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Abstract (246 words) 27 

Sound localization is critical for real-world hearing, such as segregating overlapping sound streams. For 28 

optimal flexibility, central representations of auditory space must adapt to peripheral changes in binaural 29 

cue availability, such as following asymmetric hearing loss in adulthood. However, whether the mature 30 

auditory system can reliably encode spatial auditory representations upon abrupt changes in binaural 31 

input is unclear. Here we use 2-photon Ca2+ imaging in awake head-fixed mice to determine how the 32 

higher-order "shell" layers of the inferior colliculus (IC) encode sound source location in the frontal 33 

azimuth, under binaural conditions and after acute monaural hearing loss induced by an ear plug 34 

ipsilateral to the imaged hemisphere. Spatial receptive fields were typically broad and not exclusively 35 

contralateral: Neurons responded reliably to multiple positions in the contra- and ipsi-lateral hemifields, 36 

with preferred positions tiling the entire frontal azimuth. Ear plugging broadened receptive fields and 37 

reduced spatial selectivity in a subset of neurons, in agreement with an inhibitory influence of ipsilateral 38 

sounds. However ear plugging also enhanced spatial tuning and/or unmasked receptive fields in other 39 

neurons, shifting the distribution of preferred angles ipsilaterally with minimal impact on the neuronal 40 

population’s overall spatial resolution; these effects occurred within 2 hours of ear plugging. 41 

Consequently, linear classifiers trained on fluorescence data from control and ear-plugged conditions 42 

had similar classification accuracy when tested on held out data from within, but not across hearing 43 

conditions. Spatially informative neuronal population codes therefore arise rapidly following monaural 44 

hearing loss, in absence of overt experience. 45 

 46 

Introduction 47 

Navigating the environment relies upon internal representations of external space, which are thought to 48 

arise via the coordinated activity of neuron populations (Fitzpatrick et al., 1997; Gleiss et al., 2019; 49 

Robinson et al., 2020; Kira et al., 2023). Hearing is a particularly important sense for spatial processing: 50 

The location and movement trajectory of distant or visually obscured objects can be inferred in ego- and 51 

allo-centric reference frames from sound alone (Bergan et al., 2005; Hoy et al., 2016; Town et al., 2017; 52 
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Amaro et al., 2021), conferring a survival advantage for predator and prey alike. However, to be optimally 53 

flexible, any population code of auditory space must be capable of compensating for peripheral changes 54 

that might occur across lifetime, such as degradation of auditory information caused by hearing loss. Yet, 55 

little is known about the flexibility of neuronal populations to encode spatial auditory representations. 56 

Additionally, we do not know the extent to which such population codes can accommodate abrupt 57 

changes in afferent input. 58 

 59 

In contrast to other sensory modalities like vision or touch, the auditory periphery lacks an explicit 60 

representation of space at the receptor level. Thus, sound source location must be derived centrally from 61 

brainstem circuits that integrate binaural cues - timing and level differences of sound waves at the two 62 

ears- as well as monaural cues, such as the direction-dependent filtering of sound waves via pinnae and 63 

head shape (For reviews see Grothe et al., 2010; Yin et al., 2019). These early computations provide the 64 

substrate for spatial selectivity in midbrain and forebrain circuits, which is thought to arise via binaural 65 

interactions: Sound information from the ear in the preferred hemifield generates net synaptic excitation 66 

in midbrain/forebrain circuits, whereas sound from the non-preferred ear is net inhibitory and constrains 67 

spatial selectivity to the preferred hemifield (Kuwada et al., 1997; Sanes et al., 1998; Breebaart et al., 68 

2001; Ono and Oliver, 2014). This spatial selectivity towards one hemifield typically arises as contralateral 69 

dominance: Single neurons preferentially respond to sounds in the contralateral ear and are inhibited by 70 

sound from the ipsilateral side (Middlebrooks, 1987; Park and Pollak, 1993a; Klug et al., 1995, 1999; Day 71 

and Delgutte, 2013; Grothe and Pecka, 2014). Consequently, monaural hearing loss in the non-preferred 72 

ear generally broadens the receptive fields of spatially tuned midbrain and forebrain single neurons and 73 

degrades their spatial selectivity (Knudsen and Konishi, 1980; Palmer and King, 1985; Middlebrooks, 74 

1987; Samson et al., 1994; Gooler et al., 1996a; Grant and Binns, 2003a); qualitatively similar results are 75 

seen with pharmacological block of synaptic inhibition (Moore and Caspary, 1983; Park and Pollak, 76 

1993b, 1994; Klug et al., 1995; Sanes et al., 1998; Klug et al., 1999; Burger and Pollak, 2001; Lu and 77 

Jen, 2003). These results suggest a physiological basis for classic observations that acute, monaural 78 

hearing loss drastically impairs sound localization in animals and humans (Knudsen et al., 1984a; Hine 79 
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et al., 1994; Hofman et al., 1998; Bergan et al., 2005; Baguley et al., 2006; Bajo et al., 2010; Snapp and 80 

Ausili, 2020): Population level representations of auditory space are profoundly degraded following acute 81 

monaural hearing loss, owing to a large-scale broadening of spatial selectivity seen in single neuron 82 

recordings. 83 

 84 

Interestingly, humans and animals can re-learn to localize sounds following chronic monaural hearing 85 

loss if provided with appropriate behavioral training (Bauer et al., 1966; Florentine, 1976a; Musicant and 86 

Butler, 1980; Knudsen et al., 1984b; Kacelnik et al., 2006; Bajo et al., 2010; Firszt et al., 2015; Keating 87 

et al., 2016; Bajo et al., 2019). This re-learning may occur via a functional remapping of associations 88 

between altered binaural cues and apparent spatial location (Knudsen et al., 1984a; Wright and 89 

Fitzgerald, 2001), or via a re-weighting of unperturbed, monaural spectral cues derived from the intact 90 

ear (Hofman et al., 1998; Keating et al., 2016).  Given that monaural occlusion broadens spatial receptive 91 

fields of single neurons, any re-learning presumably depends on central plasticity mechanisms to refine 92 

a degraded spatial code and stamp in new population-level representations of sound source location. 93 

However, this hypothesis has not been directly tested, as it requires tracking the spatial selectivity of 94 

large groups of neurons before and after monaural hearing loss; this feat is difficult via traditional 95 

physiological approaches. 96 

 97 

We address this knowledge gap by studying population-level coding of sound source location in the 98 

higher-order non-lemniscal “shell” layers of the inferior colliculus (IC), an auditory midbrain region 99 

important for sound localization behavior (Masterton et al., 1968; Jenkins and Masterton, 1982; Zrull and 100 

Coleman, 1997; Litovsky et al., 2002; Champoux et al., 2007; Kwee et al., 2017). We focus specifically 101 

on the shell IC subregion because classic studies suggest it as an early locus of experience-dependent 102 

plasticity for spatial auditory representations (Brainard and Knudsen, 1993; Mogdans and Knudsen, 103 

1993; Gold and Knudsen, 2000; Knudsen, 2004; Bajo et al., 2010, 2019), and because it provides a major 104 

auditory input to brain circuits involved in learned and innate behaviors (Ledoux et al., 1987; King et al., 105 

1998; Winer et al., 1998; Xiong et al., 2015; Chen et al., 2018; Cai et al., 2019; Goyer et al., 2019; Barsy 106 
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et al., 2020; Ito et al., 2020; Valtcheva et al., 2023). Using 2-photon Ca2+ imaging in awake, head-fixed 107 

mice, we measured the spatial receptive fields of shell IC neurons under binaural conditions and 108 

immediately after abrupt monaural occlusion ipsilateral to the recorded hemisphere. Spatial tuning was 109 

surprisingly diverse under binaural conditions, with peak responses in either the contralateral or ipsilateral 110 

hemifields. Consequently, a population-level representation of auditory space tiled the entire frontal 111 

azimuth and enabled reliable decoding of all tested sound source locations using linear classifiers. 112 

Monaural occlusion broadened spatial receptive fields in a subset of neurons ipsilateral to the occlusion, 113 

in agreement with a net inhibitory role for ipsilateral acoustic signals. Contrary to our expectations 114 

however, a significant fraction of neurons maintained their spatial tuning or remapped their receptive 115 

fields to new preferred locations. A reliable population code for horizontal space thus emerges in the shell 116 

IC upon a dramatic change in cue availability, albeit one reliant on distinct subsets of neurons from those 117 

under binaural conditions. Abrupt peripheral changes therefore rapidly switch midbrain spatial population 118 

codes in apparent absence of extensive experience. Thus, adaptive plasticity mechanisms compensating 119 

for altered binaural inputs (Moore and Irvine, 1981; Gold and Knudsen, 1999, 2000; Keating et al., 2013; 120 

