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 2 

Abstract 41 

 42 

Development is a time of great opportunity. A heightened period of neural plasticity contributes to 43 

dramatic improvements in perceptual, motor, and cognitive skills. However, developmental 44 

plasticity poses a risk: greater malleability of neural circuits exposes them to environmental factors 45 

that may impede behavioral maturation. While these risks are well-established prior to sexual 46 

maturity (i.e., critical periods), the degree of neural vulnerability during adolescence remains 47 

uncertain. To address this question, we induced a transient period of hearing loss (HL) spanning 48 

adolescence in the gerbil, confirmed by assessment of circulating sex hormones, and asked 49 

whether behavioral and neural deficits are diminished. Wireless recordings were obtained from 50 

auditory cortex neurons during perceptual task performance, and within-session behavioral and 51 

neural sensitivity were compared. We found that a transient period of adolescent HL caused a 52 

significant perceptual deficit (i.e., amplitude modulation detection thresholds) that could be 53 

attributed to degraded auditory cortex processing, as confirmed with both single neuron and 54 

population-level analyses. To determine whether degraded auditory cortex encoding was 55 

attributable to an intrinsic change, we obtained auditory cortex brain slices from adolescent HL 56 

animals, and recorded synaptic and discharge properties from auditory cortex pyramidal neurons. 57 

There was a clear and novel phenotype, distinct from critical period HL: excitatory postsynaptic 58 

potential amplitudes were elevated in adolescent HL animals, whereas inhibitory postsynaptic 59 

potentials were unchanged. This is in contrast to critical period deprivation, where there are large 60 

changes to synaptic inhibition. Taken together, these results show that sensory perturbations 61 

suffered during adolescence can cause long-lasting behavioral deficits that originate, in part, with 62 

a dysfunctional cortical circuit. 63 

64 

 
 
Summary of experimental design and main findings.  
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 3 

Main text / Introduction  65 

 66 

The adolescent brain is distinguished by structural and functional changes that coincide with late-67 

developing behavioral skills. In humans, synaptic pruning, myelination and cortical evoked-68 

potentials each continue to mature well into the second or third decade of life (Sharma et al., 69 

1997; Giedd et al., 1999; Moore and Guan, 2001; Bishop et al., 2007; Sussman et al., 2008; Pinto, 70 

2010; Lebel and Beaulieu, 2011; Petanjek et al., 2011; Mahajan and McArthur, 2012b, 2012a; 71 

Shafer et al., 2015). Similarly, many behavioral skills are late to mature, including auditory 72 

perceptual learning (Huyck & Wright, 2011, 2013), temporal processing skills required for aural 73 

language (Banai et al., 2011; McMurray et al., 2018), face recognition (Carey et al., 1980; Germine 74 

et al., 2011), and fine motor control (Dayanidhi et al., 2013). Furthermore, the transition from 75 

childhood to adulthood is characterized by prolonged development of executive function 76 

(Selemon, 2013; Downes et al., 2017; Simmonds et al., 2017), emotion regulation (Guyer et al., 77 

2008; Cohen Kadosh et al., 2013; Kadosh et al., 2013), and social skills (Blakemore, 2012). At 78 

the same time, adolescence is associated with risk factors, such as stress (Eiland and Romeo, 79 

2013) or substance abuse (Davidson et al., 2015), and is a time during which many psychiatric 80 

disorders emerge (Paus et al., 2008). Here, we ask whether adolescent plasticity poses a risk for 81 

neural and behavioral development of sensory function, similar to postnatal critical periods (Hubel 82 

and Wiesel, 1970; Van der Loos and Woolsey, 1973; Knudsen et al., 1984b; Hensch, 2005; de 83 

Villers-Sidani et al., 2007; Popescu and Polley, 2010; Cheetham and Belluscio, 2014; Mowery et 84 

al., 2015).   85 

 86 

There is broad agreement that, prior to sexual maturity, sensory deprivation can permanently 87 

disrupt central nervous system function when initiated during brief epochs, termed developmental 88 

critical periods (Hubel and Wiesel, 1970; Van der Loos and Woolsey, 1973; Knudsen et al., 1984b; 89 

Hensch, 2005; de Villers-Sidani et al., 2007; Popescu and Polley, 2010; Cheetham and Belluscio, 90 

2014; Mowery et al., 2015). For example, a brief period of mild hearing loss (HL) can induce long-91 

lasting changes to gerbil auditory cortex inhibitory synapses when it occurs before postnatal day 92 

(P) 19, but not after (Mowery et al., 2015, 2017). Furthermore, a similar period of HL induces 93 

perceptual deficits (Caras and Sanes, 2015), which can be rescued by restoring synaptic inhibition 94 

(Mowery et al., 2019). A perceptual deficit has also been reported for 5-year-old children with a 95 

history of transient HL (McKenna Benoit et al., 2018), in agreement with other human studies 96 

suggesting critical periods prior to sexual maturity (Sharma et al., 2002; Svirsky et al., 2004; 97 

Putzar et al., 2007, 2010). 98 
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 99 

While non-human research has focused on early critical periods, childhood HL can often emerge 100 

after birth (Lü et al., 2011; Barreira-Nielsen et al., 2016) and extend through adolescence (Niskar 101 

et al., 2001; Shargorodsky et al., 2010), resulting in more severe language deficits than those with 102 

brief HL (Yoshinaga-Itano et al., 1998; Tomblin et al., 2015). In fact, a majority of adolescents 103 

exhibit a mild-minimal high-frequency hearing loss that coincide with poorer speech perception in 104 

noise (Zadeh et al., 2019). Adolescents with HL are at risk for social isolation (Patel et al., 2020), 105 

and higher rates of psychiatric, depressive, or anxiety disorders (Theunissen et al., 2014). Thus, 106 

adolescence may be associated with greater vulnerability to even a transient period of auditory 107 

deprivation. To address this question, we asked whether a transient period of auditory deprivation, 108 

beginning after the auditory cortex (AC) critical period closes (Mowery et al., 2015, 2017, 2019) 109 

and extending throughout the period of sexual maturation, disrupts perceptual and neural auditory 110 

function. We found that a temporary period of adolescent HL led to impaired detection of 111 

amplitude modulations (AM), a foundational sound cue for aural communication including speech 112 

(Singh and Theunissen, 2003). These perceptual deficits were linked to poorer AC neuron 113 

encoding during task performance, and a change to AC synaptic properties distinct from that 114 

observed following critical period deprivation (Mowery et al., 2015, 2017, 2019). Taken together, 115 

our study suggests a sensitive period for sensory function during adolescent development.   116 
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Results  117 

Transient sensory deprivation spans adolescence.  118 

To determine whether auditory function is vulnerable during adolescence, we induced transient 119 

hearing loss (HL) at postnatal (P) day 23, after a well-defined AC critical period ends (Mowery et 120 

al., 2015). Normal hearing was restored (i.e., earplugs were removed) at P102, after the animals 121 

had passed through adolescence and reached sexual maturity (Figure 1A). To confirm the time 122 

course of sexual maturation, we tracked testosterone levels across development, both in normal 123 

hearing animals (n=12) and littermates with transient auditory deprivation during adolescence 124 

(n=14). Figure 1B shows serum testosterone levels for male (solid line) and female (dotted line) 125 

gerbils from P35 to P102. For males, testosterone levels were negligible at P35 (<0.2 ng/mL), 126 

rose sharply at P54 (2.42±0.8 ng/mL), and remained elevated thereafter. A two-way repeated 127 

measures ANOVA revealed a significant effect of age on testosterone levels (F(4,39) = 3.7, p=0.01), 128 

no effect of hearing loss (F(1,39) = 0.07, p=0.8), and no interaction between the two variables (F(4,39) 129 

= 0.56, p=0.7). For females, there was a small, transient rise in testosterone between P35 and 130 

P54, with no significant effect of hearing loss on testosterone levels (F(1,38) = 3.13, p=0.08). 131 

Therefore, the auditory deprivation between P23-102 likely spans the entirety of adolescence.   132 

