed that Kir4.1 was specifically expressed 
on the layers of myelin sheaths of satellite cells, but not either on the most outer 
membrane of satellite myelin sheaths or on the somatic membrane of satellite cells. 
No gold particles were also not detected at the membrane of ganglion neurons.

4. Discussion

4.1 Putative functional role o f Kir4.1 in formation o f EP

In this study, we found Kir4.1 was only one Kir channel and expressed 
specifically at the basolateral membrane of marginal cells of stria vascularis. This 
results strongly suggest that Kir4.1 is critically involved in Ba2+ inhibition-EP.

Because both the potential of marginal cells and that of extracellular fluid in the 
interlayer space are -+100 mV, and because this extracellular fluid contains —5-10
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mM [K+] [11], K+ ions should flow through Kir4.1, at least theoretically, outward 
from the basolateral side of marginal cells to the extracellular space. Abundant 
Na+,K+-ATPase and Na+,K+,2Cr-cotransporter are localized at the basolateral 
membrane of marginal cells. These ion transport molecules, when actively working, 
may cause depletion of K+ ions in the extracellular fluid surrounded by the prominent 
infoldings of basolateral membrane of marginal cells, which may result in inhibition 
of these ion-transporters. To sustain high activity of Na+,K+-ATPase and 
Na+,K+,2Cr-cotransporter, K+-secretion through Kir4.1 into interlayer space from 
marginal cells may be mandatory.

4.2 Putative functions o f Kir4.1 in cochlear satellite cells

We further identified that, in cochlear ganglions, Kir4.1 was specifically 
expressed in myelin sheaths of satellite cells but not neurons. Although satellite 
cells surround the somata of ganglion neurons with myelin sheaths, there are neither 
as tight nor devoid of cytosol as those of Schwann cells surrounding axon fibers. 
They may therefore have functions other than to just insulate individual ganglion 
neurons from their neighbors and prevent electrical interference. Schwann cell 
membranes are not entirely devoid of ion channels. Kir and Kv channels are 
localized to the Schwann cell membrane at the node of Ranvier where axonal K+ 
flows do occur and they may be involved in the absorption of extra-axonal K+ ions 
via Kir and extrusion of K+ ions via Kv channels into the external space [7, 8]. 
Because the somata of ganglion neurons generate the action potential, the 
extracellular K+ ions may increase during excitation. Thus, the localization of 
Kir4.1 in the myelin sheath of satellite cells but not the external membrane may 
suggest a role in the buffering of K+ ions extruded from the ganglion neurons. 
Further studies are required to determine whether and where Kv or other types of K+ 
channel might be expressed in satellite cells to complete the picture of K+ cycling 
from neuron to extracellular space.
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To date, mechanical measurements in chinchilla cochleae are available only for two regions, 
one at a basal site and the other at the apex (3.5 and 14 mm from the oval window, 
respectively). We have begun to study basilar-membrane vibrations at the hook region of the 
chinchilla cochlea, at sites with CF -15 kHz located -1.7 mm from the stapes. At this time, 
results are available only from cochleae substantially traumatized by surgical procedures. 
Nevertheless, these results reveal basilar-membrane response properties qualitatively similar 
to those of the 3.5-mm site in healthy preparations. At frequencies well below CF, responses 
to tones are linear. Around CF, responses exhibit nonlinear behavior: vibration magnitudes 
grow with stimulus intensity at compressive rates and phases display lags and leads, 
respectively, at frequencies lower and higher than CF. Phase-vs.-frequency curves consist of a 
low-frequency segment with shallow slope, a steep-slope segment at frequencies near CF, and 
a plateau at higher frequencies.

1 Introduction

Although a reasonably complete understanding of cochlear mechanics will require 
observing basilar-membrane vibration at many sites of the cochlea, anatomical 
constraints have made it difficult to obtain in-vivo recordings from more than one 
region in any given species. In the case of the chinchilla, measurements have been 
made at a basal site with characteristic frequency (CF) of 9-10 kHz, located some
3.5 mm from the stapes [e.g., 7-9] and an apical site (CF: 500-800 Hz) located some 
14 mm from the stapes [6]. Here we report on basilar-membrane responses to tones 
recorded at a third site of the chinchilla cochlea, located in its hook region at about
1.7 mm from the stapes.

2 Methods

Methods were similar to those used for in-vivo recordings of basilar-membrane 
vibrations at the 3.5-mm site in chinchilla [8]. To minimize heat loss from the 
widely exposed cochlea, which lowers cochlear sensitivity, the metal headholder 
was furnished with an electrical heater. The pinna and bony ear canal were excised 
to facilitate placement of a speculum, which delivered acoustic stimuli. The tendons 
of the tensor tympani and stapedius muscles were severed. The basilar membrane 
was accessed near its basal extreme by removing the posterior rim of the round

mailto:mruggero@nwu.edu
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window and its membrane. The vibrations of glass microbeads strewn on the basilar 
membrane were measured with a laser velocimeter coupled to a microscope. All 
basilar-membrane recordings were made at sites with CFs of 14-16 kHz. Responses 
could not be measured for stimulus frequencies lower than 3 kHz because at such 
frequencies they were “masked” by vibrations, of the perilymph-air interface induced 
by ossicular vibration [1, 9]. Middle ear vibrations were also recorded routinely, 
typically from the incus, near the incudo-stapedial joint or, sometimes, from the 
stapes. A silver wire electrode in the vicinity of the round window was used to 
measure compound action potential thresholds (CAP; 10 criterion), which served 
to assess cochlear sensitivity.

3 Results

As judged from elevations of CAP thresholds, we have not yet succeeded in 
recording from normal cochleae. Even before removal of the round window 
membrane, CAP thresholds at frequencies in the vicinity of the CF (-15 kHz) of the

3 4 5 6 7 8 9 10 15 20

F r e q u e n c y ,  Hz

Figure 1. The magnitude of basilar membrane responses to tones as a function of stimulus intensity and 
frequency, expressed relative to the responses of the incus.
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basilar-membrane recording site were substantially higher than at lower frequencies 
(e.g., 60 dB SPL at 16 kHz vs. 34 dB at 11.3 kHz ). We have evidence, based on 
comparisons of CAP thresholds and single-unit thresholds recorded from the same 
cochleae, that the relatively high CAP thresholds at high stimulus frequencies 
grossly underestimate (by nearly 40 dB) the sensitivity of auditory-nerve fibers with 
the same CF [10]. After removing the round window membrane, thresholds were 
always elevated. We present here responses from a representative cochlea which 
suffered a 10-dB sensitivity loss at the CF of the basilar-membrane recording site.

At frequencies lower than ~0.7*CF or higher than ~1.3*CF, basilar-membrane
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Figure 2. The phases of basilar membrane responses to tones as a function of stimulus intensity and 
frequency, expressed relative to the responses of the incus.

responses to tones were linear. Around CF, responses grew with stimulus intensity at 
compressive rates (Fig. 1). As a result, sensitivity (i.e., basilar-membrane vibration 
magnitudes expressed relative to middle-ear vibration, as in Fig. 1, or stimulus level) 
for stimulus frequencies near CF were largest at the lowest stimulus levels and 
became smaller with increasing level. In the cochlea illustrated in Fig.l, near-CF 
sensitivity decreased by about 20 dB as stimulus intensity was increased between 30 
and 100 dB SPL. In other cochleae (not shown) level-dependent sensitivity changes
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ranged from almost nil in cochleae highly traumatized by surgical procedures to 40 
dB (not shown).

BM responses could be 1000 times larger than those of middle-ear ossicles for 
CF stimuli presented at low levels, 30-50 times larger at ~0.7*CF but only a few 
times larger for lower frequencies (e.g., 4 kHz). Frequency tuning exhibited the 
familiar pattern of a traveling wave, with the high-frequency slope being much 
steeper than the low-frequency slope. The steep decline of sensitivity for high 
frequencies was interrupted by a plateau.

Phase-vs.-frequency curves (re stapes or incus) exhibited the well-known 
traveling-wave pattern of accumulating phase lag, with three distinct segments (Fig. 
2). For frequencies < 0.8- 0.9*CF, the curves had a shallow constant slope 
equivalent to a delay of « 40 fa.s. Phase accumulation was rapid at frequencies 
flanking CF, with a slope equivalent to a delay of « 350 fis. The phase accumulation 
at CF amounted to 0.5-1.5 periods, with an additional 1-2 periods of lag at 
frequencies higher than CF. The phase roll off was interrupted at ~1.3*CF, 
whereupon phase lag attained a constant value of 2.5 periods (or another multiple of 
7i radians).

Frequency,  kHz

Figure 3. The variation of response phase as a function of stimulus frequency and level. To emphasize 
the level changes, phases are normalized to the responses to 80-dB tones.
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Frequency (kHz)

Figure 4. Propagation of the traveling wave between basilar-membrane sites located 1.7 and 3.5 mm 
from the stapes. Travel time and velocity, as well as wavelength, are plotted for responses to 50- and 90 
dB stimuli as a function of frequency.

The aforementioned level-dependent sensitivity changes near CF (Fig. 1) were 
accompanied by phase changes (Fig. 3). As stimulus intensity increased, phase lags 
increased and decreased, respectively, at frequencies lower and higher than CF but 
the overall phase accumulation did not change at some crossover frequency near CF. 
Phases did not vary with stimulus intensity at frequencies < 0.7*CF or >1.3*CF.

4 Discussion

Combining the present vibration data for the 1.7-mm site of the chinchilla 
cochlea with comparable basilar-membrane data for the 3.5-mm site [e.g., 9], we 
computed some characteristics of the traveling wave in the intervening 1.8 mm using 
the following equations:

travel time = (A<() / 360) * period, 
propagation velocity = 1.8mm / travel time, 

wavelength = 1.8mm * (360/ A<|)),

(1)
(2)
(3)
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where A<|> is the phase difference (in degrees) between responses at the two basilar- 
membrane sites.

Propagation velocity, travel time and wavelength are plotted in Fig. 4 as a 
function of frequency. Travel time increases logarithmically with frequency, 
whereas propagation velocity and wavelength decrease logarithmically as a function 
of frequency. At -12 kHz, the CF of a basilar-membrane location lying midway 
between the 3.5 and 1.7 mm sites, propagation velocity is 6 m/s and the wavelength 
is 0.5 mm. Comparable calculations can be made using squirrel monkey data 
recorded from basilar-membrane sites approximately 1.5 mm apart [5]. For the 
squirrel monkey data, wavelength also decreases as a function of frequency, from 
about 10 mm at 2 kHz, to about 2 mm near CF (~ 7 kHz). Interestingly, however, 
travel time and propagation velocity (-100 [is and -16 m/s) are essentially constant 
over the same frequency range. The lack of dependence of travel time or velocity 
reflects the almost linear roll-off of phase with frequency, which contrasts with a 
continuously accelerating phase lag in the present results in chinchilla (Fig. 2).

Basilar-membrane responses at the 1.7-mm site of the chinchilla cochlea 
resemble qualitatively, in essentially every respect, those at the 3.5-mm site in the 
same species [9]. However, the available responses at the 1.7-mm site are less 
sensitive and exhibit less compressive nonlinearity than at the 3.5-mm location. For 
example: basilar-membrane vibration magnitudes exceed stapes vibration by 73-78 
dB and 55 dB, respectively, at the 3.5-mm and 1.7-mm sites. The intensity- 
dependent changes of gain at CF were 55-69 dB at the 3.5-mm site but did not 
exceed 40 dB at the 1.7-mm site. The differences are due, at least in part, to greater 
surgical damage in the recordings from the hook. Nevertheless, it is also possible 
that sensitivity and nonlinearity are weaker in the hook region even in entirely 
normal chinchilla cochleae.

The magnitude of peak basilar-membrane gain at the hook region of the 
chinchilla — 55 dB re ossicular motion -- is comparable to gains reported for hook 
locations in cat and guinea pig cochleae, 42 and 48 dB respectively [1]. In the 
gerbil, the gains are only about 22 dB in insensitive cochleae [11] but they reach 40- 
58 dB in healthier cochleae [3-4]. The intensity-dependent change of gain at the 1.7- 
mm site of chinchilla (<40 dB) is also comparable with corresponding 
measurements at the hook region of gerbil, cat and guinea pig cochleae (20-30, 36 
and 19 dB, respectively). In making these cross-species comparisons, it is important 
to keep in mind that the recording sites have different CFs in different species: 15 
kHz in chinchilla (e.g., Fig. 1), and 30, 33 and 35-38, respectively, in guinea pig 
[1,2], cat [1] and gerbil [3-4].
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FORWARD AND REVERSE TRAVELING WAVES IN THE GERBIL
COCHLEA

D. C. MOUNTAIN, H. H. NAKAJIMA, S. RAFEE, AND A. E. HUBBARD

Boston University Hearing Research Center, 44 Cummington St., Boston, MA, 02215 USA 
E-mail: dcm@bu.edu, hhn@bu.edu, srafee@yahoo.com, aeh@bu.edu

Travel times for forward traveling waves were estimated by computing the group delay for 
the cochlear microphonic (CM) measured with an electrode in scala media and reverse travel 
times were estimated using electrically-evoked otoacoustic emissions (EEOE) generated 
using the same electrode. The results from these experiments were compared to each other as 
well as to round-trip travel times estimated using cubic distortion-product otoacoustic 
emissions (DPOAE). Our results suggest that, for the middle and basal regions of the 
cochlea, forward and reverse traveling waves have similar velocity-place profiles. In the 
cochlear apex, it appears that the traveling-wave mechanics may be more complex.

1 Introduction

One o f the most fundamental features o f cochlear function is the propagation of 
acoustic energy via a traveling wave. This wave is amplified by the outer hair cells 
(OHC) and then detected by the inner hair cells. The complex architecture of the 
mammalian cochlea, however, has led to speculation that there could be more than 
one mode o f traveling-wave propagation in the cochlear partition [1].

A B

Area Change No Area Change

Figure 1. Possible shape changes in the organ of Corti due to OHC contraction.

Multimode propagation could take place if the organ of Corti undergoes 
significant changes in cross sectional area [2]. For example, outer hair cell 
contraction in a given cochlear location would be expected to move the reticular 
lamina closer to the basilar membrane which in turn could squeeze fluid out the 
contracted region and longitudinally into adjacent expanded regions (Figure la).
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Alternatively, the contracted region could be balanced by expanded regions other 
radial positions in the same cross section (Figure lb).

In order to search for evidence of multiple modes we have compared estimates 
of travel times for both forward and reverse traveling waves using a variety of 
physiological measures in the gerbil.

2 Methods

2.1 Surgical preparation and experimental setup

Adult Mongolian gerbils, Meriones unguiculatus, were anesthetized with an 
initial intraperitoneal injection of sodium pentobarbital (60 mg/kg) and maintained 
with 12 mg/kg as needed according to an institutionally approved protocol. The 
surgical procedure and the experimental setup, including acoustic and electrical 
stimulation and the recording of emissions, CM, and summating potential (SP), were 
similar to those described in Nakajima et al. [3,4]. An ear bar with probe-tube 
microphone (B&K type 4166) and earphone (Beyer DT-48) was attached to the 
bony auditory canal. A glass microelectrode filled with 1.5 M KC1 with a 2 to 4 
tip and 1 to 2 ME impedance was inserted into the scala media of the second 
cochlear turn to stimulate the cochlea with electrical current and to measure CM. 
The characteristic frequency (CF) of the electrode location was estimated using the 
SP and CM recordings. The location of the electrode was determined from digitized 
images of the cochlea fixed with glutealdehyde.

For measurements of CM and EEOE, the stimulus level was held constant and 
the stimulus frequency swept. For measurements of DPOAEs, the higher frequency 
(F2) was fixed and the lower frequency (F1) swept. The primary sound levels were 
kept fixed and equal. All measurements were repeated at several stimulus levels and 
response phases were measured using fast Fourier transforms

Group delays were measured by fitting phase vs. response frequency curves 
using linear regression. Since the responses used in this study are believed to be 
generated from a distributed region rather than a discrete point, the group delay was 
calculated for frequencies less than half an octave below CF to avoid potential errors 
created by the shorter wavelength near CF.

3 Results

3.1 Forward and Reverse Delays

Delays for forward traveling waves were estimated using the CM phase 
referenced to ear canal sound pressure and for reverse traveling waves using the 
EEOE phase referenced to the electrical stimulus. The same electrode was used to 
measure CM and to pass current to evoke the EEOE in each animal. The left panel
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of Figure 2 shows the CM phase data for experiments in three different cochlear 
turns. CF for turn 1 is approximately 13 kHz, for turn 2 it is approximately 2.5 kHz 
and for turn 3 is approximately 0.6 kHz. Over most of the frequency range below 
CF the phase curves are quite straight with turn 3 having the greatest slope. Similar 
results were observed for the EEOE data (Figure 2, right panel) with the exception 
that the phase slope became less steep at a frequency near or somewhat below the 
expected CF.
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Figure 3. Comparison of CM group delays measured at the SPLs indicated with the EEOE group 
delay. Lines through the data are regression lines.
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Group delays calculated from both CM and EEOE data are plotted in Figure 3 
as a function of electrode location. EEOE group delays showed little change with 
stimulus level but CM group delays typically increased at high sound levels, 
especially for turn 3 (see Figure 3). The CM and EEOE group delays measured in 
the same animal had very similar values except for the turn 3 electrode location. 
Here most of the CM data fell below the EEOE data and only the 90 dB CM group 
delays exhibited a close match to the EEOE group delays.

3.2 Round trip travel time

To further explore the travel times for the apical cochlear regions, the roundtrip 
travel time was estimated using DPOAE (2F1-F2) group delays generated by 
holding F2 fixed and sweeping F I. Figure 4 illustrates phase data for 4 different F2 
values from a single gerbil. Phase was an approximately linear function of emission 
frequency with the largest slopes corresponding to the lowest F2 frequencies. 
Except for the F2 = 1 kHz data, group delays were relatively independent of primary 
intensity except for sound levels in the 80-90 dB range. The 1 kHz group delays 
appear to be more sensitive to sound level with large changes occurring by 50 dB 
SPL.

DPOAE Frequency  (Hz)

Figure 4. DPOAE phase measured using the F2 frequencies indicated.

To compare the round-trip group delay measured with the DPOAE to the 
forward and reverse group delays measured with the CM and EEOE, the DPOAE 
group delay was divided by two. Figure 5 shows the comparison between this
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modified DPOAE group delay and a regression line fit to the EEOE data. To derive 
a location for DPOAE generation, we assumed that it corresponded to the best place 
for F2 and used the gerbil frequency-place map [5]. As was the case for the CM, the 
DPOAE data are very similar to the EEOE data except for the apical turn. Here the 
F2 = 1 kHz data (distance approximately 80% from base) consistently fell below the 
EEOE regression line.

Distance from Base (%)

Figure 5. Comparison of DPOAE group delays to the EEOE group delay regression line. DPOAE 
group delays have been divided by two for comparison purposes.

4 Discussion

Group delays estimated for the same cochlear location using the CM, EEOE, 
and the DPOAE were quite similar except for those measured in the apical turn. If 
we can assume that the CM and EEOE are both generated at the electrode location 
and that the DPOAE is generated at the F2 place, then it appears that both the 
forward and reverse propagation of these waves have similar velocities. This 
similarity, however, may not hold for the cochlear apex.

Several lines of evidence support the assumption that the CM and EEOE are 
generated at or near the electrode location. In these experiments, the CF of the 
electrode location 'estimated using CM generated with low sound levels 
corresponded well with the CF expected from the gerbil frequency-place map [5]. 
Similar results were also found for CF estimates using a related potential, the SP. 
Likewise, previous experiments using acoustic trauma [4] and using acoustic 
enhancement [6] support the assumption that the EEOE is generated at or near the 
electrode location.
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The location of DPOAE generation is some what less clear. Previous 
experiments using an interfering tone support the assumption that the DPOAE is 
generated near the F2 place [7]. We have examined this effect in the gerbil and find 
that, for the F2 frequencies used here, the interference is largest for interfering tone 
frequencies near F2 for F2 ft 3,6, and 9 kHz. This is consistent with the assumption 
that the DPOAEs for these frequencies come from the F2 place. For F2 = 1 kHz, a 
tone with frequency significantly above F2 can be a very effective DPOAE 
suppressor suggesting that DPOAEs generated using low F2 frequencies may be 
coming from a more basal region or that the generation mechanism is more complex.

5 Conclusion

For the basal 70% of the cochlea, our estimates of travel times based on CM, 
EEOE, and DPOAE measurements are very similar and not very sensitive to 
stimulus level. Therefore the data from the basal region suggest that there is a single 
wave-propagation mode in the organ of Corti. However, this result does not rule out 
the multimode hypothesis. It may be that if more than one mode exists, then the 
CM, EEOE, and DPOAE group delays are dominated by the velocity of a single 
mode or it may be that the differences in modal velocities are not great.

The results for the apical 30% of the cochlear are more difficult to interpret. 
Here we do not see good agreement between the different delay estimates. The 
group delays themselves are more sensitive to stimulus level, and the generation site 
for the DPOAE is in question. It is interesting to note that this is the same cochlear 
region where neural tuning curves loose their tails and become less tuned [8], 
Further studies will be required to determine if the apical results are due to multiple 
modes or due to differences between CM, EEOE, and DPOAE generation 
mechanisms.
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RADIAL VARIATION IN THE VIBRATIONS OF THE COCHLEAR 
PARTITION.

N.P. COOPER
Physiology Dept., University o f Bristol, Bristol, BS8  1TD, U.K.

Experimental observations of sound-evoked vibrations of the cochlear partition are presented.
The vibrations are shown to vary widely in amplitude, but little in phase, across the width of 
the partition. The radial amplitude profile is shown to be asymmetric and stable across a wide 
range of conditions. The largest vibrations are observed between the midline of the basilar 
membrane and the feet of the outer pillar cells. Differences between the phase of the 
vibrations in the arcuate and pectinate zones of the partition are observed under certain 
conditions, but these rarely exceed 30 degrees in magnitude.

1 Introduction

Experimental investigations of cochlear mechanics are often limited, on account of 
the available measurement techniques, to studying single locations on the cochlear 
partition. Multiple locations have been studied on occasions (e.g. [7,8,14,16]), but 
few techniques have permitted systematic investigations into the spatial 
distributions of mechanical excitation in the cochlea (e.g. [2,9,10,13,17]). The 
distribution of this excitation across the width of the cochlear partition is expected 
to be of particular interest, as it might well shed light on the role of outer-hair-cell 
(OHC) electromotility [1,3] in cochlear mechanics. One very recent investigation 
into this distribution has shown the basilar membrane to have a bi-modal response 
profile, with large variations in response phase across the width of the cochlear 
partition [13]. It was argued that these results indicated a substantial role for OHC 
electromotility. Large phase variations have also been predicted using 3- 
dimensional models of the cochlear partition [11], and polarity-reversals are 
routinely observed under conditions of electrical stimulation [14].

In the present study, the distribution of the mechanical excitation across the 
width of the cochlear partition is considered once more, with results which differ 
considerably from those reported by others. An abstract of this work has been 
presented elsewhere ([5]).

2 Methods

A displacement-sensitive laser interferometer [4] was used to record mechanical 
responses to pure tones in the basal turns of the cochlea in twelve guinea-pigs and 
four gerbils. The spot size of the interferometer was ~2.4|im (distance between 1/e 
points) and the depth of focus was 23pm (full-width, half-maximum carrier power),
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Figure 1: Radial profiles of sound-evoked vibration in the hook region of one guinea-pig cochlea 
(experiment UB022). A, amplitudes and B, phases of responses as a function of stimulus frequency. The 
recording site was near to the position of the outer pillar cell feet, and data are shown after normalization 
by the stapes vibrations evoked by similar stimuli. Sound pressure levels (in dB re: 20|iPa, i.e. dB SPL) 
are indicated in panel A. CAP thresholds were around 45dB SPL at 33kHz (no change from beginning of 
experiment). Post-mortem data arc shown as solid squares (PM 100). C, amplitudes and D, phases of 
responses to 33kHz tones as a function of position across the width of the cochlear partition. Sound 
pressure levels are indicated in panel C. Responses to 100, 75 and 50dB SPL tones were observed in 
succession at each location before changing the recording location. Vertical gridlines indicate positions of 
outer spiral lamina (O.S.L.), outer pillar cell feet, and inner spiral lamina (I.S.L.). Post-mortem 
amplitudes in panel C are reduced by a factor of 2 re: the in vivo data by changes in the middle-ear 
transfer function.

as measured in air [4]. The optical sensitivity of the interferometer was sufficient to 
record responses without the need to place artificial reflectors on the cochlear 
partition, although such reflectors were used for control/comparative purposes in 
several experiments (see [6]).

All animals were deeply anaesthetised throughout the experimental procedures 
(for details see refs. [4,5]), and were lethally overdosed on completion of the in vivo 
measurements. Responses were usually measured through a small tear in the round 
window membrane in the hook region of the cochlea, although recordings were also 
made after shaving a small hole through the bone into the first turn of the scala 
tympani in two animals (these recordings allow more direct comparisons with other 
studies, e.g. [13]). Glass cover-slips were used to stabilize the perilymphatic
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Figure 2: Radial profiles of sound-evoked 
vibration in the hook region of another guinea-pig 
cochlea (experiment UB036). A, amplitudes and 
B, phases of responses as a function of position 
across the width of the cochlear partition. 
Stimulus frequencies and sound pressure levels 
are indicated in panel A (two sets of 30kHz data 
were collected at 50dB SPL). CAP thresholds 
were around 40dB SPL at 30kHz (~5dB 
deterioration from beginning of experiment). 
Responses were observed at each location before 
changing the stimulus parameters. Vertical 
gridlines indicate positions of outer spiral lamina 
(O.S.L.), outer pillar cell feet, and inner spiral 
lamina (I.S.L.). The solid contour at the bottom of 
panel A shows the 30kHz, lOOdB SPL data 
translated downwards by 50dB, in order to 
highlight the nonlinear sensitivity of the observed 
50dB SPL data. The phase data in panel B have 
been offset by arbitrary constants (one per 
frequency) to align the majority of the data with 
the horizontal gridlines.

meniscus and to ensure an undistorted field of view. Responses were measured 
sequentially across the width of the partition from the spiral lamina to the spiral 
ligament (or vice versa). Recording locations were adjusted and monitored under 
computer control using optically-encoded, dc-motor driven micro-positioners, with 
the positions of obvious reference points (e.g. inner and outer spiral lamina, spiral 
vessel, outer pillar cells) being noted. Compound action potential (CAP) recordings 
were used to assess the physiological condition of the cochleae.

3 Results and discussion

Responses varied substantially in amplitude, but little in phase, across the width of 
the cochlear partition. The vibrations were largest between the midline of the basilar 
membrane and the feet of the outer pillar cells, decreasing rapidly across the arcuate 
zone of the partition but slowly across the pectinate zone (Figs. 1-4). The response 
phases varied very little across the width of the partition (Figs. 1-3).

As shown in Figs. 1 and 2, the observed response patterns varied little with the 
frequency and/or intensity of stimulation. This observation even applies to stimuli 
near the best frequency (BF) for the site under consideration (33kHz in Fig.l, 
30kHz in Fig. 2), where compressive nonlinearities were clearly at work. In the data 
of Fig. 1C, for example, the in vivo responses to 50dB SPL tones at the BF were 
only ~12dB smaller than those to 75dB SPL tones and ~20dB smaller than those to
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Figure 3: Insensitivity of radial profiles to physiological condition (guinea-pig experiment UB036). A, 
amplitudes and B, phases of responses as a function of stimulus frequency at various times re: the 
animal’s death. The recording site was near to the position of the outer pillar cell feet, and data are shown 
after normalization by the stapes vibrations evoked by similar stimuli. Stimulus levels were 100 dB SPL. 
CAP thresholds at 30kHz were around 70dB SPL 1 hour before the animal’s death (-lh data; 45dB 
deterioration from beginning of experiment). Comer frequencies are indicated by arrows in panel A. C, 
amplitudes and D, phases of responses to 10kHz, lOOdB SPL tones as a function of position across the 
width of the cochlear partition at various times re: the animal’s death. Vertical gridlines indicate positions 
of outer spiral lamina (O.S.L.), outer pillar cell feet, and inner spiral lamina (I.S.L.). Amplitudes in panel 
C are shown after normalization by their mean value between the O.S.L. and LS.L.

lOOdB SPL tones. In the data of Fig. 2 A, the responses to the 50dB SPL tones were 
only ~18dB smaller than those to lOOdB SPL tones. These figures can be 
interpreted as indicating active contributions of at least 30 and 32dB, respectively, 
in the 50dB SPL data of Figs 1C and 2A. Comparisons between the 50dB SPL data 
and post-mortem data (e.g. Figs. 1A,C and 3A) confirm that these are conservative 
estimates of the active contributions.

Other than the increased sensitivity of the responses to low-level tones, as 
described above, the only repeatable indication of ‘activity’ in the radial profiles 
was a slight difference in the response phases between the arcuate and pectinate 
regions of the partition. This is illustrated in the BF data (33 and 30kHz, 
respectively) of Figs. ID and 2B. The phase difference amounts to around 30 
degrees at 50dB SPL, but only 15 degrees at lOOdB SPL (compare the 0-80fim and 
95-140jim regions in Fig ID, or the 30-100|im and 110-150^m regions in Fig. 2B).
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Systematic differences of this magnitude were not observed post-mortem, and were 
not seen at frequencies well away from the BF (see Figs. ID and 2B, respectively). 
Much larger phase changes were occasionally observed at the junction between the 
arcuate zone of the partition and the inner spiral lamina (e.g. at the 150|im position 
in Fig. ID), but these were insensitive to the physiological condition of the cochlea 
and therefore cannot be interpreted as signs of activity.

The asymmetry in the radial amplitude profiles observed here (i.e. the fact that 
the vibrations were larger towards the modiolar side of the partition’s midline) 
contrasts quite strongly with previous observations relating to the stiffnesses of the 
various components that make up the cochlear partition. For example, Miller [12] 
observed the arcuate zone of the guinea-pig partition to be much stiffer than the 
pectinate zone, von Bekesy [2] made similar observations in the human cochlea, and 
while Olson and Mountain [15] found the converse situation in the gerbil cochlea, 
they observed the highest stiffnesses of all in the region directly beneath the feet of 
the outer pillar cells. It may seem quite surprising that this region is observed to 
vibrate with near maximal amplitudes in the present study.

In order to investigate the origins of the observed asymmetry further, several 
measurements of the radial profiles were made in post-mortem preparations. Fig. 3 
shows a typical set of results: the radial profiles remain virtually unchanged for 
many hours post-mortem, despite considerable change in other aspects of the 
cochlea’s mechanics (the downwards shifts in the corner frequencies of the transfer 
functions in Fig. 3A, as well as the increased rates of phase accumulation in Fig. 
3B, can be taken as evidence that the overall stiffness of the partition decreases 
almost four-fold over the first 16 hours post-mortem).

The relative stability of the radial profiles with time, and presumably with 
changing physiological conditions, may indicate that the cellular elements of the 
partition are less important than the extracellular elements (e.g. the fibres of the 
basilar membrane) in determining the gross features (such as the asymmetry) of the 
radial response profiles. If this is the case, then it should be possible to replicate
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many of the observed features of the response profiles using relatively simple 
modelling techniques, such as the beam and/or plate analyses favoured in many 
previous investigations (e.g. [2,12,15,18]). The results of one such approach are 
illustrated in Fig. 4: the average response profiles observed in vivo in one guinea-pig 
and one gerbil experiment can be approximated reasonably well using the flexure 
formula for a uniformly-loaded, uniform beam with one clamped support and one 
simple support. A better fit could be achieved if the properties of the model beam 
were allowed to vary across its width (a modified beam-equivalent of Steele’s plate 
model [18] would probably provide an excellent fit to the data), but the analytical 
simplicity of the model illustrated in Fig. 4 is quite appealing.

4 Conclusions

The cochlear partition has been shown to be excited in a rather simple manner by 
acoustic stimuli. The maximum amplitudes of vibration are observed between the 
midline of the basilar membrane and the feet of the outer pillar cells, and the 
partition is observed to move more-or-less in phase across its entire width. These 
results differ considerably from those predicted in recent modelling studies (e.g. 
[11]), and appear totally inconsistent with the results of other experimental studies 
(e.g. [13]).
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Inner hair cell (IHC) pseudotransducer functions, obtained from cells with best frequencies at 
-1,000 Hz and -17,000 Hz [3, 26] reveal differences in asymmetry. The greater asymmetry 
expressed at the base of the cochlea results in generation of even-order distortion products at 
near threshold levels. The influence of these harmonic components on response phase may 
be important in the high frequency region of the cochlea. This is because transmitter release 
at very low frequencies depends on the difference between nonlinear intracellular and more 
linear extracellular potentials, i.e., the basolateral membrane potential gradient [25,4],

1 Introduction

Current opinion suggests that cochlear mechanics vary from base to apex in the 
mammalian cochlea [19, 20] and that these variations are reflected in single unit 
activity [21]. The correspondence between tuning curves obtained from the basilar 
membrane and from the auditory nerve in the same preparation [17] indicates that 
the basilar membrane-outer hair cell-tectorial membrane complex is responsible for 
these variations [14, 22, 16]. In contrast, the assigned sensory function of IHCs is 
thought to exhibit only minor alterations along the cochlear spiral. To determine 
whether this general description is valid, IHC responses, obtained from third turn of 
the guinea pig cochlea using the lateral approach [9], are compared with those 
obtained by others from first turn using the scala tympani approach [24]. Results 
indicate that longitudinal variations in IHC function may have implications for 
sensory coding.

2 Methods

Recordings are made from the organ of Corti (OC) fluid space and from IHCs in 
turn 3 of the guinea pig cochlea using the lateral approach [9]. The best frequency 
(BF) at this location is -1,000 Hz. In these experiments, a window is made over 
scala media, allowing the recording electrode to approach the OC from the side. 
An ideal electrode track is parallel to and slightly below the reticular lamina to 
avoid disruption of the tectorial membrane. All procedures are approved by the 
National Institutes of Health and by Northwestern University’s Institutional Review 
Committee.

Responses are preamplified, low-pass filtered to prevent aliasing and gain 
controlled to avoid saturating the A/D converter. Data analysis is performed off
line using Igor Pro (WaveMetrics, Lake Oswego OR) equipped with the Igor Filter
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117

Design Laboratory. This software allows the filtering of averaged response 
waveforms to selectively monitor fundamental and harmonic components of the 
response. Because phase changes associated with the filtering process are 
removed, the filtered outputs appear in phase with the inputs. This noncausal 
filtering allows small temporal variations to be quantified.

The input sound pressure levels produced by the earphone (Beyer DT-48) are 
measured in the ear canal with a miniature microphone (Knowles BT-1751). 
Because this element is nonlinear at high levels, distortion in the sound is estimated 
using a 1/2” condenser microphone (B&K, Type 4134) to measure harmonic 
distortion in a tubing coupler. When inputs above -600 Hz are presented at their 
maximum sound pressure level, harmonic distortion is at least 60 dB down from 
the fundamental. Although distortion increases at lower frequencies, the 
nonlinearity for 300 Hz at 70 dB is at least 65 dB down. Based on this information, 
it is determined that the physiological responses in Fig. 2 are much greater than 
those expected due to distortion in the sound.

3 Results and Discussion

Input-output functions are collected from third-turn IHCs with BFs at -1,000 Hz. 
These results are used to construct pseudotransducer functions at and below BF. 
The term “pseudo” is appended to acknowledge that nonlinearities occurring prior 
to IHC transduction, as well as spectral variations and time delays introduced by 
channel activity at the cell’s basolateral membrane can influence these relationships 
[8]. In other words, the functions reflect the entire signal transmission chain from 
the middle ear to the registration of the IHC’s electrical response. An example is 
shown in Fig. 1.

These functions are obtained by plotting peak depolarizing versus peak 
hyperpolarizing responses as a function of peak sound pressure. The functions are 
also normalized to facilitate comparisons between IHCs with different BFs. This is 
accomplished by plotting all values relative to the largest peak depolarization 
which is assigned a value of 1.0. Data plotted with solid lines and filled squares are 
measured at 1,000 Hz, the BF of the cell. The solid curve with open squares is 
collected below BF at 200 Hz. The increased slope of the function measured at
1,000 Hz is thought to reflect the increase in mechanical gain at BF [13]. The 
function at 200 Hz may provide a closer approximation of the hair cell transducer 
[18] because it is obtained well below the BF of the cell.

Response patterns collected in third turn are compared with those from first 
turn [3, 26], again for inputs well below BF. The functions plotted with dotted 
lines are from two cells with BFs at -17,000 Hz. Notice that first-turn responses 
are more asymmetrical than those obtained from the low-frequency region of the 
cochlea, with the result that low-level inputs produce nonlinear responses. This is 
consistent with results showing that criterion dc receptor potentials are produced by 
IHCs with high BFs at lower levels than by IHCs with low BFs [1, Fig. 1]. In fact,



118

IHC Pseudotransducer Functions |

CD
c/> 1.2

t---------------------------- r
- 0.5 0.0 0.5
Peak Pressure (Pa)

Figure 1. Peak IHC ac responses are normalized and plotted versus peak sound pressure for 2 cells with 
high BFs and 2 cells with low BFs.

the level required to achieve a 1 mV dc receptor potential is ~20 dB higher in 
turn 3 than in turn 1. This difference in the degree of nonlinearity is observed 
even when BF responses at 1,000 Hz in turn 3 are compared with below BF 
responses in turn 1. In other words, first-turn responses well below BF are more 
asymmetrical than third-turn responses measured at BF. These variations in 
asymmetry are observed even though criterion ac receptor potentials are produced 
at similar sound pressure levels in IHCs with high and low BFs.

Because the hair bundle on IHCs is thought to be free standing [15], the IHC 
may not receive dc inputs. Hence, the data in Fig. 1 imply that IHC variations are 
independent of the mechanical processes associated with the cochlear amplifier [6]. 
It is suggested that this location-dependent nonlinearity probably resides in the IHC 
transducer and/or in the channel activity at the cell’s basolateral membrane. This 
idea is supported by the observation that IHC potentials are more distorted that 
those measured extracellularly for inputs well below BF [10,4, 2, 16].

Strongly asymmetrical transducer functions indicate production of dc receptor 
potentials at near threshold levels in IHCs at the base of the cochlea. These 
potentials are essential for high frequency hearing in mammals [24]. In this report, 
however, the influence of harmonic components in the intracellular ac response is 
examined to determine their effect on the time of hair cell depolarization and, 
presumably, the time of transmitter release at low stimulus frequencies. Because 
position of the basilar membrane is determined locally, using the cochlear
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Figure 2. OC and IHC responses are plotted for a 300 Hz input. The IHC response is band-pass filtered 
at 300 (600) Hz to monitor the fundamental (second harmonic) component of the ac response.

microphonic (CM) response measured outside the IHC, the estimation of and 
the correction for traveling wave delays is not required in the hair cell experiments. 
This is preferable to determinations made by others using round window recordings 
to predict position of the basilar membrane at sites where neural measurements are 
made. Quantifying the time of IHC depolarization is important because neural 
recordings from the chinchilla auditory nerve [11, 23] show that fibers with low 
BFs tend to respond to low level, low frequency inputs during the time when the 
basilar membrane is moving to scala vestibuli (SV). Conversely, nerve fibers 
innervating the base tend to respond near scala tympani (ST) velocity. These 
results contrast with most IHC recordings that indicate responses near SV velocity, 
independent of BF [27, 7].

The possible influence of distortion products on response phase is investigated 
by selectively filtering averaged response waveforms. This allows fundamental 
and second harmonic components to be extracted. These data are plotted in Fig. 2 
for a 300 Hz input at 70. dB. The OC potential is included for reference. The 
positive phase of the extracellular CM response is associated with basilar 
membrane displacement to SV; the negative phase with displacement to ST. 
Notice that the second harmonic at 600 Hz (dotted lines) is in phase with the 
fundamental at 300 Hz (solid lines) and that both IHC components are
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approximately in phase with the extracellular OC potential (dashed lines). This 
occurs because neither the high-pass filter associated with ciliary mechanics, nor 
the low-pass filter associated with the cell’s basolateral membrane, produces 
significant attenuation

The data in Fig. 2 demonstrate that the harmonic peaks in any given 
fundamental cycle coincide with excitatory, negative or with inhibitory, positive 
phases of the CM response. During the negative phase of the CM response, when 
the basilar membrane is displaced to ST, the voltage gradient across the IHC’s 
basolateral membrane becomes relatively depolarized, while during the positive 
phase of the extracellular response, the IHC potential becomes relatively 
hyperpolarized. When the extracellular response is large, the basolateral membrane 
potential, obtained by subtracting OC from IHC voltages [4], provides a better 
approximation of the signal inducing transmitter release. In order to emphasize the 
impact of harmonic components on the time of IHC depolarization, up arrows are 
placed on depolarizations for the second harmonic that increase when the OC 
response is subtracted from that measured inside the IHC. Down arrows designate 
depolarizations at 600 Hz that decrease in the basolateral membrane potential, i.e., 
the IHC-OC response. Because intracellular responses in turn 3 are greater than 
those measured outside the cell, electrical interactions between IHC and OC 
voltages at this apical location are unlikely [5]. However, at the base of the 
cochlea, these interactions are exaggerated because OC responses are significant at 
the base of the cochlea [28, 25].

The temporal relationships displayed in Fig. 2 are relatively straightforward 
because filtering by ciliary mechanics, or by resistances and capacitances 
associated with the cell’s basolateral membrane, is minimal for this frequency and 
level. However, at other stimulus frequencies, fundamental and second harmonic 
components of the IHC response may not be in phase. In addition, the relationship 
between spectral components is also influenced by whether the distortion is 
generated by the IHC transducer or whether it is present at the input to the cell. 
Because of these complications, the time of depolarization in IHCs with high BFs 
may not be well described by simply observing the fundamental component of the 
response produced by low-frequency inputs.

4 Conclusion

The experimental results discussed here suggest that several features interact to 
produce changes in response phase at the single unit level when measured relative 
to basilar membrane displacement [2]. These include the phase lead associated 
with the velocity dependence of the IHC, the phase lag contributed by the cell’s 
basolateral membrane, and the complex interactions occurring between nonlinear 
intracellular and more linear extracellular responses. For inputs greater than 
-1,200 Hz, low-pass filtering at the synapse must also be considered [29, 30, 12]. 
The degree to which these features influence response phase depends on cochlear 
location and on stimulus frequency and level.
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A study of the longitudinal coupling within the organ of Corti (OC) was performed in the 
excised gerbil cochlea. Our data indicate that the coupling in the OC increases from base to 
apex. The cells of the OC increase the overall coupling exhibited by the basilar membrane 
(BM). The coupling in the reticular lamina is greater than in the BM. These results were used 
to estimate parameters for a one-dimensional model with longitudinal coupling. The peak of 
the predicted traveling wave was then broadened and delayed.

1 Introduction

A systematic study of longitudinal coupling within the organ of Corti (OC) is 
necessary in order to assess its importance in cochlear mechanics. While results of 
previous studies [9,10] conflict with each other in their descriptions of basilar 
membrane (BM) coupling, the generally accepted view is that the OC is minimally 
coupled [1]. It is then assumed that energy propagation along the cochlea is 
achieved through fluid movement, above and below the OC. This approach is 
attractive since it facilitates theoretical simplicity and hence mathematical 
convenience. However, if the OC is coupled, the motion of any section has the 
potential to influence that of other sections along its length. Such an effect would be 
particularly evident at the peak of the traveling wave, where its wavelength is small 
and the relative vertical displacement between neighboring regions is expected to be 
large.

Our preliminary study [3] demonstrated that the BM in the gerbil cochlea is 
longitudinally coupled. We have now quantified the coupling within the OC in the 
three turns of the cochlea. The measurement technique combines local mechanical 
displacements and video-microscopy. This enabled us to observe and measure 
displacements along an extended region of the cochlear spiral, in response to point 
deflections of the OC. Finally, the significance of the results obtained was explored 
using a one-dimensional cochlear model.

2 Methods

The experiments were performed on excised gerbil cochleae. Female mongolian 
gerbils (meriones unguicilatus, 30-50g) were anaesthetized with a mixture of
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ketamine (0.16 mg/g) and xylazine (0.008mg/g). Following decapitation, the 
cochleae were rapidly excised and immersed in oxygenated L-15 culture medium. 
The turn of interest was carefully isolated keeping the spiral lamina, Reissner’s 
membrane, the bony wall of scala tympani and the outer cochlear shell intact. In the 
vicinity of the measurement location, scala tympani was opened to allow access to 
the BM. The preparation was then placed on the stage of an inverted microscope. It 
could then be simultaneously viewed during measurements using a CCD camera 
mounted on the microscope.

MICROSCOPE OBJECTIVE

Figure 1. Experimental setup and microscope view focussed at BM with underlying probe.

Next, the OC was deflected locally using a piezoelectric probe [6], 10 fim in 
diameter. The view from the camera was initially used to position the probe under 
the BM, within the medial pectinate zone (Fig. 1). Following contact, the probe 
advanced in 1 fim steps from 0 to 15 |im. The probe then retracted back from 15 |nm 
past 0 fim to -4 Jim before returning to its initial position.

This displacement protocol was performed twice. During the first run, the 
microscope was focussed to view the top of the BM (Fig. 1). During the second run, 
the plane of focus was raised to view the reticular lamina (RL). Images of the OC at 
these two levels of focus were digitized for each static displacement and 
subsequently processed.

The radial and longitudinal displacements of structures along the cochlear turn 
were then determined as functions of OC static deflection. Well-defined 
morphological features, such as cell edges, were extracted from the images and their
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movement determined by cross-correlation. To ensure that the motion of the probe 
was completely coupled to that of the OC, these displacements were determined 
from images obtained as the probe retracted back from 15 |±m to 0 fim.

3 Results

In response to probe deflection, the displacement, y, of structures along the 
cochlear turn decreased as a function of increasing longitudinal distance, x, from the 
probe (Fig. 2). To describe this behavior, the displacement data were normalized by 
the maximum displacement measured, and fit using the logarithmic function:

ln(y) = k - ( x A j  (1)

The space constant, from the fit was then chosen to represent the longitudinal 
coupling at each location.

Longitudinal distance re probe, x (um)

Figure 2. Typical data obtained from the BM in the second turn of the excised cochlea.

3.1 Basilar Membrane

BM coupling was studied using two sets of experiments. In the first set of 
experiments, the cells of the OC were carefully removed so that the BM could be 
studied independently. In the second set, the experiments were repeated with the OC 
left intact in order to study its influence on the coupling in the BM.

In the absence of the OC, the value of 7̂  for the BM increased monotonically 
from the base to the apex. When the cells were present, the value of A.c was greater 
than that for the BM alone. This result was obtained consistently across all three 
turns. Further, the presence of the OC caused a monotonic increase in along the 
length of the cochlea. Table 1 summarizes and compares these two sets of results.
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Table 1. Mean space constants, Ac, along the cochlea for the BM alone and the BM with the OC present.

Cochlear
Location b̂m (l^m) b̂m+oc (l^m)
Basal Turn 11 14

Second Turn 20 35
Apical Turn 30 62

3.2 Reticular Lamina

The various structures visible at the focal plane of the RL included the apical 
surfaces of the outer hair cells (OHC), the heads of the pillar cells (OPC) and the 
stereocilia of the inner hair cells (IHC). The movement of each of these structures 
was determined in response to BM deflection. In the basal turn, the IHC stereocilia 
could not be studied due to their poor visibility caused by the thickness of the 
underlying bony spiral lamina.

Longitudinal distance re probe (um)

Figure 3. Radial displacements at the RL level, measured for a BM deflection of 10 (J.m (apical turn).

In the plane of focus, the movement of the RL was predominantly radial, towards 
the spiral lamina. Fig. 3 shows the displacement of various structures in response to 
a vertical BM deflection of 10 |nm. This data is collected from the apical turn with 
the probe located under the OHC region. The magnitude of the displacement 
decreases from the OHC towards the IHC. Close to the probe (OHC region), a 
tangible vertical displacement may exist as well. Though this is indeterminate by the 
current technique, it is hence possible that the overall motion of OHC2 is larger than 
that of OHC 1.

The space constant for the RL was determined from the spatially decreasing 
displacement profile of the first row of OHC. Table 2 summarizes the results 
comparing them to the space constants measured for the corresponding BM. At each 
location, for the RL was found to be larger than measured at the level of the BM.
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Table 2. Mean space constants, Xc, along the cochlea, measured at the BM and RL focal planes. 

Cochlear
Location________________________ K \(m )
Basal Turn 14 18

Second Turn 35 64
Apical Turn 62 105

4 Discussion

The implications of this study were explored using a passive one-dimensional 
model [7] of the cochlea modified to include longitudinal coupling [5].

adjacent sections of the OC.

Briefly, each model section of the OC is replaced by an equivalent mass, M(x), 
volume compliance, Cv(x), and damping resistance, R(x). Adjacent sections are 
connected by a spring, Cc(x) that represents longitudinal coupling within the OC 
(Fig. 4). For simplicity, it is assumed that this spring responds only to relative 
vertical displacements between these sections. Fluid mass coupling is also present. 
The parameters governing each section of the OC were determined from data on the 
anatomy, physiology and mechanics of the gerbil cochlea [2,4,8].

4.1 Model Parameter Estimation

The ratio of the volume compliance of the coupling spring, Cc, to the volume 
compliance of the BM, Cv, was chosen to match the space constants determined for 
the OC. Table 3 lists the results obtained at the three experimental locations. Since 
the entire architecture of OC collapses into a single unit in the model, separate 
representations for the BM and RL could not be included.
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Table 3. Parameters for the one-dimensional model estimated from experimental data

Cochlear
Turn

Distance to 
base (mm)

b̂m+oc (M-m) Cc/Cv

Basal Turn 1.3 14 10
Second Turn 8.3 35 0.5
Apical Turn 11.8 62 0.1

The variation of Cc/Cv over the length of the cochlea was determined from a log- 
linear regression fit to the ratios estimated above. The volume compliance of the OC 
was calculated from the stiffness map of the gerbil cochlea [4]. Using these 
parameters, the model was used to generate velocity profiles of the OC, which were 
compared to those predicted in the absence of any coupling.

Frequency (Hz) Frequency (Hz)

Figure 5. Longitudinal coupling modifies (bold line) the under-damped model response (thin line)

The effects of including longitudinal coupling in the model were dependent upon 
the damping of each model section. The response of the model was unaffected when 
the sections were highly damped. However, in the under-damped model, changes 
became apparent near the resonant frequency of the cochlear partition (Fig. 5). 
Firstly, the peak of the velocity profile was lowered and broadened. This has been 
previously reported [11] though the choice of those coupling parameters was 
arbitrary. Secondly, an increased accumulation of phase occurred near the resonant 
frequency.

5 Conclusions

The following conclusions have been made based on this study. Our results show 
that the longitudinal coupling in the OC increases from base to apex. The model 
simulations show that the inclusion of longitudinal coupling introduces
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modifications in magnitude and phase of the traveling wave close to the resonant 
frequency of each location. This indicates that coupling plays a definite role in 
determining the motion of the OC when large changes in relative displacements 
occur over small regions of its length.
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Sealed apical turn of the cochlea in living guinea pigs was viewed with a confocal microscope 
through the intact Reissner's membrane. Cellular vibration, in response to sound, was 
measured with a confocal laser heterodyne interferometer. Velocity tuning curves of the outer 
Hensen's cell and adjacent basilar membrane were measured, before and after sacrificing the 
animal. Initially the Hensen's cell velocity was 500 times higher than that of the basilar 
membrane (BM), demonstrating amplification. After sacrifice, BM velocity increased by a 
factor of 40 and tuning became sharper. This was followed by a decrease in the Hensen's cell 
velocity by a factor of about 10 and a decrease in tuning. After 250 minutes the ratio of 
Hensen's cell to BM velocity was reduced to 4. This sequence and the magnitude of changes 
show that the apical turn has amplification with negative feedback, and after sacrifice the 
amplification decreases with time.

1 Introduction

In the basal turn of cochlea, the basilar membrane (BM) vibration amplitude 
increases nonlinearly with sound pressure near the characteristic frequency (CF). 
The BM tuning curves are sharper at low sound pressure levels. Nonlinearity 
disappears and tuning broadens with damage or death [10]. These observations lead 
to the conclusion that, in the basal turn, a linear response at the fundamental 
frequency indicates a damaged or dead cochlea.

In the apical turn of the cochlea the reticular lamina (RL) vibrations increase 
linearly with sound pressure, and the tuning curve shape is found to be independent 
of the sound pressure below 80 dB SPL [3, 6]. Some investigators had assumed that: 
(i) Apical turn response should behave in the same way as the basal turn; (ii) 
Linearity at the fundamental frequency therefore meant that the apical turn response 
is linear; (iii) Linear response indicated a damaged or dead cochlea.

Contrary to these assumptions, the mechanical response of the apex is highly 
nonlinear. The time waveforms of the RL velocity in response to sinusoidal input 
are distorted and asymmetrical. The input/output curves for the harmonics increase 
nonlinearly. This is in spite of the fact that the fundamental response increases 
linearly [7].
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In the apical turn of the guinea pig cochlea the axis of the outer hair cells 
(OHC) is inclined at an angle of about 28° (+ 1°), with respect to the plane of the 
basilar membrane. If the organ of Corti vibrated passively with the basilar 
membrane, amplitude and direction of vibration of OHCs should be the same as 
BM, perpendicular to its surface. However, direction of maximum vibration was 
exactly along the axis of the OHC [3, 4], nearly parallel to the surface of BM. This 
is possible only if the OHC amplitude at the RL is at least 100 times larger than the 
BM. The RL vibration has been shown to be much higher than the BM vibration by 
direct measurement [3, 9]. In the apical turn of the cochlea, BM vibration is 
amplified at the RL. The present investigation was carried out to measure this 
amplification in cochlea of living guinea pigs and its change with time after 
sacrificing the animal.

2 Method

Sealed apical turn of the cochlea in living guinea pigs was viewed with a confocal 
microscope through the intact Reissner's membrane. Cellular vibration was 
measured with a confocal laser heterodyne interferometer in response to sound [8]. 
Details of the method have been described earlier [2, 6, 7]. The most difficult parts 
of this series of experiments were developing the method of accessing the BM and 
determining when recording was actually from the BM. The opening of the cochlear 
bone is highly critical. The reflectivity of BM is lower by a factor of about 100, 
compared to some of the structures above—notably, the Hensen's cells and the edge 
of the opened cochlear bone. The incident and reflected light beams of the 
interferometer must clear these structures in order not to pick up any stray light. In 
order to keep the illumination and viewing rays of the microscope within this angle, 
the maximum numerical aperture (NA) of the objective lens should be less than 0.41 
(immersed). Our objective lens and the dipping cone were custom designed with a 
NA of 0.36 to ensure this condition.

The opening should start close to the upper edge of the spiral lamina, otherwise 
the top edge of the detached spiral lamina will fold inwards and block the view. If 
the opening starts higher, the bone itself will block the view. If the opening extends 
too far to the top, the entire bony cap may come off, or produce a tear in the 
Reissner's membrane. Normally, Reissner's membrane is quite transparent. An 
accidental pull on the membrane may cause its nuclei to swell and make it 
translucent. Since the incident and the reflected light beams both pass through the 
RM, its clarity is essential to success. The strong confocal action of our 
interferometer under these conditions ensured that the light reaching the detector 
came from the BM.
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3 Observations

Velocity tuning curves were measured at the OHC and points on the basilar 
membrane along a radial track, before and after sacrificing the animal. X, Y and Z 
coordinates were recorded at each point. The coordinates of points along one track 
are shown in Figure 1. The cochlea was slowly scanned in depth at each selected 
radial position and the interferometer carrier levels were monitored. At each cellular 
interface the carrier level increased slightly, and at this depth the complete tuning 
curve was determined. The lateral position was incremented by 5 pm and the 
process was repeated again. It soon became apparent that a small peak in the carrier 
level was found about 100 pm below the outer Hensen's cell level, and the second 
peak about 30 pm deeper. Anatomical verification established these surfaces to be 
Claudius' cells and upper surface of BM. Shallow peaks were often found at other 
points as well. These points could be identified as the nuclei of the Claudius' cells, 
the lower surface of the BM, etc. It was established that the best point for measuring 
the BM response would be about 130 pm from the outer Hensen’s cell and about 30 
pm from the Hensen's border.

The outer Hensen’s cell, Claudius' cell and BM velocities recorded in one 
experiment are shown in Figure 2a. In all experiments, the Claudius cell velocity 
was much higher than the BM velocity. The Claudius cell response was also more

Figure 1. Coordinates of a set of 
points along a radial track on the 
reticular lamina (RL), Claudius' cells 
and basilar membrane (BM) where 
vibrations were measured. Claudius' 
cells were located approximately 100 
|im below the level of outer Hensen’s 
cell, BM was about 30 jim below the 
surface of Claudius' cells.

-14$ -10 -20 -30 
Yfcim]
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Figure 2a & 2b. Amplitude (a) and phase (b) measured at the outer Hensen's cell, Claudius' cell and BM. 
Coordinates of the points measured are given in the top right hand comer. Hensen cell amplitude is about 
900 times higher than the basilar membrane. Claudius' cell vibrations are higher than that of the BM 
below. Phase was measured with reference to the sound pressure phase. The phase curve has a steep 
portion below 500 Hz and a shallow portion above 500 Hz. Below 500 Hz, the phase change with 
frequency is nearly identical for the outer Hensen's cell, Claudius' cell and for the BM. In the shallow 
part of the phase curve there are some differences in phase. Below 500 Hz the RL phase is the same as 
the BM phase, Since the top and bottom of the hair cells move in opposite direction, the bases of the 
OHC's move opposite basilar membrane’s direction, thereby producing a negative feedback.
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Figure 3. Sequence of changes seen in the outer Hensen’s cell (H) and BM velocity before and after 
sacrifice. The numbers next to the symbols represent time after sacrifice. BM response increased during 
the first 50 minutes and tuning became sharper. A small decrease in the Hensen’s cell response was seen 
after 80 minutes. Decrease in the H velocity at 250 minutes was much smaller than the increase in the 
BM response. Tuning at the Hensen’s cell became broad after sacrifice.

sharply tuned. Hensen/BM ratio in the CF region was high in sharply tuned cochlea. 
The ratio was never one, even in the cochlea of dead animals. The phase curves 
corresponding to the amplitude curves in Figure 2a are shown in Figure 2b. The 
vibrations of the BM below 500 Hz are in phase with the Hensen's cell. This phase 
relationship supports amplification with negative feedback.

In a second cochlea, initially the Hensen's cell velocity was 500 times higher 
than that of the BM, demonstrating amplification. After sacrifice, BM velocity 
increased by a factor of 40 and tuning became sharper. This was followed by a 
decrease in the Hensen's cell velocity by a factor of about 10 and a decrease in 
tuning. After 250 minutes, the ratio of Hensen's cell to BM velocity was reduced to
4.

4 Discussion

This sequence of the changes taking place at the BM and Hensen's cell and the 
magnitude of changes can be explained quantitatively if we assume that the 
amplification between the BM and the RL is regulated by negative feedback. This 
amplification would decrease with time after death [1, 5], and the input (BM) 
vibrations would increase with time, followed by a decrease (but to much smaller
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extent) in the output (Hensen's cell). From the application of standard feedback 
equations [1], we estimate the open loop gain to be about 12500, and the gain of the 
system with feedback to be 500. The net increase in the RL velocity due to the 
amplification however is only of the order of 10. The negative feedback mainly 
reduces the velocity of BM. Effect of changes in the amplification of the OHC will 
be seen quite differently at the RL and BM levels. The changes will be small at the 
RL and large at BM.

If the force remains the same and the velocity increases due to negative 
feedback, then the impedance (force/velocity) would decrease at the RL and 
increase at the BM (locally). The negative feedback should serve two important 
functions: (i) To keep the amplification between the input and the RL constant, in 
spite of the changes in the OHC amplification. This would maintain a stable 
threshold of hearing, (ii) To adjust the input impedance at individual hair cells so 
that the force driving the hair cells is regulated. The cells at peak performance (full 
gain) would receive full input, while those with less gain (caused by trauma or 
unfavorable metabolic conditions), would be mismatched, and therefore, would be 
driven only by a weak force, giving them a chance to recover. Changes in the 
cochlear mechanics within the feedback loop will be hidden. The effect of trauma 
on the OHC would not be seen unless the loop gain becomes too low. The changes 
will not be seen in the CM or neural responses. It is well known that the OHC are 
much more susceptible to trauma at high frequencies. Part of the difference may be 
due to the presence of negative feedback in the apical region, which provides 
protection for OHC’s and conceals the changes in their response. These 
observations indicate that the processing of mechanical signals within the organ of 
Corti at the cellular level is quite complex. A deeper understanding of the function 
at the cellular level would require extensive future investigations.

5 Conclusions

These observations lead us to the following conclusions: In the apical turn of the 
cochlea there is a large amplification between the BM and the RL. The 
amplification is regulated with negative feedback. Response at the RL (at the 
fundamental frequency) is linear due to the negative feedback. Linearity at the 
fundamental frequency is therefore not a sign of a damaged cochlea. Change in the 
BM response seen after death is opposite that observed in the basal turn by other 
investigators. The cochlear mechanics of the apical turn are different from the basal 
turn.
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IS TECTORIAL MEMBRANE FILTERING REQUIRED TO 
EXPLAIN TWO TONE SUPPRESSION AND THE UPWARD 

SPREAD OF MASKING?

JONT B. ALLEN & DEEP SEN 
A T & T  Labs-Research, F lorham  P ark N J  07932

In this paper we would like to make three key points. First, neural 
two tone suppression (2TS), by low frequency suppressors on high frequency 
probes, and the upward spread of masking (USM) are alternate measures of 
the same nonlinear cochlear mechanism. The two have similar (i.e., essentially 
equal) thresholds and growth rates. Second, the thresholds of neural 2TS, and 
of the USM, as a function of the probe frequency, are nearly independent of 
frequency, and are close to 65 dB SPL. Third, we discuss and model the level 
dependence of 2TS and the USM, which experimentally has previously been 
found to be about 2.4 dB/dB in both cat and human.

Regarding the first point: The dB difference in BM displacement response 
between a high frequency probe, and a low frequency threshold suppressor, at 
the probes place, is 10 to 20 dB [13,7,10]. The BM observations are therefore 
in basic disagreement with corresponding neural and psychophysical data, 
which have similar thresholds for excitation and 2TS [9].

Regarding the second point: When corrected for the middle ear response, 
the frequency response slope (i.e., in dB/octave) of the low frequency (basal) 
portion of the basilar membrane displacement has a slope of about 9 dB/oct, 
while the neural threshold response has a slope close to 0 dB/oct (i.e., less 
than 1 dB/oct). This shallow (near zero) basal neural threshold slope shows 
up as “tails” of neural tuning curves. By transforming neural frequency tun
ing curves from frequency to place, it is possible to refine and quantify our 
understanding of this discrepancy. This difference in slope is in fundamental 
conflict.

Regarding the third point, the 2.4 dB/dB slope implies that, in the basal 
“shallow” tail, the excitatory response of a low frequency suppressor (masker) 
tone “turns down” the gain of the probe at a rate of 1.4 dB/dB, re the 
suppressor (masker) level. We presume this suppression comes from an outer 
hair cell (OHC) controlled gain. We argue that a level dependent BM stiffness 
must act as the nonlinear BM control parameter.

Tuning curve tails: As may be seen for the 6 kHz neuron in Fig. 1, the 
low frequency tails of high CF threshold neural frequency tuning curves (in 
the cat) are typically bowl shaped functions of frequency, largely determined 
by the middle ear pressure transfer function (P s v / P e c )• For example, in Figure 
18c of Allen (1983), after normalizing by the cochlear microphonic to remove 
the effect of the middle ear transfer function, the average neural response
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FREQUENCY [kHz]

Figure 1. Shown here are a 
family of cat neural tuning 
curves, provided by Delgutte 
and Liberman of Eaton 
Peabody Laboratory, Boston. 
These frequency tuning curves 
were transformed into excita
tion patterns using the cochlear 
map of Fig. 2.

slope between 0.3-2.0 kHz was found to be 0 dB/oct, ±  5 dB/oct. In sharp 
contrast, the displacement of the basilar membrane in this same basal region 
is approximately 9 dB/oct, as shown in the following analysis [see also Allen, 
1979].

CAT COCHLEAR MAP

Figure 2. Plot of the cat cochlear map. The 
slope of 3 m m /oct was established by Liber
man by direct measurement. The cochlear 
map may be used to transform a family of fre
quency tuning curves into place curves, pro
viding us with estimates of the neural excita
tion pattern slopes.

By transforming from frequency to place [5], via the cochlear frequency to 
place map shown in Fig. 2, one may find the threshold neural place response 
for a single tone, thereby removing the effect of the middle ear. For example, in 
the cat, where the slope of the cochlear map is 3 mm/oct [12], a mechanical 
[i.e., the BM displacement/scala pressure at the stapes] slope of 9 dB/oct 
transforms to 3 dB/mm. As shown in Fig. 3 and Table 1, for CFs between 
0.25 and 2.0 kHz, this transformation results in threshold neural place tuning 
curves having basal tail response slopes between 0.3-1.3 dB/mm [6].

USM  and  neu ra l 2TS thresho lds. The frequency, spatial, and magni
tude dependence of these basal (tail) threshold responses are consistent with 
the threshold characteristics of high frequency probes in neural 2TS [8,1,9,14] 
and psychophysical USM experiments [15]. Namely, as a high level, low fre
quency, masker (suppressor) is raised in level, the threshold for masking (sup
pression) of a high frequency probe is coincident with the threshold excitation 
at the low frequency probe’s place (in the base). Said another way, when the 
cilia excitation in the basal tail approaches threshold levels, the neural, neural 
2TS and USM effects are simultaneously at threshold. In spatial terms, these 
three thresholds occur at almost the same acoustic intensity over the entire 
basal tail region of the cochlea, at about 65 dB SPL [9].
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CF Si s 2 IS
kHz SLOPE* (dB/mm)
5.0 ** 32.7 -66.1
4.0 ** 26.3 -69.3
2.0 1.3 15.2 -34.5
1.0 1.2 17.4 -25.6
0.5 0.3 14.8 -34.5

0.25 0.3 17.1 -11.0

Table 1. The definition of Si, S2 , 
and S3 are given in Fig. 3, and are 
shown as dashed lines superimposed 
on the neural responses. * Mult by 3 
mm /oct to convert to dB/oct “’“For
the CFs at 4 and 5 kHz the data 
axe too limited to make convincing 
estimates of 5 i. Since the effect of 
the middle ear is much smaller at 
these frequencies, one may directly 
confirm the shallow tail with respect 
to frequency, without the frequency 
to place transformation.

1.0

0.1

0.01

0.001

1.0E-04

MftGNITUPI

1.3 dB/mm 
0.3 dB/mm. 

03 dB/mm^
2.0 6.0 10.0 14.0

P L A C E  (mm)
18.0

Figure 3. Shown 
here are the 
resulting exci
tation patterns 
derived from the 
data of Figures 1 
and 2. Straight 
lines have been 
placed visually 
on the curves 
having slopes as 
indicated.

From estimates of the human threshold of the USM of Wegel and Lane 
(1924), we estimate a frequency slope of «5  dB/octave for the basal tail (this 
estimate is imprecise). Since the cochlear map slope in human is 5 mm/octave 
[11], this corresponds to a slope of wl dB/mm for the excitation response in 
the basal turns of the human cochlea. Low frequency slopes of 2TS from 
Abbas and Sachs (1976) and Fahey and Allen (1985) in the cat are less than 
1 dB/mm.

Thus in the base of the cochlea, neural tuning curves, USM thresholds, 
and neural 2TS thresholds each indicate a broad flat tail region, both for 
human and cat.

A theo re tica l slope estim ate . In the base, the partition stiffness is 
defined as K p(x) =  K p(0)e~2ax. Assuming a constant partition mass and a 
3mm/octave frequency to place map, the value of a =  ln(2)/3 for the cat is 
roughly 0.231 mm~h. From the WKB method, the spatial pressure distribu
tion of a tone stimulus in the base of the cochlea is given by

P(x, a;) _  IZc(x) - m  [* dt/c(0 
P(0,U>) y Zc(0) 6 (1)



where the local wave speed is c(x) = ^ K p(x)A(x)/p and the local character
istic impedance is Zc(x) =  yjpKp(x)/A(x).  The effective scala area is A(x) 
and p is the scala fluid density. Hair cells are known to be displacement de
tectors (Hudspeth and Corey, 1977). Above 1 kHz, Dallos has found that 
inner hair cells (IHC) respond to displacement. OHCs are believed to follow 
displacement at all frequencies.

It follows, from Eq. 2 and Hooke’s Law [ i.e., P(x ,cj) =  K p(x)D(x,u)  ], 
that the magnitude of the BM displacement \D{x,u)\ must vary as e3ax/2. 
This corresponds to a BM displacement slope of about 201og10(e3“/2) = 3 
dB/mm (i.e., 9 dB/oct) in the basal tail.® This slope is typical of experimental 
BM transfer functions [4].

N eura l 2TS and  USM  thresholds: Fahey and Allen (1985) found the 
pure tone neural tail and basal neural 2TS thresholds to be 65 dB SPL for 
low frequency suppressors between 0.8 and 5 kHz. Unpublished data extends 
this published upper frequency limit to 14 kHz.

In stark contrast, recent BM 2TS measurements by Ruggero et al. (1992), 
Cooper (1996), and Geisler and Nuttall (1997), have shown unequivocally that 
the neural and BM 2TS thresholds are significantly different (unlike the cat 
neuron, where they are the same). For example, Ruggero et al. say (page 
1096)

. . .  if neural rate threshold actually corresponds to a constant dis
placement («  2 nm) . . . ,  then mechanical suppression thresholds 
would substantially exceed neural excitation thresholds and would 
stand in disagreement with findings on neural rate suppression.

Using a 0.1 nm displacement criterion, Cooper found basal excitation thresh
olds near 65 dB and 2TS thresholds near 85 dB SPL. Cooper says (page 3095)

Indeed, the direct comparisons shown . . .  indicate that most of the 
low-frequency mechanical suppression thresholds were between 10 
and 20 dB above the iso-displacement tuning curvesf,] which corre
sponded to “neural thresholds” at the site’s [CF].

That is, Cooper’s BM results placed the threshold of BM suppression about 1 
order of magnitude higher in level than the Fahey and Allen 2TS thresholds, 
both in absolute terms, and relative to the 0.1 nm threshold. The Geisler 
and Nuttall (1997) study confirms these findings (see their Fig. 2). A sec
ond unequivocal finding of the studies [7,10] is that nonlinear suppression is 
dependent on BM displacement rather than velocity.

a For this calculation we have taken the area constant. Weaver measured A(x)  for three 
human cochleas, and two showed a small decrease with x.  Including this decrease would 
make the BM displacement slope larger, strengthening the argument presented here.
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In summary, we have highlighted two important differences between neu
ral and BM experimental data: (i) As detailed in Table 1, there is a discrep
ancy in the relative slopes of neural threshold response and BM displacement 
of between 3 and 10 in the basal tail (0.3-1 dB/mm vs. 3 dB/mm) [6]. (ii) 
The dB difference in the threshold intensity for neural 2TS and neural exci
tation thresholds is close to 0 dB over a wide range of frequencies, but differ 
by 10 to 20 dB when measured on the BM. We believe these two problems 
are related.

Figure 4. Panels (A,B) de
pict (in a cartoon format) 
what must happen to the 
hair cell cilia response of a 
high frequency probe tone 
as a low frequency excita
tory suppressor tone is in
creased in intensity. (A) 
depicts the level function 
for the suppressed response 
of the probe, as a func
tion of the suppressor in
tensity. Panels (C,D) de
pict the probe after an ad
justment back to its detec
tion threshold. (C) shows 
the level function for the 
threshold probe intensity 
as a function of the sup
pressor intensity.

T he slope of 2TS and  USM : Suppression and USM super-threshold 
data are exquisitely interesting. Delgutte (1990) found a 2TS slope of 2.4 dB 
for every dB of suppressor level. We have estimated the same slopes of 2.4 
dB/dB from Wegel and Lane’s 1924 USM IO functions (level of a 2-4 kHz 
probe, at threshold, as a function of a 400 Hz masker’s intensity).0

We show a summarizing cartoon (Fig. 4) to help explain and summarize 
our view of the data. Panels (A,B) depict the response of a fixed probe, to 
a low frequency masker, at three masker intensities. In (B) we depict the IO 
function of the probe, with a slope of 1.4 m 2.4 |* 1 dB/dB. The probe must 
be attenuated by 1.4 dB for every dB of suppressor (masker) level. Since the 
probe (its intensity is fixed) is not returned to threshold, its slope must be 
-1.4 dB/dB. In (C,D) we see the same situation, except the probe is returned 
to threshold. The IO function in this case is 2.4 =  1.4 -h 1 dB/dB since it

Suppression on the BM has not yet been measured as a function of the probe frequency. 
If the CF is level dependent, as we believe, then this would be an im portant experiment. 
c The slopes for the experimental BM data  seem to be uncertain.
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must overcome the basal linear masker growth. In summary, as the masker 
is increased by 1 dB, the probe is attenuated by 1.4 dB. To return the probe 
to threshold, it must be increased by 1.4 dB to overcome the attenuation, 
and another 1 dB to overcome the masker level increase, giving a total of 2.4 
dB/dB. What remains unexplained is how the masker can reduce the gain of 
the probe in this manner.

PARTITION 
D iaplacem ent D CILIA

G(x):1 V r to d ty v

PARTITION 
Force F
D isp lacem ent D 
Velocity V 
Im pedance F/V

S  =  K f Kb m

Kc »  Kt

QUA 
D isplacem ent C

Figure 5. If the 
partition stiffness 
K p (x ) is dominated 
by the stiffness of the 
tectorial membrane 
K t(x) at high inten
sities, and the OHCs 
induced stiffness (a 
dynamic nonlinear 
component of the 
stiffness) at low inten
sities, then a simple 
model can satisfy all 
the required condi
tions simultaneously.

A ro b u st solution: We propose that the micromechanics of the tecto
rial membrane (TM) transforms the BM displacement slope of 3 dB/mm to 
a cilia excitation which has almost constant place dependence (< 0.3 dB/mm 
in cat). From Fig. 5 it follows that the cilia to BM displacement ratio is 
Hc = C /D  = K t / ( K C +  K t). It is required, by the TM model [3], that the 
cilia be much stiffer than the TM (Kc »  Kt), thereby attenuating the cilia 
response in the base. Thus Hc «  K t/ K c < < 1 .

If the TM to cilia stiffness ratio K t(x ) /K c(x) were to vary as e~3ax/2 it 
would compensate for the e3ax/2 dependence of the BM displacement. If two 
springs are in series, and one is much stiffer, the total stiffness is dominated by 
the smaller stiffness, namely K t K c/{K t +  K c) «  K t . The partition stiffness 
is therefore K p m K t -1- Kbm(C). The second term is the dynamic OHC 
component of the stiffness which depends on the cilia displacement C, and is 
approximately equal to Kt  in quiet (i.e., C = 0), and at very high intensities, 
or in a dead ear, approaches zero. This gives us enough equations to determine 
every element uniquely, in a manner that is consistent with our requirements. 
It follows that the cilia stiffness must be K c(x) = K p(0)e~ax^2. The fact 
that OHC cilia increase in length [from 4 to 6 /im in the cat] is qualitatively 
consistent with this decreasing K c{x).

Under these conditions, (1) the TM stiffness is proportional to e~2ax 
[i.e., Kt  oc K p(x)]; (2) at high intensities, K t(x) determines the partition
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stiffness K p(x); (3) the transduction “filter” Hc( x , f ) cancels the 3 dB/mm 
(9 dB/oct) BM displacement growth giving a cilia response with a close to 
zero slope. Since the partition stiffness is mainly determined by the TM 
stiffness, [plus an equal dynamic, nonlinear component due to the OHCs at 
low intensities Kbm(C)\, this choice of parameters naturally accounts for the 
necessary correlation in the partition and TM stiffness variation.

We would like to thank Christopher Shera and Paul Fahey for their help.
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The ratio of the pressure across the organ of Corti to the velocity of the basilar membrane (b.m.) 
is the impedance of the organ of Corti (o.c), representing it’s fundamental macromechanical 
properties. The purpose of this study was to examine the impedance for resonance and negative 
resistance. The presence of a resonance in the o.c. impedance is widely accepted as the basis 
for many characteristics of b.m. motion. [3] Our results support its existence. In contrast, the 
existence of negative resistance is the subject of active debate. Here we present data from two 
experiments which showed strong nonlinearity. In a strict sense, both of these experiments 
provide evidence for negative resistance: over a restricted range of frequencies below the 
characteristic frequency the phase of the b.m. velocity led the phase of the pressure across the 
organ of Corti by more than 90°. A broader view of the data indicates that in a nonlinear 
cochlea, the distortion of the moving o.c. might depend on stimulus level.

1 Background and Introduction

In the classic traveling wave/resonant model of cochlear operation, the sound 
induced motion of the organ of Corti ripples down the cochlear spiral as a traveling 
wave, supported by the inertia of the cochlear fluid and the stiffness-dominated 
impedance of the o.c. At some point (basal for high frequencies, apical for low) the 
impedance of the o.c. becomes mass dominated. As the traveling wave approaches 
this point it slows to almost stopping, finally occupying a small region along the 
cochlear spiral where it peaks. The peak is slightly basal to the resonant point 
where the stiffness - mass transition occurs. Measurements of basilar membrane 
motion support the traveling wave/resonant model. Beyond this, they find that b.m. 
motion is nonlinear, and that nonlinearity greatly extends the cochlea’s dynamic 
range and ability to separate frequencies [5]. A possibility for the basis of 
nonlinearity is that outer hair cells amplify the traveling wave as it passes through a 
region basal to the peak. In terms of o.c. impedance, the region of amplification has 
a negative real part -  a negative resistance! 1].

Here we find the impedance of the o.c. using intracochlear pressure 
measurements. Detection of a resonance in the impedance at a frequency just above 
the peak of the response would verify the framework of traveling wave/resonant 
cochlear models. The impedance phase we observe supports the existence of this 
“classic” resonance. The detection of negative resistance at frequencies just below 
the peak would support the concept of amplification. In nonlinear cochleae the 
impedance sometimes contained negative resistance at frequencies approximately a 
half octave below the peak, so the results are consistent with cochlear amplification.
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2 Methods

A brief description of methods is here; details have been published [4]. The 
measurements were made in deeply anesthetized gerbils stimulated with tones via a 
loudspeaker coupled to the ear canal. Stimuli were pure tones; stimulation levels 
refer to the sound pressure level in the ear canal. Intracochlear pressure was 
measured by inserting specialized pressure sensors through small holes in the 
cochlear bone. Pressure measurements in the s.t. were made in the first turn of the 
cochlea, where the characteristic frequency (c.f.) was approximately 20 kHz. In s.t. 
the pressure was measured at a series of distances from the b.m. The pressure in the 
scala vestibuli (s.v.) just next to the stapes was measured within seconds of each 
measurement in the s.t. This is the input pressure to the cochlea and served as a 
reference pressure. An electrode at the round window measured the compound 
action potential (CAP) response of the auditory nerve to tone pips. At the time of 
the presented measurements and at frequencies close to 20 kHz, the CAP thresholds 
in the experiments shown here were 20 -  30 dB SPL (my699), 40 dB (s898) and 60 
-  70 dB (mr2299). These thresholds were consecutively roughly 0, 10, and 20 dB 
greater than they had been prior to opening the cochlea.

The pressure sensor consists of a glass capillary with inner and outer diameters 
100 and 170|a.m, tipped with a gold-coated polymer diaphragm. Light from an LED 
is delivered via a fiber optic threaded into the capillary, and reflects from the 
diaphragm. The amount of light returning to the fiber optic for transmission to a 
photodetector varies linearly with the pressure-induced motion of the diaphragm.

A brief summary of the analytical method for finding b.m. velocity (vbm) and 
the pressure across the o.c. (Pqc) follows: The calculation of vbm uses one s.t. 
pressure measurement close to the b.m (Pb) and a second s.t. pressure measurement 
a small distance from the first (Pa). The line defined by the two points of 
measurement is the z axis; it points away from the basilar membrane, from the s.v. 
toward the s.t. At frequencies above about 8 kHz the z-component of fluid velocity 
can be written very simply: vz = (i/co)(Pa - Pb)/(pAz). (Az is the distance between the 
pressure measurements, p is the density of the cochlear fluid, and co is the angular 
frequency.) The fluid very close to the b.m. is expected to move with it, so when Pb 
is very close to the b.m. the fluid velocity approximates b.m. velocity. Then vbm = 
(i/co)(Pa - Pb)/(pAz). The pressure difference across the organ of Corti is the 
pressure close to the o.c. in s.v. minus the pressure close to the b.m. in s.t. We 
measure the pressure in s.v. near the stapes (Psv), and the pressure in s.t. close to the 
b.m. (Pb). With the simplifying assumptions that the cochlea is symmetric and the 
pressure in s.t. at the round window is zero, Poc w Psv -  2Pb.
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3 Results and Discussion

Fig. 1 shows the s.t. pressure at positions 5|xm and 25|im from the basilar 
membrane (expt. s898_2). Nonlinearity is evident in the pressure. It peaks rather 
sharply at 20 kHz when the stimulus level is 45 dB SPL, peaks broadly in the 
frequency band from 12 to 21 kHz at 65 dB SPL, and at 85 dB SPL displays an 
even broader peak with a sharp notch at 19 kHz. The notch is thought to be caused 
by interference between traveling-wave and non-traveling-wave pressure modes [4], 
The phase of the s.t. pressure close to the b.m. decreases smoothly through more 
than a complete cycle as the frequency varies from 10 to 23 kHz. This 
accumulating phase is expected for a traveling wave, and is similar to the phases of 
b.m. motion [6].

