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Abstract 33 

Bilateral cochlear implants (CIs) provide benefits for speech perception in noise and 34 

directional hearing, but users typically show poor sensitivity to interaural time differences (ITDs). 35 

Possible explanations for this deficit are deafness-induced degradations in neural ITD sensitivity, 36 

between-ear mismatches in electrode positions or activation sites, or differences in binaural 37 

brain circuits activated by electric versus acoustic stimulation. To identify potential limitations of 38 

electric ITD coding in the normal-hearing system, responses of single neurons in the dorsal 39 

nucleus of the lateral lemniscus and the inferior colliculus to ITDs of electric (biphasic pulses) 40 

and acoustic stimuli (noise, clicks, chirps, and tones) were recorded in normal-hearing gerbils of 41 

either sex. To maintain acoustic sensitivity, electric stimuli were delivered to the round window. 42 

ITD tuning metrics (e.g., best ITD) and ITD discrimination thresholds for electric versus 43 

transient acoustic stimuli (clicks, chirps), obtained from the same neurons, were not significantly 44 

correlated. Across populations of neurons with similar characteristic frequencies, however, ITD 45 

tuning metrics and ITD discrimination thresholds were similar for electric and acoustic stimuli 46 

and largely independent of the spectrotemporal properties of the acoustic stimuli, when 47 

measured in the central range of ITDs. The similarity of acoustic and electric ITD coding on the 48 

population level in animals with normal hearing experience suggests that poorer ITD sensitivity 49 

in bilateral CI users compared to normal-hearing listeners is likely due to deprivation-induced 50 

changes in neural ITD coding rather than due to differences in the binaural brain circuits 51 

involved in the processing of electric and acoustic ITDs.  52 

,   53 
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Significance Statement 54 

Small differences in the arrival time of sound at the two ears (interaural time differences, 55 

ITDs) provide important cues for speech understanding in noise and directional hearing. Deaf 56 

subjects with bilateral cochlear implants obtain only little benefit from ITDs. It is unclear whether 57 

these limitations are due to between-ear mismatches in activation sites, differences in binaural 58 

brain circuits activated by electric versus acoustic stimulation, or deafness-induced degradations 59 

in neural ITD processing. This study is the first to directly compare electric and acoustic ITD 60 

coding in neurons of known characteristic frequencies. In animals with normal hearing, 61 

populations of auditory brainstem and midbrain neurons demonstrate general similarities in 62 

electric and acoustic ITD coding suggesting similar underlying central auditory processing 63 

mechanisms.   64 
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Introduction 65 

In normal-hearing listeners, interaural time differences (ITDs) are the dominant cue for 66 

localizing sounds containing low frequencies in azimuth (e.g., Wightman and Kistler, 1992; 67 

Macpherson and Middlebrooks, 2002). In bilateral cochlear implant (CI) users, ITD discrimination 68 

is typically poorer than in normal-hearing listeners and highly variable across subjects. The 69 

range of stimulus conditions (e.g., stimulus rates) over which ITD sensitivity is observed is 70 

restricted in bilateral CI users, and even under optimal conditions (i.e., direct stimulation through 71 

a single interaural electrode pair) only few CI users achieve ITD sensitivity similar to that in 72 

normal-hearing listeners (for review, Kan and Litovsky, 2015; Laback et al., 2015). Benefits from 73 

bilateral CIs compared to monaural CIs are mainly based on attending to the ear with the better 74 

signal-to-noise ratio (Litovsky et al, 2006; Ricketts et al., 2006) and on using interaural level 75 

differences (ILDs; Seeber and Fastl, 2008; Aronoff et al., 2010; van Hoesel 2012). One possible 76 

explanation for poorer ITD discrimination in bilateral CI users compared to normal-hearing 77 

listeners are deafness-induced degradations in neural ITD sensitivity (cats: Tillein et al., 2009; 78 

Hancock et al., 2010, 2013; humans: Litovsky et al. 2010). Other possible explanations are 79 

between-ear mismatches in electrode positions or activation sites of auditory nerve fibers (ANFs; 80 

He et al., 2012; Hu and Dietz, 2015; Joshi et al., 2017) or differences in the binaural brain 81 

circuits activated by electric versus acoustic stimulation.  82 

Studies in bilaterally implanted adult cats with short deafness durations (7-14 d) showed 83 

that a high proportion of neurons in the inferior colliculus (IC) was sensitive to ITDs of electric 84 

pulse trains. However, some ITD tuning metrics of these neurons for electric stimuli [best ITD, 85 

ITD at maximum slope (ITDms)] differed significantly from those obtained for acoustic 86 

broadband noise in normal-hearing cats (Smith and Delgutte, 2007). The characteristic 87 

frequencies (CFs) of neurons in the deafened animals could not be determined, and it remained 88 

unclear whether differences in the CF or the short deafness durations in the electrically 89 

stimulated animals were responsible for the observed discrepancies between electric and 90 

acoustic ITD tuning. Moreover, although general similarities in neural ITD sensitivity in the IC to 91 
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acoustic broadband and narrowband stimuli have been reported (Yin et al., 1986; Carney and 92 

Yin, 1989; Plauška et al., 2017), different spectrotemporal acoustic stimulus properties likely 93 

influence neural ITD coding.  94 

To identify intrinsic differences between electric and acoustic ITD coding, basic ITD tuning 95 

features and neural ITD discrimination thresholds to electric stimulation of the round window 96 

(biphasic pulses) and to acoustic stimulation with sounds of different spectral (narrowband tones 97 

versus broadband noise, clicks, and chirps) and temporal properties (sustained tones and noise 98 

versus transient clicks and chirps) were characterized for the central range of ITDs in 99 

overlapping populations of predominantly low-frequency neurons in normal-hearing animals.  100 

Human studies have used trains of brief, bandlimited acoustic pulses to mimic the 101 

spectrotemporal properties of pulsatile electric stimuli (e.g., McKay and Carlyon, 1999; Majdak et 102 

al., 2006; Kan et al., 2013). If similar mechanisms are involved in the binaural processing of 103 

transient stimuli of either mode, responses to acoustic and electric stimuli should display similar 104 

ITD characteristics. In the present study, this hypothesis was tested by comparing ITD 105 

processing of electric pulses to that of acoustic clicks and chirps in the same neurons. 106 

Acoustic studies have shown that ITD response properties of neurons in the dorsal 107 

nucleus of the lateral lemniscus (DNLL) and the IC are similar (Kuwada et al., 2006). Electric 108 

and acoustic stimulation might engage different binaural excitatory and inhibitory brain circuits 109 

that may differently affect ITD processing of electric stimuli in DNLL and IC. Therefore, neural 110 

responses to ITDs of electric and acoustic stimuli were compared in the two nuclei. 111 

On the population level, the basic nature of neural ITD processing in normal-hearing 112 

animals was similar for both stimulus modes and largely independent of the spectrotemporal 113 

properties of the acoustic stimuli. However, for a given neuron, acoustic ITD coding did not 114 

predict electric ITD coding. The characteristic features of electric and acoustic ITD processing 115 

were similar in DNLL and IC.  116 
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Methods  117 

Surgical procedures 118 

All experiments were performed in accordance with the German animal welfare law (54-119 

2531.01-13/07, 55.2-2531.01-37/08, and 55.2-2531.01-42/13). Adult Mongolian gerbils 120 

(Meriones unguiculatus) of either sex were bilaterally implanted with round-window electrodes at 121 

the time of the experiment. All surgical procedures and electrophysiological recordings were 122 

conducted under general anesthesia. Animals were initially sedated by intraperitoneal injection 123 

[7.5 μl/g bodyweight (BW)] of a mixture of ketamine (7.5 mg/ml), xylazine (1.3 mg/ml), glucose 124 

(16.1 mg/ml), and NaCl (48.4 mg/ml). Anesthesia was maintained at an areflexic level using a 125 

continuous subcutaneous infusion via a syringe pump (3.2 μl/g BW/h). Body temperature was 126 

maintained at ~37°C using a feedback-controlled heating blanket (BC4, Thomas Wulf Elektronik, 127 

Germany). Dexamethasone (3 μg/g BW/6 h) and glycopyrrolate (0.011 μg/g BW/12 h) were 128 

administered subcutaneously to prevent brain oedema and to reduce salivation, respectively. 129 

Respiration rate and reflexes were monitored regularly during the experiment.  130 

Before implantation of the round-window electrodes, normal acoustic sensitivity was 131 

confirmed by the presence of acoustically evoked auditory brainstem responses (aABRs) to 132 

clicks at ≤40 dB peak sound pressure level (pSPL) (for details see Auditory brainstem 133 

responses). For implantation, the skin was incised along the midline of the skull and post-134 

auricularly on both sides. A metal headpost was fixed to the cranium using a bone screw 135 

(1.6x2.4 mm, PlasticsOne, USA) and dental hybrid composite (Charisma, Heraeus Kulzer, 136 

Germany). On both sides, the tympanic bulla was opened, and a custom-made electrode with a 137 

single ball-shaped contact (diameter ~0.3 mm; MedEl) was inserted into the round window niche 138 

and secured in place using cyanoacrylate tissue adhesive (VetbondTM, 3M Animal Care 139 

Products, USA). A reference electrode was placed in the neck muscle behind each bulla. The 140 

round-window approach offered two important advantages for the present study: First, acoustic 141 

sensitivity in the implanted ears was maintained and, thus, allowed for both acoustic and electric 142 

stimulation of the cochlea. Second, monopolar round-window stimulation activates neurons 143 
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across the entire tonotopic axis, including low-frequency ITD-sensitive neurons (Leake et al., 144 

