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Abstract
Hypothesis—Cochlear trauma due to electrode insertion can be detected in acoustic responses to
low frequencies in an animal model with a hearing condition similar to patients using
electroacoustic stimulation.

Background—Clinical evidence suggests that intracochlear damage during cochlear
implantation negatively affects residual hearing. Recently, we demonstrated the utility of
acoustically evoked potentials to detect cochlear trauma in normal hearing gerbils. Here, gerbils
with noise-induced hearing loss were used to investigate the effects of remote trauma on residual
hearing.

Methods—Gerbils underwent high-pass (4 kHz cutoff) noise exposure to produce sloping
hearing loss. After one-month recovery, each animal’s hearing loss was determined from ABRs
and baseline intracochlear recording of the cochlear microphonic (CM) and compound action
potential (CAP) obtained at the round window. Subsequently, electrode insertions were performed
to produce basal trauma while the acoustically generated potentials to a 1 kHz tone burst were
recorded after each step of electrode advancement. Hair cell counts were made to characterize the
noise damage and cochlear whole mounts were used to identify cochlear trauma due to the
electrode.

Results—The noise exposure paradigm produced a pattern of hair cell, ABR and intracochlear
potential losses that closely mimicked that of EAS patients. Trauma in the basal turn, in the 15 –
30 kHz portion of the deafened region, remote from preserved hair cells, induced a decline in
intracochlear acoustic responses to the hearing preserved frequency of 1 kHz.
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Conclusions—The results indicate that a recording algorithm based on physiological markers to
low frequency acoustic stimuli can identify cochlear trauma during implantation. Future work will
focus on translating these results for use with current cochlear implant technology in humans.

Keywords
Cochlear Implant; Cochlear Electrophysiology; Noise Damage; Hearing Preservation; Electric-
Acoustic Stimulation

INTRODUCTION
Historically, cochlear implants have provided acoustic information to the profoundly deaf.
Today, many patients with substantial hearing are receiving cochlear implants to improve
speech understanding1. This trend is mainly based on clinical data demonstrating speech and
language benefits above those available from the preoperative hearing remnants2. Such
benefits are critical since natural hearing is usually compromised as a result of
intrachochlear electrode placement, either during implantation or due to postoperative
changes.

However, since the 1990s it has been known that hearing remnants can be preserved after
implantation3. Currently the surgeon is unable to determine intraoperatively whether
residual hearing has successfully been preserved. This uncertainty creates a problem, where
in an attempt to preserve residual hearing, the cochlear implant may be suboptimally placed
if hearing remnants are unknowingly destroyed, possibly resulting in poorer auditory
performance outcomes when compared to traditional cochlear implantation. On the other
hand, it is evident that if the residual hearing is preserved post implantation, the patient can
benefit from the combination of electrical and acoustic stimulation (EAS, or hybrid
stimulation)4–6. It is now believed that acoustic stimulation at low frequencies provides a
pitch cue by encoding the fundamental frequency and initial harmonics of periodic stimuli
such as vowels7. This pitch cue then aids speech recognition, with particular improvements
in noisy environments.

To optimize these effects, low frequency residual hearing should be preserved. Clinical data,
however, demonstrates that even with advanced surgical techniques many patients will lose
hearing at least partially8. Presumably, reduced intracochlear trauma could improve
outcomes, and much effort is being devoted to surgical and electrode improvements9,10. The
ability to detect intracochlear damage during implantation would allow the surgeon valuable
information as to whether a traditional implantation should be performed in the situation of
intraoperative residual hearing loss versus whether the patient may be able to benefit from
implantation that would result in EAS stimulation.

Our approach is to develop an intraoperative physiological recording system to identify
markers of surgical trauma, cochlear health, and intracochlear electrode position. In this
report we describe experiments using a gerbil model of noise-induced hearing loss (NIHL)
for electrode insertions. The hypothesis is that cochlear trauma due to electrode damage in
the base of the cochlea can be detected based on changes in auditory responses from hair
cells and nerve fibers from the apical region of the cochlea. Mechanical damage to the base
as a result of electrode insertion is thought to disrupt normal cochlear anatomy allowing for
mixing of perilymph and endolymph disrupting the normal difference in concentrations of
ions between these two fluids. The contiguous nature of these compartments up to the apex
may allow for anatomic disruptions remote from the apex to still effect apical responses by
decreasing ion gradients and creating a toxic enviroment. Here, we demonstrate that the
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gerbil model of NIHL is a close physiological match to human EAS patients, and trauma
expected during a human surgery can be detected via intracochlear recordings.