 133 

Adolescent hearing loss did not alter procedural learning.  134 

Following transient HL and earplug removal at P102, gerbils recovered for 21 days prior to 135 

behavioral training on the amplitude modulation (AM) depth detection task (Figure 2A). Control 136 

and adolescent HL animals learned the AM detection task procedure at a similar rate (Figure 2B).  137 
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A two-way mixed-model ANOVA revealed a significant effect of trial number on performance 138 

(F(74,1776) = 19.8, p<0.0001), but no effect of earplug experience (F(1,24) = 0.2685, p = 0.61), and no 139 

interaction between the two variables (F(74, 1776) = 1.18, p = 0.1413). Thus, normal hearing controls 140 

and adolescent HL animals required a comparable number of Warn trials to reach the criterion for 141 

training performance (d’ ≥ 1.5; Figure 2C). A one-way ANOVA revealed that the HL manipulation 142 

had no effect on the number of trials required to reach criterion during training (t(24) = -0.55;  p = 143 

0.59). In addition, the HL manipulation had no effect on the average d’ achieved during the last 144 

20 trials of procedural training (one-way ANOVA: t(24) = -0.23;  p = 0.82; Figure 2D). Therefore, 145 

the two groups were equally proficient at task performance prior to psychometric testing.  146 

 147 

Adolescent hearing loss impaired amplitude modulation detection. 148 

AM depth detection thresholds were assessed over 10 separate days of psychometric testing.  149 

Figure 3A shows psychometric functions on the first day of perceptual testing for normal-hearing 150 

animals (n=12) and those that experienced adolescent HL (n=14). HL animals displayed 151 

significantly poorer AM detection thresholds on the first day of testing (Ctrl: -11±0.5, HL: -8±0.7 152 

dB re: 100% AM; t(24) = 2.98, p = 0.007; Figure 3B). The AM detection deficit did not resolve with 153 

perceptual learning (Sarro and Sanes, 2010, 2011; Fitzgerald and Wright, 2011; Caras and 154 

Sanes, 2015, 2017, 2019) over 10 consecutive sessions. In fact, adolescent HL animals displayed 155 

poorer AM detection thresholds across all testing days, even though both groups exhibited 156 
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 7 

perceptual learning (initial: HL: -8 dB; Ctl: -11 dB re: 100% AM; final: HL: -13 dB; Ctl: -16 dB re: 157 

100% AM; Figure 3B). An analysis of covariance (ANCOVA; hearing status × log[test day]) 158 

revealed a significant effect of task experience (F(1,206) = 58.1, p<0.0001), such that AM detection 159 

thresholds decreased by 5 dB (re: 100% AM depth) per log(test day). There was no significant 160 

interaction between log(test day) and hearing status (F(1,206) = 0.72, p=0.4), but there was a 161 

significant effect of HL alone (F(1,206) = 53.2, p<0.0001) with AM detection thresholds 2.9 dB higher 162 

than controls across all testing days.  163 

 164 

Elevated detection thresholds could be attributed to poorer hit rates (i.e., fewer correct responses 165 

to AM Warn trials) and/or elevated false alarm (FA) rates (i.e., incorrectly withdrawing from spout 166 

during Safe trials). Here, we find that FA rates consistently remain very low (< 0.06) across all 167 

testing sessions for both control and HL animals (grand average across testing sessions, Ctrl: 168 

0.05; HL: 0.06; FA data not shown). An ANCOVA reveals no significant effect of testing day on 169 

FA rate (F(1,254) = 0.01, p=0.92), and no effect of HL (F(1,254) = 1.15, p=0.28). Therefore, the 170 

elevated detection thresholds in adolescent HL animals are due to poorer hit rates during AM 171 

Warn trials (Hit rate data not shown).  172 

 173 

To determine whether adolescent HL influenced the magnitude of perceptual learning, we plotted 174 

the initial and the final AM threshold for each individual animal (Figure 3C). For animals with 175 

comparable starting thresholds (see dotted rectangle), those that experienced adolescent HL 176 

displayed smaller improvements than controls. To determine whether there was a significant 177 

difference in perceptual learning, we plotted perceptual improvement across the 10 testing days 178 

(i.e., initial threshold – final threshold) as a function of each animal’s initial detection thresholds 179 

(Figure 3D). The gray rectangle highlights animals with comparable starting thresholds, and 180 

illustrates that adolescent HL animals displayed smaller improvement. The slopes of the linear 181 

regression fits to each group were not significantly different from one another (ANCOVA: F(1,21) = 182 

0.07, p=0.8), but the adolescent HL curve had a significantly smaller y-axis intercept parameter 183 

(p<0.0001), showing that adolescent HL impaired perceptual learning. 184 

 185 

Chronic stress during adolescence can have adverse effects on central nervous system structure 186 

and function (Isgor et al., 2004). To determine whether the perceptual deficits that we observed 187 

were due, in part, to elevated stress associated with earplugs, we obtained cortisol levels in each 188 

animal (Supplemental Figure 1) at five timepoints across development (P35, P55, P65, P90, and 189 

P102). We found no significant differences in cortisol levels between normal-hearing and 190 
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adolescent HL animals at any of the ages tested (Supplemental Figure 1A). In addition, we found 191 

no significant correlations between cortisol level at any developmental age with perceptual 192 

performance on the first day of testing (Pearson’s r = -0.4 – 0.3; p-values of linear regression = -193 

0.2-0.7), validating that the deficits observed were not due to elevated early life stress 194 

(Supplemental Figure 1B).   195 

 196 

Diminished auditory cortex (AC) neuron detection thresholds during task performance in 197 

adolescent HL animals. 198 

Since perceptual deficits persisted long after peripheral input was restored, we asked whether it 199 

could be attributed to impaired auditory cortex (AC) encoding. A subset of behaviorally-tested 200 

gerbils (Ctrl: n=7; HL: n=9) were implanted with chronic 64 channel silicone electrode arrays in 201 
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the AC, and wireless neural recordings were collected as they performed the AM detection task 202 

(Figure 4A-B). We recorded from a total of 2,183 multi- and single-cortical units (Ctrl: n=846; HL: 203 

n=1337). Since individual sensory neurons have been shown to be predictive of behavior in 204 

perceptual discrimination (Pitkow et al., 2015) and detection tasks (Caras and Sanes, 2017), we 205 

opted to first examine detection thresholds for individual auditory cortical neurons.  Multi- and 206 

single-units were selected for further analysis if they met the criteria for AM responsiveness (see 207 

Methods). We found 265 AM responsive units from control animals (multi-units: n=188; single-208 

units: n=77) and 216 AM responsive units from adolescent HL animals (multi-units: n=154; single-209 

units: n=62). The relatively low yield of AM responsive units included in the analysis allowed us 210 

to determine whether sensory encoding of AM can be explained by the sparse coding of a small 211 

subset of neurons and whether those neurons drive perceptual ability. Figure 4C shows raster 212 

plots and corresponding post-stimulus time histograms (PSTHs) for two example single units 213 

collected from a control and a adolescent HL animal. The plots display neural responses to 214 

unmodulated noise (Safe signal; bottom panel) and to a range of AM depths (Warn signal), from 215 

steeply modulated (-6 dB re: 100%; top panel) to shallow modulations (-18 dB re: 100%). Both 216 

example neurons display an increase in firing rate activity for modulated trials compared to 217 

unmodulated trials. In addition, firing rate increases with larger AM depths (Supplemental Figure 218 

2A).    219 

 220 

To determine whether adolescent HL alters AM detection thresholds, the firing rate of multi- and 221 

single-units that met the criteria for AM responsivity were transformed into d’ values (see 222 

Methods). Neural d’ was plotted as a function of AM depth and fit with a logistic function to 223 

generate neurometric functions for each cell. Figure 4D,E shows neurometric functions for a 224 

population of single units from control and HL animals. Similar to psychometric functions, neural 225 

detection thresholds were defined as the depth at which the neurometric fit crossed a d’=1. AC 226 

neurons from HL animals displayed significantly poorer thresholds, as compared to control 227 

neurons (Ctrl: -8.01±0.5; HL: -5.65±0.5 dB re: 100%; Figure 4F). A one-way ANOVA reveals a 228 

significant effect of HL on single unit neural thresholds (F(1,128) = 12.1, p = 0.0007). We find a 229 

similar effect of adolescent HL  when we include multi-unit neural thresholds (Ctrl: -7.13±0.3; HL: 230 

