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Abstract

Peripheral sensory organ damage leads to compensatory cortical plasticity that supports a
remarkable recovery of perceptual capabilities. A major knowledge gap is the lack of precise
mechanisms that explain how this plasticity is implemented and distributed over a diverse
collection of excitatory and inhibitory cortical neurons. Here, we explored these mechanisms in
mouse A1. After peripheral damage, we found recovered sound-evoked activity of excitatory
principal neurons (PNs) and parvalbumin (PVs) interneurons (INs), reduced activity in
somatostatin-INs (SOMs), and recovered activity in vasoactive intestinal peptide-INs (VIPs).
Given the sequentially organized cortical network where VIPs inhibit INs, SOMs inhibit PVs and
PNs, and PVs inhibit PNs, our results suggest that PVs contribute to PN stability, SOMs allow for
increased PN and PV activity, and VIPs enable the PN and PV recovery by inhibiting SOMs.
These results highlight a strategic, cooperative, and cell-type-specific plasticity program that

restores cortical sound processing after peripheral damage.
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Introduction

In all sensory systems, damage to peripheral organs leads to compensatory cortical
reorganization and increased cortical sensitivity to the non-damaged (spared) sensory input'®.
This plasticity is crucial for survival, for it supports a remarkable recovery of perceptual
capabilities’"". Despite the great importance of this plasticity, the underlying system, circuit, and
cellular mechanisms remain poorly understood. The establishment of these mechanisms will
reveal major concepts in cellular and functional cortical rehabilitation after peripheral damage.
Moreover, it holds the promise to highlight novel strategies for enhancing perceptual recovery and
mitigating brain disorders associated with sensory deficits and subsequent pathogenic cortical

plasticity, such as schizophrenia, tinnitus, phantom limb pain, and neuropathic pain'?°.

In the auditory system, while the auditory nerve input to the brainstem is significantly reduced
after cochlear damage, the cortical sound-evoked activity is maintained or even enhanced'®8,
due to increased cortical gain, the sensitivity of neuronal responses against sound levels. As such,
this plasticity contributes to the recovery of perceptual sound-detection thresholds after cochlear
damage'®'"%2' The increased cortical gain is associated with reduced inhibitory (GABAergic)
cortical activity, increased spontaneous firing, and reorganization of frequency tuning towards
less damaged regions of the cochlea®'%'82>% Moreover, a steep drop in PV-mediated inhibition
to principal neurons (PNs) is a predictor of auditory cortical response rehabilitation after cochlear
nerve damage®. Although the role of general or PV-centric reduced inhibition is well
documented''?%2426-2% it does not provide the precise cellular and circuit mechanisms that

mediate cortical rehabilitation.

The recent use of cell-type-specific labeling and optogenetic manipulations®®, combined with the
genetic and physiological dissection of cortical interneurons (INs)*'*2, have established a new

picture of our understanding of cortical circuits. The canonical cortical circuit includes (at a
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minimum) vasoactive intestinal-peptide (VIP), somatostatin (SOM), and parvalbumin (PV)
expressing IN sub-classes, all with distinct and sequentially organized synaptic connections

among themselves and PNs3**

. This circuit design begs for a more precise mechanistic
understanding of how specific cortical gain modulations associated with an overall and non-
specific decrease in inhibition, such as increased cortical gain after peripheral trauma, are
implemented and distributed over these distinct IN sub-classes. Namely, cortical inhibition is
crucial for suppressing neuronal activity®®, firing rate gain modulation®***, and spike timing
control**, as well as for correlated neuronal*’*® and population activity*>*°. Cortical inhibition is
also essential for the prevention of runaway cortical activity that would otherwise lead to
pathologic activity*”*"*2, As such, this complex role of inhibition is expected to pose constraints

on how reduced inhibition can safely modulate cortical gain®, for a global and non-specific

inhibitory reduction could lead to instability and pathology, such as epileptic-like activity®?.

To study the precise mechanisms of inhibition in cortical plasticity after peripheral damage, we
used a mouse model of noise-induced cochlear damage. We employed electrophysiological and
immunohistochemical assays to assess peripheral damage, behavioral assays to assess
perceptual hearing thresholds, longitudinal in vivo two-photon calcium imaging to assess the
activity of different cortical neuronal types, ex vivo electrophysiology assays to assess cellular
excitability, and computational models to shape our hypotheses and predictions. Our results
demonstrate that the recovery of cortical sensory processing after peripheral damage is supported
by a remarkable cell-type-specific contribution and cooperativity among multiple types of cortical

INs.
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83 Results
84  To cause peripheral damage in mice, we used a noise-induced hearing loss (NIHL) paradigm.
85  Mice were bilaterally exposed to an octave band (8-16 kHz) noise at 100 dB SPL for 2 hours (Fig.
86 1a,b). To assess the consequences of this noise exposure on peripheral structures, we measured
87  and quantified the auditory brainstem response (ABR) before and one, three, and ten days after
88 noise exposure. ABR represents the sound-evoked action potentials generated by the
89  synchronized activity of various nuclei of the auditory pathway from the auditory nerve to the
90 brainstem, where ABR wave 1 represents the sound-evoked synchronized activity of the auditory
91 nerve (AN) type-l spiral ganglion neurons (SGNs) (Fig. 1¢). We found that noise exposure
92 increased the ABR threshold, the sound-level which elicited a significant wave 1 amplitude (Fig.
93 1c-e) and reduced the gain of that AN sound-evoked activity, the slope of ABR wave | amplitude
94  against sound level, (Fig. 1f, g), suggesting reduced sound information relayed from the cochlea
95 to the AN. Moreover, we found that noise exposure increased the distortion product otoacoustic
96 emissions (DPOAE) threshold (Fig. 1h), suggesting dysfunction of the cochlear outer hair cells
97 (OHCs) sound amplification function. ABR threshold and gain represent the combined
98 functionality of inner hair cells (IHCs), OHCs, type-l SGNs, and synapses between the IHCs and
99 type-I SGN dendrites called ribbon synapses®. To identify the anatomical markers of reduced AN
100 gain and elevated ABR and DPOAE thresholds after noise exposure, we performed
101 immunohistochemical analysis across the tonotopic axis of the cochlea to quantify the survival of
102 IHCs, OHCs, and the number of ribbon synapses between the IHCs and type-I SGN dendrites
103 (Fig. 1i and supplement Fig. 1). We found that noise exposure significantly reduced the number
104  of ribbon synapses per inner hair cell in the high-frequency region (16-32 kHz) of the cochlea
105 (Fig. 1i, j), without affecting the survival of either IHCs or OHCs (supplement Fig. 1). We did not
106  observe any changes in sham-exposed mice, which underwent identical procedures but without
107  the presentation of sound (Fig. 1 and supplement Fig. 1). Together, our noise trauma protocol,

108 by reducing the AN gain and increasing peripheral hearing thresholds, reduces the amount and
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109 transfer of peripheral auditory input to the brain. We will use this protocol to assess perceptual
110  recovery and the cellular mechanisms of cortical rehabilitation after peripheral damage.

111

112  To test for perceptual recovery, we employed an operant auditory avoidance task (Fig. 1k).
113  Namely, following a 6-sec long noise-bursts at 70 dB SPL, mice were trained to cross from one
114  side of the shuttle-box to another side to avoid a mild foot-shock (200 - 400 pA) (Methods). A
115  successful crossing during the noise-bursts trial was called Hit, whereas crossing during a random
116  6-sec long silent window was called False-Alarm (FA) (Fig. 1k). Once mice completed their
117  behavioral training, we measured their perceptual sound thresholds (Fig.1l). To do this, we
118 presented noise-bursts at various sound intensity levels (20-80 dB SPL) in random order,
119 measured the Hit and FA rates at individual sound-levels, and then calculated sound-detection
120 rate (Hit% - FA%). To quantify the perceptual sound detection threshold, we plotted the sound-
121  detection rate against the sound-level and the sound-level with a 50% sound-detection rate was
122  defined as the sound-detection threshold (Fig. 11). When we measured the detection thresholds
123  ten days after noise trauma, we found that perceptual thresholds in noise-exposed mice were
124  significantly lower than ABR thresholds, and almost identical to the sham-exposed mice’s
125  perceptual threshold (Fig. 1m). These results support that ten days after peripheral damage
126  perceptual hearing thresholds have fully recovered, despite the persistent peripheral damage as
127  evidenced by increased peripheral hearing thresholds, and thus suggest the involvement of
128  central plasticity mechanisms in this recovery. Given the full recovery of perceptual thresholds
129  within ten days after noise trauma, we opted to study the mechanisms of cortical plasticity for ten
130 days after trauma.

131

132  To study the mechanisms of central plasticity after peripheral damage, we focused on the primary
133 auditory cortex (A1), which is a site of robust plasticity after peripheral damage®>”%-1113.14.26.55-59

134  Because the cellular mechanisms of this plasticity are not fully understood, we investigated the


https://doi.org/10.1101/2022.09.15.508128
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508128; this version posted September 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

135 plasticity in the different neuronal subtypes. We first investigated the plasticity in the sound-
136  evoked activity of A1 principal neurons (PNs) one, three, and ten days after noise trauma (Fig.
137  2). To selectively image sound-evoked responses from populations of PNs, we used adeno-
138 associated virus (AAV) driven by the calcium/calmodulin-dependent protein kinase 2 (CaMKII)
139 promoter to express the genetically encoded calcium indicator GCaMP6f (AAV-CaMKII-
140 GCaMP6f) in putative PNs (Fig. 2ab). Twelve to 16 days after stereotaxic viral injections of
141  GCaMPe6f (Fig. 2a), we employed acute in vivo wide-field transcranial fluorescent imaging in
142  head-fixed unanesthetized (awake) mice (Fig. 2b). After localizing A1 (Methods), we presented
143  broadband sounds (6-64 kHz, 100 ms long) at 30-80 dB SPL and imaged the sound-evoked
144  changes in the A1 GCaMP6f fluorescence (AF/F%) (Fig. 2¢). Each sound was presented 8-10
145 times in a pseudo-random order. We first measured PNs’ response threshold, the sound-level
146  which elicits a significant response. Consistent with the increased ABR wave | response
147  threshold, identified as the AN threshold, we found that the PNs’ response threshold was
148  significantly increased 1 and 3 days after NIHL (Fig. 2d). However, 10 days after NIHL, PNs’
149 response threshold was significantly lower than the AN threshold (Fig. 2d right). Importantly,
150 when we compared the PNs’ response threshold on day 10 after NIHL with the perceptual
151  threshold on day 10 after NIHL (Fig. 2d right), we did not find a significant difference, suggesting
152  that the reduced response threshold A1 PNs after NIHL may contribute to, or at least is consistent
153  with, the recovery of the perceptual threshold after peripheral damage.

154

155  Next, we measured the amplitudes of sound-evoked responses of A1 PNs (Fig. 2e). We found
156  that PN response amplitudes were reduced 1 day after NIHL (Fig. 2e, red), but showed significant
157 recovery in 3 and 10 days after NIHL (Fig. 2e, cyan), and even surpassed pre-noise-exposed
158 response amplitudes in response to suprathreshold sound levels (at 75 and 80 dB SPL). We next
159  quantified the response gain of sound-evoked activity of A1 PNs (Fig. 2f). In contrast to ABR

160  wave | response gain (AN gain) which remained decreased after noise trauma (Fig. 2f, light grey),
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161 PN gain was increased and remained increased elevated during the 10 days after NIHL (Fig. 2f,
162  dark grey), which is consistent with previous results'®'®"". Moreover, we did not find any changes
163 in response threshold, response amplitude, and gain in sham-exposed mice (supplement Fig.
164  2b-d). Together, these results suggest that ten days after peripheral damage, A1 PNs display
165 increased gain and recovered response thresholds and amplitudes.

166

167  Wide-field imaging reflects neuronal responses arising from different neuronal compartments
168  (e.g., somata, dendrites, and axons) and different cortical layers®. Moreover, wide-field imaging
169 reflects responses from a population of neurons, but individual neurons may have distinct sound-
170  evoked responses (e.g., recovered vs. non-recovered) after NIHL. To address these caveats and
171 questions, we performed longitudinal two-photon imaging of the same individual A1 L2/3 PNs in
172  awake mice for 10 days after NIHL (Fig. 2g-p, and supplement Fig. 2e-j). After locating A1, we
173  presented trains of broadband sounds and imaged the sound-evoked responses of individual A1
174  L2/3 PNs’ somata (Fig. 2i, j). To use each neuron as its own control, we tracked the same
175 individual neurons for 10 days after NIHL (Fig. 2i). Pre-exposure sessions lasted two days, and
176  average responses of individual neurons from both days were used as pre-exposure responses.
177  After motion and neuropil correction (Methods), we were able to track 531 L2/3 PNs from 11 mice
178  for 10 days after NIHL. To identify the sound-responsive neurons, we first calculated the individual
179  neurons’ tuning strength during pre-exposure conditions, and only the neurons with d’ = 0 were
180 analyzed further (n = 358/531 PNs from 11 mice, Methods). Consistent with our transcranial
181  results, we found that the response thresholds of individual L2/3 PNs’ were fully recovered 10
182  days after NIHL and had a similar cumulative distribution of response thresholds compared to
183  pre-noise-exposure thresholds (Fig. 2k, I). Also, we found that the sound-evoked responses of
184 individual PNs were reduced 1 day after NIHL, but overall recovered or surpassed pre-noise-
185  exposure responses 10 days after NIHL (Fig. 2m). Also, consistent with our transcranial results,

186 the gain of individual PNs’ was increased after NIHL and remained elevated even 10 days after
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187  NIHL (Fig. 2n), showing a shift in cumulative distribution towards higher gain (Fig. 20). When we
188 plotted individual PN gain after noise-exposure against pre-noise-exposure gain, we also found
189 that on average the gain was increased after noise exposure (Fig. 2p) and the majority of PNs
190 showed increased gain after NIHL (Fig. 2p insets and supplement Fig. 2j: day1: 228/358, day3:
191 208/358, and day 10: 199/358). Finally, we did not observe a change in either the threshold (Fig.
192  2k) or the gain (Fig. 2n) in sham-exposed mice (218 neurons from 5 mice, Fig. 2k, n and
193  supplement Fig. 2f-j). Together, our results show that despite peripheral damage, A1 L2/3 PNs
194  show recovered response thresholds, response amplitudes, and increased response gain. The
195 central goal of this study is to identify the core mechanism underlying this PN recovery from
196  peripheral damage.

