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Abstract

When sinusoidal electric stimulation is applied to the intact cochlea, a frequency-specific acoustic
emission can be recorded in the ear canal. Acoustic emissions are produced by basilar membrane
motion, and have been used to suggest a corresponding acoustic sensation termed “electromotile
hearing.” Electromotile hearing has been specifically attributed to electric stimulation of outer hair
cells in the intact organ of Corti. To determine the nature of the auditory perception produced by
electric stimulation of a cochlea with intact outer hair cells, we tested guinea pigs in a
psychophysical task. First, subjects were trained to report detection of sinusoidal acoustic stimuli
and dynamic range was assessed using response latency. Subjects were then implanted with a ball
electrode placed into scala tympani. Following the surgical implant procedure, subjects were
transferred to a task in which acoustic signals were replaced by sinusoidal electric stimulation, and
dynamic range was assessed again. Finally, the ability of acoustic pure-tone stimuli to mask the
detection of the electric signals was assessed. Based on the masking effects, we conclude that
sinusoidal electric stimulation of the intact cochlea results in perception of a tonal (rather than a
broad-band or noisy) sound at a frequency of 8 kHz or above.

[. Introduction

That electrical stimulation produces mechanical changes in the organ of Corti was first
described in the pioneering studies of Moxon (1971), who reported frequency-specific and
place-specific excitation, as well as acoustic masking of electrically-evoked responses. We
have more recently learned that sinusoidal electric stimulation of the intact cochlea produces
a frequency-specific otoacoustic emission (OAE) in the ear canal (see Hubbard and
Mountain, 1983; Xue et al., 1993; Nuttall and Ren, 1995; Ren and Nuttall, 1995; Nakajima
et al., 1998; Nuttall et al., 2001; Reyes et al., 2001). These electrically evoked OAEs
(EEOAES) originate near the site of the stimulating electrode (Xue et al., 1993; Ren and
Nuttall, 1995; Nuttall et al., 2001), where local electrical stimulation induces motile
response (contractile motion, or elongation) of outer hair cells (OHCs). That OHCs change
their shape in response to electric stimulation has been shown in cells dissociated from the
organ of Corti (Brownell et al., 1985; Kachar et al., 1986; Ashmore, 1987) and cells
maintained in a half-turn cochlear explant (Reuter and Zenner, 1990). In vivo electric
stimulation of the cochlea results in OHC maotile response leading to basilar membrane
motion (Nuttall and Dolan, 1993; Nuttall and Ren, 1995; Xue et al., 1995).
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The basilar membrane motion observed by Nuttall and colleagues (Nuttall and Dolan, 1993;
Nuttall and Ren, 1995) as well as Xue et al. (1995) presumably travels in the reverse
direction as OAEs are produced by reverse traveling motion of the basilar membrane (i.e.,
projecting toward the stapes, through the middle ear, and into the ear canal, see Kemp, 1978;
Shera and Guinan, 1999). However, electrically evoked motile response of OHCs also
produces forward traveling motion of the basilar membrane (i.e., towards the helicotrema,
see Nuttall and Dolan, 1993). Forward traveling waves generated in response to acoustic
stimulation result in inner hair cell (IHC) neurotransmitter release, neural activity, and a
corresponding auditory sensation (hearing). When a forward traveling wave is generated by
electrical stimulation of OHCs, we presume that there is a corresponding auditory percept,
which has been proposed as “electromotile hearing” (Nuttall and Ren, 1995). This work uses
psychophysical measures of function to directly test the hypothesis that there is an auditory
percept associated with electomotile hearing, and further, that the percept is a tonal acoustic
sensation. We evaluated EEOAE generation in our subjects to confirm that electrical
stimulation produced an EEOAE (which is a less invasive measure of traveling wave
generation in the cochlea than direct measurement of basilar membrane motion) in addition
to the acoustic sensation assessed with psychophysical procedures. The EEOAE data
presented here provide key evidence that the electrical stimulation paradigm we used
generated EEOAE responses that were equivalent to those in other studies.

Il. MATERIALS AND METHODS

A. Subjects

Adult male guinea pigs (EIm Hill Breeding Labs, Chelmsford, MA) were individually
housed with free access to water. All subjects weighed 300-350 grams at the onset of the
experimental procedures. Weight gain was continual until subjects achieved a weight of at
least 900 grams. Food intake (Purina Guinea Pig Chow) was then moderately restricted.
Animal treatment met or exceeded all guidelines in the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996). The University Committee on the
Use and Care of Animals of the University of Michigan approved all animal care and testing
protocols.

B. Electrophysiology

Anesthetized guinea pigs (40 mg/kg ketamine, 10 mg/kg xylazine) were initially screened
for normal acoustic sensitivity using the auditory brainstem response (ABR) to acoustic
stimulation as in Le Prell et al. (2004). Threshold sensitivity was determined for 2, 4, 8 and
16 kHz tone bursts (10 msec duration, 0.5 msec rise/fall time) using Tucker Davis
Technology (TDT) SigGen software (version 3.2) and TDT System Il hardware. Sound-
evoked brainstem responses were amplified (10,000x) and filtered (300-3000 Hz), digitized,
then averaged (1020 presentations) and viewed using TDT BioSig (version 3.2) software.
Thresholds were determined based on visual inspection of the ABR waveforms.

ABR thresholds were typically re-evaluated within two weeks of surgically implanting an
electrode inside the cochlea (see below). In addition, the electrical impedance (sinusoid
waveform at 1000 Hz) of the electrode was measured and electrically-evoked auditory
brainstem responses (eABR) were assessed using the method described by Hall (1990; see
also Mitchell et al., 1997). Intra-cochlear stimulation used to evoke an eABR consisted of
alternating-polarity monophasic current pulses (50 usec duration) presented at a rate of 50
pulses per second. Up to 2048 responses were collected for analysis at stimulus currents
ranging from 30 to 1000 pA. Responses were amplified (gain=10,000), filtered (0.1 Hz to 3
kHz) and digitized using in-house software. EABR response was used to verify implant
function, and to measure direct electrical stimulation of spiral ganglion cells based on visual
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inspection of wave P3 (see Black et al., 1983; Tykocinski et al., 1995; Shepherd and Javel,
1997). P3 was defined as the third peak of the eABR waveform occurring approximately 1.5
ms post-stimulus onset (see Hall, 1990).