5.7±0.2 dB re: 100%; F(1,451) = 19.6, p < 0.001; Supplemental Figure 2F). Though only the “best” 231 

neurons were included in the analysis (i.e., met strict criteria for AM-responsivity), the AC neurons 232 

from adolescent HL animals still display poorer neural detection to AM.  233 

 234 

Poorer AC neuron detection thresholds could be attributed to alterations in basic response 235 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 14, 2021. ; https://doi.org/10.1101/2021.04.12.439537doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.12.439537


 10 

properties to AM depth stimuli. We find no effect of HL on overall firing rate of single-units (two-236 

way mixed-model ANOVA: F(1,135) = 3.383, p = 0.07), though there is a significant effect of AM 237 

depth on firing rate (F(1,135) = 5.643, p=0.02) and no interaction between the two variables (F(1, 135) 238 

= 2.013, p = 0.16; Supplemental Figure 2D). However, we found that AC neurons from HL animals 239 

displayed weaker temporal coding of AM stimuli. We quantified how well single-unit neurons 240 

phase-locked to the AM stimulus by computing the vector strength (VS) at each AM depth 241 

(Supplemental Figure 2E) and find that AC neurons from HL animals displayed significantly lower 242 

VS values at each depth compared to control neurons (two-way mixed-model ANOVA: F(1,135) = 243 

5.26, p = 0.023).  244 

 245 
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Next, we explored whether detection thresholds for the sparse population of individual AC 246 

neurons aligned with perceptual performance. When we plot the behavioral threshold as a 247 

function of neural threshold, we find a positive correlation for both control and HL animals (Ctrl: 248 

Pearson’s r: 0.36, p=0.06; HL: r: 0.58, p=0.0006; Supplemental Figure 3). This suggests that the 249 

neural AM detection thresholds for individual units can explain behavioral performance, but in 250 

general underestimates perceptual d’ values. It is therefore likely that animals use more than the 251 

information provided by the most sensitive cortical neurons, leading us to explore whether AM 252 

detection performance can be better explained by population-level activity.  253 

 254 

An auditory cortex population decoder can explain hearing loss-related behavioral deficits. 255 

To determine whether AC population encoding could account for perceptual performance on the 256 

AM detection task, we used a previously described procedure (Yao and Sanes, 2018) to construct 257 

linear classifiers using support vector machines (SVM) (see Methods). Briefly, AM detection was 258 

calculated across our AC neuron population with a linear population readout scheme. The 259 

population linear classifiers were trained to decode responses from a proportion of trials to each 260 

individual Warn (AM) versus Safe (unmodulated) signal (Figure 5A).  Cross-validated 261 

classification performance metrics included the proportion of correctly classified Warn trials 262 

("Hits") and misclassified Safe trials ("False Alarms"). Similar to the psychometric and individual 263 

unit neurometric analyses, we converted population decoder performance metrics into d' values.  264 

 265 

We applied the population decoder to the data in two ways. First, we assessed decoder 266 

performance for single- and multi-units within a behavioral session (i.e., within-session analysis, 267 

Figure 5B,C), and second, we assessed decoder performance for single units pooled across all 268 

behavioral sessions (Figure 5D). For the within-session analysis, we included sessions that had 269 

a minimum of 8 trials per depth recorded from a minimum of 10 multi- and/or single units. Figure 270 

5B shows the population decoder results for an example session from a control and an adolescent 271 

HL animal. Similar to the psychometric functions and neurometric data collected for individual 272 

single units, the neural d’ values are fit with a sigmoid to calculate neural threshold (where the fit 273 

crosses d’=1). Here, the neural thresholds for the example sessions show close alignment with 274 

behavioral threshold (vertical bars). When we compared behavioral threshold as a function of 275 

neural population threshold for all sessions that meet our criteria (Ctrl: 20 sessions; HL: 34 276 

sessions), we found a strong correlation between behavioral and neural performance (Ctrl: 277 

Pearson’s r: 0.58, p=0.008; HL: r: 0.44, p=0.01; Both groups combined: r: 0.6, p<0.001; Figure 278 

5C).  279 
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 280 

Next, we assessed population decoder performance for single units pooled across behavioral 281 

sessions. Units were included in the decoder if behavioral sessions had a minimum number of 8 282 

trials per depth. We opted to restrict the range of depths to -6 to -18 dB re: 100% for both control 283 

and HL groups to ensure neurons contributed equally to each depth for both groups. Figure 5D 284 

shows the results of the decoder for a population of single units pooled across 85 behavioral 285 

sessions (Ctrl: n=34 sessions; HL: 51 sessions) for control and adolescent HL animals (Ctrl: n=5 286 

animals; HL: n=8 animals). Neural thresholds measured from population decoder performance 287 

was poorer for single units from adolescent HL animals as compared to control animals (Ctrl: ≤ -288 

18 dB; HL: -11 dB re: 100%). Furthermore, the neural thresholds measured from population 289 

decoder performance closely aligned with perceptual thresholds.  290 

 291 

In summary, we find that at the population-level, auditory cortical neurons from adolescent HL 292 

animals displayed poorer AM detection thresholds that were closely associated with psychometric 293 

performance. This indicates that both individual (Figure 4F) and population-level (Figure 5C,D) 294 

activity of AC single units reflect the HL-related AM detection deficits (Figure 3), though with more 295 

accuracy at the population-level. Overall, despite over ~8 weeks of normal audibility following 296 

transient adolescent HL, both the neural and behavioral deficit persisted in post-adolescent 297 

animals.  298 
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Adolescent hearing loss induced long-lasting changes to auditory cortex excitatory synapses. 300 

Transient adolescent HL induced persistent perceptual deficits that were correlated with 301 

diminished AC neuron sensitivity, but this effect could have been inherited from lower auditory 302 

centers. To test whether poorer neural encoding could be attributed, in part, to the AC, we 303 

obtained current clamp recordings in AC thalamocortical brain slices from a subset of 304 

behaviorally-tested animals (Ctrl: n=5; HL: n=5).  305 

We first recorded electrical stimulus-evoked inhibitory postsynaptic potentials (IPSPs) from L2/3 306 

pyramidal cells (Ctrl: n=16; HL: n=16) in the presence of ionotropic glutamate receptor antagonists 307 

(AP-5; DNQX; Figure 6A,B). Transient adolescent HL did not alter short-latency (putative GABAA) 308 

IPSP amplitude (one-way ANOVA: F(1,30) = 0.31, p = 0.584; Figure 6C), or long-latency (putative 309 

GABAB) IPSP amplitude (F(1,30) = 0.76, p = 0.39; Figure 6D). Total IPSP duration was also 310 

unaffected by HL (F(1,30) = 2.76, p = 0.11; Figure 6E).  311 

We next recorded electrically-evoked excitatory postsynaptic potentials (EPSPs) from L2/3 312 

pyramidal cells (Ctrl: n=16; HL: n=16) at a holding potential of -80 mV (Figure 6F,G). As shown in 313 

Figure 6H, neurons from HL animals required a much lower stimulus current to evoke an action 314 

potential (AP). Therefore, a higher proportion of cells from adolescent HL animals fires APs at 315 

lower afferent stimulation levels than control cells (Figure 6I), with the average afferent stimulus 316 

required to elicit APs of 0.4 mA compared to 0.9 mA in control cells. A two-way mixed model 317 

ANOVA revealed a significant effect of HL on EPSP maximum amplitude (F(1,30) = 5.74, p = .0231), 318 

a significant effect of stimulus level (F(9,22) = 37.52, p<.0001), and no interaction between the two 319 

variables (F(9,22) = 0.853, p = 0.58).Finally, we recorded L2/3 pyramidal cell firing rate in response 320 

to current injection (Ctrl: n=32; HL: n=31; Figure 6J,K). Adolescent HL did not alter maximum 321 

firing rate (F(1,61) = 0.649, p = .4274; Figure 6L), or first spike latency (F(1,21) = 1.21, p=0.29; Figure 322 

