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Abstract 27 

The ability of the brain to undergo plastic changes throughout the lifespan of an 28 

organism is essential to optimize its interactions with its environment. Adaptation to sensory loss 29 

is observed as cross-modal recruitment of the cortical areas deprived of their own sensory 30 

inputs by the spared senses and as compensatory plasticity of the spared cortical areas. The 31 

former is thought to increase the cortical resource for processing information related to the 32 

spared modalities and the latter is thought to refine the spared senses. In animal models, 33 

synaptic and circuit-level plasticity have been observed in both the deprived primary sensory 34 

cortex and in the spared primary sensory cortices. In this study, we examined how the primary 35 

visual cortex (V1) adapts to cross-modal auditory deprivation initiated in adult mice of both 36 

sexes. To do this, we recorded the stimulus-evoked neural activity in V1 layer 2/3 (L2/3) using 37 

2-photon calcium imaging and presented visual stimuli restricted to either the central or the 38 

peripheral visual field. We found that adult-onset deafening intensified the attenuation of 39 

stimulus-evoked responses to a range of stimuli, largely in the medial V1 representing the 40 

peripheral monocular visual field, without affecting the population decoding capability. 41 

Furthermore, adult-onset deaf mice exhibited selective behavioral improvement on peripheral 42 

visual acuity for detecting static gratings, without changes in contrast sensitivity for detecting 43 

moving gratings. Our findings suggest enhancement of neural attenuation may support 44 

compensatory plasticity in adult V1, which may benefit the stimulus encoding efficiency to 45 

improve detection of fine peripheral visual features.  46 
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Significance Statement 48 

Losing a sensory modality leads to widespread brain adaptation to enhance the 49 

remaining senses. In addition to cross-modal recruitment, which repurposes the deprived brain 50 

areas to process the spared senses, there is functional refinement of the spared sensory areas 51 

referred to as compensatory plasticity. While plasticity is prominent for early-onset sensory loss, 52 

functional compensation is also observed after adult-onset sensory loss. Here, we report that 53 

adult-onset deafness in mice accentuates attenuation of visual cortical responses to visual 54 

stimuli, especially in the peripheral visual field, with indications of more efficient coding. 55 

Additionally, deafened adult mice show rather selective improvement on peripheral visual acuity. 56 

Our study suggests a mechanism of compensatory plasticity in the adult visual cortex, which 57 

may benefit visual function. 58 

  59 
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Introduction 60 

 It is well appreciated that losing a sensory modality leads to cross-modal adaptive 61 

plasticity across various brain areas to allow more effective use of the spared senses to guide 62 

behavior. Studies have found that two distinct plasticity mechanisms mediate such adaptation: 63 

cross-modal recruitment of the deprived sensory cortical areas by the spared senses and 64 

compensatory plasticity of the spared sensory cortices to refine their own processing (Ewall et 65 

al., 2021; Mesik and Lee, 2023). In human blind subjects, cross-modal recruitment is observed 66 

as activation of the deprived visual cortex by braille or speech, both for early- and late-onset 67 

blind (Sadato et al., 1996; Buchel et al., 1998; Burton et al., 2002; Bedny et al., 2011). There is 68 

also evidence of compensatory plasticity observed as refinement of tonotopy in the auditory 69 

cortex of blind subjects (Huber et al., 2019). Brain-wide adaptation to sensory loss is also seen 70 

in deaf human subjects with improvement in visual functions. For example, deaf subjects react 71 

faster and more accurately to visual stimuli in the peripheral visual field (Neville and Lawson, 72 

1987; Loke and Song, 1991). However, such improvement is mainly characterized in 73 

congenitally deaf subjects and not without controversy, with reports of no difference in visual 74 

performance or even degraded performance, which seems to depend on the visual task 75 

(Bavelier et al., 2006; Kral and Sharma, 2023). Even in cases of improved visual function in deaf 76 

subjects, the neural correlates have not been clearly delineated, especially for adult-onset 77 

hearing loss. In particular, whether the primary visual cortex undergoes compensatory plasticity 78 

is unknown, although a recent study showed enhanced visually evoked responses in adult-79 

onset deaf cats (Zhu et al., 2026). 80 

In mice, we previously reported that adult-onset sensory loss leads to compensatory 81 

functional plasticity of the spared primary sensory cortices. For example, adult-onset visual 82 

deprivation potentiates the feedforward circuit in the primary auditory cortex (A1), including the 83 

thalamocortical synapses on layer 4 (L4) neurons (Petrus et al., 2014), and refinement of 84 
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intracortical circuits within A1 L4 and L2/3 (Meng et al., 2015; Petrus et al., 2015; Meng et al., 85 

2017; Solarana et al., 2019). Thalamocortical synaptic plasticity in A1 is known to be limited to 86 

an early critical period (Barkat et al., 2011); hence its recovery suggests that cross-modal 87 

sensory deprivation may effectively engage latent plasticity in the adult primary sensory cortex. 88 

Furthermore, we reported that such compensatory plasticity in A1 has functional consequences 89 

at a neural level by lowering sound detection threshold and sharpening the tuning properties 90 

(Petrus et al., 2014), as well as improving auditory detection behavior especially at high 91 

frequency hearing ranges (Jendrichovsky et al., 2024). There is some evidence that similar 92 

compensatory plasticity may occur in V1 after adult-onset hearing loss. For instance, adult-93 

onset deafness recovers thalamocortical synaptic plasticity of V1 L4 neurons and accelerates 94 

the adult form of ocular dominance plasticity (Rodriguez et al., 2018). 95 

Here, we investigated how adult-onset deafness alters V1 L2/3 neuronal responses to 96 

various visual stimuli and whether it improves visual detection in mice. Based on human studies 97 

reporting selective improvement in the peripheral visual field, if at all, we examined neural 98 

responses in the lateral V1 representing the central visual field and the medial V1 representing 99 

the peripheral visual field. To sample neural responses to a range of visual stimuli, we used 100 

both static gratings with varying spatial frequency to assess visual acuity and moving gratings 101 

with varying contrast levels to assess contrast sensitivity. We found that adult-onset deafness 102 

exaggerated neural adaptation to repetitive visual stimulation across wider ranges of stimuli 103 

compared to age-matched controls. The refinement of neural responses was observed both for 104 

visual acuity stimuli set and moving gratings of varying contrasts, largely in the peripheral visual 105 

field. In contrast, adult-onset deaf mice only showed behavioral improvement in visual acuity in 106 

the peripheral visual field without improvement in the detection of moving gratings of varying 107 

contrast.  108 
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Materials and Methods 109 

Animal 110 

All experimental protocols were approved by the Institutional Animal Care and Use 111 

Committee at Johns Hopkins University. For the neural recording experiment, we used 23 112 

C57Bl/6J mice (14 male and 9 female) around postnatal age 60 days (~P60) at the start of the 113 

experiment. Of these, 7 male (M) and 5 female (F) mice were used for the acuity stimuli 114 

recordings (CTL: 2 F, 4 M; DF: 3 F, 3 M); 7 male and 4 female mice were used for the contrast 115 

stimuli recordings (CTL: 2 F, 4 M; DF: 2 F, 3 M). For the psychophysics experiments, we used 116 

13 C57Bl/6J mice (5 male and 8 female) and 8 cFos-TRAP2;Ai14 (6 male and 2 female) 117 

between P50~P70 at the start of the experiment. Attempts were made to balance the sexes 118 

between various groups across the different experiments, and preliminary analysis of the data 119 

did not suggest overt differences that warrant further analysis based on sex. All mice were 120 

housed in a rodent facility with a temperature range of 21–24 °C, a humidity range of 40–60%, 121 

and a 7 am/7 pm day/night cycle. All experimental mice were visually inspected to ensure 122 

healthy eyes and bodily functions.  123 

 124 

Mouse surgery 125 

For two-photon imaging of V1, mice underwent surgery at ~P60 for transfection of 126 

GCaMP8s virus (AAV-syn-jGCaMP8s-WPRE; Addgene#162374-AAV9) and implantation of 127 

cranial windows and headplates. At the start of every surgery, mice were anesthetized with 5% 128 

isoflurane in an induction chamber and head-fixed to a stereotaxic apparatus, where a mixture 129 

of 1-2% isoflurane and oxygen was continuously delivered throughout the surgery. The animal's 130 

breathing rate was monitored throughout the surgery to maintain a stable level of anesthesia. 131 

Next, the mice were subcutaneously injected with 2.4 μl of dexamethasone (2 mg/ml 132 
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concentration) and 10 μl atropine (0.027 mg/ml concentration) per gram of body weight. 133 

OptixCare eye gel was gently applied to the entire exposed ocular surface of both eyes using a 134 

cotton-tip applicator to protect them from dryness during the surgery. All hair covering the head 135 

was removed using a chemical hair remover (Nair), and the skin above the cortex was 136 

disinfected with iodine. This area of skin was then removed with a pair of scissors to expose the 137 

skull, which was then cleaned with 3% H2O2 and thoroughly dried. The loose skin above the 138 

head was glued down onto the cleaned skull using Vetbond. A circular craniotomy of 3 mm 139 

diameter was drilled out of the skull region above V1 of the left hemisphere, centered on roughly 140 

3.6 mm posterior to bregma and 2.5 mm lateral from midline. These measurements were 141 

adjusted for the varying bregma to lambda distance of each mouse, with the assumed default 142 

being 4.21 mm. Any exposed cortical surface was temporarily covered with small pieces of 143 

sterile Gelfoam (Pfizer) soaked in sterile saline solution. In the bottom center of the exposed 144 

cortical region, 500 nL of a mixture of GCaMP8s virus diluted in sterile NaCl (1:10 dilution) was 145 

injected 0.4 mm below the pia through a pulled borosilicate glass capillary backfilled with 146 

mineral oil and angled at 0-20˚ with respect to the cortical surface. A tiny amount of Fast Green 147 

was added to the virus to enhance the visualization of the meniscus. The injection rate was 148 

maintained at 90 nl/min and repeated 3-4 times in different locations to ensure expression 149 

across a large area of V1. After each injection, the glass pipette was left in the brain for ~10 150 

minutes to prevent backflow before being slowly retracted. After the last injection, a 3-mm 151 

diameter cover glass was placed above the craniotomy and Vetbond was applied to its 152 

perimeter to glue its edges onto the skull. A circular metal headspace was glued onto the skull 153 

using a dot of super glue placed above bregma and dental cement was applied to the region 154 

between the skull and the headplate, avoiding the cranial window. Finally, the mice received a 155 

subcutaneous injection of 20 µl of meloxicam (0.25 mg/ml solution) per body weight in grams 156 

and allowed to recover on a heat pad. Carprofen-supplemented water (70 μg/ml) was provided 157 
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for one week postoperatively to promote recovery. The injected virus was allowed to incubate 158 

for one month before two-photon imaging.  159 

For behavior experiments, mice underwent surgery between P50~P70 for implantation of 160 

the headplate alone. The age chosen for surgery is based on the long duration needed for 161 

behavioral training to allow initiation of training around P60~P90, so the behavioral 162 

measurements could be completed before the complications of naturally occurring age-related 163 

hearing loss in C57BL/6J mice, which starts from high frequency ranges (40 kHz ≤) around 164 

P120 (Jendrichovsky et al., 2024). The surgical procedure was identical to that used for neural 165 

recording, except that GCaMP8s injections and cranial window implantation were omitted. 166 

 167 

Ototoxic deafening 168 

Mice were deafened at around P90-P100 for neural recording experiments and around 169 

