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Abstract: 22 

The auditory brainstem implant (ABI) is being used clinically to restore hearing to patients 23 

unable to benefit from a cochlear implant (CI). Speech perception outcomes for ABI users are 24 

typically poor compared to most CI users. The ABI is implanted either on the surface of, or 25 

penetrating through, the cochlear nucleus (CN) in the auditory brainstem, and utilizes 26 

stimulation strategies developed for auditory nerve stimulation with a CI. Although stimulus 27 

rate may affect speech perception outcomes with current stimulation strategies, no studies have 28 

systematically investigated the effect of stimulus rate electrophysiologically or clinically. We 29 

therefore investigated rate response properties and temporal response properties of single 30 

inferior colliculus (IC) neurons from penetrating ABI stimulation using stimulus rates ranging 31 

from 100 to 1600 pulses per second in the rat. We found that stimulus rate affected the 32 

proportion of response types, thresholds, and dynamic ranges of IC activation. Stimulus rate 33 

was also found to affect the temporal properties of IC responses, with higher rates providing 34 

more temporally similar responses to acoustic stimulation.  Suppression of neural firing and 35 

inhibition in IC neurons was also found, with response properties varying with stimulus rate. 36 

This study has demonstrated that changes in ABI stimulus rate results in significant differences 37 

in IC neuron response properties. Due to electrophysiological differences, stimulus rate may 38 

also change perceptual properties. We suggest that clinical evaluation of ABI stimulus rate 39 

should be performed. 40 

 41 

Keywords: Cochlear Nucleus, Auditory Brainstem Implant, Inferior Colliculus, Pulse Train 42 

Stimulation, Stimulus Rate, Electrical Stimulation 43 
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Introduction: 45 

Auditory brainstem implants (ABIs) electrically stimulate the central auditory pathway at the 46 

level of the Cochlear Nucleus (CN) (Edgerton et al. 1982) to restore hearing. Although well 47 

over 800 recipients have received an ABI worldwide (Colletti et al. 2009b; Otto et al. 2002), 48 

speech perception by ABI users is typically poor compared to most cochlear implant (CI) users. 49 

(Briggs et al. 2000; Colletti et al. 2005; Colletti et al. 2009a; Colletti and Shannon 2005; 50 

Kanowitz et al. 2004; Nevison et al. 2002; Otto et al. 2002).  51 

 52 

The CN is the first central auditory nucleus receiving input, and maintains tonotopicity from 53 

the cochlea through the auditory nerve (Rose et al. 1959). It contains multiple sub-divisions and 54 

neuron types that participate in parallel pathways of processing (Cant and Benson 2003). Each 55 

neuron type has unique anatomical and physiological properties, and is thought to code for 56 

specific acoustic features (Rhode and Smith 1986). Due to electrode size and placement of the 57 

ABI, stimulation of the CN usually results in broad fields of neural activation. This may cause 58 

activation of multiple neuron populations, and probably activation of multiple parallel 59 

ascending pathways. 60 

 61 

In CI recipients, the stimulus rate providing best speech perception outcomes and general rate 62 

preference is typically user specific, ranging between 250 and 1800 pps (Arora et al. 2011; 63 

Vandali et al. 2000). A clinical study of three auditory midbrain implant (AMI) recipients 64 

found that a stimulus rate of 250 pps was most suitable, with lower rates resulting in unwanted 65 

rate-pitch effects and higher rates resulting in rapid loudness adaptation (Lim et al. 2009; Lim 66 

et al. 2008). The historical, and still the predominant, stimulus rate used in ABIs is 67 

approximately 250 Hz (Colletti et al. 2009b; McCreery 2008; Otto et al. 2002; Schwartz et al. 68 

2008). Clinical studies using higher stimulus rates have suggested that this may result in 69 

improved speech perception (Behr et al. 2007; Colletti 2006; Colletti et al. 2005), possibly due 70 
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to increased temporal resolution (Colletti et al. 2005; Colletti et al. 2009b) or improved 71 

activation of specific neuron types (McCreery 2008). The systematic investigation of the effect 72 

of ABI stimulation rate has not been performed electrophysiologically or perceptually. Such 73 

results may lead to improved speech performance outcomes for ABI users. 74 

 75 

The aim of this study was to investigate neural firing rate and temporal response properties of 76 

single IC neurons from penetrating ABI stimulation at a range of clinically relevant stimulus 77 

rates. Electrical stimulation of the CN with different stimulus rates may elicit a range of 78 

complex firing rate and temporal responses in the IC, due to multiple cell types and parallel 79 

pathways of processing between the CN and IC. A further aim of this study was to investigate 80 

if inhibitory neural pathways between these structures are activated through ABI stimulation. 81 