In the region of the peak the pressures 5fim from the b.m. are clearly different 
from those 25|im from it. Pressure differences indicate fluid motion, and we use 
them to find b.m. motion as described in the methods. Poc is found with the s.t. 
pressure measured 5|im from the b.m. and the s.v. pressure. The gain of the s.v. 
pressure near the stapes relative to the pressure in the ear canal is typically 
approximately 30 dB, and quite flat with frequency above 2 kHz [2,4]; in this 
experiment that was the case. Therefore, it can be seen from Fig. 2 that Poc will be 
dominated by s.v. pressure at frequencies well below the peak, by s.t. pressure in the 
region of the peak, and will be close to zero above the peak. The calculated P^ will 
be most sensitive to calibration and analytical uncertainties at frequencies above the 
peak. The derived velocity will also be least certain at these frequencies, because 
the pressures are large while pressure differences are small.

Fig. 2 shows Poc and vbm found with the measurements of Fig. 1. A terse 
approach to viewing the impedance would simply show the ratio IP0c/vbml f°r the 
impedance magnitude, and phase P^ -  phase vbm for the impedance phase. 
However, this approach is overly terse; comparing Poc and vbm is more useful. 
Referring to the magnitudes, both Poc and vbm are nonlinear, and show almost the 
same degree of nonlinearity. Therefore, their ratio, the impedance, is not markedly 
nonlinear. At frequencies above the peak, both magnitudes drop off steeply. The 
actual level to which they drop might be lower than what is found because of the 
experimental uncertainties described above. The phase of both Poc and vbm, plotted 
with respect to Psv (near the stapes), accumulate in the fashion of a traveling wave. 
The velocity phase leads the Poc phase by about 90° up to a frequency of 22 kHz, 
where the Poc phase abruptly levels off. The velocity phase continues to accumulate, 
and levels off at 23 or 24 kHz, where it lags Poc by about 90°. A transition from 
velocity leading pressure by 90° to lagging by 90° is the phase behavior expected at 
the resonant point of a resonant impedance. Thus, these results support the 
existence of the classic resonance. Inspecting the magnitudes for evidence of a 
resonant impedance does not reveal one -  the velocity does not peak relative to the 
pressure at 22 to 23 kHz. However, at frequencies above the peak Poc might appear
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larger than it really is -  uncertainty in the magnitudes might be obscuring the 
resonance. Fig. 3 shows another example of a cochlea in which the impedance 
phase supports the classic resonance. This was a linear cochlea (due to inadvertent 
damage) whose s.t. pressure was measured in the basal portion of turn one.

Turning to the question of amplification, the phases in Fig. 2 are interesting. 
With stimulus levels of 45 and 65 dB SPL, there is a region below the c.f. where 
negative resistance appears -  the phase of vbm leads the phase of Poc by more than 
90° (asterisks in Fig. 2). The peak is at 19-20 kHz, and the negative resistance is at 
15 kHz. Referring to Fig. 1, 15 kHz is close to the frequency where nonlinearity in 
the s.t. pressure just appears.

In Fig. 4 Pqc and vbm from a second nonlinear cochlea are shown. The c.f. was 
19 kHz. Only with a stimulus level of 85 dB SPL is the form of the velocity phase 
similar to that of Figs. 2 and 3. With levels of 40, 50 and 65 dB SPL, the vbm phase 
crosses the Poc phase at frequencies well below the peak frequency. At stimulus 
levels of 40 and 50 dB SPL regions of negative resistance appear in the 11-13 kHz 
region. The basis for the odd phase behavior of vbm can be found in the s.t. pressures 
that were used to calculate it. Shown in Fig. 5 are the s.t. pressures at 10 and 22 fim 
from the b.m., measured with stimulus levels of 40 and 85 dB SPL. (The s.t. phases 
are not shown, but they are similar to those in Fig 1.) At the 40 dB SPL stimulus 
level the s.t. pressure measured 10|im from the b.m. is smaller than that measured 
22|im from it. At 85 dB, the expected [7] and more typical behavior obtains -  the 
s.t. pressure measured closer is bigger.

Although the behavior at 40 dB SPL seems odd, it is not very unusual or 
surprising. A possible explanation is presented in Fig. 6, which contains a 
qualitative sketch of s.t. pressures at the distances from the b.m. indicated in the 
key. The basic shapes of these curves are loosely based on predictions of a 3-d 
cochlear model [7]. In an imagined experiment, the black dot indicates the pressure

measured at a position 20|jm from the 
basilar membrane, and slightly off 
center radially. In the next 
measurement, 10|im from the b.m., the 
pressure is indicated by one of the two 
gray dots. In case (a), the radial 
position of the sensor is the same as for 
the first measurement, and the pressure 
is bigger than in the first measurement. 
In case (b) the radial position has 
changed by about 6|j.m. This would 
happen if the sensor was not aimed

Figure 6. Explanation for the decrease in s.t. directly at the b.m., but was off by 30°. 
pressure very close to the b.m. In  case (b) the pressure is smaller than

in the first measurement, even though
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the sensor is closer to the b.m. This explanation for the decrease in pressure close to 
the b.m. is more interesting when the level dependence of the behavior is 
considered. From Fig. 5, the drop in pressure close to the b.m. occurs at 40 dB SPL, 
but not at 85 dB. Interpreted with Fig. 6, the pressure curves shift somehow at the 
lower stimulus level relative to where they are at the higher level. In other words, 
the shape the o.c. takes as it moves appears to be level dependent. The effect is 
subtle, and does not penetrate far into the fluid. At distances 20 and 32|im from the 
b.m. the pressure decreases with distance from the b.m. at all stimulus levels.

The results can be summarized as follows: (1) Based on its phase, the 
impedance appears to have a resonance at a frequency just above the c.f. -  the 
classic resonance is supported. (2) Negative resistance was observed at frequencies 
somewhat below c.f. and low stimulus levels in some, but not all, nonlinear 
cochleae. (3) Stimulus level dependent variations in the way the pressure magnitude 
varied close to the b.m. might result from level dependence in the distortion of the 
moving o.c. A reflection on the experimental design helps to put these results in 
perspective. The impedance that this study sought is a macromechanical concept, 
and the manner of seeking was also macromechanical: finding “the velocity of the 
o.c.” and “the pressure across the o.c.” So far, the detection of negative resistance 
has not been robust with this particular experimental design. Perhaps further 
measurements on cochleae that are more strongly nonlinear will provide a clear 
answer to the question of amplification. However, the complexity of motion hinted 
at in result (3) suggests that a deeper understanding of the o.c. impedance will 
require a more finely grained view of o.c. velocity and driving pressure.
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Electrically induced length changes of outer hair cells (OHC) of the mammalian cochlea are 
thought to be the main energy source for cochlear amplification. While vibration 
measurements on isolated outer hair cells of the guinea pig have shown that OHCs can 
produce constant force and displacement over the entire hearing range, it is not clear if OHCs 
in vivo, embedded in the Organ of Corti (OC), can still produce enough force to enhance 
mechanical tuning up to high frequencies. Therefore, we further investigated the role of 
cochlear OHCs in vivo by measuring the mechanical impedance, the electromechanical force 
and the displacement of the OC using an in vitro preparation. Our data clearly show that 
OHCs in situ are able to generate mechanical forces over the entire hearing range with almost 
constant displacement amplitudes up to 20 kHz. Amplitude values seem to be sufficiently 
large to account for the role of the OHCs as electromechanical elements in a cochlear 
amplifier. The displacement data with and without tectorial membrane support the view that 
underlying the exquisite sensitivity and frequency selectivity of the cochlea, is a complex 
radial vibration pattern of the OC with different vibration modes.

1 Introduction

Electrically induced length changes of OHCs found in vitro are believed to play a 
central role in the active amplification of the travelling wave on the basilar 
membrane. Vibration measurements on isolated outer hair cells of the guinea pig 
have shown that the electromotile response is constant at least up to 50 kHz with 
displacement and force amplitudes probably sufficiently large to account for the 
role of OHCs as cochlear amplifiers [1]. However, it is still not clear if OHCs in 
vivo, embedded in the Organ of Corti, are able to compensate the expected high- 
frequency reduction of the receptor potential due to the time constant of the ceil 
membrane and produce enough force to enhance mechanical tuning over the entire 
hearing range.

There is evidence, based solely on the stiffness gradient of the basilar 
membrane, that the large frequency bandwidth of the mammalian cochlea can only 
be achieved in combination with a complex vibration pattern of the cochlear 
partition comprising several vibration modes [2, 3].

In order to further elucidate the role of the OHCs for cochlear amplification in 
vivo, we investigated the micromechanical properties of the OC experimentally for 
frequencies up to 76 kHz.

mailto:gerhard.frank@uni-tuebingen.de
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2 Methods

Sections of the OC, either half turns or complete turns, prepared from the first to 
third turn of the guinea pig cochlea, were used. All experiments were performed in 
an experimental bath, filled with Hanks balanced salt solution (300 mOsm; pH 7.4). 
The OC was electrically stimulated with an external electrical field developed 
between silver electrodes (Ag/AgCl) positioned above and below the OC. We used 
multi-tone complexes as command voltages with 67 frequencies comprising 
different frequency ranges up to maximally 76 kHz. All frequencies were harmonics 
of a fundamental frequency but logarithmically spaced at approximately 8.1 spectral 
points per octave. In order to measure the mechanical impedance, Zoc, or the 
electromechanical force, Foc, a small silicon needle used for atomic force 
microscopy (AFL) with known mechanical impedance, ZAFL, was placed on the OC 
above different cellular structures. The tip of the AFL was blunted to a diameter of 
about 1 |jm and positioned on the OC. Velocity of the AFL, vafL, either due to 
electrically induced length changes of the OHCs embedded in the OC or mechanical 
stimulation of the whole OC with a piezoelectric actuator, were detected by a laser 
Doppler vibrometer (LDV) focused on the AFL. These velocities allowed 
calculation of Zoc and Foc with Zoc = Z AFl  * vAFL /(vpiezo -  Vafl) and Foc = ZafL * 
Vafl- Due to the small contact region between the AFL tip and the OC, the 
calculated values for Zoc and F0c represent point values for a measurement area 
smaller than that covered by the cuticular plate of a single OHC. Electrically 
induced displacements of the OC were measured by focusing the LDV on 
polystyrene microbeads (10 (im) randomly placed on the OC with or without TM.

All amplitude data (force, displacement) were normalised for the 
transmembrane voltage in mV per spectral point. Because we had no direct control 
over the membrane potential of the OHCs the transmembrane voltage was 
estimated. Therefore, the potential of the electrical field was measured above the 
probe support relative to its surface for different distances from the surface. From 
this distance to voltage relationship, transmembrane voltage values could be derived 
by taking the potential, which corresponds to the estimated length of the OHCs of a 
specific turn, and multiplying this value with an apical to basal resistance ratio of 
0.08. The same ratio was used by Xue and colleagues [4] in order to calculate 
transmembrane potential values for OHCs during electrical stimulation of the 
cochlea in vivo.

3 Results

The mechanical impedance, the electromechanical force or the displacement of the 
OC was measured for stimulus frequencies up to 76 kHz.

Fig. 1 shows one representative example of the mechanical impedance of the 
OC measured above a second row OHC. Up to about 4 kHz the OC-impedance 
behaves as a spring with a slope of -6  dB/octave and a starting phase near -90
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degree. Fluid forces become dominant above 5 kHz due to the experimental 
configuration, so that the impedance data are limited to 4 kHz. Fluid coupling was 
measured by stimulating the piezoelectric stack without the probe, while the 
position of the lever was kept constant. The transversal compliance of the OC 
measured above the OHCs was 8.3 m/N for this preparation and 4.6 ±1.9 m/N on 
average (N=20). Significant differences between the stiffness of the OHC region 
and the region above the pillar cells were not detected.
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Fig. 1 Amplitude and phase of the mechanical impedance of the OC, measured above a second row OHC, 
as a function of stimulus frequency.
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Fig.2 Amplitude and phase of the electromechanical force measured on the reticula lamina above a 
second row OHC as a function of stimulus frequency. The dashed curves show that for frequencies above 
40 kHz the force amplitude was more variable probably, due to calibration errors of the atomic force 
lever.

Stimulation of the OC with an external electrical field induced a displacement 
of the reticula lamina (RL), probably through length changes of the OHCs 
embedded in the OC. For compliant cells, the displacement of the AFL is then 
proportional to the electromechanical force of the OHCs. Fig. 2 shows the 
electromechanical force of the OC measured above the OHCs of a second turn 
preparation. All amplitude data were normalised for the transmembrane voltage in 
mV per spectral point. Our results clearly show that electromotile forces can be
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measured up to 60 kHz with relatively constant amplitudes up to about 40 kHz and 
a phase roll-off of about 80 degree. The force amplitude was not constant above 40 
kHz and there was a steep phase roll-off, both probably due to calibration errors of 
the lever. The low-frequency force amplitude for this preparation, measured at 500 
Hz, was 1.35 nN/mV and 1 ± 0.8 nN/mV (N=4) on average. The starting phase of 
-180 degree indicates that a positive command voltage induces a contraction of the 
OHCs.

Displacement

Frequency (kHz)

Fig.3 Amplitude and phase of electrical induced displacement of the OC as a function of stimulus 
frequency. Solid and open symbols: Second turn preparation without TM. Displacements were measured 
for a bead located above OHCs and IHCs, respectively. Solid and dashed lines: First turn preparation 
with the TM still attached to the spiral limbus. Displacements were measured for a bead on the TM 
above the OHC region and the IHC region, respectively.
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Fig. 3 (solid and open symbols) shows one representative example for the 
displacement response of the OC for a second turn preparation without TM. 
Displacement data are shown for a bead located above the OHCs and above the 
IHCs, respectively. Displacement amplitudes measured in the OHC region were 23 
± 15 nm/mV on average (N=7) with a starting phase of -180 degree. The 
displacement amplitude was almost constant up to 10 to 20 kHz after which it 
rapidly decreased with a slope of -17 ± 3 dB/octave on average. While the 
displacement amplitudes measured above the IHC were in the same range as for the 
OHC region, there was a 180 degree phase difference of the starting phases 
indicating that, driven by the electromotility of the OHC, the RL rotates as a stiff 
plate around some point above the tunnel of Corti, thereby moving the cuticular 
plate of the IHC in anti-phase.

Fig. 3 (solid and dashed lines) shows one example for a first turn preparation 
with the TM still attached to the spiral limbus. There are some remarkable 
differences compared to the situation without TM. While the displacement 
amplitudes were of the same magnitude as those measured without TM, with 
average amplitudes of 37 ± 13 nm/mV, the frequency response measured above the 
IHC region exhibited several anti-resonances, possibly due to a switch from a 
vibration mode dominated by vertical displacement of the TM to a vibration mode 
dominated by radial displacement. Furthermore, our data show that the starting 
phase for beads located above the OHCs was 0 degree compared with -180 degree 
without TM. This is probably because the electrically induced vibration of the OC 
with TM is mass dominated compared to stiffness dominated without TM.

4 Discussion

Our data clearly show that OHCs in situ, embedded in the OC, are able to generate 
mechanical forces over the entire hearing range with almost constant displacement 
amplitudes up to 20 kHz. This indicates that during stimulation with an external 
electrical field, the expected high-frequency reduction of the displacement 
amplitude due to the low-pass membrane filter of the OHC is compensated.

The force and displacement amplitudes appear to be sufficiently large to 
account for the role of the OHCs as electromechanical elements of a cochlear 
amplifier. However, the large displacement amplitudes of the RL or the TM are 
mainly due to the fixation of the BM to the probe support. Therefore, dividing our 
displacement data by 6 to account for the approximately five times larger amplitude 
of the RL movement compared to the BM [5] gives an estimate of the BM 
displacement in situ with average values of 3 ± 2 nm/mV for preparations without 
TM and 6.2 ± 2 nm/mV with TM. These values are in agreement with in vivo 
measurements of electrically induced BM movements [4, 6].

Measurements of electrically induced movements of the BM in vivo [4, 6] 
showed that at least for higher frequencies there are two modes of BM vibration
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with the arcuate zone below the tunnel of Corti and the pectinate zone below the 
OHCs moving in anti-phase. Maybe these observations and the anti-phasic 
movement of the RL are based on the same mechanism where the RL driven by the 
electromotility of the OHC rotates around some point above the tunnel of Corti 
eventually in conjunction with a bending of the pillar cells.

Our displacement data with and without TM support the view that underlying 
the exquisite sensitivity and frequency selectivity of the cochlea is a complex 
vibration pattern of the OC with different vibration modes. The large displacement 
amplitudes measured above the IHC if also present in vivo raises the question about 
their possible influence on the electrical response of the IHCs.
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We had found in the past that deplarization of the OHCs and related depolarization 
of Hensen’s cells did not necessarily occur during basilar membrane displacement 
toward scala vestibuli, as prescribed by the classical model of hair cell stimulation, 
but changed the response phase with sound frequency and intensity by as much as 
180o. It is shown here with the help of network model analysis that the changes can 
be accounted for in detail almost entirely by variation of the mechanical resistance 
values of the tectorial membrane and the stereocilia, which may be produced by the 
active feedback. Above 80 dB SPL, the effective stiffness of the stereocilia also 
appears to change.

1 Introduction

It is widely believed that cochlear hair cells are depolarized and the auditory nerve 
units excited during basilar membrane displacement or motion toward scala 
vestibuli. The belief is based on a model of the hair cell stimulation through shear 
motion between the reticular lamina and the tectorial membrane perhaps the most 
clearly formulated by H. Davis [3], Probably, because of its simple logic, the 
model has been taken for granted for many years, but it has never been completely 
validated. Due to experimental difficulties, unquestionable validation has been 
limited to very low sound frequencies.

Although indirect evidence derived mainly from auditory nerve recordings 
suggested that the response phase changed at high sound pressure levels (SPL), the 
faith in the slassical model remained unshaken. Nevertheless, in 1988, we found 
through direct intracellular recordings of OHC receptor potentials that the cells’ 
response phase changed at SPLs exceeding 70 dB and reached 180o between 90 
and 100 dB in a broad frequency range including the CF [16]. The finding was 
confirmed and extended in connection with several subsequent experimental series 
carried out in our laboratory. Since the phase change did not increase in direct 
proportion to sound frequency but started rather abruptly and remained almost 
constant over a wide frequency range, we concluded that it could not be due to a 
change in the wave velocity on the basilar membrane but had to originate in the 
shear motion between the reticular lamina and the tectorial membrane [12,16], 
The phase change by 180o meant that it was not possible for the OHC to be 
depolarized during basilar membrane displacement toward scala vestibuli at both 
low and high SPLs. If the depolarization occurred during basilar membrane 
displacement toward scala vestibuli at high SPLs, as suggested by click latencies 
[7], it had to occur during basilar membrane displacement toward scala tympani at 
the low ones.

mailto:joe_zwislocki@isr.syr
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The purpose of this paper is to show that the SPL dependent phase changes 
in the OHC and related responses can be accounted for almost entirely by the 
stereocilia-tectorial membrane system controlling the shear motion when its 
numerical parameter values are specified according to static measurements 
performed in the past [11,14]. The empirical phase changes have been taken from 
a past study concerning effects of sodium salicylate on OHC responses, which was 
only partially published [12]. However, the recordings included here were 
obtained before salicylate perfusion.

2 Experimental Methods

The experiments concerning SPL effects on OHC responses, relevant to this 
article, were performed on 9 Mongolian gerbils according to methods described on 
several occasions in the past [12,16]. The gerbils weighed between about 60 and 
70 grams and were anesthetized with sodium pentobarbital (35 mg/kg, except for 
the initial dose), were tracheotomized but no artificial respiration was 
administered. Access to the cochlea was gained through a wide ventrolateral 
opening in the right bulla, which exposed all the turns of the cochlea. The organ 
of Corti was reached through the lateral wall of scala media in the second turn, at a 
location responding maximally to sound frequencies around 2 kHz. The recording 
electrodes, filled with 3-M KC1 and having resistances around 50 MOhms were 
introduced into the cochlea through small holes in the bony capsule, made with a 
precision drill held in a three-axial, hydraulically driven micromanipulator, the 
same that was used for the microelectrodes. For reasons of methodological 
advantage (small, least traumatic penetration of the organ of Corti, ease of location 
and duration of contact) the electrical AC responses were recorded intracellularly 
in Hensen’s cells rather than, directly, in the OHC. It has been demonstrated on 
several occasions that the response phase of Hensen’s cells is practically identical 
to that of the OHCs and their magnitude directly proportional [6, 13,16]. The 
recorded signals were filtered in a Lock-in-Amlifier and displayed on the screen of 
a storage oscilloscope as a function of log sound frequency in terms of amplitude 
envelopes and sine- or cosine-phase functions. The amplitude was displayed 
linearly. The oscilloscope displays were photographed for off-line processing.

Sinusoidal stimuli were swept logarithmically in frequency over a 
frequency range extending from about .18 to 18 kHz. To avoid amplitude 
distortions due to the narrow bandwidth of the Lock-in-Amplifier, each frequency 
sweep lasted 5 sec. It was repeated every 6 sec. The stimuli were delivered to the 
gerbil ear through a miniature earphone and monitored with the help of a 
miniature microphone, both sealed in the ear canal by means of a conical adapter 
and a malleable compound. Over the frequency range from .5 to 12 kHz, the SPL 
in the ear canal was constant within +- 3 dB.
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3. Experimental Results

An oscilloscope display of typical quasi-sine functions of intracellular response 
potentials obtained in a Hensen’s cell at two SPLs — 40 and 90 dB, is shown in 
Fig. 1 (GZ-188, EP=76 mV, RP=-83 mV).

Figure 1 Figure 2

Fig. 1 Oscilloscope traces of a Hensen’s cell responses in terms of sine phase as functions 
of sound frequency at 40 (thin line) and 90 dB SPL.
Fig. 2 Response phases of the same cell as in Fig. 1 as functions of sound frequency at 40, 
80 and 90 dB SPL.

The thin line corresponds to the 40 dB level, and the thick one to the 90 dB level. 
The amplitude of the 90 dB curve has been reduced relative to that of the 40 dB 
curve for better pattern comparison. Note the shift of the amplitude peak toward 
lower sound frequencies at the higher SPL. Such a shift is found in all our 
recordings [13,16] in healthy cochleas. Note further that the amplitude of the low 
SPL curve, but not that of the high SPL curve, remains at almost zero over a 
substantial low frequency range. The evident phase difference between the low 
and high SPLs originates in this plateau and further increases somewhat with 
sound frequency to reach approximate phase opposition at and beyond the 
maximum low level response. In the frequency domain, the phase at 90 dB leads 
that at 40 dB. Because of the mirror relationship between the frequency domain 
and the the space domain in the cochlea , the peak shift is associated with a spatial 
peak shift toward the cochlear base, and the phase shift signifies a temporal lag.
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The response phase, as extracted from the patterns of Fig. 1 and an 
additional recording from the same cell, is plotted in Fig. 2 over linear frequency 
and phase axes. The resulting curves include the phase delay produced by the 
wave propagation on the
basilar membrane. A substantial phase shift relative to the 40 dB curve is evident 
over a wide frequency range, including the CF region, at both the 80 and 90 dB 
SPLs. Whereas the shift seems almost uniform at the 80 dB level, amounting to 
about 90o, it increases at the 90 dB level from about 90o around 0.75 kHz to about 
180o at 3.2 kHz. Hensen’s cell recordings at the 100 dB level in other 
preparations showed even somewhat greater phase shifts. It should be noted here 
that, although all 3 phase curves of Fig. 2 approximate straight lines within their 
limited frequency ranges, their more detailed analysis performed in the next 
section shows a more complicated pattern. Unfortunately, it was not possible to 
extend the experimental frequency range because of the smallness of the response 
amplitude and limitations of the Lock-in-Amplifier.

4 Mathematical Analysis

The analysis is implemented with the help of a lumped-element electrical analog 
of the first kind of the OHC stereocilia — tectorial membrane system driven by the 
reticular lamina assumed to be a high impedance (current) source. Such an analog 
follows automatically form the mechanical structure and was used in the past on 
several occasions. The analog network is shown in Fig. 3., where Isl designates 
the current source, CH, the aggregate stereocilia compliance; RH, the associated 
resistance; CTM, the compliance of the tectorial membrane attachment to the 
spiral limbus; LTM, the mass of the tectorial membrane; and RTM, the resistance 
component of the tectorial membrane mechanical impedance.

The current II is the analog of the velocity of the stereocilia deflection, and the 
current 12, that of the tectorial membrane radial vibration. On the assumption that 
variations of the distance between the tectorial membrane and the reticular lamina 
are negligibly small, the transversal motion of the system is omitted. From 
previous static measurements and their adjustments to the singular points of the 
OHC transfer functions [14], the following approximate numerical values of the 
compliances can be derived for the cochlear location of the experiments: CH =
0.16*10-4 cm2/dyne (0.16*10-3 m2/N); CTM = 0.9*10-3 cm2/dyne. Note that 
the compliance of the tectorial membrane is much greater than that of the 
stereocilia, in agreement with static measurements in vivo [14]. The mass of the 
tectorial membrane can be calculated from its dimensions and density. A value of

Is1

© Fig. 3 Electrical network analog 
of the sterocillia-tectorial 
membrane system. Explanation 
in text.



162

LTM = 0.77*10-4 g/cm has been obtained. The resistance associated with the 
stereocilia deflection is assumed to stem from the fluid friction arising from the 
shear motion between the reticular lamina and the tectorial membrane. A value of 
RH = 0.2 dyne sec/cm2 has been arrived at 14). The resistance, RTM, associated 
with the tectorial membrane enters the computations as a free parameter. It is 
assumed to be decreased by the active feedback at low SPLs. The best fit to the 
empirical phase data is obtained with a passive value on the order of 0.5 dyne 
sec/cm2 at and above 80 dB SPL, decreasing to about 0.02 dyne sec/cm2 at 40 dB. 
Note that, according to indirect evidence, the effect of the feedback appears to 
decrease with SPL and to become negligible above 70 or 80 dB SPL [2]. A 
similar decrement of the effective value of RH is assumed below 80 dB. There is 
some empirical evidence suggesting that the stereocilia stiffness is decreased by 
exposure to high SPLs [8]. The best fit to the phase data is obtained on the 
assumption that the decrement begins around 80 dB and amounts to a 10-fold 
reduction at 90 dB. This is consistent with independent data on the response 
magnitude of OHCs, as inferred from Hensen’s cell responses [9].

“OHC" Response Phase

i

I
-  40

1000

SOUND FREQUENCY IN

Fig. 4 OHC response phases, 
as inferred from Hanson's cells 
response phases, relative to 
the basilar membrane 
displacement toward scala 
tympani (dots) and 
corresponding model curves

The theoretical curves obtained with the numerical values specified above are 
compared to the experimental data of Fig. 2 in Fig. 4. In the latter, the slope 
resulting from cochlear wave propagation has been eliminated through division by 
a variable directly proportional to sound frequency. The solid line has been 
obtained with the smallest resistance values, believed to prevail at low SPLs. 
Note that it coincides with a I80o angle assigned to basilar membrane motion 
toward scala vestibuli. Motion, rather than displacement must be used here 
because the model currents correspond to mechanical velocities rather than 
displacements. The relative angles remain the same. Around 0.6 kHz, the phase 
angle changes almost abruptly by nearly 180o and becomes nearly zero, in 
coincidence with basilar membrane velocity toward scala tympani. Such rapid 
phase changes, as reflected in the firing of auditory nerve units, had been found 
before and were particularly evident in the population recordings of Kim et al. [5], 
Between about 1.0 kHz and almost 4.5 kHz, the curve hugs the 0 phase coordinate. 
At 4.5 kHz, it changes rapidly back to the 180o. The transition points correspond
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to the frequencies of the two resonances of the stereocilia — tectorial membrane 
system: the series resonance and the parallel resonance. Both were discussed 
previously in the literature [1,10] and demonstrated directly by Gummer et al. [4]. 
The empirical data points obtained at 40 dB SPL and marked by solid circles agree 
with the theoretical curve within their random scatter.

The remaining two curves have been obtained with larger resistance and 
compliance values, as explained above. They agree well with the empirical data 
points obtained at the 80 and 90 dB SPLs, except for the 90 dB data at the highest 
two sound frequencies. These data points indicate phase angles greater than 180o 
and cannot be explained by the model. Since similar values were obtained on other 
preparations, the deviation appears to be systematic. It may reflect a small change 
in the velocity of wave propagation.

5 Conclusions

An intensity dependend phase shift in OHC and related Hensen’s cell responses, 
which takes place above 70 dB SPL and reaches 180o around 90 dB over a wide 
frequency range including the CF, was found in earlier experiments on Mongolian 
gerbils. Here, it is shown by means of lumped-element network analysis that the 
phase shift can be accounted for in detail almost entirely by changes in the shear 
motion between the reticular lamina and the tectorial membrane. The changes are 
produced in the model by variation of the resistance parameters associated with 
the tectorial membrane and stereocilia motions and, above about 80 dB, by a 
decreasing effective stereocilia stiffness. The resistance variation is tacitly 
assumed to be produced by the active feedback. With the exception of the 
tectorial membrane resistance, the base parameter values assumed to be valid at 
about 70 to 80 dB, where the active feedback appears to become ineffective, have 
been derived from independent prior static measurements and known physical 
constants.
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Previously, the only model that supported multiple propagation modes and had been shown to 
mimic cochlear mechanical data was the TWAmp [6,7,8]. We have formulated a three- 
compartment model that also allows multiple propagation modes. The model represents fluid 
flow in the organ of Corti, active and passive outer hair cell force production, the reticular 
lamina and basilar membrane, and the cochlear scalae. We found that this model also 
produces cochlea-like responses using realistic parameters and parameter settings.

1 Introduction

The traveling-wave amplifier (TWAmp) [6,7,8] and the Sandwich [1] models
of the cochlea are both multi-mode wave-propagation structures. The physical
structures that underlie the TWAmp’s first mode are the scalae. A candidate for the
second mode is the fluid filled space of the organ of Corti (OC). The same
structures comprise the Sandwich model (Fig. 1 )[1 ]. The Sandwich model is a three-
compartment model. The interior of the Sandwich is the OC, which is bounded by
the reticular lamina (RL) and the
basilar membrane (BM). The
Sandwich model possesses a
second mode of wave
propagation, because OC fluid
can flow longitudinally if the RL
and BM move with different
velocities [1].

The TWAmp is known to
have characteristics that mimic
responses measured from the BM
[12]. In contrast, there have been Figure 1. An incremental section of the Sandwich
no simulations of the Sandwich ra°de' !hree <of •*» haircells depicted.
model [1], and analysis of a
similar model [2] suggests that either the Sandwich can not mimic cochlear 
mechanical data; or to do so would require inordinate force production by the outer 
hair cells (OHCs). A more-sophisticated, multi-compartment model [3] has been 
explored using realistic OHC force production. This model can produce realistic

mailto:aeh@bu.edu
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comparisons with experimental data if longitudinal coupling of hair cells is included 
[4], We studied the simpler version [1] of the Sandwich model, formulated using 
realistic parameters, to see whether it has performance characteristics similar to 
those of the TWAmp, and if so, whether the OHC force production in the model 
was within reason.

2 Methods

The equivalent acoustic impedance model shown in Fig. 2 allows us to 
calculate the performance of the physical model shown in Fig. 1 using electrical- 
circuit simulation software. Subscripts on the circuit elements correspond to the 
initials of the compartments in Fig. 1. The circuit is comprised of three main regions 
that represent the three compartment structures in Fig. 1. The upper region of the 
circuit is comprised of scala vestibuli and RL passive components, which are 
specified in acoustic impedance units. The lower region is comprised of the scala 
tympani and BM components. RL and BM volume velocity (Url and UBM) are 
defined as positive towards scala tympani. PRL, the pressure across the volume 
compliance CRL, is proportional to the displacement of the RL.

The middle section of the circuit represents the OC. Part of the OC circuit is 
comprised of pressure sources. HCA represents OHC active force production, and 
force, scaled with regard to an incremental area of the model, is a pressure. When 
the RL moves downward, the hair cell actively pushes in a way to oppose that 
motion. At the same time, the hair cell pushes downward on the BM. Thus the 
feedback is negative (at low frequencies) 
relative to the RL. The volume velocity of 
the RL and the BM are fed to a circuit that 
computes the passive internal opposition to 
deformation of the OHCs. In particular, if 
RL and BM velocities differ, then the 
OHCs resist the deformation of the OC.
Thus, HCP represents the force (converted 
to a pressure) due to the internal impedance 
of the OHCs themselves when RL and BM 
velocities differ. The fluid mass, Loc, and 
resistance, Roc, represent the passive 
opposition to fluid flow down the OC. Uoc 
is the volume velocity of fluid in the OC, 
and is defined as positive towards the apex.

400 sections such as the one shown in 
Fig. 2 are concatenated together to comprise 
the complete model. The helicotrema 
connects the model’s scala vestibuli and 
scala tympani using an acoustic resistance

W -

Lsr(*)

■ Asr

Figure 2. A circuit realization of an 
incremental section of the Sandwich model.
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of 105 cgs acoustic ohms. Terminations of the scala and the OC at the basal end of 
the model are into volume compliances of 10‘9 cm5/dyne, which is roughly 30 times 
greater than BM volume compliances used in the apical end of the model. The 
apical end of the OC terminates in an open circuit.

Many of the model parameters are linked to BM parameters. We used a 
Greenwood map [5] designed to fit gerbil data, where the characteristic frequency 
(CF) of the ith section is specified by:

102.2(/-*,.)// _ 0>63]CF; =398 ( 1)
where / is the length of the cochlea (1.3cm), and jc, is the location of the ith section. 
We used volume compliance derived from measurements by Naidu and Mountain 
[1 1 ]:

^  _  -30.9+4.04*,
BM i ~ W

Given the CF and the volume compliance, the effective mass of the BM and the 
resistance corresponding to a Q of ten is simply calculated.

To produce the simulation data shown here, the remaining circuit component 
parameters were chosen as follows. The RL impedances, except the masses, were 
set to 20% of the BM impedances, because Mammano and Ashmore’s [9] 
experimental result suggests that the RL is less stiff than the BM. The RL mass was
0.66 of the BM mass. This builds into the RL a resonance at a frequency that is 
below the resonant frequency of the BM. Similarly, the R and the C of the OHCs 
were scaled by 0.2 relative to the BM parameters, and the inductance was multiplied 
by 0.002, to essentially ignore any mass attributable to the OHC itself. Loc was a 
constant, calculated initially by assuming an OC height of 10(xm and a width of 
100|im, and then doubled to reflect that not all of the space within the OC contains 
fluid that may flow. R ^  was also a constant set by trial and error at 6x l06 cgs 
acoustic ohms.

The dependent pressure sources represent the OHC. Sources HCA represent the 
expansion or contraction of the OHC in response to RL displacement. The way this 
is done is to sense the RL capacitor voltage, which is the analog of volume 
displacement. The pressure sources HCA, which are equal and oppositely directed, 
were computed using the relation

HCAi= M C RLi-PRLi-e ^ M)Klm  , (3)
and the parameter M was increased experimentally until an effect was seen on the 
model responses. By observing differential effects on the model’s apical and basal 
outputs, the parameters M and K were adjusted until the responses in the base were 
close to experimental data and were tuned somewhat broader in the apex; and it 
could be verified that the model was time-domain stable. We settled on M=8 x 1012 
and K=2 to simulate the active case and M=0 to simulate the passive case, in which 
there is no OHC force production from HCA sources. The significance of these gain 
settings will be discussed later in the paper.
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3 Results

Figure 3 shows the magnitude and phase angle of simulated BM velocities 
relative to stapes velocity in both the active and passive cases. Output from the 
model is from a location corresponding to 5.2 mm from the stapes. Data from 
Ruggero et al. [12] compare well with the model output. The gain used to boost the 
peak of the model output to reach the peak of the experimental data was near the 
upper limit of gains for which the model was time-domain stable. One can 
appreciate that lower gains could have been used in conjunction with a larger scale 
factor that would align model output in the 100 Hz region, but then the mid
frequency region would show large discrepancies between model and data. 
Probably much of the discrepancy between model and experimental data is because 
the model is tuned to represent a gerbil cochlea and the experimental data is from a 
chinchilla. Active model output is clearly peaked more and shifted to slightly higher 
frequencies as compared with the passive situation.

The phase angles from the active model also compare favorably with 
experimental data except for two obvious problems. At low frequencies, the model 
phase angles jump at too high a frequency towards 180 degrees. This behavior has

F re q u e n c y  (Hz) F re q u e n c y  (Hz)

Figure 3. Basilar membrane (linear) velocity ratios (left panel) and phase angles (right panel) re. 
Linear stapes velocity from the model plus data from Ruggero et al.[ 12] shown as circles. Both the 
active and passive cases are shown for the model. The conversion to linear ratios was to add 55 dB

to the volume velocity ratios.

to do with which frequencies are tuned at the far end of the cochlea (i.e. the gerbil 
tuning relative to a chinchilla), as well as the boundary conditions of the model. In 
this preliminary investigation boundary conditions were not manipulated in an 
attempt to better fit the experimental data. A valued feature of the model output is 
that the phase lag is minimal up until near the tuned frequency and then it drops 
very rapidly. The model data actually go between the maximum and minimum
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phases found in the experimental data. At lower frequencies the active and passive 
phase angles are the same. The passive phase drop is only about 500 degrees. In 
contrast, at high frequency, although the slope of the phase curve compares well 
with the experimental data, there is too much total phase lag in the active model 
data.

Figure 4 shows the BM, RL, and OC responses in the active case. The same 
conversion factor (55 dB) was applied to the OC volume velocity as to the RL and 
BM volume velocities to allow the reader to consider the quantities proportionately. 
In fact, there can be considerable volume flow in the OC. Also, the data are now on

F re q u e n c y  (Hz) F re q u e n c y  (Hz)

Figure 4. A comparison of OC, BM, and RL velocities (left panel) and phase angles (right
panel) from the active model.

a linear abscissa, to distinguish clearly the individual responses. The BM and RL 
velocities are not identically peaked. Instead, the RL is peaked at frequencies below 
the peaking frequencies of the BM. The shift in frequency is not large enough to be 
accounted for by the ratio of the passive tuning of the RL relative to the passive 
tuning of the BM, which was approximately a factor of 1.75. OC flow is smaller 
than the RL and BM volume velocities at intermediate frequencies. However, OC 
flow peaks up quickly to exceed the RL volume velocity at frequencies below those 
at which the BM responses peak. OC flow exceeds the BM volume velocity at 
frequencies beyond the peak of the BM response.

Phase angles for the BM, RL, and OC volume velocities are also shown. At 
lower frequencies the RL and BM are in phase. They are referenced by 360 degrees 
to be distinguishable. At a frequency that roughly coincides with the peaking of the 
RL response, the RL and BM become almost out of phase. They remain nearly out 
of phase until the high frequency plateau is reached, by which time they are back in 
phase. The frequency region over which the RL and OC are nearly out of phase
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coincides with the region over which the active velocity responses of the model are 
considerably larger than the passive responses.

4 Discussion

Both the Sandwich model and the TWAmp seem capable of mimicking certain 
experimentally obtained BM responses. It remains to be seen which model performs 
better against a variety of experimental data. The Sandwich model is far from being 
explored as fully as the TWAmp [6,7,8]. The TWAmp has been made nonlinear, 
and has been tested against numerous other experimental data.

Whether the two models produce amplification via similar mechanisms is also 
in question. Given the parameter values used here for the Sandwich model, it fails 
to amplify if the second mode is effectively blocked using an Rs that is 1000 times 
larger. Thus it is likely that the second mode is playing an important role in the 
Sandwich model as it clearly does in the case of the TWAmp. We have found no 
parameter values for which the TWAmp works when its second mode is similarly 
blocked.

Clearly an advantage of the Sandwich model is that the entire structure is 
seemingly realistic. Most of the circuit parameters (c.f. Fig. 2) used are justifiable 
estimates based on their physical counterparts. Our volume compliance is based on 
measurement [11]. The calculation of “effective” mass makes sense because we 
assume that the systems are resonant. Scala and OC acoustic masses are based on 
physical dimensions, although there is reason to question what is the effective OC 
cross section and what is a reasonable acoustic resistance. For a reality check, the 
value of Rs used in the model compares favorably with an estimated 107 cgs 
acoustic ohms for a tube with a radius of 10 |nm when referenced to an incremental 
length, Ax. Individual OHC stiffness, scaled to 10 OHCs per model section is

Kohc 1 0.56 e~4x N/m, for {0 < x < 1.3}. (4)
At the apex, where x = 1.3 cm, -  0.0031 N/m, which matches the 0.003 N/m
stiffness reported for dissociated OHCs [13] . In other regions, the stiffness we used 
may be too large. However, OHC force production used in the present Sandwich 
model is biologically justifiable. OHC force production for a single OHC in the 
model, assuming 10 OHCs per model section, is

Fo h c  =0.85x10~9 .e (-/+1)2/400 N (5)
for 1.0 nm of RL deflection. Hence from one end of the model cochlea to the other, 
the active force production per single OHC at 1 nm RL displacement varies from 
about 0.85 nN at the base to 0.12nN at the apex. This is consistent with our 
calculations [14] estimating an OHC force production of 0.22 nN/mV and a 
concomitant receptor potential of 1 mV at 1 nm displacement [10].

Supported by NIDCD and ONR.
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A Cochlear Active Transmission-Line Model 
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Two simplifying assumptions were made in a frequency-domain formulation of two 
1 — D  transmission-line cochlear models: (1) the parallel impedance is a series 
L R C  circuit whose resonant frequency varies exponentially with the distance x  
from the stapes; and (2) the characteristic impedance Zo(s)  with the complex 
angular frequency s is independent of x.  W hen Z q(s ) is real (respectively, complex), 
we can get an integrable passive (respectively, active) model. In this paper, we 
first review a class of transmission-line models with the constant characteristic 
impedance. Secondly, we give a cascaded transmission-line model consisting of 
two active sections and one passive one and make it clear th a t such a model gives 
a solution to  the the cochlear compromise problem and sharp maximum vs. wave 
reflection paradox and provides a com putational model for simulating Kemp echo.

1 Introduction

The classical nonuniform transmission-line model of the cochlea is character
ized by two quantities as functions of distance x from the stapes and the 
complex angular frequency s = cr + jw  with the angular frequency u  and a 
real-valued a\ (1) the distributed parallel impedance of the scala media rep
resenting the BM impedance Y ~ 1(x, s); and (2) the series impedance of the 
cochlear partition representing the RL and OC impedance, as well as the fluid 
that connects adjacent parallel sections together, Z (x ,s ), as shown in Fig.l. 
In Fig.l, E ,P q ,U q ,P l,U l,Z g , and Z i  denote the eardrum pressure, stapes 
pressure at x  =  0, stapes volume velocity, pressure difference at the heli- 
cotrema (x = L), fluid volume velocity at the helicotrema, middle ear trans
fer characteristic and helicotrema characteristic, respectively. Furthermore, 
P(x, s), U(x , s), and U\,(x, s) denote the pressure difference between two scalae 
at x, fluid volume velocity, basilar membrane velocity, respectively. In electrical 
communication engineering, instead of Y (x ,s)  and Z (x,s), the characteristic 
impedance Zq(x , s) and the propagation constant 7 (x,s), respectively defined
by

(1)

are often discussed.
Unlike in most of well-known cochlear transmission-line models, we have 

previously given cochlear transmission-line models10,11, where Z0(x, s ) is inde-
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Figure 1: Simplified electrical transmission-line model of the cochlea with the series 
impedance Z( x , s )  per unit length and paralell adm ittance Y ( x , s )  per unit length.

pedent of x, i.e., Zq(x , s) =  Zq(s) but the propagation constant is a function of 
x and s so that no wave reflection occurs which comes from the nonuniformity 
of Y(x, s) and/or Z(x,s) except at the helicotrema. And we have shown that 
when Zq(s) is real (respectively, complex), the line becomes a passive model10 
(respectively, an active one 11). In this paper, we briefly review that such a 
class of models with the constant characteristic impedance has an analytic 
solution and give a cascaded active-passive-active model.

2 Nonuniform Transmission-Line Model with Constant Character
istic Impedance

A number of cochlear models have been proposed (see for review5- 8). In the 
well-known cochlear transmission-line models as shown in Fig.l, P (x,s) and 
U(x, s) are assumed to satisfy the nonuniform transmission-line equations:

=  -Z (x ,s )U (x ,s )  (2)

= -Y (x ,s )P (x ,s ) .  (3)

Under the condition that the longituidinal coupling is fluid coupling, e.g., 
Z (x ,s ) =  u(x) -f s/i(x) and the scala media is modeled mechanically as a 
linear array of harmonic oscillators, i.e.,

Y ~ 1(x,s) = sm(x) + r ( x ) k ( x ) / s ,  (4)

the solution P(x, s) and U(x, s) to the above equations are given by the use of 
the WKB approximation technique (see for review1, 6- 8).

On the other hand, two simplifying assumptions were made in two inte- 
grable models of the cochlea10, 11: (1) Y ~ l (x, s) is a series LRC  circuit whose 
resonant frequency (3(x) = /3oe~ax] and (2) Z (x,s) is determined by Zq(s) 
which is independent of x so that no wave reflection occurs which comes from 
the nonuniformity of Y(x, s) and/or Z (x,s)  except at the helicotrema. Thus



176

the second assumption gives integrable equations:

9P ( X , S )  w  \  r r /  V— ^ —  fc= -Zo{8)'y(x18)U(x18)1 (5)

dU (x,s) 'Y(x.s)
dx  =  ~ ~ Z ^ )

which leads us to get their rigorous solution:

P (x ,s ) =  Ade~r (d,x'8) +  Bder (d,x;s\  (7)

«) =  _ ^ _ e~r(d’x;s) -  ^ ^ - e r{d,x;s), (8)Z0(s) Z0{s)

where rdi
r ( d o ,^ i ; s )  =  /  7 (x ,s )d a r , (9 )

Jdo
and Ad and JE?d are constants to be determined by the boundary conditions at 
x — d. The first and the second terms in eqs.(7) and (8) are referred to as the 
incident and reflection waves, respectively. Note that P (x,s)  and U(x,s) are 
to be wave-reflectionless, defined by

P(x, s) =  A0 e~r ^ x^ , U(x, s) i  (10)
Z q\ s )

and to satisfy the maximum power-transfer condition in the circuit theory, 
if and only if Zq (s ) =  Zl (s) = Zo(s). Thus the constant characteristic 
impedance assumption is quite distinct from the assumptions in most of well- 
known transmission-line models that the characteristic impedance is a function 
of x  and s and the propagation constant is independent of x

Assuming that the parallel impedance is a series LRC  circuit, defined by

(s, s) = sL(x) +  R(x) +  1 , (11)sC/ \Xj

together with the condition that

L(x) = L0eax, C(x) = C0eax, R{x) = Ro, (12)

or equivalently, the resonant frequency is given by

* * > - 7 1 T O  m

and the loss function is given by

6(x) = R ( x ) \ l ^ - = S 0, So = Ro (14)
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Figure 2: Short sections of a passive (respectively, an active) electrical transmission-line with 
the constant real (respectively, complex) characteristic impedance (left) (respectively, right).

we have get a passive transmission-line model10 with a resistive characteristic 
impedance Zq(s) =  Zq = r, as shown in Fig.2 (left) and shown that this model 
gives good agreement between the model results and the experimental data by 
Bekesy and Rhode.

On the other hand, an inductive characteristic impedance Zq (s) = r + s M , 
together with the condition that

L(x) = L0eax, C(x) = C0ec 
or equivalently /3(x) = Poe~c

R(x) = Roec 
S(x) — S0e~c

(15)
(16)

led us to get a locally active model 11 with sharp frequency characteristics 
as reported by Sellick et al.. The continued-fraction expansion of Z A(x,s) = 
{Z0 ( s ) } 2 Y ( x ,  s )  gives a parallel LGC — L in series circuit with locally negative 
resistances R i(x) and R 2 (x) as shown in Fig.2 (right). An active region of such 
a transmission-line model, a fuction of x and a;, is defined by the region where

ReZA(x, s) < 0,

or formally from the viewpoint of the circuit theory

gu(x ,s)<  0, (* — 1 or 2),

or gn(s)g22 {s) -  

where

' 9i2(s) + g2i(s)' bi2 {s) -  b2i{s)
< 0,

gij(s) = ReYij(x, s), bij(s) = Im Yij(x,s), ( i ,j  = 1,2)

(17)

(18)

(19)

(20)

and Yij(x, s) is the th component of the admittance matrix of the 2-port
network at x, defined by

' U(0, s) y n ( x , s ) Yi2(x,s) ' P ( 0 ,s )
—U (x , s) Y2i (x , s ) Y22(x , s ) . P(x ,s )

z0AU)
—cothT(0, x; s) cosechr(0, x\ s) 
cosechr(0, x\ s) — cothr(0, x; s)

P(0,«) 
P (x ,s )

(21)

(22)
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where r(do,di] s) is defined by

r(do,rfi;») =  s(sM  +  r)Co f
Jd

dx

PI
+ S<S0

Po
+ 1

PqCq(sM  + r)(q + jp ) 
2 a(p2 + q2) (Fi -  F2),

(23)

(24)

where 

Fi =
nD  1 

JD n

dz *D1
, F 2 = f

D 0 z  ~  Z \  J Do Z — Z2

d z  j
, Z i  = s

ado

Po

SZ1 SZi e
P = Re— , q = Im— , D0 = —  

J 3 Po
d̂d i

, Dx i
Po

(25)

(26)

Applying Cauchy’s integration theorem to Fx and F2, we obtain

Fi = 2njSD(z1) -f (1 -  Qi)(Qi -  jp i)
Pi

\  _l 1 +  Oil , 1 +  «!tan — I-------tan

+ i . „

Fo =

1 — 2ai a2 +  f32 
(1 -  a 2)(a2 -  jp 2)

tan'

g f m

P2
1 ■+■ 2Q!2 +  OL2 +  /32 
1 — 2Q!2 "I- Ot% +  /3o

1 1 +  «2 
P2

tan

Pi

,x - l  +  a2

P2 .

Pi

(27)

(28)

where 

a  1 =

ol2 =

D 1 — Do

1

Sd (z i) =

Dq +  D\ — 2 

Dq -j- D\ +  2

pu — qa 
a2 + u 2

pu — qa 
a2 +  a)2

Pi =  

P2 =

—2 pa +  qu 
Dx -  D0 ' a2 +  u 2

2 pa + qu 
D\ — Do a2 + u 2

1,
0,

if \z\\2 — Rezi(i?o "I- ^ 1) "I- D0 D 1 < 0, 
otherwise.

(29)

(30)

(31)

Note that Z A(x,s) gives an alternative to the previously known transmission- 
line models with the parallel impedance containing negative resistances (see for 
review9). Also note that if Y(x, s) is determined by a parallel LGC impedance 
Z (x ,s)  with Zq (s) = (g + sc)-1 , then Y A(x ,s ) =  Z(x , s)(Zq {s))~2 becomes 
another active network, i.e., a dual network of Z  (x,s) as shown in Fig.2 
(left).
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3 Hybrid Models with Constant Characteristic Impedance

In this paper, we present a cascaded transmission-line model which consists of 
two active sections and one passive section due to saturation of active mech
anism, as shown in Fig.3, where 7A(x,s) = Z ^ (s )Y (x ,s ) and 7p (x,s) = 
Zq (s)Y(x, s). Such a cascaded active-passive-active (APA) transmission-line 
model can be easily solved by using both of four input impedance Zjn (x,s) 
and reflection coefficients p(x,s), respectively defined by

in (  ’ '  ~  u ( ^ s j ’ />(x’ s )  _  I T  ( J

at x = 0 , h l 2,L  as follows;

P(0,s) (l + p{0 ,s))Z f
E  (ZG + Z£) +  p(0, s)(Zq -  Za )

(33)

where

n(fl — ( 1  +  ( 1  p ( £ i , s ) ) Z q  2 J * 1 7  A(y,s)dy
-  (i + p(e1 ,s))z^ + ( i -p(e 1 ,s))z^e ’

, ,  -X _  (l +  ^ 2,s))ZoA -( l- /> % ,s ) )Z o P „ -2 f,'N ',to,.)^
p(h’s) <\ + p(t2,s))zA + ( \ - P(e2,s) ) z f  ’  ( 3 5 )

ftt \ Z l ~ Z q - 2  f L y A(y,s)dy
p ( h is) = y l \  z £  ' (36)

Such an APA model provides a computational cochlear model in the follow
ing sense: (1) both of the transfer characteristic P (x ,s ) /E  and the input 
impedance at the eardrum Z t{s ) = Z g(s) +  Ẑ n (0, s) can be easily obtained; 
and (2) the application of the Inverse Laplace Transform to Z t (s ) gives the 
model response for simulating Kemp echo. In particular, this model is shown 
to give a concrete model of the antiresonator as a possible secondary resonance 
of the cochlear partition 2, 3, 5 and furthermore to provide a simple solution 
to the cochlear compromise problem 1 and the sharp maximum versus wave 
reflection paradox4.

4 Conclusions
We have reviewed a class of transmission-line models with the constant char
acteristic impedance and given a cascaded transmission-line model consisting 
of two active sections and one passive one with the constant characteristic 
impedance. Such an APA model has been shown to give a solution to the the 
cochlear compromise problem and sharp maximum vs. wave reflection paradox 
and provide a computational model for simulating Kemp echo.
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Figure 3: A cascaded transmission-line model which consists of two active sections with 
Z ^ ( s )  and 7 j4 (a:,s), and one passive section with (s) and 7 p (x,s) .
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A nonlinear time-domain version of a previously published "feed-forward" model of the 
cat cochlea [4] was developed. The only nonlinear elements in the new version are saturating 
outer-hair-cell motile forces. Model responses to pure tones showed strongly compressed 
responses for characteristic-frequency (CF) tones. When a CF tone was presented along with a 
"low-side" suppressor tone, the responses produced by the CF tone were reduced, both 
tonically and, within a 2-kHz frequency limit, phasically. Suppression of CF-tone responses 
was also produced with "high-side" suppressors. Where available, two-tone suppression data 
measured experimentally on the basilar membrane in the basal region are very similar to the 
corresponding output of the model, thereby providing good support for the latter.

1 Introduction

The purpose of this paper is to show that “feed-forward” models of the cochlea [4] have 
the capability to produce realistic two-tone suppressions of basilar membrane 
vibrations. Our model has produced all three types of two-tone suppression, though the 
emphasis here is on "low-side" suppression (i.e., when the frequency of the suppressor 
tone is considerably less than that of the "probe" tone). The model's suppression 
characteristics are strikingly similar to those of the living cochlea.

2 Methods

To study suppressions, we developed a nonlinear, time-domain version of the feed
forward model of the cat cochlea that we reported previously [4]. For ease of 
computation we chose the simplest version of that model, the one labeled "initial", in 
which a single spring (kc) represents the effective stiffness of each segment's OHC- 
cilia/tectorial-membrane complex.

The cochlea was represented with 350 radial segments and was connected to a 
simple middle-ear model. The basic parameters of each cochlear segment were virtually 
identical to those previously reported [4], with the single exception that the OHC motile 
forces were assumed to be nonlinear, proportional to the slope of an ad hoc 5-shaped
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input/output (I/O) curve similar to that shown for OHCs in the base of the cochlea [7]. 
For computational simplicity, a symmetrical I/O curve was chosen (i.e., centered “rest” 
point), even though asymmetric “rest” points appear to characterize OHCs [5,7].

The finite difference method was used to solve the differential equations of 
the model [4]. Forward differences were used for first-order derivatives whilst 
central differences represented second-order derivatives. Stimuli used were either 
single tones or pairs of tones, presented with rise times of 3 msec. A total of 40,000 
time steps were used in each simulation "run", using a time step (At) of either 0.5 or 
1 usee duration, depending on the frequencies of stimulation (i.e., response durations 
of either 20 or 40 msec). The response amplitudes reported herein were calculated 
from the last 8192 points of each run, utilizing only every 8th point (i.e., 1024 points 
separated by either 4 or 8 psec intervals). Only steady-state responses were observed 
in those calculation periods, transients having died out earlier. The frequencies of the 
tones used were all chosen to be harmonics of either 122 or 244 Hz, the frequency 
equal to 1/(8\92*At), so that proper period histograms could be formed from the 
1024 terminal points stored for each run.

3 Results

3.1 Pure- Tone Responses

The responses of the model to 5-kHz tones, presented at various intensities, are shown 
in Figure 1A. At 0 dB SPL, the nonlinear aspects of the OHC forces were negligible 
and a peak of about 40 dB occurred, similar to those we previously reported for the

Figure 1. Response displacements of the model’s basilar membrane to 5-kHz tones of various levels. A. 
Responses along the cochlea (0-14 mm region shown, though simulation used full 25 mm). B. Level- 
response functions derived from data in A, at the 5-kHz characteristic place (12.9 mm) (along dashed line), 
basal to it (10 mm), and apical to it (13.2 mm). Responses above 0.1 nm (putative neural threshold) shown 
shaded. From [3].
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(linear) frequency-domain version of the model [4]. As stimulus intensity was raised, 
the OHC forces became increasingly limited and the peak of the curve became 
progressively smaller, in a manner very similar to that observed experimentally [5,6].

Quantifying these 5-kHz responses are the level-displacement curves shown in 
Figure IB. At the 5-kHz characteristic place (12.9-mm) the level-displacement curve 
shows strong compression, similar to relevant experimental data [6]. Slightly apical to 
the characteristic place (i.e., at the 13.2-mm point) even more compression occurred, 
while more basally (i.e., at the 10-mm point) the response was basically linear.

3.2 “Low-side " Suppression

3.2.1 Amplitude Effects

The model displays strong suppression of a probe-tone’s response component when 
that probe tone is paired with another tone having a frequency at least half an octave 
lower. An example of such low-side suppression is shown in Figure 2A, where a 2.4- 
kHz tone presented at 57 dB SPL suppresses the 5-kHz (probe-tone) response by a 
small amount (thick arrow). Note that the suppressor tone is also excitatory over a wide 
area, including the region of the 5.0-kHz response.

To quantify low-side suppression, the amplitudes of the response components 
at both the suppressor-tone and the probe-tone frequencies of panel A were measured at 
the 12.9-mm point (the 5-kHz characteristic place) and plotted in panel B at the 
appropriate suppressor level (two thick arrows). Also plotted in that panel are 
corresponding measurements obtained with other levels of the 2.4-kHz suppressor. As 
can be seen (falling solid curve), the greater the amplitude of the suppressor, the more

Figure 2. "Low-side" suppression of BM responses. A. Amplitudes of the principal response components 
produced along the cochlea (9 to 18-mm region) with a 5.0-kHz tone, alone at 30 dB SPL (dot-dashed curve) 
and with a 2.4-kHz suppressor tone added at 57 dB SPL (solid curves). B. Magnitudes of the principal 
response components occurring at the 5-kHz characteristic place (ChPl), versus suppressor tone level. The 
arrows indicate points obtained from A. From [3],

I
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was the response component at the probe-tone frequency reduced. However, the peak 
amplitude of the total response was never reduced; the summed amplitudes of the two 
principal response components (which approximates the peak magnitude of the total 
response) were always greater than the magnitude of the unsuppressed probe-tone 
response (about 0.7 nm). The response to the suppressor tone (rising solid curve) is 
virtually linear, showing that the 12.9-mm point lies basal to the amplification zone for 
the 2.4-kHz tone (see below).

For comparisons with recent experimental suppression data [5], a series of 
model runs were made with the probe-tone frequency increased to 15.6 kHz. Shown in 
Figure 3A are the suppression curves for the probe-tone’s response components 
obtained at the 7.3-mm point (the 15.6-kHz characteristic place) with a low-side 
suppressor tone having, successively, each of four frequencies spaced an octave apart. 
The similarity of these curves indicates that the suppressor frequency is not important 
in determining the magnitudes of low-side suppression. To counteract the differential 
frequency sensitivity of the 7.3-mm point to the suppressor tones, we plotted the 
amplitude of each probe-tone response component as a function of the accompanying 
suppressor-tone response component [5]. When the data obtained with various 
suppressor tones were plotted in this coordinate system, all of the points fall along a 
single curve (Fig. 3B, solid curve). Such coalescence indicates clearly that it is the 
displacement of the suppressor component (as opposed to, say, its velocity) which 
determines the magnitude of probe-component suppression. This dependence on 
displacement is fully predictable form the compressive shape of the OHC I/O curve.

Level of Suppressor Tone (dB SPL) Amplitude of Suppressor Component (nm)

Figure 3. A. Magnitudes of the 15.6-kHz component in the two-tone responses occurring at 7.3 mm (the 
15.6-kHz characteristic place), versus suppressor level, for 4 suppressor frequencies (each having a separate 
symbol). Probe tone level was 30 dB SPL. B. Magnitudes of the probe-tone (15.6-kHz) response components 
of panel A (solid curve), plus those of the respective companion suppressor-tone response components (dot- 
dash curve), versus magnitude of the companion suppressor-tone response component. All of the data points 
obtained with one suppressor frequency are indicated with the same symbol used in panel A. The 
approximate peak value of each response (the sum of its two primary components) is also shown (dash- 
double-dot curve).
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When the low-frequency tone is added to the probe tone, the operating point on the 
OHC I/O function is driven further into one of its compressive regions on each peak 
and each trough of the suppressor’s waveform. Thus, the resulting OHC response 
waveform is further compressed on both its positive and negative extremes [5]. As this 
waning and recovering OHC receptor potential controls the cochlear amplification of 
the probe tone, the gain with which the probe tone is amplified will also wane and wax.

The effects of varying probe-tone intensity were minor, as similar patterns of 
suppression occurred, whatever the amplitude of the probe-tone response component. 
In one test case (not shown), the “threshold” of suppression (10% reduction) increased 
by a factor of about 6 dB with a 20-dB increase in the level of the probe tone (30 to 50 
dB SPL). Moreover, the magnitudes of suppression caused by the more intense 
suppressor tones (70-90 dB SPL) were very similar for both of those probe-tone levels.

3.2.2 Phasic Effects

Although the frequency of a low-side suppressor tone had little effect upon the average 
amount of suppression imposed upon the probe-tone response component, it had a 
major effect upon the amplitude envelope displayed by that tone’s response (when side
band frequencies were included). Consider, for instance, the temporal waveforms of the 
probe-tone response generated with a very low frequency (244 Hz) suppressor (Fig. 4, 
left column). At virtually every level of suppression, the response showed a modulation 
of its amplitude at twice the frequency of the suppressor. (This frequency doubling is 
because the symmetrical OHC I/O function forced two equal suppressions during each 
cycle of the suppressor tone). Along with this phasic suppression, tonic suppression of

varying degrees also occurred.
When the frequency of the 

suppressor tone was increased to about 2 
kHz, almost no phasic suppression of the 
probe-tone response occurred at any 
suppressor level (Fig. 4, right column). 
Only with very strong tonic suppression 
(panel D) was there appreciable phasic

Figure 4. Suppressed probe-tone (15.6-kHz) 
responses (left ordinates) obtained at the 15.6-kHz 
characteristic place (7.3-mm) first with a 244-Hz 
suppressor (left column) and then with a 1,952-Hz 
suppresor (right column), for four different 
suppressor-tone sound levels (A:40, 5:60, C:70, and 
D:80 dB SPL). Also in each panel C is the response 
of the companion suppressor-tone (right ordinate). 
Data are shown as averaged responses occurring 
over one period of the suppressor tone.
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suppression, and then it was at 2 kHz, a subharmonic of the 4-kHz modulation one 
would expect to be imposed on the response waveform (cf. panel A). The upper 
frequency limit to these phasic suppressions is due, at least in part, to the finite 
bandwidth of the basilar membrane’s frequency tuning.

3.3 "High-side " Suppression

80-dB
Suppressor

Even tones that do not excite a particular place may suppress the response components 
that do occur there. Such is the case in Figure 5 A, where a tone of 6.7 kHz suppressed 
the response to a 5.0-kHz tone (thick arrow), even though its own response (upper solid 
curve) never reached as far as 12.9 mm (the 5-kHz characteristic place). The 5.0-kHz 
component of the stimulus must have been reduced during travel through its 
amplification zone, which lay basal to its characteristic place [5].

The width of that amplification zone can be estimated with data of Figure 5B, 
which show suppression magnitudes obtained with various suppressors. For a 
suppressor frequency of 8.5 kHz (frequency ratio about 1.7) virtually no suppression 
was observed. Judging from the longitudinal extents of these responses, it appears that 
the amplification zone for 5.0-kHz tones extends basally from the tone's characteristic 
place for about 2 mm, the region from 11 to 13 mm (shown shaded in Fig. 5A).

As with low-side suppression, the mechanism for the model's high-side 
suppression is the compressive nature of the OHCs I/O function. Whenever a second 
tone produces, via increased OHC compression, a reduction in the amplitude of the

1 1 1 1 1 !on Zone
A ;  6.7kW zfeiS3 
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Figure 5. “High-side” suppression of BM responses. A. Amplitudes of the principal displacement 
components produced with a 5-kHz tone presented at 30 dB SPL, alone (dot-dashed curve) and with an 
added 6.7-kHz tone presented at 80 dB SPL (solid curves). B. Magnitudes of the suppression of the 5- 
kHz response component occurring at the 5-kHz characteristic place, caused by various suppressor tones. 
The 3-dB suppression level is shown by the dashed horizontal line. The 5-kHz amplification zone 
deduced from these data is shown shaded in panel A. Panel A from [3].
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probe’s response anywhere in the probe’s amplification region, reduction of that 
response occurs at its characteristic place, though the suppressor never reaches there.

4 DISCUSSION

The suppressive behavior of our model appears to mimic accurately the suppressive 
behavior of the living mammalian cochlea in many respects. Whether low-side, high- 
side or mutual suppression (not shown) is considered, the model performs in a 
physiologically realistic manner. Particularly impressive is the striking similarity 
between the model's low-side suppressive behavior and that recently reported for the 
guinea pig cochlea [5]. As the key feature of our model is an OHC saturating-feedback 
system, it can be more generally concluded that the saturating-amplification hypothesis 
of basilar membrane vibrations can account, at least qualitatively, for all the observed 
types of basilar membrane suppression (but not auditory-nerve-fiber suppression [1]).
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This study presents an implementation of our basic ideas about a time-domain nonlinear 
model of the cochlea. The time-domain approach is considered necessary because it allows 
implementation of nonlinearity in general and of a proper temporal analysis of natural 
transient responses in particular. It should be considered a useful step towards a realistic 
biophysical model of the cochlea, which so far has been claimed by several colleagues, but in 
my opinion is still far from being accomplished. Several very different approaches are worked 
out separately, but convergence to a general solution remains to be achieved, as is also clear 
from a number of presentations at this conference. In this paper I will briefly mention some of 
the problems of current state of the art approaches. Unfortunately I will not be able to give all 
the solutions. I will focus on the general structure of a useful as well as promising model.

1 Introduction

Although the nonlinear behavior of a normal, undamaged cochlea has been 
established several decades -or even centuries- ago, several researches still use a 
basically linear description of the cochlea. It should be obvious, and has been for 
some time, that auditory phenomena as distortion product generation, level 
dependent upward spread of masking, two-tone suppression, to name a few, are 
both essential and nonlinear elements of (peripheral) auditory processing. Obviously, 
such phenomena are not accounted for in any linear description. Moreover, in my 
view they are not accounted for properly by a system that is treated as basically 
linear, and where nonlinearity is treated as a minor infringement of the linear 
behavior [5-7], Several of those approaches seem to be motivated by the availability 
of analysis tools, rather than by the existence of reliable data.

Together with a number of associates [1,2,3,8,9] I have been interested in the 
analysis of nonlinear properties of the ear for about 3 decades and although the 
amount of our involvement has been waxing and waning, I would like to share some 
of our experiences.

The structure of the cochlea is more similar to a transmission line than to a set 
of bandpass filters. Obviously the structure is 3-D, and if we consider time as an 
additional dimension, a 4-D analysis will be necessary to describe the entire 
structure. For a number of reasons [e.g., 1- computation efficiency, 2- too many 
unknown parameters] this is impossible, and arguments are formed to justify 
simplifications. In many cases this has led to the use unphysical boundary 
conditions of some sort. Common ones include: prescribing the stapes velocity as

mailto:duifhuis@bcn.rug.nl
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input, neglecting coupling through outer and middle ear, and clipping the 
‘helicotrema velocity’ to zero. The first, already noted by Hall (1974) prohibits 
amongst others DPOAEs to leave the cochlea. The latter is convenient for 
computations since it greatly reduces the slow transient effects that occur at the 
helicotrema. Obviously, both are neglected in a linear, frequency domain analysis.

A proper approach appears to systematically acquire the data required for the 
more detailed model. New data enable a step-by-step expansion of the model. Also 
some progress is made along this line, it meets with the difficulty of the short 
memory of the scientist. In other words, in the process significant and relevant old 
data is sometimes discarded, whereas new -sometimes in unchecked contradiction 
with available data- is seriously embedded. An example can be found in the data 
about the dynamic range, for which frequency and place are crucial parameters.

The current approach of analysis of the sort proposed by (e.g.) Kolston [5] 
over-simplifies the 3-D morphology. Serious consideration of just the anatomy 
shows that there are several elements in the structure that are not just oriented 
radially or longitudinally, but rather at a specific spatial angle, which changes over 
the cochlear length. This applies to pillar cells, outer hair cells supporting cells, etc., 
as well as to structures within the tectorial membrane. A related observation is made 
with regard to the connection of the pillar cells to the spiral lamina, which changes 
significantly from base to apex. Little attention is paid to the connection at the spiral 
ligament.

At this point I conclude that none of the claims about presenting the realistic 
model of the cochlea meets its goal. I would like to urge the researchers to seriously 
consider interaction about reaching this common goal, rather than promoting their 
particular partial focus as the ultimate general solution.

In my presentation I will not delve into the details of the structure. Here it is set 
up in a flexible way, which allows for improvements on the fly, whenever justified.

2 Approach

It is noted that, although the 3-D description of basilar membrane motion can also 
be written as a nonlinear matrix equation, the matrix equation for the 1-D model is 
much simpler (see, e.g., [1]). The matrix is a result of spatial sampling, and the 
sampling rate is determined both by the actual geometry and the obtainable 
computational accuracy. In practice a number below 400 produces results that 
deviate significantly from those obtained with better spatial resolution, whereas the 
upper limit of about 3200 makes sense only for a micro-mechanical cochlea model 
without free parameters. Since that is unachievable because of lack of data, I choose 
to present the macroscopic model. For the 1-D model the matrix equation is 
efficiently solved using Gauss elimination, because the matrix reduces to the tri
diagonal form. BM-motion in the 3-D case involves the solution of the full matrix, 
for which standard optimized routines are available. The (bio)physics problem is to
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develop the matrix such that it reflects the movement of the partition as part of the 
complex structure.

To solve the set of differential equations with respect to time sufficiently 
accurate, the 4th-order Runge-Kutta method is necessary. It simply is the fastest as 
well as one of the few reliable procedures to solve equations that produce 
oscillations, and even then the range of convergence along the imaginary axis is 
limited. The latter point sets an upper bound on the time sampling frequency, which 
is more stringent than the Nyquist criterion. For the audio-range this leads to a 
sampling frequency of at least a few hundred kHz. I use 400 kHz in my examples.

In principle, the above paragraphs describe the kernel of the computational 
model. The kernel is initiated by proper starting blocks, and interacts continuously 
with an auditory source, and with cochlear partition parameters. The output can 
either be probed continuously at selected observation points, or time snap-shots can 
be made. Spectral snap-shots (obviously) require definition of a time-window.

Model Structure

Figure 1. Structure of the cochlea model. The rounded elements are under control of the user, who also 
has (some) flexibility in selecting the operation environment. The blocks contain optimized software 
routines and modification requires advanced programming knowledge.

A generally accessible parameter file in text format is used for overall control. 
One way to address it is through Labview™ routines mimicking hardware button 
control. The actual format of the parameter file is prescribed by the computer
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language that is selected for the kernel. In this example I use Fortran 90, for which 
the parameters are presented in so-called namelist-format. The format can remain 
hidden for the users if they use a graphical interface that interacts with this file. At 
the moment the user is responsible for stimulus parameters related to the input 
signal. Technically, these could also be computed on the fly from the actual signal. 
An example of the interface layout is shown in Fig. 2. It is a combination of a fixed 
menu and a pull-down-menu.

j£>] Cochp vi

£ite £tR flperate gtoject Windows jjdp

1 General parameters 
show parameter file Q  

select additional parameter set

Middle ear transformer factor 
BM impedance factor

Computation time stop dt (s)
Greenwood frequency map

regular i damping profile 
linear_________ I nonlineartty

0.0E+0 5.0E-G 1.0E-5 

Number of BM points

1 input data fileInput/Sampling fstim.dat

sampling interval: dtssampling frequency: fs

O.OE+O

Figure 2. Labview™ interface to the parameter file. The parameters are adjustable after the process has 
been started, and implemented in the file ‘stim.dat’. Note that the parameters have dimensions.

3 Results

Some results for a single tone stimulus and a 2-tone stimulus are presented in Figs.
3 and 4, respectively. The stimulus frequencies are in the mid-frequency range. 
Levels are indicated in the figures. The single tone in Fig. 3 is switched one 
smoothly using a cosine-shaped window with a duration of 5 ms, the 2-tone

I
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stimulus is switched on abruptly. The figures show the first 25 ms of the responses 
in cochleogram style, using a ‘linear’ gray-scale for the size of the velocity strength.

Cochlear Response -  NL=1, input: stim.dat Plot Type

wetl Angle 

Mot Angle

Figure 3. First 25 ms of the cochleogram in response to a single tone. [The original color-display, in 
MATLAB jet format, is transformed to a gray scale.] Given the limited dynamic range of the gray scale it 
is clear that apical onset transients continue to show over a long time.

The point presented in Fig. 3 is that the apical response is by no means 
negligible. This is the case, even though the apical ‘impedance’ is optimized by 
assuming an optimally terminated transmission line. It is possible to obtain an 
optimal termination which is almost independent of frequency. It requires an apical 
quality factor of about 0.5, which seems to be quite reasonable. Obviously, for the 
realistic cochlea a constant Q is then no longer attainable, but that too is not in 
conflict with the data (mechanical, neural, or psychophysical) and is in fact a better 
description thereof For the linear model this result is readily obtained analytically. 
For the nonlinear model this result provides a first approximation.
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Cochlear Response -  NL=1, input: stim.dat, L1=40dB, L2=40dB 
Oi—---------- , - 1
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Figure 4. Response to a 2-tone stimulus with fi=1000 Hz and fj*1250 Hz. The left panel shows the linear 
response, the righthand panel the nonlinear response. Except for the extensive broadening of the 
excitation pattern, the nonlinear response also shows a clear response at the 2fj-f2 location: 750 Hz, with 
3 cycles per 4 ms, instead of 4 for fi, or 5 for {2. Note the spatio-temporal discontinuities which 
accompany these changes.

In conclusion I want to remark that a reasonably accurate time domain solution 
of the (still considerably simplified) cochlea is now possible and it will be made 
available for PC and UNIX/LINUX environments. At the moment it does not 
operate in real time, but it is now better than lOOOx real time, so that it is of interest 
as a research tool. As indicated by van Hengel [9] the practical possibilities are now 
tested in two other laboratories.
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Recently we developed a helicoidal box model of the cochlea [1] to address the hy
pothesis that coiling may have a functional significance. In that study we introduced 
nonorthogonal helicoidal coordinates, and introduced the WKB expansion to treat wave 
propagation in a slowly-varying geometry, and then numerically computed the fluid mo
tion in a plane containing the modiolar axis using finite differences. We showed that 
coiling reduces the inertial impedance to fluid motion induced by the traveling wave. 
Since the effect was greatest at the apex, we suggested that the characteristic snail- 
like shape of the mammalian cochlea could increase the low frequency response of the 
cochlear partition. Here we study a simplified model where radial derivatives are ne
glected, which is a helicoidal version of what de Boer refers to as a “two dimensional 
classical model” of cochlear mechanics [2]. The eikonal equation, which determines the 
local wavenumber, and the transport equation, which determines the amplitude of the 
wave, can be analytically obtained for our simplified system. We find that spiraling 
inward from base to apex geometrically amplifies the wave in proportion to the inverse 
of the square root of the distance from the modiolar axis to the basilar membrane 
centerline.

1 Simplified Helicoidal Model

In [1] we introduced a new helicoidal coordinate system (R , 6, £) which is 
related to Cartesian coordinates r = (x, y, z) via

(x, y, z) =  (R  cos 0, R  sin 9, aO -I- £)

where constant R  defines a cylinder about the modiolar axis, constant 0 defines 
a modiolar plane, and constant £ defines a right helicoid. The parameter a 
determines the pitch of the helix defined by constant R  and £. We used 
these coordinates to describe the boundaries of a slowly-varying helicoidal 
box model of the cochlea and also determined the equations for potential flow 
inside such a model. When the velocity potential <j> is expanded in the form 
of a slowly-varying wave propagating from base to apex (WKB expansion)

$ (f5 s , C, t) = [V>o(r, f , C) +  (r, s, () +  ...]el(uJt~7 fo fe(s )ds )

we obtained 0(1) and 0(e) equations for both the Laplace equation written 
in helicoidal coordinates and the conditions on the normal derivatives to the

mailto:chadwick@helix.nih.gov
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boundaries of the slowly-varying helicoid. The following scalings were intro
duced in [1]

r = l :C = l ;s = e9;
where H  is a reference height of the box and the small parameter e is defined 
by

l
2nN

where N  is the number of turns of a reference helix defined by the reference 
radius R 0 and the pitch parameter a. Note that for N  = 2 |  (human) e «  0.06 
and for N  =  4 (guinea pig) e «  0.04. The scaled wavenumber k is related to 
the dimensional wavelength A by k = ^  y/Ro +  ° 2 •

We can obtain a helicoidal version of a classical two dimensional model 
by letting the side walls of the helicoidal box approach each other and center 
them about the midpoint of the basilar membrane defined by r = rm(s). If we 
also assume the partition displacement W  and fluid motion are independent 
of the radial coordinate, then the equations can be be solved analytically. The
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simplified 0 (1) equations obtained from [1] are

(rm + a2) ^ r  +  2 i a k ~ ^  ~  =  0 t1)

(rm +  a 2) - ^ -  +  ia tyo  = 0 ; (  = h (2)

(r m +  « 2) = iuH rm y /r^  + ^ W o  ; C =  0 (3)

and the corresponding 0 (e) equations are

(r m +  a2) ^ t  +  2iak~Q^ ~  •fc2̂ 1 =  + +  ^

(r rn + q2) ^  +  -  a h ' ^ r  -  ikh'tpo ; C =  h (5)

(rm +  a 2 }~QQ +  +  iu jH rm ^ /r^  +  a 2W i ; C =  0 (6)

where a = a/H,  and /i(s) is the chamber height scaled by if. Note that the 
dependent variables are left unsealed in the present treatment.

2 Eikonal Equation

The eikonal equation determines the local wavenumber k(s). To obtain this 
equation we first solve the 0 (1) eq.(l) subject to the boundary conditions 
eq.s(2,3). We find

M s , 0  =  A { s ) e +  B { s )e ^ s)c (7)

where
a Hs)(rm(s) -  ia) -k (s){rm(s) + ia)
A ( S )  =  r l ( s )  +  a i  ’ I  ^ W + o *  (8)

f c (s ) rm  (s)fe(a)

A(s) \  iuH W o(s)y/r2l(s) + a 2 J e rm<*)+“2
(9)

The pressure can then be calculated from the linearized Bernoulli equation 
PoisX )  =  —ipuJipo(s, £) where p is the fluid density. The pressure evaluated 
on the partition is

<10>
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The equation of motion of the partition will be taken here to be simply de
termined by its local mechanical impedance

(—a)2M (s) +  K(s)  +  ia;(7(s))Wo(s) =  — 2Po(s,0) (11)
where M(s) , K( s ), and C(s) are the local mass, stiffness, and damping per 
unit area, respectively. The eikonal equation is the transcendental equation 
for k(s) which results from substituting eq.(10) into eq.(ll).

2puj2H \ / r 2 (s) + a 2 7
+ * ■ « «  ( « )

r 2 (S)+(S|2

2.1 Approximate Solutions of the Eikonal Equation

In general eq.(12) has an infinite number of solutions in the complex plane 
[3]. Roots representing waves propagating from base to apex lie in the fourth 
quadrant of the complex plane. Roots representing waves propagating from 
apex to base are symmetrically arranged in the second quadrant. For forward 
propagating waves there exists a dominate one having the smallest negative 
imaginary part (assuming the damping is positive). Two different approxi
mations have been commonly used to extract the dominant root: the “deep 
water” or “short wave” and the “shallow water” or “long wave” approxima
tions. The first results by approximating the hyperbolic tangent by unity, and 
the second results by approximating it by its argument.

