
 
AUDITORY SPLASH  

September 8. 2018. 
University of Pennsylvania 

 
 

 

1/17 
 

WELCOME TO AUDITORY SPLASH 2018! 
 

September 8, 2018 
University of Pennsylvania 

Jordan Medical Education Center 
5th Floor Smilow Center for Translational Research 

 
 

We extend our sincere appreciation to our sponsors: 
 

Penn Department of Otorhinolaryngology 
 

Penn MINDCORE 
 

Penn Mahoney Institute for Neurosciences 
 

Computational Neuroscience Initiative at Penn 
 

 
And to Mary Hamburg and Dr. Linda Garami who helped us organize the meeting. 

 
 

Organizers: Maria N. Geffen,  Steven J. Eliades, Yale E. Cohen 
Department of Otorhinolaryngology 

University of Pennsylvania 
Philadelphia, PA 

  



 
AUDITORY SPLASH  

September 8. 2018. 
University of Pennsylvania 

 
 

 

2/17 
 

Jordan Medical Education Center 
5th Floor Smilow Center for Translational Research 

 
 

8:30am – 9:15am  Breakfast 
9:15am – 9:30am  Welcome 
 
9:30am – 9:50am  Caroline Runyan, University of Pittsburgh 
 Distinct timescales of population coding across cortex 
 

9:55am – 10:15am  Ross Williamson, MEEI/Harvard University 
 Synergistic processing of stimulus- and state-dependent features in two corticothalamic cell types 
 

10:20am – 10:40am  Kasia Bieszczad, Rutgers University 
 An epigenetic role for long-term memory of precise sounds 
 
10:45am – 11:05am  a.m. break 
 
11:10am – 11:30am  Ioana Carcea, New York University 
 Social Transmission of Maternal Behavior via Oxytocin Neuromodulation in the Auditory Cortex 
 

11:35am – 11:55am  Antje Ihlefeld, New Jersey Institute of Technology 
 Informational Masking  
 
Noon    Lunch 
12:45pm – 1:30pm  Posters 
 
1:30pm – 1:50pm  Srivatsun Sadagopan, University of Pittsburgh 
 Optimal features for auditory recognition 
 

1:55pm – 2:20pm  Anne Takesian, MEEI/Harvard University 
 Inhibitory circuit gating of auditory cortical plasticity 
 

2:25pm – 2:45pm  Steve Eliades, University of Pennsylvania 
 Role of the Auditory Cortex in Vocal Production 
 
2:50pm – 3:10pm  p.m. break 
 
3:15pm – 3:35pm  Kishore Kuchibhotla, Johns Hopkins University 
 Dissociating task acquisition from expression reveals latent knowledge during learning 
 

3:40pm – 4:00pm  Melissa Caras, New York University 
 Neural variability limits adolescent skill learning 
 

4:05pm – 4:25pm  David Schneider, New York University 
 A cortical circuit for anticipating self-generated sounds 
 
4:25pm   Happy hour/Posters 
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ABSTRACTS 
 
 

 
TALKS 

 
 
1. Distinct timescales of population coding across cortex 
Caroline Runyan, University of Pittsburgh 
The cortex represents information across widely varying timescales. For instance, primary auditory cortex encodes 
stimuli that fluctuate over milliseconds, whereas in association cortex behavioral choices can require the maintenance 
of information over seconds I will discuss our recent findings that population codes are essential to achieve long and 
diverse coding timescales, and that codes differ fundamentally between sensory and association cortices. We compared 
coding for sensory stimuli and behavioral choices in auditory cortex (AC) and posterior parietal cortex (PPC) as mice 
performed a sound localization task. Although both regions coded information by tiling in time neurons that were 
transiently informative for less than ~200 milliseconds, the areas had major differences in functional coupling between 
neurons, measured as activity correlations that could not be explained by task events. Coupling among PPC neurons 
was strong, extended over long time lags, and contributed to a long timescale population code characterized by 
consistent representations of choice lasting over two seconds. In contrast, coupling among AC neurons was weak, 
shorter-lived, and resulted in moment-to-moment fluctuations in stimulus and choice information. Our results suggest 
that population coupling is a variable property that affects the timescale of information coding. Finally, I will discuss 
plans for my future work, to study communication between auditory and other cortical networks, and the circuit 
mechanisms underlying its modulation by behavioral context and brain state. 
 
 
2. Synergistic processing of stimulus- and state-dependent features in two corticothalamic cell types 
Ross Williamson, MEEI/Harvard University 
Neurons in the deep layers of the auditory cortex give rise to a massive subcortical projection that innervates all levels 
of the central auditory pathway as well as non-auditory areas including the amygdala and striatum. Of these, L5 and 
L6 corticothalamic neurons feature distinct morphology, connection patterns, intrinsic membrane and synaptic 
properties, yet little is known about how these differences relate to sensory selectivity in vivo. In this talk, I will 
describe recent efforts to record activity from ensembles of L5 and L6 corticothalamic neurons, to characterize their 
sensory selectivity, and to understand their functional connectivity. I will show that each class of corticothalamic 
neuron performs distinct operations on internal and external signals, which likely impart distinct effects on their 
subcortical targets. 
 
 
3. An epigenetic role for long-term memory of precise sounds 
Kasia Bieszczad, Rutgers University 
Neurobiological substrates of memory involve epigenetic mechanisms like chromatin modification that influence gene 
expression in the adult brain. Our recent discoveries in the auditory domain of memory in mammals (rodents) and 
songbirds (zebra finches) show that experience-dependent epigenetic activation at a molecular level can influence the 
systems-level "fine-tuning” of auditory cortical and subcortical responses after animals learn about sound. Under 
conditions of an epigenetically “permissive” state for gene expression, we find that animals can remember learned 
significant sounds more precisely. This provides support for an epigenetic level of control on the tuning and 
experience-dependent retuning of the auditory system with outcomes on the specificity of sound-cued behavior. Thus, 
epigenetic controls could be exploited to provide benefit for auditory rehabilitation, late-life language learning, and to 
develop the ability to listen precisely for what's significant. 
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4. Social Transmission of Maternal Behavior via Oxytocin Neuromodulation in the Auditory Cortex 
Ioana Carcea, New York University 
Maternal care is profoundly important for mammalian survival, and maternal behaviors can also be expressed by non-
biological parents after experience with infants. One critical molecular signal for maternal behavior is oxytocin, 
released by hypothalamic paraventricular nucleus (PVN) and enabling plasticity within auditory cortex for recognizing 
infant vocalizations. To determine how these changes occur during natural experience, we continuously monitored 
homecage behavior of female virgin mice co-housed for days with an experienced mother and litter, synchronized 
with in vivo recordings from virgin PVN/oxytocin neurons. Mothers engaged virgins in maternal care, by ensuring 
that virgins were in the nest and self-generating episodes of isolated pup retrievals. These social interactions activated 
virgin PVN and gated behaviorally-relevant plasticity to improve behavior and cortical responses to pup distress calls. 
Thus maternal behavior can be learned by social transmission, and our results describe a mechanism for adapting the 
newly-maternal brain to infant needs via endogenous oxytocin. 
 
 
5. Informational Masking  
Antje Ihlefeld, New Jersey Institute of Technology 
In everyday life, environmental background sound is often present. For instance, we may try to follow a conversation 
while other people talk in the background or we may try to hear out an announcement in a noisy airport. Our ability to 
ignore unwanted sound is crucial to helping us navigate these common social settings. This talk will review recent 
work of how we manage to selectively hear out sound despite competition from background sources. Evidence 
supports the idea that unwanted excessive perceptual integration can impair performance in both humans and animals. 
These results have implications for hearing aid and cochlear implant users who often struggle in situations with 
background sound. 
 