197

198 To begin, we considered the possible role of inhibitory circuitry on the recovery of A1 L2/3 PNs
199  after NIHL. To this end, we first used a computational model to investigate the possible changes
200 ininhibition that can achieve PN high gain. Past modeling work has shown that a decrease in the
201  recurrent inhibition in a recurrently coupled cortical model results in higher PN gain®*®', thus an
202 NIHL-induced reduction in inhibition could be a candidate mechanism. However, strong recurrent
203 PN connections can yield unstable, runaway behavior if a recurrently coupled inhibitory population
204 is unable to dynamically track and cancel the recurrent excitatory activity®’°>%2. As such, the
205 stabilization role for inhibition poses constraints on how reduced inhibition can safely modulate
206 cortical gain, because a global and non-specific inhibitory reduction could lead to instability and
207  pathology, such as epileptic-like activity®>. Thus, a simplified two-population model, consisting of
208 generic excitatory and inhibitory neurons, would likely fall short of capturing the experimental
209 results presented thus far>® (Fig. 2). As a result, we started our investigation by considering a
210 computational network of leaky integrate-and-fire neuron models (Methods) of three
211 subpopulations of neurons (PN, PV, and SOM neurons) (Fig. 3a). PN and PV neurons received

212  afeedforward presynaptic drive, and we modeled sound level by increasing the firing rate of the
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213  feedforward inputs. We considered four sound levels: none (no sound), low, medium, and high.
214  The control (pre-exposure) behavior of the network lies in an asynchronous (stable) regime, with
215  the firing rate of all three populations increasing monotonically with sound level (Fig. 3b, ¢). Since
216  peripheral damage reduces the intensity of peripheral sensory drive from the cochlea to the AN
217  and the brain, noise-induced damage in our model is implemented by decreasing the feedforward
218 (evoked) and background (spontaneous) firing rates. We modeled recovery after NIHL, as
219 observed 10 days after NIHL (Fig. 2), either as a static depolarization or hyperpolarization of
220 individual cortical neurons. The underlying cause behind these inputs could be due to intrinsic or
221  synaptic mechanisms that restore neuronal threshold post NIHL. Consistent with our prediction
222  on the constraints on how reduced inhibition can safely modulate cortical gain, we found that
223 depending on the magnitude and sign of these currents to each subpopulation, the network
224  spiking behavior varied drastically, from oscillatory and unstable, to asynchronous and stable with
225  high gain (Fig. 3d).

226

227  Because our major focus is to understand the circuit pathways responsible for the recovery of
228 PNs’ threshold, high gain, and stability after NIHL, we utilized a mean-field circuit theory (see
229  Methods), which captures the average neuronal firing rate for each of the subpopulations, to
230 perform an extensive, brute force parameter sweep (Fig. 3¢, d). Viable parameter sets that
231 matched our experimental observations of PNs were defined as those that produced stable
232  network dynamics with lower PN response thresholds and higher PN gain than in control (see
233  Methods for additional details). Parameter sets that met these criteria yielded average SOM firing
234  rates that were suppressed compared to control, exhibiting little-to-no SOM recovery after
235 damage and PV neurons with recovery similar to that of the PN population (Fig. 3e). These
236  successful parameter sets can be further explored by examining the strength and sign
237  (depolarizing vs. hyperpolarizing) of the recovery currents injected into each of the subpopulations

238 (Fig. 3f). Specifically, while the PN and PV neurons received depolarizing inputs, SOM cells

10
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239 largely received hyperpolarizing inputs. These results suggest that the selective suppression of
240  SOM neurons allows for PNs to overcome the loss of feedforward input and thereby recover their
241 response threshold and exhibit higher gain after peripheral damage compared to the control
242  (sham-exposed) case. These modeling results lead to a pair of testable hypotheses: 1) the PV
243  population will have a matched recovery to that of the PN populations, and 2) SOM neurons will
244  not recover post-NIHL.

245

246  To test the first hypothesis, we first investigated the effect of NIHL on response threshold,
247  amplitude, and gain in A1 L2/3 PV neurons. To selectively target and image sound-evoked
248 responses from populations of PV neurons, we injected AAV expressing Cre-dependent
249  GCaMP6f (AAV-Flex-GCaMP6f) into the A1 of PV-Cre mice (Fig. 4a). We first employed in vivo
250 wide-field transcranial imaging of populations of PV neurons in awake mice (Fig. 4a-f). We found
251 that the response threshold of PV neurons was increased 1 day after noise exposure (Fig. 4d,
252 magenta). However, 3 days after noise exposure, the PV population response threshold was
253 lower than the response threshold of A1 PNs (Fig. 4d), suggesting that the response thresholds
254  of PV neurons are recovered even before the response threshold of PNs. Ten days after NIHL,
255 PV neurons response thresholds remain low and were not different from the PN response
256 thresholds (Fig. 4d). Moreover, we found the reduced sound-evoked response amplitudes of A1
257 PV neurons 1 day after NIHL (Fig. 4e, red), which recovered by 10 days after NIHL (Fig. 4e,
258 cyan). Importantly, we found that noise exposure increased the gain of the PV population, which
259 remained elevated for 10 days after NIHL (Fig. 4f). We did not observe a change in the PV
260  population response threshold and gain in sham-exposed mice (supplement Fig. 4a, b).
261 Together, these results demonstrate that PV population recovery is overall similar to PN recovery.
262

263  Next, we performed longitudinal 2P imaging of A1 L2/3 PV neurons (Fig 4g-j). We tracked and

264  included in our analysis 82 PV neurons from 6 mice for 10 days after NIHL. Consistent with our

11
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265 transcranial imaging results, PV neurons displayed recovered response thresholds (Fig. 4k, I),
266 and even surpassed pre-noise-exposure responses 10 days after NIHL amplitudes (Fig. 4m,
267 cyan). Moreover, the gain of individual PV neurons increased after NIHL and remained increased
268  during the 10 days after NIHL (Fig. 4n-p). The majority of PV neurons showed increased response
269 gain after NIHL (day1: 63/82, day3: 65/82, and day10: 61/82) (Fig. 4p insets and supplement
270  Fig. 4g). We did not observe any changes in the response threshold, amplitude, and gain of L2/3
271 PV neurons in sham-exposed mice (80 neurons from 7 mice, Fig. 4k, n and supplement Fig.
272  4c-g). These results demonstrate that, in response to peripheral damage, A1 L2/3 PV neurons
273  match the recovery of PNs to act as stabilizers of A1 network activity, validating the first modeling
274  hypothesis. Consequently, PV neurons likely do not contribute to the increased PN gain after
275  recovery from NIHL.

276

277  To test our second hypothesis, we investigated the role of SOM neurons during recovery from
278  NIHL. We started our investigation with in vivo wide-field transcranial imaging (Fig. 5) and found
279  that the response threshold of the A1 SOM population was very high 1 day after NIHL, above 80
280 dB (Fig. 5¢c, red). Importantly, response thresholds did not recover and remained significantly
281  higher than the response threshold of PV neurons and PNs even 10 days after noise exposure
282  (Fig. 5d). Additionally, response amplitudes were reduced after NIHL and did not fully recover
283 even 10 days after NIHL (Fig. 5e, cyan). Finally, we did not observe any gain changes in SOM
284  population response (Fig. 5f). We did not observe a change in the response threshold and gain
285  of SOM neurons in sham-exposed mice (supplement Fig. 5a-b). Overall, in contrast to the robust
286  sound-evoked PN and PV neurons activity after noise trauma, SOM neurons' sound-evoked
287  activity remained significantly reduced throughout the 10 days after noise trauma.

288

289  Consistent with our transcranial results, longitudinal 2P imaging of individual A1 L2/3 SOM

290 neurons (82 neurons from 15 mice) showed increased response thresholds after injury, which

12
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291 remained elevated throughout the 10 days after NIHL (Fig. 5g-k), and a shift in the cumulative
292  distribution of response threshold towards higher sound levels (Fig. 5l). Also, consistent with the
293 transcranial results, we found reduced sound-evoked amplitudes of individual SOM neuron
294  response (Fig. 5m, cyan). Moreover, we did not observe any change in the gain of A1 L2/3 SOM
295 neurons after NIHL (Fig. 5n-p). Finally, we did not observe a change in the SOM neurons’
296 response threshold, amplitude, and gain in sham-exposed mice (Fig. 5k, n and supplement Fig.
297  5c¢-g, 42 neurons from 9 mice). In total, these results support the second modeling hypothesis
298 that SOM neurons’ responses are suppressed during recovery from NIHL. These results support
299 the notion that the reduced activity of SOM neurons disinhibits PV neurons and PNs post-NIHL,
300 thus allowing for high PV and PN response gain.

301

302 We next explored the mechanism underlying the SOM neuron suppression, which in turn
303 contributes to the enhanced gain of L2/3 A1 PNs and PV neurons. The reduction in overall SOM
304  activity might be due to changes in the intrinsic cellular makeup of SOM neurons, the synaptic
305 input afferent to SOM neurons, or a combination of the two mechanisms. To test for changes in
306 intrinsic properties, we performed ex vivo brain slice electrophysiology of AC L2/3 SOM neurons
307 after NIHL (Fig. 6). Due to the lack of cytoarchitectural features, it is challenging to locate the AC
308 in brain slices. Therefore, to localize the AC, we labeled AC corticocollicular (CCol) L5B PNs (red)
309 projecting to the inferior colliculus, by injecting red fluorescent retrograde microspheres into the
310 inferior colliculus of SOM-GFP mice (Fig. 6a, Methods). The localization of CCol PNs in the AC
311 (Fig. 6b), along with anatomical landmarks, such as the rhinal fissure and the underlying
312  hippocampal formation allowed us to locate the AC as described previously®*®°. After localizing
313 the AC, we measured the intrinsic properties of AC L2/3 SOM neurons in noise- and sham-
314  exposed mice (Fig. 6b). The input resistance (Rinput) and the membrane resting potential (Vrest)
315 did not change over the 10 days after noise- compared to sham-exposure (Fig. 6c-e). Similarly,

316  noise trauma did not affect action potential width (APuwiatn), AP threshold (APreshoia), and firing rate
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317  of SOM neurons (Fig. 6f-k). Finally, the firing rate adaptation ratio of the SOM neurons, calculated
318 as the ratio of instantaneous firing frequency between the ninth and tenth AP and instantaneous
319  frequency between the second and third AP (f9/f2)%*, showed no significant difference between
320 sham- vs. noise-exposed mice (Fig. 61, m). Taken together, these results suggest that the
321  reduced sound-evoked activity in SOM neurons after NIHL is likely not due to changes in intrinsic,
322  cellular properties in the SOM neurons themselves.

323

324  We next investigated whether changes in the synaptic inputs to SOM neurons could contribute to
325 the suppression of SOM neurons after NIHL. Despite our three-population model correctly
326  predicting that the suppression of SOM neurons can lead to the recovery of PNs, it cannot capture
327  such a synaptic mechanism in its current form: SOM neurons lack significant recurrent inhibition
328 from themselves and PV neurons*=4%® (Fig. 3a). However, VIP neurons, which were not included
329 in our initial model, are strongly embedded in the AC recurrent network. They have substantial
330 incoming connections from PNs, PV, and SOM neurons, and considerable outgoing connections
331  into SOM neurons®®®’. Most notably, the strong mutual inhibition between SOM and VIP neurons
332 (Fig. 7a; highlighted) potentially drives a competitive dynamic between these two IN
333  subpopulations, where tipping the activity in favor of one subpopulation could lead to a dramatic
334  suppression of the other subpopulation®. We, therefore, extend our computational model to
335 include these VIP INs to investigate whether they could contribute to the observed SOM
336  suppression.

337

338  For the control (pre-damaged) state, we found that the four-population model exhibited similar
339 spiking behavior as in the three-population model (Fig. 7b) and that the mean-field theory was
340 readily extendable to accurately capture the underlying steady-state firing rates (Fig. 7¢). With
341  this baseline behavior in hand, we next performed a similar parameter sweep as before (see

342  Methods for additional details). We found that the firing rates corresponding to the viable
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343 parameter sets (i.e., parameter values that yielded a low threshold, high gain, and stable
344  dynamics for the PN population) for the PN, PV, and SOM subpopulations in the extended four-
345  population model matched those found in our simplified three-population model (Fig. 3e).
346  Specifically, the population-averaged firing rates of the PNs and PV neurons showed a low
347  threshold and high gain, while the SOM neurons were largely suppressed (Fig. 7d). The
348  difference here was that the inhibition of SOM neurons was brought on solely by VIP neurons and
349  not by a hyperpolarizing recovery current (as was the case in the three-population model). In line
350  with this observation, VIP neurons exhibited an increase in firing rates after damage compared to
351 control, while also showing similar characteristics as the PNs and PV neurons, namely a low
352 threshold and high gain (Fig. 7d). After examining the recovery currents responsible for these
353 results, we observed that PN, PV, and VIP neurons were all subject to significant depolarizing
354  currents, with VIP neurons receiving the strongest level of depolarization (Fig. 7e). This result
355 combined with the strong VIP to SOM neuron connection suggests that, during recovery after
356  trauma, SOM neurons are more inhibited compared to the control state.

357

358 To test this directly, we measured the average synaptic input to the SOM neurons for all viable
359 parameter sets (Fig. 7f, see Methods for additional details). We found that the average synaptic
360 input was less after trauma when compared to control across all viable parameter sets and
361  stimulus values. Further, for a majority (51.47%) of these tested conditions, SOM neurons
362 received a net inhibitory input. In total, these modeling results from the four-population model
363  provide a clear, testable hypothesis: VIP neurons show a strong recovery post NIHL.

