Cortical Neuromodulatory Mechanisms of Adaptations to Sound Contrast and their
Effects on Contrast-dependent Changes in Pupil Size

by
Patrick Andrew Cody

B.A., St. Mary’s College of Maryland, 2011

Submitted to the Graduate Faculty of the
Swanson School of Engineering in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2022



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Patrick Andrew Cody

It was defended on
December 10, 2021
and approved by
Takashi Kozai, Ph.D., Associate Professor, Department of Bioengineering

Sandra Kuhlman, Ph.D., Associate Professor, Department of Biological Science,
Carnegie Mellon University

Srivatsun Sadagopan, Ph.D., Assistant Professor, Department of Neurobiology

Matthew Smith, Ph.D., Associate Professor, Biomedical Engineering and Neuroscience,
Carnegie Mellon University

Dissertation Director: Thanos Tzounopoulos, Ph.D.,
Endowed Professor and Vice Chair of Research, Department of Otolaryngology

i



Copyright © by Patrick Andrew Cody

2022

il



Cortical Neuromodulatory Mechanisms of Adaptations to Sound Contrast and their Effects
on Contrast-dependent Changes in Pupil Size

Patrick Andrew Cody, Ph.D.

University of Pittsburgh, 2022

How does the brain efficiently process such a wide variety of sound environments? Sound
environments can be described probabilistically by a change in sound levels across frequency
(spectro-) and time (-temporal). To efficiently process sensory signals despite large changes in
background noise the brain adapts neural response properties to spectrotemporal sound level
statistics. With an increased range of sound levels, spectrotemporal contrast, the slope of neural
input-output functions decreases. This gain reduction, termed contrast gain control (CGC),
maintains dynamic range enabling cells to discriminate a wider input range. CGC is conserved
among species, evident in the midbrain and throughout cortex. CGC accounts for changes in
perceptual judgements in humans and mice, however, the underlying cortical neuromodulatory
mechanisms remain poorly understood. Furthermore, neural sensory response properties change
with internal state factors, such as wakefulness, that can be indexed by pupil-size. However, it is
unknown how pupil-indexed internal state changes affect adaptation to sound contrast and whether
these cortical adaptations are needed for sound evoked changes in pupil size. To address these
questions, we combined pupillometry with 2-photon calcium imaging of layer 2/3 neurons of
mouse primary auditory cortex (Al), along with pharmacological and genetic knockout
approaches. Our work reveals that contrast-dependent neuromodulatory effects of synaptic zinc
are necessary for CGC in A1 and that there are optimal pupil-indexed states for CGC. Further, we

report contrast-dependent changes in pupil size that, like CGC, rely upon neuromodulatory zinc
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signaling in auditory cortex. Thus, we reveal cortical neuromodulatory sensory processing that
influences pupil size. In addition to its reported use as a marker for Alzheimer’s disease and
schizophrenia, pupil size may therefore serve as a non-invasive clinical marker for disrupted
neuromodulatory cortical signaling during sensory adaptation. Understanding context specific
neuromodulatory mechanisms of perceptual gain adaptations such as CGC provides insight into
other fundamental aspects of perception that rely on gain modulation such as attention and

compensation for peripheral hearing loss.
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1.0 Introduction

1.1 Adaptations to Increasing Sound Level Variability: The Dynamic Range Problem

How does the brain encode the expansive range of sound environments that we experience
every day? While the upper range of human hearing is 12 orders of magnitude higher than just
audible sounds, certain environments may on average require only a certain portion of this
sensitivity range and other environments may need another portion. Some environments may
contain only a narrow range of sound levels, while others might demand a wider portion of this
hearing range. This challenge is only partially addressed by a division of labor strategy at the
auditory nerve (AN), the first step in the ascending auditory pathway from the peripheral hearing
organ, the cochlea, to the brainstem, the cochlear nucleus (Dean et al., 2005; Robinson and
McAlpine, 2009; Wen et al., 2009). AN fibers exhibit a sigmoid shaped rate-level function: the
firing-rate of the AN fiber begins to increase at some sound level threshold, it then increases
sharply with a large slope along a middle range of sound levels where it is most sensitive to sound
level differences, then tapers off and saturates at an upper sound level limit (Sachs and Abbas,
1974; Watanabe et al., 1965). As the firing-rate of this AN fiber does not change below its sound
level threshold nor above the sound level at which its firing-rate saturates, other AN fibers with
different sound level thresholds have shifted rate-level functions and thus accommodate a different
sound level range (Sachs and Abbas, 1974). However, this division of labor strategy only covers
a range of about 35 dB (Dean et al., 2005; Evans and Palmer, 1980), which is insufficient for the

demands of the natural world.