2puj2HyVr2n(s) +  a 2
* W  m  - ^ M ( s ) +  / f ( s ) +  i w c ( s ) S k 0 r t WaV6S ( 1 3 )

k(s) m + a2)i long waves (14)
y/rm(s)h(s)(-uj2M(s) +  K(s)  +  iuC(s))

3 Transport Equation

The transport equation determines the partition amplitude Wo(s) as a solv
ability condition on the 0(e) equations. This equation determines the trans
port of fluid power flow along the helicoid. To obtain this relation we consider 
the pair (^o5 ^ 1) where tpiis the adjoint of ^i- As it turns out ^1 is defined 
by equations (4-6), but with k replaced by —k, i.e. the O(e) potential for the 
retrograde wave. We derive the transport equation by noting from equations 
(1) and the adjoint form of (4)

(* i  +  “ a) W o ^ J r  - < A i^ |r}  =  2o^ ° f J ;  -
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which can be integrated over the chamber height to give

I |o \o= J  (2a ^ 0| ^ - * ^ ( ^ o ) ) rfC
1

Substitute the boundary conditions (2,3) and the adjoint form of (5,6) to give 
on the left hand side

J {«* ,g a  } U lo +irm V rm +  a 2{^iW o-i/foW i}.

But {^iWo — ipoWi} vanishes by the reciprocal work theorem attributed to 
Betti and Rayleigh [4]. Finally we use the Leibniz theorem for differentiation 
of integrals to obtain the transport equation

9 n .  f h f h i ^  o^ i  o [ h 9*odi>a ,r . . . .
■  F s{ ik J0 ^  -  a L  = ~ 2 a J0 - d r ^ c d(  (15)

3.1 Special Cases of Integration of Transport Equation

Although the transport equation can be integrated in general, here we note 
the cases which have simple forms. In the case of in-plane coiling (a =  0) we 
see from eq.(15) that the quantity

k f  xp£dC 
Jo

is conserved along the spiral. For short waves this leads to

Wo (s)r^(s)

h
2 .

k2(s)
=  const. (16)

For long waves we have for both in-plane and out-of-plane coiling (since —> 
0)

+  I t <17t
k3(s)r l(s) ( ’

For the case of short waves and out-of-plane coiling (a ^  0) the quantity
is not strictly conserved but decays slightly along the basi

lar membrane, by an amount whose real part is 0 (a2), where a < l .
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Figure 2. Wave amplifies as it spirals inward according to eq.(18)

4 Geometric Amplification Scaling Law

If we ignore 0 ( a 2) effects due to out-of-plane coiling both the short wave 
and long wave approximations lead to the same scaling law. Solve eq.(16) 
for Wo(s) and substitute eq.(13) for the short wave approximation for the 
wavenumber.

w 0(s) = Co =  Co / ,------— - =  CQ-
(V rm{s))3 (y/rm(s))3 yjrm(s)

where kst(s) is the wavenumber for the straightened cochlea. But the partition 
amplitude Wosl (s) for the straightened cochlea can also be written

w ost (s) =  cikst(s).

If we choose the constants cq and c\ so that both the coiled and straightened 
models have the same amplitudes at s = 0 then we obtain the scaling law

W q ( s )  

Wo.t (s)
( 1 8 )



Interestingly, the same scaling law is obtained with the long wave approx
imations. For coiling geometry of the human, eq.(18) predicts a geometric 
amplification of about 10 dB at the apex.
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A PHYSIOLOGICALLY-BASED NONLINEAR ACTIVE FEEDBACK
MODEL OF THE COCHLEA
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A detailed electromechanical model of the OHC was developed to simulate a wide variety of 
physiological experiments. All model parameters were biophysically based. The feedback 
model simulations were found to replicate the experimental data closely. Therefore this model 
is a useful quantitative tool for the interpretation of the effects of various experimental 
manipulations.

1 Introduction

We have proposed that the outer hair cells (OHCs) act as part of a feedback loop 
that contains mechanoelectric and electromechanical transduction processes [8, 11]. 
This feedback is negative at frequencies below the characteristic frequency (CF) 
and becomes positive at frequencies near CF (due to a frequency-dependent phase 
shift). This results in the high frequency selectivity and sensitivity of the 
mammalian cochlea. There is a significant amount of evidence that supports this 
hypothesis. With electrically-evoked otoacoustic emissions (EEOEs), we have 
studied this system under conditions where the mechanoelectric transduction gain is 
decreased, resulting in an increase in EEOE magnitude below CF and a decrease in 
EEOE near CF. These conditions include loud (80 to 90 dB SPL) acoustic stimuli 
that saturate the mechanoelectric transduction process [16], and early stages of 
death [10] and acoustic trauma [11], both of which compromise the mechanoelectric 
transduction process.

Nevertheless, the quantitative effects of such a feedback mechanism are not 
fully understood. To gain a better understanding of cochlear operation, we have 
developed a detailed electromechanical model of the OHC that successfully 
simulates a wide variety of physiological experiments. All of the parameters 
included in the model were obtained from experimental data, making the model 
useful for quantitative interpretation of experimental results.

2 Methods

To make our model physiological, we limited the parameters to those that are 
obtainable from experimental measurements. Yet the model is quite detailed, 
making it useful for simulating the effects of a variety of experiments. Stimulus 
frequencies were limited to low values so that mass and damping elements could be

mailto:hhn@bu.edu
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eliminated from the mechanical system.
The restriction to low frequency stimuli 
also implies that large portions of the 
BM move in phase, making it 
unnecessary to simulate the longitudinal 
dimension of the cochlea.

A lumped element approach was 
taken to model the electrical properties 
of the OHCs and relevant structures. The 
circuit diagram is shown in Fig. 1. The 
stria vascularis conductance, battery, and 
capacitance are represented by Gs , Es , 
and Cs respectively. The effect of the ac 
current injected into the scala media for 
evoking EEOEs is represented by an ac voltage source, V). VSm is the potential in the 
scala media. The apical and basal conductances and capacitances of the OHC are 
represented by GA, CA, GB, and CB . Note that the apical conductance is a variable 
conductance representing the mechanoelectric transduction process. The “battery” 
responsible for the OHC membrane potential is represented by EM , and the OHC 
receptor potential is represented by VM.

The mechanoelectric transduction process is modeled as a variable apical 
conductance using a two-state channel model. The dependence of the apical 
conductance on cilia displacement is given by

----G m ax---- (1)
J  g - S x (  X - X 0 )

where GA = apical membrane conductance; Gmax = maximum apical membrane 
conductance; Sx = sensitivity factor; x = cilia displacement; and x0 = offset of 
operating point.

At low frequencies, the OHCs are assumed to generate a displacement 
proportional to the membrane potential that works to decrease reticular lamina 
motion and hence to decrease the hair bundle motion. The relation between the 
displacement generation and the membrane potential with feedback is given by

x(t)= a(t) - Kr Vm (t) = a(t) - y(t) (2)

where x(t) = cilia displacement; a(t) = acoustically-evoked cilia displacement; KR = 
electromechanical transduction gain (nm/mV); VM(t) = OHC receptor potential; and 
y(t) = effective OHC length change. The acoustically-evoked cilia displacement is 
a(t) = Ka P(t), where KA = ear canal pressure to cilia displacement gain (nm/Pa), 
and P(t) = sound pressure level at the ear canal. The emission is computed as EEOE 
= KP y(t), where KP is a proportionality constant to convert effective OHC length 
change to emission pressure (Pa/nm).

i

Figure 1. A circuit diagram representing 
the electrical properties of the OHCs and the 
stria vascularis.
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The electrical parameters were derived from various sources. For the scala 
media conductance, we used values from [5, 6, and 15]. The time constant of scala 
media came from [3]. We used [1, 4, 13] for the OHC receptor potential, [14] for 
the OHC time constant, and [2] for the OHC dimensions.

3 Results

3.1 Model simulates EEOE and CM

To model the natural variations that occur across animals, two parameters are 
adjusted. The amount of acoustic enhancement varies across experiments, thus the 
electromechanical transduction gain, KR, in the model is adjusted to fit the acoustic 
enhancement measurement for each animal. After determining the appropriate value 
for Kr for a particular cochlea, we simulate the CM for that same animal. The 
experimental CM input-output curve also varies across animals. This is to be 
expected because there would be variations in the external pathway conductance, Gs 
due to electrode penetration. Thus, to match the CM simulation to the data, we 
adjust Gs to make fine adjustments to the CM input-output curve.

The experimental CM and acoustic enhancement of EEOE are closely 
replicated by the negative feedback model.
In Fig. 2, the simulated EEOE and CM as 
a function of SPL (thick lines) are 
compared with EEOE and CM 
experimental data from the same gerbil 
and same microelectrode in the second 
turn (square data points). The model 
simulation result is quantitatively very 
similar to the data. At low acoustic 
stimulus levels the model’s emission 
response to electrical stimulation is 
independent of the level of the acoustic 
stimulus. At higher levels of the acoustic 
stimulus the emission response is 
enhanced, and at the highest acoustic 
levels the emission response to the 
electrical stimulus again becomes 
independent of the acoustic stimulus level.
The results of the model simulation 
replicate the experimental data well. The 
acoustic intensities for which the response 
to the electrical stimulus become

Acoustic Level (dB SPL)

Figure 2. EEOE and CM before and after 
acoustic trauma.
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enhanced are approximately those for which the CM begins to saturate. The 
intensity ranges for these two effects is the same in both the model and the 
experimental data. The model parameters, including the two that are adjusted for 
this particular experiment, are within the range of experimentally derived values and 
work well for modeling both the EEOE and CM data concurrently.

3.2 Acoustic Trauma

The negative feedback model was also used to interpret the effect of acoustic 
trauma. We have previously studied the effects of acoustic trauma on CM and 
acoustic enhancement of EEOE [9], and have shown that the data supports the 
feedback hypothesis. We found that acoustic trauma can cause the unenhanced 
emissions to increase while the enhanced emissions remain at the same enhanced 
level. This suggests that the mechanoelectric transduction process was affected by 
trauma, while the electromechanical transduction process remained intact.

There are several possible ways that the mechanoelectric transduction process 
can be affected by acoustic trauma. The first is by decreasing the number of 
functioning tension-gated apical OHC channels. This can be modeled by decreasing 
the apical conductance, Gmax, of the mechanoelectric transduction process in the 
negative feedback model. The second possible way acoustic trauma can affect the 
mechanoelectric transduction process is by decreasing the stiffness of the gating 
springs. This can be simulated by decreasing the sensitivity factor Sx in the model. 
The third possibility is changing the resting tension of the gating springs by 
changing the attachment of the gating springs. We can simulate this by shifting the 
operating point, x0. We simulated all three possible effects of mechanoelectric 
transduction changes and were led to the conclusion that acoustic trauma acts by a 
combination of decreasing the number of functioning channels and changing the 
stiffness of the gating springs. Fig. 2 shows how a combination of decreased apical 
conductance, Gmax, and sensitivity factor, Sx, affects the emission and CM. The 
initial experimental values are plotted with square data points while the after-trauma 
values are plotted with triangles. The initial model simulation results are plotted 
with thick lines while the after-trauma values are plotted with thin lines. The 
simulated effect on emissions closely matches the experimental data. The model and 
experimental CM results are also similar in that there is more decrease at low levels 
than at high levels. However, the CM simulation resulted in less change than that 
observed in the experimental data.

3.3 DC biasing current

Roddy et al. [12] studied the effect of injecting a dc biasing current on the acoustic 
enhancement of EEOE in gerbils. A dc current was injected into the scala media 
along with ac current for the production of EEOEs. Concurrently, an acoustic 
stimulus was delivered to enhance the emission.
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Positive dc biasing current was shown experimentally to decrease the low-level 
emissions while the enhanced emissions changed little (Fig. 3a). The control 
experimental emissions are plotted with square data points, while the dc-biased data 
are plotted with triangles. We can simulate a dc biasing current with the negative 
feedback model by changing Es. To simulate the biasing current, we increased Es by 
a value expected for the current injection used in the animal experiment. This 
reduced the low-level emissions as seen in Fig. 3a (the model’s emission 
simulations are represented by thick lines for the initial values and thin lines for the 
dc-biased values). The positive dc biasing current simulations fit the data very well.

Negative biasing current was shown experimentally to increase the low-level 
emissions while the enhanced emissions decreased (Fig. 3b). Roddy et al [12] 
noted, however, that there was less consistency in the negative biasing current data 
than the positive biasing current data. A possible reason for the decrease in the high- 
level emissions is that the electromechanical transduction process is mediated by 
OHC voltage-dependent length changes. Small changes in the OHC membrane 
potential can have a significant effect on the sensitivity of the voltage-dependent 
length change if the resting potential is displaced. The voltage dependent 
movements of OHCs are asymmetric [14], thus the sensitivity of the OHC would be 
decreased much more with a hyperpolarization due to a negative dc biasing current 
than the increase in sensitivity due to a 
depolarization from a positive dc biasing 
current. To model this effect, we decreased 
the electromechanical transduction gain, KR.
The combination of changing Es and KR 
increased low-level emission and decreased 
high-level emission as in the data, but it also 
shifted the curve slightly to the left, unlike 
the data (Fig. 3b). Also, the increase in low- 
level emission is much larger in the 
experimental data than would be expected 
from the simulation.

The effect of dc biasing on the CM was 
studied by Mountain et al. [7]. They 
injected dc current into the scala media and 
measured its effect on the CM. They also 
measured the voltage change in scala media 
due to the current injection. They found that 
positive dc biasing increased high-level CM 
and that negative dc biasing decreased high- 
level CM. The change in CM is plotted for 
the positive and negative dc biasing current 
in Fig. 4. The experimental data are plotted 
with triangles while the model simulations

0 mv 
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Figure 3. EEOE before and after positive 
and negative dc biasing.
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are plotted with lines. Our negative 
feedback model also resulted in 
comparable CM changes (of 
approximately 1 dB) for positive and 
negative dc biasing. However, the size of 
the CM change grew abruptly near 90 dB 
SPL in the simulated data, while the 
experimental data grew more gradually.

4 Conclusion

In this study, the OHC is simulated as a 
nonlinear negative feedback system. All 
of the model parameters are obtained from 
experimental data. Despite the simplicity 
of the model, it is capable of simulating 
the experimental EEOE and CM data 
accurately. This observation leads us to 
believe that the theoretical basis of the 
model is realistic.

We also simulated the effects of various manipulations on EEOEs and CM and 
made comparisons to experimental data. The negative feedback model 
approximately replicates these data and predicts a wide range of experimental 
results. Based on this, we were able to draw conclusions about the OHC 
mechanisms affected by certain manipulations. Some of the discrepancies between 
the model and the experimental data may be due to the unrealistically abrupt 
saturation of the mechanoelectric transducer model. Overall, the feedback model is 
proving to be a useful tool for gaining a detailed understanding of cochlear 
electromechanics.
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Simple models of the cochlea that represent the partition using a few degrees of freedom at 
each cross-section are able to simulate the measured gain of the real cochlear amplifier. 
However, validation of the assumptions inherent in the formulation of these models is 
hindered by difficulties associated with obtaining experimental data in vivo. This paper 
presents data from a more complex model that contains a cochlear partition with more than 
one hundred degrees of freedom at each cross-section. The model includes the organ of Corti 
as a three-dimensional structure sitting on top of the basilar membrane, and embeds the organ 
within the cochlear fluids. In the model, the effect of outer hair cell motility on the basilar 
membrane response is non-monotonic, explaining the apparently paradoxical effects of 
acetylcholine observed experimentally. Furthermore, the model exhibits fundamentally 
different behaviour under different stimulus conditions. Models that possess sophisticated 
representations of the cochlear partition may aid research into the operation of the cochlear 
amplifier.

1 Introduction

Outer hair cell (OHC) motility has been studied extensively in vitro in cells that 
have been isolated from the cochlea, and in situ in cochleae isolated from the 
animal. The OHC almost certainly provides the driving force for cochlear 
amplification in vivo. However, they are but one component of the cochlear 
amplifier; we also need to understand the role that the other structures of the 
cochlear partition play in coupling motility to the basilar membrane (BM). One way 
to approach this is to use computer models that represent the partition with a high 
degree of structural realism. This paper presents data from such a model, which 
also includes the effects of the fluids within the partition.

2 Simple and complex models

The sensitivity of the cochlear amplifier to surgical trauma makes the relationship 
between experimental observations in vivo and the internal state of the cochlea 
uncertain. Computer models can provide a useful framework for interpreting 
existing experimental data, and they can also be used to predict the most productive 
future directions for experimental research. The structural complexity of the 
cochlea means that in the formulation of a model, it is necessary to make
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simplifying assumptions about how the cochlea operates. Whilst simplification is 
fundamental to the modelling process, any conclusions drawn from an investigation 
involving a model apply only within the framework of the assumptions made in the 
model's formulation. These conclusions can be extrapolated to the real system only 
if the model includes the processes that are fundamental to the operation of the real 
system.

The accuracy of a model is normally assessed by comparing its structure and 
response against that of the real cochlea. Whilst a large and complex model is more 
likely to be realistic, successful modelling requires a judicious compromise between 
model size and complexity, its structural realism, and simulation time (Fig. 1). 
Determining the optimal compromise is largely dependent upon the skill of the 
modeller, especially when experimental data are scarce.

2.1 Simple models

In comparison with some other biological systems, such as the heart [12], the 
development of structurally-realistic models of cochlear mechanics is in its infancy. 
Many of the popular models of the cochlea, containing a mechanical system with 
just a few degrees of freedom at each cross-section of the cochlea [2], are able to 
simulate the measured gain of the cochlear amplifier. These models are elegant in 
their simplicity, in that they reduce the tens of thousands of components of the organ 
of Corti to just a handful of independent variables, thereby representing huge 
structural simplifications. The past decade has seen the acquisition of some of the 
experimental data that are needed to verify the validity of the assumptions inherent 
in this simplification process:
1. The structural parameters of the organ of Corti, particularly of the rigidity of the 

pillar and Deiters' cells, and of the phalangeal processes of Deiters' cells [14].
2. The effects of OHC force generation in situ [8].
3. Motion across the width of the BM [10].

Figure 1. Two types of error manifest 
themselves when formulating a 
computer model of a real system. If 
the model is too simplistic, it will not 
incorporate the important processes of 
the system, resulting in a large 
truncation error. If the model is overly 
complex, the computational round-off 
errors that are associated with finite- 
precision arithmetic become large. 
Current models of cochlear mechanics 
may fall well to the left of the optimal 
point.

Size of the model
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A fourth piece of valuable data [4], that of motion within the organ of Corti in vivo, 
will become available within the next few years. This, along with localized 
measurements of fluid-pressure differentials within the organ of Corti [11], may 
enable proper verification of the assumptions made in the formulation of simple 
models of cochlear mechanics.

2.2 A complex model

A different approach is to rely less on the modeller’s ability to conceptualize the 
dominant mechanics of a complicated three-dimensional structure. One such 
method, finite-element modelling, mimics the physical reality by which mechanical 
interactions - even over large distances - result from a large number of localized 
interactions between adjacent elements. Finite-element techniques allow the organ 
of Corti to be modelled in terms of its cellular components, thereby providing a 
clear structural relationship between the cochlea and the model. Furthermore, these 
complex models complement the development of more sophisticated methods of 
experimental measurement, by utilising continuing increases in the computing 
power available from inexpensive commodity computers [6],

The model discussed here is referred to as the "3-DOC" model, highlighting 
that a three-dimensional organ of Corti is included in the simulations. Figure 2 
shows that at each cross-section of the 3-DOC model, there are approximately 100 
degrees of motional freedom within the solid structures of the cochlear partition.

pillar cells -

- tectorial membrane1̂̂  ^1'w' -

1  IP____ i  ____ I  — — OHC stereocilia

spiral lamina

I t  H f c  1 3 3  reticular lamina

......................H
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outer hair cells (OHCs)

Defers' cells

basilar membrane
edge of 

outer pillar cells
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Figure 2. A single cross-section of the 3-DOC model cochlear partition. The solid structures of the 
cochlear partition are each divided into several discrete (mass) elements that are coupled (visco- 
)elastically to each other. The mass elements (each 10 pm square) are surrounded by an inviscid, 
linear and incompressible fluid. Except for the tectorial membrane, the density of the mass 
elements is the same as that of the fluid.
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Full descriptions of the 3-DOC model are available elsewhere, including details 
of its formulation [7] and its parameters [5]. Briefly, the model is built using a 
three-dimensional finite-difference formulation of discretized physical equations 
that describe the cochlea when it is divided into lO-pm sections along its length, and 
10-fim sections vertically and radially within the organ of Corti. The model is 
linear, since it is intended to simulate the dominant effects of the cochlear amplifier 
during low-intensity stimulation only, and stimulation is limited to pure tones. 
These simplifications mean that the model's (~106) difference equations can be 
formulated in the frequency domain. The equations are solved using self-written 
software that runs on a commodity computer.

3 The response of a complex model

3.1 Cochlear amplification vs. outer hair cell motility

Figure 3 shows the BM motion in the 3-DOC model for two values of OHC 
motility: zero and "normal" (330 pN/nm - expressed as the axial force vs. the 
displacement of the tip of the stereociliary bundle). The presence of normal motility 
boosts the motion of the BM by up to 30 dB: maximally near the position of the 
motion peak obtained with no motility, and little change in motion near the base. 
With normal OHC motility in the model, the motion near the centre of the BM 
(beneath the third row of OHCs) is four times greater than that beneath the edge of 
the outer pillar cells.

Figure 4 shows how the gain of the cochlear amplifier varies with OHC 
motility. When the motility is larger than the optimal value of 330 pN/nm, the gain

Figure 3. Surface plots of the magnitude of BM motion in the 3-DOC model during sound 
stimulation at 30 kHz, for (A) zero and (B) normal OHC motility. The vertical scale is logarithmic, 
and depicts a range of 40 dB. With no motility, the radial bending profile of the BM is 
approximately symmetrical. The addition of normal motility produces a noticeable asymmetry in the 
profile.
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Figure 4. BM motion vs 
OHC motility, during sound 
stimulation to the stapes 
(30 kHz). The solid line (left 
scale) shows the magnitude of 
the motion at the position of 
the peak, beneath row three of 
the OHCs. The dashed line 
(right scale) shows the phase 
difference between motion at 
the edge of the outer pillar 
cells and the OHCs. OHC 
motility at 330 pN/nm 
produces the largest cochlear 
amplifier gain, and is 
associated with a radial-phase 
variation of 90 degrees.

of the cochlear amplifier decreases. This non-monotonic relationship is consistent 
with the apparently contradictory experimental observations of the effects of the 
efferent neurotransmitter acetylcholine: in vitro it is excitatory (increasing OHC 
motility) [1], whereas in vivo it is inhibitory (decreasing cochlear amplifier gain) [9].

3.2 Radial profiles o f BM motion

The gross motion of the model BM (Fig. 3) is broadly consistent with experimental 
observations made at this level in vivo (e.g. [13]), but there are several much simpler 
models that share this attribute. The uniqueness of the 3-DOC model is that the 
addition of the cochlear amplifier results in complex motion within the organ of 
Corti, which is reflected at the level of the basilar membrane.

Figure 5 shows radial profiles across the width of the BM at the position of 
maximum motion, under four different stimulus conditions. In the absence of OHC 
motility, the BM profile is approximately symmetrical, consistent with simple 
stretching of the BM fibres under a uniform hydrodynamic load. With normal OHC 
motility, an inflexion point appears at the outer edge of the outer pillar cell. With 
enhanced motility this is exaggerated. Analyses of effective impedances in the 3- 
DOC model [5] reveal that this inflexion point is the direct result of anti-phase 
coupling of OHC forces to the reticular lamina and the BM (via Deiters’ cells): 
mechanical energy is added beneath the OHCs (causing comparatively larger 
motion) and resistance is increased beneath the pillar cells (causing comparatively 
smaller motion). Enhanced OHC motility leads to an increase in the radial 
variations in the motion of the BM, which in turn produces a decrease in the gain of 
the cochlear amplifier.
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Figure 5. Radial profile of 
the BM displacement at the 
position of the peak, under 
four different stimulus and 
parameter conditions: "No 
CA", "normal CA" and 
"enhanced CA" conditions 
correspond to OHC motility 
at 0, 330 & 560 pN/nm, 
respectively. "Local" 
corresponds to localized 
stimulation to a single row 
of OHCs only. All curves 
are normalized to unity 
displacement 40 nm from

distance from spiral lamina (nm)

Figure 5 also shows the radial profile when excitation to the model is limited to 
localized stimulation of a single row of OHCs, thereby simulating certain in situ 
experimental preparations [8]. The motion of the BM is fundamentally different to 
that exhibited during normal sound stimulation, perhaps highlighting the difficulties 
inherent when comparing observations made under different experimental 
conditions.

4 Discussion

The responses shown here provide further evidence in support of the hypothesis [3] 
that radial variations in BM motion across its width are an inherent feature of the 
mammalian cochlea. Such variations have been observed recently in vivo [10]. 
This highlights the importance of considering the three-dimensional structure of the 
cochlear partition in any realistic explanation of cochlear mechanics. If radial 
differences do indeed play an important role in cochlear mechanics, we will need to 
re-examine the simple models that currently dominate the field.

The paradoxical effects of acetylcholine in the 3-DOC model are consistent 
with the (anti-reductionist) hypothesis that behaviour at organ level is impossible to 
predict from that of individual cells in isolation. This reinforces the view that 
complex models can provide insights into the operation of biological organs which 
are impossible to obtain using simpler modelling strategies.
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TRAVELING WAVES VERSUS BANDPASS FILTERS: 
THE SILICON AND BIOLOGICAL COCHLEA

RAHUL SARPESHKAR
Massachusetts Institute o f Technology, Room 38-294, 77 Mass. Ave,

Cambridge, MA 02139

The debate about whether we hear through a mechanism involving a bank of bandpass filters 
or through a traveling-wave mechanism was settled by Bekesy in favor of traveling waves. 
Experience gained in the engineering design and analysis of a silicon cochlea suggests why 
we may have evolved a traveling-wave mechanism for hearing: Distributed traveling-wave 
amplification is a vastly more efficient way of constructing a wide-dynamic-range frequency 
analyzer than is a bank of bandpass filters. Traveling-wave mechanisms are however, more 
susceptible to parameter variations and noise. Collective gain control and an exponentially 
tapering set of filters can solve both of these problems; the biological cochlea implements 
both of these solutions. These engineering studies suggest that the biological cochlea, which 
is capable of sensing sounds over 12 orders of magnitude in intensity while dissipating only a 
few microwatts, is an extremely well-designed sensing instrument. We illustrate the 
engineering principles in the cochlea by demonstrating a 117-stage adaptive silicon cochlea 
that operates over six orders of magnitude in intensity over a 100Hz— 10kHz frequency range 
while only consuming 0.5mW of power. This artificial cochlea with automatic gain control 
and a low-noise traveling-wave amplifier architecture has the widest dynamic range of any 
artificial cochlea built to date.

1 Introduction

The biological cochlea or inner ear performs two important functions: Firstly, it 
decomposes sounds via a frequency-to-place transformation much like a constant-Q 
wavelet-like filter bank does; however, the transformation is accomplished via a 
traveling-wave mechanism and not via a bank of bandpass filters. Secondly, it 
compresses an extremely large input dynamic range of 120dB* into a narrow output 
dynamic range of 30--40dB in auditory nerve firing rates. It accomplishes both these 
tasks with an impressively low estimated power dissipation of about 14 |iW [1, 2]. 
Our ears are capable of performing at least 100 MFLOPs of computation2 and 
operating on a pair of AA batteries for about 15 years. In this paper we suggest why 
a traveling-wave mechanism is a more efficient method for

1 This dynamic range is attained at the cochlea's most sensitive frequency of 
approximately 3 kHz.
2 The reference [2] provides an estimate of the computational capacity of a silicon 
cochlea which is far inferior to that of the biological cochlea; thus 100 MFLOPs 
may be viewed as a lower bound on the computational capacity of the cochlea.



217

Wave
Propagation 

Dx -------- -----------------►

W ave
Inpu^

Fast Wave Medium Slow

Figure 1. The WKB method of modeling traveling wave solutions. Each block of the traveling-wave 
medium causes frequency-dependent phase shift and an amplification or attenuation of the wave. Thus 
each block may be modeled by a filter with the requisite gain and phasecharacteristics. Since the gain or 
phase changes may depend on the input amplitude of the wave, the filter is in general a nonlinear 
adaptive filter. The effect of the entire traveling-wave medium on the wave may be computed by 
multiplying the gains from each block, and by adding the phase shifts from each block. The entire 
traveling-wave medium is thus modeled by a cascade of nonlinear adaptive filters. For simplicity, we do 
not consider backward-propagating waves.

building a wide-dynamic-range frequency analyzer than the more conventional 
bank-of-bandpass-filters approach.

2 Theoretical Ideas

Figure 1 and its associated caption explains why a traveling-wave medium may be 
approximated by a cascade of filters [3]. The electronic cochlea models the 
traveling-wave amplifier architecture of the biological cochlea as a cascade of 
nonlinear-and-adaptive second-order filters with comer frequencies that decrease 
exponentially from approximately 10kHz to 100Hz [4]. The exponential taper is 
important in creating a cochlea that is roughly scale invariant at any time scale; it is 
easily implemented in subthreshold CMOS, or in bipolar technology. Figure 2 and 
its associated caption illustrate these ideas and outline the basic theoretical facts 
behind the silicon cochlea.

One of the key and underappreciated ideas that emerges from this theory is that a 
traveling-wave mechanism is well suited for doing distributed gain control and 
dynamic-range compression:
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Figure 2. Basic Theory Behind the Silicon Cochlea. The exponentially tapering time constants of the 
individual cochlear filters give rise to a convergent cochlear filter shape after 3—4 octaves of the 
cochlea have been traversed. Thus, successive cochlear outputs have similar composite transfer 
functions but at different peak frequencies. The composite gain is high because of the successive 
compounding of small gains from the individual filters, and, similarly, the composite rolloff is very steep 
because of the successive compounding of attenuations from the individual filters. At any point in the 
cochlea, the peak frequency of the composite transfer function is half an octave greater than the peak 
frequency of the last individual filter in the chain.

Due to the successive compounding of gains, a change in the individual filter 
gains of a few percent can alter the gain of the composite transfer function by many 
orders of magnitude. For example, (1.1 )45 = 73 while (0.9)45 = 0.009. It is almost 
impossible to accomplish such wide-dynamic-range gain control with one localized 
amplifier without changing the amplifier's bandwidth, temporal resolution, and 
power dissipation drastically as well. However, in distributed gain-control systems
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like the cochlea, each individual filter does not change its gain appreciably although 
the collective system does change its gain appreciably. Thus, the system can 
maintain its bandwidth, temporal resolution, and power dissipation to be relatively 
invariant with amplitude.

Frequency (kHz)

Figure 3. (a) The Silicon Cochlea (b) The Biological Cochlea 

3 Experimental Results from a Silicon Cochlea

We have built a 117-stage analog silicon cochlea with a cascade of nonlinear 
adaptive second-order filters. Each filter has feedforward and frequency-dependent 
gain control such that large inputs result in a lowering of the resonant gain of the 
filter. The details of the electronic circuits used in implementing this cochlea have 
been described in [2] and will not be discussed in this paper. The cochlea 
implemented a computationally intensive algorithm equivalent to about 95 MFLOPs 
in real time, exhibited 61dB of dynamic range over a frequency range of 
100Hz—lOKhz and consumed 0.5m W of power.

Figure 3(a) shows the frequency response at a given location in this silicon cochlea 
with 11.2 filters per octave. The data were taken from a 2.2 mm x 2.2 mm analog 
VLSI chip built in a 1.2|im MOSIS process. The adaptation in Q with increasing 
input amplitude is evident. Figure 3(b) shows data from a biological chinchilla
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cochlea provided through the courtesy of Mario Ruggero [5]. We see that both in 
electronics, and biology, the output is approximately linear in the input at 
frequencies before the best frequency (BF), is compressive at the BF, and is even 
more compressive after the BF. Such compression effects arise because of the 
accumulated effects of gain adaptation over several cochlear stages. In [2], we 
describe how, both in silicon and biology, active amplification and gain control 
mechanisms extend the dynamic range of the cochlea.

4 Traveling-Wave Architectures Versus Bandpass Filters

Why did nature choose a traveling-wave architecture that is well modeled by a filter 
cascade instead of a bank of bandpass filters? We suggest that nature chose wisely, 
for the following three reasons:

1. To adapt to input intensities over a 120dB dynamic range, a filter bank would 
require a tremendous change in the Q of each filter. To compress 120dB in 
input intensity to about 40dB in output intensity the filter Q ’s must change by 
80dB; a dynamic-range problem in the input is merely transformed into a 
dynamic-range problem in a parameter. In contrast, in a filter cascade, due to 
the exponential nature of gain accumulation, enormous changes in the overall 
gain for an input can be accomplished by small distributed changes in the Q of 
several filters.

2. Large changes in the Q of a filter are accompanied by large changes in the 
filter's window of temporal integration. Thus, in filter banks, faint inputs would 
be sensed with poor temporal resolution, and loud inputs would be sensed with 
good temporal resolution. In contrast, in a filter cascade, the shifts in temporal 
resolution with intensity change only in a logarithmic fashion with intensity, as 
opposed to in a linear fashion in the filter bank.

3. A sharp rolloff slope in a filter is extremely useful in limiting distortion, and in 
enhancing spectral contrasts. A sharp rolloff slope arises naturally in the 
cochlear filter cascade. To accomplish such a rolloff slope in a filter bank 
requires very high-order filters, and consequently an enormous amount of 
circuitry at each tap. In contrast, in the filter cascade, the burden of creating a 
high-order rolloff is shared collectively in an exponentially-tapered cascade 
such that only one new filter needs to be added for each desired comer 
frequency. For example, to create 150 15th-order filters with comer frequencies 
spanning 3 decades of frequency (10 octaves) requires circuitry on the order of 
15 (order of filter) x 150 filters = 2250 first-order filters in the bank-of- 
bandpass filters approach; in contrast, the traveling-wave approach needs
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approximately 15 filters/octave x 14 octaves (4 octaves to account for edge 
effects at the beginning of the cochlea) = 210 first-order filters, a savings of 
more than one order of magnitude! In general, if we want to create an array of 
filters with comer frequencies spanning N octaves, with m filters/octave with 
each filter having an order of m, the bank-of-bandpass filters approach needs 
Nm2 first-order filters; in contrast, the traveling-wave approach needs 
approximately (N+4)m first-order filters.3 The improvement from an 0(m2) to 
O(m) algorithm arises because, the traveling-wave architecture exploits 
increasing filter density (more number of filters per octave) to achieve high- 
order filtering in an exponentially-tapered cascade for free; the bank-of- 
bandpass simply repeats the high-order filter computations at each comer 
frequency.

There are two problems that need to be addressed in a filter 
cascade:

1. A filter cascade is prone to noise accumulation and amplification. The solution 
to this problem is either to have an exponential taper in the filter time constants 
such that the output noise converges (the solution found at high CFs in the 
biological cochlea and documented in the silicon cochlea as well [2]), or to 
limit the length of the cascade (the solution at low CFs in the biological cochlea 
and in the overlapping-cascades architecture [2]). The exponential taper also 
results in elegant scale-invariant properties.

2. The overall gain is quite sensitive to the value of each filter's Q. The solution to 
this problem is to have gain control regulate the value of the Qs in the cascade. 
If the gain control is sufficiently strong, then the collective adaptation in Q 
across many filters will compress a wide input dynamic range into a narrow 
output dynamic range.

5 Conclusions

We described a 117-stage lOOHz-to-lOkHz silicon cochlea that attained a dynamic 
range of 61dB while dissipating 0.5mW of power. This cochlea has the widest 
dynamic range of any artificial cochlea built to date. The analysis of our electronic 
cochlea suggests that nature preferred a traveling-wave mechanism over a bank-of 
bandpass filters to decompose sounds because a traveling-wave mechanism is an

For simplicity, we have assumed that an octave (factor of 2) and an e-fold (factor 
of 2.7) are approximately the same; such an assumption merely changes a few 
constants; an exact discussion would obscure our main point while adding little in 
the way of understanding.
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efficient collective method of implementing a large number of high-order filters with 
comer frequencies over a wide frequency range; a traveling-wave mechanism is also 
a natural method for performing distributed gain control to create a wide-dynamic- 
range frequency analyzer.
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S. PURIA
Stanford University and 

California Ear Institute at Stanford, California, U.S.A.

A preliminary life-sized physical model of the cochlea is built. The model consists 
of a tapered polyimide basilar membrane bonded on a silicon wafer substrate and 
enclosed in two fluid-filled chambers. Measurements of the membrane responses 
compare roughly with m athem atical simulations. The m athem atical model used 
in the simulation takes into account the three-dimensional viscous fluid effects, the 
exact geometry and m aterial properties in the physical model. Phase accumulation 
in the responses indicates the presence of a traveling wave. Due to  the isotropy 
of the membrane, a broad tuning in the am plitude is obtained. The response can 
be sharpened by etching ribs into the membrane making it orthotropic, like the 
real biological membrane. The model can be extended to a more realistic model 
in the future, by adding details to the basilar membrane structure (like the spiral 
osseous, and the arcuate and pectinate zones) and active actuators emulating the 
outer hair cells.

1 Introduction

Physical models provide an additional tool to the study of cochlear mechan
ics, besides mathematical models and experimental measurements in the real 
cochlea. Complex structures in the cochlea can be reduced to allow a more 
systematic and controlled manner of studying their functions in the cochlea. 
Such reduction of complexities in the physical models also helps to bridge 
the gap between the real cochlea and the mathematical models. Hence, they 
provide a better validation for various mathematical models and theories of 
cochlear mechanics.

Larger than life-size physical models of the cochlea had been constructed 
by many investigators, including Cannell [1] and Helle [2], whose experimental 
measurements have been used by Steele and Taber [3] to validate their mathe
matical model using the WKB method. For comparison with a real biological 
cochlea, parameters from these enlarged models need to be scaled using simi
larity techniques. It is therefore desirable to build a life-sized cochlear model. 
Such a model was first constructed by Zhou et al. [4]. However, the exact 
thickness of the membrane used in the model was not reported, precluding a
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Figure 1. Schematic drawing of the physical model. A polyimide membrane is bonded on 
a slotted silicon substrate. This membrane is enclosed between two fluid filled chambers. 
Sound pressure generated by the sound source causes a traveling wave on the membrane 
which is measured by the laser vibrometer.

good comparison with mathematical models.
In the present study, a life-sized physical model of the human cochlea is 

built. All parameters needed for simulation using an existing mathematical 
model are measured, allowing accurate comparisons. As this is a preliminary 
model, only a passive basilar membrane enclosed in two fluid chambers is 
included. More elaborate details of the basilar membrane, organ of Corti and 
active mechanisms can be added to the model in the future.

2 Methods

2.1 Physical Model

A schematic drawing of the physical model is shown in Figure 1. The basilar 
membrane in the model is made by laying a thin film (thickness 25.4 /xm ) of 
polyimide (Young’s Modulus 2 GPa) over a slotted silicon wafer. The slot has 
a linear taper in width from 0.4 mm to 1.8 mm over a length of 35 mm, and is
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formed by a through-wafer plasma etch. This micro-machining process gives 
very good precision for small dimensional features like those in the life-sized 
model of the cochlea. The varying width in the slot gives the membrane a 
variation of volume compliance along its length, comparable to that in the real 
basilar membrane. A square hole (2 m m  x 2 mm) is cut near the broad end of 
the slot to emulate the helicotrema. The partition is encapsulated in a straight 
plastic box between two fluid-filled chambers with a cross-section of 2 mm x
2 mm. The fluid has the same density as water, but with a viscosity 20 times 
that of water. The higher viscosity is used to suppress strong apical reflections 
due to an isotropic membrane. A piezo-electric sound source (similar to the 
inner-eax sound source used in [5]) is inserted into one of the fluid chamber 
near the narrow end of the membrane to simulate sound input at the stapes. 
Sound pressure set up in the fluid results in a traveling wave on the membrane 
which is measured by a laser vibrometer.

2.2 Measurement

A laser vibrometer (Polytec OFV 302) mounted on a sliding fixture is used to 
measure the velocity at various locations along the length of the membrane. 
The SYSid measurement system (www.sysid-labs.com), running on a personal 
computer, repeatedly sends the appropriate electrical signals (tones or chirps) 
to the piezo-electric sound source. It then synchronously averages and stores 
the measured response from the laser system. An oscilloscope provides real 
time monitoring of the response.

3 Mathematical Model

A mathematical model is used to simulate the responses in the physical model. 
The basilar membrane is modeled as an elastic tapered plate, and the three- 
dimensional viscous fluid effects in the chambers axe taken into account. Due 
to the slender nature of the cochlea duct, the 3-dimensional formulation can 
be simplified systematically to an ordinary differential equation in just the 
longitudinal dimension. This equation is solved quickly on a computer, using 
a combination of the finite-difference method in the long-wave region, and the 
phase-integral (also known as WKB or LG) method in the short-wave region. 
The details of this mathematical formulation are found in the references [3], 
[6] and [7].

http://www.sysid-labs.com
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Figure 2. Comparison of experiment measurements (solid lines) and simulation results 
(dashed lines). The responses of the basilar membrane at 15 m m  and 20 m m  (normal
ized to th a t a t 10 m m ) are shown.

4 Results
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15 
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The basilar membrane responses at several locations in the physical model 
are measured. These are compared with results from the mathematical simu
lation which uses the exact geometry and material properties in the physical
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Figure 3. Effects of ribs on the basilar membrane response (simulation results). Decreas
ing the thickness ratio h 2 /h l  (i.e. etching deeper ribs) increases the orthotropy of the 
membrane. This causes the basilar membrane response to have a sharper cut-off at high 
frequency.

model. The membrane responses are normalized by that of the most basal 
location (10 mm), before comparisons are made. Figure 2 shows the nor
malized responses for the experiment measurements and simulation results at 
two locations (15 mm and 20 mm) on the basilar membrane. The upper plot 
gives the amplitude and the lower plot the phase of the response. The phase 
of the responses are in reasonable agreement. However, the amplitude of the 
measurements are significantly lower than those of simulation. This could be 
due to optical interference of the laser vibrometer, caused by reflected beams 
from the interfaces of the plastic chamber.

The amplitude of the responses shows a broad tuning due to the isotropy 
of the membrane. Reflection from the apical end (“spikes” in the amplitude) 
is also more pronounced at low frequencies due to the isotropy. Nevertheless, 
the accumulation of phase with frequency clearly shows the presence of a 
traveling wave in the model.

5 Discussions

There are a number of improvements that can be applied to the present model. 
Removing the isotropy of the membrane, making it orthotropic like the basi
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lar membrane in the biological cochlea, is of foremost importance. This will 
improve on the broadly tuned response and give a sharper response like that 
found in passive dead cochlea. The basilar membrane of the real cochlea 
is highly orthotropic (stiff in transverse direction, but soft in the longitudi
nal direction) due to fibers laid out in the transverse direction. To achieve 
such orthotropy in the physical model, transverse ribs can be etched into the 
polyimide membrane. Simulation results in Figure 3 show that etching ribs 
into the membrane produces sharper tuning, comparable to that in a passive 
cochlea [8]. The thickness ratio h 2 /h \o i  the membrane, where h \  is the thick
ness with rib and h2 is that without rib, determines the degree of orthotropy 
of the membrane. A ratio of 1 corresponds to the isotropic membrane. A small 
ratio (0.1) corresponds to a deep rib, and hence a highly orthotropic mem
brane. Sharper responses are obtained with a more orthotropic membrane 
with deeper ribs.

Further improvements can be made to the model by adding details of the 
spiral osseous, and the arcuate and pectinate zones of the basilar membrane. 
Effects of the flexibility of these supports on the basilar membrane response 
can be studied. Making the membrane on a silicon wafer also facilitates 
mounting of small sensors and actuators on the membrane, using existing 
MEMS (Micro-Electro-Mechanical Systems) techniques. With these active 
components, activity of the outer hair cells can be emulated. Hence, an active 
physical model can be built, and this will provide a new approach to studying 
active cochlea mechanics.

6 Conclusions

The present physical model provides a ground work for constructing more 
realistic models in the future. Exact parameters, such as geometry and ma
terial properties, in the physical model are available and used in simulation 
using mathematical models. This reduces the uncertainties that axe normally 
involved in comparison of experiment measurements and simulation results.
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Recently, the gammachirp function was proposed as an auditory filter for explaining 
psychoacoustical masking data [7], It can also account for some basic physiological 
observations such as the frequency glide in basilar membrane motion (BMM), but it cannot 
readily account for other observations such as the nonlinear compressive relationship 
between signal level and BMM. In this paper, the gammachirp filter is extended to include 
an extra stage of filtering as suggested by the NonLinear Resonant Tectorial Membrane 
(NL-RTM) hypothesis [1,2]. The extra filter was initially proposed for an IIR 
implementation of the gammachirp [8], The new gammachirp filter provides excellent fits to 
human masking data, and it enables us to unify physiological and psychoacoustical data 
within a common modelling framework.

1 Introduction

Recently, the gammachirp function has been proposed as an auditory filter for 
explaining psychoacoustical masking data [7]. The gammachirp is a natural 
extension of the popular gammatone filter [see 11 for a review] to include a 
frequency-modulation term. The sinusoid carrier of the gammatone means that the 
frequency response is symmetric about the filter’s center frequency and, as a result, it 
cannot account for human masking data in detail. Previously, the asymmetric roex 
filter was used to fit masking data [6,12,15] but it does not have a well-defined 
impulse response. The gammachirp overcomes these limitations and provides the 
basis of an asymmetric, level-dependent auditory filterbank for time-domain models 
of auditory processing. The gammachirp is also consistent with basic physiological 
data. The variation of instantaneous frequency in physiological observations referred 
to as the "frequency glide" [3,5,9,14] is quite similar to that in the gammachirp 
carrier. The gamma envelope was originally proposed to characterize the "reverse- 
correlation" (revcor) data of basilar membrane motion (BMM) [see 4 for a review]. It 
gave rise to the gammatone filter.

The original gammachirp filter, like the gammatone filter, cannot explain 
recent physiological observations of cochlear vibration such as (1) the nonlinear

mailto:irino@hip.atr.co.jp
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compressive relationship between signal level and the magnitude of the mechanical 
vibration [10,13] and (2) the level-independence of the frequency glide in the revcor 
data [3]. We review these problems in next section and provide a solution in the 
form of a modified gammachirp filter. In section 3, we demonstrate that this new 
gammachirp filter provides excellent fits to human masking data.

2 Comparison of recent physiological observations with the gammachirp

2.1 Frequency glides in revcor data and the gammachirp carrier

Carney et al. [3] recently re-analyzed the details of the carriers in her cat revcor 
functions [4] and found evidence for frequency glides at the start of the response. A 
typical set of revcor functions is shown in the upper portion of Fig. 1(a); they are 
normalized by input noise level (dB SPL). They are superimposed in the bottom 
curve to illustrate differences between them. The figure shows that the locations of 
the zero crossings (*) are generally independent of signal level. The instantaneous- 
frequency (IF) data shown in Fig. 1(b) were estimated from the Hilbert transform of 
the smoothed waveforms [3]. The procedure produces reasonable estimates of the IF 
between 2 and 4 ms provided the envelopes of the filter responses are sufficiently 
large. The figure shows that there is a trend towards an upward glide in IF for this 
auditory nerve fiber. It is, however, difficult to specify the exact trajectory of the 
frequency glide even with octave-band pre-filtering. Estimating the IF from the 
intervals between zero crossings gives a similar result [3].

When fitting the gammachirp filter to human masking data [7], the level 
dependent aspect of the filter shape can be controlled by the degree of frequency 
glide, that is, the chirp parameter, c; the envelope parameters (n and b) can be fixed. 
To specify the impulse response completely, however, it is also necessary to specify 
the initial phase and the latency of the carrier of the impulse response since they are 
not uniquely determined by the amplitude spectrum. Figure 2 shows the impulse 
response of the gammachirp filter derived in [7] when the initial phase varied with 
level to align the zero crossings across level, but without varying latency with 
level. The variability in the locations of the zero crossings are almost the same as 
those in the revcor functions in Fig. 1(a) when the latency is assumed to have a 
fixed value of 1.5 ms. The instantaneous frequency (IF) of the impulse response is 
shown in Fig. 2(b). The location of the initial glide varies with the signal level 
and the slope becomes shallow soon after the initial half cycle of the waveform 
where the amplitude is relatively small. The variability of the IF in Fig. 2(b) is less 
than that for the revcor functions in Fig. 1(b). Moreover, it is possible to reduce the 
IF variability in Fig. 2(b) by introducing level-dependent latency. So, the original 
gammachirp filter can be modified to accommodate revcor data if we let all three 
parameters of chirp vary with level. The question is whether the parameters can be 
made to vary with level in a way that relates them usefully to known properties cf 
the bio-physical processes.
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Time (ms)
Figure 1. (a) Revcor functions from cats reported 
in Fig. 1(E) (Unit 86100u8, BF = 2000 Hz) in [3], 
The amplitude of the response is normalized by 
the input noise level. Asterisks (*) indicate zero 
crossings, (b) The instantaneous frequencies 
estimated by the Hilbert transform of smoothed 
waveforms. Level (dB) indicates the sound 
pressure level of the input noise.

Figure 2. (a) Impulse response and (b) 
instantaneous frequency of the original 
gammachirp filter, reported in Fig. 2 of [7]. The 
filter-shape parameters were determined by 
fitting the filter to human masking data. The initial 
phase is set to align zero crossings (10 points for 
each wave). No latency was introduced. Level 
indicates the probe level (dB SPL) and, thus, it 
does not correspond precisely to Fig. 1.

2.2 Level-dependent gain in basilar membrane motion

The original gammachirp filter has a peak gain that is independent of signal 
level; it was introduced to produce a realizable form of the roex filter which is 
always presented in normalized form, that is with unit peak gain. It was generally 
believed that level-dependent peak gain could not be derived from human masking 
data. There are, however, well-known physiological observations concerning the 
compressive relationship between signal level and the magnitude of basilar 
membrane motion [13], and recently, compressive functions have also been 
measured in psychoacoustic experiments [10]. This suggests that we might be able 
to extend or modify the original gammachirp filter to include variable peak gain 
with reasonable physiologically assumptions.

Recently, Allen [1,2] proposed a NonLinear Resonant Tectorial Membrane 
(NL-RTM) hypothesis, which it is claimed is more compatible with cochlear 
physics than the cochlear amplifier (CA) hypothesis. In addition, the NL-RTM 
model could explain important physiological observations such as (1) the basalward 
migration of the peak of the traveling wave with increasing intensity, (2) the upper 
spread of masking, (3) two-tone suppression, (4) distortion products, and (5) normal 
and pathological loudness growth (recruitment). Accordingly, we examined the 
relationship between the NL-RTM hypothesis and the level-dependent parameters of 
the gammachirp.
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2.3 A bio-physical gammachirp auditory filter

In the NL-RTM model, there are two filters that interact as a function of level: 
the first represents the basilar membrane traveling wave; the second represents the 
interaction between the basilar and tectorial membranes (BM-TM filter). The peak 
location on BM motion moves relative to the BM-TM filter as a function of signal 
level. Since the frequency glide is observed post-mortem and at high sound pressure 
levels [14], the passive response of the basilar membrane is simulated by a 
gammachirp filter with pronounced asymmetry. It is implemented as a largely 
symmetric gammatone filter in cascade with a lowpass asymmetric function [7]. The 
BM-TM filter is a highpass filter and is very similar in form to the asymmetric 
function in the passive gammachirp, except that it is highpass rather than lowpass. 
If we use a highpass asymmetric function to simulate the BM-TM filter, the 
absolute frequency response of the system is

\9c, (/)| 1  . exp(C2.02)
V2^[{^ERB(/rl)}2+ ( / - / rl)2]

0j = a r c ta n { ( / - / rI)/fc1E R B (/rl)}, 02 = a rc tan{(/ -  f r2) /  b2E R B (fr2)}

f Pi S  /n + ci ' ̂ ERB(/rl)/ n{ 
where the first and second exponential terms are the lowpass and highpass 
asymmetric functions, respectively, a is the amplitude; nJtbltfy% and f rI are the 
parameters of the passive gammachirp filter;^,; is the peak frequency; b2, c2, and f r2 
are the parameters of the highpass asymmetric function; E R B (fr]) and ERB(fr2) are 
equivalent rectangular bandwidths.

In the NL-RTM model, the dominant level-dependency is controlled by the 
relative frequency positions of the passive gammachirp and the highpass asymmetric 
function. It can be formulated as f r2 = d f pl where d is the level-dependent parameter, 
d = d°+d] Ps, and Ps is the sound pressure level of the probe tone.

The first asymmetric function in Eq. 1 is part of the passive gammachirp 
which is analytic. The second asymmetric function, however, is not analytic. So it 
is not possible to derive the impulse response of Eq. 1 in analytic form when c2 is 
non-zero. The impulse response can be estimated using an Asymmetric 
Compensation Filter (ACF) like that proposed for an HR implementation of the 
gammachirp [8]. The resulting impulse response has an envelope similar to a 
gamma distribution and the carrier is a frequency glide, so the new filter is another 
form of gammachirp filter. It will be referred to as a bio-physical gammachirp.

3 Fitting human masking data with the bio-physical gammachirp filter

3.1 Method

The notched-noise masking data for probe frequency of 2000 Hz [15] were 
fitted with the bio-physical gammachirp using the procedure described in [7] (except
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absolute threshold was omitted as it is uniform in this frequency region [15]). The 
peak frequency fpl was varied to find the maximum SNR at the output of the filter 
for each masked threshold. The fitting procedure for notched noise data requires this 
step; the paradigm does not specify the best frequency for the derived filter.
3.2 Results

In the fitting process, was set to 4; the frequency-ratio parameter (d) was a 
level-dependent variable; the other parameters (b2, ch b2> and c2) were level- 
independent variables. Since the best frequency is not uniquely determined in the fit, 
the resulting filter shape can be presented in two alternative ways: In the first, the 
center frequency of the highpass asymmetric function (fr2) is fixed and the peak 
frequency of the passive gammachirp (fp]) is varied with probe level. The frequency 
response of this bio-physical gammachirp filter is presented in Fig. 3. It corresponds 
to the basalward traveling-wave migration illustrated by Allen [2] (see subsection 
2.2). The rms error was 1.27 (dB), which is slightly better than that produced by the 
original gammachirp (1.36 dB) [16]. The gain and the best frequency of the 
composite filter are varied as a function of signal level. The impulse response and 
the IF of this filter are plotted in Figs 4(a) and 4(b), respectively; the initial phase is 
level dependent to align the initial zero crossings. No latency is introduced. It is 
clear that the locations of the zero crossings and the asymptotic IF values are level- 
dependent and quite different from those for the revcor functions shown in Fig. 1.

In the second presentation, the peak frequency of the passive gammachirp (fpI) 
is fixed and the center frequency of the highpass asymmetric function (fr2) varies 
with level. The filter shape is shown in Fig. 5; the slope parameter of the highpass 
asymmetric function (b2) is also varied with level in the fit to improve the shape in 
the region of the best frequency of the composite filter. The rms error is (1.40 dB) 
which is slightly larger than that produced by the original gammachirp (1.36 dB), 
but it still provides an excellent fit to the human masking data. The impulse 
response and the IF of this filter are plotted in Figs 6(a) and 6(b), respectively. In 
this case, the initial phase is always zero and no latency is introduced. Nevertheless, 
the locations of the zero crossings in Fig. 6(a) and the IF trajectory are almost 
independent of level, and so this bio-physical gammachirp is consistent with the 
revcor function shown in Fig. 1. This version also seems more reasonable 
physiologically and psychoacoustically inasmuch as the revcor functions and the 
masking thresholds were measured with relatively wide band noise.

4 Discussion and Conclusion

The disparity between Figs 1 and 4 may arise because migration of the peak of 
the traveling wave is measured with narrow band stimuli. A realistic filter in 
conjunction with environment sounds might produce something intermediate 
between Figs 3 and 5 (or 4 and 6) where the peak frequency of BM motion and the
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New gammachirp fit, rms error = 1.27 (dB)

Frequency (Hz)

Figure 3. Amplitude spectrum of the bio-physical 
gammachirp with fixed highpass asymmetric 
function (dashed line). The peak frequency of 
the passive gammachirp filter (dashed and dotted 
line) is varied as a function of the level. The 
response of the bio-physical gammachirp (solid 
line) is plotted as a function of probe level (dB 
SPL).

Time (ms)
Figure 4. (a) Impulse response and (b) 
instantaneous frequency of the bio-physical 
gammachirp with fixed highpass asymmetric 
function and a level-dependent passive 
gammachirp (GCy) as shown in Fig. 3. The 
response of the bio-physical gammachirp is 
plotted as a function of the probe level (labeled 
with dB SPL). The initial phase is level-dependent 
to align the initial zero crossings and there is no 
latency.

New gammachirp fit, rms error = 1.40 (dB)

Frequency (Hz)

Figure 5. Amplitude spectrum of die bio-physical 
gammachirp. The center frequency and slope of 
the highpass asymmetric function (dashed line) 
are varied as a function of level. The peak 
frequency of the first passive gammachirp filter 
(dashed and dotted line) is fixed. The response of 
the bio-physical gammachirp (solid line) is plotted 
as a function of probe level (dB SPL).

instantaneous frequency of the bio-physical 
gammachirp with level-dependent highpass 
asymmetric function, as shown in Fig. 5, and a 
fixed passive gammachirp (GCt). . The response 
of the bio-physical gammachirp is plotted as a 
function of the probe level (labeled with dB SPL). 
The initial phase is zero throughout and there is 
no latency.

characteristics of the BM-TM filter are both level-dependent to some degree. At this 
point, it is difficult to specify the relative strength of these level dependencies. The
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bio-physical gammachirp does, however, enable us to explain physiological and
psychoacoustical data within a unified framework and to combine the two kinds of
data in our efforts to delimit the underlying processes.
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DISTORTION PRODUCT AND LOUDNESS GROWTH IN AN ACTIVE, 
NONLINEAR MODEL OF COCHLEAR MECHANICS

S. T. NEELY, M. P. GORGA, P. A. DORN 
Boys Town National Research Hospital, Omaha, Nebraska, USA

A one-dimensional cochlear model is made active by incorporating feedback forces from 
outer hair cells (OHC). The mechanics of this model are nonlinear because the OHC force is 
limited by a saturating mechano-electric transduction stage. Distortion products in this model, 
measured in the acoustic pressure at the eardrum, demonstrate compressive growth at 
moderate levels and more rapid growth at the lower and higher levels. The compressive 
growth is primarily due to saturation of the OHC force. Loudness is estimated in this model 
from the simulated neural spike-discharge rate, which is integrated across all inner hair cells 
and across time. Log-loudness shows more rapid growth at low-levels and compressive 
growth at moderate levels, due to saturation of the OHC feedback force. Results from this 
cochlear model are compared with measurements of DPOAE and loudness growth in humans.

1 Introduction

The compressive growth of basilar membrane (BM) vibrations with increasing level 
is evident in the growth of distortion-product otoacoustic emissions (DPOAE) and 
in the growth of perceived loudness. In this study, we simulated both DPOAEs and 
loudness in an active, nonlinear model of cochlear mechanics. We then compared 
the growth of the simulated responses produced by this model with measurements 
of DPOAE amplitude and loudness in humans. By comparing the model with 
human data, we are able to infer characteristics of BM growth in humans, where 
direct measurements are not possible.

2 Model

A one-dimensional cochlear model is made active by incorporating a feedback force 
from outer hair cells (OHC). The micromechanics of the cochlear partition (CP) 
include two mechanical degrees-of-freedom at each radial cross-section (RCS). If 
we let represent BM displacement and £r represents the relative displacement
between BM and the reticular lamina (RL), then the equations of motion can be 
written as

Mb£b + Rb̂ b + 'Kjsb + ScK L  + ScKAc ~ ~APPf (1)

+ R &  + K £ ,  -  gcRci  -  g cK £ c = - g rVm (2)
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Figure 1. Electrical-analog circuit representing cochlear micromechanics, which includes two 
mechanical resonances and an OHC feedback force. The electrical current through the OHC is 
proportional to the shear displacement at low levels, but saturates at high levels. The OHC feedback 
force is proportional to voltage across the membrane.

where £c = gc(%b ~%r) represents the shear displacement between the RL and 
tectorial membrane; Mb, Rb, and Kb are the mass, damping, and stiffness 
associated with basilar membrane (BM) displacement; M r, Rr, and Kr are the 
mass, damping, and stiffness associated with RL displacement, Rc, and Kc are the 
stiffness and damping associated with RL-TM shear displacement; Pd is the fluid 
pressure difference across the CP; and Ap is the area of the CP in a single RCS.

In equation (2), grVm represents a force exerted by the OHC between the RL
and BM, which is proportional to the voltage across the outer hair cell membrane. 
The current passing through the OHC is controlled by the displacement of the hair 
bundle at the top of the cell. The OHC membrane voltage is governed by

Cm̂ m + GmVm ~Y  8 f ic ~  SAr (3 )

where Gm and Cm are the conductance and capacitance of the OHC membrane.
The second term on the RHS of equation (3) represents an electrical “displacement” 
current, which introduced by the reciprocal nature of the electro-mechanic 
transducer. An analog circuit corresponding to these equations is shown in Figure 1. 
This representation of cochlear micromechanics is similar to the one suggested by 
Neely and Stover [3]. The tuning that this model delivers to inner hair cells (IHC) is 
shown in the left panel of Figure 2.
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Figure 2. Input-output curves for the 2F1-F2 DPOAE as a function of L2 (the level of the higher 
frequency primary tone). Li was always 10 dB higher than L2. In the left panel, the open symbols 
represent measurements in normal hearing human subjects, while the closed symbols represent 
measurements in a subject with a mild hearing loss at the F2 frequency, which was 4 kHz for all 
measurements.

The mechanics of this model become nonlinear when a saturating mechano
electric transducer limits the OHC feedback. This nonlinearity is implemented in the 
model by making y  a function of £c

7 fe )= 7 o 1 + I
-y,

(4 )

where p determines the maximum amount of compression and da is the
displacement at which compression begins. Note that the product of y and £c is a
constant (y0/do ) for large displacements. When p — 3, the value used for the
model results presented in this paper, the minimum slope of the BM input-output 
curve becomes 1/3, as shown in the right panel of Figure 2. This type of saturating 
nonlinearity was suggested for the OHC feedback force by Yates [4].

3 Results

3.1 Distortion product otoacoustic emissions

DPOAEs (measured as acoustic pressure in the ear canal) demonstrate 
compressive growth at moderate levels and more rapid growth at both lower and 
higher levels. The left panel of Figure (3) illustrates these features. The open



240

Figure 4. Loudness as a function of stimulus level. The thin line shows loudness growth for a 1-kHz 
tone based on the measurements of Fletcher and Munson [1], The heavy lines show loudness growth 
in the model for the normal case and for two hearing-impaired cases with threshold shifts of 15 and 
30 dB. The loudness values are normalized to one at 0 dB SPL for the normal ear. A base-10 
logarithm was used to compute the log-loudness values.

symbols in this figure represent measurements in three, normal-hearing subjects. 
The filled symbols are measurements from a subject with moderate hearing loss at 
the F2 frequency (4 kHz). Below 20 and above 90 dB SPL the slope of DPOAE 
growth in the hearing impaired ear is about the same as the slope for the normal 
ears. DPOAE amplitude is close to normal above 90 dB, but is smaller at lower 
stimulus levels

Many of the features observed in the DPOAE data are reproduced qualitatively 
in the model results, which are shown in the right panel of Figure (4). A very mild 
hearing loss (15 dB HL) was simulated in the model by reducing the OHC feedback 
force slightly ( y0 = 0.9). The more rapid growth at lower and higher levels that was
observed in the data is also observed in the model DPOAE. The normal and 
impaired DPOAE amplitudes are nearly the samean the model at the highest levels, 
just as the are in the human data.

The are some notable differences between the model and the measurements. 
The DPOAE amplitude tends to be lower in the model that in the measurements 
across all stimulus levels. Also, the range of compressive growth (with shallow 
slope) seems to be significantly smaller in the model (from 50 to 80 dB) than it is in 
the human ears (from 35 to 85 dB). Both of these differences seem to indicate that 
the model has insufficient gain at lower levels.

3.2 Loudness

Loudness is simulated in this model as the expected neural spike-discharge rate 
from the whole auditory nerve. This whole-nerve rate is derived from a simple 
estimate of the DC receptor potential of the IHC, which is then integrated across all
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Figure 5. Block diagram of cochlear micromechanics illustrating OHC feedback force with a 
saturating nonlinearity and soft, half wave rectification at the inner hair cell. The nonlinear feedback 
onto BM generates DPOAEs in addition to providing dynamic range compression. The output of the 
IHC, integrated across time and place, provides an estimate of loudness.

IHCs. The IHC mechano-electric transduction is represented as a soft, half-wave 
rectifier. At very low levels, the voltage grows as the cube of the shear 
displacement. At higher levels, this transformation becomes nearly linear. A leaky 
integrator is applied to this voltage to the influence of the IHC membrane.

Results from model were compared with loudness data from Fletcher and 
Munson [1]. Log-loudness shows compressive growth at moderate levels and more 
rapid growth at low-levels due to the saturating OHC feedback force. At higher 
levels, the Fletcher and Munson data show less increase in slope, than would be 
suggested by either the measured DPOAE or simulated BM responses. The lack of a 
steeper slope in the log-loudness data at high levels may be due to saturation of 
spike discharge rate, although more recent loudness measurements by Florentine, 
Buus, and Poulsen [2] show a steeper slope at high levels than the measurements of 
Fletcher and Munson.

Loudness results were also obtained from the model for two different simulated 
hearing losses, which exhibited 15 and 30 dB of threshold shift at 4 kHz. These 
results are also shown in Figure 4. The two hearing-impaired loudness functions 
differ most from normal at threshold and are nearly the same as the normal loudness 
function at high levels.

4 Discussion

The active, nonlinear model of cochlear micromechanics described by equations (1) 
to (4) above, appears to simulate many response growth features seen in the 
DPOAE and loudness data. The important features of the model are illustrated in 
Figure (5). These features are (1) a positive feedback force onto the BM due to
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OHC motility, (2) gradual saturation of the feedback force to achieve dynamic 
range compression at moderate levels, and (3) soft, half-wave rectification at the 
IHC which results in dynamic range expansion at very low levels.

4.1 DPOAEs

The steeper DPOAE growth at higher levels is clearly present in the human 
data above 85 dB SPL and has been previously observed in other species. In the 
model, the transition to a steeper DPOAE slope coincides with the upper limit of the 
OHC compression region.

The OHC compression range appears to be about 20 dB wider in the human 
data (35 to 85 dB) than in the model (50 to 80 dB). Assuming that the slope of the 
input-output curve is about 1/3, the model would require about 7 dB of additional 
gain at threshold to extend the OHC compression region by 20 dB. Additional gain 
at threshold would also help to improve the agreement in DPOAE amplitude 
between the model and the measurements.

4.2 Loudness

The excellent agreement of the model loudness and the Fletcher-Munson 
loudness function supports the use of cubic dependence of spike-rate on shear 
displacement at threshold. Above 90 dB SPL, the model loudness shown in Figure 
(4) grows too fast. Evidently, OHCs are unable to provide compression at these high 
levels, so the observed compression might be due to rate saturation at the IHCs. One 
interpretation of these results is that the IHCs provide a transformation to neural rate 
that grows as the third power of displacement at very low levels, and as the two- 
thirds power (Steven’s law) of displacement at very high levels.

The model loudness simulates the more rapid growth of loudness for moderate 
levels in the impaired case. This feature is known as loudness recruitment and is due 
to the loss of OHC compression. Note that, at least in this model, the growth of 
growth of loudness will never become steeper than the expansive nonlinearity of the 
IHCs (i.e., displacement to the third power).

5 Conclusions

The model of OHC feedback force with saturating nonlinearity described in this 
paper provides a reasonable simulation of the essential features of DPOAE and 
loudness response growth. Comparison with the human DPOAE data suggests that 
the model should have about 7-dB additional gain at low levels or about 46-dB gain 
for a 4kHz tone at 0 dB SPL. Comparison with human loudness data suggests that 
the transformation from IHC displacement to neural spike rate needs to be 
expansive at low levels (a power of 3 at threshold) and compressive at high levels (a
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power of 2/3 above 90 dB SPL). Further comparisons between the model and 
measurements will be required to substantiate these conclusions.
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M ICRO M ECH ANICS IN A 3-D M ODEL OF THE COCHLEA

T. FUKAZAWA
Department o f Otolaryngology, Kasukabe City Hospital, 7-2-1 Chuo, Kasukabe

344-0067 Japan 
E-mail: rxkl 0012@nifty.nejp

A model of cochlear micromechanics is proposed in which the tectorial membrane is driven by the fluid of the 

cochlea directly instead of the stereocilia of outer hair cells. It assumes that the tectorial membrane has almost the 

same acoustic resistance as the surrounding fluid, so that it can easily be driven by the fluid. Three-dimensional 

analysis of a macromechanical block model reveals a substantial radial flow that can drive the tectorial membrane. 

When it is combined with the block model, it has vibration of the tectorial membrane caused by the fluid and 

consequently it can produce satisfactory excitation curves of the basilar membrane while it simulates the phase of 

outer hair cell membrane potential.

1 Introduction

The tectorial membrane (TM) is a gelatinous and fibrous flap secreted from the spiral 
limbus and it extends laterally to cover the stereocilia of the hair cells of the Organ of Corti. 
The tips of the tallest stereocilia of the outer hair cells (OHCs) are directly embedded in the 
under-surface of the TM and forms a mechanical coupling between the OHCs and the TM. 
The TM used to be thought of as a lever that was hinged to the spiral limbus and moving up and 
down in phase with the organ of Corti, with the result that the stereocilia would be bent by a 
shear or relative movement between them. However, recent observations on the motion of the 
TM have shown that it can vibrate in the radial direction during sound stimulation, suggesting 
some sort of flexibility of the structure [ 1 ]. The TM is floating in the lymphatic fluid except for 
the attachment to the spiral limbus and the stereocilia, and seems to be relatively free to move 
compared with the other parts of the Organ of Corti. To avoid an undesirable DC shift of the 
stereocilia that could occur during head acceleration or tilting, the TM must be either very stiff 
and firmly attached to the spiral limbus as in the classical shear hypothesis, or of the same 
density as the surrounding fluid so that it would not move under such body movement In this 
paper we will adopt a hypothesis that the TM has almost the same density and acoustic 
resistance as the surrounding fluid, reconciling resistance against head acceleration or tilting 
with vibration under sound stimulation,

Zwislocki and Smith [2] observed the phase of the membrane potential of OHCs relative to 
the earphone voltage for stimulation at various stimulus levels and they found that it differed by
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180° between high and low levels in the neighborhood of the characteristic frequency (CF) of 
the cells’ location, the transition occurring at about 40 dB SPL. The result suggested that the 
membrane potential of outer hair cells depolarized during basilar membrane(BM) displacement 
toward scala “tympani” when the stimulus was small and in the neighborhood of the CF of the 
place. This was obviously contrary to the classical shear hypothesis and demanded a new 
interpretation. Hence they proposed a resonant mechanical system with the mass of the TM 
coupled to the stiffness of the stereocilia, in which the radial vibration of the TM was larger than 
that of the reticular lamina (RL) and the phase of the deflection of stereocilia was different from 
the classical model. The resonance frequency of the TM is, however, estimated to be about 
half octave lower than that of the BM at the same location [1 ], and hence the TM would be in 
the state of “mass-control” when stimulated by the CF of the place and consequently the phase 
of its vibration would be in reverse to the force exerted by the stereocilia. The upward 
displacement of the BM would hence accompany outward deflection of the stereocilia, 
depolarizing the OHCs, as long as we assume that the BM and the RL vibrate in phase and 
drive the TM through the stereocilia, and this obviously contradicts the Zwislocki and Smith’s 
observation.

This paper presents a new micromechanical model in which the RL is assumed to be 
relatively stiff and the TM is driven by the “radial flow” or more exactly by the pressure 
gradient of the lymphatic fluid, instead of the stereocilia of OHCs. In current models [3,4,5,6] 
the site for the interaction between the macro- and micro-mechanics has been assigned 
exclusively to the BM, where it is driven by the pressure difference between the scalae. 
However, if there is a substantial radial flow at around the TM, it is plausible that it be another 
site for the interaction since it is assumed to have the same acoustic resistance as the surrounding 
fluid and can easily be driven by the fluid. To know the magnitude of the radial component of 
the flow explicitly, a three dimensional block model will be solved using the finite difference 
method and a substantial fluid flow in the radial direction will be shown in a passive case. 
Then the micromechanical model will be combined with the block model and the responses to 
tones in an active case will be calculated in the same way as in the passive case and the 
frequency domain solution thus obtained shows satisfactory amplification of the traveling 
waves while it circumvents the contradiction mentioned above.

2 Models and Results

2.1 Macromechanics of the cochlea
The block model used for the simulation of the macromechanics of the cochlea is shown by 

fig. 1. The pressure difference between the upper and lower scalae, Pd(x,y,z), is used as a scalar
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field function that describes the system:
Pd(x,y,z) = P^x,-y,z)-Pu(x,y,z) (1)

where P, and Pu are the pressure in the lower and upper scalae respectively. The kinetic 
equation for the Pd(x,y,z) is

VPd(x,y,z) = 2j 60 p v(x,y,z) (2)
where /O is the volume density of the fluid in g/cm3, cothe angular frequency in rad/s, v(x,y,z) 
the fluid velocity vector at (x,y,z) and j=/~-1. The equation of continuity is

Vv(x,y,z) = 0 (3)
From the equations (2) and (3), the Pd(x,y,z) satisfies the Laplace’s equation:

V^dfoyz) = 0 (4)
The bony wall boundaries are assumed to be perfectly rigid, the stapes is assumed to vibrate 
with unit velocity (va= 1 •e)0,t) , and the BM is assumed to have motion in the y direction and 
have a point impedance Z(x) of the form:

Z(x) = K(x) / j co + R(x) +j co M(x) (5)
where K(x) (=0.42 • 109(e',X2xdyne /cm3), R(x) (=200dyne s /cm3) and M(x) (^O.OSg/cm2) are 
the stiffness, damping and effective mass of the BM per unit area at x.

To solve the equation (4) by a finite difference approximation the height h (=0.1 cm), the 
width b (=0.1 cm) and the length L (=3.5 cm) are discretized with small spacing d (=0.01 
cm). Then the equation (4) can be written as

Pd(i+lj,k>fPd(i-lj,k)+Pd(ij+l,k)+-Pd(ij-l,k>fPd(ij,k+l>fPd(y,k-l)
—6Pd(ij,k) = 0 (6) 

where Pd(ij,k) means Pc^x^yj^) for 1 ̂ i^ 3 5 1, l ^ j ^ l l ,  1 ̂ k ^  11.

Figure 1. Geometoyofthe block model. OW: oval window, RW: round window.
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The boundary condition for the stapes at (1 j,k) is
2Pd(2 j,k)+-Pd( 1 j+1 ,k)+Pd( 1 j-1 ,k)fPd( 1 j,k+l )+-Pd( 1 j,k-1) 

r  -6Pd(lj,k)=4jo)pvstd (7)
The BM width is set to be 0.03 cm and the boundary condition at (i,l ,k) (5^k^7) is 

Pd(i+1,1 ,k)+Pd(i-1,1 ,k)+-2Pd(i,2,k)+Pd(i, 1 ,k+1 )+Pd(i, 1 ,k-1)
-6Pd(U,k)=4jcopvbm(i)d (8) 

where (i) is the upward velocity of the BM calculated as

where Pa(i) is an active pressure exerted by the OHCs. The equation (4) reduces to a linear 
simultaneous equations of the form AX^B where A is a square matrix of size 42471 X 42471. 
Because the non-zero elements of the matrix A are sparsely distributed only around the diagonal 
line, the Gauss’ elimination method for a band diagonal matrix can be used and it can be 
reduced to a smaller size of 42471X243, which can be handled by a small size computer. 
Fig.2 shows the trajectories of the motion of fluid particles at various locations in response to a 4 
kHz tone when the system is passive (Pa(i) = 0). The upper figure shows the trajectories of the 
component in the plane z = 0.5 mm, and the lower one shows those in the plane x p 10.9 mm, 
where the traveling wave forms a peak. Note that there is a substantial radial component in the 
flow at around the edges of the BM (shown by a thick line).

vbm(i) =[ {Pd(i,l,5)fPd(i,l,6)+Pd(U,7)}/3+Pa(i)]/Z(i) (9)

y Upper wall
h

0W Z = b /  2
o

y
h

x = 10.9 mm
\ \ \ i / / / / i

Figure 2. Trajectories of fluid particles.
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2.2 Micromechanics of the cochlea
The micromechanical model proposed in this paper is shown by Fig.3 in the form of a 

mechanical lumped circuit, in which the RL is assumed to be rigid and the TM is driven by the 
pressure gradient of the fluid. The pressure gradient PM that drives the TM is

Pfluki~jWvfloWmtm dyne/cm2 (10)
where m^ (=0.007 g/cm2) is the mass of the TM per unit area and v ^  the radial component of 
the fluid flow at z -  0.35 mm on the cochlear partition. Since the TM is assumed to have the 
same acoustic resistance as the fluid, Pu  is assumed to have the same magnitude as the 
pressure that the fluid would exert to the TM when it vibrated in unison with the fluid. The 
viscous force between the TM and the RL is represented by r^ and the one between the vtow and 
the TM was neglected. The stiflhess k,. of the stereocilia is defined such that the resonant 
frequency of the TM becomes about a half octave lower than the CF (cOq̂ x) ^ / - 1 OV^/0.15) 
of the BM. The active force by the OHCs is defined as

PoHC-  TF0 [1/ { (̂(D/COg)}] (11)
where Tdenotes a constant, F0 (=25(l-x/3.5)2)coI(x) r ^ ) a place dependent constant (co/x)^ 
V(K(xVM(x))), toc(=0.04 cô x)) the cutoff radian frequency of the OHC membrane, and £ 
^  the outward displacement of the TM. The active pressure Pa in the equation (9) is defined as

Pa(i)= aPOHc<i-l) + i3PoHc(i) dyne/cm2 (12)
where a  and j3 are the positive parameters that determine the relative contribution from the 
two forces such that a + (3=1. Note that if the system is stimulated by the CF, then the fluid 
vibrates almost in unison with the TM and it occurs that the stereocilia of OHCs are deflected 
outward when the BM is in a downward position with the result that the OHCs are depolarized.

>tm

'id.

P fluid => TM m tm
r tm

L ISS n A A - k c
RL

k o c ^  ifv )X  P q h c

BM m bm U * bm

k bm Jj T bm 11

Pd

Figure 3. Mechanical lumped circuit model of the org^n of Corti.
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Since the Pa(i) is a function of Pd’s, the micromechanical model can be combined with the 
block model ( Pa(i) is inserted in the equation (9)) and the problem is again reduced to linear 
simultaneous equations which can be solve in the same way as in the passive case. It took less 
than 15 minuets to calculate a single response.

Fig.4 shows the excitation curves of the BM in the case of active OHCs for five different 
tones. The amplitude functions of traveling waves in the upper figure show the effect of OHC 
activity. The gains of the peaks have a gradient due to the place dependent gain function F0 of 
OHCs and they are about 40 dB for tones higher than 1 kHz. The Q10 values are 6.74, 6.37, 
5.39,2.97 and 0.37 for 8 kHz,4 kHz, 2 kHz, 1 kHz and 0.5 kHz tones respectively and they are 
similar to real data.

Distance from stapes (cm)

Figure 4. Excitation curves of the basilar membrane. ( ai=0.5, 7=1)

3 Discussion

Three dimensional models of the cochlea have been solved analytically either in the form 
of an integral equation [8,9] or by using a Green’s function [10]. Finite difference 
approximation of the Laplace’s equation has not been used in 3-D models due to its memory
consuming nature in numerical calculation. However, it has become clear that the method is 
reasonably efficient in solving 3-D models. The result of simulation showed that there is a
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substantial radial component in the flow of the fluid that could drive the TM in the radial 
direction.

By assuming a mobile TM that was driven by the lymphatic fluid, this model could 
simulate excitation curves of the BM well while it was consistent with the Zwislocki and 
Smith’s observation on the OHC membrane potential at levels lower than 40 dB SPL. The 
phase of the membrane potential of this model was actually the reverse of what the classical 
shear hypothesis predicts. At levels higher than 40 dB SPL the phase response of the OHC 
membrane potential reverses by 180° and this reversal probably means a transition from an 
active state to a passive one of the cochlea. No model has ever succeeded in simulating the 
transition of the phase of the membrane potential. By introducing non-linearity of the 
parameters in the model it might be possible to explain the phenomenon but it is beyond the 
scope of this paper.
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The cochlear partition is considered as a system of two long elastic plates connected by a raw 
of springs — outer hair cells. The theory of multi-degree-of-freedom systems is applied to 
study the free and forced vibrations of a cross section of such a system. The model supposes 
that the fast oscillations of the outer hair cell are forced with the collective vibrations of the 
components of cochlear partition, while the slow motility appears to be an externally applied 
variation of mass and stiffness of the cell — the coupling agent between the basilar and 
tectorial membranes. The results of numerical computations submitted in the present paper 
support essentially the theoretical consideration of such a problem [2], The simplified study 
of forced vibrations of a cross section demonstrates widening, lowering, and splitting of the 
tuning curve. The similar experimental findings and the alternative models have been widely 
discussed in literature.

1 Introduction

It is known from the theory of multi-degree-of-freedom systems, that if two resona
tors are connected with a link, the sets of eigenfrequencies of these resonators are 
affected. Instead of each eigenfrequency of each resonator, a couple of eigen
frequencies of the overall system appears. These eigenfrequencies received the name 
‘normal frequencies’, while the eigenfrequencies of the isolated resonators are 
usually referred in this context as ‘partial eigenfrequencies’. In such a case, all the 
elements of the system vibrate in unison, with more complicated spectrum.