P50~P70 for psychophysics experiments. At the start of the surgery, mice were anesthetized 170 

with 5% isoflurane in an induction chamber and placed onto a stereotaxic apparatus, where a 171 

mixture of 1-2% isoflurane and oxygen gas was continuously delivered for the entire surgery. 172 

Ear bars were not used during the procedure to allow unrestricted access to the ears. The 173 

animal's breathing rate was monitored throughout the surgery to ensure a stable level of 174 

anesthesia. Next, the mice were subcutaneously injected with 20 µl of meloxicam (0.25 mg/ml 175 

solution) per body weight in grams. OptixCare eye gel was applied using a cotton-tip applicator 176 

over both eyes, covering the entire ocular surface to protect them from dryness during the 177 

surgery. Then, the skin area surrounding the ears was disinfected with Iodine using a cotton-tip 178 

applicator. The outer ears were removed with a pair of small scissors to gain access to the 179 

middle ears. Under the dissection microscope, the ossicles inside the middle ear were removed 180 

with a fine-tip tweezer, enabling access to the cochlea through the oval window. Through the 181 
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oval window, 50 μl of kanamycin diluted in NaCl (1.76 mg/ml) was dispensed into the cochlea 182 

using a micropipette. Finally, a small piece of Gelfoam was inserted into the ear canal, and the 183 

ear was sutured closed. The animals were then placed on a heating pad to recover from 184 

anesthesia and provided with carprofen water (70 µg/ml) for 7 days to promote recovery. Three 185 

days after the initial surgery, the animal was briefly anesthetized on the same stereotaxic setup 186 

for the removal of the suture and Gelfoam from both ears. Vestibular damage, which manifested 187 

as an abnormal head tilt or locomotion, was noted in a few mice shortly after recovery from 188 

anesthesia. These mice were euthanized and were not used for experiments. 189 

 190 

Intrinsic Signal Imaging 191 

Retinotopic mapping was performed using an intrinsic signal imaging protocol adapted 192 

from the Callaway lab to find the cortical areas that best correspond to the peripheral and the 193 

central field, as well as define the border that separates V1 from the higher order visual areas 194 

(HVAs) (Garrett et al., 2014; Juavinett et al., 2017). Each mouse was induced into anesthesia 195 

with 5% isoflurane. The mice were administered 5 μl of sedative chlorprothixene (0.2 mg/ml 196 

concentration) per gram of body weight as needed, to allow for a lower isoflurane concentration 197 

(< 1%) during imaging. Mice were then transferred to a heated pad, and their heads were 198 

secured under a CCD camera for imaging of the V1/HVA regions through the cranial window. 199 

The skull was illuminated with red light, and a contrast-reversing drifting checkerboard pattern 200 

stimulus, moving at a set rate, was presented to the mouse on a screen 10 cm from the 201 

contralateral eye. As this stimulus pattern is being presented to the mouse, the response to 202 

each image pixel was acquired, and a Fourier transform was performed to extract signal 203 

components at the stimulus frequency. The computed phase maps were converted into 204 

retinotopic coordinates, and the borders of the visual areas were identified based on retinotopic 205 

reversals between areas using an automated algorithm. Using this method, area segmentation 206 
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is performed by an algorithm that identifies visual areas based on whether their retinotopy is 207 

mirror- or non-mirror-symmetric with respect to the visual space in the retina. This visual area 208 

map was then overlaid on an acquired image of the vasculature to allow for the identification of 209 

V1 and surrounding HVAs. The mice were then allowed to recover on the heated pad and 210 

returned to the animal colony.  211 

 212 

2-Photon Ca2+ imaging of neural activity 213 

During two-photon imaging, the mice were awake, head-fixed on a cradle to which they 214 

were habituated over 3 sessions prior to the first recording. Calcium imaging was performed on 215 

a custom-built 2-photon microscope based on the Janelia MIMMS design. Images were 216 

acquired at 30-Hz and 512 x 512 pixel resolution (field of view: ∼500 x 500 μm2) using 30–100 217 

mW of laser power depending on the depth and strength of the viral expression. A 27” screen 218 

was positioned 30 cm from the right eye and angled so that the central stimulus sits directly in 219 

front of the mouse (Figure 1A). The height of the screen was adjusted so that the middle of the 220 

screen’s height was at the same level as the pupil. Screen settings were adjusted to 100% 221 

brightness, mean luminance of 35 cd/m2, and a 144 Hz refresh rate. The position of the central 222 

stimulus was 0-10˚ azimuth, which is within the binocular visual field of mice (Figure 1A). The 223 

position of the peripheral stimulus is 80-90˚ azimuth, which is in the periphery of the monocular 224 

visual field (Figure 1A). Because both eyes were open during the experiment, the central stimuli 225 

will be viewed through both eyes; hence, the neural responses measured in the lateral binocular 226 

V1 is expected to be summation of responses from both eyes. The stimulus is presented on a 227 

gray isoluminant background, which remains on the screen throughout the recording session. 228 

All visual stimuli were generated using the Psychtoolbox-3 extension of Matlab (Brainard, 1997). 229 

For each recording day, we recorded from 2 lateral and 2 medial regions of V1. The stimulus 230 

location varies with the recording region: the peripheral stimulus was shown during medial 231 
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recordings, and the central stimulus was shown during lateral recordings. During acuity 232 

measurements, static sinusoidal gratings were presented at 100% contrast and 90° orientation, 233 

at spatial frequencies of 0.1, 0.3, 0.5, 0.7, 0.9, and 1.1 cycles per degree (cpd). During contrast 234 

level measurements, downward-drifting sinusoidal gratings were presented at a spatial 235 

frequency of 0.05 cpd, a temporal frequency of 2 Hz, and a 90° orientation, at contrast levels of 236 

4, 8, 16, 32, 64, and 85%. Each acuity recording session was structured to include about 70 237 

trials, and each trial consisted of 300 ms of a single stimulus presentation, followed by ~4.7 s of 238 

intertrial interval (ITI). Each contrast recording session was structured to include 70 trials, each 239 

comprising 1.3 s of stimulus presentation followed by ~6.3 s of ITI. Each stimulus type was 240 

shown 10 times, and the stimulus sequence was completely randomized, with 10 blank trials 241 

consisting solely of the isoluminant background interspersed amongst them. The same 242 

sequence was presented for all recordings of all mice. Each day of recording, therefore, 243 

contained 4 recording sessions: 2 central visual field stimulation sessions (recording from the 244 

lateral V1) and 2 peripheral visual stimulation sessions (recording from the medial V1). The 245 

cortical locations recorded on the first day were approximately returned to in subsequent days, 246 

but we did not record from the same set of cells. The responses of the pre-deaf and post-deaf 247 

recordings were averaged by recording type across two consecutive days to reduce day-to-day 248 

activity fluctuations. The output of the neural recordings was stored as folders of TIFF files for 249 

subsequent processing. A custom-built Raspberry Pi NoIR camera was positioned in front of the 250 

left eye to collect pupil location and diameter data throughout the neural recording sessions. 251 

The pupil data were recorded at 25-30 Hz and stored as .h264 video files.  252 

 253 

Analysis of neural data 254 

Raw TIFF files were processed using the Suite2p (Pachitariu et al., 2016) 255 

(https://github.com/MouseLand/suite2p) for motion correction and region of interest (ROI) 256 
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detection. Images were registered using non-rigid motion correction (block size: 128 x 128, max 257 

shift: 5 pixels). ROIs were identified using the functional segmentation method with a threshold 258 

scaling of 1.0, and pixels were classified as ROI or neuropil using a 25-pixel spatial high-pass 259 

filter. For each ROI, the suite2p program extracted the raw fluorescence traces and neuropil 260 

traces, which were subsequently exported to MATLAB for further analysis. 261 

In MATLAB, a custom script was written to identify stimulus-evoked responses for each 262 

Suite2p-identified ROI from each recording. First, trial onsets were determined by calculating 263 

the cumulative frame count for each TIFF file (ops.frames_per_file). Neuropil decontamination 264 

was performed using the formula: 𝐹𝑐𝑜𝑟𝑟 = 𝐹 − 0.7 × 𝐹𝑛𝑒𝑢, where Fcorr is the neuropil-corrected 265 

fluorescence value, F is the soma fluorescence value, and Fneu is the neuropil fluorescence 266 

value. Using the Fcorr traces, relative fluorescence changes (ΔF/F0) were calculated for each 267 

ROI in each trial. The baseline fluorescence (F0) was defined as the mean activity during the 1-268 

second (30 frames) window immediately preceding the trial onset. The change in F (ΔF) is 269 

Fcorr- F0. Trials were sorted and grouped according to a pre-defined random sequence of 270 

spatial frequencies or contrast levels. Visual responsiveness was determined for each neuron 271 

using the distribution of mean response values during the window of 2 seconds (60 frames) 272 

post-onset for each spatial frequency or 3 seconds (90 frames) for each contrast level, which 273 

was compared against the distribution of responses to blank control trials of the same recording 274 

session using a right-tailed Wilcoxon rank-sum test. Neurons were classified as responsive if 275 

their p-value was less than the Bonferroni-corrected p-value of 0.00833 and the trial-averaged 276 

peak ΔF/F0 exceeding a threshold of 0.15. ROIs in which the maximum ΔF/F0 was higher than 8 277 

were excluded from further analysis, as these were invariably ROIs in which the baseline 278 

fluorescence dropped too close to 0. For each ROI, single-trial ΔF/F0 traces corresponding to 279 

the same stimulus condition were aggregated and averaged to generate a mean response trace 280 

for that specific spatial frequency. The post-onset peak and the area-under-the-curve (AUC) of 281 
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these traces were also computed and averaged across recordings of the same experimental 282 

condition (pre vs. post; CTL vs. DF). The proportion of responsive cells was calculated by 283 

dividing, for each recording, the number of cells obtained after the previous statistical filtering by 284 

the total number of cells picked up by Suite2p. 285 

 286 

Decoding of neural data 287 

Neural decoding was implemented using the Neural Decoding Toolbox (Meyers, 2013). 288 

We employed a Maximum Correlation Coefficient Classifier to perform binary classification 289 

between background and a specified stimulus condition. ΔF/F0 traces were binned using a 5-290 

frame sliding window with a 2-frame step size to create a temporal series of population vectors. 291 

A 5-fold cross-validation was used. Decoding accuracy was quantitatively determined by 292 

computing the peak accuracy, which is the maximum percentage of correct classifications 293 

observed in the post-stimulus-onset period, and the Area Under the Curve for decoding 294 

accuracy above chance level (50%) was calculated using the trapezoidal rule within a 60-frame 295 

(2 s) stimulus window post-onset for acuity stimulus and a 90-frame (3 s) stimulus window post-296 

onset for contrast stimulus. In addition, we calculated the d-prime (d’) for the decoding data 297 

using decoding accuracy before versus after stimulus onset of each recording session as: 𝑑′ =298 

𝜇𝑏𝑒𝑓𝑜𝑟𝑒−𝜇𝑎𝑓𝑡𝑒𝑟

√0.5×(𝜎𝑏𝑒𝑓𝑜𝑟𝑒
2 +𝜎𝑎𝑓𝑡𝑒𝑟

2 )
, where µ and σ are, respectively, the mean and standard deviation of each 299 

dataset. Decoding accuracy before onset was taken at time bin corresponding to ~0.133 s (1 to 300 

