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Abstract

Objective—The inferior colliculus (IC) is the primary processing center of auditory information 

in the midbrain and is one site of tinnitus-related activity. One potential option for suppressing the 

tinnitus percept is through deep brain stimulation via the auditory midbrain implant (AMI), which 

is designed for hearing restoration and is already being implanted in deaf patients who also have 

tinnitus. However, to assess the feasibility of AMI stimulation for tinnitus treatment we first need 

to characterize the functional connectivity within the IC. Previous studies have suggested 

modulatory projections from the dorsal cortex of the IC (ICD) to the central nucleus of the IC 

(ICC), though the functional properties of these projections need to be determined.

Approach—In this study, we investigated the effects of electrical stimulation of the ICD on 

acoustic-driven activity within the ICC in ketamine-anesthetized guinea pigs.

Main Results—We observed ICD stimulation induces both suppressive and facilitatory changes 

across ICC that can occur immediately during stimulation and remain after stimulation. 

Additionally, ICD stimulation paired with broadband noise stimulation at a specific delay can 

induce greater suppressive than facilitatory effects, especially when stimulating in more rostral 

and medial ICD locations.

Significance—These findings demonstrate that ICD stimulation can induce specific types of 

plastic changes in ICC activity, which may be relevant for treating tinnitus. By using the AMI 

with electrode sites positioned within the ICD and ICC, the modulatory effects of ICD stimulation 

can be tested directly in tinnitus patients.
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Introduction

The inferior colliculus (IC) is a major convergence center of the auditory system located 

within the midbrain that integrates bilateral ascending and descending inputs. The IC is 

subdivided into three main regions: the central nucleus (ICC), the external cortex (ICX), 

and the dorsal cortex (ICD), each with a distinct role in auditory processing that can be 

substantiated by the projections to that region (Cant and Benson, 2006; Casseday et al., 

2002; Coleman and Clerici, 1987; Faye-Lund and Osen, 1985; Loftus et al., 2010; Oliver, 

2005; Roth et al., 1978). The ICC is the best characterized of all the IC regions, comprised 

of disc-shaped cells arranged in fibrodendritic laminae that constitute the tonotopic area of 

the IC (Faye-Lund and Osen, 1985; Malmierca et al., 1993; Meininger et al., 1986; Morest 

and Oliver, 1984; Oliver and Morest, 1984). As the core auditory processing center in the 

IC, a majority of projections into the ICC ascend from lower auditory centers with a smaller 

percentage of innervation originating from the auditory cortex (Adams, 1979; Brunso-

Bechtold et al., 1981; Oliver et al., 1995; Saint Marie and Baker, 1990; Schofield and Cant, 

1996; Shneiderman et al., 1988; Malmierca and Ryugo, 2011; Winer et al., 1998). Unlike 

the ICC, which is mainly an auditory center, the ICX is innervated by auditory, visual, and 

somatosensory projections and thus has a role in multi-sensory integration (Aitkin et al., 

1978; Aitkin et al., 1981; Binns et al., 1992; Gruters and Groh, 2012; Knudsen, 2002). 

Questions, however, remain about the role of the ICD in auditory processing.

The role of the ICD in auditory processing may be modulatory, suggested by the extensive 

inputs the ICD receives descending from the auditory cortex (Faye-Lund, 1985; Herbert et 

al., 1991; Huffman and Henson, 1990; Winer et al., 1998). Corticofugal projections have 

been shown to modify frequency tuning and tonotopic maps, shift thresholds, and alter 

sensitivity to sound localization cues within the ICC (Bajo and King, 2012; Nakamoto et al., 

2008; Suga and Ma, 2003; Yan and Suga, 1998; Yan and Ehret, 2002; Zhang et al., 1997). 

Because the descending projections from primary auditory cortex (A1) targeting the ICD are 

more abundant than those targeting the ICC, it is possible that this descending modulation is 

achieved, at least in part, by a multi-synaptic pathway to the ICC via the ICD. Anatomical 

studies within the IC have shown a network of intrinsic projections from the ICD to the ICC 

that supports this multi-synaptic pathway (Malmierca et al., 1995; Saldaña and Merchán, 

1992; Saldana and Merchan, 2005). Modulation via ICD is also implicated by the results of 

inactivation studies, which have demonstrated changes in the ICC coding properties and 

plasticity effects when inactivating the IC surface, which likely included the ICD (Jen et al., 

2001; Ji et al., 2001; Ji and Suga, 2009). However, there are no studies to our knowledge 

that have directly activated ICD neurons to confirm and characterize their modulatory 

effects on ICC neurons.

The effects of ICD stimulation on ICC activity are particularly relevant for recent 

investigations of a new deep brain stimulator for tinnitus treatment. The auditory midbrain 

implant (AMI) was initially developed for hearing restoration in patients with 

neurofibromatosis type 2 (NF2), a genetic disease that is typically associated with bilateral 

acoustic neuromas (Colletti et al., 2009; Lenarz et al., 2006; Lim et al., 2009b; Schwartz et 

al., 2008). These patients become bilaterally deaf due to damage of the auditory nerves 

inflicted by growth and/or surgical removal of these tumors. For these patients, the AMI 
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array consisting of one or two shanks with up to 22 electrode sites can be inserted along the 

tonotopic axis of the ICC with minimal added risks by using the same surgical opening as 

tumor removal (Lim et al., 2009a; Samii et al., 2007). Due to the hearing loss associated 

with the tumors, many of these patients also develop tinnitus, which has been linked to 

changes in spiking activity and synchrony across the auditory system, including the ICC 

(Bauer et al., 2008; Brozoski et al., 2002; Eggermont and Kenmochi, 1998; Lanting et al., 

2009; Ma et al., 2006; Melcher et al., 2009; Møller, 2011; Mulders et al., 2014; Roberts et 

al., 2010; Vogler et al., 2014; Wang et al., 2011; Zhang and Kaltenbach, 1998).

In the initial AMI clinical trials, three of the five patients had tinnitus. In those three 

patients, the AMI array was implanted in the ICC, the ICD, and the lateral lemniscus. 

Stimulation in these patients interfered with the tinnitus percept but did not sufficiently 

suppress tinnitus (unpublished observations). Considering the proposed modulatory role of 

ICD, our hypothesis is that appropriate stimulation of ICD may alter auditory neural activity 

that is effective at suppressing tinnitus. For the one AMI patient implanted in the ICD, 

complete tinnitus suppression may not have been achieved due to inappropriate placement 

and stimulation of the electrode sites. Ultimately, we hope the AMI will be able to treat the 

general tinnitus population and not just deaf individuals undergoing implantation for hearing 

restoration. For most tinnitus patients who have functional hearing, one exciting opportunity 

is to combine AMI activation with acoustic stimulation paradigms. There are numerous 

studies in animals that have demonstrated the immense capability to shift neural coding and 

induce plasticity within the auditory system by pairing electrical stimulation of modulatory 

pathways with acoustic stimulation (Engineer et al., 2011; Gao and Suga, 1998; Kilgard and 

Merzenich, 1998; Suga and Ma, 2003; Weinberger et al., 1993; Xiong et al., 2009). 

Therefore, we further hypothesize that acoustic stimulation paired with AMI stimulation of 

different ICD regions could potentially treat tinnitus in humans. Currently, the AMI is 

designed for stimulating the ICC, but this array can be slightly modified to have electrodes 

positioned within the ICD. With this modification, we will have the unique opportunity to 

assess the effects of ICD stimulation on tinnitus perception directly in human patients.