1995). Successful implantation was confirmed by electrically evoked auditory brainstem 145 

responses (eABRs) to electric pulses (for details see Auditory brainstem responses). 146 

The animal was then mounted in a modified stereotaxic frame (David Kopf Instruments, 147 

USA). A craniotomy (~2.5x2 mm2) was performed ~1 mm left of the midline of the skull and just 148 

caudal to bregma. The craniotomy was extended caudally to the rostral aspect of the transverse 149 

sinus, and the dura was removed. 150 

After the electrophysiological recordings, animals were sacrificed by an overdose of 151 

anesthesia and transcardially perfused with a buffered NaCl solution, followed by a 4% 152 

paraformaldehyde solution. After 2 days in sucrose solution, the brain was frozen at -20° C and 153 

processed histologically. 154 

 155 

Stimuli, stimulus generation, and calibration 156 

For acoustic stimulation, pure tones (50 ms, 5 ms cos2 rise/fall time), broadband unfiltered 157 

white noise (100 ms, 5 ms cos2 rise/fall time), trains of monophasic square-wave unfiltered 158 

condensation clicks (100 μs), and trains of upward frequency-modulated sweeps (‘chirps’) were 159 

used. The frequency range of the chirp was narrower than that tested by Earl and Chertoff 160 

(2012), but the rate of the frequency change was identical. The frequency of the chirp was swept 161 

from 160 Hz to 20 kHz in 3.23 ms in order to compensate for the cochlear traveling wave delay 162 

and to achieve simultaneous activation along the gerbil’s basilar membrane (for details see Earl 163 

and Chertoff, 2012). For electric stimulation, biphasic square-wave pulses (80 μs/phase, 10 μs 164 

interphase interval, cathodic leading) were used.  165 

Acoustic and electric stimuli were digitally generated by a real-time processor [RX8, 166 

Tucker-Davies-Technologies (TDT), USA; 100 k samples/s]. Acoustic stimuli were passed 167 

through a programmable attenuator (PA5, TDT), amplified (AMP84, Thomas Wulf Elektronik, 168 

Germany), and delivered by closed-field speakers (Eartone 5A 50Ω, Etymotic, USA) that were 169 

sealed to the external meati. Before each recording experiment, acoustic clicks were calibrated 170 
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to dB pSPL (Burkard, 2006) using a custom-made 20 μl coupler (silicone tube) and a probe 171 

microphone (4182, Brüel&Kjær, Denmark). The acoustic output of the speaker was amplified 172 

(Nexus 2690, Brüel&Kjær) and digitized (200 k samples/s, RX6). Tone stimuli were calibrated in 173 

a frequency-specific manner to dB SPL using white noise (2 s). Its spectrum was obtained by 174 

fast Fourier transformation and corrected for the known frequency response of the probe 175 

microphone. Electric stimuli were passed through a multichannel attenuator (ATT20, Thomas 176 

Wulf Elektronik) and delivered to the round-window electrode through a custom-made, optically 177 

isolated current source (ICS5, Thomas Wulf Elektronik). Electric stimulation levels in dB were 178 

calibrated relative to 100 μA peak-to-peak (μApp). 179 

 180 

Auditory brainstem responses 181 

All recordings were performed in a double-walled, sound-attenuated, and electrically 182 

shielded chamber (Industrial Acoustics Company, Germany). To assess neural sensitivity to 183 

both acoustic and electric stimulation of the cochleae, aABRs and eABRs were measured 184 

monaurally to low rate (21 Hz) acoustic clicks and electric pulses, respectively (for details see 185 

Stimuli, stimulus generation, and calibration; Wiegner et al., 2016). For eABR measures, electric 186 

pulses alternated in polarity in order to minimize the stimulus artifact. Subcutaneous electrodes 187 

were placed in the ipsilateral neck (active), the snout (reference), and the back (ground) of the 188 

animal. Auditory brainstem responses were recorded using TDT System 3 hardware and 189 

software (BioSigRP: 21 Hz, 500-1500 repetitions). Stimuli were amplified (RA4LI), digitized 190 

(RA4PA; 25 k samples/s), and filtered (RX5: 300-3000 Hz, 50 Hz notch filter). The ABR 191 

threshold was defined as the lowest stimulation level that evoked a reproducible response 192 

according to visual criteria. Before and after implantation, all animals included in this study 193 

showed normal sensitivity to acoustic clicks (threshold criterion ≤40 dB pSPL). Differences in 194 

eABR thresholds between the two ears were ≤3 dB. 195 

 196 

Single neuron recordings 197 
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Single neuron responses were recorded extracellularly using tungsten microelectrodes 198 

(Microprobe, impedance 4-7 MΩ). The recording electrode was tilted from medial to lateral by 5° 199 

and gradually advanced from dorsomedial to ventrolateral into the IC and DNLL using a 200 

remotely controlled piezoelectric microdrive (PM 101, Märzhäuser, Germany) held in a modified 201 

micromanipulator (David Kopf Instruments). Recordings were amplified (RA16AC, TDT), 202 

digitized (25 k samples/s, RA16PA, TDT), filtered (RX5, TDT; 600-7000 Hz), and stored on a 203 

PC. Isolation of action potentials (spikes) from single neurons was verified by shape stability and 204 

off-line spike cluster analysis (Brainware, TDT; Fig. 2B). 205 

Typically, either 100 ms noise bursts or low rate electric pulses [2-10 pulses per second 206 

(pps)] were delivered monaurally and binaurally and used as search stimuli. Once a single 207 

neuron was isolated, 50 or 100 ms pure tones were presented monaurally and diotically (zero 208 

ITD and zero ILD) at randomized frequency-level combinations ranging from 0.2 to 20 kHz (2-5 209 

steps/octave) and from 0 to 80 dB SPL (10 dB steps) to determine the neuron’s frequency-level 210 

response area and CF (i.e., the tone frequency that elicited responses at the lowest sound 211 

level). In order to characterize the neuron’s ITD response type (for detail see ITD TUNING), ITD 212 

sensitivity to pure tones (50 ms) was assessed by presenting a matrix of stimulus frequencies 213 

and ITDs at ~20 dB above the diotic threshold at CF. Five frequencies centered around the 214 

frequency that elicited the maximum modulation in spike rate across ITDs (best ITD frequency, 215 

BFITD; Fig. 1A) were then presented over a range of ITDs that was equivalent to at least two 216 

cycles of the stimulus frequency and 10 interaural phase differences (IPDs) per cycle (Pecka et 217 

al., 2008). If necessary, the stimulus level was adjusted to increase spike rate modulation to 218 

different ITDs.  219 

Rate-level functions for monaural and diotic stimulation with single electric pulses (1 or 2 220 

dB steps) were used to determine the electric dynamic range (level range for the 10-90% range 221 

of driven spike rate) and response threshold (the level at 10% of driven spike rate). Rate-level 222 

functions for acoustic clicks, chirps, and noise were derived using sound levels between 0 and 223 

80 dB (p)SPL in steps of 5 or 10 dB that were presented in random order. 224 
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To allow for stimulus-locked responses and to avoid onset-only responses of IC and DNLL 225 

neurons to repetitive stimuli, ITD sensitivity for transient stimuli (electric pulses, acoustic clicks, 226 

and chirps) was typically tested with low-rate (20 pps) periodic stimulus trains of 300 ms 227 

duration, presented every 600 ms. Electric pulse trains were presented at 1 to 4 dB above the 228 

diotic threshold for single pulses, and acoustic click and chirp trains were usually presented at 229 

20 dB above the diotic threshold for single stimuli. If necessary, stimulus level and stimulus rate 230 

(typically between 10 and 40 pps) were adjusted to increase ITD sensitivity. ITD sensitivity for 231 

noise was tested using single 100 ms noise bursts presented every 350-400 ms at ~10 to 20 dB 232 

above the diotic threshold.  233 

ITDs for broadband stimuli (electric pulses, acoustic clicks, chirps, and noise) typically 234 

covered ranges from ±1500 μs to ±3000 μs with step sizes of 100 to 200 μs. Positive ITD values 235 

refer to contralateral leading stimuli and negative ITDs to ipsilateral leading stimuli. In low-CF 236 

neurons, ITD functions for acoustic stimuli and for electrophonic responses to electric stimuli can 237 

show multiple peaks that occur at intervals that are roughly equal to 1/CF (e.g., Yin et al., 1986, 238 

1987; Carney and Yin, 1989; Figs. 2E, 3A,B,D,F,H). Because of time constraints in single unit 239 

recordings, the ITD ranges for broadband stimuli did not always cover two full cycles of the CF. 240 

In the case of narrowly tuned neurons, the ITD range was reduced to as low as ±200 μs with 241 

step sizes of 10-25 μs to improve the resolution. ITDs were always presented in random order. 242 

Typically, each stimulus was repeated 20 times. 243 

Responses of single neurons were usually not available for all stimulus types because 244 

neurons were lost before recordings were complete, or because neurons did not respond to all 245 

stimuli. Moreover, in initial experiments a neuron was not always tested for ITD sensitivity to 246 

broadband stimuli if it was not ITD sensitive to tones. This resulted in a bias towards low-CF 247 

neurons (≤2 kHz; see CF in Results). In later experiments, the sequence of recordings was 248 

flexible, and, if time permitted, all neurons were tested for ITD sensitivity to broadband stimuli. 249 