5 frames) before stimulus onset. Decoding accuracy after onset was taken to be the value at the 301 

time bin with peak decoding accuracy after stimulus onset of each recording. 302 

 303 

Contrast sensitivity (C50) computation 304 
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A custom MATLAB script was used to fit each ROI’s average response to each stimulus 305 

over the course of the recording session to determine the contrast percentage at half-max 306 

response of each ROI. The secant slope of the curve was also computed to determine the 307 

steepness of the ROI's rising phase from a low-contrast response to a high-contrast response. 308 

The fitting utilizes a Naka-Rushton function with four parameters: 𝑅(𝐶) = 𝑅𝑚𝑎𝑥 ×
(𝐶𝑛)

(𝐶𝑛+𝐶50
𝑛)

+ 𝑏, 309 

where Rmax is the maximum neural response, C50 is the contrast level at half-max response, n 310 

is the Hill coefficient that represents the steepness of the curve’s slope, and b is the baseline 311 

spontaneous neural activity at 0% contrast. The 2-photon calcium imaging neural data are input 312 

as an N x 7 matrix, where each N is the vector of a ROI’s responses, and each of the 7 columns 313 

represents the 6 contrast stimuli + background, which are taken to be 0% contrast. Prior to the 314 

fitting, lower and upper bounds, as well as initial guesses, were set for each parameter within 315 

reasonable bounds, and the same setting was used for all of the curve-fitting. The lsqcurvefit 316 

function was used to perform the fitting, with each of the four parameters adjusted over up to 317 

2,000 interactions to minimize the difference between the model and the real data. A standard 318 

goodness-of-fit (R2) was computed using this formula: 𝑅2 = 1 −
𝑆𝑆𝑇

𝑆𝑆𝐸
, where SST is the Total Sum 319 

of Squares and SSE is the Sum of Squared Errors. All ROIs with 𝑅2 less than 0.8 were filtered 320 

out due to poor fit. ROIs whose fitted curves failed to reach at least 90% of their theoretical 321 

maximum by 85% contrast were also excluded because they were non-saturating. The secant 322 

slope of the fit was computed using the response at 10% and 90% of saturation (C10 and C90, 323 

respectively) using this formula: 𝑆𝑙𝑜𝑝𝑒 =
0.8×𝑅𝑚𝑎𝑥

𝐶90−𝐶10
. The average values and the average slope of 324 

the remaining ROIs were computed for comparison across experimental conditions.  325 

 326 

Pupil size and pupil location analysis 327 
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Pupil videos were converted to .avi files using ffmpeg before being uploaded to 328 

Deeplabcut (DLC). For each video within DLC, 20 frames were extracted using the uniform 329 

algorithm and manually labeled at 4 positions (top, bottom, anterior, and posterior) to delineate 330 

the pupil boundary. Labeled frames were split into training and test sets, and the network was 331 

trained for 50,000 to 100,000 iterations. The resulting model was used to analyze the video from 332 

which it was built. This was repeated for each video to collect the estimated pixel coordinates of 333 

each of the four pupil labels over the course of the recording session. This DLC output was 334 

imported into Python, filtered by excluding estimates with likelihood values below 0.9, and then 335 

a median filter was applied to reduce frame-to-frame jitter in the coordinate trajectories. The 336 

pupil diameter was calculated for each frame by inputting the anterior and posterior coordinates 337 

into the formula: 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2, where (𝑥1, 𝑦1) and (𝑥2, 𝑦2) representing 338 

their pixel coordinates, respectively. Likewise, pupil center coordinates were calculated by 339 

inputting the anterior and posterior coordinates into the formula: 𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡 = (
𝑥1+𝑥2

2
,

𝑦1+𝑦2

2
). 340 

Afterward, outliers were removed from the pupil diameter dataset using the Mahalanobis 341 

distance method with a probability threshold set to the third interquartile range (IQR) point of all 342 

Mahalanobis distances calculated for each point, with minor manual adjustments. To determine 343 

the stimulus-evoked change in pupil size, we first temporally aligned the pupil trace with the 344 

neural trace from the same recording session. The frame-rate differences were accounted for by 345 

applying a linear interpolation to the pupil trace using the numpy interp function in Python. Next, 346 

the aligned pupil trace was segmented into individual trials aligned to the stimulus onset time. 347 

This was done similarly to segmenting the neural trace from a recording session into individual 348 

trials. For each trial, the pupil diameter was calculated as the average pupil size during stimulus 349 

presentation. These values, grouped by stimulus condition, were normalized to the average 350 

pupil size of the background stimulus trials from the same recording to account for minor 351 

variations in video zoom settings and camera locations. 352 
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To determine the pupil movement using the pupil center x-y coordinates, the trajectory 353 

map of pupil center location during each session was generated. The trajectory map for each 354 

session was then converted into a spatial density map using a 2D kernel density estimation 355 

(MATLAB ksdensity function). Density estimates at each grid point (120 x 120 grid) were scaled 356 

by the number of points to yield values in points per unit area. Average density maps for central 357 

visual stimuli presentation and peripheral visual stimuli presentation were then generated for 358 

each day (2 sessions each). To assess statistical significance between the pupil center density 359 

maps for central and peripheral visual stimuli, we used a nonparametric permutation test. All 360 

individual density maps were pooled together, and group labels were randomly reassigned to 361 

two groups. For each permutation (n = 1000), a difference map was generated and the 362 

maximum absolute differences across all grid points were recorded to generate a null 363 

distribution of maximal differences. Statistical significance was determined when the observed 364 

density within each grid of the difference map was greater than the 95% threshold (α = 0.05). 365 

None of the average density maps for a pair of central and peripheral stimuli presentation 366 

sessions obtained on the same day showed statistical significance using this criterion. In 367 

addition, the Pearson correlation coefficient between mean density maps of central and 368 

peripheral visual stimuli was calculated for sessions of each day, which was then compared 369 

using a nonparametric 2-way ANOVA (aligned rank transform, ART; see below for details) for 370 

interaction between condition (CTL vs. DF) and time (pre vs. post). 371 

 372 

Visual detection experiment 373 

For habituation, mice were handled by the experimenter, with the duration of contact 374 

gradually increased each day over 3-4 days before the first day of the experiment. After the 375 

handling stage, the mice were head-fixed in the experimental rig to habituate to the setup over 376 

3-4 days, with the duration of head fixation gradually increasing each day. Water deprivation 377 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Pham et al. 

 18 

began on the first day of handling, and ~1 ml of 5% sucrose solution was administered to each 378 

mouse daily by completing the behavior tasks, placing it in a small saucer in its home cage, or a 379 

combination of both. Liquid dispenser used during the behavior task was built using a solenoid 380 

valve (PreciGenome) controlled by a custom Arduino script. Lick detections were done by 381 

measuring a small electrical current generated when licks closed an electrical circuit between 382 

the water dispenser and the cradle where the mouse sits. After habituation to the setup, the 383 

mice underwent a passive training phase in which 5-10 μl of 5% sucrose was automatically 384 

delivered upon stimulus presentation to establish an association between visual cues and 385 

reward. Once this association was learned, active training was introduced, in which sucrose was 386 

dispensed only when mice licked the port in response to stimulus detection within a period after 387 

stimulus onset. The experiment was conducted in a lightproof, soundproof rig comprising a 388 

cradle, a 27” computer screen, a lick port, and a Raspberry Pi camera. The lick port was 389 

positioned in front of the mouse, allowing the distance between the mouse and the lick port to 390 

be adjusted to manage the licking behavior. The computer screen was placed 24 cm from the 391 

mouse's right eye, and the screen settings were adjusted to 0% brightness, mean luminance of 392 

23.5 cd/m2, and 144 Hz refresh rate. The camera was positioned to the left of the lick port to 393 

observe the mouse’s licking behavior from outside of the rig. Custom Arduino and MATLAB 394 

programs were used to conduct the experiment and collect data. Psychtoolbox was used to 395 

construct the visual cues. During the classical conditioning part of the experiment, full-field 396 

drifting square wave gratings at 100% contrast and 0.05 cpd were presented. During the 397 

operant condition phase of the experiment, drifting sinusoidal gratings of varying contrast levels 398 

and static square wave gratings of varying spatial frequencies were used. Both types of gratings 399 

were presented at 90˚ orientation and restricted to the central or peripheral field, depending on 400 

the trial. The contrast levels range from 1% to 85%. All contrast stimuli were set to have a 401 

spatial frequency of 0.05 cpd, a temporal frequency of 2 Hz, and a downward movement 402 

trajectory. The spatial frequency stimuli had cpd values ranging from 0.05 to 1.0. All spatial 403 
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frequency stimuli were maintained at 100% contrast. Both types of stimuli were embedded on 404 

the gray isoluminance screen. The stimulus was presented either in the central (10-20˚ azimuth 405 

within the binocular visual field, see Figure 1A) or the peripheral (90-100˚ azimuth in the 406 

monocular visual field, see Figure 1A) visual field, depending on the trial. Each day, the mice 407 

complete ~180 trials. For each day, a range of stimulus levels was selected for testing based on 408 

the previous day’s performance, and while the sequence of stimulus presentation was random, 409 

the number of times each stimulus was presented over the course of a session was ensured to 410 

be equal. The peripheral and central stimulus was presented on alternating days. Sometimes a 411 

'period without licking' was required between trials to reduce random licking behavior as 412 

needed. When this was active, the subsequent trial was initiated only if the mouse had refrained 413 

from licking the port for a specified duration (about 2~8 s). To prevent mice from anticipating 414 

rewards based on a fixed inter-trial interval and to ensure that licking behavior was driven solely 415 

by operant conditioning, a randomized time jitter (up to ± 3 sec) was added to both the trial 416 

initiation interval and the period without licking. When task engagement dropped, 'free reward 417 

after N misses' was activated, dispensing 5-10 μl of 5% sucrose water after a predetermined 418 

number of consecutive unsuccessful trials.  419 

The mouse achieved a ‘hit’ and received reward if it licked within a 1-s window following 420 

the stimulus onset, defined as the response window (Res).To evaluate the stimulus-specific 421 

performance, we calculated the detection rate (sometimes also referred to as guessing-422 

corrected hit rate) as: 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
(𝐻𝑅−𝐵𝑘𝑔)

(1−𝐵𝑘𝑔)
, where HR is the stimulus-specific hit rate, and 423 

Bkg is the background lick rate, the fraction of total trials with any licking within the 1-s window 424 

before stimulus onset. As an alternative performance metric, we also calculated the behavioral 425 

d-prime (d’) using: 𝑑′ = 𝑛𝑜𝑟𝑚𝑖𝑛𝑣(𝐻𝑅) − 𝑛𝑜𝑟𝑚𝑖𝑛𝑣(𝐵𝑘𝑔), where norminv is the inverse of the 426 

normal cumulative distribution. For the purpose of d’ calculation, we used 𝐻𝑅 =427 

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑖𝑡𝑠)+0.5

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠)+1
 to prevent d’ from going to infinity with perfect performance. For each day’s 428 
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session, detection rates for each visual stimulus category (for acuity data set: cycles per degree 429 

(cpd) range; for contrast data set: %contrast range) were fitted with a logistic function: 𝑓(𝑥) =430 