 82 

83 
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Materials and Methods: 84 

Surgery and Electrode Implantation 85 

Experiments were performed on male Hooded Wistar rats (n=15) weighing between 265 and 86 

410gms (Flinders University, SA, Australia) and anaesthetized with urethane (intraperitoneally, 87 

20% wt/vol in dH2O; Sigma-Aldrich, Castle Hill, NSW, Australia). Recordings were performed 88 

in a sound attenuating Faraday room on a gas anti-vibration table (Technical Manufacturing 89 

Corporation, Peabody, MA). Animals were mounted in a stereotaxic frame with ear bars (David 90 

Kopf Instruments, Tujunga, CA), and their temperature maintained at 37°C. A section of the 91 

cerebellum was aspirated to aid electrode placement in the left CN. A multichannel electrode 92 

array (Neuronexus Technologies, Ann Arbor, MI) was implanted using a microcontroller into 93 

the ventral cochlear nucleus (VCN) at an approximate 30 degree caudo-rostral angle. VCN 94 

electrodes consisted of four shanks spaced 200 μm apart with eight 413 μm² iridium-oxide 95 

electrode sites spaced 200 μm apart on each shank. Electrode activation was performed prior to 96 

implantation (Anderson et al. 1989), lowering electrode impedances to approximately 90 kΩ at 97 

1 kHz.  98 

 99 

After VCN probe placement, tones ranging from 10 dB to 60 dB sound pressure level (SPL) 100 

(10 dB SPL steps) and 1 kHz to 60 kHz (1/4 octave steps below 4 kHz and 1/7 octave steps 101 

above 4 kHz) were presented (20 repetitions) to determine the response area and characteristic 102 

frequency (CF; frequency that produced the highest response rate at the lowest acoustic 103 

intensity) of each electrode site. All tones were 50 ms in duration with 5 ms rise and fall times 104 

and a 500 ms inter-trial interval. 105 

 106 

Single neurons in the contralateral Central Nucleus of the Inferior Colliculus (CIC) were 107 

recorded from using quartz glass microelectrodes filled with 1M potassium acetate solution. 108 

Electrodes were advanced through the CIC at an approximate 15 degree rostro-caudal angle. 109 
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When a single CIC neuron was isolated, an approximate best frequency (BF; frequency that 110 

produced the highest response rate at a given acoustic intensity) was found at 60 dB SPL by 111 

manually varying the tone frequency. An automatic protocol was then initiated that presented 112 

acoustic tones at 60 dB SPL over a three octave bandwidth, with five repetitions per 1/7th 113 

octave frequency increment, with the neuron’s approximate BF in the centre of this range. 114 

Recordings in the CIC were verified through a gradual increase in BF in a dorso-ventral 115 

direction (Merzenich and Reid 1974), and no habituation of response to acoustic stimulation 116 

(Spitzer and Semple 1993). All procedures were carried out in accordance with St Vincent’s 117 

Hospital animal ethics committee guidelines. 118 

 119 

CN Electrical Stimulation and CIC Recordings 120 

Following IC responses to acoustic stimulation, electrical stimuli were presented to electrode 121 

sites in the VCN that had similar CFs to the BF of the CIC neuron. Pulse trains of varying 122 

stimulus rates were presented for the first 50 ms of each 500 ms repetition. Pulse train stimulus 123 

rates of 100, 200, 400, 800 and 1600 pulses per second (pps) were used. Five repetitions of the 124 

same stimulus parameters were presented at 12 to 15 current levels ranging from 0 to 40 μA. 125 

Single pulse stimuli were additionally presented for neurons where intracellular recordings 126 

were achieved. In these cases, a single pulse at the start of each 500 ms repetition was 127 

presented at the same current levels used for pulse train stimulation. All electrical pulses were 128 

cathodic-leading biphasic pulses of 120 μs per phase with a 40 μs interphase gap. For CIC 129 

neurons that responded with short time-locked latencies indicative of antidromic activation, a 130 

collision test was performed (Bishop et al. 1962; Darian-Smith et al. 1963). Antidromic 131 

behavior was confirmed by presenting an acoustic click stimulus, resulting in a CIC spike, 132 

which caused the abolition of a subsequent spike produced from delayed CN stimulation 133 

(Mauger et al. 2010). Common ground stimulation was employed with one stimulation site, and 134 

the surrounding electrode sites as returns. This type of stimulation was selected as it has been 135 
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shown to provide more place-specific activation than monopolar stimulation (Cicione et al. 136 

