
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2017 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Articles: Development/Plasticity/Repair

Brief Stimulus Exposure Fully Remediates Temporal Processing Deficits
Induced by Early Hearing Loss
David B. Green, Michelle M. Mattingly, Yi Ye, Jennifer D. Gay and Merri J. Rosen

Department of Anatomy & Neurobiology, Northeast Ohio Medical University, Rootstown, OH 44272

DOI: 10.1523/JNEUROSCI.0916-17.2017

Received: 4 April 2017

Revised: 24 June 2017

Accepted: 8 July 2017

Published: 13 July 2017

Author contributions: D.B.G. and M.J.R. designed research; D.B.G., M.M.M., Y.Y., J.D.G., and M.J.R.
performed research; D.B.G. and M.J.R. analyzed data; M.J.R. wrote the paper.

Conflict of Interest: The authors declare no conflicts of interest.

This work was supported by R01DC013314 to MJR. Thanks to Alexander Galazyuk for the generous use of
his acoustic startle equipment. Thanks for Sharad Shanbhag for his custom-written neurophysiology software
suite, TytoLogy. Thanks to Yale Cohen and Antje Ihlefeld for contributing MATLAB code for the ideal observer
analysis. We thank A. Galazyuk, J. Wenstrup, and S. Shanbhag for helpful ideas, discussions, and/or comments
on the manuscript.

Corresponding Author: Merri J. Rosen, Department of Anatomy & Neurobiology, Northeast Ohio Medical
University, 4209 State Route 44, P.O. Box 95, Rootstown, OH 44272, Voice 330/325-6516, FAX 330/325-5916,
Email mrosen@neomed.edu

Cite as: J. Neurosci ; 10.1523/JNEUROSCI.0916-17.2017

Alerts: Sign up at www.jneurosci.org/cgi/alerts to receive customized email alerts when the fully formatted
version of this article is published.



 

 1 

Title Brief Stimulus Exposure Fully Remediates Temporal Processing Deficits 1 
Induced by Early Hearing Loss 2 

 3 
Abbr Title Stimulus Exposure Remediates Temporal Deficits 4 
  5 
Authors David B. Green, Michelle M. Mattingly, Yi Ye, Jennifer D. Gay, and  6 

Merri J. Rosen 7 
 8 
Addresses Department of Anatomy & Neurobiology 9 
 Northeast Ohio Medical University 10 
 Rootstown, OH 44272 11 
 12 
Corresponding Author 13 
Merri J. Rosen 14 
Department of Anatomy & Neurobiology 15 
Northeast Ohio Medical University  16 
4209 State Route 44, P.O. Box 95 17 
Rootstown, OH  44272 18 
Voice 330/325-6516 19 
FAX 330/325-5916 20 
Email mrosen@neomed.edu 21 
 22 
Pages 26 23 
Figures 7 24 
Tables 1 25 
Words Abstract 256 26 
 Sig Statement 111 27 
 Introduction 633 28 
 Discussion 1713 29 
 30 
Conflict of Interest 31 
The authors declare no conflicts of interest. 32 
 33 
Acknowledgements 34 
This work was supported by R01DC013314 to MJR. Thanks to Alexander Galazyuk for the 35 
generous use of his acoustic startle equipment. Thanks for Sharad Shanbhag for his custom-36 
written neurophysiology software suite, TytoLogy. Thanks to Yale Cohen and Antje Ihlefeld 37 
for contributing MATLAB code for the ideal observer analysis. We thank A. Galazyuk, J. 38 
Wenstrup, and S. Shanbhag for helpful ideas, discussions, and/or comments on the 39 
manuscript. 40 
  41 



 

 2 

Abstract 42 

In childhood, partial hearing loss can produce prolonged deficits in speech perception and 43 
temporal processing. Early therapeutic interventions targeting temporal processing may 44 
improve later speech-related outcomes, however. Gap detection is a measure of auditory 45 
temporal resolution that relies on auditory cortex (ACx), and early auditory deprivation 46 
alters intrinsic and synaptic properties in ACx. Thus, early deprivation should induce deficits 47 
in gap detection, which should be reflected in ACx gap sensitivity. We tested whether 48 
earplugging-induced, early transient auditory deprivation in male and female Mongolian 49 
gerbils caused correlated deficits in behavioral and cortical gap detection, and whether 50 
these could be rescued by a novel therapeutic approach: brief exposure to gaps in 51 
background noise. Two weeks after earplug removal, animals that had been earplugged 52 
from hearing onset throughout auditory critical periods displayed impaired behavioral gap 53 
detection thresholds (GDTs), but this deficit was fully reversed by three one-hour sessions of 54 
exposure to gaps in noise. In parallel, after earplugging, cortical GDTs increased due to 55 
fewer cells with sensitivity to short gaps, and gap exposure normalized this pattern. 56 
Furthermore, in deprived animals, both first-spike latency and first-spike jitter increased, 57 
while spontaneous and evoked firing rates decreased, suggesting that deprivation causes a 58 
wider range of perceptual problems than measured here. These cortical changes all returned 59 
to control levels after gap exposure. Thus, brief stimulus exposure, perhaps in a salient 60 
context such as the unfamiliar placement into a testing apparatus, rescued impaired gap 61 
detection and may have potential as a remediation tool for general auditory processing 62 
deficits. 63 

 64 

Significance Statement 65 

Hearing loss in early childhood leads to impairments in auditory perception and language 66 
processing that can last well beyond the restoration of hearing sensitivity. Perceptual 67 
deficits can be improved by training, or by acoustic enrichment in animal models, but both 68 
approaches involve extended time and effort. Here, we used a novel remediation technique, 69 
brief periods of auditory stimulus exposure, to fully remediate cortical and perceptual 70 
deficits in gap detection induced by early transient hearing loss, and to improve multiple 71 
cortical response properties. Rescue by this efficient exposure regime may have potential as 72 
a therapeutic tool to remediate general auditory processing deficits in children with 73 
perceptual challenges arising from early hearing loss. 74 

 75 

Introduction 76 

During development, extended periods of sound exposure or deprivation can have long-77 
lasting effects on auditory perception (Han et al., 2007; Zhang et al., 2008; Sun et al., 2011; 78 
Rosen et al., 2012; Buran et al., 2014; Gay et al., 2014; Zhu et al., 2014). In particular, early 79 
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conductive hearing loss (CHL) accompanying otitis media, the most commonly diagnosed 80 
childhood illness in the United States (Lanphear et al., 1997), induces deficits in the 81 
perception of rapidly changing sounds, including speech (Whitton and Polley, 2011). CHL 82 
through the critical period of auditory development raises thresholds for signal detection in 83 
noise, reduces comodulation masking release, and increases amplitude and frequency 84 
modulation thresholds (Rosen et al., 2012; Buran et al., 2014; Gay et al., 2014; Ihlefeld et al., 85 
2016). These impairments can persist long after the restoration of peripheral sensitivity (Hall 86 
and Grose, 1994; Whitton and Polley, 2011; Caras and Sanes, 2015). Even if they resolve, early 87 
perceptual challenges increase the risk for long-term language processing issues (Gravel et 88 
al., 1996; Catts et al., 1999). The detection of short gaps in sound is an essential cue for vocal 89 
communication (Eggermont, 2015), and is widely used to assess temporal resolution abilities. 90 
Here we examine how hearing loss and remediation affect this important measure of 91 
temporal sensitivity. 92 

The effects of developmental hearing loss implicate neural changes beyond the auditory 93 
periphery. Early CHL, either long-lasting or transient, alters intrinsic and synaptic properties 94 
of auditory cortical (ACx) neurons (Xu et al., 2007; Mowery et al., 2015). Perceptual deficits 95 
resulting from critical-period CHL or sound exposure are accompanied by altered ACx 96 
representations (Zhang et al., 2002; Chang and Merzenich, 2003; Han et al., 2007; Rosen et 97 
al., 2012; Kover et al., 2013). In particular, an intact ACx is required for detection of short gaps 98 
(Ison et al., 1991; Kelly et al., 1996; Syka et al., 2002; Threlkeld et al., 2008). Furthermore, the 99 
perception of gaps specifically relies on ACx inhibitory activity (Weible et al., 2014), and 100 
developmental hearing loss alters ACx inhibitory synaptic strength, kinetics, short-term 101 
plasticity, and receptor localization (Sanes and Kotak, 2011). In ACx, optogenetic 102 
manipulation of neural activity shifts behavioral gap detection thresholds (Weible et al., 103 
2014), demonstrating a causal relationship between ACx gap responses and perceptual gap 104 
detection thresholds (GDTs). This relationship explains concurrent age-related changes seen 105 
in neural and behavioral gap detection (Barsz et al., 2002; Hamann et al., 2004; Diedler et al., 106 
2007; Harris et al., 2012; Zhao et al., 2015). We therefore predicted that developmental CHL 107 
should worsen both behavioral and cortical GDTs. We raised animals with transient CHL 108 
during the auditory critical period, and demonstrated lasting effects on both behavioral and 109 
neural GDTs after full hearing restoration.  110 