6M).  323 

In summary, we find that adolescent HL induces intrinsic and synaptic changes to cortical 324 

properties that are distinctly different than the changes observed with critical period HL (Mowery 325 

et al., 2015).  326 
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Behavioral and central AM processing deficits are unrelated to peripheral function. 328 

One alternative explanation for the AM detection behavioral deficits is that a long duration of HL 329 

could induce changes to auditory peripheral structures at, or below, the level of the auditory 330 

brainstem. To explore this possibility, we collected auditory brainstem response (ABR) 331 

measurements from Control (n=12) and HL (n=13) animals after they completed psychometric 332 

testing (Figure 3), and prior to chronic electrode implantation and/or thalamocortical brain slice 333 

collection (e.g., see timeline in Figure 1A). Figure 7B shows ABR thresholds in response to a 334 

range of tone frequencies (0.5, 1, 2, 4, 5, 8, 16 kHz) for Control and HL animals (i.e., the ABR 335 

“audiogram”). The average tone ABR thresholds for HL animals were slightly elevated compared 336 

to controls (two-way mixed model ANOVA: F(1,21) = 8.98, p = 0.01). To determine whether this was 337 

due to a residual conductive loss or was sensorineural in origin, we examined ABR amplitude 338 

input-output functions because subtle damage to auditory nerve synapses has been associated 339 

with shallower ABR input-output functions, even when ABR thresholds are normal (Liberman and 340 

Kujawa, 2017). Figure 7C shows 4 kHz wave I amplitude (µV) as a function of sound level (dB 341 

SPL) for two example ABRs from a control and HL animal. A linear regression was fit to each set 342 

of data points (Pearson’s r>0.9) which gives rise to a slope value, indicating the wave I amplitude 343 

increment of change, or growth, with sound level (µV/dB). For these two examples, the slope is 344 

nearly identical (Ctrl: 0.011; HL: 0.012 µV/dB). When we examined all the data collected, we found 345 

no differences in the 4 kHz ABR amplitude wave I growth (µV/dB) between control animals (mean 346 

± SEM: 0.0083±0.002 µV/dB) and HL animals (0.0085±0.002 µV/dB). A one-way ANOVA verifies 347 

that HL experience did not affect ABR amplitude growth (F(1,23) = 0.03, p = 0.87).   348 

 349 

Finally, if ABR thresholds were causally related to behavioral thresholds, then we would expect a 350 

correlation between them. Figure 7E plots individual behavioral thresholds as a function of 4 kHz 351 

ABR threshold for Control and adolescent HL animals. Fitted linear regressions displayed no 352 

correlation (Ctrl, Pearson’s r = -0.08; HL, r = 0.04).  353 

 354 

Taken together, Control and HL animals both exhibit comparable ABR wave I amplitude growth 355 

with sound level indicating that the auditory nerve fibers were not compromised following 356 

adolescent HL. Moreover, we found no relationship between tone ABR thresholds and behavioral 357 

performance, suggesting that the perceptual deficit we observed was due to central changes at 358 

the level of the auditory cortex, not peripheral changes at, or below, the level of the auditory 359 

brainstem.  360 
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 361 

AM depth detection thresholds remain consistent with relevant sound levels. 362 

To further test the possibility that a residual conductive loss could contribute to AM detection 363 

deficits, we determined how behavioral depth detection thresholds vary with sound level. If 364 

thresholds do not vary across a large range of sound levels, then that would suggest a small 365 

residual conductive loss could not explain the behavioral findings.  366 

 367 

A group of normal hearing animals (n=4) were trained on the AM depth detection task (Figure 368 

8A). After obtaining AM detection thresholds at the same sound level used for the experimental 369 

groups (45 dB SPL; Figure 8B), the sound level was varied from 10-60 dB SPL across 24 testing 370 

sessions, with at least 3 sessions per level (Figure 8C). Figure 8D shows depth detection 371 

thresholds as a function of sound level for all animals. A one-way ANOVA revealed a significant 372 

effect of sound level on detection thresholds (F(7,87) = 3.25, p = 0.004), and a Tukey HSD post hoc 373 

test for pairwise comparisons revealed 10 dB SPL was significantly different from all other levels 374 
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(p<0.0001), and 15 dB SPL was significantly different from 40 dB SPL (t = 3.21, p = 0.04), 45 dB 375 

SPL (t = 3.92, p = 0.004), and 60 dB SPL (t = 3.73, p = 0.008). All other sound levels were not 376 

significantly different from one another (p=0.3-1.0). To determine the level at which thresholds 377 

remained consistent with sound level, a 3-parameter exponential was fit to the data (dotted line 378 

in Figure 8D). We found that thresholds asymptote at -15.8 dB (re: 100% AM), which corresponds 379 

to 27 dB SPL. This indicates that depth detection thresholds remain stable for sound levels greater 380 

than 27 dB SPL, which is well below the sound level used in the behavioral and awake-behaving 381 

experiments (45-60 dB SPL). This suggests that even if an animal has a mild peripheral HL (<20 382 

dB), behavioral detection thresholds would not be significantly impacted. This further supports the 383 

notion that the behavioral deficit we observed in animals after adolescent HL is due to central 384 

changes at the level of the AC, and not due to peripheral auditory mechanisms.   385 
  386 
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Discussion 387 

 388 

The extent to which perceptual skills are influenced by adolescent sensory experience remains 389 

uncertain. Before sexual maturity, the influence of sensory experience is profound, and brief 390 

periods of diminished or augmented stimulation can permanently alter central nervous system 391 

function (Hubel and Wiesel, 1970; Van der Loos and Woolsey, 1973; Knudsen et al., 1984b; 392 

Hensch, 2005; de Villers-Sidani et al., 2007; Han et al., 2007; Zhou and Merzenich, 2009; 393 

Popescu and Polley, 2010; Christakis et al., 2012; Cheetham and Belluscio, 2014; Mowery et al., 394 

2015). However, both CNS function and perception continue to mature after the onset of sexual 395 

maturation (Carey et al., 1980; Sharma et al., 1997; Giedd et al., 1999; Moore and Guan, 2001; 396 

Bishop et al., 2007; Sussman et al., 2008; Guyer et al., 2008; Pinto, 2010; Banai et al., 2011; 397 

Huyck and Wright, 2013; Lebel and Beaulieu, 2011; Petanjek et al., 2011; Germine et al., 2011; 398 

Huyck and Wright, 2011; Mahajan and McArthur, 2012b, 2012a; Kadosh et al., 2013; Selemon, 399 

2013; Cohen Kadosh et al., 2013; Dayanidhi et al., 2013; Shafer et al., 2015; Simmonds et al., 400 

2017; Downes et al., 2017; McMurray et al., 2018), suggesting that sensory plasticity could remain 401 

heightened during adolescence. Here, we report that a period of mild auditory deprivation during 402 

adolescence induced long-lasting perceptual deficits that could be explained by intrinsic changes 403 

to auditory cortex (AC) excitatory synapse function and degraded AC population encoding during 404 

task performance.  405 

 406 

Comparison between juvenile and adolescent plasticity 407 

Mammals display enhanced plasticity from early infancy through juvenile development, allowing 408 

for both positive and negative environmental influences. Foremost among these is the early 409 

influence of sensory experience: finite periods of monocular deprivation shortly after eye opening 410 

result in long-term visual acuity deficits that are closely associated with degraded cortical 411 

processing (Hubel and Wiesel, 1970). Early critical periods are found in humans: children born 412 

with dense cataracts exhibit long-term visual acuity deficits even after cataract removal (Lewis 413 

and Maurer, 2005; Jain et al., 2010) and, similarly, those born with profound hearing loss display 414 

a neonatal epoch during which cochlear prostheses provide maximal restoration of neural and 415 

behavioral performance (Sharma et al., 2002).  416 

 417 

Adolescent plasticity displays some unique characteristics, as neural function and behavioral 418 

skills slowly transition to an adult phenotype (Sawyer et al., 2018). For example, there is a 419 

transient reduction in some forms of learning or memory. This includes slower rates of auditory 420 
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perceptual learning (Huyck and Wright, 2011; Caras and Sanes, 2019), reduced voice or face 421 

recognition (Mann et al., 1979; Carey et al., 1980), and diminished extinction learning (McCallum 422 

et al., 2010; Kim et al., 2011; Pattwell et al., 2012). There are also indications that adolescents 423 

are vulnerable to environmental factors. For instance, social experience during early adolescence 424 

is particularly important for the subsequent development of these skills (Burke et al., 2017). Rats 425 

that experience social isolation from a late juvenile to early adolescent age exhibit abnormal 426 

exploratory behavior when placed in a novel environment (Einon and Morgan, 1977), while social 427 

deprivation before or after this age range is not damaging. In addition, rats that experience chronic 428 

stress throughout adolescent development exhibit long lasting structural changes in the 429 

hippocampus that coincide with spatial navigation impairments (Isgor et al., 2004). Our results 430 

suggest that adolescent vulnerability noted above extends to skill learning. We found that 431 

transient adolescent HL led to significantly poorer perceptual learning of the auditory task (Figure 432 