2012). 137 

 138 

Artifact Removal 139 

Artifacts in IC extracellular recordings were approximately ten times the amplitude of action 140 

potentials. Signal processing techniques were employed to suppress artifacts while maintaining 141 

spikes in recordings. Response traces were imported to Matlab (The Mathworks, Natika, MA) 142 

and processed with custom-made programs. Five responses to the same parameter set were 143 

high-pass filtered to remove DC components and normalized so each repetition had the same 144 

RMS power during the stimulus period. The median of the five traces was then subtracted from 145 

each trace individually, enabling action potentials to be located (Litvak et al. 2001). For 146 

intracellular recordings, signal processing was used to maintain low frequency intracellular 147 

recording content such as excitatory post synaptic potentials, and particularly inhibitory post 148 

synaptic potentials. For pulse rates of 400 pps and above, a low pass Butterworth filter was 149 

used to suppress high frequency artifacts. The remaining artifact was removed using a moving 150 

average filter with a temporal length of the stimulus period. For pulse rates of 100 and 200 pps 151 

a technique was used where samples just before and just after stimulation were interpolated 152 

between to remove artifacts (O'Keeffe et al. 2001). 153 

 154 

Data Analysis 155 

A second custom Matlab program was then used that located action potentials for both 156 

acoustically and electrically evoked CIC responses. All response traces were visually checked 157 

as some spikes were not found through the automatic method. This ensured that all spikes were 158 

included in the analysis, particularly traces with the same stimulus parameters that exhibited 159 

very little variability in spike latency from each other. In the small number of such cases, the 160 

accuracy of visually locating spikes was not different from the automatic method. 161 
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 162 

Thresholds at each stimulus rate were determined as the lowest current level that produced a 163 

firing rate, in the first 70 ms post stimulus onset, higher than the mean plus two standard 164 

deviations of the spontaneous firing rate (calculated from 90 ms to 300 ms post stimulus onset). 165 

Where the spontaneous firing rate was less than one spike per repetition, threshold was 166 

determined as the current level that produced at least one spike per repetition in the first 70 ms 167 

of the stimulus. 168 

 169 

Rate-level functions of CIC neurons from VCN electrical stimulation at each stimulus rate were 170 

categorized into four groups (Fig. 1A), previously defined by acoustic stimulation experiments 171 

(Aitkin and Schuck 1985). Rate-level functions exhibiting an increasing firing rate with 172 

increasing current level were classified as monotonic. Rate-level functions where firing rate 173 

increased with current level but then remained constant or decreased slightly, but not below 174 

50% of the maximum firing rate were classified as plateau. Rate-level functions where firing 175 

rate increased, but then decreased below 50% of the maximum firing rate were classified as 176 

non-monotonic. A fourth group of rate-level functions that did not fit into any of the first three 177 

categories were classified as complex. For monotonic responses, saturation was calculated as 178 

the maximum current level used. For plateau responses, a sigmoid curve was fitted to the rate-179 

level function, and the current level at 90% of the asymptote of the sigmoid was used as the 180 

neuron’s saturation. For both non-monotonic and complex neural responses, the current level 181 

that produced the maximum firing rate was taken as the CIC neuron’s saturation. Thresholds 182 

and saturation current levels were used to calculate dynamic ranges. 183 

  184 
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Results: 185 

Data from 33 CIC neurons were collected, of which 24 were extracellular recordings and 9 186 

were intracellular recordings. Extracellularly recorded neurons were included in the database 187 

where BFs were found and where VCN stimulation using at least one stimulus rate was 188 

performed at all current levels. Of these neurons, 14 (58%) responded to at least one stimulus 189 

rate, four showed suppression in neural firing, two showed antidromic behavior and four 190 

showed no response to electrical stimulation. Detailed analysis on the effect of pulse rate on 191 

neural responses was performed on the 14 responsive CIC neurons. Analysis of CIC neurons 192 

whose spontaneous action potentials were suppressed by electrical stimulation was also 193 

performed. Of the nine intracellularly recorded neurons, five were recorded in response to 194 

single pulse stimulation and four were recorded in response to both single pulse and pulse train 195 

stimulation of the VCN. 196 

 197 

CIC Rate-level Functions 198 

Analysis of rate-level functions found 8% of the neurons exhibited a monotonic response to 199 

100 pps, while for stimulus rates greater than 400 pps, approximately 35% of responses were 200 

monotonic. Plateau responses were the most common when using a stimulus rate of 1600 pps. 201 