364

365 To test this hypothesis experimentally, we first used in vivo wide-field transcranial imaging of
366  populations of VIP neurons (Fig. 8a-f). We found that the response threshold of A1 VIP neurons
367  was significantly lower than the response threshold of PNs, PV, and SOM neurons 1 day after

368 NIHL and showed full recovery by 10 days after NIHL (Fig. 8d, cyan). Further, VIP neuron
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369 response amplitudes surpassed their pre-noise-exposure amplitudes 10 days after NIHL (Fig. 8e,
370 cyan), and the gain was also increased throughout the 10 days after NIHL (Fig. 8f). We did not
371 observe a change in the response threshold and gain of VIP neurons in sham-exposed mice
372 (supplement Fig. 8ab). Consistent with our transcranial results, longitudinal 2P imaging of
373 individual A1 L2/3 VIP neurons, also revealed recovered (low) response thresholds, robust and
374  even enhanced response amplitudes, and increased gain (Fig. 8g-p, 70 neurons from 8 mice).
375 Also, the maijority of VIP neurons showed increased gain after NIHL (Fig. 8p insets and
376 supplement Fig. 8g; day1: 36/66, day3: 43/70, and day70: 47/70). On the other hand, we
377  observed slightly reduced gain and no change in the response threshold and amplitude of A1 L2/3
378  VIP neurons in sham-exposed mice (60 neurons from 6 mice, Fig. 8k, n and supplement Fig.
379  8c-g). Taken together, our results support a strong recovery of the VIP neurons activity after noise
380 trauma, even surpassing the control activity. Because VIP neurons inhibit SOM neurons* (Fig.
381  8b), these results support the following circuit mechanism for cortical recovery after peripheral
382 damage: robust VIP activity enables SOM neuron suppression, which in turn leads to high PN
383 and PV neuron gain.

384

385

386 Discussion

387 Division-of-labor between the cortical IN subtypes

388 Extensive evidence supports divergence, complementarity, and division-of-labor between the

69-72

389  cortical IN subtypes in terms of their tuning properties®™ ', and their role in contextual and adaptive

390 cortical sound processing*®4*"*™ However, despite the established role of reduced GABAergic

11.22.2621.7576 ' the roles of different IN subtypes in

391  signaling in A1 plasticity after cochlear damage
392  cortical recovery remained unknown. We found that while auditory nerve input to the brainstem is
393 significantly reduced after cochlear damage, sound-evoked cortical activity is maintained or even

394  enhanced. Importantly we revealed a strategic, cell-type-specific, and time-dependent plasticity
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395 scheme that restores cortical responses. Namely, after noise trauma, we found enhanced sound-
396 evoked activity in PN (Fig. 2), PV (Fig. 4), and VIP neurons (Fig. 8), but reduced sound-evoked
397 activity in SOM neurons (Fig. 5). Based on the known sequentially organized inhibitory cortical

398 network®, where VIP neurons inhibit SOM neurons, SOM neurons inhibit PV neurons and PNs,
399 and PV neurons inhibit PV neurons and PNs, we propose that the underlying SOM — PV — PN
400 and SOM — PN circuits support a cell-specific plasticity mechanism in which, robust PV activity
401  provides network stability by balancing PN activity; and vastly decreased SOM IN activity allows
402 for increased PV IN and PN gain, which supports stability and high gain. The VIP — SOM — PN

403 disinhibitory pathway completes the task, whereby robust VIP IN activity enables reduced SOM
404 IN activity. These results highlight a novel strategic, cooperative, and cell type-specific plasticity
405 program that restores cortical sound processing after cochlear damage and provides novel
406 cellular targets that may also aid in the development of pharmacotherapeutic or rehabilitative
407  treatment options for impaired hearing after NIHL.

408

409  Several key cortical circuit features are consistent with our proposed hypothesis, regarding the
410 roles of PV neurons as stabilizers and SOM neurons as modulators of A1 plasticity after NIHL.
411 PN and PV neurons are embedded into very similar synaptic environments. Both receive the

412  excitatory drive from upstream areas®=*

, and both receive strong recurrent excitation, as well as
413  PV- and SOM-mediated inhibition®. This symmetry places PV neurons in a strategic position for
414  monitoring and stabilizing PNs activity>®. On the other hand, SOM neurons are in a better position
415  to modulate the cortical inhibition and excitation®®, such that a higher gain state of PNs can be
416  achieved without compromising the stability of the network. For example, the increased gain of
417  PNs via reduced activity of SOM neurons would lead to the increased firing of PV neurons

418  because of the strong excitatory feedback from PNs to PV neurons. In turn, these hyperactive PV

419 neurons would then stabilize the recurrently activated PNs. Further, consistent with our model
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420  predictions (Fig. 3e), suppression of SOM neurons enhances cortical plasticity without

k52,77,78

421  compromising the stability of the networ , Whereas suppression of PV neurons can result in

t52, but not all cases’®.

422  uncontrolled network activity, evidenced by unstable ictal-like events in mos
423  These observations support the notion that PV neurons act as the stabilizers whereas SOM
424  neurons act as the modulators of A1 plasticity.

425

426  Similarly, our proposed role of VIP neurons as the enablers of A1 plasticity after NIHL is consistent
427  with previous reports showing that VIP neurons enable cortical plasticity across the sensory
428  cortices®® 477788082 |n the visual cortex, synaptic transmission from VIP to SOM neurons is
429 necessary and sufficient for the increased cortical responses in PNs after monocular deprivation
430 in adult mice”’. In the somatosensory cortex, increased activity of VIP neurons facilitates the
431 increased activity of PNs in a mouse model of neuropathic pain®®. Here, we found the enhanced

432  activity of A1 L2/3 VIP neurons after NIHL (Fig. 8), suggesting that VIP neurons enable the

433 enhanced activity of PNs (Fig. 2) via the disinhibitory pathway VIP — SOM — PN. Together, our

434  results provide the first comprehensive, and precise cell-type- and circuit-mechanism for how
435  cortex rebuilds itself after peripheral damage.

436

437 Maladaptive aspects of cortical plasticity

438 Compensatory plasticity in the A1 after peripheral damage supports the recovery of the perceptual
439  sound-detection threshold but does not support sound processing encoded by precise spike
440 timing, such as modulated noise or speech and restricts hearing in a noisy environment'® 1158485,
441 Interestingly, A1 SOM neurons, which are critically important for sound processing encoded by

442  precise spike timing of neuronal firing**44:86:87

, showed reduced sound-evoked activity after NIHL
443  (Fig. 5). Based on these results, we propose that the reduced activity of A1 SOM neurons after

444  cochlear damage may contribute to the hearing problems peripheral damage, such as difficulty in
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445  understanding speech and trouble hearing in noisy environments.

446

447  Another maladaptive aspect of increased AC gain after peripheral damage is the development of
448  tinnitus, the perception of phantom sounds'®, and hyperacusis, the painful sensitivity to everyday
449  sounds'. Both these disorders have many similarities with neuropathic pain and phantom limb
450 syndrome®. These neurological disorders are developed after damage to the peripheral organs
451  and manifest increased activity of PNs in the respective sensory cortices, suggesting a common
452  underlying cortical circuit mechanism. In the allodynia mouse model of neuropathic pain®®, where
453  sensory touch that does not normally provoke pain becomes painful in the spared nerve injury
454  model, SOM activity was drastically reduced in the somatosensory cortex. This is consistent with
455  the notion that reduced activity of SOM neurons disinhibits the PNs and leads to increased activity
456  of PNs. Interestingly, selective activation of SOM neurons in the somatosensory cortex after nerve
457  injury was sufficient to prevent the increased activity of PNs and to mitigate the development of
458 neuropathic pain®. Together, these results suggest that the reduced activity of cortical SOM
459  neurons after peripheral organ damage may be a common mechanism across sensory cortices
460 that permits for the increased gain of PNs. Moreover, these results suggest that modulation of A1
461  SOM neuron activity after noise trauma could be a potential target for mitigating noise-induced
462 tinnitus and hyperacusis.

463

464 PV neurons and cortical plasticity after peripheral trauma

465  Our results suggest that the increased sound-evoked activity of PV neurons 10 days after NIHL
466 (Fig. 4d and k, cyan) may stabilize the increased activity of PNs (Fig. 2). However, 1 day after
467 NIHL we observed reduced sound-evoked PV neuron activity (Fig. 4d and k, red). Since, PV
468 neurons initiate cortical plasticity in juvenile and adult brain®®, an initial reduction in the activity of
469 PV neurons activity after NIHL may initiate cortical plasticity. Consistent with this notion, a rapid

470 drop in PV-mediated inhibition of PNs as early as 1 day after cochlear denervation precedes the
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471 recovery of cortical sound processing®. In the visual cortex, PV neurons show reduced firing rates
472 1 day after monocular deprivation®, and in the somatosensory cortex PV neurons also show
473  reduction in their intrinsic excitability 1 day after whisker plugging®®. These results suggest that a
474  rapid reduction in PV-mediated inhibition of PNs may be a common feature of sensory cortices
475 plasticity that plays a critical role in initiating cortical recovery after sensory organ damage.

476

477  Arecentstudy'’ reported that the sound-evoked activity of PV neurons was reduced after cochlear
478 denervation and remained reduced for two weeks. However, unlike our model of noise-induced
479 cochlear damage, cochlear denervation was induced with bilateral cochlear application of
480  ouabain, which eliminates ~95% of the type 1 SGNs. Since the type and the severity of peripheral

481  organ damage may result in heterogeneous cortical plasticity”0-16:22.29.90-96

, hoise- and ouabain-
482 induced damage to the cochlea may trigger different trajectories of plasticity in A1 cell-types.
483  Another explanation for the observed differences could arise from differences in the experimental
484  design, such as the sound-stimuli used (broadband vs. 12 kHz pure tones'') and the number of
485 PV neurons tracked (82 vs 29'"). Overall, the observed differences point to the need for further
486  rigorous investigations on the role of distinct INs in A1 plasticity in different types and degrees of
487  hearing loss, including unilateral vs. bilateral land noise vs. ototoxic compounds induced hearing
488 loss. Nonetheless, our results provide a comprehensive model of cortical rehabilitation after noise
489 trauma whereby the precise and well-timed division-of-labor and cooperativity among cortical
490 interneurons secure high gain and stability.

491

492  Model assumptions and limitations

493 In this work, we leveraged a computational model to assist with exploring cortical mechanisms
494  responsible for the recovery of PNs following NIHL. We modeled recovery at the neuronal level

495 as either depolarization or hyperpolarization of the resting membrane potential. After peripheral

496  injury such as NIHL, it is plausible to assume that homeostatic mechanisms could activate such
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497  mechanisms, either intrinsically or synaptically, in an attempt to return neuronal populations to
498 previous baseline levels. However, of the two, it is perhaps less likely that mechanics would lead
499 to a hyperpolarization, as was predicted for SOM neurons since this would lead to further
500 population suppression. Despite this shortcoming, the experimental data confirmed our model’s
501 prediction. It also suggested that this current arose from synaptic pathways, which pointed to a
502 possible model update: include VIP neurons within the model AC circuit. This extension of our
503 computational model allowed it to capture the experimental results with the use of only
504  depolarization of neuronal membrane post-injury. However, it remains an open question as to the
505 exact source of such currents.

506

507 The computational model assumes that after NIHL, the network must balance the mechanics of
508 recovery and stabilization. This assumption, namely that cortical inhibition is needed to prevent
509 pathologic activity, places the model in the inhibition-stabilized network (ISN) regime?®:515362,
510  While we have already mentioned the evidence pointing to PV neurons as the best IN subtype to
511 play the role of the stabilizer, after suffering NIHL, synaptic plasticity and other mechanisms may
512  divert this role to an alternative IN or shift the entire circuit out of the ISN regime. If this were the
513 case, the region of viable parameter sets for the computational model would grow and, as a result,
514 would suggest alternative recovery pathways (e.g., hyperpolarizing PV neurons). Yet, the
515  absence of such pathways in our experimental results implies that the dynamics observed in the
516 ISN regime constrain the mechanisms utilized in recovery. Whether the cortex lies in the ISN
517  regime post-NIHL or remains wired to resist instability despite no longer requiring it remains an
518  open question.

519

520 In conclusion, our results create a new framework for understanding the cellular and circuit
521 mechanisms underlying AC plasticity after peripheral trauma and hold the promise to advance

522  understanding of the cortical mechanisms underlying disorders associated with maladaptive
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523  cortical plasticity after peripheral damage, such as tinnitus''®, hyperacusis'®®®, visual

524  hallucinations®, and phantom limb pain'%,
525

526
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527 Methods

528 Animals: All procedures were approved by the Institutional Animal Care and Use Committee at
529 the University of Pittsburgh. For experiments shown in Figure 1, male and female C57/B6 mice
530 and PV-Cre, SOM-Cre mice, and VIP-Cre mice with C57/B6 mice backgrounds (The Jackson
531 Laboratory) were used. For experiments shown in Figures 2 and 4, male and female PV-Cre mice
532  were used. For experiments shown in Figure 5, male and female SOM-Cre were used. For
533 experiments shown in Figure 6, male and female SOM-GFP (GIN) mice with C57/B6 mice
534  backgrounds were used. For experiments shown in Figure 8, male and female VIP-Cre mice were
535  used.

536

537  Speaker Calibration: Acoustic sound stimuli used in the study were calibrated with pre-amp
538 attached microphones (1/8 inch 4138-A-015 and 1/4 inch 4954-B, Briel and Kjaer) and a
539 reference 1 kHz, 94 dB SPL certified speaker (Type 4231, Bruel & Kjaer). More specifically, we
540 placed the microphone at the same position as the mouse ear and delivered the pure tones and
541 broadband stimuli at a specific voltage input and recorded output voltage using the pre-amp
542  microphone. Then, we determined the voltage input needed to generate the desired dB SPL
543  output using the 1 kHz 94 dB SPL speaker as the reference voltage.

544

545 Behavioral Training and Testing: Behavioral training and testing were performed in a shuttle-
546  cage (14" W x 7" D x 12" H) bisected into two virtual zones®. The shuttle-cage was placed within
547  asound- and light-attenuation chamber and was equipped with 8 poled shocking floor, calibrated
548  speaker, and mouse position sensors (Coulbourn Instruments). Sound-stimuli were generated
549  using a programable tone/noise generator (A12-33, Coulbourn Instruments) and delivered via
550 calibrated multi-field speaker (MF1, Coulbourn Instruments) hung in the middle of the shuttle cage
551 to provide a homogenous sound field. Foot-shock signals were generated using a programable

552  animal shocker (H13-17A, Coulbourn Instruments). Presentation of sound-stimuli, foot-shock
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553 signals and mouse position detection were performed using scripts programmed in GRAPHIC
554  STATE 4 (Coulbourn Instruments).