Thornton et al., 2021) may operate on faster timescales than previously appreciated.121 
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Methods 122 

Animal subjects and handling 123 

All procedures were approved by the University of Michigan’s Institutional Animal Care and Use 124 

Committee and carried out in accordance with the NIH’s guide for the care and use of laboratory animals. 125 

We used a total of 10 normal hearing mice (5 female 5 male, 10-14 weeks at the time of surgery), F1 126 

offspring of C57.Bl6/J x CBA/CaJ breeders (CBA(♂): 000654; C57(♀): 000664, the Jackson 127 

Laboratories), bred in our colony. N = 9 mice were employed for imaging experiments and one mouse 128 

was used solely for ABR testing ear plug efficacy. Mice were single-housed with visual and olfactory 129 

contact to neighboring animals at a reversed 12/12-hour dark-light cycle, food and water were provided 130 

ad libitum. Cages were equipped with standardized enrichment (running wheels, shelter, and two different 131 

forms of nest-building material) to reduce stereotypic behavior and stress. Experiments were only 132 

conducted during the dark period, usually once/day which was extended to 2 sessions in the case of 133 

plugging days. Handling by the experimenter began at least 10 days following surgery and comprised 4-134 

10 sessions of habituation to the Plexiglas seating tube in which mice sit during head fixation (see also 135 

Guo et al., 2014). During these sessions, mice were allowed to explore the tube in the cage, followed by 136 

sessions of exploring the tube in the hand of the experimenter. In the last 2 sessions, mice were carefully 137 

fixated by holding the head bar for a few seconds. 138 

 139 

Surgeries 140 

Surgeries were conducted between 10-14 weeks of age. Mice were deeply anesthetized using 5% 141 

isoflurane in an induction chamber and then transferred to a stereotaxic frame (M1430, Kopf 142 

Instruments). Mice received 5 mg/kg carprofen as a preoperative analgesic subcutaneously (Rimadyl, 143 

Zoetis). Surgery was performed on a closed-loop heating pad (M55 Harvard Apparatus) to maintain body 144 

temperature at 37°C degrees. The head was fixed using non-rupture ear bars (922, Kopf), the eyes were 145 

covered with lubricant, and anesthesia was maintained at 1.5-2 % (flow rate: 0.8-1 L/min). A small incision 146 

was made near the coronal suture and extended caudally until full exposure of the interparietal bone. 147 

Following application of lidocaine (2 %, Akorn) to wound margins, the periost was removed and the skull 148 
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was adjusted by leveling the position of Lambda and Bregma (z). A circular craniotomy (2.25-2.5 Ø) was 149 

carefully drilled above the left IC (x = -1000 µm; y = -900 µm, relative to Lambda) and the viral construct 150 

for the expression of the  Ca2+ indicator GCaMP6f (n = 2, pAAV1.Syn.GCaMP6f.WPRE.SV40, Addgene, 151 

titer order of magnitude 1012) or GCaMP8s (n = 7, pAAV1.Syn.GCaMP8s.WPRE, Addgene, titer order of 152 

magnitude 1012) was pressure ejected at 4 sites ~200 μm below the dura (25 nl each; 100 nl total) across 153 

the medial lateral axis of the IC using an automated injection system (Nanoject III, Drummond). A custom-154 

made cranial window consisting of three circular 2 mm glass coverslips stacked fixed to a 4 mm diameter 155 

glass coverslip (Potomac) via optical adhesive (#71, Norland) was then inserted in the craniotomy such 156 

that the 3x stack faced inside and made contact with the dura above the dorsal shell IC. The outer rim of 157 

the window was affixed to the skull using cyanoacrylate glue (Loctite). The entire skull was covered first 158 

with cyanoacrylate glue, followed by orthodontic acrylic resin (Ortho-Jet, Lang). A custom-made titanium 159 

head bar was placed perpendicular to the window surface and encased in resin. The bar was placed far 160 

behind pinnae to leave pinnae fully exposed to allow for naturalistic binaural and monaural spectral cues. 161 

During resin application, ear bars were already loosened, and isoflurane was lowered to ~1-1.5 % to 162 

shorten immediate post-surgery recovery and to reduce the risk of potential respiratory inhibition, a side 163 

effect of buprenorphine (0.03 mg/kg, PAR pharmaceutical), which was administered subcutaneously at 164 

the end of the surgery to reduce pain during the immediate recovery. Mice were allowed to recover in a 165 

clean cage on a heating pad for approximately 1 hour and were provided with a purified high energy 166 

dietary supplement (DietGel Boost, Clear H2O) to support recovery. Following 24 and 48 hours, mice 167 

received additional injections of carprofen. Wellbeing and surgical sites were closely monitored for 7 days 168 

following surgery. 169 

 170 

Sound delivery system 171 

We developed a movable acoustic delivery system consisting of a servo motor (2000 Series Dual Mode 172 

Servo 25-2, Torque) equipped with a 30 cm arm (33-hole aluminum flat beam, Actobotics), carrying the 173 

speaker (XT25SC90-04, Peerless by Tymphany) at the distal end via a custom 3D printed mount. The 174 

servo was integrated into a servo block (25 tooth spline, hub shaft, Torque) to isolate the radial load and 175 
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centered under the head of the head-fixed animal, enabling 180° speaker rotation within the frontal 176 

horizontal field. Servo movement was controlled via pulse-width modulation signals generated in 177 

MATLAB and delivered via an analog headphone channel on a high-fidelity sound card (Fireface UFX+, 178 

RME). The commands were fed into a custom-made signal conditioning circuit to smooth and amplify the 179 

output signal to 5V. Duty cycles for each position were carefully calibrated to an accuracy of 1-2°. Trial-180 

to-trial positional accuracy was additionally controlled using a “hardwired” closed loop control of speaker 181 

position using a microcontroller (Arduino UNO, Arduino AG) and a photo interrupter mounted on a 3D 182 

printed slotted disc, with each slot corresponding to the specific speaker angles used in a particular 183 

imaging session. Servo movements occurred selectively during the inter-trial interval, at least 15 seconds 184 

prior to data acquisition of each trial. 185 

 186 

The speaker was placed at the distal end of the servo arm, 30 cm away from the animal’s head. Acoustic 187 

stimuli (4-35 kHz frozen broad-band noise with 5 ms on/offset cosine ramps, 500 ms duration) were 188 

generated in Matlab (192 kHz sampling rate) and presented at 65 dB SPL via a high-fidelity sound card 189 

(Fireface UFX+, RME) and 200 W power amplifier (SLA-2, ART). Sound-servo positions were calibrated 190 

from -90° to 90° (zeroed on midline) in steps of 30°, resulting in 7 independent speaker positions. The 191 

speaker was calibrated at each position using a 1/4” pressure-field microphone (CCLD pressure-field, 192 

Type 4944-A, Bruel & Kjaer). The microphone was positioned using a custom 3D-printed attachment for 193 

the head bar holders which centered the microphone at the approximated center of the animal’s head, 194 

with the microphone membrane perpendicular to the horizon. 195 

 196 

2-photon Ca2+ imaging 197 

Experiments were performed in darkness and lasted max. 45 min/session. Each imaging trial consisted 198 

of 3 sound presentations at a specific angle, with 5 seconds between each sound presentation. Following 199 

each imaging trial, the speaker was moved to a new position, this resulted in a recording trial length of 200 

19 seconds and a total of 30 sound presentations/angle. Each trial was followed by a 19 s inter-trial-201 

interval in which the servo was addressed for 4 s, with actual movement time varying due to trial-to-trial 202 
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position differences. A 15 s “silent” laser-off period followed motor movement to minimize overlap 203 

between sound responses driven by the motor and sound presentation on the next trial. 204 

 205 

Mice were placed in a Plexiglas tube and head fixed on a custom-build rig. The whole experimental setup 206 

(microscope, head-fixation system, and sound delivery system) was placed on an optical table and 207 

surrounded by a sound attenuating double-walled booth, lined with foam. Images were recorded via a 208 

two-photon microscope (Sutter Instruments) at a frame rate of 30 Hz and a resolution of 512x512 pixels 209 

using a resonance scanner, a 16x water immersion objective (Nikon, 0.8 NA, 3 mm working distance), 210 

and a GaAsP photomultiplier tube (Hamamatsu Photonics). GCaMP was excited at 920 nm using a 211 