 
6. Optimal features for auditory recognition 
Srivatsun Sadagopan, University of Pittsburgh 
We recognize complex sounds such as speech accurately, reliably, and in real-time, despite the widely varying listening 
conditions in which we encounter these sounds. Using animal vocalizations as a model for complex sound perception, 
I will present recent data from my lab that shed light into some neural mechanisms underlying the brain's remarkable 
ability for complex sound processing. I will focus on the categorization of animal vocalizations (calls) in the face of 
production variability, which is the within- and between-subject variability with which communication sounds are 
produced. I will describe a new theoretical model based on information theoretic principles that can categorize calls 
optimally while generalizing across production variability. Starting from call features chosen completely at random, 
the model uses information maximization combined with a greedy search approach to select a set of most informative 
and least redundant call features that are most likely to be found across all calls belonging to a category and are least 
likely to be found outside the call category. Call categorization can be accomplished using about ten such features per 
call type. Next, I will present electrophysiological recordings from auditory cortex that suggests that single neurons in 
A1 show responses that are consistent with model-predicted optimal features. Based on these data, I will propose that 
rather than conceptualize neurons in auditory cortex as being ‘tuned’ to stimulus dimensions, we should view them as 
task-dependent feature detectors. 
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7. Inhibitory circuit gating of auditory cortical plasticity 
Anne Takesian, MEEI/Harvard University 
Circuits within the primary auditory cortex (A1) are capable of remodeling to adapt to changes in the acoustic 
environment. This plasticity can be triggered throughout life by neuromodulatory signals that convey information 
about behavioral state and outcome such as vigilance, locomotion, and the acquisition of rewards. Tapping into the 
pathways carrying these signals to A1 offers a promising avenue to enhance neural plasticity and facilitate recovery 
from hearing loss. Yet surprisingly little is known about how these treatments may drive plasticity within cortical 
circuits. Our recent studies veered us to focus on cortical layer 1 (L1), a sparse layer of inhibitory interneurons located 
directly beneath the pial surface. In this talk, I will describe a series of experiments in mouse A1 that have uncovered 
several unexpected functions of the L1 interneurons that challenge classical models of auditory cortex and revealed 
these interneurons to be essential mediators of cortical plasticity. We found that L1 interneurons in A1 are organized 
in a tonotopic map whose activity depends on both tuned thalamic and neuromodulatory inputs. Furthermore, we 
discovered that changes in the neuromodulatory recruitment of L1 interneurons trigger periods of cortical plasticity. 
These findings identify L1 interneurons as key integrators of neuromodulatory and sensory signals that alter network 
activity and promote specific plasticity. 
 
8. Role of the Auditory Cortex in Vocal Production 
Steven J. Eliades,  University of Pennsylvania 
 
Individuals with hearing loss have difficulty in acquiring and maintaining normal speech.  Even amongst those with 
normal hearing, ensuring accurate communication requires auditory self-monitoring to control vocal production and 
rapidly compensate for errors in vocal output. Despite the importance of this process, the underlying neural 
mechanisms are not understood.  Previous work has demonstrated that neurons in the auditory cortex are suppressed 
during vocal production, while simultaneously maintaining their sensitivity to vocal feedback, suggesting a role in 
auditory self-monitoring. The behavioral role of auditory cortex in vocal control, however, remains unclear. We 
investigated the function of auditory cortex during vocal self-monitoring and feedback-dependant vocal control in 
marmoset monkeys. Using real-time frequency-shifted feedback, we demonstrate that marmosets exhibit rapid 
compensatory changes in vocal production, a feedback-dependent control predicted by neural activities in auditory 
cortex. We further establish the role of auditory cortex in vocal control using electrical microstimulation to evoke rapid 
changes in produced vocalizations. Together, these findings demonstrate the causal role of auditory cortex in vocal 
self-monitoring and feedback-dependant vocal control, and have implications for the understanding of human speech 
mechanisms. 
 
9. Dissociating task acquisition from expression reveals latent knowledge during learning 
Kishore Kuchibhotla, Johns Hopkins University 
Performance on cognitive tasks during learning is used to measure intelligence, yet it remains controversial since such 
testing is susceptible to contextual factors. To what extent does performance during learning depend on the testing 
context, rather than underlying knowledge? We trained mice, rats and ferrets to examine how testing context impacts 
the acquisition of knowledge versus its expression. We interleaved reinforced trials with “probe” trials in which we 
removed access to reinforcement. Across species and tasks, stimulus discrimination performance was remarkably 
better in probe trials throughout learning and inter-animal variability in learning curves was strikingly reduced. 
Computational modeling quantitatively showed that while reinforcement is critical for learning via reward-driven 
plasticity, reinforcement also paradoxically masks acquisition of knowledge by modulating its expression. Thus, 
probing progress during learning in the absence of reinforcement uncovers latent knowledge and identifies context-
driven performance effects, and not “smartness”, as the major source of individual variability. 
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10. Neural variability limits adolescent skill learning 
Melissa Caras, New York University 
Skill learning is fundamental to the acquisition of many complex behaviors that emerge during development. For 
example, years of practice give rise to perceptual improvements that contribute to mature speech and language skills. 
Behavioral studies show that sensory and learning capabilities continue to develop through childhood and adolescence, 
suggesting that the neural mechanisms supporting perceptual learning are slow to mature.  However, to date, the neural 
mechanisms of perceptual learning have been explored only in adults. To address this issue, we first compared the rate 
and magnitude of perceptual learning in young, adolescent, and adult gerbils, as they trained on an auditory task. 
Adolescents displayed slower rates of perceptual learning compared to their young and mature counterparts. We then 
recorded auditory cortical neuron activity from adolescent and adult gerbils as they underwent perceptual training. 
While training enhanced the sensitivity of most adult units, the sensitivity of many adolescent units was unchanged, or 
even declined, across training days. Therefore, the average rate of cortical improvement was significantly slower in 
adolescents as compared to adults. Both smaller differences between sound-evoked response magnitudes and greater 
trial-by-trial response fluctuations contributed to the poorer sensitivity of individual adolescent units. Together, these 
findings suggest that heightened sensory neural variability limits adolescent skill learning. 
 
 
11. A cortical circuit for anticipating self-generated sounds 
David Schneider,  New York University 
One often wants to ignore the sounds of their own movements, such as the sound of their own footsteps, to focus on 
environmental cues. Filtering out self-generated sounds requires that the brain forms an internal model that learns, 
stores and suppresses neural responses to the acoustic features that a movement is expected to produce. Indirect and 
population-level recordings suggest that auditory cortical responses are selectively attenuated during sound-generating 
movements. Yet the cellular and circuit elements within the brain that orchestrate the predictive suppression of self-
generated sounds remain unknown. Here, we developed an acoustic virtual reality (aVR) platform to study how the 
brain learns to predict the sounds associated with a movement using the mouse as a model organism. Following several 
days of aVR experience producing a novel sound-generating movement, mice exhibited a perceptual sensitization to 
self-generated sounds, but not to unexpected sounds. This change in perceptual sensitivity was mirrored by changes in 
the movement-related suppression of auditory cortical neurons, whose responses to the acoustic features of self-
generated sounds became preferentially suppressed only when the mouse was running. Longitudinal 2-photon calcium 
imaging of identified L2/3 excitatory neurons revealed that predictive movement-related suppression arose in parallel 
with the accumulation of sensory-motor experience. Unlike the selective suppression of excitatory neurons, inhibitory 
neurons that were tuned to self-generated sounds were selectively recruited during movement, a process that is known 
to be mediated in part by a long-range excitatory projection from the motor cortex. We showed that aVR experience 
induced functional plasticity in this motor-to-auditory cortical projection, leading to the selective motor-related drive 
of auditory cortical neurons that are most responsive to self-generated sounds. These findings identify a cortical circuit 
for learning, predicting, and suppressing neural responses to self-generated sounds and reveal how sensory-motor 
predictions can augment perception. 
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POSTER PRESENTATIONS 
 
 
 