How then does the brain tackle this dynamic range problem, and how does it do it
efficiently given that sound environments tend to be described by some probability of sound levels,
sound level statistics? Beginning at the AN, cell rate-level functions shift depending on the most
probable sound levels. As average sound levels increase over time, AN rate-level sigmoid
functions shift rightward, resulting in higher thresholds and higher firing-rate saturation limits
(Wen et al., 2009). This dynamic range adaptation continues up the auditory pathway to the inferior
colliculus (IC) in the midbrain where it strengthens and enables the encoding of higher average
sound levels (Wen et al., 2009). Cells in IC are also able to adapt to an increase in stimulus variance
(Dean et al., 2005). When the range of sound levels increases over time, cell rate-level, or input-
output, functions decrease in slope, gain, to accommodate sound levels that would have otherwise
been below threshold or above saturation. Such compensation for sound level variance also
increases along the auditory pathway, such that neurons in auditory cortex (ACtx) are able to
change the gain of their input-output functions to a greater degree and thus accommodate greater

changes in sound level variance (Rabinowitz et al., 2013).

1.2 Contrast Gain Control

Sound environments are not, however, defined solely by sound level, but also by their
sound frequency content. Sound level can thus vary across time (temporally), as previously
described with shifts in sound level variance over time, as well as across frequency (spectrally),
sound level fluctuates across the frequency range of the environment. An increase in sound level

variance across frequency and time is called an increase in spectrotemporal contrast, or simply,



contrast. How does the auditory system compensate for changes in contrast? Similar to the
adaptation to sound level variance across time, cells decrease the slope (gain) of their input-output
function to accommodate increases in stimulus contrast (Rabinowitz et al., 2011). This process is
termed contrast gain control (CGC) and it is evident along the ascending auditory pathway from
the IC, to the thalamus (ventral medial geniculate, MGBvV), and into ACtx (Lohse et al., 2020).
CGC is modeled by passing a cell’s linear spectrotemporal tuning, its spectrotemporal receptive
field (STRF), through a sigmoid nonlinearity, a function resembling aforementioned rate-level
functions, that provides parameters that translate to threshold, gain, dynamic range, and baseline
rate (Rabinowitz et al., 2012). The model better predicts cell firing-rates when the gain parameter
is allowed to fluctuate with sound level contrast. In ACtx, cells are most sensitive to changes in
contrast at the frequency range along which they are most responsive (Rabinowitz et al., 2012).
Despite this contrast induced shift in the cell gain parameter of its input-output sigmoid
nonlinearity (CGC), baseline firing-rates of neurons in ACtx do not change overall and are thus
invariant to contrast (Lohse et al., 2020). Thus, adaptation to sound level contrast presents as two
phenomena, CGC, a slope shift in the input-output nonlinearity, and contrast invariance, the
invariance of cortical baseline firing-rates to contrast changes.

What implications does contrast adaptation have on behavior and human perception? This
question has only recently begun to be systematically explored despite the literature introducing
adaptation in the context of the ‘cocktail party problem’ and ‘hearing in noise’ in the last decade
(Rabinowitz et al., 2013; Willmore et al., 2014). Human participants’ sensitivity to sound level
differences, the minimum difference between two sound levels to be noticeable, decreases with
increasing sound level contrast (Lohse et al., 2020). Similarly, mice are less able to discriminate

changes to a sound target volume when the target is in high contrast sound (Angeloni et al., 2021).



Both of these studies show solely the perceptual detriment associated with increasing contrast
rather than a benefit. Novel behavioral paradigms are needed that allow for simultaneous neural
recording, internal brain state markers, and pharmacological intervention that show the perceptual
benefit to an increased encoding range associated with increased sound contrast. Nonetheless,
Angeloni et al, 2021, do reveal that ACtx is necessary for target detection in background noise
(Angeloni et al., 2021). This suggests that while contrast adaptation is evident beginning in IC, it

is necessary in ACtx for behavioral context related demands.

1.3 In Search of Circuit and Synaptic Mechanisms of Contrast Gain Control

While the neural input-output adaptation of CGC has been well described, the circuit and
synaptic mechanisms that enable it remain elusive. Because of the input rescaling (gain change)
that defines CGC, it is considered to be a divisive normalization computation (Carandini and
Heeger, 2012; Rabinowitz et al., 2012). This computation is considered canonical because it is
evident across species (Cooke et al., 2018; Rabinowitz et al., 2011), across brain regions (Lohse
et al., 2020), and across multiple sensory systems including vision (Carandini et al., 1997; Wilson
et al., 2012), and olfaction (Olsen et al., 2010). Thus, the same computation may be implemented
with different components and cellular architecture associated with different species and brain
regions. Highlighting this, is the finding that CGC in visual cortex relies upon parvalbumin
expressing inhibitory interneurons (PV cells) (Wilson et al., 2012), while CGC in ACtx does not
(Cooke et al., 2020). Furthermore, CGC adaptation time differs along the auditory pathway and

baseline rate contrast invariance is solely evident in ACtx (Lohse et al., 2020), suggesting that



CGC relies upon additional, if not unique mechanisms that are not simply inherited from
subcortical nuclei.