Titanium-Sapphire laser (Chameleon Ultra 2, Coherent) which was positioned on the air table outside of 212 

the booth. 213 

 214 

Ear plugging 215 

Mice underwent two separate imaging sessions (pre- and post-plug) on the day of ear-plugging. To 216 

reduce stress, we waited at least 1.5 hours between pre-plug session and actual ear plugging. Animals 217 

were anesthetized using isoflurane and placed on the bite bar and heating pad of a rotatable stereotaxic 218 

frame without the support of ear bars. Here, anesthesia was maintained between 1-1.5 % isoflurane due 219 

to the non-invasive nature of the procedure and to achieve a rapid recovery. Lubricant was applied to the 220 

animals’ eyes and bite bar and gas mask were carefully rotated while constantly adjusting the posture of 221 

the animals’ body until the left ear (ipsilateral to the IC window) was exposed and faced upwards. Mice 222 

received a shot of carprofen (2.5 mg/kg s.c.) to reduce any potential discomfort associated with plug 223 

placement and thus to reduce scratching and grooming behavior to avoid early plug loss. Both pinna and 224 

distal portion of the ear canal were cleaned with ethanol and fur that reached into the ear canal and pinna 225 

was removed. The appearance of the ear canal and the tympanic membrane were evaluated using a 226 

small digital otoscope (Teslong). A standard human earplug (Mack’s Ultra Soft Foam Earplugs – NRR  227 

33 dB, McKoen) was cut in a cone-like shape with an outside facing diameter of ~5 mm and a maximum 228 

length of 3 mm. The plug was superficially wiped with ethanol, dried, compressed using forceps, carefully 229 
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inserted into the ear canal, and released. Following expansion, the plug was checked for a tight seal 230 

around the entire edge before a skin-friendly 2-component silicone rubber (BodyDouble Fast, Smooth-231 

On Inc.) was applied to cover the foam plug. The mouse was rotated back and then remained on the 232 

frame to allow the hardening of the silicone rubber (~7 min). Post-plug imaging data were collected 233 

following a minimum of 1.5 hours recovery. 234 

To ensure that any change in spatial responses were due to monaural hearing loss rather than anesthetic 235 

delivery or representational drift (Rule et al., 2019; Deitch et al., 2021; Aitken et al., 2022), N=2 control 236 

mice underwent a similar anesthetic induction and imaging regime as described above but were not fitted 237 

with an earplug. 238 

 239 

We tested the efficacy of our ear plug approach by measuring auditory brainstem responses (ABR) in 240 

two of the mice of the experimental group and one naïve mouse without a head bar. ABRs were obtained 241 

via an EPL Cochlear Function Test Suite (Eaton-Peabody Laboratories, Massachusetts Eye and Ear, as 242 

described in Cassinotti et al., 2022). Animals were anesthetized with ketamine (initial 10 mg/ kg, 243 

maintenance 2.5 mg/kg) and xylazine (initial 0.083 mg/kg, maintenance 0.01 mg/kg). Anesthesia depth 244 

was confirmed via toe pinch and anesthetic maintenance doses were provided as needed. Subcutaneous 245 

needle recording electrodes were placed behind the ear, and a reference electrode was placed at the 246 

vertex. A ground electrode was additionally placed at the tail. Electrode signals were bandpass filtered 247 

(300 Hz to 3 kHz) and amplified 10,000-fold. Sound was monaurally delivered directly into the ear canal 248 

(unplugged ears) or near field in front of the plug. Recordings were performed using National Instruments 249 

input/output boards hardware. To determine hearing thresholds at different sound frequencies, tone pips 250 

(5 ms, 0.5 ms cosine ramps at onset and offset) were presented at 8, 16, and 32 kHz. The intensity was 251 

varied between 10 and 80 dB SPL in 5 dB steps. An automatic online artifact rejection algorithm discarded 252 

trials with muscle potential artifacts according to a preset threshold. ABR data were recorded 253 

continuously and saved for offline analyses. For every stimulus at least 400 artifact free trials were 254 

recorded. Thresholds at individual sound frequencies were determined by eye from the average stimulus-255 
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aligned traces at each frequency as the lowest level that evoked an ABR. If no response could be evoked 256 

up to 80 dB SPL, threshold was set to 80 dB. 257 

 258 

Imaging data analysis 259 

We used the Python version of Suite2p (Pachitariu et al., 2017) to motion correct the raw data and extract 260 

fluorescence time series from regions of interests (ROIs) corresponding to individual IC neurons. 261 

Datasets were manually curated to exclude neurites and overlapping ROIs. Raw fluorescence traces 262 

were converted to ΔF/F by dividing the fluorescence by the mean baseline intensity for each trial (1 s 263 

prior to sound onset; 30 frames). The surrounding neuropil signal was scaled by a factor of 0.7 and 264 

subtracted and traces were smoothed using a 5-frame gaussian kernel. ΔF/F traces were then further 265 

analyzed using custom MATLAB code (version 2021a & 2022b). To determine significantly responding 266 

ROIs, we used a bootstrapping procedure based on the trial-by-trial autocorrelation of ΔF/F waveforms 267 

on similar trial types (Geis et al., 2011; Wong et al., 2019; Quass et al., 2024). Briefly, the average 268 

correlation of each matching pair of trials with the same stimulus is compared to a randomly sampled 269 

signal from the same trials 10000 times. The p-value is computed as the fraction of these randomly 270 

sampled signals with greater signal autocorrelation than the real data. P-values were then corrected for 271 

multiple comparisons using the Bonferroni-Holm method. 272 

To identify clusters of ROIs characterized by being excited or inhibited by sound presentation, we 273 

performed a non-linear dimensionality reduction (t-SNE, Maaten and Hinton, 2008) using the average 274 

response over all angles/ROI for all significantly sound-responsive ROIs as input. Perplexity was 275 

determined empirically and finally defined as number of ROIs/10. Clustering was then performed to 276 

separate sound-excited from sound-inhibited ROIs using k-means (100 iterations (Hartigan and Wong, 277 

1979) with nClusters being thus set to 2. Further population data analyses were thus based on either 278 

maxima or minima of Ca2+ responses averaged over each sound presentation angle. 279 

 280 
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For each ROI, the mean positive and negative ΔF/F peak at each presented angle was used to calculate 281 

orientation selectivity in sound-excited and inhibited ROIs, respectively. The orientation selectivity index 282 

was calculated as 283 

!!"#$"	∅!%&%!"#$

!!"#$	%	∅!%&%!"#$
, 284 

where Rpref is the maximum/minimum response (peak ΔF/F) at the most preferred angle and ∅Rnonpref is 285 

the average response at all other positions. 286 

 287 

To track the activity of neurons across sessions of normal and altered binaural cues, ROIs of both FOVs 288 

(pre and post condition) were registered using a probabilistic, automated approach that quantitatively 289 

evaluates registration accuracy (CellReg, Sheintuch et al., 2017). Registration accuracy was re-evaluated 290 

manually and compared, resulting in a higher accuracy in the automated approach. 291 

 292 

The support vector machine (SVM) classifier was used as a simple population analysis method to decode 293 

sound presentation angles based on the ΔF/F traces. The SVM was generated in MATLAB using the 294 

classification learner app, with “templateSVM” and "fitcecoc” as the main functions. A linear kernel and 295 

the sequential minimal optimization algorithm were used to build the classifier. The individual predictors 296 

were the ROI’s, and the classes were the different sound presentation angles, using equal priors. The 297 

absolute peaks of the ΔF/F traces from sound onset to 1 s after sound offset were used as the input data. 298 

The classifier was constructed, trained, and tested on each individual session per animal (unmatched 299 

data), or trained on a composite of the pre-plug sessions from all animals and tested on the post-plug 300 

sessions (matched data). To determine the decoding accuracy per session, 5-fold validation was used 301 

(5 randomly sampled portions of 80% of trials were used as training data, and the remaining 5 times 20% 302 

as test data). The “Accuracy” is given as the mean decoding accuracy among those five folds, normalized 303 

to “Balanced Accuracy” to account for an imbalanced number of trials per angle in the matched condition. 304 