The goal of this study was to investigate the effects of electrical stimulation of the ICD on 

ascending auditory activity, not only to characterize the modulatory role of the ICD but also 

to begin assessing the potential for using the AMI for tinnitus treatment. We were primarily 

interested in determining if differential modulation can be achieved dependent on the ICD 

stimulation location. In addition, we were interested in the effects of different stimulation 

paradigms, including electrical stimulation only and electrical stimulation paired with 

broadband noise stimulation. We initially characterized the changes in acoustic-driven 

activity within the ICC since anatomical studies have already identified direct connections 

from the ICD to the ICC. In future studies, we can further assess how ICD stimulation alters 

neural coding across the auditory system through ascending and descending pathways 

(Aitkin and Phillips, 1984a; Caicedo and Herbert, 1993; Malmierca and Ryugo, 2011; Winer 

et al., 1998), especially for properties directly linked to tinnitus. In each animal experiment, 

we electrically stimulated different regions of the ICD combined with or without broadband 

noise stimulation. We recorded the corresponding neural changes within different regions of 

the ICC before, during, and after a given stimulation paradigm to assess immediate and 

Offutt et al. Page 3

J Neural Eng. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



residual effects. Our results reveal that ICD stimulation induces both suppressive and 

facilitatory changes throughout the ICC that depend on the location of ICD stimulation as 

well as its relative timing with acoustic stimulation. These results show that modulation can 

be achieved through ICD stimulation; whether this modulation is effective in tinnitus 

treatment can be investigated in future AMI patients.

Methods

Overview

All experiments were performed in ketamine-anesthetized guinea pigs (Elm Hill Labs, 

Chelmsford, MA) in accordance with the guidelines of the University of Minnesota 

Institutional Animal Care and Use Committee. Basic surgical and electrophysiological 

recording and stimulating methods were detailed in previous works (Lim and Anderson, 

2007; Markovitz et al., 2012; Straka et al., 2013). Multi-site, silicon-substrate electrode 

arrays (NeuroNexus Technologies, Ann Arbor, MI) were used to electrically stimulate and 

record neural activity in the IC. To investigate suppression and facilitation in the ICC during 

stimulation, multi-unit spike data were recorded in the ICC in response to electrical 

stimulation of the ICD alone as well as paired with acoustic stimulation at specific inter-

stimulus intervals. Additionally, responses to acoustic stimulation alone were recorded 

before and after each ICD stimulation paradigm to evaluate changes in activity remaining in 

the ICC after stimulation.

Surgery

Experiments were performed on 12 Hartley guinea pigs (393 ± 50g, Elm Hill, Chelmsford, 

MA). Animals were initially anesthetized with an intramuscular injection of ketamine (40 

mg/kg) and xylazine (10 mg/kg). Anesthesia was administered throughout the experiment to 

maintain an areflexive state. A warm water blanket was used to maintain a body temperature 

of 38.0 ± 0.5°C, which was monitored with a rectal thermometer. Additionally, atropine 

sulfate (0.05 mg/kg) was administered periodically to keep the airway clear of mucous 

secretion. Animals were positioned in a stereotaxic frame (David Kopf Instruments, 

Tujunga, CA) using hollow ear bars into the ear canals and a bite bar. A craniotomy was 

performed to expose the right occipital lobe.

Stimulation and data acquisition

Experiments were performed in an electrically and acoustically isolated sound chamber. 

Stimulation delivery and data collection were controlled by TDT hardware (Tucker-Davis 

Technologies, Alachua, FL) and custom software written in MATLAB (MathWorks, Natick, 

MA). Acoustic stimulation was delivered to the left ear by a speaker coupled to the hollow 

ear bar at a sampling frequency of 195 kHz. The speaker and ear bar were calibrated using a 

0.25-in condenser microphone (ACO Pacific, Belmont, CA). Electrical stimulation was 

delivered through an optically isolated stimulator. A monopolar configuration was used for 

both electrical stimulation and recording, with the returns through needle electrodes placed 

directly into the parietal lobe and in the neck muscle, respectively. Neural signals were 

passed through analog DC-blocking and anti-aliasing filters from 1.6 Hz to 7.5 kHz and 

sampled at 24 kHz.
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Electrode array placement

Upon removing the dura, micromanipulators (Kopf Instruments, Tujunga, CA) were used to 

insert arrays into the ICC and the ICD. The electrode arrays consisted of two shanks 

separated by 500 μm with 16 sites linearly spaced along each shank at a separation of 100 

μm. The recording electrode array was inserted at a 45° angle to the sagittal plane and 

through the occipital cortex into the midbrain to a depth that spans the tonotopic axis in the 

ICC (Malmierca et al., 1995; Snyder et al., 2004). The stimulating electrode array was 

inserted at a 90° angle to the horizontal plane and through the occipital cortex to a depth 

corresponding to the ICD. Some lateral locations corresponding to the ICX may have been 

included in the analysis, however excluding those points would not have changed our main 

findings (see data in the Results).

To identify the IC during placement of the electrode arrays, broadband noise (50 ms 

duration, 0.5 ms rise/fall time, 6 octave bandwidth from 0.625 to 40 kHz, 70 dB-SPL) was 

delivered to the left ear to elicit acoustic-driven responses within the IC. Frequency response 

maps (FRMs), which indicate tuning properties of neurons, were created by presenting a 

random sequence of pure tones (1-40 kHz, 8 steps per octave) at varying levels (0-70 dB-

SPL, 10 dB-SPL steps) with 4 trials presented for each stimulus at 2/s. These FRMs were 

used to differentiate sites within the ICC versus those within the ICD. Sites in the ICC 

exhibited a tonotopic gradient from high frequencies on the deepest locations to low 

frequencies on more shallow sites (Malmierca et al., 2008; Merzenich and Reid, 1974; 

Snyder et al., 2004). The FRMs of sites in the ICD lacked a tonotopic organization and were 

predominantly double-peaked or broad in shape with no clear frequency selectivity (LeBeau 

et al., 2001; Palmer et al., 2013). Prior to placement, electrode arrays were stained with a 

red fluorescent dye (Di-I: 1, 1-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 

perchlorate; Sigma-Aldrich, St Louis, MO) in order to enable identification of the array 

placements across the IC during the histological analysis.

In some experiments (n=5 animals), a single stimulation array placement was made in the 

ICD and multiple recording array placements were made in the ICC, as shown in figure 1(a). 

In the other experiments (n=7 animals), a single recording array placement was made in the 

ICC and multiple stimulating array placements were made in the ICD, as shown in figure 

1(b). Across all 12 experiments, recording placements were made throughout the ICC, 

shown in the 3D reconstruction in figure 1(c), that fully sampled the ICC along the 

isofrequency dimension. Figure 1(e) shows a comparison of the recording locations across 

the ICC from this study to recording locations outside of the ICC taken from a separate 

mapping study (unpublished data from our lab). Sites designated as outside of the ICC were 

identified by the lack of systematic tonotopic shifts along the recording shank and fully 

encapsulate our recording locations (Straka et al., 2014). The stimulating array placements 

from all 12 experiments are shown in the 3D reconstruction in figure 1(d) and along a 2D 

plane perpendicular to the array shanks in figure 1(f). Most of the ICD was sampled; 

however it was not possible to sample the most medial portions of the ICD due to 

obstructive vasculature on the occipital cortex surface. For experiments where one ICD 

stimulation array placement and multiple ICC recording array placements are made, analysis 

was done for each of the ICC sites. Across the 12 experiments, where there are different 
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numbers of ICD and ICC sites stimulated and recorded dependent on the experimental 

design used, modulation of each ICD-ICC site pair was analyzed.