1. Investigating audiovisual integration in the inferior colliculus 
Aaron M. Williams, Katherine C. Wood, Melanie Tobin, Maria N. Geffen 
Department of Otorhinolaryngology, University of Pennsylvania 
Interaction between the auditory and visual systems is an important component of sensory processing. Integrating 
sensory streams improves object localization and speech recognition, and facilitates the generation of a unified sensory 
percept of objects in the external environment. Audiovisual integration is largely studied in the cortex, however the 
contribution of subcortical areas to this process is poorly understood. The inferior colliculus is a primarily auditory 
region in the dorsal midbrain, and is the first region in the ascending auditory pathway to receive direct projections 
from visual centers. We seek to investigate audiovisual integration in this region, specifically the ability of visual input 
to modulate auditory responses. We hypothesize that temporal coherence between visual and auditory stimuli will 
enhance neural sensitivity to the auditory stimulus. We recorded calcium signals from individual neurons in the inferior 
colliculus of live mice using live two-photon microscopy while presenting auditory stimuli. We found that up to 30% 
of neurons in the external shell of the inferior colliculus are tuned to specific frequencies of the auditory input. We 
then calculated mutual information to objectively quantify and compare stimulus feature encoding by individual 
neurons, confirming that frequency-tuned neurons maintain higher mutual information with the stimulus compared to 
their non-tuned counterparts. We will build on this research by presenting visual and audiovisual stimuli to characterize 
multimodal tuning properties of the region. Additionally, we will vary the temporal congruence between the two 
stimulus streams to clarify whether the region is capable of binding stimulus features to improve sensitivity. Our studies 
will potentially reveal a novel role of the inferior colliculus in integrating these two sensory modalities, providing a 
foundation for further research on sensory integration and processing disorders. 
 
2. Adaptive noise reduction in human auditory cortex 
 Bahar Khalighinejad (1,2), Nima Mesgarani (1,2), Jose L. Herrero (3,4), Ashesh D. Mehta (3,4) 
(1) Department of Electrical Engineering, Columbia University, New York, NY 
(2) Mortimer B. Zuckerman Mind Brain Behavior Institute, Columbia University, New York, NY 
(3) Department of Neurological Surgery, The Neurological Institute, 710 West 168 Street, New York, NY   
(4) Department of Neurosurgery, Hofstra-Northwell School of Medicine and Feinstein Institute for Medical Research, 
Manhasset, NY 
Speech communication in real-world conditions requires a listener’s auditory system to continuously adapt to sudden 
changes in the acoustic environment and selectively suppress the noise features relative to speech. How adaptation 
occurs in the human auditory cortex and how it affects the representation and perception of phonetic features as a new 
noise source appears in the acoustic scene remains unclear. We directly measured neural activity in perisylvian cortical 
regions of six human subjects as they listened to speech in abruptly changing background noise. We found rapid and 
selective suppression of acoustic features of noise in the neural responses, which resulted in enhanced representation 
and perception of spectrotemporal and phonetic features of speech. We further show that the degree of adaptation to 
different background noises varied across electrodes and was predictable from the tuning properties and speech-
specificity of electrodes. Finally, electrical brain stimulation of highly adaptive electrodes significantly improved the 
perceived quality and the intelligibility of speech in noise. The convergence of these neural, perceptual, and stimulation 
effects reveal novel representational properties for speech processing in human perisylvian areas and shed light on 
intrinsic dynamic mechanisms that enable a listener to filter out irrelevant sound sources in a changing acoustic scene.  
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3. Efficient sensory codes can help or hinder the detection of targets in noise 
Chris Angeloni and Maria N. Geffen 
Department of Otorhinolaryngology, University of Pennsylvania 
To function in highly variable acoustic contexts, it is necessary to adapt to persistent stimulus features to reliably 
differentiate sounds within the statistical regime of the current environment. A recent body of work demonstrated that 
neurons in auditory cortex (AC) adjust their gain to match their dynamic range of their spiking responses to the 
spectrotemporal characteristics of the stimulus (Rabinowitz et al., Neuron, 2011; Natan et al., Cereb. Cortex, 2017). 
Adaptive control of neural gain benefits loudness discrimination in environments with varying dynamic range (ie. 
different contrasts), but the effect of gain adaptation on target-in-noise detection is unknown. Here, we tested whether 
and how gain adaptation to different noise environments shapes neural and behavioral responses to embedded targets 
and examined the temporal dynamics of this process. To address these questions, we manipulated the contrast of a 
noisy background and embedded broadband targets at different temporal offsets relative to a change in contrast. Then, 
we recorded neural activity in AC of mice performing a target-in-noise detection task. In the neural population and 
behavior, target detection changed as predicted by gain adaptation to each noise environment, such that detection was 
facilitated by high gain and hindered by low gain. Additionally, we developed a multi-compartment circuit model 
which suggests that the observed changes in neural gain may be driven primarily by dendritic inhibition provided by 
somatostatin-positive interneurons. Our results suggest that gain adaptation plays a key role in auditory target detection 
behavior and we provide a mechanistic framework outlining the circuit components involved in gain control. 
 
4. Over-representation of speech in older adults originates from early response in higher order auditory cortex 
Christian Brodbeck  
University of Maryland 
Even though older adults, compared to young adults, are known to have increased difficulty comprehending speech in 
challenging acoustic environments, previous research has found that their cortical responses track acoustic signals 
more robustly. We investigated this puzzle with magnetoencephalography (MEG) to determine the anatomical origin 
of this difference. Results indicate that older adults’ cortical responses are not simply magnified versions of young 
adults’ responses, but that they recruit additional regions, ventral to core auditory cortex, with only ~ 30 ms latency. 
This finding is consistent with theories suggesting age-related changes to bottom-up processing of acoustic signals in 
auditory cortex. 
 
5. Auditory Attention Decoding: What anatomical locations and neural frequency bands contribute?  
James O'Sullivan  
Columbia University 
Decoding an attended speaker from neural recordings (termed auditory attention decoding; AAD) has many 
applications. The most pertinent is probably the development of a cognitively controlled hearing aid that can 
automatically track and amplify an attended speaker. Such devices will likely be limited to either non-invasive or 
minimally invasive neural recordings. Non-invasive recordings such as electroencephalography (EEG) can typically 
only record from low frequency (LF; < 50Hz) neural data, and have relatively poor spatial resolution. However, 
multiple electrodes can be used to target cortical areas using source-localization signal processing strategies. 
Minimally invasive approaches can place a restricted number of electrodes over specific cortical areas, and can also 
record from higher neural frequencies (<200Hz). In both cases, knowledge of the anatomical locations and neural 
frequency bands that contribute to AAD is crucial.  
To investigate, we used an invasive recording methodology known as electrocorticography (ECoG) that can record 
from both low and high frequency (HF; < 200Hz) neural data, and can also localize neural activity to within ~3mm 
from both deep and surface brain regions, spanning the full extent of auditory cortex. We show that both LF and HF 
data, as well as deep and surface regions, can be used to decode attention. However, we found a dichotomy between 
the combinations of frequency band and anatomical location that could be used: when using HF data, the anatomical 
region that produced the most robust encoding of attended speech was superior temporal gyrus (STG; a surface brain 
region). Conversely, LF data was the best at decoding attention in Heschl’s gyrus (HG; a deep brain region). Both of 
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these combinations (LF data in HG, and HF data in STG) provided similar results in terms of decoding speed and 
accuracy. These results provide the first extensive exploration of the neural frequency bands and anatomical locations 
that contribute to AAD, and will inform future work on the development of cognitively controlled hearing aids.  
 