C. Psychophysical Training and Testing Procedures

Subjects were tested 5 days per week for approximately 45 minutes using procedures
described in Le Prell et al. (2004). In brief, subjects were trained using positive
reinforcement procedures to depress a floor-mounted plastic response button at the start of
each test trial; trial onset was signaled by illumination of a cue light mounted in front of the
response button. The subjects’ task was to depress the response button during a quiet
listening interval (1-9 sec), and release the button upon detecting an acoustic stimulus.
Subjects received 45-mg Dustless Precision Pellets (Bio-Serv) for correct release responses.
Acoustic stimuli were presented during 75% of the total trials (“test trials™). During the
remaining trials, release rates in the absence of the test signal (“catch trials™) were
monitored. Subjects were punished with a brief (7 sec) time-out for any incorrect releases.
During a time-out, the cue light was extinguished and a new trial could not be initiated.

Acoustic tones were presented free-field via an overhead piezoelectric speaker (Motorola
model KSN 1001A) mounted approximately 8 inches above head level. Tone levels were
calibrated using a microphone (Bruel & Kjaer type 4136 microphone, type 2619 preamp,
type 2804 power supply) placed in the test cage in a position that approximated that of the
guinea pig head when the animal was located in the front of the test cage and pressing the
response button. Tone frequency (5.6, 8, 11.2, and 16 kHz) and level were varied based on
the method of constant stimuli (see Niemiec and Moody, 1995). At each frequency, subjects
were presented with one sub-threshold stimulus and 4-5 supra-threshold stimuli. All tones
were spaced in 10-dB increments, and each combination of frequency and stimulus level
was presented up to 20 times. Threshold was defined as the stimulation level that produced a
median response latency of 1500 msec; all thresholds were determined based on linear
interpolation between adjacent data points. Response latency provides a sensitive measure of
sensory effects, and equal latencies presumably indicate equal sensory effects (for review,
see Moody, 1970). Thresholds assigned based on response latency closely corresponded to
those assigned using the criteria of 50% correct detection responses.

A reinforcement contingency required subjects to respond rapidly after tone onset to receive
a food pellet. This contingency was set such that reinforcement was delivered for
approximately 90% of the correct releases, which ensured consistent responses throughout
the test session. If the guinea pig did not respond within the trial duration (2550 msec,
beginning at tone onset), a response latency of 2550 msec was recorded, the tone was turned
off, and a new trial was initiated. If subjects did not complete at least 10 test trials at each
stimulus level (with no more than 20% catch trial releases), the daily latency data were
discarded.

Initial operant response training required approximately 3 months; baseline latency
functions were established within another 2-3 months. Included in the latter 2-3 months was
the introduction of the reinforcement contingency, and adjustment of this contingency as
animals developed more rapid and more reliable response functions. Once reliable latency
functions were established for acoustic stimulation, a ball electrode was implanted into the
cochlea (see below). After establishing post-implant acoustic baselines, subjects were
transferred to an electric stimulus detection task. We used a battery-powered optically-
isolated AC-coupled linear transconductance amplifier to deliver a constant current stimulus
to the intra-cochlear electrode. Sinusoidal electric stimulation frequencies were the same as
the acoustic test frequencies. Current level ranged from 1 to 374 uA RMS (i.e., 0-52 dB re 1
uA). Because the dynamic range between threshold and the maximum comfortable
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stimulation level is narrow for electric stimulation, electric stimulation levels were varied in
5-dB increments.

Electric response functions were first established in a quiet sound booth. Background
acoustic stimuli were then added to assess masking efficiency. Order of testing for
background tones was randomly selected. Only one background tone was presented during
any given test session; multiple electrical sinusoids were tested with each of the acoustic
maskers. Each background tone was tested for at least 5 days to verify that all response
functions were stable. Based on the frequency-specific pattern of masking we observed, not
all background tones were assessed with all test frequencies (i.e., having identified acoustic
background tones with no masking effect for a given electrical target, acoustic tones with
frequencies further from the electrical target were not probed for masking effects).
Background tone level was approximately 10 dB above threshold; thresholds for background
tone frequencies were estimated based on linear interpolation of thresholds determined using
ABR (2, 4, 8, and 16 kHz) and psychophysical (5.6, 8, 11.2, and 16 kHz) procedures.

Initial subjects were tested with 5.6, 8 and 11.2 kHz electrical target signals and acoustic
background tones spaced in approximately 500 Hz increments (5.6, 7, 7.5, 8, 8.5, 9, 10,
10.5,11.2, 12, 12.3 kHz); completion of testing all desired combinations of acoustic
backgrounds and electrical targets and periodic re-evaluation of detection thresholds in quiet
required upwards of two years per subject. Results from initial subjects indicated that
masking effects were limited to acoustic frequencies within one critical band of the electrical
target. Later subjects were therefore tested with 5.6, 8, 11.2, and 16 kHz electrical target
signals and acoustic background tones that were at the same frequency as the electrical
target, at frequencies that separated by approximately ¥ critical band relative to the
electrical target, and at frequencies that were separated by approximately 1 critical band
relative to the electrical target (5.6, 7, 8, 9, 10, 11.2, 12, 14.5, 16, 17.5, and 19 kHz). Thus,
the electrical target and the background acoustic tone were either at the same frequency,
closely spaced frequencies, or at frequencies that were perceptually quite distinct. For
detailed discussion of cochlear place and critical bandwidth, readers are referred to
Greenwood (1961). This modification to the protocol resulted in masking functions with
tuning equivalent to those produced by subjects with more densely spaced acoustic
background tones and provided the added benefit of reducing the total duration of testing
with electrical targets to approximately 1 year.

