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Basilar Membrane Velocity in a Cochlea with a Modified Organ of Corti
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ABSTRACT Many cochlear models assign zero longitudinal coupling in the cochlea. Although this is consistent with the
transverse basilar membrane (BM) fibers, the cochlear partition contains cellular longitudinal coupling. In cochlear models, longi-
tudinal coupling diminishes passive BM tuning; however, it has recently been employed in theories of active mechanics to
enhance tuning. Our goal in this study was to probe passive longitudinal coupling by comparing BM responses in damaged
cochleae with passive responses in normal cochleae. The cochleae of gerbils were damaged with intratympanic neomycin
followed by a waiting period to ensure that all of the cells of the partition were missing or severely disrupted. We then measured
BM motion and examined the cochleae histologically. In comparison with passive responses in normal cochleae, we observed
a downward shift in characteristic frequency, an expected consequence of reduced stiffness from cellular damage. However, we
did not observe enhanced passive tuning in the damaged cochleae, as would be expected if longitudinal coupling were substan-
tially greater in the normal cochleae. Thus, we conclude that cell-based longitudinal coupling is not large enough to influence
passive cochlear mechanics. This finding constrains theories of active mechanics.
INTRODUCTION
In mammalian hearing, incoming sound is mechanically
sorted by frequency along a long narrow strip of sensory
tissue within the cochlear partition (CP), which contains
the cellular organ of Corti (OC). The passive substrate of
CP stiffness and cochlear fluid mass gives rise to the
cochlear traveling wave and mild peaking, and cell-based
forces boost the local response by a factor of hundreds
and sharpen the frequency response. Several models employ
the longitudinal tilt of the Deiter cells processes and the
outer hair cells (OHCs) to control the operation of this
cochlear amplifier. (1,2). In these feed-forward models,
longitudinal coupling works with the traveling wave to
provide forces with the proper phase to pump up the trav-
eling wave amplitude over a particular range of wavelengths
and thus frequencies. This hypothetical utility of longitu-
dinal coupling in active models is a departure from passive
models in which increased longitudinal coupling broadens
the tuning and makes the phase-versus-frequency curves
less steep (3–5). Because the broadened tuning conferred
by longitudinal coupling is inconsistent with the tuning
that is present in passive preparations, in most passive
models the CP is treated as transverse segments that are
only coupled longitudinally via the cochlear fluid. The
transverse collagen fibers of the basilar membrane (BM)
(6,7) support this representation as long as the BM is the
dominant stiffness. However, the cells do contribute to stiff-
ness, especially the pillar cells (8–11).

In this study, we sought to determine whether longitudinal
coupling plays a role in passive tuning. We used neomycin
to severely damage the OC (12–14) and then compared the
Submitted October 5, 2010, and accepted for publication January 3, 2011.

*Correspondence: eao2004@columbia.edu

Editor: Charles W. Wolgemuth.

� 2011 by the Biophysical Society

0006-3495/11/02/0858/10 $2.00
BM motion responses in these cochleae with passive
responses in undamaged cochleae. Based on the anatomy,
Deiters cell processes and OHCs (Fig. 1) will impart longi-
tudinal coupling. These cells are relatively fragile and thus
are readily disrupted by neomycin damage. The tectorial
membrane possesses longitudinal coupling (15,16) and is
expected to detach from the OC once the OHCs are elimi-
nated. Additionally, the stiff pillar cells are tightly coupled
longitudinally at their heads. These cells are relatively
robust, and our damage protocol was designed to also elim-
inate them.

The active process of cochlear mechanics is fragile (17),
and in our untreated control cochleae the active process was
present in some cases and absent in others, due either to
a just-postmortem condition or to simple exposure of the
cochlea. In active cochleae, we acquired passive-normal
data by working at high sound pressure levels, where the
contribution of the active process was expected to be small.
In addition, because the phase excursion to the characteristic
frequency (CF) is known to be nearly independent of the
degree of activity (18), we used the phase to look for
frequency shifts when comparing the two populations. Our
treated cochleae all lacked hair cells but had varying degrees
of overall damage, ranging from complete loss of the basal
OC to transdifferentiated cells with pillar cells that were still
apparent, though altered. Thus, our treated cochleae lie
along a spectrum and their BMmotions also lie along a spec-
trum. Nevertheless, they were able to inform us about the
mechanical effect the cells of the OC have on passive
cochlear tuning.

It would be interesting to specifically examine the role of
longitudinal coupling in active mechanics by other methods,
such as damaging the Deiters cells while leaving the OHCs
intact, but this is not currently possible. Because the active
doi: 10.1016/j.bpj.2011.01.006
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FIGURE 1 (A) Cross-sectional view of the CP. (B) A longitudinal view,

angled from the top, with the tectorial membrane excluded. The longitu-

dinal tilt of the Deiters cell phalangeal processes and OHCs is evident.