6. Recalibration of excitatory and inhibitory local cortical networks supports neural and perceptual recovery 
of simple – but not complex – sound processing after nerve damage. 
Jennifer Resnik (1,2),  Daniel B. Polley (1,2) 

(1) Eaton-Peabody Laboratories, Massachusetts Eye and Ear Infirmary, Boston MA USA 
(2) Department of Otolaryngology, Harvard Medical School, Boston MA USA 
The auditory system employs a variety of rapid gain control mechanisms to adjust neural coding sensitivity to match 
transient shifts in acoustic signal energies. In addition to these “fast acting” gain control systems, central auditory 
neurons also exhibit slower gain control that adjusts neural excitability following long-lasting reductions in auditory 
input strength, for example, after deprivation of afferent input from the ear. While there is a general notion that 
increased “neural amplification” following a partial blockade of input from the ear is enabled by changes in inhibitory 
strength, the time course and cell type specific circuitry modifications that underlie slow changes in central auditory 
gain remain unknown. 
Here we performed chronic, cell type-specific 2-photon calcium imaging to simultaneously visualize sound-evoked 
GCaMP signals in genetically identified inhibitory PV (parvalbumin expressing) neurons alongside neighboring PPy 
(putative pyramidal) cells in the auditory cortex of awake adult mice, before and after a controlled loss of afferent 
input from the cochlea. This approach allowed us to track the daily dynamics in identified cell types, at different spatial 
scales – single cell to network activity, and temporal scales – hours to weeks following peripheral insult. We found an 
increase in spontaneous activity in PPy cells on the day of the insult followed by an increase in PV spontaneous activity 
24 hours later. Both excitatory and inhibitory cells exhibited a major decrease in toned evoked responses, which 
recovered almost back to baseline levels two weeks post injury. For more temporally complex stimuli, such as tones 
embedded in background noise, both PPy and PV cells showed an increase in response thresholds that didn’t recover 
during the two weeks that followed the insult.  
Our imaging data demonstrated complete cellular and network recovery for simple stimuli, but persistent coding 
deficits for more complex stimuli such as tones in noise. To explore the perceptual implications of these observations, 
auditory operant behavioral measurements were performed in head-fixed mice before and two weeks following 
damage to cochlear nerve afferents. As predicted from our imaging data, mice showed complete perceptual recovery 
for detecting tones in silence, but tone detection in noise remained impaired.  
Collectively, our work provides new insight into slow compensatory plasticity in PV and PPy neurons in the auditory 
cortex that restores neural encoding of rudimentary, but not complex, sounds after peripheral deafferentation. 
 
7. Role of friction in spontaneous hair bundle oscillations 
Friction from transduction channel's gating affects spontaneous hair-bundle oscillations 
Jérémie Barral (1), Frank Julicher (2), Pascal Martin (3) 
(1) New-York University, New-York, USA 
(2) Max Planck Institute for the Physics of Complex Systems, Dresden, Germany 
(3) Institut Curie, Paris, France 
Hair cells of the inner ear can power spontaneous oscillations of their mechanosensory hair bundle, resulting in 
amplification of weak inputs near the characteristic frequency of oscillation. Recently, dynamic force measurements 
have revealed that delayed gating of the mechanosensitive ion channels responsible for mechanoelectrical transduction 
produces a friction force on the hair bundle. The significance of this intrinsic source of dissipation for the dynamical 
process underlying active hair-bundle motility has remained elusive. The aim of this work is to determine the role of 
friction in spontaneous hair bundle oscillations. To this end, we characterized key oscillation properties over a large 
ensemble of individual hair cells and measured how viscosity of the endolymph that bathes the hair bundles affects 
these properties. We found that hair-bundle movements were too slow to be impeded by viscous drag only. Moreover, 
the oscillation frequency was only marginally affected by increasing endolymph viscosity by up to 30-fold. Stochastic 
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simulations could capture the observed behaviors by adding a contribution to friction that was 3-8-fold larger than 
viscous drag. The extra friction could be attributed to delayed changes in tip-link tension as the result of the finite 
activation kinetics of the transduction channels. We exploited our analysis of hair-bundle dynamics to infer the channel 
activation time, which was about 1 ms. This timescale was two orders-of-magnitude shorter than the oscillation period. 
However, because the channel activation time was significantly longer than the timescale of mechanical relaxation of 
the hair bundle, channel kinetics affected hair-bundle dynamics. Our results suggest that friction from channel gating 
affects the waveform of oscillation and that the channel activation time can tune the characteristic frequency of the 
hair cell. We conclude that the kinetics of transduction channels’ gating plays a fundamental role in the dynamic 
process that shapes spontaneous hair-bundle oscillations.  
 
8. Behavioral genetics reveals an unexpected role for posttranslational modifications in learning.  
Jessica Nelson (1),, Eric Witze (1), Kurt Marsden (2), Katharina Hayer (3), Michael Granato (1) 
(1) University of Pennsylvania 
(2) North Carolina State University 
(3) Children's Hospital of Philadelphia 
Habituation is a basic learning process disrupted in neuropsychiatric disorders. To better understand this fundamental 
learning process, we conducted a forward genetic screen in the larval zebrafish (Wolman et al 2015, Neuron). Here 
we report on a mutant identified in our screen, which arises from a premature stop in the hip14 (Huntingtin-Interacting 
Protein 14) gene. Hip14 encodes a palmitoyl acyl transferase best known in the context of Huntingtin mediated 
pathology. Hip14 mutants exhibit an inability to undergo habituation of the acoustic startle response. We find that 
hip14 is expressed in specific components of the habituation circuitry, and that pan-neural expression can restore 
learning. Moreover, we provide compelling biochemical and cell biological evidence that Hip14 promotes habituation 
learning through a previously unknown substrate, the Shaker channel subunit Kcna1, mutations in which, like hip14, 
display deficits in habituation learning. Finally, restoration of Hip14 expression immediately before behavior testing 
is sufficient to rescue habituation, suggesting that hip14-dependent posttranslational modifications acutely regulate 
learning. 
 
9. Neural timing of stimulus events with microsecond precision 
Jinhong Luo and Cynthia F. Moss  
Johns Hopkins University 
Temporal analysis of sound is fundamental to auditory processing throughout the animal kingdom. Echolocating bats 
are powerful models for investigating the underlying mechanisms, as they show microsecond precision in 
discriminating the timing of acoustic events. However, the neural basis for microsecond auditory resolution in bats 
has eluded researchers for decades. Combining extracellular recordings in the midbrain inferior colliculus and 
mathematical modeling, we show that microsecond precision in registering stimulus events emerges from synchronous 
neural firing, revealed through low latency variability of stimulus-evoked extracellular field potentials (EFP, 20-600 
Hz). The temporal precision of the EFP increases with the number of neurons firing in synchrony. Moreover, there is 
a functional relationship between the temporal precision of the EFP and the spectro-temporal features of the 
echolocation calls. Furthermore, we provide evidence that EFP can measure the time-difference between simulated 
echolocation call-echo pairs with microsecond precision, representing a suitable neural substrate for target ranging 
tasks in echolocating bats. We propose that synchronous firing of populations of neurons operates in diverse species 
to support temporal processing in auditory localization and complex sound processing. 
 
10. Front-Temporal Cortical Interactions during Vocal Production in Marmoset Monkeys 
Joji Tsunada and Steven J. Eliades 
Department of Otorhinolaryngology HNS, University of Pennsylvania, Perelman School of Medicine 
Vocal production, including human speech, is a sensory-motor process that requires self-monitoring of produced 
vocalizations to correct errors between intended and actual outputs. Recent evidence has demonstrated a suppression 
of auditory cortex during vocal production, a sensory-motor process that is theorized to involve efference copy signals 
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originating in frontal cortical areas. However, whether or not there is communication between frontal or motor areas 
and auditory cortex during vocalization is unknown. Here, we simultaneously recorded neural activity from both 
auditory and frontal cortices of marmoset monkeys while marmosets produced self-initiated vocalizations. We found 
modulations of neural activity in both brain areas immediately before and during vocal production. Interestingly, theta-
band activity, thought to be involved in coordinating neural activities, was observed to increase in both brain areas 
immediately prior to the onset of vocal production. We further tested the timing relationship between activity in 
auditory and frontal cortex. We found a subset pairs of recording sites with temporally covarying activities, including 
frontal activation preceding auditory just prior to vocal production, followed by auditory activation that preceded 
frontal once vocalization began. These results suggest communication between cortical areas during vocal production, 
with frontal-auditory pre-vocal signals that may reflect preparatory activity, and auditory-frontal signals that may 
represent self-monitoring of vocal feedback. These different neural interactions between auditory and frontal cortices 
may underlie mechanisms to calculate and correct for errors between intended and actual vocal outputs during vocal 
production. This work was supported by NIH/NIDCD Grant K08-DC014299.  
 