MATERIALS AND METHODS
The basic procedure was to: 1) use noise exposure to produce hearing loss comparable to
those of EAS patients, 2) characterize the hearing loss using the auditory brainstem response
(ABR) and round window recordings of the cochlear microphonic (CM) and compound
action potential (CAP), and 3) insert an electrode through the round window directed
towards the basilar membrane (BM) to determine the effect of basal cochlear damage on the
responses of hair cells in apical regions.

Animals
The Mongolian gerbil (Meriones unguiculatus) was used because its low frequency hearing
range is similar to humans and because its cochlea is easily accessible through the large
auditory bulla. All animals were handled and housed according to the standards described by
the National Institutes of Health Committee on Care and Use of Laboratory Animals, and
experimental protocols were approved by the Institutional Animal Care and Use Committee
at the study institution.

Noise Exposure
The anesthetized animal (Nembutal 60 mg/kg) was placed in a single-walled sound-
attenuated chamber (Industrial Acoustics, NY), suspended in a wire cage in the middle of
the sound chamber 23 centimeters under a loudspeaker (Selenium, Nova Santa Rita/RS
Brazil, Model D3300Ti). High-pass noise with a cut-off frequency of 4 kHz was presented
at 122 dB sound pressure level (SPL, re 20 µPascal) for four hours. The speaker
characteristics caused a 10 dB reduction above 25 kHz. The sound level was monitored
throughout the exposure period with a 1/4” Bruel and Kjaer (Nærum, Denmark) microphone
and did not vary more than 1 dB. A 4 kHz high pass cutoff was chosen because it
corresponds to the 1 – 1.5 kHz frequency range in the human since both frequencies are
slightly less than 50% distance from the apex. The 1 – 1.5 kHz frequency range is currently
the cutoff for hearing loss above which patients are considered for cochlear implants. After
noise exposure four weeks were allowed to stabilize cochlear damage. Previous studies of
noise induced hearing loss in various animals, have made a distinction between resulting
temporary threshold shifts and permanent threshold shifts (ref). In these studies temporary
threshold shifts returned back to baseline levels in a maximum of two weeks. Permanent
threshold shifts were noted to be detected 24hrs after noise exposure and remained stable for
at least eight weeks. Therefore we believe our waiting period of four weeks is adequate to
ensure permanent threshold shifts. With regards to histologic damage stabilization, many
different intracochlear cellular populations have been studied for changes immediately after
noise exposure and with time. Previous studies have found a loss of the inner row of outer
hair cells (OHCs) to be consistent with a permanent threshold shift. The results of our
histology, described later, are consistent with physiologic permanent threshold shifts in
hearing.

ABR recording
ABRs were taken prior to noise exposure and after the four-week survival period. For the
pre-noise exposure, the animal was anesthetized as above. For post-exposure experiments,
urethane (25%, i.p.) was used because of the long experiment duration of up to 10 hours.
The use of the different anesthetic could potentially affect the post noise exposure ABR
results and therefore the findings were further confirmed with recordings taken with an
electrode at the round window (RW), which were compared to a normal hearing animal
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having undergone the same anesthesia protocol (further outlined in subsequent sections).
The head behind both auricles was shaved. The animal was placed on its left side in a
double-walled, sound attenuated booth, with its right ear facing the speaker. The animal
rested on a heating pad set to 37°C, and rectal temperature was monitored throughout the
experiment and kept between 36–38°C. Needle electrodes were inserted subcutaneously.
The positive lead to the amplifier (Grass Instruments model P15D, West Warwick, RI) was
connected to an electrode between the ears, the return electrode was over the right mastoid
and the ground over the left mastoid. Gain was 1000× and filters were bandpass from 10–
50,000 Hz. ABRs were recorded to 500–1000 repetitions of free-field clicks and tone bursts
with alternate polarity (0.5–16 kHz in octave steps) delivered from a well-shielded
loudspeaker (Beyer DT-48, Farmingdale, NY, USA) placed 19 centimeters from the
animal’s eardrum. Stimuli were calibrated by placing the microphone in the position of the
animal’s head. Tone bursts had rise/fall times of 2 ms shaped by a Blackman window with
no plateau. The response magnitude was determined after filtering (0.5–3kHz) and
windowing (1–6 ms).