The top surfaces of the pillar cells form a continuous sheet, part of the retic-

ular lamina.
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cochlea is built on the passive substrate, our findings impact
on active cochlear mechanics.
MATERIALS AND METHODS

Preparation of animals with damaged cochleae

Experiments were conducted in accordancewith the guidelines of Columbia

University’s Institutional Animal Care and Use Committee. Gerbils

(Meriones unguiculatus), 50–70 g in mass, were used in the study. Anes-

thesia was induced with ketamine (40 mg/kg) and xylazine (5 mg/kg) and

maintained with half doses of ketamine every hour. Yohimbine (1 mg/kg)

was administered to reverse the xylazine at the end of the procedure. Core

body temperature was maintained at 37�C with a heating blanket and rectal

thermometer. After it was anesthetized, the gerbil was positioned on its

dorsum. By using an aural speculum, wewere able to visualize the tympanic

membrane of the left ear with an operating microscope. We then placed

0.05 ml of 2% lidocaine into the ear canal and left it there for 10 min. After

the lidocaine was absorbed, a tear was made in the pars flaccida with

a minutiae pin. Using a micromanipulator and a 100 ml Hamilton syringe,

we injected the middle ear space with ~30 ml of 10% neomycin sulfate to

approximately fill the space. After surgery, the gerbils recovered with the

left ear uppermost. They were observed for 2–3 h for signs of dizziness

and distress, and were subsequently returned to the animal facility and

monitored regularly for signs of dizziness, such as severe head tilt. One

animal (out of 20) appeared to be severely dizzy and was euthanized;

however, the others recovered and appeared unstressed by the procedure.

It was previously shown that the pars flaccida can be opened without

adversely affecting hearing at frequencies above a few kilohertz (19);

moreover, in our animals, the pars flaccida had resealed by the time the

BM motion measurements were obtained.
Preparation for measurements of BM motion

After completion of the 6-month waiting period, BMvelocitymeasurements

were performed on the treated and untreated cochleae. The gerbils were

sedated with ketamine (40 mg/kg) and anesthetized with sodium pentobar-

bital (60 mg/kg). Buprenex (0.2 mg/kg) was used every 6 h as an analgesic.

Supplemental sodium pentobarbital was given as needed to maintain deep

anesthesia. A tracheotomy was performed to maintain a patent airway.

The animal’s core body temperature was maintained at 37�C. The top of

the gerbil’s skull was exposed and fixed to a heated head-holder by dental

cement. The head-holder was securely attached to a motorized three-axis

stage with position readout. The left pinna was removed, leaving a short

length of external auditory meatus to which a closed-field sound-delivery

systemwas connected. The bulla was widely opened to allow good visibility

of the round window (RW). The bony edge of the RW was shaved slightly

with a sharp blade. Part of the RW membrane was removed with a minutiae

pin. The fluid level stabilized without the use of a coverslip, and the BMwas

visualized for measurements with the laser interferometer. After the BM

motion was measured, the animal was euthanized with pentobarbital.
Histological preparation and assessment

After the mechanical measurements were completed all of the neomycin-

treated cochleae and several of the control cochleae were assessed histolog-

ically. The cochleae were isolated and removed intact from the temporal

bone. A needle was used to fashion a small hole in the apex to perfuse

fixative into the cochlea. The excised cochleae were then immersed in fixa-

tive (2.5% glutaraldehyde, 1.5% formaldehyde in .065 M phosphate buffer)

for 24 h. The cochleae were decalcified in a 120 mM EDTA, pH 7 solution

over 5 days and washed in phosphate buffer. The cochleae were then

immersed in 0.1% Osmium Tetroxide for 30 min and then washed with

phosphate buffer. They were dehydrated with increasing concentrations

of ethanol and then impregnated with increasing concentrations of Epon

812 epoxy resin in propylene oxide. The specimens were embedded in fresh

Epon resin, put under vacuum for 24 h, and then kept in a 60�C oven for

24 h. Then 1.5 mm thick sections were mounted on glass slides, stained

with Toluidine blue, and examined by light microscopy.

Stimulus presentation and data collection

A speaker coupled to the ear canal provided a closed-field acoustic system.

The system used a plastic T-tube of 1/8 inch diameter, with one branch of

the T connected to the ear canal and the opposite branch providing access to

the microphone’s probe tube. The middle branch of the Twas connected to

a super tweeter (Radio Shack, Fort Worth, Texas) by an 8 cm long tube.

Acoustic stimuli were generated digitally with a System 3 signal processing

system (Tucker Davis Technologies, Alachua, FL) operating with

a sampling period of 5 ms. Stimuli were controlled using programs written

in MATLAB (The MathWorks, Natick, MA) and Visual Design Studio

(Tucker Davis Technologies). The sound pressure level was calibrated in

the ear canal within 3 mm of the tympanic membrane by means of a probe

microphone (Bruel & Kjær, Nærum, Denmark).
Compound action potential

The compound action potential (CAP) response of the auditory nerve was

measured via an electrode placed on the bone surrounding the RW (20).

Tone pips of 3 ms duration and frequencies between 0.5 and 40 kHz

were used to determine the CAP threshold. The stimulus level was

increased until a visually determined response level was established.
Distortion product oto-acoustic emissions

Distortion product oto-acoustic emissions (DPOAEs) were measured as

previously described (21). The f2:f1 ratio was fixed at 1.25, with primary
Biophysical Journal 100(4) 858–867
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levels usually at an 80 dB sound pressure level (SPL, referenced to a 20 mPa

peak). Stimulus frequencies were swept from 2 to 30 kHz.
Laser interferometer data collection

A Polytec laser vibrometer (OFV-534 and OFV-5000 VD06) was used to

measure BM motion. Sound stimuli were swept from 0.5 kHz to 40 kHz

at constant SPL. The stimuli were delivered one frequency at a time,

with frequency steps of 0.5 kHz below 20 kHz and 1 kHz above. The stim-

ulus was composed of continuous repetitions of a 4096 point waveform.