555

556  On the day of training and testing, mice were given at least 5 min to acclimate to the shuttle-cage
557  before beginning the training or testing session. Six to seven-week-old C57B6 mice were initially
558 trained to cross from one side of the shuttle-box to another side to terminate a 200 pA foot-shock.
559  Foot-shock was terminated upon crossing to the other side of the shuttle-box or 10 seconds,
560 whichever occurred first. Seven to eight blocks of 10-foot-shock trials were performed during a
561 training session for two days. Next, mice were trained to cross from one side of the shuttle-box to
562 the opposite side following a sound-stimuli (50 ms noise-burst, 6-sec long train with a repetition
563 rate of 2.5 Hz at 70 SPL, with a randomized intertrial interval of 30-40 sec) to avoid a mild foot-
564  shock (200 - 400 puA)A successful crossing during the noise-bursts trial was called Hit, whereas
565 crossing during a random 6-sec long silent window was called False-Alarm (FA). Seven to eight
566  blocks of 10 sound-stimuli trials were performed during a training session every day for 4-6 days.
567  Mice were trained every day until their behavioral performance d’ exceeded the value of 1.5 [d’ =
568  z-score(Hit rate) — z-score(FA rate)]. During the behavioral testing sessions, we presented noise-
569 bursts at various sound intensity levels (20-80 dB SPL) in random order. Each sound level was
570 presented at least 10 times with a randomized intertrial interval of 30-40 sec. We measured the
571 Hit and FA rates at individual sound-level and calculated the sound-detection rate (Hit% - FA%).
572  To quantify the sound-detection threshold, we plotted the sound-detection rate against the sound-
573 levels, and the sound-level with a 50% sound-detection rate was defined as the sound-detection
574  threshold.

575

576 Noise Exposure: Unanesthetized and unrestrained mice were placed within a 5x4-inch
577  acoustically transparent box, and bilaterally exposed to an octave band (8-16 kHz) noise at 100

578 dB SPL for 2 hours noise from a calibrated speaker. For sham-exposed mice, unanesthetized
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579 and unrestrained mice were placed within the same box for 2 hours, but the noise was not
580 presented.

581

582  Auditory brainstem responses: Auditory brainstem response (ABR) thresholds and ABR wave
583 1 amplitude were measured with subdermal electrodes in mice under isoflurane anesthesia at a
584  stable temperature (~37° C) using the RZ6 processor (Tucker-Davis Technologies, Kumar al.,
585 2019). We recorded ABRs after presenting broadband clicks (1 ms duration, 0 — 80 dB SPL in 10
586 dB steps) at a rate of 18.56 per second with a calibrated MF1 speaker (Tucker-Davis
587  Technologies), via a probe tube inserted in the ear canal. We presented each sound 512 times
588 and analyzed the average evoked potential after bandpass filtering the waveform between 300
589 and 3000 Hz. ABR threshold was defined as the lowest sound intensity that generated ABR wave
590 | amplitudes that were 3 SDs above the baseline noise level. Baseline noise levels were measured
591  using the ABRs obtained at 0 dB SPL sound intensity. ABR wave 1 amplitude was measured from
592  peak to trough levels.

593

594  Distortion product otoacoustic emissions: Mice were anesthetized using isoflurane (3%
595 Induction/ 1.5% Maintenance, in oxygen) and kept at a stable temperature using a heating pad
596 (~37° C). Measurements for DPOAE thresholds were taken with the RZ6 processor and BioSigRX
597  software (Tucker-Davis Technologies). Tone pairs were presented with an f1 and f2 primary ratio
598 of 1.2 at center frequencies. The f1 and f2 primaries were presented using 2 separate MF1
599  speakers (Tucker-Davis Technologies) that each presented a frequency into the outer ear canal,
600 by using tubing that came together within an acoustic probe to limit artificial distortion. The
601  presentation of these tones into the cochlea results in a distortion product, which is generated by
602 the outer hair cells and recorded by a sensitive microphone. Recordings were taken at 8, 12,16,
603 20, and 24 kHz in ascending order from 0-80 dB. Each test frequency and intensity were averaged

604  over one hundred sweeps. DPOAE threshold was determined as the lowest intensity that was
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605 able to generate a distortion product (2f1-f2) with an amplitude that was at least three standard
606  deviations above the noise floor.

607

608 Adeno-associated virus injections for in vivo imaging: Male or female PV-Cre mice, SOM-
609 Cre mice, and VIP-Cre mice (The Jackson Laboratory) were injected with
610 AAV9.CaMKIIl.GCaMP6f. WPRE.SV40 and AAV9.CAG.Flex.GCaMP6f.WPRE.SV40 into the right
611  auditory cortex as described previously®*'%%%" Briefly, mice were anesthetized with isoflurane,
612 and a craniotomy (~0.4 mm diameter) was made over the temporal cortex (~4 mm lateral to
613 lambda). With a micromanipulator (Kopf), a glass micropipette containing AAVs was inserted into
614  the cortex 0.5-0.7 mm past the surface of the dura and ~500 nL of each viral vector was injected
615 over 5 min. Next, the scalp of the mouse was closed with cyanoacrylate adhesive. Mice were
616  given carprofen 5 mg/kg (Henry Schein Animal Health) to reduce the pain associated with the
617  surgery and monitored for signs of postoperative stress and pain.

618

619 Animal preparation for acute in vivo wide-field imaging: Twelve to 16 days after AAV
620 injections, mice were prepared for in vivo calcium imaging®'%1%" Mice were anesthetized with
621 inhaled isoflurane (induction, 3% in oxygen; maintenance, 1.5% in oxygen) and positioned into a
622 custom-made head holder. Core body temperature was maintained at ~37°C with a heating pad,
623  and eyes were protected with ophthalmic ointment. Lidocaine (1%) was injected under the scalp,
624  and an incision (~1.5 cm long) was made into the skin over the right temporal cortex. The head
625 of the mouse was rotated ~45° in the coronal plane to align the pial surface of the right temporal
626  cortex with the imaging plane of the upright microscope optics. The skull of the mouse was
627  secured to the head holder using dental acrylic (Lang) and cyanoacrylate adhesive. A tube (the
628  barrel of a 25 ml syringe or an SM1 tube from Thorlabs) was placed around the animal’s body to
629 reduce movement. A dental acrylic reservoir was created to hold warm (37°C) ACSF over the

630 exposed skull. The ACSF contained (in mM)130 NaCl, 3 KClI, 2.4 CaCl2, 1.3 MgClI2, 20 NaHCO3,
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631 3 HEPES, and 10 D-glucose, pH 7.25-7.35, ~300 mOsm. For better optical access to the auditory
632  cortex, we injected lidocaine— epinephrine (2% lidocaine,1:100,000 w/v epinephrine) into the
633 temporal muscle and retracted a small portion of the muscle from the skull. Mice were then
634  positioned under the microscope objective in a sound- and light-attenuation chamber containing
635 the microscope and a calibrated speaker (ES1, Tucker-Davis).

636

637 In vivo wide-field imaging: We performed transcranial imaging to locate the primary auditory
638 cortex (A1) and image sound-evoked activity from specific populations of A1 neurons in awake
639 mice. We removed the isoflurane from the oxygen flowing to the animal and began imaging sound-
640 evoked responses after 60 min of recovery from isoflurane® %%, Sounds were delivered from a
641 free-field speaker 10 cm from the left ear of the animal (ES1 speaker, ED1 driver, Tucker-Davis
642  Technologies), controlled by a digital-to-analog converter with an output rate of 250 kHz (USB-
643 6229, National Instruments). We used ephus'® to generate sound waveforms and synchronize
644  the sound delivery and image acquisition hardware. We presented 6 or 32 kHz, 50 dB SPL tones
645  to the animal while illuminating the skull with a blue LED (nominal wavelength, 490 nm; M490L2,
646  Thorlabs). We imaged the change in green GCaMP6f emission with epifluorescence optics (eGFP
647 filter set, U-N41017, Olympus) and a 4x objective (Olympus) using a cooled CCD camera (Rolera,
648 Q-lmaging). Images were acquired at a resolution of 174 x 130 pixels (using 4x spatial binning,
649 each pixel covered an area of 171.1 ym2 of the image) at a frame rate of 20 Hz to locate A1 in
650 each animal (see below, Analysis). To locate the A1, we presented low-frequency tones (5 or 6
651 kHz, 40-60 dB SPL) and imaged the sound-evoked changes in transcranial GCaMP6s
652 fluorescence. Due to the mirror-like reversal of tonotopic gradients between A1 and the anterior
653 auditory field (AAF)®**'® these sounds activated two discrete regions of the auditory cortex
654  corresponding to the low-frequency regions of A1 and the AAF (supplement Fig. 2a). To extract
655 change sound-evoked change in fluorescence (AF/F), we normalized the sound-evoked change

656 in fluorescence after the sound presentation (AF) to the baseline fluorescence (F), where F is the
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657  average fluorescence of 1 s preceding the sound onset (for each pixel in the movie). We applied
658 a two-dimensional, low-pass Butterworth filter to each frame of the AF/F movie and created an
659 image consisting of a temporal average of 10 consecutive frames (0.5 s) beginning at the end of
660 the sound stimulus. After localizing A1, we presented broadband sounds (6-64 kHz, 100 ms long)
661 at 30-80 db SPL in 5 db SPL steps from a calibrated speaker (ES1, TDT) and imaged the sound-
662 evoked changes in transcranial GCaMP6f fluorescence signals (AF/F%). Each sound was
663  presented 8-10 times in pseudo-random order.

664

665 In vivo wide-field imaging analysis: A region of interest (ROI, 150-200 mm x 150-200 mm)
666  over A1 was then used to quantify the sound-evoked responses to broadband sounds (6-64 kHz,
667 100 ms long) sounds. We averaged the fluorescent intensity from all pixels in the ROI for each
668 frame and normalized the AF to the F of the ROI to yield AF/F responses. AF/F responses from
669 8 to 10 presentations of the same sound level were averaged. Response amplitude was the peak
670 (50 msec window) of the transcranial response that occurred within one second of the sound
671 onset. Response threshold was defined as sound-level which elicit a significant increase in
672 fluorescent signals (2 standard deviations above baseline fluorescence F). The response gain
673  was defined as the slope of response amplitudes against the sound levels and calculated as the
674  average change in the fluorescence signals (AF/F%) per 5 dB SPL step starting from response
675 threshold'".

676

677 Longitudinal in vivo two-photon imaging: After AAV injections into the right AC as described
678 above, we implanted a 3 mm wide cranial glass window over the AC following a published
679  protocol®®'®, A metal head-plate was also affixed to the mice's heads using dental cement to hold
680 them under the 2P microscope. Twelve to 16 days after the surgery, mice were first
681 conditioned/habituated under the 2P microscope. Mice were head-fixed under a 2P microscope

682  with the head-plate and allowed to acclimate to the rig set up for 30-40 minutes while we passively
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683 played broadband and pure-tone sounds in the background. The next day, after locating A1 using
684  wide-field imaging as described above, we performed two-photon imaging of A1 L2/3 neurons
685 (175-225 um below the pial surface) in awake mice. Mode-locked infrared laser light (940 nm,
686 intensity at the back focal plane of the objective, MaiTai HP, Newport, Santa Clara, CA) was
687  delivered through a galvanometer-based scanning two-photon microscope (Scientifica, Uckfield,

688  UK) controlled with scanimage 3.8'%, using a 40X, 0.8 NA objective (Olympus) with motorized

689 stage and focus controls. We imaged green and red fluorescence simultaneously with two
690 photomultiplier tubes behind red and green emission filters (FF01-593/40, FF03-525/50,
691  Semrock) using a dichroic splitter (Di02-R561, Semrock) at a frame rate of 5 Hz over an area of
692 145 x 145 pm and at a resolution of 256 x 256 pixels. We imaged PNs, PV , SOM, and VIP
693 neurons in L2/3 at a depth of ~200 ym from pia. Next, we presented trains of broadband sounds
694  at interstimuli intervals of 5 s (6-64 kHz, 100 ms long) at 30-80 db SPL in 5 db SPL steps in
695 pseudo-random order and imaged the sound-evoked changes in GCaMP6f fluorescence signals
696 (AF/F%). The whole two-photon imaging session lasted 20-30 mins long and upon completion,
697  the mice were returned to their cage. To use each neuron as its own control, we manually tracked
698 the same neurons for 10 days after noise- or sham-exposure and imaged sound-evoked changes
699 in GCaMP6f fluorescence signals to sound-trains. Mice were habituated under the 2-photon
700  objective for 20-30 minutes a day before the pre-exposure recording sessions. Pre-exposure
701  sessions lasted two days and average responses of individual neurons from both days were used
702  as pre-exposure responses.

703

704  Two-Photon Analysis: Images were analyzed post hoc using a custom program, and open-

705  source routines, written using Python and MATLAB as described previously'®

. Before extracting
706  AF/F, we used the NoRMCorre software to correct motion artifacts from individual tiff movies'"".

108’ we

707  Next, using FISSA: A neuropil decontamination toolbox for calcium imaging signals
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708 selected ROIs around the soma of each L2/3 neuron from the temporal average of all tiff movies
709 from a single recording session. Fluorescence values were extracted from each ROI for each
710 frame, and the mean for each cell was computed. FISSA, gave us two vectors of fluorescence
711 values for the somatic and the neuropil. We weighted the neuropil vector by 0.8 as described
712 previously'%1%%1% The weighted neuropil vector was subtracted from the somatic vector to
713  produce a corrected vector of fluorescence values. These FISSA corrected fluorescence (F) value
714  from each sound trial were then converted to AF/F values by using baseline fluorescence
715  measured 1 sec before each sound onset. We then averaged the AF/F values from each sound-
716  trail (5-8 trials) to get mean AF/F from each neuron. To identify the sound-responsive neurons,
717 we used a tone sensitivity index, d-prime (d’), from preexposure sessions as described

103,106,111

718  previously . Briefly, we presented trains of pure tones at interstimuli intervals of 3 s in
719  pseudo-random order that spanned in the range of 4-40 kHz frequencies (500-ms long) in 0.20-
720 octave increments at 30-80 dB SPL in 10 dB SPL steps. For each neuron, we calculated the
721  average response amplitude from responses at and immediately adjacent to the frequency/level
722  combination eliciting the maximum response (average of 5 values if the maximum response is
723  observed at dB < 80, 4 values if the maximum response is observed at 80 dB). We then averaged
724  the same number of values selected at random frequency/level locations of the frequency
725 response area (FRA). We took the difference between these averages and iterated this process
726 1000 times. The tone sensitivity index, d-prime (d’), was calculated as the average of the iterated
727  differences, and the neurons with d’ = 0 only were analyzed further. We then used these sound-
728 responsive cells to assess sound-evoked activities, such as response threshold, amplitude, and
729 gain. The sound-evoked responses were measured for 1 s after the sound onset and were
730 defined as significant responses if the sound-evoked changes in AF/F were larger than the
731  mean+2 standard deviations (SDs) of the baseline fluorescence measured before the sound

732 onset. Peak fluorescence signals during the 1-s period after the sound presentation were

733  quantified as the sound-evoked response amplitude. The response gain was defined as the slope
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734  of response amplitudes against the sound levels and calculated as the average change in the
735  fluorescence signals (AF/F%) per 5 dB SPL step starting from response threshold'®"".