Stimulation parameters

Different acoustic and electrical stimulation paradigms were used to examine both 

suppression and facilitation of neural activity in the ICC. Acoustic stimulation (AS-only) 

consisted of broadband noise stimulation (90 ms duration, 0.5 ms rise/fall time, 6 octave 

bandwidth from 0.625 to 40 kHz). The level presented varied based on the hearing threshold 

of each animal, with a typical level delivered at 10 to 20 dB-SPL above the neural threshold 

such that at least 50% of the ICC sites showed activity significantly above the spontaneous 

level (see Methods: Data analysis for further details). The acoustic stimulation level ranged 

from 30-70 dB-SPL with an average level across experiments of 40 dB-SPL.

Electrical stimulation consisted of 100 μA biphasic, charge balanced, cathodic leading 

pulses (205 μs/phase) presented to the ICD. The largest current level safe for the electrode 

(Lim and Anderson, 2006) was used to elicit the greatest modulation. Due to the limited 

time per experiment, additional current levels were not tested, though future studies can 

investigate varying electrical and acoustic levels. Electrical stimulation paradigms included 

electrical-only stimulation (ES-only) and paired acoustic-electrical stimulation. For the 

paired acoustic-electrical paradigms, the electrical pulse was delivered 8 ms or 18 ms 

following the onset of acoustic stimulation. The 8 ms paired acoustic-electrical paradigm 

(PAES-8) allowed electrical stimulation to effect the ICC approximately before or 

simultaneous with the onset of acoustic activation. Onset latencies for acoustic-driven 

activity within the IC typically range between 4 and 25 ms with an average found for guinea 

pigs of about 13 ms (Langner et al., 1987; Schreiner and Langner, 1988; Syka et al., 2000; 

Ter-Mikaelian et al., 2007). The 18 ms paired acoustic-electrical paradigm (PAES-18) 

allowed electrical stimulation to effect the ICC approximately after the onset of acoustic 

activation.

For each ICD array placement, 3-4 stimulating sites were selected from each shank located 

within the ICD. The following paradigms were completed sequentially for each stimulating 

site: AS-only, ES-only, AS-only, PAES-18, AS-only, PAES-8, AS-only. Each paradigm 

consisted of 100 trials presented at 2 trials/s. All 100 trials were presented for each paradigm 

before starting the subsequent paradigm. For each stimulating site, the AS-only paradigm 

was interleaved with electrical paradigms in order to assess different modulatory effects. All 

seven stimulation paradigms were completed for each stimulation site before proceeding to 

the next stimulation site. For these experiments, there were many parameters that could have 

been varied, each potentially affecting the results in different ways. Due to the limited time 

per experiment and in order to systematically track these potential effects across a 

reasonable number of animals, we initially chose to focus on varying electrode array 

placements in the ICC and in the ICD to test the effects of location. In doing so, we used the 

same acoustic and electrical levels, paradigm order, and recovery time across experiments to 

minimize their confounding influences on the location effects. In part, we chose this 

protocol because keeping the locations in the ICC and ICD constant across experiments was 

not readily possible whereas randomizing locations while keeping the other parameters 
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constant was. Furthermore, identifying locations for implanting an array in patients will be 

critical for tinnitus treatment. The ramifications of this methodology in interpreting the 

results will be discussed in Discussion: Stimulus timing dependent plasticity.

Data analysis

The neural recordings were bandpass filtered offline from 0.3 to 3 kHz to extract and 

analyze multi-unit spike activity. For recordings taken during electrical stimulation, the 

artifact was removed prior to bandpass filtering the signal. Spikes were counted if the 

amplitude exceeded three standard deviations above the background noise level. Modulation 

of ICC activity was only analyzed on sites where acoustic-driven activity was significantly 

greater than spontaneous activity using signal detection theory (Green and Swets, 1966; Lim 

and Anderson, 2007), which compared the spike distributions of 90 ms windows of acoustic-

driven and spontaneous activity. Sites were excluded if the two distributions of spike counts 

per trial were not significantly different from each other (d’<1), which was deemed as 

insufficient evoked neural activity.

Immediate and residual modulation—A two-tailed, unequal variance, ranked t-test 

(Ruxton, 2006) was used to compare spike count distributions to determine if a recording 

site underwent immediate or residual modulation, with significance determined at p<0.01. 

Immediate modulation occurred when the spike count distribution for a paired acoustic-

electrical stimulation paradigm was significantly different than that for the preceding AS-

only paradigm. For all immediate comparisons, spike counts were found within a window 

which began 4 ms after the onset of the electrical artifact (i.e., immediately after the 

electrical artifact removal window) and ended at the offset of acoustic stimulation, giving 

total window lengths of 68 ms for PAES-18 and 78 ms for PAES-8. Residual modulation 

compared the two AS-only spike count distributions surrounding an electrical paradigm. The 

window for this analysis started 8 ms after the onset of acoustic stimulation to allow for 

sound transmission to the ICC and ended at the offset of acoustic stimulation for a total 

window of 82 ms.

Immediate suppression (facilitation) occurred if the activity to paired acoustic-electrical 

stimulation was significantly lower (higher) than that of the AS-only response preceding the 

paired paradigm. Immediate modulation was only assessed in comparison to the activity 

elicited from the preceding AS-only and not to the activity elicited from the preceding ES-

only (e.g., to assess the amount of enhancement beyond the sum of the individual 

paradigms). This approach was selected because there was a relatively small number of 

ICD-ICC site pairs that exhibited activity in response to ES-only (513 of 4109 ICD-ICC site 

pairs), which would have limited our ability to perform a summation analysis. Furthermore, 

the immediate modulation elicited for this group of ICD-ICC site pairs was distributed, with 

suppression for 101 site pairs, facilitation for 155 site pairs, and no significant change for 

257 site pairs, indicating that the presence of activity to ES-only did not always result in 

facilitation or enhancement. For these reasons, the immediate modulation analysis only 

focused on how much ICD stimulation could alter ongoing acoustic-driven activity (i.e., 

ascending coding properties). Residual suppression (facilitation) occurred if the AS-only 
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response following the electrical paradigm yielded a significantly lower (higher) spike count 

than the AS-only response preceding the electrical paradigm.

Modulation spread and strength—Two metrics were used to quantify the extent of 

modulation within the ICC caused by ICD stimulation. The first metric was spread, which 

was the percent of sites across the ICC that were significantly suppressed or facilitated for 

each ICD stimulation location. The second metric was strength, which measured the 

amount of change that occurred on each of the significantly modulated sites. Strength was 

calculated as a normalized value by dividing the spike count during the electrical paradigm 

(for immediate) or the following AS-only paradigm (for residual) by the spike count of the 

preceding AS-only paradigm.

Histology and maps—The histological process and 3D reconstruction were detailed in a 

previous publication (Markovitz et al., 2012) and are briefly described here. At the end of an 

experiment, the animal was euthanized with an intracardial injection of an overdose of 

pentobarbital. The head was removed and placed in 3.7% paraformaldehyde. The brain was 

completely removed from the skull within four days following the acute experiment and the 

right midbrain was sectioned and placed in sucrose within ten days of the acute experiment. 