Balanced Accuracy is defined as the mean of the micro-recalls (sensitivity or completeness, the number 305 

of true positives divided by the number of true positives and false negatives per angle), and its chance 306 

level is 1 divided by the number of angles. The “Shuffled” and “Shuffled Balanced” Accuracies were 307 
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computed by shuffling the trials and the class labels prior to classifier training and are used as a real 308 

chance level indicator. 309 

 310 

Results 311 

We virally expressed a genetically encoded calcium indicator (GCaMP6f or 8s; n = 2 and 7 mice, 312 

respectively) in the left IC of adult mice, and measured IC neuron sound responses under awake, head-313 

fixed conditions using 2-photon Ca2+ imaging (Figure 1A,B; see also Methods). We investigated spatial 314 

receptive fields by developing a servo motor-based system that rotates a free-field speaker 180° in the 315 

horizontal frontal field around the mouse’s head. This approach enabled us to present broadband noise 316 

bursts (4-35 kHz bandwidth; 500 ms duration) from one of seven distinct positions separated by 30 317 

degrees on a trial-by-trial basis (Figure 1C). Of note, all analyses and figures represent positive and 318 

negative angles corresponding to speaker positions contra- and ipsi-lateral to the imaged IC respectively, 319 

with zero being centered on the midline. 320 

 321 

Sound-inhibited neurons are less spatially selective than sound-excited neurons 322 

Imaging data collection was restricted to fields of view (FOVs) 30-100 µm from the tectal surface in order 323 

to selectively study neurons of the higher-order “shell” IC layers (Figure 1D,E). We recorded from n = 324 

2915 regions of interest (ROIs) corresponding to individual neuron somata (n = 34 FOVs in N = 9 mice), 325 

and quantified activity as the fluorescence intensity over time (ΔF/F) relative to a 1 s baseline period prior 326 

to sound presentation. Of those ROI’s, 56.02 % (n = 1633/2915 neurons) were classified as significantly 327 

sound-modulated via an autocorrelation bootstrap analysis, and used for subsequent analyses (Geis et 328 

al., 2011; Wong and Borst, 2019; Quass et al., 2024, see Methods). 329 

 330 

As a first pass characterization of spatial tuning, we performed t-SNE analysis in combination with k-331 

means clustering based on each sound-responsive neuron’s fluorescence waveform averaged across all 332 

sound presentation angles. This approach identified two clusters of sound-responsive neurons: 55.2% of 333 

neurons (n = 901/1633) showed reliable fluorescence increases and thus elevated their firing rates during 334 
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sound presentation and/or following sound offset (Figure 1F, orange trace). By contrast, the other 44.8% 335 

of neurons (n = 732/1633) reliably decreased their baseline fluorescence during sound presentation, and 336 

thus were sound-inhibited (Figure 1F, teal trace). These results indicate that in addition to sound-excited 337 

neuronal populations typically encountered in classic micro-electrode studies, nearly half of shell IC 338 

neurons are reliably inhibited by a given sound stimulus; these proportions are similar to recent reports 339 

using large scale recordings in the shell IC (Wong and Borst, 2019; Quass et al., 2024; Shi et al., 2024). 340 

 341 

Sound presentation caused a bi-directional modulation of shell IC neuron fluorescence. Do excitation and 342 

inhibition show differential spatial selectivity? We addressed this question by averaging each neuron’s 343 

fluorescence traces separately for every sound presentation angle. Whereas sound-excited neurons 344 

often showed preferential responses at particular spatial locations, the fluorescence decreases of sound 345 

inhibited neurons were often of similar magnitude regardless of presentation angle (Figure 1G,H; 346 

example neurons of each, indicated in Figure 1E). To compare the degree of spatial tuning across each 347 

group, we quantified the absolute maximum (sound-excited) or minimum (sound-inhibited) ΔF/F at each 348 

spatial position for sound-excited and sound-inhibited neurons respectively and calculated an orientation 349 

selectivity index (OSI) similar to previous studies (Zhao et al., 2013, see also Methods). The OSI 350 

standardizes neuronal response selectivity to a given set of stimuli between 0 and 1, with OSI = 0 351 

reflecting equal responses to all sound presentation angles and OSI = 1 denoting a selective response 352 

to a single sound source location. Although the distributions of OSI values in both groups were broad, 353 

sound excited neurons had significantly higher OSI values and thus were more spatially selective than 354 

sound inhibited neurons (Figure 1I; Mann Whitney, U = 41748, z = 15.3525 p < 0.0001). These results 355 

suggest that postsynaptic targets of shell IC neurons may preferentially read out the representation of 356 

sound source location from increases, rather than decreases in neuronal firing rates. 357 

 358 

Preferred spatial positions are not exclusive to the contralateral hemifield 359 

Previous studies in the central IC report that neurons are strongly selective for contralateral sounds under 360 

binaural conditions (Middlebrooks, 1987; Park and Pollak, 1993; Klug et al., 1995, 1999b; Day and 361 
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Delgutte, 2013; Yao et al., 2013; Grothe and Pecka, 2014) with minimal responses in the ipsilateral 362 

hemifield. However, both sound-excited and sound-inhibited neurons in our datasets changed their firing 363 

rates when sounds were presented in both ipsi- and contra-lateral hemifields, suggesting that shell IC 364 

populations represent the entire frontal azimuth. Accordingly, the preferred angles of sound-excited 365 

neurons were not exclusively contralateral: Some neurons were monotonically responsive to sounds in 366 

the ipsilateral hemifield (Figure 2A), whereas others had spatial receptive fields preferring intermediate 367 

positions such as the midline (Figure 2B). These observations are reminiscent of spatial tuning reported 368 

in barn owl external IC (Knudsen and Konishi, 1980), IC brachium (Schnupp and King, 1997; Slee and 369 

Young, 2014) and superior colliculus (King and Hutchings, 1987; King et al., 1998; Ito et al., 2020). As 370 

such, the distribution of preferred angles in sound excited neurons tiled both ipsi- and contralateral 371 

hemifields. A qualitatively similar distribution was observed in the sound inhibited neuron population 372 

(Figure 2C,D), which is perhaps not surprising given the broad spatial responsiveness of sound-evoked 373 

fluorescence decreases (Figure 1G-I). Taken together, the distribution of preferred angles for all neurons 374 

(Fig 2D) was not significantly different between hemifields (χ2 (1) = 2.9244, p = 0.0872). Thus, in contrast 375 

to the largely monotonic, contralateral representation of auditory space found in central IC, shell IC 376 

neurons in a single hemisphere represent the entire frontal azimuth via monotonic and non-monotonic 377 

tuning. 378 

 379 

Two groups of sound-excited neurons transmit distinct population-level azimuth representations 380 

Given the above tuning diversity, we next asked if sound excited and sound inhibited shell IC neuron 381 

populations could be further subdivided into functionally meaningful clusters that transmit specialized 382 

spatial information. To this end, we incrementally sub-clustered response shapes of sound-excited and 383 

sound-inhibited neurons using t-SNE and k-means clustering of the fluorescence waveforms averaged 384 

across all presentation angles. Whereas this approach failed to yield visibly meaningful sub-clusters 385 

among the sound-inhibited neurons (data not shown), sound-excited neurons sub-clustered into one of 386 

two groups with distinct activity profiles. In the first group, most neurons showed a single rising phase of 387 

fluorescence increase that typically occurred during sound presentation (Figure 3A; n = 350/901, or 388 
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38.8%). Interestingly, the distribution of preferred angles in these “group 1” neurons showed a clear and 389 

significant contralateral bias, although substantial ipsilateral responses were nevertheless apparent 390 

(Figure 3B,C, χ2(1) = 63.7120, p = 1.4400e-15). Most neurons in the second group showed a bi-directional 391 

response profile: A brief inhibitory ON response during sound presentation followed by a sharp excitatory 392 

OFF response upon sound termination (Figure 3D; n = 551/901, or 61.2%). In contrast to the contralateral 393 

bias of group 1 neurons, the distributions of preferred angles for the sound excited OFF responses were 394 

significantly biased towards the ipsilateral side (Figure 3E-F, χ2(1) = 17.6347, p = 2.6766e-05).  The 395 

distribution of the preferred angles for the negative ON response however were largely uniform across 396 

the frontal azimuth (Figure 3G-H, χ2(1) = 0.6280, p = 0.4281). In addition to these differences between 397 

ipsilateral and contralateral distributions within individual data sets, a difference between distributions of 398 

preferred peaks across sound presentation angles could be observed (group 1 vs. OFF responses of 399 

group 2, 2-sample χ2-test, χ2 (7) = 49.114, p = 2.1552e-08). When comparing degree of spatial tuning 400 

across data sets, distributions of OSI values differed significantly across group 1 neurons and the 401 

inhibitory ON response of group 2 neurons, but not between positive components of both groups (data 402 

not shown, Kruskal-Wallis test, χ2 (2) = 6.957, p = 0.0309, group 1 vs. group 2 ON; Dunn’s multiple 403 

comparison, p = 0.0283). Altogether these data suggest that shell IC neurons in a single hemisphere 404 

represent the onset and termination of sounds emanating across the entire frontal azimuth via firing rate 405 

increases. However, distinct temporal characteristics appear to be segregated to largely non-overlapping 406 

neuronal populations which differentially contribute ipsi- vs contralateral signals. 407 