This increased the number of high-CF neurons (>2 kHz). 250 

 251 
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Electrophonic versus electroneural responses 252 

Electric stimulation of the hearing cochlea can evoke both electrophonic responses that 253 

closely resemble responses to acoustic stimulation and electroneural responses that result from 254 

direct activation of the auditory nerve. Compared to electrophonic responses, electroneural 255 

responses are characterized by higher thresholds, shorter latencies, higher synchronization to 256 

the electric stimulus, and narrower dynamic ranges (e.g., Moxon 1971; Hartmann et al., 1984; 257 

Lusted and Simmons 1984; van den Honert and Stypulkowski, 1984; Miller et al., 2006; Vollmer 258 

et al., 2008; Sato et al., 2016).  259 

To ensure that the reported data were restricted to those obtained with electroneural 260 

activation, responses to electric pulses were evaluated over large ranges of stimulus current. For 261 

the neurons included, electric response thresholds were usually >200 μApp, and the responses 262 

displayed narrow dynamic ranges (typically between 2 and 6 dB). Response thresholds and 263 

dynamic ranges were similar to those for electroneural responses recorded in a different cohort 264 

of deafened gerbils (e.g., Wiegner et al., 2016). Moreover, some of the animals included in this 265 

study were deafened after collecting the data for this study, and subsequent responses to 266 

electric stimulation of the deaf cochleae were recorded. Within-animal comparisons confirmed 267 

the similarity in response patterns, thresholds, and dynamic ranges before and after deafening. 268 

Across the entire dynamic range, single-neuron responses to electric stimulation were strongly 269 

synchronized and displayed no abrupt changes in latency with increasing stimulus current. 270 

Again, these observations argue for electroneural responses.  271 

Poststimulus time histograms (PSTHs) constructed from the responses of low-CF ANFs to 272 

clicks show multiple peaks occurring at intervals of ~1/CF (e.g., Kiang et al., 1965; Pfeiffer and 273 

Kim, 1972; Carney and Yin, 1988; Guinan et al., 2005; for review see Heil and Peterson, 2015). 274 

The PSTHs of ANFs to electric pulses can also show such multiple peaks, if the responses are 275 

of electrophonic origin. These peaks should be reflected as multiple peaks in the ITD functions 276 

of DNLL and IC neurons. However, in the present study, the ITD functions for electric stimuli did 277 

not display multiple peaks, even when recorded over a range of ITDs sufficiently wide to include 278 
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2/CF (Figs. 2E-F, 3A-C,E,G, 4C,D). Also, none of the PSTHs of IC neurons to single monaural 279 

and diotic electric pulses had multiple peaks at intervals of 1/CF (not shown). These response 280 

patterns support direct electroneural rather than electrophonic activation. 281 

In addition, within the narrow dynamic ranges typical for direct electroneural responses, 282 

the currents used to obtain ITD functions were usually set close to saturation. These relatively 283 

high currents and the use of monopolar (round-window) stimulation further reduce the probability 284 

of electrophonic responses to electric pulses (e.g., Moxon, 1971; Lusted and Simmons, 1984; 285 

van den Honert and Stypulkowski, 1984). Taken together, the response patterns of the reported 286 

neurons to electric stimulation were in accordance with direct electroneural activation. 287 

 288 

Data analysis  289 

ITD SENSITIVITY. Spike rates were plotted against ITD to obtain ITD functions (Figs. 1-4). 290 

To characterize ITD sensitivity independently of the shape of the ITD function, an analysis-of-291 

variance calculation derived from the raw spike counts for each ITD and each stimulus trial 292 

(Hancock et al. 2010) was performed. Onset responses were included in the spike count 293 

calculation. For each neuron, the ratio of the variance of the mean response attributable to 294 

changes in ITD to the total variance of the response across all repetitions and ITDs was 295 

determined (ITD signal to total variance ratio, STVR). STVR values range from 0 (when the 296 

mean response is the same for all ITDs) to 1 (when a stimulus with a given ITD elicits the same 297 

number of spikes on every presentation, when this is true for all ITDs, and when the mean 298 

number of spikes is not the same for all ITDs). Neural responses were defined ITD sensitive and 299 

analyzed further if there were significant differences in the mean number of spikes across the 300 

ITDs tested (F test, P<0.025; Hancock et al., 2010).  301 

 302 

ITD TUNING. For ITD sensitive neurons, the shapes of ITD functions in response to electric 303 

pulses and acoustic clicks, chirps, and noise were categorized using four fitting functions (peak, 304 
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trough, biphasic, and sigmoid; criterion R2≥0.314; Smith and Delgutte 2007) (Fig. 4). Each ITD 305 

function was assigned to the category that provided the best fit (i.e., the smallest sum of squared 306 

errors). The fitting functions of peak-shape and biphasic ITD functions possess three parameters 307 

that characterize ITD tuning: best ITD (ITD at maximum spike rate), halfwidth as a measure of 308 

sharpness of tuning (ITD range at half height of the Gaussian fit for peak-shape functions and of 309 

the positive-going component for biphasic functions; Hancock et al., 2013), and ITDms (ITD at 310 

the steepest slope where the spike rate is most sensitive to changes in ITD; for peak-shape ITD 311 

functions, ITDms was determined from the slope closest to zero ITD).  312 

ITD functions for clicks, chirps, and noise can have multiple peaks (Fig. 2E,F; Fig. 313 

3A,B,D,F,H). Multi-peak ITD functions that could not be fitted unambiguously (criterion 314 

R2≤0.314) were excluded from shape categorization, and ITD tuning metrics were not 315 

determined (Fig. 3D, F). If the ITD functions displayed a single dominant peak (or trough), the 316 

best fit was used for shape categorization (Fig. 3H).  317 

ITD functions for pure tones typically have multiple peaks (Fig. 1A) and were categorized 318 

as peak-type, trough-type or intermediate-type based on their characteristic phase (CP, see 319 

below). For each stimulus frequency, the best interaural phase delay (best IPD) and vector 320 

strength (VS) were analyzed using a vector analysis (Goldberg and Brown, 1969; Yin and 321 

Kuwada, 1983a).  Best IPD (criterion P<0.001; Raleigh test, Mardia 1972) was plotted against 322 

stimulus frequency. A non-weighted least-square linear regression was calculated if at least 323 

three IPD values were available (Fig. 1B). The linearity of the IPD versus frequency relationship 324 

was assessed using the mean-square-error evaluation described by Yin and Kuwada (1983b). 325 

Using this method, 91% (126/139) of the neurons displayed linearity. This proportion is similar to 326 

the 93% reported by Siveke and colleagues (2006) who used a weighted mean-square-error 327 

measure (Kuwada et al., 1987). The CP is defined as the y-intercept of the regression line at 0 328 

Hz and describes the mean interaural phase at which the characteristic delay (CD) occurs, i.e., 329 

where the ITD functions for different frequencies display constant relative amplitude (Yin and 330 

Kuwada, 1983b; Kuwada et al. 1987). CP values at or near zero cycles (between 0 and ±0.18 331 
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cycles) indicate CDs at or close to the peaks of the ITD functions (peak-type neurons). In 332 

contrast, CP values near 0.5 cycles (within ±0.17 of ±0.5 cycles) indicate CDs at or close to the 333 

troughs of the ITD functions (trough-type neurons). Intermediate-type neurons are characterized 334 

by CP values between 0.18 and 0.33 and between -0.18 and -0.33 cycles. Thus, unlike ITD 335 

functions for electric pulses and acoustic clicks, chirps, and noise (Fig. 4), the ITD functions for 336 

tones were not categorized based on the shape-fit and were, therefore, not included in the 337 

quantitative analysis of response shapes shown in Fig. 5A. However, to quantitatively compare 338 

tuning metrics across all stimuli, best ITD, halfwidth, and ITDms for tones were calculated based 339 

on the peak-fit (positive Gaussian function; Smith and Delgutte 2007) to the most central peak of 340 

the tone ITD function at BFITD (Fig. 4A, central-peak data are from the neuron in Fig. 1A). 341 

Because ITD tuning metrics in response to tones largely depend on stimulus frequency, the 342 

following analyses conservatively focus only on peak-type neurons. These neurons typically 343 

display the maximal responses (i.e., best ITD) at the same ITD or at similar ITDs across 344 

frequencies (e.g., Yin and Chan 1990; Batra et al. 1997a,b; Joris and Yin 1998). 345 

 346 

NEURAL DISCRIMINATION THRESHOLDS. A modified version of the standard separation D, 347 

originally proposed by Sakitt (1973), was used to estimate ITD discrimination of single neurons. 348 

The modified measure is analogous to d’ used in psychophysical studies to quantify 349 

discrimination performance and is given by: 350 

 

where μITD and μITD+ ITD are the means of the spike counts at two different ITDs, and ITD and 351 

ITD+ ITD are their corresponding standard deviations. The geometric mean of variances in the 352 

original definition of standard separation D (Sakitt, 1973) was replaced by the arithmetic mean to 353 

avoid invalid equations in cases where the spike-count variance is zero for one of the ITDs 354 

(Smith and Delgutte, 2007). The neural discrimination threshold (NDT) is defined as the 355 
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difference in ITD relative to a reference ITD that is required for the standard separation D to 356 

reach a value of 1. NDT was computed in both positive and negative directions relative to a 357 

reference of zero ITD. Only the lowest of these two NDTs is reported in Fig. 11. 358 

When recorded from the same neurons, responses to acoustic clicks and chirps were 359 

similar for any of the measures extracted (i.e., ITD tuning metrics, NDTs; Wilcoxon Signed Rank 360 