736

737 Brain slice ex vivo electrophysiology: We recorded intrinsic properties of AC SOM neurons as
738  described previously®*®°. Due to the lack of cytoarchitectural features, it is challenging to locate
739 the AC in brain slices. Therefore, to localize the AC, we labeled AC corticocollicular (CCol) L5B
740  PNs (red) projecting to the inferior colliculus, by injecting red fluorescent retrograde microspheres
741 into the inferior colliculus of SOM-GFP mice. Briefly, P28-35 male or female, SOM-GFP (GIN)
742  mice were injected with red fluorescent retrograde microspheres into the ipsilateral inferior
743  colliculus (IC) (1 mm posterior to lambda and 1mmlateral, injection depth 0.75 mm). A volume of
744  ~0.12 pL of microspheres was pressure-injected (25 psi, 10—-15 ms duration) from capillary
745  pipettes (Drummond Scientific) with a Picospritzer (Parker—Hannifin). The localization of CCol
746  PNs in the AC (Fig. 6b), along with anatomical landmarks, such as the rhinal fissure and the
747  underlying hippocampal formation allowed us to locate the AC as described previously®*®°. On
748  the day of recordings, brains were rapidly removed and coronal slices (300 um) containing the
749  right AC were prepared in a cutting solution at 1 -C using a Vibratome (VT1200 S; Leica). The
750 cutting solution, pH 7.4, ~300 mOsm, contained the following (in mM): 2.5 KCI, 1.25 NaH2PO4,
751 25 NaHCOQOg3, 0.5 CaCl2, 7 MgCI2, 7 glucose, 205 sucrose, 1.3 ascorbic acid, and 3 sodium
752  pyruvate (bubbled with 95% 02/5% CO2). The slices were immediately transferred and incubated
753 at34-Cina holding chamber for 40 min before recording. The holding chamber contained artificial
754  cerebrospinal fluid (ACSF), pH 7.4, ~300 mOsm containing the following (in mM): 125 NacCl, 2.5
755 KCI, 26.25 NaHCO3, 2 CaCl2, 1MgCI2, 10 glucose, 1.3 ascorbic acid, and 3 sodium pyruvate,
756  pH 7.4, ~300 mOsm (bubbled with 95% 02/5% CO2). Next, whole-cell recordings in voltage- and
757  current-clamp modes were performed on slices bathed in carbogenated ACSF, which was
758 identical to the incubating solution. For electrophysiological recordings, we used a MultiClamp-

759  700B amplifier equipped with Digidata-1440A A/D converter and Clampex (Molecular Devices).
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760 Data were sampled at 10 kHz and filtered at 4 kHz. To study the intrinsic properties of SOM
761 neurons, we added the following drugs: 20 yM DNQX (AMPA receptor antagonist), 50 yM APV
762  (NMDA receptor antagonist), and 20 uM SR 95531 Hydrobromide (Gabazine—a GABAA receptor
763  antagonist). Pipette capacitance was compensated and series resistance for recordings was

764  lower than 15MQ. Series resistance (Rseries) Was determined by giving a —-5-mV voltage step for
765 50 ms in voltage-clamp mode (command potential set either at =70 mV or at 0 mV) and was
766  monitored throughout the experiments. Rseries Was calculated by dividing the =5 mV voltage step

767 by the peak current value generated immediately after the step in the command potential.
768  Recordings were excluded from further analysis if the series resistance changed by more than
769  15% throughout the experiment. Input resistance (Rinput) Was calculated by giving a —=5-mV step
770 in voltage-clamp mode (command potential set either at =70 mV or at 0 mV), which resulted in
771  transient current responses. The difference between baseline and steady-state hyperpolarized
772  current (Al) was used to calculate Rinput using the following formula: Rinput= (=5 mV/A/I) = Rseries.
773  The average resting membrane potential (Vi) was calculated by holding the neuron in voltage-
774  follower mode (current clamp, at / = 0) immediately after breaking in and averaging the membrane
775  potential over the next 20 s. In the current clamp, depolarizing current pulses (0—450 pA in 50 pA
776 increments of 1-s duration) were used to examine each neuron’s basic suprathreshold
777  electrophysiological properties (baseline Vm was maintained at —=70 mV). Action potential (AP)
778  width was calculated as the full width at the half-maximum amplitude of the first resulting AP at
779 rheobase. The AP threshold was measured in the phase plane as the membrane potential at
780  which the depolarization slope exhibited the first abrupt change (Aslope >10 V/s). The adaptation
781 ratio was calculated by dividing the instantaneous frequency between the ninth and tenth AP by
782  the instantaneous frequency between the second and third AP (fo/f2).

783
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784  Cochlear Immunohistochemistry: Mice were deeply anesthetized with isoflurane and sacrificed
785 by decapitation within one week of behavior testing. Cochleas were extracted and perfused
786 intralabrynthly with 4% paraformaldehyde in 0.1 M phosphate buffer. Cochleas were post-fixed
787  for 2 hr at room temperature and decalcified in 120 mM EDTA for 2-3 days at room temperature
788  on arocker. Decalcified cochleas were then microdissected under a stereomicroscope. Cochlear
789  sections were blocked in 5% normal goat serum with 0.3% Triton X-100 in phosphate-buffered
790 saline (PBS) for 1 hr at room temperature. Sections were then incubated in primary antibodies
791  diluted in blocking buffer overnight (18-24 hr) at room temperature. Primary antibodies used were
792  anti-myosin Vlla (rabbit anti-MyoVlla; Proteus Biosciences; 1:500), anti-C-terminal binding protein
793 2 (mouse anti-CtBP2 IgG1; BD Biosciences; 1:200), and anti-glutamate receptor 2 (mouse anti-
794  GluR2 IgG2a; Millipore; 1:2000). Sections were then washed with PBS and incubated in Alexa
795  Fluor-conjugated fluorescent secondary antibodies (Invitrogen; 1:500) for 2 hr at room
796  temperature. Sections were again washed in PBS and finally mounted on microscope slides using
797  Prolong Diamond Antifade Mountant (Invitrogen).

798  Cochlear sections were imaged in their entirety at low magnification to reconstruct the cochlear
799 frequency map using an Imaged plugin provided by Eaton Peabody Laboratories.
800 http://www.masseyeandear.org/research/otolaryngology/investigators/laboratories/eaton-

801  peabody-laboratories/epl-histology-resources/imagej-plugin-for-cochlear-frequency-mapping-in-
802 whole-mounts. This preparation allows us to trace the organ of Corti in its entirety from base to
803  apex, and the plugin superimposes the frequency map on the traced sections. Confocal z-stacks
804 (0.25 mm step size) of the 8, 12, 16, 24, and 32 kHz regions from each cochlea were captured
805 using a Nikon A1 microscope under a 60x oil immersion lens. Images were imported to ImageJ
806 imaging software for quantification, where maximum projections were rendered from the z-stacks.
807 CtBP2 and GIuR2 puncta were counted to identify intact ribbon synapses. Synapses were only

808 considered intact if CtBP2 and GIuR2 puncta were juxtaposed. Orphan synapses were defined
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809 as CtBP2 puncta that lacked GIuR2 puncta. Between 14-18 inner hair cells were included for
810 synapse quantification.

811

812  Computation Modelling, LIF network: We consider a four (a = PN, PV, SOM,and VIP)

813  population network of leaky integrate-and-fire (LIF) neurons, where the membrane potential (V;*)

814  of the j*" neuron in population a is governed by the equation

d‘/ja a a a a
815 Tm g = —(V* —Ef) + 17 (0) + 18 (D),

816  where Ef is the resting potential, 7,, is the membrane time constant, and I{* (t) and I¢(t) are the
817  recurrent and external synaptic currents, respectively. When Vja(t) = Vi, its value is reset to V.

818  and undergoes a refractory period of length ,..
819

820  The recurrent synaptic currents are modeled with exponentially decaying synapses

dIe L
821 TS—J=151+T ZZWW’Z(S(t—t”)
b k=1 n

822  where 1, is the synaptic time constant, wﬁf is the strength of the connection from neuron k in
823  population b to neuron j in population a and t;} are the spike times of neuron k. The probability of
824  a connection from population b to a is given by p, ,, and if a connection exists, wﬁf is set to either

825 w or —gw for incoming excitatory or inhibitory inputs, respectively, and 0 otherwise.

826

827 & (t) models the synaptic current from N&, Poisson sources with connection strength w and
828  firing rate rex; = T4y + Tspim, Where 1y is the fixed background firing rate and rg;,, is the stimulus
829 firing rate, which depends on the magnitude of the input stimulus (none, low, medium, or high).
830 Instead of explicitly modeling the spiking behavior of this source, we make use of a diffusion

831  approximation
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a

832 TS de;Ct = _(ngt - #ext) + O_ext\/ Tmf(t):

833  with

834 Hext = WNgy TimTexe, and

a 2na a 2
835 Oext = \/W NextTmrext + Oinn

836  where g7, is a fixed level of background noise that accounts for additional variability from
837  inhibitory inputs.

838

839 Modeling noise-induced damage and recovery: To model the noise-induced damage seen
840  experimentally, we decrease both the background and stimulus-related firing rates by factors
841 y,B% < 1, so that the external firing rate becomes

842 fext = YTog + B Tstim-

843 Recovery was modeled as a depolarizing or hyperpolarizing current that adjusted the resting
844  potential directly,

845 Ef = Ef + 1% 00

846  All parameter values for the LIF model can be found in Tables 1 and 2.

847

848 Mean-field and diffusion approximation: Using the results from [3], we make a diffusion
849  approximation for the recurrent inputs to a neuron. This approximation assumes that the input
850 spike trains follow a Poisson distribution, are uncorrelated, and the amplitude of the depolarization

851  due to each input it small (w3’ « 6 —1;).

852

853 Let N, denote the size of population a and p, ;, denote the connection probability of a neuron in
854  population b to a neuron in population a. The average number of incoming connections is

855 therefore given by
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pen.pNNen  Pen,pvNpy ppnsomNsom O

_ | pev.enNen  Pev,pvNey pen,somNsom 0

B Psom,pnNpn 0 0 PsomvipNyip |
pvir,pnNen  PvippvNey  Dvip.somNsom 0

Letting W be a matrix of connection strengths

1 -g -9 —9

_ 1 —g -9 —9
W=w1 g -g -g|

1 —g -9 —9

it follows that the average connectivity between populations is described by
J=COWwW,

where (O denotes the Hadamard product.

Denoting the steady-state firing rates as # = [rpy, 7oy, Tsom Tvipl T, We define
fleft = JTTm + Hext,
0% = (J O Wity + 620
and the mean-field neuronal dynamics are described by the following system of stochastic

differential equations

ave
Tm? =—V*—E)+ 1),

dr®
Tsgr = —I% + pggr + O Tm§(2),

where ¢ is a white noise term, with zero mean and unit variance density. It follows by [3] that up

to the first order in /7 /7,,, the steady state firing rates are given by

-1
Yth(#gff‘l'quecov:agff)

T+ 1T f w(s)ds|

— a a a —
Ta = q)(#eff + Irecovio_eff) = " "
YT(ﬂeff+11("1ecov'Geff)

where

Y(s) = eS*(1 + erf(s)), and
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Vinr — (#aff +ecov) @ |Ts
875 yth,r(#gff + Kecovs O_E?ff) = ea + E -
Oetf Tm

876 Here, a =\/§|((1/2)|, {(-)is the Riemann zeta function. Further, the population firing rate
877  dynamics can be described by the following Wilson-Cowan equation
878

ar | W
‘[a =-r+ CD(ugff + Irecov O_gff)'

879

880 Parameter sweep and stability criteria: For the three-population model, we estimated the firing
881 rate of the excitatory population (rpy) at four stimulus levels (r:,) using the mean-field theory
882 and took the excitatory gain to be the slope of the line of best fit (77i)

883 Ton (Tstim) = M* - Tgpim + b* .

884  We then perform an extensive sweep in the (B*N, pPV,IEN ., IFY. ., IS9M ) parameter space
885  consisting of 225,000 possible parameter sets, estimating the firing rate and gain in the same way
886  as the default case.

887

888  Aparameterset (PN, BV, IEN,,, IEY.,,, [39M,) with gain 7 was deemed viable if it demonstrates

889 the following traits observed in the experimental data:

890 1. m>m*

891 2. (BN, B*7,0,0,0), meaning the parameter set without recovery, show decrease gain from
892 the default value m*

893 3. The firing rate of all populations monotonically increased with stimulus strength

894 4. Alow PN response threshold, defined to be >1Hz for the low stimulus value

895 5. Stable dynamics (see details below)

896
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897  Some parameter sets were immediately discarded due to the stability criteria because the mean-
898 field theory failed to converge to a stable solution. However, for some of the considered parameter
899 sets, we found examples where the converged mean-field theory disagreed with the
900 corresponding result from the spiking model, due to the spiking model being pushed into an
901 unstable, synchronous, and heavily correlated regime. Due to this disagreement, we wanted to
902  discard such parameter sets from the analysis.

903

904  As stated previously, the mean-field theory assumes that the spiking dynamics lays in an
905 asynchronous regime, and this disagreement arises when this assumption breaks down.
906  Unfortunately, it is not straight forward to use the theory to predict exactly when this disagreement
907  will occur for a given parameter set®®''?. Here, we use the eigenvalues of the Jacobian of the
908 deterministic model to provide a conservative and unbiased threshold to disregard such
909 parameter sets. Specifically, we linearize Eq (1) around the fixed point

d? - -
910 T— = —7 + Ar,
dt

911 and then disregard parameter sets where max R(A(A —I)) = k > Kipres - The deterministic
912 system is unstable when x > 0, but in order to discard parameter sets that lead to the
913 disagreement between the theory and the spiking model described above, we consider the
914  conservative threshold of k¢pyes = —0.7.