 408 

In the auditory brainstem, excitatory OFF responses can be generated by rebound firing following the 409 

offset of sound-evoked, hyperpolarizing inhibition (Kopp-Scheinpflug et al., 2011). Are OFF responses in 410 

group 2 neurons due to rebound firing upon the cessation of sound-evoked inhibition? If true, the 411 

characteristics of the inhibitory ON and excitatory OFF responses should correlate in single neurons. 412 

However, OSI values were not significantly correlated (Figure 3I; Pearson, r(549) = 0.6271, p = 0.1415, 413 

R² = 0.004). These data argue that the selectivity of OFF excitation does not arise due to rebound firing 414 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2024. ; https://doi.org/10.1101/2024.09.13.612867doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.13.612867
http://creativecommons.org/licenses/by-nc-nd/4.0/


upon cessation of sound-evoked inhibition, but rather that temporally separate phases of activity may 415 

originate via distinct sets of synapses impinging upon the same neuron (Scholl et al., 2010). 416 

 417 

Differentially tuned ON and OFF excitation converges onto single neurons 418 

We also observed a minor fraction of sound-excited neurons in our datasets with ON and OFF excitatory 419 

responses. These dual ON-OFF excited neurons were found in both group 1 and 2 defined by our t-SNE 420 

clustering of Figure 3; the lack of separation from the larger two populations likely reflects the relative 421 

paucity of this response type as well as a limitation of our clustering methods. Interestingly, the spatial 422 

receptive fields of ON and OFF responses were often not congruous (Figure 4A; n = 33 neurons from N 423 

= 8 mice). Importantly, the differential spatial tuning of ON and OFF excitation was not an artifact of 424 

GCaMP saturation during the ON response at preferred angles: The within-cell difference in preferred 425 

angles for ON and OFF responses was also apparent in the rate-of-rise, instead of the peak, of the 426 

fluorescence traces (Figure 4B). The distribution of preferred angles for ON responses showed an over-427 

representation of contralateral positions whereas preferred angles of OFF responses were more evenly 428 

distributed across the entire frontal hemifield (Kolmogorov-Smirnoff-Test - D = 0.3235, p = 0.044). Within-429 

cell comparisons revealed that absolute difference in preferred angles for ON and OFF responses was 430 

separated by >60 degrees in 28/33 neurons, and significantly different from a hypothetical median of zero 431 

(Figure 4D, one sample Wilcoxon test, z = 4.9746, p = 6.538e-7). By contrast, OSI values were similar for 432 

excitatory ON and excitatory OFF fluorescence peaks (Figure 4E, Wilcoxon signed-rank test, z = -433 

0.16974, p = 0.86521). Altogether these analyses further support the idea that ON and OFF spatial 434 

receptive fields reflect activity at non-overlapping sets of synapses. 435 

 436 

Monaural ear plugging has diverse effects on single neuron receptive fields 437 

Sounds presented at the ipsilateral ear strongly reduce IC neuron spiking (Rose et al., 1966; Wenstrup 438 

et al., 1988; Irvine and Gago, 1990; Delgutte et al., 1999; Xiong et al., 2013; Ono and Oliver, 2014) and 439 

this phenomenon is thought to contribute to interaural level difference (ILD) coding and contralateral 440 

dominance of spatial selectivity for suprathreshold sounds in the IC (Li et al., 2010; Li and Pollak, 2013). 441 
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Indeed, acute or chronic monaural ear plugging drastically broadens the spatial receptive fields of IC 442 

neurons and their downstream targets (Middlebrooks, 1987; Park and Pollak, 1993; Klug et al., 1995, 443 

1999b; Day and Delgutte, 2013; Grothe and Pecka, 2014). Given the diversity of ipsi- and contralateral 444 

spatial selectivity in dorsal shell IC neurons (Figures 1 and 2), to what extent do ipsilateral sounds 445 

contribute to the spatial selectivity and population-level representations of auditory space? We addressed 446 

this question by measuring the acoustic responses of the same dorsal shell IC neurons before and 447 

immediately after monaural plugging of the ipsilateral ear (Figure 5A,B. N = 6 mice; see Methods). This 448 

manipulation caused an average of ~45-55 dB SPL threshold shifts for all frequencies tested at the 449 

plugged ear, as confirmed using pure-tone auditory brainstem response measurements (N = 3 mice). 450 

 451 

We used an offline approach to track individual neurons and perform within-cell comparisons of spatial 452 

sound responses across pre- and post-plug sessions (Sheintuch et al., 2017, see Methods). Monaural 453 

ear plugging exerted diverse effects in individual shell IC neurons. In  52 neurons (42%), ear-plugging 454 

broadened spatial receptive fields, reduced OSI, and degraded spatial selectivity (Figure 5C,D). These 455 

observations agree with prior studies showing that ipsilateral sounds have a net inhibitory effect on some 456 

IC neuron sound responses (Kuwada et al., 1997; Sanes et al., 1998; Breebaart et al., 2001; Ono and 457 

Oliver, 2014). In other neurons however, ear plugging instead increased sound responses and sharpened 458 

OSI values compared to pre-plug conditions. Indeed, 8 neurons that were minimally responsive or sound 459 

inhibited in the pre-plug condition became sound-excited following ear plugging with clearly defined 460 

spatial receptive fields (Figure 5E). Before ear-plugging, preferred angles of sound responsive neurons 461 

tracked across both conditions (n = 124 from N = 6 mice) equally tiled the entire frontal hemifield (Figure 462 

5F, Χ2(1) = 0.0164, p = 0.898). This distribution is like that of the larger population of neurons recorded 463 

in pre-plug conditions (e.g., Figure 2D). In post-plug sessions, the distribution of preferred angles shifted 464 

towards the ipsilateral hemifield (Figure 5F, Χ2(1) = 10.5491, p = 0.0012), despite an increased sound 465 

attenuation at the ipsilateral ear. Interestingly, ear-plugging did not reduce the relative orientation 466 

selectivity of sound responsive neurons (Figure 5G, relative difference between pre- and post-plugged 467 

OSI, Wilcoxon signed rank, z = 1.6526, p = 0.2602). Rather, robust spatial tuning appeared to originate 468 
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from different neuronal sub-populations in pre- and post-plugged conditions: 42 % of ROIs decreased, 469 

while 58 % increased OSI values following ear-plugging, such that the absolute change in OSI values 470 

was significantly different across pre- and post-plug conditions (Figure 5G, absolute difference between 471 

pre- and post-plugged OSI, Wilcoxon signed rank, z = 7.9135, p = 0.001). Thus, ipsilateral ear-plugging 472 

substantially impacts spatial sound responses by shifting the spatial selectivity (Figure 5C,D) and even 473 

the response directionality (Figure 5E) of individual shell IC neurons. However, the entire frontal azimuth 474 

was nevertheless represented by the distribution of preferred angles of single neurons, and relative OSI 475 

values were unchanged. 476 

 477 

Population coding of auditory space persists despite monaural conductive hearing loss 478 

The above observations suggest that ipsilateral ear plugging degrades spatial selectivity in some 479 

neurons, while unmasking spatial sound responses in previously non-selective neurons. Consequently, 480 

conductive hearing loss may result in a “remapping” of shell IC population codes, such that spatially 481 

selective neural population activity could persist despite significant and abrupt changes in binaural cue 482 

availability. To further understand how shell IC neuron populations transmit spatial information under 483 

altered binaural conditions, we analyzed pre- and post-plug imaging sessions without explicitly tracking 484 

neurons across the two conditions. We first asked if ipsilateral ear plugging impacts the percentage of 485 

sound responsive neurons in the shell IC. To this end we employed the bootstrapping autocorrelation 486 

procedure to determine response reliability of neurons at specific sound presentation angles (Geis et al., 487 

2011; Wong & Borst, 2019). 238/437 ROIs (54%) in n = 6 pre-plug FOVs from N = 6 mice were 488 

significantly sound responsive to at least one presentation angle, and a similar percentage of sound-489 

responsive neurons was observed in post-plug FOVs (Figure 6A; 236/441, 54%).  490 

 491 

Additionally, the relative proportions of sound excited and inhibited neurons remained similar across pre- 492 

and post-plug conditions (Figure 6A, χ2(1) = 0.2964, p = 0.5862). Pre-plugging, the distribution of 493 

preferred angles tiled the entire frontal hemifield (Figure 6A, χ2(1) = 0.3124, p = 0.5762) whereas the 494 

population was modestly skewed towards ipsilateral preferred angles in the post-plug condition (Figure 495 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2024. ; https://doi.org/10.1101/2024.09.13.612867doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.13.612867
http://creativecommons.org/licenses/by-nc-nd/4.0/