11. Withdrawn 
 
12. Effect of developmental hearing loss on behaviorally-gated responses in auditory cortex 
Justin D. Yao, Dan H. Sanes  
New York University 
Animals reared with conductive hearing loss (HL) display perceptual deficits, including decreased sensitivity on 
amplitude modulation (AM) detection and discrimination tasks (Caras and Sanes, 2015; von Trapp et al., 2017; Yao 
and Sanes, 2018). Our broader goal is to determine whether developmental HL induces a central nervous system (CNS) 
deficit that can explain these perceptual impairments. Here, we consider two attributes of auditory cortex (ACx) 
processing. The first is a sensory mechanism whereby neurons represent the behaviorally relevant acoustic features. 
The second includes “non-sensory” mechanisms, such as arousal and attention, that are engaged during task 
performance (e.g., Fritz et al., 2003). Although HL-induced sensory deficits have been well-described, it is unclear 
whether non-sensory mechanisms are also disrupted. To address this issue, we recorded telemetrically from ACx 
neurons in gerbils reared with conductive HL, both as they performed a Go-Nogo AM discrimination task, and while 
they were disengaged from the task, passively listening to the identical AM stimuli. The “Nogo” stimulus consisted 
of AM broadband noise presented at 4 Hz, whereas “Go” stimuli consisted of AM broadband noise presented at rates 
from 4.5 to 12 Hz. Psychometric analysis of AM rate discrimination thresholds revealed a significant deficit among 
animals reared with permanent conductive HL (HL: 5.21 ± 0.05 Hz; CTL: 4.92 ± 0.09 Hz; two-sample t-test, t = 2.81, 
p < 0.05). Cortical AM encoding during engaged and disengaged conditions was assessed with changes in firing rate 
(FR). Specifically, FR for each ACx unit was calculated over a 1 second duration for all AM rates. A neurometric FR 
d’ was calculated at each Go value by normalizing the FR by the standard deviation (SD) pooled across all stimuli (z-
score), and subtracting the Nogo FR from each Go stimulus evoked FR. We found that ~30% of ACx units from each 
group displayed better neural sensitivity during task engagement. This increase in task-engaged sensitivity is by a 
decrease in response variance. However, units from Ctl animals displayed greater behaviorally-gated improvement in 
firing rate-normalized response variability (CV) compared to units from HL animals. We also measured noise 
correlations between pairs of ACx single-units recorded during both engaged and disengaged sessions. During task 
engagement, pairs of Ctl neurons with positively correlated tuning properties (r-tuning > 0) displayed reduced noise 
correlations (r-noise engaged < r-noise disengaged). This was not observed for pairs of HL neurons. These results 
demonstrate that developmental HL leads to small non-sensory effects of task engagement that may contribute to 
diminished perceptual skills. We will further evaluate neural sensitivity across engaged versus disengaged conditions 
with population decoding techniques to assess how sensory and non-sensory inputs may lead to sensory encoding or 
downstream processing differences that can account for auditory perceptual performance. 
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13. Layer 6 corticothalamic neurons are activated before the onset of movement to regulate auditory cortex 
excitability 
Kameron K. Clayton (1,2), Ross S. Williamson (1), Kenneth E. Hancock (1), and Daniel B. Polley (1) 
(1) Eaton Peabody Labs, Massachusetts Eye and Ear,  Department of Otolaryngology, Harvard Medical School 
(2) Speech and Hearing Bioscience and Technology Program, Harvard Medical School  
ACtx pyramidal neurons are suppressed during movement, which reduces sound-evoked activity and behavioral 
awareness of faint sounds. Movement-related suppression predominantly reflects an intra-telencephalic circuit wherein 
motor planning signals from the basal forebrain and motor cortex engage local GABA circuits within the ACtx to 
suppress spiking in pyramidal neurons. The precise connectivity between long-range motor planning inputs and local 
GABA neurons is not fully understood. While some fraction of pyramidal neuron suppression reflects monosynaptic 
connections from motor inputs onto GABA neurons, it is also possible that translaminar ACtx suppression may reflect 
a local intermediary that regulates sensory gain across the cortical column. Ntsr1-expressing layer 6 corticothalamic 
(L6 CT) neurons exactly fit this profile. L6 CTs powerfully modulate excitability throughout all layers of cortex by 
activating specialized networks of fast-spiking inhibitory neurons. Here we test the hypothesis that L6 CTs are an 
additional node in the motor suppression circuit, interposed between the preparatory motor signal and local GABA 
neurons. We used 2-photon calcium imaging to measure activity from hundreds of L6 CT neurons, parvalbumin-
expressing GABA neurons or pyramidal neurons while mice performed a simple behavioral task that allowed us to 
isolate the contribution of movement inputs, sensory inputs, and reward-related inputs. We confirmed earlier reports 
that self-generated movements such as licking or running suppressed spontaneous and sound-evoked activity in 
pyramidal neurons. L6 CT neurons, by contrast, were strongly activated prior to (and during) movement onset, such 
that sound-evoked responses were enhanced rather than suppressed during movement. These findings confirm that 
auditory L6 CTs are strongly activated hundreds of milliseconds before movement and may serve as an intermediary 
between long-range neuromodulatory inputs that convey motor planning signals and local GABA circuits to modulate 
cortical excitability.  
 
14. Encoding of aperiodic amplitude modulations in gerbil auditory cortex 
Kristina Penikis, Dan H. Sanes  
New York University 
Temporal regularity in sounds entrains neural activity and is associated with perceptual benefits in humans. Most 
natural acoustic stimuli do not display strictly periodic characteristics, but contain amplitude modulations (AM) that 
vary within some frequency range. However, our understanding of AM encoding is largely based on periodic stimuli. 
To assess whether auditory cortex AM coding is influenced by temporal regularity, we recorded single neuron 
responses to sinusoidal AM stimuli for which the AM rate was switched every few seconds to create trials. Trials were 
either periodically modulated at rates of 2-32 Hz (Pdc), or aperiodically modulated: quasi-random sequences of 
individual periods drawn from the same set (APd). During recordings, gerbils performed an aversive Go-Nogo 
detection task in which all modulated stimuli were safe, and unmodulated noise signals predicted an upcoming 
electrical shock. The data showed that average firing rates during Pdc stimuli were strongly predictive of the average 
firing rate responses to APd stimuli, indicating no broad impact of temporal regularity. We also compared responses 
to individual shape- and time-matched periods across Pdc and APd contexts. Again, there was no effect across the 
population in any of several different response metrics. Sparse coding models suggest that only a subset of cortical 
neurons optimally represent a given stimulus. Along these lines, when we restricted stimulus-evoked responses to 
periods corresponding to the best modulation frequency of each neuron, a difference between Pdc and APd contexts 
emerged. In this case, the firing rate during the Pdc context was slightly higher than in the Apd context. These 
observations leave open the possibility that temporal regularity may emerge as a stronger response feature in regions 
downstream of A1. Additionally, we are now gathering data on a larger scale in order to assess whether a population 
code more reliably represents AM and whether an influence of temporal regularity can be observed at this level.  
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15. Cocaine-induced changes in auditory brainstem response to a drug-associated tone 
Mark A. Presker Jr, MA, Sindhuja S. Baskar, Kasia M. Bieszczad, PhD and Gary Aston-Jones, PhD  
Brain Health Institute, 
Rutgers University 
A major obstacle in treating addiction to cocaine is the high propensity for relapse. Altered processing of cocaine-
associated stimuli can contribute to maladaptive behavior, such as cue-induced cocaine seeking, and undermine efforts 
to remain abstinent. However, the role of sensory plasticity in addiction is poorly understood. Here we employ auditory 
brainstem response (ABR) recordings combined with a conditioning paradigm in rats to investigate how pairing a tone 
with cocaine alters sound stimulus encoding in the auditory system. Over the course of conditioning, changes in ABR 
threshold and peak latencies are compared between cocaine-associated and control tones. Additionally, a behavioral 
measure is employed to assess tone preference in rats following conditioning. We observed increased ABR threshold 
to unpaired and saline tones over the course of conditioning while cocaine-tone threshold remained stable. We interpret 
this to mean that cocaine-tones are preferentially processed over non-associated tones following conditioning. In our 
behavioral test, rats displayed a significant preference for the cocaine tone and this may be due, in part, to the observed 
changes in auditory processing. These data support a role for sensory plasticity in cocaine-induced changes in behavior 
known to be critically involved in addiction. 
Supported by PHS grant R01-DA006214 & NARSAD 2017 YI-26050. 
 