Some application of the theory of multi-degree-of-freedom systems to the 
cochlear partition was studied theoretically in [2]. The cross section of that model is 

. shown at fig. 1. The same model is examined here with use of numerical analysis.

TM rj

1 ^  0HC 

BM

Figure 1. A scetch of the linkage between the 
basilar membrane, outer hair cell and tectorial 
membrane.

mailto:smn@pdmi.ras.ru
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2 Problem formulation and solution

The expression for the normal frequencies, derived in [2], can be rewritten in 
the more suitable for the numerical calculation form:

w here (Oc is the  partia l eigenfrequency of th e  ou ter h a ir  cell, m 
is its  m ass, Ax — a  d istance betw een two neighbouring ou ter hair 
cells in  the  longitudinal direction, D b and  D t are  the  bending

stiffnesses of the  basila r and  tectorial m em branes respectively, Y b

an d  Yt are  th e  eigenfunctions of these membranes, y -  r\ is the position of 
the outer hair cell.

It is found in  [21, th a t  if the  m em branes have equal w idths, these 
eigenfunctions are a s  follows:

where kh and kt are the leading wavenumbers of the basilar and tectorial
membranes, A* and A, are the leading eigenvalues, and /n{ denote the
mass density of each membrane respectively, b is the width of any of the 
membranes.

Ax I m
con

Y, =sinft(>’-t
sinhA, -A , coshA,

Yb=sin khy - c o s A a
sinh^:,,  ̂ if 0<y<n ,

cosh A h

Yb=sin kh(b-y)~ cosA* sinkh(b-y)  if rj<y<b ,
cosh A h
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The system is nonlinear: the normal frequency depends on the eigenfunctions of 
two membranes, while these eigenfunctions are dependent on square root of the 
normal frequency. The simple iteration method is applied to solve this system. For 
the numerical calculations, the next values of the input parameters are used:
1. The set of the basilar membrane partial eigenfrequencies is really unknown. 

Here, for the leading eigenfrequency of the basilar membrane cross section is 
taken an approximation of the resonance frequency of the whole cross section:

/ rA(x)=25000 exp(-0.376ww-‘ (x-0.186mm)) Hz ,

where x is the distance from the stapes.
2. The leading partial eigenfrequency of the tectorial membrane is supposed to be 

either equal, or slightly different from that of the basilar membrane.
3. The width of the basilar membrane is similar to the usually used:

6(jc) = 0.08-10-3 exp(0.06mm-'x)mm .

4. The mass density taken in the present study, differs from the usually used. Here, 
the mass of a cross section is determined with the area of this section at each 
membrane. The area of the Corti’s organ, measured by Wiver, is approximated 
as follows:

Sc(x) = 410^mm2 exp(0.61ww_1x) ,

The area of Corti’s organ of guinea pig is supposed here to be 1/2 of that value.
5. The cross sectional area of the tectorial membrane is measured by Hardesty [1] 

at the domestic pigs. It can be approximated with a polynomial:

S, ( x )  = 1 Off (1.72 + 0 .1 1 m m  _lx + 0.11 S m m M x 2 -  2.45 • 1 O t im m  “3x 3 ) m m 2 •

The area of the tectorial membrane cross section in guinea pigs is supposed 
again to be equal 1/2 of that value.

6. The bending stiffness Dj of each membrane is evaluated from the expression:

7. The parameters of the outer hair cell are approximated as follows:

m = fm r2h,
where: p=\mglmm*, r= lpm , /i=(158.5-33.7 1ogl0(t/(jc))iuw, 

c f =25000 exp(-0.376mw-1x)/fe ,
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where c f  is the characteristic frequency of the cross section.
8. The last parameter to be estimated is the distance between two neighbouring 

outer hair cells. It is taken as follows: Ax = 0.45/zm .

3 Results

The term ‘slow motility’ of the outer hair cell implies a variation of height and 
radius of the cell. The source may be either independent on the fast oscillations, or 
related to it by any complicated way. Only the first case is considered in the present 
study. Variation of shape of the cell alters at least its stiffness, and consequently, its 
partial eigenfrequency.

It is seen from the expression (1), that each value of the partial eigenfrequency 
of an outer hair cell generates up to 4 values of the normal frequencies of the 
compound system. Each membrane induces a pair of traces, with synphase and 
counterphase movements with respect to another plate. Some patterns of these traces 
are demonstrated at fig.2. If the partial eigenfrequencies of the basilar and tectorial 
membranes are equal, all the traces intersect at the point, where the partial 
eigenfrequency of the outer hair cell equals to that of the membranes (Fig.2, a, b).

If the partial eigenfrequency of the tectorial membrane is greater, than that of 
the basilar membrane, two separate crosses are seen, one of them is centered at the 
tectorial membrane resonance, and the other — at the partial eigenfrequency of the 
basilar membrane (Fig.2c). In the present context, the term ‘resonance’ means the 
coincidence of the outer hair cell ‘s partial eigenfrequency with that of any of the 
membranes.

If the partial eigenfrequency of the tectorial membrane is less than that of the 
basilar membrane, all four traces of normal frequencies intersect at the tectorial 
membrane resonance. This is rather an unexpected result, but it inevitably follows 
to the applied techniques.

The patterns of the eigenfunctions of a cross section are shown at Fig.3. If the 
partial eigenfrequency of an outer hair cell is far of that of the basilar or tectorial 
membranes, both membranes undergo the sum of synphase (Fig. 3 a), and counter
phase (Fig. 3b) movements. In the region of the resonance of any of membranes, 
only the resonant membrane vibrates, taking all the energy to itself, and thus 
enlarging its amplitude.

Of most interest is the case of the tectorial membrane resonance. Here, when the 
middle portion of the tectorial membrane falls down, its marginal end rises up, and 
thus the fluid inside the subtectorial gap is pushed out. At the next half of the period, 
the marginal end falls down and locks the entrance to the gap. Such a mechanics of 
the subtectorial streaming is strikingly similar to that proposed by Steele in 1973 [3].
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This effect entails the conclusion, that just the resonance of the tectorial membrane 
determines the position, where the neural sensation of tone takes its beginning.

The last examination is a comparison of the tuning curves with the experimental 
data. In the framework of the present model, we suppose, that a constant in space 
external pressure is applied to any of membranes, for example, to the basilar 
membrane. Under such an assumption, only the amplitude curves are noteworthy. 
Shifting the eigenfrequency of the outer hair cell apart of the resonant frequency of 
the membranes results in widening, lowering, and splitting of the tuning curve.

partial eigenfrequency of OHC partial eigenfrequency of OHC

partial eigenfrequency of OHC
partial eigenfrequency of OHC

Figure 2. The normal frequencies of free vibrations of the cochlear cross section as function of the outer 
hair cell partial eigenfrequency. Solid lines: the normal frequencies of the synphase and counterphase 
vibrations of the membranes, generated by splitting of the basilar membrane partial eigenfrequency. 
Dashed lines: the normal frequencies generated by the tectorial membrane.
A, B: the case of equal partial eigenfrequencies of the basilar and tectorial membranes at the basilar and 
apical ends of the cochlea.
C: partial eigenfrequency of the tectorial membrane is greater than that of the basilar membrane.
D: partial eigenfrequency of the tectorial membrane is less than that of the basilar membrane. Only a 
single cross is seen, placed at the position of the tectorial membrane resonance (with respect to the outer 
hair cell partial eigenfrequency).
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4 Discussion

The model under consideration does not use a hypothesis for cochlear amplifier. No 
internal energy is being added to the fast vibrations inside the cochlea. Only the 
tuning properties of the cross sections are varying under the shape variation of the 
outer hair cells.
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Figure 3. The patterns of eigenfunctions of the cochlear cross section. Synphase (A) and counterphase 
(B) vibrations of two membranes calculated at points 1 and 2 of Fig.2c respectively. C: resonance of the 
basilar membrane (pt.3 at Fig.2c). D: resonance of the tectorial membrane. The shape of the tectorial 
membrane eigenfunction generates the streaming flows through the subtectorial gap.
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frequency, Hz
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frequency, Hz frequency, Hz

Figure 4. The tuning curves of the model shown at Fig, 2a and 2b. Dusted lines: pef(OHC)=pef(BM), 
tuning in the centers of crosses. Solid lines: partial eigenfrequency of the outer hair cell is shifted. The 
range of the shift is indicated by the first string of the legends.
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LATERAL WALL MECHANICS

N. MORIMOTO, A. NYGREN, W.E. BROWNELL

Baylor College o f  Medicine, Houston, TX 77030
USA

E-mail: nmorimoto@nch.go.jp, nygren@ucalgary.ca, brownell@bcm.tmc.edu

Salicylate (SAL) is a member of an amphipath family that bends membranes outward while 
chlorpromazine (CPZ) belongs to an amphipath family that bends membranes inward. Two 
of the outer hair cell lateral wall's three layers are direct targets for amphipathic drugs because 
they are composed of membranes. Since SAL and CPZ are known to alter membrane- 
curvature, mechanics, and fluidity, we have measured the effect of these drugs on the passive 
mechanical properties of the outer hair cell lateral wall. The lateral wall was deformed using 
either micropipette aspiration or by applying a micropipette applied fluid jet and the resulting 
change in cell shape is measured. Both amphipaths result in an increase in the cell’s diameter 
following the plasma membrane vesiculation that accompanies aspiration. CPZ significantly 
decreases the pressure required for vesiculation and the mean time for vesicle formation while 
SAL has no effect. Both agents decrease plasma membrane water permeability. It is 
perplexing that SAL reversibly blocks electromotility and causes a reversible hearing loss 
while CPZ has no obvious effect on either electromotility or hearing.

1 Introduction

The outer hair cell (OHC) contributes to fine-tuning in the mammalian inner ear 
through its unique potential-dependent electromotility. The motor mechanism for 
electromotility resides in the cell's lateral wall. The OHC lateral wall is a 100 nm 
thick trilaminate structure composed of the plasma membrane (PM), cortical lattice 
(CL) and subsurface cistema (SSC). Electron micrographs reveal that the PM is 
rippled, while the SSC membrane retains the crisp bilayer appearance (5). The CL, 
sandwiched between SSC and PM, is composed of cytoskeletal microdomains of 
parallel actin filaments cross-linked with spectrin. The extracistemal space (ECiS) 
is bridged by structures of unknown composition called pillars (7) which appear to 
tether the PM to the circumferentially oriented actin filaments.

The membranes of most cells are composed of asymmetric lipid-protein 
bilayers. Salicylate (SAL) and chlorpromazine (CPZ) are amphipathic drugs that 
alter membrane curvature. SAL interacts with the PM of the red blood cell 
resulting in an outward membrane buckling (crenation), while CPZ bends the red 
blood cell membrane inward (cupping). The bending is thought to arise from the 
propensity of SAL and CPZ to intercalate in the membrane's outer and inner leaflets, 
respectively. Membrane bending results, according to the bilayer couple hypothesis, 
from the increase in the area of one leaflet relative to the other. The differential 
area expansion causes a bending in the direction of the layer into which the
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amphipath inserts (13; 14). Agents that alter membrane curvature would be 
expected to affect other features of the membrane. Exposure to SAL alters the 
deformablity of the of the red blood cell PM (3). SAL decreases the stiffness 
parameter of the OHC lateral wall (9). Amphipaths alter membrane fluidity in the 
OHC (10). CPZ leads to a decrease in ion permeability in liver cells (6). CPZ and 
other amphipathic cup-forming agents will decrease while crenators increase 
transmembrane currents in COS cells expressing a stretch activated potassium 
channel (11). The effect on the stretch activated channel suggests that crenators 
increase while cup-formers decrease membrane tension.

OHC electromotility is a shape-change that results from the direct conversion 
of electrical potential into a mechanical force (1). The mechanism of 
electromotility is still unknown, but the most popular hypothesis is that the motility 
is due to conformational change of a motor molecule in the PM. In the OHC, SAL 
reduces electromotility (5) while CPZ has no effect on electromotility (10), 
suggesting that a drug-induced change of membrane mechanical properties plays a 
role. In this report, mechanical properties in PM were examined quantitatively by 
deforming the PM using micropipette following exposure to SAL and/or CPZ. The 
findings presented here indicate SAL and CPZ change mechanical force coupling in 
OHC membranes.

2 Methods

OHCs were isolated by gentle trituration without enzyme (4). Isolated cells were 
selected for study based on standard morphological criteria within 3 hr of animal 
death. Under the light microscope 100X oil immersion lens, healthy cells displayed 
a characteristic birefringence and a transparent cytoplasm, and a uniformly 
cylindrical shape without regional swelling and with a basely located nucleus. Cells 
were excluded from analysis if Brownian motion occurred.

Either negative or positive pressure applied via a small diameter pipette was 
used to deform the OHC lateral wall. A negative pressure was applied via 
micropipette aspiration (15), and a positive pressure was delivered by extracellular 
perfusion with hypo-osmotic medium (250 mOsm/kg) for micropipette injection. 
The effect of aspiration induced plasma membrane vesiculation (15), on cell shape 
was measured. Fluid jet deformation with a hypo-osmotic solution leads to cell 
volume increases that are ~ 20 times more rapid than when the same solution is 
applied without deformation (2). Both deformation protocols were followed in a 
standard bathing media (control) and following the addition of 10 mM SAL or 0.1 
mM CPZ or both (10 mM SAL+0.1 mM CPZ). Cell images were traced and 
subjected to a morphometric analysis similar to that of Chertoff & Brownell (4).
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3 Results

3.1 Cell shape change

When a negative pipette aspiration pressure exceeds a critical value the plasma 
membrane separates from the cortical lattice, elongates into the pipette and then 
pinches off to form vesicles. Most OHCs tolerate the removal of between 6-9 
vesicles before either breaking apart or being sucked into the pipette. The effects of 
removing PM vesicles on OHC length and radius are summarized in Figure 1(a). 
Control OHCs maintained a constant radius but a 15% decrease in length was 
observed. Greater length decreases (30%) accompanied by increases in cell radius 
of up to 10 % was associated with exposure to either SAL or CPZ. A length 
decrease of ~ 5% and a radius increase of 10% accompanied cell swelling in 
response to the hypo-osmotic fluid jet for all groups.

N um ber o f Vesicles

Figure 1. Change of OHC shape during aspiration, (a) Mean length and radius of cells following 
removal of 3,6 and 9 vesicles, (b) Mean ratio of total surface area of cell and vesicles to original cell 
surface area. (* p<0.01, ANOVA repeated measure).

3.2 Surface area change

The total surface area for the OHC and the sum of the vesicles removed is compared 
with the pre-aspiration surface area in Fig. 1(b). Total mean surface area gradually 
increases for all experimental groups during aspiration. The total removed vesicle 
surface area exceeds the change in the OHC’s apparent surface area. The results of 
the hypo-osmotic fluid jet experiment reveal that the apparent surface area remains

©■ -C P Z  ( n = 11) 
-A '‘ 'S A L + C P Z (n = 1  3)
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constant in spite of the volume increase (data not shown). There are also no 
detectable drug effects similar to the case with vesiculation.

3.3 Drug induced mechanical changes -  pressure and time for vesiculation

The pressure required to remove the first vesicle and the mean time to form 
subsequent vesicles are presented in Table 1. CPZ decreases the pressure required 
to remove a vesicle while SAL does not change the pressure. Even less pressure is 
required when both SAL and CPZ are present. Furthermore, the mean time between 
vesicles was greatest for control and SAL-treated cells, CPZ and SAL+CPZ reduced 
the time by more than 50%.

Table 1. Pressure to first vesicle and mean time to form vesicles

Drug Pressure
(mN/m2)

n Pfor
T-test

Time (s) n P for 
T-test

Control 1.26 ±.10 22 — 229.18 ±21.6 22 —

SAL 1.26+ .07 36 0.998 254.57 ± 22.7 36 0.45

CPZ 0.96 ± .04 27 0.005 109.85 ± 16.2 27 <0.0001

SAL+CPZ 0.87 ± .05 28 0.0007 64.75 ±11.0 28 <0.0001

3.4 Drug effects on plasma membrane water permeability

The ratio of the total volume of the OHC and the vesicles removed to the original 
volume of the cell is compared in Fig. 2(a). Cytosol is lost during aspiration for all 
groups. The CPZ-treated cells lost less volume than the control cells (p<0.05). The 
strain-induced volume increase associated with perfusion with a hypo-osmotic 
fluid-jet is measured and plotted in Fig. 2(b). The slope of each plot is a measure of 
the cell's water permeability. The plots for the CPZ-treated cells had slopes that 
were less than that of the control cells (p<0.05).

4 Discussion

4.1 Excess Plasma Membrane

Fig. 1(b) shows that the apparent surface area of the OHC contains at least 10% 
excess membrane that, most likely, is contained in folded nanoscale ripples. These 
ripples unfold during vesiculation. It is likely that the excess membrane remains 
folded during the volume increase resulting from the hypo-osmotic fluid jet because 
no change in apparent surface area is associated with the rapid volume increase. 
Rippling in the plasma membrane is important for the interpretation of the OHCs 
voltage dependent lateral diffusion (10) and integral to the flexoelectric model for
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electromotility (12) described elsewhere in this volume. The differences in cell 
radius and length changes associated with amphipath treatment suggest a 
contribution of the membranes to the elastic properties of the lateral wall. This 
contribution may be a direct effect on the membranes or an indirect effect on the 
integrity of the CL.
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Figure 2. Drug induced changes in deformation associated water permeability, (a) Volume change in 
response to vesiculation. (b) Volume change in response to hypo-osmotic fluid jet. (*P<0.05, ANOVA 
repeated measure).

4.2 CPZ Facilitates the Separation o f the PM from the CL

Vesiculation first requires the PM break, its attachment to the underlying CL. The 
second step is for the PM to stretch and flow into the pipette until it reaches a size 
that permits the pinching off of the vesicle. As the PM stretches it will flow around 
the pillar attachment points. The nature of the PM’s attachment to the pillars is 
unknown. CPZ is thought to interact with cellular membranes by its propensity to 
intercalate with the inner leaflet of the membrane bilayer. The possibility that the 
pillars interact primarily with the inner leaflet of the PM bilayer is supported by the 
observation that CPZ reduces the pressure required to break the tether. The 
dramatic decrease in the mean time for vesicle formation also supports the 
possibility that the pillar interacts primarily with the PM inner leaflet and that CPZ 
interferes with that interaction. Vesiculation must also involve considerations of 
membrane tension. The differences between the drug treatments are consistent with 
other observations that show crenators increase and CPZ decreases membrane 
tension (11).
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4.3 CPZ and SAL Decrease Strain-dependent Water Permeability Increase

The OHC normally has low water permeability but there is an increase in water 
permeability when the PM is deformed. The observed loss of total volume on 
aspiration and increase with water jet are consistent with previous reports of a 
strain-induced change in water permeability (2). Stretching the membrane leads to a 
membrane poration that admits mono- and disaccarides into the cell but not 
raffinose. This implies a pore size of < 4 nm. CPZ reduces the strain induced 
increase in water permeability. This may be related to its ability to decrease 
membrane tension (11).

4.4 Amphipath Effects on Electromotility and Hearing

The ability of SAL to alter such membrane properties as curvature, tension, fluidity, 
and permeability is in harmony with its ability to reversibly attenuate OHC 
electromotility and produce a reversible hearing loss. SAL effects are consistent 
with a voltage-dependent motor mechanism located in the PM. CPZ alters the same 
membrane properties but affects neither electromotility nor hearing and thereby 
poses a challenge for a PM based motor mechanism. One way to resolve the 
dilemma is to look for the motor mechanism elsewhere in the lateral wall. 
Electrical gradients may exist across the SSC and parallel to the membranes in the 
extracistemal space (8). These gradients could drive electromotility based on either 
a membrane motor in the SSC or charged structures in the CL. If there is a motor 
mechanism associated with one of these structures it would have to respond 
differently to the two amphipaths. If the motor mechanism is located in the PM 
then the differing amphipath effects on electromotility may result from their 
tendency to intercalate in different membrane bilayers. SAL targets the outer 
bilayer suggesting that the voltage sensor/motor mechanism resides in the outer 
leaflet and is only modulated by changes in the physical properties of that leaflet.
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When a static deflection is superimposed on a sinusoidal displacement of the hair bundle, 
abolition of the phasic receptor current is observed. Simultaneously, the total current was 
maximized or minimized depending on the direction of stimulation. In response to negative, 
inhibitory displacements, some cells exhibited not only a reduction of the phasic receptor 
current but an additional reduction of current. This indicates the existence of mechanosensitive 
channels, being only sensitive to these extremely slow hair-bundle displacements. This so- 
called DC-shift appears to be very similar to the DC-shift that was described in response to 
application of dihydrostreptomycin (DHSM). In addition to this finding, many isolated OHCs 
did not react to sinusoidal mechanical stimulation, but showed modulated current flow when 
stereocilia were statically deflected. If both the pharmacological block by DHSM and the tonic 
mechanosensitivity are the responses of transducer channels, having lost their tip links during 
the isolation procedure, this indicates the presence of tip-link independent gating of hair-cell 
transduction channels.

1 Introduction

The tip links, connecting two adjacent stereocilia of different rows, are of 
fundamental importance for mechanotransduction in hair cells. Pharmacological 
destruction of tip links results in an irreversible loss of transduction in different 
hair-cell preparations [1-6], indicating that they are directly involved in the gating 
of mechanosensitive channels. Besides the loss of transduction, a tonic inward 
current has been reported in mammalian outer hair cells (OHCs), suggesting 
opening of transducer channels after tip-link loss [4], a fact that is inconsistent with 
the hypothesis of the tip links being the gating springs of the transduction channels 
[7,8]. After mechanical isolation, some OHCs responding to sinusoidal hair-bundle 
stimulation are reported to exhibit a DC-shift [4] in current during application of the 
well-known blocker of hair-cell transduction channels dihydrostreptomycin 
(DHSM) [9,10]. This DC-shift implies block of a current component in addition to 
the transduction current. This was explained as the pharmacological block of hair
cell transduction channels that had probably lost their tip links during the 
mechanical isolation procedure and consequently lost their responsiveness to 
sinusoidal hair-bundle stimulation [4]. The loss of tip links forced those channels 
into an opened configuration that was mechanically insensitive but still 
pharmacologically blockable.

In the present paper we will show that a similar DC-shift can also be elicited 
by long-lasting static displacements of the hair bundle. These data suggest the 
presence of mechanosensitive ion channels, being sensitive only to static stimuli.

mailto:jens.meyer@uni-tuebingen.de
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2 Methods

Adult, pigmented guinea pigs with positive Preyer's reflex were killed by cervical 
dislocation. After preparing the temporal bones, outer hair cells (OHCs) were gently 
isolated mechanically and stored on a poly-L-lysine (0.1 %) coated cover slip in a 
droplet (200 nL) of Hanks' balanced salt solution (HBSS, 300 mOsm/L, pH 7.25, 
room temperature). During whole-cell patch clamp recording of the receptor 
current, hair bundles were sinusoidally stimulated using a piezo-electrically driven 
fluid jet (tip diameter 10 |im). Static hair-bundle displacements were superimposed 
by varying the internal pressure inside the fluid jet (Eppendorf transjector 5242). 
For blocking mechanoelectrical transduction channels, dihydrostreptomycin 
(DHSM, 100 nM, Sigma) [9,10] or amiloride (300 Sigma) were pressure- 
applied locally to the hair bundle via a double-barrelled capillary at a distance of 
-15 jim (Fig. 1). Care was taken not to interfere with the mechanical stimulation. In 
some experiments the displacement of the hair-bundle was measured with a self- 
calibrating differential photodiode system, mounted on the microscope.

Fig. 1: Experimental configuration 
The hair-bundles of isolated OHCs were 
mechanically stimulated using a fluid-jet. 
Drugs were applied locally to the hair- 
bundle region. The elicited receptor 
current was recorded using the whole-cell 
patch clamp technique. When stereocilia 
are in their resting position, transducer 
channels are reported to have an open 
probability of about 10 % (b). 
Superimposed static displacements 
should either lead to permanent closure 
(a) or opening (c) of transducer channels 
during inhibitory or excitatory 
displacement, respectively. When the 
displacement of stereocilia exceeds the 
dynamic range and the limits of a 
possible adaptation mechanism, the cell 
should become insensitive to the 
stimulation.

3.1 Effect o f biasing stereocilia position on the mechanosensitivity o f OHCs

The isolated OHCs presented in Figure 2a showed a non-symmetric, saturated 
receptor current (43 pA) when sinusoidally (8 Hz) stimulated. To examine the effect 
of shifting the stereocilia away from their resting position, a static displacement was

3 Results



270

Resting position
Mechanical stimulation (8 Hz)

— Receptor current

superimposed on the sinusoidal displacement (n = 13). Positive static deflections led 
to (i) a reduction or abolition of the time-varying (phasic or AC) receptor current 
and (ii) to a time-invariant (tonic or DC) inward current (data not shown) due to 
permanently opened transducer channels. The AC current was abolished for static 
excitatory deflections greater than the amplitude of the sinusoidal displacement 
required to produce a saturating (AC) receptor potential, presumably because 
stereocilia were moved out of their dynamic range (Fig. 1). The tonic current had 
about the same amplitude (45 pA) as the saturated AC receptor current and was 
reversibly blocked by the aminoglycoside DHSM (100 |iM, data not shown),

indicating that static 
deflection pushed the 
transducer channels
permanently into a fully 
opened configuration. After 
moving the stereocilia back 
to their resting position, the 
AC receptor current 
recovered to the initial 
value, showing that the 
transduction apparatus was 
not damaged by the large 
static displacements.

Appropriate static 
deflection in the negative 
direction also abolished the 
AC receptor current and led 
to a maintained suppression 
of the inward current (Fig. 
2b). Application of DHSM 
(100 |iM) in that situation 
had no effect on this tonic 
current, indicating that all 
transducer channels were 
closed by the negative static 
deflection.

50 ms

b Inhibitory static displacement

Mechanical stimulation

Fig. 2: a Sinusoidal mechanical stimulation of the hair-bundle elicits a saturated, non-symmetric receptor 
current of 43 pA. b A superimposed static deflection in the negative (inhibitory) direction led to an 
abolition of the AC receptor current and to a reduction of the net current to the original baseline, 
indicating all transducer channels were closed. Because the static deflection exceeds the dynamic range 
of the cell and there is apparently no adaptation, a phasic receptor current is not present under these 
conditions.



3.2 DC-shift o f current flow in response to both static hair-bundle 
displacements and application o f dihydrostreptomycin

In the series of experiments described above, some cells (4/13) showed a different 
behavior in response to the superimposed inhibitory static displacements: as shown 
in the example of the cell in Figure 3, the inhibitory static displacement not only 
reduced or abolished the amplitude of the 8 Hz receptor current, but an additional 
decrease of total current flow (DC-shift) was observed (Fig. 3a, arrows). The 
amplitude of the DC-shift for this cell was ~23 pA, i.e. about % of the amplitude of 
the phasic receptor current (31 pA). The size of the DC-shift compared with the 
saturated phasic receptor current varied between different cells. However, the 
presence of this kind of DC-shift indicates the existence of mechanosensitive ion 
channels that do not respond to sinusoidal stimulation but respond only to static 
displacements of the stereocilia. This mechanically induced DC-shift is very similar 
to the DC-shift that was described in response to application of DHSM to some 
intact cells (Fig. 3b) and is possibly due to partial loss of tip links during preparation 
and experiment.

Mechanical stimulation (8 Hz + inhibit, static displacement)

Receptor current

b
Mechanical stimulation (8 Hz)

5 s

Receptor current

Fig. 3: a In some cells, static 
inhibitory displacements not only 
reduced the AC receptor current but 
led to a reduction of current, larger 
than the saturated, inhibitory value of 
the AC receptor current (double 
arrow), indicating that the transducer 
channels are closed, b This kind of 
DC-shift is very similar to the DC-shift 
described in response to DHSM 
application [4, adapted with permission 
from J. Neurosci.]. Both these results 
can be explained by mechanosensitive 
channels only being sensitive to static, 
inhibitory displacements of the hair 
bundle. These channels are open in the 
resting position of the stereocilia and 
are blocked by DHSM.
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3.3 Some OHCs are mechanosensitive exclusively in response to static 
inhibitory hair-bundle displacements

After mechanical isolation, some OHCs were insensitive to sinusoidal mechanical 
stimulation (n = 14). However, most of these cells (12/14) showed a receptor 
response when stereocilia were statically deflected in the inhibitory direction. For 
example, for the OHC illustrated in Figure 4 static inhibitory deflection (300 nm) 
superimposed on the sinusoidal stimulus led to reduction of the tonic current, 
amounting to 61 pA. Again, this tonic response in the absence of a phasic response 
might imply that tip-links had been destroyed in such preparations, leading to (i) 
opening of transduction channels, (ii) insensitivity to sinusoidal hair-bundle 
stimulation and (iii) to tonic mechanosensitivity, i.e. a receptor current exclusively 
elicited by static hair-bundle displacements. Static deflection in the positive 
direction had no effect.

Mechanical stimulation
(8 Hz + static, inhibitory displacement)

Fig. 4\ Some isolated OHCs did not 
respond to sinusoidal mechanical hair- 
bundle stimulation, but showed a 
reduction of the tonic current when 
stereocilia were statically displaced in 
the inhibitory direction. This behavior 
indicates the presence of mechano
sensitive channels in the stereocilia, 
exclusively sensitive to static 
stereocilia displacements.

5s

4 Discussion

4.1 Effect o f biasing stereocilia position

The data presented in this study show that the peak-to-peak receptor current 
declines when stereocilia are moved out of their resting position (Fig. 2). Because 
the dynamic range of the transduction apparatus is limited, an additional 
displacement forces transducer channels to be permanently in an opened or closed 
configuration. Therefore, superimposed sinusoidal stimulation cannot be detected 
because transducer channels are already fully saturated. In all experiments, there 
was no sign of spontaneous recovery of the receptor current. This contrasts to the 
situation in bullfrog saccular hair cells [12,13], where in similar experiments an

300 nm

20 pA
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adaptation mechanism leads to recovery of the receptor current due to restoration of 
the resting position of the tip links [11]. Apart from one preliminary report [14], 
there is no evidence of adaptation of receptor currents in OHCs of the adult 
mammalian cochlea.

4.2 DC-shift in response to static inhibitory stereocilia displacements

The DC-shift that was described for some cells in response to static, inhibitory 
displacements (Fig. 3) is very similar to the DC-shift that we reported in response to 
DHSM-application [4]. The existence of both DC-shifts can be seen as evidence for 
mechanoelectrical transduction channels that are only sensitive to static hair-bundle 
displacements. Because the amount of DC-shift varied greatly in different 
preparations, we postulate that the DC-shifts to be either pharmacological or 
mechanical responses of transducer channels that have probably lost their tip links 
during the isolation procedure. The different amounts of DC-shift would correlate 
with different degrees of tip-link damage.

4.3 OHCs only sensitive to static hair-bundle displacements

The finding of several OHCs, only responding to static, inhibitory hair-bundle 
displacements but being insensitive to sinusoidal stimulation (Fig. 4) supports the 
notion of residual mechanosensitivity without tip links. Those cells, showing 
mechanosensitivity exclusively in response to static stimuli, probably lost their 
entire complement of tip links during cell-isolation. The sensitivity of this special 
kind of mechanosensitivity to drugs like DHSM, amiloride or gadolinium-ions 
suggest that the “normal” transduction channels are responsible for this behavior.

In conclusion, it can be stated that these experiments suggest that the 
mechanoelectrical transducer channels are not exclusively gated by the tip links. 
Instead, there appears to be a second, tip-link independent gating element that is 
responsible for the mechanosensitivity in response to static hair-bundle displace
ments.
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The mechanism of voltage-dependent motility of the outer hair cell appears unique 
among biological motility in th a t it depends on electrical energy. Here we provide 
evidence th a t charge transfer measured as nonlinear capacitance and area changes 
of the outer hair cell membrane are tightly coupled. We digested the interior of the 
hair cell with trypsin and inflated the cell into a sphere with a patch pipette. If 
the cell is fully inflated, a membrane area constraint can be imposed on the cell by 
applying a short voltage waveform not to allow volume changes. This condition sig
nificantly reduced the nonlinear capacitance of the cell, indicating reduced charge 
transfer. By reducing pressure applied to  the pipette, the nonlinear capacitance 
recovered. Increasing the duration of the waveform and thereby allowing changes 
in the cell volume also increased the nonlinear capacitance. Thus membrane area 
constraint and reduction in charge transfer are tightly linked. Since the cells we 
examined were internally digested, our results also show th a t the motile element 
likely resides in the plasma membrane.

1 Introduction

Experimental observations, particularly those reported in the last several 
years, provide evidence that the outer hair cell is driven by a motor that 
directly uses electrical energy available at the plasma membrane. The lateral 
membrane of the cell has charges transferable across the membrane, analogous 
to gating charges of ion channels and other voltage dependent transporters. 
With these charges at high density, the outer hair cell has the conspicuous 
nonlinear membrane capacitance [1, 2, 3]. These charges enable the cell to 
obtain electrical energy. If the energy obtained from such charges is directly 
converted into mechanical energy, charge transfers would be be reciprocally 
affected by an externally applied tension. That expectation has indeed been 
verified [3, 4, 5].

mailto:iwasa@nih.gov
mailto:madachi@hama-med.ac.jp
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What should be a striking demonstration of the mechanism? What cel
lular elements are responsible for such motile mechanism? A question related 
to the first is, “What is the effect of constraining the membrane area?” A 
question related to the latter is, “Is the cytoskeleton important for the motor 
function?” It turned out that these two issues can be addressed by the same 
experiments.

2 Methods

We used channel blocking media to facilitate determining the membrane ca
pacitance. The internal solution consisted of 140 mM CsCl, 2 mM CaC^,
5 mM EGTA, and 10 mM HEPES with pH adjusted to 7.4. The external 
solution contained 140 mM NaCl, 5 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 2 
mM C0CI2, 10 mM HEPES, and 10 mM glucose.

After the whole-cell recording configuration was established with an outer 
hair cell, the pipette medium that contained trypsin (0.2 mg/ml) was injected 
by applying positive pressure typically 0.5 kPa  to the pipette. For examining 
pressure dependence of the capacitance, we assumed that pressure reached the 
same level as pipette pressure in several seconds after pressure at the pipette 
was changed.

In control experiments, trypsin was not added to the internal medium. 
The membrane capacitance was determined by capacitive currents elicited 

by voltage jumps. To examine the voltage dependence, we used a staircase 
waveform, which consisted positive going steps and negative going steps. The 
holding potential was between —75 and —80 mV.

3 Results

3.1 Membrane capacitance

The membrane capacitance obtained with waveforms with short duration 
(about 0.1 s) depended on applied pressure very differently depending on 
whether the cell is treated or untreated with trypsin. While untreated cells 
showed shifts in the peak potential and some reduction of the nonlinear ca
pacitance (Fig. 1), trypsin treated cells showed significantly less nonlinear 
capacitance when pressure applied to the pipette was above 0.3 kPa (Fig. 2). 
If the pressure applied to the pipette was lower than 0.3 kPa , the nonlinear 
capacitance was not depended on pressure and was not significantly different 
from those before digestion.

Such a difference less in the membrane capacitance obtained with wave-



277

membrane potential (mV)

Figure 1. Voltage dependence of the membrane capacitance of an undigested cell. Pressure 
applied to the pipette are 0.2 k P a (Q )  and 0.5 kPa(0) .  The solid lines indicate fit with 
a simple two state  model eq. 1. For da ta  obtained a t 0.2 kPa,  the param eters are C un =  
(22.6±0.3)pF, the to ta l m otor charge qN  =  (2.26±0.06)pC, q m (0.73±0.01)e, and Vpeak =  
(-26.4 ±  0.2) m V . For 0.5 kPa,  they are CHn =  (23.7 ±  0.3) pF, qN  -  (1.94 ±  0.08) pC,  
q = (0.77 ±  0.02) e, and Vpeak =  (—16.5 ±  0.4) m V .

forms with longer durations. That is because trypsin treated cells with pipette 
pressure higher than 0.3kPa showed larger nonlinear capacitance.

3.2 Changes in radius

We examined whether or not diameter changes take place during experiments 
that determined the capacitance. If pipette pressure was below 0.3 kP a , we 
did not notice diameter change. If it is above 0.3 kPa, change in the radius 
reaches 2 % if the duration of the waveform applied is long. If the duration 
is about 0.1s, we did not notice changes in the radius. Under this condition 
minimizes the nonlinear capacitance.

4 D iscussion 

4-1 Effect of trypsin

It has been shown that integral membrane proteins are resistive to intracellular 
digestion by proteolytic enzymes and that the motor charge is little affected 
by such a treatment [5]. The cell cannot maintain its characteristic cylindrical
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membrane potential (mV)

Figure 2. Voltage dependence of the membrane capacitance of a trypsin digested cell ob
tained with the short waveform. The cell was pretreated with 0.5 kPa pressure and 
made spherical. Applied pressure 0.2fcPa(+), 0.5 kP a (O ) .  Curve fit with the simple 
two state  model (Fig. 1) gives C un =  (23.0 dt 0.5) pF,  the to tal motor associated charge 
qN  = (2.08 ±  0.02) pF,  q =  (0.77 ±  0.03) e, and Vpeak =  (-2 2 .3  ±  0.6) m V  for 0.1 kPa  
p ipette pressure. For pressure 0.5 kPa,  Cun = (23.1 ±  0.4) p F , qN  =  (1.49 ±  0.03) pC, 
q =  (0.45 ±  0.05) e, and Vpeak = (32.1 ±  6.6) m V .

shape after such a treatment.

4-2 Membrane area constraint

A treated cell can be inflated into a sphere with the patch pipette. We found 
that such a system can be seriously affected by mechanical constraint. The 
membrane area can be constrained by squeezing the membrane area while 
not allowing the volume to decrease. Such a condition is realized by using a 
relatively small tipped patch pipette and with a depolarizing short waveform 
from a holding potential of about —80 m V  while maintaining static pressure 
larger than 0.3 kPa.

We interpret that constraint on the membrane area sharply reduces 
motor-associated charge movements across the membrane [6], as revealed by 
a significant reduction in the magnitude of the nonlinear capacitance (Fig. 
2). The duration of the waveform that satisfy the condition depends on the 
tip diameter of the pipette. This observation demonstrates direct electrome
chanical coupling in the unit of the motor in the plasma membrane. We can
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that the nonlinear capacitance did not disappear because the membrane elas
ticity is finite. The curve fit shows the magnitude of the area change per 
motor unit is about 4 sq nm  [6]. It is surprisingly close to estimates of motor 
displacements obtained from unmodified cells.

5 Implications

5.1 Membrane motor

Perhaps the most important implication of our experiment is that the essential 
part of the motor in the outer hair cell is in the plasma membrane. Charge 
transfer across the membrane and area changes are associated in the element 
of the motor that resides in the plasma membrane. There are a number of 
other implications.

5.2 Effect of mechanical factors on the capacitance

It is not correct to describe the membrane motor in the unmodified OHC as if 
tension it generates has no consequences on the motor. An equation derived 
from a simple two-state model has been used for explaining the membrane 
capacitance Cm(V ) of the outer hair cell, i. e.

Cm(V) =  C,in +  4Cmax (1 + m L )3 W

with a function B(V)  defined by

B(V) = exp[q(V -  Vpeak) /kBT], (2)

where Cmax is the maximum nonlinear capacitance, q the motor charge, ks  
Boltzmann’s constant, and T  the temperature.

Mechanical constrains can reduce the sharpness of the transition between 
the states and the unit motor charge q estimated with eq. 1 is an under
estimate. This effect is demonstrated in Fig. 2. Despite the data can be 
fit with the model reasonably well, the values obtained for the parameters, 
particularly the motor charge, do not have clear physical meaning.

5.3 Effect of mechanical constraint

The intrinsic frequency limit of the motor may not be measured as the roll-off 
frequency of the membrane capacitance. The roll-off frequency of membrane
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movement can be determined by the inertia and mechanical impedance. Sup
pose the characteristic frequency of membrane motion is lower than the in
trinsic frequency of the motor. If the motor is driven by a voltage waveform 
with a frequency between these two characteristic frequencies, stress is pro
duced but constraint is applied to the motor so that charge transfer does not 
take place. Under such a condition, the roll-off frequency of the capacitance 
reflects the mechanical factor. This expectation is consistent with a recent 
report on force generation [7].

5.4 Stiffness changes due to the motor

Because the state of the motor is affected by force applied to the motor, 
external force can change the membrane area of the cell due to conformational 
transitions of the motor. Since the motor state is also dependent on the 
voltage, the stiffness of the cell can be dependent on the voltage even if the 
stiffness of the elements that contribute to the membrane stiffness do not 
directly depend on the voltage. Such changes are expected to be bell-shaped 
and appreciable. At about —20 mV, it decreases by about 30 % from the value 
at resting potential. This prediction seems to be consistent with experimental 
observation [8].
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Rapid changes in intracellular free Ca2+ concentration ([Ca2+],) were evoked by local 
applications of extracellullar ATP to the hair bundle of outer hair cells (OHCs). Simultaneous 
recordings of the whole-cell current and Ca2+ signal showed a two-component increase in 
[Ca2+]j. After an initial entry of Ca2+ through the apical membrane, a second and larger, InsP3- 
gated, [Ca2+]i surge occurred at the base of the hair bundle. Electron microscopy of this 
intracellular Ca2+ release site showed that it coincides with the localization of the Hensen’s 
body. We showed that InsP3 receptors share this location. We also determined that an isoform 
of G proteins is present in the stereocilia. The ATP-evoked [Ca +]i rise did not interfere with the 
OHC electromotility mechanism. This second messenger signaling mechanism bypasses the 
Ca2+-clearance power of the stereocilia and transiently elevates [Ca2*], at the base of the hair 
bundle, where it can potentially modulate the action of unconventional myosin isozymes 
involved in maintaining the hair bundle integrity and thus influence mechano-transduction.

1 Introduction

Beside mechanosensitive channels, hair cells express ATP-activated P2 purinergic 
receptors on their stereociliary membrane, facing the endolymphatic fluid 
compartment of the cochlea [12]. It has recently been proposed that endolymphatic 
ATP may modulate receptor function in the cochlea [5, 17], Although the role of 
ATP as a signaling molecule for outer hair cells (OHCs) - the sensory-motor 
receptors of the cochlea - remains undetermined, its ability to affect membrane 
conductance and free Ca2+ concentration ([Ca2+]0 [1, 13] makes it a likely key factor 
in the modulation of the cell sensory-motor activity.

We used a high-performance fluorescence imaging system [10] to visualize rapid 
changes in [Ca +]j evoked by focal applications of extracellular ATP to the hair 
bundle of OHCs in a preparation of the isolated cochlea of the guinea pig [11],
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A B *

Figure 1. Simultaneous recording of ATP-evoked currents and Calcium Green-1 fluorescence from OHCs 
in the organ of Corti. (A) Fluorescence image of an OHC with six superimposed rectangular regions of 
interest (ROIs) from stereocilial (St) to synaptic pole (Syn). Bar = 10 (im. (B) Top: whole-cell current 
evoked by the puff application of ATP (1 mM, 100 ms; arrow) to the stereocilia of the cell in (A). Bottom: 
corresponding fluorescence increases averaged over each of the 6 number-coded ROIs. Solid lines through 
the data are solutions to the one-dimensional diffusion equation for Ca2+.
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2 Materials and methods

Adult guinea pigs were anaesthetised with carbon dioxide and decapitated. The 
temporal bones were removed from the skull and placed in modified Leibowitz cell 
culture medium containing (in mM): NaCl, 137; KC1, 5.36; CaCl2, 1.25; MgCl2, 1.0; 
Na2HP04) 1.0; KH2P04, 0.44; MgS04, 0.81. For some experiments Ca2+ ions were 
excluded and the solution was supplemented by 2 mM EGTA (referred to as 0 
[Ca2+]0 conditions in the text). pH was adjusted to 7.35 with NaOH and osmolarity 
to 320±2 mOsm/litre with D-glucose. Ca2+ imaging experiments were conducted on 
cells in the whole organ of Corti [11], whereas isolated OHCs were used in the
experiments requiring the measurement of cell motility. For fluorescence imaging

t • 2+ •pipettes were filled with the Ca -selective fluorescent dye Calcium Green-1 (75 jiM)
dissolved in an intracellular solution containing (in mM): KC1, 150; MgCl2, 2.0;
EGTA 0.5; Na2HP04j 8.0; NaH2P04 1.0, adjusted to pH 7.2 with KOH and brought
to 320 mOsm/litre with D-glucose. A puff pipette containing either 50 |iM or 1 mM
ATP dissolved in extracellular solution was placed near the cell stereocilia and
pressure was applied at its back by a Pneumatic PicoPump (PV800, World Precision

• • "J iInstruments). Fluorescence imaging of intracellular Ca was performed as described 
in [10] whereas motility measurements were performed as described in [3], For 
immunofluorescence, guinea pig or rat cochleae (n=12) were used. For thin-section 
electron microscopy, organ of Corti samples were fixed using a reduced osmium 
method.

3 Results

Under whole-cell voltage-clamp conditions, ATP-evoked inward currents appeared 
with a delay of 37 ± 4 ms from the puff onset, peaked in 90 ± 6 ms, decayed with 
variable rates and were accompanied throughout by an increase in [Ca2+]i, as 
reported by the calcium-selective dye Calcium Green-1 (75 ^M).

The Calcium Green-1 fluorescence change was maximal at the cell’s apical pole 
(Figure 1) and comprised two distinct components. Approximately 92 ms after the 
onset of the ATP puff, i.e. by the time the inward current had peaked, focal 
fluorescence increase was detected at the top of the stereocilia and the cuticular 
plate. At 153 ms the whole hair bundle cytoplasm was filled with Ca2+. The [Ca2+], 
maximum for this first component was reached at 259 ms. A 4 to 5 times larger
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component started at approximately 0.6 s, peaked at 2 s and localized to a region 
right below the cuticular plate, 3 to 10 ^m from the apical surface (Figure 2).

The two-component pattern of Ca2+ signaling suggested possible contributions 
from different subtypes of P2 receptors. Therefore we performed a set of 
experiments in which Ca + ions were transiently removed from the extracellular 
medium (0 [Ca2+]0). In 0 [Ca2+]0, both the ATP-evoked currents and the Ca2+ 
responses increased -3-fold over the controls in standard 1.25 mM [Ca2+]0, but were 
completely suppressed by 30 piM pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic

259ms 2.12s ATP
259 ms 2.12sIf

t

I

§

2s
1  u l l l l

Figure 2. Comparison of the fluorescence images at the time of the two response maxima to a bright 
field image of the same OHC, showing the different location of the [Ca2+]i peaks relative to the cell 
apical surface. The trace to the right is the simultaneous ATP-evoked whole-cell current. Notice 
nearly complete decay of the current at 2.12 s.

acid (PPADS) a selective antagonist to P2 purinoceptors [8], The time-course and
• ^ 4.

the location of the fluorescence response peak indicated that the [Ca ]j rise in 0
^  1 a  «

[Ca ]0 corresponded to the second component, observed when Ca was present in
^  1 4

the bathing medium, and that the movement of Ca was due to intracellular diffusion 
(see Figure 1) following release from stores confined to the base of the hair bundle.

a  1 # # #

Ca -mobilizing P2Y receptors couple via G protems to activate 
phosphoinositide-specific phospholipase C and produce InsP3 [9], To determine the 
possible contribution of InsP3-gated intracellular Ca2+ release to the Calcium Green-
1 fluorescence changes, OHCs were loaded with heparin (7 mg/ml), a specific 
inhibitor of the InsP3 receptors [2] through the patch pipette. In 0 [Ca2+]0, the 
amplitude of the fluorescence changes in heparin-loaded OHCs was reduced to less 
than 1/4 of control.

Electron microscopy of this intracellular Ca2+ release site showed that it 
coincides with the localization of a unique system of endoplasmic reticulum (ER) 
membranes and mitochondria known as Hensen’s body (Figure 3). Using confocal 
immunofluorescence microscopy, we showed that InsP3 receptors share this location. 
Consistent with a Ca2+-mobilizing second messenger system linked to ATP-P2
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receptors, we also determined that an isoform of G proteins is present in the 
stereocilia. Voltage-driven cell shape changes and nonlinear capacitance were 
monitored before and after ATP application, showing that the ATP-evoked [Ca2+]j 
rise did not interfere with the OHC electromotility mechanism.

4 Discussion

An important feature of intracellular Ca2+ signaling is the spatial organization of the 
[Ca2+]j changes. Here we have found that the ATP-induced [Ca2+], variations at the 
cell apex do not significantly influence electromotility. Instead, our results suggest 
that, by elevating [Ca2+]i at the base of the hair bundle, ATP would effectively bypass 
the efficient Ca2+-clearance mechanisms of the stereocilia [18]. Ca2+ released at this 
strategic location could potentially modulate the action of unconventional myosin 
isozymes [4, 15] and acting binding proteins in the cuticular plate and in the hair

Figure 3. Ultrastructural characterization of the Ca2+ release site. (A) Longitudinal thin section 
electron microscopy along the upper half of the cylindrical cell body of an OHC. The stereocilia (st) 
insert in the dense actin-based filament matrix of the cuticular plate (cp), which is surrounded by the 
tight/adherens junction complex and together form the transcellular structure named reticular lamina. 
The Hensen's body (Hb), a whorl of lamellar and tubulovesicular cisternal ER and associated 
mitochondria (arrows), is characteristically present in the apical cytoplasm right below the cuticular 
plate. Subsurface cistemae and mitochondria underlie the whole length of the lateral plasma 
membrane of the OHC. The middle region of the cylindrical cell body contains very few organelles or 
cytoskeletal components. Bar: 5 pm. (B) Freeze-fracture replica close-up view of the Hensen's body 
from two OHCs showing the mitochondria (arrows) and the whorl of ER cistemae with different 
degrees of fenestration. Bar: 1 pm.
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bundle, and thus influence mechano-transduction. For example, the hair bundle of 
OHCs, in addition to its role in mechanosensory transduction, serves to mechanically 
couple the apical surface of the organ of Corti, i.e. the reticular lamina, to the 
tectorial membrane. Under physiological conditions the reticular lamina oscillates not 
more than a few nm [14]. Thus, even subtle changes either in the geometry or in the 
stiffness of the bundle, e.g. following a [Ca2+]j increase, could influence the micro
mechanics of this coupling, affecting the resonance frequency of the tectorial 
membrane and the oscillation of the organ of Corti.
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The outer hair cell (OHC) differs from other hair cells in that: it is a cylindrical, cellular- 
hydrostat; it exhibits electromotility (voltage-driven length changes); and it has an 
intracellular structure known as the subsurface cistema (SSC). The cylindrical OHC is 
approximately 9p.m in diameter and 20-80p.m in length. The OHC has a concentric 
cylindrical geometry comprised of an inner compartment (the axial core) located inside the 
SSC and a narrow (30nm) annular compartment (the extracisternal space) between the SSC 
and the plasma membrane (PM). A previous study, using static ionic concentrations, predicts 
that the primary path of longitudinal current flow may be the narrow and highly resistive 
extracisternal space, indicating that the PM cannot be effectively space-clamped (Halter et 
al., 1997). In this paper we employ a new electrodiffusion model to explore the influence of 
ion concentration dynamics on the electrical properties of the OHC.

1 Introduction

The outer hair cell (OHC) differs from other hair cells in several ways:
• It is a cylindrical, cellular-hydrostat.
• It exhibits electromotility (voltage-driven length changes).
• It has an intracellular structure known as the subsurface cisterna (SSC).

We included the SSC in a distributed-parameter model using static ionic 
concentrations, which predicts that the primary path of longitudinal current flow 
may be the narrow (30nm) extracisternal space between the plasma membrane and 
the SSC and not the axial core of the OHC [1]. As a result of this highly resistive 
pathway, our previous results suggest that the OHC cannot be effectively space- 
clamped. In this paper we employ a new electrodiffusion model to explore the 
influence of ion concentration dynamics on the electrical properties of the OHC.

We examine:
• The in-vivo case at rest.
• The in-vitro case during basal injection of sinusoidal currents.
• The in-vivo case during sinusoidal modulation of the mechano-electric 

transduction (MET) channels.
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2 Review of OHC Morphology

The cylindrical OHC is approximately 9 |im in diameter and 20-80 |im in 
length, capped at one end by a hemispheric base and at the other by a cuticular plate 
(CP). The nucleus is located at the base. The apical end holds the cuticular plate and 
the stereocilia. The OHC has a concentric cylindrical geometry comprised of an 
inner axial core (AX) volume located just inside the SSC and the narrow annular 
extracisternal (ECiS) volume between the SSC and the PM. The lateral wall is a 
unique trilaminate structure which extends from just below the tight junctions at the 
apical end of the cell to the region near the nucleus at the base. The lateral wall is 
composed of: 1) the PM, 2) the ECiS containing the cortical lattice (CL) made of 
actin, spectrin and protein pillars, and 3) the SSC. In this study, we assume that the 
axial core is effectively capped at the apical end and that ions preferentially follow a 
path through the stereocilia to the ECiS.

cortical
lattice

Figure 1. Diagram of OHC with detail of lateral wall components.
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3 Methods

3.1 Model Description

The electrodiffusion form of the OHC model is adapted from an existing 
electrodiffusion model of the myelinated nerve fiber and cardiac strand [2]. 
Longitudinal electrodiffusion of a component ionic species is represented by the 
Nernst-Planck electrodiffusion relation:

J , x = ~DszsF
d[s] Fzs dQ>

Combining this with the continuity equation,

ot
to represent conservation of charge for each component ionic species within the 
axial core and ECiS and the relations for capacitative charge storage of the PM and 
SSC results in a spatially distributed nonlinear system of coupled parabolic partial 
differential equations:

C dQAX
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where ^  (x,t) and <j>ECiS(x,t) are the axial core and extracisternal potentials,

PM[5] (x,t) and [5] ' (x,t) are the axial core and extracisternal ionic concentrations, Cj 
and Cssc are the specific capacities of the PM and the SSC, JsPM and JsSSC are the 
radial current densities through the PM and the SSC for ionic species s, a is the 
radius of the SSC and b is the radius of the PM, Ds is the diffusion coefficient and Zs 
is the valence for the ionic species s, F is Faraday’s constant, R is the universal gas 
constant and T is the temperature. A similar pair of differential equations are used to 
describe the time-dependence of the concentration of each species in the two spaces.
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Zero-flux Neumann boundary conditions are employed at the extreme ends of 
the model. The PM and SSC are represented with a capacitance and leakage 
channels for which the transmembrane ion flux are determined by 
Goldman-Hodgkin-Katz (GHK) relations. This model is general in that it can be 
extended to represent any number of concentric cylindrical membranes, non-linear 
membrane properties and ionic species. Finite difference approximations are used to 
perform numerical integration of this coupled system of equations. K + 1 spatial 
state vectors are required for the axial core equations and K + 1 for the 
extracisternal equations where K represents the number of ionic species modeled. A 
backward Euler implicit method is employed for numerical integration. In order to 
represent the nonlinear term in the Nernst-Planck equation, a first-order Taylor 
series expansion is employed.

3.2 Model Parameters

The initial parameter values for an 80fim OHC are equivalent to the initial 
conditions used in our previous study [1] except where the differences in model 
formulations require a different value. Diffusion coefficients for the ionic species 
were chosen to result in an effective resistivity of 70£2cm at nominal concentration 
values. Permeabilities for the GHK membrane currents were chosen to produce the 
same conductivity (slope of the I/V relation) as in the previous model at nominal 
concentrations and resting potential. With this definition, the conductivities in the 
model were 0.1mS/cm2 for the SSC and 0.1, 0.001, and 0.1mS/cm2 for the basal, 
intermediate, and apical portions of the PM respectively. The total conductance for 
the mechano-electric transduction (MET) channels at the tip of the stereocilia was 
approximately 164 nS. The ratio of K+ to Na+ permeability of the PM was assumed 
to be 1, except in the basal region where it was set to 100 and at the MET channels, 
where it was set to 1.1.

3.2.1 In-vitro OHC

In-vitro conditions were simulated using ion concentrations of [Na+]=148mM, 
[K+]=4.2mM, and [Cri=119mM in the bathing medium and [Na+]=8.7mM, 
[K+]=155mM, and [Cn=30mM in the cytoplasm.

3.2.2 In-vivo OHC

In-vivo conditions were simulated using the same ion concentrations as the in- 
vitro case with the exception of the apical region which was placed in the 
endolymph environment of [Na+]=1.3mM, [K+]=157mM, and [Cn=132mM. An 
endolymph versus perilymph driving potential of +60mV was also included.
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Predictions of the resting potential, obtained after a ten second settling period 
from the initial conditions, were markedly more positive than reported in the 
experimental literature. In order to compensate, the effective basal conductance was 
increased to 12mS/cm2 and MET channel conductance was decreased to 3.3nS.

4.1 In-vitro OHC

In the in-vitro environment at rest, the electrodiffusion model predicts: an initial 
rapid efflux of K+ and influx of Na+ from the stereocilia; a moderate depolarization 
of the axial core; and a standing current from apex to base of approximately 170pA. 
The model predicts modest ion concentration dynamics for the in-vitro OHC with 
small amplitudes of sinusoidal current injection at the base. The spatial gradients in 
0 ECis and VSsc amplitudes clearly demonstrate that the OHC as modeled here cannot 
be adequately space-clamped. The potentials <E>ECis and <J>ax and the ionic 
concentrations show the greatest change in amplitude at the site of current injection 
at the base, with Vssc showing the greatest change at the apex, as the SSC is not 
present in the base. The spatial properties of the ionic concentrations do not show 
significant changes within the period of the sinusoidal current, but maintain the 
characteristics established after the initial settling period. Slow changes in the axial 
core ionic concentrations can be seen with continued settling. Large amplitudes of 
current injection lead to non-linearities due to the rectification properties of the ionic 
channel GHK expressions.

4.2 In-vivo OHC

In the in-vivo environment at rest, the electrodiffusion model predicts: an initial 
rapid influx of K+ and efflux of Na+ from the stereocilia; a moderate depolarization 
of the axial core; and a standing current of approximately 350pA [3]. Modest ion 
concentration dynamics are also predicted for the in-vivo OHC with MET 
modulation (Fig. 2). In contrast to the case of basal current injection, both 0 ECiS and 
Vssc show the greatest amplitude changes at the apex of the OHC as well as a 
greater change in the relative spatial gradient at the peaks of the modulation. There 
are also more substantial changes in the apical versus basal ECiS ionic 
concentrations versus time than in the case of basal current injection. Large 
amplitudes of MET modulation lead to non-linearities due to saturation in the drive 
for ion flux (not shown).

4 Results
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5 Discussion

The electrodiffusion model predictions correlate with others that address the 
non-uniformity of transmembrane potentials and ionic concentrations along the 
length of the OHC due to the spatial inhomogeneities in membrane properties and 
extracellular conditions [4]. The progressive run-down of the in-vitro OHC is 
predicted as there is an efflux of [K+] and an influx of [Na+] though the apical 
region. The dominance of [K+] as the principal carrier of the standing current in the 
in-vivo OHC is also predicted. Using the assumed properties, the ECiS is predicted 
to be the dominant pathway for current flow from, the apex to base of the OHC and 
subject to significant spatial gradients in ionic concentration and potential. This 
reinforces the possibility of spatial non-uniformity in the PM potentials and the 
possibility for electro-osmotic effects related to these spatial gradients in ionic 
concentration and potential.

Though modest changes in ionic concentrations were predicted with basal 
current injection and modulation of the METs, more substantial effects may be seen 
with inclusion of voltage-gated ionic channels and with representation of [Ca++] 
mediated effects. The distributed-parameter electrodiffusion model can be readily 
extended to address the influence of spatially-distributed ion channels, pumps and 
exchangers and other ions of interest on the functional properties of the OHC.
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The mechanism of outer hair cell (OHC) electromotility is associated with the lateral wall. 
Understanding the interplay between the cytoskeleton and the plasma membrane is the key to 
understanding electromotile force generation and transmission. We sought to investigate the 
lipid-protein interactions associated with the motor complex by measuring the fluidity of the 
phospholipid bilayer as a function of membrane potential. Guinea pig OHCs were isolated and 
stained with a fluorescent membrane lipid (di-8-ANEPPS). The lateral diffusion of di-8- 
ANEPPS in the plasma membrane was measured using the technique of fluorescence recovery 
after photobleaching (FRAP). Voltage-clamping the OHCs in the whole-cell mode controlled 
the potential across the plasma membrane. Additionally, drugs known to alter membrane 
curvature in red blood cells (chlorpromazine and salicylate) were used to modify OHC 
membrane architecture. The fluidity of the plasma membrane has a voltage dependence 
resembling that of electromotility. Depolarizing the OHC decreased the lateral diffusion of 
intramembrane lipids by about 50%. Application of either chlorpromazine or salicylate alone 
also reduced the diffusion coefficient of the OHC plasma membrane by about 50%, while 
application of them together caused no significant change in the diffusion coefficient from 
controls. One potential explanation of the voltage- and drug-dependence of lateral diffusion in 
the OHC is that tension within the membrane in response to cell length changes or drug 
application creates bending of the plasma membrane. The bending is organized by the 
cytoskeleton into circumferential nanoscale ripples.

1 Introduction

In mammals, active mechanical filtering mechanisms within the organ of Corti 
locally amplify specific spectral components, improving the amplitude sensitivity 
and frequency selectivity over what is possible with passive elements alone. The 
origin of the mechanical feedback responsible for this process is considered to be 
the outer hair cell (OHC). Electromotility is a change in the shape of the OHC 
associated with a change in its transmembrane potential [1]. This can modify the 
vibration of the cochlear partition. OHC electromotility has been seen in a variety 
of mammalian species, including primates [2].

The OHC is a cylindrical epithelial cell. Its cytoskeleton is segregated to a thin 
shell of the cell's cytoplasm with little or no cytoskeleton framework throughout the 
bulk of the cell. Together with a positive hydrostatic pressure, the cell is a 
hydrostat capable of high frequency force production. The positive intracellular (or
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turgor) pressure is required for full expression of electromotility [3], 
Electromotility has so far only been demonstrated in OHCs.

There are three functional domains within the OHC. The apical region is the 
site of mechano-electrical transduction, the subnuclear region is where synaptic 
transmission (electro-chemical transduction) takes place, and the lateral wall is the 
origin of electro-mechanical transduction (electromotility) [4]. The lateral wall 
(Figure 1) is a trilaminate structure whose physical properties (mechanical, 
electrical, and molecular) influence the motile response of the OHC. These three 
layers (the plasma membrane, the cytoskeleton, and the subsurface cistemae) are 
arranged concentrically and lie within 100 nm of the cell’s surface (for review, see 
[5]). The plasma membrane is a phospholipid bilayer that contains a high density 
of intramembrane particles. The cytoskeleton of the OHC is termed the cortical 
lattice. The cortical lattice consists of microdomains of parallel actin filaments 
crosslinked with molecules of spectrin. Actin is tethered to the plasma membrane 
by unknown molecules, termed pillars. While polymerized long chain cytoskeletal 
filaments are a conspicuous part of the cortical lattice, the cuticular plate, and the 
subnuclear region of the OHC, they are not as obvious in the axial core where only 
non-polymerized forms of actin have been identified. The subsurface cistema is a 
membrane bound organelle that lines the inside of the cortical lattice.

The micropipette aspiration technique has been used to evaluate the strength of 
the attachments between the plasma membrane and the cortical lattice [6]. The 
force required for separation of these layers is higher than what could be expected 
to be generated during normal electromotility, hence the plasma membrane is firmly 
tethered to the cortical lattice in vivo. Additionally, the bending stiffness of the 
plasma membrane is less than that of the cortical lattice/subsurface cistemae 
complex.

Figure 1. The OHC lateral wall. The cytoskeletal components of the lateral wall are drawn to scale[5].
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2 Methods

Outer hair cells were isolated from cochleae of guinea pigs. Hippocampal neurons 
isolated from rats were used as controls. Membrane fluidity was evaluated using 
fluorescence recovery after photobleaching (FRAP) [7] (Figure 2). We stained 
isolated cells with the fluorescent membrane label di-8-ANEPPS by bath 
application. They were stained for five minutes before unbound dye was 
thoroughly rinsed away. Then, a spot of the membrane was photobleached with an 
intense laser pulse, and monitored as unbleached dye diffused into the 
photobleached spot from the surrounding membrane. The rate of fluorescence 
recovery provides a measure of the rate at which the labeled dye molecules are 
diffusing. All imaging was performed using a scanning confocal system (MRC- 
600, BioRad, Hercules, CA).

lipid membrane

dye molecule

intrameinbrane
particle

Figure 2. Lateral diffusion of a fluorescent dye tracer within the plasma membrane. The dye randomly 
diffuses within the phospholipid bilayer due to Brownian motion. Interactions with membrane 
components (i.e. phospholipids, cholesterol, proteins, and the intramembrane particles) affect the rate of 
lateral diffusion.

3 Results

3.1 Voltage-dependent lateral diffusion

The lateral mobility of lipids in the OHC lateral wall plasma membrane is similar to 
that of other most other biological membranes [7]. The membranes that make up 
the plasma membrane and subsurface cistemae are fluid and do not undergo 
temperature-dependent phase transitions. In other words, the lateral wall membrane 
domains are like most other biological membranes. However, the fluidity of the 
OHC lateral wall plasma membrane is voltage-dependent [8]. Depolarizing the cell 
leads to a decrease in the apparent lateral diffusion of about 50%. The voltage- 
dependent changes in lateral mobility are reversible. Plotting the diffusion 
coefficient between -100 mV and +40 mV results in a sigmoidal function that
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saturates at either end. There was no change in the lateral mobility in the plasma 
membrane of cultured rat hippocampal neurons when measured at -60 and 0 mV.

Dynamic variation in the fluidity of the plasma membrane is likely due to 
voltage-dependent changes in its organization. We hypothesize that voltage- 
dependent lateral diffusion in the OHC may be caused by changes in the nanoscale 
crenulations of the plasma membrane between points of pillar attachment as the cell 
changes in length (Figure 3). This may be associated with changes in membrane 
tension. Transmission electron microscopy of the OHC consistently reveals 
submicroscopic crenulations in the lateral wall plasma membrane [9]. Increased 
rippling could lead to a decrease in the diffusion coefficient as a result of the 
organized compression of phospholipid head groups in the outer leaflet of the 
membrane. Compression would be expected to occur at the tethering points 
between the plasma membrane and the cytoskeletal pillars. The orthotropic 
organization of the cytoskeleton would create diffusion barriers at intervals 
corresponding to the inter-actin distance.

Figure 3. A diagram of a longitudinal section through the lateral wall of the OHC (the subsurface 
cistema is not shown). The pillars connect circumferential actin filaments (shown end on) to the plasma 
membrane. Depolarization shortens the inter-actin (and the inter-pillar) distance. This may affect 
membrane curvature and/or tension, and lower membrane fluidity.

3.2 Drug-dependent lateral diffusion

The bilayer-couple hypothesis [10] argues that drugs which alter membrane 
curvature partition preferentially into either the outer or the inner leaflet of the 
phospholipid bilayer, selectively increasing that leaflet's surface area. Differences 
between outer and inner leaflet area produce membrane curvature (Figure 4). We 
applied a drug that bends membranes outward (salicylate) and another that bends 
membranes inward (chlorpromazine) to guinea pig OHCs [8, 11, 12]. While the 
drugs (applied individually or together) evoke no change in the microscopic 
appearance of an OHC, measurements of OHC lipid lateral diffusion show an effect 
of drug application. The presence of salicylate alone or chlorpromazine alone 
reduces the diffusion coefficient by 53% and 33%, respectively. There is no
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significant difference between the diffusion coefficient of control OHCs and OHCs 
incubated with both salicylate and chlorpromazine. Additional analysis of the 
effect of these drugs on the lateral wall has been performed [13]. The drug- 
dependent effects on OHC lateral diffusion can be explained by submicroscopic 
changes in membrane curvature, supporting our nanoscale rippling hypothesis.

Figure 4. Curvature-inducing drugs inserting into a phospholipid bilayer. Salicylate inserts into the 
outer leaflet and causes outward curvature; chlorpromazine inserts into the inner leaflet and causes 
inward curvature. When used together at the right concentration, their effects are neutralized.

4 Discussion

The mechanical forces associated with OHC electromotility (no matter what their 
origin) act on a bilayer that contains both proteins and lipids. The nature of the 
lipid constituents of the lateral wall membranes is critical to this process. The 
fluidity of the OHC plasma membrane is consistent with the fluid-mosaic model of 
biomembranes [14]. Clearly, one mechanical problem associated with a motor that 
is restricted to the plasma membrane is that the stiffness parameter of the plasma 
membrane is less than that of the underlying cortical lattice/subsurface cistemae 
composite. In this case, area-motor forces would be dissipated in bending rather 
than transmitted longitudinally [6].

One potential explanation of the voltage- and drug-dependence of lateral 
diffusion in the OHC is via interactions between the lipid membrane and the 
proteins of the cytoskeleton. Organized changes in membrane bending would 
preserve membrane integrity during rapid cell length changes much the way that an 
accordion's pleats function as a musician plays the instrument. Indeed, voltage- 
dependent changes in membrane rippling are consistent with the fact that the whole 
cell capacitance is similar for both strongly hyperpolarized and strongly depolarized 
potentials, even though cell length has changed [15]. If the thickness of the 
phospholipid bilayer remains constant, the cell surface area must remain constant as 
well.
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Although the force-generator responsible for electromotility is unknown, it 
must be within the lateral wall. One scenario is that the motor is a based on a 
unique molecule that has the ability to convert a transmembrane potential gradient 
into a force directed at a right angle to the potential gradient. The other scenario is 
that molecules common to many cell types have been organized within the 
composite structure of the OHC lateral wall so as to optimize the production of 
longitudinal forces [16]. Molecular exploration of the proteins involved must 
consider both possibilities.
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M acKay Institute o f  Communication and Neuroscience, Keele University, Keele,
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The composition of the cross links between stereocilia has been investigated to provide clues to 
their possible mechanical properties. The association of the links with keratan sulphate 
proteoglycans, their sensitivity to elastase (an enzyme that degrades a range of proteins), and 
their lack of immunoreactivity to elastin itself, suggests that they may contain a different 
extracellular matrix protein, such as a collagen-like molecule. We have therefore attempted 
determine whether the links contain collagen. Post-embedding immunogold labelling of the 
cochlea with an antibody to collagen IV produces labelling of the basilar membrane, as expected, 
but also of the hair bundle. Preadsorption with pure collagen IV reduces this labelling 
selectively. In addition, the enzyme MMP-2, which is more selective against collagen IV than 
against most other matrix proteins, degrades both tip and lateral links in utricular hair bundles. 
These data suggest that a collagen IV-like molecule may be a component of the links between 
stereocilia.

1 Introduction

Information regarding the composition of the extracellular links that run between the 
stereocilia is likely to be relevant to understanding the mechanical response of the 
hair bundle. Some of our recent work has been providing clues as to which 
extracellular matrix components might be present. For instance, we have found that 
the proteoglycan keratan sulphate occurs at the ends of both types of links in 
mammalian cochlear hair cells [3]. In addition, the tip links on living mammalian 
outer hair cells can be destroyed using the enzyme elastase [5] although we have not 
been able to immunolabel them for elastin itself. This is not surprising, however, as 
elastase is known to disrupt a range of molecules besides elastin, including some 
collagens. We have therefore explored the possibility that collagens occur in the 
vicinity of the stereocilia by (i) immunolabelling mammalian cochlear hair bundles 
with a polyclonal antibody to collagen IV and (ii) by attempting to remove the links 
on mammalian utricular hair bundles using an enzyme known to be effective in 
cleaving certain collagens, a matrix metalloproteinase (MMP 2, [1]).

2 Methods

For immunolabelling, guinea pigs were killed using an overdose of sodium 
pentobarbitone (IP), and the bullae and kidneys removed. The bullae were opened 
and small holes made in each cochlear apex and base. Thin slices (1-2 mm) of the 
cortical region of each kidney were taken by hand. Both types of tissue were fixed

mailto:coa38@keele.ac.uk
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using 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer 
(pH 7.4) for 2 h. Cochlear segments and kidney slices were then dehydrated via an 
ethanolic series, infiltrated and embedded in LR White resin. Ultrathin sections 
were cut onto nickel grids and incubated in 10% goat serum in phosphate buffered 
saline (GS-PBS) at room temperature then placed overnight in an antibody to human 
collagen type IV (ICN) diluted 1:75 in 1% bovine serum albumen in Tris-buffered 
saline (BSA-BSA) at 4°C. They were then washed, blocked again in 10 % GS-PBS 
and incubated in a goat anti-rabbit secondary antibody coupled to 15 nm gold 
particles diluted 1:20 in BSA-TBS. A preadsorption control was performed by 
mixing the primary antibody with up to 5mg/ml solution of collagen IV. The 
sections were stained using 2% aqueous uranyl acetate for 10 min and examined 
using a JEOL 100 CX electron microscope operated at 100 kV.

For the enzymatic treatment, unfixed utricles were incubated for 10 min at room 
temperature in activated and inactivated MMP-2 (TCS Biologicals Ltd) in Hank’s 
buffered salt solution. The utricles were then fixed in 2.5% glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4) containing 2 mm CaCl2 for 2 h, washed in the 
same buffer, postfixed in 1% osmium tetroxide for 1 h, washed in distilled water 
and further impregnated with osmium using the osmium-thiocarbohydrazide 
technique (see [2] for details). They were then dehydrated via an ethanolic series, 
critical point dried from C02 and attached to stubs with silver DAG 
electroconductive paint (Agar Scientific) for examination using a Hitachi S-4500 
field emission electron microscope operated at 5 kV.

3 Results

Both the basilar membrane in the organ of Corti (Fig. 1A) and the glomerular 
basement membrane in the kidney (not shown) showed clear gold labelling. All 
these areas remained free of label in the preadsorption controls (see Fig. lb for 
example of this in the basilar membrane). Labelling was observed around the 
stereocilia in association with both types of links (Fig. lc, d). This was markedly 
reduced in the preadsorption control. The tectorial membrane was also labelled but 
equivalent levels of labelling were seen in the preadsorption controls (not shown). 
This may be due to the presence of collagen V in the tectorial membrane [6] as the 
anti-collagen IV antibody displays some binding to this (ICN data sheet) which 
might not be removed by preincubation with collagen IV.

Activated MMP-2 produced a marked reduction in the number of links observed 
on utricular hair bundles compared with the inactivated form (Fig. 2). Both tip and 
lateral links were removed by this treatment and the stereocilia appear to be slightly 
splayed in comparison with bundles that have the links present.



Figure 1. A. Transverse section through the basilar membrane showing immunogold labelling 
of the basement membrane region (black dots). B. A pre-adsorption control of a similar region 
of basilar membrane to that shown in A. shows no immunogold labelling indicating that the 
antibody has a high affinity for collagen IV. C. Hair bundle from a cochlear outer hair cell 
showing immunogold labelling of the tips and sides of the stereocilia. D. Immunogold labelling 
in the vicinity of a tip link running between a short and an intermediate row stereocilium in a 
cochlear outer hair cell. (Scale bars: A, B = 1 (xm; C = 250 nm; D = 50 nm)
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Figure 2. Stereocilia in utricular hair bundles following treatment with inactivated (A) and 
activated (B) MMP-2. Note the reduction in the number of tip and sides links in the treated 
bundles and the comparatively greater spacing of the stereociliary tips. (Scale bar = 150 nm).

4 Discussion

The present results show that an antibody to collagen IV labels the links in the 
stereociliary bundle of mammalian hair cells. Furthermore, an enzyme, 
MMP-2, that is known to cleave, in order of effectiveness, gelatin, collagen 
IV, collagen V, flbronectin and type VII collagen but not the interstitial 
collagens, disrupts the links. As MMP-2 has low activity against 
proteoglycans [1], this latter result is unlikely to be attributable to effects on 
the keratan sulphate that is also present in the vicinity of the linkages.

Taken together, these findings suggest that there may be a collagen IV-like 
molecule in the vicinity of the hair bundle. This is interesting because other 
tissues where precise spacing and specific ionic microenvironments are 
important contain both proteoglycans and collagens e.g., both are found in 
specific arrays in the cornea. This finding is also of interest because there is 
genetic evidence that the mechanical signalling that occur in the muscles of 
the nematode, Caenorhabditis elegans may result from an interaction between 
degenerin channels and type IV collagen in the extracellular matrix underlying 
the muscle cell [4]. It is possible therefore that the molecular machinery 
fundamental to the operation of mechanosensitive channels has been 
conserved during evolution and is used in the inner ear.
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A computational model of the outer hair cell cytoskeleton as a domain-structure composite with 
narrow bands of an intermediate material between the domains is proposed. The random 
microstructural parameters of the domains are introduced. The effective moduli of the anisotropic 
cytoskeleton are computed and presented in the form of histograms. An unusual pattern of the 
cytoskeleton circumferential deformation caused by the high stiffness of the filaments within the 
domain compared to that for the connective molecule between the domains is discovered.

1 Introduction

The cytoskeleton is a component of the outer hair cell wall crucial for the cell's 
integrity. It is also an element of transduction of the active strains and active 
forces throughout the cell wall that accompanies cell electromotility. Overall 
stiffness of the cell wall and the cell's electromotile behavior depend on the 
microstructure of the cytoskeleton and its connection to other components of the 
wall.

Holley and Ashmore [3] have studied demembranated outer hair cells and 
analyzed the properties of the cell cytoskeleton. They represented the 
cytoskeleton as a relatively regular structure of helical springs (actin filaments) 
with longitudinal connections (spectrin crosslinks). Forge [2] has analyzed the 
geometry of the cell cytoskeleton and measured distances between the pillars 
connecting the cytoskeleton to the plasma membrane. Holley et al. [4] have 
shown a domain structure of the outer hair cell cytoskeleton and given the main 
parameters of the domains. Tolomeo et al. [7] have studied isolated cytoskeleton 
of outer hair cell and measured its longitudinal and circumferential stiffness. 
Spector et al. [6] and Spector [5] have developed models of the composite outer 
hair cell wall with explicit representation of the cytoskeleton and its connection 
to the plasma membrane via the radial pillars.

In the present paper, we propose a model of the outer hair cell cytoskeleton as 
a set of microdomains connected by an intermediate material. We estimate 
effective anisotropic properties of the cytoskeleton. By using these results and 
the experimental data of Tolomeo et al. [7], we give estimates of the stiffness of 
the individual molecules that are represented in our model, including the 
hypothetical connective molecule between the domains.
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2 Computational method

Fig. 1 illustrates major elements of our model of the cytoskeleton.

(a)

HiSMl
m mWm®

wmmaH r a

■ I

■  H

(b)

Intermediate material

Crosslink

| Filament - H I P
Figure 1. a) General view of the outer hair cell cytoskeleton and b) schematics of a multiple-domain 
patch and of strips with connective molecules between the domains.

To estimate the effective properties of the cytoskeleton, we develop a two-step 
approach. As the first step, we analyze a single domain. We study the effect of 
major microstructural parameters (the length and number of filaments, distance 
between neighboring filaments, distance between neighboring crosslinks, etc) on 
the effective elastic moduli of the domain. The microstructural parameters vary 
within ranges provided by experimental measurements [4]. In the computation 
of the effective moduli, we represent the filaments and crosslinks by beam-type 
finite elements.

As the second step of our computational approach, we consider a multiple- 
domain rectangular patch of the cytoskeleton that is representative in terms of 
the properties of the w.hole cytoskeleton. To determine the effective moduli of 
the patch, we use no-displacement boundary conditions along one side of the 
patch and apply a distributed load along the opposite side of the patch. We 
compute the deformational response of the patch, determine an average



displacement, and find the stiffness coefficient corresponding to particular 
components of the external load and of the resulting displacement. Applying 
loads along the longitudinal and circumferential directions as well as shear load, 
we determine the full 3x3 matrix of anisotropic moduli of the patch 
(cytoskeleton). These moduli are represented by the Cr , i  = 1.3', j  = 1..3 
coefficients in the equations

f l — C\\£x + C12£q + C l3e x0 

N0 — Cl2£x + C22£e + C23£ x0

N X0 — C l3^x t | ̂ 2 3 ^ 0  ^ 3 3 ^ x 6  

where N x, N e , and N xQ are, respectively, the longitudinal, circumferential,

and shear components of the resultant forces and £ x , £ e , and £ x0 are,
respectively, the longitudinal, circumferential, and shear components of the 
strains in the cytoskeleton.

For each domain of our analysis of the patch, we randomly generate the whole 
set of the microstructural parameters and the domain orientation. The parameters 
and orientation are considered random characteristics distributed within 
corresponding ranges given by the microstructural studies [4]. Having the 
microstructural parameters and orientation of the domain, we replace the 
original domain with a rectangular one made of a homogeneous material. To 
that material, we assign those effective properties that correspond to the actual 
domain with the same microstructural parameters and orientation. We consider 
different arrangements of hypothetical molecules within narrow strips of the 
intermediate material We also determine the effective properties of the 
intermediate material that depend on the geometric arrangement and the stiffness 
of the hypothetical connective molecule. Each component of the patch is 
analyzed by using plane stress finite elements.