1

1+exp(−
𝑥−𝑎

𝑏
)
, where a and b are curve fit coefficients. From this equation, the detection threshold, 431 

which is the visual stimulus value (x) that yields 50% detection rate, was calculated for each 432 

day’s performance. Detection threshold improvement across days of training was plotted and 433 

fitted using a sigmoid function: 𝑓(𝑥) = 𝑏𝑎𝑠𝑒 +
𝑚𝑎𝑥

1+exp(
𝑥ℎ𝑎𝑙𝑓−𝑥

𝑟𝑎𝑡𝑒
)
, where base is the baseline value, 434 

max is the amplitude, xhalf is the x value at half maximum, and rate is the slope. Training 435 

sessions were terminated once detection performance plateaued, which indicated sufficient 436 

learning. For each mouse, average detection rates of the last 5 sessions for each visual 437 

stimulus were plotted and fit by the logistic function, which was then used for calculating the 438 

average detection threshold (the same as detailed above) for each mouse. 439 

 440 

Immunohistochemistry 441 

To confirm successful deafening, the cochlea of mice that contributed to the final dataset 442 

was extracted for histological analysis. For fixation, 0.5 ml of 4% formaldehyde solution was 443 

injected through the oval window, followed by submersion in 2 ml of 4% formaldehyde for two 444 

hours on a low-speed shaker at room temperature (RT). The cochlea was subsequently washed 445 

with PBS and then decalcified in 10-15 ml of 5% ethylenediaminetetraacetic acid (EDTA) for 48 446 

hours at RT. After decalcification, the cochlea became spongy and was washed in phosphate-447 

buffered saline (PBS, pH = 7.4) and immersed in 1 ml of 30% sucrose solution overnight at 4°C. 448 

Finally, the cochlea was then manually sliced into the basal, medial, and apical coils. To assess 449 

damage across the tonotopic gradient, following slicing, cochlear sections were stained with 450 

DAPI and Alexa Fluor 488-phalloidin (1:200, Life Technologies, Cat#A12379) to visualize 451 

cellular structure. Stained samples were mounted on glass slides with ProLong™ Gold Antifade 452 
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mounting solution (Life Technologies, Cat#P36930) and imaged using a fluorescent confocal 453 

microscope (Zeiss LSM 700). Images of the basal, medial, and apical sections of the cochlea 454 

were processed with ImageJ FIJI software to assess hair cell integrity across the cochlea’s 455 

tonotopic axis. 456 

 457 

 458 

Experimental Design and Statistical Analyses 459 

All statistical analyses were performed in either GraphPad Prism, R, or MATLAB. All 460 

data were first processed in MATLAB (MathWorks) and converted into tables in CSV format for 461 

import into R or RStudio (https://www.r-project.org) for statistical analysis. The distribution of the 462 

data was assessed for normality using the Shapiro-Wilk test. Non-parametric neural data were 463 

analyzed by the Aligned Rank Transform (ART) method using the ARTool package in R 464 

(Wobbrock et al., 2011). The method consisted of first applying the aligned rank transform on 465 

the data and then fitting a linear mixed-effects (LME) model on the rank-transformed data. For 466 

each experimental condition, we assess the significance of the interaction between the two 467 

factors stimulus and time, treating the animal as a random effect. Following significant results, 468 

post hoc pairwise comparisons were performed on ART-aligned data to determine which 469 

stimulus conditions yielded significant differences in neural activity between the two time points. 470 

The degrees of freedom were approximated using the Kenward-Roger method, while the p-471 

value adjustments were done using the Holm method. Parametric pupil data were analyzed 472 

using “nlme” package in R Studio to assess the significance of the interaction between the two 473 

factors stimulus and time, while also treating the animal as a random effect. In both cases, 474 

“pbkrtest.limit” and “lmerTest.limit” were set to 10,000 to enable degree of freedom (d.f.) 475 

calculation for the large number of observations. For statistically comparing pairs of pupil center 476 
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location density maps of central and peripheral sessions from each mouse obtained each day, 477 

we used the permutation test in MATLAB as detailed above. The observed mean difference and 478 

the absolute observed mean difference were compared to the permutation threshold (α = 0.05) 479 

to determine statistical significance. Parametric behavioral data were statistically compared 480 

using 2-way ANOVA using the GraphPad Prism software. Data were presented as mean ± SEM 481 

(standard error of the mean), except when noted as median ± IQR (interquartile range). 482 

Significance was reported as *p < 0.05, **p < 0.01; ***p < 0.005. Effect sizes for nonparametric 483 

paired data sets were estimated using the matched-pairs rank-biserial correlation (r) method, 484 

and for parametric data sets Cohen’s d was used. 485 

 486 

Code accessibility 487 

 All custom-made MATLAB and R scripts will be made publicly available in Mendeley 488 

Data (https://data.mendeley.com) upon publication (doi: 10.17632/5556vjvfbg.1).  489 

 490 

Data accessibility 491 

 Data sets used in this manuscript will be made publicly available in Mendeley Data 492 

(https://data.mendeley.com) upon publication (doi: 10.17632/5556vjvfbg.1).  493 

  494 
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Results 495 

To investigate how deafening modulates visually-evoked population responses in V1 496 

L2/3, we used 2-photon calcium imaging to record neural activity in response to visual stimulus 497 

presentation. Upon reaching P60, C57BL/6J mice had GCaMP8s injected into their left primary 498 

visual cortex and a 3-mm circular cranial window implanted over it. Following a 1-month 499 

incubation period, the mice were habituated to the experimental setup, and a baseline stimulus-500 

evoked response was recorded. To minimize day-to-day variation in neural responses, the 501 

baseline recording process was performed over two days, and the data from both days were 502 

averaged. This was immediately followed by the deafening procedure for half of the mice, 503 

splitting the animals into the control (CTL) and deaf (DF) groups. After a week, 2 days of “post” 504 

recordings were performed with the exact procedure as the baseline “pre” recordings (Figure 505 

1A, B). Since V1 is topographically organized, recordings were done in the medial V1 during 506 

sessions with visual stimuli presented in the peripheral visual field and in the lateral V1 during 507 

those with central visual stimuli. The borders of V1 were delineated using intrinsic signal 508 

imaging of V1 through the cranial window (Schuett et al., 2002; Juavinett et al., 2017) before the 509 

first day of the baseline (pre) recording. The visual sign field (VSF) map obtained from the 510 

intrinsic signal imaging was overlaid on the image of V1 vasculature, which was used as 511 

landmarks to locate the medial (within the monocular zone representing the peripheral visual 512 

field) versus lateral (within the binocular zone representing the central visual field) regions of V1 513 

for recording neural responses (Figure 1C, D). We used 2 sets of visual stimuli: one to assess 514 

spatial acuity and another to measure contrast sensitivity. Both sets of stimuli spanned 10 515 

degrees of azimuth and were presented at either the central visual field (0-10˚ azimuth) within 516 

the binocular visual field or the peripheral visual field (80-90˚ azimuth) in the monocular visual 517 

field, depending on the session (Figure 1A). The acuity stimulus comprised static horizontally 518 

oriented sinusoidal gratings of fixed contrast with varying spatial frequencies, while the contrast 519 
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stimulus was horizontal sinusoidal gratings of a fixed spatial frequency at varying contrast and 520 

drifting from top to bottom at a fixed speed (see Methods for details). For both sets, the different 521 

stimulus levels presented within the same recording session were presented randomly, but in 522 

equal proportions, and identical sequences were used for the pre and post recording sessions 523 

as well as across different animals (Figure 1E).  524 

 525 

Adult-onset deafening results in greater attenuation of V1 L2/3 neural responses to 526 

spatial acuity stimuli presented in the peripheral visual field 527 

We first examined whether adult-onset deafening alters V1 L2/3 neural activity to spatial 528 

acuity stimuli presented in the central or the peripheral fields. In control mice, we observed the 529 

largest neural responses to the lowest spatial frequency grating used (0.1 cpd) for both visual 530 

fields (Figure 2A). This is consistent with previous investigations showing that V1 neurons of 531 

mice are most sensitive to the spatial frequency range of 0.05 to 0.2 cpd (Histed et al., 2012). In 532 

CTL mice, the response size, measured either as the peak response within a 2-second window 533 

after the stimulus onset or the area under the curve (AUC) of the Ca2+ transients within this time 534 

window, remained similar between pre and post sessions for visual stimuli presented in the 535 

central visual field (Figure 2A-D), but there was significant attenuation of responses to spatial 536 

frequencies of 0.5 and 0.7 cpd presented in the peripheral visual field during the post recording 537 

sessions (Figure 2C, D). The attenuation observed in the post recordings is consistent with 538 

previous studies. In humans, non-human primates, and mice, repeated exposure to the same 539 

visual stimuli has been reported to attenuate neural activity, which has been thought to encode 540 

familiarity and promote novelty detection (Grill-Spector et al., 2006; Homann et al., 2022; Lopez-541 

Ortega et al., 2024). 542 
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In adult mice deafened for 1 week (DF), we also observed the largest response to the 543 

lowest spatial frequency grating used (0.1 cpd), but there was a greater degree of attenuation of 544 

responses in the post sessions (Figure 2A-D). Unlike in CTLs, we observed attenuation of 545 

responses to some of the higher spatial-frequency stimuli presented in the central visual field 546 

(0.7 and 1.1 cpd), as well as attenuation of responses to peripheral stimuli evident from 0.3 cpd 547 

(Figure 2 C, D). This suggests that adult-onset deafening shifts the range of neural response 548 

attenuation to visual stimuli that normally produce larger responses under the naïve baseline 549 

condition. Attenuation of neural responses we observed across days was not accompanied by 550 

within session reduction in neural responses (Supplementary Table 1), likely due to the small 551 

number of each stimulus repetition (10 trials each), and suggests that attenuation develops 552 

across days.  553 

 554 

Attenuation of population activity is not accompanied by a decrease in decoding 555 

capability for spatial acuity stimuli  556 

To determine whether the attenuation of neural responses in the post recording sessions 557 

was due to fewer visually responsive cells, we quantified both the number of total and 558 

responsive cells in each imaging view field, which was about 500 x 500 µm2, and quantified the 559 

proportion of responsive cells accordingly. Previous findings reported that only a fraction of V1 560 

L2/3 neurons (~20%) have a preferred horizontal orientation (Hoy and Niell, 2015); hence it was 561 

not surprising to find the proportion of responsive cells lower than this estimate, given the static 562 

and spatially restrictive nature of our stimuli. We did not find a statistically significant difference 563 

in either the total number of cells, the number of responsive cells, or the proportion of 564 

responsive cells identified in each view field between the pre and post recording sessions for 565 

CTL and DF groups (Figure 3A). This suggests that the attenuation of responses seen during 566 

the post session is not due to sampling fewer cells or having fewer responsive neurons. 567 
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 Next, we examined whether the attenuated population neural responses to acuity stimuli 568 

negatively affect the population’s decoding capability. Based on our observation that adult-onset 569 

deafening significantly attenuates responses to 0.3 and 0.5 cpd stimuli in the peripheral field, we 570 

tested the accuracy of V1 L2/3 population responses to decode these stimuli against 571 

background-only trials using a Maximum Correlation Coefficient decoding paradigm (Meyers, 572 

2013) (see Methods for details; Figure 3B). We quantified the decoding accuracy of each 573 

recording as the post-stimulus onset peak accuracy and the 2 seconds post-stimulus onset 574 

integrated accuracy, computed as the area under the curve above the 50% chance accuracy. 575 

For both metrics, we found no significant difference in decoding accuracy between pre and post 576 

recording sessions in any of the experimental groups for either the 0.3 or 0.5 cpd stimuli. As 577 

expected, the integrated decoding accuracy of 0.5 cpd is lower than that of 0.3 cpd (Figure 3C). 578 

We confirmed good decoding accuracy by calculating d-prime (d’) values for peak accuracy 579 

(see Methods; d’ > 1.6, see Figure 3B legend for exact values). Collectively, our results suggest 580 

that the attenuated responses to acuity stimuli in the peripheral visual field observed after adult-581 

onset DF do not negatively impact the ability to decode stimulus information from the population 582 

responses of V1 L2/3 neurons. 583 

 584 

Adult-onset deafening results in greater attenuation of V1 L2/3 neural responses to 585 

contrast stimuli presented in the peripheral visual field 586 

Next, we examined whether adult-onset deafening alters V1 L2/3 neural responses to 587 

stimuli of different contrast levels of moving gratings presented at central or peripheral locations. 588 

In control mice, we observed the largest responses at the highest contrast level (85%) in both 589 

visual fields (Figure 4A-D). This is consistent with previous findings of increasing contrast levels 590 

eliciting stronger responses in the visual cortex (Niell and Stryker, 2008; Camillo et al., 2020). 591 

The contrast stimulus-evoked response in CTL mice, computed as the peak response within a 592 

JN
eurosci

 Acce
pted M

an
uscr

ipt



Pham et al. 