Because subjects showed continual improvement in electric thresholds throughout the 1-2
year duration of testing, testing in quiet was repeated at approximately bi-monthly intervals.
Given that threshold sensitivity changed over time in our subjects, all masking effects were
assessed relative to the most temporally proximal set of baselines. Masking effects are
reported as shift in electric stimulus detection threshold; masking functions were determined
for four subjects.

D. Surgical Procedures

For the current investigation, chronic electrodes were inserted into scala tympani as done by
Nuttall et al. (2001). The surgical procedures were closely modeled after those used by Le
Prell et al. (2005). In brief, a ball electrode (0.2-0.25 mm diameter, constructed of teflon-
coated platinum-iridium wire) was carefully inserted through the wall of the cochlea via a
small fenestra slightly lateral to the round window. The site of the electrode was located at
approximately 22.4 kHz (based on surgically-induced threshold deficits described in Le
Prell et al., 2004). A silastic ball located 0.55 mm away from the end of the electrode
prevented over-insertion of the electrode and prevented leaking of the perilymph from the
cochlea. Once appropriate placement of the electrode was confirmed, carboxylate cement
(Durelon, ESPE, Germany) was used to seal the bulla defect and permanently fix the
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electrode in place. The opposing end of the electrode was soldered to a two-pin connector
(HSS-132-G2, Samtec Inc., IN) prior to the onset of the surgical procedure. A ground wire,
connected to the second pin of the connector, was then inserted into neck muscle. Methyl
methacrylate cement (Jet Repair Acrylic, Lang Dental Manufacturing, IL) was used to fix
the connector to the skull and to seal the tissue edges surrounding the head-mounted
connector. The post-auricular incision was then sutured and the incision cleaned. Subjects
were treated with a multi-day post-operative regimen of chloramphenical (30 mg/kg) to
prevent infection.

Prior to assessing the efficiency of acoustic background stimuli in masking the detection of
electrical sinusoids, the subjects used in the masking experiments were unilaterally deafened
in the ear contralateral to the implanted electrode (as in Le Prell et al., 2004). The unilateral
deafening procedure ensured that subjects listened for electric and acoustic stimulation with
the same ear. To deafen the ear, we unilaterally injected neomycin sulfate (10 % solution, 60
ul injection volume) through the round window membrane. Deafening was confirmed using
ABR threshold assessment; morphological lesion was confirmed after euthanasia.

E. Electrically Evoked Otoacoustic Emission Assessment

Anesthetized guinea pigs (40 mg/kg ketamine, 10 mg/kg xylazine) were placed on a warmed
heating pad. The ear canal and the tympanic membrane were visually inspected (with
magnification) prior to insertion and after removal of a microphone (Etymotic Research,
ER-10B+ Low Noise Microphone) from the ear canal. A short segment of flexible vinyl
tubing selected to be minimally smaller than the guinea pig ear canal was placed around the
microphone assembly to seal the ear canal to provide a closed field test condition. Tubing
also served to prevent ear wax and other biological debris from directly entering and
occluding the microphone itself; the tip of the tubing was close to, but did not contact, the
tympanic membrane. Sinusoidal electric stimulation was delivered to the intra-cochlear
electrode via the constant current stimulator used during behavioral testing.

Electrically-evoked OAEs were assessed in 9 animals; procedures were typically conducted
within the first month post-implant, and repeated prior to euthanizing the animals at the
conclusion of the experiments. For 8 of these animals, sinusoidal waveforms were produced
by an audio generator (LAG-120B; Leader) and amplified (1000x; amplifier constructed in-
house). Current ranged from 0 to 30 pA peak-to-peak (i.e., 0 to 10.6 pA RMS). Current
delivery was based on signal voltage, determined using an oscilloscope (40 MHz;
Kenwood). Stimulation frequency was fine-tuned such that the emission frequency was 5.6,
8, 11.2, or 16 kHz, and emission frequency and amplitude were determined using a lock-in-
amplifier (SR530; Stanford Research Systems). For the ninth animal, current remained fixed
between 0 (noise-floor) and 30 pA; however, stimulation frequency (controlled by an SRS
830 lock-in amplifier) was stepped from 1 to 35 kHz in 22 Hz increments (1-sec dwell time
per frequency increment), with a time constant of three seconds (as described by Halsey et
al., 2006). Development of the latter procedure significantly improved frequency resolution
for measuring the EEOAE response.

F. Morphological procedures

To confirm that daily electrical stimulation did not damage cochlear hair cells, organ of
Corti tissue was evaluated at the conclusion of the psychophysical testing. Subjects were
deeply anesthetized and decapitated, and the ears were harvested and gently perfused with
fixative (4% paraformaldehyde in phosphate buffer). Placement of the electrode inside the
cochlea was visually confirmed, and the middle ear and inner ear were carefully examined
for any evidence of infection or other pathology. The following day, the otic capsule, lateral
wall, and tectorial membrane were removed, and the bony modiolus was carefully detached
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at the base of the cochlea. Organ of Corti tissue, attached to the modiolus, was
permeabilized with 0.3% Triton-X (Sigma, St. Louis, MO) in phosphate buffered saline
(PBS) for 10 min and then incubated for 30 min with rhodamine phalloidin (Molecular
Probes, Eugene, OR) diluted 1:100 in PBS (room temperature). After washing the tissues
with PBS, individual turns from the organ of Corti were carefully dissected from the
modiolus, mounted on microscope slides with GEL/Mount (Biomedia, Foster City, CA), and
examined and photographed using a Leica (Eaton, PA) DMRB epifluorescence microscope.