Frequencies were fixed so that an integer number of periods fit within the

4096 points. The first 4096 points of the recorded signal were discarded

to eliminate the transient response. The duration of the remaining 50

recorded repetitions was ~1 s. We time-averaged, stored, and Fourier-

analyzed these signals using MATLAB to find the amplitude and phase at

the stimulus frequency. By looking along the direction that defines the

cochlear spiral, we were able to access a region with CF ~ 20–25 kHz

through the RWopening (22,23). The vibrometer’s laser beam was focused

on the BM, typically at a position that was approximately centered on the

BM width. In most animals, several measurements were made over a longi-

tudinal extent of ~200–300 mm. The signal strength of the interferometer

and a sharp image of the BM determined the focal plane of the laser

beam. Data were collected over a range of SPL. The treated animals all

had linear BM responses, and an 80 dB SPL was mainly used.
13GL: 5mo.

50µm

1GL: no treatment
50µm pillar cells pillar cells

A B
Quantitative analysis

To compare the treated and untreated animals, we used three different

measures as described below:

1.Q10dB.Q10dB, ameasure of the sharpness of tuning,was found as f/Df,

where Df is the full width of the amplitude curve 10 dB down from the

maximum response, and f is the frequency where the response peaked. We

determined Q10dB from a smoothed version of an amplitude curve because

the amplitude curves had structure superimposed on an overall broad peak; it

was the broad peak we wished to evaluate. We used responses at relatively

high stimulus levels to compare normal-passive responses in our untreated

preparations with responses in our treated preparations.

2. Characteristic frequency (CF(phase)). The CF is defined as the

frequency at which the response peaks at low stimulus level (18). Many

studies have observed that at the CF, the phase of the BM velocity response

is ~�1.5–2 cycles regardless of the stimulus level; in other words, the phase

does not shift in frequency with the stimulus level (see Figs. 5 and 8). In

contrast, the peak frequency does shift, and the higher stimulus level

(less active) response peaks at frequencies below the CF (18). Because it

was useful to include a metric that was not influenced by the degree of

activity, we found the response CF using the phase. We used the point where

the phase was �1.7 cycles to find CF(phase), where we insert (phase) to

emphasize that we find CF using phase. (The phase in our results was refer-

enced to ear canal pressure and phase is sometimes referenced to stapes

motion; the middle ear delay amounts to ~0.5 cycle at 20 kHz (24).)

3. Phase-frequency slope. The phase-frequency slope is steep in the

region of the CF and theoretically will be steepened by a reduction in longi-

tudinal coupling. Thus, our third measure for comparison is this slope, in

units of cycles/octave. Because the phase slope at CF(phase) is influenced

slightly by activity (see Figs. 5 and 8), we used responses obtained at

relatively high stimulus levels to compare normal-passive responses in

our untreated preparations with responses in our treated preparations. The

results are presented with frequency on a log scale so that Q10dB and

phase-frequency slope can be readily compared.

 15GL: 7mo..11GR: 6mo.C D

FIGURE 2 (A) Cochlea (turn 1) of an untreated animal. (B–D) Cochleae

(turn 1) of animals treated with intratympanic neomycin after waiting

periods of 5–7 months, showing variability in damage after an ~6 month

waiting period.
RESULTS

We used 10 gerbils to determine the appropriate intratym-
panic neomycin damage procedure (12–14), and several
Biophysical Journal 100(4) 858–867
others to determine the approach for BM motion measure-
ments. After we established the method, we treated 10
animals with neomycin (experiments 23–28, 30–32, and
35) and measured the BMmotion. The BMmotion measure-
ment from exp. 32 was not successful, and exp. 27 was
excluded because the approach was not the same as in the
other experiments. As controls we used four additional
ears: two with intratympanic saline (exps. 33 and 34) and
two with no treatment (exps. 22 and 29). Even though
exp. 33 did not have neomycin treatment, the observations
(histology, CAP, DPOAE, and BM velocity) were all similar
to those for a neomycin-treated ear. Therefore, either this
cochlea was damaged severely through some other means
or it was accidentally treated with neomycin instead of
saline. We excluded it from the results. The intratympanic
neomycin treatments were done in two groups (group 1:
exps. 23–28; group 2: exps. 30–32 and 35). Even though
the treatment and wait times were the same, the first group
showed more extreme histological damage.
Determining the damage protocol

The first set of histological experiments pointed to the need
for a ~6-month waiting period after neomycin injection to
eliminate or severely alter the relatively robust pillar cells.
Cochleae evaluated at a 3-month time point retained pillar
cells. Fig. 2 shows results from three of these cochleae
(11GR ¼ 6 months, 13GL ¼ 5 months, and 15GL ¼
7 months). Also shown is a control cochlea (1GL) in which
there was no injection or waiting period, and it appears
normal. The photos are all from turn 1 of the 2.5-turn gerbil
cochlea. In all of the damaged cochleae, turn-1 hair cells are
completely missing, and the tectorial membrane is either
missing or well lifted off from what remains of the OC.
Very disfigured pillar cells are still apparent in 13GL but
not in 11GR, and in 15GL the entire OC is missing in turn
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1. Histological processing often results in distortions, such
as bent pillar cells and distorted tectorial membrane (25).
We are interested in gross changes to the cells of the OC,
not the distortions that are apparent even in control ears,
such as the double-bowed shape of the BM in cochlea
1GL. For our study, the damage to 11GR (Fig. 2 C) would
have been optimal because although longitudinal coupling
due to OHCs and pillar and Deiters cells would have been
missing, the overall mass of the OC would have been close
to normal. However, the damage was variable. Histological
results are presented along with the BM motion results.
After establishing the damage protocol, we initiated a multi-
component study, starting with treatment and a wait period,
followed by measurements of BM motion, CAP, and
DPOAE, and histological evaluation.
Multicomponent study