 27 

3-second window after stimulus onset or the AUC of the Ca2+ transients within this time window, 593 

remains largely unchanged between the pre and post recording sessions, except some 594 

response adaptation observed at the 16% contrast level in the central visual field and increased 595 

responses at the 85% contrast level in the peripheral visual field.  596 

In the DF mice, on the other hand, there was widespread attenuation of visually evoked 597 

responses to stimuli in both visual fields. In the central visual field, the attenuation in response 598 

was significant for 8% and 16% contrast levels. In the peripheral visual field, the attenuation in 599 

response was significant for 8%, 16%, and 64% contrast levels, with 32% contrast response not 600 

reaching statistical significance despite a similar magnitude of attenuation. This suggests that 601 

adult-onset DF triggers attenuation of responses across a range of middle-contrast levels, with 602 

the range being wider in the peripheral visual field (Figure 4C-D). Similar to what we observed 603 

with acuity stimuli, attenuation of neural responses to contrast stimuli were largely not observed 604 

within a session, except for a moderate decrease in responses to 64% contrast presentation in 605 

the peripheral visual field of CTL mice (Supplementary Table 2). 606 

 607 

Attenuation of population activity is not accompanied by a decrease in decoding 608 

capability or a change in contrast sensitivity 609 

Similar to the acuity stimulus recordings, we examined whether the observed adaptation 610 

to contrast stimuli resulted from a loss of visually responsive cells in the post recording 611 

sessions. Quantification of the proportion of responsive cells within each recording, using a 612 

method similar to that used before, did not yield any significant decrease in total cell counts, 613 

responsive cell counts, or the proportion of responsive cells (Figure 5A). Previous findings 614 

reported that ~40% of adult V1 L2/3 neurons respond to drifting gratings and given that ~20% 615 

have a preferred horizontal orientation (Rochefort et al., 2011; Hoy and Niell, 2015), it is 616 
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expected that ~8% of V1 L2/3 neurons would be responsive to drifting horizontal gratings. This 617 

estimate matches closely with our observed proportion of responsive neurons. The preserved 618 

proportion of responsive neurons across the experimental conditions suggests that the 619 

observed attenuation of the population response was due to mechanisms other than a decrease 620 

in the number of visually responsive cells.  621 

We next examine how such attenuation in the V1 L2/3 population response affects its 622 

decoding capability. We tested the population's ability to decode stimuli at contrast levels 623 

ranging from 8% to 64% in the peripheral visual field, where we observed the most prominent 624 

decline, using the same method described for the acuity stimuli (Figure 3). We quantified the 625 

decoding accuracy of each recording as the 3-second post-onset peak accuracy and the 3-626 

second post-onset integrated accuracy. Neither metric demonstrated a significant change in 627 

decoding capability due to deafening-evoked attenuation between the CTL and DF groups 628 

(Figure 5B, C). By calculating d-prime (d’) values for peak decoding accuracy (see Methods), 629 

we confirmed robust decoding (d’ > 2; see Figure 5B legend for exact values). This suggests 630 

that the population's decoding capability remains intact despite large attenuation in neural 631 

responses. 632 

Finally, we examined the effect of DF on the contrast sensitivity of neurons. While some 633 

V1 L2/3 neurons are reportedly tuned to a particular contrast, most of the population are thought 634 

to monotonically increase their firing with increasing contrast (Durand et al., 2016). Such an 635 

increase in firing magnitude has traditionally been modeled using a Naka-Rushton function, in 636 

which response intensity is plotted as a function of contrast percentage, and the contrast level at 637 

half-max response can be quantitatively determined and compared across different animal 638 

groups (Camillo et al., 2020). To quantify the effect of population response attenuation on 639 

neuronal contrast sensitivity, we fitted the response of each neuron to varying contrast levels 640 

using the Naka-Rushton function and determined the contrast level at half-max response (C50) 641 
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as well as the slope of the rising phase between 10% and 90% contrast (see Methods for 642 

details). In CTL mice, the average fitted curves, C50, and slope were highly similar between the 643 

pre and post recording sessions in both the central and peripheral visual fields. In DF mice, 644 

there was no significant change in C50, which is a measure of contrast sensitivity, even though 645 

the average fitted curve shifted downward, reflecting response attenuation. Despite the 646 

magnitude of the decline in the slope of the fitted curve, the reduction did not reach statistical 647 

significance (Figure 5D-E). Overall, our data support the conclusion that V1 L2/3 neuronal 648 

contrast sensitivity remains unchanged despite response attenuation. 649 

 650 

Pupil size and location remain unchanged with visual stimuli onset or location of stimuli 651 

 It is well established that neural activity varies across arousal states, which could 652 

contribute to the attenuation of neural responses across days. One commonly used proxy for 653 

arousal is pupil size, which enlarges with increasing arousal (Vinck et al., 2015; Durand et al., 654 

2016; Neske et al., 2019). To determine whether arousal state is a factor to consider when 655 

interpreting our neural recording datasets, we analyzed pupil diameter and location from video 656 

recordings of the eye that was not viewing the visual stimuli (Figure 1A). To our knowledge, 657 

movement and dilation of the rodent’s pupil are largely synchronized between the two eyes and 658 

are controlled by both the pupillary reflex in response to changes in luminance and by 659 

neuromodulation (Larsen and Waters, 2018; Viglione et al., 2023; Lapanja et al., 2025). Pupil 660 

videos collected using a custom-built Raspberry Pi camera were analyzed using the 661 

DeepLabCut pose estimation toolbox (Mathis et al., 2018; Privitera et al., 2020) (see Methods 662 

for details), and the anterior-posterior labels of the pupil in each frame were used to compute 663 

the pupil diameter and the pupil center location throughout the entire experiment duration 664 

(Figure 6A). This was then aligned with the stimulus onset, enabling examination of changes in 665 

pupil size and pupil center location across trials. When changes in pupil size were aligned to the 666 
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stimulus onset and analyzed on a per-trial basis, we did not detect any noticeable stimulus-667 

evoked dilation or constriction. When we averaged them within the same stimulus trial types and 668 

across different animals under the same experimental conditions, we also did not detect any 669 

significant change following stimulus onset (Figure 6B). This is expected given that the visual 670 

stimuli were isoluminant to the background, restricted to a small portion of the visual field, and 671 

presented passively.  672 

 To determine whether pupil diameter changes with stimulus levels and from pre to post 673 

recording sessions, we computed the average pupil size during stimulus presentation for each 674 

trial and averaged these values within each trial type. To account for variation in video recording 675 

conditions across different days, before combining averages across recordings for the same 676 

experimental condition, we normalized each trial's pupil size to the average pupil size during the 677 

background trials of the same recording session. When comparing normalized pupil size across 678 

stimulus levels and changes from pre to post recordings at the same stimulus level, we did not 679 

find a significant difference for any experimental condition or stimulus type (Figure 6C, D).  680 

 Lastly, we tracked the pupil location throughout the experiment. Eye movement in mice 681 

are relatively small (~5˚) and mostly linked to head movement (Meyer et al., 2020); hence it is 682 

not considered a major contributor that can shift the gaze of head-fixed mice to drastically 683 

change the perceived location of the visual stimuli. However, since visual responses in mouse 684 

V1 can be modulated by gaze and head direction (Parker et al., 2022), we want to confirm that 685 

there were no drastic changes in pupil center location. Moreover, depending on where along the 686 

vertical axis the mice focused, there could also be complications from the effect of a higher 687 

spatial-frequency cutoff at higher elevations (Zhang et al., 2015). We computed the pupil center 688 

coordinates from the DeepLabCut outputs and generated their 2D trajectory over the course of 689 

the recording session (Figure 6E). We then compared such trajectories between central and 690 

peripheral recordings from the same day by generating the pupil center location density maps, 691 
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which were then statistically compared using the permutation test (see Methods for details). We 692 

did not find statistically significant difference in the pair of pupil center location density maps 693 

from central and peripheral trials obtained each day for each mouse. To compare across mice in 694 

CTL and DF groups for pre and post sessions, we extracted the Pearson correlation coefficient 695 

for each pair of pupil center location density maps for central and peripheral trials obtained on 696 

the same day for each mouse. There was no statistically significant difference in the pairwise 697 

correlation coefficient between CTL and DF groups across pre and post sessions (Figure 6F). 698 

 Together, the pupil diameter data indicate that there were no stimulus-evoked changes 699 

in pupil diameter and that it was consistent across various stimulus types and levels, as well as 700 

between the pre and post recordings for each experimental condition. The pupil center location 701 

data indicate that there is no significant shift in gaze that could have displaced the intended 702 

location of our stimulus.  703 

 704 

Selective enhancement of behavioral detection of static spatial gratings in the peripheral 705 

visual field following adult-onset deafening 706 

 Next, we investigated how DF-induced attenuation of V1 neural activity may affect visual 707 

perception. To do this, we trained cohorts of mice (DF: 5 males, 5 females; CTL: 6 males, 5 708 

females) on visual detection tasks using well-established operant conditioning techniques. First, 709 

adult mice (P50~P70) underwent headplate implantation surgeries, and a group of mice was 710 

deafened in the same surgery. Upon recovery, they were water-deprived and habituated to 711 

being handled and being head-fixed on the experimental rig. This was followed by a week of 712 

detection training, during which we presented the mice with full-field sinusoidal drifting gratings 713 

of horizontal orientation, optimal contrast, and optimal spatial frequency, while providing water 714 

through a solenoid valve-controlled lick port to establish an association between the stimulus 715 
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and the water reward. Afterward, we presented the mice with the test stimuli (10˚ azimuth wide, 716 

full screen height static horizontal orientation gratings with varying spatial frequency or drifting 717 

sinusoidal gratings of fixed spatial frequency with varying contrast; see Methods for details) 718 

presented either at the central (10-20˚ azimuth) or the peripheral (90-100˚ azimuth) visual field 719 

(Figure 7A). Mice were required to lick to initiate the water dispensing. By withholding licking 720 

and then licking only after the stimulus had been presented, the mouse received the water, 721 

which indicated detection of the stimulus (Figure 7B). Trials were automatically initiated at a 722 

random time drawn from a preset uniform distribution. The range of contrast or spatial frequency 723 

levels, selected by the experimenter at the start of the session, was based on the previous day’s 724 

performance and included a mix of stimuli the mice could detect and newer, more difficult ones. 725 

Each mouse performed ~180 trials each day on average, and, for each day, each of the 726 

stimulus levels chosen was presented for an equal number of trials. Mice were tested until they 727 

reached a ceiling performance in the level of stimulus they could detect, at which point, we 728 

calculated their detection rate for each stimulus tested (see Methods for details). The average 729 

detection rate for each stimulus during the last 5 sessions was plotted and fitted with the logistic 730 

function to calculate the detection threshold, which is the stimulus level at 50% detection rate 731 