[ll. RESULTS
A. Electrophysiology

Complete data sets were collected from 4 guinea pigs. Surgery-induced changes in ABR
thresholds were generally 20 dB or less, although hearing loss was greater in one animal
(P163, see Figure 1). Surgically-induced threshold deficits were greater than the changes of
less than 10 dB in ABR (Prieskorn and Miller, 2000; Le Prell et al., 2004) and
psychophysical detection (Le Prell et al., 2004) thresholds reported previously as a
consequence of intra-cochlear insertion of polyimide tubing (outer diameter = 0.16 mm).
One possibility is that the larger fenestra required for inserting the ball electrode (outer
diameter = 0.2-0.25 mm) led to greater surgical trauma. Consistent with this hypothesis,
Carvalho and Lalwani (1999) described greater ABR threshold shifts (=30 dB at 16 kHz and
above) after implanting a larger intra-cochlear cannula (0.61 mm diameter).

Electrically-evoked ABR neural response thresholds were less than 100 pA-peak, with
normal growth of input-output functions observed from 100-1000 pA. In the one animal
(P163) in which threshold was carefully measured using 10 pA steps, threshold was 47 pA.

B. Electrically Evoked Otoacoustic Emissions (EEOAES)

EEOAEs were produced when current was applied to the cochlea for all animals except
P163, who had significantly greater hearing loss post surgery. For CP83 and CP91,
emissions were produced at current levels as low as 2 pA RMS at all stimulation frequencies
(5.6, 8, 11.2, and 16 kHz), and EEOAE amplitude increased with current level. An EEOAE
measured using a frequency sweep is illustrated in Figure 2 (P161). Emissions were
comparable, in both shape and amplitude, to those recorded from normal animals that have
not undergone daily electric stimulation (Halsey et al., 2006). To verify that the emissions
we recorded depended on OHC integrity, EEOAEs were assessed in an animal deafened
with subcutaneous kanamycin (400 mg/kg) followed 2 hours later by intra-venous
ethacrynic acid (40 mg/kg). This treatment elevated ABR thresholds to acoustic stimulation
to >100 dB SPL, eliminated virtually all OHCs (evaluated histologically), and depressed
EEOAE amplitude as previously described by Nuttall and Ren (1995).

C. Psychophysical Testing: Baseline Functions

Examples of the dynamic ranges of acoustically and electrically evoked reactions are shown
in Figure 3; data are illustrated for animals CP83, CP91, and P163. All subjects readily
responded to electrical stimulation when transferred from the acoustic signal detection task
to the electrical signal detection task. Acoustic data shown here were collected during the
first month post-implant; electrical data shown here were collected during the next one-two
months of testing. Dynamic range, i.e., the range of signal levels between maximum safe
stimulation level (or, alternatively, the maximum level presented without discomfort) and
minimum detectable level, was clearly narrower for electrical signals than for acoustic
signals, a result that is consistent with numerous reports of narrower dynamic range for
electrical signals. We monitored maximum comfort level by increasing maximum stimulus
levels in small increments while carefully monitoring subject responses via a video camera
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located inside the test chamber with a monitor located remotely, outside the test chamber.
Any signal levels that appeared to result in discomfort, evidenced for example, by an animal
‘leaping’ off the response key and hesitating to initiate a new trial, were not repeated.

Although responses indicating detection of electrical signals showed little change within any
one-two month test window, detection threshold tended to improve over longer periods time.
This result is shown in Figure 4, where response data for 8 kHz electrical signals is
illustrated for each animal at multiple times across the one-two year experimental duration.
In between the baseline re-evaluation periods shown in each graph, animals were required to
detect other electrical targets in quiet, or to detect electrical targets in the presence of a
background tone. Because the subjects showed significant improvement over time, in some
cases up to 20 dB re 1 pA, the effects of the background acoustic tones were evaluated
relative to the most recent tests in quiet.

D. Psychophysical Testing: Masking Functions

Preliminary manipulations conducted with two subjects (CP83, CP91) revealed that masking
of the electric signal by an acoustic background was level-dependant. That is, when the
acoustic stimulus and the electric target were the same frequency, increasing the level of the
background tone increased masking (not depicted, see Le Prell et al., 2000). During the
remainder of testing, masker level was fixed at 10-dB SL and masker frequency was varied.
Figure 5 depicts the frequency specificity and magnitude of the masking effect, assessed as
shift in electric threshold. Background tones produced frequency-specific masking of
electric sinusoids in animals with normal acoustic thresholds when the electric sinusoid was
at least 8 kHz (see Figure 5, panels D-L). Background tones had the greatest effect when the
background tone and the electric stimulation fell within the same critical band (following
Greenwood, 1961). These frequency-specific masking functions are consistent with
characterizations of auditory nerve tuning that show very narrowly tuned (frequency
specific) sound-driven responses at low signal levels, and broadly tuned responses across a
wider range of frequencies at higher signal levels (Liberman, 1978; Winter et al., 1990;
Wang et al., 1997). When tested with 10-dB SL background tones, the animal with high-
frequency hearing loss (P163, see Figure 1) did not show frequency-specific masking effects
with any electrical targets (Figure 5, panels N-P). The 5.6 kHz electric target was not
masked by acoustic pure-tones for any of the animals (Figure 5, panels A-C and M).

E. Morphology

The organ of Corti from the implanted ears of two subjects (CP83, P161) exhibited only
mild and scattered OHC loss (see Figure 6), consistent with age-related cell death (as
described by Coleman, 1976). Little IHC loss was observed throughout the cochlear duct.
Thus, the process of introducing the electrode into ears with intact hair cell populations and
the daily electrical stimulation over extended temporal periods had no apparent negative
consequences in these animals.