6A,B, χ2(1) = 10.5491, p = 0.0012). Moreover, ipsilateral ear-plugging did not impact the overall resolution 496 

of spatial receptive fields, as OSI of sound-excited and sound-inhibited neurons were similar in pre- and 497 

post-plug imaging sessions (Figure 6C; Kruskal-Wallis H(3) = 126.6, p < 0.05, effect size (η2) = 0.016; 498 

Dunn’s post hoc comparison: pre-plug excited vs pre-plug inhibited, p < 0.001; post-plug excited vs post-499 

plug inhibited, p < 0.001); these results mirror our within-neuron comparisons (Figure 5). As the 500 

population-level spatial tuning persisted in both pre- and post-plug sessions, these results argue that 501 

dorsal shell IC neurons can transmit spatial information upon reduced binaural cue availability. In 502 

summary, ipsilateral ear plugging does not reduce the percentage of shell IC neurons transmitting spatial 503 

information under our conditions. Rather, it shifts the distribution of preferred angles without altering the 504 

overall acuity of receptive fields. Thus, an altered, but nevertheless observable, population-level 505 

representation of the frontal azimuth remains following ipsilateral occlusion. 506 

 507 

Representational drift does not account for effects of ear-plugging on shell IC spatial tuning 508 

Pre- and post-plug imaging data were collected ~5-6 hours apart, such that any “representational drift” 509 

(Rule et al., 2019; Deitch et al., 2021; Aitken et al., 2022) of spatial sound responses would be unlikely 510 

account for the results of Figures 5 and 6. However, to determine the extent to which the above results 511 

are due to ear-plugging, we imaged n = 4 FOVs from N = 2 mice undergoing the same anesthesia protocol 512 

as for the 6 experimental mice but without fitting an earplug (Figure 7A,B). Although we observed shifts 513 

in OSI values and preferred positions in both groups, the median ΔOSI values were significantly lower 514 

for sham (0.0532 ± 0.0382, median ± median absolute deviation) and experimental mice (0.093 ± 0.0597, 515 

median ± median absolute deviation, Wilcoxon ranksum-test: W = 19272, z = 3.9801, p = 0.000068892). 516 

Additionally, the extent of lateral jitter - Δ angle of the peak response given in degrees – 7C -  was 517 

significantly less in sham compared to experimental mice (Kolmogorov-Smirnoff-Test - D = 0.2471, p = 518 

0.0004).  However, the Δ angle did not predict Δ OSI in either dataset (Figure 7D; linear regression - 519 

experiment: F(1,123) = 0.020208, p = 0.88716, sham: F(1,144) = 1.8839, p = 0.172), suggesting that the 520 

extent of changes in OSI values did not simply reflect differences in lateral jitter between sham and 521 

experimental groups. Finally, we correlated tuning curves in the pre and the post condition for both 522 
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experimental and sham data (Figure 7E): tuning curves corelated significantly less in the actual 523 

experiment than in the sham treatment (Kolmogorov-Smirnoff-Test - D = 0.2079 , p = 0.0062). Taken 524 

together, our results demonstrate that monaural conductive hearing loss, rather than effects of anesthesia 525 

or representational drift, alters dorsal shell IC neuron spatial sound responses.  Moreover, the smaller 526 

overall shifts in spatial tuning in sham mice may reflect a combination of broad spatial tuning and trial-to-527 

trial variability in shell IC sound responses. Alternatively, uncontrolled differences between sham and 528 

experimental groups such as differences in pinnae movements could also contribute. 529 

 530 

Sound presentation angle can be decoded via neural data recorded in monaurally occluded mice 531 

If dorsal shell IC populations effectively transmit auditory spatial information under binaural conditions 532 

and after ear plugging, neural population data recorded in either condition should be similarly informative 533 

of sound source location. To test this hypothesis, we asked if support vector machine (SVM) classifiers 534 

could decode the sound presentation angle when trained on fluorescence data recorded from either pre- 535 

or post ear-plug sessions (Figure 8A). SVMs trained on pre-plugging sessions classified sound 536 

presentation angle significantly above chance level when tested on held out trials from the same pre-plug 537 

sessions (median accuracy: 39.4 %, 24.5 % above chance level obtained from shuffled data, Figure 8B, 538 

golden box, Bonferroni, pre-plugged vs. chance = p < 0.001). This result argues that shell IC neuron 539 

populations provide downstream brain regions with substantial information regarding sound source 540 

location. Interestingly, SVMs trained and tested on the post-plugging data could also correctly classify 541 

the trial-by-trial sound presentation angle significantly above chance level (median accuracy: 33.9 %, 542 

19.3 % above chance level, Figure 8B, teal box, Bonferroni, post-plugged vs chance = p < 0.001), and 543 

this performance was not significantly different from the classification accuracy of SVMs trained and 544 

tested on the pre-plug sessions (Bonferroni test, pre-plugged vs post-plugged = n.s., p > 0.05). This result 545 

further supports the interpretation that subsets of the shell IC population can transmit spatial acoustic 546 

information despite altered binaural cues. 547 

 548 
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To further test if distinct groups of shell IC neurons transmit directional information under binaural and 549 

monaural conditions, we trained SVM classifiers on neural activity recorded in pre-plugging sessions and 550 

measured their classification accuracy on trials from post-plugging sessions. For these analyses, data 551 

were pooled for all mice to increase the number of trackable neurons, and only matched sound-552 

responsive ROI’s were included as in figure 7. SVMs were then trained on an ensemble population 553 

created from all animals. Accordingly, SVMs trained on pre-plugging data displayed 23.6% accuracy 554 

(merely 6.1% above chance level) when classifying sound source location from neural activity of the 555 

same neurons recorded in post-plugging sessions (Figure 8C, teal box). This result was not due to a lack 556 

of directional information in the training datasets: SVMs trained on the same pre-plugging datasets 557 

reached a median accuracy of 46.5% when tasked with classifying pre-plugging trials held out from the 558 

training data (Figure 8C, golden box). Additionally, the results were unlikely caused by overfitting, as 559 

removing a randomly chosen subpopulation of neurons in each trial still resulted in sound angle decoding 560 

accuracy significantly above chance level (Figure 8D).  Moreover, SVMs trained on pre- or post-sham 561 

treatment imaging data showed high classification accuracy when tested on held out trials from within 562 

the same session (e.g., pre- or post-sham trained/tested; Figure 8E), as well as across sessions (pre-563 

sham trained/post-sham tested, Figure 8F). These results rule out the interpretation that SVMs trained 564 

on pre-plug data fail to accurately classify post-plugging trials due to a non-specific effects of anesthesia 565 

or representational drift. Rather, in tandem with the results of figures 5 and 6, our data suggest that 566 

distinct shell IC population codes transmit directional information under binaural and monaural hearing 567 

conditions. 568 

 569 

Decoding errors reflect misclassification of ipsilateral angles 570 

As reported above, decoding accuracy is reduced when the classifier is trained on pre- and tested on 571 

post-plug data. We further probed the mechanism underlying this effect by comparing the distribution and 572 

magnitude of incorrect classifications for SVMs trained on pre-plug datasets and tasked to classify post-573 

plug responses from the same neurons. Monaural ear plugging introduces a strong bias towards the 574 

unplugged side: on incorrect classifications, the classifier is much more likely to classify a sound to be 575 
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presented from the right (unplugged) side (Figure 9A, Trained Pre / Tested Post: χ² (1) = 505.0485, p = 576 

7.5774e-112, n = 1030, median error = +30°). In contrast, SVMs trained on data from sham treated mice 577 

showed a much more symmetric prediction error histogram, with ipsi and contralateral errors equally 578 

distributed around 0 (Figure. 9B Trained Pre / Tested Post: χ² (1) = 582.4242, p = 1.1137e-128, n = 1320, 579 

median error = +15°). Qualitatively similar results are seen when comparing the confusion matrices for 580 

the two classifier types: Whereas SVMs trained and tested on pre-plug datasets rarely classified 581 

ipsilateral sounds as arising from contralateral angles (experimental data: χ² (1) = 38,3789, p = 5.826e-10, 582 

n = 908, median error = 0°; sham data: χ² (1) = 582.4242, p = 1.1137e-128, n = 1320, median error = +15°) 583 

pre-plug trained SVMs showed a strong contralateral (open ear) bias for all angles when tested on post-584 

plug data (Figure 9C). Intermediate ipsilateral angles and the midline were almost always misclassified 585 

as originating from the contralateral hemifield. These results were not observed in confusion matrices 586 

from sham treated mice (Figure 9D). Rather, our population coding data are reminiscent of 587 

psychophysical performance errors, whereby acute monaural deprivation induces a strong perceptual 588 

bias for sounds originating from the open ear (Florentine, 1976b; Slattery III and Middlebrooks, 1994; 589 