16. Clutter in depth modulates midbrain activity in the echolocating bat 
Melville Wohlgemuth, Cynthia F. Moss  
Johns Hopkins University 
Echolocating bats often forage in cluttered spaces, where they must detect and track moving prey surrounded by other 
competing objects. This task requires that the bat localize and separate sonar objects in azimuth, elevation and distance. 
The midbrain superior colliculus (SC) has been implicated in sensorimotor integration for species-specific orienting 
behaviors, with sensory signals related to the spatial position of an object converted into pre-motor commands for 
orienting towards a stimulus. These studies were primarily performed for orientation in azimuth and elevation, leaving 
open the question of orientation in depth, especially amongst clutter. Past research on the visuomotor orienting system 
of primates has shown that competitive stimulus interactions resulted in a decrease in SC sensory responses to an 
attended stimulus, and saccadic eye movements displayed curvature towards the competitive stimulus. For the bat, the 
SC is involved in the reception of acoustic cues related to the 3D position of auditory objects, as well as the generation 
of premotor commands for sonar vocalizations, ear and head movements. The bat determines the azimuth and elevation 
of a sound source like other binaural hearers through inter-aural differences. For distance, the bat uses the time delay 
between sonar pulse emission and echo return, with larger distances equaling larger pulse-echo delays. Here, we 
investigated competitive stimulus interactions between a prey item moving along the distance axis with cluttering 
objects positioned along the target’s trajectory. To study sensorimotor processing for orientation in depth, we recorded 
neural activity in the midbrain superior colliculus (SC) while the bat tracked a moving prey item, with and without 
clutter placed along the target’s trajectory. We then investigated whether the auditory and motor activity in the SC of 
the echolocating bat is modulated by the presence of clutter objects. Our results show that distracting objects along the 
range axis alter the activity of SC neurons, accompanied by adjustments in the sonar orienting behaviors of the bat. 
These results provide new data on the role of the SC for spatial orientation in complex 3D environments. 
 
17. Neural mechanisms for discrimination of communication and echolocation calls in the big brown bat 
(Eptesicus fuscus). 
Angeles Salles, Silvio Macias, Harshavardhan Sundar, Mounya Elhilali, Cynthia F. Moss 
Johns Hopkins University 
Auditory scene analysis is crucial for species that rely on sound to navigate their environment. Bats are auditory 
specialists that use echoes from their own vocalizations to build a scene of their surroundings. At the same time, these 
social animals live in roosts and use their vocalizations to communicate with conspecifics. Important advances have 
been made in understanding the neural underpinnings of echolocation, but far less is known about the mechanisms 
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supporting acoustic communication. In big brown bats (Eptesicus fuscus) call structure, along with behavioral context, 
appears to determine the function of acoustic signals. Specifically, FM bouts are emitted by males in a competitive 
foraging environment and are hypothesized to have a food claiming function. Though these calls differ in behavioral 
relevance with conspecific echolocation calls, they overlap in spectro-temporal features. This raises the question of 
how stimulus content is processed to support discrimination of communication calls and echolocation calls. We are 
investigating the neural mechanisms that enable the discrimination of natural stimuli that overlap in spectro-temporal 
features. Using 16-channel silicon probes in awake restrained animals, we compare responses of single neurons in the 
Inferior colliculus (IC) to playbacks of acoustic signals used by bats for spatial orientation and social communication. 
FM Bouts elicited strong responses in a subpopulation of neurons, while the same neurons showed weak or no 
responses to sequences of echolocation calls that matched the timing of the communication calls. This result was 
consistent in both female and male bats, supporting previous data that showed no sex difference in behavioral 
responses to these social calls. STRF analysis was performed to further understand the stimulus features that contribute 
to the selectivity of these midbrain neural responses. 
 
18. A neural ensemble correlation code for sound category identification 
Monty A. Escabi  
University of Connecticut 
Humans and other animals effortlessly identify sounds and categorize them into behaviorally relevant categories, yet, 
the acoustic features and neural transformations that enable the formation of perceptual categories are largely 
unknown. Here we demonstrate that the correlations between neuron ensembles in the auditory midbrain (inferior 
colliculus) of unanesthetized rabbits reflect correlated structure in sound envelopes and that these statistics can 
contribute to the discrimination of sound categories. Five natural texture sounds (running water, bird chorus, crackling 
fire, rattling snake and crowd noise) were delivered over calibrated headphones and multi-channel neural recordings 
(16 and 32 channels) were obtained from the inferior colliculus. We first demonstrate that neuron ensemble 
correlations are highly structured in both time and frequency and can be decoded to distinguish sounds. A neural 
classifier was developed that uses neural correlations statistics between frequency order sites as the principal response 
features.  The sound identification performance of the neural classifier improved with the sound duration with an 
evidence accumulation time constant of ~1 second and accuracy rates approaching 90%. Next, we develop a 
probabilistic time-varying framework for measuring the nonstationary spectro-temporal correlation statistics between 
frequency organized channels in an auditory model. In a 13-category sound identification task, classification accuracy 
is consistently high (>80%), improving with sound duration and plateauing at ~ 1-3 seconds, mirroring human 
performance trends. The nonstationary short-term correlation statistics were more informative about the sound 
category than the time-average correlation statistics (84% vs. 73% accuracy). When tested independently, the spectral 
and temporal correlations between the model outputs achieved a similar level of performance and appear to contribute 
equally. These results outline a plausible neural code in which correlation statistics between neuron ensembles of 
different frequencies can be read-out to identify and distinguish acoustic categories (supported by NIDCD 
R01DC015138). 
 
19. Cortical mechanisms supporting complex sound processing  
Pilar Montes Lourido (1), Shi Tong Liu (2), Srivatsun Sadagopan (1,2,3)  
(1) Departments of Neurobiology, University of Pittsburgh,  
(2) Bioengineering, University of Pittsburgh,  
(3) Otolaryngology, University of Pittsburgh  
We recognize complex sounds such as speech accurately, reliably, and in real-time, despite the widely varying listening 
conditions in which we encounter these sounds. We aim to determine the algorithms and neuronal mechanisms 
underlying rapid and accurate sound recognition in real-world conditions. We focus on the categorization of 
vocalizations in the face of two sources of real-world variability: 1) production variability, which is the within- and 
between-subject variability with which sounds are produced, and 2) environment variability, which encompasses the 
noise, reverberations, and other sounds added by the acoustic environment. We use Guinea pig (GP) vocalizations as 
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an experimental model to address these questions in naturalistic settings. We first show using an information theoretic 
model that calls can be categorized while generalizing across production variability by detecting smaller, optimal 
features. These model features predict some nonlinear cortical response properties at the single-neuron level, and 
population transformations between auditory processing stages. Consistent with this model, we find critical 
transformations to sound representation that occur between layer 4 (L4) and layer 2/3 (L2/3) of primary auditory cortex 
(A1). To understand the mechanisms underlying environment invariance, we first used pupillometry to determine the 
threshold of call detection in noise. In electrophysiological experiments, we found that at these signal-to-noise ratios, 
environment-invariance also increases between thalamus and A1 L2/3. These results suggest that a dense, non-
invariant representation of complex sounds in thalamus and A1 L4 is transformed into an invariant and sparse 
representation in A1 L2/3. Ongoing experiments using novel optogenetic methods to address the mechanisms 
underlying this transformation will be discussed. 
Funding: NIDCD R01DC017141, Pennsylvania Lions Hearing Research Foundation, Samuel and Emma Winters 
Foundation. 
 