After 24 hours in sucrose, the tissue was cryosliced into 60 μm thick slices and mounted on 

slides. The slices were then imaged and digitally processed to create a 3D midbrain 

reconstruction using Rhinoceros software (Seattle, WA). A brightfield image was taken of 

each slice to digitally trace its outline and to align all the slice tracings together into a 3D 

reconstruction of the midbrain. The positions of the electrode arrays within the 3D midbrain 

were reconstructed from images taken under a green fluorescent filter, which captured the 

Di-I stains of the arrays within the brain slices. Once the 3D brain reconstructions were 

completed for each animal, they were normalized across animals so that all recording and 

stimulation shanks were superimposed onto one normalized midbrain, as shown in figure 1.

Additional steps were taken to create 2D maps from the 3D renderings that would be used 

for assessing location trends across the ICC or the ICD for spread and strength. For the ICC, 

2D planes were constructed to approximately align with the isofrequency laminae (i.e., 

orthogonal to the recording arrays; an example plane is shown in figure 1(c)). Planes were 

created at three different depths relative to the IC surface corresponding to specific laminae 

in guinea pigs (unpublished data from our lab: 1.3 mm for 3-4.5 kHz, 1.6 mm for 6-9.1 kHz, 

1.9 mm for 10-15.2 kHz). The frequency ranges of these laminae were based on the best 

frequencies (BFs) of the recorded sites at those corresponding depths. The BF was 

calculated from the FRM of each site by taking the frequency centroid of activity at 10 dB-

SPL above the minimum threshold, as further described in (Lim and Anderson, 2006). We 

selected these three frequency ranges, that each spanned two critical bandwidths, because 

there were a sufficient number of sites for assessing locations trends along these ICC 

laminae (n=86 for 3-4.5 kHz, n=189 for 6-9.1 kHz, n=158 for 10-15.2 kHz). It is important 

to note that while the different laminae exhibit some variations in shape and curvature 

relative to the 45° tonotopic orientation (Malmierca et al., 1995), an approximation of each 

lamina as a flat plane does not compromise the ability to identify location trends. The 
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absolute distance between sites may be skewed by the projection onto a flat plane, but the 

relative locations of sites to each other are preserved.

For analyzing the ICD location effects, the medial-lateral and caudal-rostral coordinates for 

all stimulating shanks were compiled onto one normalized midbrain reconstruction and 

mapped onto a single transverse plane, as shown in figures 1(d) and (f). We initially 

attempted to analyze ICD location effects along the dorsal-to-ventral axis, but further 

analysis was not pursued as no obvious trend was observed across this dimension. By using 

a single transverse plane, each shank position only appears as a single point in figure 1(f) 

even though there can be up to four stimulation sites corresponding to that location. For 

analyzing stimulation location trends across this single plane, we slightly staggered the 

locations of all the sites for each shank location so that they could be visible and included in 

the analysis (e.g., see figure 7).

Results

We analyzed and compared the immediate and residual effects across the ICC for 

stimulation of different ICD sites for PAES-18, PAES-8, and ES-only to examine 

modulation differences due to recording and stimulation locations as well as stimulation 

paradigms. Separate maps for the effects elicited during and after each stimulation paradigm 

were created in the ICC and the ICD. For the ICC, the strength of the modulation was 

mapped onto each recording site. For the ICD, the spread produced across ICC by each ICD 

stimulation site was mapped onto each site location. We did not observe any noticeable 

location trends across the ICC or the ICD for immediate effects for any of the stimulation 

paradigms. However, we did observe stimulation location trends across the ICD for residual 

effects using PAES-18, but not PAES-8 or ES-only. Considering these findings, only the 

residual data for PAES-18 is presented below. However, a summary of the differences in 

residual spread resulting from the three stimulation paradigms and a comparison of residual 

and immediate simulation effects for PAES-18 are included to highlight the unique 

modulation properties caused by PAES-18.

Residual modulation in the ICC

Neural activity was recorded across the ICC in response to 154 different stimulation sites in 

the ICD. Stimulation of every ICD site modulated activity in the ICC, though the spread and 

strength of the suppression or facilitation varied across sites. To obtain a representative 

measure of spread across the ICC for a stimulated ICD site, we initially analyzed data from 

experiments in which we mapped multiple shank locations across the ICC (i.e., >34 ICC 

sites recorded for a given ICD stimulation site). These data correspond to 35 ICD sites from 

5 animals. Figures 2(a) and (b) present data from a single animal to show how stimulation of 

two different ICD sites with PAES-18 can result in varying spread of suppressive activity 

across the ICC. Stimulation of one site resulted in large suppression spread (figure 2(a), 

46.0% of ICC sites suppressed) while stimulation of a second site that was separated by 500 

μm resulted in minimal suppression spread (figure 2(b), 11.1%). Differences in spread 

across ICD sites can also be seen for facilitation in figure 3 in which stimulation of one ICD 

site resulted in large facilitation spread (figure 3(a), 23.4%) while stimulation of another site 
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from the same animal resulted in minimal facilitation spread (figure 3(b), 4.7%). For the 35 

stimulated ICD sites, histograms of the suppression spread (figure 2(c)) and facilitation 

spread (figure 3(c)) indicate that stimulation of the ICD generally causes greater residual 

suppression (mean: 18.2%, SD: 9.5%) than facilitation (mean:6.1%, SD: 6.5%). Significance 

was determined at p<0.01 two-tailed, unequal variance, ranked t-test.

In addition to spread effects, the strength of modulation varied across different ICC 

recording sites. In figure 4(a), PSTHs of AS-only recordings before and after stimulation are 

plotted for two different ICC recording sites in response to the same stimulated ICD site. For 

this example, different suppression strengths were observed for the two ICC sites (decrease 

of 51.4% versus 13.9%). Figure 4(b) plots the histogram of different suppression strengths 

across all ICC recording sites in which there was an average decrease of 17.1%. Differences 

in facilitation strength were also observed across ICC sites. Figure 5(a) shows one example 

in which different facilitation strengths were observed for two different ICC sites in 

response to the same stimulated ICD site (increase of 66.5% versus 17.7%). Figure 5(b) 

plots the histogram of different facilitation strengths across all ICC recordings sites in which 

there was an average increase of 19.7%. We did not observe any significant differences in 

the distribution of suppressive and facilitatory strengths, which is evident when comparing 

figures 4(b) and 5(b). Overall, stimulation of each ICD site resulted in weak and strong 

modulation of different ICC sites, but there were generally more sites being suppressed than 

facilitated using PAES-18.

Residual modulation trends across the ICC recording locations

To assess if ICD modulation varied for different recording locations across the ICC laminae, 

we assembled the data into three different isofrequency planes, as explained in the Methods: 

Histology and maps and shown in figure 6. Each site in figure 6 represents where the shank 

intersected with the isofrequency plane. On some shanks, multiple recording sites had BFs 

within each frequency range (low frequency, nshanks=29, nsites=86; middle frequency, 

nshanks=47, nsites=189; high frequency, nshanks= 44, nsites=158). For each shank, a binary 

analysis was performed to indicate whether or not sites in each frequency range could be 

significantly modulated by any stimulated ICD site. The filled circles represent locations in 

ICC that were modulated and unfilled circles represent unmodulated locations. For the low 

frequency lamina, 58.6% of locations were suppressed and 44.8% were facilitated. For the 

middle frequency lamina, 91.5% of the locations were suppressed and 68.1% were 

facilitated. For the high frequency lamina, 75.0% of the locations were suppressed and 

52.3% were facilitated. Visual inspection of the binary analysis shown in figure 6 reveals 

that suppression and facilitation can occur throughout an ICC lamina without any specific 

regions exhibiting greater modulation. To further evaluate if differential modulation 

occurred across the ICC, maps of strength were plotted as a function of ICC location (data 

not shown). No clear location trends were observed across the ICC laminae, consistent with 

the binary spread plots in figure 6.