Kumpik et al., 2010; Keating et al., 2016). 590 

 591 

Discussion 592 

We have shown that activity of neurons in the IC’s superficial “shell” layers represent the entirety of the 593 

frontal azimuth, even when binaural cues are abruptly and dramatically altered by monaural conductive 594 

hearing loss. Our results contrast somewhat with single unit studies of binaural responses in the IC’s 595 

lemniscal central nucleus, where contralateral excitation and ipsilateral inhibition often give rise to a 596 

dominance of contralateral selectivity, and a largely monotonic coding of azimuthal lateralization in the 597 

central IC (Li et al., 2010; Li and Pollak, 2013; Xiong et al., 2013; Yao et al., 2013; van den Wildenberg 598 

and Bremen, 2024). Additionally,  in contrast to the IC brachium (Schnupp and King, 1997; Slee and 599 

Young, 2013, 2014) and superior colliculus (King and Hutchings, 1987; Ito et al., 2020), which report 600 

predominantly contralateral representation of auditory space under binaural conditions, we find that 601 

almost half of dorsal shell IC neurons (42.38 %) showed dominant responses in the ipsilateral hemifield. 602 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2024. ; https://doi.org/10.1101/2024.09.13.612867doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.13.612867
http://creativecommons.org/licenses/by-nc-nd/4.0/


If central, brachial, and dorsal shell IC neurons project to divergent postsynaptic targets, the auditory 603 

midbrain could transmit parallel but complementary spatial auditory signals that may be involved in 604 

distinct behaviors (Brandão et al., 1993; Xiong et al., 2015; Hu and Dan, 2022). Future studies using sub-605 

region specific optogenetic manipulations in behaving mice could directly test this idea. 606 

 607 

Origin of spatial tuning diversity 608 

One potential mechanism of ipsilateral tuning is the commissural projection of the IC. Accordingly, 609 

unilateral IC silencing impacts spatial tuning in the opposite IC (Orton et al., 2016; Liu et al., 2022), 610 

suggesting that reciprocal interactions between hemispheres govern IC neuron responses. Alternatively, 611 

ipsilateral responses could originate in part via auditory corticofugal projections that target dorsomedial 612 

IC neurons (Winer et al., 1998; Oberle et al., 2022, 2023): Indeed, single auditory cortical hemispheres 613 

contain neurons tuned to the entire azimuthal plane (Rajan et al., 1990; Panniello et al., 2018; Remington 614 

and Wang, 2019; Wood et al., 2019; Amaro et al., 2021) with many neurons showing circumscribed 615 

receptive fields as described here (Middlebrooks and Pettigrew, 1981). Additionally, silencing auditory 616 

cortex profoundly impacts IC neuron binaural receptive fields (Nakamoto et al., 2008). However, the 617 

complicated interconnectivity between IC and auditory cortex complicates disambiguating whether 618 

changes in receptive field properties upon silencing of synaptic input pathways reflect a loss-of-function 619 

of spatially tuned synaptic drive, or rather brain-wide network effects. 620 

 621 

OFF responses exhibit spatial selectivity 622 

In addition to spatially tuned activity during sound presentation, 551/901 (61.2 %) sound-excited neurons 623 

exhibited OFF responses upon sound termination, which were often spatially selective. At the population 624 

level, ON and OFF responses displayed similar distributions of preferred locations with similar OSI 625 

values. Although many OFF responsive neurons were also sound inhibited, sound-evoked inhibition was 626 

less selective for spatial position than sound-evoked excitation (Figure 2). Consequently, rebound firing 627 

following release of inhibition is unlikely to fully explain OFF responses. This interpretation is further 628 

supported by the observation of a handful of neurons (33/551 or 6%) showing both excitatory ON and 629 
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excitatory OFF responses with significantly distinct spatial receptive fields. Rather, these data suggest 630 

that multiple, spatially selective synaptic inputs can converge upon single shell IC neurons. This result is 631 

reminiscent of classic observations in primary visual cortex, showing that simple cells have ON and OFF 632 

receptive fields which code for distinct spatial locations (Hubel and Wiesel, 1962). Together with prior 633 

studies reporting spatially distinct ON and OFF receptive fields in auditory cortex (Hartley et al., 2011; 634 

Ramamurthy and Recanzone, 2017), our results suggest that common organizational principles of spatio-635 

temporal processing exist across sensory systems. 636 

 637 

Population coding of spatial location persists with altered binaural cues 638 

Ipsilateral ear plugging broadens and shifts spatial receptive fields in single unit recordings from brain 639 

regions of various species (Palmer and King, 1985; Gooler et al., 1996b; Grant and Binns, 2003b) though 640 

some spatial selectivity persists in individual neurons (Middlebrooks, 1987; Samson et al., 2000; Poirier 641 

et al., 2003). However, the extent to which such altered population-level activity could accurately transmit 642 

spatial auditory information was unclear. In our studies, ipsilateral ear plugging did indeed broaden the 643 

receptive fields in a subset of spatially tuned shell IC neurons. However, a substantial proportion (58%) 644 

of neurons remained spatially selective or sharpened their spatial tuning, and ipsilateral ear plugging 645 

unmasked spatial receptive fields in a subset of previously less selective neurons. The spatial receptive 646 

fields which persist following ipsilateral ear plugging may reflect a selectivity to monaural spectral cues 647 

or possibly a non-monotonic ,“O-shaped” level dependence of ipsilateral sounds (Davis et al., 1999). 648 

Alternatively, de novo spatial tuning could also reflect a rapid (<2 hr) and experience independent 649 

plasticity of binaural cues. In either case, the functional consequence is that ipsilateral ear plugging did 650 

not degrade the population level spatial representations as predicted from single unit data, but rather 651 

caused a functional reorganization of which neurons were spatially informative in normal vs. altered 652 

binaural conditions. In support of this interpretation, simple classifier models trained and tested on 653 

imaging data collected in either control or ipsilateral plugged conditions could predict sound presentation 654 

angle with similar above chance accuracy, but classification accuracy dropped to near chance level when 655 

classifiers were tested across conditions. Interestingly, models trained on control sessions and tested on 656 
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ear-plugged sessions exhibited classification errors reminiscent of human and animal behavior, whereby 657 

acute monaural hearing loss induces a perceptual bias towards the open ear (Slattery III and 658 

Middlebrooks, 1994; Sanchez Jimenez et al., 2023). However, future studies are required to establish 659 

the extent to which dorsal shell IC neuron activity causally relates to spatial auditory percepts. 660 

 661 

Implications for spatial cue plasticity following monaural hearing loss 662 

Humans and animals show profound impairments in sound localization immediately following monaural 663 

hearing loss. However, many studies show that they can eventually re-learn to localize sounds. This form 664 

of perceptual learning occurs both during the juvenile critical period and in adulthood (Moore et al., 1999), 665 

and is thought to require active training (Wilmington et al., 1994; Bajo et al., 2010, 2019) to remap altered 666 

binaural cues onto spatial locations and/or a re-weighting of the importance of monaural spectral cues 667 

(Hofman et al., 1998; Shinn-Cunningham, 2001; Kacelnik et al., 2006; Kumpik et al., 2019; Zonooz and 668 

Van Opstal, 2019). Although the biological mechanisms of this perceptual learning are unclear, 669 

circumstantial evidence implicates the dorsal shell IC as a potential locus of experience-dependent 670 

plasticity which could contribute to this perceptual learning. The external IC nucleus of the barn owl, which 671 

is thought analogous to the mammalian shell IC nuclei, is a major site of experience-dependent plasticity 672 

for spatial auditory representations (Gold and Knudsen, 2000). Interestingly, the spatial receptive fields 673 

acquired via experience do not “overwrite” pre-existing spatial representations, but rather suppress their 674 

expression via GABAergic inhibition. Consequently, multiple spatial population codes can co-exist in the 675 

same IC tissue and be recalled in a context-dependent manner (Zheng and Knudsen, 1999). Under our 676 

conditions, a population representation of auditory space emerged rapidly in the mammalian shell IC 677 

following monaural ear plugging, albeit in a seemingly experience-independent manner. However, this 678 

phenomenon may nevertheless reflect the similar principle of context-dependent expression of spatial 679 

population codes as reported in owls. In this framework, the re-learning of sound localization following 680 

monaural hearing loss might thus involve plasticity mechanisms in shell IC neurons’ downstream targets 681 