CAP and DPOAE

The CAP thresholds and DPOAEs for control exps. 34 and
22 were similar to control results from other studies (21).
The control animal in exp. 29 died prematurely due to an
inadvertent overdose of anesthetic, so data for that experi-
ment are not available. In the neomycin-treated ears, CAP
could not be elicited at any SPL, and DPOAEs were beneath
the noise floor except at the lowest frequencies. Hair cells
are relatively fragile, and, as expected, turn 1 hair cells
did not survive the neomycin damage (Fig. 2). However,
in this study we employed damage that went beyond
hair cells to the passive cellular-structural properties of
the OC. To relate this damage to changes in BM
Exp. 30 (

Exp. 23 (19GL)

Exp. 24 (20GL)

Exp. 25 (21GL)

Exp. 26 (2

Exp. 28 (24

A D
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C

FIGURE 3 Histology in ears for which BM motion is reported in Fig. 7. Th

histology number (in parentheses). (A–H) Cochleae (turn 1) of animals treated w

able, and generally more extreme in the first experimental group (A–E) than i

Cochlea (turn 1) of a control animal treated with intratympanic saline. The p

~200 mm wide at this location; see scale bars in Fig. 2.
motion responses, we emphasize the histological results
because they are most pertinent. The CAP and DPOAE
results provide independent verification of hair cell damage.

Histological results

Fig. 3 shows histological results from the eight neomycin-
treated ears for which BM motion results are reported, and
from control exp. 34, which was treated with intratympanic
saline þ a 6 month waiting period. Ears in the first set of
experiments (Fig. 3, A–E) showed more extensive damage
than those in the second set (Fig. 3, F–H). In all of the
treated ears, the damage was extensive and hair cells were
missing. In exp. 22 (Fig. 3D) Reisner’s membrane collapsed
close to the CP. Pillar cells are still apparent in exp. 31
(Fig. 3 G), although they do not appear normal. In the
saline-treated control (exp. 34; Fig. 3 I, dashed outline),
hair cells are present and the pillar cells appear normal.

BM motion: further introduction to predictions

In the Introduction above, we described the predicted
changes due to reduced longitudinal coupling and reduced
stiffness. Before presenting the results, we show these
predictions in Fig. 4. This highly schematized prediction
is based on cochlear models in the literature, in particular,
the studies of Steele and Taber (3,26). The solid black line
corresponds to normal-passive tuning. Our study focuses
on passive mechanics, and ideally we would like to compare
our altered neomycin-treated cochleae with passive unal-
tered cochleae. In one of our control animals, the responses
were measured just postmortem and thus were passive. In
the other two control animals, high stimulus levels were
used to approximate a passive condition. In addition, as
30GL)

2GL)

GL)

Exp. 31 (31GL)

Exp. 35 (35GL)

Exp. 34 (34GL)

pillar cells

pillar cells

pillar cells?

G

H

I

e experiment number in the motion measurement is shown along with the

ith intratympanic neomycin. The damage to the OC was extensive but vari-

n the second group (F–H), where a remnant of pillar cells is apparent. (I)

illar cells, hair cells, and tectorial membrane appear normal. The CP is
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explained above, the CF(phase) metric is insensitive to the
degree of activity.

Returning to the comparison curves in Fig. 4: The struc-
tural changes in the OC due to neomycin damage are
expected to reduce the cellular stiffness (8,9,10) and longi-
tudinal coupling. We are interested in whether the changes
in longitudinal coupling will be apparent in the mechanical
response to sound. The effect of reduced stiffness alone is to
shift the response so that at a given location, the amplitude
peak and the region of rapidly varying phase are shifted to
lower frequencies; reduced mass alone has the opposite
effect. Most of our histology results show that the damaged
OC had approximately the same overall size as the normal
OC, but in some cases the size was much reduced. On the
other hand, the effective OC mass might be less than the
actual mass (22), so changes in BM motion responses due
to changes in OC mass might be small. (Changes in viscous
damping in the OC tissue might occur with damage, but we
Biophysical Journal 100(4) 858–867
did not measure or consider resistance changes in this study.
In untreated cochleae, the OC mechanical impedance due to
stiffness dominates that due to resistance (27).)

The effect of reduced longitudinal coupling alone is to
sharpen the amplitude peak and at the same time increase
the slope of the phase-frequency curve. This is because
reduced longitudinal coupling makes it easier for the wave-
length to shorten. With no longitudinal coupling, there is
nothing in the structure that impedes one longitudinal
section from moving up while its neighbor moves down,
whereas longitudinal coupling impedes this relative motion.
A shorter wavelength corresponds to an increased phase-
frequency slope.

In summary, a change in the tuning sharpness and phase-
frequency slope implies a change in longitudinal coupling,
and a change in CF(phase) implies a change in stiffness or
mass.