Residual modulation trends across the ICD stimulation locations

We mapped all of the ICD site locations onto a 2D plane as shown in figure 7(a). Across 12 

animals, 154 different stimulation sites were used from 45 total shank placements for a total 

Offutt et al. Page 10

J Neural Eng. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of 4109 ICD-ICC site pairs. Note that each shank placement could have 3-4 ICD sites along 

the shank, in which we slightly staggered those sites so they could be visualized and 

analyzed. In figure 7(a), two parameters of spread are mapped for each ICD location. The 

first is the percent of ICC sites suppressed, represented by the color of the circles, with 

darker colors indicating larger spread. The second parameter is the maximum number of 

ICC sites for a given ICD location in which larger circles indicate more sites could have 

been suppressed in the ICC. Large-dark circles represent ICD sites that elicited a large 

amount of spread in comparison to large-light circles that represent ICD sites that had the 

potential to suppress a large number of ICC sites but failed to do so. Since we visually 

observed a location trend in figure 7(a), we further analyzed the ICD map to define the 

steepest gradient axis for spread, which corresponds to a vector across ICD showing the 

direction of the greatest change in suppression spread. The steepest gradient axis was 

calculated by two-dimensional multiple linear regression analysis where the modulation 

response was predicted by the location of each stimulation site. Figure 7(b) shows that the 

spread of suppression significantly increases as a function of ICD location along that 

steepest gradient axis (p<<0.001; along the dotted black line in figure 7(a)). The weakest 

spread of suppression occurred from stimulation of sites in the caudal-lateral region of the 

ICD. Similar plots and analyses were performed for facilitation spread. As shown in figure 

8, no clear location trend was observed across the ICD and we did not identify any 

significant steepest gradient axis for facilitation spread (data not shown). Our findings 

indicate that the greater spread of suppression versus facilitation for PAES-18 is due to ICD 

stimulation location rather than ICC recording location. In particular, PAES-18 causes 

greater suppression in ICC when stimulating in more rostral and medial ICD locations, 

while eliciting facilitation in ICC when stimulating throughout the ICD.

Differences in residual spread across stimulation paradigms

In contrast to PAES-18, we did not observe any location trends for ES-only and PAES-8. 

Figure 9 summarizes the differences in spread effects for these three stimulation paradigms, 

using only the data from experiments in which we mapped multiple shank locations across 

the ICC. The spread of suppression for PAES-18 is significantly larger than that of the other 

two paradigms (18.2 ± 9.7% compared to 12.9 ± 8.9% for ES-only, p<0.05, and 12.5 ± 

12.1% for PAES-8, p<0.05). Conversely, the facilitation spread is significantly reduced for 

PAES-18 compared to the other two paradigms (6.1 ± 6.5% compared to 9.9 ± 6.9% for ES-

only, p<0.05, and 9.6 ± 5.9% for PAES-8, p<0.05). In comparing suppression versus 

facilitation effects, figure 9 indicates that paired stimulation with a specific delay (i.e., 

PAES-18; p<<0.001) can cause different extents of suppressive versus facilitatory 

modulation that does not occur for another delay (i.e., PAES-8) or ES-only.

Immediate modulation guides residual modulation

In addition to the residual analysis described above, we also analyzed and compared the 

immediate changes in the ICC caused by PAES-18 and by PAES-8. Sites could be 

modulated immediately and/or residually or show no change due to paired stimulation, as 

shown in table 1. From the results of PAES-18 and PAES-8, a total of 705 ICD-ICC site 

pairs (8.8%) were both immediately and residually modulated significantly across all 

experiments. For each of these site pairs, the strength of the immediate modulation and of 
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the residual modulation were plotted and compared in figure 10. Of all the ICD-ICC site 

pairs modulated immediately and residually by a paired paradigm, 66.2% of sites that were 

immediately suppressed were also residually suppressed and 25.0% of sites that were 

immediately facilitated were also residually facilitated. These results suggest that the type of 

modulation (i.e., suppression or facilitation) that occurs during PAES-18 or PAES-8 drives 

the type of residual modulation for sites that are both immediately and residually modulated. 

Only 8.8% of sites switched modulation direction following stimulation.

Discussion

The goals of these experiments were to identify the types of ICC modulation possible 

through electrical stimulation of the ICD, to determine if any location trends existed in either 

the ICC or the ICD, and to compare the extent of suppression and facilitation elicited in ICC 

by different ICD stimulation paradigms. For all three electrical stimulation paradigms, we 

observed both immediate and residual suppression and facilitation across different ICC 

locations. We also observed that stimulation of every location in the ICD caused some 

amount of significant modulation in neural activity in the ICC. In particular, each ICD site 

could modulate a different subset of ICC neurons (<40% of the ICD-ICC sites pairs shown 

in table 1 with varied patterns shown in figure 2 and figure 3). For PAES-18, more residual 

spread of suppression was elicited by stimulating rostral and medial regions of the ICD. 

Compared to PAES-8 and ES-only, PAES-18 also appeared to exhibit significantly more 

residual spread of suppression and less residual spread of facilitation, suggesting that paired 

stimulation with different inter-stimulus delays can alter the relative amount of suppression 

versus facilitation across the ICC. Furthermore, the type of residual modulation was 

predicted by the type of immediate modulation. In a majority of ICD-ICC site pairs that 

were both immediately and residually modulated, sites that were immediately suppressed 

(facilitated) were also residually suppressed (facilitated). In summary, our findings 

demonstrate that ICD stimulation can modulate the ICC and that targeting different ICD 

regions with paired acoustic-electrical stimulation may be a way to induce varying types of 

plasticity within the ascending auditory pathway, which in turn could potentially modulate 

the tinnitus percept.

Functional connectivity between the ICD and the ICC

Our results show that stimulation of the ICD both increases and decreases spiking activity in 

the ICC, which is in contrast to the functional effects shown from the ICX to the ICC that 

were found to be inhibitory (Jen et al., 2001; Jen et al., 2002). Previous studies have shown 

that corticofugal activation and inactivation of the ICC can lead to excitatory and inhibitory 

changes within the ICC (Mitani et al., 1983; Sun et al., 1989; Syka and Popelar, 1984; 

Torterolo et al., 1998; Zhang and Suga, 2000; Zhou and Jen, 2000). Considering that 

projections from auditory cortex to the IC, including the ICC, are considered to be excitatory 

(i.e., glutamatergic; (Feliciano and Potashner, 1995; Rockel and Jones, 1973; Saint Marie, 

1996; Saldana et al., 1996), it is expected that inhibitory effects within the ICC are induced 

by the auditory cortex through a multi-synaptic pathway via the ICD and the ICX. 