Having induced a strong temporal deficit, we measured the effectiveness of brief 111 
unattended stimulus exposure as a remediation method. In children, gap detection 112 
thresholds are predictive of future language perception abilities (Benasich et al., 2006; 113 
Muluk et al., 2011), emphasizing a need for early intervention. Active acoustic experience has 114 
a greater capacity to improve perceptual abilities and change neural substrates than 115 
equivalent durations of passive exposure (Zhou and Merzenich, 2009; Sarro and Sanes, 2011; 116 
Vollmer and Beitel, 2011; Benasich et al., 2014). However, passive exposure is easily applied 117 
and improves perception when presented in conjunction with attended tasks (Seitz and 118 
Watanabe, 2003; Amitay et al., 2006; Wright et al., 2010), reflecting implicit perceptual 119 
learning (i.e., performance improvement). We have recently demonstrated a form of implicit 120 
learning resulting from brief sessions of passive, unattended exposure to specific sound 121 
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stimuli (gaps of short durations in noise) (Green et al., 2016). Here we demonstrate that both 122 
behavioral and neural deficits were fully remediated by three one-hour sessions of stimulus 123 
exposure. For children at risk of perceptual problems, early remediation via simple stimulus 124 
exposure could be an easily implemented therapeutic option. 125 

 126 

Materials & Methods 127 

Subjects 128 

All procedures relating to the maintenance and use of animals were approved by the 129 
Institutional Animal Care and Use Committee at Northeast Ohio Medical University. Male (n 130 
= 34) and female (n = 51) Mongolian gerbils (Meriones unguiculatus) from multiple litters 131 
were housed with littermates in a 12 hour light/dark cycle. Animals were assigned to one of 132 
four treatment groups: Control-Silence (CtSil, N = 24), Earplug-Silence (EPSil, N = 28), 133 
Control-Gaps (CtGap, N = 17), or Earplug-Gaps (EPGap, N = 16). All groups underwent 134 
behavioral gap detection testing, and a subset of animals from each group underwent 135 
neurophysiological recordings (CtSil: N = 14, EPSil: N = 17, CtGap: N = 8, EPGap: N = 8; female 136 
= 28, male = 19). Animals for neurophysiology were chosen from each group without regard 137 
to behavioral performance. Each animal yielded a variable number of neurons for analysis, so 138 
recordings were conducted until a sufficient number was collected across groups (see 139 
Results). 140 

Experimental Design and Stimulus Exposure 141 

The experimental design is shown in Figure 1A. EPSil and EPGap animals were earplugged 142 
from P11 thru P24, while CtSil and CtGap animals were sham-treated. On P24, P27, and P30, 143 
Earplug-Gaps and Control-Gaps animals were placed in the testing environment for one 144 
hour, and experienced the same gaps in background noise used during later behavioral 145 
testing, but without any startle stimuli. On the same three days, Earplug-Silence and Control-146 
Silence animals were placed for one hour in the testing environment without any auditory 147 
stimuli (no startle, background noise, or gaps). On P33, P36, and P39, all animals were 148 
behaviorally tested in one-hour sessions. Over the next eight days (P39 – P46), animals 149 
underwent cortical recordings (one animal per day; the order was randomized across 150 
groups). 151 

Mild Conductive Hearing Loss Induced with Bilateral Earplugs  152 

Transient mild CHL was induced in EPGap and EPSilence animals by inserting malleable plugs 153 
(Loctite Fun-tak, Henkel Corp, Rocky Hill CT) into each ear canal beginning on P11. Pups were 154 
manually restrained and positioned underneath a stereo microscope, and the pinna was 155 
manipulated to fully visualize the ear canal. Earplugs were pre-formed into small cylinders 156 
sized for the age of the animal, and inserted into each ear canal with blunt forceps to form a 157 
seal, then sealed in place with a small drop of cyanoacrylate. Earplugs were checked twice 158 
daily and reinserted as necessary. Prior to P16 earplugs rarely came out, while from P17-24, 159 
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earplugs were found to have come out 2.8  1.2 times per animal, with no difference 160 
between EPSil and EPGap groups (Mann-Whitney p = 0.4). Earplugs were never out for more 161 
than 12 hours prior to reinsertion. Earplugs were maintained for 13 days and removed on 162 
P24. The tympanic membrane was visualized and confirmed to be intact and clear of any 163 
residual earplug material. Control groups were sham-treated, receiving identical handling 164 
and pinna manipulation (without earplug insertion). 165 

Behavioral Testing 166 

Gap detection abilities were assessed using prepulse inhibition (PPI) of the acoustic startle 167 
response (ASR), where some type of prepulse stimulus that precedes the startling stimulus 168 
inhibits the startle response. The strength of inhibition corresponds with an animal’s 169 
detection of the prepulse. Here, the prepulse was a silent gap in background noise (gap-PPI). 170 
The procedure has been described previously (Green et al., 2016). Briefly, animals were 171 
placed inside a small acoustically transparent restrainer, on a force plate in a sound 172 
attenuated, anechoic booth, with the lights on. Two separate speakers in each booth 173 
presented either background bandpass noise at 50 dB SPL (presented from the front) or a 174 
startling stimulus at 110 dB SPL (presented from the top; Kinder Scientific Inc., Poway CA). 175 
The background noise was bandpassed from 2.5 – 20kHz to match the sub-ultrasonic 176 
frequency region that was most attenuated by the earplugs (Figure 1B). The startle level was 177 
chosen based on measurements of startle-only responses in gerbils of this age; a level of 178 
110dB SPL revealed a clear reduction of the ASR as a result of gap-PPI (Longenecker and 179 
Galazyuk, 2012; Green et al., 2016). We presented 190 trials in pseudorandom order. Of these, 180 
57 trials were startle–only, with a startle stimulus of 20 ms broadband noise at 110 dB SPL, 1 181 
ms rise/fall time. The remaining 133 were gap trials, where the startle stimulus was preceded 182 
by a silent gap in the noise background of either 2, 3, 5, 7, 10, 20, or 30 ms, with 19 trials of 183 
each gap duration. Behaviorally in operant setups, gerbils can detect gaps as short as 1-2 ms 184 
(Wagner et al., 2003). Therefore, we presented the shortest gap that could be produced by 185 
the Kinder Scientific startle software (2ms). The background noise preceding and following 186 
the gap was shaped with a 1ms rise/fall time. At the beginning of each session, 5 startle-only 187 
trials were presented (not included in analysis) to habituate the startle-only and PPI 188 
responses to a steady-state level (Ison et al., 1973). Sessions lasted one hour. Testing was 189 
conducted once every 3 days. This intersession interval allowed us to reduce habituation 190 
effects over sessions (Parisi and Ison, 1979), where habituation is the gradual reduction of 191 
the startle-only response magnitude (i.e., the ASR).  192 

Behavioral Data Analysis 193 

A gap detection threshold (GDT) was calculated for each animal at each session using 194 
custom MATLAB scripts (MATLAB, RRID:SCR_001622, The Mathworks, Natick MA; D. Green 195 
and M. Rosen), as described previously (Green et al., 2016; Longenecker et al., 2016). First, 196 
the response magnitude to the startle stimulus was assessed using the root mean square 197 
(RMS; the area under the reponse curve) in the time window 20–50 ms after startle stimulus 198 
onset. For all trial types (startle-only or any gap duration), the distribution of RMS responses 199 
had a strong positive skew. A log10 transform was found to be the best at generating a 200 
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normal distribution of RMS responses within each trial type, as assessed using the Anderson-201 
Darling test. Then using a bootstrap method, for each trial type we determined the RMS 202 
response threshold at which a reduction in startle was considered statistically significant. To 203 
do so, the median values of the peak transformed responses for startle only and each gap 204 
duration were plotted, and a cubic spline was fitted to this plot, creating a detection 205 
function. To find where that function crossed a detection criterion, the transformed startle-206 
only values were sampled with replacement 10,000 times to generate a normal distribution, 207 
from which 95% confidence intervals were calculated. The lower confidence interval was the 208 
value where a reduction in startle indicated significant detection (Fechter et al., 1988). GDT 209 
was the level at which the fitted detection function crossed the lower confidence interval. 210 
Note that this analysis accounts for any inherent variability in startle magnitude within each 211 
animal. Group differences were assessed with Kruskal-Wallis (KW) nonparametric ANOVAs 212 
followed by Wilcoxon rank-sum tests (equivalent to Mann-Whitney U-tests) for pre-planned 213 
comparisons. 214 