While CGC in ACtx relies upon different circuit mechanisms than those in visual cortex,
what can be gleaned of synaptic mechanisms of CGC in visual cortex (V1)? Short-term synaptic
plasticity (STP), specifically short-term depression (STD) at thalamocortical synapses, explains
CGC in V1 as STD builds with increasing presynaptic activity and thus contrast. Furthermore, in
ACtx, STRF models of neuron firing-rates significantly improve with a non-linear synaptic
depression component (David et al., 2009). However, when the nonlinear STP model was
compared against a CGC model (Rabinowitz et al., 2012) using the same natural sound stimuli,
the combined models resulted in better fits than either in isolation, suggesting that they uniquely
contribute and are not equivalent (Pennington and David, 2020). A thalamocortical STD
mechanism would explain a gradient of contrast strength along cortical layers, but in mouse
primary ACtx (A1), CGC was instead observed to be stronger in layer 5/6 output layers when
compared to the primary thalamorecipient layer 4 (Cooke et al., 2018; Harris and Shepherd, 2015).
Thus the circuit and synaptic mechanisms of CGC in ACtx remain poorly understood despite its

importance to CGC guided behavior (Angeloni et al., 2021).

1.4 Synaptic Zinc as a Candidate Neuromodulator of Contrast Dependent Gain Change in

Auditory Cortex

With evidence against an inhibitory circuit mechanism (Cooke et al., 2020) and short of
support for a short-term depression explanation (Pennington and David, 2020), we hypothesized

that a neuromodulator of gain and excitability, specifically synaptic zinc (Anderson et al., 2017;



Vergnano et al., 2014), contributes to CGC in ACtx. This hypothesis was motivated by recent work
using 2-photon calcium imaging in awake mice that reveals synaptic zinc as a key neuromodulator
of cortical sound processing (Anderson et al., 2017; Kumar et al., 2019). Notably, synaptic zinc
signaling modulates the gain of cortical sound-evoked responses (Anderson et al., 2017) and

contributes to frequency selectivity in the primary auditory cortex (A1) (Kumar et al., 2019).

1.5 Zinc Background

Zinc is critical to life (McAllister and Dyck, 2017a; Prasad et al., 1961). It is commonly
appreciated for its presence as a metalloprotein cofactor (Palmiter et al., 1996) serving functions
such as metabolizing ethanol (Auld and Bergman, 2008) and enabling DNA binding (Leon and
Roth, 2000). Our understanding of its role in the brain has been developing over the past two
decades (McAllister and Dyck, 2017a, 2017b). Zinc is present throughout the cortex, but
concentrated in layers 2/3, 5, and 6 (Brown and Dyck, 2003; McAllister and Dyck, 2017a). Zinc
stored in synaptic vesicles, termed synaptic zinc, is regulated by the vesicular zinc transporter
(ZnT3) (Cole et al., 1999; McAllister and Dyck, 2017a; Palmiter et al., 1996). Low micromolar
concentrations of zinc modulate post-synaptic excitability (Paoletti et al., 2009, 1997) via allosteric
inhibition of AMPA and NMDA receptors (Anderson et al., 2015; Kalappa et al., 2015; Krall et
al., 2020; Paoletti et al., 2009; Vergnano et al., 2014) and via enhancement of GABAergic
inhibitory post-synaptic currents (Kouvaros et al., 2020). Such neuromodulation by synaptic zinc
is regulated in a context- (Kalappa and Tzounopoulos, 2017) and experience-dependent fashion
(Brown and Dyck, 2005; Dyck et al., 2003; Nakashima and Dyck, 2008; Perez-Rosello et al., 2015,

2013; Vogler et al., 2020). In the absence of cortical synaptic zinc, mice lacking ZnT3 (ZnT3



knockout mice; ZnT3-KO) exhibit reduced acuity for detecting changes in sound frequency
(Kumar et al., 2019). This together with its gain modulation of cortical sound-evoked responses
highlight synaptic zinc as a fundamental and dynamic neuromodulator of synaptic transmission

and cortical sound processing (Anderson et al., 2017).

1.6 Pupil-indexed Neural States and Sensory Processing

In an awake quiescent animal, there are fluctuations in cortical state measurable by
spontaneous neural activity and membrane potential that correspond to the animal’s
responsiveness to sensory stimuli (McGinley et al., 2015b; Steriade et al., 2001; Vinck et al., 2015).
Improved sensory dependent task performance coincides with states of increased stimulus
responsiveness (Hasenstaub et al., 2007). Under consistent lighting intensity (constant luminance),
these states may be indexed by the animal’s pupil diameter (PD) (McGinley et al., 2015a; Reimer
et al., 2014). This is one of the reasons PD is considered an index of ‘arousal’ (McGinley et al.,
2015b). As PD linearly increases from small and constricted to large and dilated, cortical state
follows a U shape and stimulus sensitivity inversely follows an inverted U, or intersection symbol
(M), shape (Aston-Jones and Cohen, 2005; McGinley et al., 2015a; Yerkes and Dodson, 1908).
For example, sound detection task performance is low at small PD, maximal at intermediate PD
size, and low again at large PDs (McGinley et al., 2015a). When the pupil is small, cortical neurons
predominantly exhibit rhythmic low-frequency activity (1 — 10 Hz). As pupil increases into the
intermediate size range, membrane potential reaches its most hyperpolarized and least variable
state, thus membrane potential fluctuations decrease and coincide with decreased spontaneous

activity and a suppression of low-frequency rhythms. At this intermediate state, sensory encoding



is optimal: stimulus responses are largest in magnitude; sensory evoked activity to spontaneous
activity, or signal-to-noise ratio, is largest; and trial-to-trial variability in responses is reduced. As
pupil enters its most dilated range, there is an increase in brief and small dilations and constrictions.
In this range, cortical neuron membrane potentials begin to exhibit high frequency fluctuations as
they become more depolarized (McGinley et al., 2015b). Upon a transition from quiescence to
locomotion, the pupil enters this large, dilated range. Interestingly, locomotion onset is preceded
by both an increase in PD and a decrease in rhythmic low-frequency cortical activity (Vinck et al.,
2015). Importantly for this dissertation, pupil tracks ACtx excitability (Schwartz et al., 2019) and
intermediate pupil sizes correspond to increased auditory stimulus response gain (McGinley et al.,

2015a).