Test, all P>0.18). Nevertheless, data obtained in response to clicks and chirps will be reported 361 

separately in the following population analyses and will only be pooled for within-neuron 362 

comparisons between electric pulses and acoustic clicks or chirps. 363 

 364 

Recording sites and histology 365 

In each animal, we determined the locations of the recording sites by stereotaxic 366 

coordinates relative to lambda. To identify the recording sites and to assign them to either IC or 367 

DNLL, two to three electrolytic lesions (8 μA, 2.5-3 min) were made while the electrode was 368 

withdrawn. 369 

Brains were sectioned in coronal orientation (25-50 μm thickness) and stained with 370 

Berliner Blau and Nissl using a standard protocol. Using light microscopy, the lesion sites and/or 371 

the track of the recording electrode were photographed, and the recording locations were 372 

determined based on the coordinates.  373 

In some cases, the locations of DNLL and IC could also be identified using physiological 374 

criteria. When advanced ventrally, the electrode typically encountered a silent zone (width ~500 375 

μm) between the ventral part of the IC and the dorsal part of the DNLL where no neurons could 376 

be isolated. The following entry into the DNLL was marked by an abrupt increase in 377 

spontaneous activity and neuronal discharge rates (Kuwada et al., 2006).  378 

 379 
Experimental Design and Statistical Analysis 380 

The study compares ITD characteristics (best ITD, halfwidth, ITDms, NTD) of single 381 

neurons in response to five stimulus types (electric pulses, acoustic clicks, chirps, noise, and 382 
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tones) (for details see Database in Results). 383 

The data were tested for normality and equal variance (Sigma Plot 13.0). If these 384 

conditions were not met, the nonparametric Kruskal-Wallis (K-W) test was used, followed by 385 

Dunn’s test for pairwise multiple comparisons. Results are reported as medians ± quartile 386 

deviation (Q). If the samples were partially dependent, and the data were sufficiently normal, a 387 

one-way ANOVA was used with neurons as random effects [restricted maximum likelihood 388 

(REML) estimates of the variances; JMP 13.2], followed by Bonferroni-adjusted multiple t-tests 389 

with random effects. In the case of skewed data (halfwidth and NDT), the measures were log-390 

transformed to approach normality. For the comparison of neuronal responses from DNLL and 391 

IC, the Mann-Whitney U-test (M-W) was used. For matched-pairs comparisons of neural 392 

responses to acoustic clicks or chirps and electric pulses, the Wilcoxon Signed Rank Test was 393 

used. For categorial data distributions, the 2--test or the two-sample Kolmogorov-Smirnov test 394 

(K-S) was used. 395 

 396 

Results 397 

Database 398 

This report includes recordings from 183 single neurons in 48 normal hearing gerbils. The 399 

number of neurons per animal varied between 1 and 11 with an average and standard deviation 400 

of 3.8±2.9. Seventy-one (39%) of these neurons were located in the IC, 83 (45%) in the DNLL, 401 

and 29 (16%) could not unambiguously be assigned to either IC or DNLL because anatomical 402 

(electrolytic lesions) or physiological identification was not available. For each stimulus type, at 403 

least 74% of the recorded ITD functions exhibited significant ITD sensitivity. 404 

 405 

Shapes of ITD functions and ITD response types 406 

Figure 2A shows responses of an example IC neuron to low-rate (20 pps) trains of electric 407 

pulses (left), acoustic clicks (middle), and acoustic chirps (right). ITDs varied between ±1900 μs. 408 



18 
 

 18 

For all three stimulus types, the neuron’s responses were locked to the stimuli and clearly varied 409 

with the ITD, with a preference for positive ITDs (contralateral leading, i.e., corresponding to 410 

locations in the contralateral hemifield). Stable spike waveforms and isolation of response 411 

clusters in the feature space (Fig. 2B) revealed that the responses to the different stimuli were 412 

obtained from the same neuron. Figure 2C displays the corresponding ITD functions for the 413 

three stimulus types. All three functions nearly overlap, are peak-shaped and narrowly tuned 414 

with a best ITD around +220 μs. Nonetheless, when recorded from the same neuron, ITD 415 

functions for transient stimuli of different modes can clearly differ. Figure 2D-F shows ITD 416 

functions for electric pulses and acoustic clicks from three other neurons. These functions 417 

display different ITD tuning widths and best ITDs for the different stimulus modes. Moreover, in 418 

low-CF neurons, ITD functions for acoustic stimuli can have multiple peaks that occur at 419 

intervals of ~1/CF (e.g., Yin et al., 1986, 1987; Carney and Yin, 1989; Fig. 2E; see also Fig. 420 

3A,B,D,F,H). Multiple peaks were not observed in ITD functions for electric pulses, consistent 421 

with the notion that the responses were evoked by electroneural rather than electrophonic 422 

activation (Fig. 2C-F; see also Figs. 3A-C, E,G, and 4C,D). A multi-peak ITD function for clicks 423 

was observed in one high-CF neuron (Fig. 2F). In this case, however, the peaks did not occur at 424 

intervals of 1/CF, so that the underlying mechanisms are likely not related to cochlear frequency 425 

selectivity. 426 

For the broadband stimuli, the shapes of the ITD functions of ITD sensitive neurons in 427 

normal-hearing animals were assigned to one of four categories (peak, trough, sigmoid, or 428 

biphasic) that were previously used to categorize data from bilaterally deafened and implanted 429 

cats (Smith and Delgutte 2007; Hancock et al. 2010, 2013). Figure 4 shows examples of the four 430 

shape categories. Each ITD function was assigned to the category that provided the best fit (see 431 

Methods). Because the distributions of shape categories of DNLL and IC neurons did not differ 432 

for any of the stimuli tested (K-S, all P>0.05), shape categories were pooled across all neurons 433 

for further analysis. Figure 5A shows the fraction of each shape category for electric pulses, 434 

acoustic clicks, chirps, and noise. Peak-shape ITD functions were the most common, indepen-435 
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dent of the stimulus mode (electric/acoustic) or the temporal properties (transient or sustained) 436 

of the broadband acoustic stimuli. 437 

For tone stimulation, the ITD response types (not the shapes) of neurons are typically 438 

categorized based on a vector analysis (Fig. 1; Yin and Kuwada 1983a; see Methods). ITD 439 

response types to tones are often thought to be associated with specific neural mechanisms 440 

underlying ITD sensitivity. Peak-type neurons are associated with the coincidence of binaural 441 

excitatory inputs in the MSO, whereas trough-type neurons are thought to reflect ipsilateral 442 

excitation and contralateral inhibition, as found in the lateral superior olive (LSO) (e.g., Yin and 443 

Chan, 1990; Batra et al., 1997; Joris and Yin, 1998). Neurons with ITD functions deviating from 444 

peak- or trough-type may receive inputs from different brainstem nuclei or inputs from several 445 

MSO neurons with different best ITDs (e.g., McAlpine et al., 1998; Siveke et al., 2006). However, 446 

some studies found trough-type neurons in the MSO (Day and Semple, 2011) and intermediate-447 

type neurons in the MSO and LSO (Batra et al., 1997) and, therefore, question a simple 448 

association between response types and underlying mechanisms. 449 

The distribution of ITD response types is shown in Figure 5B. Peak-type neurons were 450 

most common (56/126, 44%), followed by intermediate-type (36/129, 29%) and trough-type 451 

neurons (34/126, 27%). The dominance of peak-type neurons is consistent with previous studies 452 

of pure tone ITD processing in DNLL and IC (Kuwada et al., 2006; Siveke et al., 2006). 453 

In Figure 5C, the shapes of ITD functions in response to the different broadband stimuli 454 

were related to the neurons’ corresponding ITD response types to tones. Because the 455 

distributions of shape categories versus response types were similar for clicks and chirps, data 456 

for these two transient acoustic stimuli were pooled. For neurons with peak-shape ITD functions, 457 

the proportions of corresponding tone-evoked ITD response types were similar across the three 458 

groups of broadband stimuli ( 2-test, P>0.05): For all three broadband stimuli, 52-57% of 459 

neurons with peak-shape ITD functions were associated with peak-type neurons, 25-30% were 460 

associated with trough-type neurons, and 19-22% with intermediate-type neurons. 461 
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Even if data for peak-type and intermediate-type neurons were pooled, and peak-shape 462 

functions were combined with biphasic functions (not shown), the results indicate that, 463 

independent of the stimulus mode or the temporal properties of the acoustic stimuli, the shapes 464 

of only ~2/3 (67%) of the ITD functions for broadband stimuli predict the corresponding ITD 465 

response type for tonal stimulation.  466 

 467 

ITD tuning metrics 468 

To quantitatively characterize and compare neuronal ITD tuning across the different 469 

stimulus types, three tuning metrics were derived from the fits of peak-shape and biphasic ITD 470 

functions: best ITD, halfwidth of ITD tuning, and ITDms (Fig. 4A, B). For tones, only tuning met-471 

rics from peak-type neurons were included for comparison (see Methods). The characterization 472 

of ITD tuning metrics for tonal stimulation was based on the peak-fit to the most central peak of 473 

the function at BFITD (Figs. 1A, 4A).  474 

DNLL VERSUS IC. The proportion of ITD sensitive neurons for any given stimulus did not 475 

differ between DNLL and IC (all >73%; 2-test, all P>0.09). Across all stimulus types there were 476 

no differences in ITD tuning between neurons in the DNLL and the IC for any of the metrics 477 

tested (Table 1; Mann-Whitney Rank Sum Test, all P>0.09). The results for best ITD, halfwidth, 478 

and ITDms were therefore pooled across the two nuclei for further analyses.  479 

BEST ITD. Figure 6A shows the distributions and cumulative probabilities of best ITDs for 480 

the five stimulus types (electric pulses, acoustic clicks, chirps, noise, and tones). The median 481 

best ITDs are marked by the intersections of the cumulative probabilities with the horizontal 482 

lines. Across all stimulus types, best ITDs were biased toward positive values (contralateral 483 

leading).  Most ITD functions for electric pulses (85%), acoustic clicks (88%), chirps (90%), noise 484 