“learning” to use a newly informative spatial auditory population code. 682 

 683 
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Figure 1: 2-photon Ca2+ imaging of spatial sound responses in dorsal shell IC neurons of awake mice 966 
A) Schematic of experiment. We injected an adeno-associated virus to express genetically encoded Ca2+ indicators 967 
(GCaMP6f or GCaMP8s) in the left IC of mice. B) Following recovery from surgery, 2-photon Ca2+ imaging was 968 
conducted in the superficial layers of the left IC in awake, head-fixed mice. C) During imaging sessions, sounds 969 
were presented at specific angles across the frontal azimuth via a servo-motor based movable speaker system. D) 970 
Example confocal microscopy section showing GCaMP8s expression in the left shell IC. L = Lateral; R = Rostral. 971 
Lower panel: The area denoted by the dotted line is shown at higher magnification. Rectangle denotes range of 972 
depths for the imaged FOVs across all mice. E) Example FOV: Orange and blue arrows respectively denote 973 
example sound excited and sound inhibited neurons shown in more detail in panel G. F) Mean fluorescence 974 
waveform across all trials and all neurons, for sound excited and sound inhibited populations identified via t-SNE 975 
clustering (orange and blue, respectively). Black bar denotes sound presentation time of 0.5 s broadband noise 976 
burtsts G) Example data from single sound excited (top) and sound inhibited (bottom) neurons from panel E. 977 
Fluorescence traces are averages of 30 repetitions at each presentation angle, whereas the heatmaps show single 978 
trial responses. H) Polar plots of fluorescence amplitudes for the example neurons in panel G. I) Summary of OSI 979 
values for sound excited and sound inhibited neurons (orange and blue, respectively). 980 
  981 
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Figure 2: Rich and diverse spatial tuning profiles of dorsal shell IC neurons 982 
A) Example sound excited neuron with preferred responses in the ipsilateral hemifield. Fluorescence traces are 983 
averages across all presentations at a particular angle. Heatmaps show individual trials. Arrow denotes preferred 984 
position defined as the highest average peak response at -90°. B) Same as A, but for a neuron with a preferred 985 
position at the midline. C) Population distribution of preferred angles for sound excited (left, orange) and sound 986 
inhibited neurons (right, blue). D) Summary histogram of preferred angles for sound excited and sound inhibited 987 
neurons (orange and blue, respectively). 988 
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Figure 3: Waveform characteristics and spatial selectivity of sound excited neurons 990 
A) Average waveforms of neurons clustered into group 1 with one positive peak following sound presentation (n 991 
=350), purple line denotes the average waveform over all neurons within this cluster. B) Population distribution of 992 
preferred angles for neurons in A. C) Summary histogram of preferred angles for neurons given in A. D) Average 993 
waveforms of neurons clustered into group 2 with one negative and positive peak following sound presentation (n 994 
=551), blue line denotes the average waveform over all neurons within this cluster.  E) Population distribution of 995 
preferred angles for the positive peak of neurons in D. F) Summary histogram of preferred angles for the positive 996 
peak of neurons given in D. G) Population distribution of preferred angles for the negative peak of neurons in D. H) 997 
Summary histogram of preferred angles for the negative peak of neurons given in D. I) correlation of OSI values for 998 
positive and negative peaks of group 2 neurons. 999 
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 1001 
Figure 4: ON and OFF excitation can exhibit distinct spatial tuning in single neurons. A) Average fluorescence 1002 
traces (top) and single trials (lower panel, heatmaps) for an example neuron showing ON and OFF excitatory 1003 
responses. B) the first derivative of the fluorescence traces from panel A are overlaid. Black bar is sound 1004 
presentation. Preferred ON and OFF responses are highlighted in black and magenta, respectively. C) Population 1005 
distribution of preferred ON and OFF responses (black and magenta, respectively) for n = 33 neurons as in panel 1006 
A. D) Absolute difference in preferred angles for ON and OFF responses in the same neurons. E) OSI values for 1007 
ON and OFF excitation in the same neurons. 1008 
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 1010 
Figure 5: Ipsilateral ear plugging alters spatial receptive fields in dorsal shell IC neurons 1011 
A) Mice were fit with a monaural foam plug into the left ear, subsequently sealed with silicone. B) The same FOV 1012 
was imaged pre (left, magenta) and post (middle, yellow) monaural conductive hearing loss. ROIs of both FOVs 1013 
(pre and post condition) were tracked across sessions. C) Example neuron which broadened its receptive field 1014 
following ipsilateral ear plugging: Panels 1-4 show the pre plugged condition, panels 5-8 give the post-plugged 1015 
condition for the same neuron. D) Example neuron showing broadened selectivity and switching of preferred 1016 
azimuthal hemifield following monaural ear plugging. E) Example neuron which changes from sound inhibited to 1017 
sound excited following ear plugging.  F) Summary histograms of preferred angles for sound-excited (green) and 1018 
sound-inhibited (teal) neurons, pre- and post-plugging (upper and lower panels, respectively). G) Change in 1019 
orientation selectivity following monaural ear plugging. Neurons either increase (blue lines, (58%) or decrease 1020 
(orange lines, 42 %) orientation selectivity following monaural ear plugging. 1021 
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Figure 6: Population code of auditory space in the dorsal shell IC is maintained across conditions of typical and 1023 
altered binaural hearing 1024 
A) Population distribution of preferred angles for neurons in pre- (left) and post-plugged (right) conditions B) 1025 
Summary histogram of preferred angles for neurons given in A, divided into sound excited (green) and inhibited 1026 
neurons (teal) C) Summary of OSI values for sound excited and sound inhibited neurons (green and blue, 1027 
respectively) for neurons given in A. 1028 
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Figure 7: Comparison of spatial tuning changes in ear plugged and sham operated mice. 1030 
A,B) Timelines for experimental (A) and sham mice (B). C) Distribution of sound presentation angles pre- and post-1031 
plugging (left matched heatmaps) and for pre- and post-sham conditions (right matched heatmaps). D) Quantitative 1032 
analysis of the change in orientation selectivity index (Δ OSI), plotted over the change in change in preferred peak 1033 
given in degree (Δ angle at peak) for experiment (left, magenta) and sham (right, blue). E) Summary histograms of 1034 
changes in preferred peak given in degree (Δ angle at peak) for experiment (left, magenta) and sham (right, blue). 1035 
F) Correlation of single cell tuning curves across pre and post conditions for experiment (left, magenta) and sham 1036 
(right, blue). 1037 
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Figure 8: Population decoding of sound presentation angle from pre and post plugged data using support vector 1039 
machine analysis 1040 
A) SVM classifiers were trained to predict sound angle on a trial-by-trial basis using the absolute fluorescence peak 1041 
in each neuron (leave-one-out method). A linear kernel and the sequential minimal optimization were used as SVM 1042 
parameters. B) Sound angle decoding accuracy for SVM classifiers trained and tested on data obtained from either 1043 
pre-plugged (golden boxes) or post-plugged (teal boxes) mice. Chance levels were obtained from shuffling the trial 1044 
fluorescence data and trial sound angles before training. C) Same as B, but for trackable neurons pooled across all 1045 
animals, comparing accuracy from classifiers trained and tested on data from pre plugged mice with those trained 1046 
on data from pre plugged mice and tested on data from post plugged mice. Chance level is theoretical for uniform 1047 
classification. D) Decoding accuracy plotted over size of dropout layer (proportion of random neurons per trial not 1048 
used for classification) as mean and standard deviation for pre-plugged (teal) data and shuffled data (orange, 1049 
chance level). E) Same as B, but for sham-treated control mice. F) Same as C, but for sham-treated control mice. 1050 
*** indicates p < 0.001. 1051 
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Figure 9: SVM classifier decoding errors are biased towards the contralateral side 1052 
A) Prediction error histogram for an SVM classifier trained on data from trackable neurons pre-plugged, pooled 1053 
across all mice, and tested on data from the same neurons post-plugged. B) The same as A, but for sham-treated 1054 
control mice. C) Confusion matrices for experimental mice for the classifier trained and tested on pre-plugged data 1055 
(left), or trained on pre-plugged and tested on post-plugged data (right). Purple and orange entries are correct and 1056 
incorrect predictions, respectively. Numbers indicate the proportion of predicted angles per true sound presentation 1057 
angle in % (Rows add up to 100%). D) The same as C, but for sham-treated control mice. 1058 
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