1.7 Pupil Size and ‘Arousal’

Cortical activity and sensory encoding follow similar U- and N-shaped relationships
(respectively) with a linear increase in locus coeruleus (LC) norepinephrine (NE) activity (Aston-
Jones and Cohen, 2005; McGinley et al., 2015b; Sara, 2009). Owing to this and LC inhibition of
sleep promoting nuclei as well as direct excitatory effects on cortex (Saper et al., 2001), LC-NE
activity is also considered a marker of ‘arousal’ (Satpute et al., 2019). Because of the equivalence
between linear increases in pupil size and LC-NE activity with regard to cortical state and sensory
encoding as well as direct LC-NE influence on wakefulness, pupil size has been used as a proxy
for ‘arousal’ as it relates to LC-NE activity (Gilzenrat et al., 2010; Joshi, 2021; Privitera et al.,
2020). Although PD does closely track LC-NE activity (Joshi et al., 2016), and LC stimulation

causes pupil dilation (Privitera et al., 2020), the specific circuit driving pupil dilation/constriction



from LC has yet to be established (Joshi and Gold, 2020). Establishing this link is challenging due
to the interconnectedness and extensive innervation of the multiple nuclei that directly affect PD
(Joshi and Gold, 2020).

Pupil size indexes (varies with) several task-associated factors that are also considered
measures of ‘arousal’” (McGinley et al., 2015b). However, arousal is a broad psychological
construct that may be simplified into three categories: wakeful arousal, a wakefulness gradient
from sleep to being awake; autonomic arousal, consisting of peripheral autonomic responses and
heart rate; and finally affective arousal, meaning affective engagement with stimuli (Satpute et al.,
2019). Task-associated factors, such as listening effort, may reflect one of these categories of
‘arousal’, but it is not the same as other categories of arousal including factors such as heart rate.
Similarly, LC-NE activity may mechanistically explain one or multiple categories, but it does not
account for all.

With regard to hearing, PD is reflective of listening effort (Borghini and Hazan, 2018;
Winn et al., 2015; Zekveld et al., 2010); cognitive load as measured by speech perception in noise
(Zekveld et al., 2014, 2011), and hearing loss (Kuchinsky et al., 2016). Although pupil tracks task
engagement, pupil and task associated neural activity may be resolved into distinct neural
populations in the inferior colliculus (IC) and ACtx by comparing responses to task related sounds
between task and passive conditions (Saderi et al., 2021). In the midbrain (IC), a greater proportion
of neurons were pupil associated compared to primary ACtx (Al) where more neurons were

associated with task engagement (Saderi et al., 2021).



1.8 Pupil and Neuromodulators

Pupil size tracks other neuromodulators in addition to LC-NE activity (Reimer et al., 2016).
Recordings of acetylcholine (ACh) and NE projections in layer 1 of mouse cortex during
pupillometry reveal that both ACh and NE correlate with PD, albeit on different time scales, and
that both pupil and projection activity increased prior to locomotion onset (Reimer et al., 2016).
Furthermore, vagus nerve stimulation, which is associated with both cortical ACh release and LC-
NE activation, drives pupil dilation (Mridha et al., 2021). Stimulation of the dorsal raphe nucleus
(DRN), which drives neuromodulatory serotonin release throughout cortex, drives pupil dilation
and the extent of stimulus evoked PD changes depend on task related uncertainty (Cazettes et al.,
2020). Importantly, using a linear mixed-effects model, Cazettes et al., 2020 found no interaction
effects between DRN stimulation and baseline pupil state on stimulus evoked PD changes.
Although the pupil does tend to constrict when at relatively dilated states (Gee et al., 2014; Mridha
et al., 2021), and stimulus evoked pupil responses are negatively correlated with pre-stimulus PD
(Joshi and Gold, 2020; see also Figure 3-4), Cazettes show that DRN stimulus evoked PD changes
associated with task related uncertainty do not depend on baseline (stimulus-independent) pupil
state. This suggests that stimulus evoked PD changes with task-related neuromodulation may be
dissociated from PD variation with stimulus independent behavioral/’arousal’ state (Cazettes et
al., 2020; Joshi, 2021). Chapter 2 of this thesis approaches a similar concept, instead regarding

auditory stimulus related neuromodulation.
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1.9 Sound Evoked Pupil Responses