In some instances (see symbols with GDTs of “NT” in Figure 2), animals were unable to 215 
detect any of the experimental gaps, which is unsurprising as the longest gap presented was 216 
rather short (30ms). This occurred most frequently in Earplug-Silence animals (21% of 217 
sessions), and much less often in the other groups (EPGap 4%, CtSil 10%, CtGap 0% of 218 
sessions), suggesting that a lack of PPI to any gap durations presented was a true lack of 219 
detection that was treatment-dependent. As confirmation of this likelihood, all animals in 220 
the study yielded thresholds within the tested range during at least one session (see Figure 221 
2B). Conservatively, GDTs of 31 ms were substituted for sessions where gaps were not 222 
detected. Those GDTs are represented as NT (no threshold) in Figure 2. 223 

Auditory Brainstem Responses (ABRs) 224 

ABRs were measured from separate sets of animals to 1) determine the magnitude of 225 
hearing loss induced by acute earplug insertion, 2) measure whether the chronic earplugging 226 
affected peripheral function. Animals were anesthetized with ketamine and chloral hydrate 227 
and presented with auditory stimuli (RZ6 Auditory Processor, BioSigRP software, Tucker 228 
Davis Technologies (TDT), Alachua FL). Responses to individual stimuli were conducted using 229 
stainless steel needle electrodes inserted subdermally at the dorsal midline between the 230 
eyes (non inverting), posterior to the right pinna (inverting), and base of the tail (common 231 
ground), amplified (20x, TDT low-impedance RA4LI), bandpass filtered (0.3–3 kHz), and 232 
digitized (24.4kHz, RZ5 BioAmp Processor, TDT). Auditory stimuli were 5 ms pure tones with 233 
1 ms rise/fall times, repeated at 21/sec, presented at 1, 2, 4, 8, and 16kHz from a freefield 234 
speaker located 7cm from the right ear. Responses were averaged over 300 presentations. 235 
Sound level was adjusted in 5 dB steps to obtain a threshold response (i.e., a visually 236 
detectable N1 potential). 237 

Surgical Preparation 238 

Gerbils were premedicated with buprenorphine (0.5 mg/kg, i.p.) and dexamethasone (0.35 239 
mg/kg, i.p.) and hydrated with normosol (1.5 ml, s.c.). The animals were anesthetized with 240 
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isoflurane and held in a stereotaxic apparatus. A small headpost was positioned along the 241 
midline and secured with dental acrylic, and a silver ground wire was implanted into the 242 
posterior contralateral skull. A craniotomy was made over the left temporal cortex caudal to 243 
the bregma suture using stereotaxic coordinates (Thomas et al., 1993), and the dura was left 244 
intact. A thin well of dental acrylic was built along the perimeter of the craniotomy, the 245 
cortical surface was covered with silicone oil, and the craniotomized area was covered with 246 
a disposable cap of silicone elastomer (ImageLB-28, Matrics Inc. Osseo MN). The entire skull 247 
was covered with dental acrylic to form a headcap. 248 

Neurophysiological Recordings 249 

On the day of recording, animals were anesthetized with urethane (1.3g/kg, administered in 250 
2 doses over 1.5 hrs) and placed in a soundproof chamber (Industrial Acoustics Company, 251 
North Aurora IL) on a heating pad. The head was stabilized using the headpost, the silicone 252 
elastomer cap removed, and the dura was covered with saline during recording to maintain 253 
moisture. Platinum-plated tungsten electrodes (1.5-2.5 MΩ; MicroProbe, Gaithersburg, MD) 254 
were advanced ventrally through the craniotomy with an electrode tip angle of 13° lateral to 255 
vertical to isolate neurons in primary ACx based on response characteristics (reliable, short-256 
latency, non-adapting responses to tones). TDT equipment was used to record the neural 257 
signals. Electrical signals from the brain were amplified (250x, RA16PA preamplifier), filtered 258 
(0.25 to 10 kHz), and digitized (24.4 kHz, RZ5 BioAmp Processor). The TDT equipment was 259 
controlled by custom software written in MATLAB and TDT RPvdsEx programming 260 
environments (TytoLogy by S.J. Shanbhag). Units were isolated by spike amplitude. Spikes 261 
were detected offline (Plexon Offline Sorter, Dallas TX), and sorted into single (SU) or multi-262 
units (MU) based on spike shape and principal component analysis. Effects of treatment on 263 
neural gap detection thresholds were consistent when analyzed separately for either just 264 
SUs or just MUs (see Table 1), so SUs and MUs were pooled for all analyses. 265 

Acoustic Stimulation for Neurophysiology  266 

TDT equipment (RZ6 Auditory Processor) was used to deliver auditory stimuli. Custom 267 
software written in MATLAB and TDT RPvdsEx (TytoLogy by S.J. Shanbhag; modified by M.J. 268 
Rosen) generated stimuli, controlled TDT equipment, and coordinated auditory stimuli with 269 
neural recordings. Auditory stimuli over a frequency range of 200Hz – 35kHz were calibrated 270 
using custom software written in MATLAB (S.J. Shanbhag). Calibration data were collected 271 
using a ¼ inch microphone (Brüel and Kjær (B&K) model 4939), a preamplifier (B&K 2670) 272 
and a conditioning amplifier (B&K Nexus model 2690). Stimuli were delivered through a 273 
freefield speaker positioned 25cm in front of the animal.  274 

To measure responses to static tones, neurons were presented with tone pips (200 ms, 5 ms 275 
cosine-ramped rise/fall). First, the frequency range over which the neuron was responsive 276 
was obtained with an iso-intensity function at 60 dB SPL. This was followed by a rate-level 277 
function (RLF) at the best frequency (BF) of the unit, measured at increments of 10 dB SPL, 278 
for 10–15 trials (with a 1 sec intertrial interval). Threshold was visually determined as 5dB 279 
below the lowest level with a clear increase in spiking above lower levels. A gap detection 280 
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function was obtained at the BF of the unit and 30dB above threshold, with 20 trials at each 281 
gap duration, presented in random order. Gap detection stimuli consisted of two 282 
consecutive tone bursts lasting a total of 400ms (with 5 ms cosine-ramped rise/fall). The 283 
bursts were separated by gaps of varying durations (0, 1, 2, 3, 5, 7, 10, 15, 25, or 50 ms with a 284 
0.5 ms cosine-ramped rise/fall) inserted between the two bursts at 200ms after the onset of 285 
the first burst. This range was chosen to span the gap durations presented behaviorally, with 286 
the 50ms gap presented to measure less gap-responsive neurons. The 0 ms gap stimulus 287 
was the control against which gap detection was measured, and thus did not contain rise/fall 288 
ramps at 200ms, but was instead a continuous 400ms tone burst. This control was chosen to 289 
mimic the behavioral stimuli, where detection of gaps in background noise were calculated 290 
in comparison with continuity in the background noise. After collecting the gap detection 291 
tone function, the unit was presented with 200ms bursts of noise at 50dB SPL, bandpassed 292 
from 2.5 – 20kHz, to match the background noise used for the behavioral testing. If the unit 293 
showed a clear response to the noise (true for about half the units tested), a noise gap 294 
detection function was obtained with 20 trials at each gap duration, presented in random 295 
order. 296 

Neural Data Analysis 297 

Rate-level functions: Firing rates to tones were calculated over a time window equal to the 298 
stimulus duration. Threshold, dynamic range and monotonicity were determined from the 299 
RLF. Threshold was defined as the dB SPL level at which there was at least a 35% increase in 300 
firing rate, stepping up from one dB SPL level to the next; threshold firing rates were 301 
calculated at this sound level. Dynamic range was defined as the range between the dB SPL 302 
levels where each cell responded at 10% and 90% of its maximum firing rate, calculated by 303 
interpolation. To allow valid comparisons, RLF data were collected using equivalent ranges 304 
of levels across all groups (0 to 80 dB SPL). Group differences for each of these were 305 
assessed with Kruskal-Wallis nonparametric ANOVAs followed by Wilcoxon rank-sum tests 306 
for pre-planned comparisons. Non-monotonic neurons were defined as those whose firing 307 
rates at the highest dB SPL tested dropped below 75% of their maximum firing rate. Group 308 
differences for monotonicity were assessed using chi-square. All data were analyzed with 309 
custom MATLAB scripts (M.J. Rosen). In boxplots, box edges are 25th and 75th percentiles, 310 
with whiskers extending to the most extreme data points excluding outliers. 311 