BM motion: results

We begin by comparing two BMmotion studies: exp. 22 and
exp. 23. Exp. 22 involved an untreated nonlinear cochlea,
and in Fig. 5 we show its normalized BM responses at
several stimulus levels. This experiment was done early in
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the study and we did not do histology on this cochlea. Its
CAP and DPOAE responses were normal. The 80 dB SPL
responses of exp. 22 were used for comparison with
neomycin-treated ears. High-level SPL responses (R80–
90 dB SPL) show little of the nonlinear boosting observed
at low-to-moderate levels, and approximate the passive
responses of a just-postmortem preparation (17,23,28).
Exp. 23 involved a treated cochlea (histology shown in
Fig. 2 A). Fig. 6 compares the BM velocity responses ob-
tained from the two animals, all taken at 80 dB SPL. The
treated responses (exp. 23) were clearly shifted to lower
frequencies: the amplitude peak shifted from ~20 kHz
(untreated) to ~13 kHz (treated), and CF(phase) shifted
from ~23 kHz to ~16 kHz. Motion was measured over
a ~300 mm range of longitudinal locations in exp. 23, and
passive tonotopic tuning was apparent. Even the highest-
frequency curve of exp. 23 was substantially lower in
frequency than the exp. 22 curves. In terms of tuning sharp-
ness (Q) of the amplitudes, the two cochleae were similar,
and the slopes of the phase-frequency curves were also
similar. Thus, the treated results appear to arise from a CP
with reduced stiffness, but not reduced longitudinal
coupling, compared with the normal cochlea. Because the
cellular elements that we expect to give rise to longitudinal
coupling were missing in the treated specimen (Fig. 3 A), we
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which in exp. 23 ranged over a longitudinal distance of ~300 mm.
conclude that these elements do not give rise to substantial
passive longitudinal coupling in normal cochleae.

Further results are presented in Figs. 7 and 8. Fig. 7 shows
grouped results from 12 animals (four untreated and eight
treated). Several runs were made in each animal, and we
selected one from each set of runs. When there were several
runs at different longitudinal locations, we chose the middle
one (as for exp. 23), and we selected runs for which the data
were relatively clean.

The untreated animals are referred to as exps. 22, 29, 34,
and ORexp8. ORexp8 is from a previous study (22) and was
included to bolster the control results; however, the statis-
tical analysis includes only the experiments performed in
this study. These data, taken from the same approach as
for this study, are very compatible with the results of this
study. The data were obtained in vivo, but the basal cochlea
was passive after exposure of the cochlea. Runs from two
positions in exp. 22 are included to show that the size of
the response can be quite variable (only run 16 is used in
the statistical analysis). Such variation was previously docu-
mented in a study of the transverse profile of BM motion
(28), and could also be related to variations in the angle
between the laser and the BM surface at different positions.
The size difference does not affect the Q-value. Exp. 29
involved the animal that died just before BM motion was
measured. The similarity of the results obtained from
exps. 22, 29, and ORexp8 attests to our ability to measure
similar responses from active cochleae at high levels (exp.
22), from just-postmortem preparations (exp. 29), and
from cochleae that were inadvertently linearized due to
cooling or surgical trauma (ORexp8). The amplitude
response from the active cochlea of exp. 34 had a more
rounded shape, although the phase was similar to the others.
In Fig. 8 we show a level series for this preparation, which
showed substantial nonlinearity. The responses at 70–80 dB
were more like the passive responses of the other, truly
passive animals. However, we chose to use the 90 dB
responses because, according to the general view of
cochlear mechanics, the cochlear amplifier does less and
less as the SPL increases, and thus the highest-level
response will best approximate the passive response. An
exception to this was observed in gerbils by Ren and Nuttall
(23), who noted that in some cases the passive postmortem
response was more similar to the 80 dB premortem response
than to the broader premortem responses at 90 and 100 dB
SPL. This interesting observation—that the cochlear ampli-
fier can deamplify at very high levels and amplify at low and
moderate levels—is worth further study.

Returning to the grouped comparison of Fig. 7, and eye-
balling the Q, peak frequency, and slope of the phase-
frequency curve, we can see that Q is similar in the two
groups, except that the tuning of exp34r13 is milder, as
discussed above. The peak frequency is clearly shifted
down in the treated group, to ~14 kHz from 20 kHz. As
noted in Materials and Methods, guided by the established
Biophysical Journal 100(4) 858–867
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FIGURE 7 Comparison of BM responses in

control (A and B) and neomycin-treated prepara-

tions (C and D). All data were collected at 80 dB

SPL, except for exp34r13, which was collected at

90 dB SPL. These high-level responses can be

considered passive responses in the control

animals. exp29r6 was from a control animal that

was just postmortem and thus passive. ORexp8r15

is from a different set of experiments and is

included to bolster the passive-normal result. One

representative curve per animal is shown, except

for exp22, for which two curves are shown to

demonstrate the range of response sizes that were

measured in a single animal. ORexp8r15 and

exp22r35 are shown in dashed lines to indicate

that they were not used in the statistical compar-

ison (ORexp8e15 because it is from a different

study, and exp22r35 because we only included

one result per animal). 18 kHz is indicated with

a black vertical line to facilitate comparison of

the two populations. A black horizontal line is

drawn where the phase goes through �1.7 cycles;

this point is CF(phase). The slope of the phase-

versus-frequency curve at this point was used as

a representative measure of traveling wave wave-

length.
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relationship between CF and phase excursion (18), we chose
the point where the phase went through �1.7 cycles as
our evaluation point (bold horizontal line), and refer to it
as CF(phase). For the untreated cochleae, CF(phase) was
20–24 kHz, whereas for the treated cochleae it ranged
from 15 to 20 kHz. The phase-frequency slope is predicted
to steepen with reduced longitudinal coupling, and it was
similar between the two groups. Thus, the only obvious
change in the two groups was the clear downward shift in
peak frequency and CF(phase). We noted that the damage
varied in severity (Figs. 2 and 3), so we would expect
changes in the BM responses of the treated cochleae to
also show variability. In the treated cochleae, exp35r9 is
the most like the untreated cochleae in terms of BM
response, and from Fig. 3 H it can be seen that this prepara-
tion retained a loosely structured OC. Table 1 lists the CF
(phase), phase-frequency slope (in cycles/octave) at the
CF(phase), and Q10dB.