(90%), and tones (70%) peaked at positive ITDs. For all stimulus types, the peaks of the 485 

distributions fell between ITDs of +100 and +200 s. Moreover, most best ITDs for electric 486 
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pulses (55%), acoustic clicks (56%), chirps (70%), noise (60%), and tones (57%) lay outside the 487 

physiologically relevant range of ITDs in gerbils (±135 m, grey area; Maki, 2003).  488 

Box plots in Figure 6B show the statistical comparisons of best ITDs for the same neurons 489 

presented in Figure 6A. For all five stimulus types, median best ITDs were outside the 490 

physiological range (grey area) and did not differ between stimulus types (K-W, P=0.521). Also 491 

the ANOVA accounting for random (neuronal) effects did not reveal significant differences in 492 

best ITDs across groups (P=0.068). 493 

Figure 6C plots best ITDs for electric pulses versus transient acoustic broadband stimuli 494 

(pooled click/chirp responses) for a sample of 38 neurons. The data points scattered broadly 495 

around the diagonal, and best ITDs for the two stimulus modes were not significantly correlated 496 

(linear regression, R2=0.007, P=0.274). In contrast, best ITD for tones and noise (P<0.001, 497 

N=79) and best ITDs for clicks and noise (P=0.008, N=22) were significantly correlated (not 498 

shown), confirming previous findings (Yin et al., 1986; Carney and Yin, 1989; Fitzpatrick et al., 499 

2000). 500 

Figure 6D shows the corresponding matched-pairs comparison of best ITDs for electric 501 

pulses and acoustic clicks/chirps. Similar to the population analysis in Figure 6B, the within-502 

neuron comparison also demonstrated a clear bias towards contralateral leading ITDs for the 503 

two modes of stimulation with the median best ITDs outside the physiological range. Pairwise 504 

comparisons of electric and acoustic best ITDs determined in the same cells showed no 505 

significant difference in median best ITDs for the two stimulus modes (Wilcoxon Signed Rank 506 

Test, P=0.212; Fig. 6D).  507 

BEST ITD VS. CF.  In normal hearing cats, gerbils, and guinea pigs, the best ITDs of low-508 

frequency IC and MSO neurons to acoustic narrowband and broadband stimuli tend to be 509 

inversely correlated with their CFs (McAlpine et al., 2001; Hancock and Delgutte, 2004; Joris et 510 

al., 2006; Siveke et al., 2006; Plauška et al., 2017). Figure 7A-D shows the relationship between 511 

the best ITDs and CFs of neurons that were ITD sensitive to the different stimulus types. As in 512 
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Figure 6, best ITDs for electric pulses (A), acoustic clicks/chirps (B) and noise stimuli (C) were 513 

derived from peak-shape and biphasic ITD functions. For tones, the sample includes peak-type 514 

and intermediate-type neurons. The dependence of best ITD on CF was quantified by dividing 515 

the neurons into quintiles based on CF and computing the mean absolute best ITD for each 516 

quintile (red circles).  For all stimulus types, the majority of neurons had best ITDs within half a 517 

cycle of their CFs (dashed lines). Only for tone stimulation, a weak trend of increasing best ITD 518 

with decreasing CF was observed (Fig. 7D). However, a larger sample of low-frequency neurons 519 

(CF<400 Hz) is needed to thoroughly assess the possibility of a CF-dependence of best ITDs for 520 

broadband stimuli of either mode. 521 

HALFWIDTH. Figure 8A shows the distributions and cumulative probabilities of halfwidths for 522 

the five stimulus types. More than 50% of the neurons had halfwidths <600 s for clicks, chirps, 523 

and tones, whereas more than 50% had halfwidths <450 s for electric pulses and acoustic 524 

noise. Box plots in Figure 8B show the corresponding statistical comparisons of halfwidths. Both 525 

the K-W and the ANOVA accounting for random effect (after log-transformation of the data) 526 

indicated significant differences in halfwidths among the different groups (both P<0.001). 527 

Subsequent Bonferroni-adjusted multiple t-tests with random effects showed that, independent 528 

of the stimulus mode, there were no significant differences in median halfwidths between any of 529 

the broadband stimuli (all P>0.06). However, halfwidths for electric pulses and noise were 530 

significantly narrower than for tones (P=0.008 and P=0.026, respectively). This result is difficult 531 

to interpret because halfwidths for tones are inversely correlated with tone frequency.  532 

When recorded from the same neurons, halfwidths of ITD functions for electric pulses and 533 

acoustic clicks/chirps scattered broadly around the diagonal and were not significantly correlated 534 

(R2=0.02, P=0.349; Fig. 8C). In accordance with the population results in Fig. 8B, the matched-535 

pairs comparison showed no significant difference in median halfwidth for electric pulses and 536 

acoustic clicks/chirps (Wilcoxon Signed Rank Test, P=0.392; Fig. 8D).  537 
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ITDMS. Best ITD and halfwidth determine the ITD at the maximum slope of the ITD function 538 

(ITDms), where changes in firing rate with changes in ITD are most pronounced. Consistent with 539 

the contralateral bias of best ITDs and the relatively narrow ITD tuning in normal hearing animals 540 

(Figs. 6 and 8, respectively), distributions of ITDms for all stimulus types were clearly centered 541 

around zero ITD, with the peaks of the distribution lying within the physiological ITD range in 542 

gerbil (Fig. 9A). Statistical comparisons in Figure 9B demonstrated no differences in the median 543 

ITDms across stimulus types (K-W, P=0.339; ANOVA accounting for random effects, P=0.611). 544 

Median ITDms for all stimulus types lay within the physiological range and occured at negative 545 

ITDs (ipsilateral leading).  546 

Figure 9C directly compares ITDms for electric pulses and acoustic clicks/chirps for a 547 

sample of 40 neurons. Consistent with the findings for best ITD and ITD halfwidth (Figs. 6C, 8C), 548 

ITDms values for acoustic clicks/chirps and electric pulses scattered broadly around the 549 

diagonal and were not significantly correlated (R2=0.001, P=0.855). The matched-pairs 550 

comparison of ITDms values for electric pulses and acoustic clicks/chirps in this sample of 551 

neurons showed no significant difference between the two stimulus types (Wilcoxon Signed 552 

Rank Test, P=0.386; Fig. 9D). 553 

POPULATION CODING. To qualitatively assess the relative effects of stimulus mode and 554 

spectrotemporal stimulus properties on ITD processing, we tested for differences in population 555 

coding across the different stimulus types. Normalized Gaussian best fits for individual ITD 556 

functions were averaged to obtain population ITD functions for each of the four stimulus types 557 

(Fig. 10). Higher peaks reflect a higher proportion of ITD functions with similar ITDs. Here, the 558 

ITD function for clicks/chirps demonstrates the highest peak due to the narrow distribution of 559 

best ITDs for these stimuli (see Fig. 6A,B). Overall, population ITD tuning was similar across all 560 

four stimulus types: best ITD had a pronounced contralateral bias, and ITD halfwidth was 561 

relatively narrow. As a result, all ITD functions had similarly steep slopes. Neural population 562 

coding is an essential prerequisite for the concept of a ‘two-channel’ model of directional 563 

hearing. According to this model, directional hearing in the horizontal plane is based on a 564 
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population code in which the relative activation of two populations of broadly tuned neurons is 565 

compared between the two brain hemispheres (e.g., McAlpine 2001; McAlpine and Grothe 2003; 566 

Stecker et al., 2005; Devore et al. 2009; Hancock et al. 2013; Stange et al. 2013) rather than on 567 

ITD tuning characteristics of (sharply tuned) individual neurons. Assuming that ITD 568 

discrimination in a two-channel model is proportional to the slope of the average ITD function, 569 

the observed similarity in population tuning suggests high acuity in ITD perception in normal-570 

hearing animals that is independent of the stimulus mode or the spectrotemporal properties of 571 

the acoustic stimuli.  572 

 573 

Neural ITD discrimination thresholds (NDTs) 574 

To compare neural ITD acuity across the different stimulus types, NDTs were estimated for 575 

each cell and stimulus type by computing a modified version of the standard separation (Sakitt, 576 

1973; Smith and Delgutte, 2007; see Methods) between each ITD step and a reference ITD. The 577 

NDT is defined as the ITD closest to the reference ITD for which the standard separation 578 

reaches one.  579 

In human studies, ITD discrimination is best for reference sounds in the front. Therefore, 580 

NDTs were calculated for a fixed reference of zero ITD (Fig. 11). There were no differences in 581 

NDTs between neurons in the DNLL and the IC for any of the stimulus types tested (Table 1; 582 

Mann-Whitney Rank Sum Test, all P>0.24). NDTs were therefore pooled across the two nuclei.  583 