Surgery and Intracochlear Recordings
Opening the bulla provided exposure to the round window and the basal turn of the cochlea.
To avoid temperature-related artifacts the core temperature was monitored with a rectal
probe and maintained at approximately 37°C with heating pads and a heat lamp, and the
temperature at the round window was monitored at regular time intervals using a T type,
copper-constantan thermocouple (IT-24P, Physitemp Instruments Inc., Clifton, NJ). The
lamp warmed the bulla to keep the round window temperature in the range of 36.5 – 38.5°C.
The recording electrode was attached to a hydraulic micromanipulator and placed against
the intact round window membrane. The electrode was a rigid 50 µm diameter Teflon-
coated, tungsten-iridium wire with about 50 µm of tip insulation removed. The electrode was
connected to the positive input of the amplifier, the negative electrode to the neck
musculature and the ground to the tail. Baseline recordings from the round window were
made to 100 repetitions of tone bursts (0.5–16 kHz in octave steps) with intensities from −7
to 95 dB SPL, in 3 dB steps. Tone bursts had 2 ms rise/fall times shaped by a Blackman
window and a 10 ms plateau.

A FFT was used to estimate the CM magnitude at the signal frequency, after filtering (0.5–2
octaves) and windowing to avoid the CAP (6–11 ms). Filtering (0.5–1.5 kHz) and
windowing (1–6 ms) was also used to isolate the CAP.

After baseline round window recordings across frequencies, the same recording electrode
was advanced past the round window membrane radially across scala tympani toward the
BM in 50–200 µm steps. Recordings of the CM and CAP to a single frequency (1 kHz) and
suprathreshold intensity (typically 60–80 dB SPL) were made at each step. Insertions were
made up to a maximum depth of 1.3 mm past the RW membrane because given the
estimated trajectory of the electrode and the dimensions of the gerbil cochlea, the tip of the
electrode was most likely to have at least reached the scala vestibuli of the basal turn at this
depth but not likely to have crossed over into the scala tympani of the second turn by going
through the interscalar septum. There were two animals where the electrode was advanced
further than 1.3 mm to 1.7 mm, however, we were careful to examine for damage anywhere
past the basal turn of the cochlea in these cases.

Morphologic Assessment
The cochleae were fixed and removed en block. Both cochleae were decalcified and bone
was removed by dissection. For the left cochlea, the BM-organ of Corti complex was
dissected, stained with cresyl violet, and mounted on a slide and cover-slipped. Both inner
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and outer hair cell neuclei (IHCs and OHCs respectively) were counted in 250 µm
increments using a Zeiss Axioscope with 40× objective (Carl Zeiss Inc, Thornwood, NY)11.
The preparation was then photographed with a 10× objective and a montage made of the
complete cochlea using Photoshop CS3® (Adobe, San Jose, CA). The right cochlea, where
the insertion was made, was prepared as a whole mount and stained with toluidine blue.
Cochlear damage due to the electrode was photographed at 10–50× using a Wild M50
dissecting microscope (Leica Inc., Wetzlar, Germany).

RESULTS
Previously, high-pass noise exposure was shown to produce hearing loss in a frequency
range consistent with EAS candidates12. Anatomically, this exposure produced complete
loss of OHCs in the basal turn, a transition zone with partial hair cell loss, and complete
preservation of apical OHCs. Physiologically, a sloping hearing loss determined from ABRs
and loss of intracochlear potentials was consistent with the noise exposure and hair cell loss.
Due to the low number of animals, however, variability remained difficult to assess. The
first part of this report will describe a larger sample of animals to characterize the degree of
anatomical and physiological changes. The second part describes experiments to determine
the effect of acute damage to the basal cochlea on responses to acoustic stimuli from
preserved apical hair cells and nerve fibers. This condition is similar to that during a
cochlear implantation for hearing preservation.