The average CF(phase) was 22 kHz for the three
untreated cochleae, ranging from 20 kHz to 24 kHz, and
for the treated animals it was 17.8 kHz, ranging from 15
to 20 kHz. The groups share a 20 kHz point but otherwise
do not overlap. Results from a Student’s t-test showed that
the CF(phase) values for the two groups were significantly
different. The phase-frequency slope was steeper for the
untreated group (�3.87 versus �3.07 cycles/octave), but
not significantly so, since each group had a standard devia-
tion of ~1. The Q10dB values measured from the amplitude
curves were similar in the two groups (1.8 for the treated and
1.95 for the untreated, with standard deviations of 1 and
0.4). Student’s t-test showed that the two groups were not
distinct in terms of the latter two measures.
Biophysical Journal 100(4) 858–867
DISCUSSION

Shift in CF

All of the treated cochleae exhibited traveling waves and
tuning in BM motion, confirming that these characteristics
are fundamental to the macromechanical system of the
cochlea, which is a long flexible partition surrounded by
fluid (29,30). The treated preparations showed a clear shift
in CF to a lower frequency compared with the untreated
preparations. Our CF(phase) metric was not sensitive to
the degree of activity, and the CF shift signals a change in
passive mechanics and indicates a significant reduction in
CP stiffness. The cells of the OC are known to increase
the CP stiffness, and the CF(phase) shift can be attributed
to reduced cellular stiffness when the OC is missing or
damaged.

We considered the possibility that we contributed to the
observed change in CF(phase) by inadvertently measuring
from different longitudinal locations in the different
cochleae. Fig. 6 shows that a range of CFs can be detected
within a given experiment. However, when measuring via
the RW opening, it is unlikely that one could measure the
region that in a normal cochlea has CF(phase) ~15 kHz
without using reflecting beads. In normal cochleae, we can
just barely see the 20 kHz place, and the 15 kHz place would
be ~650 mm further apical, down the cochlear tunnel (31).
Ren and Nuttall (23) were able to reach the 14 kHz place,
but only after removing the stapedial artery and further
opening the RW opening to expose a large extent of turn 1.
Thus, it is not possible that the CF(phase) separation we
found between treated and untreated preparations was based
on variability in the location of measurement.
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case.

TABLE 1 Statistical comparisons

Identifier

(experiment#run#)

CF(phase) ¼
frequency where

phase crosses

�1.7 cycles (kHz)

Phase-frequency

slope at CF(phase)

(cycles/octave) Q10dB

Controls

exp22r16 22.0 �3.58 1.6

exp29r6 24.0 �4.91 2.8

exp34r13 20.0 �3.12 1.1

Average 22.0 �3.87 1.8

Standard deviation 2.0 0.93 0.87

Treated

exp23r10 16.0 �3.55 2.0

exp24r26 18.5 �3.27 2.9

exp25r9 15.0 �1.77 2.0

exp26r17 18.5 �1.63 2.0

exp28r17 19.0 �4.83 1.4

exp30r20 17.0 �2.76 1.9

exp31r10 18.5 �3.00 1.7

exp35r9 20.0 �3.83 1.7

Average 17.82 �3.07 1.95

Standard deviation 1.65 1.05 0.4

Student’s t-test

results

p ¼ 0.0063

(p < 0.05:

control and

treated have

different CFs.)

p ¼ 0.28

(p > 0.05:

control and

treated have

similarly steep

phase-frequency

slopes)

p ¼ 0.76

(p > 0.05:

control and

treated have

similar

tuning

sharpness)
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No change in sharpness of tuning

According to modeling predictions, a reduction in longitu-
dinal coupling sharpens the tuning of the system and makes
the phase-frequency curves steeper. The data show that there
was no significant difference in Q10dB between the treated
and untreated cochleae, and no significant change in the
steepness of the phase-frequency curves. The fact that the
CF(phase) changed without a change in tuning sharpness
argues that the longitudinal coupling imparted by the cells
of the OC is not large enough to impact passive mechanics.
Considering the mass of the OC cells

A point of uncertainty in cochlear models is whether the
effective mass of the OC is equal to or less than the anatom-
ical mass. Proponents of the latter view argue that the cells
of the OC are like malleable bags of fluid that would appear
mechanically like fluid, as opposed to a rigid mass. A
previous experimental/theoretical study that addressed this
question had equivocal results: whereas in the very base
the effective mass coincided with (or was even greater
than) the anatomical mass, the size of the effective mass
was less than the anatomical mass in the more-apical
regions of turn 1 (22). It was noted in that study that the
analysis technique was relatively less reliable in the very
base. In the study presented here, the mass of the OC was
essentially missing in the basal turn of two of our experi-
mental cochleae (exps. 23 and 25; Fig. 3, A and C), so the
question regarding the role of mass can also be addressed.
The predicted effect of reduced mass is a shift in CF(phase)
to higher frequencies, whereas the predicted effect of
reduced stiffness is a shift to lower frequencies. Because
these two experiments had the clearest shift toward low
frequencies, we conclude that the primary effect of the
OC is to increase stiffness, not to increase mass. However,
the histology usually did not indicate total loss of the OC
and never indicated total loss throughout the cochlea, so it
is difficult to say just how much the mass changed in the
treated cochleae.
Previous measurements