(Figure 7C-E). Above this is considered above-chance performance.  732 

For static gratings with varying spatial frequencies, we observed higher spatial-733 

frequency detection in the central visual field than in the peripheral visual field in control (CTL) 734 

mice (Figure 7C, D). In adult-onset deaf (DF) mice, the detection of static gratings presented in 735 

the central visual field was on par with CTL mice, but there was statistically significant 736 

improvement in the detection of stimuli presented in the peripheral visual field with a higher 737 

spatial frequency detection threshold (Figure 7C, D). In contrast, we did not observe a 738 

significant difference in the detection of drifting sinusoidal gratings presented at varying contrast 739 

levels between CTL and DF, where both groups showed better detection at lower contrast levels 740 
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in the central visual field compared to the periphery (Figure 7E, F). We also analyzed the 741 

behavioral d-prime (d’), another metric often used for determining discrimination of signal from 742 

noise. This confirmed significant improvement only in the peripheral spatial acuity for static 743 

stimuli (Supplementary Figure 1). These results indicate that visual detection is better in the 744 

central visual field of mice, and that there is a selective improvement in the spatial acuity of 745 

static gratings in the peripheral visual field after adult-onset deafening. 746 

  747 
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Discussion 748 

Here, we report that adult-onset DF exaggerates the visual stimulus-induced attenuation 749 

of neural responses in L2/3 of the mouse V1, with behavioral consequences. Attenuation of 750 

responses was observed for spatial frequency-modulated static gratings (Figure 2) and 751 

contrast-modulated moving gratings (Figure 4). DF-induced attenuation was particularly 752 

prominent and widespread for stimuli presented in the peripheral visual field. Despite the greater 753 

magnitude of response attenuation in the DF group, it minimally affected the accuracy of 754 

population responses to decode the visual stimuli presented in the periphery (Figures 3 and 5). 755 

The response attenuation was not likely due to changes in the arousal state or gaze across 756 

days, as assessed by analyzing the pupil changes during sessions (Figure 6). Furthermore, 757 

adult-onset DF mice showed selective behavioral improvement in visual acuity to static gratings 758 

presented in the peripheral visual field without improvement in contrast sensitivity to moving 759 

gratings (Figure 7). Our results support the view that adult-onset DF may optimize neural 760 

processing of visual stimuli in L2/3 V1 by enhancing attenuation to repetitive exposure and 761 

specifically improves spatial acuity in the peripheral visual field, which we interpret as cross-762 

modal compensatory plasticity to improve visual function following deafness.  763 

 When measuring population responses in V1 L2/3 using 2-photon calcium imaging, we 764 

found greater and more widespread attenuation of stimulus-evoked responses, especially in the 765 

peripheral visual field, following DF (Figures 2 and 4). Attenuation of stimulus-evoked 766 

responses in V1 L2/3 following repeated exposure has been reported in normal-sighted mice 767 

(Homann et al., 2022; Niraula et al., 2023; Lopez-Ortega et al., 2024), as well as across sensory 768 

cortical areas in primates (Grill-Spector et al., 2006). It is thought that this leads to enhanced 769 

novelty detection, prevents saturation of the neural response function by increasing its dynamic 770 

range, and reduces redundancies in the neural code and metabolic costs, thereby increasing 771 

encoding efficacy (Grill-Spector et al., 2006). The proposed underlying neural mechanisms 772 
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include decreased firing rate, sparser responsive neurons due to sharpening of the tuning 773 

curves, a shorter latency or shorter duration of activity, or a combination of these three 774 

phenomena. The greater attenuation of visually evoked responses seen in V1 L2/3 of DF mice 775 

could indicate more efficient visual processing that could improve visual function. Consistent 776 

with this, we observed improved behavioral visual acuity in the peripheral visual field (Figure 7). 777 

Cross-modal compensatory plasticity, which improves functionality of the spared senses, has 778 

also been observed in adult A1 after visual deprivation. In this case, it is associated with 779 

synaptic plasticity, circuit refinement, and improved high-frequency hearing (Petrus et al., 2014; 780 

Meng et al., 2015; Petrus et al., 2015; Meng et al., 2017; Solarana et al., 2019; Jendrichovsky et 781 

al., 2024). However, there are some key differences. In adult A1 L2/3, a week of visual 782 

deprivation significantly reduced the proportion of stimulus-responsive cells, with some increase 783 

in response amplitude at mid-frequency ranges and a relative increase in the fraction of cells 784 

responding to higher frequency tones (Solarana et al., 2019). The reduction in auditory 785 

responsive neuronal population is likely driven by a homeostatic reduction in the strength of 786 

lateral excitatory inputs and potentiation of inhibitory inputs to A1 L2/3 (Petrus et al., 2015), as 787 

well as refinement of local circuit connectivity (Meng et al., 2015). In our study, DF did not 788 

significantly alter the fraction of visually responsive cells in V1 L2/3 (Figures 3A and 5A). This 789 

suggests that the mechanisms of compensatory plasticity are likely different across the primary 790 

sensory cortices and/or depend on the nature of the deprived sense. Our result showing no 791 

significant reduction in the fraction of responsive neurons across days of visual stimuli session 792 

in CTL mice is at odds with prior studies showing a reduction in visually responsive neurons 793 

after 4-8 days (Niraula et al., 2023; Lopez-Ortega et al., 2024). The apparent discrepancy may 794 

be due to daily sessions used for their longitudinal studies and the use of full-field visual stimuli. 795 

We intentionally ran 2 daily pre and post sessions each to minimize response attenuation; 796 

hence it is possible that with more sessions, we could have seen significant changes in the 797 

fraction of responsive neurons even in the CTL. Regardless, our observation that DF 798 
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exaggerates attenuation of responses without significantly decreasing the fraction of responsive 799 

neurons suggests that the reduction in response amplitude is a point of regulation for cross-800 

modal compensatory plasticity. 801 

Previous studies reported that compensatory plasticity in the spared sensory cortices 802 

involves potentiation of the feedforward inputs (Petrus et al., 2014; Petrus et al., 2015) via 803 

Hebbian long-term potentiation (LTP) (Rodriguez et al., 2018) and weakening of lateral 804 

intracortical inputs to L2/3 (Goel et al., 2006; He et al., 2012; Petrus et al., 2015). It is thought 805 

that potentiation of feedforward inputs increases the synaptic modification threshold, leading to 806 

depression of the relatively weak lateral intracortical synapses through homeostatic 807 

metaplasticity (Lee, 2023). Mechanistically, this is observed as a widespread downregulation of 808 

synaptic AMPA receptors in the spared primary sensory cortices (Goel et al., 2006). Such 809 

widespread depression of excitatory synapses together with stronger inhibition in the spared 810 

sensory cortex (Petrus et al., 2015) could explain the exaggerated attenuation of V1 L2/3 811 

responses following DF. 812 

 Despite the greater attenuation of neural responses to visual stimuli after DF, there was 813 

minimal impact on the decoding capability of the neural population (Figures 3B, C and 5B, C). 814 

The neural responses of V1 L2/3 in DF mice were able to decode the stimulus features 815 

presented in the peripheral visual field with decoding accuracy on par with responses recorded 816 

before DF, as well as those recorded from CTL mice. This suggests that smaller neural 817 

responses due to attenuation do not greatly impact the ability of the network to encode visual 818 

features. Furthermore, contrast sensitivity of neurons was also largely unaffected following DF 819 

(Figure 6D, E). These results are consistent with the idea that there may be more efficient 820 

coding of visual features after adult-onset DF. In line with this interpretation, we observed 821 

improvement on behaviorally measured visual acuity in the peripheral visual field of DF mice 822 

(Figure 7). A recent study reported that visuomotor training reduces intermediate neural 823 
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responses, which sparsens V1 population code to orthogonalize stimulus representation and 824 

improve behavioral performance (Failor et al., 2025). Non-uniform response attenuation 825 

observed after DF (Figure 2) may similarly benefit population coding. 826 

 While DF enhanced neural attenuation across the 2 types of visual stimuli used in our 827 

study, the behavioral gain was selective for the spatial acuity of static gratings only in the 828 

peripheral visual field (Figure 7). There are several possibilities for this apparent discrepancy. 829 

First, the detection of visual stimuli in the central visual field may already be optimal, such that it 830 

is not affected by further refinement of V1 circuitry. Similar to humans, mice have higher density 831 

photoreceptors in their retina corresponding to the central visual field (Volland et al., 2015). 832 

Second, while V1 L2/3 responds to contrast-modulated moving gratings, it may not be the circuit 833 

responsible for mediating behavioral detection of such stimuli. Detection of some visual stimuli 834 

can bypass V1 by utilizing subcortical circuits (Leh et al., 2010; Kinoshita et al., 2019), including 835 

the superior colliculus, which in mice has its own map of motion directions (Li et al., 2020) and 836 

can mediate contrast detection when V1 is inactivated (Cone et al., 2024). Such a subcortical 837 

circuit has been proposed to serve, at least in part, what is termed “blindsight,” which refers to 838 

residual visual abilities seen after V1 lesions (Sanders et al., 1974; Leh et al., 2010; Kinoshita et 839 

al., 2019). Third, there is evidence that easier sensory tasks do not require the primary sensory 840 

cortices (Hong et al., 2018; Ceballo et al., 2019). Furthermore, there is evidence that even when 841 

A1 is necessary for learning to discriminate simple tones, it becomes dispensable once the mice 842 

become experts (Drieu et al., 2025). We noticed that the contrast-modulated moving grating 843 

task was easier for mice to learn than the spatial acuity task, as determined by requiring fewer 844 

training sessions to reach plateau performance (median session number: static central = 24, 845 

static peripheral = 33; moving central = 5, moving peripheral = 8). Regardless, our results 846 

suggest that improvement in visual function at the behavioral detection level is limited to the 847 

peripheral visual field and specific to the spatial acuity of static stimuli. The selective 848 
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improvement in visual performance in the peripheral visual field has been documented in 849 

congenitally deaf human subjects, which has been attributed to increased visual attention in the 850 

periphery (Neville and Lawson, 1987; Loke and Song, 1991; Bavelier et al., 2000; Proksch and 851 

Bavelier, 2002). While our effect could also be due to selective visual attention, at least it is not 852 

likely due to changes in gaze-directed attention or general arousal as we did not see consistent 853 

changes in gaze or pupil size (Figure 6).  854 

In summary, our findings suggest neural response attenuation to visual stimuli as a 855 

potential mechanism for cross-modal compensatory adaptation in adult V1, which may benefit 856 

visual detection of select features in the periphery.  857 
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Figure Legends 1011 

 1012 

Figure 1. Schematic of 2-photon calcium imaging of the visual cortex of adult-onset deaf 1013 

mice.  1014 

(A) Schematic diagram of the experimental setup and timeline of the experiment procedure 1015 

starting with GCamp8s injections in V1 at ~P60. CTL mice followed the same timeline without 1016 

being deafened at P92. The upper left panel includes the range of binocular visual field, which 1017 

spans about 40˚ in the central visual field, and the monocular visual field spanning laterally 1018 

around the mouse’s head (Cang et al., 2023). A schematic of the recording setup is shown on 1019 

the right, with the mice sitting head-fixed on a cradle, the stimulus screen positioned in front of 1020 

their right eye, and the pupil camera positioned in front of their left eye. The circle inset shows 1021 

the position of the stimulus screen relative to the mouse, being 30 cm from the right pupil, and 1022 

angled so that the central stimulus spans 0˚-10˚ azimuth, which is within the binocular visual 1023 

field, and the peripheral stimulus spans 80˚-90˚ azimuth in the monocular visual field. The height 1024 

of the screen was positioned so that its midpoint directly lines up with the pupil. Some of the 1025 

images used in the schematics are from Zenodo (https://zenodo.org/records/3925903), SciDraw 1026 