Noise-exposed gerbil model of hearing preservation surgery
For each noise-exposed animal (n=22), we determined the loss of OHCs and IHCs and the
hearing loss from ABRs and from the CM and CAP as measured from the round window.
An example data set is shown in Figure 1. Figure 1A is the dissected BM-organ of Corti
complex, showing the zones of hair cell loss, preservation, and the transition zone in
between. Zones were determined from OHC counts by counting nuclei of OHCs after
staining with cresyl violet (Fig. 1B). The ear examined for this purpose was contralateral to
that used for the electrode insertion. The previous report showed a high correlation of hair
cell loss in the two ears using similar methods12. The frequency axis in Fig. 1B was derived
from the gerbil place-frequency map13. The transition zone defined by 20–80% OHC loss
extended from 3.5–5 kHz. The transition zone for IHCs was shifted basally, and some hair
cells were preserved in the extreme base of the cochlea. These basal IHCs were commonly
observed but did not appear to affect the recordings (see Discussion). Fig. 1C shows the
hearing loss in this gerbil by comparing ABR recordings prior to noise exposure to ABRs
taken four-weeks after noise exposure. There was a large change in thresholds at higher
frequencies (4–16 kHz) and preservation of hearing at low frequencies (0.5–2 kHz). CM and
CAP recordings at the round window of a noise-exposed gerbil (Fig. 1D) were compared to
a normal-hearing animal. Red indicates loss of response and green/blue no loss. There is no
loss noted at low intensity stimuli since once below threshold there is minimal to no change
in response when comparing the noise exposed animal to a normal hearing animal. White
lines indicate threshold in the normal hearing standard, and black lines the thresholds for the
noise exposed animals. As in the ABRs, frequencies from 4–16 kHz were more affected
than frequencies from 0.5–2 kHz, which still had robust responses to sound. Results across
animals will now be described.

Hair cell loss—Cochleograms of OHCs and IHCs from all 22 noise exposed animals are
shown in Fig. 2A–B. In most cases (n=19) the transition zone for both OHCs and IHCs
occurred at approximately the same location, which is consistent with the uniform cutoff
frequency used for all animals. In general, the transition zone for IHCs was shifted basally
compared to OHCs. This result is consistent with previous reports14. Many cases had some
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preserved IHCs at the extreme base. Three of the 22 cases showed much less anatomical
damage with regards to inner and outer hair cell loss as a result of noise exposure (asterisk in
Fig. 2A).

Histograms of the cochlear position at the middle of the transition zone are presented in Fig.
2C and D for OHCs and IHCs, respectively, and the total hair cell losses are presented in
Fig. 2E and F. The basal shift of the transition zone for IHCs is apparent, as is the greater
variability in IHC loss.

Hearing loss measured with ABRs—Hearing loss was estimated from ABRs in 20 of
the 22 cases (Fig. 3). Two cases with incomplete ABR recordings in the pre-exposure
condition were excluded. Open symbols indicate that no measureable response was obtained
at the largest intensity tested. Larger losses in hearing at higher frequencies and preservation
at lower frequencies were present for most cases.

Hearing loss measured at the round window—As expected from hair cell and ABR
data, the response loss for the CM and CAP was greater for high frequencies, 4–16 kHz,
than for lower frequencies, 0.5–2 kHz (Fig. 4, n=22). Interestingly, there was only a small
change in CM for the lower frequencies even though a significant loss of both OHCs and
IHCs was present. The CAP showed a larger degree of response loss to low frequencies
(Fig. 4B). Two of the three animals with no loss of inner and outer hair cells showed
expected physiology with no significant threshold shifts across all frequencies tested (0.5, 1,
2, 4, 8, and 16 kHz) for both the CM and CAP baseline RW recordings.

Effects of Basal Damage on Intracochlear Potentials From Preserved Apical Hair Cells and
Nerve Fibers

After the previous measurements, the electrode was advanced through the round window
and directed at the BM (Fig. 5A). A maximum depth of 1300 µm was used in most cases so
that the insertion would approach the BM but not extend to the next cochlear turn (e.g., Fig.
5B and 6A). Out of 22 noise exposed animals successful insertion with confirmed
anatomical damage occurred in 11 animals (Table 1). An additional four animals served as
controls where the electrode was inserted through the round window and stopped there for a
period of time (Table 1). In three animals, hearing loss was limited and they were excluded.
An additional four animals were omitted, three because the insertion trajectory caused
electrode buckling, and one because the insertion penetrated into the second turn.