OHC loss for a third subject that underwent long-term daily electrical stimulation (CP91)
was more widespread. While OHC loss was fairly limited in the basal turn (approximately
10%), scars indicating missing OHCs ranged from approximately 50% in the upper second
turn to 85%-90% in the third turn and apex. This animal developed a hearing loss
characterized by an abrupt and pronounced shift in electrical and acoustical detection
thresholds approximately 21 months after the start of the daily electrical stimulation
experiments. There was no evidence that this pathology progressed over time with the daily
delivery of electric stimulation, as detection thresholds improved slowly over time
throughout the first 21 months of testing (i.e., prior to the onset of the sudden and severe
deficits). Two months later, after using behavioral techniques to characterize the hearing
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loss for both electrical and acoustic stimulation in this animal, it was euthanized. At that
time, the OHC scars appeared thick and mature as previously described by Raphael and
Altschuler (1991). IHC loss was limited to about 5% in the base and second turn, and 10%
in the third turn and apex.

In the final animal to undergo long-term daily electrical stimulation tests (P163), the ball
electrode was completely encased in bone inside the cochlea at the conclusion of the
experiments. This bone appeared to project from the modiolus, such that a portion of the
organ of Corti was also encased in bone. Evaluation of the organ of Corti revealed the first
and second turns to have normal hair cell populations. In the third turn, there was
approximately 15% OHC loss, predominantly within the third row of OHCs. IHC loss was
limited to 8% in the third turn. Given the significant bone growth in this animal, in which
the electrode was found to be encased in bone, it appears that surgical trauma clearly can
induce a biological response. However, implants that are minimally invasive generally do
not induce significant tissue response (see for example Brown et al., 1993; Le Prell et al.,
2004); the current report of minimal tissue response across animals is consistent with results
from earlier investigations using similarly minimally invasive implants.

IV. DISCUSSION

A. Electrical stimulation of ears with intact hair cells produces electrically-evoked
otoacoustic emissions

EEOAEs, generated by forward and reverse traveling motion along the basilar membrane,
have been interpreted by others as likely to be accompanied by an acoustic percept termed
‘electromotile hearing” (Nuttall and Ren, 1995). In the current study, we used EEOAE
measures primarily to confirm that sinusoidal electrical stimulation of our implants in our
animals produces EEOAEs as described by others. For all but one test subject, EEOAE
amplitude grew with current level, and with frequency; results that are equivalent to those
described in detail by others. Although EEOAESs were smaller in amplitude at the lowest test
frequency (5.6 kHz) for those animals tested at a restricted set of frequencies (i.e., 5.6, 8,
11.2, and 16 kHz); responses were clearly above the noise floor even at the lowest
frequency, thus there was not a clear relationship between EEOAE presence and efficacy of
background masking signals; i.e., the lack of frequency specific masking at 5.6 kHz was not
accompanied by lack of an EEOAE in response to 5.6 kHz stimulation. This is clearly
illustrated in Figure 2, which illustrates EEOAE responses at frequencies as low as 1 kHz.
Because EEOAEs were evaluated in all subjects, we were also able to confirm that the
single animal lacking an EEOAE in response to electrical stimulation (P163) had acoustic
percepts that were distinctly different from those of other animals in which EEOAES were
generated by electrical stimulation of the implant.

B. Electrical stimulation of ears with intact hair cells produces frequency-specific
masking, suggesting a tone-like sensation at higher frequencies

Anecdotal descriptions from human patients implanted with a cochlear prosthesis suggest
the auditory percept associated with direct depolarization of auditory neurons is not tone-
like (Jones et al., 1940; House and Urban, 1973; Bilger, 1977b; 1977a; Bilger and Black,
1977; Eddington et al., 1978; Tong et al., 1982; Watson et al., 1991; Dorman et al., 1994;
Blamey et al., 1995; Collins et al., 1997). In contrast, preliminary data from a study in
which electrical current was applied to a cochlea with intact hair cells suggest that electric
stimulation of intact hair cells results in a tonal percept. In a pitch-matching experiment
using a single human subject, sinusoidal electric stimulation (8 kHz) of an electrode placed
on the promontory was matched in pitch to approximately 8 kHz acoustic stimulation in the
contralateral ear (A. Nuttall, personal communication).
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Interactions of electric and acoustic stimuli have been shown at the single-fiber level
(Moxon, 1971; von llberg et al., 1999) and with the whole-nerve compound action potential
(CAP). Specific evidence includes masking of the acoustically evoked CAP by electric
pulses (McAnally et al., 1993; Kirk and Yates, 1994; McAnally and Clark, 1994; McAnally
etal., 1997c; 1997a; 1997b) and masking of the electrically evoked CAP by acoustic stimuli
(Aran et al., 1986; Kirk and Yates, 1994; James et al., 2001). Our experiments revealed an
interaction of electric and acoustic stimulation at the perceptual level. Background acoustic
pure-tones masked the detection of electrical stimulation provided that the stimulation
frequencies were similar (i.e., within the same critical band) and that the electrical test
frequency was 8 kHz or greater.

C. Does electrical stimulation of ears with intact hair cells produce an acoustic percept at
lower frequencies?

There are several possible explanations for the observation that the 5.6 kHz electric sinusoid
was not masked by acoustic stimulation. First, the 5.6 kHz electric stimulation may have
resulted in an acoustic sensation that was not tone-like, such as would be expected if the
auditory nerve were directly stimulated. A noise-like sensation would not be masked by
pure-tone acoustic background tones. Alternatively, the 5.6 kHz electric stimulation may
have produced a non-auditory sensation concurrent with, or, in the absence of, an auditory
sensation. Thus, in the presence of the 5.6 kHz acoustic background, detection of an acoustic
percept may have been masked but a nonauditory cue would provide a discriminative cue to
perform the release response. Consistent with this suggestion, we observed a single guinea
pig subject react to 4 kHz low-current electric stimulation as though the stimulation was
painful. This stimulation was discontinued for this subject, and was not repeated with
additional animals. Bipolar stimulation of the cochlea (i.e., stimulation of 2 intra-cochlear
electrodes) was unpleasant when lower rates of pulsatile stimulation were applied near the
round window (Fearn and Wolfe, 2000), and a single human subject described lower-
frequency (2 kHz) electric stimulation delivered to the promontory as aversive (A. Nuttall,
personal communication). Thus, some unknown tactile sensation may accompany lower
frequency electric stimulation. That there may be an anomalous non-acoustic component to
electric stimulation of the cochlea has been proposed previously, based on a single subject
with consistent psychophysical detection responses in the absence of a reliable eABR
(Miller et al., 1995a).