20. Joint representation of spatial and phonetic features in human core auditory cortex 
Prachi Patel (1,2), Laura K. Long (1,3), Jose L. Herrero (4,5), Ashesh D. Mehta (4,5), Nima Mesgarani (1,2) 

(1) Mortimer B. Zuckerman Mind Brain Behavior Institute, Columbia University, New York, NY 10027, United States 
(2) Department of Electrical Engineering, Columbia University, New York, NY 10027, United States 
(3) Doctoral Program in Neurobiology & Behavior, Columbia University, New York, NY 10027, United States 
(4) Hofstra Northwell School of Medicine, New York City, NY 11549, United States 
(5) The Feinstein Institute for Medical Research, New York City, NY 11030, United States 
Human auditory cortex simultaneously processes speech and determines the location of a speaker in space. 
Neuroimaging studies in humans have implicated core auditory areas in processing the spectrotemporal and spatial 
content of sound; however, how these features are represented together is unclear. We recorded directly from human 
subjects implanted bilaterally with depth electrodes in core auditory areas as they listened to speech from different 
directions. We found local and joint selectivity to spatial and spectrotemporal speech features, where the spatial and 
spectrotemporal features are organized independently of each other. This representation enables successful decoding 
of both spatial and phonetic information. Furthermore, we found that the location of the speaker does not change the 
spectrotemporal tuning of the electrodes, but rather modulates their mean response level. Our findings contribute to 
defining the functional organization of responses in the human auditory cortex, with implications for more accurate 
neurophysiological models of speech processing. 
 
21. Corticostriatal plasticity underlying a sensory-motor association in an auditory discrimination task 
Sanchari Ghosh and Anthony Zador  
Cold Spring Harbor Laboratory 
Perceptual decision-making often involves pairing sensory discrimination with appropriate motor actions. The brain 
circuits involved in such decision-making, and how these circuits change during learning of such associations remain 
largely unexplained. Previous studies in rats trained on an auditory discriminatory task (the ‘tonecloud’ task) have 
established a critical role for the connections between auditory cortex and auditory striatum in task performance (Zador 
and Znamenskiy, 2013). Moreover, learning the tonecloud task results in a specific pattern of plasticity in this pathway, 
which is determined by the frequency tuning of the neurons projecting to the recording area and the corresponding 
motor response, e.g., ‘turn left’ or ‘turn right’ (Xiong et al., 2015). We are now investigating the striatal substrates of 
this plasticity and its effects on striatal circuitry.  
The striatum is primarily composed of inhibitory medium spiny neurons (MSNs) that express either D1 or D2 type 
dopamine receptors and constitute the ‘Direct’ or ‘Indirect’ pathway, respectively. Stimulating D1 neurons facilitate 
contralateral movements whereas activating the D2 neurons inhibits movement. Thus, the balance between these two 
seemingly antagonistic pathways is considered critical in movement control (Kreitzer and Malenka, 2008). We 
hypothesize that learning the tonecloud task induces changes in strength of corticostriatal synapses onto a given MSN 
depending both on its frequency tuning and the pathway it belongs to. 
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To test our hypothesis, we have adapted the tonecloud task to train mice. This allows us to use genetic markers to 
assess the learning induced changes in synaptic strength in the D1 vs. D2-MSNs. We have established that the 
corticostriatal projections in the mice are arranged in a tonotopic manner, as seen in rats. Moreover, training mice on 
the tonecloud task induces a specific pattern of plasticity that reflects the tone-response association. Also, mice trained 
on opposite training contingencies faithfully show opposite plasticity patterns. We are now using whole cell patch-
clamp method on acute slices prepared from brains of trained transgenic animals (D1/A2A-CRE x Ai14) to measure 
the synaptic strength of the cortical afferents onto D1 or D2-MSNs. These experiments will help elucidate how the 
two major striatal pathways are recruited during such task-learning and thereby further our understanding of the role 
of striatal plasticity underlying arbitrary sensory-motor associations. 
 
22. Optimal features for auditory recognition 
Liu, Shi Tong (1), Wang, Xiaoqing (3), Sadagopan, Srivatsun (2) 
(1) Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA 
(2) Department of Neurobiology, University of Pittsburgh, Pittsburgh, PA  
(3) Department Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore, MD 
Abstract: A central challenge in auditory neuroscience is to understand how observed patterns of neural activity in the 
auditory system relate to behavior. For example, neurons in primary (A1) as well as higher auditory cortical areas 
exhibit highly nonlinear and surprisingly specific tuning properties, but our understanding of these responses is only 
at a descriptive level, and the critical question of how these responses might support behavior remains unresolved. 
Here, we show that nonlinear A1 responses encode essential features for the classification of ethologically-relevant 
sounds such as conspecific vocalizations (calls). In vocal animals, increasing neural resources are committed for the 
processing of calls as one ascends the auditory processing hierarchy. Therefore, the categorization of call types is a 
reasonable computational goal for the auditory cortex in these animals. We asked, using a theoretical information 
maximization approach, how this goal can be best accomplished. We used marmoset vocalizations as our experimental 
model. First, we transformed the vocalizations into spectrotemporal patterns of auditory nerve activity (cochleagrams) 
using a highly realistic model of the auditory nerve. Based on an earlier model for visual classification, we then 
randomly generated a large number of features, or spectrotemporal snippets, from these cochleagrams. We used a 
greedy-search algorithm to choose the most informative and least redundant feature set for call categorization. We 
found that call categorization could be accomplished with high accuracy using just a small number of features. Highly 
informative features tended to be of intermediate size and complexity. Most interestingly, the responses of model 
feature-selective neurons predicted nonlinear neural responses in marmoset A1 in astonishing detail. These results 
demonstrate that the auditory cortex uses a mid-level feature-based strategy for the recognition of complex sounds. 
These results further suggest that the tuning properties of neurons in higher auditory cortical stages are likely the result 
of goal-directed optimization. 
 
23. Allocentric sound localization in ferrets 
Stephen Town and Jennifer Bizley 
University College London 
Spatial location of sounds is critical for both human and non-human hearing. Humans can describe sound position 
within coordinate frames defined by the observer (head, eyes, etc.) or environment, but it’s unclear whether this is true 
for other animals, and particularly if animals perceive sound location in the world. Neurons within the ferret auditory 
system represent world-centered (allocentric) sound location, suggesting that non-human world-centered auditory 
perception exists. Here, we tested this within a two-choice allocentric sound localization task in which subjects 
reported the positions of one of two speakers located at opposite sides of a test arena. Report was made at one of two 
response ports that were not co-located with sound sources; trials were initiated and test sounds presented while the 
animal was at a central response platform located equidistant between sound sources. Across trials, the central platform 
was rotated to prevent use of sound location cues relative to the head or eyes. Ferrets learnt to accurately report the 
location of sound sources at each head rotation and thus report sound location in the world independently of sound 
angle relative to the head. Furthermore, generalization of sound location across head direction occurred immediately 
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after head rotations, indicating that ferrets did not rapidly re-learn head-centered cues to solve the task. Our results 
show that ferrets developed a rule-based strategy based on the absolute position of sounds in the world, independent 
of head orientation. Thus our work suggests that, like humans, other animals can also perceive sound location in 
allocentric coordinates. 
 