Gap detection: Responses to each gap duration were measured from post-stimulus time 312 
histograms (PSTHs) with 5ms bins calculated across the 20 trials. Only units with onset 313 
responses to the first burst of the gap detection stimuli were used for gap detection 314 
analysis. A valid onset response (within 100ms following the first burst) was determined as 315 
spiking 20% of the time within a single bin across trials. A valid gap response (within 100ms 316 
following the second burst) was determined based on the bin with maximal firing in this 317 
window. After subtracting baseline firing (calculated in the same window when no gap was 318 
present), a response in the peak bin 20% of the time was considered a valid gap detection 319 
response. The shortest duration gap with a valid gap detection response was considered the 320 
gap detection threshold (GDT) (Eggermont, 2000). If a significant response to the second 321 
burst was absent for all gap durations, a GDT of 60ms was assigned (since only cells with 322 
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valid onset responses were analyzed, a gap longer than the longest presented would 323 
necessarily elicit a response). First spike latency (FSL) and FSL jitter were measured directly 324 
from spike timing rather than from binned PSTHs, and were based on the onset response to 325 
the first burst.  All data were analyzed with custom MATLAB scripts (M. Rosen and D. 326 
Green). In boxplots, box edges are 25th and 75th percentiles, with whiskers extending to the 327 
most extreme data points excluding outliers. 328 

Ideal observer analysis: An ideal observer model was used to determine how well the 329 
combined information across the population of neural units could discriminate between gap 330 
and no-gap trials. By definition, an ideal unbiased observer performs a given task optimally, 331 
maximizing hits and minimizing false alarm rates, given the information available (e.g., 332 
(Geisler, 2011). We compared the ideal observer’s ability to detect gaps of varying durations. 333 
We trained a support vector machine and ran a 10-fold cross-validation on this trained 334 
classifier. Specifically, we used 85% of the neural data for training, while testing the model’s 335 
performance on the remaining 15% of the neural data, separately for each of the four 336 
experimental groups. We trained and tested the model with trial-by-trial firing rates from 337 
100ms time windows following each gap offset. The classifier, implemented in MATLAB 338 
2016, used custom scripts (M.J. Rosen, Y.E. Cohen & A. Ihlefeld) that trained a binary support 339 
vector machine classifier (fitcsvm in MATLAB) and tested the performance on the remainder 340 
of the data by computing a loss estimate using cross validation (crossval in MATLAB). Equal 341 
numbers of neurons were used across the four experimental groups, limited by the group 342 
with the fewest units that had valid onset responses to the first burst (88 units for trials with 343 
tone carriers at BF; 70 units for trials with bandpass noise carriers). The cross-validated 344 
model was run 100 times to generate mean performance with SEM error bars. 345 

Response type classification: Cells varied in how phasic their onset responses were, and how 346 
much of a sustained response they exhibited. We categorized populations within the four 347 
treatment groups by response type: single- and multi-units were categorized as Phasic vs 348 
Non-Phasic, and as Sustained vs Non-Sustained, based on the response to a tone at CF, 349 
calculated from PSTHs with 5ms bins. To determine Phasic/Non-Phasic categorization, we 350 
looked within the first 50ms of the response, and measured “peak” firing rate within the 351 
15ms window surrounding the bin with maximal firing. If this peak firing rate exceeded 352 
baseline firing by a factor of 6, and returned to 25% of peak firing during the next 15ms, the 353 
unit was categorized as Phasic, else it was categorized as Non-Phasic. Baseline firing rate 354 
was calculated from 100ms of spontaneous activity preceding the tone. To determine 355 
Sustained/Non-Sustained categorization, we measured firing rate over the first 150ms of the 356 
response. If this exceeded baseline firing by a factor of 2, the unit was categorized as 357 
Sustained, else it was categorized as Non-Sustained. Table 1 shows the number of units 358 
classified as Phasic, Non-Phasic, Sustained, and Non-Sustained across all cells, and 359 
percentages of cells in each of these categories for each treatment group. Across 360 
experimental groups, there were no systematic shifts in response type. Within each 361 
category, effects of treatment on GDTs (Table 1 bottom) were consistent with responses 362 
collapsed across response type (described in Results). Thus for the remainder of this study, 363 
we examined all onset-responsive cells in each experimental group. 364 
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 365 

Results 366 

Earplug-induced attenuation 367 

To determine the magnitude of attenuation induced by acute earplug insertion, ABRs were 368 
measured from 7 animals (P33 – P46) separate from the experimental groups (Figure 1B). 369 
ABRs were measured before and during bilateral earplug insertion. A 2-way ANOVA revealed 370 
main effects of frequency (F(1,4) = 12.9, p < 0.0001) and earplugging (F(1,4) = 264.8, p < 0.0001). 371 
Posthoc tests showed that earplugging significantly raised thresholds at all frequencies 372 
tested (Bonferroni-corrected posthoc tests, all p < 0.04). A significant interaction between 373 
frequency and earplugging was due to greater attenuation at higher frequencies, with shifts 374 
ranging from 13.6 dB at 1000 Hz to 35.7 dB at 8000 Hz (F(1,4) = 4.8, p < 0.002).  375 

Behavioral gap detection is impaired by early hearing loss  376 

To determine whether early transient hearing loss affected gap detection, animals were 377 
earplugged from P11 - P24, i.e., prior to hearing onset through after the closure of known 378 
auditory cortical critical periods (Mowery et al., 2015). They were compared with sham 379 
controls who were handled equivalently, to control for potential effects of early stress on 380 
later gap detection abilities (e.g., Green et al., 2016). After earplug removal, both groups 381 
experienced silence in the testing enclosure for three one-hour sessions (Figure 1A, top). At 382 
P33, P36 and P39, animals were tested for gap detection thresholds using gap-PPI of the 383 
ASR.  384 

In Figure 2, gap detection thresholds (GDTs) are plotted separately for each group, for each 385 
of the three sessions and for each animal’s best performance regardless of session. Across 386 
all three sessions, earplugging significantly impaired gap detection ability (EPSil vs CtSil, 387 
Figure 2A, closed circles. KW ANOVA: 2

(3,251) = 42.3, p < 0.0001; Mann-Whitney EPSil vs CtSil: 388 
p < 0.0001). Animals improved with testing, such that on the third session, GDTs of EPSil 389 
animals were not significantly different from those of CtSil (KW ANOVA: 2

(3,251) = 8.4, p < 390 
0.04; Mann-Whitney EPSil vs CtSil: p = 0.1). However, even the best performance of 391 
individual animals across sessions was impaired by early deprivation (EPSil vs CtSil, Figure 2B, 392 
closed circles. KW ANOVA: 2

(3,81) = 8.4, p = 0.038; Mann-Whitney EPSil vs CtSil: p < 0.002).  393 

Behavioral gap detection is fully remediated by brief stimulus exposure 394 

We have previously shown that brief, unattended exposure to background noise with gaps 395 
produces learning in control animals (Green et al., 2016). Here, we tested whether the 396 
plasticity induced by these short periods of gap-only exposure could remediate behavioral 397 
gap detection deficits induced by early hearing loss. In two additional groups, animals were 398 
earplugged or sham treated identically to the silence-exposed groups (Figure 1A, bottom). 399 
After earplug removal, both groups were placed in the testing enclosure and exposed to 400 
three one-hour sessions of background noise with intermittent gaps. At P33, P36 and P39, 401 
animals were tested for gap detection thresholds using gap-PPI of the ASR. 402 
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Across all three sessions, gap exposure significantly improved performance of earplugged 403 
animals (EPSil vs EPGap, Figure 2A, orange symbols. EPSil vs EPGap: p < 0.0002). Notably, 404 
across the sessions, remediated performance of Earplug-Gap animals was as good as that of 405 
Control-Silence animals (Figure 2A, gray circles vs orange diamonds. Mann-Whitney CtSil vs 406 
EPGap: p = 0.3). This improvement to GDTs indistinguishable from those of controls was also 407 
visible based on the best performance of individuals across sessions (Mann-Whitney EPSil vs 408 
EPGap: p < 0.05; Mann-Whitney CtSil vs EPGap: p = 0.4). Finally, there was a reduction in GDT 409 
variability with stimulus exposure, due to more animals achieving low thresholds (Levene’s 410 
test for unequal variances, EPSil vs EPGap: across sessions F(1,130) = 10.1, p = 0.002; best 411 
session F(1,42) = 7.8, p = 0.008). Thus brief stimulus exposure was sufficient to fully remediate 412 
behavioral GDTs in earplugged animals. 413 