So far pupil size has been discussed here in terms of an index of cortical state, whether it
be reflective of wakefulness, task engagement, or locomotion. Discussion of pupil changes in this
context is to understand how aspects of sensory processing, such as CGC as explored in Chapter
2, are affected by behavioral state and to explore how neuromodulatory factors that may be
involved in regulating such behavioral states relate to pupil size. Now we inversely ask: how does
sensory processing influence pupil size? In Chapter 2 we explore how cortical sensory adaptations,
CGC, and/or associated neuromodulatory zincergic activity influence sound stimulus-dependent
pupil responses. Numerous sound stimulus factors influence pupil responses: loudness, deviance
from regularity, complexity, and signal-to-noise to name a few (Montes-Lourido et al., 2021;
Zekveld et al., 2018). When stimulus factors are kept consistent, changes to sound evoked pupil
responses are instead indicative of physiological factors, both clinically relevant and not, such as:
age, hearing loss, cognitive ability, musical expertise, fatigue, dementia, and schizophrenia
(Zekveld et al., 2018). Thus changes to sound evoked pupil responses may be used as a clinical
marker (Montes-Lourido et al., 2021). The more that is known about the cortical mechanisms
involved in processing the auditory stimulus, the more that can be gleaned from the stimulus-
dependent pupil response. Chapter 2 reveals a zincergic neuromodulatory mechanism in auditory
cortex that enables sound contrast-dependent changes to pupil responses. Thus, disrupted contrast-
dependent pupil responses are indicative of disrupted zincergic neuromodulatory signaling in

ACtx.
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1.10 Dissertation Aims

Upon a transition from an environment with a narrow range of sound levels, such as a
laundromat, to another with a wider range of sound levels but same average sound level, such as a
crowded bar, the brain must adapt in dynamic range. For processing innumerable, but probabilistic
sound contexts, the brain handles this by efficiently adapting the neurons to sound context
statistics, in this case an increase in sound level contrast. By this sensory adaptation process termed
contrast gain control, neurons decrease the slope of their sound level input to firing-rate output
relationship so that they may encode a wider range of inputs, but at the cost of reduced sensitivity
to subtle sound level differences (Angeloni et al., 2021; Lohse et al., 2020). This gain adaptation
to sound level contrast has been modeled and described in detail in multiple species and at multiple
stages of the auditory pathway (Cooke et al., 2018; Lohse et al., 2020; Rabinowitz et al., 2011).
Despite this, circuit, synaptic, and neuromodulatory mechanisms that enable this adaptation remain
unknown. Given recent work from the Tzounopoulos lab showing that synaptic zinc signaling
modulates the response gain of cortical neurons (Anderson et al., 2017), we looked towards zinc
signaling for a potential neuromodulatory mechanism for contrast gain control in auditory cortex
(Chapter 1).

Does adaptation to sound environments depend upon brain state? Given that
responsiveness to sensory stimuli and neural excitability change with pupil size, an index of
cortical brain state (McGinley et al., 2015b, 2015a; Schwartz et al., 2019), we ask if contrast gain
control compensates for contrast to the same extent regardless brain state. To answer this question,
in Chapter 2 we pair pupil size measurements, pupillometry, with an assay for contrast gain control.

Sound evokes pupil dilations and changing sound features result in changes to these evoked

pupil responses. Pupil responses to the same sound can change depending on age, hearing loss,
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dementia, and schizophrenia (Zekveld et al., 2018). Thus, stimulus-dependent pupil responses can
be reflective of brain physiology in a clinical setting. Given our understanding of zincergic
neuromodulatory contribution to contrast gain control, what can sound contrast-dependent changes
in pupil responses tell us about activity in auditory cortex? We explore this in the latter part of

Chapter 2.

1.11 Dissertation Overview

In Chapter 1 we explore both neuromodulatory synaptic zinc signaling and cell type
specific mechanisms of adaptation to sound level contrast. To accommodate pharmacological
manipulation of zinc with cell type specificity we adapted an electrophysiological measure of
contrast gain control (CGC) (Cooke et al., 2020; Rabinowitz et al., 2011) to a measure using awake
in vivo 2-photon calcium imaging (2PCI). Due to the decrease in gain (shallower input-output
slope) corresponding with increased contrast, neuron responses to a given sound in high contrast
are lower than neuron responses to the same sound in low contrast (Cooke et al., 2020; Rabinowitz
etal., 2011). We observe the same result while imaging neuron responses with 2PCI. Despite this
gain change in neuron input-output functions, baseline firing-rates do not change with contrast in
ACtx (Lohse et al., 2020). We observe an equivalent phenomenon of this contrast invariance using
2PCI. Thus, in Chapter 1, using 2PCI we recapitulate two phenomena of adaptation to sound
contrast, CGC, and contrast invariance.

In the rest of Chapter 1, we combined this 2PCI assay for cortical CGC with
pharmacological and transgenic approaches to explore both the involvement of neuromodulatory

zinc signaling, and whether this involvement is specific to certain cell types. We found that
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synaptic zinc is required for dampened sound responses in high contrast specifically in principal
neurons of primary ACtx (A1). We found that zinc did not affect sound responses in low contrast,
nor did it have any contrast specific effects on parvalbumin (PV) expressing or somatostatin
expressing inhibitory interneurons. We did, however observe higher average PV-cell activity in
high contrast sound. We thus concluded that PV cells may contribute to the cortical contrast
invariance phenomenon of contrast adaptation. Importantly, we found that synaptic zinc is engaged
in a contrast specific manner to enable CGC in Al.