24. Decoding sound texture identity via statistics of neuron ensembles  
Xiu Zhai 
University of Connecticut 
Although pure tones and noise stimuli have been used extensively in auditory neuroscience, there is growing evidence 
that the higher-order sound statistics, such as the correlations between frequency channels or the sound modulation 
spectrum, play a key role in sound recognition and perception. How the brain encodes such sound statistics and utilizes 
them for sound identification is largely unknown. Here we examine the responses of neuron ensembles in the auditory 
midbrain (inferior colliculus) of unanesthetized rabbits listening to natural sound textures using 16 and 32 channel 
neural recording arrays. Sound textures, such as running water, fire, wind, and speech babble have complex, but 
homogeneous, higher-order statistics, and are perceptually salient. We use texture synthesis (McDermott & Simoncelli 
2011) to manipulate the different statistics of natural sound textures and explore their neural representation. Five 
texture sounds (running water, bird chorus, crackling fire, rattling snake and crowd noise) were manipulated by 
progressively incorporating statistical structure from the power spectrum, amplitude marginals, modulation spectrum, 
and the sound correlation structure. We demonstrate that correlated firing between frequency organized recording sites 
are modulated by each of the sound tested statistics and that these neural correlations can be used to decode and identify 
sound textures. Specifically, stimulus-driven spectro-temporal correlations were measured across the frequency 
organized recording array and a minimum distance classifier was applied to the ensemble correlation activity to 
identify the delivered sounds. For the original texture sounds, the classifier was able to decode and identify the original 
sound approaching near perfect accuracy (~90%). Spectral correlations between recording locations had slightly higher 
performance and were somewhat more informative than temporal correlations. The performance of the classifier 
improved as additional statistics were added to the synthetic variants and approached the performance for the original 
sounds when the full set of statistics was included (~80% accuracy). Finally, the decoding accuracy improved with 
sound duration with evidence accumulation times in the order of approximately 1 sec, mirroring human trends. These 
findings suggest that coordinated firing in auditory midbrain ensembles provide a statistical signature that may 
contribute to perception and recognition of texture sounds (supported by NIDCD R01DC015138). 
 
25. Adapting the Wilson-Cowan for Modeling the Mouse Auditory Cortex 
Youngmin Park, Maria N. Geffen  
Department of Otorhinolaryngology HNS, University of Pennsylvania 
Everyday auditory processing requires encoding complex temporal sequences of sound features. The auditory cortex 
(AC) is a key region for processing of temporally complex sounds, yet a mechanistic understanding of how neurons 
in AC respond to sounds under varying temporal contexts remains elusive. Neuronal circuits in AC consist of multiple 
types of interconnect excitatory and inhibitory neurons. Several recent studies implicate the two most common types 
of inhibitory neurons in processing of temporal context of sounds, including parvalbumin- (PV) and somatostatin- 
(SOM) positive interneurons, identifying specific roles for them in different auditory paradigms3,5,6,7,9. However, 
the specific circuits formed by these inhibitory neurons subtypes that support the reported paradigms remain unknown. 
Here, we built a minimal model of inhibitory-excitatory connectivity in AC that includes multiple inhibitory neuron 
subtypes. This model replicates the findings from recent experiments involving optogenetic manipulation of PV or 
SOM activity. Specifically, our model accounts for the differential effects of PVs and SOMs in stimulus specific 
adaptation, forward suppression, mechanisms of enhanced functional connectivity, tuning curve adaptation, the 
existence of inhibitory-stabilized networks, and white-noise burst encoding. Our simulations provide for a unifying 
circuit in two broad parameter regimes. The first parameter regime, best suited for temporally dynamic stimuli, requires 
strong excitatory synapses onto SOMs with all other connections weaker by an order of magnitude. The second 
parameter regime, best suited for simple stimuli, requires strong excitatory feedback, strong PV inhibition, and 
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relatively weak SOM inhibition. We expect that this model will prove useful in generating predictions for the function 
of PVs and SOMs, as well as cortical networks in general in other auditory phenomena. 
 
26. Altered ionotropic receptor maturation and intracortical connectivity in the impaired auditory critical 
periods of Fragile X knockout mice 
Yeri J. Song, Frances E. Jensen  
Dept. of Neurology, University of Pennsylvania 
Fragile X syndrome (FXS) is the most common heritable form of intellectual disability and is often comorbid with 
autism and seizures. The auditory cortex is of particular interest given its crucial role in auditory processing, 
communication, and language development, all of which are hallmark deficits in FXS and autistic patients. 
Interestingly, Fmr1 KO mice have impaired tonotopic plasticity during the auditory cortex critical period (CP) (Kim 
et al, 2013; Yang et al, 2014), impaired parvalbumin development in the auditory cortex (Wen et al, 2017), and altered 
auditory processing (Rotschafer et al, 2013). These auditory-specific plasticity deficits and excitatory-inhibitory (E-I) 
imbalance phenotypes are suggestive of dysregulated auditory circuitry that may contribute to FXS symptoms. 
Over the course of development subunits for ionotropic glutamate and GABAA receptors undergo dynamic regulation 
to mediate E-I levels and optimize developmental plasticity. Given the auditory phenotypes, we hypothesized that the 
auditory cortex of Fmr1 KOs has altered maturation of ionotropic receptor subunits to contribute to the impaired CP. 
We examined subunit expression in the auditory cortex across key ages in auditory forebrain maturation in Fmr1 KOs 
by Western blot. Changes in membrane-bound levels of receptors start as early as P9, prior to ear canal opening. 
Compared to littermate WTs, P9 KOs have increased AMPAR GluA2, and an earlier developmental switch in their 
AMPAR subunit GluA2: GluA1 ratio in KOs at both P9 and P12. The developmental switch from GABAA α3 to α1 
also occurs earlier in KOs, with elevated trends of the GABAA α1:α3 ratio at P15 (closure of auditory CP) that is 
significantly increased by P24, caused by increased α1 expression. These collective subunit changes suggest a pattern 
of precocious maturation of ionotropic receptor expression in the auditory cortex of Fmr1 KOs. Additionally, 
electrophysiology experiments indicate Fmr1 KOs to have altered L4 to L2/3 basal synaptic transmission. At P12-13, 
KOs have significantly more excitable input-output (I-O) curves, while P21-25 KOs are less excitable compared to 
WTs, patterns consistent with the E-I changes observed by Western blot. Furthermore, Fmr1 KOs exhibit an enhanced 
age-dependent sensitivity to the GABAA antagonist picrotoxin. Taken together, our results could highlight a 
phenomenon where an accelerated functional maturation of such receptors precedes ear canal opening, and 
subsequently limits CP plasticity and functional deficits.   
 
27. Mutual Information Analysis of Neural Representations of Speech in Noise in the Aging Midbrain 
Peng Zan (1), Alessandro Presacco (2), Samira Anderson (2), Jonathan Z. Simon (1,3,4) 
(1) Department of Electrical and Computer Engineering, University of Maryland, College Park, MD 20742, USA 
(2) Department of Hearing and Speech Sciences, University of Maryland, College Park, MD, 20742 USA 
(3) Department of Biology, University of Maryland, College Park, MD 20742, USA 
(4) I nstitute for Systems Research, University of Maryland, College Park, MD 20742, USA 
Young adults with normal hearing can understand speech in the presence of a competing speaker  incredibly well. 
However, the ability to understand speech in challenging conditions deteriorates with age. Older adults typically have 
problems understanding speech in noise, even with clinically normal hearing. Earlier studies have shown that age-
related deficits in speech understanding affect the frequency following response (FFR) in midbrain. However, it 
remains an open question whether the aging midbrain can nevertheless process sufficient information for auditory 
cortex to compensate. To investigate these issues we analyzed speech-driven FFR, for speech masked by competing 
speech, using mutual information, to estimate the amount of stimulus information is contained in the FFR. Our results 
show first a wide-band informational loss in both amplitude and phase of FFR caused by aging. Second, the loss of 
information is more severe in higher frequency bands in older listeners. Third, the information decreases as noise level 
increases for both age groups, but the older adults benefit from meaningless background compared to meaningful 
background, while the younger do not. The results reveal a clear foreground informational loss in midbrain caused by 
aging, which is more severe when the background noise is meaningful to them than it is meaningless.  