Auditory cortical gap detection is worsened by early hearing loss 414 

Detection of short gaps as assessed by gap-PPI requires auditory cortex, as demonstrated by 415 
inactivation experiments (Ison et al., 1991; Threlkeld et al., 2008), and ACx is a known site of 416 
plasticity that reflects early auditory experience (Kral and Eggermont, 2007; Takesian et al., 417 
2009; Rosen et al., 2012). We thus tested whether GDTs in ACx neurons worsened with early 418 
earplugging, as a possible substrate for the increased behavioral GDTs. During the week 419 
following the last behavioral testing session, we recorded gap detection functions (with a 420 
carrier at each neuron’s CF) from 136 single- and multi-units in CtSil animals and 180 units in 421 
EPSil animals (details in Table 1). Figure 3 contains examples of four different gap-responsive 422 
units, to represent the variability of response types and to show different GDTs (stars). Gap 423 
detection was measured based on firing immediately following gap offset.  424 

In Silence-exposed groups, early transient hearing loss significantly worsened neural GDTs 425 
compared with controls (EPSil vs CtSil, Figure 4A, closed circles. KW ANOVA: 2

(3,517) = 36.8, p 426 
< 0.0001; Mann-Whitney EPSil vs CtSil: p < 0.0001). Plotting the distribution of neural GDTs 427 
for these two groups (Figure 4B) reveals a clear shift in earplugged animals: more cells 428 
without gap responses at the longest gap duration tested, and fewer cells with short GDTs, 429 
compared with CtSil animals (solid orange vs gray bars). The peak firing rates used to 430 
calculate these GDTs increase with longer gaps (Figure 4E; 2-way ANOVA, main effect of gap 431 
duration: F(3,8) = 44.1, p < 0.0001), as the response fully recovers from the response to the 432 
leading tone burst (Eggermont, 2000). Earplugged animals had reduced cortical firing 433 
following gap offset compared with controls (Figure 4E; 2-way ANOVA, main effect of group: 434 
F(3,8) = 61.5, p < 0.0001; Bonferroni posthoc EPSil vs CtSil: p < 0.0001). Earplugged animals 435 
also had a marginally smaller dynamic range of response than control animals, as seen by 436 
comparing peak firing rates at shortest versus longest gaps (solid orange vs gray bars; 437 
Mann-Whitney EPSil vs CtSil: p = 0.09). Both these elements of peak firing to gap offset 438 
would contribute to the higher GDTs in earplugged animals.  439 

Auditory cortical gap detection is fully remediated by brief stimulus exposure 440 

Cortical gap detection functions were also measured in stimulus-exposed animals following 441 
the last behavioral session (88 single- and multi-units in EPGap animals and 117 units in CtGap 442 
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animals; details in Table 1). Cortical GDTs from stimulus-exposed earplugged animals were 443 
better than those of unexposed earplugged animals  (Figure 4A, orange symbols. Mann-444 
Whitney EPSil vs EPGap: p < 0.0001). This was a full remediation, as the GDTs did not differ 445 
from those of unexposed control animals (Figure 4A, gray circle vs orange diamond. Mann-446 
Whitney CtSil vs EPGap: p = 0.7). Brief stimulus exposure also shifted the distribution of GDTs 447 
in earplugged animals, reducing the number of cells without gap responses at the longest 448 
gap duration tested, and increasing the number of cells with sensitive GDTs (Figure 4C, solid 449 
vs open bars). This shift was accompanied by a change in the peak firing rates used to 450 
calculate GDT (Figure 4F). Stimulus exposure increased the cortical firing following gap 451 
offset (Bonferroni posthoc EPSil vs EPGap: p < 0.0001), and increased the dynamic range of 452 
response across gap durations, based on comparing peak firing rates at shortest versus 453 
longest gaps (Figure 4F, solid vs open bars; Mann-Whitney EPSil vs EPGap: p < 0.0002).  454 

It has been shown that the cortical responses at gap offset directly influence gap detection 455 
measured by gap-PPI (Weible et al., 2014). Thus a model trained with these responses should 456 
reflect behavioral gap detection thresholds, showing poorer detection at shorter gaps. 457 
Furthermore, the performance of that model should follow the behavioral shifts seen across 458 
the experimental groups: worsening with earplugging and improving with stimulus 459 
exposure. To test these predictions, we used an ideal observer model to determine how well 460 
the combined information across the population of neural units could discriminate between 461 
gap and no-gap trials, and whether this population discrimination performance predicted 462 
behavioral differences across the groups. Here, we compared the ideal observer’s ability to 463 
detect gaps of varying durations, for each of the four groups (Figure 4D). As suggested by 464 
the behavior, the model predicts greater error distinguishing short gap responses from no-465 
gap responses, for all groups. The model further predicts greater errors detecting short 466 
duration gaps (< 15ms) in the EPSil group than in controls and remediated groups. The model 467 
is thus consistent with behavioral gap detection abilities across the experimental groups. 468 

Temporal coding elements in cortical neurons are worsened by early hearing loss, and fully 469 
remediated by brief stimulus exposure 470 

Early auditory deprivation is known to impair aspects of temporal processing aside from gap 471 
detection both behaviorally and in auditory cortical neurons (Rosen et al., 2012; Caras and 472 
Sanes, 2015). We thus expected earplugging to more broadly affect cortical temporal 473 
processing elements, and examined whether brief stimulus exposure would shift those 474 
elements to control levels. We measured first spike latency (FSL) and FSL jitter across trials 475 
in response to the onset burst of the gap stimuli. Both FSL and FSL jitter were increased by 476 
earplugging (EPSil vs CtSil, Figure 5A and B, closed circles, FSL KW ANOVA: 2

(3,517) = 29.2, p < 477 
0.0001; Mann-Whitney EPSil vs CtSil: p < 0.002; FSL Jitter KW ANOVA: 2

(3,517) = 48.8, p < 478 
0.0001; Mann-Whitney EPSil vs CtSil: p < 0.0003). Stimulus exposure reduced both FSL and 479 
FSL jitter (Figure 5A and B, orange symbols, Mann-Whitney EPSil vs EPGap: FSL p < 0.0001, 480 
FSL Jitter p < 0.0001). Stimulus exposure fully remediated earplugged animals’ FSLs to 481 
control levels, but improved FSL jitter to a precision even better than that of controls (Figure 482 
5A and B, gray circles vs orange diamonds, Mann-Whitney CtSil vs EPGap: FSL p = 0.6, FSL 483 
Jitter p < 0.02).  484 
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We tested whether the effects of earplugging and stimulus exposure affected general 485 
temporal processing in highly gap-sensitive neurons, i.e. the subset with GDTs at or below 486 
10ms. This included 65, 52, 46 and 68 neurons respectively in CtSil, EPSil, EPGap and CtGap 487 
animals. All of the relationships described above for the population of cells were maintained 488 
in this subset of cells. Both FSL and FSL jitter were increased by earplugging (EPSil vs CtSil, 489 
Figure 5C and D, closed circles, FSL KW ANOVA: 2

(3,227) = 22.7, p < 0.0001; Mann-Whitney 490 
EPSil vs CtSil: p < 0.004; FSL Jitter KW ANOVA: 2

(3,227) = 33.3, p < 0.0001; Mann-Whitney EPSil 491 
vs CtSil: p < 0.007). Stimulus exposure reduced FSL and FSL jitter (Figure 5C and D, orange 492 
symbols, Mann-Whitney EPSil vs EPGap: FSL p < 0.0005, FSL Jitter p < 0.0001). Finally, 493 
stimulus exposure fully remediated earplugged animals’ FSLs to control levels, and improved 494 
FSL jitter to a precision better than that of controls (Figure 5C and D, gray circles vs orange 495 
diamonds, Mann-Whitney CtSil vs EPGap: FSL p = 0.3, FSL Jitter p < 0.008).  496 

General response properties in cortical neurons are altered by early hearing loss, and fully 497 
remediated by brief stimulus exposure 498 

Non-temporal elements of cortical auditory processing can also be altered by early auditory 499 
deprivation (Takahashi et al., 2006; Rosen et al., 2012). We thus quantified the effects of 500 
early deprivation on basic cortical response properties in our animals, then assessed 501 
whether brief stimulus exposure returned these response properties to control levels. These 502 
properties were assessed from rate-level functions collected from the majority of cortical 503 
units used for gap measurements (CtSil n = 135, EPSil n = 177, EPGap n = 87, CtrGap n = 111), 504 
and are depicted in Figure 6. All groups had somewhat more monotonic than nonmonotonic 505 
cells, but the proportions were not affected by treatment (Figure 6A, chi-square test: 2 = 506 
2.07, p = 0.7). Dynamic range and threshold (both sound level and firing rate at that level) 507 
were reduced by earplugging and remediated to control levels by brief stimulus exposure 508 
(Dynamic range, Figure 6B: KW ANOVA: 2

(3,506) = 10.1, p = 0.018; Mann Whitneys, EPSil vs 509 
CtSil: p < 0.05; EPSil vs EPGap: p < 0.04; CtSil vs EPGap: p = 0.6. Threshold dB, Figure 6C: KW 510 
ANOVA: 2