D. Electromotile hearing?

Acoustic percepts may have been elicited through one or more of four distinct mechanisms.
First, the tonotopically resonant basilar membrane motion that produced the EEOAE may
have resulted in deflection of IHC stereocilia, release of excitatory neurotransmitter
substance by the IHCs (for review, see Le Prell et al., 2001), and auditory nerve activity
(e.g., electromotile hearing). Alternatively, current injected into the cochlea may have
directly stimulated spiral ganglion cells within the broad vicinity of the electrode (for
discussion, see Spelman et al., 1980; 1982; Clopton and Spelman, 1995; Spelman et al.,
1995; Kral et al., 1998). Data from Cohen et al. (2003) suggest that spread of excitation falls
off fairly sharply, with most probe/masker electrode interactions occurring within a region
of about 10% of the length of the organ of Corti either basal to or apical to the site of
stimulation. The placement of the electrode at approximately 22.4 kHz can be presumed to
be located approximately 15% of the total cochlear length measured from the base, and the
highest electrical stimulation frequency of 16 kHz can be presumed to be located
approximately 20% of the total cochlear length measured from the base (from Tsuji and
Liberman, 1997, percent distance from base = 66.4 - 38.2 * log (kHz)). Thus, it is possible
that there was some direct stimulation of auditory neurons located in the vicinity of the
organ of Corti that would best respond to 16 kHz stimulation. However, it is unlikely that

J Acoust Soc Am. Author manuscript; available in PMC 2011 July 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Le Prell et al.

Page 10

there was any significant direct neural excitation of neurons responding best to the 11.2 kHz
or lower test frequencies, which are located 26% (11.2 kHz), 32% (8 kHz), and 38% (5.6
kHz) of the total cochlear length measured from the base. Arguing against the notion that
there was significant direct electrical neural excitation at the 16 kHz place in the cochlea, we
note that direct electrical stimulation is typically not described as tonal by human listeners,
whereas the 16 kHz stimulation was masked only by background tones that were similar in
frequency relative to the 16 kHz electrical target. While it is conceivable that stimulation of
the IHCs by the intra-cochlear electrical current triggered the release of excitatory
neurotransmitter and the consequent auditory nerve activity and perception of sound,
electrical stimulation of the IHCs would be subject to the same spatial constraints imposed
by limited current spread as described for direct neural stimulation. Finally, while it is
conceivable that stimulation of the facial nerve or vestibular system could occur, sensations
generated via this mechanism would not be masked by pure-tone acoustic signals.

Based on the frequency map of the guinea pig cochlea provided by Tsuji and Liberman
(1997), and the demonstration by Cohen et al. (2003) that spread of excitation falls off fairly
sharply at distance extending beyond about 10% of the length of the organ of Corti, we
consider it unlikely that direct electrical stimulation of auditory hair cells or auditory
neurons generated the tone-like percepts associated with electrical stimulation at the higher
stimulation frequencies. We can further attempt to discriminate among these mechanisms by
estimating the thresholds for direct electrical stimulation of auditory neurons. Thresholds for
detection of neural stimulation, in the absence of hair cell stimulation, are available from
animals in which hair cell populations were eliminated with ototoxic drugs prior to implant
with a cochlear prosthesis. eABR thresholds for our animals (with intact hair cell
populations) were generally consistent with those reported by A. L. Miller and colleagues
(1999), and somewhat lower than those reported by C. A. Miller and colleagues (1995b).
From the limited existing data sets, we know that guinea pig eABR thresholds are
approximately 16 pA for 3 kHz stimulation (Miller et al., 1999), and that neural stimulation
thresholds increase by approximately 4 dB/octave (in monkeys, see Pfingst, 1984). Based on
these data sets, we calculate that average detection thresholds for auditory nerve stimulation
(in the absence of intact hair cell populations) might be expected to be approximately 25 pA
RMS at 6 kHz, 40 pA RMS at 12 kHz, and 63 A RMS at 24 kHz. Electric detection
thresholds for 8 kHz (bipolar) sinusoidal stimulation in a single cat (see Smith et al., 1995)
are consistent with the predicted thresholds (see Figure 7). Although the data sets are
disparate, including psychophysical and electrophysiological thresholds for sinusoidal, as
well as monophasic/monopolar and biphasic/bipolar signals, psychophysical and
electrophysiological thresholds are typically well-correlated (Borg and Engstrom, 1983;
Miller et al., 1995b; Szymanski et al., 1999; Wolski et al., 2003; Le Prell et al., 2004).