Previous studies have probed longitudinal coupling by visu-
alizing the response to static displacement, but the results
were not definitive (32–34). To our knowledge, this is the
first study to measure BM responses in neomycin-damaged
cochleae; however, several previous studies measured BM
Biophysical Journal 100(4) 858–867
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responses in cochleae in which the OC was damaged. In
apical measurements in guinea pig, Cooper and Rhode
(35) found little change in response after localized removal
of the OC. Ulfendahl and colleagues (36) measured apical
BM motion in a strain of guinea pig in which the OC under-
went progressive deterioration. They found reduced Q
compared with normal cochleae, and a downward shift of
peak frequency. Apical measurements are not directly
comparable with our basal measurements, and the results
are not the same: we found a shift in peak frequency and
CF(phase) to lower frequencies, but no change in Q. Kohlöf-
fel (37) made BM displacement measurements and followed
them several days postmortem. Over time, the peak shifted
to lower frequencies and broadened, with a decrease in
phase-frequency slope. Steel and Taber (38) surmised that
these results were due to a postmortem decrease in the stiff-
ness of the BM fibers and an increase in the longitudinal
coupling of the BM’s amorphous ground substance. Cooper
(28) measured basal BM responses to high SPL stimuli at
four time points relative to death: �1 h, 0 h (just post-
mortem), 7 h, and 16 h. Between –1 h and 0 h the amplitude
diminished slightly, the peak frequency shifted down in
frequency slightly and the phase changed very little. Over
7 and then 16 h, the peak frequency and CF(phase) shifted
downward substantially. There was no notable change in
Q. Cooper (28) interpreted these results as evidence that
over hours postmortem, the stiffness of the CP decreased.
Finally, BM motion measurements were recently obtained
in a mouse with genetically modified tectorial membrane
(16). With elimination of the Tectb protein, the fibrous struc-
ture of the tectorial membrane was disorganized compared
with that of the wild-type. The tuning was sharpened and
the phase-frequency curve steepened slightly. The authors
attributed the sharpened tuning to reduced longitudinal
coupling in the altered tectorial membrane (implying signif-
icant longitudinal coupling in the wild-type). This result
contrasts with our findings in this study, in which changes
in passive BM motion responses indicated that longitudinal
coupling was not mechanically significant in normal
cochleae. However, the analysis of the Tectb mouse empha-
sized active mechanics, so the results are not directly
comparable.
CONCLUSIONS

In this study, our main goal was to determine whether longi-
tudinal coupling in normal cochleae influences passive
cochlear responses. To that end, we compared passive BM
responses in normal cochleae to responses in cochleae in
which the cellular structure of the OC had been severely
damaged by neomycin. The results indicated a lack of
significant longitudinal coupling imparted by the cells of
the OC. The BM responses in treated cochleae indicated
a decrease in stiffness, likely due to loss of the OC cells.
Even if the BM was also altered by the neomycin, the
Biophysical Journal 100(4) 858–867
apparent lack of a significant change in longitudinal
coupling can only mean there was no substantial longitu-
dinal coupling to begin with. Most passive cochlear models
do not include longitudinal coupling, and our results argue
that this is appropriate. In contrast, the results of the
above-mentioned Tectb mouse study (16), which empha-
sized active mechanics, indicated that longitudinal coupling
was reduced in modified cochleae compared with wild-type.
A parsimonious conclusion is that even a very small amount
of longitudinal coupling can influence active cochlear
operation, and this is consistent with a recent cochlear
model (39).

We acknowledge the contributions of Wei Dong, Dominic Pisano, Ombe-

line de La Rochefoucauld, Stanley Huang, Shyam Khanna, Michael Anne

Gratton, Elizabeth Keithley, John Middllebrooks, Ian Russell, Jonathan

Ashmore, and David Selvadurai.

This study was supported by the National Institutes of Health (grant

R01DC003130), the Thomas Wickham Jones Foundation, and the Emil

Capita Foundation.
REFERENCES

1. Lim, K. M., and C. R. Steele. 2002. A three-dimensional nonlinear
active cochlear model analyzed by the WKB-numeric method. Hear.
Res. 170:190–205.

2. Geisler, C. D., and C. Sang. 1995. A cochlear model using feed-
forward outer-hair-cell forces. Hear. Res. 86:132–146.

3. Steele, C. R., and L. A. Taber. 1979. Comparison of WKB calculations
and experimental results for three-dimensional cochlear models.
J. Acoust. Soc. Am. 65:1007–1018.

4. Allen, J. B., and M. M. Sondhi. 1979. Cochlear macromechanics: time
domain solutions. J. Acoust. Soc. Am. 66:123–132.

5. Wickesberg, R. E., and C. D. Geisler. 1986. Longitudinal stiffness
coupling in a 1-dimensional model of the peripheral ear. In Peripheral
Auditory Mechanisms. J. B. Allen, J. L. Hall, A. Hubbard, S. T. Neely,
and A. Tubis, editors. Springer Verlag, New York. 113–120.

6. Iurato, S. 1962. Functional Implications of the nature and submicro-
scopic structure of the tectorial and basilar membranes. J. Acoust.
Soc. Am. 34:1386–1395.