3D). 433 

 434 

Effects of adolescent sensory deprivation 435 

The current findings suggest that adolescent neural plasticity differs dramatically from that 436 

observed during the AC critical period. One novel outcome from this study is that critical period 437 

and adolescent HL induce similar behavioral deficits, but each are associated with unique 438 

synaptic mechanisms. Transient HL during the critical period (P11-23) causes reduced inhibitory 439 

synaptic strength and a decrease in membrane excitability in AC neurons (Kotak et al., 2005, 440 

2008; Takesian et al., 2010, 2012; Mowery et al., 2015, 2019). In contrast, we found that transient 441 

HL spanning adolescence had no effect on synaptic inhibition or current-evoked firing rates. 442 

Rather, adolescent HL led to elevated excitatory postsynaptic potential amplitudes in AC 443 

pyramidal neurons (Figure 6). A second novel outcome is that adolescent HL leads to a significant 444 

deterioration of AC stimulus encoding during task performance (Figures 4 and 5), despite having 445 

no effect on neural discharge rate (Supplemental Figure 2). This is in marked contrast to critical 446 

period HL which causes a significant decrease of AC neuron firing rate (Rosen et al., 2012; Yao 447 

and Sanes, 2018). Taken together, these findings suggest that adolescent neural plasticity in 448 

response to sensory deprivation is mechanistically distinct from that observed during early critical 449 

periods.  450 

 451 

A third novel finding is that the effects of adolescent HL are more persistent than those observed 452 

following brief HL during the AC critical period. For example, restoring normal auditory input at 453 

P17 in the gerbil, before closure of the AC critical period (P23), led to a near-complete recovery 454 
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of intrinsic cellular properties whereas restoring auditory input after the critical period ends (P23) 455 

led to persistent AC alterations (Mowery et al., 2015). A transient period of developmental HL can 456 

also cause perceptual deficits, though these often resolve gradually (Hall et al., 1995; Moore et 457 

al., 1999; Caras and Sanes, 2015; McKenna Benoit et al., 2018).  Thus, we previously reported 458 

that brief HL during an AC critical period (P11-23) led to a perceptual deficit, while the same 459 

manipulation had no effect when initiated after the critical period closed (P23) (Caras and Sanes, 460 

2015). In contrast, our current study found significant and persistent perceptual impairments 461 

following HL that was induced at the same postnatal age, P23. This suggests that auditory 462 

function is susceptible to deprivation after the AC critical period, but only if the deprivation persists 463 

throughout adolescence. In fact, we found that adolescent HL induced longer lasting perceptual 464 

deficits than those observed with critical period HL. Following adolescent HL, neural and 465 

behavioral deficits were still present for over ~8 weeks following restoration of normal auditory 466 

input, whereas the critical period-induced perceptual deficits largely resolved over the same 467 

recovery period (Caras and Sanes, 2015).  468 

 469 

Alternative explanations for the effect of auditory deprivation 470 

We find that adolescent HL induces intrinsic changes to AC neurons that contributes to poorer 471 

AM detection thresholds long after normal hearing is restored. However, it is also possible that 472 

the long duration of the hearing deprivation compromised peripheral auditory structures, resulting 473 

in decreased audibility. For instance, subtle damage to auditory nerve synapses is evidenced by 474 

shallower ABR input-output functions even with normal ABR thresholds (Furman et al., 2013; 475 

Liberman and Kujawa, 2017). However, our ABR measurements reveal no significant differences 476 

in ABR wave I rate of amplitude growth with sound level (Figure 7D), indicating intact auditory 477 

nerve function. Although we find a modest difference in tone-ABR thresholds following adolescent 478 

HL, this does not account for poorer perceptual performance (Figure 7E). Furthermore, we find 479 

that AM detection thresholds are largely independent of sound level (above 27 dB), consistent 480 

with other assessments of AM depth sensitivity (Viemeister, 1979). This suggests that even if an 481 

animal has a mild residual peripheral HL, AM detection thresholds would not be significantly 482 

impacted as the sound level used in the behavioral and awake-behaving experiments far exceed 483 

the potential HL. Recently, Ye et al. (2021) report that a moderate form of permanent peripheral 484 

HL (~35-40 dB conductive loss) does not appreciably alter frequency tuning in the cochlea, and 485 

attribute associated perceptual dysfunction to central, and not peripheral, auditory mechanisms. 486 

A second possibility is that the adolescence, itself, was disrupted by the manipulation. To directly 487 

identify the period of adolescence in the gerbil, and confirm that it was not altered by our 488 
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manipulation, we measured testosterone levels from each subject throughout development. We 489 

identified a developmental window during which testosterone levels increased, and found it to be 490 

identical between normal hearing and earplugged animals, and consistent with a previous report 491 

(Pinto-Fochi et al., 2016). Since female gerbils generally reach sexual maturity concurrently with 492 

or prior to their male counterparts (Norris and Adams, 1974), it is plausible that the HL 493 

manipulation spanned sexual development for both sexes. Therefore, a change to adolescent 494 

maturation was unlikely to account for our results. It was also possible that the earplug 495 

manipulation caused chronic stress during adolescence which adversely effects the CNS (Isgor 496 

et al., 2004). However, cortisol levels did not differ between treatment groups (Supplemental 497 

Figure 1), and displayed no correlation with perceptual performance. Therefore, chronic stress 498 

was unlikely to explain our findings.  499 

 500 

The timing and duration of developmental hearing loss 501 

Sensory manipulations that target adolescence are somewhat uncommon. In the auditory system, 502 

manipulations have primarily targeted either early development, shortly after hearing onset, or 503 

adults, well after sexual maturity. For instance, transient HL (i.e., using earplugs, ear canal 504 

ligation, or poloxamer hydrogel) has been induced at hearing onset in the guinea pig (Clements 505 

and Kelly, 1978), gerbil (Caras and Sanes, 2015; Mowery et al., 2015, 2017, 2019; Green et al., 506 

2017), barn owl (Knudsen et al., 1982, 1984b, 1984a; Knudsen, 1983, 1985; Mogdans and 507 

Knudsen, 1992, 1993), ferret (Moore et al., 1999; Keating et al., 2013, 2015a), rat (Popescu and 508 

Polley, 2010), and mouse (Polley et al., 2013; Zhuang et al., 2017). Permanent forms of mild-509 

moderate HL (i.e., conductive HL through ossicle disruption or surgical intervention of the ear 510 

canal) have also been induced at hearing onset of a variety of species (gerbil: Xu et al., 2007; 511 

Rosen et al., 2012; Takesian et al., 2012; Buran et al., 2014a; Gay et al., 2014; Ihlefeld et al., 512 

2016; von Trapp et al., 2017; Yao and Sanes, 2018; rat: Clopton and Silverman, 1977; Silverman 513 

and Clopton, 1977; mouse: Xu and Jen, 2001; cat: Moore and Irvine, 1981; Brugge et al., 1985).  514 

 515 

The duration of developmental HL manipulations vary widely, as does its relationship to the age 516 

of sexual maturity. For instance, Polley et. al. (2013) induced a ~7 day auditory deprivation 517 

beginning at P12 in the mouse, a species that reaches sexual maturity around postnatal day 49 518 

(Danneman et al., 2012). A similar duration of HL would represent a much smaller fraction of 519 

development for species with longer periods of adolescence (e.g., sexual maturity in the ferret is 520 