3 Analysis of a single domain

We consider domains of different size within the range given by measurements 
of Holley et al. [4]. The smallest reported domain has 3 actin filaments of 200 
nm length. The largest reported domain has 6 actin filaments of 1000 nm length. 
We consider the distance between neighboring filaments within range 50nm- 
80nm. In terms of the crosslinks connecting the filaments, we consider them 
inclined with respect to the filament direction. First, we study the irregular 
geometry of the crosslinks assuming their random inclination. Finally, we 
consider the regular geometry of the crosslinks with trapezoid-type arrangement 
(Fig. 1) and the same angle of inclination throughout the domain. We consider 
the distance between the central points of the neighboring crosslinks varying
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within range 20-50 nm. In Fig. 2a and 2b, the variation of Young's moduli and 
shear modulus for an average-size domain are given, respectively, as functions 
of the distance between the neighboring crosslinks and neighboring filaments. 
Young's moduli are determined by the geometry of the domain and the stiffness 
of the filaments and crosslinks. The data in Fig. 2 correspond to the stiffness of a 
single actin for the filament and the stiffness of the crosslink estimated on the 
basis of the experiment of Tolomeo et al. [7] (see the corresponding discussion 
below). Shear modulus of the domain is determined by inclination of the 
crosslinks.

D i s t a n c e  b e t w e e n  n e i g h b o r i n g  c r o s s l i n k s  ( n m )

D i s t a n c e  b e t w e e n  n e i g h b o r i n g  f i l a m e n t s  ( n m )

Figure 2. Variation of Young's moduli in the filament (Ex) and crosslink (Ey) directions and shear 
modulus G with distances between (a) neighboring crosslinks and (b) neighboring filaments for an 
average-size domain.
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4 Analysis of a representative patch

In Fig. 3, we give the results of our analysis of a representative patch of the 
cytoskeleton. We show a 5x5-domain patch where the dotted lines correspond to 
the undeformed state and the solid lines correspond to the deformed state. 
Additional lines inside the domains represent the finite element discretization. In 
addition to the domains, we show the strips of the intermediate material between 
the domains.

(a) (b)

Figure 3. Deformation of a representative patch of the cytoskeleton under the action of (a) load in the 
circumferential direction, (b) load in the longitudinal direction, and (c) shear load
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5 Effective elastic properties of the cytoskeleton

On the basis of our computational analysis of a representative patch, we obtain a 
full set of the effective anisotropic moduli of the cytoskeleton. Since we 
consider the microstructural parameters random, the effective properties are 
random also. In Fig. 4, the effective elastic moduli are presented in the form of 
histograms, mean values fi and standard deviations <7.

(a) 103xCt1, N/m (b) 104xC12, N/m (c) 104xC13, N/m
^1=2.26x1 O'3, a=0.35x10-3 (1=2.09x1 O'4, a=0.32x1 O'4 ^=-2.99x1 O'4, a=1.04x1 O'4

(d) 104xC22, N/m 
H=3.70x10'4, a=0.12x10"4

4  -7 € -6 -3 5  -1

(e) 104xC23, N/m (f) 104xC33, N/m
|x=-1.15x10'6, 0=8.88x1 O'6 PF1.39X1Q-4, a=0.30x10“

Figure 4. Histograms of the 3x3 symmetric matrix of anisotropic moduli (Cy) of the cytoskeleton.

6 Estimation of the stiffness of individual molecules in the cytoskeleton

By using the obtained effective properties of the cytoskeleton, we solve an 
inverse problem and estimate the stiffness of individual molecules entering our
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model of the cytoskeleton. The measurements of an isolated actin by several 
independent groups fall in a relatively narrow range 1-2 GPa and we use 1 GPa 
[1] as the stiffness of the filament in the cytoskeleton. Tolomeo et al. [7] 
measured the longitudinal and circumferential stiffness of an isolated
cytoskeleton. Their data give experimental values of C j, and C 22 coefficients.
We use these values to estimate the stiffness of two molecules: the crosslink and 
the molecule providing the connection between the domains.

The estimated stiffness for the two molecules are 2.6x106 Pa and 4xl06 Pa, 
respectively. Since these estimates are close to each other and to the stiffness for 
a spectrin molecule, the hypothetical connective molecule could be spectrin as 
well.

Given the stiffness of the actin filament is several hundred times greater than 
those for the crosslinks and the intermediate material molecules, the outer hair 
cell cytoskeleton exhibits a very special pattern of the distribution of the 
circumferential strains. The circumferential deformation of the domains is very 
small, and the overall circumferential strain is almost completely determined by 
the deformation of the material between the domains. In the longitudinal 
direction, the strain is split evenly between those for the domains (crosslinks) 
and the intermediate material.
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Two models of cochlear outer hair cell voltage-dependent length and stiffness are 
presented. While numerous models have been published to represent length changes, 
stiffness change is a newly discovered phenomenon. A parsimonious approach is to 
represent both voltage-dependent variables by a single mechanism. One of our models 
envisions a motor molecule undergoing conformational change and thereby representing 
two different lengths and stiffnesses. Stochastic summation of the effects of the individual 
molecules provides overall length and stiffness variation of the cell. The other model 
assumes no dimensional change, only stiffness change. In conjunction with pre-shortening 
of the cell, this model also provides overall length and stiffness change.

1 Introduction

We have recently discovered that the axial stiffness of isolated mammalian outer 
hair cells (OHC) is voltage dependent. Utilizing both microchamber [8] and whole
cell voltage-clamp [10] techniques, it was demonstrated that cell stiffness increases 
upon hyperpolarization and decreases upon depolarization [11]. The stiffness change 
can be quite large, of the order of 100%. One interesting finding is that stiffness 
change and electromotility [3] appear to co-vary if manipulated. The frequency 
dependence of both processes follows similar patterns [4]. Also, when motility is 
reduced by the use of gadolinium [20], so is stiffness change. We have also 
reported previously that the modulatory effect of acetylcholine (ACh) application on 
electromotility can be explained by a reduction of the cell’s internal stiffness [7]. 
The question naturally arises whether it is possible to explain the voltage-dependent 
stiffness and motility by a single mechanism. The simple models proposed here 
seem capable of producing realistic stiffness and motility patterns.

2 Results

2.1. The “boomerang” model. In earlier work [5,6] we introduced the concept 
that motility is driven by the stochastic behavior of a large number of elementary 
“motor molecules.” It was assumed that individual motors are allosteric 
membrane-spanning proteins that have two stable states, short (“S”) and long 
(“L”). The probability of being in a given state was determined by Boltzmann-

mailto:p-dallos@nwu.edu
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statistics, with membrane potential as the controlling variable. Several cartoons 
were provided to suggest conceivable shapes for the motor in its two states. One 
suggested configuration was a boomerang-shape, with a variable angle between the 
two arms. Our present modeling effort begins with this shape change.

Figure l.a. Proposed configuration of the motor molecule in the boomerang model (see text for 
explanation), b. Configuration of motor molecules (AX, AK), connecting springs ( k )  and global 
stiffness (X). c. Configuration for the switch model. In the active state of the motor the elementary 
stiffness is Ks, whereas in its passive state it is KL.

Figure la shows the proposed configuration of the motor molecule. The angle 
between the two arms is a  in the L-state and P in the S-state. The two arms are 
connected with a “coil spring” whose rotational stiffness is k0. If, in the L-state, an 
axially directed force /  is applied to the tip of the upper arm, whose length is D, 
then a torque T = JD cos a  is exerted upon the spring. This torque will rotate the 
upper arm by an angle (p = T /k 0. From the vantage-point of the applied force, the 
apparent stiffness is K = f  / x where x is the axial displacement of the tip of the 
upper arm; x = D[sina-sin(a-<p)]. K is expressed in terms of the angles, oc and 
(p and after simplification based on ( p «  1, one obtains:

A similar equation for Ks can be had by substituting the S-state angle (3. Finally, 
the relative change in apparent stiffness between the two states is obtained:

cortex

a. b. c.

(1)

AK _ Ks - K l  c o s  2 a  
Kl  Kl  cos2( a - 0 )

-1 (2)
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where 0=a-p, the conformational angle change. In Fig. 2a, AK/KL is plotted as a 
function of conformational angle change, O, and with the resting angle, a  as the 
parameter. Apparently, the larger the resting angle, the larger the obtained stiffness 
change. With large (e.g., 85°) starting angle, even very modest conformational 
angle change provides large stiffness change, approaching 100%.

The next step is to compute the fractional length change due to the elementary 
motor’s conformational angle change, O. This has been done above for small angle 
change, but an equation in the same form applies here: AX = D[sin a  -  sin(a -  O)]. 
The relative length change of the molecule between L and S-states is then obtained:

AX X c - X ,  s in (a-O ) . . J
\P )x, X r

-1
sin a

a.

L
In Fig. 2b, AX/Xl is plotted for the same range of oc and O as was used in Fig. 2a. 
While large stiffness changes accrue with large starting angles, displacement behaves 
differently. For a given conformational angle-change, the smaller the starting angle, 
the larger the length-change.

Next we consider the relationship 
between molecular state and driving voltage 
and compute the whole cell’s stiffness and 
length as a function of this voltage. Assume 
that the probability of an elementary motor 
being in its S-state depends on the change 
in cell-membrane potential via the following 
Boltzmann function:

p S = - j7(V-Vb)
5 10 20 50 100 

Conformational angle change, degree

b.
1 + e

where V is the deviation from the resting
membrane potential (i.e., the command
voltage), Vo is the voltage at p=0.5, and rj
is a constant. Assume that the cell’s radius
is r, its resting length is L, the linear
packing density of motor molecules is Q in
both axial and circumferential directions,
and that the cell is a simple cylinder. The

- „ |  I  total number of motors in a givenFigure 2a: Percentage stiffness change as a . °  t
function of conformational angle change. The circumference IS 27trQ, while the total 
resting angle of the movable arm is the number of such circumferential motor layers
parameter, b: Percentage length change as a jn  the cell is LQ. Using these relations, the 
function of the same variables. following equations represent the global

axial stiffness and length of the cell:
2m

5 10 20 50 100 
Conformational angle change, degree

[Ksps + KL( \ - p s )]
l  ‘ :,yr (5a,b)

Lcell = ~ As1)]
The above model represents the simplest possible configuration. It consists cf 

stacked-up motor proteins, without additional elastic elements, as envisioned before
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[5-7]. It is a relatively simple matter to incorporate additional elementary “springs” 
connecting the motors and other, global elastic elements. In Fig. lb the equivalent 
mechanical circuit used in the following computations is shown. Neighboring 
elementary motors are axially connected by springs of stiffness K, and the parallel 
global stiffness is X. Then the cell’s total axial stiffness is Kceu\

Kcell
- 2m 

=  A + -----[ kK,
Ps +

kKj

L k + Ks k + K (6)

Commandvoltage, mV

Com mandvoltage, mV

The total cell-length is computed with the aid of Eq. (2) in Dallos et al. (1997):
L c e t l  =  2 Z T L Q D 4 ---------------------------- ------------------------------------------------------------------------------ 1  ) « ■ * » - • )  |  ( ? )

**“ 2mKKs + 'LX(K + Ks ) 2kckKl + LX(k + Kl ) 0 ’
The first two terms in Eq. (7) correspond to 
the S-state and L-state of the motors, 
incorporating both their different stiffnesses and 
different axial dimensions. These terms 
represent the variable component of cell length, 
whereas Lo represents an invariant component. 
Let us take some judiciously chosen parameter 
values and compute the resulting dependence cf 
stiffness and length upon command voltage. 
Total stiffness and total cell length are depicted 
in Fig. 3a,b. The parameters have been 
selected to give realistic resting and dynamic 
values for both stiffness and cell length. Note 
that the resting global stiffness is 7 mN/m, 
which is similar to the average value that we 
find experimentally. Over the membrane- 
potential swing represented on the abscissa, the 
stiffness changes between approximately 7.5 
and 0.5 mN/m. Over the same range cf 
membrane-potential change the cell-length 
varies between approximately 65 and 60 |L im . 

To better appreciate these relative ranges cf 
change, in Fig. 3c we plot them as 

Figure 3. Top: Axial cell stiffness. percentages. It is apparent that while length 
Middle: Axial cell length. Bottom: Percent changes only a small relative amount (-6%), 
stiffness and length. stiffness changes are greater than 100%. Both

of these values are similar to experimental
observations [11].
2.2. The “switch” model.
The above model is not the only possible means of achieving joint length and 
stiffness change with a single mechanism. An attractive alternative is based on the 
assumption that the motor molecule does not produce any direct length change. In 
this case, a conformational change of the molecule might connect or disconnect 
(“switch”) a stiffness element to and from the cortical lattice (Fig. lc). Thus, the S-

Commandvoltage, mV
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state (which is no longer “short”) is associated with an elementary stiffiiess Ks, 
whereas the L-state is associated with a stiffness KL. Then Eq. (6) is still applicable 
to describe the cell’s axial stiffiiess. Length changes can arise if the cell is 
preloaded, either internally or externally. The present case can be described as 
follows:

AX = x0[1 --^M ] (8)
0 K(Vy K }

where x0 is the compression due to the pre-load, K(V) is the cell’s stiffiiess at 
command voltage V and K(0) is its stiffiiess in the quiescent state (at V=0). 
Clearly, as K is modulated [Eq. (6)], so is the cell length. It is again a simple 
matter to select a realistic parameter set that provides almost 100% stiffiiess change 
and about 5% length change, with a pattern of voltage dependence which is 
essentially the same as that shown in Fig. 3. It is emphasized again that this 
variant of the model assumes no conformational length change of the motor 
molecule. The motor simply functions as a switch, connecting or disconnecting 
elementary stiffiiess units. Motility ensues as a byproduct of stiffiiess change. In 
order to obtain the proper sign for dimensional changes, the cell needs to be 
compressed in the steady-state. Then, depolarization causes stiffiiess decrease and 
shortening, while hyperpolarization causes stiffiiess increase and this, in turn, 
produces lengthening.

3 Discussion

We have proposed a simple model, designed to account for both voltage-dependent 
stiffiiess and length changes of outer hair cells. That isolated OHCs change their 
length when their membrane potential is altered, has been known for more than 
fifteen years [2]. A large number of models have been proposed to explain this 
motile mechanism [5-7 , 13-16, 18, 20, 22-27]. Most models posit that elementary 
motor molecules in the cell membrane alter the surface area of the cell, resulting in a 
predominantly axial length change. The present approach derives from one 
proposed form of conformational change in the motor molecule [5, 6]. Assuming 
that the motor protein’s native configuration is an L-shape and that the activated 
form has a shallower angle between the arms, length changes can be easily had [6]. 
A requirement is that the molecules are arranged in a relatively uniform orientation 
vis-a-vis the cell’s long axis. In other words, this is a decidedly anisotropic 
configuration. By connecting the two arms elastically, the isomeric shift is 
accompanied by an apparent stiffiiess change of the molecule, as measured along the 
cell’s long axis [Fig. 1 and Eq. (2)]. This simple device then confers both length 
and stiffiiess change upon the cell. By incorporating stochastic dependence of the 
molecular configuration upon membrane potential, the nonlinear properties of 
motility and stiffness change obtain.

While a number of ingenious models have been proposed during the fifteen years 
of research on electromotility, the new finding of voltage-dependent stiffiiess change
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does not naturally follow from any of them. We are suggesting two versions of a 
model that are capable of providing both length and stiffness change. The first, or 
“boomerang” model assumes, similar to previous work, that a molecule changes its 
shape upon alteration of the cell’s membrane potential. Our modification is that a 
stiffness change is also assigned to the molecule and a specific means of achieving 
this stiffness change is also suggested. The result of an aggregate of large numbers 
of molecules shifting their state from L to S is that the cell shortens and its axial 
stiffness reduces. A shift from the S to the L state produces elongation and 
stiffening. Graded length and stiffness changes result from the stochastic nature cf 
the molecule’s conformational shift, as proposed before [6].

In the second model a much simpler scheme is envisioned. In this case, there is 
no assignment of either a length or stiffness change to the molecular motor. Instead, 
the motor’s sole function is to switch in or out an elementaiy stiffness unit. This 
switch can be had during the translocation of a charge associated with the motor 
and, thus, a gating current or nonlinear capacitance is expected and observed [1, 20]. 
The only prerequisite for proper functioning of the cell, in other words, for the 
expression of both stiffness and length changes, is that the cell should be pre-loaded 
in its quiescent state. It is as if a spring were compressed and then changed its 
stiffness. As its stiffness decreases, the pre-load is able to further compress the 
spring, whereas if its stiffness increases, the spring will extend beyond its pre- 
loaded, resting-stiffness state. This simple expedient yields cell elongation with 
increased stiffness and cell shortening with decreased stiffness, as observed. The 
critical point is that in this scheme it is the stiffness-change that is the primary 
variable. Length change, or electromotility, is a simple consequence. Initial 
compression may arise from a combination of internal and external constraints. For 
example, it is conceivable that an interaction between the cortical lattice [12] and 
the cell’s infracuticular core structure, which connects the nucleus and the cuticular 
plate [17], might keep the cell under tension and make it shorter than the neutral 
length. Also, in situ the cell may be additionally compressed between the reticular 
lamina and Deiters’ cups, thereby intensifying the pre-load. Since some 
electromotility is apparently maintained after digestion of the cortical lattice with 
trypsin [18], the location of switched elastic elements needs consideration.

Future models of cochlear micromechanics ought to incorporate both outer hair 
cell voltage-dependent length and stiffness and the effect of stiffness change upon 
force delivered by OHCs needs examination.
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In this study, OHCs are stimulated by 5.0Hz and 105.3Hz sinusoidal voltage, and the local 
displacements along the cell axis are measured using microspheres attached on the cell lateral 
wall. When the cells are stimulated by 5.0Hz sinusoidal voltage, the displacement values are 
constant in the basal and apical regions, and the amount of the displacements varies almost linearly 
in the middle region of the cell. This suggests that there are no motors in the basal and apical 
regions of the cell and the motors are distributed equally in the middle region, if the effects of the 
mechanical properties of the cell lateral wall and the internal pressure are ignored. When the 
cells are stimulated by 105.3Hz sinusoidal voltage, the basal and apical regions of the cells elongate 
locally, and the phase differences among the measurement points are noticeable. This would be 
caused by the inertia and damping effects of the cell.

1 Introduction

Recent investigations have shown that the isolated outer hair cell (OHC) can 
elongate and contract in response to an electrical stimulation [1,2], and this motility is 
suggested to be important in the frequency characteristics and high sensitivity of 
mammalian hearing [3,4]. One of the strong hypothesis concerning the mechanism of 
OHC motility is that it would arise from a conformational change of a molecule when 
the membrane potential is altered. From microscopic studies of the cell lateral wall [5] 
and whole cell recording with intracellular trypsin digestion [6, 7], molecules which 
distribute along the plasma membrane are candidates of “protein motor”. However, 
this “protein motor” has not yet been identified.

In this study, in order to understand the mechanism of the OHC motility based on 
the hypothesis of the “protein motor”, local elongation and contraction of the OHC in 
response to a sinusoidal voltage are analyzed using a high-speed video system and 
measuring the displacements of the microspheres attached randomly to the cell lateral 
wall, and the distribution of the protein motor along the cell axis is discussed.
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2 Materials and Methods

Cochleas were obtained from guinea pigs (200-300g) and OHCs were isolated 
from the cochleas by gentle pipetting of the organ of Corti in the experimental bath 
(the major ions in the medium are: NaCl, 140mM; KC1, 5mM; CaCl2, 1.5mM; 
MgCl2-6H20, 1.5mM; HEPES, 5mM; Glucose, 5mM; pH 7.2) with dispase (500PU/ 
ml). The isolated OHCs were transferred to a chamber, and the bath medium, which 
contained microspheres 0.75|im in diameter, was perfused. Under these procedures, 
the microspheres randomly attached to each cell.

The OHCs were whole-cell voltage clamped. Pipette solutions were composed of 
150mM KC1, 2mM MgCl2-6H20, lOmM EGTA and lOmM HEPES buffered to pH
7.2. A 5.0 or 105.3Hz sinusoidal command voltage was applied to the cell, and images 
of the cell were stored with a high speed video system and analyzed off-line using a 
personal computer.

In this study, one pixel in the recorded digital picture corresponds to 150nm, and 
each pixel is quantified to 256 grayscale. For the purpose of analyzing a microsphere 
displacement smaller than 150nm, a high-resolution motion detection method is applied 
(Figure 1). Quantification of the movement is done on the digitized images by placing 
a measuring rectangle arbitrarily aligned across the microsphere on the cell lateral wall 
(Figure 1(a)). At an arbitrary time slice, changes in the brightness alined along the 
measuring rectangle are fit by a cubic regression line, and the peak of the fit line is 
determined to be the position of the microsphere (Figure 1(b)). At another time slice, 
a cubic regression line is also obtained, and the displacement of the microsphere is 
calculated from the shift in the peaks of the fit lines (Figure 1(b)).

3 Results

First, a 5.0Hz sinusoidal command voltage was applied to the OHC. The 
measurement points on one of the cells are shown in Figure 2(a), and the movements 
of the measurement points are depicted in Figure 2(b). As the direction of the arrow in 
Figure 2(a) represents the positive direction of the displacement, Figure 2(b) shows 
that the cell has the maximum contraction at 50 msec and the maximum elongation at 
150 msec. The displacements of the measurement points of the cell at the maximum 
contraction are shown in Figure 2(c). The abscissa represents the distance of each 
measurement point from the basal end of the cell, and the displacement values of the 
ordinate are normalized in order to compare the data obtained from the 6 different 
cells. The results show that the displacement values are almost constant in the region
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about 20% from the basal end and apical end, respectively. This indicates that, in these 
regions, the local cell length is constant, when the cell shows the maximum contraction. 
By contrast, in the region between 20 and 80% from the basal end, the displacement 
values vary almost linearly.

Next, a 105.3Hz sinusoidal command voltage was applied to the cell. The 
movements of the measurement points which are shown in Figure 3(a) are illustrated 
in Figure 3(b). Contrary to the case shown in Figure 2(b), the phase differences among
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Figure 1: Quantification of microsphere displacement: (a) Basal part of an OHC at an arbitrary time slice. A 
measuring rectangle arbitrarily aligned across the microsphere is shown, and it is composed of 4 rows of 
pixels, (b) Changes in brightness along the measuring rectangle. The mean brightness is calculated for each 
vertical column of pixels inside the measuring rectangle, and plotted by a filled circle. The filled circles 
obtained by a repetition of this procedure are fit by a cubic regression line and its peak is determined to be a 
position of the microsphere at an arbitrary time slice. Next, at another time slice, the mean brightness is 
calculated in the same way and shown by a filled square. The filled squares are also fit by a cubic regression 
line and its peak is determined to be a position of the microsphere at another time slice. Finally, the distance 
between the two peaks is quantified to be the microphere displacement.

Microsphere
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the displacements of the measurement points are noticeable. The displacements of the 
measurement points of the 4 different OHCs at the maximum contraction are shown in 
Figure 3(c). In the region between 20 and 80% from the basal end of the cell, the 
displacement values vary almost linearly, which is the same as shown in Figure 2(c). 
However, in the basal and apical regions, they are not constant but some of them are 
larger than 1.0 in the basal region and smaller than 0.0 in the apical region. As depicted 
in Figure 3(b), although the microspheres 5 and 6 show the minimum values at about
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Figure 2: Axial displacements of the microsphere attached to the cell lateral wall when a 5.0Hz sinusoidal 
command voltage was applied: (a) Measurement points on the cell. Black points marked by the open circles 
are the measurement points and the numbers 1 to 5 indicate the microsphere numbers, (b) Time histories of 
the axial displacements of the measurement points shown in (a), (c) Normalized axial displacements of the 
measurement points at the maximum contraction obtained from the 6 OHCs.
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5.5 msec, the displacement value of the microsphere 5 is larger than that of the 
microsphere 6. This indicates that the region between the microspheres 5 and 6 elongates 
locally when they move toward the patch pipette position. This behavior leads to 
explain some displacement values smaller than 0.0 in the apical region, which is shown 
in Figure 3(c). The same event happens in the basal region. Thus some displacement 
values are larger than 1.0 in this region.
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Figure 3: Axial displacements of the microsphere attached to the cell lateral wall when a 105.3Hz sinusoidal 
command voltage was applied: (a) Measurement points on the cell. Black points marked by the open circles 
are the measurement points and the numbers 1 to 6 indicate the microsphere numbers, (b) Time histories of 
the axial displacements of the measurement points shown in (a), (c) Normalized axial displacements of the 
measurement points at the maximum contraction obtained from the 4 OHCs.
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4 Discussions

The mechanism of OHC motility is unclear. However, one of the strong hypotheses 
is that the OHC motility would be caused by the conformational changes of the protein 
motors along the cell lateral membrane [6, 7].

From the result shown in Figure 2(c), it is found that the displacement values in 
the region about 20% from the basal and apical ends are almost constant, and in the 
middle region, they vary linearly. This local displacement distribution might be affected 
by such mechanical elements as the local stiffness of the cell and changes in the internal 
pressure of the cell. However, if these elements are ignored, the result shown in Figure 
2(c) would reflect the distribution of the motors, i. e. there are no motors in the region 
about 20% from the basal end and apical end, respectively, and in the middle region, 
the motors distribute equally along the cell lateral wall. This supports the previous 
report on the motor distribution by Hallworth et al. [8].

Comparing the results shown in Figure 2(c) with these in Figure 3(c), the 
displacement values in the region 20% from the basal and apical ends are different.

Some displacement values, larger 
than 1.0 in the basal region and 
smaller than 0.0 in the apical region 
indicate that the cell elongates locally 
in the basal and apical regions when 
each measurement point shows 
maximum contraction.

In order to explain  this 
interesting phenomenon, as shown 
in Figure 4, a local model of the cell 
is constructed. This model consists 
of mass, stiffness and viscous 
elements. The symbol “ m ”J m
represents the mass element in the 
middle region where the motors are 
equally distributed, and the symbol

Patch
pipette BBS

B i g

‘ 5.0Hz 105.3Hz

Figure 4: A model of the basal region of the cell, which 
consists of mass, stiffness and viscous elements. This 
model is based on the estimation that the motors 
distribute equally in the middle region and there are no 
motors in the basal and apical regions of the cell. The 
symbol with “mm” means the mass element in the 
middle region, and the symbol “mb” shows the mass 
element in the basal region.

“m ” shows the mass element in the 0
basal region where the motors do not 
exist. When a 5.0Hz sinusoidal 
stimulus is given to the cell, the mass 
elements “m ” and “m ” vibrate in
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phase with the same amplitude, as the stimulus frequency is low. By contrast, when a 
105.3Hz sinusoidal stimulus is applied to the cell, the mass elements “m ” and “m ”11 m b
vibrate out of phase due to the mass inertia. As a result, the cell might elongate locally.

5 Conclusions

5.0 and 105.3 Hz sinusoidal voltage stimuli are applied to the OHC, and the local 
displacements along the cell axis are measured by using microspheres attached along 
the cell lateral wall. The results show as follows:
1.The “protein motor” , which is considered to be an origin of OHC motility, would 

distribute equally in the middle region of the cell, and there might be no motors in 
the region 20% from the basal end and apical end, respectively.

2. When the stimulus frequency is high, the cell elongates or contracts locally due to 
the mass inertia of its own.
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The distribution of long-chain carbocyanine dyes in the plasma membrane of living guinea 
pig outer hair cells (OHCs) was investigated by confocal microscopy, patch-clamp and 
image analysis techniques. Anionic carbocyanines labeled discrete patches on the lateral 
plasma membrane of OHCs, but not in supporting cells. Electrical stimulation through a 
patch-clamp pipette induced OHC motility and, simultaneously, lateral displacement of the 
fluorescent probes. Displacements were inhibited by microinjection of the cells with 
salicylate, a blocker of OHC motility. In turn, changes in the cortical cytoskeleton induced 
by cell microinjection either with trypsin or Toxin B from Clostridium difficile, did not 
inhibit the lateral displacement of the fluorescent probes, but changed its pattern. 
Together, these results suggest that the electrically-induced lateral displacement of 
fluorescent probes in the OHC plasma membrane is driven by the force-generator 
mechanism, and that it is very sensitive to the integrity of the cytoskeleton.

1 Introduction

Membrane-soluble fluorescent probes are useful molecular tools for 
analyzing the structure and dynamics of cell membranes. In OHCs, the short- 
chain cationic carbocyanine DiOC6 has been used to investigate the structure of 
the lateral cistemae [1, 2]. It has also been proposed as a marker to differentiate 
inner and outer hair cells [3]. In addition, di-8-ANEPPS (a potentiometric probe) 
and NBD-C6-Ceramide (a marker for the Golgi apparatus) have been used to 
evaluate the interactions between the components of the OHC lateral wall [4]. 
Long-chain carbocyanines, however, have been scarcely used in OHCs, and only 
as structural controls [2]. In contrast to short-chain carbocyanines, the long-chain 
molecules are excellent markers of the cell plasma membrane, with a negligible 
penetration into the cytoplasm [5]. Moreover, since long-chain carbocyanines 
insert themselves preferentially in rigid, gel-like lipidic domains [6, 7], and are 
known to co-aggregate with membrane proteins [8], they might be reliable 
probes to study the structural organization and dynamics of the force-generation 
mechanism in the OHC lateral plasma membrane. In the present study, we tested 
this hypothesis investigating the distribution of a long-chain, anionic 
carbocyanine in the plasma membrane of isolated guinea pig OHCs.
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2 Materials and Methods

The anionic long-chain dialkyl indo- (Dil) carbocyanine SP-DiIC)8(3) 
(Molecular Probes, Eugene, OR), was used as a membrane probe. Isolated cells 
were incubated for 20-30 minutes either at room temperature or 4°C with SP- 
DiICig(3) [15 jiM], washed and used immediately. Stock solutions were prepared 
in DMSO following manufacturer’s protocols, and final concentrations obtained 
by dilution in phosphate buffer saline (PBS) at pH 7.4. Confocal microscopy was 
performed using a LSM-410 laser confocal microscope (Zeiss, Germany), with a 
C-apochromat 40x/1.2 N.A. objective. Images of sensory and supporting cells 
were recorded and analyzed using Adobe Photoshop 4.0 (Adobe Systems, San 
Jose, CA) and the NIH Image program (developed at the U.S. National Institutes 
of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/). For 
studies involving electrical stimulation, OHCs labeled with SP-DiICi8(3) were 
placed on the stage of the laser confocal microscope and voltage-clamped at -50 
mV using an Axopatch ID amplifier (Axon Instruments, Novato, CA) and a 
Patchman electronic micromanipulator (Eppendorf, Hamburg, Germany). Cells 
were then microinjected through the patch-pipette either with electrode solution 
(Control: 140 mM KC1, 2mM MgCl2, 0.28 mM CaCl2, 0.5 mM EGTA, and 5 
mM Hepes, adjusted to pH 7.4 with KOH), or electrode solution plus salicylate 
(lOmM), trypsin (150}ig/ml) or Toxin B from Clostridium difficile (lOng/ml). 
Three to five minutes afterthe cell patch, OHC electromotility was elicited by 
pulses of ± 100 mV and images recorded in video tape. Linear displacements of 
membrane-soluble fluorescent probes on the plane of the OHC plasma membrane 
were measured off-line in pairs of images composed of shortened and elongated 
cells. Conditions were standardized by positioning the cell images vertically on 
the computer screen, the apical region of the cell on top and the image of the 
patch pipette on the right side. Conspicuous, brilliant spots were identified on 
every pair of depolarized-hyperpolarizedcell images, and the brightest pixel on 
each pair was chosen as a target point. From the coordinates of every target point 
(x,y) and a reference point (x0,yo) at the site where the patch pipette attached to 
the cell, magnitude (d) and direction (a) of the relative displacements of the 
targets were estimated from the formulae:

d = [(Dxh-d)2+ (Dyh.d)2]1/2 a  = arctan [(Dxh-d)/(Dyh.d)]

with Dxh.d= [(xhyp-xo) - (xdep-xo)] and Dyh-d= [(yiiyP-yo) - (ydeP-yo)]
(hyp = hyperpolarization, dep = depolarization)

Direction (a) was defined as the angle between the displacement vector and the 
OHC longitudinal axis [9]. Coordinates were measured with an error of ±0.06 
|j.m. Statistical analysis was performed by using the x and the likelihood ratio 
test (G-test) for goodness of fit of frequency distributions [10].

http://rsb.info.nih.gov/nih-image/
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3 Results

Anionic carbocyanine insertion into the lateral plasma membrane, either 
after incubation at 4°C or room temperature, was seen as a pattern of bright 
domains separated by darker areas in OHCs, but not in any other cell type present 
in the samples. Even after a thirty-minute period at room temperature, no changes 
in the position and shape of the fluorescent domains were detected, suggesting 
that the membrane-soluble probes were essentially immobilized in the OHC 
membrane. Cationic probes distribute more homogeneously than anionic ones in 
the lateral plasma membrane of OHCs. However, we found that this pattern of 
distribution of cationic carbocyanines could be reverted by partial deglycosylation 
of OHCs. This result suggested that the distribution of cationic carbocyanines in 
the lateral surface of OHCs might be affected by interactions of the probes with 
the OHC glycocalyx.

OHCs labeled with SP-DiICi8(3) were placed on the stage of the laser 
confocal microscope and voltage-clamped at -50 mV. Either under depolarizing or 
hyperpolarizing conditions, anionic carbocyanines remained distributed in patches 
in the OHC plasma membrane. However, a closer examination showed variability 
in the position and the shape of the clusters of fluorescent probes as well as in the 
weaker fluorescence in the regions between clusters.
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Fig. 1: Magnitude (A) and orientation (B) of the displacement vectors of carbocyanine 
dyes in the lateral plasma membrane of isolated OHCs.

The displacement vectors (moduli and angles) corresponding to a total of 
116 fluorescent domains from 16 untreated (Control) cells were obtained from 
measurements on depolarized and hyperpolarized pairs of images of the same cell. 
The values of the magnitude of the displacement against the distance to the 
pipette attachment site are plotted in Fig. 1A. Displacements of up to 2.4 |Lim 
were found, with a positive correlation (r = 0.77) between the magnitude of the
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displacement and the distance of the fluorescent domains to the pipette attachment 
site.

Figure IB shows the frequency distribution in 10° angle classes of the 
orientation of the displacement vector for each point (that is, the angle between 
the vector and the cell's longitudinal axis). The full range was around 180°, with 
20% of the vectors with angles bigger than 40°. The estimated mean orientation 
to the longitudinal axis of the cell was -0.71°, with the mode in the 0° to -10° 
class.

To associate the previous results with the action of the OHC force- 
generator mechanism, we must demonstrate that the displacement of the 
fluorescent dyes was not a passive response to electrical changes in the OHC 
plasma membrane. To do this, we disrupted the two main components of the 
OHC force-generator mechanism, the motor molecules and the cortical 
cytoskeleton, and looked for displacement of the membrane probes. 
Microinjection of OHCs with salicylate (10 mM), which inhibit up to 90% of 
OHC electromotility [11, 12], also inhibited the displacement of membrane dyes. 
With the resolution of our measurement system we were unable to detect any 
positional change of the fluorescent patches in the plane of the OHC plasma 
membrane under these conditions.
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Fig.2: Magnitude (A) and orientation (B) of the displacement vectors of carbocyanine dyes 
in the lateral plasma membrane of isolated OHCs microinjected with trypsin.

To disrupt the OHC cortical cytoskeleton we used two different 
approaches. First, we microinjected patch-clamped OHCs (through the same patch 
pipette) with 150 |ig/ml trypsin. This treatment results in the near complete 
digestion of the OHC cortical cytoskeleton within a few minutes, but does not 
inhibit the action of the membrane-embedded motor molecules [13, 14], Electrical 
stimulation of trypsin-treated OHCs labeled with anionic carbocyanines, still 
induced OHC motility and lateral displacement of the fluorescent probes. Even 
though the displacement vectors showed magnitudes comparable to those
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observed in control cells, the correlation between these magnitudes and the 
distance of the fluorescent domains to the pipette attachment site was lost (Fig. 
2A). Moreover, the general orientation of the displacement vectors changed 
significantly (P<0.01), with the probes now moving mainly in a direction 
roughly parallel to the OHC longitudinal axis (±30 degrees. Fig. 2B).
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Fig. 3: Magnitude (A) and orientation (B) of the displacement vectors of carbocyanine 
dyes in the lateral plasma membrane of isolated OHCs microinjected with Toxin B 
from Clostridium difficile.

Results generated by trypsin experiments must be interpreted cautiously. 
Trypsin-treated cells are prone to lose the cylindrical shape, becoming structurally 
unstable. In addition, trypsin affects many different cytoplasmic structures, 
precluding a direct association of the changes in the orientation of the forces 
generated in the OHC plasma membrane to the integrity of the cytoskeleton. To 
circumvent these problems, we repeated the experimental protocol but now 
microinjecting the cells with Toxin B from Clostridium difficile. This substance 
specifically induces disaggregation of the actin cytoskeleton through the 
inhibition of the small GTPases RhoA, Racl and Cdc42 [15]. Interestingly, the 
response of Toxin B-injected cells was near identical to the response of trypsin- 
injected cells. The orientation of the displacement vectors was approximately 
parallel to the major cell axis, with more than 90% of the values in the ±30 
degrees range (Fig. 3B). Statistical analysis showed no significant differences 
between Toxin B and trypsin distributions, whereas both were significantly 
different (P<0.01) to the Control (compare Figs. IB, 2B and 3B).

These findings supported the role of the cortical cytoskeleton as the 
provider of the vectorial component to the forces generated in the OHC lateral 
plasma membrane. They also suggest that anionic carbocyanines might be useful 
for the analysis of the plasma membrane-cytoskeleton interaction in OHCs.
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4 Discussion

The results reported in this paper suggest that long-chain, anionic 
carbocyanines can be an ideal tool to study the structural organization and 
dynamics of the OHC lateral plasma membrane.

The discrete distribution of these membrane probes provides the first 
evidence ever of the existence of structural domains in the lateral plasma 
membrane of living guinea pig OHCs. In addition, it suggests the existence of 
some kind of structural constraint that prevent the lateral diffusion of the probes in 
the bilayer. The OHC plasma membrane is special in that it contains millions of 
tightly packed integral membrane proteins, presumably associated with the 
membrane-bound force-generator mechanism. Thus, it could be hypothesized that 
anionic carbocyanines incorporated in OHC’s gel-like lipidic domains are later 
inhibited to diffuse laterally by interactions with these abundant motor proteins. 
Our results, however, are still insufficient to prove or reject this hypothesis.

Although anionic carbocyanines are essentially immobilized in the 
lateral plasma membrane of living cochlear OHCs, changes in membrane potential 
induce their reversible redistribution in the plane of the membrane. Since this 
redistribution was inhibited by salicylate, the magnitude of the displacement 
vectors of the membrane probes was proportional to their distance to the pipette 
attachment site, and the orientation of these force-vectors was sensitive to the 
integrity of the cortical cytoskeleton, we concluded that it was driven by the OHC 
force-generator mechanism.

In summary, we have investigated the forces generated in the plasma 
membrane of living OHCs with a novel combination of single-cell 
microinjection, patch-clamp and confocal microscopy techniques. Anionic 
carbocyanine labeling has shown itself as a powerful approach to study the plasma 
membrane-cytoskeleton interaction in living OHCs.
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It has been shown th a t the membrane motor of the outer hair cell uses energy ob
tained by transfer of charge across the membrane. To study the kinetics of motor 
associated charge transfer across the membrane, we observed the power spectrum  
of current noise and the frequency dependence of the membrane capacitance from 
giant patches formed on the lateral membrane of the outer hair cell. The noise 
spectrum  was inverse Lorentzian and the capacitance had Lorentzian frequency 
dependence as theoretically expected. The characteristic frequency for the capac
itance was about 10 kHz and the one for current noise was somewhat higher. The 
magnitudes of noise, however, was larger than  the theoretical prediction based on 
the capacitance data. This result appears to  indicate th a t different mechanical 
constraints affected the two quantities monitored.

1 Introduction

The outer hair cell has a unique motile mechanism in its lateral membrane 
that directly uses electrical energy. The conversion of energy is achieved by 
coupling of charge transfer across the membrane and area changes in the mo
tor, the main part of which consists of membrane proteins. A question, which 
is important for a further characterization of the motor, is how kinetic rates 
of the motor can be determined. To address this issue, we measured the fre
quency dependence of the membrane capacitance and the power spectrum of 
current noise under voltage clamp using giant on-cell patch recording tech
nique. A preliminary part of this work has been presented in an abstract 
form.[l]

2 Current Noise Spectrum and Capacitance

For a simple description of the motile mechanism, we make the following 
assumptions:

1. a motor unit has two states, which differ in membrane area,

2. transitions between the two states are accompanied by charge transfer 
across the membrane, and

mailto:iwasa@nih.gov
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3. mechanical constraints do not affect conformational transitions of the 
motor.

There are two obvious features in these assumptions. One is that there 
is no loss in the system and thus energy efficiency is 100 %. The other is 
that unconstrained movement of charge (the third assumption) may be an 
oversimplification. While it does simplify the theoretical treatment, it may be 
difficult to reconcile with the first assumption because mechanical changes, 
which are tightly coupled with charge transfer, must follow the equation of 
motion. We will return to this problem later.

Let s and t  be two states of a motor unit (with s and I implying small and 
large membrane area, respectively). The characteristic (angular) frequency uj0 
of the system is determined by the sum of the transition rate k+ from s to t  
and the rate k -  of the reverse transition. The probability Pi that the motor 
unit is in state t  is given by k - /  (&+ + &_). The excess membrane capacitance 
Cm(uj) and the power spectrum of current noise S /(lj) due to the motor are 
then given respectively by, [2]

Cm(w) =  Cm( 0 ) - ^ s  (1)
0  +  CJq

2
S,(w) = 4kBTCm( 0 ) ^ - ^ -----2 . (2)+  0megaQ

with

Cm(0) = 0 P<(1 ~ Pl)- (3) 
Here, q is the charge of a motor unit transferred across the membrane, N  is 
the number of motor units in the system, ks  is Boltzmann’s constant, and 
T  is the temperature. The capacitance has a low-pass frequency dependence 
and current noise has a high-pass frequency dependence.

3 Methods

Giant on-cell patches[3] were formed on the lateral wall of the outer hair cell 
from the guinea pig. The tip diameter of the pipette was between 2 and 4 
/im. A channel-blocking medium was used for the bath and in the pipette. 
The medium contained 100 mM NaCl, 20 mM CsCl, 1.5 mM MgCl2, 20 mM 
TEA, 0.5 M HEPES-Cs, 2 mM C0CI2. The osmolarity was adjusted to 300
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pipette potential (mV)

Figure 1. The voltage dependence of the membrane capacitance of an on-cell membrane 
patch formed a t the lateral membrane obtained with a 1 kHz sinusoidal voltage waveform. 
The capacitance is plotted against the pipette potential. The baseline is arbitrary. Curve 
fit shows th a t the apparent unit charge q is (0.62 ±  0.03) e (e is the electronic charge) and 
the number N  of motor units is (1.7 ±  0.1) x 105.

mOs/kg with glucose (about 5 mM) and the pH was adjusted to 7.4. The seal 
was usually 2 to 3 GQ.

The voltage dependence of the membrane capacitance was monitored at 1 
kHz with the phase-tracking technique. [4] The frequency profile of the capac
itance was obtained with FFT from the current response elicited by a voltage 
waveform of wide-band noise. The reference records for the pipette capaci
tance was obtained with the same recording pipette by forming tight seal on 
a piece of sylgard located in the same chamber after recording the cell.

4 Results

4-1 Voltage dependence of the membrane capacitance

The membrane capacitance consisted of two components. One is the regular 
membrane capacitance which is independent of the membrane potential and 
the other is nonlinear capacitance, which has a bell-shaped voltage dependence 
(Fig. 1). The nonlinear component of the capacitance was fit with a two state 
model to obtain the unit charge q, which determines the steepness, and the 
number N  of such units.
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frequency

Figure 2. The frequency dependence of the membrane capacitance of a membrane patch 
formed a t the lateral membrane of an outer hair cell. The same patch as in Fig. 1. The 
top trace is a t pipette  potential 40.2 m V ,  the middle trace 0 m V ,  and the bottom  trace 
—41.3 m V . The characteristic frequencies of the two top traces, which are obtained from 
curve fit, are, respectively, (10.0 ±  1.3) k H z  and (8.3 ± 0 .5 ) kHz.  The values for Cm(0) are 
(97 ±  5) f F  and (83 ±  2) f F , respectively. They are close to the value plotted in Fig. 1. 
The bottom  trace is too noisy to  fit.

4.2 Frequency dependence

The characteristic frequency of the capacitance (Fig. 2) was (10 ±  5) k H z ,  
somewhat lower than an earlier report.[5] The power spectrum (Fig. 3) of 
current noise was obtained by subtracting the spectrum of sylgard patch from 
the giant patch spectrum. The spectrum was high-pass type as expected, 
with the characteristic frequency somewhat higher than the cut-off frequency 
of the capacitance. Noise was larger at the voltage where the capacitance was 
larger. The difference spectra of current noise at two different voltages had 
similar cut-off frequencies.
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Figure 3. The power spectral density of membrane currents. The d a ta  are recorded from 
the same patch as shown in Figs. 1 and 2. The characteristic frequency is (11.1 ±  1.2) kHz.  
The pipette potential is 0 m V .  The high frequency asym ptote S /(oo) of noise is (2.2±0.1) x 
10~28 A 2s. The value expected from eq. 4 and the capacitance is (0.85±0.02) x 10-28 A 2s.

5 Discussion

5.1 Motor noise

Our results show that both the frequency dependence of the capacitance and 
the power spectrum of currents are qualitatively consistent with the theoret
ical predictions (eqs. 1 and 2) based on a two-state model. The capacitance 
is low-pass and current noise is high-pass. The characteristic frequencies of 
these two quantities do not differ considerably, although current noise tend to 
have somewhat higher characteristic frequency. In addition, the magnitude 
of noise is larger at the pipette potential, at which the capacitance is larger. 
However, there is a discrepancy. The experimentally determined power spec
trum of current is about three-fold larger than the one expected from the 
frequency dependence of the capacitance based on the theoretical prediction.

This disagreement may be attributed to a simplifying assumption in the 
model, which led to eqs. 1 and 2. The most significant simplifying assumption 
of the model is that we can disregard mechanical changes associated with 
charge transfer as if they do not affect conformational transitions of the motor.

Conformational transitions of the motor are associated with area changes. 
Conversely, constraining the membrane area inhibits conformational transi
tion as monitored with charge transfer across the membrane. [6] These me
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chanical constraints could be either dynamic or static.

5.2 Static constraint

Let us start from a static constraint applied to the motor. It has been shown 
that stress generated by motor affects the motor themselves. Interactions 
between motor units give rise to negative feedback on conformational changes 
of the motor. Such interactions would be more significant when the motor is 
collectively driven by a voltage waveform than when thermal energy causes 
spontaneous conformational changes of individual motor units. Since negative 
feedback reduces the sharpness of the voltage dependence of conformational 
states of the motor, it is expected that the charge q appears smaller when 
interactions between motor unit are important.[6] Therefore it is very likely 
that estimates of charge q obtained from the voltage dependence of the patch 
capacitance are significantly smaller than the real value.

Indeed the estimated unit charge obtained from our giant patch was about
0.6 e, about 30 % smaller than the typical whole-cell value and this difference 
can account for the discrepancy in the two quantities observed. In addition, 
estimates of the charge q shows dependence on pipette size: estimates from 
smaller patches are larger and approaches 0.8 e, the whole cell value.

We interpret, therefore, that the magnitude of noise the magnitude of the 
capacitance does not need to satisfy the condition expected from eqs. 1 and 
2,

5/(oo) =  4fcBro;oC'm(0), (4)

where 5/(oo) is the high frequency asymptote of the power spectrum of current 
noise.

5.3 Dynamic constraint

The second, and perhaps a more interesting constraint is a kinetic one. Since 
changes in the membrane area cannot take place without a mechanical move
ment, the kinetic properties of the mechanical elements that is associated with 
area changes can affect the characteristic frequency observed in our experi
ments. If the characteristic frequency of the mechanical elements is higher 
than the characteristic frequency of the motor, the frequencies we obtained 
are those of the motor and reflect the intrinsic transition rates between the 
motor states. That is an implicit assumption made by Gale and Ashmore. [5] 
However, if the characteristic frequency of the mechanical elements involved
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is lower than the characteristic frequency of the motor, the frequencies ob
tained are only those of the mechanical elements. Thus the characteristic 
frequency observed can be dependent on experimental configurations as we 
have observed. For these reasons, the characteristic frequency determination 
with the capacitance monitoring would not be advantageous over those with 
monitoring mechanical movements of the cell. [7]

Force production by the motor has different mechanical constraints, par
ticularly in the isometric condition. Since no mechanical movement is involved 
to measure such force, the characteristics of the mechanical elements associ
ated with the motor would be less important. Indeed, the reported character
istic frequency observed under near-isometric condition exceeds 50 kHz. [8]

5.4 Concluding remarks

In conclusion, we detected current noise due to charge associated with motor. 
Movement of motor associated charge is likely constrained mechanically and 
that the characteristic frequencies of the two quantities observed most likely 
reflect these mechanical constraints.
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We propose a new mechanism for outer hair cell electromotility based on the physics of 
liquid crystals. In this “orientational motor model”, the plasma membrane of the outer hair 
cell contains a high density of molecular dipoles capable of orienting in an applied electric 
field. The molecular reorientation results in a membrane curvature change. This well- 
documented phenomenon is termed the “flexoelectric effect.” The fraction of dipoles 
oriented in the direction of the applied field is described by the Langevin function. We 
develop a formal nonlinear theory of outer hair cell electromotility from a thermodynamic 
potential function and show that the resulting constitutive equation is able to predict outer 
hair cell voltage-dependent motility. The nonlinear capacitance of the outer hair cell will also 
be described by a Langevin function and we discuss the evidence in support of this. The 
orientational motor model is consistent with both protein and lipid based molecular 
mechanisms of motility and provides an explanation for the effect of salicylate and diamide 
on electromotility. In addition, the model suggests that voltage-dependent lateral diffusion of 
fluorescent probes in the lateral wall plasma membrane is a reflection of the altered 
orientation of membrane dipoles.

1. Introduction

The biophysical mechanism of outer hair cell electromotility is unknown. 
Electromotility converts electrical energy directly into mechanical energy and can 
generate force at acoustic frequencies. This electromechanical transduction 
enhances the sensitivity and frequency selectivity of mammalian hearing. The force 
generated is a nonlinear function of membrane potential. The molecular mechanism 
responsible for electromotility is not understood but it appears to be based in the 
plasma membrane [5]. The currently accepted model for electromotility is the two- 
state molecular model which postulates that motor elements (often identified as 
proteins) in the plasma membrane change their area in response to a change in 
membrane potential [1,4]. The nonlinearity of the electromotile response results 
from describing the probability that the motor is in one of two states as a function of

mailto:rraphael@bme.jhu.edu
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voltage which follows the Boltzmann distribution [11,4].
We propose a different biophysical mechanism for electromotility. We base 

this model on the liquid crystal character of biological membranes. The lipid and 
protein molecules which compose biological membranes are free to diffuse, so the 
membrane does not display the positional order of a solid. However, the membrane 
is not a true liquid and fully disordered either, as the lipids and proteins are 
constrained to remain oriented in one direction in the membrane. This 
“intermediate” state of matter in which constituent molecules possess orientational 
order but not positional order is referred to as the liquid crystalline state. Recently, 
it has been recognized that concepts developed in liquid crystal physics are 
applicable to biological membranes. We postulate that the plasma membrane of the 
outer hair cell contains a high density of molecular dipoles capable of orienting in an 
applied electric field. The mechanical deformation, force generation and nonlinear 
charge movement will then be described by the Langevin function, which specifies 
the fractional distribution of dipoles in alignment with an external field. To describe 
the mechanical deformation, we hypothesize that the membrane behaves like a liquid 
crystal and bends out-of-plane when an electric field is applied (flexoelectricity) [8]. 
It is known that electrically induced alterations in membrane curvature cause shape 
transformations in lipid vesicles and red blood cells. In this work, we present the 
novel idea that outer hair cell electromotility involves an alignment of membrane 
dipoles which change membrane curvature at constant surface area. We show that 
this new model is consistent with recent experimental evidence.

2. Orientational Electromechanical Nonlinear Model

The general description for electromechanical properties in crystals starts with 
the definition of a thermodynamic potential referred to as the electric enthalpy:

where Um is the internal mechanical energy, e0 is the permittivity of free space, E is
the electric field and P is the polarization. Membrane polarization is an intrinsic 
membrane property which can arise in two ways: the application of an electric field

H = V m- - h e 0E 1-P E ( 1)

can cause charge separation in a molecule 
or it can cause a molecule which possesses 
a permanent dipole moment to rotate to 
orient with a field. In this study we 
consider only orientational polarizability.

Figure 1, Relationship between membrane dipoles, 
polarization and electric field. As the cell is 
depolarized, more dipoles align with the field, 
resulting in increased deformation.



346

To introduce nonlinear electromechanical coupling, the membrane polarization is 
written as the product of a mechanoelectric coefficient f(E) and the deformation:

P(E) = f(E )u  (2)

where u is a general strain parameter describing the deformation. In general, the 
polarization and the strain are tensors, but here we formulate a one-dimensional 
model for simplicity of presentation and because longitudinal elongation is the 
primary action of the motor. In this formalism, the thermodynamic potential for a 
nonlinear dielectric membrane is:

H = ^ k u 2 - ~ h e 0E2 - f(E )E u  (3)

where k is a general stiffness parameter. The product f(E)E represents the force 
which orients the dipoles when a field is applied. This force acts on the membrane 
and induces mechanical deformation. This force is proportional to the fraction of 
dipoles oriented with the applied field at a given value of the field, so the product 
f(E)E is written as a constant multiplied by the Langevin function:

f{E )E  = f 0̂ )  (4)

where ^ = pJEp/kT, pa is the dipole moment, Ep is the polarizing field and kT is the 
thermal energy. The Langevin function is a nonlinear function that is derived from 
statistical mechanics. The force resultant is the derivative of the thermodynamic 
potential with respect to the deformation:

N = ^ -  = k u - f 0A i )  (5 )du

The above equation can be used to predict the deformation that occurs as a 
function of the applied field.

3. Nanoscale Bending Model

What is the deformation that is linked with a change in molecular orientation? 
When we consider the liquid crystal nature of a cell membrane, this deformation 
should be a change in membrane curvature. How then could a curvature change
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cause a longitudinal deformation in the outer hair cell? Transmission electron 
micrographs indicate that there is a regular array of pillar structures extending from 
the plasma membrane of the outer hair cell to the cytoskeleton. This regular array of 
mechanical supports gives the membrane between the pillars the opportunity to be 
curved, much like the structure of a Roman aqueduct or Norman cathedral. This 
folding of the plasma membrane between the pillars is also seen in electron 
micrographs. Spectrin molecules span the distance between the pillars, which is 
about 40 nm. We propose that electrically induced bending of plasma membrane 
units functions as a motor by transmitting force through the pillars resulting in an 
elongation of spectrin, as shown in Figure 2.

Plasma Membrane kc

Figure 2. Structure of the motile unit in nanoscale bending model. The plasma membrane is curved 
between the pillars and this curvature changes when the voltage changes, resulting in an elongation of 
spectrin.

In this model, the internal energy is then composed of the membrane bending 
energy (Eb) and the energy stored in the spectrin network ( E ):

4  =\ kc(ci ~ co)2 9 $  = ^ ksnsP(x ~ xo)2 (6)

where kc is the bending stiffness of the membrane, C/ is the curvature in the 
longitudinal direction, c0 is the spontaneous curvature, nsp is the number of spectrin 
molecules per unit area, ks is the elastic constant of spectrin and x is the length of the 
spring (spectrin) and xa is the force-free spring length. The spring length x is a 
nonlinear function of the curvature C/ which is determined by geometry. Using a 
linear approximation for xfcj, the internal energy can be rewritten as:

V m = \« c  + l‘,% B 2)(cl ~ce)1 - c ef  (7)

where ce is the equilibrium curvature and B is a constant dependent on ce.
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With this form for the internal energy, and identifying the deformation as a 
curvature change in Eq. 2, the derivative of the electric entahalpy with respect to the 
curvature is:

M = 3 7  = keff(Cl - Ce ) - fo 4 &  (8)

where M is the bending moment resultant. The first term on the right hand side of 
Eq. 8 is the passive force and the second term is the active force. Experimentally 
determined values of the coefficients indicate that the active force generated by 
flexoelectricity is sufficient to overcome the passive resistance of the membrane. 
(Reasonable values of the parameters are kc ~ 10"19 J, ks ~ 10'3 N/m, nsp ~ 1015 m"2, 
and /~ 1 0 19C.)

4. Model Predictions

In an unloaded cell, the prediction for the length change in the cell is:

N f Bf 0 PAL = - j ^ A TF^ T r(V -V 0)) (9)keff kT (l-A )

where 1-A, is the conversion factor between the polarizing field and the applied field 
and Nf is the number of motile units which depends on cell length. In Figure 3, we 
show a fit of the experimental data of Santos-Sacchi (1992) to Eq. 9.

V (mV)

The model also rationalizes the effect of 
electromotility. Diamide reduces the force

Figure 3. A fit of experimental 
electromotility data to Eq. 9. The parameters 
B and kejf were assumed to have the fixed 
values B = -2.2 x 10"16 m , corresponding to 
ce = 30 nm and keg  -  4x10‘19 J. The 
nonlinear least squares regression yielded 
the results f a = 1.2xl0’12 N, y= 0.09 mV'1 
and Vo = -29 mV, where y= pJ{kT{\-X)), 
X2= 0.00274.

diamide and salicylate on outer hair cell 
generation in unloaded cells [1]. Since
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diamide disrupts spectrin, our model predicts diamide should reduce the passive 
stiffness of the cell (and therefore force generation) by eliminating the contribution 
due to spectrin. If the passive bending energy and the spectrin energy are 
approximately equal, we would predict ~ 50% reduction in force generation, which 
is consistent with experimental observations.

Salicylate, on the other hand, will intercalate in the bilayer. In pure lipid vesicles, 
we have shown that salicylate reduces membrane compressibility [9]. An effect of 
salicylate on the mechanical properties of the plasma membrane of the outer hair 
cell is indicated by results published elsewhere in these proceedings [6,7]. A 
reduction in the bending stiffness will make the membrane softer and a softer 
membrane would be less effective at converting electrical energy derived at the 
plasma membrane to the cytoskeleton. As a result, motility would be diminished, 
but not totally inhibited.

5. Discussion

We have proposed an orientational motor model of electromotility. The 
nonlinearity in the cell motility in this model is described by the Langevin function. 
A Langevin process would also describe the nonlinear capacitance in the outer hair 
cell. While this is the subject of a separate study (Raphael et al., in preparation), we 
note here that experimental studies of the kinetics of the nonlinear charge movement 
are consistent with a diffusion model of charge movement which underlies the early 
events in the gating of ion channels [12]. The relaxation time constants of the 
charge movement are not sensitive to temperature, i.e., Qw~ 1.3 [4]. Moreover, the 
process does not display non-stationary noise fluctuations characteristic of discrete 
state Markov processes [4]. Finally, we previously reported that the relaxation time 
constants for the nonlinear charge movement are a linear function of the applied 
voltage [10], as opposed to bell-shaped, which is direct evidence for a Langevin 
process as a opposed to a two state model (Bezanilla, personal communication). In 
this scheme, the activation time constant of the outer hair cell is diffusion limited 
and represents the drift velocity of a molecular voltage sensor inside metastable 
states.

At the nanoscale level, our flexoelectric model makes the additional supposition 
that the membrane is curved between the pillars. This means that the membrane 
possesses excess area, which recent experimental evidence indicates is indeed the 
case [2,6], In addition, another new and provocative experimental finding is that the 
diffusion of a fluorescent lipid label in the outer hair cell is a nonlinear function of 
the membrane potential [7]. The orientational model predicts that as the cell is 
depolarized, the molecular dipoles align and the membrane becomes more ordered 
(see Figure 1). It is well-known that the diffusion coefficient of a molecule is a
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function of the degree of order of the substance in which the molecule is diffusing. 
Therefore, the decreased in lateral diffusion with depolarization and cell shortening 
could be due to the membrane becoming more ordered as the dipoles align with the 
applied field. Hence, the molecular basis of the cochlear amplifier may be an 
electrically induced disorder-order transition at the level of the outer hair cell plasma 
membrane.
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The study of tem poral aspects of otoacoustic emissions (OAEs) provides useful in
formation concerning the sources of the emissions and helps to  test and constrain 
cochlear emission models. A unified model, which successfully describes many of 
the characteristics of the various types of spontaneous and evoked otoaocoustic 
emissions and the related microstructure of the hearing threshold, has been re
cently formulated [1]. The model is based upon wave reflections via distributed 
spatial inhomogeneities and tall and broad cochlear activity patterns, as suggested 
by Zweig and Shera [2]. The model may be used to  explore a number of issues re
lating to  the  tem poral properties of OAEs. For example, in the case of the 2 /i  — /2 
distortion product OAE (DPOAE), in which one of the primaries is on continu
ously and the other is pulsed on and off, the d a ta  can be interpreted in terms 
of approxim ate analytic time-domain solutions, which clearly exhibit the various 
characteristic latencies [3] as well as the level dependencies of cochlear wave reflec
tions. It is also shown th a t when the higher frequency (fa) prim ary is pulsed on, 
the latency of the  earliest DPOAE component is significantly different from the 
/ 2-sweep group delay which is inferred from DPOAE phase d a ta  for steady state  
primaries [e.g., Bowman et al. [4]]. The model also allows an investigation of the 
so-called “filter build-up tim e” contribution [4] to  the / 2-sweep group delay. It is 
shown th a t th is contribution is small, and th a t the  substantial difference between 
the / 2-sweep and f \-sweep group delays, which has been attribu ted  to  the  cochlear 
filter, may be largely accounted for by the implications of the  approxim ate scale 
invariance of cochlear mechanics.

1 Introduction

The investigation of temporal aspects of otoacoustic emissions (OAEs) sup
plements the study of steady state properties, and thereby provides additional 
information relating the sources of these emissions. This information may be 
used to test and constrain the forms of interpretive cochlear emission models.

mailto:long@physics.purdue.edu
mailto:sumit@purdue.edu
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The most extensive previous studies of temporal aspects of OAEs have 
been those of the echolike responses to click, tone burst, or chirp stimuli 
(transient-evoked OAEs or TEOAEs) [5]. The temporal aspects of the sup
pression and release from suppression of spontaneous otoacoustic emissions 
(SOAEs) by pulsed external tones have also been investigated in the context 
of a simple limit-cycle-oscillator model of SOAEs [6]. Finally, there have been 
several studies of the temporal aspects of distortion product otoacoustic emis
sions produced in response to primary tones which are pulsed on and off [3,7].

A class of active-nonlinear cochlear models, which account for most of the 
characteristic variations with frequency of human OAEs and hearing thresh
old microstructure, has recently been developed and studied via numerical 
simulations and quasi-analytic approximate expressions [1]. The models are 
based upon cochlear wave reflections via distributed spatial inhomogeneities 
and tall/broad cochlear activity patterns, as suggested by Zweig and Shera [2]. 
For steady state properties of OAEs, the quasi-analytic expressions are express
ible in terms of the cochlear wave basis states, i.e., apical and basal moving 
waves in the absence of cochlear inhomogeneities and nonlinearity, and apical 
and basal cochlear wave reflectances, Ra and Rb. A preliminary application of 
the model to the case of a 2 /i — f i  DPOAE from a steady state primary tone 
of frequency f \  and a pulsed primary tone of frequency (> / i )  off [3] was 
successful in describing a number of characteristics of the temporal DPOAE 
response in relationship to the corresponding steady state response. In this pa
per, further details concerning the temporal characteristics of OAEs are given.

2 Synchronous Evoked Otoacoustics Emissions (SEOAEs)

2.1 Steady-State Response

For a steady state “calibrated” (complex) driving pressure Pdr(t), given by

Pdr(t) |  Pdreiu\  (1)

the complex SEOAE amplitude is given by [1]
1 + R a(v)1ls(uj)

Ps(u>) = Pdr ~ Pme(u)~----  --r ,1 -  Ra{V)Rb(u)) (2)

where Pdr — Pme (u) is the ear canal pressure in the absence of apical cochlear 
wave reflections. Ra (Rb) is the the apical (basal) traveling wave reflectance 
which describes cochlear traveling wave ratios at the cochlear base in the 
presense (absence) of an acoustic driver of frequency u  in the ear canal. 
7£s(cj) =  is the ratio of derivatives of the cochlear wave basis functions
at the base [1]. The characteristic fine structure of Ps(cj), however, stems 
mainly from the phase variation of R a with u  [1,2,3].
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2.2 Temporal Response to a Pulsed Primary

The stimulus for the case when is turned on at t=0, can be written as
r+°° piu 'tfi,.,'

m ®  = P d re^e { t)  9  Pdr /  ------------ i  I  -  0+ (3)
J - o o  u ) '  - U J  - I E

where 0 (£) = 1 if t > 0, and otherwise 0. The SEOAE signal is then

1 f +oc eiuj,tduj'
i p t i J  I  —  /  * . P sM . (4)

2TM J-oo oj' —

The functional dependence of the integrand in Eq. (4) o n w ' is very complex 
and makes the evaluation of Ps{t\u) very challenging. As a result, the approx
imations which are necessary to permit the analytic evaluation of Eq. (4) will 
be left for a future publication, and only the main results of this analysis will 
be summarized here. We find for t > 0,

(  OO

P tn(t-,u) =  Pdreiut -  pme(u)eiwt x i 1 +  ( y t „ )
n=l

n= 1
+ K s(u) f n - l  ^ ( t„ + n )  k  (5)L 2

*■»«) = ©(«) [1 - e-«e„(e)]] , e„(£) = £  fp (6)
k=0

where 70 parametrizes the damping at position x, tn =  t — n[2r(x(uj),uj) +  75], 
k(x , cj) is the (complex) traveling wavenumber, t {x , lj) = f Q dx'Re[dk(x',u>)/ duj] 
is the travel time of a pressure wave of frequency u; from the base to the po
sition x, Tb =  —darg (Rb)/duj, and x(u>) is the tonotopic place for frequency
u. Finally, the expression for the turn-off of the /  primary at t — 0, after the 
primary has been on steady state, is simply

P f { t ]U) I  p ,(u ) -  p r ( t ; u ) .  (7)

For \ R a R b\  1, the group delay of the steady state SEOAE, Ps — Pdr — Pme, 
can be shown to be 2r(x(u;),a;), i.e., the shortest latency of the temporal 
response.

3 Distortion Product Otoacoustic Emissions

3.1 Steady-State Response

For a steady state “calibrated” (complex) driving pressure Pdr(t), given by

Pdr(t) =  P l d r e +  P2d re*” *, (8)
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the complex 2 /i -  f 2 DPOAE amplitude is given by [1]

r> ( \ j ̂ 2 1 ̂ dp) “1“ Ra {f^dp)Pr (^1>^2 > ̂ dp) /_>.

* * j § l W  = ------------------------------------------ • (9)
Here Pi is the (complex) amplitude of the overlap-region contribution to the 
ear canal pressure and the product R aPr is the amplitude of the contribution 
arising from reflection of the distortion product (DP) energy at the DPOAE 
tonotopic site. Equation (9) characterizes, in a mathematical form, the “two- 
source” model of DPOAE generation, together with the effects of multiple 
internal reflection (which are described by the 1/(1 — RaRb) factor of Eq. (9)).

3.2 Temporal Response to a Pulsed f 2 Primary

As is discussed in Talmadge et al. [3], when considering the temporal response 
of DPOAEs, it is beneficial from both an experimental as well as theoretical 
basis to pulse only the f 2 primary. In particular, the latency of the 2 /i — f 2 
DPOAE response to a change in the f 2 signal (e.g., a shift in the f 2 level) 
is significantly longer than the latency of the response to a change in the / i  
signal. Because of this, the temporal characteristics of the DPOAE response 
are much more easily measured. The theoretical interpretation of the response 
of the DPOAE is simplified if only the f 2 (or / i )  primary is pulsed, rather 
than having both primaries pulsed simultaneously (see e.g., Ref. 7).

As before, the stimulus condition in which the / i  primary is on steady 
state, while the f 2 primary is turned on at t = 0, can be written as

/ + o ° piuj-i't (f, . I

— — (io)
-oo ^ 2  — ^ 2  — *£

The DPOAE signal for these conditions becomes in turn
e 2 iw i t  r+oo Q - i u i ' t f l u '

Pdp ( t ' iV h V 2 ,V d p )  = ---- 7T~~ ---------—— Pdp{u i ,W2',2uJi - U 2 ). ( 11)£W% J_OQ u 2 — uj2 +  ie
The approximations necessary to permit the analytic evaluation of this inte
gration will again be left for a future publication. We find

+  e+i“ “’ l Ra(u<dp)Pr(u>uU2,u>dr) , (12)
71= 0 '  '

tnl,n =  t  -  T2 ~  T ( x 2,U)dp) - n ( 2 f d p + T b),  (13)
tdp,n =  t  — T2 — 2Tdp +  t (x 2, UJdp) ~  1rl(2fdp  +  Tfe), ( 1 4 )
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Time [s]

Figure 1: Typical model calculation showing interference notches in the transient DPOAE 
response, as describe by Eqs. (12)-(15).

where f2 = r (x 2,^ 2) ^dP =  T(xdp),ujdp), x 2 = x(u2) and XdP =  x(cjdp).
The expression for Pdp after the turn-off of the f 2 primary at t =  0, after 

both primaries have been on steady-state, is

Pd J , V d p )  =  fdp i^i,^2 ,^dp ) ~ P dp{t',^ i^2 ,^dP)- (15)

4 Discussion

The plot of Pdp ' shown in Fig. 1 displays a number of typical features of 
Eq. (12). Destructive interference notches may appear shortly after the turn on 
or off of the f 2 primary, depending on whether \RaPr/Pi\ is greater or less than
1. The train of interference nulls after the f 2 primary is turned off will occur 
if arg[i?ai?b] =  (2n+l)7r(n = integer). This simulation suggests that the study 
of the temporal aspects of DPOAEs may be useful for extracting the clinically 
interesting generator component, even when there are significant apical and 
basal cochlear wave reflections which complicate the interpretation of steady 
state DPOAE data [1,3]. The shortest latency of the temporal response is 
Tni — t2 +  r (x 2,uJdP), which corresponds to the forward travel time of the f 2 
primary cochlear wave from the base (x = 0) to the DP generation region 
(near x 2), plus the reverse travel time of the initially generated DP wave from 
x2 to the cochlear base. Using the assumption of scale invariance of cochlear 
mechanics [1,3], it can be shown that

Tnl = (k +  fc0 ) / f c wCJ2, (16)

where k =  Re[fc(a;(u;), u], ko is a constant related to the geometry of the cochlea 
at the base, and ku is the exponential constant in the basilar membrane place- 
frequency map, u(x) =  Wbasee~kwUi•
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It is interesting to note that on theoretical grounds, this latency will be 
generally different from the DPOAE group delays obtained using the fixed f 2 
( “swept / i ”) or fixed f i  ( “swept f 2n) measurement paradigms. The DPOAE 
group delays are given by the negative of the slope of the DPOAE phase with 
respect to (angular) DPOAE frequency. If apical cochlear wave reflections are 
neglected (these lead to group delay fine structure, as discussed in Ref. 3), and 
if scale invariance is assumed, [1,2,3] It can be shown that

r[f ix ed  T [fixed / , ]  S  (17)
K'ljjU' 2 KljjUJ2

The difference between these two group delays found in typical steady-state 
DPOAE data [4] can thus be understood theoretically without having to invoke 
the concept of the “filter buildup time” contribution to r  [fixed /i]. This latter 
effect can in fact be shown to be quite small. (The details of this analysis will 
be left for a future publication). Using the assumption of scale invariance, it 
is also possible to evaluate f 2 directly [1,2],

j j  = r dx,d k i^ i  = i n dx,dk^p) a k
Jo VU) ku U)2 Jo ox' kuU)2

Also, from fixed f 2 measurements [1], k = 3.6&o, which gives

r[fixed f 2] 0.6t2, r[fixed fi]  m 1.1— f 2; rni M 1-28f2. (19)
u)2

Consequently, neither of the conventional DPOAE group delays correspond to 
rn/. An alternative measure of the steady state DPOAE, that directly relates 
to the travel time Tdp, is based on the fine structure spacing criteria [1,2] 
(2k/kM) ( A f / f )  = 27r, where A/  is the fine structure spacing at frequency / .  
Combining this criterion with Eq. (18) gives

A /[/] J| l/2fdp, (20)
which just relates the average DPOAE fine structure spacing to the travel time 
of the DP wave between x  =  0 and x = Xdp.

Finally, it is useful to compare the results of detailed calculations outlined 
in this paper to the ones that one might naively assume, such as Eqs. (21)-(27) 
of Ref. 3. Comparing these models, the main difference is the appereance of 
the en(£) term in the exponential decay 1 — e“^en(£), which is not present 
in the naive model. Figure 2 illustrates how this additional term influences 
the temporal characteristics of different components to the OAE response. In- 
tepreting the more complex temporal behavior of the higher order components 
in terms of the naive 1 — e~^ model which they resemble would give results 
that are systematically too small for the damping and too large for the delay.
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Figure 2: Comparison of various orders of .Fn (£) to  ^b(^) =  1 — e - ^.
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Group delays of the DPOAEs with frequencies 2/i — / 2 , 3/i — 2 / 2 , 4/i — 3 / 2 , 
and 2/2 — /1 were measured in the guinea pig with the phase gradient method. 
Differences between the f i -  and / 2-sweep paradigm were investigated for the four 
DPOAEs. The / 2-sweep paradigm yielded larger group delays than the f \ -sweep, 
but only for the lower sideband DPOAEs (with / dp <  / i , / 2). The experiments 
were simulated with a previously developed one-dimensional cochlea model. For 
the lower sideband DPOAEs, the differences in group delay both across sweep 
paradigm  and across DPOAE components were reproduced by the model. In or
der to explain the influence of the sweep paradigm on group delay two hypotheses, 
based on how the DPOAE generation site is affected by the changing primary: 
the place- and the wave-fixed model, were further developed. The frequency shift 
invariance of the phase distribution along the basilar membrane was used. The ex
perim ental / 1- versus / 2-sweep group delay ratios for the lower sideband DPOAEs 
appear to be consistent with this theoretical analysis for the wave-fixed hypothesis.

1 Introduction

The region where the /1 and / 2 excitation patterns overlap is thought to be re
sponsible for the generation of distortion products. The place that contributes 
most to the generation is assumed to be located close to the / 2 characteris
tic place (x2). Group delays of the distortion product otoacoustic emissions 
(DPOAEs) can be determined with the phase-gradient method, fixing one of 
the primaries while varying the other[4]. In the /i-sweep paradigm, f \  is var
ied at fixed values of / 2. The / 2-sweep paradigm refers to varying / 2. This 
method yields larger group delays than the / 1-sweep paradigm[6,1,10], but 
only for the lower sideband DPOAEs (with p <

Two hypotheses have been proposed in literature to describe how the 
DPOAE generation site is affected by the changing primary, the place- and
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the wave-fixed model[3,6,5]. Both models assume one single generation place. 
In the place-fixed hypothesis, this generation place is close to x2 and does not 
move during the f\~ or / 2-sweep. In the wave-fixed description the generation 
place X2 is fixed to the peak of the excitation pattern of / 2 so it shifts in the 
/ 2-sweep paradigm.

In this study we compare experimental group delay data with theoretical 
predictions from the place- and wave-fixed hypothesis and with results from 
a computational cochlea model, in order to gain a better understanding of 
the generation mechanism of the DPOAEs, and of the influence of the sweep 
paradigm on their group delays.

2 Experiments

Recently, we have reported data on group delays of the DPOAEs with fre
quencies 2/i — / 2, 3 /i — 2/ 2, 4 /i — 3/ 2, and 2/ 2 — f i  that were measured

f2 (kHz) f2 (kHz)

Figure 1. Group delays of DPOAEs 2 /i  -  / 2, 3 /i  -  2/ 2, 4 / i  -  3/2, and 2/ 2 -  / 1, measured 
in the guinea pig, with the f \ -  and the / 2-sweep paradigm.
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in the guinea pig with the phase gradient method[7]. Both the / i -  and the 
/ 2-sweep paradigm were used. Stimulus levels were Li, L 2 = 65, 55 dB SPL 
and primary frequency ratios f 2/ f i  ranged from 1.01 to 1.70. Group de
lays were determined at the / 2 / /1  ratio producing the maximum DPOAE 
level. Differences between the f \ -  and / 2-sweep paradigm were investigated 
for the four DPOAEs as well as differences across the DPOAEs for each of the 
sweep paradigms. For the lower sideband DPOAEs the / 2-sweep paradigm 
yielded larger group delays than the /i-sweep. However, for the upper side
band DPOAE 2/2 —/1 no significant differences were found between the group 
delays of the two sweep paradigms, over a large / 2 range. These results are 
shown in Fig. 1. With the / 1-sweep, group delays of all four DPOAEs were 
equal, while with the / 2-sweep paradigm, the group delays of the upper side
band DPOAE 2/ 2—fi  were smaller than those of the lower sideband DPOAEs. 
The lower sideband DPOAE group delays measured with / 2-sweep depended 
on the order of the DPOAE.

3 Cochlea model

A previously developed one-dimensional transmission line model for the 
cochlea[2], with parameters for the guinea pig, was used to simulate the ex
periments. In contrast with the assumption made in the place- and wave-fixed 
hypotheses, the cochlea model uses a distributed source for DPOAE genera
tion (see van Hengel and Duifhuis, this conference, for generation of distortion 
products in the cochlea model). Both the / 1- and / 2-sweep group delays were 
calculated for the three lower sideband distortion products 2 /i — f 2, 3 /i — 2/ 2, 
and 4 /i — 3/2 generated in the model. Results are shown in Fig. 2. The f 2- 
sweep group delays were larger than the /1 -sweep group delays. The latter 
were equal for all three DPOAE components, while the f 2-sweep group delays 
depended slightly on the order of the DPOAE. The upper sideband DPOAE 
2/2 — /1 was produced in the model, but levels at the base were not strong 
enough for a reliable analysis of group delays.

4 Theory

Developing the place- and the wave-fixed hypotheses further, analytical ex
pressions for the relation between / 1- and f 2-sweep group delays were derived. 
The following assumptions were made: (1) DPOAE generation is concentrated 
at the characteristic frequency place of f 2 [x2). In the place-fixed model, this 
generation place does not shift when /1 or f 2 is varied. In the wave-fixed 
model, this generation place shifts with the changing / 2 primary. (2) Con-
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tributions to the generation of DPOAE from other places are neglected. (3) 
The phase distribution at the basilar membrane is frequency invariant apart 
from a shift along the membrane[8,9,3]. (4) The characteristic frequencies are 
logarithmically distributed along the basilar membrane.

The DPOAE group delay is defined as

D = _dp*p m

with ipdp as the phase of the distortion product and o;dp =  2n/ dp, where 
f dp — (n -f* 1) f \  — n /2 with n > 1 for lower sideband DPOAEs and n < — 2 
for upper sideband DPOAEs. The phase and group delay of the DPOAE 
are composed of a ‘forward’ component (depending on the phase changes of 
the primaries from base to generation place) and a ‘backward’ component 
(depending on the phase change of the DPOAE component from generation 
place to base). In Eq. 1 the relation between DP phase and primary phase 
at £2 for the forward component can be substituted, the partial derivatives
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Figure 2. Group delays simulated with the cochlea model
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to u>i, u>2, and x2 written out and the logarithmical place-frequency relation 
used. Only the main steps from the algebraic elaboration are given below.