(https://scidraw.io/drawing/183), and Servier Medical Art 1027 

(https://smart.servier.com/smart_image/syringe/) licensed under CC BY 4.0 1028 

(https://creativecommons.org/licenses/by/4.0/). 1029 

(B) Sample immunofluorescence images of mouse cochlear hair cells stained with Alexa 1030 

Fluor™ 488 phalloidin (green) and counterstained with DAPI (blue). In all images, three layers 1031 

of outer hair cells are visible on top of one layer of inner hair cells. Across the entire basilar 1032 

membrane structure, DF mice show substantially less phalloidin fluorescent signal compared to 1033 

CTL mice, which indicate damage to the hair cells. 1034 
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(C) Intrinsic signal imaging (ISI) map of V1 and higher order visual areas overlaying an image of 1035 

vasculature. V1 is outlined with a white dashed line. The network of the vasculature is used to 1036 

guide locations of 2-photon imaging fields to the lateral V1 representing the central visual field 1037 

and the medial V1 representing the peripheral visual field. The contour of the circular cranial 1038 

window is visible near the edges of the image. (Coordinates: A = anterior; P = posterior; M = 1039 

medial; L = lateral). 1040 

(D) Example image of a 2-photon imaging field of view extracted from Suite2P’s user interface. 1041 

Fluorescent neuronal soma are visible as bright dots scattered around the dark vasculature. 1042 

Regions of interest (ROIs) identified by the Suite2p image processing session were randomly 1043 

colored as shown. 1044 

(E) Example traces from four imaging sessions of two mice, one CTL (left panel) and one DF 1045 

(right panel). The sequence of stimulus presentation is shown at the top as color coded vertical 1046 

lines. For this example, recordings from sessions using acuity stimulus of varying spatial 1047 

frequency were selected (bkg: isoluminance background, 0.1 cpd, 0.3 cpd, 0.5 cpd, 0.7 cpd, 0.9 1048 

cpd, and 1.1 cpd static sinusoidal gratings of horizontal orientation; see inset for color codes). 1049 

Contrast stimuli consisted of 4%, 8%, 16%, 32%, 64%, and 85% contrast sinusoidal gratings of 1050 

horizontal orientation drifting downwards. Contrast-stimulus sessions follow the same color-1051 

pattern sequence, which similarly labeled the stimuli from smallest to the largest percentage 1052 

contrast. In this example, each trace corresponds to responses recorded from an ROI in one 1053 

session. Responses from randomly selected 14 ROIs from a pre recording session are shown in 1054 

black, and another set of 14 ROIs from a post recording session are shown in maroon. 1055 

 1056 

Figure 2. Adult-onset deafness results in more attenuation of acuity stimulus-evoked 1057 

responses in L2/3 of V1 1058 
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(A) Per-trial averaged ΔF/F0 traces of control (left panel) and deaf (right panel) mice recorded 1059 

from lateral V1 upon presentation of acuity stimuli (background to 0.7 cpd) in the central visual 1060 

field (top traces) and medial V1 with presentation in the peripheral visual field (bottom traces). 1061 

Only ROIs with significant responses to at least one visual stimulus were included in the 1062 

analysis. While the same area of V1 was targeted for recording across days in each mouse, the 1063 

same set of cells was not longitudinally tracked. For each stimulus condition, the post-session 1064 

traces recorded 1 week after the pre-session are shown in orange and are plotted over the pre-1065 

session traces in green. The duration of the stimulus presentation (300 ms) is shaded in light 1066 

gray. (DF-Central: 5 mice; DF-Peripheral: 6 mice; CTL-Central: 5 mice; CTL-Peripheral: 6 mice).  1067 

(B) Heatmaps of the post-stimulus onset peak response of every stimulus-responsive cell for 1068 

each experimental condition. Responses with ΔF/F0 equal to or larger than 2.5 were collapsed 1069 

into a single-color group.  1070 

(C and D) Mean ± SEM of stimulus-evoked responses for each stimulus condition. In (C), post-1071 

stimulus onset peak values of the ΔF/F0 traces were averaged (CTL-Central: F(6, 3,874) = 1072 

0.9161, p = 0.482; CTL-Peripheral: F(6, 7,415) = 3.4828, p = 0.0019; DF-Central: F(6, 5,470) = 1073 

3.9755, p = 0.0006; DF-Peripheral: F(6, 4,818) = 8.2463, p = 6.6569e-09, ART 2-way ANOVA). 1074 

Effect size (r) for peak: CTL-Peripheral: 0.5 cpd = 0.385, 0.7 cpd = 0.642; DF-Central: 0.7 cpd = 1075 

0.663, 1.1 cpd = 0.0603; DF-Peripheral peak: bkg = 0.385, 0.3 cpd = 0.899, 0.5 cpd = 0.385. 1076 

In (D), the area under the curve (AUC) of ΔF/F0 trace between the start of stimulus onset to 2 s 1077 

afterward was quantified and averaged (CTL-Central: F(6, 3,874) = 1.8063, p = 0.0938; CTL-1078 

Peripheral: F(6, 7,415 ) = 6.9384, p = 2.2817e-07; DF-Central: F(6, 5,470) = 4.7047, p = 8.7428e-1079 

05; DF-Peripheral: F(6, 4,818) = 14.5208, p = 1.7070e-16, ART 2-way ANOVA). Post hoc 1080 

multigroup comparisons: *p < 0.05, **p<0.01; ***p< 0.005. Effect size (r) for AUC: CTL-1081 

Peripheral: 0.5 cpd = 0.128, 0.9 cpd = 0.128; DF-Central: 0.5 cpd = 0.181, 0.7cpd = 0.784; DF-1082 

Peripheral peak: 0.3 cpd = 0.813, 0.5 cpd = 0.556. 1083 
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 1084 

Figure 3. Responsive cell proportion and decoding capability of acuity stimulus-evoked 1085 

responses remain comparable in deafened mice 1086 

(A) Left: The total number of cells in each image plane with sufficient GCaMP fluorescence to 1087 

be detectable by the Suite2p algorithm as an ROI. Data from the central and peripheral 1088 

recordings within the experimental condition CTL/DF were grouped together for plotting [F(1, 1089 

150.4351) = 0.0162, p = 0.8988, ART 2-way ANOVA]. Middle: The number of responsive cells 1090 

in each image plane defined as ROIs with statistically significant responses to at least one 1091 

stimulus [F(1, 150.307) = 1.5167, p = 0.22, ART 2-way ANOVA]. Right: The proportion of 1092 

responsive cells in each image plane calculated as the number of responsive cells divided by 1093 

the number of total cells detected [F(1, 150.5892) = 1.9986, p = 0.1595, ART 2-way ANOVA]. 1094 

(B) Per-trial traces of decoding accuracy of the 0.3 cpd stimulus versus the isoluminance 1095 

background in the peripheral visual field. Traces are the average of all traces within the same 1096 

experimental condition (black line) ± SEM (dark gray shade). Stimulus onset is at 0 indicated by 1097 

the vertical dotted line, and lasted for 300 ms, shown as a light gray shaded vertical bar. d’ 1098 

values for peak decoding accuracy: 0.3 cpd CTL pre = 3.2685, 0.3 cpd CTL post = 4.2272, 0.5 1099 

cpd CTL pre = 2.3582, 0.5 cpd CTL post = 3.0085; 0.3 cpd DF pre = 3.1928, 0.3 cpd DF post = 1100 

2.7393, 0.5 cpd DF pre = 1.6751, 0.5 cpd DF post = 2.25673. 1101 

(C) Top panels: Averages of stimulus-evoked peak decoding accuracy for the 0.3 cpd stimulus 1102 

[left, F(1, 75.38) = 0.9172, p = 0.3413, ART 2-way ANOVA] and the 0.5 cpd stimulus [right, F(1, 1103 

75.71) = 1.1826, p = 0.2803, ART 2-way ANOVA], plotted as mean ± SEM. Bottom panels: 1104 

Integrated accuracy computed as the area under the decoding accuracy curve above 50% 1105 

chance level for the 2 s post-stimulus onset duration. Data are similarly plotted as mean ± SEM 1106 
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for the 0.3 cpd stimulus [left, F(1, 75.32) = 1.9317, p = 0.1687, ART 2-way ANOVA] and the 0.5 1107 

cpd stimulus [right, F(1, 75.48) = 1.6223, p = 0.2067, ART 2-way ANOVA].  1108 

 1109 

Figure 4. Adult-onset deafness causes more attenuation of contrast stimulus-evoked 1110 

responses in L2/3 of V1 1111 

(A) Per-trial averaged ΔF/F0 of control (left panel) and deaf (right panel) mice recorded from 1112 

lateral V1 upon presentation of contrast modulated drifting grating stimuli (background to 32% 1113 

contrast) in the central visual field (top traces) and medial V1 with presentation in the peripheral 1114 

visual field (bottom traces). For each stimulus condition, the post-session traces are shown in 1115 

red and are plotted over the pre-session traces in blue. The duration of the stimulus 1116 

presentation (1.3 s) is shown as light gray shaded vertical bar. (DF-Central: 5 mice; DF-1117 

Peripheral: 5 mice; CTL-Central: 5 mice; CTL-Peripheral: 5 mice). 1118 

(B) Heatmaps of the post-stimulus onset peak response of every stimulus-responsive ROI for 1119 

each experimental condition. Responses with ΔF/F0 equal to or larger than 2.5 were collapsed 1120 

into a single-color group.  1121 

(C and D) Mean ± SEM stimulus-evoked responses for each stimulus condition. In (C), average 1122 

post-stimulus onset peak values of the ΔF/F0 traces are graphed for each contrast level [CTL-1123 

Central: F(6, 6982) = 1.7653, p = 0.1020; CTL-Peripheral: F(6, 5988) = 2.1652, p = 0.0433; DF-1124 

Central: F(6, 6513) = 3.8918, p = 0.0007; DF-Peripheral: F(6, 4644) = 3.1846, p = 0.0040, ART 1125 

2-way ANOVA). Effect size (r) for peak: CTL-Peripheral: 85% = 0.543; DF-Central: 8% = 1126 

0.0603, 16% = 0.181; DF-Peripheral: 8% = 0.905, 16% = 0.905, 64% = 0.784. In (D), the AUC 1127 

of ΔF/F0 traces between the start of stimulus onset and 3 s afterward was quantified and 1128 

averaged for each contrast level [CTL-Central: F(6, 6982) = 2.6444, p = 0.0146; CTL-Peripheral: 1129 

F(6, 5988) = 5.8632, p = 4.1437e-06; DF-Central: F(6, 6513) = 6.1822, p = 1.7613e-06; DF-1130 
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Peripheral: F(6, 4644) = 3.3264, p = 0.0029, ART 2-way ANOVA]. Post hoc multigroup 1131 

comparisons: *p < 0.05, **p < 0.01; ***p < 0.005. Effect size (r) for AUC: CTL-Central: 16% = 1132 

0.302; CTL-Peripheral: 85% = 0.422; DF-Central: 8% = 0.181, 16% = 0.181, 85% = 0.181; DF-1133 