4-6 months or ~1 year in the barn owl). Though the majority of transient HL studies focus on 521 

relatively brief deprivation early in development, there are a few that span the late juvenile through 522 
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adolescent period. A reversible HL was induced in barn owls beginning at posthatch day 28, 523 

approximately 20 days after hearing onset, and normal audibility was restored between days 120-524 

213, prior to the age of sexual maturity at ~1 year (Knudsen et al., 1984a; Knudsen et al., 1985; 525 

Mogdans and Knudsen, 1992; Mogdans and Knudsen, 1993). Similarly, a transient HL was 526 

induced in the ferret at P24-25, just before hearing onset, and audibility was restored at P126 or 527 

P213, after sexual maturity at ~P121-152 (Moore et al., 1999; Keating et al., 2013; Keating et al., 528 

2015b). The relatively long duration developmental HL in both the barn owl and ferret studies 529 

induced long-lasting neural and behavioral deficits, similar to our current findings. However, none 530 

of the previously reported studies exclusively targeted adolescence after the critical period.  531 

 532 

Our results are also consistent with clinical evidence that suggests longer durations of 533 

developmental HL can induce more harmful effects. Children with progressive, late-onset, or 534 

acquired HL (Smith et al., 2005) often pass newborn hearing screenings, leading to long periods 535 

of undetected HL. Those with an extended period of unresolved HL display more severe language 536 

deficits than those with a brief HL (Yoshinaga-Itano et al., 1998; Tomblin et al., 2015). Here, we 537 

find that a long duration HL that spans adolescence led to AC neural changes that are distinctive 538 

from critical-period plasticity during juvenile development. We conclude that the changes to AC 539 

synaptic excitability observed following adolescent HL contributes to the AC encoding deficits 540 

observed with the awake behaving neural recordings (Figures 4-5). Taken together, these results 541 

reveal that transient HL spanning adolescence permanently alters AC cellular properties, thereby 542 

diminishing sensory encoding of AM stimuli during the detection task, and explains the long-term 543 

auditory perceptual limitations observed in adolescent HL animals.   544 
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Methods 545 
 546 
Experimental subjects 547 

A total of 30 Mongolian gerbils (Meriones unguiculatus, 19 females, 11 males) were used in the 548 

study. Pups were weaned from commercial breeding pairs (Charles River Laboratories) at 549 

postnatal (P) day 30 and housed on a 12-hour light / 12-hour dark cycle with full access to food 550 

and water, unless otherwise noted. All procedures were approved by the Institutional Animal Care 551 

and Use Committee at New York University.  552 

 553 

Hormone assessment  554 

Estradiol, testosterone, and cortisol hormone levels were collected in developing gerbils through 555 

blood sample collection at five timepoints spanning development (P35, P55, P65, P90, and P102). 556 

Animals were briefly anesthetized with isoflurane/O2 and placed on a heating pad. The fur at the 557 

base of the tail was removed using a scalpel blade for greater visualization and access to the 558 

lateral tail vein. A small incision was made and the blood from the lateral tail vein was collected 559 

in Eppendorf vials (100-300µl). To reduce acute stress-induced changes to cortisol levels, all 560 

blood collection was obtained within 3 minutes of placing animals under anesthesia. Blood 561 

collection was also collected at the same time of the day for each animal at each testing age 562 

(early afternoon) to avoid circadian-related hormonal fluctuations. Blood samples were 563 

centrifuged (for 9 minutes, 8,000g) within 30 minutes to avoid hemolysis of the blood. After 564 

spinning, the serum component of the blood was extracted into a separate vial and stored in a -565 

80° freezer until samples were ready to be processed.  566 

 567 

Serum samples were shipped to the Endocrine Technologies Core (ETC) at the Oregon National 568 

Primate Research Center (ONPRC) for quantification of hormone levels. Serum concentrations 569 

of estradiol (E2), testosterone (T), and cortisol (F) were simultaneously measured by liquid 570 

chromatography-tandem triple quadrupole mass spectrometry (LC-MS/MS) using a previously 571 

established method(Bishop et al., 2019). Briefly, serum samples were combined with a mixture of 572 

deuterium-labeled internal standards for E2, T, and F. Steroids were extracted using supported 573 

liquid extraction (SLE) and analyzed on a Shimadzu Nexera-LCMS-8050 LC-MS/MS platform. 9-574 

point calibration curves for each hormone were linear throughout the assay range (13 pg/ml – 575 

26.67 ng/ml; R>0.99). The lower limit of quantitation for each hormone was 13 pg/ml. Intra-assay 576 

CVs were 15% for E2, 2.9% for T, and 3.8% for F. Serum testosterone and cortisol levels were 577 

successfully obtained using the LC-MS/MS approach; however, estradiol was not detected in any 578 
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of the serum samples indicating that the assay was not sensitive enough to determine estradiol 579 

levels (i.e., values were below the lowest calibration level and could not be quantified).  580 

 581 

Transient auditory deprivation  582 

Custom earplugs (BlueStik adhesive putty, super glue, and KwikSil silicone adhesive) were used 583 

to induce a reversible, transient hearing loss (HL). Earplugs provided a mild-moderate temporary 584 

HL, attenuating ~10-20 dB at frequencies ≤ 1 kHz and 30-50 dB at frequencies ≥2 kHz (Caras 585 

and Sanes, 2015). Gerbils either received bilateral earplugs from P23 (after the auditory cortex 586 

critical period) through P102 (after sexual maturity; n=14) or no earplugs (littermate controls, 587 

n=12). Animals were briefly placed under isoflurane anesthesia and the ear canal and tympanic 588 

membrane were visualized under a stereomicroscope (Olympus). A small adhesive putty “disk” 589 

was gently inserted into the ear canal and compressed into the bony portion of the canal. Care 590 

was taken to ensure that the earplug material did not go near the tympanic membrane. A small 591 

drop of super glue was placed onto the putty and allowed to fully dry before covering the earplug 592 

with a layer of KwikSil silicone adhesive. Earplugs were checked 1-2x daily and replaced as 593 

needed. Following earplug removal, the tympanic membrane was visualized (at the time of 594 

removal as well as post-mortem) to ensure the membrane was intact and free from debris. 595 

Littermate control animals also underwent daily handling and had comparable isoflurane exposure 596 

with similar manipulations of their pinna (i.e., used forceps to mimic earplug placement) as their 597 

earplugged counterparts. Animals were allowed to recover for 21 days prior to behavioral and 598 

physiological testing.  599 

 600 

Behavioral training and testing  601 

Behavioral apparatus  602 

All behavioral experiments were performed in a sound-attenuating booth (Industrial Acoustics) 603 

and were observed through a closed-circuit video monitor (Logitech HD C270 Webcam). Animals 604 

were placed in a custom-made, acoustically-transparent plastic test cage with a stainless steel 605 

water spout positioned above a metal platform. Sound stimuli were delivered from a calibrated 606 

free-field speaker (DX25TG0504; Vifa) positioned 1 m above the test cage. Contact with the 607 

waterspout was assessed via infrared sensor (OP550 NPN Silicone phototransistor, Digikey) and 608 

emitter (940 nm; LTE-302, Digikey) housed within a custom apparatus encasing the waterspout. 609 

Acoustic stimuli, water reward delivery, experimental parameters, and data acquisition were 610 

controlled using custom MATLAB scripts developed by Dr. Daniel Stolzberg 611 
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(https://github.com/dstolz/epsych) and using a multifunction processor (RZ6; Tucker-Davis 612 

Technologies).  613 

 614 

Procedural training  615 

Animals were trained on an amplitude modulation (AM) depth detection task using an aversive 616 

conditioning Go/Nogo procedure used in the laboratory (Sarro and Sanes, 2010, 2011; Sarro et 617 

al., 2011; Rosen et al., 2012; Buran et al., 2014a; Caras and Sanes, 2015, 2017). Gerbils were 618 

placed on controlled water access and trained to drink from a waterspout in the presence of 619 

continuous unmodulated noise (60 dB SPL; band-limited white noise, 3-20 kHz; Nogo/“Safe” 620 

stimulus), and to refrain from drinking when the unmodulated noise transitioned to a 5 Hz AM rate 621 

signal (Go/”Warn” stimulus). This was done by pairing the AM signal with a mildly aversive shock 622 