4-1 Place-fixed

The essential step here is to set dx2 = 0 in the expression resulting from Eq. 1, 
not only for the /i-sweep but also for the / 2-sweep paradigm. As a result, it 
is found that both Di (the group delay determined with /i-sweep) and 
(the group delay determined with / 2-sweep) do not depend on the order of the 
DPOAE. The backward part of the delay is equal for both sweep paradigms, 
and the difference between the total group delays of the two sweep paradigms 
only depends on the difference in forward delay of the primaries (due to the 
sweeping of the primaries) at the fixed generation place x2.

n  „  dip(x2-,U2 ) , d(p(x2]uj1)
D* ~ D' = — + a *  (2)

4-2 Wave-fixed

The /i-sweep group delay D\ in the wave-fixed description, equals D\ from 
the place-fixed description since the generation place x2 does not shift in 
either case. For the derivation of the / 2-sweep group delay in the wave-fixed 
description, the crucial step in the analysis is that a translation of a phase- 
place gradient into a phase-frequency gradient is needed. Such a translation 
follows from assumption 3:

d(p{x2 \Uj) _  d<p(x2;(jjj) dujj 
dx2 duji dxi

The forward / 2-sweep group delay in the wave-fixed description depends on 
the order of the DPOAE and on a change in the phase of the fixed / i  com
ponent at the generation site x2, caused by the change in location of this 
generation site during the / 2-sweep. Due to the frequency shift invariance, 
the phase of the / 2 primary stays constant at the generation site x2 during 
an / 2-sweep in a wave-fixed description. The ratio of f \ -  and / 2-sweep group 
delays is found to be:

_  (n + 1) f i  
Di n f 2

5 Discussion

The /i-sweep group delays found experimentally do not show dependence on 
the order of the DPOAE, while the / 2-sweep delays do. In the wave-fixed
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Figure 3. f \ -  vs / 2-sweep group delays from experiments (dashed), cochlea model (solid), 
and wave-fixed theory (dotted). The 95 % confidence interval for the experimental da ta  is 
indicated.

hypothesis, the difference between f \ -  and f 2-sweep group delays depends on 
the order of the DPOAE, in the place-fixed hypothesis it does not. On this 
account, our experimental group delay data are in accordance with the wave- 
fixed hypothesis. Fig. 3 presents the ratio D2jD \ as a function of f 2, for 
the experimental data, the simulation results, and the theoretical predictions 
for the wave-fixed hypothesis. Qualitatively, the three types of results are in 
good agreement, for the lower sideband DPOAEs. The / 2-sweep group delays 
are larger than the f \-sweep group delays for the lower sideband DPOAEs, in 
experimental data, theoretical predictions and results from the cochlea model. 
Quantitatively, there is also good agreement except with the results from the 
cochlea model for the 2 /i — f 2 component. The model predicts larger / 2-sweep 
group delays which results in a larger D2/D i than was found experimentally 
and predicted by the wave-fixed theory. The experimental results for the 
2/2 — /1 DPOAE could not be reproduced by the cochlea model or the wave- 
fixed theory.
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The spacing of threshold microstructure, spontaneous and evoked otoacoustic emis
sions, reveal characterstics of human cochlear function. Computer models reveal 
th a t all these aspects stem from the filtering of a small amount of random  variation 
in the place frequency map of the  cochlea. Is this cochlear fine structure unique to 
humans or is it characteristic of all mammalian ears? This paper presents evidence 
for cochlear fine structure in chinchillas having spontaneous otoacoustic emissions 
(SOAEs) in at least one ear. Chinchilla SOAEs are less stable than  SOAEs in 
most human ears, and occur at higher frequecies. The minimal spacing between 
independent adjacent SOAEs expressed in the distance on the basilar membrane 
is smaller than  humans. DPOAE in chinchillas and kangaroo ra ts  also show fine 
structure. The spacing is greater than  in humans consistent w ith estim ates of 
shorter round trip  travel tim e in animals with a shorter basilar membrane. This 
pattern  is cosistent with pulsed DPOAE estim ates th a t reveal the response to  both 
components to  be shorter than  is found in humans. The chinchilla DPOAE mea
surements are consistent w ith the predictions of the two source model of DPOAE 
fine structure. The maxima and minima of the fine structure occurs a t the same 
frequencies for all DPOAEs lower in frequencies than  the prim aries and is mostly 
eliminated when the DPOAE frequency is fixed. Group delays of DPOAE obtained 
with a fixed ratio  is modulated by the fine structure in a way consistent w ith our 
models and indicate tha t, in both chinchillas and humans, the component from 
the dp place can be larger than  the component from the generator region.

1 Introduction

Normal hearing human ears exhibit stable patterns of maxima and minima 
in threshold measurement known as threshold microstructure (e.^.[3, 4]). All 
evoked otoacoustic emissions from humans show similar patterns of fine struc
ture and the spacing of spontaneous otoacoustic emissions shows a similar pat
tern." Theoretical explorations and computer simulations are consistent with 
the claim that all types of cochlear fine structure stem from the filtering effect 
of a tall but relatively broad traveling wave on a very small amount (between

mailto:long@physics.purdue.edu
mailto:lauren@zwicker.aus.purdue.edu
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Figure 1: The frequency and levels of all SOAEs detected in the nine chinchillas(open circles). 
Published da ta  (Talmadge et.al., 1993) on human SOAE obtained with the same analysis is 
presented for comparison (closed circles).

0.2 and 0.02%) of random variation in the properties of the basilar membrane 
[16, 13].

DPOAE fine structure in humans can be seen when fine resolution mea
surements of apical DPOAE (DPOAE lower in frequency than the primaries) 
are collected with f2/fl ratio fixed, f2 or fl fixed but not when the DPOAE 
is fixed in frequency (reviewed in [13]). The DPOAE fine structure is due to 
the interaction of two components coming from different places on the basi
lar membrane (for review see [14]). One component arises from the generator 
region (maximum overlap of the two primaries), the other is a reflection from 
the DPOAEs own, more apical, place. The amount of energy reflected from 
the DP place is modulated in amplitude and in phase, by the same proper
ties responsible for the spacing of SOAE and threshold microstructure. The 
modeling framework from our laboratory [13] predicts that the fine structure 
spacing is approximately equal to the inverse of the round trip travel time of 
a traveling wave from the base to the distortion product site. Difference in 
round trip travel time between species would be reflected in the spacing of 
SOAE and DPOAE fine structure.

Although all these aspects of cochlear fine-structure have been investigated 
in humans, SOAEs have infrequently been reported in nonprimate mammals 
and have mostly been associated with cochlear lesions (reviewed in [1]) and 
although evidence of DPOAE fine structure can be seen in detailed DPOAE 
measurements from guinea pigs (e.#.[9] there is little systematic investigation 
of DPOAE fine structure in nonhuman species. A complete understanding of 
cochlear fine structure can only be reached when we know how it depends on 
cochlear properties across species. The discovery that 60% of chinchillas in one 
colony had SOAEs [6], prompted us to use these animals to test hypotheses 
as to the source of SOAEs and to determine the characteristics of DPOAE
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Figure 2: DPOAE level and group delay for 2 / i  — / 2 dpgrams measured from two represen
tative human subjects (a, b), two chinchillas (c, d)and two kangaroo ra ts (e D. ordii, f D. 
spectablis). L \  =  L2 =  65, / 2 //1  =  1.1. Note th a t the human plots cover one octave while 
the animal d a ta  cover 3 octaves

fine structure in this species. The resulting data were compared to data from 
human subjects and kangaroo rats using similar procedures.

2 Methods

2.1 Subjects

Nine chinchillas (Chinchilla lanigera) identified as having SOAEs at NIOSH 
[6] were transported to Purdue to be used in this research. Awake animals 
were placed in a restraint device [11] in a double walled IAC booth. Kan
garoo rats (Dipodomys merriami, Dipodomys spectablis and Dipodomys ordii) 
were obtained with permission from the deserts in the southwest U.S.A. and 
constrained in smaller versions of the restraint device). Human subjects were 
seated in a reclining chair in the same booth. OAEs were obtained using the 
procedures and microphones previously used with human subjects [12, 14].
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Figure 3: DPOAE level as a function of DP frequency (circles) for several orders of DPOAE 
obtained when / 2 was fixed at 8000 Hz and f i  varied (L i =  L2 =  65 dB SPL). The group 
delay for the same d a ta  is shown by the solid line without symbols. Repeated measured on 
different days are shown in (e) to  indicate the stability of the data.

3 Results

The frequencies of the SOAE in the chinchilla differ from those seen in humans 
subjects in that the detectable emissions were higher in frequency (see Figure 
1). Although there were a few emissions near the noise floor above 1500 Hz, 
there were none more than 2 dB above the noise floor between 1500 Hz and
5 kHz. The modal frequency was approximately 10 kHz. This is consistent 
with other isolated reports of SOAE in the chinchilla, but is very different than 
reports of SOAE in guinea pigs, which are mostly near 1 kHz. The bandwidth 
of the chinchilla emissions are much greater than in human subjects and the 
emissions are much less stable and can change rapidly with frequency. This is 
similar to the pattern seen in guinea pigs [7]. When the separation between 
adjacent stable independent SOAEs is evaluated as a function of the separation 
on the basilar membrane, based on Greenwood’s map [2], the emissions are 
separated by multiples of 0.2504 mm. This is in contrast to the approximately
0.4 mm we have found for SOAEs from

Despite these differences, there are many similarities in SOAEs and hu
mans. An analysis of the emission reveals that they are oscillations and not 
filtered noise [15]. The bandwidth of the emission is negatively correlated 
with the level of the emission (r=-0.54, p^O.OOl) [12], and the frequency of the 
emission is frequency modulated by the heartbeat [5].

Detailed DPOAE measurements reveal stable DPOAE fine structure in 
these chinchillas (and in the kangaroo rats). The data presented here were 
obtained with / 2//1 — 1.1 in order to permit the examination of several orders 
of DPOAE. The distance between adjacent DPOAE maxima is greater than in 
humans (see Figure 2) as predicted from the shorter cochlea in these species.
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Figure 4: DPOAE level as a  function of /2 frequency for 2 / i  — /2 (open circles) and 3 f \  — 2/2 
(no symbols) of DPOAE obtained when 2 /i  — f <2 was fixed at was fixed at 6000 Hz while 
f i  and /2 were both varied. DPOAE obtained in the same session when / 2 //1  was fixed at 
1.1 are included for comparison (closed circles). The SOAE pattern  detected in the same 
session is indicated by the gray line w ithout symbols. L \  =  L 2  =  65 dB SPL.

An alternative test of the two source model for DPOAE fine structure is 
to compare several orders of DPOAEs generated with f 2 fixed and f \  varied 
(/1 sweep) when they are all plotted as a function of their own frequency. 
Because f 2 is fixed and f \  is at a different frequency for each order, the only 
properties that are constant are the DPOAE place and the separation between 
the DPOAE and the generator regions (two source model). The spacing of 
the points increases with increasing order. Consequently, if the fine structure 
stems from the primary frequency, one would expect the width of the fine 
structure to increase for higher order DPOAE. As is seen in human data, the 
maxima and minima of the different orders of chinchilla fine structure occur 
at the same frequencies and thus have the same spacing (See Figure 3).

Similarly, when an individual DPOAE is fixed in frequency (and f 2, f \  
and / 2 i / / i  all varied) the fine structure should be reduced. Only one order 
of DPOAE can be fixed at any time so fine structure should be detected in 
other orders of DPOAE measured during the same session. Figure 4 shows 
representative data from the chinchilla. All the data are plotted as a function 
of f 2 so that one can see the pattern of 2 f\ — f 2 with changing primaries. There 
is clear fine structure in both the fixed ratio and 3 /i — 2 f2 data, but little fine 
structure in 2 /i — f 2.

4 Discussion

Cochlear fine structure as revealed by SOAEs and DPOAE fine structure ap
pear to be characteristics of these non primate species. The fixed f 2 and 
fixed dp data are consistent with a two source model of DPOAE generation
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developed in research with humans. Basilar membrane measurements indicate 
that the number of waves to peak is approximately constant across frequency 
(reviewed in [8]). Since the distortion products are generated at the region of 
maximum overlap of the two primaries, the phase of generator component is 
expect to vary very slowly with frequency [13, 14, 10]. The component from the 
dp place is reflected by the same characteristics responsible for the other evoked 
otoacoustic emissions, SEOAE and threshold microstructure. These refections 
are place fixed and their phase is expected to vary rapidly with frequency. The 
relative amplitude of the these two components will thus determine the pattern 
of phase change with frequency. If the component from the generator region 
is largest, the phase variation will fluctuate around the slowly varying phase 
from the generator region. If the component from the dp place is largest, the 
local phase change is dominated by this component and the phase can rapidly 
rotate through more than one cycle [14, 10]. Group delay, the derivative of 
the phase, can indicate which component is larger. Theoretical and empirical 
investigations [14] have shown that group delay and amplitude are positively 
correlated when the source from the generator region is largest, but negatively 
correlated when the dp source is largest. The pattern of group delay in Figure
2 is consistent with the pattern of interaction of the two components seen when 
the DPOAE is pulsed on by pulsing the level of one of the primaries [14]. In 
humans and chinchillas we see both patterns. It is rare to see evidence that 
the DPOAE region is larger in kangaroo rats.

The latency of the chinchilla and kangaroo rat emissions measured using a 
pulsed DPOAE paradigm ([14]), is much shorter than in humans, the broader 
fine structure (and SOAE) spacings has a very natural explanation in terms of 
the framework of the models from our group [13], The examination of DPOAE 
fine structure can provide a tool for the evaluation of interspecies differences.

5 A cknow ledgem ents

This research was supported in part by Purdue University, the Hanse Wis- 
senschaftskolleg and NIH/NIDCD grants R01 DC00307 and R29 DC03094. 
Christy Thorpe and Pawel Piskorski collected some of the data.

R eferences

1. K. E. Bright, (1997) “Spontaneous Otoacoustic Emissions,” In Robi
nette, M. S. and Glattke, T. J. (Eds.) Otoacoustic Emissions: Clinical 
Applications, (Thieme, New York). pp46—62.

2. D. D. Greenwood, (1990) “A cochlear frequency position function for 
several species — 29 years later,” J. Acoust. Soc. Am. 87, 2592—2605



373

3. G. R. Long and A. Tubis, (1998a) “Investigations into the nature of the 
association between threshold microstructure and otoacoustic emissions,” 
Hear. Res. 36, 125-138.

4. G. R. Long and A. Tubis, (1988b) “Modification of spontaneous and 
evoked otoacoustic emissions and associated psychoacoustic microstruc
ture by aspirin consumption,” J. Acoust. Soc. Am. 84, 1343-1353.

5. G. R. Long and C. L. Talmadge (1997) “Spontaneous otoacoustic emis
sion frequency is modulated by heartbeat,” J. Acoust. Soc. Am. 102, 
2831-2848.

6. W. J. Murphy, J. L. (1999) “Spontaneous otoacoustic emissions in chin
chillas,” ARO Abstr. 22, 94.

7. K. Ohyama, H. Wada, T. Kobayashi and T. Takasaka, (1991) “Sponta
neous otoacoustic emissions in the guinea pig,” Hear. Res. 56, 111-121.

8. R. Patuzzi (1996) “Cochlear Micromechanics and Macromechanics,” In 
P. Dallos, A. N. Popper, R.R. Fay (Eds.) The Cochlea (Springer, New 
York) pp. 186-257.

9. S. Schneider, V. F. Prijs,S. Schoonhoven R (1999) “Group delays 
of distortion product otoacoustic emissions in the guinea pig,” J. 
Acoust. Soc. Am. 105, 2722-2730.

10. C. A. Shera, J. J. Guinan, Jr. (1999) “ Evoked otoacoustic emissions arise 
by two fundamentally different mechanisms: a taxonomy for mammalian 
OAEs,” J. Acoust. Soc. Am. 105,782-798.

11. Snyder, D.L., and Salvi, R.J. (1994)“ A novel chinchilla restraint device,” 
Lab Animal 23, 240-249.

12. Talmadge C.L., Long G.R., Murphy W.J. and Tubis A. (1993) “New off
line method for detecting spontaneous otoacoustic emissions in human 
subjects,” Hear. Res. 71, 170-182.

13. C. L. Talmadge, A. Tubis, P. Piskorski, G. Long, and P. Piskorski, (1998) 
“Modeling otoacoustic emission and hearing threshold fine structures,” 
J. Acoust. Soc. Am. 104, 1517-1543.

14. C. L. Talmadge, G. R. Long, A. Tubis and S. Dhar, (1999) “Experimental 
confirmation of the two-source model of distortion product otoacoustic 
emissions,” J. Acoust. Soc. Am. 105, 275-292.

15. P. Van Dijk, H. P. Wit, A. Tubis, A., C. L. Talmadge and G. R. Long, G. 
R. (1994) “Correlation between amplitude and frequency of spontaneous 
otoacoustic emissions,” J. Acoust. Soc. Am. 96, 163-169.

16. G. Zweig and C. A. Shera, (1995) “The origins of periodicity in the spec
trum of evoked otoacoustic emissions,” J. Acoust. Soc. Am. 98, 2018- 
2047



374

EFFERENT REFLEX ASSESSMENT WITH OTOACOUSTIC 
EMISSIONS: UNAMBIGUOUS SEPARATION FROM MIDDLE-

EAR EFFECTS
P.AVAN

Laboratory o f Sensory Biophysics, School of Medicine, University o f Auvergne, PO Box 38,
63001 Clermont-Ferrand, France

E-mail: paul.avan@u-clermontl fr

B.BUKI
ENT Department, Semmelweis University, Szigony u 36,1083 Budapest, Hungary

The medial olivocochlear efferent bundle is the key element of a bilateral efferent reflex 
activated by sound in either ear and acting directly on cochlear outer hair cells via numerous 
cholinergic synapses. It may contribute to regulating the mechanical activity of the cochlea. 
Otoacoustic emissions, being sounds emitted by the cochlea as a reflection of its activity and 
suppressed by efferent activation, are increasingly considered to be the privileged tool for a 
noninvasive assessment of the efferent reflex. However, confounding effects on otoacoustic 
emissions may occur, possibly due to middle-ear muscle reflex activation that shares common 
features with the efferent one. We report a systematic comparison of the effects on human 
otoacoustic emissions of efferent activation (by low-level noise in the contralateral ear) vs. 
various middle-ear manipulations (reflex contractions of the stapedius muscle induced by high- 
level contralateral noise; moderate middle-ear pressure changes). The profiles of level and 
phase changes of otoacoustic emissions as a function of frequency proved to be highly specific 
of the effect at their origin. The changes induced by middle-ear manipulations matched the 
predictions computed from the standard lumped-element middle-ear model of Zwislocki, with 
one or two peaks around the resonance frequency(ies) of the involved subsystem, stapes or 
tympanic membrane. In contrast, the efferent effect was completely different, exhibiting a 
broadband level suppression associated with a small phase lead. We propose that a careful 
vector analysis of otoacoustic emission modifications should always enable to identify without 
ambiguity the contribution of the efferent reflex even when mixed to middle-ear effects, 
thereby making it more reliable to use otoacoustic emissions as noninvasive probes of efferent 
olivocochlear function.

1 Introduction

The efferent reflex is activated by sound and acts bilaterally on the cochlear outer 
hair cells (OHC) via the medial olivocochlear bundle. The importance of the OHC 
system in the feedback loop ensuring cochlear sensitivity and tuning is widely 
acknowledged, and this is the main reason why the potential roles of the efferent 
reflex have raised a wealth of hypotheses throughout the last decades. This reflex 
may contribute to enhance the signal-to-noise ratio or the dynamical range of the 
peripheral auditory system [5, 7], in addition to possible protective effects when the 
cochlea gets overstimulated [13].

It is of particular interest to be able to perform a reliable noninvasive assessment 
of the efferent reflex, in order that awake, behaving animals and humans be tested: 
deep anesthesia as required in invasive experiments is likely to alter or abolish 
efferent activity [8]. The suppression of otoacoustic emissions (OAE, [6]) by low- 
level contralateral noise has been proposed by several authors [12, 10, 4] as an
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efficient, noninvasive means to detect the efferent responses, because OAEs are 
thought to be generated by OHC activity therefore they should be sensitive to any 
modulation of this activity, e.g. by efferents. One of the major concerns with 
efferents and OAEs arises from the possibility of confounding middle-ear influences 
on OAEs [3, 14]. In particular, the middle-ear muscle reflex shares a number of 
characteristics with the efferent reflex [2]. Although it should be triggered only by 
higher-level contralateral noise [11], its effect on OAEs is also expected to be a 
suppression. Residual efferent-like suppression of OAEs after vestibular neurectomy 
also points to the same shortcoming [4].

2 Goal of this research

The goal of this study is to perform a systematic comparison of the results of alleged 
efferent activation on OAEs in human subjects, to those obtained through various 
simple manipulations of the middle ear, especially those likely to induce middle-ear 
activity or to mimic it. Reflex stapedius-muscle contractions are easily induced as a 
result of stimulation by loud sound in either ear. The effect of tensor-tympani 
contraction on OAEs cannot be assessed directly because normally, the tensor 
tympani is not activated by the acoustic reflex in man [2]. We had thus to 
hypothesize that its effects could be mimicked with reasonable accuracy by any 
manipulation allowing to pull the tympanic membrane inward.

In order to fully characterize OAE suppression, the spectral components of 
OAEs have to be considered as frequency-dependent vectors with amplitude and 
phase. Our contention was that an analysis of the profile of frequency dependence of 
OAE phase and amplitude would be thorough enough to separate efferent from 
middle-ear effects. Furthermore, these middle-ear effects should be easy to predict 
using a standard model such as Zwislocki's [15, 9], assuming that such a lumped- 
element electrical analog model is valid up to 3-4 kHz.

3 Methods

The number of volunteers varied between 8 and 14 for the various experiments. The 
distortion-product OAEs were detected in their right ear in response to 60/70 dB 
SPL primary tones (f2/fl = 1.20; f2 swept from 4 to 0.5 kHz, 10 pts per octave), 
with the help of the CubeDis system [1].

Low-level high-pass filtered noise (60 dB SPL) was sent to the left ear in order 
to stimulate the efferent loop. Stapedius-muscle contractions were elicited by a 
higher level of the same contralateral noise as for efferent measurements (from 
middle-ear muscle reflex threshold as evaluated by standard immittance 
measurements, i.e. around 75 dB SPL, to 20 dB above this threshold). Mild middle- 
ear pressure changes (<100 daPa) were induced by Valsalva maneuver and 
evaluated through tympanometry.
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The profiles of OAE shifts were plotted against frequency, and compared to the 
theoretical profiles derived from Zwislocki's model [15], used with the parameters 
proposed in [9].

4 Results

For each of the tested effects, a characteristic profile of OAE phase and level shift 
was obtained, and plotted against DPOAE frequency 2fl-f2.

4.1 Low-level contralateral noise

The profile of OAE responses to low-level contralateral noise (assumed to arise 
from efferent activity) was rather frequency-independent, featuring the well-known 
level suppression [10,12] and a small phase lead. A typical example is depicted on 
fig-1. On average, the level decrease varied between 1 and 2 dB and a flat phase lead 
of about 10° was observed.

Figure 1. Example in one ear of DPOAE shifts induced by low-level (60 dB SPL) contralateral noise. No 
clear frequency dependence is visible.

4.2 High-level contralateral noise
The profiles of OAE changes due to middle-ear effects turned out to be completely 
different, moreover model predictions matched experimental data and confirmed the 
differences in relation to the resonant behavior of the different middle-ear 
subsystems. Stapedius-related effects were defined by a comparatively large phase
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lead with one maximum around 1 kHz, and a rather small level decrease restricted to 
the frequencies below 1 kHz (Fig.2). The effects in relation to decreased middle-ear 
pressure, likely to induce an increase in eardrum stiffness, presented a double-peak 
phase-lead profile (maximums around 1 and 2 kHz). The profiles of phase and level 
shifts predicted by Zwislocki's model were fully in line with the observed middle- 
ear effects for stapedius muscle contractions and decreased middle-ear pressure. To 
apply this model, we assumed that the only effect of stapedius muscle contractions 
was to decrease the equivalent capacitance associated with the stapes subsystem, 
and that decreased middle-ear pressure resulted in a decrease in the capacitances 
describing eardrum stiffness. The two maximums predicted (and observed) in the 
profile of phase shift in this last case, were readily attributed to the two resonances, 
one in the series branch and the other one in the parallel branch of the equivalent 
circuit of the tympanic membrane [15].

frequency (kHz)
Figure 2. Average DPOAE shifts, and average ±SD, induced by high-level contralateral noise (20 dB 
above individual middle-ear muscle reflex threshold). The main effect on level is a slight decrease below 
1 kHz. The main effect on phase is a lead, with one peak around 1 kHz.

A closer examination of the effects of high-level contralateral noise revealed 
that the overall effect on OAEs could be modelled as the result of adding up efferent 
and stapedius profiles (Fig.3). This figure presents the phase shifts measured in an 
individual ear when the contralateral ear was excited by 60 (i.e. 10 dB below 
middle-ear reflex threshold) then 80 dB SPL noise.

Two assumptions were made for further analysis. The first one states that high- 
level contralateral noise produces mixed effects, one due to stapedius muscle 
contraction while the other one is due to an unescapable efferent contribution, 
already present at lower levels of contralateral noise. The second assumption states 
that the characteristics of the efferent effect vary little when the intensity of
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contralateral noise increases, so that the difference between the two observed shifts 
(i.e. high vs.low-level noise, as plotted on the bottom diagram of fig.3, bold line) 
should represent the pure stapedius contribution. Fig.3 shows that this difference 
plot matches reasonably well the model prediction of a pure stapedius muscle effect 
(bottom, thin line), thereby showing that the analysis is consistent and that 
contamination of alleged efferent effects by middle-ear contributions can be readily 
identified.

Figure 3. (top) Example of DPOAE phase shift elicited by noise in the contralateral ear, 10 dB below 
(lwo) and 10 dB above (high) middle-ear muscle reflex threshold, (bottom) Difference between the two 
phase shifts, likely representing the contribution of stapedius muscle alone (high - low), as compared to 
the prediction derived from the middle-ear model of [9, 15].

5 Discussion and Conclusion

In the absence of acoustic crosstalk, the suppression of OAEs by sound applied to 
the contralateral ear can be explained by some activation of neural pathways 
connecting the two ears, hence either the crossed medial efferent olivocochlear 
bundle, or the pathway responsible for the acoustic middle-ear muscle reflex. The 
low levels of contralateral sound eliciting OAE suppression seem to preclude the 
second interpretation, however, several authors have pointed out that middle ear 
muscles might be activated at surprisingly low levels (3, 11, 14) at least in some 
individuals or species. Likewise, the decrease of OAE suppression after section of 
the efferent bundle by vestibular neurectomy supports the idea that efferents were 
involved prior to section (4), while the persistence of some suppression also hints at 
the possibility of a combination of effects, one of them being unaffected by efferent 
section.

It is often pointed out that the efferent and middle-ear muscle reflexes share 
several features, i.e. anatomical ones with intemeurons in common nuclei [2,7] and 
functional ones with an optimum activation by broadband stimuli, and similar end-
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results contributing to antimasking effects [7]. The end-effect on OAEs is a 
suppression in both cases. The opportunity to sever middle-ear muscles is obviously 
restricted to animal experiments, thus it would be interesting to design unambiguous 
noninvasive methods to separate the two effects. We contend that middle-ear muscle 
effects are easily predictable. The stapedius and tensor tympani muscles act 
unidirectionally, by pulling on the stapes or malleus with varying strength but fixed 
direction. Lumped-element analog models of the middle ear (9, 15) are suitable to 
compute the expected changes in forward and reverse transfer functions, thereby 
allowing to derive the level and phase shifts of OAEs against frequency. Level shifts 
are expected not to exhibit very typical features because they only amount to a few 
dB. On the contrary, phase shifts may vary widely across frequency. Their profiles 
must present clear eads, lags, peaks or troughs in relation to the resonance 
frequencies of the modified subsystems. The present work confirms that middle-ear 
effects induce OAE shifts with characteristic frequency dependences in agreement 
with model predictions, whereas low-level contralateral noise affects OAEs in a 
completely different manner, at least in the sample of human ears we could test.

We conclude that even though efferent and middle-ear reflexes may combine 
their actions on OAEs (which was not the case in our low-level experiment), simple 
theoretical considerations as to the sensitivity of OAEs to middle-ear influences 
allow to disentangle these effects and process them separately. Our engineering 
approach should allow to better identify the characteristics of the efferent reflex 
using noninvasive OAEs in awake subjects.
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Measurements of stimulus-frequency-emission group delay in cats, guinea pigs, 
and humans provide strong support for the theory of coherent reflection filtering. 
Application of the theory raises im portant questions about cochlear tuning and its 
variation with characteristic frequency and species.

1 Introduction

The recent theory of coherent reflection filtering [14,18] indicates that at 
low sound levels stimulus-frequency otoacoustic emissions (SFOAEs) arise via 
coherent reflection from “random” impedance perturbations such as those 
characteristic of cochlear anatomy (e.g., spatial variations in hair-cell num
ber or geometry). Coherent reflection filtering (CRF) predicts that SFOAE 
group delay (tsfoae, defined as the negative slope of the SFOAE-phase ver
sus frequency function) is determined by the group delay, tbm, of the basilar- 
membrane (BM) transfer function at its peak. In a scaling-symmetric cochlea, 
transfer functions measured at nearby locations overlie one another when plot
ted as a function of the normalized frequency / / / c f ,  where / c f  is the char
acteristic frequency (CF). If scaling were an exact symmetry, the BM group 
delay—expressed in dimensionless form as the equivalent number, ./Vbm, of 
periods of the characteristic frequency (Nbm = t'bm /cf)—would be constant, 
independent of CF. Measurements of SFOAE phase thus allow one both to 
assess the extent of scaling symmetry in human and animal cochleae and—by 
using the theory to compare with other quantities that depend on the degree 
of scaling (e.g., variations in the shapes of neural tuning curves and the fre
quency spacings between adjacent spontaneous emissions)—to test the theory 
of coherent reflection filtering.

Here we explore three predictions of the theory, namely that:
1 • -Nsfoae «  2 ./Vb m  > where ATsfoae is the SFOAE group delay expressed in 

stimulus periods. The factor of two arises because emission group delay 
depends on round-trip wave travel between the stapes and the region of

mailto:shera@epl.meei.harvard.edu


382

coherent reflection near the peak of the traveling wave.1
2- Â bm and thus ATsfoae increase gradually with characteristic frequency. 

Measurements suggest that BM transfer functions manifest many of the 
characteristics of minimum-phase functions. In particular, their band- 
widths and phase slopes are related. A good rule of thumb associates 
sharper transfer functions with steeper phase slopes. Assuming—in ac
cordance with the trends observed in neural tuning curves—that the tips 
of BM transfer functions sharpen at higher CFs, the rule of thumb pre
dicts a concomitant increase with CF in the dimensionless phase slope, 
or group delay, N Bm -

3. The characteristic minimum frequency spacing between adjacent spon
taneous emissions (SOAEs) varies together with Nsfoae- The theory 
predicts the existence of SOAEs created by “run-away” multiple inter
nal reflection stabilized by cochlear nonlinearities (i.e., cochlear standing 
waves). According to the model, multiple spontaneous emissions will 
often appear in a regular, quasi-periodic pattern, characterized by the 
frequency separation, 4 /so ae  ~  1/tsfoae- Thus, if tsfo ae  varies with 
frequency (Prediction #2), so will A fsoae- Specifically, the theory pre
dicts that iVsoAE ~  ATsfoae, where N s o a e  = /so ae /^ /so ae-

2 Methods

We measured SFOAE phase in guinea pigs and humans using a variant of the 
acoustic suppression method [15] and in cats using efferent suppression [9]. In 
both methods, the emission is obtained as the complex (or vector) difference 
between the ear-canal pressure at the probe frequency measured first with 
the probe tone alone and then with the addition of a “suppressor.” The 
suppressor was either (1) an acoustic suppressor tone at a nearby frequency or 
(2) olivocochlear efferent stimulation using electrical shocks at the floor of the 
fourth ventricle. Both acoustic and efferent suppression are assumed to reduce 
the SFOAE at the probe frequency substantially. Measurements were made 
versus probe frequency over at least a four-octave range (i.e., approximately
0.3-30 kHz in the cat, 1-25 kHz in the guinea pig, and 0.5-8 kHz in the 
human). In all cases, probe level was approximately 40 dB SPL. Emission 
group delays, tsfoae, were calculated and converted to dimensionless form 
by expressing them as the equivalent number, ./Vsfoae> of stimulus periods.

1As discussed elsewhere in detail [15], the CRF prediction for Â sfo a e  differs significantly 
from the prediction of the “standard model” of evoked emissions, which attributes SFOAEs 
to  electromechanical nonlinear distortion within the cochlea and predicts a roughly constant 
emission phase (i.e., ATgFOAE ~  0)-
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Figure 1. Preliminary mea
surements of N s fo a e  ver
sus frequency in three species. 
D ata from n  ears (for cat, n  =  
5; for guinea pig, n  = 2; for 
human, n  — 4) axe shown as 
a  scatter plot, together with 
a  loess trend line [3] com
puted from the pooled data. 
The squares (□ ) give values 
of 27Vbm computed from pub
lished measurements of me
chanical transfer functions in 
the  same species. The val
ues a t high CFs come from 
BM transfer functions made 
in healthy preparations at 
roughly 40 dB SPL [4,12]; 
the values a t low CFs from 
transfer functions measured 
on Reissner’s m embrane [5] or 
the reticular lam ina [10] a t 
high sound levels.

Frequency [kHz]

3 Results

Figure 1 shows preliminary measurements of ATs f o a e  in three species. We 
test Prediction #1 by overlaying values of 2./Vb m  computed from published 
measurements of mechanical transfer functions in the cat and guinea pig 
[4,5,12,10].2 Although the mechanical data are limited to locations at the 
extreme base and apex of the cochlea, the agreement is striking and provides 
strong quantitative support for the theory.

The measurements indicate that ATs f o a e  increases with frequency 
throughout the measured range, in agreement with Prediction #2. In cats, 
for example, the iVsFOAE trend line varies by roughly a factor of 20, in quali-

2Middle-ear contributions to  iVsFOAE are small: Measurements indicate th a t the delay due 
to  round-trip middle-ear transmission amounts to  roughly 50/zs, or about 1.25 cycles a t 25 
kHz [13].
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Figure 2. Comparison of SOAE 
spacings and SFOAE group de
lay in humans. The figure shows 
a  scatter plot of -ZVsoAEi de
fined as / s o a e / A / s o a e , com
puted for pairs of adjacent spon
taneous emissions using adult [16] 
and infant SOAE data  [2]. The 
frequency, / s o a e , of each SOAE 
pair is the geometric mean of the 
two emission frequencies. The 
dashed trend line tha t follows the 
mode of the distribution was com
puted using an iterative loess fit
ting procedure th a t reduces the 
weights of SOAEs separated by 
wide intervals (e.g., multiples of 
the characteristic spacing). The 
solid line is the human ./Vs f o a e  
trend line from Fig. 1,

tative agreement with trends expected from the gradual sharpening of neural 
tuning at high CFs. Similar variations are apparent in guinea pigs and hu
mans. These results provide quantitative evidence for deviations from scaling 
symmetry in the mammalian cochlea.

The data in Fig. 2 provide a test of Prediction #3. The figure shows a 
scatterplot of the distribution of human SOAE spacings computed from data 
in the literature [2,16]. The density of points is greatest in the upper part of 
the plot, corresponding to SOAEs separated by the characteristic minimum 
spacing. Emissions separated by wider intervals (e.g., integer multiples of the 
characteristic spacing) contribute to the more diffuse appearance in the bot
tom half. The ./Vsfoae trend line (solid) from Fig. 1 is shown for comparison. 
As predicted, the ./Vsfoae trend line generally tracks the peak (mode) of the 
-ZVsoae distribution (dashed line), indicating that the two independent sets of 
data have similar frequency dependence. The agreement provides strong sup
port for the common origin of stimulus-frequency and spontaneous emissions, 
as proposed [15,18].

4 Application of the Theory

We now apply the model to explore in greater detail the relation between 
the effective bandwidth and group delay of cochlear tuning, both across CF 
and across species. Figure 3 compares our estimate of ./Vbm (namely, N bm — 
y2JVsFOAE) with Q erb, a dimensionless measure of the “sharpness” of tuning

o Adult SOAEs j 
d Infant SOAEs

--- '̂sFOAE

Frequency [kHz]
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Figure 3. Comparison be
tween Nbm  and Q e r b  ver
sus cochlear location in three 
species. Our estim ate of the 
dimensionless BM group de
lay is defined by Nbm  — 
V2-^SFOAEi where N s fo a e  is 
taken from the trend lines 
in Fig. 1. In the cat and 
guinea pig, ERBs were com
puted from Liber m an’s mea
surements of neural tuning 
curves [11,17] using stan
dard algorithms [6]. For 
the human, the  ERB was 
computed using the equation 
fit to  psychophysical mea
surements of auditory fil
ter shapes by Glasberg and 
Moore [7]. The horizon
tal axes represent cochlear 
location obtained by invert
ing the cochlear position- 
frequency map [8,17].

Fractional Distance from Apex

defined as /c f /E R B ( /c f )>  where E R B (/c f )  is the “equivalent rectangular 
bandwidth” computed from neurophysiological (cat and guinea pig [11,17]) or 
psychophysical (human [7]) data. To compensate for the differing frequency 
ranges of hearing in these species [8], we plot Nbm and Q e r b  versus cochlear 
location rather than CF.

We note significant features of these plots and briefly discuss a few issues 
and questions they raise.

1. In cat and guinea pig, Q e r b  and N b m  generally increase with CF 
throughout the entire measured range. The behavior in humans, how
ever, is different: Whereas N Bm  continues to increase, psychophysical 
estimates of Q erb are nearly constant in the basal half of the cochlea. 
Do these differing trends reflect genuine species differences in cochlear 
tuning? Or do they result from a bias in the psychophysical paradigm(s) 
that systematically overestimate the bandwidths of peripheral auditory
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filters at high center frequencies?
2. Human values of iVBm are everywhere roughly a factor of 2-3 larger than 

those in cat and guinea pig. If BM transfer functions are minimum-phase 
functions [1], then N bm is entirely determined by the transfer-function 
amplitude characteristic (or “shape”). Thus, the data in Fig. 3 imply 
that transfer-function shapes, when considered over the entire frequency 
range, differ significantly from their counterparts in cats and guinea pigs 
(e.g., human BM transfer functions may have significantly steeper high- 
frequency slopes).

3. In all species, the ratio Q e r b / N b m  decreases considerably with increas
ing CF (because Nbm increases more rapidly than Q e r b ) -  This result 
suggests that transfer-function shapes—and not simply their Qs—vary 
significantly with position and places powerful constraints on cochlear 
models. For example, modeling each section of the cochlear partition as 
a resonator and varying Q e r b  by changing the effective damping with 
position predicts a nearly constant Qerb/Nbm ratio, in conflict with the 
data of Fig. 3.

5 Conclusion

Our measurements of SFOAE group delay are consistent with Predictions 1-3 
and provide strong support for the theory of coherent reflection filtering. The 
theory relates the properties of reflection emissions [15] to cochlear mechan
ics, providing a quantitative theoretical foundation for the use of OAEs as 
noninvasive probes of cochlear mechanics. Application of the model raises 
important questions about cochlear tuning and its variations with frequency 
and species.
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Our previous studies of human interference-response areas (IRAs), from which suppression 
tuning curves (STCs) can be extracted, have shown that, for geometric-mean (GM) 
frequencies of 1 kHz, most ears exhibit considerable enhancement of the 2fi-f2 DPOAE 
above f2 for Li/L2= 65/55 dB SPL. In contrast, a substantial suppression above f2, for a GM 
of 2 kHz, with L|=L2=80 dB SPL, can also be shown. Both these findings imply that 
important sources of DPOAE generation are located at basilar membrane places located 
basal to the primary-tone region. However, the classical method used to derive IRAs is not 
very sensitive to the phases of the multiple sources that contribute to the DPOAE signal.
The present study first obtained routine IRAs from 14 normal-hearing humans at these two 
frequency/level combinations by sweeping the suppressor or interference tone (IT), i.e., f3, 
across the primary-tone space, without regard to phase. The results obtained by this 
traditional method were compared to IRAs generated by the same two test frequencies and 
levels based on a phase-sensitive residual technique. In the latter approach, the primary 
tones were alternatively rotated in phase by 180°, and the f3 IT by 90°, with the IT being 
present on every other trial. Such phase rotations resulted in essentially complete 
cancellation of the primary tones, the IT, and all DPOAEs in the ear-canal signal when n=8 
successive trials were averaged. Because the IT was present for one-half the time, when 
the IT removed a DPOAE source, a residual in the form of a DPOAE signal appeared. 
Together, these results showed that the shapes of the IRAs were somewhat similar when 
measured with the traditional versus the residual procedure. However, the phase-sensitive 
method uncovered larger contributing DPOAE components basal to f2, as well as the 
previously documented constituent at the DPOAE place, thus, corroborating other evidence 
that an additional generation source, basal to f2, makes a significant contribution to the 2fi- 
f2 DPOAE measured remotely from the ear canal.

1 Introduction

The traditional consensus about the generation of DPOAEs holds that these 
emissions arise primarily from the basilar-membrane region of primary-tone overlap 
at, or near, the f2 place [e.g., 4,6,7,18]. However, there is mounting evidence that 
other sources along the basilar membrane contribute to the DPOAE, thus, making 
the final emission measured by a remote microphone in the ear canal exceedingly 
complex. One contribution appears to arise from the DPOAE locus. In this 
instance, the DPOAE component is propagated apically from the region of primary- 
tone overlap to the DPOAE place and, then, is reemitted, or reflected, from the 
DPOAE site to become part of the final ear-canal signal [eg., 1,3,6,12,13,14,15]. 
Using vector-analysis techniques, it has been shown that this DPOAE place
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component can, under certain circumstances, be larger than the component generated 
at the f2 place [2,11,12].

Other studies [eg., 5,7,8,10] have also indicated that DPOAEs, such as the 2f2-fi , 
appear to be generated basal to the f2 place, thus, making the possibility of basally 
generated DPOAEs another potential contributor to the overall ear-canal signal. 
Most recently, Martin et al. [8] showed, with suppression techniques in rabbits, 
that a third interfering tone, i.e., f3, can produce significant suppression or 
enhancement of the 2fr f2 DPOAE approximately an octave above f2. One plausible 
interpretation of these findings is that DPOAEs are generated basal to the f2 place 
that then add to, or cancel, the final ear-canal signal. In this interpretation, when f3 
eliminates a source that was adding to the emission, suppression results, and, 
conversely, when f3 removes a source that was canceling the measured emission, 
enhancement results. The magnitude of the observed suppression/enhancement 
suggests that, under certain circumstances, significant emission components can be 
generated basal to the f2 place. If two emission sources are, in fact, summing to 
produce the DPOAE signal, then the larger source can dominate the smaller source. 
That is, the suppressor or IT will have a very small effect on the resulting DPOAE 
level when only the magnitude, but not the phase of the two sources, is considered.

In our previous study in rabbits [8], interference response areas (IRAs), in which an 
f3 tone is swept in frequency and level around a fixed set of primary tones, were 
obtained without regard to the phase of the various DPOAE components. In the 
present study, to overcome this problem, a phase-sensitive residual technique was 
developed, in which the vector components of various sources can be visualized 
during the collection of IRAs that can subsequently serve as the basis for the 
extraction of suppression-tuning curves (STCs). Additionally, the present study 
was performed at the same frequencies and levels of the primary tones shown in a 
previous study in humans [16] to be capable of producing suppression/enhancement 
above f2.

2 Methods

The subjects were 14 normally hearing adults. One ear was tested from each 
individual, and all subjects had normal hearing sensitivity defined as pure-tone 
thresholds <20 dB hearing level (HL) for audiometric test frequencies at octave 
intervals from 0.25 to 8 kHz, and at 3 and 6 kHz. Furthermore, all subjects 
demonstrated normal tympanograms (i.e., type A) and acoustic-reflex thresholds 
(i.e., <100 dB HL) obtained by routine immittance testing. All subjects also had a 
negative history of hearing disorders, and no exposure to toxic agents as assessed by 
direct questioning.

The effects of the IT on DPOAE level were viewed in the form of IRAs as described 
below. IRAs were obtained at the f2/fi ratio of 1.21. Additionally, primary tones at 
fi and f2 were presented either with L2 lower than L, by 10 dB, i.e., at L,/L2=65/55
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dB SPL, for a GM frequency of 1 kHz (f,=0.904, f2=l .098 kHz), or with equilevel
primaries, i.e., at L=L2=80 dB SPL, for a GM frequency of 2 kHz ( f =1.809,
f2=2.196 kHz). For each primary-tone pair, the IT, which was digitally added to
the fi channel, was swept in five steps/octave, while it was systematically increased 
in 5-dB steps, from 35-85 dB SPL.

In the traditional technique, the phase of the IT was rotated 90° to cancel the 
majority of DPOAE components produced by the introduction of the third tone,
i.e., the IT. This procedure was similar to that employed by Mills [9], who 
permitted the phase of the IT to vary randomly to cancel unwanted components. 
This rotation procedure typically reduced the level of f3 by, at least, 70 dB and 
virtually eliminated all components produced by the introduction of the third tone.

To generate the IRAs, data were collected in a matrix of 324 frequency/level 
combinations, in which the amount of suppression was calculated relative to 
DPOAE level in the absence of the IT. This reference non-suppressed DPOAE 
magnitude was based upon the mean of all control DPOAE levels measured at the 
end of each frequency column in the suppression matrix. It was found that, in the 
majority of cases, the use of mean-control DPOAE levels reduced noise in the IRAs, 
without significantly affecting the outcome, as judged by inspection of the results 
yielded by selecting the ‘individual’ controls option of the analysis software. The 
amount of suppression was also limited so as not to exceed the average control 
DPOAE level minus the average level of the related noise floor (NF), plus two 
standard deviations. This latter procedure prevented spurious amounts cf 
suppression when the IT reduced DPOAEs to values that approximated those of the 
NF. This NF-related algorithm was not needed to measure enhancement, because, 
in this instance, the DPOAE was always increasing above the NF. The IRA data 
are displayed in the following figure as contour plots (Microsoft, Excel v5.0), in 
which successive contours represent increasing iso-suppression, or iso-enhancement, 
in 2-dB steps.

In the phase-sensitive residual technique, the primary tones were alternatively 
rotated in phase by 180°, and f3, that is, the IT by 90°, with the IT being present on 
every other trial. This paradigm relies on the same principles, but with different 
phase rotations, that was developed to obtain DPOAE onset latencies [17].

Such phase rotations resulted in essentially complete cancellation of the primary 
tones, the IT, and all DPOAEs in the ear-canal signal when n=8 successive trials 
were averaged. Because the IT was present for one-half the time, when a DPOAE 
source was removed by the IT, a residual, in the form of a DPOAE signal, appeared. 
Essentially the same analysis procedure was employed to produce the contour plots 
for the phase-sensitive procedure except that the DPOAE level was plotted in 2-dB 
steps above the NF obtained when the IT was absent. Because all components were 
canceled by the rotation procedure, only unidirectional increases in DPOAE level 
above the NF were observed.



3 Results

Overall, comparisons between the contour plots obtained with the traditional 
versus phase-sensitive residual method revealed more similarities than differences. 
However, in general, the phase-sensitive technique revealed larger basal sources with 
lower thresholds defined as the lowest level of the IT needed to produce a 2-dB 
change in DPOAE level. Additionally, the phase-sensitive method occasionally 
showed clear evidence for an emission source arising from the DPOAE place.

Figure 1A shows an IRA obtained from the left ear (L) of a 32 year old female using 
the traditional technique in which the phase of the various DPOAE components was 
not considered. The expected region of suppression around the primaries is clearly 
seen, along with a small region of suppression between 4 and 5 kHz. The basis of 
the very high-frequency lobe of suppression at 7 to 9 kHz is unclear at this time, 
although it may be related to harmonics that were associated with the relatively 
high-level primaries at 80 dB SPL. With this technique, there is no evidence of a 
DPOAE source located at the emission frequency place (large arrow at 1.4 kHz). 
Figure IB displays the phase-sensitive IRA obtained immediately after the 
traditional procedure. Here, the basal DPOAE source around 3 to 4.5 kHz appears 
much more prominently than when detailed by the traditional method of Fig. 1A. 
Moreover, it is also somewhat larger in level. Additionally, the center frequency 
appears to be slightly lower, which represents a typical finding for the phase- 
sensitive procedure. Finally, the tip threshold is also somewhat lower at about 61 
dB SPL for this technique. Interestingly, a striking difference between the two 
contour plots is what appears to clearly be an emission source originating at the 
DPOAE place (i.e., the large arrow at 1.4 kHz), which was not recoverable using 
the traditional method.

4 Discussion

The present findings indicate that using a phase-sensitive residual technique for 
obtaining IRAs is often, as might be expected, more sensitive than methods in 
which the phase of the DPOAE components is not incorporated into the 
measurement paradigm. Thus, when phase is considered, relatively large secondary 
sources that contribute to DPOAE production can be more easily revealed, which 
appear to be particularly crucial for identifying basal sources that are located above 
f2. This outcome might be predicted, because the IT can be expected to have a 
relatively discrete effect in that there will be minimal apical spread of excitation, and 
a source, with a particular phase, can be selectively removed by the IT. As the IT 
moves to lower frequencies, the ability to isolate discrete DPOAE components may 
depend considerably more on the level of the IT, because, at high levels, it will 
now begin to affect basilar membrane regions basal to its characteristic frequency.
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Although the phase-sensitive technique is capable of isolating a DPOAE source at 
the DPOAE place, this ability would have been expected to be optimized, if lower 
primary-tone levels were employed, so that low-level ITs would selectively remove 
this source.
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Figure 1. Comparison of IRAs obtained from the left ear of a 32 year old, normal-hearing female 
subject with the traditional (A) versus phase-sensitive (B) technique using stimulus parameters 
(L^1^=80 dB SPL at 2 kHz) that typically produce regions of suppression above fi. The phase- 
sensitive technique (B) revealed a much larger high-frequency DPOAE source, at around 3-4.5 kHz, 
as well as a component at the DPOAE frequency (large vertical arrow). Arrows on the ordinate 
denote the primary-tone levels, whereas those on the abscissa indicate the DPOAE and primary-tone 
frequencies. Numbers at the upper right represent the control DPOAE levels (DP Amp) for the 
traditional technique, or the NF for the phase-sensitive procedure. The scales below indicate the 
amount of suppression/enhancement (traditional method) or signal/noise ratio (phase-sensitive method).

One significant problem in accounting for the suppression/enhancement observed 
above f2 is the magnitude of the effects that have been documented [8,16]. 
Specifically, for large amounts of suppression or enhancement to occur, the 
presumed basal source must often be as large as the DPOAE originating from the 
primary-tone place. In the present analysis, the phase-sensitive method tended to 
reveal high-frequency sources that were larger than when measured with the 
traditional procedure, which would be required, if the suppression/enhancement 
phenomena are to be explained by the vector addition of two or more sources.

The mechanism by which these basal emissions are generated is unclear at present, 
however, two hypotheses are actively being investigated in current studies. One 
possibility is that a second harmonic of one of the primaries generated in the cochlea 
interacts with the other primary to produce, for example, an emission at the 2fr f2
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frequency that adds, or cancels, the measured emission. The other hypothesis is 
that the f3 tone acts as a catalyst to generate an emission of the form (f3-f2)-(f3-2fi) that 
then mixes with the measured emission. Although a number of experimental 
findings favor the former hypothesis, supporting data in the literature describing 
large harmonics in response to input tones, for example, in single eighth nerve-fiber 
recordings, as would be required, appears to be lacking. Additionally, the high- 
frequency cutoff of the basilar membrane makes it difficult to produce the required 
amplitude of vibration at the 2fi frequency. In contrast, because the latter hypothesis 
requires the presence of the f3 tone to observe the phenomena in question, this 
notion is difficult to test experimentally.
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Relation between stimulus intensity and 2fl-f2 DPOAE phase was measured. DPOAE phase 
lag increased when fl(lower stimulus frequency) was below f2/1.22(f2 means higher stimulus 
frequency), and DPOAE phase gain increased when fl was above £2/1.22 as Ll(intensity of 
fl tone) increased. This characteristic is similar to that found in the basilar membrane 
vibration known as "phase-nonlinearity". This indicates that DPOAE phase reflects the 
relative phase change of the traveling wave of fl tone at the DPOAE generator.

1 Introduction

Phase-nonlinearity is one of the nonlinear characteristics of the basilar 
membrane vibration. This was found in the relation between stimulus intensity and 
vibration phase of the basilar membrane. Phase lag increases with increasing 
stimulus intensity when the stimulus frequency is below the best frequency, while 
phase lead increases with increasing stimulus when stimulus frequency is above the 
best frequency. The term "best frequency" refers to the frequency at which 
maximum vibration amplitude is achieved. This phase-nonlinearity of the basilar 
membrane vibration was first observed in the cochlea of squirrel monkeys by Rhode 
and Robles using Mossbauer measurement [1]. Prior to this study Anderson reported 
a similar nonlinearity in the relationship between stimulus intensity and average 
phase angle of single auditory nerve discharge [2].

Investigation of this nonlinear characteristic of the basilar membrane vibration 
is necessary for making a realistic model of vibration, but an accurate measurement 
of the vibration phase is more difficult than measuring amplitude because phase is 
much more affected with movement of stimulus and measuring probes. Therefore in 
this study we intend to invent an easier method for detecting the vibration phase 
using distortion product otoacoustic emission(DPOAE).DPOAE has both amplitude 
and phase information. In 1993 Kimberly proposed a simplified model for

mailto:BZF11003@nifty.ne.jp
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explaining regulating factors of DPOAE phase [3]. In his model, the traveling waves 
of the two stimulus tones of fl and f2 propagate to the DPOAE generator with phase 
delays of0  1 and 0 2. Then distortion products of mfl±nf2 (m,n = integer) are 
generated at the generator, the phase delays of which are m 0 1 ± n  0 2. In cases of 
2fl-f2 distortion, 2 0 1-02. The recorded phase delays at the probe are the sum of 
this delay of 2 0 1- 0 2 and the phase delay of the backward traveling wave (0  3) 
propagating from the generator to the probe (Fig. 1).

m i d d l e  e a r  c o c hl ea  

o u r t e r  e a r

D P O A E  g e n e r a t o r

t r ave l i n g  w a v e  o f  f l  tone  

t r ave l i n g  w a v e  o f  f2 tone

p ha se  de l ay  o f  b a c k w a r d  w a v e  = 0  3"

measured DPOAE phase 
= 2 0  1 - 0 2 + 0 3

p ha se  = 0  1 

p h a s e  = 0  2

phase of 2fl-f2 distortion 
= 20 1 -^ 2

Figure 1 Affecting factors for 2fl-f2 DPOAE phase based on the idea of Kimberly

Based on this simplified model, we observed the relation between the stimulus 
intensity and 2fl-f2 DPOAE phase at various pairs of stimulus frequencies. When 
the location of the DPOAE generator and the phase of backward traveling wave (0  
3) are not affected with the changes of the stimulus intensity, the measured DPOAE 
phase will reflects the change of 0 1 and 0 2. We compare our results with the 
previously reported characteristics of the basilar membrane vibration phase, and 
verify whether DPOAE is useful for detecting the phase characteristics of the basilar 
membrane vibration.

2 Subjects and methods

Six normal hearing adults, 3 males and 3 females ranging in age from 19 to 32 
years, with no history of illness affecting the ear or hearing participated in this study. 
In this report the data of two of these six subjects are presented. For all DPOAE 
measurement IL092 (ver.1.31) was used. In each measurement, averaging continued 
until DPOAE amplitude was stabilized within ldBSPL and the DPOAE phase was
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stabilized within 10 degrees. When either the amplitude or phase did not stabilize 
within this range, the data were not used. The data were also not used when the 
measured amplitude was under -20dBSPL.

DPOAE was measured with the following stimulus conditions. The higher 
stimulus tone frequency(£2) equaled 4004Hz in every measurement, and fl (the 
lower stimulus tone frequency) was chosen from 23 frequencies, 48 or 49Hz steps 
between 3076Hz (fl:f2=l:1.30) and 3467Hz (fl:f2=l:1.15). L2 (the higher stimulus 
tone intensity) was chosen from 9 intensities, 5 dB steps between 30dBSPL and 
70dBSPL. LI (the lower stimulus tone intensity) were chosen from 10 intensities, 
5dB steps between 30dBSPL and 75dBSPL, on the condition that LI was not over 
30dB more than L2 and not under lOdB less than L2. LI and L2 pairs of 75dBSPL 
and 70dBSPL, and 75dBSPL and 65dBSPL, were not measured because of the high 
total stimulus intensity. The total number of the measured pairs of LI and L2 was 61 
at each f l .

3 Results

The relationships between LI and the DPOAE phase with fls from 3076Hz to 
3174Hz of Subject 1 and Subject 2 are shown in Figure 2. DPOAE phases are 
unwrapped. Generally, in these graphs DPOAE phase lags with LI increase, and the 
gradient of graphs are greater with smaller fls. In Figure 3 graphs from 3223Hz to 
3320Hz are drawn. These graphs are mostly flat and in exact DPOAE phase first 
lags and then gains as LI increases. Graphs from 3369Hz to 3467Hz are drawn in 
Figure 4. In these graphs DPOAE phase gains with LI increase, and the gradient of 
graphs are greater with larger fls.

Sub j ec t  1 Subjec t  2 L2

L I  (dB S P L )  LI  (dB S P L )

Figure 2. Phase change of 2fl-f2 DPOAE to LI change with fl from 3076Hz to 3174Hz
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Figure 4. Phase change of 2fl-f2 DPOAE to LI change with fl from 3369Hz to 3467Hz 

4 Discussion

Our results of the relationship between LI and the DPOAE phase showed a 
similar nonlinear characteristic to that found in the basilar membrane vibration. 
DPOAE phase lags with an LI increase when fl is below £2/1.22 and the DPOAE
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phase gains with an LI increase when fl was above £2/1.22. The phase gains after 
lags when fl around £2/1.22 (fl=3271Hz). This £2/fl ratio of 1.22 is known as the 
ratio at which amplitude of DPOAE is maximum. Comparing our result with the 
findings in the basilar membrane vibration, fl and LI correspond to stimulus 
frequency and intensity, and f2 corresponds to the location of the measuring point. 
This indicates that DPOAE phase change reflects the relative phase change of the 
traveling wave of fl tone at the DPOAE generator, which is now considered to 
locate near the characteristic place of f2.

Assuming from our data we draw a chart which shows how to change the phase 
of traveling wave as stimulus intensity changes (Fig. 5). The phase lag of vibration 
increases and the gradient of phase comes to steeper as a wave goes toward the apex 
because of physical characteristic of the basilar membrane. In addition to this phase 
delay of smaller intensity stimulus is smaller at the basal area and larger at the apical 
area than that of larger stimulus. The lines representing the phase of each stimulus 
cross around the characteristic place. Since around this place the phase gains after 
delays as the stimulus intensity increases, the place where the lines cross moves 
toward the apex as the stimulus intensity decreases. This indicates that as a traveling 
wave goes toward the apex, the wave slows down and is overtaken by the waves 
with larger stimuli, but as this wave goes further the waves with smaller stimuli 
much more slow down and this wave overtakes smaller intensity waves.

Phase of 
traveling wave

Measuring point on the basilar membrane . , basal <--------- ---------- > apical

Stimulus
intensity

delay

Figure 5. Change of the basilar membrane vibration phase with stimulus intensity change 
assumed from our result
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Formerly phase nonlinearity was considered to be a basis of the existence of a 
second resonator in cochlea, but this characteristic should be different from that of a 
second resonator. Today most of the nonlinear characteristics are believed to be the 
results of the function of the active vibration mechanism of the basilar membrane, 
called "active process"[4]. Then how to explain this phase-nonlinearity with the 
acive process function? The function of the active process is considered to saturate 
to a large basilar membrane vibration[4]. In addition to this we hypothesize that the 
active process function vanishes to a vibration below a threshold. Under these 
conditions the functioning area of the active process moves toward basal as stimulus 
intensity increases. If the active process function has a certain delay from the input 
to the output, the vibration phase of the basilar membrane more delays as the active 
process function gets large. Therefore at the basal area the phase delay of higher 
intensity waves is larger than that of smaller intensity waves, but as the wave goes to 
the apex the active process comes to saturate to higher intensity waves and starts to 
function to smaller intensity wave, and the phase delay of lower intensity waves gets 
larger than that of higher intensity waves (Fig.6). These characteristics are similar to 
those we presented in Fig. 5.

Figure 6. Our idea for the physiological meaning of the phase-nonlinearity

We conclude that DPOAE phase shows the same nonlinear characteristics to the 
intensity change of lower stimulus tone as that found in the basilar membrane 
vibration. This indicates that DPOAE phase can provide information of vibration 
phase of the basilar membrane. This phase-nonlinearity is considered to be an



expression of nonlinear functional change of the active process. Therefore this 
technique will be useful for a better modeling of the basilar membrane vibration and 
detecting pathophysiological changes of vibration in damaged cochlea.
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Transient evoked otoacoustic emissions, as first reported by D.Kemp in 1978, were simulated 
in the time domain by a numeric implementation of a realistic model of the human cochlea 
endowed with forward and reverse middle-ear (ME) impedance. The phenomenon appeared to 
be not caused by wave reflections at putative basilar membrane (BM) discontinuities, as was 
often suggested, but to depend rather critically on certain nonlinear properties of cochlear 
dynamics.

1 Introduction

Transmission-line models of the mammalian cochlea were often invoked [2, 5, 15, 
20] to explain the generation of transient evoked otoacoustic emissions (TEOAEs), 
as though these were due to traveling wave (TW) reflections occurring at putative 
basilar membrane (BM) irregularities [5,20]. This view was generally based on the 
evidence that TEOAE frequency spectrum, which at input has a smooth profile, at 
output appears instead strongly peaked at a few particular frequencies, often only 
one falling into the 1-2 kHz interval. Also the remarkable variability of TEOAE 
spectra detected in healthy ears seems to substantiate the idea that the phenomenon 
is not due to a deficit in the BM oscillation capability and cochlear responsiveness 
to different tones, rather to peculiar properties of the cochlea at certain CF loci. This 
view, however, is invalidated by the following argument:

The BM does not support wave propagation of the transmission line type but is 
the seat of stationary oscillation modes instantly forced by the cochlear fluid 
pressure. As the TW phase decreases from base to apex, the wave seems to travel 
towards the apex, but this apparent motion is not accompanied by energy transfer 
across BM sections. Rather, being BM dynamics subject to highly non-local 
hydrodynamic interactions, the energy of BM oscillation does not propagate along 
the BM with definite velocity but re-arrange instantly throughout the cochlear 
partition at every time during the course of BM oscillation. This peculiar dynamics 
make a TW evoked by a tone to be peaked at the CF locus with amplitude falling 
down more or less abruptly towards the apex. The TW phase decreases from BM- 
base to TW-peak with a semi-arched profile, while the TW amplitude increases



403

exponentially as the inverse of the BM stiffness, i.e. about 2 order of magnitude 
from the 1-2 kHz CF loci. Did the oval window (OW) sense only basal BM 
oscillations, the level of the signal transmitted back to the middle-ear (ME) would 
be very small. Actually, the OW senses a force that is transmitted virtually instantly 
by the perilymph pressure field as an average of all local BM accelerations. 
Consequently, the signal transmitted back to the stapes collects its main 
contributions directly and instantly from the TW peaks. Considering that in the 
healthy ear the BM responses to tones of same level do not change dramatically with 
frequency, it is difficult to understand why only certain frequencies are neatly 
favored in the acoustic re-emissions, unless the frequency selectivity of other 
auditory system components is also considered.

The latter possibility is consistent with certain properties of ME recently 
measured by Puria and Rosowsky (1996). These authors noted that the sum of the 
forward and reverse gains, which is the round-trip ME pressure gain, peaks just at 
the TEOAE spectrum frequencies, and suggested that the spectrum of ear-canal 
emissions is dominated by the ME characteristics.

However, as the TEOAE spectrum peaks at its dominating frequencies much 
more than the sum of forward and reverse gains, ME filtering alone is not sufficient 
to explain the phenomenon. Were the dynamics of the cochlea perfectly linear, the 
BM responses to a wide-band stapedial stimulus would be substantially equal for all 
frequency components and no dramatic selection of certain CF components would 
be detectable neither at the OW nor at the eardrum. The question then arises as to 
whether the nonlinear characteristics of cochlear dynamics play a role in enhancing 
the cochlear responses to the frequency components favored by the forward ME 
filtering. Time-domain simulations of a realistic model of the human cochlea 
endowed with forward and reverse ME impedance, here shortly summarized, 
showed how this indeed happens.

2 Methods

In a suitable programming environment, providing utilities for loading, processing 
and analyzing sound signals, all relevant mechanisms involved in cochlear dynamics 
as described in ref.s [6, 7, 8], were simulated in the time domain under the following 
assumptions:

Using data reported in ref.s [9, 10], realistic ME forward and reverse linear 
filtering were simulated by fast Fourier transform techniques.

The BM was modeled as an ordered set of 512 harmonic oscillators with 
stiffness exponentially decreasing by 3.6 orders of magnitude from the basal value 
of 5.7x104 Kg m'1sec' and mass varying from about 1.5xl0‘5 Kg/m at base to 
about 1.8x1 O'5 Kg/m at apex, with a profile depending on the human cochlea 
geometry. Provided that the hydrodynamic effects of cochlear-ducts and BM
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geometry are correctly considered, these figures assure the formation of a CF set 
covering the 16-0.07 kHz range from base to apex in the undamped cochlea.

The BM oscillator damping constants were assumed to decrease exponentially 
ten times from base to apex starting from a value such that, in the absence of cell- 
motor undamping, the TW profiles were so poorly tuned as to fit high input-level 
tuning-curves. Adjacent BM oscillators were assumed to be coupled by viscous 
forces (representing BM shear viscosity), whose main effect is quenching BM 
oscillations of short wave-length.

The oscillators were assumed to interact among themselves also by long-range 
forces linearly depending on oscillator accelerations, representing the hydrodynamic 
BM self-coupling. Their Green's function profiles were derived as in ref. [16] basing 
on the human cochlea data. Each oscillator was assumed to be also affected by an 
external force negatively proportional to stapes acceleration and arch-shaped along 
the BM, which represents the stapes-BM hydrodynamic interaction, and to an 
internal force representing the action of outer hair cell (OHC) motors.

The OHC motor was modeled as an additional force applied to the BM oscillator 
which is proportional to OHC transduction current. This assumption is consistent 
with assuming that the frequency roll-off of OHC mechano-electric transduction 
caused by OHC-membrane capacitance is compensated fairly well by the frequency 
roll-on caused by the viscosity of Deiters' cells, working as OHC-BM coupling 
cushions. OHC transduction current was assumed proportional to an increasing 
sigmoidal function of stereocilia radial displacement away from the modiolus, and 
zero-valued at the inflection point, the coefficient of the sigmoid being the control 
parameter of the motor force.

The system formed by TM and OHC stereocilia was represented as an ordered 
set of damped harmonic oscillators driven by an external force that is negatively 
proportional to BM-oscillator acceleration. Their displacements were identified with 
OHC stereocilia displacements. TM-oscillator damping constants were assumed in 
reasonable agreement with ref.s [17,1]. On account of radial TM-TM shear 
viscosity, to be not confused with the radial shear relative to the reticular lamina 
(RL), relative motions of adjacent TM oscillators were assumed to be damped by 
viscous forces tending to contrast the formation of high velocity-gradients along the 
TM longitudinal axis. The viscoelastic coupling between TM and spiral-limbus was 
assumed to be relatively negligible in dynamic conditions, i.e. when the compacting 
effect of TM intrinsic viscosity make radial TM segments oscillate coherently with 
respect to RL when the BM oscillates transversally.

Saturating undamping can take place if, in the linear approximation, the TM- 
oscillator displacement is in anti-phase with the corresponding BM-oscillator 
velocity. This indeed happens provided that the proper frequency of a TM-oscillator 
is close to the CF of the corresponding BM-oscillator, what was indeed assumed. In 
these conditions, the radial shear displacement of TM relative to RL turns out to be 
in anti-phase with BM velocity over a region covering the CF-locus. This region is
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wider and wider, the TM damping constant is larger and larger. As the simple 
cancellation of absolute BM viscosity allows poor undamping, over-undamping by 
about a factor 1.2 proved to be necessary in order for the BM-BM shear viscosity to 
be compensated up to acceptable levels of cochlear amplification, without the 
occurring of self-sustained oscillations.

At the OW, the stapedial piston senses an outward force proportional to the 
accelerations of BM oscillators locally weighted by a quantity proportional to the 
stapes-BM Green's function. This force, which is instantly transmitted by the fluid 
pressure field, is the source of otoacoustic emissions.

3 Results

The analysis of the time courses of BM oscillations primed by clicks of different 
intensity evidenced the following details:

The stapedial input primes the propagation along the BM of a wave train that 
propagate from base to apex eliciting a continuum of oscillations at the CF loci. At 
high input levels, the frequency-component amplitudes of the BM response fall 
beyond the threshold of the cochlear amplifier and are therefore poorly sensitive to 
the amplifier action. As the wave-train develop along the BM, the local BM 
responses are initially proportional to that of the stapedial input, so that those 
corresponding to components enhanced by the forward ME filtering are 
proportionately favored.

In the subsequent course of BM oscillation, the proportionality relationship 
between stapedial input and BM response is lost, and low-level components are 
rapidly suppressed by proximal high-level components, according to the well-known 
phenomenon of tone-to-tone suppression. As the low-level component quenching is 
progressive and cumulative, at the end of this initial period, only components of 
relatively larger level survive. Subsequently, as soon as the mean BM velocity falls 
under the amplification threshold, the survived BM oscillations tend to persist. This 
mechanism makes only the residual responses to frequency components favored by 
ME filtering be expressed as BM oscillations.

Were the intensity of the input stimulus so low that the whole BM response kept 
uniform within the amplification range, the nonlinear enhancement of favored 
frequencies would occur to a much smaller extent if not at all. In these conditions, 
TEOAEs of appreciable amplitude but less pronounced frequency selection would 
be expected. Actually, this does not happen to the expected extent because of 
another phenomenon that will be hereafter explained.

Smooth inflection or local flattening that modulate the monotonic decrease of 
TW-phase profile is often evident in experiments on live mammalian cochleas [14]. 
Several years ago, Zwislocki [16, 18] saw in this the proof that the radial TM 
segments are like a kind of second resonators tuned at somewhat lower frequencies 
than CFs. His hypothesis was aimed at explaining the pronounced degree of tuning
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exhibited by the live cochlea when the existence of the cochlear amplifier was not 
yet clearly recognized, if not suspected at all. Both theoretical estimates and 
experimental data are indeed consistent with TM segments tuned at frequencies 
close CFs, but, unfortunately, TM-segment damping constants are not so small as 
would be required to explain the tuning sharpness found in the live cochlea. After 
the discovery of cell motors, the tuning characteristics of the TM turned out to be 
particularly suitable to explain how the cochlear amplifier works, i.e. as described 
above.

TM segments are not only affected by radial shear viscosity with respect to RL 
but also by radial shear viscosity among themselves. By the combined action of both 
the moderate resonance and this shear viscosity, the TW phase profiles tend to 
flatten in proximity of TM resonance loci. This happens as: a) shear viscosity tends 
to depress the phase-difference between the oscillations of adjacent TM segments; 
b) the phase profile of TM adheres to that of TW velocity only within a limited 
range around the TW peak, so that undamping is effective mostly there. This is the 
reason why coherently moving portions of the BM broaden just at the TW peaks of 
the favored CFs. Tone-to-tone suppression is spectacularly improved by this 
mechanism. Simulations with various TM-damping constants, chosen so as to 
produce different degrees of phase-flattening, showed that a suitable optimization of 
TM parameters caused the suppression of BM oscillation amplitudes in the regions 
where TWs of different frequencies tended to overlap. The BM responses to 
different tones separated neatly from each other and no beating component appears 
in between.

At the OW, the perilymph pressure field receives a contribution proportional to 
the algebraic sum of BM accelerations weighted by smooth geometric and 
hydrodynamic positive parameters. In these conditions, the main effect comes from 
those TWs that undergo appreciable phase flattening at their CF loci, i.e. from the 
residual oscillations occurring at the favored CF sites.

Given the characteristics of ME reverse transfer function, the signal back- 
transmitted to the eardrum by the stapes undergoes further filtering, enhancing the 
amplitudes of those components that are close to those already favored by forward 
ME filtering. Simulations in different conditions showed that the phase-flattening 
effect is important in producing TEOAEs with residual frequency components of 
magnitude comparable to that detected in experiments.

4 Discussion

In managing to implement a realistic time-domain simulation of the human cochlea, 
the main difficulty was assuring a sufficiently speed of computer processing while 
keeping: i) the number of BM and TM oscillators large enough; ii) the sampling 
frequency high enough; iii) the representation of hydrodynamic interactions faithful. 
Reducing the number of oscillators under 500 resulted into insufficient uniform
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amplification; reducing sampling frequency resulted into frequency range 
restrictions; using smart techniques, such as Runge-Kutta methods, resulted into 
prohibitive complications in program coding, especially in what the problem of 
undamping regulation was concerned. Because of some unavoidable compromises, 
the results were qualitatively good but somewhat quantitatively defective. 
Nevertheless, the main phenomena concerning cochlear responses to sounds could 
be fairly well reproduced.

Our simulations indicated that the cochlea works like a kind of paradoxical filter, 
i.e. it is quickly responsive and highly frequency-selective at the same time! It is 
quick because it is wide-band; it is selective because it is nonlinear, selectivity being 
provided by tone-to-tone suppression.

Another important feature so far scarcely considered was also evidenced: the 
phase-flattening of dominating tone responses. This property makes the BM 
response to a complex sound partition into a set of separated BM regions oscillating 
at the frequencies of the dominating components whose amplitudes exceed 30-40 dB 
SPL. Thus, the cochlear appears to perform at mechanical level not only a sort of 
lateral suppression, what is reminiscent of lateral inhibition occurring in nervous 
structures, but also a sort of pattern segregation based on the approximate phase 
locking of different frequency components. This is reminiscent of pattern-binding 
taking place in the brain cortex. This striking phenomenon is splendidly documented 
by the neurograms from the auditory nerve of the cat reported in ref. [13].

Remarkably, all these features appeared to be also critical for the generation of 
the TEOAEs with the properties found in the live human cochlea.
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A method is presented to study the generation of intermodulation distortion products (IDPs) 
in a nonlinear model of the human cochlea in detail. The model used is a simple one
dimensional (long wave) transmission line model, using a simple mass-stiffness-damping 
combination for the local cochlear partition mechanics. Nonlinearity is introduced in the 
damping term, causing the generation of IDPs. First it is shown that these IDPs have 
properties in common with experimental data, measured both psychophysically and in 
otoacoustic emissions. Although there are clear (quantitative) differences with the 
experimental data, some of the (qualitative) behavior is similar. The method presented here 
for studying the generation process in more detail assumes that the total excitation at any 
section of the model and at a certain (IDP) frequency can be regarded as the sum of 
contributions from all model sections where distortion generation takes place. The resulting 
patterns of generated distortion and of contributions to emission and excitation at the 
characteristic position (DP-place) of the 2f\-fi component explain some of the behavior of this 
IDP component. It is shown that the generation at the DP-place is influenced by reflection of 
energy at the stapes boundary, whereas in the case of the emission the phase differences of 
contributions from the main generation region play a crucial role.

1 Introduction

For centuries distortion products (or combination tones) have been a subject of 
investigation in hearing research.1 Although a large body of experimental data exists, 
the generation mechanism of the IDP components remains largely unknown. What is 
clear is that different measurement methods (e.g. DPOAE measurements [1] and 
psychophysical measurements [5]) reveal different properties of IDPs. The fact that 
many hypotheses have been put forward about IDP generation in recent years, and 
the development of clever techniques to study the generation process in more detail 
(e.g. Talmadge et al., this volume), indicates the need to further our understanding in 
this area.
We have developed a method to “unravel” the generation process in a nonlinear 
model of the cochlea. Using the results from this method we hope to explain some of 
the properties of IDPs in DPOAE and psychophysical data.

1 In this context the term distortion products usually refers to intermodulation distortion products (IDPs) 
resulting from the stimulation of the cochlea with a combination of two frequencies. If these frequencies 
are indicated as f  and f i  (commonly fi>  f\), these IDPs have frequencies /bp-w/i+w/i (with n and m 
positive or negative integers)

mailto:hengel@bcn.rug.nl
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The model used in this study is a simple one-dimensional transmission line 
model of the human cochlea published on before. The nonlinearity necessary to
generate IDPs is put in the damping as: d(x,v) = dNL(v)8yjms(x) , where

2 Model

It should be noted here that we do not claim to model cochlear behavior 
correctly (at all stimulus levels) using this model and this nonlinearity. It is well 
known that a simple representation of the mechanics of the individual sections can 
not reproduce the high and broad excitation peak seen in the excitation to pure tones 
at low stimulus levels [2]. Also, there are indications that the nonlinearity actually 
present in the cochlea is of a different shape than used here. The aim of this study, 
however, was to investigate the generation of IDPs in a model of the cochlea that 
was as simple as possible. The model therefore only contains the main 
characteristics necessary for IDP generation (a nonlinearity) and the transfer of IDP 
energy generated at any given section to other model sections (the coupling of the 
model sections through the fluid, and the coupling to the outside world through a 
simple middle ear).

2.1 Properties o f IDPs generated by this model

Figure 1 shows the velocity amplitude at the DP place for 2f - f 2 and 3f-2f2 as a 
function of their own frequency, which could be compared to psychophysical data. 
To obtain this figure f  was kept constant at a frequency of 2 kHz (20 dB SPL) and^ 
was varied in frequency (also at 20 dB SPL). The sharp minima (‘nulls’) resemble 
those seen in experimental data [6] and were also obtained by Hall in 1974 [3], with 
a similar model.

d N, (v) = %- + ĉ h^  | is a simple nonlinear function of the velocity v. 1 + P\v\

-10
Figure 1. Level of the 2/ 1-/2 component in the velocity of a 
section at the characteristic position of 2f\-fi in the model 
(solid line) as a function of the frequency 2/ 1-/2. Also shown is 
the level of the 3/i-2/2 component in the velocity of a section at 
the 3/i-2/i place as a function of 3/i-2/2.
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Figure 2 shows the levels of the 2f - f 2 and 3f-2f2 
components in the pressure at the ear drum, as a 
function of the ratio f 2/ f .  In this case/? was kept fixed 
(at 3 kHz for the solid lines, at 6 kHz for the dashed 
lines, in both cases at 20 dB SPL). The f  Figure 2. Level 
of the 2/i-/2 and 3/i-2/2 components in the pressure at the ear drum 
of the model as a function of the ratio of the stimulus frequencies. 
In this case f i  was kept fixed at 3 kHz (solid lines) or 6 kHz (dashed 
lines) (in both cases at 20 dB SPL) and f  was varied (at 35 dB 
SPL).

component was varied in frequency, at a constant level of 35 dB SPL. It can be seen 
that the IDP components show a maximum independent of the f 2 frequency. A 
similar effect has also been observed in experimental data [1] and in some model 
studies [4], and has been named the ‘second filter’ effect.

3 Method to ‘unravel’ the generation process of IDPs

Figure 3 shows a schematic overview of the generation of IDPs. In general the 
stimulus pressure (containing the f  and 7*2 components) will somehow lead to IDP 
generation somewhere in the model and result in excitation at the DP place and IDP 
components in the pressure at the ear drum. When we focus our attention on a 
section at (arbitrary) position x ,  the stimulus pressure P ( f / 2) arrives at this location 
as a transpartition pressure p ( x  f \ f 2)- This transpartition pressure will set the section 
of the cochlear partition at position x  in motion resulting in a velocity v ( jc / ] /2, . . . . ) .  

Due to the nonlinear mechanics of the section this velocity will not only contain the 
stimulus frequencies, but also many IDPs. Therefore there will be components 
v (*;/d p ) in this velocity. A component v ( jc ^ p)  in the section velocity will lead to a 
transpartition pressure difference of p ( x / DP).  This transpartition pressure p ( x / DP) can 
be regarded as an internal stimulus to the model. The energy this pressure source 
produces will spread out through the model and lead to an excitation vDP(/^Ppc) at the 
DP place (corresponding to this IDP component) and a pressure Po(fr>p',x) at the ear 
drum. The process sketched here will take place at all locations x  throughout the 
entire model and therefore the total excitation at the DP place will be a summation
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otoacoustic
emission

psychophysic

of all the contributions vDP(/DP;x) and the pressure at the 
contributions /?o(/bp>#)-

VDp(fDp)=SvDp(fDP;x)

P(x;U

position x

ear drum the sum of all

Figure 3. Schematic 
overview of the generation of 
intermodulation distortion 
products (IDPs) in the model

It would be useful if we could determine the level (and phase) of all these 
contributions vDp^ppc) and Po(fn?\x) separately. Unfortunately, the process outlined 
here takes place instantaneously in the model. The IDPs generated at any position 
will immediately spread out and the velocity (or pressure) can not be split into a part 
that is generated locally and the contributions arriving there from other positions. 
The basic principle of the method we used to ‘unravel’ the generation process is the 
fact that the conversion of the transpartition pressure p{xj\J^) to the velocity v(x;

and then to p(x'Jqv) is a local process. The section can be taken out of the 
model and stimulated withp(x/ii/2) to generate v ( x ; / j2,...), which can be converted 
into p ( x  f DP)  without connection to the rest of the model. This will result in the 
locally generated distortion pressure only. By reconnecting the section to the rest of 
the model and stimulating it with p ( x / DP)  (while not applying any stimulus to the rest 
of the sections) the contributions vdp(/"dp;jc) and /? o (/d p ^ ) can be computed. This 
procedure can be used for all sections leading to a profile of vDP(/DP;jr) and PoC/dp;*) 
as a function of the position x .



413

Figure 4. Generated transpartition 
pressure at 2f\-fi for all sections of the 
cochlea (thick solid line). The levels of 
the stimulus components and several IDP 
components as computed with the 
(complete) model are also shown.

x (mm)

4 Results

The method described in the previous section was applied only for the 2f - f 2 
component. Figure 4 shows the generated pressure at all locations along the model 
for the 2 /,-/2 IDP in combination with the levels of the stimulus components and the 
IDP components in the complete model. It is clear from this figure that the 
generation is maximal around the f 2 position. However, the assumption that the f 2 
place is a single source of generation, which is sometimes made, appears to be an 
oversimplification.

x (mm) x (mm)

Figure 5. Levels and phase of contributions to the emission pressure at 2f\-f2 from all sections of the 
model, as a function of the position of the generating section. Curves are shown for three values of f  
(which had a level of 35 dB SPL). The f i  component was held fixed at 3 kHz (20 dB SPL). (The region 
between 10 and 15 mm from the stapes is shown in more detail in the inset.)

In figures 5 and 6 the contributions to the emission pressure ( P q( / d p ',x ) )  and to the 
excitation at the DP place (vDP(/DP;x)) are shown in dependence on the position of 
generation x, for three different values off  (f2 was kept fixed at 3 kHz). In both
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Figure 6. Levels and phase of contributions to the velocity at the place from all sections of the 
model, as a function of the position of the generating section. Curves are shown for three values of/i 
(which had a level of 35 dB SPL). The f i  component was held fixed at 3 kHz (20 dB SPL). (The region 
between 10 and 15 mm from the stapes is shown in more detail in the inset.)

cases it can be seen that the maximum contributions come from the region around 
the / 2 place. However, it is clear that, although the pattern of generated pressure is 
equal for both figures, the resulting contributions to DP place and the emission 
pressure are quite different.