Corticofugal excitatory effects, especially for frequency specific changes in the ICC, are 

expected to involve both direct projections to the ICC (Bajo and Moore, 2005; Bajo et al., 

Offutt et al. Page 12

J Neural Eng. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2007; Lim and Anderson, 2007; Markovitz et al., 2013; Saldana et al., 1996; Xiong et al., 

2009; Yan and Suga, 1999) and indirect multi-synaptic projections via the ICD. Our results 

support this type of functional organization, which is also consistent with the excitatory and 

inhibitory synapses from the ICD to the ICC shown in previous anatomical studies 

(González-Hernández et al., 1996; Nakamoto et al., 2013; Saint Marie, 1996).

Methodological considerations in interpreting location trends

There are several potential limitations to consider when interpreting our results. The first set 

of limitations relates to the ICD location trends observed in our study. Location trends could 

have been affected by the limited recovery time allowed by our chosen experimental 

protocol. The modulatory effects elicited by one stimulation site may have lasted for tens of 

minutes to several hours, and thus influenced or masked the modulatory effects of 

proceeding stimulation sites. However, we specifically designed our experimental protocol 

to minimize this issue, wherein the ICD stimulation locations were varied within an 

experiment and across all experiments by starting in different locations and moving to sites 

in different directions. Therefore, if a location trend was observed (i.e., for residual spread of 

suppression following PAES-18), then we know it truly exists. If a trend was not observed 

(i.e., for residual spread of facilitation following PAES-18 or other possible trends), then it 

may still exist but was somehow masked by our protocol.

ICD location trends may have also been missed due to the artificial way electrical 

stimulation activates central neurons. In using monopolar electrical stimulation, which can 

cause current spread out to hundreds of microns depending on the cell type and orientation 

(McIntyre and Grill, 2000; Ranck, 1975), we could have stimulated a complex network of 

neurons as well as overlapping populations across different ICD sites. Additionally, 

electrical stimulation may have activated axons passing by the stimulated sites that originate 

within or outside of ICD. One example of passing fibers include commissural projections, 

which arise from every subregion in the IC and project to homotopic regions of the 

contralateral IC (Aitkin and Phillips, 1984b; Coleman and Clerici, 1987; González 

Hernández et al., 1986; Malmierca et al., 1995; Saldaña and Merchán, 1992). These 

commissural projections are both glutamatergic and GABAergic (González-Hernández et 

al., 1996; Saint Marie, 1996; Hernández et al., 2006) and have induced both excitatory and 

inhibitory effects on neurons in the contralateral IC in functional electrical stimulation and 

pharmacology experiments (Malmierca et al., 2003; Malmierca et al., 2005; Moore et al., 

1998; Smith, 1992), similar to the effect seen in the data presented here. Therefore, it is 

possible that the suppressive and facilitatory effects we observed in the ICC in response to 

ICD stimulation could be caused, in part, by activation of commissural neurons. Clinically, 

it is not an issue if we are activating a larger area of ICD including neurons within as well as 

passing fibers through ICD as long as electrical stimulation of the corresponding implant 

location in ICD in humans can sufficiently modulate the auditory brain to suppress tinnitus.

The second set of limitations relates to the ICC location trends observed in our study. 

Differences exist in the number of modulated sites per ICC lamina with maximum 

modulation occurring in the middle frequency layer. Based on previous anatomical studies, 

there does not seem to be a differential pattern of excitatory and inhibitory synapses across 
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laminae that would suggest greater modulatory effects particularly for middle frequency 

regions (González-Hernández et al., 1996; Nakamoto et al., 2013; Saint Marie, 1996). The 

differential modulation seen across laminae may be due to the acoustic levels used in these 

experiments. In guinea pigs, auditory thresholds are lowest around 8 kHz (Gourevitch et al., 

2009; Heffner et al., 1971), which coincides with our middle frequency lamina (i.e., 6.0-9.1 

kHz). Thus, the chosen acoustic levels elicited stronger activity within the middle frequency 

lamina compared to the lower and higher frequency laminae, which may have enabled 

stronger modulation.

In terms of spatial trends within a given ICC lamina, there appears to be a random 

distribution of modulated and unmodulated sites. It is possible that we missed a location 

trend across the ICC due to insufficient mapping across each lamina per animal or even the 

use of multi-unit recordings. Individual neurons recorded on the same electrode site may 

have exhibited different modulation effects but the summation of their neural activity in the 

multi-unit recordings could have canceled out or masked these individual effects.

Stimulus timing dependent plasticity

The results presented in figure 9 suggest that the type and extent of modulation depends on 

the relative timing between paired acoustic-electrical stimulation. In particular, PAES-18 

resulted in significantly more residual suppression and less residual facilitation than 

PAES-8. Both PAES-8 and ES-only exhibited similar amounts of residual spread for 

suppression and facilitation, whereas PAES-18 exhibited significantly greater residual 

spread of suppression than facilitation. This stimulus timing dependent plasticity can be 

likened to spike timing dependent plasticity; however, instead of looking at how pre- and 

post-synaptic cells potentiate or depress based on timing, we are looking at how electrical 

and acoustic stimulation facilitate or suppress a population of cells based on timing (Abbott 

and Nelson, 2000; Bi and Poo, 1998; Caporale and Dan, 2008; Dan and Poo, 2004; Magee 

and Johnston, 1997; Markram et al., 1997; Yao and Dan, 2001; Zhang et al., 1998). Spike 

and stimulus timing dependent plasticity have been demonstrated in the auditory system at 

the brainstem level as well as the cortex (Basura et al., 2013; Dahmen et al., 2008; Koehler 

and Shore, 2013b, a; Tzounopoulos et al., 2004). Our results suggest that timing dependent 

plasticity induced by paired acoustic-electrical stimulation is also occurring at the auditory 

midbrain level. For PAES-18, the ICD-induced activity would have generally reached the 

ICC after the onset of acoustic-driven activity, which may have caused the stronger 

suppressive effect. A delay shorter than the 8 ms that was used for PAES-8 may have been 

needed for the ICD-induced activity to reach the ICC before the acoustic-driven activity to 

cause a stronger facilitatory effect. We did not observe any significant differences in 

facilitatory versus suppressive effects for PAES-8.

Two aspects of our protocol need to be considered when interpreting these results. First, we 

used a set ordering of the different stimulation paradigms with limited recovery time. We 

cannot rule out that the stronger suppressive effects caused by PAES-18 compared to 

PAES-8 or ES-only were partly attributed to the order and prolonged influence of the 

different stimulation paradigms. It may be possible that while ES-only did not result in large 

amounts of suppression, it did act as a primer allowing for larger suppression to occur in 
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response to PAES-18. Thus, the greater suppression seen following PAES-18 may be due to 

an individual paradigm or to the sequence of paradigms. At the same time, it may be 

possible that because of the large suppression occurring due to PAES-18, further 

suppression in response to PAES-8 was not possible. From our protocol and data, we can 

claim that it is possible to induce varying extents of suppressive versus facilitatory 

modulation, but whether it can be sufficiently achieved using a paired paradigm with a 

specific delay (e.g., PAES-18) or requires a sequence of stimulation paradigms (e.g., ES-

only followed by PAES-18) warrants further investigation. For this initial study, we chose to 

focus on varying ICD and ICC electrode array placements with limited recovery time for 

several reasons explained in Methods: Stimulation parameters. This limited recovery makes 

it difficult to completely separate out the individual paradigm effects. Further studies are 

underway to parse out the modulatory effects that can be achieved by individual paradigms. 