The highest proportion of non-monotonic responses was seen with 200 pps, followed by 400 202 

pps, while 800 pps showed almost 50% complex responses. A decreasing trend in non-203 

responses was found with increased stimulus rate (Fig. 1B). It should also be noted that 204 

electrical stimulation did not activate four of the recorded neurons at any stimulus rate. 205 

 206 

Thresholds and Dynamic Ranges 207 

Thresholds in the CIC from electrical stimulation ranged between 2 and 40 µA. Some variance 208 

was seen between neurons, with many neurons having thresholds decreasing to 2 μA at higher 209 

stimulus rates (Fig. 2A). For statistical analysis, neurons that did not reach threshold by the 210 
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maximum current level (40 µA) were given the maximum as their threshold. A one-way 211 

repeated measures analysis of variance (ANOVA) on thresholds showed a significant main 212 

effect of stimulus rate (F(4,38)=6.00, p<0.001). Newman-Keuls post hoc comparisons found 213 

significant decreases in thresholds from 100 pps to all other stimulus rates (200 pps (p<0.05), 214 

400 pps (p<0.01) and 800 pps (p<0.01) and 1600 pps (p<0.05)).  215 

 216 

Dynamic ranges in the CIC from electrical stimulation ranged from 0 to 26 dB (Fig. 2B). Much 217 

variance in dynamic range across stimulus rates was seen. In the analysis of dynamic range, a 218 

repeated measures ANOVA found no significant main effect of stimulus rate (F(4,30)=1.77, 219 

p=0.162). This could be in part due to missing data points from neurons not reaching threshold. 220 

 221 

Neural Firing Rate 222 

CIC neuron firing rates of less than five spikes per repetition in response to VCN electrical 223 

stimulation were common (Fig. 2C), however firing rates of up to 19 spikes per repetition were 224 

found for some neurons. In the analysis of firing rate, a repeated measures ANOVA showed a 225 

significant main effect of stimulus rate (F(4,38)=5.265, p<0.001). Newman-Keuls post hoc 226 

comparisons did not show significant differences between stimulus rates. 227 

 228 

Vector Strength and Inter Spike Interval 229 

A measure of the degree of phase locking (vector strength) to individual electrical stimuli was 230 

calculated for each CIC neuron. A similar method previously used for phase locking to acoustic 231 

stimuli was implemented (Goldberg and Brown 1969; Greenwood and Durand 1955; Johnson 232 

1980), where the time point of each spike, i, was considered defining a vector of unit length 233 

with the phase angle θi (equation 1).  234 

௜ߠ ൌ ߨ2 ൈ ݀݋݅ݎ݁݌ ݏݑ݈ݑ݉݅ݐݏ௜݁݉݅ݐ ݁݇݅݌ݏ  
(1)
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The n vectors, characterizing spike trains at the saturation current for each neuron at each 235 

stimulus rate, were used to calculate vector strength (equation 2). 236 

݄ݐ݃݊݁ݎݐܵ ݎ݋ݐܸܿ݁ ൌ  ඥሺ∑ sin ௜ሻଶߠ ൅ ሺ∑ cos ௜ሻଶ݊ߠ  
(2)

For stimulus rates of 100 and 200 pps, vector strengths as high as 0.98 were seen, while for 237 

stimulus rates greater than 400 pps a maximum vector strength of 0.6 was seen (Fig. 2D). The 238 

effect of rate on mean vector strength across all neurons was analyzed with a repeated measures 239 

ANOVA and was found to be not significant (F(4,15)=0.639, p=0.643).  240 

 241 

Temporal Response Comparison 242 

To investigate the stimulus rate that produced a neural response with temporal characteristics 243 

most similar to those produced by acoustic stimulation, peri-stimulus time histograms (PSTHs) 244 

were constructed using 10 ms bins (Fig. 3A, C). Each PSTH was normalized so the sum of all 245 

bins was 1. Normalized PSTHs were averaged across all neurons for both acoustic stimulation 246 

(Fig. 3B) and electrical stimulation (Fig. 3D). In response to acoustic stimulation, CIC neurons 247 

typically responded with a peak in neural firing between 10 and 20 ms after stimulus onset, 248 

with a decreasing response after this period. In response to electrical stimulation using stimulus 249 

rates of 100 and 200 pps, neurons tended to show more consistent firing rates over the duration 250 

of the stimulus. At stimulus rates of 800 and 1600 pps, responses peaked between 10 and 20 251 

ms, and gradually decreased thereafter (Fig. 3D), similar to acoustic stimulation. Differences 252 

between PSTHs elicited by acoustic and electrical stimulation are shown in Figure 3E, with 253 

mean differences shown in Figure 3F. A rate of 800 pps produced the lowest average difference 254 

in firing rates between acoustic and electrical stimulation (Fig. 3F). 255 

 256 

To further compare temporal responses, correlation coefficients between acoustic and electrical 257 