(3,506) = 34.0, p < 0.0001; Mann Whitneys, EPSil vs CtSil: p < 0.0001; EPSil vs EPGap: 511 
p < 0.0001; CtSil vs EPGap: p = 0.99. Threshold firing rate, Figure 6D: KW ANOVA: 2

(3,506) = 512 
9.8, p = 0.021; Mann Whitneys, EPSil vs CtStil: p < 0.02; EPSil vs EPGap: p < 0.009; CtSil vs 513 
EPGap: p = 0.64). Both spontaneous and evoked firing rates (measured in response to the 514 
onset burst of the gap stimuli) were decreased by earplugging and remediated to control 515 
levels or better (Spontaneous firing rate, Figure 6E: KW ANOVA: 2

(3,517) = 45.0, p < 0.0001 ; 516 
Mann Whitneys, EPSil vs CtSil: p < 0.0001; EPSil vs EPGap: p < 0.0001; CtStil vs EPGap: p = 517 
0.19. Evoked firing rate, Figure 6F: KW ANOVA: 2

(3,517) = 49.8, p < 0.0001 ; Mann Whitneys, 518 
EPil vs CtSil: p < 0.0001; EPSil vs EPGap: p < 0.0001; CtSil vs EPGap: p < 0.002). Thus early 519 
deprivation has effects on a range of basic response properties, all of which are effectively 520 
remediated by brief exposure to gap stimuli. 521 

Neurons responsive to the bandpass noise used in the behavioral tests also demonstrate effects 522 
of early hearing loss and remediation by brief stimulus exposure 523 

We performed a more direct test to assess the neural substrate for the behavioral changes 524 
in GDTs. Gap detection functions with a bandpass noise carrier were obtained from the 525 
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subset of units that were responsive to this noise (equivalent to that used for the behavioral 526 
testing). This yielded 73, 70, 61 and 61 units respectively in CtSil, EPSil, EPGap and CtGap 527 
animals. All changes visible with tone-carrier GDTs were also present with noise carriers. 528 
Early transient hearing loss significantly worsened neural GDTs, and stimulus exposure 529 
remediated GDTs to control levels (Figure 7A, KW ANOVA: 2

(3,261) = 37.6, p < 0.0001; Mann-530 
Whitneys, EPSil vs CtSil, closed circles: p < 0.0001; EPSil vs EPGap, orange symbols: p < 531 
0.0001; CtSil vs EPGap, gray circle vs orange diamond: p = 0.6). As seen for tone-carrier GDTs, 532 
the distribution of noise-carrier GDTs shifted with earplugging to more gap-insensitive and 533 
fewer gap-sensitive cells, and shifted back with stimulus exposure (Figure 7B). The dynamic 534 
range of peak firing rates after gap offsets (calculated by comparing peak firing rates at 535 
shortest versus longest gaps) shifted by treatment similarly to tone-carrier GDTs. 536 
Earplugged animals had a smaller dynamic range of gap response than control animals, but 537 
stimulus exposure increased this dynamic range to a level not different from controls (data 538 
not shown; Mann-Whitney EPSil vs CtSil: p < 0.004, EPSil vs EPGap: p < 0.0015; CtSil vs EPGap: 539 
p = 0.4). The performance of the ideal observer model with noise-carrier GDTs was in 540 
agreement with its performance for tone-carrier GDTs (Figure 7E): greater error 541 
distinguishing short gap responses from no-gap responses, for all groups, and greater errors 542 
detecting short duration gaps (< 15ms) in the EPSil group than in controls and remediated 543 
groups. Finally, the general temporal processing changes seen with onset responses to tone 544 
carriers was recapitulated with noise carriers (Figure 7C and D): both FSL and FSL jitter 545 
increased with earplugging, and remediation decreased both measures to levels that did not 546 
differ from those of controls (FSL: KW ANOVA: 2

(3,261) = 26.1, p < 0.0001. Mann Whitneys, 547 
EPSil vs CtSil: p < 0.0004; EPSil vs EPGap: p < 0.015; CtSil vs EPGap: p = 0.9. FSL Jitter: KW 548 
ANOVA: 2

(3,261) = 28.8, p < 0.0001. Mann Whitneys, EPSil vs CtSil: p < 0.002; EPSil vs EPGap: p 549 
< 0.0002; CtSil vs EPGap: p = 0.1). It was not possible to assess whether this relationship also 550 
existed for the subset of highly gap-sensitive cells, because the earplugged group did not 551 
have enough sensitive cells to contribute to the analysis, as can be seen in the distribution of 552 
GDTs in Figure 7B. 553 

Effects of brief stimulus exposure on control animals 554 

Behaviorally, stimulus exposure did not significantly improve GDTs for control animals, but 555 
did significantly reduce GDT variability in controls, due to more animals achieving low 556 
thresholds. This was the case both across sessions and for best performance (Figure 2, gray 557 
symbols. Levene’s test for unequal variances, CtSil vs CtGap: across sessions F(1,121) = 12.6, p = 558 
0.0006; best session F(1,39) = 8.3, p = 0.006). This reduction in variance with stimulus 559 
exposure also occurred in the earplugged animals (Figure 2, orange symbols). 560 

In control animals, neural GDTs did not significantly differ after stimulus exposure, despite 561 
median values shifting slightly lower (Figure 4, gray symbols Mann Whitney, CtSil vs CtGap: p 562 
= 0.47). Some basic encoding elements were affected by stimulus exposure, including 563 
threshold dB and spontaneous firing rates (Figure 6C and E, Mann Whitney, threshold dB: 564 
CtSil vs CtGap p < 0.03; spontaneous FR: CtSil vs CtGap p < 0.005). However, there was a 565 
strong effect of stimulus exposure on general temporal processing in control animals. 566 
Similar to earplugged animals, FSL and FSL jitter in controls were affected by stimulus 567 
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exposure. Notably, stimulus exposure improved both FSL and FSL jitter to a precision even 568 
better than that of controls (Figure 5A and B, gray symbols, Mann-Whitney, CtSil vs CtGap: 569 
FSL p < 0.03, FSL Jitter p < 0.007). The same effects were present in highly gap-sensitive 570 
neurons, i.e. the subset with GDTs at or below 10ms. Stimulus exposure reduced both FSL 571 
and FSL jitter to precisions better than those of controls (Figure 5C and D, gray symbols, 572 
Mann Whitney, CtSil vs CtGap: FSL p < 0.03, FSL Jitter p < 0.006).  573 

 574 

Discussion 575 

We have demonstrated that transiently depriving animals of auditory experience during a 576 
critical window of development impaired the perception of short gaps. This loss of 577 
sensitivity was reflected by higher GDTs across ACx neurons, and fewer neurons with 578 
sensitive GDTs. Early transient hearing loss thus induced CNS dysfunction which manifested 579 
in perceptual problems outlasting the period of deprivation. The deprivation had broad 580 
effects on ACx response properties, including firing precision, first spike latency, response 581 
magnitude, dynamic range, and response threshold. In an attempt to rescue these deficits, 582 
control and deprived animals were passively exposed to three brief sessions of gaps in noise 583 
within a small enclosure, and compared with animals exposed to silence. Gap exposure fully 584 
restored behavioral GDTs to control levels in deprived animals. Concurrently, all cortical 585 
response properties that were shifted by deprivation were restored to control levels. 586 

The auditory deprivation was constrained to a time window where transient deprivation 587 
disrupts intrinsic and synaptic properties in ACx (Mowery et al., 2015), suggesting behavioral 588 
consequences for percepts (i.e., gap detection) that rely on cortex. We have shown that 589 
deprivation during this window impairs neural and behavioral GDTs and has widespread 590 
effects on cortical response properties. These neural shifts could underlie a wider range of 591 
perceptual deficits known to arise from early hearing loss, including AM and FM detection 592 
(Halliday and Bishop, 2006; Rosen et al., 2012; Buran et al., 2014; von Trapp et al., 2016). As 593 
our manipulation was confined to a short developmental window, the deficits seen here 594 
may contribute to speech and language delays experienced by children with transient 595 
hearing loss arising from recurrent otitis media. 596 

Early remediation of these deficits is critical, because early deficits predict later problems 597 
that can be long-lasting. In children with congenital hearing loss, language outcomes and 598 
cortical latencies correlate with the age of cochlear implantion (Sharma et al., 2007; Levine 599 
et al., 2016). Language delays can be predicted from early temporal processing ability, 600 
including gap detection (Trehub and Henderson, 1996; Benasich and Tallal, 2002; Benasich et 601 
al., 2006; Muluk et al., 2011), indicating a need for early intervention. Extensive training 602 
regimens are effective for children with language problems (Gaab et al., 2007), but are time-603 
consuming and require extensive engagement. The effectiveness of our brief stimulus 604 
exposure suggests the possibility of rescue by an efficient remediation regime. Perceptual 605 
training with basic auditory cues can improve language perception (Lakshminarayanan and 606 
Tallal, 2007). This, along with our rescue of cortical responses, indicates that brief stimulus 607 
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exposure has the potential to improve not only gap detection, but also more general deficits 608 
in auditory processing. 609 