In the first part of Chapter 2 we paired pupillometry with the 2PCI assay for CGC to ask
whether CGC magnitude depends upon pupil-indexed brain state. We find that while CGC is on
average apparent across the entire range of pupil-indexed states, it is maximal at intermediate pupil
sizes. Given CGC magnitude dependence on stimulus-independent pupil-indexed state, we next
asked if stimulus-dependent pupil responses also affect CGC. We found that CGC solely depended
on pre-stimulus pupil-indexed state and thus confirmed that the 2PCI measure of CGC is not
simply a measure of contrast-dependent pupil response effects on cell responses.

In the latter part of Chapter 2 we explored the inverse, pupil response dependence on sound
processing rather than sound processing dependence on pupil-indexed brain state. We combined
the 2PCI assay for CGC and pupillometry along with pharmacological and transgenic approaches
to address whether pupil response changes with contrast are indicative of contrast-dependent
zincergic (zinc signaling specific) activity in auditory cortex. We found that pupil responses
increase in high contrast sound and that this increase depends upon synaptic zincergic
neuromodulation in ACtx. Thus, neuromodulatory synaptic zinc effects on both A1 principal cells
and pupil responses are specific to high contrast contrasts. This mirroring of state specific effects

suggests that contrast specific pupil responses are linked to cortical responses via zinc signaling.
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Thus, pupil responses to contrast could serve as a clinical measure for disrupted zinc signaling and

possibly CGC in auditory cortex.
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2.0 Chapter 1: Neuromodulatory Mechanisms Underlying Contrast Gain Control in Mouse

Auditory Cortex

2.1 Overview

Neural adaptation enables the brain to efficiently process sensory signals despite large
changes in background noise. Previous studies have established that recent background spectro-
or spatio-temporal statistics scale neural responses to sensory stimuli via a canonical normalization
computation, which is conserved among species and sensory domains. In the auditory pathway,
this adaptation presents as decreasing instantaneous firing-rate gain with increasing
spectrotemporal contrast, termed contrast gain control. Despite this gain rescaling, mean firing-
rates in auditory cortex become invariant to sound level contrast, termed contrast invariance. The
underlying neuromodulatory mechanisms of these two phenomena remain unknown. To study
these mechanisms, we used a 2-photon calcium imaging preparation, pharmacological and genetic
knockout approaches in layer 2/3 neurons of mouse primary auditory cortex (Al). We found that
neuromodulatory cortical synaptic zinc signaling is necessary for contrast gain control but not

contrast invariance in mouse Al.

2.2 Introduction

Neural adaptation enables the brain to efficiently process sensory signals amid changing

environments (Carandini and Heeger, 2012; Schwartz and Simoncelli, 2001; Wen et al., 2012). In
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the visual system, stimulus-response functions shift with respect to average light intensity to ensure
neurons are most sensitive along the relevant light range (Carandini and Heeger, 2012). In the
auditory system, when the mean and variance of sound levels change over time, the neuronal sound
input level-response functions adapt accordingly to maintain dynamic range across the most
relevant sound levels (Dean et al., 2005; Wen et al., 2009). In more complex environments
increases in the stimulus variance (contrast) induce a decrease in the slope of the neural input-
output relationship, a gain reduction, to efficiently to maintain stimulus discriminability (King and
Walker, 2020). This gain control is achieved via a canonical neural computation, normalization
(Carandini and Heeger, 2012), which is conserved among species (Cooke et al., 2018; Lohse et
al., 2020; Rabinowitz et al., 2011) and sensory domains (Carandini and Heeger, 2012; Olsen et al.,
2010; Rabinowitz et al., 2011; Schwartz and Simoncelli, 2001). As such, normalization relies on
diverse circuits and mechanisms, and different brain regions or different species may implement
it with different available components. In the auditory pathway, this adaptation, termed sound
contrast gain control, is evident as early as the inferior colliculus (IC), and continues in comparable
strength to thalamus and finally into auditory cortex (ACtx) (Lohse et al., 2020). Along this
hierarchy, differences in the underlying cellular architecture, adaptation time, and response
properties suggest unique contrast adaptation mechanisms along the auditory pathway (Lohse et
al., 2020) that are not simply inherited from subcortical nuclei. The normalization associated with
contrast gain control depends upon parvalbumin expressing (PV) neurons in visual (Wilson et al.,
2012), but not in auditory cortex (Cooke et al., 2020), supporting the idea that normalization is not
the outcome of a canonical circuit or mechanism. Moreover, uniquely in the ACtx, additional
mechanisms contribute to cortical sound contrast adaptation, as the mean firing-rates during

sustained sound remain invariant to contrast (Lohse et al., 2020), termed contrast invariance.
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Importantly, sound contrast adaptations account for changes in perceptual judgements in humans
(Lohse et al., 2020) and mice (Angeloni et al., 2021), however, the underlying neuromodulatory
mechanisms remain poorly understood.