(300 ms; 0.5-1.0 mA; Lafayette Instruments) delivered through the waterspout. Modulated, “warn” 623 

trials (1 sec AM stimulus) were randomly interspersed with 3-5 unmodulated, “safe” trials (1 sec 624 

trial duration) to deter temporal conditioning. First, animals were trained on the most salient AM 625 

cue (100% modulated depth). Behavioral responses were classified as a “hit” if the animal 626 

correctly withdrew from waterspout during modulated warn trials and as a “false alarm” if the 627 

animal incorrectly withdrew from waterspout during unmodulated safe trials (see schematic in 628 

Figure 2A). Behavioral performance was quantified using the signal detection metric, d’, defined 629 

as d’ = z(hit rate) – z(false alarm rate) (Green and Swets, 1966). Animals achieved task 630 

proficiency when d’ ≥ 1.5 and completed three separate training sessions with a sufficient number 631 

of warn trials (≥ 50). On the final session of procedural training, the sound level was lowered to 632 

45 dB SPL.  633 

 634 

Perceptual testing  635 

Once animals reached the training performance criterion (d’ ≥ 1.5), animals were then 636 

perceptually tested on a range of AM depths, from fully modulated (100% AM) to shallow 637 

modulations (> 0% AM). Note, AM depths were presented on a dB scale (re: 100% depth), where 638 

0 dB (re: 100% AM) refers to fully modulated noise (100%) and decreasing (negative) values refer 639 

to smaller depths. These values are not to be confused with overall stimulus intensity, which 640 

remained at 45 dB SPL during perceptual testing. Furthermore, the gain of the AM stimuli was 641 

adjusted to accommodate for changes in average power across modulation depth (Wakefield and 642 

Viemeister, 1990). Perceptual performance was assessed over ≥10 testing sessions. For each 643 

session, the range of AM depths presented was adjusted to bracket the animal’s detection 644 

threshold, which was defined as the AM depth at which d’=1.  645 
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 646 

Psychometric analysis  647 

Classified behavioral responses (i.e., Hits, False alarms) were used to generate psychometric 648 

functions used to determine AM depth detection thresholds. First, psychometric functions based 649 

on the percentage of Hits were plotted as a function of AM depth and fit with cumulative Gaussian 650 

using Bayesian inference (open-source MATLAB package psignifit 4) (Schütt et al., 2016; Caras 651 

and Sanes, 2017; Yao and Sanes, 2018). The default priors in psignifit 4 were used as it fit the 652 

behavioral data with high accuracy. Psychometric fits were then transformed to d’ values (d’ = 653 

z(hit rate) – z(false alarm rate)(Green and Swets, 1966). Psychometric functions using d’ were 654 

used to determine AM depth detection thresholds, which was defined as the AM depth at which 655 

d’=1. When computing d’, we constrained the hit and false alarm rates (floor: 0.05; ceiling: 0.95) 656 

to avoid d’ values that approached infinity (Caras and Sanes, 2017; Yao and Sanes, 2018).  657 

 658 

In vivo neurophysiology 659 

Electrode implantation  660 

The procedural details for electrode implantation were identical to the procedures used in previous 661 

studies from our laboratory (Buran et al., 2014b; von Trapp et al., 2016; Caras and Sanes, 2017; 662 

Yao and Sanes, 2018). The procedures are briefly described below. 663 

 664 

Following behavioral assessment, a subset of animals (Control: n=7; HL: n=9) were implanted 665 

with a multichannel electrode array in the primary auditory cortex (AC). Animals were 666 

anesthetized with isoflurane/O2 and secured on a stereotaxic apparatus (Kopf). The skull was 667 

exposed and a craniotomy was made on the dorsal skull at established coordinates for targeting 668 

the left core AC. The left cortex was targeted as it is more responsive to temporal acoustic features 669 

(Heffner and Heffner, 1984) A 64 channel silicone probe array (Neuronexus: Buzsaki64-670 

5x12_H64LP_30mm 671 

or A4x16-Poly2-5mm-23s-200-177-H64LP_30mm) was implanted into the AC and oriented such 672 

that the array spanned the tonotopic axis (Ter-Mikaelian et al., 2007; Rosen et al., 2012; von 673 

Trapp et al., 2016). The array was positioned at a 25º angle in the mediolateral plane, and the 674 

rostral-most probe shank was positioned at 3.9 mm rostral and 4.6-4.9 mm lateral to lambda. The 675 

array was fixed to a custom-made microdrive to allow for later advancement of the electrode 676 

across multiple behavioral testing days. Following recovery, neural recordings were made while 677 

animals performed the AM detection task. When all testing was complete, animals were deeply 678 

anesthetized, perfused with fixative (phosphate-buffered saline, 4% paraformaldehyde), brain 679 
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extracted, sectioned (Leica vibratome), and stained with Nissl dye. Electrode track position in the 680 

core AC was verified using a gerbil brain atlas (Radtke-Schuller et al., 2016).   681 

 682 

Data acquisition  683 

Extracellular recordings were acquired using a wireless recording system (Triangle BioSystems) 684 

while animals performed the AM detection task. Signals from all channels were pre-amplified, 685 

digitized (24.4 kHz; PZ5; Tucker Davis Technologies, TDT), and sent to the RZ2 (TDT) for filtering 686 

and processing. All recordings were pre-processed and sorted offline. First, recordings were pre-687 

processed using custom MATLAB scripts and initial spike thresholding was performed. Spikes 688 

were semi-automatically sorted using Kilosort, a spike sorting framework based on template 689 

matching of spike waveforms (Pachitariu et al., 2016). Spike waveforms were manually inspected 690 

and refined in Phy (Rossant et al., 2016). Units were classified as single units if they were well-691 

isolated, displayed clear separation in PC space, and had few refractory period violations (<10%). 692 

Units that did not meet criteria for single unit classification were classified as multi-units. Sorted 693 

spike data were then analyzed using custom MATLAB scripts.  694 

 695 

Neurometric analysis  696 

Procedures for assessment of neural AM detection are similar to that described previously in the 697 

laboratory (Caras and Sanes, 2017). Briefly, the firing rate (spikes / second) for each unit was 698 

calculated over a 1 second duration for modulated and unmodulated stimuli. The 1 sec time period 699 

corresponds to the duration of each trial. Neural d’ values were computed based on the firing rate, 700 

where for each AM depth, the firing rate was normalized by the standard deviation pooled across 701 

all the stimuli (i.e., z-score), and subtracting the unmodulated value from each AM stimulus (d’FR= 702 

z(AM Depth) - z(Unmodulated)).  703 

 704 

The neural d’ values were used to generate neurometric functions, where the data were fit with a 705 

logistic function using a nonlinear least-squares regression procedure (MATLAB function nlinfit). 706 

See Supplementary Figure 2C for fit of neural d’ data for two example neurometric functions. The 707 

neurometric fit was deemed appropriate if the correlation between the predicted and actual d’ 708 

values were statistically significant (Pearson’s r). As with the perceptual definition, AM detection 709 

thresholds for each unit was defined as the AM depth at which d’=1. Units were classified as AM 710 

responsive if (1) the neurometric fit was significant and (2) the maximum neural d’ value is ≥1. All 711 

other units that did not meet the criteria for AM responsivity were classified as unresponsive.   712 

 713 
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In addition, the strength of synchronization of unit responses to the envelope of each AM stimulus 714 

was quantified using a vector strength (VS) metric (Goldberg and Brown, 1969). Spikes occurring 715 

at the same phase of the AM resulted in high synchrony (VS=1) whereas spikes out of phase 716 

resulted in low synchrony (VS=0). The Rayleigh test of uniformity was used to determine statistical 717 

significance of the VS (Mardia, 1972) at the level of p<0.001.  718 

 719 

Population coding  720 

We used a previously employed linear classifier readout procedure (Yao and Sanes, 2018) to 721 

assess AM detection across a population of AC neurons. A linear classifier was trained to decode 722 

responses from a proportion of trials to each stimulus set (e.g., “Warn” and “Safe”; Figure 723 