Median NDTs did not differ significantly across stimulus types [electric pulses: 98±67 (Q) 584 

s, click: 127±45 s, chirp: 111±43 s, noise: 112±52 s, tone: 92±63 s; K-W, P=0.614; Fig. 585 

11A]. After log-transformation of the data, the ANOVA accounting for random effects also did not 586 

reveal significant differences between NDTs across stimulus types (P=0.560). 587 

Figure 11B directly compares NDTs for electric pulses versus acoustic clicks/chirps for a 588 

sample of 35 neurons. Most values scattered broadly around the diagonal, and there was no 589 

significant correlation between NDTs for the two stimulus modes (R2=0.01, P=0.537). However, 590 

in agreement with the population results in Fig. 11A, the matched-pairs comparison in the same 591 
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sample of neurons revealed no differences in median NDTs between electric pulses and 592 

acoustic clicks/chirps [129±72 (Q) s and 112±60 (Q) s, respectively; Wilcoxon Signed Rank 593 

Test, P=0.199; Fig. 11C]. Thus, on a population level, NDTs were similar across all stimulus 594 

types, independent of the stimulus mode or the spectrotemporal characteristics of the acoustic 595 

stimuli. This similarity in ITD discrimination acuity across the different stimulus types is 596 

consistent with the similarity in population ITD tuning described in Figure 10.  597 

 598 

CF distribution 599 

To exclude the possibility that potential differences in ITD tuning and ITD discrimination 600 

thresholds have been obscured by differences in the distributions of CFs for the five stimulus 601 

types, the CFs to diotic stimulation with pure tones were determined for the majority of ITD 602 

sensitive neurons (154/183, 84%). The CFs ranged from 0.3 to 14 kHz with a peak between 603 

0.75 and 1 kHz (insert, Figure 12C). Because there were no differences in the CFs of DNLL and 604 

IC neurons for any of the four stimulus types tested (electric pulse, click/chirp, noise, tone; M-W, 605 

all P>0.13; Table 1), CFs were pooled across all neurons for further analysis.  606 

Figure 12A shows the distributions and cumulative probabilities of CFs for the five stimulus 607 

types. Data were restricted to those neurons that fulfilled the inclusion criteria for further 608 

analyses (peak-shape and biphasic ITD functions for electric pulses, clicks, chirps, and noise; 609 

peak-type neurons for tones; see Methods). Neurons that were ITD sensitive to tones had 610 

maximum CFs of ~2 kHz, whereas neurons with ITD sensitivity to broadband stimuli had CFs 611 

extending to higher frequencies (maximum of 14 kHz). Independent of the stimulus mode or the 612 

spectrotemporal properties of the acoustic stimuli, more than 2/3 of all ITD sensitive neurons had 613 

CFs below 1 kHz, and the peak of all CF distributions was between 750 Hz and 1 kHz. Box plots 614 

in Figure 12B show the corresponding statistical comparisons of CFs. There were no differences 615 

in median CFs across the different stimulus types (K-W, P=0.116). Because some of the CF 616 

values for different stimulus types were derived from the same neurons, the samples were 617 
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partially dependent. Differences in CFs were, therefore, additionally tested for significance using 618 

an ANOVA that accounted for random (neuronal) effects after log-transformation of the data (see 619 

Methods). Also when accounting for random effects, the ANOVA did not demonstrate significant 620 

differences in the CFs across stimulus types (P=0.359). These data show that potential 621 

differences in ITD tuning and ITD discrimination thresholds across stimulus modes and acoustic 622 

stimulus types were not obscured by differences in CFs. 623 

In early experiments, neurons that were not ITD sensitive to tones were not always tested 624 

for ITD sensitivity to other stimuli (see Methods). This resulted in a sampling bias towards low 625 

CFs (≤2 kHz). Also, the medial-to-lateral orientation of the recording trajectory, that allowed 626 

recordings from both DNLL and IC in the same penetration, may have contributed to a low-CF 627 

bias (Hutson et al., 2018). A minority of neurons that were ITD sensitive to electric pulses (19%), 628 

clicks/chirps (15%), or noise (9%) had high CFs (>2 kHz). However, there were no significant 629 

differences in ITD tuning metrics and ITD discrimination thresholds between low- and high-CF 630 

neurons for any of the stimulus types tested (M-W, P>0.09 for all comparisons), with the 631 

exception of halfwidths for electric pulses (narrower for high-CF neurons, P=0.032) and noise 632 

(broader for high-CF neurons, P=0.024). Additional data recorded from high-CF neurons are 633 

required to more thoroughly evaluate the influence of CF on electric ITD processing. 634 

The CFs of ITD sensitive neurons were also compared with their BFITD values, both 635 

obtained from responses to tonal stimulation (Figure 12C). Results are shown separately for 636 

peak-type neurons (filled circles), intermediate- and trough-type neurons (open circles), and for 637 

neurons that failed the criteria for response-type categorization (dashed circles; see ITD TUNING 638 

in Methods). For the majority of neurons, BFITD values were lower than CFs. This difference was 639 

more pronounced for CFs>1 kHz. The difference in octaves between CFs and BFITD values for 640 

CFs >1 kHz [median for all types 0.59±0.38 (Q) octaves] was significantly larger than that for 641 

CFs ≤1 kHz [0.15±0.18 (Q) octaves; Wilcoxon Signed Rank Test, P<0.001]. These data are in 642 

accordance with previous reports that showed that the majority of ITD-sensitive DNLL and IC 643 
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neurons had BFITD values <1 kHz, and only few had BFITD values of up to 2 kHz (Fitzpatrick et 644 

al., 2000; Siveke et al., 2006).  645 
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Discussion 646 

Effects of spectrotemporal stimulus properties on acoustic ITD coding  647 

 Acoustic stimuli with different spectrotemporal properties elicit different activation patterns 648 

across the population of ANFs that in turn may affect the convergence of inputs to higher-level 649 

neurons (Pfeiffer, 1966; Kiang, 1973, 1975; Godfrey et al., 1975a,b; Bourk, 1976; Carney and 650 

Yin, 1988) and, thus, likely influence ITD processing of DNLL and IC neurons. When restricted to 651 

the central range of ITDs, the results of the present study revealed no differences in ITD tuning 652 

and ITD discrimination thresholds across acoustic stimuli with different spectrotemporal 653 

properties (see Figs. 6B, 9B, 10, 11A), with the exception of halfwidth (Fig. 8B). These findings 654 

are in agreement with prior studies demonstrating similarities in the sensitivities of low-frequency 655 

MSO and IC neurons to ITDs of acoustic narrowband and broadband stimuli at moderate 656 

stimulus levels (Geisler et al., 1969; Yin et al., 1986; Caird and Klinke, 1987; Carney and Yin, 657 

1989; Plauška et al., 2017). 658 

 659 

Population-based acoustic and electric ITD processing 660 

In animals with prior normal hearing experience, the stimulus mode (acoustic vs. electric) 661 

had no effect on the overall nature of ITD processing (see Figs. 6B, 8B, 9B, 10, 11A). On the 662 

population level, ITD tuning metrics and ITD discrimination thresholds of neurons with 663 

comparable CFs were largely similar for acoustic and electric stimulation. Independent of the 664 

stimulus mode, the majority of neurons displayed peak-shape ITD functions (Fig. 5A, C) and 665 

responded maximally to ITDs around the contralateral edge of the physiological range. This bias 666 

towards contralaterally leading best ITDs (Fig. 6) is consistent with previous studies on ITD 667 

processing of acoustic narrowband and broadband stimuli in different auditory brainstem and 668 

midbrain nuclei in gerbils (e.g., Spitzer and Semple, 1995; Seidl and Grothe 2005; Siveke et al., 669 

2006; Pecka et al., 2008; Belliveau et al., 2014; Plauška et al., 2017). For all stimulus types 670 

tested, the majority of DNLL and IC neurons (55-70%) had best ITDs outside the physiologically 671 

relevant range (Figs. 6 and 7). These results are in agreement with prior acoustic studies in 672 
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gerbil MSO and DNLL (Brand et al., 2002; Seidl and Grothe 2005). However, other studies 673 

reported either clearly higher fractions of best ITDs outside the physiological range (>80%; 674 

Pecka et al., 2008) or, in contrast, found that the majority of best ITDs fell within the 675 

physiological range (Day and Semple, 2011; Plauška et al., 2017). The variability in these 676 

findings may reflect the susceptibility of best ITD to a variety of stimulus factors, such as level, 677 

bandwidth, or tone frequency, or it may be due to small sample sizes, especially for MSO 678 

recordings. Nevertheless, independent of differences in stimulus mode or spectrotemporal 679 

stimulus properties, all of these reports underscore the robust contralateral bias of gerbil best 680 

ITDs that allows spike rate to unambiguously encode ITDs over a large proportion of the 681 

physiological range or over its entire range (Fig. 10). Taken together, the overall similarities in 682 

the processing of ITDs of electric pulses, acoustic tones, clicks, chirps, and noise by DNLL and 683 

IC neurons support the hypothesis that population ITD coding can be largely generalized across 684 

stimuli of different modes and spectrotemporal properties, when measured in the central range 685 

of ITDs (Carney and Yin, 1989). The similarities in ITD coding further suggest that both acoustic 686 

and electric ITDs engage similar processing mechanisms and binaural brain circuits in the 687 

normal hearing auditory system.  688 

In normal-hearing animals, ITD response types to tones are often thought to be associated 689 

with specific neural mechanisms underlying ITD coding. Specifically, peak-type neurons are 690 

associated with excitatory-excitatory coincidence mechanisms in the MSO and trough-type 691 

neurons with excitatory-inhibitory mechanisms, as in the LSO (for review, Grothe and Pecka, 692 