PSTHs were calculated for all stimulus rates (Fig. 3G). Stimulus rates of 100 and 200 pps were 258 

poorly correlated to acoustic stimulation while stimulation rates of 400 pps and above gave 259 
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correlation coefficients as high as 0.9 (Fig. 3H). A one-way ANOVA found a significant 260 

change in correlation coefficient across stimulus rate (F(4,27)=3.07, p<0.05). 261 

 262 

Suppression of spontaneous firing 263 

Of the total 24 neurons recorded extracellularly, four (17%) neurons showed suppression in 264 

neural firing to electrical stimulation. An example of the typical suppression pattern is shown 265 

as a raster plot in Figure 4A for a single neuron at stimulus rates of 100, 400 and 1600 pps. 266 

Suppression of spontaneous activity increased in duration in a monotonic fashion with an 267 

increase in current level for all four neurons. Stimulus rates of 100 pps produced long lasting 268 

suppression, up to 50 ms after stimulus cessation. Higher stimulus rates were found to produce 269 

shorter suppression periods. Excitation was also seen at low current levels (8 to 15 μA) using 270 

400 pps and 1600 pps (Fig. 4B). This excitation was not seen at higher current levels. Neural 271 

firing post suppression tended to recommence at similar times for traces at the same current 272 

level. Spontaneous activity had a period of approximately 50 ms. 273 

 274 

Intracellular Responses 275 

Intracellular recordings of nine CIC neurons to VCN electrical stimulation were analyzed to see 276 

the effects of excitation and inhibition. Responses of four neurons were recorded to both single-277 

pulse and pulse train VCN stimulation. Responses of two intracellularly recorded neurons to 278 

acoustic and electrical stimulation at a range of stimulus rates are shown in Figures 5 and 6. 279 

Acoustic responses showed early onset inhibition (Fig. 5A) or no inhibition (Fig. 6A), 280 

characterized by the presence of inhibitory post synaptic potentials. At low stimulus rates, 281 

inhibition from each stimulus pulse was found, which resulted in strong inhibition for the 282 

duration of the electrical stimulation (Fig. 5B, 6B). At higher stimulus rates inhibitory 283 

responses became more complex, with the length of inhibition shorter than the stimulus 284 

duration (Fig. 5B, 6B). Action potentials, after cessation of the stimulus at low rates and 285 
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directly after the cessation of inhibition at higher rates, were also found (Fig. 6B). Both 286 

inhibition depth (Fig. 5C, 6C) and inhibition duration (Fig. 5D, 6D) were measured across 287 

current level for each stimulus rate. Inhibition depth was found to increase relatively linearly 288 

with current level for each stimulus rate. Higher stimulus rates had comparatively lower 289 

inhibition levels across current levels. Inhibition duration for 100 pps and 200 pps lasted the 290 

whole stimulation duration for current levels above threshold. A more gradual increase in 291 

inhibition duration was found for 400 pps and 800 pps (Fig. 5D, 6D). In the case of 800 pps, 292 

the duration of the inhibition seemed to plateau at approximately 22 ms for moderate to high 293 

current levels. 294 

 295 

Intracellular responses to single pulse stimulation at a number of VCN electrode sites with 296 

similar CFs to the BF of the CIC neuron were analyzed (Fig. 7). Strong inhibition after 297 

electrical stimulation was seen from stimulation of all electrode sites (Fig. 7A). Inhibition depth 298 

was found to increase with current levels, but at different rates for different stimulating 299 

electrodes (Fig. 7B). Electrodes located closer to the Octopus cell region (ventro-caudal) 300 

showed stronger inhibition in CIC neuron 9-1 but little difference was seen for CIC neuron 13-301 

3 (Fig. 7C). 302 

 303 

304 
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Discussion: 305 

Excitatory Responses 306 

Unlike CIC responses from auditory nerve stimulation where rate-level functions are 307 

predominantly monotonic (and plateau), and less commonly non-monotonic  (Semple and 308 