Impaired gap perception and neural coding: mechanisms of transient binaural deprivation 610 

Transient early deprivation is infrequently studied, despite its greater clinical relevance to 611 
otitis media than extended manipulations. Early transient unilateral deprivation revealed 612 
cortical deficits in binaural integration (Polley et al., 2013), and transient early binaural 613 
deprivation induced behavioral deficits in modulation detection (Caras and Sanes, 2015). Our 614 
findings are consistent with these studies. Other manipulations that induce early 615 
deprivation, from congenital deafness to rearing in constant noise, have similar effects on 616 
sound-evoked responses in both cortex and inferior colliculus (IC) to those observed here: 617 
reduced firing rates, increased latencies, and reduced dynamic range (Klinke et al., 1999; 618 
Shepherd et al., 1999; Takahashi et al., 2006; Sharma et al., 2007; Gao et al., 2009; Vollmer 619 
and Beitel, 2011). Changes to cortical and/or collicular circuitry and intrinsic neural properties 620 
could reduce firing rates. Early deprivation reduced current injection-evoked cortical firing 621 
rates (Mowery et al., 2015), and altered neurotransmitter release of inhibitory and excitatory 622 
afferents in the IC and ACx, causing a smaller response to the second of two stimuli on a 623 
timescale similar to our stimuli (Vale and Sanes, 2002; Xu et al., 2007; Takesian et al., 2010). 624 
These effects likely reduced the gap offset response (i.e., response to the second stimulus) 625 
(Figure 4E). Although deprivation reduces inhibitory strength in both ACx and IC (Vale et al., 626 
2003; Takesian et al., 2012), this seems insufficient to overcome the effects of increased 627 
short term depression and reduced intrinsic excitability on the gap offset response. 628 

In thalamocortical slice preparations, thalamic-evoked EPSP latencies and jitter are both 629 
increased (Xu et al., 2007), which may explain the increased first-spike latencies and jitter 630 
shown here. Longer latencies and reduced firing precision should disrupt a wide range of 631 
percepts that rely on precise timing. The gap-offset response relies on timing of inhibitory 632 
and excitatory inputs onto cortical cells (Weible et al., 2014), so delayed or imprecise inputs 633 
could affect temporal summation and reduce the postsynaptic response. This temporal 634 
imprecision may arise prior to ACx. For example, there is impaired gap coding in the IC of 635 
aged mice that matches the raised GDTs seen during aging (Walton et al., 1998; Allen et al., 636 
2003). However, at a functional level, animals raised with earplugs akin to this study (P11-637 
P23) had normal ABRs when tested at the timepoint of our neural recordings. Both ABR 638 
amplitudes and latencies of waves measuring activity from the auditory nerve through IC 639 
inputs (Boettcher, 2002) were identical to controls (Caras and Sanes, 2015). Based on these 640 
measures, early deprivation did not functionally alter auditory brainstem regions, though 641 
higher resolution recordings are needed to confirm this. 642 

The altered cortical responses may not exclusively impair perception, but they should 643 
contribute because cortical activity immediately following gaps is causally related to gap 644 
detection. Optogenetic activation of pyramidal cells at gap offset improved behavioral GDTs, 645 
while activation of inhibitory cells worsened detection (Weible et al., 2014). We quantified 646 
cortical GDT based on the response magnitude following gap offset knowing that this drives 647 
behavioral detection. Gap offset responses were smaller after deprivation, which resulted in 648 
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fewer cells with short GDTs (Figure 4B,E). From the perspective of population coding, a 649 
smaller proportion of neurons with short GDTs should degrade gap detection. The ideal 650 
observer model supports this idea, showing worse detection for the cell population with 651 
fewer short GDTs. As an extension, the poorer gap detection abilities seen in juvenile or 652 
aged individuals may be attributable to fewer neurons with low GDTs, as demonstrated in 653 
those groups (Barsz et al., 2002; Zhao et al., 2015). 654 
 655 
Mechanisms of remediation: brief stimulus exposure rescues gap detection 656 

Stimulus exposure occurred after the developmental time window where transient 657 
deprivation induced cortical changes or perceptual deficits (Caras and Sanes, 2015; Mowery 658 
et al., 2015). Despite this, three one-hour sessions of exposure to gaps were sufficient to 659 
fully remediate the behavioral and neural deficits arising from early deprivation. This is 660 
unexpected because beyond critical periods, active attention is usually necessary for 661 
remediation, and even extended periods of passive exposure typically have little effect 662 
(Keuroghlian and Knudsen, 2007; Zhou and Merzenich, 2009; Benasich et al., 2014). Auditory 663 
deprivation may have extended the critical period. This may explain one counterexample, 664 
where constant tone burst exposure for a month following early deprivation improved ACx 665 
gap detection, though not to control levels (Jiang et al., 2015). While our earplugging may 666 
have extended the critical period, we found that stimulus exposure changed response 667 
properties and improved GDTs even in control animals (Green et al., 2016). The reduced 668 
efficacy of exposure in controls may be attributable to ceiling effects in performance or 669 
neural response elements. Nevertheless, the timing of remediation immediately following 670 
transient deprivation may have contributed to its efficacy, and it remains to be studied 671 
whether remediation in adulthood is effective. 672 

The improvement induced by stimulus exposure indicates that implicit learning has 673 
occurred. Non-explicit stimulus elements, such as statistical structure in language, are 674 
naturally learned during development. For example, 9- but not 6-month-olds prefer words 675 
with their native language stress pattern (Jusczyk et al., 1993). Even in adults, statistical 676 
structure of language or tone sequences can be learned during unattended exposure in an 677 
experimental setting (Saffran et al., 1999). Rather than exposure being purely passive, task 678 
performance may create a sensitized state in which sensory stimulation induces learning 679 
(Seitz and Dinse, 2007; Wright and Zhang, 2009). For example, unattended stimuli were 680 
learned when presented in conjunction or alternation with attended stimuli, but not when 681 
passively presented (Seitz and Watanabe, 2003; Wright et al., 2015). Furthermore, learning 682 
unattended stimuli during task performance correlated with rapid EEG plasticity in ACx 683 
(Andrillon et al., 2015). This suggests involvement of the mechanisms underlying associative 684 
learning, where stimulating cholinergic nucleus basalis (NB) afferents to cortex modifies ACx 685 
response properties (Metherate and Ashe, 1993; Edeline et al., 1994; Kilgard and Merzenich, 686 
1998) and improves sensory perception (Bieszczad et al., 2013; Froemke et al., 2013). Our 687 
stimulus exposure, via isolation in a small enclosure, may have induced heightened arousal 688 
or stress, which would activate amygdalar inputs to NB (Russchen et al., 1985; McGaugh et 689 
al., 2002), allowing acetylcholine in ACx to remodel cortical activity (Letzkus et al., 2011; Pi et 690 
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al., 2013), leading to improved performance. Separately, it has been shown that early in the 691 
critical period, a brief (~5 min) noise pulse exposure reduced inhibitory duration and 692 
improved ACx temporal resolution (Cai et al., 2017). Such early inhibitory plasticity could 693 
explain our results if earplugging sufficiently extended the critical period, although the 694 
effect in our controls and in Green et al., 2016 suggests that additional mechanisms may be 695 
involved. 696 

The nature of the exposure stimuli may contribute to implicit learning and cortical 697 
remodeling. The statistical structure of stimuli can shape perception and tune cortical 698 
responses (Bao, 2015). For example, extended exposure to sound sequences created 699 
combination-sensitive neurons responsive to these sequences (Nakahara et al., 2004). This 700 
implies that more complex sound exposure may improve degraded perception by allowing a 701 
wider range of tuning properties. Exposing the deprived animals to gaps ranging from 2-702 
30ms increased the number of gap-sensitive cells. The shifts in cortical representation and 703 
perceptual acuity match the statistics of the exposure stimuli, and are consistent with 704 
statistical learning. However, ACx response properties beyond GDTs also improve, which 705 
may improve detection of other stimuli. Alternatively, any stimulus exposure may have been 706 
sufficient to remediate gap detection and ACx responses in deprived animals. For example, 707 
exposure of noise-reared animals to an enriched acoustic environment rescued deprivation-708 
induced deficits (Zhu et al., 2014). Although the mechanisms and parameters of stimulus 709 
exposure need further study, the remediation seen here indicates the potential of this 710 
approach as an efficient therapeutic tool to remediate auditory processing deficits. 711 
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 926 