2014). This simple dichotomy between response types and underlying mechanisms has been 693 

questioned by studies that reported trough-type neurons in gerbil MSO (Day and Semple, 2011) 694 

and intermediate-type neurons in rabbit MSO and LSO (Batra et al., 1997). In the present study, 695 

the majority of ITD functions for broadband stimuli of either mode were peak-shaped (Fig. 5). 696 

However, in at least 1/3 of the cases, ITD response types to tones did not predict the shapes of 697 

ITD functions for broadband stimuli of either mode (Fig. 5C). These results suggest that, 698 

independent of the stimulus mode, there is no simple association between the shapes of ITD 699 
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functions and the underlying binaural mechanism. Also, the observation that the shape of ITD 700 

functions can change with stimulus level (Benevento and Coleman, 1970; Carney and Yin, 1989; 701 

Hancock et al., 2013) argues against a simple relationship.  702 

The mechanisms underlying the dominance of contralateral-leading best ITDs are 703 

controversially discussed. The stereausis model (Shamma et al., 1989) proposes asymmetric 704 

delays caused by the traveling wave along the basilar membrane due to small between-ear 705 

mismatches in frequency tuning of individual MSO neurons. Direct electric stimulation of the 706 

auditory nerve bypasses the traveling wave and, thus, eliminates cochlear delays. However, the 707 

maintained contralateral bias in electric ITD tuning contradicts the proposal of cochlear delays as 708 

the main source of internal delays and supports other mechanisms, such as contralateral 709 

leading inhibition (Brand et al., 2002), asymmetric excitatory synaptic dynamics (Jercog et al., 710 

2010), and axonal delays (Jeffress, 1948; Plauška et al., 2017). 711 

 712 

Within-neurons comparisons of acoustic and electric ITD processing 713 

In agreement with prior findings (Yin et al., 1986; Carney and Yin, 1989; Fitzpatrick et al., 714 

2000), within-neuron comparisons showed that best ITDs for tones and noise and for clicks and 715 

noise were significantly correlated. In contrast, ITD tuning and discrimination thresholds for 716 

acoustic clicks/chirps did not predict of those for electric pulses. These results are consistent 717 

with recent recordings from MSO cells that showed differences in best ITD for acoustic 718 

broadband stimuli and electric pulses without displaying a preferred direction of mismatch 719 

(Plauška et al., 2017). Possible explanations for the observed non-systematic discrepancies in 720 

ITD processing are differences in the temporal and spectral response patterns that are elicited 721 

across the population of ANFs by either stimulus mode. Electric stimulation bypasses cochlear 722 

filtering and traveling wave delays. Phase-locking of ANFs to electric stimulation is much sharper 723 

than to acoustic stimulation (Dynes and Delgutte, 1992; Javel and Shepherd, 2000). Using 724 

biphasic electric pulses, the site of spike generation along the ANF (peripheral vs. central axon) 725 

can affect spike timing (van den Honert and Stypulkowski, 1984; Miller et al., 1999; Shepherd 726 
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and Javel 1999; Joshi et al., 2017). Moreover, between-ear mismatches of electrode position, 727 

activation site or relative stimulus level can lead to discharge patterns across the auditory nerves 728 

that differ in their spectral (CF) spread, firing rates, dispersion of latencies and degree of 729 

synchronization between the two sides. These differences in peripheral spectrotemporal 730 

response patterns can affect the relative timing, strength and balance of inhibitory and excitatory 731 

inputs converging on higher-level binaural neurons (Carney and Yin, 1989; He et al., 2012; 732 

Hancock et al., 2013; Hu and Dietz, 2015; Undurraga et al., 2016) and thereby account for the 733 

observed within-neuron differences in ITD tuning and discrimination thresholds in response to 734 

the two modes of stimulation.  735 

 736 

Electric ITD coding in deafness 737 

In contrast to the present study, Smith and Delgutte (2007) reported significant differences 738 

in ITD tuning (best ITD and ITDms) for acoustic noise in normal-hearing cats and for electric 739 

pulses in acutely-deafened adult cats with short deafness durations of 1-2 weeks. The CFs of 740 

the individual IC neurons were estimated based on the insertion depth of the recording 741 

electrode. The uncertainty of this method leaves the possibility that differences in the neurons’ 742 

CFs contributed to the differences in ITD tuning between the two stimulus modes. In addition, 743 

the rapid changes in inhibitory synaptic strength that have been observed in the auditory 744 

brainstem and the IC after peripheral deafening (Takesian et al., 2009; Bender and Trussell, 745 

2011) may underlie the altered shapes and tuning metrics of ITD functions for electric stimulation 746 

in animals with short deafness duration (Chung et al., 2016; Smith and Delgutte, 2007). 747 

A number of recent studies in humans and animals suggest that temporal information is 748 

more accurately conveyed by electric stimulation of low-CF (apical) than high-CF (basal) regions 749 

of the cochlea and underscore the importance and effectiveness of low-CF electric activation 750 

(Krumbholz et al., 2000; Hamzavi and Arnolder 2006; Middlebrooks and Snyder, 2010; 751 

Macherey et al., 2011; Schatzer et al., 2014; Landsberger 2014, 2016; Stahl et al., 2016). 752 
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Additional data recorded from high-CF neurons are required to more thoroughly assess the 753 

influence of CF on neural ITD processing of transient electric and acoustic stimuli. 754 

 755 

ITD processing in DNLL vs. IC 756 

The basic features of neural ITD processing (shape distributions of ITD functions, ITD 757 

tuning metrics, neural ITD discrimination thresholds; Table 1) were similar in DNLL and IC, 758 

independent of the stimulus mode or the spectrotemporal properties of the acoustic stimuli. 759 

These results are consistent with previous studies on acoustic ITD processing in unanesthetized 760 

rabbits, except for a sharpening of ITD tuning in the IC observed by Kuwada and colleagues 761 

(2006). The similarity in ITD processing between the two structures suggests that projections to 762 

DNLL and IC from primary ITD-processing structures (MSO and LSO; Brunso-Bechtold et al. 763 

1981; Glendenning and Masterton 1983) and projections from DNLL to IC are similarly engaged 764 

by the two stimulus modes.  765 

 766 

Conclusions 767 

Population-based ITD coding in the normal-hearing system was similar for electric and 768 

acoustic stimulation, when measured in the central range of ITDs. The results indicate that 769 

differences in ITD discrimination between bilateral CI users and normal-hearing listeners are 770 

primarily due to deafness-induced changes in neural ITD processing rather than due to 771 

differences in the binaural brain circuits activated by electric versus acoustic ITDs. These 772 

findings suggest that temporally correlated binaural hearing experience early in life and after 773 

short deafness durations is beneficial for ITD discrimination in binaural electric hearing. 774 

  775 
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Legends 1012 

Fig. 1. Responses of a single peak-type neuron to ITDs of pure tones. A, ITD functions in 1013 

response to tones of five different frequencies. The spike rate is maximally modulated at a best 1014 

frequency (BFITD) of 900 Hz (black). B, The corresponding best interaural phase differences 1015 

(IPDs) were calculated via vector analysis and are plotted against tone frequency to calculate 1016 

the characteristic phase (CP) and characteristic delay (CD). 1017 

 1018 

Fig. 2. Responses of single neurons to ITDs of transient electric and acoustic stimuli. A, Raster 1019 

plots show responses of a single neuron to trains of electric pulses (left), acoustic clicks 1020 

(middle), and chirps (right) presented at different ITDs (grey and white bars). The stimulus train 1021 

is identical for all three stimuli (6 stimuli, 20 pps) and is shown below the plot for electric pulses. 1022 

B, Spike waveforms and feature spaces for the same responses as in A. Isolation of spikes from 1023 

single neurons was verified by the stability of the spike shape and off-line feature space analysis 1024 

for spike clusters. C, Peak-shape ITD functions of the same neuron as in A in response to 1025 

electric pulses, acoustic clicks, and chirps. To compare the shapes of the ITD functions, each 1026 

function was normalized to its minimum and maximum. In this example, the ITD functions for all 1027 

three stimulus types and both stimulus modes are peak-shaped and similar. D-F, ITD functions 1028 

of three other neurons for electric pulses and acoustic clicks. Functions for both stimulus modes 1029 

differ with respect to tuning width and/or best ITD. ITD functions for acoustic clicks display 1030 

multiple peaks that are not observed for electric pulses (E, F).  1031 

 1032 

Fig. 3. Differences in ITD functions for electric versus acoustic broadband stimuli are consistent 1033 

with electroneural activation by electric pulses. A and B, ITD functions of two single neurons for 1034 

electric pulses and acoustic noise each. ITD functions for electric pulses show only a single 1035 

peak, whereas those for acoustic noise can have multiple peaks. C-H, ITD functions for three 1036 

pairs of neurons with similar CFs (C/D, E/F, G/H) for electric and broadband acoustic stimuli. ITD 1037 

functions for electric pulses display a single peak or trough (C,E,G), consistent with electroneural 1038 
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but not with electrophonic activation. In contrast, ITD functions for noise (D), clicks (F), and 1039 

chirps (H) can have multiple peaks. Stimulus type and CF are listed for each neuron. Grey 1040 

function in (H) displays Gaussian fit to the central peak of the ITD function. 1041 