Recent work using 2-photon calcium imaging in awake mice has established synaptic zinc
as a key neuromodulator of cortical sound processing (Anderson et al., 2017; Kumar et al., 2019).
Critical to the current study, synaptic zinc signaling modulates the gain of cortical sound-evoked
responses (Anderson et al., 2017) and contributes to frequency selectivity in the primary auditory
cortex (Al) (Kumar et al., 2019). These effects are eliminated in ZnT3 knockout (ZnT3KO) mice
that lack the vesicular zinc transporter (ZnT3), which loads zinc into synaptic vesicles (Anderson
et al., 2017; Cole et al., 1999; McAllister and Dyck, 2017a; Palmiter et al., 1996). In the absence
of cortical synaptic zinc, ZnT3 knockout mice exhibit reduced acuity for detecting changes in
sound frequency (Kumar et al., 2019). At the level of synaptic transmission and neuromodulation,
vesicular (synaptic) zinc is released with glutamate and GABA to inhibit GluN2A-containing
NMDA and AMPA receptors (Rs) and potentiate GABARs (Anderson et al., 2015; Kalappa et al.,
2015; Kouvaros et al., 2020; Krall et al., 2020; Paoletti et al., 2009; Vergnano et al., 2014).
Together, these results have unmasked a fundamental role of zinc signaling in the fields of synaptic
transmission and A1 sound processing.

Here, we probed the influence of zincergic neuromodulation on the two phenomena of
cortical sound contrast adaptation, contrast gain control and contrast invariance. To study these
phenomena, we used an awake 2-photon calcium imaging (2PCI) preparation to assay principal
(excitatory projection), PV, and somatostatin-expressing (SOM) cell response properties with
respect to low and high spectrotemporal sound level contrast. To determine the dependence of

these adaptations on synaptic zinc, we used a combined pharmacological (Pan et al., 2011) and
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genetic knockout approach (Cole et al., 1999). Our results support that A1 contrast gain control is

under the neuromodulatory control of synaptic zinc signaling.

2.3 Results

2.3.1 2-Photon Calcium Imaging (2PCI) Assay for Adaptation to Sound Level Contrast in

A1l L2/3 Principal Neurons

To interrogate neuromodulatory and cellular signaling mechanisms underlying contrast
adaptation in A1 L2/3 principal neurons we devised an in vivo awake 2-photon calcium imaging
(2PCI) assay in mice. Our non-parametric approach is based upon previous electrophysiological
analyses that do not rely upon a parametric firing-rate model (Cooke et al., 2020; Rabinowitz et
al., 2011). We used 2PCI to record sound evoked calcium fluorescence transients from single
principal cells in awake head-fixed mice that express the GCaMP6f calcium indicator. For these
experiments, we injected ACtx with an adeno-associated virus (AAV) that drives GCaMP6f
expression under control of the calcium/calmodulin-dependent protein kinase 2 (CaMKII)
promoter. For each recording, we first localized A1 using wide-field 4X epifluorescence calcium
imaging by comparing the response to a 5 — 6 kHz pure tone at 50 — 60 dB SPL with established
tonotopic maps of mouse ACtx (Anderson et al., 2017; Linden et al., 2003; Romero et al., 2019).
We then mapped single cell frequency response areas (FRAs) for a single field of cells within Al
L2/3 under 2PCI at 40X. Then, to identify the pure tone frequency with the maximum response,
we averaged the FRAs across these cells. To assess contrast adaptation, we presented this pure

tone at 70 dB SPL following 2 s of dynamic random chords (DRCs) having either low or high
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spectrotemporal sound level contrast (Figure 2-1a). Sound level varied across both frequency and
time (Figure 2-1a-b), at + 5 dB (6 = 2.9 dB) for low- and + 15 dB (c = 8.7 dB) for high-contrast
DRCs, but both DRC stimuli had the same mean sound level of 55 dB (see Methods: DRC
stimuli). Figure 2-1c shows the time course of the 2PCI assay and illustrates cell averages of
fluorescence response traces during high and low contrast stimuli, covering from 1.2 s before the
DRC onset until the end of the 8 s DRC stimulus (n = 125 cells, 7 mice). Traces were baseline (Fo)
subtracted and normalized, AF/F = (F-Fo)/Fo , where Fo is the mean fluorescence prior to DRC
onset (-1.2 — 0 s). We used this assay to assess two phenomena of contrast adaptation: contrast
gain control and contrast invariance (Figure 2-1c, gray boxes). First, we assessed contrast gain
control by comparing responses to pure tones preceded by low vs. high contrast (Figure 2-1c: left
gray box, Figure 2-1d-e). Second, we assessed contrast invariance by comparing mean
fluorescence responses during sustained low- vs. high-contrast DRC segments (Figure 2-1c: right

gray box at 6 — 8 s, Figure 2-11).
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Figure 2-1: 2-photon calcium imaging (2PCI) assay for A1 adaptation to spectrotemporal sound level contrast
(a) Spectrogram (top) and sound voltage signal (bottom) of a representative 2 s epoch from low- (left; blue) and
high (right; red) contrast DRC stimuli. For each 25 ms time bin column in the spectrogram, sound levels for
each frequency (depicted by color) are sampled from a narrow (low contrast; = S5 dB; left colorbar) or wide
(high contrast; + 15 dB; right colorbar) uniform distribution with the same 55 dB SPL mean. (b) Sound level