Peripheral: 8% = 0.302, 16% = 0.905, 64% = 0.0603.  1134 

 1135 

Figure 5. Responsive cell proportion, decoding capability, and contrast sensitivity of 1136 

contrast stimulus-evoked responses remain comparable in deafened mice 1137 

(A) Left: The total number of cells in image plane with sufficient GCaMP fluorescence to be 1138 

detectable by the Suite2p algorithm as an ROI. Data from the central and peripheral recordings 1139 

within the experimental condition CTL/DF were grouped together for plotting [F(1, 128.0934) = 1140 

0.1194, p = 0.7302, ART 2-way ANOVA ] . Middle: The number of responsive cells in each 1141 

image plane as defined as ROIs with statistically significant responses to at least one stimulus 1142 

[F(1, 128.222) = 0.3195, p = 0.573, ART 2-way ANOVA] . Right: The proportion of responsive 1143 

cells in each imaged plane calculated as the number of responsive cells divided by the number 1144 

of total cells [F(1, 128.6753) = 1.6545, p = 0.2007, ART 2-way ANOVA]. 1145 

(B) Per-trial traces of decoding accuracy of the16% contrast stimulus versus the isoluminance 1146 

background in the peripheral visual field. Traces are the average of all traces within the same 1147 

experimental condition (black line) ± SEM (dark gray shade). Stimulus onset is at 0 indicated by 1148 

a vertical dotted line and lasted for 1.3 s (light gray shaded vertical bar). d’-values for peak 1149 

decoding accuracy: 8% CTL pre = 3.0645, 8% CTL post =2.6601, 16% CTL pre = 2.0933, 16% 1150 

CTL post = 2.6293, 64% CTL pre = 2.9242, 64% CTL post = 3.4617; 8% DF pre = 3.0122, 8% 1151 

DF post = 2.7265, 16% DF pre = 3.5072, 16% DF post = 2.9269, 64% DF pre = 4.0819, 64% 1152 

DF post = 2.8654. 1153 
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(C) Top panels: Mean ± SEM of stimulus-evoked peak decoding accuracy for contrast stimuli 1154 

displayed at 8% [F(1, 54.2105) = 1.0327, p = 0.3140, ART 2-way ANOVA], 16% [F(1, 54.5398) 1155 

= 0.6059, p = 0.4397, ART 2-way ANOVA], and 64% [F(1, 53.761) = 1.4316, p = 0.2368, ART 2-1156 

way ANOVA] are plotted in each graph. Bottom panels: Integrated accuracy computed as the 1157 

area under the decoding accuracy curve above 50% chance level for the 3 s post-stimulus 1158 

onset. Mean ± SEM for contrast stimuli at 8% [F(1, 54.5398) = 0.4614, p = 0.5, ART 2-way 1159 

ANOVA], 16% [F(1, 54.3355) = 2.4854, p = 0.1207, ART 2-way ANOVA], and 64% [F(1, 1160 

54.5398) = 0.5333, p = 0.4684, ART 2-way ANOVA] are plotted in each graph.  1161 

(D) Stimulus-evoked responses fitted over the entire range of contrast levels. Top panels: Fitting 1162 

performed using the peak of post-stimulus onset responses of each cell. The fits of each cell of 1163 

the same experimental condition (CTL/DF) and recording location (Central/Peripheral) were 1164 

averaged together. Bottom panels: Similar to top panels except that fitting was performed using 1165 

the AUC between stimulus onset to 3 s post-onset. 1166 

(E) Top panels: The contrast level at which the ΔF/F0 reached half of its maximum value (C50) 1167 

for each cell. Data were averaged within each experimental condition and stimulus location and 1168 

plotted as mean ± SEM [Central: F(1, 529.3477 ) = 0.416, p = 0.5192; Peripheral: F(1, 443.559) 1169 

= 0.0002, p = 0.9895, ART 2-way ANOVA]. Bottom panels: The slope of the rising phase of 1170 

each fit, averaged within each experimental condition and stimulus location and plotted as mean 1171 

± SEM [Central: F(1, 529.9739) = 1.4136, p = 0.235; Peripheral: F(1, 446.7834) = 0.2591, p = 1172 

0.611, ART 2-way ANOVA].  1173 

 1174 

Figure 6. Pupil size and location are unaffected by stimulus 1175 

(A) An example video frame image of the labeling of anterior, posterior, top, and bottom 1176 

locations on a pupil boundary in DeepLabCut.  1177 
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(B) Per-trial changes in pupil diameter aligned to stimulus onset (indicated as dotted vertical line 1178 

at 0 s in each graph) from an example control mouse (left panels) and an example adult-onset 1179 

deaf mouse (right panels) during an acuity-stimuli session. Data were normalized to the 1180 

maximum pupil diameter of the same recording session. Each recording session is plotted 1181 

individually in the background as light gray lines, their average is plotted in the foreground in 1182 

black.  1183 

(C) Pupil size recorded during experiments using acuity stimuli, normalized to the average pupil 1184 

size during the background trials of the same recording session. Data were averaged within the 1185 

same stimulus type and location [CTL-Central: F(5, 1844) = 0.2198, p = 0.9541; CTL-Peripheral: 1186 

F(5, 2142) = 0.2137, p = 0.9568; DF-Central: F(5, 2168) = 1.8316, p = 0.1034; DF-Peripheral: 1187 

F(5, 2704) = 1.8844, p = 0.0938, LME 2-way ANOVA].  1188 

(D) Pupil size recorded during experiments using contrast stimuli, normalized to the average 1189 

pupil size during the background trials of the same recording session. Data were averaged 1190 

within the same stimulus type and location [CTL-Central: F(5, 1306) = 0.286, p = 0.9212; CTL-1191 

Peripheral: F(5, 1186) = 1.16, p = 0.3262; DF-Central: F(5, 1366) = 1.010, p = 0.4103; DF-1192 

Peripheral:F(5, 1785) = 0.141, p =  0.9826, LME 2-way ANOVA].  1193 

(E) Example plots of changes in pupil center location throughout a recording session. Pupil 1194 

center locations tracked during session 1 and 2 (leftmost 2 panels) for central stimuli 1195 

presentation (top) and peripheral stimuli presentation (bottom). Anterior-posterior coordinates 1196 

and top-down coordinates of the pupil center at each time frame are plotted in 2D space and 1197 

connected to the next time frame location with a line. These frame-by-frame pupil center 1198 

coordinates were fitted with a kernel density to obtain an average density map (third panel from 1199 

the left; top: central, bottom: peripheral). For the example pair of pupil location density maps, the 1200 

Pearson correlation coefficient was 0.72, indicating strong correlation. This suggests that on 1201 

average the spatial drift in the mouse’s gaze is quite similar for the central and peripheral trials. 1202 
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This is confirmed statistically using the permutation test on the average density map of pupil 1203 

location for central versus peripheral stimuli presentations [Root Mean Square Error (RMSE) = 1204 

3.022, Observed Mean Difference = -0.008, Observed Mean Absolute Difference = 0.8821, 1205 

Permutation Threshold (α = 0.05) = 36.369] and evident from the differential density map 1206 

(rightmost panel). For all pairs of pupil location density maps examined, the Observed Mean 1207 

Difference and the Observed Mean Absolute Difference values were all less than the 1208 

Permutation Threshold.  1209 

(F) Across group comparison of the Pearson correlation coefficients of pairwise pupil location 1210 

density maps of central and peripheral trials obtained on the same day for each mouse. There 1211 

was no statistically significant interaction between the group (CTL vs. DF) and time (pre vs. 1212 

post) for acuity experiments [top graph: F(1,30.3) = 0.1701, p = 0.683, ART 2-way ANOVA] or 1213 

the contrast experiments [bottom graph: F(1,12.2) = 0.1366, p = 0.718, ART 2-way ANOVA]. 1214 

Colored circles indicate the Pearson correlation coefficient values for each pair of density maps 1215 

with median ± IQR in the foreground. 1216 

 1217 

Figure 7. Adult-onset deafening selectively improves visual acuity in the peripheral visual 1218 

field 1219 

(A) Timeline of the visual detection experiment, starting with the headplate implantation surgery 1220 

and ototoxic lesioning of DF mice at ~P60. After recovery and habituation, the mice are head-1221 

fixed in a cradle, with the visual stimulus screen placed in front of their left eye and positioned 1222 

such that the central stimulus spans 10-20˚ azimuth (within the binocular visual field) and the 1223 

peripheral stimulus spans 90-100˚ azimuth (in the monocular visual field) as depicted in the 1224 

circle inset on the top left. Schematics of the stimuli set used are show on the top right side. For 1225 

mice that underwent both contrast sensitivity and acuity threshold measurements, contrast 1226 
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sensitivity was measured first. Nine mice underwent acuity threshold measurement only, 3 mice 1227 

underwent contrast sensitivity measurement only, and 9 mice underwent both measurements. 1228 

The mouse head image in the inset is from SciDraw (https://scidraw.io/drawing/183) licensed 1229 

under CC BY 4.0. 1230 

(B) Example raster plot of the mice's licking behavior throughout a session where a mix of 1231 

stimuli of varying cpd (left) or varying contrast level (right) was presented. The rate of licks 1232 

within the background (Bkg)-only window 1 s before stimulus onset (blue shaded area) was 1233 

quantified and subtracted from the rate of licks within the 1 s post-stimulus onset response 1234 

(Res) time window (red shaded area) to calculate the detection rate (see Methods for details).  1235 

(C) Average detection rates of CTL and a DF groups are plotted as a function of spatial 1236 

frequencies of static gratings presented in the central (left) and peripheral (right) visual fields. 1237 

Detection rate of 0.5, which denotes chance level performance and indicates the detection 1238 

threshold, is denoted as a horizontal dotted line on each graph.  1239 

(D)  Detection threshold is determined for each mouse as the cpd at which the detection rate is 1240 

0.5. The detection thresholds are grouped here by experimental group and stimulus location. 1241 

Statistical comparison using 2-way ANOVA: interaction between visual field (Central/Peripheral) 1242 

and experimental condition (CTL/DF): F(1,16) = 5.255, p = 0.0358, effect of visual field: F(1,16) 1243 

= 66.28, p < 0.0001, effect of experimental condition: F(1,16) = 2.867, p = 0.0198. Post hoc pair-1244 

wise comparison (Fisher’s LSD) p-values are indicated on the graph. Effect size of the 1245 

difference in detection threshold between CTL and DF for the peripheral visual field is 1246 

considered very large (Cohen’s d = 1.44). Individual colored circles indicate the detection 1247 

threshold of each mouse. Mean ± SEM are shown in the foreground. 1248 

(E) Average detection rate of CTL and DF groups are plotted as a function of contrast levels of 1249 

drifting gratings presented in the central (left) and peripheral (right) visual fields. A detection rate 1250 
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of 0.5, which denotes chance level performance and indicates the detection threshold, is shown 1251 

as a horizontal dotted line on each graph. 1252 

(F) Detection threshold is determined for each mouse as the contrast percentage at which the 1253 

detection rate is 0.5. The detection thresholds are grouped here by experimental group and 1254 

stimulus location. Statistical comparison using 2-way ANOVA: interaction between visual field 1255 

(Central/Peripheral) and experimental condition (CTL/DF): F(1,10) = 0.4722, p = 0.5076, effect 1256 

of visual field: F(1,10) = 18.68, p = 0.0015, effect of experimental condition: F(1,10) = 0.1129, p 1257 

= 0.7438. Post hoc pair-wise comparison (Fisher’s LSD) p-values are noted on the graph. 1258 

Individual colored circles indicate the detection threshold of each mouse. Mean ± SEM are 1259 

shown in the foreground. 1260 
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