Two outcomes were noted in the 11 experimental cases. In ten cases there was a decline in
the CM to the 1 kHz stimulus, presumably due to disruption of contact with the BM by the
electrode, and the decline continued as the experiment progressed (e.g., Fig. 5C). In the case
in Fig. 5C the CAP response to the 1kHz stimulus was unaffected by the electrode insertion,
but in eight cases the CAP declined as well (Table 1), although to a lesser extent than the
CM. In one of the 11 cases there was clear anatomical damage as a result of electrode
insertion but no response decline in either CM or CAP was seen. This case had the smallest
response magnitude to the 1kHz stimulus for both the CM and CAP of any case prior to the
start of the insertion (Table 1). In all 11 cases there was a measurable CM to the 1 kHz
stimulus at the end of the experiment.

Intracochlear damage was found either in the OSL, BM, SL, or a combination of OSL and
BM or BM and SL (Table 1). No correlation between the decline in the CAP response and
the location of the damage was noted.

In the four control cases, two cases had no change in CM or CAP response to the 1kHz
stimulus frequency, but two showed a decline of the CM and CAP. We looked at the decline
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in CM response to the 1 kHz stimulus in both absolute numbers and in percentage of loss
from starting response at the round window in both the experimental and control cases.
When looking at the percentage of CM loss, there is only one experimental case that shows
overlap with the control cases. This case is unique when compared to the other experimental
cases in that it had a very small CM response at the round window to begin with and
therefore there was not much response decline that could occur. We believe the poor initial
response in this case may be due to a greater effect of noise exposure on this animal, since
the CM threshold at 1 kHz was increased. All other cases showed a response magnitude
greater than 3.74E-04 at the round window, and easily discernable waveforms on raw
recordings. All other experimental cases showed a much greater percent loss of response
than the controls (Fig. 7).

DISCUSSION
With the noise exposure protocol, a consistent hearing loss was produced that resembles the
hearing loss of a candidate for hearing preservation surgery. The insertion experiments in
this model characterized the effects of cochlea trauma on residual hearing. They showed that
basal trauma can be indicated by response reductions to acoustic stimuli from preserved
apical hair cells. In the following, we will discuss the characteristics of the model and
implications of the insertion results for monitoring the status of cochlear health during
surgery.

Noise Induced Hearing Loss Model
In a previous report we showed that results comparable to those shown here could be
obtained with 120 dB stimulation for 3–4 hours12. However, stimuli less intense by only a
few dB or of shorter duration yielded only a partial loss of basal hair cells. Here we show
that a slight increase in intensity to 122 dB yielded the intended results 86% of the time (19
of 22 cases).

Three animals showed preservation of basal OHCs and IHCs, and two of these had a high
degree of hearing as well. We saw no factors at the time of exposure that might account for
these cases. Normal ABRs were recorded prior to the experiments. Ears were not monitored
after placement in the sound chamber, so it is possible that the ear canals collapsed in the
anesthetized animals.

There was a basal shift in the transition zone with IHCs compared to OHCs, similar to
previous studies14. In some cases IHCs were also seen at the extreme base of the cochlea.
These remnants presumably persist due to the reduced output of the speaker above 25 kHz,
and are a potential confounding factor in the insertion experiments. However, several
findings suggest that these IHCs do not contribute substantially: First, due to their high
frequency location, they would be expected to contribute mainly to responses to high
frequency stimuli rather than to the 1kHz frequency focused herein. There was little or no
ABR, CM or CAP response to the high frequency stimuli, so the contribution to the recorded
low frequency signals seems negligible. Second, histology from the base was far from
normal: for instance, there was a complete absence of OHCs indicating a non-operational
cochlear amplifier. Third, the CM at 1 kHz was relatively unaffected by the noise exposure,
indicating that even in the normal-hearing animal this potential arises primarily from apical
hair cells. Fourth, the speed and magnitude of the decline in response during insertions did
not correlate to the presence or absence of these cells (Table 1). Thus, we do not consider
the remnants of basal IHCs to be a major confounding factor to the results.

In contrast to the CM, the CAP at 1 kHz was reduced after noise exposure in most cases.
This difference may be due to the different rates of saturation with intensity. The CM is
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linear with intensity except at the highest intensities. Near threshold, regions with
characteristic frequency (CF) slightly above the stimulus frequency provide the greatest
contribution to the CM15. As the intensity increases the contributing region will spread
basally (due to basilar membrane mechanics). However, because the CM is non-saturating
the contribution from CF regions near the stimulus frequency will increase as well, so that
the center of gravity of the CM source will shift relatively little. Consequently, the CM
response at low frequencies is largely derived from relatively apical hair cells that were not
damaged by the noise exposure. In contrast, the contribution of nerve fibers at any one site
contributing to the CAP is highly saturating, because it is limited to one or a few spikes at
onset and therefore provides nearly the same contribution at all intensities above threshold.
Basal spread and consequent shifts in the center of gravity of the source generator with
increased intensity would thus be large. In this case, the absence of responses from basal
fibers produce a large loss of the CAP to low frequencies.