At our lowest test frequency (5.6 kHz), guinea pig thresholds were generally equivalent to
predicted thresholds for detection of direct neural stimulation (see Figure 7). Thus, direct
neural stimulation probably provided a salient cue for detection of 5.6 kHz electric
sinusoids. This effect is consistent with the failure of pure-tone acoustic signals to mask
detection of the 5.6 kHz electric sinusoid (see Figure 5A-C, 5M). At higher test frequencies,
most subjects (CP83, CP91, P161) detected sinusoidal electric stimulation at current levels
well below those predicted to result in neural stimulation (see Figure 7). These responses we
interpret as electromotile hearing. Consistent with the purported nature of electromotile
hearing, pure-tone acoustic stimuli had frequency-specific masking effects at 8, 11.2, and 16
kHz (see Figure 5D-L). In contrast, our subject P163, for whom the electrode was found to
be encased in bone, had thresholds that were approximately equal to the predicted neural
stimulation thresholds (Figure 7). Consistent with the premise that direct neural stimulation
does not result in a tone-like percept, we did not observe strong evidence of frequency
specific masking for this subject (see Figure 5M-P).
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An alternative experimental approach that would have allowed more direct comparison of
electrophonic responses and those driven by direct depolarization would include ototoxic
drug treatment following the collection of baseline electrical signal detection data. Ototoxic
drugs would eliminate the electrophonic response, without disrupting the neural response
driven by direct depolarization of auditory neurons. We considered this approach for our
investigation; however, this approach does not permit us to identify any disruption of hair
cell survival as a consequence of chronic electrical stimulation. Therefore, we did not
choose to use this experimental approach. Such manipulations may represent an interesting
approach for future investigations designed to clarify the mechanisms of perception across
stimulation levels.

E. Electrical stimulation of ears with intact hair cells does not damage these cells

Although some patterns of electrical stimulation (i.e., continuous low-frequency stimulation)
can be detrimental to the survival of cochlear hair cells (Duckert, 1983; Duckert and Miller,
1984), other stimulation patterns do not produce functional or morphological deficits (Ni et
al., 1992). One animal in the present study demonstrated a sudden shift in thresholds
following 21 months of testing (see section I11-E, Morphology), but there was no evidence
of any progressive deficits prior to this time. Data from our experiments with guinea pigs
thus importantly suggest that intact hair cell populations are not damaged by daily electrical
stimulation at levels that result in acoustic sensations. These data significantly extend the
duration of testing from 85 days (von llberg et al., 1999), during which time no changes in
CAP were observed, to approximately two years (i.e., in the current experiments).

F. Clinical Utility

The treatment of choice for those with profound hearing loss is the cochlear prosthesis; a
device that directly stimulates the auditory nerve using electrical signals. Users of this
device can comprehend open-set speech information without the aid of lip-reading (Skinner
et al., 1994; 1997; Waltzman et al., 1997; Firszt et al., 2004). Historically, the benefits of
the implant have been dependant on the density and excitability of surviving auditory nerve
fibers (Clopton et al., 1980; Nadol et al., 1989; Incesulu and Nadol, 1998; see also Skinner
et al., 2002). However, as the criteria for implanting human patients with cochlear
prostheses relax (NIH Consensus Statement, 1995), patients with greater residual hearing are
being implanted with intra-cochlear electrode arrays.

Gantz and colleagues recently began to implant shorter (10 mm) intracochlear electrode
arrays that preserve intact low-frequency hearing. They demonstrated that electrical
stimulation of the base of the cochlea combined with acoustic stimulation of the intact apical
cochlea (via hearing aid use) enhances perceptual experience for cochlear implant users
(Gantz et al., 2000; Tyler et al., 2000; Gantz and Turner, 2003; 2004; Turner et al., 2004).
Similar results have been described in a case study by Skarzynski et al. (2003) and also by
Kiefer and colleagues (von Ilberg et al., 1999; Kiefer et al., 2005), who report that patients
can ‘merge’ acoustic and electric stimuli into a unified sensation that is more pleasant than
either the electric or acoustic component alone.

The suggestion that cochlear implant users with some residual hearing could benefit from
cochlear stimulation strategies that take advantage of intact OHC populations is increasingly
popular (Risberg et al., 1990; McAnally and Clark, 1994; Nuttall and Ren, 1995; McAnally
et al., 1997b). By minimizing surgical trauma during cochlear implant procedures, residual
populations of hair cells may be retained, resulting in superior implant performance. This
concept of “soft surgery” for cochlear implants was first articulated by Lehnhardt (1993),
and later described by Cohen (1997). In a population of 26 human patients implanted using
the soft surgery technique, 62% retained their residual hearing 1-month post-operative
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whereas 5% lost all residual hearing (Skarzynski et al., 2002). The morphology of OHCs
was normal following surgery designed to minimize trauma in guinea pigs euthanized 2 to 6
weeks post-implant (Rogowski et al., 1995).

The current data set extends our understanding of interactions occurring as a consequence of
combined use of acoustic and electric signals. Specifically, the current data illustrate the
potential for generation of tone-like percepts with electromotile stimulation in the patient
with a sufficient population of surviving hair cells. Improving the perception of tonal signals
would have significant benefit for perception of music, which is typically quite poor in
implant users (McDermott, 2004; Rubinstein, 2004; e.g., Gantz et al., 2005; Gfeller et al.,
2005; Laneau et al., 2006). Presumably, benefits of electromotile stimulation would also
include improved speech discrimination by speakers of tonal languages (Huang et al., 1995;
1996; Fu et al., 1998; Lan et al., 2004; Huang et al., 2005; Lee and van Hasselt, 2005).

G. Conclusions

Psychophysical tuning curves are the gold standard for frequency-specific processing in the
auditory periphery. Thus, these data provide clear and robust evidence of frequency-specific
perception with electrical stimulation of the intact cochlea. Taken together, our results
indicate intra-cochlear electric stimulation of OHCs in intact ears produces an acoustic
sensation that is tone-like at least at higher frequencies (i.e., at or above 8 kHz). This
behavioral result implies an electrically evoked traveling wave that is “acoustic-like.” Our
results suggest that if intact OHCs are present in cochleae with residual hearing, then
stimulation of these hair cells may result in an acoustic sensation. These results may help to
explain the recent observations that the perceptual experience of cochlear prosthesis users is
improved by stimulation of remaining OHCs in patients that use both a hearing aid, and a
cochlear prosthesis (von Ilberg et al., 1999; Kiefer et al., 2005).
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Figure 1.