Kitzes 1985; Shepherd et al. 1999), a fourth response type was observed in this study. These 309 

complex rate-level responses have also been reported in a previous VCN electrical stimulation 310 

study (Shivdasani et al. 2008). High stimulation rates produced a higher proportion of 311 

monotonic and plateau responses and the least number of non-responses. However, an increase 312 

of complex response patterns was also found at higher rates. Lower average thresholds and 313 

higher firing rates were expected from higher stimulus rates due to increased total current, but 314 

could also be as a result of increased excitability, or decreased inhibition from higher stimulus 315 

rates.  316 

 317 

The temporal arrangement of spikes is thought to contain information from many acoustic 318 

features, including amplitude, frequency and source location (Furukawa and Middlebrooks 319 

2002; Heil 2004; Moore 2003). We therefore compared temporal spike arrangement in the CIC 320 

in response to VCN electrical stimulation. Higher electrical stimulus rates produced responses 321 

with lower vector strength (increased stocasticity), which in a stimulation strategy is thought to 322 

desynchronize the fiber population and may improve temporal resolution and dynamic range 323 

(Rubinstein et al. 1999). A comparison of PSTHs in response to acoustic and electrical 324 

stimulation showed that high stimulus rates better represented acoustic temporal firing patterns 325 

in CIC neurons from stimulation of central VCN regions. It is possible that higher stimulus 326 

rates may also provide benefit to ABI users compared to the present clinical stimulus rate of 327 

250 pps. A number of papers have suggested that higher stimulus rates may lead to improved 328 

speech perception (Behr et al. 2007; Colletti 2006; Colletti et al. 2005). More recently, a 329 

consortium of data has shown that using stimulus rates above 1200 pps can result in significant 330 
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speech improvement results compared to rates below 1200 pps (p<0.027) in ABI patients 331 

(Shannon 2012). But as stimulus rate also affected clinical thresholds, and pulse widths were 332 

not consistent across stimulus rate, the effect of rate alone could not be definitively stated. 333 

 334 

Inhibitory Responses 335 

Although VCN neuron populations providing inhibitory input to the CIC are well described, 336 

there has been very little discussion on the effects of activating these pathways through VCN 337 

electrical stimulation. Extracellular recordings showing suppression of neural firing and 338 

intracellular recordings showing inhibitory post synaptic potentials (IPSPs) in this study have 339 

been able to demonstrate electrical activation of ascending inhibitory pathways. This could be 340 

through activation of Octopus cells that respond to signal onsets (Hemmert et al. 2005), 341 

providing fast inhibition to the CIC through the Ventral Nucleus of the Lateral Lemniscus 342 

(Nayagam et al. 2005). Another possibility could be through GABA-ergic intrinsic connections 343 

within the CIC itself (Adams and Mugnaini 1984; Faingold et al. 1991). Similar long lasting 344 

suppression of spontaneous firing, such as seen in our extracellular recordings at low stimulus 345 

rates, has also been described in response to acoustic stimulation, although the origin of such 346 

inhibition is unknown (Carney and Yin 1989). A previous VCN electrical stimulation study 347 

showed that two VCN electrodes ‘when stimulated individually’ were able to elicit CIC 348 

responses, however, when stimulated together it was possible to abolish the CIC response 349 

(Shivdasani et al. 2010), suggesting complex interactions between excitation and inhibition. 350 

Although the inhibitory pathway is important and well described for acoustic stimulation, the 351 

effects of inhibition from ABI stimulation are unclear. A systematic study to investigate the 352 

effect of increased or decreased activation of the inhibitory pathway from ABI stimulation 353 

would help in determining its contribution and importance. 354 

 355 



16 

Optimal Auditory Brainstem Implant Stimulus Rate 

Suppression seen in extracellular recordings and the presence of IPSPs in our intracellular 356 

recordings were highly dependent on the stimulus rate used. Low electrical stimulation rates 357 

were found to provide more suppression of firing, while higher rates provided shorter durations 358 

of suppression. Similarly, for low stimulus rates, inhibition was seen to last longer than the 359 

stimulation duration and had increased depth, while at higher stimulus rates both the depth and 360 

duration of inhibition decreased. Location of stimulation was also found to affect inhibition 361 

depth. An increase in inhibition from stimulation of more ventral and caudal VCN electrodes 362 

was observed, possibly due to their proximity to the Octopus cell region. It is possible that the 363 

reduction of inhibition at higher stimulus rates, particularly at 800 pps, might be attributed to 364 

the band-pass characteristics of Octopus cells, shown to have an upper band limit of 365 

approximately 650 Hz (Godfrey et al. 1975; Hemmert et al. 2005). 366 

 367 

Clinical Translation 368 

Similarities between mammalian auditory systems have enabled the extensive use of rats and 369 

cats in auditory research (Adams 1986; Moore 1987; Moore and Osen 1979), however, some 370 