For the contributions to the emission it can be seen that the amplitude goes up 
as f  approaches / 2, for all sections. The fact that the sum of all these contributions 
has a maximum at ~2.6 kHz and decreases for at /i=2.8 kHz can be explained by 
examining the phase behavior of the contributions. It can be seen that the phase in 
the region around the maximum contribution is nearly constant for f -  2.6 kHz, 
whereas for f= 2.S  kHz it varies rapidly. Therefore, the contributions for f=2.6  kHz 
will add up in phase, whereas for f =2.S kHz the phase differences will lead to 
cancellation of a large part of the contributions and thus to a smaller total.

The situation for the velocity at the characteristic position of the 2frf 2 IDP 
component (the DP place) can be seen in figure 6. In this case the effect of reflection 
is clear. The excitation at the DP place is caused by a “direct” contribution from the 
generation region and an “indirect” contribution, which has first traveled in basal 
direction and has been reflected at the stapes. As figure 6 shows, for several 
locations of generation these two contributions are in opposite phase and therefore 
the total contribution from such a section is substantially reduced. It can be seen that 
the location of these “minimal contributors” changes with f  (or with 2/- fi) . If the 
section which would contribute maximally to the excitation at the DP place (in this 
case the section at ~13.5 mm) happens to be a “minimal contributor” the total level 
of excitation at the DP place will show a minimum.
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§ Conclusions

The method described for “unraveling” the process of generation of IDPs in a 
cochlear model seems to work properly. More testing with different models (more 
complex partition mechanics) and/or different nonlinearities is required to 
investigate its full potential. But the fact the results obtained here with a simple 
representation of the cochlea, lead us to conclude that this method can play an 
important role in developing our understanding of the properties of IDPs measured 
psychophysically or as DPOAEs.

It is clear from this study that the differences between the behavior of IDPs in 
psychophysical data and in emission data need not reflect differences in the way in 
which they are generated.

In the case of the contributions to the emission it is clear that the relative phase 
of contributions around the maximum (near the/ 2 place) plays an important role, and 
explains the “second filter” effect observed in the emissions computed with this 
model (and others). It is highly likely that these phase effects will also play a role in 
the generation of DPOAEs in the real cochlea and may explain (some of) the 
“second filter” effect in the experimental data.

For the excitation at the DP place (and therefore for psychophysical data) the 
reflection at the stapes of energy generated inside the cochlea plays the prominent 
role, leading to ‘nulls’ at certain IDP frequencies.

References

1. Brown, A.M., Williams, D.M. (1993) A second filter in the cochlea Biophysics 
o f Hair Cell Sensory Systems, eds. H. Duifhuis, J. W. Horst, P. van Dijk and
S.M. van Netten. 72-77.

2. de Boer, E. (1995) On equivalence of locally active models of the cochlea J. 
Acoust. Soc. Am. 98, 1400-1409.

3. Hall, J.L (1974) Two-tone distortion products in a nonlinear model of the 
basilar membrane J. Acoust. Soc. Am. 56, 1818-1828.

4. Neely, S.T., Stover, L.J. (1997) A generation of distortion products in a model 
of cochlear mechanics Diversity in Auditory Mechanics eds. E.R. Lewis, G.R. 
Long, R.F. Lyon, P.M. Narrins, C.R. Steele andE. Hecht-Poinar. 434-440.

5. Smoorenburg, G.F. (1972) Combination tones and their origin. J. Acoust. Soc. 
Am, 52,615-632.

6. Zwicker, E. (1980) Cubic difference tone level and phase dependence on 
frequency difference and level of the primaries. Psychophysical, Physiological 
and Behavioral Studies in Hearing, eds. G. van den Brink & F.A. Bilsen, 268- 
273.





Auditory nerve responses





419

TUNING, SUPPRESSION AND ADAPTATION IN AUDITORY 
AFFERENTS, AS SEEN WITH SECOND-ORDER WIENER KERNELS

W.M. YAMADA 
University o f  California, Los Angeles, CA 90095-1527, USA 

E-mail: mas@pepto.physci.ucla.edu

K.R. HENRY 
University o f  California, Davis, CA 95616-8686, USA 

E-mail: krhenry@ucdavis.edu

E.R. LEWIS
University o f  California, Berkeley, CA 94720-1770, USA 

E-mail: lewis@eecs.berkeley.edu

The ability of Wiener series to predict the time course of instantaneous spike rate (as given by 
the PSTH) in response to a novel stimulus of arbitrary complexity demonstrates that they 
provide faithful descriptive models of individual auditory nave fibers—embodying , among 
other things, the essence of sprectro-temporal filtering When such models comprise the first 
three terms of the Wiener series, then background spike rate is represented by the O^-order 
tom, linear AC response is represented by the l^-order term, and nonlinear AC and DC 
responses are represented by the 2nd-order term. Singular-value decomposition can be used to 
separate the various components of the 2nd-order term, and to divide its DC response into an 
excitatory component and an inhibitory component. The inhibitory component typically 
comprises well-tuned subcomponents that seem clearly to correspond to the phenomena 
conventionally labeled suppression and adaptation. Both yield negative DC shifts in the 
instantaneous spike rate. The AC component of the 2nd-order term imposes even-order 
nonlinearity on the overall AC response. When combined with the l^-order term, it 
approximates clipping at zero spikes per second when the background spike rate is low, and it 
embodies the tendency of positive excursions of AC response to be greater than negative 
excursions even when the background spike rate is sufficient to prevent clipping For units with 
best excitatory frequencies that are high, the AC component of instantaneous spike rate becomes 
vanishingly small. For such units, the 2nd-order term in the Wiener series embodies the essence 
of spe&ro-temporal filtering, both for excitation and for suppression.

1 Introduction

For auditory afferents whose best excitatory frequencies (BEFs) are low enough to 
elicit phase locking, REVCOR functions are good descriptions of tuning, pre
dicting not only shapes of frequency-threshold tuning curves, but also temporal 
details of instantaneous spike rate responses to novel, complex stimuli [1, 4, 8], 
The REVCOR function is an element (the l st-order kernel) in a series of 
functionals (the Wiener series) commonly used to describe the properties of 
nonlinear systems. Recently, another element (the 2nd-order kernel) in this series
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mailto:krhenry@ucdavis.edu
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420

has been applied to auditory afferents [3], This kernel allows white-noise analysis 
to be extended to auditory afferents whose BEFs are above the frequency range of 
phase locking. In its raw form it is difficult to interpret. Van Dijk et al. adapted it 
to a sandwich model that conforms well to the known biophysics of auditory units 
for excitatory stimuli. We use a different approach, singular-value decomposition, 
which complements the earlier approach by revealing features not easily seen with 
it [9], In this paper we present 2nd-order kernels from two primary auditory units, 
one from the American bullfrog (Rana catesbeiana) and one from the Mongolian 
gerbil (Meriones unguiculatis), that are representative of several hundred units 
that we have studied in each animal.

2 First-order kernels

A single 1 -order kernel, obtained for a given noise level, represents only a linear 
operation: the time course (PSTH) of the instantaneous spike rate in response to a 
novel stimulus waveform is predicted by convolving the l st-order kernel with that 
waveform [1,8]. First-order kernels obtained at different noise levels for one unit 
show nonlinear adjustments of gain and tuning. Tuning adjustment for 
mammalian cochlear afferents often involves increased damping of the filter's 
impulse response as the noise level is increased [2,4,7]. Thus frequency resolution 
declines and temporal resolution increases as ambient sound level increases. This 
also occurs in bullfrog auditory units [11]. The figure below shows normalized 1st- 
order kernels taken at four stimulus levels from a single bullfrog auditory unit.

0 10 20
Time (ms)

30 40
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3 Second-order kernels

Two patterns that recur frequently in 2nd-order Wiener kernels of primary auditory 
afferent axons are a diagonally-oriented checkerboard pattern and a pattern of 
diagonally-oriented parallel lines (Figure 2). Singular-value decomposition in
variably reveals that the tuning represented by the checkerboard pattern is the 
same as that represented by the l st-order kernel. Together, the two account for all 
AC response in the instantaneous spike rate. Singular-value decomposition reveals 
that the patterns of parallel diagonal lines represent linear filtering followed by 
envelope detection. The predicted (DC) contribution to instantaneous spike rate in 
that case is directly proportional to the square of the envelope of the filtered 
stimulus waveform [10]. This contribution may be positive (excitatory) or negative 
(inhibitory). Singular-value decomposition allows us to separate the excitatory 
and inhibitory dynamics. The 2nd-order kernel (h2) in the top panel of Figure 2 
was taken for a bullfrog unit stimulated with broad-band white noise at 90 dB 
SPL. Singular-value decomposition of the kernel yielded a ranked set of 200 
singular vectors (SVs) and their corresponding weights. The forty highest-ranking 
weights are plotted in a bar graph at the bottom of the figure. Those plotted as 
positive numbers correspond to SVs that contribute to the excitatory component of 
response, those plotted as negative numbers correspond to SVs that contribute to 
the inhibitory component. The corresponding components of h2, reconstructed 
from the forty highest-ranking singular vectors, are shown in the figure.

As is consistently true, singular-value decomposition revealed the source of 
the checkerboard pattern to be a single function. (the highest-ranking singular 
vector, SV1), identical to the l st-order kernel (hi) (see both in the 2 panel of 
Figure 3). The corresponding tuning peak occurred at about 300 Hz (the amplitude 
portions of the discrete Fourier transforms, DFTs, of the waveforms in the 2nd 
panel are plotted in the top panel). As is commonly true for units with low BEFs, 
this highest-ranking singular vector was accompanied by a quadrature mate (3 
and 4 panels in Figure 3), which in this case was the 2nd-ranking singular vector 
(SV2). The weight for SV2 was about 20% of that for SV1, indicating that only 
80% of SV1 contributes to AC response, the rest combines with SV2 to yield 
excitatory DC response (proportional to the square of the envelope of the 
waveform resulting from the convolution of SVI (or h i) and the stimulus).

The inhibitory component of the 2nd-order kernel has two regions of parallel 
diagonal lines. The bolder of these has a higher-frequency periodicity and appears 
at approximately the same location as the checkerboard in the excitatory 
component. The fainter pattern has a periodicity similar to that of the 
checkerboard and is farther from the origin than the checkerboard. Increased 
distance from the origin corresponds to increased time prior to the spike. Singular 
value decomposition revealed the source of the bolder pattern to be the 3rd- and 4th- 
ranking singular vectors (SV3 and SV4, bottom two panels in figure 3), which 
form a quadrature pair with nearly equal weight. The corresponding tuning peak 
occurred at approximately 800 Hz. SV3 and SV4 also are major contributors to
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the fainter pattern (see waveform segments beginning at 10 ms in the 4th panel of 
Figure 3). They reveal its periodicity, with a tuning peak at about 300 Hz.

Singular-value decomposition therefore allows us to interpret the 2nd-order 
kernel of this unit as follows (in terms of the instantaneous spike rate): It 
represents distorted AC response and a smaller (approximately 25%) positive DC 
response to stimulus frequency components in the neighborhood of 300 Hz. It 
also represents negative DC responses to stimulus components in the 
neighborhood of 800 Hz and to earlier stimulus components in the neighborhood 
of 300 Hz. In the vicinity of 10 ms in the inhibitory component of h2, the 
inhibitory tuning shifts between these two frequencies (from 800 Hz to 300 Hz).

The top four panels in Figure 4 show a similar analysis for a gerbil cochlear 
axon stimulated with white noise at 48 dB SPL. The noise bandwidth extended 
from 300 Hz to 17 kHz. The computed l st-order kernel appeared not to be 
different from the stimulus noise. The 2nd-order kernel and its excitatory and 
inhibitory components all exhibited clear patterns of diagonal, parallel lines but no 
checkerboard pattern. The source of the pattern on the excitatory component was 
the highest-ranking pair of singular vectors (SV1 & SV2, top two panels of Figure 
4), which had nearly identical weighting values and were in quadrature with one 
another. The main source of the pattern on the inhibitory component was the 2nd 
highest ranking pair of vectors (SV3 & SV4, 3rd and 4th panels of Figure 4), which 
also had nearly identical weighting values and were in quadrature. Singular-value 
decomposition in this case allows us to interpret the 2n -order kernels as follows: 
In terms of instantaneous spike rate, it represents vanishingly small AC response 
at any frequency, a positive DC response to frequencies in a narrow range centered 
slightly below 600 Hz, and a negative DC response to frequencies in a narrow 
range centered slightly above 600 Hz. The bottom two panels in Figure 4 show the 
excitatory tuning of the highest-frequency gerbil unit we have studied so far with 
this method. The noise amplitude in this case was 57 dB SPL. The inhibitory 
component of the 2nd-order kernel exhibited no obvious pattern.

4 Discussion

The continuous broad-band white-noise stimulus was able to evoke both 
excitatory and inhibitory functions. The 2nd-order Wiener kernel embodied 
descriptions of the dynamics of those functions, and singular-value decomposition 
allowed us to separate them in both time and frequency. The separation in 
frequency conforms well to what has been reported often in the literature on two- 
tone suppression. The separation in time adds new information, namely the 
timing required of adaptive or suppressive stimuli relative to that of excitatory 
stimuli. The association of suppression and adaptation with negative DC response 
(proportional to the square of the stimulus envelope) was reported previously for 
low-frequency bullfrog auditory fibers [5], Suppressive or adaptive changes in AC 
gain (as in automatic gain control) are not represented explicitly in 2nd-order 
kernels. In the presence of internal and/or external noise, however, they should be
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concomitant with DC shift (reduction in AC gain being concomitant with negative 
DC shift) and thus are implied by the 2nd-order kernel [6], Like the l st-order 
kernels in Figure 1, 2nd-order kernels are dependent on the level of the stimulus 
noise with which they were obtained. Thus, their ability to describe faithfully the 
behavior of a unit is limited to a narrow range of amplitudes (perhaps +/-10 dB).
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We studied cat single auditory-nerve-fiber responses to clicks. Near-threshold responses 
followed the classic picture of a single resonant system with temporal jitter reducing high- 
frequency synchrony. At moderate and high levels, there were two separate level-vs- 
latency regions of non-classic features and phase reversals, each of which is most simply 
explained as due to two interacting excitation drives. These data indicate that auditory- 
nerve fibers are excited by the combination, at some stage in the cochlea, of at least three 
excitation drives that are derived from the acoustic stimulus. One interpretation of these 
data is that the organ-of-Corti complex vibrates in resonant modes with each mode 
producing one excitation drive and the mix of modes varying with sound level.

1 Introduction

Responses of auditoiy-nerve fibers to low-frequency tones show an abrupt phase 
reversal as the sound level is increased in the 80-100 dB SPL range [6,9,18], We 
refer to these reversals as a “single-tone interference" (STI) pattern, a terminology 
that avoids reference to an assumed mechanism. These reversals have been 
hypothesized to be produced by the addition, at some stage of the cochlea, of two 
out-of-phase excitation drives that are derived from the sound stimulus [6].

We looked for an equivalent phenomena in responses to clicks, i.e. a "single
click interference" (SCI) pattern. Insight into possible SCI patterns can be gained 
from a two-drive model of STI that has been extended to SCI [10]. The two-drive 
model predicts that click responses will show systematically-varying selective 
cancellation of different response peaks at different sound levels. One focus of the 
work presented here was to test whether these predicted patterns are actually found 
in responses to clicks.

Another motivation for the exploration of click responses comes from the 
advantage of clicks over tones in showing the natural resonances of a system. Clicks 
deliver a burst of energy and then allow the system to vibrate on its own. Thus, 
evidence of the cochlea's natural resonant frequencies should be present in auditory- 
nerve-fiber responses to clicks. We hypothesized that there might be multiple 
resonances to be revealed by clicks because the vibration of the organ of Corti 
complex may consist of a mixture of many different vibration patterns, or "resonant 
modes", each with its own spatial distribution and natural resonant frequency 
[3,11,17].
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We studied cat single auditory-nerve fibers using clicks with compensation for the 
nonlinearity of our condenser earphone. Peri-stimulus-time (PST) histograms of the 
responses were corrected for refractory effects, and compound PST (cPST) 
histograms were formed by combining rarefaction-click PSTs (plotted upward) with 
condensation-click PSTs (plotted downward). Medial olivocochlear efferents were 
stimulated with brainstem shocks [1].

2 Methods

Results

Auditory-nerve-fiber responses to clicks showed a variety of patterns, many of which 
were clearly not due to the response of a single resonant system. At low levels, the 
click responses followed the classic picture of responses from a single resonant 
system with temporal jitter producing loss of high-frequency synchrony. For fibers 
with characteristic frequencies (CFs) < 4 kHz, low-level cPSTs had a simple 
oscillatory pattern with a period of 1/CF (Fig. 1, <51 dB). In fibers across all CFs 
there was a transition from the low-level pattern to a significantly different pattern at 
moderate to high sound levels (Fig. 1). At moderate to high levels, the responses 
showed a variety of non-classic behaviors including "anomalies" (regions in an 
individual cPST that showed a non-classic feature, e.g., the two peaks in a row for 
rarefaction clicks in Fig. 1 A, 107 dB) and "reversals," (e.g. a peak in the rarefaction- 
click PST at low levels was replaced at high levels by a peak at the same latency in 
the condensation-click PST, e.g. Fig. 1, latencies labeled “Reversals”).
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Figure 1. Compound PST (cPST) histograms from click-level series from two auditory-nerve fibers. 
Note that latency here in ms whereas in Figure 2 latency is relative to the earliest peak and in periods.

There were at least two separate regions with anomalies and reversals, a short- 
latency, high-level region and a longer-latency, moderate-level region (Fig. 2).
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Fibers with CFs 1-4 kHz sometimes had reversals in both regions. Many of these 
fibers had click level series in which the cPST period changed with sound level 
over a 10-20 dB range so that there was one less cycle in a fixed time range at high 
levels compared to low levels (Fig. IB). At sound levels near this period change, 
the envelope of the response often waxed and waned as if the response were due to 
the mixing of two drives of slightly different frequencies (e.g. Fig. IB, 99 dB). At 
latencies before the first wane, the low-level cPST peaks usually reversed at high 
levels producing the long-latency, moderate-level reversals in Figure 2.
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Figure 2. Data showing that cPST reversals occur in two regions in the level-latency plane. Each point 
shows the latency of a peak and a sound level approximately half-way along the reversal (i.e. the level 
at which the cPST was zero). Latency was normalized by subtracting the latency of the shortest cPST 
peak seen for that fiber. Periods were calculated from the fiber CF.

Fibers with CF > 4kHz had low-level responses in which the condensation and 
rarefaction peaks were at the same latency, as expected for an oscillatory response at 
CF, followed by temporal jitter. At high levels, all fibers with CFs > 4 kHz 
showed a "High-CF Offset Peaks" anomaly in which rarefaction and condensation 
peaks are not at the same latency. There were a few cases in which some of these 
early non-classic peaks reversed at very high sound levels. In addition, some fibers 
with CFs > 4 kHz showed waxing and waning (manifest by a multi-bursted 
response that was identical in rarefaction and condensation PSTs).

In preliminary experiments, we stimulated medial efferents to provide 
reversible, physiological influences on click responses (e.g. Fig. 3). Efferent 
stimulation reduced responses to low-level clicks for fibers across all CFs. For fibers 
with CFs < 4 kHz, efferent stimulation reduced later cPST peaks more than middle 
peaks, and lowered the sound levels of peak "reversals". Surprisingly, efferent 
stimulation often produced a large reduction in the earliest cPST peak, even when it 
was the biggest cPST peak.

4 Discussion

Although the non-classic click responses we found may seem unusual, there is clear 
evidence in earlier reports for reversals and for all the anomalies we have 
distinguished [7,14,19,20].
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For low-CF fibers, the click-response patterns do not fit the predications of any 
of our variations of the two-drive model [10]. Two-drive models that mimic the 
tone phase reversals predict click-response patterns with reversals in the initial part 
of the response like those in Figure 1A. However, the data show an additional, 
unexpected, low-level, longer-latency set of reversals (Figs. IB, 2).
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Figure 3. Compound PSTs from click-level series without (left) and with (right) efferent shocks.

If the two-drive model does not produce the observed click-responses, what 
does? The only viable explanation appears to be that three (or more) excitation 
drives combine to produce the responses. Each region showing reversals appears to 
be due to the interaction of two drives that are sometimes out of phase. For short- 
latency, high-level reversals, this is shown by our model analysis. The long- 
latency, moderate-level reversals appear to be a transition between the response 
being driven at one frequency for low-level clicks and at another frequency for high- 
level clicks. The waxing and waning of the response at sound levels in the 
transition region argues for this transition being due to two interacting drives with 
slightly different frequencies, as opposed to a single drive that undergoes a slow 
change in its resonant frequency as sound level increases. Thus, the long-latency, 
moderate-level region is also due to two interacting drives. An important point is 
that some fibers had reversals in both regions. Thus, for some fibers at least three 
excitation drives are needed to produce the observed responses.

There is previous evidence for three excitation drives interacting to produce the 
responses of auditory-nerve fibers. Low-CF fibers have tuning-curve tips that are 
lobed as if they result from two interacting drives [8]. In addition, phase-versus- 
frequency plots from low-CF fibers show two (or more) frequency regions with 
straight-line slopes [15] as if the excitation to the fiber was the sum of two (or more) 
drives that have different group delays. Furthermore, the group delays change at the 
same frequencies as the seams between the tuning-curve lobes [5]. Thus, the tuning 
curve lobes appear to be due to the interaction of two drives that have different group 
delays. Fibers in this same CF region show phase reversals for high-level tones [9]. 
It is likely that the drive that produces the response above a reversal is different from 
both of the drives that interact to produce the lobed tuning curves (e.g. furosemide 
abolishes the low-level response but not the high-level response). The click and 
tone data complement each other and make a powerful case that three excitation
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drives interact to produce the drive to low-CF auditory-nerve fibers. Furthermore, 
the data suggest that two of these excitation drives are not just high-level 
phenomena but are present near threshold.

A tentative correspondence between the click and tone excitation drives can be 
suggested. Presumably, the drive that produces the low-level click responses with 
periods near CF (Drive CF), is the same as the drive that produces responses to 
low-level tones near CF. Based on our model results, we hypothesize that the drive 
that produces responses at click levels above the short-latency, high-level reversals 
(Drive H), also produces tone responses above a phase reversal. This leaves the 
drive that interacts with Drive CF to produce long-latency, moderate-level 
transitions and the waxing and waning of click responses (Drive L), to be identified 
with the drive that interacts with Drive CF to produce tuning-curve side-lobes.

The above analysis has been for low-CF fibers (CFs < 4 kHz) but it seems 
likely that three (or more) excitation drives interact to produce the responses cf 
high-CF fibers also. There appear to be two major excitation drives for high-CF 
fibers, a “tip drive” that produces tuning-curve tips and the low-level click- 
response, and a “tail drive” which produces tuning-curve tails and click-response 
High-CF Offset Peaks [19,20]. There is evidence that the tip and tail drives may 
each be composed of two separate excitation drives. First, our data show that for 
some high-CF fibers, some peaks of the tail-associated, High-CF-Offset-Peaks click 
response reverse at very high click levels. This suggests that the tail drive is 
composed of two drives that can be out-of-phase and have different growth rates. In 
addition, chinchilla high-CF fibers stimulated with low-frequency tones show one 
or two abrupt phase changes which suggests that two, or perhaps three, drives 
interact to produce the tail response [18]. Thus, both click and tone data (in different 
species) suggest that tail-associated responses are due to the interaction of at least 
two excitation drives.

Evidence that the tip-drive of high-CF fibers is composed of two drives comes 
from waxing and waning in basilar-membrane and auditory-nerve-fiber data. Near 
the 8-10 kHz place in the chinchilla, basilar-membrane responses to low-level clicks 
sometimes show a waxing and waning that appears to be due to the beating of two 
excitation drives that have slightly different resonant frequencies [16]. These basilar- 
membrane-motion data look very similar to our click-response cPSTs from 
auditory-nerve fibers with CFs 2-3 kHz that show waxing and waning and a change 
in period from low to high click levels (e.g. Fig. IB). We also found evidence fa- 
waxing and waning in the envelopes of responses from fibers with CFs > 4 kHz. 
Thus, both basilar-membrane and auditory-nerve data support the hypothesis that 
responses in the tip region of high-CF tuning curves are due to the interaction of 
two excitation drives with slightly different resonant frequencies.

In summary, existing data support the hypothesis that the drive that excites 
both low-CF and high-CF auditory-nerve fibers is obtained from the combination, 
at some stage in the cochlea, of at least three excitation drives derived from the 
acoustic stimulus.

What do the multiple excitation drives correspond to physically in the cochlea? 
One way of interpreting the origin of multiple excitation drives is that the organ cf
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Corti vibrates in modes [3,11,17,21]. In the simplest case, one excitation drive 
corresponds to one mode of vibration. With this view, there is no need for 
physically separate paths to provide separate excitation drives, instead each drive 
involves the same cochlear structures vibrating in a different way. Another view, 
that the tectorial membrane provides a resonance and perhaps an excitation drive, 
can be considered as a subset of the hypothesis that the cochlear structures (organ cf 
Corti, tectorial and basilar membranes) vibrate in modes.

A variety of mechanical measurements show that cochlear micromechanical 
motion is complex and not just due to a simple bowing of the basilar membrane [2, 
3,4,12,13,16,17,]. These data indicate that cochlear vibration is in modes, but they 
do not show how important multiple modes with different resonant frequencies are 
in determining the output of the cochlea. Our auditory-nerve data provide clear 
evidence that three or more drives with different resonant properties have important 
roles in shaping the output of the intact, normal cochlea, and furthermore that the 
mix of modes changes with sound level.

Our new efferent data showing reductions of click responses at low levels and 
long latencies are expected from previous efferent results using tones, but the 
preferential efferent reduction of the first cPST peak is totally unexpected. Although 
the origin of the first-peak reduction is unknown, the large reduction suggests that 
the first peak is not just a passive response and that it may be due to a different 
mode than the middle peaks.

In conclusion, our data show that there are at least three excitation drives to 
auditory-nerve fibers, each with its own resonant properties, and that the mix of 
these varies with sound level. These data, together with the previous measurements 
of cochlear motion, bring to a critical mass the evidence supporting the hypothesis 
that multiple vibrational modes play important roles in the normal, intact cochlea.
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Rate-intensity (Rl) functions of single auditory-nerve fibres in the bam owl were well fit by a 
two-component model which was previously shown to account for the typical features of 
mammalian Rl-functions. All units revealed a compressive nonlinear response component 
that was restricted to frequencies near the characteristic frequency (CF) and similar to the 
basilar-membrane characteristic in mammals. It is argued that this provides further evidence 
for an amplification mechanism increasing sensitivity at low sound levels in birds. A striking 
difference to mammalian data was that the compressive nonlinearity was not the same for 
fibres of closely-similar CF in the same individual, but varied with the sensitivity of the 
fibres. This suggests a more individual, localised amplification effect instead of a global 
feedback loop uniformly driving all hair cells within a narrow range of CFs.

1 Introduction

The avian basilar papilla shows important parallels with the mammalian cochlea, in 
that both appear to have implemented a specialisation of the sensory hair cells into 
two populations with different functions [e.g. 9]. However, while in mammals it is 
generally agreed that the inner hair cells serve the classical sensory function and the 
outer hair cells are modified for mechanically amplifying faint stimuli in a positive 
feedback loop, the case in birds is still much more speculative. The shapes of 
auditory-nerve Rl-functions can be used as a tool to reveal important characteristics 
of the underlying input and pre-processing.

In mammals, auditory-nerve Rl functions were shown to reflect salient features 
of the underlying mechanical drive to the hair cells. Rl-functions were successfully 
modelled as the combination of a compressive nonlinear mechanical response 
representing the basilar membrane (BM), and a hyperbolic saturation of a variable in 
intensity-squared representing the hair cell and synapse [13,18]. Depending on their 
individually-variable thresholds to the same BM motion at a particular location 
along the cochlea, different fibres are thought to be driven over their sensitive range 
by different parts of the common BM response curve. The most sensitive fibres
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reach saturation within the initially linear response region of the BM, resulting in a 
flat-saturating Rl-function. Fibres with higher thresholds reflect the break in the BM 
response between linearity and compression, resulting in a sloping-saturating Rl- 
function. Finally, the fibres with the highest thresholds only start responding near or 
beyond the breakpoint in the BM response, resulting in a nearly straight Rl-function.

At frequencies far below the CF, the BM response in mammals is always 
insensitive and linear, and Rl-functions at those frequencies correspondingly show 
high thresholds and are flat-saturating. The high sensitivity and compressive 
nonlinear growth of the BM-response around CF are considered to be hallmarks of a 
positive feedback loop, actively amplifying low-level stimuli and involving hair-cell 
mechanical activity.

We recorded Rl-functions from single auditory-nerve fibres in the barn owl, 
asking the question whether they provide evidence for a compressively nonlinear 
response component that may be linked to a cochlear amplification mechanism. By 
choosing the owl, which is well known for its exquisite sensitivity at frequencies up 
to about 10 kHz [e.g. 6], we sought to extend the available avian data to higher CFs 
than could previously be recorded [12,18]. Also, the barn owl is the only bird in 
which spontaneous otoacoustic emissions have been documented [15]. These are 
widely believed to be the by-product of a positive cochlear feedback loop with high 
gain, and to be generated by active motility of hair cells.

2 Methods

Recordings from single auditory-nerve fibres were obtained from 8 adult barn owls 
(Tyto alba guttata). Details of the anaesthesia, surgery and recording procedures can 
be found in [6]. Rl-functions at the CF were collected from 95 fibres covering most 
of the owl’s CF range. Extensive data at an additional 9 frequencies off the CF were 
obtained for a subset of 50 fibres. Stimuli were delivered through a closed and 
individually-calibrated sound system. Tone bursts of 50 ms (including 5 ms rise and 
fall times) were presented every 300 ms; their sound pressure level (SPL) was varied 
in 3 dB steps and they were presented randomly and repeated 10 times each. 
Alternatively, in earlier experiments, stimuli were presented at a rate of 2/s and in 
sequential order from the lowest to the highest SPL

Rl-data were fit with the following functions [after 18]:

R = mean discharge rate (spikes/s) 
p = sound pressure (Pascals)
d = presumed mechanical input (basilar-membrane displacement in mammals)

A-2 ~\~d
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AO = spontaneous discharge rate (spikes/s)
Al = maximal discharge rate (spikes/s)
A2 = value of d which produces 50% of the maximal increase in discharge rate 

over the spontaneous rate 
A3 = breakpoint, i.e. sound pressure (Pascals) which marks the transition from the 

linear response to the compressive growth 
A4 = the exponent of the power-law slope in the region of compressive growth

3 Results

3.1 Most Rl-functions at CF were sloping-saturating: Evidence for a 
compressive non-linearity

Rl-functions in the barn owl were well fit by the functions derived from mammalian 
data. The great majority (86%) of fibres showed sloping-saturating responses at CF. 
The remainder of fibres (14%) had flat-saturating responses. These were, however, 
not distinguished by spontaneous rate, sensitivity or tuning sharpness. Straight Rl- 
functions did not occur in the owl at the CF.

3.2 The non-linearity was restricted to frequencies around CF

Figure 1. Example of an auditory-nerve 
fibre of high CF (8.3 kHz). Rl-functions 
for 5 different frequencies across the 
response range of the fibre are shown; 
in each case symbols joined by thin 
lines are used for the raw data, thick 
lines for the best fit. Note that 
frequency-threshold curves in the owl 
are narrowly tuned even at high SPLs 
and do not show low-frequency tails 
[6]; this restricted data collection to a 
range of typically ±0.4 octaves. The 
response is clearly sloping-saturating at 
the 3 frequencies surrounding and 
including CF. At the extreme 2 
frequencies, however, the Rl-functions 
rise steeply and saturate.
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At frequencies well below CF, all fibres showed flat-saturating responses. With 
increasing frequency, the response then changed to the sloping-saturating type. Such 
a change was consistently observed and, for the great majority of fibres, occurred
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below CF. It suggests that the response was linear at frequencies well below the CF; 
however, approaching the CF and/or immediately above it, a compressive 
nonlinearity was clearly present. At frequencies far above CF, most fibres reverted 
to a flat-saturating response, again indicating linear behaviour.

3.3 Fibres o f similar CF did not share a common non-linearity

In mammals, the mechanical input from the basilar membrane is shared between 
fibres of closely similar CF in the same individual, regardless of the fibres’ 
thresholds. Therefore the compressive nonlinear component derived from their Rl- 
functions is ideally the same or at least extremely similar. Specifically, the 
breakpoint between linearity and compression should occur at the same SPL. This 
condition was clearly not met in the barn owl.

One example of a comparison of 2 auditory-nerve fibres of closely similar CF in 
an individual owl is shown in Fig. 2. The breakpoints in their Rl-functions differed 
considerably and in the same direction as their thresholds. This was a common 
observation. Instead of being fixed, the breakpoint of sloping-saturating responses 
turned out to be closely correlated to the fibres’ sensitivity, lying on average 10 dB 
above the threshold.
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Figure 2. Rl-functions at CF, of 2 fibres 
recorded in the same individual owl. Symbols 
joined by thin lines are used for the raw data, 
thick lines for the best fit; dashed drop lines 
identify the breakpoints in the compressive 
nonlinear response component predicted by 
the best fits. Note that although the thresholds 
of the 2 fibres differed by only 5 dB (the 
threshold range at any one CF is very narrow 
in individual owls; 6], their breakpoints are 9 
dB apart and thus clearly different.

4 Discussion

4.1 Striking similarities between avian and mammalian data: Evidence for a 
cochlear amplifier

We interpret our results as further evidence for an active cochlear amplification 
mechanism in the barn owl and probably birds in general. This interpretation rests
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on two crucial features that are common between our data and what has been shown 
for mammals:

Barn owl Rl-functions were well described by the functions derived from 
mammalian data. This was also true for similar, but lower-frequency data in the 
pigeon and the emu [12,18]. The mammalian model is based on two principal 
components. That part which represents the transduction and synaptic transmission 
stages, i.e. the hyperbolic saturation, is very likely a universal feature that applies to 
all vertebrate hearing organs [e.g. 3]. The compressive, non-linear component, 
although specifically based on the known input-output behaviour of BM-motion in 
mammals, will fit any other compressive nonlinearity with similar characteristics 
equally well. The fact that such a response component was clearly revealed in the 
majority of our Rl-functions at CF does not necessarily imply that it also represents 
BM-motion in these cases. It does, however, suggest some sort of amplifying 
feedback, boosting sensitivity at low levels. Generic models of a saturating positive 
feedback loop predict exactly this sort of behaviour, with a linear response at low 
levels, switching abruptly to a highly compressive response [e.g. 17].

Sloping-saturating responses were only observed around CF. Well below CF, 
the responses were always of the flat-saturating type with a high threshold, i.e. 
without any indication for an underlying compressive nonlinearity. These clear 
variations with frequency exclude any frequency-independent effects that could 
possibly produce sloping-saturating Rl-functions, such as compressively-nonlinear 
behaviour of the receptor potential and/or synapse themselves. It strongly suggests 
the compressive nonlinearity is present in the input to the transduction stage.

4.2 Crucial differences between avian and mammalian data: What is the 
nature o f the cochlear amplifier in birds?

In mammals, spontaneous discharge rate, sensitivity and the type of Rl-function vary 
between fibres in a correlated fashion [13,16], while the underlying compressive 
non-linearity is very similar between fibres of closely-related CF [2,10]. This is a 
consequence of the uniform basilar-membrane and inner-hair-cell response at any 
cochlear location on the one hand and the neural sensitivity and spontaneous dis
charge rate being determined by the synapse on the other hand [e.g. 7]. Two crucial 
differences to these mammalian patterns were observed in our data and provide 
evidence for a different realisation of the amplifying feedback principle in birds:

There was no correlation between the type of Rl-function at CF and spon
taneous rate or sensitivity. In birds in general, there are no subpopulations of fibres 
comparable to mammalian low- medium- and high-spontaneous-rate units [e.g. 
4,6,14]. There is evidence that neural sensitivity is not (as in mammals) determined 
by the synapse, but by the relative location of the contacted hair cell across the 
basilar papilla [4,14]. This suggests that the micromechanics in the avian basilar 
papilla are quite different. Specifically, the motion may be different at different
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locations across the papilla as opposed to the uniform motion of the mammalian 
organ of Corti. Motions atop the hair cells may then not be reflected at the level of 
the BM. Thus the finding that BM-motion was rather insensitive and linear in the 
pigeon [5] is not in conflict with the proposal of active amplification in birds.

In the barn owl, the presumed compressive nonlinear input derived from the 
neural Rl-functions was not shared between fibres of closely-related CF but could 
differ considerably. Instead, there was a strong correlation between the individual 
neural threshold and the breakpoint between linearity and compression in the 
presumed input. This suggests a more individual, localised effect of the 
amplification instead of a global feedback loop uniformly driving all hair cells 
within a narrow range of CFs.

It is generally believed that the physical basis for mechanical feedback in the 
mammalian cochlea is the somatic motility of outer hair cells [e.g. 11]. It is also 
believed that a similar mechanism is unlikely for birds. Previous speculations about 
the source of mechanical activity in bird hair cells have pointed to their stereovillar 
bundles [e.g. 8]. A recent theoretical study is exciting in this context, which shows 
that the mechanoelectrical transduction channels common to all hair cells could 
exert forces through the binding of Ca2+ and thus actively amplify motions of the 
stereovillar bundles [1]. Interestingly, the model also produced highly tuned, 
compressively nonlinear behaviour of the bundles and was predicted to work at least 
within the sensitive frequency range of birds, including owls. We consider this a 
highly attractive putative amplification mechanism, which could operate, as our 
data indicate, in a well-localised fashion, involving perhaps small groups of hair-cell 
bundles coupled through the tectorial membrane.

5 Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (SFB 204, 
Habilitation fellowship and Heisenberg fellowship to CK)

References

1. Choe, Y., Magnasco, M. O. and Hudspeth, A. J. (1998). A model for 
amplification of hair-bundle motion by cyclical binding of Ca2+ to 
mechanoelectrical-transduction channels. Proc. Natl. Acad. Sci. USA 95, 
15321-15326.

2. Cooper, N. P. and Yates, G. K. (1994). Nonlinear input-output functions 
derived from the responses of guinea-pig cochlear nerve fibres: Variations with 
characteristic frequency. Hear. Res. 78, 221-234.

3. Fettiplace, R. (1990). Transduction and tuning in auditory hair cells. Sem. 
Neurosci. 2, 33-40.



439

4. Gleich, O. (1989). Auditory primary afferents in the starling: Correlation of 
function and morphology. Hear. Res. 37, 255-267.

5. Gummer, A. W., Smolders, J. W. T. and Klinke, R. (1987). Basilar membrane 
motion in the pigeon measured with the Mossbauer technique. Hear. Res. 29, 
63-92.

6. Koppl, C. (1997). Frequency tuning and spontaneous activity in the auditory 
nerve and cochlear nucleus magnocellularis of the barn owl Tyto alba. J. 
Neurophysiol. 77, 364-377.

7. Liberman, M. C. and Oliver, M. E. (1984). Morphometry of intracellularly 
labeled neurons of the auditory nerve: Correlations with functional properties. 
J. Comp. Neurol. 223, 163-176.

8. Manley, G. A. (1995). The avian hearing organ: a status report. In G.A. 
Manley, G.M. Klump, C. Koppl, H. Fasti, and H. Oeckinghaus (eds.). 
Advances in Hearing Research, World Scientific Publishing, Singapore, 219- 
229.

9. Manley, G. A. and Koppl, C. (1998). Phylogenetic development of the cochlea 
and its innervation. Curr. Opin. Neurobiol. 8, 468-474.

10. Muller, M. and Robertson, D. (1991). Shapes of rate-versus-level functions of 
primary auditory nerve fibres: Test of the basilar membrane mechanical 
hypothesis. Hear. Res. 57, 71-78.

11. Nobili, R., Mammano, F. and Ashmore, J. (1998). How well do we understand 
the cochlea? Trends Neurosci. 21, 159-167.

12. Richter, C.-P., Heynert, S. and Klinke, R. (1995). Rate-intensity-functions of 
pigeon auditory primary afferents. Hear. Res. 83, 19-25.

13. Sachs, M. B. and Abbas, P. J. (1974). Rate versus level functions for auditory- 
nerve fibres in cats: tone-burst stimuli. J. Acoust. Soc. Am. 56, 1835-1847.

14. Smolders, J. W. T., Ding-Pfennigdorff, D. and Klinke, R. (1995). A functional 
map of the pigeon basilar papilla: correlation of the properties of single 
auditory nerve fibres and their peripheral origin. Hear. Res. 92, 151-169.

15. Taschenberger, G. and Manley, G. A. (1997). Spontaneous otoacoustic 
emissions in the barn owl. Hear. Res. 110, 61-76.

16. Winter, I. M., Robertson, D. and Yates, G. K. (1990). Diversity of 
characteristic frequency rate-intensity funcions in guinea pig auditory nerve 
fibres. Hear. Res. 45, 191-202.

17. Yates, G. K. (1990). The basilar membrane nonlinear input-output function. In 
P. Dallos, C.D. Geisler, J.W. Matthews, ;M.A. Ruggero, and C.R. Steele (eds). 
The Mechanics and Biophysics o f Hearing, Springer Verlag, Berlin 
Heidelberg, 106-113.

18. Yates, G. K. (1990). Basilar membrane nonlinearity and its influence on 
auditory nerve rate-intensity functions. Hear. Res. 50, 145-162.

19. Yates, G. K., Manley, G. A. and Koppl;C (in press). Rate-intensity functions in 
the emu auditory nerve. J. Acoust. Soc. Am. in press.





Central auditory processing





443

COINCIDENT DETECTION IN N. LAMINARIS OF THE CHICK

KONOMI KOYANO 

Department o f Physiology, Faculty o f Medicine, Kyoto University,

Kyoto 606-8501 JAPAN 

E-mail: koyano@nbiol. med. kyoto-u. ac.jp

Action potential generation by the coincidence of bilateral EPSPs or by combination of 
depolarizing current injection and a unilateral EPSP in nucleus laminaris (NL) neurons was 
studied in a brainstem slice preparation of chick embryos (El 5-20) using the whole cell patch 
clamp technique. NL neurons are third order auditory neurons and are proposed to behave as 
coincident detectors concerned with interaural timing discrimination. Coincident or near 
coincident bilateral excitatory inputs increased the probability of action potential generation 
(response probability). Local application of GABA (10 p.M) reduced the amplitude of EPSPs 
and shortened the EPSP decay time constant by shunting conductance of postsynaptic GABAa 
receptors. Moreover, GABA sharpened the coincidence detection. These results suggest that 
GABAergic inputs to NL neurons may serve to improve coincidence detection of the bilateral 
EPSPs through an increase in membrane conductance.

1 Introduction

To localize the origin of sound, birds use interaural timing and level differences of 
sound (ITD and ILD). Using ITD and ILD, bam owls detect the direction of sound 
origin in the horizontal plane and in the vertical plane, respectively [1]. Timing 
information of the acoustic signal is transmitted by spiral ganglion cell axons to N. 
magnocellularis (NM). NM neurons extract the temporal information and distribute 
it to bilateral N. laminaris (NL). The axon directing to contralateral NL forms delay 
lines [2]. NL neurons receive excitatory synaptic inputs from ipsilateral and 
contralateral NM, and act as coincidence detectors. Using delay lines and arrayed 
coincident detector neurons, ITD is likely to be encoded as the position of a neuron 
in NL (Fig. 1A, [3]). This ITD calculating system discriminate extremely small 
time differences between signals from two ears. In the case of bam owl, single NL 
neuron detects less than 100 ]ns of ITD. From the head size of a chicken, the 
maximum time difference generated by a sound wave passing along the axis of the 
two ears has been estimated as 180 [is [4]. Therefore, it is interesting to know the 
neuronal mechanism which made it possible to detect such a small time difference. 
In this paper, I have analyzed the probability of action potential generation with 
coincidence of bilateral EPSPs or by combination of a unilateral EPSP paired with 
current injection into the NL neuron using slice preparation of chick embryo. My 
objective was to analyze the nature of coincident detection in the single NL neuron.
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2 Methods

Thin slice (120-150 |im) were made from chick brainstem aged 15-20 embryonic 
days (El 5-20). A detailed description of the slice preparation has been given [5, 6], 
NL neurons were clearly recognized with an upright microscope (BHW-1, 
Olympus) with Nomarski optics (x400). For electrophysiological recordings, whole
cell patch clamp technique was used (Edwards et al., 1989). The external solution 
(5K standard) contained 160 mM NaCl, 5 mM KC1, 2.5 mM CaCl2, 1 mM MgCl2 , 
10 mM glucose, 5 mM HEPES-NaOH (pH7.4). The pipette solution contained 160 
KC1, 5 mM EGTA, 10 mM HEPES-KOH (pH 7.2). Excitatory postsynaptic currents 
(EPSCs) were elicited in NL neurons by electrical stimulation to either ventral or 
dorsal dendritic layers, or to both regions (Fig. IB), and GABAergic slow 
postsynaptic currents (PSCs) were evoked by stimulation near to (with in 50 |xm) 
the recorded NL neuron. Electrical stimuli were applied by a glass pipette filled 
with either NaCl (1M) or with extracellular medium, and biphasic square-wave 
voltage pulse of 15-90 V amplitude and 0.2 ms duration were applied every 2-3 s. 
The intensity of electrical stimuli was adjusted to just below threshold so as not to 
evoke action potential directly in NL neurons. Experiments were performed at room 
temperature (20-25 °C).

3 Results

3.1 Synaptic inputs to NL neurons

Under voltage clamp conditions, electrical stimuli applied to either ventral or dorsal 
layers of NL evoked EPSCs. These fast currents reversed close to 0 mV, and were 
blocked by CNQX(20 |iM) or DNQX(20 jxM), and, therefore, were mediated by 
AMPA-type glutamate receptors. In the presence of CNQX, bicuculline(20 fiM)- 
sensitive PSCs were observed. This PSC reversed close to the EC1, suggesting the 
activation of GABAa receptors. Spontaneous GABAergic PSPs were inward-going 
near the resting membrane potential immediately after starting whole cell recording 
with a low Cl" (5 mM, EC1 = -90 mV) pipette medium, but became outward-going 
with time. This result indicates that NL neuron receive depolarizing GABAergic 
PSPs.
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Figure 1. The experimental protocol and Coincidence detection at a NL neuron

3.2 Action potential generation by the coincidence o f bilateral EPSPs

Action potentials were generated from bilateral EPSPs in the 5K standard external 
solution containing 20 (nM bicuculline (Fig. 1). Coincident or near coincident 
electrical stimuli to dorsal (V , contralateral) and ventral (A , ipsilateral) dendritic 
layers were applied (Fig. IB). Fig. 1C shows a typical example of the experiments. 
In this case, spikes were elicited by paired EPSPs at intervals less than about 3 ms. 
The probability of spike generation (the response probability) was calculated as the 
ratio of trials which generated spikes at particular interstimulus intervals (At in Fig. 
1C). The maximum response probability calculated from this experiment was 0.13. 
The response window was then defined for a cell as the difference between the 
intervals at which the response probability fell to one half of its maximum value. 
For the above neuron, the response window was 4.7 ms.

Figure 2. The response probability and the response window
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Fig. 2A summarizes the response probability of NL neuron calculated from 
experiments of bilateral EPSPs. The maximum response probability varied from 
cell to cell (range: 0.13-1) and the mean was 0.58 (8 cells). The mean response 
window was 4.2ms (range: 0.7-7 ms, 8 cells). Fig. 2B shows the relationship of 
response window to the decay time constant of EPSPs ( • ) ,  with the amplitude of 
EPSPs ( □ )  and with the resting membrane potentials. A clear correlation was 
found between the decay time constant of EPSPs (correlation coefficient=0.88, 
P<0.01). Neither the EPSP amplitude nor the resting membrane potential showed 
significant correlation with the response window.

3.3 The effect o f GABA on EPSPs and EPSCs in NL neurons

The activation of GABAa receptors increased the Cl' conductance and depolarized 
the membrane. Thus, it is likely that GABA shunts the resting membrane resistance 
and shortens the decay time constant of EPSPs. I tested this possibility (Fig. 3).

A GABA (10 ^M)

- 6 8  mV 10 mV

GABA (10 / i m )

-  -7 2  mV

GABA (10 ^M)

L~ V -----V ”
10 ms

B

Figure 3. Effects o f GABA on EPSPs and EPSCs
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Local GABA (10 |iM) application reduced both the EPSP (43 ±12 % of the control, 
Fig. 3Aa) and EPSC amplitude (Fig. 3Ab) and shorten the EPSP decay time 
constant (from 5.3 ±1.1 to 2.1 ±0.6  ms), while the EPSC decay was not affected 
(Fig.3B). Depolarization of the membrane potentials to the level depolarized by 
GABA (10 |nM) has shortened the decay time course of EPSPs, but this was smaller 
than the effect of GABA on them (Fig. 3C). Thus, GABA effects were mostly due 
to the shunting conductance by activation of GABAa receptors.

A I
I p s i l a t e r a J ----- = != -. ^___I p s i l a t e r a l  EP

1 J t-------  0ms
2 ms

GABA, 10 nM J  4ms

I In t  e r v a I

Ba

D

£• 0-8
oa.

0-4

00

I

M l

\  m

t2 * 1 f  4 6
Interval (ms)

Figure 4. Effects o f GABA on coincident detection

3.4 The effect o f GABA on the response probability with coincidence o f synaptic 
inputs and current injections

In view of the accelerating effects of GABA on EPSPs decay (Fig.3), it seemed 
likely that the GABA would contribute to improving the sensitivity for coincidence 
detection by NL neurons (Fig. 2B). The effect of GABA on the coincidence



448

detection of two inputs to the NL neuron was investigated. Depolarizing current 
injections (3 ms, 100-550 pA) combined with electrical stimuli to ipsilateral axon 
bundle simulated bilateral synaptic inputs (Fig.4A). The response probability 
increased with decreased interstimulus intervals (Fig.4B), while local GABA 
application narrowed the time dependence of the response probability (Fig.4B, C). 
All experiments (7 cells) were summarized in Fig. 4D. The maximum response 
probability was 0.84 in the control experiments and was reduced to 0.74 during 
GABA application. Response probability decreased steeply during GABA 
application. The mean response window was 5.4 ms in the control experiments and
1.5 ms during GABA application. These results suggest that GABAergic inputs to 
NL neurons may serve to improve coincidence detection of the bilateral excitatory 
inputs through an increase in membrane conductance.

4. Discussion

NL neurons are proposed to detect the coincidence of bilateral auditory signals, and 
the probability of action potential generation (response probability) should be a 
function of the time difference between bilaterally evoked EPSPs. From the head 
size of a chicken, the maximum difference for sound arrival time between two ears 
was estimated as 180 fis. Thus, the response window for a single NL neuron would 
be smaller than 180 ps. In present experiments, the NL neuron were able to respond 
to bilateral EPSPs separated as much as 4 ms. The width of the response window 
was found to be correlated with the decay rate of EPSPs. I have further found that 
the response window was sharpened by local application of GABA. However, 
GABA reduced the response window only to 1.6-1.8 ms.

Immunohistochemical studies demonstrate that GABAergic terminals are 
present in both somatic and dendritic layers of NL [7], and originate from two 
locations. A part of terminals are from GABAergic intemeurons in or around NL 
and NM [8]. The remaining part of terminals are from the superior olivary nucleus 
(SO, [9]). GABA-positive SO neurons receive inputs from nucleus angularis, 
another brainstem nucleus which receive auditory nerve inputs. Therefore, 
GABAergic SO neuron could be activated in synchrony with sound inputs. 
Although the function of these two GABAergisc systems still remains to be 
elucidated, a model for coincidence detection endowing the two GABAergic 
innervation with different roles has been proposed. The GABAergic intemeurons 
around NL innervate on soma and serve to sharpen the coincidence detection, and 
the GABAergic innervation from the SO to the NL dendrites have a role in gain 
control [10].

The effect of GABA synapses on calculation of ITD has been 
demonstrated in higher auditory nuclei such as in the inferior colliculus of the bam 
owl [11]. In medial superior olive (MSO), it has been reported that the glycinergic 
inputs inhibited the action potential generation induced by bilateral stimuli ([12], 
MSO is a mammalian analogue of NL). Thus, the inhibitory system, including
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GABAergic system could have a general role in improving time discrimination in
the auditory system.
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Non-human animals have been reported to posses pitch perception as humans do. We have 
investigated extraction mechanisms of sequential pitch change in the Japanese monkey (Macaca 
fuscata). First, neural correlates for the missing fundamental perception were studied in the primary 
auditory cortex (Al) because previous human data showed that the area around Al appeared to play 
an essential role in the missing fundamental perception. We found that the Al neurons responded 
very well to a combination of successive higher harmonics of the fundamental frequency (fO) without 
fO itself. However, these Al neurons did not or little responded to each partial of the harmonics. The 
neurophysiological data basically agreed well with the human psychoacoustical results. Our findings 
suggested that the pitch perception originated from spectral information and the one created by time 
information were integrated at or below Al. Next, we stepped into experiments to behaviorally 
investigate perception of dynamic pitch sequence which is related to music perception and speech 
communication. The water deprived monkey was trained to discriminate the direction of change in 
frequency or pitch, rising or falling. Tone bursts and/or complex tone bursts were sequentially 
presented. After the training, a transfer from sequential tone burst discrimination to sequential pitch 
discrimination with complex tones was found. The data suggest that the monkey may have a 
perception for rising pitch and falling pitch similar to humans including the missing fundamental.

1 Introduction
Pitch perception is not always directly related to frequency or spectral information
[6.7]. A typical example is the missing fundamental perception [3]. The missing 
fundamental perception is believed to be created in the central auditory system above 
the superior olive, where information from both ears meets for the first time, and is 
not due to the physical distortion such as the difference tone or the nonlinearity in 
the peripheral auditory system [2], Previous human studies have shown that the area 
around Al appears to play an essential role in the missing fundamental extraction
[4.8], On the other hand, animal behavioral researches have indicated that non-human 
animals also posses the missing fundamental perception [1]. Thus, neural correlates 
for the missing fundamental perception were investigated in Al of the Japanese 
monkey (Macaca fuscata)[5], which has much more similar brain structure to 
humans than rodents or cats. Next, we investigated perception of dynamic pitch 
sequence which is related to music perception and speech communication. The water 
deprived monkey was trained to discriminate the direction of change in frequency or 
pitch, rising or falling. We examined if the monkey had pitch perception of 
sequentially presented sounds as we humans normally do.

mailto:hrikimar@mail.doshisha.ac.jp
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Fig.1 Recording sites in the cerebral 
cortex of Japanese macaque, a: Lateral 
view of the left cerebral cortex. The 
primary auditory cortex (Al) is located 
between two arrows on the superior 
temporal gyrus within the lateral sulcus. 
The bar indicates 1 cm. b: A schematic 
electrode track shown in a frontal section 
of the left hemisphere. The bar illustrates 
5 mm. LS: lateral sulcus. STS: superior 
temporal sulcus. CS: central sulcus. TH: 
thalamus, electr: electrode track.
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Fig.2 Schematic power spectrum of 
synthesized waves. A: a combination of
2.0, 2,2, 2,4 and 2.6 kHz, which has 
periodicity of 200 Hz, which creates a 200 
Hz pitch. B: a combination of 12.0, 12,2, 
12,4 and 12.6 kHz, which has periodicity 
of 200 Hz, which does not produce a 200 
Hz pitch. C: a combination of 2.02, 2,22, 
2,42 and 2.62 kHz, which has periodicity 
of 200 Hz but does not generate a 200 Hz 
pitch. D: 200 Hz tone. E: Low-pass noise 
is added to the wave in A F: High-pass 
noise is added to the wave in A. G: 
Dichotic presentation of higher harmonics 
of 200 Hz. Odd harmonics to the right 
while even ones to the left. The missing 
fundamental is shown by a dotted line.
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2 Electrophysiological Study
2.1 Methods

Adult Japanese monkeys (Macaca fuscata) were used. The sound stimuli used were 
tone bursts (Fig. 2D), bursts of combined successive higher harmonics without 
fundamental frequency (fl)) (Figs. 2A,B) and bursts of combined successive higher 
harmonics of fl) with each frequency component shifted by the same amount so that 
the combination became an inharmonic one (Figs. 2C). The stimulus was 
monaurally presented to the right ear. To identify neurons’ timing characteristics, 
frequency varied from 100 Hz to 25 kHz. Low frequency neurons (fl) < 500 Hz) were 
characterized. Single unit recordings were made from the left Al (Fig. 1). PST (post
stimulus-time) histograms were constructed on line, which were triggered 30 ms 
prior to the stimulus onset and continued for 350 ms.

2.2 Results
We confirmed that our recordings were made from Al. Tonotopicity was found in the 
antero-posterior dimension. Low frequency neurons (<500 Hz), located in the anterior 
part of Al, were examined with complex tones and single tones (Figs. 2A,B,C,D). 
All neurons examined responded to fl) as well as to a combination of successive 
higher harmonics without fO. However, they either did not respond or little 
responded to each higher harmonic component (Fig. 3). They much less responded 
to an inharmonic combination with the spacing frequency of fO. Moreover, they only 
responded to a combination of successive higher harmonics in a certain frequency 
range (Fig. 3).

3 Behavioral Study
3.1 Methods
An adult male Japanese monkey (Macaca fuscata) was used. The sound stimuli 
used were sequentially presented tone bursts and bursts of combined successive 
higher harmonics with and without fO. The stimulus was presented from a loud 
speaker in front of the animal. The animal was trained to discriminate the direction 
of frequency or pitch change, rising or falling, using water as reward (Fig. 4). During 
the experimental sessions, the animal was kept in a monkey chair. First, the animal 
learned to discriminate sequential frequency change with temporally paired tone 
bursts, then sequential pitch change created by a complex tone burst paired with a 
tone bursts or a pair of complex tone bursts. Then, they were tested if they detect a 
sequential pitch change in missing fundamental conditions.

3.2 Results
The monkey was successfully trained to discriminate the direction of frequency 
and/or pitch change, rising or falling, by using single tone vs. single tone, single
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Fig.3 Responses to the fundamental frequency (fO), 
combinations of higher harmonics without fO and each higher 
harmonic component. A, top row: from left responses to 200 Hz, a 
complex of 2.0 + 2.2 + 2.4 + 2.6kHz and control, bottom row: 
responses to 2.0, 2.2, 2.4 and 2.6 kHz, respectively. BF = 200 Hz, 
Intensity = 60 dB SPL B, top row: responses to a complex of 2.0 
+ 2.5 + 3.0 + 3.5 kHz, 2.0 kHz, 3.5 kHz and 500 Hz. middle row: 
responses to a complex of 5.0 + 5.5+ 6.0 + 6.5kHz, 5.0 kHz, 6.5 
kHz and control condition, bottom row: responses to a complex of 
10.0+ 10.5+ 11.0+ 11.5kHz, 10.0 kHz and 11.5 kHz. BF = 500 Hz. 
Intensity = 70 dB SPL
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show experimental configuration 
and sequential tones.
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was 1.5 times of the 
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tone vs. complex tone with fO, complex tone with fl) vs. complex tone with fl) and 
complex tone without fl) vs. complex tone without fl), the missing fundamental 
situation (Figs. 5 , 6 ) .  Results were very similar to human data for the situation of 
“ complex tone with fl) vs. complex tone with fl)”. For the missing fundamental 
situation the monkey appeared to use frequency cue as well as the fl) information for 
judgement of pitch change which is different from previous human data (Fig. 6). The 
audiogram of the animal is illustrated in Fig. 7.

4 Summary and Discussion

The pitch extraction mechanism in the central auditory system was investigated by 
looking at the responses of neurons in Al of the Japanese monkey and a behavioral 
study. Al neurons respond to both fl) and complex tones made of consecutive higher 
harmonics without fO. However, they do not or little respond to individual partials of 
the complex tones. The low best frequency area in Al may be involved in the 
extraction of missing fundamental pitch and may play a role in integration of spectral 
pitch and temporal pitch. The Japanese monkey appears to have perception of 
sequential change in pitch similar to humans. However, the "missing fundamental" 
sensation might be less prominent than that of humans.
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Plastic changes in the auditory cortex after deafness were studied in young guinea pigs.
Under pentobarbital anesthesia, guinea pigs (150-200 g) were deafened unilaterally or 
bilaterally by kanamycin (KM). One to 4 months after KM treatment, neural activities of 
the auditory cortex in response to electrical cochlear stimulation and sound stimulation 
were measured using optical recording equipment with a 12 x 12 photodiode array and a 
voltage-sensitive dye (RH795). After 2-4 months of KM treatment, the tonotopic 
organization became obscure. The distance between active bands in the auditory cortex in 
response to the 1st- and 2nd-tum stimulation was 710±110 pm (n=5) in intact animals, but 
it was reduced to 120+20 pm (n=3) after 2 months, and 180±110 pm (n=3) after 4 months.
The responses to ipsilateral stimuli were augmented after 2-4 months.

Introduction

Cochlear prosthesis has been implanted for many patients with hair cell damage for 
restoring hearing and they have regained listening ability after rehabilitation. 
However, plastic change in the central auditory system after implantation of a 
cochlear prosthesis and electrical stimulation of cochlea has not been studied well. 
As a first step to approach this problem, we have studied activity of the auditory 
cortex induced by electrical stimulation of the cochlea in normal and deafened 
guinea pigs. To measure neural activity in the auditory cortex, we used optical 
recording method because visualization of spatial patterns of neural activity in the 
cortex is easily obtained. In the guinea pig auditory cortex, tonotopic organization 
has been shown in the anterior (A, corresponding to the primary auditory cortex) 
and the dorsocaudal (DC) field by electrophysiological [2. 8, 12] and optical 
recording studies [3, 13,15] (Fig. lb). Binaural interactions in the guinea pig 
auditory cortex have been measured optically [4]. In this paper, we describe the 
changes in the tonotopic organization and in binaural interaction in the primary 
auditory cortex of guinea pigs during 2-4 months of deafness.

Materials and Methods

Under pentobarbital anesthesia (30 mg/kg), young guinea pigs (150-200 g) were 
deafened unilaterally or bilaterally by injection of kanamycin (KM: 25 mg/0.1 ml) 
into the middle ear through the tympanic membrane. After 1 to 4 months, neural 
activities of the auditory cortex in response to electrical cochlear stimulation (ES) 
and sound stimulation (SS) with pure tones were measured using an optical

mailto:horikawa@tutkie.tut.ac.jp
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recording method under pentobarbital (30 mg/kg) anesthesia and neuroleptanalgesia 
(droperidol 0.3 mg/kg and pentazocine 1.1 mg/kg). The optical recording method 
used was described in detail elsewhere [3, 13, 15] and is described here only briefly. 
A schema of the optical recording method is illustrated in Fig. la. The auditory 
cortex was stained with a voltage-sensitive dye RH795. The auditory cortex was 
epi-illuminated by light (530 nm) and fluorescent light (>620 nm) emitted from it 
was detected by the equipment (Hiland LW101) with a 12 x 12 photodiode array. 
Noise due to heartbeats was cancelled by subtracting the record with stimulus from 
that without stimulus synchronized to the heartbeats. The responses were 
averaged over 10 trials.

3  Photodiode array

P L d

EF CL HF HL

n 0 o <jj>

144 channels 
l /V  converter

144 channels 
Amplifier & filter

A/D converter 
& Multiplexer

Computer 
Epson 386GS

Fig. 1. a: A schema of the optical recording system. BF: barrier filter, CL: collector lens, DM: 
dichloic mirror, EF: excitation filter, HF: heat filter, HL: halogen lamp, OL: objective lens, PL: 
projection lens, b: The optical recording area of the guinea pig auditory cortex. A: anterior field, 
DC: dorsocaudal field, H: high frequency, L: low frequency, S: small field, c: Positions of 
electrodes inserted into the 1 st and 2nd turns of the cochlea. The electrode pair of I and I and 
that of II and II selectively stimulate the 1st and 2nd turns, respectively. T and V stand for 
scala tympani (ST) and scala vestibuli (SV), respectively. SM: scala media.

Electrical stimulation (200 |us duration, 40 - 800 |iA) was applied to the 1st 
and the 2nd turns of the cochlea using bipolar electrodes each tip being inserted into 
the scala vestibuli and scala tympani using constant-current isolators coupled with 
pulse generators (AMPI ISO-Flex and Master-8). Details of the method of ES 
were described elsewhere [14]. Fig. lc illustrates the arrangements of the 
electrodes in the cochlea. Pure tones (50-ms duration and 10-ms rise-fall time) at 
8 and 16 kHz were presented to the intact ears of intact and unilaterally-deafened 
animals with a loudspeaker located at 10 cm from the ear contralateral to the 
recording side.
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Results

In intact animals, pure-tone stimulation presented to the ear contralateral to the 
recording cortex induced a band- or spot-like activity along the isofrequency 
contours in fields A and DC and its location was shifted with change in frequency. 
Similarly, ES applied contralaterally induced band- or spot-like activity along the 
isofrequency contours and its location was shifted with the electrode location on the 
cochlea. However, the responses to ES in the auditory cortex were more widely 
spread and the dynamic range of intensity function was narrower than those to SS 
with pure tones. In the present experiments, due to the positions of ES electrodes 
on the cochlea, the locations of the bands in field A in response to ES of the 1 st and 
the 2nd turns were similar to those to 16 kHz and 8 kHz stimulation, respectively. 
The distance between the centers of the two bands was adopted to quantify the 
regularity of tonotopic organization in field A. The distance between the centers 
of the bands to 8- and 16-kHz sounds was 730±200 pm (n=5), and that to the 1 st
and 2nd-turn stimulation was 710±110 pm (n=5) (Figs. 2 and 4).

ES
1 st turn

ES
2nd turn

Intact

GP4AP

1 month 2 months

GP4BC

4 months

GP4BJGP4AV

Fig. 2. Change in tontopic representation of field A after bilateral KM treatment (after 1, 2 and 
4 months). Intact: intact animal. Optical responses in response to contralateral electrical 
cochlear stimulation (ES) are shown. Dashed lines: isofrequency lines to the 1 st- and 2nd-tum 
ES. Solid lines: border between fields A and DC. Current applied was 200 p A.

One month after the bilateral kanamycin treatment, ES induced responses 
similar to those of the intact animals (Figs. 2 and 4). The distance between the 
responses to the 1st- and 2nd-turn stimulation applied to the contralateral cochlea 
was 640±180 pm (n=3). After 2-4 months, however, the activity spread across the 
isofrequency contours and tonotopic organization became unclear. The distance 
between the centers of the responses was 120±20 pm (n=3) after 2 months and 
180±110 pm (n=3) after 4 months. In contrast, in the cortex of the unilaterally 
deafened animals, the tonotopic organization observed by the ipsilateral sound 
stimulation was relatively preserved even after 3 months of deafness of the 
contralateral ear (Figs. 3 and 4). The distance between the bands to the ipsilateral 
sound stimulation at 8 kHz and 16 kHz was 700±250 pm after 1 month (n=3) and 
540±70 pm after 3 months (n=3). However, in these animals, the distance
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between bands in response to contralateral ES was reduced to 370±70 |im after 1 
month (n=3) and 230±20 |im after 3 months (n=3) (Figs. 3 and 4).

E S I st turn ES 2nd turn 16 kHz 8 kHz

Intact

GP4AP

1 month

GP4BA
D F/F  

-0.9 xl0~

3 months

GP4BG

Fig. 3. Change in tontopic representation of field A after unilateral KM treatment (after 1 and 
3 months). The parameters and the lines are the same as those in Fig. 2. Currents applied 
were 400 nA for the lst-turn stimulation and 300 pA for the 2nd-tum stimulation after 1 month, 
and 200 pA after 3 months.

Binaural stimulation induced inhibition of cortical responses excited by the 
contralateral stimulation in the intact guinea pigs, although the ipsilateral 
stimulation alone induced weak excitation. The similar responses and inhibitory 
interaction were observed with the bilateral ES of intact, unilaterally deafened and 
bilaterally deafened animals. However, after 2-4 months of unilateral and bilateral 
deafness, the amplitude of the excitatory response to ipsilateral stimulation (ES and 
SS) was increased by twice of the response in intact animals, and the ipsilateral 
inhibitory interaction appeared to be reduced.

Discussion

The present results indicate that the tonotopic organization and the binaural 
interaction in the primary auditory cortex were changed after 2 months of auditory 
deprivation. The change in tonotopic organization after auditory deprivation was
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Fig. 4. Distances between response bands to the 1st- and 2nd-tum ES of bilaterally 
deafened animals (a), those of unilaterally deafened animals (b), and those to ipsilateral 8 and 
16 kHz stimulation in the unilaterally deafened animals (c). Abscissa: months after 
kanamycin treatment. Vertical bars: standard deviations.

demonstrated by electrophysiological studies in cats [9]. After destruction of 
cochlear hair cells in a narrow frequency range, the areas in Al that had been 
occupied by this frequency range were replaced by the other frequencies that 
remained intact. The present study has shown that the tonotopic organization 
gradually disappears during total auditory deprivation. After more than 2 months 
of deafness, the activity induced by ES spread along the tonotopic axis and this 
might cause an obscurity of tonotopic organization. Whether the changes of the 
tonotopic organization observed in the present study occur due to changes in neural 
connections as suggested in the auditory [9], somatosensory [7] and visual cortices 
[1, 5, 161 in guinea pigs and cats, or due to decrease in activity of inhibitory 
neurons, remains to be studied in future. The tonotopic organization can be 
maintained by monaural auditory inputs as shown in the results. The change in the 
ipsilateral inhibitory interaction observed in the present study suggests that the 
suppression of inhibition and/or augmentation of excitation would occur in the 
cortex and/or in the early auditory pathways [6, 10, 11] during auditory deprivation.
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Strong SOAEs may be interpreted as sources of internal subthreshold noise. In an earlier 
study, ears with strong evoked otoacoustic emissions (EOAEs ) and SOAEs exhibited higher 
detection thresholds for empty gaps in low-level wide-band signals than did ears with weak 
EOAEs and no SOAEs suggesting that internal noise created by the SOAEs masked the gap.
The hypothesis of this study was that suppression of internal noise, introduced by filling the 
gap with a low-level signal, would enhance gap detection in subjects with strong EOAEs.
Brief decrements in low-pass (0.1-4 kHz) noise stimuli presented at 10 and 20 dB SL were 
placed at the stimulus midpoint and their duration was varied adaptively. Empty gaps were 
defined by a period of complete silence. For partially filled gaps, decrement depths of 6 or 10 
dB, and 6, 10, or 20 dB were used for the 10-dB and 20-dB SL presentation levels, 
respectively. Subjects with either strong SOAEs and EOAEs or with no SOAEs and weak 
EOAEs participated. For the empty gaps, the subjects with strong emissions exhibited higher 
mean gap detection thresholds than did subjects with weak emissions for both presentation 
levels. Individual data for the empty gaps were compared to those for partially filled gaps 
with the decrement depth equal to the presentation level. The ears with strong emissions 
exhibited lower thresholds for the partially filled gaps than for the empty ones; whereas, 
subjects with weak emissions performed poorer with filled than with empty gaps. The results 
suggest that strong SOAE activity creates an internal noise that affects the detection of empty 
gaps in a signal presented near the hearing threshold. When the gap is filled with a low-level 
signal, SOAEs are suppressed, resulting in improved detection of a brief decrement.

1 Introduction

Psychoacoustic performance in humans with normal hearing might be influenced by 
the interaction between tones internal to the cochlea and test signals presented close 
to their detection threshold. Hearing threshold minima are associated with the 
presence of spontaneous otoacoustic emissions (SOAEs) and/or evoked OAEs 
(EOAEs) [4,10]. An overall enhancement of hearing sensitivity across test 
frequencies has been shown for ears with SOAEs [5]. However, it is still unclear if 
the overall status of a cochlea and middle ear producing strong OAEs has a 
generalized effect on peripheral auditory processing. A set of experiments has been 
conducted in our laboratory to investigate the influence of strong OAEs on intensity 
discrimination [8], threshold microstructure [10], and gap detection [11].

The detection of a gap in an otherwise continuous signal has been widely used 
to determine temporal acuity [2]. The most significant influence of the level of
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broad-band noise on gap detection thresholds has been observed when stimuli are 
closest to their threshold of audibility [1,3]. In our earlier study [11], ears with both 
strong click-evoked OAEs (CEOAEs) and SOAEs exhibited higher detection 
thresholds of empty gaps than ears with weak CEOAEs and no SOAEs for low-level 
wide-band (0.1-12 kHz) signals suggesting that internal noise created by SOAEs 
masked or partially filled the gap. The hypothesis of this study was that suppression 
of internal noise introduced by filling the gap with a low-level noise signal would 
enhance gap detection in subjects with strong OAEs.

2 Methods

Broad-band (0.1-4 kHz) stimuli generated digitally and controlled by a Tucker- 
Davis system were presented monaurally through an ER3 insert earphone at 10 and 
20 dB SL. Noise samples were recalculated before each presentation using the 
inverse FFT technique. The overall duration of the signal was 500 ms. The 
waveform was digitally shaped at onset and offset with 20-ms cosine-squared 
envelopes. Gaps shaped by 0.5-ms cosine-squared envelopes were placed at the 
stimulus midpoint. Empty gaps were defined by a period of complete silence. For 
partially filled gaps, a decrement depth of 6 or 10 dB was used for the 10-dB, and of
6, 10, or 20 dB for the 20-dB SL presentation levels. Spontaneous OAEs were 
measured according to the method described previously [10]. A default nonlinear 
mode of the IL088 system was used to collect CEOAE data.

Two groups of normally hearing adults participated including four males and 
four females in each group. One ear of each subject was tested. Group I included 
individuals (age 17-44 years; mean=26.9) with both strong SOAEs and CEOAEs. 
The number of SOAEs ranged from 4 to 15 per ear and their frequencies ranged 
from 0.6 to 6.7 kHz with a dominant region from 1 to 3.5 kHz. The most robust 
SOAE of each ear ranged from +0.5 to +11.5 dB SPL. The overall CEOAE levels 
were >75th percentile of a laboratory normative database. Group II included 
individuals (age 18-43 years; mean=23.8) with no SOAEs in either ear detectable 
above the noise, which averaged -15 dB SPL at 0.5 kHz and -20 dB SPL or lower 
above 2 kHz. The CEOAE levels were <40th percentile of the database.

Each session started with two runs of an adaptive, three-down/one-up 2IFC 
procedure with feedback to determine the hearing threshold of the noise stimulus for 
each ear tested. For each run, threshold was estimated as the mean level at last nine 
reversals with the 2-dB step size and the final threshold represented the mean of the 
two runs. This value was used to adjust the stimulus level for the gap detection tasks 
that followed and were run using an adaptive two-down/one-up 2IFC procedure. 
Initially the gap duration was varied by 29% and the step size was reduced to 11% 
after three reversals. The gap detection threshold (minimum detectable gap - MDG) 
was estimated as the geometric mean gap value at nine reversals with the smaller
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step size. For each subject and for each stimulus condition, final MDG reported is 
the geometric mean of the estimates from seven runs. For subjects of Group I, each 
session ended with the SOAE test. Medians were used as the MDG estimates of 
grouped data. The Mann-Whitney test was used for statistical analyses.

3 Results

The median value of hearing threshold for the noise stimulus was lower by 1.3 dB 
for ears in Group I than that for ears in Group II. However, this difference, 
representing slightly better hearing sensitivity of subjects with SOAEs than without 
SOAEs, was not statistically significant.

Individual MDG data for the empty gaps were compared to those of partially 
filled gaps with the decrement depth equal to the presentation level. For those test 
conditions, the signal level during the filled gap dropped approximately to the 
perceptual threshold, whereas for the empty gaps, the signal amplitude dropped to 
physical zero. The results obtained for the 10-dB presentation level are shown in 
Fig. 1. The two groups were clearly different when the mean result of each subject 
for the empty gaps was compared to that of the partially filled gaps. Seven of 8 ears 
in Group I exhibited lower MDGs for the partially filled gaps than for empty gaps; 
whereas, all subjects from Group II performed worse for filled gaps than for empty 
ones. The performance for one subject from Group I (TG) was almost identical for 
those two conditions. For the remaining seven ears in that group, the MDG was 
lower for the partially filled condition than for the empty gap by 0.4-2.4 ms. For the 
ears of Group II, that trend was reversed and the difference ranged from 1.1 to 3.6 
ms.

Both groups showed substantial intrasubject variability, which was similar for 
empty and filled gaps for most of the subjects. Only one subject (IR) had a mean 
MDG for the empty gaps that was statistically lower than that for the partially filled 
gap with the decrement depth of 10 dB. Both groups had substantial intersubject 
variability. In Group II, this was mainly due to two subjects (AM and PP) with the 
remaining six subjects having lower MDGs for the empty gaps than all of the 
subjects in Group I. Three subjects in Group I exhibited MDGs higher than all 
subjects in Group II: (a) the highest MDG was obtained for Subject AS whose ear 
had 11 strong SOAEs with the most robust reaching the level of up to +11.5 dB 
SPL; (b) subject AK had the greatest number of SOAEs (15) and strong components 
in the SOAE spectra (SOAE levels up to +9.5 dB SPL; one SOAE in the region of
5.4 kHz with the level of up to -4  dB SPL); (c) the average SOAE spectrum from 
the ear of Subject KS, in addition to 10 components in the 1-3.5-kHz frequency 
range, exhibited an SOAE at around 6.7 kHz.
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Subjects

Figure 1. Estimates of MDG for the 10-dB SL presentation level. Symbols represent geometric means 
for each individual. Open symbols: ears with no SOAEs (Group II); filled symbols: ears with SOAEs 
(Group I). Bars correspond to minima and maxima of each subject. For each subject, the data shown on 
the left correspond to empty gaps and those shown on the right correspond to partially filled gaps with 
the 10-dB decrement depth. For Subject IR, the asterisk indicates that the results obtained for the two 
test conditions were statistically different (p=.028).
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Figure 2. As Fig. 1, except showing the results for the 20-dB SL presentation level and the 20-dB 
decrement depth. Note different vertical scales in Figs. 1 and 2.

Fig. 2 depicts the data for the 20-dB SL presentation level. The two groups 
showed differences in test performance. Six of 8 ears in Group I exhibited lower 
MDGs by up to 0.8 ms for the filled than for empty gaps. For five ears from Group
II, the MDGs were higher by up to 1.3 ms for filled gaps than for empty ones. The 
remaining five subjects (two in Group I and three in Group II) performed very 
similarly for the two test conditions. All subjects but one (AR) showed relatively 
low intrasubject variability. However, none of them exhibited statistically different
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performance for the two test conditions. The intersubject variability was much 
smaller for the 20-dB than for the 10-dB SL presentation level.

Presentation level (dB SL) Decrement depth (dB)

Figure 3. Minimum detectable gap versus the presentation level (A) and versus the decrement depth (B). 
Symbols represent median values (filled symbols: Group I; open symbols: Group II) and the bars 
correspond to minima and maxima of the grouped data. (A) Circles: empty gaps; triangles: partially 
filled gaps as in Figs. 1 and 2. (B) Squares: 10-dB SL presentation level; diamonds: 20-dB SL. 
Rightmost data correspond to the empty gap conditions. Panel B has a logarithmic vertical scale.

The grouped data are presented in Fig. 3. For the empty gaps, the ears in Group 
I exhibited higher MDGs than those in Group II. The differences between the two 
groups were statistically significant (p=02 and p=.002 for the 10-dB and 20-dB SL 
presentation levels, respectively). For the 10-dB presentation level, the difference 
between the median values of the MDG for the partially filled (with the 10-dB 
decrement depth) and empty gaps was +2.4 ms for Group II and -1.1 ms for Group I 
(Fig. 3A). This difference was statistically highly significant (p=.001). For the 20- 
dB presentation level and the 20-dB decrement depth, the difference between the 
group medians for the empty and partially filled gaps was +0.4 ms for Group II and 
-0.5 ms for Group I (p=.002).

For both groups and for both presentation levels, the MDG increased with 
decreasing decrement depth (Fig. 3B). In general, the ears in Group I had higher 
MDGs than those in Group II, except for the test conditions with the decrement 
depth equal to the presentation levels (Fig. 3A) when both groups performed 
similarly.. The data for the decrement depth of 6 dB did not show any statistically 
significant differences between the two groups. The higher MDGs for Group I 
obtained with the presentation level of 20 dB and the 10-dB decrement depth were 
not significantly different than those for Group II.
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4 Discussion

Our MDG results for empty gaps are in very good agreement with other data for 
wide-band signals tested at low levels [1,3]. A decrease of the presentation level 
from 20 to 10 dB SL resulted in an increase of the MDG approximately 2.5 times, 
which fits well to results of other studies. Our results showed substantial variability 
for signals presented at 10 dB SL (Fig. 3), in agreement with data obtained for a 
wide low-pass noise (with the cutoff frequency fc=7 kHz) tested near threshold [1].