Figure Legends 927 

Figure 1: Experimental design and attenuation induced by earplugs. (A) Earplug-Gap and 928 
Earplug-Silence animals were earplugged from P11-P24, while Control-Gap and Control-929 
Silence were sham-treated. On P24, P27 and P30, Silence groups were placed in the ASR 930 
testing apparatus for 1-hour sessions with no auditory stimuli, while Gap groups were 931 
exposed to 1-hour sessions of bandpass noise with intermittent gaps (the same stimulus set 932 
used for gap-PPI testing but without the startle stimulus). On P33, P36 and P39, all groups 933 
were behaviorally tested for gap detection thresholds in 1-hour sessions. Each animal 934 
underwent cortical recordings on one of the subsequent 8 days. (B) ABR thresholds with 935 
and without bilateral earplugs, showing earplug-induced attenuation of ~15-35dB. Animals 936 
were raised with normal hearing experience, and baseline ABRs were measured at P30. 937 
Immediately after baseline recordings, earplugs were inserted bilaterally and ABRs were re-938 
measured. Thresholds were quantified as the lowest level to elicit a visible response. 939 
 940 
Figure 2: Behavioral gap detection thresholds are worsened by early hearing loss, and 941 
remediated to control levels by stimulus exposure. (A) Gap detection thresholds for each 942 
animal over each of three sessions. (B) Best gap detection threshold per animal across all 943 
tested sessions.  Across all sessions and for the best session, Earplugged animals had higher 944 
thresholds than Controls (left, EPSil vs CtSil). Stimulus exposure improved thresholds (EPSil 945 
vs EPGap), and these remediated thresholds were as good as those of controls (CtSil vs 946 
EPGap). In non-EP animals, gap exposure reduced the variability of detection thresholds due 947 
to fewer animals with high thresholds (CtSil vs CtGap). Wide blue bars: medians across 3 948 
sessions for each group. Thin blue bars: Median for each session or group. NT = no threshold, 949 
indicating that the longest gap presented (30ms) was not detected. ***: planned 950 
comparisons, p < 0.0002. ◊: unequal variance, p < 0.005. 951 
 952 
Figure 3: Examples of ACx neuron response types to gaps in tones. The four panels depict 953 
examples of neurons classified as (A) phasic onset without a sustained response, (B) phasic 954 
onset with a sustained response, (C) nonphasic onset without a sustained response, and (D) 955 
nonphasic onset with a sustained response. PSTHs show responses to 20 trials of tones with 956 
gaps inserted at 300ms, for gap durations ranging from 50ms to 0ms. Gray regions overlying 957 
each PSTH represent the time course of the two tone bursts and the gap between them. 958 
Stars indicate the shortest gap duration at which a response was detected. The neurons 959 
from the four panels were from EPSil, CtSil, CtGap, and EPGap groups, respectively, although 960 
there was no pattern of response type based on group (see Table 1). 961 
 962 
Figure 4: Cortical gap detection thresholds are worsened by early hearing loss, and 963 
remediated to control levels by stimulus exposure. (A) Median gap detection thresholds 964 
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(with 95% confidence intervals). (B) For silence-exposed animals, distribution of GDTs of 965 
groups with and without earplugs, showing that the difference in median GDT reflects 966 
earplugged animals having fewer cells with low GDTs and more cells with high GDTs. (C) For 967 
earplugged animals, distribution of GDTs of groups with and without stimulus exposure, 968 
showing that the difference in median GDT reflects remediated animals having more cells 969 
with low GDTs and fewer cells with high GDTs. (D) The function generated by an ideal 970 
observer model plots the error made by the model for correctly detecting gaps of specific 971 
durations, based on the firing rate in the window immediately following the gap. The ideal 972 
observer model predicts reduced sensitivity with increasing gap durations. Furthermore, for 973 
short gap durations below 15 ms, the ideal observer model reveals poorer performance for 974 
the EPSil neurons compared with the other three groups. Error bars are SEM based on 100 975 
runs of the model. (E and F) Across gap durations, boxplots of peak firing rates (FR) within 976 
the time window following each gap, allowing comparisons between (E) CtrSil and EPSil 977 
groups and (F) EPSil and EPGap groups. These peak firing rates are the values used to 978 
generate the analyses in A-D. Planned comparisons: *** p < 0.0002. 979 
 980 
Figure 5: Temporal coding is altered by early hearing loss, and remediated to control levels 981 
by stimulus exposure. First spike latencies and the precision of first spikes were measured 982 
from responses to the initial tone burst of GDT functions. FSLs and FSL jitter are depicted 983 
across groups for (A and B) all neurons and (C and D) neurons with high sensitivity to gaps 984 
(GDTs  10ms). For both all cells and sensitive cells, FSLs and FSL jitter were increased by 985 
earplugging. FSL was remediated to levels not different from those of controls, while FSL 986 
jitter in earplugged animals was better than that of controls after remediation. Finally, FSL 987 
jitter was improved by stimulus exposure even in control animals. Planned comparisons: * p 988 
< 0.03; ** p < 0.008; *** p < 0.0005. All plots show medians with 95% confidence intervals. 989 
 990 
Figure 6: Basic stimulus response properties are altered by early hearing loss, and 991 
remediated to control levels by stimulus exposure. (A) Proportions of monotonic and 992 
nonmonotonic cells do not differ across groups. (B) Dynamic range of neural responses 993 
(calculated from rate-level functions) was reduced by earplugs and improved by stimulus 994 
exposure to levels that did not differ from those of controls. (C) Despite removal of earplugs 995 
14 days earlier and normal ABR thresholds and amplitudes, individual cortical threshold 996 
levels were higher in earplugged animals and returned to levels not different from controls 997 
after stimulus exposure. This was accompanied by (D) reduced threshold firing rates in 998 
earplugged animals, which returned to levels not different from controls after stimulus 999 
exposure. This phenomema of reduced and remediated firing rates was recapitulated in 1000 
both (E) spontaneous firing rate during baseline and (F) evoked firing rate during responses 1001 
to the initial tone burst from GDT functions. Line-symbol plots show medians with 95% 1002 
confidence intervals. Planned comparisions: * p < 0.05; ** p < 0.009; *** p < 0.0001. 1003 
 1004 
Figure 7: Neurons responsive to bandpass noise also demonstrate effects of hearing loss 1005 
and remediation. (A) Median gap detection thresholds across groups. (B) Distributions of 1006 
GDTS for CtSil, EPSil, and EPGap groups, showing that EPSil animals have fewer cells with 1007 
low GDTs and more with high GDTs than control or remediated animals. (C) FSL and (D) FSL 1008 



 

 26 

jitter were both increased by earplugging and were remediated by stimulus exposure to 1009 
levels not different from those of controls. (E) The function generated by an ideal observer 1010 
model plots the error made by the model for correctly detecting gaps of specific durations. 1011 
The model predicts reduced sensitivity with increasing gap durations. Furthermore, for short 1012 
gap durations, the ideal observer model reveals poorer performance for the EPSil neurons 1013 
compared with the other three groups. Error bars are SEM based on 100 runs of the model. 1014 
Line-symbol plots in other panels show medians with 95% confidence intervals. Planned 1015 
comparisions: * p < 0.01; ** p < 0.002; *** p < 0.0004. 1016 
 1017 
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Table 1: Numbers and proportions across treatment groups of single- and multi-unit 
recordings, and of units categorized based on response to 200ms tone at CF. Comparisons 
of neural gap detection thresholds 1) for each of the 4 categories and 2) separately for 
single- and multi-units. 
 

 SUs MUs Phasic NonPhasic Sustained NonSustained 

Overall N 203 318 339 182 337 184 

% CtSil 37% 63% 54% 46% 57% 43% 
% EPSil 34% 66% 66% 34% 72% 28% 

% EPGap 40% 60% 64% 36% 75% 25% 
% CtGap 51% 49% 77% 23% 55% 45% 

 Neural GDT comparisons:

KW ANOVA 
2

(3,199)=23.8 
p < 0.0001

2
(3,314)=19.8 

p < 0.0003
2

(3,335)=21.5 
p < 0.0001 

2
(3,178)=17.4 

p < 0.0006 

2
(3,333)=15.6 

p < 0.002 

2
(3,180)=26.3 

p < 0.0001 

CtSil v EPSil p < 0.001 p < 0.0002 p < 0.0001 p < 0.0003 p < 0.02 p < 0.0004 
EPSil v EPGap p < 0.0004 p < 0.005 p < 0.003 p < 0.002 p < 0.0002 p = 0.05 
CtSil v EPGap p = 0.24 p = 0.83 p = 0.996 p = 0.72 p = 0.11 p = 0.29 

 
 
 
 
 
 
 
 