5A). Specifically, spike count responses from all neurons were counted across 1000 ms from "T" 724 

trials of "S" stimuli (e.g., AM depth) and formed the population "response vector". Since the 725 

number of trials were unequal across all units, we randomly subsampled a proportion of trials 726 

(i.e., 8 trials) from each unit. 7 of the 8 trials were then randomly sampled (without replacement) 727 

across all neurons. A support vector machine (SVM) procedure was used to fit a linear hyperplane 728 

to the data set ("training set"). Cross-validated classification performance was assessed on the 729 

remaining single trial (1 of the 8 trials) by computing the number of times this test set was correctly 730 

classified and misclassified based on the linear hyperplane across 500 iterations with a new 731 

randomly drawn sampled train and test sets for each iteration. Performance metrics were 732 

computed to determine the “Hit” rate (proportion of correctly classified Warn trials) and “False 733 

Alarm” rate (proportion of misclassified Safe trials). Similar to the psychometric and individual unit 734 

neurometric analyses, we converted population decoder performance metrics into d' values. The 735 

SVM procedure was implemented in MATLAB using the “fitcsvm” and “predict” functions with the 736 

“KernelFunction” set to “linear”. 737 

 738 

Histology 739 

After all electrophysiology experiments, animals were given an overdose of sodium pentobarbital 740 

(150 mg/kg, intraperitoneal injection) and perfused with 0.01 M phosphate-buffered saline 741 

followed by 4% paraformaldehyde. The brains were extracted, post-fixed in 4% 742 

paraformaldehyde, and embedded in 6% agar and sectioned at 60 µm on a vibratome (Lieca). 743 

Tissue sections were mounted on gelatin-subbed glass slides, dried, and stained for Nissl. 744 

Brightfield images were acquired using an upright microscope (Revolve, Echo) and electrode 745 

tracks were reconstructed offline and compared with a gerbil brain atlas (Radtke-Schuller et al., 746 

2016) to confirm the electrodes targeted core auditory cortex (Figure 4B).  747 
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 748 

In vitro electrophysiology 749 

  750 

Thalamocortical brain slice preparation  751 

Following behavioral data collection, a subset of animals (Control: n=5; HL: n=5) were used for in 752 

vitro auditory cortex (AC) recordings. The procedures for brain slice physiology experiments have 753 

been established in prior studies from our laboratory (Kotak, 2005; Xu et al., 2007; Takesian et 754 

al., 2012; Mowery et al., 2015). Animals were deeply anesthetized (400 mg/kg, chloral hydrate, 755 

intraperitoneal) and brains extracted and placed into 4ºC oxygenated artificial cerebrospinal fluid 756 

(ACSF, in mM: 125 NaCl, 4 KCl, 1.2 KH2PO4, 1.3 MgSO4, 26 NaHCO3, 15 glucose, 2.4 CaCl2, 757 

and 0.4 L-ascorbic acid, pH=7.4 after bubbling with 95% O2/5% CO2). Brains were sectioned 758 

horizontally (500 µm) to preserve the ventral medial geniculate (MGv) to AC projections. 759 

Recording electrodes were fabricated from borosilicate glass microcapillaries with a micropipette 760 

puller (Sutter). Before each whole-cell recording, the AC was identified by extracellular field 761 

responses to MGv stimulation.  762 

 763 

Whole-cell current clamp recordings 764 

Current-clamp recordings were obtained (Warner, PC-501A) to assess inhibitory postsynaptic 765 

potentials (IPSPs), excitatory postsynaptic potentials (EPSPs), and intrinsic firing rate in L2/3 AC 766 

pyramidal neurons. IPSPs were evoked via local biphasic stimulation of layer 4 (1 ms, 1-10 mV) 767 

in the presence of ionotropic glutamate receptor antagonists (20 µm DNQX; 50 µm AP-5). 768 

Antagonists were applied at least 8 min prior to IPSP recordings. Peak IPSP amplitudes of the 769 

short-latency hyperpolarization (putative GABAA component) and long-latency hyperpolarization 770 

(putative GABAB component) were measured from each response at a holding potential (Vhold) 771 

of -50 mV. EPSPs were electrically evoked from L2/3 pyramidal cells at a holding potential (Vhold) 772 

of -80 mV. EPSP waveforms were collected with increasing afferent stimulation levels (0.1 – 1 773 

mA). Maximum amplitudes were determined from EPSP waveforms for each stimulation level to 774 

compute input-output functions. Action potential threshold was determined by delivering 775 

incremental current pulses (1500 ms; 10 pA steps; 0.2 Hz) until a spike was evoked. Frequency-776 

current curves were collected by injecting depolarizing current steps (100-600 pA, 100 pA steps). 777 

Recordings were digitized at 10 kHz and analyzed offline using custom Igor-based macros (IGOR, 778 

WaveMetrics).   779 

 780 

 781 
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Auditory brainstem response (ABR) measurements  782 

ABRs were collected from all control and adolescent HL animals to determine whether the long 783 

duration of earplug insertion resulted in changes to the auditory periphery. ABR measurement 784 

procedures were identical to those used in previous studies in our laboratory (Rosen et al., 2012; 785 

Caras and Sanes, 2015; Yao and Sanes, 2018). ABRs were collected in animals following 786 

behavioral data collection and prior to electrophysiological experiments (see timeline in Figure 787 

1A). Animals were anesthetized with intraperitoneal injections of ketamine (30 mg/kg; Bioniche 788 

Pharma) and pentobarbital (50 mg/kg; Sigma-Aldrich) and placed in a sound attenuation booth 789 

(Industral Acoustics). Recordings were made with subdermal needle electrodes inserted at the 790 

apex of the skull (positive electrode), the nape of the neck (inverting electrode; caudal to right 791 

pinna), and ground in hind leg. Sound-evoked ABR signals were preamplified (10,000x) and band-792 

pass filtered (0.3-3 kHz) using a P55 model preamplifier (Grass Technologies). Signals were 793 

additionally amplified (32 dB gain; Brownlee 440 amplifier) before digitizing at a 24.4 kHz sampling 794 

rate (RZ6, TDT). Acoustic stimuli and data acquisition were controlled via custom Python scripts 795 

running on a PC (scripts provided by Brandon Warren and Edwin Rubel, University of 796 

Washington, Seattle). All stimuli were presented from a calibrated free-field speaker positioned 797 

26 cm above the animal. Tone-evoked ABRs were collected by presenting tone pips (5 ms 798 

duration; 2 ms linear rise-fall times) with frequencies that spanned the range of the gerbil 799 

audiogram (0.5, 1, 2, 4, 6, 8, 16 kHz) (Ryan, 1976). Responses were averaged across 250-500 800 

repetitions for each stimulus condition. Tone-ABR audiograms were generated by assessing the 801 

ABR threshold at each test frequency. We defined the ABR threshold to be the lowest sound level 802 

required to elicit a visually discernable ABR peak waveform. ABR waveforms exhibit stereotyped 803 

peaks that are representative of summed peripheral auditory nuclei electrical activity. Here, we 804 

focused on wave I of the ABR, which is thought to be generated by the auditory nerve (Jewett, 805 

1970). We determined the peak of wave I amplitude, which is calculated as the absolute voltage 806 

difference between the peak and the following trough. Wave I amplitude was computed as a 807 

function of sound level to generate ABR input-output functions, which allowed us to assess 808 

whether earplugs induced subtle damage to auditory nerve synapses (Liberman and Kujawa, 809 

2017).  810 

 811 

Statistics  812 

Statistical analyses and procedures were performed using JMP Pro 15.0 (SAS) or custom-written 813 

MATLAB scripts utilizing the Statistics and Curve Fitting Toolboxes. For normally distributed data 814 

(assessed using Shapiro-Wilk Goodness of Fit Test), values are given as mean ± SEM. Non-815 
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normally distributed data are given as median ± Quartile. Unless otherwise noted, all normally 816 

distributed data were assessed using parametric procedures (i.e., ANOVA) followed by 817 

appropriate post hoc controls for multiple comparisons (Tukey-Kramer HSD) when necessary.   818 
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