915

916 The methods and criteria are the same for the four-population model, but having eliminated
917 intrinsic changes in the SOM population experimentally and adding the VIP population to the
918 model, we consider the parameter space (BFN, gV, pVIP IFN. . IEY. ., IVIE ). Following the
919 results of the first model, the parameter space hypercube was also adjusted to only consider
920  positive values of I%...,,. In total, 15,625 total parameter sets were considered.

921
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Numerical details: The spiking network is implemented Euler's method with a timestep of 0.01

ms. Each trial consisted of 5 seconds, and the steady state firing rates were computed after

averaging the spiking activity of the neurons across each population after discarding the first

second of each trial. The firing rates for the mean-field theory were found via fixed point iteration

of Eq (1), which halted when ||7"*1 — 7| < 1075.

Table 1: Default parameter values.

Parameter Value Description
Tm 10 (ms) membrane time constant
T 0.5 (ms) synaptic time constant
T 2 (ms) refractory period
E; -65 (mV) resting potential
Vin -50 (mV) spike threshold
|74 -65 (mV) reset potential
w 0.6 (mV) synaptic strength of the excitatory connection
g 3 the synaptic factor for inhibitory connection
N, 5000 Num. of PN neurons
N, 520 Num. of PV neurons
N 520 Num. SOM neurons
; 0/520 Num. VIP neurons (3/4 populations)
ot 500 Num. external inputs to PN neurons
fot 400 Num. external inputs to PV neurons
ot 0 Num. external inputs to SOM neurons
Ot --/ 400 Num. external inputs to VIP neurons (3/4 populations)
afzixed 10 Fixed background noise level
rfg 3 (Hz) Background excitatory firing rate
Téim 0,2,4,or 8 (Hz) Stimulus firing rate (none, low, med, high)
y 0.5 Damage to background firing rate
Be [0.05,0.5] Damage to input stimulus firing rate to pop a
1% cov [-5,5] Recovery current to pop a
Kihres -0.7 Stability threshold
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931 Table 2: The probability of a connection between presynaptic (columns) and postsynaptic

932  (rows) populations.

E PV SOM VIP
E 0.03 0.10 0.10 0
PV 0.05 0.10 0.07 0
SOM 0.05 0 0 0.10
VIP 0.05 0.15 0.05 0

933

934  Statistics: For statistical comparisons between two independent groups that passed the Shapiro—
935  Wilk normality test, we used unpaired t-tests. Otherwise, we used the Mann—Whitney rank-sum
936 test, Kruskal-Wallis one-way analysis of variance, or Friedman test for non-normally distributed
937 data. For comparisons between multiple groups having within-subject factors, a repeated
938 measures two-way ANOVA test was used, Bonferroni corrections were used for multiple two-
939 sample post hoc comparisons among sample groups; the significance level (a = 0.05) of the test
940 was corrected via scaling by the reciprocal of the number of comparisons. Greenhouse-Geisser
941 correction was used when the assumption of sphericity was violated. A permutation test
942  (Wasserman, 2004) was used for two sample comparisons. Samples for which 5000 of 100,000
943 random permutations of the data resulted in mean differences greater than the observed
944  difference in sample means were considered significant (p, 0.05). Significance levels are denoted
945  as *, P <0.05. The details of statistical tests are described in the figure legends. Group data are
946  presented as mean + SEM. Sample sizes were not predetermined by statistical methods but were
947  based on those commonly used in the field.

948

949 Rigor and Transparency: Behavioral, in vitro electrophysiology, and histology experiments were
950 conducted and analyzed in a blind mode regarding noise- and sham-exposed conditions. For in
951 vivo imaging experiments, analysis was also done in a blind mode. Although the experimenter

952 was not “blind” during the acquisition of the in vivo imaging experiments, those experiments
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953 involved identical and automated signal detection, inclusion, and analysis for both noise- and
954  sham-exposed mice (as described in Methods). Thus, the experimenter did not have any
955 influence over the experiment. Thus, between the data acquisition and analyses, all experiments
956 and analyses are transparent, rigorous, and reproducible.

957

958 Code and Data availability: Source data for all figures will be made available from the
959  corresponding author upon reasonable request. The code is written in a combination of C and
960 MATLAB, and those corresponding to the main results can be found on GitHub

961  (https://github.com/gregoryhandy) upon acceptance for publication. Other custom Matlab codes

962  used in this study will be made available from the corresponding author upon reasonable request.
963

964  Author contributions: M.K, and T.T. designed the study. M.K performed in vivo experiments
965 and analyzed data. G.H. and B.D. designed and programmed the computational modelling. S.K.
966 performed electrophysiology experiments. L.L.B performed behavioral experiments. B.B
967  performed cochlear histology. M.K., G.H., B.D., and T.T. wrote the manuscript.

968
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969 Figure Legends

970 Figure 1. Perceptual sound-detection threshold recovers despite elevated ABR threshold
971  after NIHL. (a) Timetable of experimental design. (b) Noise-exposure paradigm. (c-d)
972 Representative ABR traces to clicks before and 10 days after noise exposure. (e) Average ABR
973  thresholds from noise-exposed (n = 35) and sham-exposed (n = 19) mice, before and 1, 3, and
974 10 days after exposure. (Noise vs. sham: 2-way ANOVA; exposure x time interaction, F = 21.7,
975 p =2.8 x 10™"% effect of exposure, F =221.3, p = 1.4 x 10°%; * p < .05, compared to pre-noise-
976  exposed, Holm-Bonferroni’s post hoc). (f) Average ABR wave 1 amplitude to clicks before and
977  after noise exposure. (1-way repeated measure ANOVA; F = 227.7, p = 4.9 x 10°%; *, p < .05,
978 compared to pre-noise-exposed, Holm-Bonferroni’'s post hoc). (g) Average ABR gain from noise-
979  exposed and sham-exposed mice, before and after exposure. (Noise vs. sham: 2-way ANOVA,;
980  exposure x time interaction, F = 11.3, p = 6.3 x 107; effect of exposure, F =99.8, p = 1.8 x 107%;
981 * p < .05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (h) Average DPOAE
982  thresholds from noise-exposed (n = 5) and sham-exposed mice (n =4), before and after exposure.
983  (Noise vs. sham: 2-way ANOVA; exposure x time interaction, F = 10.9, p = 1.4 x 10®; effect of
984  exposure, F=145.6,p=1.9x10%; * p <.05, compared to pre-noise-exposed, Holm-Bonferroni’s
985 post hoc). (i) Cochlear histology images of a 32 kHz frequency region from noise-exposed mice
986 showing reduced ribbon synapses onto inner hair cells (blue) compared to sham-exposed mice.
987 The CtBP2 (red) and GIuR2 (green) are pre- and postsynaptic markers, respectively. (i) Average
988 ribbon synapses onto per inner hair across the tonotopic region of the cochlea from noise-
989 exposed and sham-exposed mice. (Noise vs. sham, 2-way ANOVA; exposure x frequency, F =
990 24.2,p=1.1x107 effect of exposure, F = 126.3, p < 1.9 x 107"%; * p < .05, compared to sham-
991  exposed, Holm-Bonferroni’'s post hoc). (k) Schematic of operant auditory avoidance task. (I) Plots
992  of average sound-detection performance against the sound levels tested 10 days after noise (n =
993 5) and sham (n = 4) exposure. (m) Bar graph representing the average ABR and perceptual

994  thresholds from noise- and sham-exposed mice. Filled circles represent individual data point.
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995  (Kruskal-Wallis test: Kruskal-Wallis statistic = 13.63, p < 1.1 x 10* *, p <.05, Holm-Bonferroni’s

996  post hoc).

997

998 Figure 2. Robust sound-evoked activity (recovery) of A1 L2/3 PN neurons after NIHL. (a)

999 Timetable of wide-field (WF) imaging experimental design for A1 PNs. (b) Schematic of
1000 experimental setup illustrating transcranial imaging of A1 PNs using GCaMP®6f in a head-fixed
1001  awake mouse. (c) Representative transcranial fluorescence responses of A1 PNs to broadband
1002  sounds from sham- and noise-exposed mice. (d) Left: Average change in response thresholds of
1003 A1 PNs (dark grey) at 1, 3, and 10 days after noise exposure. (Noise: 8-11 mice vs. sham: 3 mice,
1004 mixed model ANOVA; exposure x time interaction, F = 30.4, p = 4.3 x 10°%; effect of exposure, F
1005 =63.5,p=3.8x107%; * p <0.05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc).
1006  Average change in AN threshold (light grey) reproduced from Figure 1. Right: Bar graphs
1007 representing the average PNs, AN, and perception thresholds. (1-way ANOVA; F =8.6, p =6.8 x
1008 10% * p < 0.05, compared to AN, Holm-Bonferroni’'s post hoc). (e) Average sound-evoked
1009 responses of A1 PNs to broadband sounds from noise-exposed mice. (n = 8-11 mice, 2-way
1010  ANOVA,; time x sound level interaction, F = 5.06, p < 1.1 x 10'%; effect of time, F = 66.18, p = <
1011 1.1 x 107"% Compared to pre-noise-exposed: NE-day1, p = 2.8 x 10°; NE-day3, p = 0.0007 and
1012  NE-day10, p > 0.99, Holm-Bonferroni’'s post hoc; Pre-NE vs. NE-day10 responses to 75 and 80
1013  dB SPL, p < 0.05, Holm-Bonferroni’'s post hoc). (f) Average response gain of A1 PNs (dark grey)
1014  normalized to pre-noise-exposed gain after noise exposure at 1, 3, and 10 days. (Noise vs. sham,
1015  mixed model ANOVA; exposure x time interaction, F = 30.4, p = 4.3 x 107'%; effect of exposure, F
1016 =63.5,p =3.8 x 10%; *, p < .05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc).
1017  Normalized AN gain (light grey) reproduced from Figure 1. (g) Timetable of longitudinal 2-photon
1018 imaging experimental design for A1 L2/3 PNs. (h) Schematic of experimental setup illustrating 2-
1019  photon imaging of A1 L2/3 PNs via cranial glass windows. (i) Z-stack images of a population of

1020 A1 L2/3 PNs tracked before and after NIHL. (j) Representative sound-evoked responses from an
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1021 A1 L2/3 PN before and after NIHL. (k) Average change in response threshold of A1 L2/3 individual
1022 PNs from noise (dark grey) and sham (light grey) exposed mice. (Noise-exposed: 358 neurons
1023  from 11 mice, sham-exposed: 218 neurons from 5 mice, noise vs. sham: 2-way ANOVA; exposure
1024  x time interaction, F = 12.4, p = 5.0 x 10°%; effect of exposure, F = 11.6, p = 6.9 x 10™*; *, p < .05,
1025 compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (I) Cumulative response threshold
1026  of A1 L2/3 PNs, before and after NIHL. Inset: Average mean threshold of PNs per mouse
1027  (Friedman test; friedman statistic = 11.95, p = 0.007. *, p < .05, compared to pre-noise-exposed,
1028 Holm-Bonferroni’'s post hoc). (m) Average sound-evoked responses of A1 L2/3 individual PNs to
1029  broadband sounds from noise-exposed mice. (2-way ANOVA,; effect of time, F = 12.55, p = 5.3 x
1030  107; compared to pre-noise-exposed, NEday1: p = 0.01, NEday3: p = 0.80, and NEday10: p =
1031 0.001; Holm-Bonferroni’s post hoc). (n) Average gain of A1 L2/3 individual PNs normalized to pre-
1032  exposed gain from noise (dark grey) and sham (light grey) mice. (Noise vs. sham: 2-way ANOVA;
1033  exposure x time interaction, F = 4.7, p = 0.002; effect of exposure, F =23.3,p =1.7 x 10%; * p <
1034 .05, compared to pre-noise-exposed, Holm-Bonferroni’'s post hoc). (o) Cumulative gain of A1 L2/3
1035 PNs, before and after NIHL. Inset: Average mean gain of PNs per mouse (Friedman test; friedman
1036  statistic = 10.31, p = 0.01. *, p < .05, compared to pre-noise-exposed, Holm-Bonferroni's post
1037  hoc). (p) Scatter plots of the gain of individual A1 L2/3 PNs before and after NIHL. Dotted line
1038 represents unity. Insets: Bar graphs representing the number of neurons showing increased gain
1039 (/M above unity) and reduced gain (¥ below unity) after NIHL. PreNE vs. NEday1: p = 9.9 x107,
1040 PreNE vs. NEday3: p = 0.006, and PreNE vs. NEday10: p = 0.007; permutation test.

1041

1042  Figure 3. Three-population model suggests that SOM suppression is responsible for
1043 threshold and gain recovery. (a) Schematic of connectivity across the three populations (PN,
1044  SOM, and PV). (b) Raster plots showing the spiking activity of a subset of neurons at four stimulus
1045 levels for the PN (black), PV (magenta), and SOM populations (orange). (c) Firing rate for the

1046  spiking model (dot-line) and mean-field theory (asterisks). (d) Schematic of the parameter sweep
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1047  algorithm. For specific pairs of damage values (Bpy, Bry), the mean-field theory was used to find
1048 the firing rates of the model for points in the recovery current space (IFN,,, IEY. ., IS9M ) .
1049 Parameter sets that yielded stable behavior (asynchronous), along with a low threshold and
1050 improved gain (bottom arrow) were accepted, while all others were rejected (e.g., oscillatory, top
1051  arrow). Viable parameter regions were identified. This process was looped over all damage
1052  values. (e) Firing rate for the three populations. Translucent lines correspond to distinct parameter
1053 sets, while bolded lines are the average firing rates across all viable parameter sets. (f)
1054  Histograms of the recovery currents were found in the viable parameter sets for the three
1055  populations. All parameter values can be found in Tables 1 and 2.