Another possible cause of greater loss of CAP than CM is greater loss of nerve fibers than
hair cells. At present we have not measured nerve fiber loss with our noise exposure, and it
would not likely be complete after one month post-exposure in any case. Given that the
nerve/IHC synapse is highly vulnerable to excitotoxicity, apical spread of nerve fiber
damage relative to hair cell loss is possible.

Overall, how does the gerbil model compare to human EAS cases? The main feature of most
EAS surgeries is sloping hearing loss due to loss of the organ of Corti in the basal cochlea
and preservation in the apical cochlea. We capture this feature in the gerbil model. Gerbils
hearing range extends much higher than humans, so that similar frequencies are not
represented at similar positions. In humans, typical candidacy criteria for EAS or Hybrid
stimulation include a severe-to-profound hearing loss above 1,000 or 1,500 Hz6,16,17. If
hearing is preserved above these frequencies, speech understanding can be high and no large
benefit would be provided by an implant. In humans, this corresponds to slightly less than
50% of the distance from the apex18,19. In gerbils, the comparable frequency is 4 kHz, so 4
kHz was chosen as the noise cutoff in the current experiments. Different cut-off frequencies
but an otherwise similar protocol can shift the regions of hair cell preservation12. There are
obvious differences between the gerbil model and human patients such as the time course of
hearing loss, size of cochlear spaces and delicacy of cochlear structures, but at present we
are not aware of fundamental differences in anatomy and physiology, which would render
the gerbil an invalid model. Another method of inducing high frequency hearing loss while
preserving low frequency hearing is exposure to ototoxic chemicals20. While chemical
methods are effective, we chose noise exposure because of its reproducibility and flexibility.
Using the same exposure regimen we achieved highly reproducible loss of hair cells. In
contrast, with the chemical methods the position a transition zone between total hair cell loss
and nearly complete preservation was highly variable. In addition, we have previously
shown that the location of the transition zone follows the cut-off frequency12. Such control
is unlikely to be possible using ototoxic drugs. This property is expected to be particularly
useful in experiments where an optimal position for an electrode relative to surviving hair
cells is to be tested. In most animals it is difficult to get an electrode beyond the basal turn,
so the ability to use different cut-off frequencies to place the transition zone in the basal turn
should prove useful.

Electrode Penetrations
Damage to a basal region remote from surviving hair cells is a possible outcome of cochlear
implantation. Our experiments were designed to determine if such damage could be detected
and if so, identify its extent over the course of an acute recording experiment. In most cases
(8 of 11) a rapid decline in CM occurred at or near the maximum depth, followed by a
gradual further decline over the course of several hours. In two cases, only gradual loss was
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observed. In one case no response changes occurred despite clear cochlear damage. In some
cases the CM change was paralleled by a change in the CAP, but in others the CAP was
unchanged. The relative stability of the CAP may be due to its high degree of saturation at
the high intensities used, resulting in a large change in intensity required before a response
change occurs. Even with the CM loss, most cases had some residual CM and CAP even at
the conclusion of each experiment, which extended for up to eight hours.