differences would influence implications of our results for humans. The human VCN contains 371 

relatively fewer Octopus neurons than the rat VCN. If the inhibition seen in our recordings is 372 

through the Octopus cell pathway, then the effect of activating these pathways through CN 373 

stimulation may be decreased in humans. Another significant difference is the much larger 374 

granule cell domain in humans that contains GABA-ergic small cells. The projections of such 375 

neurons are predominantly to the fusiform cells in the dorsal CN (Mugnaini et al. 1980), which 376 

in turn project to the CIC (Berrebi and Mugnaini 1991). Our study was conducted with the 377 

auditory nerve intact. ABI recipients typically do not have a functioning auditory nerve, and 378 

therefore it is accepted that responses may differ due to plastic changes. In many NF2 cases, the 379 

auditory nerve would at least be partially functioning before tumor removal, resulting in a short 380 

deafness period and possibly minimal long term deafness changes in neural re-organization. It 381 
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may be important to investigate how plasticity due to auditory nerve removal affects responses 382 

to VCN electrical stimulation. The use of anaesthesia may also influence our experimental 383 

findings, and needs to be considered when comparing to awake function.  384 

 385 

Implications for ABIs 386 

Current ABIs use vocoder stimulation strategies developed for CIs that aim to vary the level of 387 

activation of frequency specific neural populations through current level. This study has shown 388 

that stimulus rate has a range of effects on CIC neural response properties. A clinical ABI study 389 

on stimulus rate should be carried out to determine if significant psychoacoustic changes or 390 

changes in speech perception outcomes are also found at higher rates. 391 

 392 

One study has suggested that specific cell types such as T-stellate neurons, thought to carry 393 

frequency information to the CIC, may be important to activate by ABIs (McCreery 2008). 394 

Although neuron groups in the VCN are unable to be stimulated separately, being intermingled 395 

with, or in close proximity to other neuron groups, it may be possible to target specific neural 396 

populations by varying stimulus rate. Such targeted stimulation is supported by the different 397 

depolarization patterns between cell types such as T-stellate and Octopus neurons (Ferragamo 398 

and Oertel 2002). Selection of a stimulus rate that activates a desired neuron type over other 399 

neuron types in proximity may be possible, either continuously, or dynamically. 400 

 401 

Electrode location in this study was also suggested to affect the level of inhibition. The clinical 402 

penetrating auditory brainstem implant (PABI) was designed to target cell populations in the 403 

central VCN similar to the regions activated in this study. Unfortunately there has been no 404 

significant improvement in speech perception results from PABI recipients compared to ABI 405 

users (Otto et al. 2008). The PABI, with its surface and penetrating electrodes, would be well 406 

suited to assessing perception from both electrode location and stimulus rate. 407 
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 408 

Conclusion 409 

This study systematically investigated rate response properties, temporal response properties 410 

and inhibition in the IC from CN electrical stimulation. Higher stimulus rates produced lower 411 

thresholds and more similar temporal responses to acoustic stimulation compared to lower 412 

stimulus rates. Strong inhibition was found from electrical stimulation, with stimulus rate found 413 

to affect the depth and duration of inhibition. These complex inhibitory and excitatory results 414 

may have implications for the development of future ABI stimulation strategies. Additional 415 

electrophysiological testing is required to further explore the effect of electrode placement on 416 

inhibition. Due to many differences in IC response properties seen across stimulus rate, clinical 417 

testing with ABI and PABI recipients with a range of stimulus rates, particularly high rates, 418 

may lead to improved outcomes. 419 

420 
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Figure 1. A, Examples of rate responses to a range of current levels. Solid black lines show 431 

rate-level functions, dashed lines show 50% of maximum firing rate, gray lines shows 432 

spontaneous firing rate. B, Percentage of neurons at a range of stimulus rates grouped by 433 

response type. Stimulus rate is shown in increasing order with the first (left) bar in each group 434 

representing 100 pps (n=14), 200 pps (n=13), 400 pps (n=12), 800 pps (n=11) and the last 435 

(right) bar representing 1600 pps (n=6). 436 

 437 

  438 
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Figure 2. A, Absolute thresholds of CIC neurons at a range of stimulus rates. Each line 439 

represents data from a single neuron. A significant decrease in threshold was seen across 440 

stimulus rate (* denotes p<0.05, ** denotes p<0.01). B, Dynamic range (dB) of neurons 441 

plotted against stimulus rate. C, Individual lines showing maximum firing rate at any current 442 

level plotted against stimulus rate. D, Vector strength plotted against stimulus rate for each IC 443 

neuron. 444 

  445 
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Figure 3. A, Individual lines show proportion of spikes falling in the first 70 ms after the start 446 

of acoustic stimulation for each IC neuron. B, Mean acoustic PSTH for all neurons showing a 447 

moderate onset response followed by a decrease in activation towards the end of stimulation. 448 