1056

1057  Figure 4. Robust sound-evoked activity (recovery) of A1 L2/3 PV neurons after NIHL. (a)
1058 Timetable of wide-field (WF) imaging experimental design for A1 PV neurons. (b) Schematic of
1059 the cortical circuit and experimental setup illustrating transcranial imaging of A1 PV neurons using
1060 GCaMP6f in a head-fixed awake mouse. (c) Representative transcranial fluorescence responses
1061  of A1 PV neurons to broadband sounds from sham- and noise-exposed mice. (d) Average change
1062 in response thresholds of A1 PV neurons (magenta) at 1, 3, and 10 days after noise exposure.
1063  (Noise: 5-6 mice vs. sham: 3 mice, mixed model ANOVA; exposure x time interaction, F = 22.4,
1064 p = 2.8 x 107; effect of exposure, F = 89.0, p = 1.0 x 10°; *, p < 0.05, compared to pre-noise-
1065 exposed, Holm-Bonferroni’s post hoc). Average change in PN threshold (dark grey) reproduced
1066  from Figure 2. (PV vs. PN: mixed model ANOVA,; cell-type x time interaction, F = 3.7, p = 0.01;
1067  effect of time, F =120, p <107 *, p < 0.05, compared to PNs at NEday3, Holm-Bonferroni’s post
1068 hoc). (e) Average sound-evoked threshold responses of A1 PV neurons to broadband sounds
1069 from noise-exposed mice. (n = 5-6 mice, 2-way ANOVA,; time x sound level interaction, F = 2.9,
1070  p =3.3 x 107, effect of time, F = 98.5, p < 1.1 x 107, Compared to pre-noise-exposed: NE-day1,
1071 p <1.1x 107" NE-day3, p = 4.5 x 107°, and NE-day10, p = 0.11, Holm-Bonferroni’s post hoc).

1072  (f) Average response gain of A1 PV neurons (magenta) normalized to pre-noise exposed gain
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1073  after noise exposure at 1, 3, and 10 days. (Noise vs. sham, mixed model ANOVA; exposure x
1074  time interaction, F = 7.4, p = 9.6 x 10*; effect of exposure, F =53.7, p = 1.1 x 107; *, p < .05,
1075 compared to pre-noise-exposed, Holm-Bonferroni’'s post hoc). Normalized PN gain (dark grey)
1076  reproduced from Figure 2. (g) Timetable of longitudinal 2-photon imaging experimental design
1077  for A1 L2/3 PV neurons. (h) Schematic of experimental setup illustrating longitudinal 2-photon
1078 imaging of A1 L2/3 PV neurons. (i) Z-stack images of a population of A1 L2/3 PV neurons tracked
1079  before and after NIHL. (j) Representative sound-evoked responses from an A1 L2/3 PV before
1080 and after NIHL. (k) Average change in response threshold of A1 L2/3 individual PV neurons from
1081  noise (magenta) and sham (grey) exposed mice. (Noise-exposed: 82 neurons from 6 mice, sham-
1082  exposed: 80 neurons from 7 mice, noise vs. sham: 2-way ANOVA; exposure x time interaction, F
1083 =7.3, p =8.5x 10; effect of exposure, F = 11.17, p = 0.001; *, p < .05, compared to pre-noise-
1084  exposed, Holm-Bonferroni’s post hoc). (I) Cumulative response threshold of A1 L2/3 PV neurons,
1085 before and after NIHL. Inset: Average mean threshold of PV neurons per mouse (Friedman test;
1086 friedman statistic = 11.53, p = 0.003. *, p < .05, compared to pre-noise-exposed, Holm-
1087  Bonferroni’s post hoc). (m) Average sound-evoked responses of A1 L2/3 individual PV neurons
1088 to broadband sounds from noise-exposed mice. (2-way ANOVA; time x sound level interaction, F
1089 =2.2,p=3.4x10% effect of time, F =29.9, p < 1.1 x 10"%; Compared to pre-noise-exposed: NE-
1090 day1, p > 0.99; NE-day3, p = 1.7 x 10”7 and NE-day10, p < 1.1 x 107", Holm-Bonferroni’s post
1091  hoc. Compared to pre-noise-exposed 50 dB SPL and lower: NE-day1, p <0.05, Holm-Bonferroni’s
1092  post hoc). (n) Average gain of A1 L2/3 individual PV neurons normalized to pre-exposed gain
1093 from noise (magenta) and sham (grey) mice. (Noise vs. sham: 2-way ANOVA; exposure x time
1094 interaction, F =10.1, p = 1.6 x 10°®; effect of exposure, F = 26.9,p =6.1 x 107; *, p < .05, compared
1095 to pre-noise-exposed, Holm-Bonferroni’s post hoc). (o) Cumulative gain of A1 L2/3 PV neurons,
1096 before and after NIHL. Inset: Average mean gain of PV neurons per mouse (Friedman test;
1097 friedman statistic=12.2, p = 0.002. *, p < .05, compared to pre-noise-exposed, Holm-Bonferroni’s

1098 post hoc). (p) Scatter plots of the gain of individual A1 L2/3 PV neurons before and after NIHL.
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1099 Dotted line represents unity. Insets: Bar graphs representing the number of neurons showing
1100 increased gain (1 above unity) and reduced gain (¥ below unity) after NIHL. PreNE vs. NEday1:
1101  p = 9.9 x10°, PreNE vs. NEday3: p = 0.006, and PreNE vs. NEday10: p = 0.007; permutation
1102  test. PreNE vs. NEday1: p = 3.9 x10™, PreNE vs. NEday3: p = 9.9 x10°, and PreNE vs. NEday10:
1103  p =5.9 x10™; permutation test.

1104

1105 Figure 5. Reduced sound-evoked activity (recovery) of A1 L2/3 SOM neurons after NIHL.
1106  (a) Timetable of wide-field (WF) imaging experimental design for A1 SOM neurons. (b) Schematic
1107  of the cortical circuit and experimental setup illustrating transcranial imaging of A1 SOM neurons
1108 using GCaMP6f in a head-fixed awake mouse. (¢) Representative transcranial fluorescence
1109 responses of A1 SOM neurons to broadband sounds from sham- and noise-exposed mice. (d)
1110  Average change in response thresholds of A1 SOM neurons (orange) after noise exposure at 1,
1111 3, and 10 days. Note: Since we did not observe an sound-evoked activity in SOM neurons at 1
1112  day after noise-exposure even at 80 dB SPL sounds, we did not assign a threshold shift at this
1113  time point, butitis >50 dB SPL (Noise: 5-6 mice vs. sham: 4 mice, mixed model ANOVA; exposure
1114  xtime interaction, F =81.4, p <107, effect of exposure, F =682.1,p <107 * p < 0.05, compared
1115  to pre-noise-exposed, Holm-Bonferroni’'s post hoc). Average change in PN (grey) and PV (red)
1116  threshold reproduced from Figure 4. (PV vs. PN vs. SOM neurons: mixed model ANOVA,; cell-
1117  type x time interaction, F = 11.43, p = 7.65 x 10%; effect of time, F = 181.6, p < 107, *, p < 0.05,
1118 compared to PNs and PV neurons at NEday3 and NEday10, Holm-Bonferroni’'s post hoc). (e)
1119  Average sound-evoked responses of A1 SOM neurons to broadband sounds from noise-exposed
1120  mice. (n = 5-6, 2-way ANOVA; time x sound level interaction, F = 2.8, p = 2.3 x 10°°; effect of time,
1121  F=82.97, p < 1.1 x107% Compared to pre-noise-exposed: NE-day1, p < 1.1 x 107'%; NE-day3, p
1122 < 1.1 x 10" and NE-day10, p < 1.1 x 107°, Holm-Bonferroni’s post hoc). (f) Average response
1123  gain of A1 SOM neurons (orange) normalized to pre-noise-exposed gain at 1, 3, and 10 days

1124  after noise exposure. (Noise: 5-6 mice vs. sham: 3 mice, mixed model ANOVA; exposure x time
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1125 interaction, F = 2.1, p = 0.12; effect of exposure, F = 0.38, p = 0.54). Normalized PN (grey) and
1126 PV (red) neurons’ gain reproduced from Figure 4. (g) Timetable of longitudinal 2-photon imaging
1127  experimental design for A1 L2/3 SOM neurons. (h) Schematic of experimental setup illustrating
1128 longitudinal 2-photon imaging of A1 L2/3 SOM neurons. (i) Z-stack images of a population of A1
1129 L2/3 SOM neurons tracked before and after NIHL. (j) Representative sound-evoked responses
1130 from A1 L2/3 SOM neurons before and after NIHL. (k) Average change in response threshold of
1131 A1 L2/3 individual SOM neurons from noise (orange) and sham (grey) exposed mice. (Noise-
1132  exposed: 82 neurons from 15 mice, sham-exposed: 42 neurons from 9 mice, noise vs. sham: 2-
1133  way ANOVA,; exposure x time interaction, F = 5.3, p = 0.001; effect of exposure, F = 16.60, p =
1134  8.2x 107 * p <.05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (I) Cumulative
1135 response threshold of A1 L2/3 SOM neurons, before and after NIHL. Inset: Average mean
1136  threshold of SOM neurons per mouse (Repeated measure one-way ANOVA; F=11.02,p=54
1137 x 10°. *, p < .05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (m) Average
1138  sound-evoked responses of A1 L2/3 individual SOM neurons to broadband sounds from noise-
1139  exposed mice. (2-way ANOVA,; time x sound level interaction, F = 1.6, p = 0.02; effect of time, F
1140 =45.97,p < 1.1 x 107% Compared to pre-noise-exposed: NE-day1, p = p < 1.1 x 107'°; NE-day3,
1141 p=p <1.1x10"%and NE-day10, p < 1.1 x 107'°, Holm-Bonferroni’s post hoc). (n) Average gain
1142  of A1 L2/3 individual SOM neurons normalized to pre-exposed gain from noise (orange) and sham
1143  (grey) mice. (Noise vs. sham: 2-way ANOVA,; exposure x time interaction, F = 0.28, p = 0.83;
1144  effect of exposure, F = 1.2, p = 0.27). (o) Cumulative gain of A1 L2/3 SOM neurons, before and
1145  after NIHL. Inset: Average mean gain of SOM neurons per mouse (Repeated measure one-way
1146 ANOVA; F = 1.46, p = 0.24). (p) Scatter plots of the gain of individual A1 L2/3 SOM neurons
1147  before and after NIHL. Dotted line represents unity. Insets: Bar graphs representing the number
1148  of neurons showing increased gain (1 above unity) and reduced gain (N below unity) after NIHL.
1149  PreNE vs. NEday1: p = 0.30, PreNE vs. NEday3: p = 0.71, and PreNE vs. NEday10: p = 0.36;

1150  permutation test.
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1151 Figure 6. Intrinsic properties of AC L2/3 SOM neurons do not change after NIHL. a)
1152  Schematic illustration of stereotaxic injections of red retrograde microspheres into the right inferior
1153  colliculus to label corticocollicular neurons and identify the AC in the brain slices. b) Schematic
1154 illustration of brain slice electrophysiology experiment showing recordings of L2/3 SOM neurons'
1155 intrinsic properties. Red circles represent the L5B corticocollicular neurons. Green circles
1156  represent the L2/3 SOM neurons. ¢) Schematic of hyperpolarizing pulses (top) and representative
1157  transient current (bottom) responses in SOM neurons in voltage-clamp recording mode. d)
1158  Average input resistance of L2/3 SOM neurons after noise- or sham-exposure. Filled circles
1159 represent the input resistance of individual SOM neurons. (SEday1: 20 neurons from 3 mice,
1160  NEday1: 19 neurons from 3 mice, SEday10: 20 neurons from 3 mice, and NEday10: 20 neurons
1161 from 3 mice, mixed model ANOVA; exposure x time interaction, F = 2.0, p = 0.16; effect of
1162  exposure, F =0.89, p =0.34). e) Average resting membrane potential of SOM neurons after noise-
1163  or sham-exposure. Filled circles represent the resting membrane potential of individual SOM
1164  neurons. (Mixed model ANOVA; exposure x time interaction, F = 1.68, p = 0.20; effect of
1165  exposure, F =0.07, p = 0.78). f) Representative action potential (AP) waveforms. Arrows indicate
1166 AP width. g) Average AP width of SOM neurons after noise- or sham-exposure. Filled circles
1167  represent AP width of individual SOM neurons. (Mixed model ANOVA; exposure x time
1168 interaction, F = 0.09, p = 0.76; effect of exposure, F = 2.6, p = 0.11). h) Average AP threshold of
1169  SOM neurons after noise- or sham-exposure. Filled circles represent AP threshold of individual
1170  SOM neurons. (Mixed model ANOVA; exposure x time interaction, F = 1.5, p = 0.22; effect of
1171 exposure, F 0.02, p = 0.86). i) Representing firing of L2/3 SOM neurons in response to increasing
1172  depolarizing current (100, 200, 400 pA current injections) 1 day after sham (grey) and noise
1173  (orange) exposure. j) Average firing frequency of SOM neurons as a function of injected current
1174  amplitude 1 day after sham (grey) and noise (orange) exposure. k) Average firing frequency as a
1175  function of injected current amplitude 10 days after sham (grey) and noise (orange) exposure. 1)

1176  Temporal pattern of action potential generation in SOM neurons after sham (grey) and noise
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1177  (orange) m) Average adaptation ratio (f9/f2, see panel | for traces) of SOM neurons firing rate
1178  after noise- or sham-exposure. Filled circles represent the adaptation ratio of individual SOM
1179  neurons. (Mixed model ANOVA; exposure x time interaction, F = 3.04, p = 0.08; effect of
1180  exposure, F=0.42, p =0.51).

1181

1182  Figure 7. Four-population model demonstrates that VIP can lead to the threshold and gain
1183 recovery via the suppression of SOM cells. (a) Schematic of the four-population model, with
1184  the mutual inhibition between VIP and SOM neurons highlighted. (b) Raster plots showing the
1185  spiking activity of a subset of neurons at four stimulus levels for the PN (black), PV (magenta),
1186  SOM (orange), and VIP (cyan) neuron populations. (¢) Firing rate for the spiking model (dot-line)
1187 and mean-field theory (asterisks). (d) Firing rate for the four populations. Translucent lines
1188  correspond to distinct parameter sets, while bolded lines are the average firing rates across all
1189  viable parameter sets. (e) Histograms of the recovery currents were found in the viable parameter
1190 sets for the PN, PV, and VIP neuron populations. SOM neurons did not receive a direct recovery
1191  current in this parameter search. (f) Box plots showing the range of average synaptic input to
1192 SOM neurons for the viable parameter sets, along with the value for the default (sham) case
1193  (black dot). All parameter values can be found in Tables 1 and 2.