Fig. 4. Shapes of ITD functions vary across neurons. Shape categorization of raw data (black 1042 

functions) was based on four fitting functions (grey): A, Peak-shape (positive Gaussian function); 1043 

data are identical to the central peak at BFITD (900 Hz) in Fig. 1A. B, Biphasic-shape (difference 1044 

of two Gaussians). Insert shows the ITD function over an extended ITD range. C, Trough-shape 1045 

(negative Gaussian). D, Sigmoid-shape for monotonic ITD functions. The fits for peak-shape (A) 1046 

and biphasic ITD functions (B) were used to determine the parameters of interest: best ITD (ITD 1047 

at maximum response); halfwidth (ITD range at half height); ITDms (ITD at maximum slope) (for 1048 

details see ITD TUNING in Methods). Grey area: physiological ITD range in gerbil (±135 μs). Each 1049 

fit was normalized to its minimum and maximum. The stimuli used to measure ITD tuning and 1050 

the neuron’s CF are noted in each panel. CF was not available for the neuron in D.  1051 

 1052 

Fig. 5. Distributions of ITD shape categories and ITD response types. A, Fractions of the four 1053 

different ITD tuning shapes for broadband stimuli of either mode (electric, acoustic). Numbers in 1054 

brackets: number of neurons. B, Fractions of ITD response types for pure tone stimulation. C, 1055 

Distributions of shape categories of single neurons in response to electric pulses (left), 1056 

clicks/chirps (middle), and noise (right) are separately displayed for corresponding ITD 1057 

response-type categories (peak, trough, intermediate) of the same neurons in response to tone 1058 

stimulation. 1059 

 1060 

Fig. 6. Populations of neurons have similar best ITDs for electric and acoustic stimulation. A, 1061 

Distributions (black bars) and cumulative probabilities (grey functions) of best ITDs for electric 1062 

pulses and acoustic clicks, chirps, noise, and pure tones. Dashed vertical line: zero ITD, 1063 

horizontal line: cumulative probability of 0.5, N: number of neurons, contra: contralateral leading 1064 
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best ITDs. B, Population statistics of best ITD for electric and acoustic stimuli for the same 1065 

neurons as in A. n.s., not significant (K-W, ANOVA accounting for random effects, both P>0.05). 1066 

Brackets: number of ITD-sensitive neurons. C, Plot of best ITDs for electric pulses versus best 1067 

ITDs for acoustic clicks/chirps of the same neurons. Dashed line: equal values. D, Matched-pairs 1068 

comparison between best ITDs for electric pulses and acoustic clicks/chirps for the same 1069 

neurons as in C. n.s., not significant (Wilcoxon Signed Rank Test, P=0.212). Grey bars in A-D: 1070 

physiological ITD range in gerbil. 1071 

 1072 

Fig. 7. Best ITDs as a function of CF for neurons that were sensitive to ITDs of electric pulses 1073 

(A), acoustic clicks/chirps (B), noise (C), and pure tones (D). For tones (D), values are shown 1074 

separately for peak-type (grey circle) and intermediate-type neurons (open circle). Red circles in 1075 

A-D show mean values of absolute best ITD values for each quintile of CFs. Dashed lines: half 1076 

cycles of CF. Grey bars in A-D: physiological ITD range in gerbil. N: number of single neurons.  1077 

 1078 

Fig. 8. Halfwidths for electric and acoustic broadband stimuli are similar. A, Distributions (black 1079 

bars) and cumulative probabilities (grey functions) of halfwidths for the five stimulus types. 1080 

Horizontal line: cumulative probability of 0.5, N=number of neurons. B, Population analysis of 1081 

halfwidth for electric and acoustic stimuli for the same neurons as in A [K-W, ANOVA accounting 1082 

for random effects (log data), both P<0.001; Bonferroni-adjusted multiple t-tests with random 1083 

effects, *P=0.026, **P=0.008]. Brackets: number of neurons. C, Correlation between neuronal 1084 

halfwidths for electric pulses and acoustic clicks/chirps. N: number of single neurons. Dashed 1085 

line: equal values. D, Matched-pairs comparison between halfwidths for electric pulses and 1086 

acoustic clicks/chirps for the same neurons as in C. n.s., not significant (Wilcoxon Signed Rank 1087 

Test, P=0.392). 1088 

 1089 

Fig. 9. Population analysis shows similar ITDs at maximum slopes (ITDms) for electric and 1090 

acoustic stimuli. A, Distributions (black bars) and cumulative probabilities (grey functions) of 1091 
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ITDms values for the five stimulus types. Horizontal line marks the cumulative probability of 0.5, 1092 

dashed vertical line: zero ITD. N: number of neurons. B, Population statistics of ITDms across 1093 

stimulus types for the same neurons as in A. n.s., not significant [K-W, P=0.339; ANOVA 1094 

accounting for random effects, P=0.611]. Brackets: number of neurons. C, Comparisons of 1095 

ITDms for electric pulses versus acoustic clicks/chirps. D, Matched-pairs comparison between 1096 

ITDms values for electric pulses and acoustic clicks/chirps for the same neurons as in C. n.s., 1097 

not significant (Wilcoxon Signed Rank Test, P=0.386). Grey bars in A-D: physiological ITD range 1098 

in gerbil. 1099 

 1100 

Fig. 10. Population ITD coding of electric and acoustic stimuli is similar. Averaged ITD functions 1101 

for the different stimulus types were computed from the normalized (minimum to maximum) 1102 

Gaussian best fits. Grey bar: physiological ITD range in gerbil. 1103 

 1104 

Fig. 11. Neuronal populations have similar ITD discrimination thresholds (NDT, re zero ITD) for 1105 

electric and acoustic stimulation. A, Statistical comparisons of NDTs across the five stimulus 1106 

types. n.s., not significant [K-W, P=0.614; ANOVA accounting for random effects (log data), 1107 

P=0.560]. Brackets: number of neurons. B, NDTs for electric pulses and acoustic clicks/chirps 1108 

were not correlated (linear regression, P=0.537). N: number of neurons, dashed line: equal 1109 

values. C, Matched-pairs comparison between NDTs for electric pulses and acoustic 1110 

clicks/chirps for the same neurons as in B. n.s., not significant (Wilcoxon Signed Rank Test, 1111 

P=0.199). Grey bars in A-C: physiological ITD range in gerbil. 1112 

 1113 

Fig. 12. The distributions of CFs are similar for the different stimulus types. A, Distributions 1114 

(black bars, left ordinate) and cumulative probabilities (grey functions, right ordinate) of CFs of 1115 

neurons that were ITD sensitive to electric pulses and acoustic clicks, chirps, noise, and pure 1116 

tones. Horizontal lines indicate a cumulative probability of 0.5. N=number of neurons. B, 1117 

Population statistics of the CFs of ITD sensitive neurons in response to electric and acoustic 1118 
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stimuli (same neurons as in A). Graphs plot the median, 10th, 25th, 75th, and 90th percentiles of 1119 

the CFs as vertical boxes with error bars. A given neuron may appear in different groups if it was 1120 

ITD sensitive to more than one stimulus. n.s., not significant [K-W and ANOVA accounting for 1121 

random neuronal effects (log data), both P>0.05]. C, Comparison between BFITD and CF for ITD-1122 

sensitive single neurons in response to tones. Filled circles: peak-type neurons; open circles: 1123 

intermediate-type (im) and trough-type (trough) neurons; dashed circles: neurons without 1124 

response-type categorization (unclassified). Grey area indicates BFITD and CF values ≤1000 Hz. 1125 

Dashed line: equal values. Inset: distribution of CFs of the neurons tested with pure tones. 1126 

Brackets: Number of neurons. 1127 

 1128 

Table 1. Statistical comparisons of CF, ITD tuning metrics, and neural ITD discrimination 1129 

thresholds (NDT) for electric and acoustic stimulation between DNLL and IC. Data were 1130 

determined from peak-shape and biphasic ITD functions for electric pulses, acoustic 1131 

clicks/chirps and noise, and from peak-type neurons in response to tones. Values are given as 1132 

median±Q. Statistical comparisons were performed using the Mann-Whitney Rank Sum Test. N: 1133 

number of neurons.  1134 
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Table 1. Summary statistics, DNLL vs. IC. 1135 

 1136 

Stimulus DNLL N IC N P 
CF (Hz) 

Electric pulses 900±341 25 800±375 33 0,21 
Click/chirp 800±413 21 700±230 37 0,43 
Noise 900±325 43 900±300 55 0,13 
Tone (Peak only) 900±200 70 900±255 62 0,39 

  
Best ITD (μs) 

Electric pulses 129±111 22 115±120 25 0,68 
Click/chirp 166±71 19 142±47 28 0,63 
Noise 163±74 35 185±90 40 0,9 
Tone (Peak only) 185±156 21 130±107 28 0,38 

Halfwidth (μs) 
Electric pulses 290±218 22 470±173 25 0,09 
Click/chirp 535±227 19 468±159 28 0,58 
Noise 375±130 37 376±113 40 0,82 
Tone (Peak only) 493±218 21 534±173 28 0,66 

ITDms (μs) 
Electric pulses -37±34 22 -1±78 25 0,32 
Click/chirp -157±145 19 -50±96 28 0,35 
Noise -30±104 37 -2±54 42 0,88 
Tone (Peak only) -52±160 21 -46±95 28 0,68 

NDT (μs) 
Electric pulses 73±77 21 129±63 23 0,24 
Click/chirp 129±62 18 111±42 28 0,94 
Noise 93±65 32 114±42 37 0,3 
Tone (Peak only) 117±70 19 117±70 25 0,92 
 1137 


