7. Dreiling, F. J., M. M. Henson, and O. W. Henson, Jr. 2002. The pres-
ence and arrangement of type II collagen in the basilar membrane.
Hear. Res. 166:166–180.

8. Miller, C. E. 1985. Structural implications of basilar membrane
compliance measurements. J. Acoust. Soc. Am. 77:1465–1474.

9. Olson, E. S., andD.C.Mountain. 1994.Mapping the cochlear partition’s
stiffness to its cellular architecture. J. Acoust. Soc. Am. 95:395–400.

10. Naidu, R. C., and D. C. Mountain. 1998. Measurements of the stiffness
map challenge a basic tenet of cochlear theories.Hear. Res.124:124–131.

11. Emadi, G., C. P. Richter, and P. Dallos. 2004. Stiffness of the
gerbil basilar membrane: radial and longitudinal variations.
J. Neurophysiol. 91:474–488.

12. Zappia, J. J., and R. A. Altschuler. 1989. Evaluation of the effect of oto-
topical neomycin on spiral ganglion cell density in the guinea pig.
Hear. Res. 40:29–37.

13. Leake, P. A., and G. T. Hradek. 1988. Cochlear pathology of long term
neomycin induced deafness in cats. Hear. Res. 33:11–33.

14. Kohonen, A., and J. Tarkkanen. 1969. Cochlear damage from ototoxic
antibiotics by intratympanic application. Acta Otolaryngol. 68:90–97.

15. Ghaffari, R., A. J. Aranyosi, and D. M. Freeman. 2007. Longitudinally
propagating traveling waves of the mammalian tectorial membrane.
Proc. Natl. Acad. Sci. USA. 104:16510–16515.



Tuning in a Modified Cochlea 867
16. Russell, I. J., P. K. Legan, ., G. P. Richardson. 2007. Sharpened
cochlear tuning in a mouse with a genetically modified tectorial
membrane. Nat. Neurosci. 10:215–223.

17. Ruggero, M. A., N. C. Rich,., A. Recio. 1996. The effects of acoustic
trauma, other cochlear injury and death on basilar-membrane responses
to sound. In Scientific Basis of Noise-Induced Hearing Loss.
A. Axelsson, H. M. Borchgrevink, R. P. Hamernik, P.-A. Hellstrom,
D. Henderson, and R. J. Salvi, editors. Thieme Medical Publishers,
New York. 23–35.

18. Robles, L., and M. A. Ruggero. 2001. Mechanics of the mammalian
cochlea. Physiol. Rev. 81:1305–1352.

19. de la Rochefoucauld, O., W. F. Decraemer, ., E. S. Olson. 2008.
Simultaneous measurements of ossicular velocity and intracochlear
pressure leading to the cochlear input impedance in gerbil. J. Assoc.
Res. Otolaryngol. 9:161–177.

20. Johnstone, J. R., V. A. Alder, ., G. K. Yates. 1979. Cochlear action
potential threshold and single unit thresholds. J. Acoust. Soc. Am.
65:254–257.

21. Dong, W., and E. S. Olson. 2010. Local cochlear damage reduces local
nonlinearity and decreases generator-type cochlear emissions while
increasing reflector-type emissions. J. Acoust. Soc. Am. 127:1422–1431.

22. de La Rochefoucauld, O., and E. S. Olson. 2007. The role of organ of
Corti mass in passive cochlear tuning. Biophys. J. 93:3434–3450.

23. Ren, T., and A. L. Nuttall. 2001. Basilar membrane vibration in the
basal turn of the sensitive gerbil cochlea. Hear. Res. 151:48–60.

24. Ravicz, M. E., E. S. Olson, and J. J. Rosowski. 2007. Sound pressure
distribution and power flow within the gerbil ear canal from 100 Hz
to 80 kHz. J. Acoust. Soc. Am. 122:2154–2173.

25. Edge, R. M., B. N. Evans, ., P. Dallos. 1998. Morphology of the un-
fixed cochlea. Hear. Res. 124:1–16.

26. Taber, L. A., and C. R. Steele. 1981. Cochlear model including three-
dimensional fluid and four modes of partition flexibility. J. Acoust. Soc.
Am. 70:426–436.
27. Dong, W., and E. S. Olson. 2009. In vivo impedance of the gerbil
cochlear partition at auditory frequencies. Biophys. J. 97:1233–1243.

28. Cooper, N. P. 1999. Radial variation in the vibrations of the cochlear
partition. In Proceedings of the International Symposium on Recent
Developments in Auditory Mechanics. H. Wada, T. I. K. Takasaka,
K. Ohyama, and T. Koike, editors. World Scientific, Sendai, Japan.
109–115.

29. Steele, C. R. 1974. Behavior of the basilar membrane with pure-tone
excitation. J. Acoust. Soc. Am. 55:148–162.

30. Lighthill, M. J. 1981. Energy flow in the cochlea. J. Fluid Mech.
106:149–213.

31. Greenwood, D. D. 1990. A cochlear frequency-position function for
several species—29 years later. J. Acoust. Soc. Am. 87:2592–2605.

32. Naidu, R. C., and D. C. Mountain. 2001. Longitudinal coupling in the
basilar membrane. J. Assoc. Res. Otolaryngol. 2:257–267.

33. Voldrich, L. 1978. Mechanical properties of basilar membrane. Acta
Otolaryngol. 86:331–335.
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