1194

1195 Figure 8. Robust sound-evoked activity (recovery) of A1 VIP neurons after NIHL. (a)
1196  Timetable of wide-field (WF) imaging experimental design for A1 VIP neurons. (b) Schematic of
1197  the cortical circuit and experimental setup illustrating transcranial imaging of A1 VIP neurons
1198 using GCaMP6f in a head-fixed awake mouse. (c¢) Representative transcranial fluorescence
1199 responses of A1 VIP neurons to broadband sounds from sham- and noise-exposed mice. (d)
1200  Average change in response thresholds of A1 VIP neurons (cyan) before and at 1, 3, and 10 days
1201  after noise exposure. (Noise: 4-6 mice vs. sham: 3 mice, mixed model ANOVA; exposure x time

1202 interaction, F = 8.8, p = 3.1 x 10*; effect of exposure, F =34.6, p = 3.3 x 10%; *, p < 0.05, compared
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1203  to pre-noise-exposed, Holm-Bonferroni’s post hoc). Average change in PN (grey), PV (red), and
1204  SOM (orange) threshold reproduced from Figure 5. (PV vs. PN vs. SOM vs. VIP: mixed model
1205 ANOVA,; cell-type x time interaction, F = 9.3, p = 1.0 x 10®; effect of time, F = 182.5, p < 107'°; *,
1206 p < 0.05, compared to PNs, PV, and SOM neurons at NEday1, Holm-Bonferroni’s post hoc). (e)
1207  Average sound-evoked responses of A1 VIP neurons to broadband sounds from noise-exposed
1208 mice. (n = 4-6, 2-way ANOVA; time x sound level interaction, F = 1.02, p = 0.44; effect of time, F
1209 =29.66, p < 1.1 x 10"°. Compared to pre-noise-exposed: NE-day1, p = 5.2 x 10”"; NE-day3, p =
1210  0.86, and NE-day10, p = 2.6 x 10, Holm-Bonferroni’s post hoc). (f) Average response gain of A1
1211 VIP neurons (cyan), normalized to pre-noise-exposed gain, at 1, 3, and 10 days after noise
1212  exposure. (Noise: 4-6 mice vs. sham: 3 mice, mixed model ANOVA; exposure x time interaction,
1213  F =3.1, p = 0.04; effect of exposure, F = 13.51, p = 0.007). Normalized PN (grey), PV (magenta),
1214  and SOM (orange) neuron gain reproduced from Figure 5. (g) Timetable of longitudinal 2-photon
1215 imaging experimental design for A1 L2/3 VIP neurons. (h) Schematic of experimental setup
1216 illustrating longitudinal 2-photon imaging of A1 L2/3 VIP neurons. (i) Z-stack images of a
1217  population of A1 L2/3 VIP neurons tracked before and after NIHL. (j) Representative sound-
1218  evoked responses from A1 L2/3 VIP neurons before and after NIHL. (k) Average change in
1219  response threshold of A1 L2/3 individual VIP neurons from noise (cyan) and sham (grey) exposed
1220  mice. (Noise-exposed: 70 neurons from 8 mice, sham-exposed: 60 neurons from 6 mice, noise
1221 vs. sham: 2-way ANOVA; exposure x time interaction, F = 3.8, p = 0.01; effect of exposure, F =
1222 9.2, p = 0.002; *, p < 0.05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (1)
1223  Cumulative response threshold of A1 L2/3 VIP neurons, before and after NIHL. Inset: Average
1224  mean threshold of VIP neurons per mouse (Repeated measure one-way ANOVA; F = 8.3, p =
1225 0.001. *, p < .05, compared to pre-noise-exposed, Holm-Bonferroni’'s post hoc). (m) Average
1226  sound-evoked responses of A1 L2/3 individual VIP neurons to broadband sounds from noise-
1227  exposed mice. (2-way ANOVA; time x sound level interaction, F = 2.6, p = 1.1 x 10°; effect of

1228  time, F=39.9, p < 1.1 x 107'% Compared to pre-noise-exposed: NE-day1, p = 5.1 x 10 NE-day3,
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1229  p =0.004 and NE-day10, p = 1.1 x 10”°, Holm-Bonferroni’s post hoc). (n) Average gain of A1 L2/3
1230  VIP neurons normalized to pre-exposed gain from noise (cyan) and sham (grey) mice. (Noise vs.
1231 sham: 2-way ANOVA,; exposure x time interaction, F = 4.7, p = 0.002; effect of exposure, F =
1232  13.7,p =3.1 x 10™*, p < 0.05, compared to pre-noise-exposed, Holm-Bonferroni’s post hoc). (0)
1233  Cumulative gain of A1 L2/3 VIP neurons, before and after NIHL. Inset: Average mean gain of PNs
1234  per mouse (Friedman test; friedman statistic = 9.4, p = 0.02. *, p < .05, compared to pre-noise-
1235 exposed, Holm-Bonferroni’s post hoc). (p) Scatter plots of the gain of individual A1 L2/3 VIP
1236  neurons before and after NIHL. Dotted line represents unity. Insets: Bar graphs representing the
1237  number of neurons showing increased gain (1 above unity) and reduced gain (N below unity)
1238  after NIHL. PreNE vs. NEday1: p = 0.4, PreNE vs. NEday3: p = 0.04, and PreNE vs. NEday10: p
1239  =3.9 x 10 permutation test.

1240

1241 Figure 1 supplement. Noise exposure did not alter the IHC and OHC structures. a)
1242  Representative images of OHCs from the 32 kHz region of sham- (left) and noise- (right) exposed
1243  mice. b) Quantification of IHC survival from sham- (grey) and noise- (red) exposed mice. (Noise:
1244 5 mice vs. sham: 4 mice, 2-way ANOVA; exposure x frequency, F = 1.89, p = 0.13; effect of
1245  exposure, F =2.7, p = 0.10). ¢) Quantification of OHC survival from sham- (grey) and noise- (red)
1246  exposed mice. (Noise: 5 mice vs. sham: 4 mice, 2-way ANOVA; exposure x frequency, F = 0.26,
1247  p =0.89; effect of exposure, F = 0.81, p = 0.37).

1248

1249  Figure 2 supplement. Sham exposure did not alter the sound-evoked activity of A1 L2/3 PN
1250 neurons. (a) Localization of A1. A 6 kHz 50 dB SPL tone triggered GCaMP6s fluorescence
1251  responses in two regions of the auditory cortex representing A1 and the anterior auditory field
1252  (AAF; D stands dorsal and R for rostral). (b) Average change in response thresholds of A1 PNs
1253 (dark grey) at 1, 3, and 10 days after sham exposure. (n = 3 mice, 1-way repeated measure

1254  ANOVA, F =0, p > 0.99). Average change in AN threshold (light grey) reproduced from Figure 1.
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1255  (c) Average sound-evoked responses of A1 PNs to broadband sounds from sham-exposed mice.
1256  (n = 3 mice, 2-way ANOVA; time x sound level interaction, F = 1.3, p = 0.35; effect of time, F =
1257 0.54, p = 0.56). (d) Average response gain of A1 PNs (dark grey) normalized to pre-sham-
1258 exposed gain after sham exposure at 1, 3, and 10 days. (n = 3 mice, 1-way repeated measure
1259 ANOVA, F = 1.3, p = 0.34). Normalized AN gain (light grey) reproduced from Figure 1. e).
1260 Implantation of cranial glass window over A1. (f) Cumulative response threshold of A1 L2/3 PNs,
1261  before and after sham exposure. Inset: Average mean threshold of PNs per mouse (n = 5 mice,
1262  1-way repeated measure ANOVA, F = 0.17, p = 0.87). (g) Average sound-evoked responses of
1263 A1 L2/3 individual PNs to broadband sounds from sham-exposed mice. (2-way ANOVA; sound
1264 intensity and time interaction, F = 1.6, p = 0.072; effect of time, F =2.9, p =0.065). (h) Cumulative
1265 gain of A1 L2/3 PNs, before and after sham exposure. Inset: Average mean gain of PNs per
1266  mouse (1-way repeated measure ANOVA, F = 0.29, p = 0.71). (p) Scatter plots of the gain of
1267 individual A1 L2/3 PNs before and after sham exposure. Dotted line represents unity. Insets: Bar
1268  graphs representing the number of neurons showing increased gain (1 above unity) and reduced
1269  gain (¥ below unity) after NIHL. PreSE vs. SEday1: p = 0.006, PreSE vs. SEday3: p = 0.11, and
1270  PreSE vs. SEday10: p = 0.06; permutation test. j) Histograms showing percentage changes in
1271  the gain of L2/3 PNs after noise (top) and sham (bottom) exposure.

1272

1273  Figure 4 supplement. Sham exposure did not alter the sound-evoked activity of A1 L2/3 PV
1274  neurons. (a) Average change in response thresholds of A1 PV neurons at 1, 3, and 10 days after
1275  sham exposure. (n = 3 mice, 1-way repeated measure ANOVA, F =0, p > 0.99). (b) Average
1276  response gain of A1 PV neurons normalized to pre-sham-exposed gain after sham exposure at
1277 1, 3, and 10 days. (n = 3 mice, 1-way repeated measure ANOVA, F = 1.09, p = 0.40). (c)
1278  Cumulative response threshold of A1 L2/3 PV neurons, before and after sham-exposure. Inset:
1279  Average mean threshold of PV neurons per mouse (n = 8 mice, 1-way repeated measure ANOVA,

1280 F =0.79, p = 0.46). (d) Average sound-evoked responses of A1 L2/3 individual PV neurons to
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1281  broadband sounds from sham-exposed mice. (2-way ANOVA; sound intensity and time
1282 interaction, F = 1.3, p = 0.16; effect of time, F = 1.6, p = 0.16). (e) Cumulative gain of A1 L2/3 PV
1283  neurons, before and after sham exposure. Inset: Average mean gain of PV neurons per mouse
1284  (1-way repeated measure ANOVA, F = 0.14, p = 0.86). (f) Scatter plots of the gain of individual
1285 A1 L2/3 PV neurons, before and after sham exposure. Dotted line represents unity. Insets: Bar
1286  graphs representing number of neurons showing increased gain (1 above unity) and reduced
1287  gain (¥ below unity) after NIHL. PreSE vs. SEday1: p = 0.98, PreSE vs. SEday3: p = 0.67, and
1288  PreSE vs. SEday10: p = 0.96; permutation test. g) Histograms showing percentage changes in
1289  the gain of L2/3 PV neurons after noise (top) and sham (bottom) exposure.

1290

1291 Figure 5 supplement. Sham exposure did not alter the sound-evoked activity of A1 L2/3
1292 SOM neurons. (a) Average change in response thresholds of A1 SOM neurons at 1, 3, and 10
1293  days after sham exposure. (n = 4 mice, 1-way repeated measure ANOVA, F =0, p > 0.99). (b)
1294  Average response gain of A1 SOM neurons normalized to pre-sham-exposed gain after sham
1295  exposure at 1, 3, and 10 days. (n = 4 mice, 1-way repeated measure ANOVA, F=0.85, p=0.42).
1296  (¢) Cumulative response threshold of A1 L2/3 SOM neurons, before and after sham exposure.
1297 Inset: Average mean threshold of SOM neurons per mouse (n = 9 mice, 1-way repeated measure
1298 ANOVA, F = 1.1, p = 0.33). (d) Average sound-evoked responses of A1 L2/3 individual SOM
1299  neurons to broadband sounds from sham-exposed mice. (2-way ANOVA; sound intensity and
1300 time interaction, F = 0.92, p = 0.43; effect of time, F = 0.62, p = 0.49). (e) Cumulative gain of A1
1301 L2/3 SOM neurons, before and after sham exposure. Inset: Average mean gain of SOM neurons
1302  per mouse (1-way repeated measure ANOVA, F =0.35, p = 0.70). (f) Scatter plots of the gain of
1303 individual A1 L2/3 SOM neurons, before and after sham exposure. Dotted line represents unity.
1304 Insets: Bar graphs representing the number of neurons showing increased gain (1 above unity)

1305  and reduced gain (V below unity) after NIHL. PreSE vs. SEday1: p = 0.55, PreSE vs. SEday3: p
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1306 = 0.94, and PreSE vs. SEday10: p = 0.89; permutation test. g) Histograms showing percentage
1307 changes in the gain of L2/3 SOM neurons after noise (top) and sham (bottom) exposure.

1308

1309 Figure 8 supplement. Sham exposure reduced the gain of A1 L2/3 VIP neurons. (a) Average
1310 change in response thresholds of A1 VIP neurons at 1, 3, and 10 days after sham exposure. (n =
1311 3 mice, 1-way repeated measure ANOVA, F =0, p > 0.99). (b) Average response gain of A1 VIP
1312  neurons normalized to pre-sham-exposed gain after sham exposure at 1, 3, and 10 days. (n =3
1313  mice, 1-way repeated measure ANOVA, F = 0.03, p = 0.98). (¢) Cumulative response threshold
1314  of A1 L2/3 VIP neurons, before and after sham-exposure. Inset: Average mean threshold of VIP
1315  neurons per mouse (n = 6 mice, 1-way repeated measure ANOVA, F = 0.52, p = 0.62). (d)
1316  Average sound-evoked responses of A1 L2/3 individual VIP neurons to broadband sounds from
1317  sham-exposed mice. (2-way ANOVA; sound intensity and time interaction, F = 4.5, p = 0.01; effect
1318 oftime, F =0.49, p = 0.69). (e) Cumulative gain of A1 L2/3 VIP neurons, before and after sham
1319  exposure. Inset: Average mean gain of VIP neurons per mouse (1-way repeated measure
1320 ANOVA, F =0.44, p =0.61). (f) Scatter plots of the gain of individual A1 L2/3 VIP neurons, before
1321  and after sham exposure. Dotted line represents unity. Insets: Bar graphs representing number
1322  of neurons showing increased gain (1 above unity) and reduced gain (N below unity) after NIHL.
1323  PreSE vs. SEday1: p = 0.01, PreSE vs. SEday3: p = 0.005, and PreSE vs. SEday10: p = 0.006;
1324  permutation test. g) Histograms showing percentage changes in the gain of L2/3 VIP neurons
1325  after noise (top) and sham (bottom) exposure.

1326
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Figure 8 Supplement
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