C, Individual lines show proportion of spikes falling after the start of electrical stimulation for 449 

each neuron at a range of current levels for different stimulus rates. D, Mean electrical PSTH 450 

for all stimulus rates. E, Difference between acoustic and electrical PSTHs (acoustic minus 451 

electrical) for each neuron. F, Mean difference between acoustic and electrical PSTHs for all 452 

stimulus rates. G, Correlation coefficient between each neuron’s acoustic and electrical PSTH 453 

at each stimulus rate. H, Average correlation coefficients for each stimulus rate. All PSTH 454 

were computed using 10 ms bin width. 455 

456 
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Figure 4. Analysis of a single IC neuron to a range of electrical stimulation rates. A, Raster 457 

plots of spike locations across time for all current levels. Electrical stimuli were presented for 458 

the first 50 ms, and examples are shown for stimulus rates of 100 pps, 400 pps and 1600 pps. 459 

For each current level, five repetitions are overlaid. A black bar along the abscissa shows the 460 

duration of electrical stimulation. For low stimulus rates a low threshold, long lasting 461 

suppression of spontaneous firing activity was found. B, Combined PSTHs for four current 462 

levels between 8 and 15 μA and for four current levels between 28 and 40 μA inclusive. In each 463 

PSTH, data is displayed from 20 stimulus repetitions. For the period after 100 ms the average 464 

inter-spike interval is approximately 50 ms for all stimulus rates and current levels. 465 

466 
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Figure 5. A, Intracellular responses of IC neuron 9-1 (five traces overlaid) to acoustic 467 

stimulation at the neuron’s best frequency showing initial inhibition followed by excitation. B, 468 

Mean responses to electrical stimulation of neuron 9-1 at 40 µA (black) and 20 µA (gray). C, 469 

Plot of the depth of inhibition across current level. Each symbol type represents a different 470 

stimulus rate. Linear trend lines through each stimulus rate are also shown. A drop in 471 

inhibition depth can be seen for 800 pps compared to lower rates. D, Plot of the duration of 472 

inhibition across current level. Symbols represent the same rate as in subplot C. A decrease in 473 

the inhibition duration can be seen for 400 pps compared to lower rates, and for 800 pps 474 

compared to 400 pps.  475 

 476 

 477 
  478 
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Figure 6. A, Intracellular responses of neuron 13-3 (five traces overlaid) to acoustic 479 

stimulation at the neuron’s best frequency showing excitation. B, Mean responses to electrical 480 

stimulation of neuron 13-3 at 40 µA (black) and 20 µA (gray). C, Plot of the depth of inhibition 481 

across current level. Each symbol type represents a different stimulus rate. Linear trend lines 482 

through each stimulus rate are also shown. A drop in inhibition depth can be seen for 400 pps 483 

and 800 pps compared to lower rates. D, Plot of the duration of inhibition across current level. 484 

Symbols representing the same stimulus rates as in subplot C. A decrease in the inhibition 485 

duration can be seen for 400 pps compared to lower rates, and for 800 pps compared to 400 486 

pps. 487 

 488 
  489 
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Figure 7. A, Mean responses of CIC neuron 9-1 (top), and neuron 13-3 (bottom) at 40 µA to 490 

single pulse stimulation across a number of VCN electrode sites. Artifact can be seen at 491 

stimulus onset, followed by different levels of inhibition. Symbols on the top right of each graph 492 

correspond to the symbols in subplot C, which denote VCN electrode location. Closed symbols 493 

represent sites stimulated while recording from neuron 9-1 and open symbols represent sites 494 

stimulated while recording from neuron 13-3 in all subplots. B, Plot of the depth of inhibition 495 

across current level for three different VCN electrode sites for CIC neuron 9-1 and neuron 13-496 

3. A much larger variance in inhibition depths can be seen for neuron 9-1 than for neuron 13-497 

3. C, A diagrammatical representation of a VCN electrode, showing the locations of 498 

stimulating electrode sites on the electrode array.  Electrodes consisted of 4 shanks, and 8 499 

electrode sites on each shank. Symbols correspond to electrode locations stimulated while 500 

recording from neuron 9-1 (filled) and neuron 13-3 (open). The direction of the Octopus cell 501 

region is also shown.  502 
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