For these studies, the ICC is probed with a repeated sequence of acoustic-only stimulation 

following each electrical stimulation paradigm in order to monitor the modulatory effects 

over time and to allow the effects to diminish before moving onto the next paradigm. 

Additionally, the stimulation site is held constant and each paradigm is presented in a 

random sequence throughout an experiment to further minimize any residual effects of one 

paradigm on another.

The second consideration in interpreting our plasticity results is that these experiments were 

performed under ketamine anesthesia, which may have influenced the types of modulatory 

effects observed in our study. Ketamine is known to influence auditory responses in the 

cortex (Gaese and Ostwald, 2001; Kisley and Gerstein, 1999; Syka et al., 2005; Zurita et al., 

1994). In comparison, ketamine has been shown to have little or no effect on auditory 

coding within the ICC (Astl et al., 1996; Ter-Mikaelian et al., 2007). Ketamine may also 

limit plasticity changes in the auditory brain by effecting synaptic potentiation and 

depression (Leong et al., 2004; Salami et al., 2000). In this experiment, under ketamine 

anesthesia, we were still able to induce a significant amount of immediate and residual 

suppression and facilitation across the ICC with ICD stimulation. Therefore, we can 

conclude that the results are promising for eliciting differential modulation of neural activity 

across the ICC, but modulation by different paradigms needs to be verified in an awake 

preparation.

Clinical implications for tinnitus treatment

Tinnitus has commonly been associated with properties such as hyperactivity of neurons 

across the auditory system, including the ICC (Bauer et al., 2008; Kaltenbach et al., 2005; 

Lanting et al., 2009; Ma et al., 2006; Manzoor et al., 2013; Melcher et al., 2009; Møller, 

2011; Mulders et al., 2014; Norena and Eggermont, 2003; Roberts et al., 2010; Vogler et al., 

2014). Based on the findings from this study, targeted ICD stimulation combined with 

varying delays of broadband noise stimulation may suppress activity in the ICC associated 

with tinnitus. Specifically, we found that using paired acoustic-electrical stimulation with a 

specific delay (i.e., PAES-18, though it may require a sequence of stimulation where ES-

only precedes PAES-18) and stimulation of more medial and rostral ICD regions resulted in 

greater suppressive versus facilitatory effects in the ICC. Tinnitus has also been linked with 

other neural properties, such as hypersynchrony, tonotopic reorganization, and changes in 
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firing patterns, and within other auditory and non-auditory nuclei (Chen and Jastreboff, 

1995; Chen et al., 2012; Eggermont and Roberts, 2004; Galazyuk et al., 2012; Komiya and 

Eggermont, 2000; Lockwood et al., 1998; Møller, 1984; Muhlnickel et al., 1998; Seki and 

Eggermont, 2003; Wienbruch et al., 2006; Zhang et al., 2003). We will need to investigate 

these neural properties, especially in tinnitus animal models, to assess if ICD stimulation can 

suppress or fix the pathogenic activity directly driving the tinnitus percept. Additionally, this 

treatment may also be relevant for a hyperacusis, a condition resulting in increased 

sensitivity to certain frequencies. We will need to determine if ICD stimulation can suppress 

the increased acoustic-driven activity and gain experienced and reduce sensitivity (Aazh et 

al., 2014; Gu et al., 2010). As discussed above, ICD stimulation may be activating passing 

fibers, such as from the contralateral IC, in addition to neurons projecting to the ICC from 

the ICD. Regardless of what is being activated, the main clinical goal would be to identify 

appropriate locations for array implantation and stimulation strategies that can induce neural 

changes that translate into therapeutic results for the patient.

There is already an ongoing clinical trial funded by the National Institutes of Health in 

which deaf patients will be implanted with the AMI. Many of these patients will also have 

tinnitus and can be stimulated with different electrode sites to evaluate their modulatory 

effects on the tinnitus percept. Based on our animal findings, we have decided to incorporate 

some of the stimulation paradigms into the clinical trial for treating tinnitus with the AMI. 

Before implantation, the AMI array needs to be modified to enable ICD simulation. Each 

AMI shank has a Dacron mesh that prevents over-insertion of the neuroprosthetic array into 

the IC and positions the sites within the ICC. To allow some sites to be placed in the ICD, 

each AMI shank will be modified to add dorsal sites closer to that mesh. With the initial 

AMI patient population, we will not be able to combine broadband noise stimulation with 

ICD stimulation since the patients will be deaf. However for these patients, we will 

investigate stimulation strategies that combine ICD stimulation with precisely timed 

stimulation across multiple ICC sites to attempt to mimic the paradigms used here as well as 

test the safety of this treatment. We will also not be able to access multiple locations 

throughout the ICD in human as was possible in our animal studies. As a results, electrodes 

may be implanted outside the optimal rostral and medial regions of ICD that appear to cause 

greater suppressive versus facilitatory effects. While our data shows that stimulation of 

different ICD locations generally modulates different subsets of ICC neurons, tinnitus 

treatment may then be limited if the electrode is not stimulating appropriate locations to 

target tinnitus-affected neurons. Since patients will already be implanted with the AMI for 

hearing restoration, we have the opportunity to investigate a wide range of stimulation 

patterns as best we can considering these limitations, which will hopefully reveal some 

parameters that can effectively suppress or at least modulate the tinnitus.

Demonstrating the ability to decrease the tinnitus percept in these initial AMI patients using 

paired ICD/ICC stimulation along with the suppression results from paired acoustic-

electrical paradigms in animal studies could open up the possibility for implanting the AMI 

array in a larger population of patients with severe tinnitus. We would eventually seek a 

Phase I safety study for the treatment of tinnitus in patients with functional hearing in whom 

we can implement the paired acoustic-electrical stimulation paradigm. For patients who do 
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not have sufficient hearing, cochlear implants will remain an option that have been effective 

in reducing the tinnitus percept in some patient groups (Baguley and Atlas, 2007; Kleinjung 

et al., 2009; Osaki et al., 2005; Quaranta et al., 2008; Van de Heyning et al., 2008; Zeng et 

al., 2011). Another possible alternative for patients with severe tinnitus with or without 

sufficient hearing is round window stimulation. Reduction in tinnitus using round window 

stimulation has been promising in acute cases (Portmann et al., 1979; Cazals et al., 1978; 

Rubinstein et al., 2003), but repeatability of tinnitus suppression needs to be further 

explored (Møller, 2011; Punte et al., 2013). More invasive approaches for treating tinnitus 

are being developed and increasingly used across different patient groups including 

stimulation of the auditory cortex or caudate nucleus as well as vagal nerve stimulation 

paired with acoustic stimulation (Cheung and Larson, 2010; De Ridder et al., 2011; De 