Surgery-induced threshold shift was assessed as change in auditory brainstem response
(ABR) threshold at 2, 4, 8 and 16 kHz. Data are shown for individual animals (CP83, CP91,
P161, P163) to facilitate comparisons with psychophysical and morphological data.
Threshold deficits were typically 20 dB or less, although one animal (P163) had surgically
induced threshold deficits of 20-40 dB, suggesting significant trauma during surgery.
Consistent with this, we observed significant intra-cochlear bone growth in P163 at the time
of euthanasia.
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Figure 2.

Electrically evoked otoacoustic emissions (EEOAES) were assessed in response to intra-
cochlear electrical stimulation using a frequency sweep paradigm. Emissions were assessed
using this paradigm for a single animal (P161); testing was conducted on day 45 post-
implant. For all other subjects, testing was limited to 5.6, 8, 11.2, and 16 kHz, with each
frequency presented at 0 (noise floor), 5, 10, 20, and 30 pA as shown above using the
frequency sweep paradigm. The results were equivalent in that EEOAE amplitude grew with
increasing current level.

J Acoust Soc Am. Author manuscript; available in PMC 2011 July 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Le Prell et al.

Page 20

3000

2500 & 5.6 kHz |
2000 - ||  —@— Acoustic

\ —{1— Electric \ed)
1500 g ‘
1000 -

500

2500 * 8kHz | @ 8kHz | ?\ 8 kHz 7
2000 - f% T +

%
1500 - o + \G - :

1000 - e, — R 1
"N 1
500 | 1 i BN ' 1

2500 - & 11.2 kHz |
2000

e i a e i;
1000 - %
500

Response Latency (msec)

2500 - 16 kHz T
2000 -

1500 ——————————f—————— ———
1000

500 - T T : i
Not Tested Not Tested
O . 1 " L " 1 1

0 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

Stimulus Level
(Acoustic: dB SPL; Electric: dB re 1 pA)

Figure 3.

Subjects were trained to report detection of 5.6 (A, B, C), 8 (D, E, F), 11.2 (G, H, I), and 16
(J, K, L) kHz acoustic signals. Once subjects were trained and producing reliable response
latency functions, a process which typically required a total of 4-6 months, a ball electrode
was implanted through the wall of the cochlea, into scala tympani, for delivery of sinusoidal
electrical signals. Here, we illustrate detection response latency for 5.6, 8, 11.2, and 16 kHz
acoustic test signals in quiet, with tests conducted over the first month post-surgery. Data are
shown for subjects CP83 (A, D, G, J), CP91 (B, E, H, K) and P163 (C, F, I, J). Subjects
were then switched to an electrical stimulus detection task. Subjects readily responded to
electrical stimulation. Data shown here were collected during the first one-two months of
testing; all data were collected in a quiet background. Responses were generally quite
consistent, showing little improvement over any given one-two month test window,
including the initial test period as illustrated here (response data are mean +/- S.E.).
Threshold was defined as the sound level corresponding to a response latency of 1500 ms,
see dashed lines.
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Subjects were re-tested in quiet in the detection task requiring response to 5.6, 8, 11.2, and

16 kHz sinusoidal signals delivered via intra-cochlear electrical stimulation of a ball

electrode. Here, we illustrate detection response latency for 8 kHz test signals in quiet, with
tests conducted at various times over 1-2 year periods. Pronounced improvement with long-
term testing was observed for three subjects (CP83, CP91, P161), with thresholds improving
up to 20 dB re 1 pA. All masking effects were therefore assessed relative to the most recent

data in quiet.
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Figure 5.

Subjects were trained to report detection of 5.6 (A, B, C, M), 8 (D, E, F, N), 11.2 (G, H, I,
0), and 16 (J, K, L, P) kHz sinusoidal signals. Sinusoidal signals were acoustic during initial
training, and later delivered using intra-cochlear electrical stimulation. Here, we illustrate
the shift in electrical sinusoid detection thresholds when 10-dB SL acoustic pure-tone
background maskers were presented (see x-axis). Target signal frequency is indicated in
each panel using downwards arrows. Shift in detection threshold was calculated as the
background-induced change from the most temporally proximate detection thresholds
assessed in quiet; threshold shifts were greatest at frequencies closest to the electrical
stimulation frequency except when the electrical target was a 5.6 kHz sinusoid. Anatomical
evaluations were relatively normal in two animals (CP83, P161). The third animal (CP91)
developed a sudden elevation in both acoustic and electrical signal detection thresholds and
was found to have corresponding hair cell loss. In the fourth subject (P163, see right panels),
the electrode was encased in bone.
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Figure 6.

Whole-mount surface preparations of cochlear tissues from CP83 (left) and P161 (right).
Actin filaments in the organ of Corti were labeled using rhodamine-phalloidin and
visualized under epifluorescence. Tissues are from the basal turn (A, B), second turn (C, D),
and third turn (E, F). Images were focused at the level of the OHC apical surface. Only mild
and scattered OHC loss, consistent with age-related cell death (see Coleman 1976), was
observed in these tissues (for examples, see arrows in panel A, where each arrow points at a
site of a single missing OHC). IHC loss was generally not observed.
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Detection thresholds for electrical stimulation are plotted at all test frequencies (5.6, 8, 11.2,
and 16 kHz) for each of our subjects (CP83, CP91, P161, P163). In addition, we plot the

lowest current level predicted to result in detectable electrical stimulation of auditory

neurons in animals without outer hair cells (“Neural”). Electric detection thresholds for 8
kHz (bipolar) sinusoidal stimulation in a single deafened cat (taken from Smith et al., 1995)
are consistent with the “predicted” neural thresholds. Empirically determined thresholds

lower than the predicted neural stimulation thresholds are interpreted as the first direct
perceptual evidence for the psychological phenomena termed “electromotile hearing.”
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