The persistence of responses may be related to the degree or location of damage relative to
surviving and functional regions of the organ of Corti. With the relatively localized damage
restricted to the basal cochlea inflicted-here, it seems that most changes are incomplete since
the CM and CAP response to the 1 kHz stimulus is never observed to extinguish completely.
Piercing of the BM would have resulted in perilymph and endolymph fluid exchange, which
should reduce the endoco chlear potential and over time provide a toxic environment for hair
cells. However, due to the limited intracochlear longitudinal flow patterns21, the gradual
nature of the response change may be due to limited mixing between base and apex. Long-
term results after an injury such as this suggest that the ultimate damage can be limited in its
extent22. The results support the conclusion that the intracochlear potentials to acoustic
stimuli are robust even with extensive hearing loss, and that changes in the potentials can
indicate remote and localized cochlear insults.
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Figure 1.
A: Dissected BM-organ of Corti complex after noise exposure stained with cresyl violet.
Three zones were identified under direct visualization and colored with photoshop. The
cochlea shows a complete loss of OHCs in the basal region (red) followed by a transition
zone with partial OHC loss (blue) and an apical area of complete OHC preservation (green).
B: Cochleogram of inner and outer hair cell loss as a function of cochlear distance and
frequency as determined from a gerbil cochlear frequency map (Mueller et al., 1996). C: Pre
and Post noise exposure ABRs. Open symbols indicate no response at the highest intensity
measured. D: Contour plots of the difference between the standard response at the round
window of a normal hearing gerbil and the test response at the round window of a noise
exposed gerbil. Green is no difference, blue is an increased response and red is a decreased
response compared to normal hearing animals used as a standard (color scale of the CM is
from 25 (dark blue) to 160 dB (red) re 1 µV/Hz, and the CAP is from 25 to 60 dB, re 1 µV).
White lines are the thresholds of the standard and black lines are the thresholds of the test
animal. There is a large response decrease for the higher frequencies (4 – 16 kHz) at the
high intensities. There is small to no change in response seen to the high frequencies at the
lower intensities since the standard response at these levels are small to none, therefore the
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magnitude of change is minimal to none even if there is no response in the noise exposed
animals to these low levels.

Choudhury et al. Page 12

Otol Neurotol. Author manuscript; available in PMC 2012 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
A: OHC cochleograms for all noise exposed animals (n=22). Counts were made in 250 µm
sections, and losses are in reference to average results in normal-hearing animals (n=3).
Gerbil cochlear length was ~12 mm in all animals. B: IHC cochleograms. C and D:
Histograms of the position of 50% hair cell loss as a function of distance along the BM. E
and F. Histograms of total amount of hair cell loss.
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Figure 3.
Test of hearing loss due to noise exposure based on pre and post exposure ABRs to different
frequency tone pips and click stimuli as indicated (n=20). Closed circles demonstrate
measurable post-exposure thresholds while open circles indicate a minimum change based
on the highest threshold tested.
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Figure 4.
The magnitude of response loss of the CM (A) and CAP (B) across frequencies relative to a
normal hearing standard animal. These plots are essentially summing the columns of contour
plots such as those shown in Fig. 1D.
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Figure 5.
Example of an intracochlear electrode penetration (case 122) with rapid decline in signals in
the setting of sloping noise induced sensorineural hearing loss. A: Surgical situs
demonstrating the exposed bulla including the round window. The electrode is a 50 µm
tungsten rod as described. The electrode is directed towards the BM as evidenced by the
darker stain of the stria vascularis observed through the round window membrane. Scale
represents 1 mm. B: Cochlea whole mount specimen obtained after the animal was
sacrificed. Round window membrane is preserved during dissection. Damage is observed in
the basilar membrane. Scale represents 0.5 mm. C: Serial intracochlear recordings during
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electrode penetration. After each electrode advancement (between 50–100 µm), a response
to one suprathreshold stimulus at 1,000 Hz was obtained and CM and CAP magnitudes were
calculated. Then, these were compared to the standard obtained at the round window. Arrow
indicates start of decline in CM response. A maximum insertion of 1688 um is noted, which
is greater than most other insertions because we were confident the electrode had not
penetrated into the second turn (later confirmed by histology). We took a more conservative
approach in subsequent experiments with the shallower insertion depth of 1300 um.
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Figure 6.
Example of an intracochlear electrode penetration with gradual decline in response
magnitudes in the setting of sloping noise induced sensorineural hearing loss. A: Cochlea
whole mount specimen obtained after the animal was sacrificed. Note area of damage to the
basilar membrane and also a large area of injury evidenced by presence of a blood clot on
the osseous spiral lamina, medial to the basilar membrane damage. Scale represents 0.5 mm.
B: Serial intracochlear recordings during electrode penetration as in Fig 5. Arrow indicates
start of decline in CM response.

Choudhury et al. Page 18

Otol Neurotol. Author manuscript; available in PMC 2012 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Histogram of percent CM response loss to 1 kHz tone burst for each electrode insertion case.
Black bars represent 11 experimental cases where electrode was inserted to a depth of 1.3 –
1.7 mm past the round window. Green bars represent four control cases where electrode was
inserted just past the round window to a depth of 0.4 mm.
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