Ridder et al., 2014; Engineer et al., 2011). While cochlear implants, round window 

stimulation, and several invasive brain treatments remain an option for some tinnitus 

patients, new approaches including AMI stimulation need to continually be developed so a 

larger population of patients can achieve tinnitus suppression.
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Figure 1. 
Experimental protocols and array placements. In five experiments, one stimulation array 

placement (each array consists of two shanks) was made in the ICD and multiple recording 

array placements across the ICC (a). In seven experiments, one recording array placement 

was made in the ICC and multiple stimulating array placements in the ICD (b). All of the 

recording array placements (n=51 shanks shown in green) and all of the stimulating array 

placements (n=45 shanks shown in blue) were superimposed onto a single 3D reconstruction 

of the IC in (c) and (d), respectively. Planar cuts (shown in yellow) were made through the 

reconstructions orthogonal to the electrode array trajectories. Coordinates of the shanks 

through each plane are plotted as 2D maps in (e) and (f). For the recording locations in (e), 

each shank location was plotted along what is approximated as an isofrequency lamina that 

also includes recording locations identified as being outside of the ICC in order to show that 

we fully spanned the isofrequency dimension of the ICC. For the stimulation locations in (f), 

the borders of the IC were included on the horizontal plane in order to show that we fully 

spanned the rostral-caudal extent of the ICD. We were unable to sample the most medial 

portion of the ICD due to obstructive vasculature on the occipital cortex surface. The most 

lateral locations may include some portions of the ICX.
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Figure 2. 
Examples across cases show variability of suppression spread. A single stimulation site in 

the ICD (circled in red) resulted in a suppression spread of 46.0% (a - 29 significantly 

suppressed sites out of 63 ICC sites shown in black, see Methods: Data Analysis for 

statistical methods) compared to an ICD stimulation site 500 μm away that resulted in a 

suppression spread of 11.1% (b - 7 of 63 ICC sites). A histogram of the suppression spread 

resulting from 35 stimulated ICD sites from 5 animals is shown in (c) with an average of 

18.2 ± 9.5% (mean ± SD). A total of 2428 ICC sites were included in this analysis, with 456 

ICC sites showing suppression.
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Figure 3. 
Examples across cases show variability of facilitation spread. A single stimulation site in the 

ICD (circled in red) resulted in a facilitation spread of 23.4% (a - 15 significantly facilitated 

sites out of 64 ICC sites shown in black) while another ICD site 500 μm away resulted in a 

facilitation spread of 4.7% (b - 3 of 64 ICC sites). A histogram of the facilitation spread 

resulting from 35 stimulated ICD sites from 5 animals is shown in (c) with an average of 6.1 

± 6.5% (mean ± SD). A total of 2428 ICC sites were included in this analysis, with 146 ICC 

sites showing facilitation.
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Figure 4. 
Examples of suppression strength. Stimulation of a single ICD site could induce strong 

suppression (a - 51.4% decrease) or weak suppression (b- 13.9% decrease) on different ICC 

sites. A total of 456 out of 2428 ICC sites were suppressed by the 35 stimulated ICD sites 

from Fig. 2 and 3 with an average decrease of 17.1 ± 10.7% (c).
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Figure 5. 
Examples of facilitation strength. Stimulation of a single ICD site could induce strong 

facilitation (a - 66.5% decrease) or weak facilitation (b - 17.7% decrease) on different ICC 

sites. A total of 146 out of 2428 ICC sites were facilitated by the 35 stimulated ICD sites 

from Fig. 2 and 3 with an average increase of 19.7 ± 16.9% (c).
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Figure 6. 
Modulation across an ICC lamina. ICC recording sites from 12 animals and three different 

frequency ranges (low frequency, nshanks=29, nsites=86; middle frequency, nshanks=47, 

nsites=189; high frequency, nshanks= 44, nsites=158) were mapped onto their corresponding 

isofrequency plane. Modulated locations showed significant suppressive or facilitatory 

residual changes to PAES-18. Modulated and unmodulated locations were distributed 

throughout an entire ICC lamina.
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Figure 7. 
Residual suppression spread depends on ICD stimulation location. All stimulation sites 

(n=154) were mapped onto a horizontal plane through the ICD (a). Two parameters were 

mapped along the plane: spread and total number of sites that could be modulated. Large-

dark circles indicate that maximal suppressive spread across the ICC can be elicited by 

stimulation of that ICD location. The suppression spread significantly increased (p<<0.001) 

as a function of location along the steepest gradient axis from the caudal-lateral to the 

rostral-medial regions in the ICD (b). The steepest gradient axis for suppression spread is 

shown on the map in (a) as a dotted line. A total of 740 out of 4109 ICD-ICC site pairs were 

suppressed by ICD stimulation.
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Figure 8. 
No trend for ICD stimulation location was observed for residual facilitation spread. All 

stimulation sites (n=154) were mapped onto a horizontal plane through the ICD. Two 

parameters were mapped along the plane: spread and total number of sites that could be 

modulated. Large-dark circles indicate that maximal facilitatory spread across the ICC can 

be elicited by stimulation of that ICD location. A total of 314 out of 4109 ICD-ICC site pairs 

were facilitated by ICD stimulation.
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Figure 9. 
Comparison of residual spread induced by different stimulation paradigms. PAES-18 

induced significantly more residual suppression and less residual facilitation than ES-only 

and PAES-8 (two-tailed, unequal variance, ranked t-test with Bonferroni correction; p<0.05 

*). PAES-18 also induced significantly more suppression than facilitation (p<<0.001 **). 

This figure plots the median and distribution of suppression and facilitation spread values. 

The mean ± SD for each paradigm are as follows: ES-only - suppression spread = 12.9 ± 

8.9% and facilitation spread = 9.9 ± 6.9%; PAES-18 - suppression spread = 18.2 ± 9.7% and 

facilitation spread = 6.1 ± 6.5%; PAES-8 - suppression spread = 12.5 ± 12.1% and 

facilitation spread = 9.6 ± 5.9%. The total number of ICC sites analyzed and the resulting 

number of sites suppressed and facilitated are as follows: ES-only 324 suppressed and 219 

facilitated out of 2377 ICC sites; PAES-18 - 456 suppressed and 146 facilitated out of 2428 

ICC sites; PAES-8 - 288 suppressed and 222 facilitated out of 2313 ICC sites.
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Figure 10. 
Type of immediate modulation generally directs the type of residual modulation. Sites that 

exhibited significant immediate and significant residual modulation due to a paired 

paradigm were plotted based on the strength of each of the modulations (ntotal=705). Data 

was pooled from PAES-18 and PAES- 8 to assess the relationship between immediate and 

residual modulation regardless of the paired paradigm used. Immediate and residual 

modulations were typically in the same direction (i.e., both suppressive or both facilitatory) 

in which 66.2% of the sites were suppressed and 25% were facilitated. Only 8.8% of the 

sites showed a switch in modulation type.
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Table 1

Immediate and residual modulation resulting from paired paradigms

Immediate Modulation Residual Modulation Number of ICD-ICC Site Pairs Percentage

Suppression Suppression 467 5.76

Facilitation Facilitation 176 2.17

Suppression Facilitation 35 0.43

Facilitation Suppression 27 0.33

Suppression No Change 690 8.52

Facilitation No Change 481 5.94

No Change Suppression 763 9.42

No Change Facilitation 520 6.42

No Change No Change 4943 61.01

ICD-ICC site pairs were pooled for this analysis from both PAES-18 and PAES-8 to determine if a correlation exists between immediate and 
residual modulation regardless of the paired paradigm used. A total of 8102 ICD-ICC site pairs showed significant immediate and/or residual 
modulation due to PAES-18 (4109 ICD-ICC site pairs) or PAES-8 (3993 ICD-ICC site pairs). Results show that 8.7% of all ICD-ICC site pairs are 
both immediately and residually modulated while 14.4% are only immediately modulated and 15.8% are only residually modulated due to paired 
paradigms.
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