In a previous study on MDGs [11], a low-pass noise with fc=12 kHz was used. 
The signal spectrum in that case was shaped primarily by the response 
characteristics of an ER3 earphone, which is relatively flat to 4.5 kHz and is down 
20 dB at 6 kHz. For the 10-dB SL stimulus, the ears with strong OAEs had higher 
MDGs than those with weak OAEs, similarly to the data presented here. In the 
current study, the fc was set at 4 kHz, which resulted in an increase of the MDGs 
when compared to the previous data collected with fc=T2 kHz, both for subjects with 
and without SOAEs. When the data of the two studies were analyzed in a double 
logarithmic scale: MDG versus stimulus bandwidth (assuming 6 kHz as an estimate 
of the effective bandwidth for the signal with fc=12 kHz), slopes of approximately
0.7 for the 20-dB and of 1.1 for the 10-dB SL presentation levels were obtained. 
These values are consistent with the slopes that might be derived from the results 
reported for octave-band noise [1].

Differences between the MDGs of empty gaps for the two groups of subjects 
suggest that strong SOAEs and OAEs that are evoked by the stimulus may be 
regarded as additional stimulus components that partially fill in the gap. The effect 
was the strongest for ears with more than 10 SOAEs (Fig. 1). The suggestion of 
strong OAEs as filling in the gap is equivalent to the presence of a masker in a 
modeling study of temporal gap detection [1].

Our results (Fig. 3B) are in good agreement with the general findings that the 
smallest detectable decrement duration tends to fall monotonically with increasing 
decrement depth [7]. A departure from that trend was, however, exhibited by Group
I when the empty gap was filled with a low-level signal (Figs. 1 and 2) resulting in 
an improved detection of a brief decrement. This finding suggests that strong OAEs 
are partially suppressed by the signal filling in the gap. For the 10-dB presentation 
level, the MDG is long enough for SOAE suppression to occur [6,9]. As a result, the 
gap detection performance improves and approximates that of subjects with weak 
OAEs. This effect is much smaller for the 20-dB presentation level, probably due to 
substantially shorter MDGs; the smallest detectable decrement duration may be too 
short for the suppressing signal to become effective. When the signal filling the gap 
is relatively strong (e.g., for the 6-dB decrement depth and the 20-dB SL 
presentation level), the additional contribution of strong OAEs added to the stimulus 
is either too small or sufficiently suppressed to influence gap detection. Then, two 
groups of subjects perform similarly.
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Despite the present findings, the functional significance of strong OAEs versus 
weak OAEs for temporal processing is of minor importance for suprathreshold 
measurements, supposing cochlear function is normal. Everyday situations typically 
require auditory processing of signals well above threshold and the performance 
adapts to the idiosyncrasy of cochlear events, resulting in very similar processing by 
individuals with highly contrastive OAE profiles.
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The physiological significance of cochlear efferent system was evaluated by measuring 
distortion product otoacoustic emissions (DPOAE) and auditory brainstem response (ABR) 
in guinea pigs. To produce a dysfunction of the cochlear efferent system, we have applied 
cholinotoxin etylcholine mustard aziridinium ion (AF64-A) into a tiny hole made on the 
bulla. Animals treated with AF64-A at 100// M showed a significant decrease in the 
DPOAE power, while they did not show any statistical differences in the ABR threshold.
These results suggest that AF64-A could selectively produce the cochlear efferent 
dysfunction by irreversibly blocking the choline uptake from the efferent termini without 
affecting the hair cell - afferent system.

1. Introduction

Otoacoustic emissions (OAE) has been successfully measured in the rodents whose 
afferent and efferent systems are selectively impaired with several ototoxic drugs 

[1-3] . Ethylcholine mustard aziridinium ion (AF64-A) is a choline neurotoxin that 
has been reported to produce a selective degeneration of cholinergic efferent termini 
and fibers in the chinchlla’s cochlea by irreversibly blocking the choline uptake [4- 
6] . In this study, we measured DPOAE and auditory brainstem response (ABR) in 
the guinea pigs whose efferent system had been selectively impaired by an 
application of AF64-A.

2. Methods

2.1 Preparation o f AF64-A and Surgical procedure

Acetylcholine mustard hydrochloride (AF64-A) was dissolved in distilled water. 
The pH was maintained at 11.5-11.7 for 30 min by additions of IN NaOH and 
finally adjusted to 7.4 with 0.1N HC1. AF-64-A was used at a concentration of 100 
U M within 4 hours. Healthy adult guinea pigs with no evidence of middle ear 
disease were used. The animals were anesthetized with an intraperitoneal injection 
of sodium pentobarbital. In the AF64-A group (N=8), a tiny hole was made on the 
bulla and the cavity was filled with 100 11 M AF64-A diluted with artificial 
perilymph by injection. In the control group, saline was injected into the bulla using
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the same procedure (N-2). The incision was then closed and the animals were 
allowed to recover for 1-2 weeks.

2.2 Electrophysiological measurements

Any ears showing evidence of middle ear infections were discarded. DPOAE and 
ABR were measured in the same animal before treatment and 1-2 weeks after the 
last injection. The DPOAE measurement was performed by using IL092 version 
1.32 (Otodynamics, UK). A plastic adapter mounted on the H-type probe for child- 
use was fitted into the ear canal to attain a complete seal. The DP-gram was 
recorded and analyzed at eleven points in the frequency range from 696 to 6348 Hz. 
The averaged 2F1-F2 echo-power was compared between pre-treatment and post
treatment.

ABR was elicited and recorded using Neuropack-IV (Nihonkoden, Japan) with 
subdermal pin electrodes which were inserted near the bilateral pinnae, with the 
ground in the middle of the pinnae. Biological signals were amplified and bandpass 
filtered between 50Hz and 3KHz. The clicks were produced by 100 msec square 
pulses and presented to each ear starting at 100 dBnHL and reduced in steps of 10 
dBnHL.

The statistical differences in the DPOAE power and the ABR threshold were 
analyzed using Wilcoxon singed-ranks test.

2.3 Histology

Guinea pigs were deeply anesthetized with a sodium pentobarbital overdose and 
perfused transcardially with 0.1% saline solution containing 0.1% sodium nitrite, 50 
ml of fixative consisting of 4% paraformaldehyde and 0.1 M phosphate buffer (PB, 
pH7.4). The animals were then decapitated rapidly, and the excised cochleas were 
immersed in the same fixative for 24 hours at 4 °C, washed with PB and decalcified 
by immersion in 0.38 M disodium EDTA (pH7.3) for 1 week at 4 °C. The 
decalcified cochleas were dehydrated in a graded series of ethanols in paraffin. 
Serial mid-modiolar sections were cut at 7 U m thickness and stained with eosin and 
observed under a light microscope.

3. Results

3.1 effect s o f AF64-A on ABR and DPOAE

Typical examples of measurement conducted on one guinea pig were shown in 
Figure 1&2. This treated animal showed a decrease in the DPOAE power while the
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ABR threshold remained at the same level. Changes in the ABR threshold and the 
averaged DPOAE power were shown in Figure 3. In the control group, no statistical 
difference was observed in either the ABR threshold or the DPOAE power between 
pre-treatment and post-treatment. In contrast, the animals treated with AF64-A 
showed a significant decrease in the DPOAE power ( p<0.05, Wilcoxon test ) while 
they showed no difference in the ABR threshold.

0.7 t 1.5 2 3 4 6 8 0.7 1 1.5 2 3 4 6 8
KHz(F2) KHz(F2)

Figure 1. Change in the DP-gram in one typical case treated with AF64-A
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Figure 3. Differences in the ABR thresholds and the DPOAE power
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3.2 Histology

The morphology of the organ of Corti from the animals treated with AF64-A at 100 
mM was normal on the light microscopy, compared to that from the control animals.

4. Discussion

In the present study, the DPOAE power decreased in the animals treated with 
ethylcholine mustard aziridinium ion (AF64-A). While the ABR threshold was 
stable even after the treatment and the histological study confirmed there was no 
morphological change in the organ of Corti, including outer hair cells, of the cochlea 
from those animals. AF64-A has been reported to produce a selective degeneration 
of cholinergic termini and fibers by irreversibly blocking the uptake of high-affinity 
choline, thereby preventing the synthesis of acetylcholine [4-6] . AF64-A might 
affect the cochlear efferent system because acetylcholine is one of the major efferent 
neurotransmitters. It has been accepted that DPOAE originates from active cochlear 
processes involving the outer hair cells, and that the DPOAE power is regulated by 
the cochlear efferent system [7,8] . If AF64-A could selectively affect the 
cholinergic efferent system and the cochelar efferent system regulates DPOAE, 
AF64-A could produce a significant change in the DPOAE power without affecting 
the afferent system (i.e., ABR ). The present study indicates that this is exactly the 
case.

The physiological significance of the cochlear efferent system is still not fully 
understood. Both the contra-lateral acoustic stimulation [9] and the electrical 
stimulation [10] of the medial olivocochlear bundle (MOCB) is known to inhibit 
the OAE amplitude. The electrical MOCB stimulation is also known to produce an 
enlargement of cochlear microphonics (CM) [ 11 ] . The animals treated with 
carboplatine showed an elevation of the EOAE amplitude until 3 hours then showed 
a severe reduction [2] . Although some technical problems is still remain, the 
observed change in the DPOAE power produced by AF64-A may provide a new 
information on the physiological significance of the cochlear efferent system. 
Further investigation including electron microscopy will be needed.
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Cisplatin is known to damage the hair cells of the inner ear. The effect of Cisplatin on the 
vibratory response of the inner ear was investigated in the apical turn of the cochlea. The drug 
effect took place approximately 25 minutes after intravenous injection of Cisplatin. At the 
level of reticular lamina, Cisplatin decreased the vibration amplitude around the characteristic 
frequency. In contrast, the basilar membrane response increased and the tuning became 
sharper. These changes support the presence of negative feedback in the apical turn of 
cochlea.

1 Introduction

Cisplatin is one of the basic anti-cancer chemotherapeutic agents and is 
also known as a very potent ototoxic drug. Cisplatin damages the sensory 
hair cells and supporting cells in the inner ear after a short-term exposure
[7]. We took advantage of this and used Cisplatin as a tool for producing 
hair cell damage.

Previously we had measured cochlear mechanical responses before and 
after sacrificing the animal [3, 6]. Shortly after death the active response 
of the outer hair cells should decrease and then cease. Therefore we were 
able to observe the effect of change in the function of outer hair cells on 
the vibratory response in the cochlea. It is generally accepted that the 
outer hair cells provide amplification. The fluid motion in the scala 
produces basilar membrane (BM) motion; this was taken to be the input of 
the organ and the cochlear amplifier. The outer hair cells are supported by 
the Deiter's cells, which in turn are attached to the basilar membrane. 
Through this connection the OHC senses the BM motion, and the amplified 
motion of OHC in turn affects the BM. The apex of the OHC is firmly 
attached to the reticular lamina and this is the output of the cochlear 
amplifier. Any change in the outer hair cell amplification should affect the 
motion both at the reticular lamina and the BM. In the apical turn of the 
cochlea we did not have access to BM under the OHC, therefore we 
measured the BM vibrations next to the Hensen's border. In order to get 
the high accuracy of positioning needed in this experiment, the reticular
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lamina vibrations were measured at the outer Hensen's cell. The details of 
these measurements were described earlier [3]. The results of these 
experiments indicated that the OHC provide amplification of the BM 
motion and the interaction between the OHC and the BM produces 
negative feedback, which reduces the BM motion. Since our results were 
opposed to the results observed in the basal turn of the cochlea where the 
BM response is enhanced by a positive feedback [8, 1], it was important to 
verify that the same changes were observed when the OHC were damaged 
by a different method.

The present paper describes the changes observed when the 
responses were measured by the same method and at the same two 
locations described above, before and after the administration of Cisplatin. 
The changes were found to be identical to our previous measurements and 
support that there is amplification and negative feedback in the apical turn 
of the guinea pig cochlea.

2 Method

The apical turn of the guinea pig cochlea was opened and fluid coupled to 
the dipping cone of a microscope objective with a tight fitting plastic tube. 
The sealed cochlea was viewed with a slit confocal microscope to identify 
the structures. Vibration was measured at the outer Hensen's cell, and at 
the BM 35 |im outwards and 130 [im below the level of the reticular 
lamina, with a confocal heterodyne interferometer in response to sound 
applied to the external ear. X, Y, and Z coordinates were recorded for each 
point of measurement with micrometer accuracy; the precise coordinates 
permitted us to go back and forth between the two points. Details of the 
method have been described earlier [2, 4, 5]

Tuning curves of the mechanical response were obtained at an outer 
Hensen's cell and at the basilar membrane. After establishing that the 
response was repeatable at both locations, Cisplatin (32 mg/kg) was 
delivered intravenously in two separate doses. The response of both 
previously measured locations started to change within 25 minutes 
following Cisplatin. The changes were followed for three hours. Hensen's 
cell response decreased with time, while the basilar membrane response 
increased, reaching a maximum in about one hour.

3 Observations

The tuning curves of the Hensen's cell and BM are shown in Figure 1 before and
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Figure 1. Tuning curves of an outer Hensen's cell and Basilar membrane before and after application of 
Cisplatin. Cisplatin caused the Hensen's cell response to decrease and the BM response to increase. The 
shape of the BM tuning also changed.

Figure 2. Phase curves corresponding to the amplitude cures shown above. The phase angles at the 
Hensen's cell and BM decreased after Cisplatin. Phase curves measured at the BM are noisy due to low 
vibration amplitude.
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after administration of Cisplatin (Hensen's cell, 2.0 hrs; BM, lhr 18 minutes). 
Between 200 and 500 Hz, the Hensen's cell response decreased by about 2.2, and 
the BM response increased by a factor between 6 and 30. The tuning of the BM 
changed and became similar to the Hensen's cell.

Phase response corresponding to the tuning curves in Figure 1 is presented in 
Figure 2. The phase curves can be approximated into two portions. The first portion 
below 600 Hz with a steep slope (-1.57°/Hz) and a second portion between 600 and 
1500 Hz with a shallow slope (0.17°/Hz). The slope of the Hensen's cell vibration 
phase curve was slightly reduced by Cisplatin, both in the steep and the shallow part 
of the curve.

Basilar membrane phase curves before administration of Cisplatin were 
difficult to obtain especially at low frequencies. The fundamental component of
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BM vibration amplitude was near the noise floor. In the phase curve shown, four 
points marked by circles have not been included. After the administration of 
Cisplatin, the level of BM vibration increases, and this difficulty was removed. BM 
phase before and after the drug changes only slightly.

The FFT's of time waveforms measured at the Hensen's cell, before the 
administration of the drug, are shown in Figure 3. Data is presented at six 
frequencies: 98, 158, 256, 335, 453 and 532 Hz.

FFT's of the time waveforms measured at the same Hensen's cell, after the 
administration of the drug, are shown in Figure 4. Cisplatin reduced the 
fundamental amplitude by 1.3-1.8. The change in harmonic amplitudes was 
frequency and harmonic number dependent. The amplitude of the 2nd harmonic 
component decreased at 98, 158 and 256 Hz and increased at 453 and 532 Hz. The 
overall change in the nonlinear components before and after the drug was small and 
was associated with the decrease in the fundamental component.
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4 Discussion

Outer Hensen's cell was used to determine the vibration of the reticular lamina 
rather than OHC because (i) their position could be defined more precisely; (ii) the 
cells are located close to the BM position measured, therefore going back and forth 
between the two points took less time, and the positions could be repeated more 
precisely; (iii) the vibration amplitude of the Hensen's cells is related to that of the 
OHC, therefore changes in the OHC amplitude are reflected in the Hensen's cell 
amplitude [4].

The changes at the Hensen's cell and BM, resulting from Cisplatin 
administration, can be characterized as (i) Below 600 Hz Hensen's cell amplitude 
decreased by about a factor of 2; above 600 Hz changes were not significant; (ii) 
BM vibration was low before the application of the drug. It increased in amplitude 
by a factor of about 30 after Cisplatin and the tuning sharpened. Between 200-300 
Hz, the Hensen / BM ratio was 300 before the drug, decreasing to 7 after the drug.

The magnitude of change in the Hensen and BM response was not the same in 
different experiments. If the Hensen / BM ratio was small before the drug 
administration, the changes observed after application of the drug were also small.

Similar changes have been observed previously in the Hensen's cell and BM 
responses when OHC function was altered by sacrificing the animal. The Hensen's 
cell response decreased by a factor of 10 and the BM response increased by a factor 
of 40, and it became more sharply tuned [3]. The time sequence of change consisted 
of (i) Increase of the basilar membrane vibration amplitude, (ii) Followed by 
decrease of the Hensen's cell amplitude.

Both the sequence and magnitude of the change could be explained by 
assuming that the OHC were amplifying the BM motion and reducing the BM 
vibration by negative feedback. As the amplification of the OHC started to go down 
following the sacrifice of the animal, negative feedback to the BM was reduced and 
the BM vibration increased [3].

Cisplatin produces an identical pattern of change in response both at the 
Hensen's cell and the BM. Therefore it must affect the function of the OHC in a 
similar way, which supports the concept that the apical turn of the cochlea has 
negative feedback.

The nonlinear response of the outer Hensen's cells did not change appreciably 
after administration of the drug. If the nonlinearity were associated with the 
amplification process of the OHC, it should have changed when the amplification 
went down. Even if the amplification were nonlinear, the negative feedback should 
have linearized the response of OHC.

The negative feedback however would have no effect on the nonlinearity 
already present at its input (BM), or that generated beyond the output (Reticular 
lamina). If the nonlinearity were present at the input, the reduction in amplification 
by the drug should have decreased the nonlinear output. The nonlinear component 
must therefore originate beyond the reticular lamina and be mechanically coupled to
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it. It was shown earlier that spatially the nonlinearity is highest at the OHC1 [5].
Therefore it is most likely that the nonlinearity is associated with the deflection of
stereocilia bundles of the outer hair cells.
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This paper introduces a functional model of auditory sound localization based on the 
interaural time difference (ITD). The signals in the nervous system such as action potentials 
and synaptic transmission are modeled computationally and these applied to a coincidence 
detector circuit model to detect ITD. Then impulse trains fluctuating in time are used as 
input. The incorporated model outputs a spike histogram of which the peak of the envelope 
will indicate the ITD. The simulation results show that a peak indication the ITD in the 
azimuth clearly sharpens when using impulses fluctuating in time as input. This suggests that 
impulse fluctuation does not behave like noise and it can contribute to the detection of ITDs 
in the temporally redundant process and the nonlinear output mechanism.

1 Introduction

Sound localization based on the interaural time difference (ITD) is an auditory 
function for detecting sound source locations using the temporal difference between 
the ears at which the sound waves arrive [1][2][3]. To understand the process and to 
represent it computationally, we developed a computational model of the auditory 
sound localization based on the ITD. We have focused in particular on the temporal 
redundancy of signals in the nervous system because it may affect temporal 
information for ITDs. We also looked at the process of detecting ITDs when using 
impulse trains with fluctuation in time as input data to the model. The impulse 
fluctuation has tended to be regarded as noise in the traditional logic of the binaural 
system. We suggest that it may be useful.

2 Cross Correlation

In general, traditional models for detecting ITDs, like the Jeffress model [4], have 
been represented as a circuit consisting of some coincidence detectors and two nerve 
fibers from the left and right ears. The detectors fire the most when impulses from 
both sides arrive at the detector simultaneously. Such a model can calculate ITDs by 
cross-correlating the impulse trains from both sides [5]. Structures similar to those 
of the coincidence detector circuit model are found in the real auditory system. For 
example, as the medial superior olivary and the nucleus laminaris [2][3]. Impulses 
inputted into these structures originate in the auditory nerve fibers (ANFs) through

mailto:akagi@jaist.ac.jp
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the bushy cells whose responses are called primary-like. The impulse trains have 
temporal information, because the impulses from ANFs are in synchronization with 
a certain phase of the stimuli. Therefore, the cross-correlation model is considered 
as a basic system for detecting ITDs.

3 Impulse Fluctuation

However, ANFs do not always fire in synchronization with a certain phase of stimuli 
and the impulses fluctuate slightly in time [6]. If we use impulse trains with a 
fluctuation in time from the auditory peripheral model [7], the coincidence detector 
circuit model will be affected by the impulse fluctuation. The fluctuation will behave 
like noise in the cross-correlation model. Impulse trains having a characteristic 
frequency of 300 Hz with a large fluctuation in time and duration of 0.3 s are 
provided and input to the cross-correlation model with a time difference of 100 |is. 
The upper panel in Figure 1 shows the period histogram of one of those impulse 
trains with a large fluctuation and the lower panel shows the spike histogram 
obtained by this simulation. The spike histogram has some peaks but the peaks do 
not indicate the ITD. Impulse fluctuation in input data makes it difficult for the 
cross-correlation model to determine the ITD. The impulse fluctuation has therefore 
been regarded as noise. To solve this problem of the effect of noise, one approach is 
to set many coincidence detector circuits and integrate all the outputs to improve the 
robustness of detecting ITDs.
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Figure 1. Period histogram of the impulse train with a large fluctuation in time and the spike histogram 
as obtained by cross correlation (ITD =100 (is). The envelope of the spike histogram has some peaks.

4 Temporal redundancy in the signals

We focus on signaling in the real auditory system. Since structures similar to those 
of the coincidence detector circuit are found in the system, it is natural that the 
signals in the nervous system, such as synaptic transmission, are used in the circuit. 
Additionally, the duration of these signals are much longer than the minute ITD
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perceived by humans. For example, humans can perceive an ITD variation of about 
10 (is at 900 Hz, corresponding to a minimum audible angle (MAA) of about
1° [1][8]. The duration of synaptic transmission ranges from several milliseconds to 
hundreds of milliseconds.

Figure 2 shows two types of temporal transition of postsynaptic potentials 
(PSPs) on two coincidence detectors corresponding to the detection of 0-|is and 20- 
M-S ITDs. An impulse from each side is input to the circuit without any time 
difference. For a human to perceive an ITD variation of about 10 |is as the MAA, 
the duration of the PSP should be shorter than 10 (is (Fig. 2A). Since impulses arrive 
at the 0-(is ITD detector at the same time, two PSPs combine together and make a 
large potential. Since the arrival times of impulses at the 20-^is ITD detector do not 
match, PSPs decline without affecting each other. Thus it is easy to distinguish the 
difference between the two detectors and determine ITDs. However, it should be 
considered that the duration of a PSP by synaptic transmission is several 
milliseconds or more (Fig. 2B). At the 0-|is ITD detector, two long PSPs combine 
together and make a large potential. Likewise, at the 20-|is ITD detector, two long 
PSPs combine together and make a large potential, even though the arrival times of 
the two impulses do not match, because the temporal interval between them is much 
smaller than the duration of PSPs. Thus, the duration of PSPs results in temporal 
redundancy and it would obscure minute information such as the temporal interval 
between the arrival times of impulses.

loft coincidence detector circuit ht\ ( i

Figure 2. Temporal redundancy. Figure 3. Postsynaptic potentials in a coincidence
detector circuit.

In this study, the signals are modeled computationally using Hodgkin-Huxley 
equations [7] [9] to represent the temporal redundancy. Although applying these 
equations might not be sufficient to describe the complicated process in the nervous 
system, this is one way to represent the temporal redundancy of signals. Synaptic 
transmission is represented by the following equations.
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^  dV{t)
C = - 8v>(v ( t ) -E»a) - g K( V ( t ) -E K) - g L(V( t ) -Em) ,  (1)

gn(t) = A ( t - t n) e - ^  , (2)
where V(t) is the postsynaptic potential (PSP) at time t, Cm is the membrane 
capacitance, Em is the resting potential, £Na and EK are the equilibrium potentials for 
sodium and potassium, gNa, gK, and gL are the postsynaptic conductances for sodium, 
potassium, and the leakage, respectively. gn(t) indicates the postsynaptic 
conductance of ion n at time t. t„ is the time of the most recent onset of ion n 
conductance. z„ is the time constant for the conductance, and A„ is the amplitude 
constant related to the permeability of ion n.

In this model, the function for firing is separated from the potential function. 
To represent the effects of other conductances, such as early potassium channels, 
voltage-gated calcium channels, and calcium-activated potassium channels, the 
firing threshold level is varied according to Eq. (3), which translates the magnitude 
of the grand PSPs into the firing frequency of action potentials

r ^ t )  = P e ' ' - - w- + E ^ ,  (3)
where Fthreshoid(0 indicates the threshold level at time t and tr is the time of the most 
recent discharge, t̂hreshold is the basis of the threshold level in this function, Tr is the 
time constant representing the relative refractory period and the adaptation, and (3 is 
the maximum amplitude constant. These modeled signals were thus applied to a 
coincidence detector circuit to detect ITDs. Figure 3 shows the temporal transition 
of PSPs on the coincidence detector cells arranged in the azimuth (the axis of ITDs). 
One impulse from each side was input to the circuit without any time difference. The 
impulses from each ear stimulated the coincidence detectors sequentially from each 
side of the circuit and a small PSP was generated on every detector. When impulses 
from both sides met at the middle detector in azimuth simultaneously, the PSPs were 
summed and a large potential was generated. Then the impulses separated and kept 
stimulating other detectors on the other side, and summations of PSPs were 
generated on both sides. The envelope with the maximum potential on every 
detector draws a peak on the axis of ITDs. The peak should indicate the detector of 
the ITD but it is too broad to determine it. Since the neighboring detectors also had 
large potentials close to the peak potential, there was not a clear difference to 
uniquely distinguish the detector of the ITD from the others.

5 Nonlinear Output Mechanism

In this model, the firing threshold function (Eq. 3) is established to represent a 
neuron firing. It is difficult to satisfactorily set the threshold level to the same level 
as the peak of the potential envelope. It is natural to set it to a level below the peak. 
In that case, all the detectors whose potential exceeds the threshold level fire and a 
certain range of firing appears on the azimuth (Figure 4). Accordingly, the model
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represents a nonlinear output mechanism. The model outputs spikes over a broad 
range along the axis of ITD because of the broad peak of the PSP. This is another 
temporal redundancy. Figure 5 shows the result of a simulation by the nonlinear 
output mechanism using the impulse trains firing in synchronization with a certain 
phase of stimuli. The upper panel in Fig. 5 shows the period histogram of the 
impulse train and the lower panel shows the spike histogram obtained by this 
simulation. When impulse trains firing in synchronization with a certain phase of 
stimuli were used as input data, the model kept outputting spikes over the fixed 
broad range, and the output spikes were distributed widely and evenly on the axis of 
ITD. This model does not appear to uniquely determine the actual ITD. The result 
suggests that representing the temporal redundancy and the nonlinear output 
mechanism is not sufficient for the detection of ITDs. We have two drawbacks here: 
One is the impulse fluctuation that affects the detection of ITDs in the cross
correlation model. The other is the temporal redundancy of the signals that makes 
outputs from a coincidence detector circuit broad.
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Figure 5. (left) Period histogram of the impulse train firing in synchronization with a certain phase of 
stimuli and the spike histogram obtained by the nonlinear output mechanism (ITD = 100 fis). The 
envelope of the spike histogram can not indicate the ITD.
Figure 6 . (right) Period histogram of the impulse train with a large fluctuation and the spike histogram 
obtained by nonlinear output mechanism (ITD =100 |is). The envelope of the spike histogram on the ITD 
rises.

6 Overcoming the two drawbacks

Each of these drawbacks by itself makes it impossible to detect the ITD. However, 
we will show that combining these drawbacks produces a good result. We show the
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result of the simulation when impulse trains with a large fluctuation in time are used 
as input data. Figure 6 shows the result of a simulation by the nonlinear output 
mechanism using the same impulse trains as those in Fig. 1. The upper panel in Fig.
6 shows the period histogram of the impulse train with a large fluctuation and the 
lower panel shows the spike histogram obtained by this simulation. The envelope of 
the spike histogram on the ITD is rising and beginning to form a peak.

We describe the principle. Impulse trains with a large fluctuation in time are 
used in the model with the nonlinear output mechanism by setting the firing 
threshold level below the peak of the potential envelope. Impulse fluctuation in time 
affects the location where the broad peak of the PSP envelope appears on the axis of 
ITD, because the detector where impulses from both sides of the circuit encounter 
each other changes whenever impulses are input to the model. The location of the 
peak of the PSP envelope varies and the firing range also shifts along the axis of 
ITD (Figure 7 A). If the threshold level is set to an appropriate level, there is an area 
where the firing ranges overlap each other, in spite of the variation in the peak 
location. The detectors in the overlapping area tend to keep firing and output more 
spikes. Accordingly, the output spikes are distributed like the Gaussian distribution 
on the axis of ITD. The distribution has a peak indicating the actual ITD uniquely.

ITD

(A) (B)
Figure 7. Nonlinear output mechanism.

If a spike histogram is drawn according to the variation in the firing range, the 
number of spikes in the overlapping area is found to increase like piled-up pie crust 
faster than in other areas (Figure 7B). This means that using impulse trains with 
fluctuation in time as input data improves the output of the model compared with 
using impulse trains that have no fluctuation, and the envelopes of spike histograms 
output from the nonlinear output mechanism tend to have a peak that indicates the 
ITD or its vicinity. The distinct difference between the traditional model and the 
presented model is the way of thinking about impulse fluctuation in input data. The 
traditional model regards impulse fluctuation as noise, while the presented model 
regards it as something useful in the temporally redundant process and the nonlinear 
output mechanism. These concepts oppose one another.

7 Conclusion

A computational model of the auditory sound localization based on the interaural
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time difference (ITD) was presented. The signals in the nervous system were 
modeled computationally and these models were applied to a coincidence detector 
circuit model to detect ITDs. Impulse trains with fluctuation in time were used as 
input data and the effects of the impulse fluctuation on the detection of ITDs were 
investigated. The simulations show that using impulse trains with fluctuation in time 
as input data improves the outputs of the model compared with using impulse trains 
having no fluctuation. This suggests that impulse fluctuation does not behave like 
noise and that it can contribute to the detection of ITDs in the temporally redundant 
process and the nonlinear output mechanism.
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Effect of the basilar membrane (BM) nonlinearities on fine representation of vowel 
formants of chopper units in the anteroventral cochlear nucleus (AVCN) is inves
tigated using its com putational model. A functional model of ventral cochlear 
nucleus (VCN) units is proposed and evaluated by comparing responses of the 
model w ith the physiological data. Rate-place representation of the models to the 
vowel / e /  is recorded for a wide range of characteristic frequencies (CFs) a t both 
low and high sound levels. Evaluation shows th a t the model is able to simulate 
shape of post-stim ulus tim e histogram to short-tone bursts, discharge regularity 
and phase locking properties of actual chopper units. Simulation using vowel / e /  
as stimulus shows th a t inhibitory inputs from the AN model have effectively sup
pressed firing rate of the model of VCN units having CF between the first and 
the second formant of the vowel / e /  at high sound revel only. This results from 
change of frequency selectivity of the nonlinear BM model related sound level. This 
rate-place representation is similar to  th a t of actual chopper units in the AVCN.
The simulated results suggest th a t BM-nonlinearities-related sound level play an 
im portant role for fine representation of vowel formants of the chopper units in the 
AVCN. This modeling approach can effectively be applied for a  clear representation 
of speech in the auditory pathway.

1 Introduction
Effect of the basilar membrane (BM) nonlinearities on fine representation of 
vowel formants of chopper units in the anteroventral cochlear nucleus (AVCN) 
is investigated using its computational model.

Physiological experiments have made clear the rate-place representation of 
chopper units to the steady-state vowel in the AVCN.
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Both regular chopper (Ch S) and irregular chopper (Ch T) units maintain 
better rate-place representations of the vowel spectra than does the population 
of auditory nerve fibers (ANFs) at high sound level. The rate-place represen
tations closely resemble those of low and medium spontaneous rate (SR) ANFs 
at high stimulus lev e lM .

However, the complete mechanisms are still unknown and the computa
tional model, that is able to reproduce rate-place representation of actual chop
per units to the vowel, has not been proposed.

The paper discusses the robust rate-place representation of vowel spectrum 
of chopper units using its computational model. Especially, relation between 
the representation and basilar membrane (BM)-nonlinearities related sound 
level is investigated.

2 M odel d esc rip tio n
The proposed model consists of models of auditory peripheral system and 
ventral cochlear nucleus (VCN) units.

2.1 Auditory peripheral model

The auditory peripheral model is based on the work of Maki, et. al. (1997, 
1998) and its output are auditory-nerve like spikes. The model is able to 
simulate basic AN firing patterns and responses to vowel in both temporal and 
rate coding^.

2.2 Functional model of VCN units

A functional model of VCN units is proposed to be able to reproduce firing 
patterns of chopper units in VCN.

Input to the model of VCN unit is output of the AN model iij(€  R), 
where i (6 Z+ ) is the number of AN models and j(£  Z+ ) is the firing number 
of output of a single AN model.

The output of the model of the VCN unit at time t consists of an all-or- 
none nerve-like firing 5  given by Eqs. (1), (2) and (3).

/ .v j  1 V (t — tc) =  U(a,/3) and S(t') = 0 for t1 G [t — tr , t] 
S W _ l o  otherwise ’ I f

Firing of the model is generated when the membrane potential V  of the model 
crosses a threshold U if under the condition that the model has not fired for the

tr ~  N  (//r ,oy2) , 

tc ~  N  (nc>crc2) .

(2)

(3)
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refractory period tr . The thresholds U have a uniform random distribution in 
the range from a  to ft. tc is a normal distribution with mean nc and variance 
crc2. It models firing latency and phase-locking properties of VCN units. The 
membrane potential V  with time is modeled by Eq. (4).

N

V (t ) = '52 ait (4)
i = 1  { j \Uj<t}

If input of the AN model is excitative, a* is a positive real number. Other
wise, it is negative, r  is the time constant of a single post-synaptic potential.

3 Evaluation
The model is evaluated with respect to the ability to reproduce firing patterns 
of chopper units by comparing responses of the model with the physiological 
data.

3.1 P ST  histogram and discharge regularity

In Blackburn and Sachs (1990), the chopper units are subdivided into Ch S 
and Ch T units on the basis of the change in firing rate and regularity as a 
function of time.

Figure 1 shows computation results of modeled Ch S and Ch T units with 
comparable physiological data.

Data from the model Physiological data Data from the model Physiological data

Figure 1: PSTHs (top) and regularity analysis (bottom ) for modeled and actual Ch S and 
Ch T  units. (A),(B): D ata from the model. (a),(b): Physiological d a ta ^ .  Stimulus was 
25ms STB with 1.6ms rise and fall time. PSTHs were generated from 200 presentations of 
the STB in the model and 300 or 500 presentations in physiological data. First-spike latency 
histograms are shown on the same tim e scale above the PSTHs. (A’),(a’),(B),(b): Regularity 
analysis for the d a ta  shown above, n  is the mean inter-spike interval (ISI), er is the SD of 
the ISI, and CV is the  ratio cr/fj,.
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In Fig.l, PST histograms (PSTHs) for modeled Ch S and Ch T units 
quantitatively agree with that of physiological data in regular spaced peak for 
first 10ms after stimulus input.

Distributions of firing numbers with time in first spike latency histograms 
of the models also quantitatively agree with that of physiological data.

Modeled Ch S unit in Fig.l (A’) reproduces a mean ISI change of actual Ch
S type unit (Fig. 1(a)) that is nearly constant throughout the entire response 
to the STB. The mean and SD of actual Ch T units increase with time as 
shown in F ig .l(b’). Modeled Ch T unit simulates these properties as shown in 
Fig.l(B ’).

3.2 Phase-locking property

The synchronization index of modeled Ch S and Ch T units in response to a 
BF tone are plotted as a function of BF in Fig.2.

Figure 2: Synchronization index v.s.
Ch T BF of modeled Ch S and Ch T  units.

Calculation are based on the entire 
response (10-400ms) to 400ms long- 
tone burst. Line shows least squares 
fitting of actual Ch S and Ch T  
u n its^  .

Line in fig.2 shows least squares fitting of actual Ch S and Ch T unitsW. 
The ability of Ch S and Ch T chopper units to phase-lock to BF tones decreases 
rapidly with BF in the range from 0.3 to 1.5-2.0 kHz.

Phase-locking ability of modeled Ch S and Ch T units corresponds to 
physiological data as shown in Fig.2.

4 Vowel representation
4-1 Responses of auditory peripheral model

Rate-place representation of the auditory peripheral model to the vowel /e /  
with comparable physiological data is shown in Fig.3. The vowel stimulus 
used in Fig.3 is a steady-state / e /  with formant frequencies at 0.512. 1.792 
and 2.432 kHz and is periodic with a fundamental frequency of 112Hz, that is 
the same as physiological experim ent^.

In Fig.3 (b), rate-place representation of actual ANFs shows a peak in the 
region of the first formant (F l) and another in the region of the second and

a Modeled Ch S 
*  Modeled Ch T

Actual Ch S and

1.0 10.0 
Best Frequency (kHz)
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(a) (b)
Figure 3: Rate-place representation of modeled and actual ANFs. (a): D ata from the the 
model (High SR). (b): Physiological d a ta  (High SR)W. Stimulus is vowel / e /  at 35 and 
75 dB SPL. The line is weighting moving average whose base was 0.25 octave wide. The 
normalized rate defined as “rate minus SR” divided by “saturation rate minus SR” .

third formant (F2 and F3) at low sound level (35dB). At high level (75dB), 
these peaks disappear.

As shown in Fig.3 (a), the model is able to simulate these physiological 
properties.

4-2 Responses of a single modeled chopper unit

Responses of a single modeled chopper unit are computed at both low and 
high sound levels using vowel / e /  as stimulus. The vowel is the same used as 
in Fig.3.

Modeled chopper unit having CF F l, F2 and F1-F2 (valley between F l 
and F2 in spectrum of vowel / e/ :  V I= 1400Hz) is presented with 66 excitatory 
inputs and 53 inhibitory inputs from the AN model.

As shown in Fig.4, CF of all excitatory inputs is the same as CF of the 
modeled chopper unit. Only CF of inhibitory input is changed around CF of 
the modeled chopper unit. CF of all inhibitory inputs is the same.

Excitetory inputs 
(Fixed)
Inhibitory inputs 
(Change)

. ..  ( an)  ( an)  ( a n ) ( an)

CF V1

Figure 4: The m ethod of calculation in 
this section. CF of all excitatory inputs 
is the same as CF of the modeled chop
per unit. Only CF of inhibitory inputs 
is changed around CF of the modeled 
chopper unit, and CF of all inhibitory 
inputs is the same.

Computing results are shown in Fig.5.
In Fig.5 (a), firing rate of the modeled chopper unit having CF VI is 

decreased sharply if CF of excitatory input (VI) coincides with CF (VI) of 
inhibitory input at both high and low sound levels. Modeled chopper units
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Figure 5: Responses of modeled chopper units with CF F l ,  F2 and V I to  the vowel j e / .  
Arrays show CF of models with CF F l  F2 and V I. (a): High sound level (75dB). (B): Low 
sound level (35dB). The m ethod of calculation is shown in Fig.4.

with CF F l and F2 exhibit similar phenomena as shown the model with CF 
VI.

The model with CF VI is widely inhibited in rate compared to the models 
with CF F l and F2 at high sound level. However, the model having CF VI is 
narrowed and weak inhibited compared to the models with CF F l and F2 at 
low sound level.

These inhibitions are caused by the change of frequency selectivity related 
sound level of the nonlinear BM model. Bandwidth of BM positioned between 
F l and F2 of the vowel (VI, etc.) is strongly affected by sound level compared 
to BM positioned at F l and F2. At low sound level, frequency components of 
BM positioned between F l and F2 are below F l. At high sound level, tha t are 
almost equal to F l.

If inhibitory input from the AN model consists of shadow area in Fig.5, 
only the model CF with VI is inhibited in rate at high sound level only. This 
suggests that the model reproduces fine representation of vowel formants of 
the actual chopper units.

4-3 Responses of population of modeled chopper units

Rate-place representation of population of modeled chopper units to the vowel 
/ e /  is recorded for a wide range of CFs at both low and high sound levels.

The vowel is the same as in Figs. 3 and 5. CF of all excitatory input (High 
SR) is the same as CF of modeled chopper unit. CFs of inhibitory input (High 
SR) is located at both sides of CF of modeled chopper unit as shown in Fig.5
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(shadow area). Computing results are shown in Fig.6(a).

Figure 6 : Rate-place representation of population of modeled and actual chopper units, (a): 
D ata  from the model, (b): Physiological d a ta ^ .

At high sound level, the rate-place representation shows clear peaks in the 
region of formant frequencies, although that of both excitatory and inhibitory 
inputs from the AN model is smooth as shown in Fig.3 (75dB). This rate-place 
representation is similar to that of actual chopper units in the AVCN as shown 
in Fig.6(b).

The simulated results suggest that BM-nonlinearities-related sound level 
play an important role for fine representation of vowel formants of the chopper 
units in the AVCN.

5 C onclusion
The functional model of VCN units, that is able to simulate Ch S and Ch T 
type of chopper units in terms of PSTHs shape, discharge regularity, first-spike 
latency and phase-locking, is proposed. The computational model, that is able 
to reproduce rate-place representation of actual chopper units to the vowel 
/e / ,  has been proposed.

The simulated results suggest that BM-nonlinearities-related sound level 
plays an important role for fine representation of vowel formants of the chopper 
units in the AVCN. This modeling approach can effectively be applied for a 
clear representation of speech in the auditory pathway.
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DO NON-MAMMALS HAVE A COCHLEAR AMPLIFIER?
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There is a general tendency in the literature to assume that the cochlear amplifier only exists in 
mammals. Although even early data from non-mammalian species show clear evidence of 
physiological vulnerability of tuning, etc., these phenomena have not been coupled to the 
existence of a cochlear amplifier. Recent studies of amphibians, reptiles and birds, however, 
have provided a wealth of evidence that those phenomena in mammals that are attributed to 
the presence of a cochlear amplifier also exist - usually with identical characteristics - in non
mammals. Thus there is no longer any reason to doubt the importance of cochlear 
amplification in all land vertebrates.

1 Introduction

It is important to ask whether or not non-mammalian vertebrates have a cochlear 
amplifier for three reasons. Firstly, to better understand the evolution of the unique 
structural configurations of the various inner ears of vertebrates, we need to know 
when in the history of vertebrates active processes arose. Secondly, it is often easier 
to study auditory phenomena in non-mammals, so we need to know whether the 
phenomena we study are based on the same mechanisms. Thirdly, the features of the 
outer hair cell (OHC) that are generally thought to underly the cochlear amplifier in 
mammals (huge numbers of motor molecules in the baso-lateral membrane) are 
almost certainly absent in other vertebrate groups. Indeed, some non-mammalian 
hair cells are structurally very different to OHC.

2 The revolutionary idea of a cochlear amplifier

Research into the function of the vertebrate auditory periphery underwent a dramatic 
conceptual shift in the early 1980's due to the realization that hair cells are not just 
passive receptor cells. Evidence from different types of research indicated that the 
most elegant and persuasive explanation for both the high auditory sensitivity and 
the high frequency selectivity was the presence of an active amplification 
mechanism in hair cells. In the context of general sensory physiology, this concept 
was quite revolutionary and thus initially greeted with some scepticism. Since then, 
research into the auditory periphery concentrated on questions related to the 
existence, nature and characteristics of the process that Hallowell Davis [9] 
appropriately dubbed the ‘cochlear amplifier’.



500

The cochlear amplifier is readily distinguished from other amplification 
processes common to sensory cells. The unique feature of the cochlear amplifier is 
that some kind of hair-cell motion influences the micromechanical environment 
outside o f the hair cell itself, feeding into the local movement pattern of the organ. 
In the past, no systematic attempt was made to distinguish between the terms ‘active 
process’ (describing the underlying motor) and ‘cochlear amplifier’ (describing the 
motor’s effect), since there can be no cochlear amplifier without an active process 
and the point of having an active process is to produce cochlear amplification.

A cochlear amplifier has been an integral part of most, but not all, cochlear 
models since the early 1980’s. The various terms used - including ‘feedback motor’, 
‘negative damping’, ‘active feedback’, ‘reverse transduction’, etc., were essentially 
different attempts to integrate the idea of an active process into the contexts of 
modelling and of explaining data. The basic idea remained the same in all cases - 
that some hair cells react in a frequency-selective fashion to faint sounds with a 
motor response that is fed with appropriate phase into the local motion of the 
hearing organ. For most models, the molecular basis of the cochlear amplifier was 
not important, provided it was fast enough to enhance cycle-by-cycle motion at 
auditory frequencies. For other researchers, however, the elucidation of the 
molecular basis of the active process became the greatest challenge, and at least 
initially, non-mammalian data played an important stimulatory role.

3 A short history of active process concepts and findings

Weiss’ [35] concept of bidirectional transduction in vertebrate hair cells, in which in 
addition to the forward, mechanoelectrical transduction a reverse, electromechanical 
transduction was proposed, involved movement of the hair-cell bundle in response 
to changes of cell-membrane potential. Weiss’ ideas were based on data from non
mammalian vestibular and auditory organs. Historically, the idea of reverse 
transduction driven by a bundle motor took root earlier than that of a membrane- 
based motor. Some models involving an active process suggested the stereovillar 
bundle as the site of energy input [e.g., 29]. Movement of bundles indicating hair
cell driven activity had been observed in the turtle auditory papilla [7], the bullfrog 
sacculus [10, 13] and the ampulla of eels [32; summarized in 18]. The correlation 
between intracellular noise and bundle position in frog saccular hair cells [11] also 
suggested a reverse-transduction process as proposed [35]. Rapid, active bundle 
movements in frog sacculus hair cells suggested that the bundle could supply the 
amplification in vertebrate auditory organs [4]. Experimental and theoretical 
considerations of possible motor mechanisms driving bundle movement concluded 
that both a myosin-based system [24] and a calcium binding-unbinding mechanism 
[15] could produce sufficient energy. In mammals, Zenner et al. [38] reported fast 
bundle movements which they suggested were passively following cuticular-plate 
motion. In contrast, Zhang et al. (1997) observed cycle-by-cycle stiffness changes in 
mammalian outer hair-cell bundles without movement of the cuticular plate [39].
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The idea of a membrane-based motor process followed from the discovery of 
OHC cell-body motility [5]. The many experiments carried out since than have been 
reviewed [e.g., 2,8,14,16,31] and this will therefore not be repeated here. Some 
authors have doubts as to whether the forces produced by the OHC are sufficient to 
drive the system [1] and/or whether the intrinsic upper frequency limit of the system 
is adequate for the job [12,17,31]. In general, however, current opinion on the active 
mechanism in mammals strongly favours the tightly-packed molecules in the lateral 
cell membranes of outer hair cells. Many reviews do not even mention that bundle 
motility may underly the cochlear amplifier.

4 The cochlear amplifier in a comparative context

In one respect, the ‘need’ for a cochlear amplifier is found in all vertebrate hearing 
organs - inner-ear fluids strongly damp the motion of hair cells and their stereovillar 
bundles. Damping results both in a loss of sensitivity and poorer frequency 
selectivity. An amplifier mechanism capable of producing force and increasing 
sensitivity and selectivity would have been of great selective advantage in evolution. 
Indeed, models of micromechanical tuning in lizards can match the tuning sharpness 
of afferent fibers only by assuming the presence of an active process [3]. Since an 
active mechanism thus presumably evolved before the origin of highly-specialized 
hair cells such as the OHC of mammals, we can expect the underlying mechanisms 
to have been appropriate for the general situation of hair cells early in evolution.

Is it possible, by comparing hearing sensitivity and frequency selectivity in all 
groups of vertebrate animals to conclude that the cochlear amplifier was 
‘discovered’ by one or only a few groups of vertebrates during the many million 
years of separate evolution and inherited only by their descendents? Here, the 
evidence is somewhat equivocal. Amphibians are, on average, less sensitive that are 
the amniotes, and within the amniotes, reptiles are a little less sensitive than are 
birds or mammals [21,22,23]. This cannot, however, lead to the conclusion that 
amphibians and reptiles have no - or a different - cochlear amplifier, since there are 
additional complicating factors such as differences in temperature, hearing-organ 
and middle-ear structure. With regard to frequency selectivity, mammals show no 
greater selectivity than the other groups for the same frequency range. Indeed 
mammalian frequency selectivity is generally inferior to that of other groups [23]. 
Thus either frequency selectivity is not related to a cochlear amplifier or a cochlear 
amplifier is found widely among vertebrates.

There is, of course, other evidence for the presence of cochlear amplifiers. 
Research with non-mammals has demonstrated that other features thought to be 
characteristic manifestations of a cochlear amplifier are by no means confined to the 
mammals. These data document the overwhelming evidence for the universality of 
cochlear amplification and that mammals are not alone in possessing active 
mechanisms in the hearing organ:
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Firstly, spontaneous otoacoustic emissions (SOAE) occur in all non
mammalian groups. SOAE are generally found in all species studied and often much 
more frequently (up to 100% of ears) than in most mammals. That SOAE from 
mammals and non-mammals are manifestations of the same underlying phenomena 
is suggested by the following common findings [review in 19]:

a) Each ear shows a specific and unique pattern of peaks in the frequency 
spectrum over long time periods.
b) The SOAE are physiologically vulnerable.
c) The SOAE are suppressible by external tones in a frequency-selective way, and 
their suppression tuning curves strongly resemble single primary auditory-nerve 
fibre tuning curves in shape, sensitivity and selectivity.
d) The centre frequency of SOAE is temperature-dependent.
e) The statistical properties of the amplitude distribution of each SOAE peak 
indicate their origin not in filtered noise, but in an active sine generator [33].
f) Most of the patterns observed in correlated amplitude fluctuations between 
SOAE peaks in humans and in lizards are indistinguishable. Amplitude 
correlations between SOAE peaks in humans and lizards are found only between 
peaks that are closer together than 1.4 octaves [34].

The fact that there are subtle differences between some features in mammals 
and non-mammals does not necessarily mean that cochlear amplifiers produce these 
differences. They may rather be related to other group-specific features of organ 
structure. For example, in non-mammals, suppression-tuning curves of emissions are 
centred at the emission frequency and not, as in mammals, at a somewhat higher 
frequency [19]. This difference is probably related to the strong travelling-wave 
pattern in mammals. Also, the much smaller delays in interaction times between 
SOAE peaks in lizards than in humans [34] may be due to the very small dimensions 
of the lizard papillae (at most about 5% of the length of the human organ of Corti).

The fact that in lizards, SOAE are generally found in all ears with up to 14 
peaks per ear may be due to unique features of lizard auditory papillae [27]: (i) The 
relevant, high-frequency area of the lizard papilla is completely devoid of efferent 
fibres, (ii) Lizard papillae always have oppositely-oriented hair cells in the high- 
frequency region, which could stimulate each other through spontaneous bundle 
movements, and (iii) There is presumably less longitudinal energy dissipation along 
the lizard papilla, since there is no evidence for a mechanical travelling wave [23].

Secondly, the patterns seen in rate-level (I/O) functions of auditory-nerve 
afferent fibres in mammals have been attributed to compressive nonlinearities of 
basilar-membrane movement at low SPL [37]. All mammal I/O functions share a 
common break point that reflects the level above which the effectiveness of the 
cochlear amplifier is reduced. Recent data from the emu [20] and the barn owl 
(Koppl, this meeting) indicate that in birds, almost all I/O functions are of the 
sloping-saturation type, indicating the presence of a saturating non-linearity. Avian 
I/O functions have non-uniform break points, however, and the sound-pressure level 
corresponding to the breakpoint correlates in each case with the response threshold.
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This suggests that the mechanical feedback does not encompass the whole organ as 
in mammals, but is local in nature [20].

Thirdly, data from chickens [6] and lizards (Manley, Yates, Kirk and Koppl, in 
prep.) indicate that electrically-evoked emissions (EEOAE) can be elicited from 
non-mammalian hair cells in a similar way to EEOAE of mammals [e.g., 28,36]. 
This also shows that some form of electromotility, that is believed to underly all 
phenomena of cochlear amplification, is seen in non-mammals.

5 All terrestrial vertebrates have a cochlear amplifier

In summary, the question posed in this paper’s title can be answered with a definite 
‘yes’. The accumulated evidence for a cochlear amplifier in non-mammals is now 
overwhelming. It is of course possible that two motor mechanisms exist and even 
co-exist [26]. Perhaps axial, membrane-based motility only exists in mammals, 
strongly affecting the phase properties of the travelling-wave. A motor input with a 
frequency-dependent phase has been considered to be the basis for the ‘second filter’ 
responsible for sharp tuning [26,30]. Bundle motility, in contrast, may be found in 
all vertebrates [14]. Indeed most, perhaps all, of the fundamental mechanisms 
involved in mammalian hearing at the peripheral level are the same in non-mammals 
and share an ancient heritage [25]. Thus studies of non-mammals will further our 
understanding of the mechanism(s) underlying active processes in the cochlea.
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An estim ate of an auditory fiber’s tim e course of instantaneous spike rate (ISR) 
in response to a novel sound stimulus is given by the peristimulus-time histogram 
(PSTH) taken over many repetitions of the stimulus. In this paper we address a 
bullfrog am phibian-papillar (AP) fiber with interm ediate BEF. In such units, the 
PSTH includes both AC and DC responses. We show th a t the PSTH is predicted 
by the first three term s of the W iener series. The first-order term  is a component 
of predicted ISR th a t is phase locked to  the filtered waveform (the output of a 
linear filter, f i ,  whose input was the repeated input waveform). The second- 
order term  yields three subcomponents of predicted ISR: (i) a positive (excitatory) 
subcomponent th a t is phase locked to the square of the output of f i , (ii) a positive 
subcomponent th a t is phase locked to the square of the envelope of the output 
of f \ ,  and (iii) a negative (inhibitory) subcomponent th a t is phase locked to the 
output of another linear filter, / 2 , which has a best frequency 250Hz higher than 
th a t of f i .  The zero-order term  is the background spike ra te -a  constant. AP 
fibers exhibit one- and two-tone suppression. The inhibitory subcomponent of the 
second-order term  can be interpreted as describing the effects of such suppression.
The first-order term  of the W iener series represents the unclipped AC ISR response 
to the output of f i .  The first excitatory subcomponent of the second-order term  
tends to cancel the negative excursions of the first-order term  and can be taken to 
represent clipping of the AC response to the output of f i  (at zero spike rate). The 
second excitatory subcomponent represents the DC response to  the output of f i .

1 Introduction

The stimulus-response properties of auditory units may be described in terms 
of Wiener kernels. These kernels may be translated into a descriptive model 
of the response of a fiber by incorporating them into a Wiener series. [2]

y ( t ) \ x ( t )  =  K o  +  Y ^ K l { T) x { t - T ) - \ -  K 2 (Ti ,T2 ) x ( t - T i ) x ( t - T 2) +  ... (1)
r Tl,T2

mailto:lewis@eecs.berkeley.edu
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y(t) is the expected timecourse of ISR for the axon while responding to the 
sound waveform described by x(t). K 0, Ki ,  and K 2, are the unit’s zeroeth 
through second order Wiener kernels. Respectively, these kernels are a con
stant, a one dimensional array, and a two dimensional array.

If x{t) is a novel waveform, one not used to calculate the Wiener kernels, 
y(t) is a prediction of the unit’s ISR response as a function of time over the 
time course of the sound described by x(t). An estimate of the actual time 
course of ISR response to the sound is given by a peristimulus-time histogram 
(PSTH|a;(i)) taken over many repetitions of the sound, x(t). Thus, compar
ing the unit’s PSTH|a;(£) to y(t)\x(t) allows one to determine the predictive 
capability of the Wiener series.

The first-order term in the Wiener series is a convolution of K\  (REVCOR 
function) with the input waveform (eqn 1). Thus K\  is treated precisely as 
the impulse response of a linear filter. De Boer and de Jongh (1978) were the 
first to show that the first-order term of the Wiener series predicts the PSTH 
of a cat cochlear fiber. [1] Subsequently it has been shown for gerbil cochlear 
fibers and frog AP fibers. [3]

K\  does not include the nonlinearities of spike triggering. When these 
nonlinearities strongly affect the PSTH, as they do in fibers with low sponta
neous spike rates, the predictive power of K \  is considerably diminished. The 
nonlinear effects of triggering can be removed from the PSTH by present
ing the repeated waveform together with a non-repeating background noise 
stimulus. Under such circumstances, the predictive ability of K\  can be re
markable. It predicts the AC, or phase-locked response of the fiber to the 
stimulus waveform. It is the filtered (convolved) version of the repeated input 
waveform to which the fiber phase locks.

The second-order term of the Wiener series is a two-dimensional convolu
tion of K 2 with the input waveform (eqn 1). The result of this operation is a 
prediction of the contribution of second-order nonlinearities to the PSTH. For 
low BEF units, the largest component of that contribution usually is clipping 
(ISR cannot be negative). For fibers with BEFs well above the frequency 
limits of phase locking, the primary contribution of the second-order term is 
a DC (envelope-tracking) response. We have shown that the predicted ISR in 
that case is the square of the envelope of the first-order convolution of the in
put waveform and the impulse response of a linear filter. Thus the predicted 
ISR is phase locked to the square of the envelope of the filtered waveform. 
For frog basilar papillar fibers we have shown that this operation yields re
markably faithful predictions of PSTHs taken for repeated, novel waveforms 
presented together with nonrepeating noise. [4]

In this paper, we address a bullfrog AP fiber with intermediate BEF. In
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such units, the PSTH includes both AC and DC responses. We show that 
the PSTH is predicted by the first three terms of the Wiener series. The 
first-order term is a component of predicted ISR that is phase locked to the 
filtered waveform (the output of a linear filter, / i ,  whose input was the re
peated input waveform). The second-order term yields three subcomponents 
of predicted ISR-(i) a positive (excitatory) subcomponent that is phase locked 
to the square of the output of the same filter, (ii) a positive (excitatory) sub
component that is phase locked to the square of the envelope of the output 
of the same linear filter, and (iii) a negative (inhibitory) subcomponent that 
is phase locked to the output of another linear filter-one with a best fre
quency 250Hz higher than that of the first filter. The other term (Ko) is the 
background spike ra te-a  constant.

2 The Wiener Kernels, Series, and Reduced Model

The Wiener kernels were determined by cross correlation of the response of 
the auditory unit to it’s broad band Gaussian noise stimulus. The Wiener 
kernels are dependent on the power of the stimulus. We used a broad band 
noise stimulus (100Hz to 5000Hz) of approximately 94 dBSPL per 95.5Hz.

K q for our unit is 13.15 spikes per second; equal to the average spike

14 
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Figure 1. The second order Wiener kernel for our unit is plotted in the left hand panel. The 
singular values, Si, of this kernel are plotted in the right hand panel, a circle indicates that 
the associated singular vector, m ,  has a suppressive affect on spike rate, a cross indicates 
an excitatory affect on spike rate. Each Ui is unitary thus each Si is the normalized (see 
text) gain of the filter represented by tij.
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Figure 2. A: The first two singular vectors (u\ and U2 ) of the kernel in figure 1 left frame; 
u\ and it2 have a suppressive affect on spike rate, see figure 1 right frame. B: S3 U3 (black) 
is plotted against K \  (grey). C: S4U4 and squq] both of these vectors are suppressive. D: 
S5 U5  is plotted with S5 * 1*3 . E: u\ and 11 2 (black) versus K \  (grey). F: The ‘envelope’ of 
s i« i  and S2 U2  (see text). All vectors in this figure are scaled by their respective singular 
value except for 143 in frame D.

rate of the unit during continuous noise stimulation. ATi is pictured as a bold 
grey line in frames B, E and F, of figure 2. We sampled the stimulus at 
20kHz for analysis. During analysis we set E  [x 2] to 1.0; thus all magnitudes 
are normalized to a stimulus power of 1. K 2 is pictured in the left hand 
frame of figure 1. We used singular value decomposition (SVD) to identify 
the dominant eigenvectors of K 2. SVD allows us to rewrite the second order 
term of the Wiener series as a sum of squared filter outputs, with the lowest 
ranking vectors ( i value) having the greatest gain.

^2 K 2(Ti,T2)x(t -  r i)x(t  -  r2) = ^2 si I ^ 2 x(t  -  r)u i(r)
Tl,T2

(2)

Si are the singular values and Ui are the singular vectors of K 2- The first 16 
singular values are graphed in the right hand frame of figure 1. The first 3 of 
these are well above the rest, but each of the first 6 values is above the noise 
floor of the calculation.
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The significant singular vectors of K 2 are graphed in figure 2. These 
vectors are in quadrature pair; u\ and u2 (frame A), u\ and u6 (frame C), 
and W3 and U5 (frame D). Thus, one can envision a model which linearly 
filters the stimulus with the singular vector; the result is then forked. One 
fork is passed to a square-law device and then to a summation operator. The 
second fork is delayed, then passed to a square-law device, and finally to the 
same summation operator as the first fork. The addition of both forks is the 
square of the envelope of the filtered stimulus. In frame B of figure 2 s3u3 is 
graphed against K i,  demonstrating that the filters these two vectors define 
are identical.

These data suggest that the reduced model shown in figure 3 is sufficient 
to predict the ISR response of this unit. In this model the linear filter, / 1, 
is congruent to K \  and also to W3; f 2, is congruent to u\. fa is congruent to 
U4 and is included for completeness, but has minimal affect. In figure 4 the 
PSTH|x(i) and y(t)\x(t) are compared for a complex novel waveform, x(t). 
y(t) is determined using the model of figure 3.

Figure 3. The constants in this model are: a =  2-norm of K \  =  16.82, b =  s3 =  14.18, c — 
S5  =  7.09, d =  - s i  =  -14.67, e =  - 5 4  =  -7.76. The box, A/4, signifies quadrature delay of 
this fork.
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Figure 4. In the top two frames are plotted the novel stimulus waveform, x(t) ,  below the 
PSTH |x(i). In the bottom  two frames the model prediction, y(t) \x(t) ,  is plotted against the 
actual ISR response, PSTH |x(t). The waveform, x ( t ), is a bandlimited white noise burst 
with spectral energy concentrated on 600 to 3200Hz. The background noise is concentrated 
on 325 to 5425Hz.

3 Discussion

AP fibers exhibit one- and two-tone suppression which typically has its best 
frequency approximately 300Hz above the fiber’s BEF. K\  of this unit has 
greatest spectral energy at about 400Hz. u\  has greatest spectral energy at 
about 650Hz, while U4 is tuned at approximately 850Hz. Thus the inhibitory
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subcomponents of the second-order term can be interpreted as describing the 
effects of such suppression.

The filter of the excitatory subcomponent of K 2 is identical to that (/i)  
of K i  (fig 2 frame B). The first-order term of the Wiener series represents the 
unclipped AC spike-rate response to the output of the filter f i . The excitatory 
effect of K 2 described by u3 may be separated into two subcomponents by 
appropriately scaling w3. The first subcomponent has a magnitude of s3 — s5. 
The function of u3 alone is to filter the stimulus exactly as Ki ,  but the filtered 
stimulus is squared prior to being added to y(t). This squaring has the affect 
of filling in the negative excursions of y(t) that result from the linear filtering 
process described by K \\ thus, (s3 — Ss)u3 reduces clipping of the unit’s AC 
response to the output of f i  (at zero spike rate). The second subcomponent 
(fig 2 frame D) has a magnitude of s5. The implication of quadrature pair 
vectors is that the unit is responding to the square of the envelope of the 
filtered stimulus; where the filter is shaped like the singular vector. Thus, 
S5U3 and S5M5 represent the DC response to the output of f i  (fig2 frame D).

In frame E of figure 2 siUi and s2u2 are graphed against K i, and in 
frame F their envelope squared, sittf (t) + s2v,2(t),  is plotted against Ki.  The 
suppression described by Ui and u2 is ‘in phase’ with the excitation described 
by Ki .  Thus the unit’s excitatory and suppressive ISR responses are well 
timed both to each other and to the stimulus waveform.
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Although the frequency separation between the response peaks of the amphibian papilla (AP) 
and the basilar papilla (BP) in the frog inner ear has been well-documented, the mechanism 
responsible for such separation remains unclear. While electrical tuning of the hair cells could 
play a significant role in developing the frequency selectivity displayed by these two organs, the 
papillar morphologies suggest the existence of some type of mechanical filter that provides the 
first stage of frequency selectivity. The inner ear morphology dictates that all the energy 
flowing through each of these organs must pass through its respective contact membrane (CM). 
Using laser vibrometry we have measured the relative velocity amplitudes of the two CMs as a 
function of frequency. These measurements show that the APCM velocity is larger than that of 
the BPCM by more than 15 dB for frequencies below 500 Hz. Above this frequency the 
velocity of the BPCM increases while the velocity of the APCM decreases creating differences 
at 1500 Hz of over 10 dB between the two organs. This provides strong evidence supporting the 
idea of a mechanically-based mechanism underlying energy distribution in the frog inner ear.

1 Introduction

We have been concerned with the details of the first stages of energy flow in the 
vertebrate ear, in particular within the inner ear of the anuran amphibians- frogs and 
toads. The frog ear comprises eight separate mechanosensory organs, each 
containing a patch of sensory hair cells embedded in a sheet of epithelial tissue. In 
this study we have addressed a critical problem in functional anatomy- namely, how 
do the physical structures in the inner ear affect the energy flow to the sensory hair 
cells in the two principal organs of hearing in the frog- the amphibian papilla (AP) 
and the basilar papilla (BP)? In the anuran inner ear, the periotic canal duct (POC) 
connects the columellar sac with the round window. As such it is the primary 
candidate for carrying the acoustic energy from the columellar sac into the 
amphibian papilla [7,16]. The POC presents an unusually complex topology that 
strongly suggests an important role in the sound receiving process. However, very 
little is known about the detailed morphology of this structure. We report detailed 
morphological measurements of the POC in bullfrogs. Based on these, the total 
path length of the POC is estimated to be 5500 ^m. The rostralmost 3000 fim 
displays a taper which decreases in cross-sectional area by 67% as it progresses

mailto:pnarins@ucla.edu
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caudally with an input area at the columellar sac of 1.5 mm2 and an exit area at the 
contact membrane of 0.5 mm2. We analyzed possible effects of the POC on the 
phase and amplitude of sound propagation. Based on the propagation of waves in 
small tubes we predict that the waves propagating inside the POC will do so at a 
velocity 20% lower than the propagation velocity in free space. However, due to 
the small transit distance along the length of the POC this decrease in the 
propagation velocity is unlikely to produce any significant phase shift. Preliminary 
analysis considering the POC as a asymmetric transmission line (conical horn) 
indicates that for the frequencies of interest (50 to 2000 Hz) the POC acts as a 
powerful attenuator producing a drop in sound pressure level. The significance of 
these findings is discussed in relation to the driving mechanism responsible for 
coupling the sound waves to the tectorial membrane. In particular the potential 
pathways used by the sound to reach the amphibian papilla are analyzed.

There are at least two possible separate pathways through which energy can 
flow between these two points [9]. Following one route, energy entering the 
columellar sac will travel into the periotic canal (POC) and through this canal to the 
round window. This path is particularly appealing because it displays fluid 
continuity as well as appearing as the “natural” solution to the problem of energy 
transmission in the anuran ear. However, energy traveling down this path does not 
generate flow through either the AP chamber or the BP recess. An alternative path 
starts from the columellar sac, leads into the endolymphatic space (ELS) and from 
there into the AP and BP, draining into the caudal portion of the POC and 
eventually into the round window. Energy traveling through this path does produce 
flow through both the AP chamber and the BP recess. Given that hair cells in these 
two organs are excited by acoustic stimuli of particular frequencies, this second 
path must carry some (and presumably most) of the energy for frequencies within 
the hearing range [13].

We have attempted to gather the basic information necessary to calculate the 
flow down these paths, together with some other parameters relevant to wave 
propagation in the frog’s inner ear ducts. Additionally, we have established the 
energy flow pattern into the AP chamber and BP recess based on the velocity 
responses of their respective contact membranes. A more complete report of this 
work has been submitted for publication elsewhere [10,11].

2 The Model

We modeled the frog inner ear as a collection of two-port elements such that Zeh 
represents the endolymphatic space (ELS), which is in series with two parallel 
impedances Zap and Zbp representing the lumped effect of the AP and BP and their 
respective contact membranes. This set of elements in series is in parallel with 
another two-port element representing the POC and the entire network thus far
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described is connected in series with an impedance representing the load 
provided by the round window.

The impedances of the AP and BP were calculated by assuming that both 
recesses can be modeled as perfectly rigid pipes open at one end and terminated by 
resonant membranes at their other ends (the contact membranes). Based on 
morphological measurements taken from injection casts [10] and from data 
available in the literature [3,14], the BP is modeled as a 400 îm long cylindrical 
pipe with a radius of 160 nm. While the actual cross section of the AP can be 
estimated with relative ease from casts [10] and histological cross sections, the 
presence of the tectorial membrane and tectorial curtain effectively reduce this 
value in fresh specimens. As the tectorial curtain resonates within the range of 
frequencies where the AP functions (Purgue and Narins, in prep.) this reduction in 
effective area is frequency-dependent. In addition, the lumen between the AP wall 
and the tectorial membrane, on the caudal side of the AP, is in the form of a 
crescent-shaped slit increasing the relative importance of the viscous boundary 
layer. Based on morphological measurements taken from the literature [17], we 
estimated the radius of the AP recess as 78 jim.

The impedances of the contact membranes were used as the terminations of 
short pipe elements representing the respective recesses of the BP and AP. The 
contribution of the recesses to the total impedance is on the order of 106 ohms and 
consequently the impedances of the AP and BP are largely dominated by the 
impedance of their respective contact membranes. Their combined impedances in 
parallel were then added in series to the contribution of the ELS and the round 
window termination to yield the input impedance of the ELS which oscillates 
around a value of 50 gigaohms. We use the ELS impedance in conjunction with the 
POC impedance to calculate the distribution of flow between these two paths. The 
fraction of the fluid flow through each of these pathways will be inversely 
proportional to the impedance of each path [8]. These calculations predict that a 
significant (> 50%) fraction of the acoustic flow propagates through the POC for 
frequencies below 500 Hz. This is particularly true for the low end of operation 
(200-400 Hz) where only about 20% of the total flow does so through the AP.

3 Contact Membrane Velocity Measurements

Velocity amplitude responses of the AP and BP contact membranes were measured 
using a laser Doppler vibrometer (OFV 3200 Polytec). The measurements of the 
velocity amplitude of the contact membrane of the AP show either a single peak 
(IDs 20112 and 20110) in the amplitude response (mean frequency= 450 Hz, SD = 
28 Hz, n = 2) or two peaks (IDs: 20111, 20107, 20109) separated by a trough (first 
peak mean frequency = 291 Hz, SD = 166 Hz, n = 4; second peak mean frequency 
= 654 Hz, SD = 165 Hz, n = 4). In two cases (ID 20109 and 20110) we were able 
to record velocity amplitudes from beads at two different locations on the AP
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contact membrane. In both cases, beads located closer to the lumen of the POC 
showed their major peaks at frequencies lower than those beads located farther from 
the lumen. The velocity response of the contact membrane of the BP shows a main 
peak around 1700 Hz (mean frequency = 1737 Hz, SD = 288 Hz, n = 5); in some 
specimens a second low peak appears (e.g., ID 20110) (frequency = 1140 Hz).

4 Model-Data Comparison

We calculated the velocity response at the contact membranes and compared these 
to the measured responses from an adult bullfrog [10]. This comparison shows that 
the most salient features of the data are explained by the model. In particular the 
observed amplitude separation in response between the AP and the BP can be 
accurately accounted for by the model indicating that the source of this separation is 
likely to be the impedance of the contact membranes (Figure 1). The observed sep-

Frequency (Hz)

Figure 1. Calculated velocity response of the contact membrane of the AP (solid black line) and BP 
(thick gray line) plotted against a representative measured velocity response of the contact membrane of 
the AP (open circles) and the contact membrane of the BP (filled circles). The measured data [9] come 
from an adult bullfrog (Rana catesbeiana).

ration in response between AP and BP can be shown to be represented in the 
calculated velocity response of their contact membranes. This supports the idea that 
the model presented here is an adequate representation of the system. Consequently 
it is possible to infer from the analysis the contributions to the total impedance of 
the different paths of the system and based on this we conclude that most of the
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observed separation is caused by the morphology and response properties of the 
contact membranes. Accordingly, these structures provide the first level of 
frequency separation between these two endorgans of the anuran ear.

Additionally, we suggest that the complex morphology of the POC probably 
evolved to generate a moderately high acoustic impedance at audio frequencies 
while providing a low impedance pathway at subaudio frequencies. This would 
maintain fluid continuity for static pressure equalization purposes and would relieve 
the ELS from potential overloads. We hypothesize that significant very low 
frequency (quasi-static) pressure changes in the inner ear should occur during 
vocalization and pump breathing and the POC would act as a release path for this 
pressure. The intraoral pressure increase causes outward displacement of the 
eardrums which in turn causes a pressure increase in the periotic system, due to the 
180° Phase shift between the eardrum displacement and columellar footplate 
displacement [6]. In the absence of a release mechanism this increase in pressure 
could conceivably damage the contact membranes.

5 Discussion

Recordings from individual bullfrog auditory nerve fibers reveal a segregation of 
characteristic frequencies (CFs) [1,2,4,5,12]. The distribution of these CFs is such 
that low and mid frequency fibers (100 Hz < CFs < 1000 Hz) innervate the AP and 
high frequency fibers (1000 Hz < CFs < 2000 Hz) innervate the BP [2,15]. Our 
velocity measurements show clear tuning differences between the AP and BP 
contact membranes, supporting the idea that the observed separation in the neural 
responses of the AP and the BP has a mechanical basis. The measurements 
presented show that these structures display maximum velocity amplitudes at 
frequencies consistent with the distribution of CFs of the two populations of 
auditory nerve fibers [2]. These results imply that low-frequency energy (i.e., 
frequencies < 1 kHz) entering the inner ear preferentially excites the AP contact 
membrane, whereas high-frequency energy (frequencies > 1 kHz) in the sound 
stimulus result in preferential excitation of the BP contact membrane. In other 
words, energy in the sound is diverted in such a way that the acoustic organ in the 
inner ear that is maximally excited is frequency dependent.
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Minimum amount of mechanical energy necessary to cause a neuronal spike in the wind 
receptor cell of cricket is determined at the order of AT (4x1 O'21 J at 300°K). The insect 
mechanoreceptors are therefore facing to the thermal noise of Brownian motion, when 
working near threshold. The evolution however has achieved a paradoxical solution for 
sensory signal transmission under the noise problem. Here we show the determination of 
mechanical energy and the information theoretic analysis on sensory spike trains of the insect 
mechanoreceptor.

The estimation of the mechanical energy is based on three measurements, deflection 
sensitivity, sensory threshold, and mechanical resistance of hair support. The deflection 
sensitivity to air motion was measured by laser-Doppler velocimetry and Gaussian white 
noise analysis. The mechanical parameters, i.e. the moment of inertia of hair shaft, the spring 
stiffness of hair support, and the torsional resistance within the support were estimated by 
applying Stokes’ theory for viscous force. Mechanical energy consumed by the resistance 
provides the maximum estimates of energy available to the receptor cell for stimulus 
transduction. The energy threshold of the mechanoreceptor is far below that of single photon 
quantum of visible light (ca. 3xl0 ‘19 J). The mechano-receptor is 100 times more sensitive 
than photoreceptors.

Spike train of the wind receptor cell fluctuates in timing, when responding to weak stimuli 
near threshold. Simultaneous double recording from two cells revealed that the fluctuations 
are non-correlated between cells. The receptor array has utilized the cell-intrinsic noise for 
stochastic sampling of weak sub-threshold signals, and paradoxically improved the detection 
of signals under the inevitable thermal noise.

1 Introduction

Cricket and other orthopteran insects have hundreds of filamentous hairs on a pair 
of appendages, named cerci, at the rear end of their abdomen. The hairs, under a 
dissection microscope, are seen to deflect when caressed by a slightest motion of 
medium air. When a hair is deflected by air motion, a sensory cell at the base of the 
hair generates nerve impulses and sends them out to the central nervous system 
along its axon. The nerve impulses from the wind receptor cells may activate a 
behavioral output such as an evasion from possible predator. Animals equipped with
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sensory capacity for air motion can detect moving object, which inevitably drags 
surrounding air, without relying on vision.

We attempted to reveal detailed specifications of this mechanoreceptor, i.e. 
structure, dynamics, sensitivity, and information transmission. We found that the 
mechanoreceptor has reached the ultimate sensitivity of stimulus transduction at the 
physical limit of thermodynamics. Furthermore, we confirmed a paradoxical 
enhancement of signal detection in the mechanoreceptor helped by the internal, cell- 
intrinsic thermal noise.

2 Mechanical design of the wind receptor hairs

In order to reveal mechanical design of this receptor, we first measured deflection of 
cricket wind receptor hairs with a variety of lengths under a calibrated wind 
stimulus by laser Doppler velocimetry [1, 2, 3]. Applying Stokes’ theory for viscous 
force acting on oscillating cylinder [4], we successfully determined three 
mechanical parameters in the equation of hair motion, i.e. moment of inertia of hair 
shaft, stiffness of hair support spring, and torsional resistance within the hair base
[3]. We found very clear length dependent designs for these three mechanical 
parameters (Fig. 1).
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Figure 1. Mechanical design of wind receptor hairs
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3 Energy thresholds of wind receptor cells

For the estimation of the amount of mechanical energy available to the receptor cell 
at sensory threshold, deflection angle of hair at sensory threshold is necessary in 
addition to the mechanical parameters shown above. We estimated the deflection at 
sensory threshold by combining two measurements, the sensory threshold in terms 
of wind velocity [5], and the deflection sensitivity measured by the laser-Doppler 
velocimetry (Fig. 2).
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Figure 2. Hair deflection at sensory threshold. Note that the threshold angles
are same in all frequencies

The amount of mechanical energy consumed by the torsional resistance within one 
cycle of hair motion was calculated for the deflections at sensory threshold (Fig. 3, 
filled dots). The amount of energy consumed by the resistance provides the 
maximum estimate for the energy available to the receptor cell for activating a 
biological process of stimulus transduction. The energy threshold estimated are at 
around AT of 300 °K (4x1021 J), the thermal fluctuation level (Fig. 3). This 
mechanoreceptor is therefore 100 times more sensitive than photoreceptors which 
respond a single photon quantum (ca. 3x1 O’19 J). The cercal wind receptor of cricket 
is the most sensitive cell ever reported. If any fraction of the measured torsional
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resistance is truly frictional, the amount of energy available to the receptor cell 
becomes much smaller.
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Figure 3. Energy thresholds of wind receptor cells (filled dots). Open circles: peak 
amount of elastic energy stored in and released out of spring stiffness. Open triangles: 

Peak amount of kinetic energy stored in and released out of moment of inertia.

4 Cell-intrinsic noise in neuronal spike train

Because the energy thresholds of the receptor cells are around AT, we expect that 
the cells are faced to the thermal noise of Brownian motion when working near 
threshold. When stimulated by a pure sinusoid near threshold, the receptor cells 
actually show considerable fluctuations in timing of spike around a mean firing 
phase (Figs. 4a, 4c), suggesting the thermal noise in transduction process. In order 
to discriminate whether the fluctuation is truly due to the cell-intrinsic thermal noise 
or an atmospheric or substrate bom external noise, we made intracellular recordings 
of spike responses from two receptor cells simultaneously and examined temporal 
correlations between the two spike trains.
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Figure 4. Fluctuation in spike timing and Independence test between two cells.
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Joint probability density for the pair of spikes actually fired at time (rA, rB) from 
the mean firing phase of each neuron were constructed in a form of two dimensional 
contour map. The direct product of fluctuation probability densities of each neuron 
(null-hypothesis for independency) was subtracted from the raw joint probability
[6]. Neither temporal correlation nor statistical co-variance remained after the 
subtraction (Fig. 4b), i.e. spike fluctuations in the cells under the double recordings 
were independent. A clear correlation was seen, however, if a common external 
noise of similar intensity was superimposed on the sinusoid (Fig. 4d). The receptor 
cell therefore has an internal noise whose magnitude is comparable to that of 
cellular response to the stimulus at sensory threshold. Taking into account that the 
amount of energy available at the sensory threshold, is around AT at 300 °K, the 
internal noise must be of thermal origin. Although the thermal noise is inevitable for 
living cells, common component in the external air motion can still be encoded in 
the form of covariance of spike timing between receptor cells.
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§ Enhancement of signal detection helped by noise

The wind receptor cell elicits no spikes to a very weak, sub-threshold, sinusoid 
stimulus. The same receptor, however, elicits a spike train with irregular missing, if 
an external noise of similar intensity is superimposed to the sinusoid. Within a 
certain range, larger noise can elicit spike trains that have a better signal to noise 
ratio (Fig. 5). This enhancement of signal detection by the help of noise is known as 
stochastic resonance. The intensity of the external noise which provides the best 
enhancement corresponds to the sensory threshold of the receptor. Because the 
magnitude of the cell-intrinsic noise is estimated to be at threshold, the receptor 
cells are already under the condition for the enhancement by the intrinsic noise. The 
cell-intrinsic thermal noise is thus working to trigger the stochastic sampling and 
essential for the enhancement of signal detection.

Intensity of external noise (mVrms)

Figure 5. Enhancement of signal detection helped by external noise

6 Conclusion

We conclude that the cricket wind receptor has improved the mechanical sensitivity 
up to the ultimate physical limit of thermal noise in the process of evolution. 
Although the receptor cells set their firing threshold at just above the £T to avoid the 
meaningless response to the thermal noise, they are still responding to a weak signal 
below the threshold. The insect mechanoreceptor utilizes the cell-intrinsic thermal 
noise for stochastic sampling as the source of non-correlated noise and contributes 
to signal detection. An ensemble of spiking sensory cells can transmit sensory 
information and reconstruct the stimulus wave form in high fidelity, if each member
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of the ensemble has independent noise source [7, 8]. Other mechanoreceptors 
including vertebrate hair cells would have reached similar sensitivity at the ceiling 
of thermal noise limit [9], because mechanical energy is transferred without any 
quantum structure in the frequency range of biological relevance [10].
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