(dB SPL) plotted against frequency (left) and time (right) to depict low (blue) and high (red) spectro- and
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temporal- contrast, respectively, of the DRC stimuli. (¢) Mean = SEM of % AF/F traces from Al principal cells
(top) during low (blue) and high (red) contrast stimuli with a 400 ms pure tone occurring at 2 s after the
initiation of the DRC stimulus. Baseline, F0, for % AF/F calculated prior to DRC onset at -1.2 — 0 s. Bottom:
representative sound voltage signals. (d) Mean + SEM of % AF/F traces during the pure tone epoch calculated
with F0 at 1 — 2 s. (e) Scatterplot of each cell’s mean peak % AF/F pure tone response in low vs high contrast.
Significance (p = 5.64e-3, permutation test) denoted by blue asterisk (*). Direction of contrast effect denoted by
blue coloring of fitted regression line and 95% confidence interval (slope 95% CI: 0.72 — 0.84). (f) Mean = SEM
of contrast scaling factors from 2PCI assay with a pure tone occurring 0.5 s or 2 s after contrast DRC onset.
Asterisk (*) denotes p = 1.30e-4 via permutation test and cross () denotes p = 3.53e-8 via Wilcoxon signed-rank
test. (g) Mean = SEM of % AF/F traces (top) in low and high contrast at end of DRC stimulus (DRC offset at 8
s) using a baseline, F0, calculated prior to DRC offset at 7 — 8 s. Bottom: representative sound voltage signals.
(h) Boxplot of temporal averages of % AF/F responses following DRC offset at 8.2 — 8.4 s for low and high
contrast. (i) Boxplot of temporal averages of % AF/F responses during the sustained contrast epoch at 6 — 8 s
for low (blue) and high (red) contrast. (j) Mean = SEM of % AF/F traces (top) during a change in sound level
contrast from low to high (red) and high to low (blue). Baseline, F0, calculated before contrast change at 7 — 10
s. Bottom: representative sound voltage signals. (k) Boxplot of temporal averages of % AF/F responses during

11.4 — 12 s DRC segment of low or high contrast.
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Consistent with previous studies assessing contrast gain control (Cooke et al., 2020;
Rabinowitz et al., 2011), neural responses to pure tones in high contrast are reduced compared to
responses in low contrast (Figure 2-1c: left gray box). To assess peak fluorescence responses to
the pure tone, we calculated baseline subtracted fluorescence traces normalized to a baseline 1 s
prior to pure tone onset (Figure 2-1d; Fo is mean fluorescence intensity at 1 —2 s). We plotted each
cell’s average peak pure tone response following 2 s of low contrast against its response following
2 s of high contrast (Figure 2-1e) and found that responses were significantly greater when
preceded by low contrast (p = 5.64e-3, permutation test; blue fitted regression line and 95%
confidence interval: slope 95% CI: 0.72 — 0.84; n = 110 cells, 7 mice). Note that the regression
line and 95% confidence interval in Figure 2-1e and subsequent scatterplots is only used for
depictive purposes; coloration other than gray denotes the direction of a significant effect of
contrast as measured by a permutation test. To assess whether the effect of contrast is dependent
on the duration of the contrast sound prior to the pure tone, we also performed the same assay but
with pure tones occurring 0.5 s after low or high contrast sound (Figure 2-1f). To quantify contrast
gain control, we calculated the contrast scaling factor, defined as the population mean of individual
cell average peak responses in low- divided by average peak responses in high contrast. We
determined contrast gain control to be evident if the contrast scaling factor is significantly greater
than 1. We found that the contrast scaling factor was significantly greater when pure tones were
preceded by 2 s of contrast DRC as opposed to 0.5 s (p = 1.30e-4, permutation test). With our
assay, 0.5 s of contrast sound was not sufficient to observe a significant effect of contrast (p =
0.227; n ="77); solely 2 s of contrast DRC resulted in a contrast scaling factor significantly greater

than 1 (p = 3.53e-8, n = 125; Wilcoxon signed-rank tests, 7 mice).
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To control for a potential offset response contribution to the pure tone epoch due to the
cessation of the DRCs during the 400 ms pure tone, we plotted % AF/F traces at DRC offset (8 s)
that were followed by silence instead of a pure tone (Figure 2-1g; baseline, Fo, calculated prior to
DRC offset at 7 — 8 s). We did not observe a significant effect of contrast on offset responses (8.2
— 8.4 s; Figure 2-1h, boxplot; p = 0.62, permutation test; n = 125 cells, 7 mice), and thus conclude
that the effect of contrast on responses during the pure tone epoch is not attributable to the cessation
of the DRCs during the 400 ms pure tone. Taken together, using a 2PCI assay, we measure contrast
gain control that is consistent with previous electrophysiological studies (Cooke et al., 2020, 2018;
Rabinowitz et al., 2011). Moreover, the pure tone response epoch of our 2PCI assay reveals a
duration-dependent effect of preceding context contrast that is also consistent with previous
electrophysiology studies (Rabinowitz et al., 2011).

We next determined whether our assay recapitulates a second phenomenon of contrast
adaptation, cortical contrast invariance. We hypothesized that mean % AF/F activity during the
sustained contrast DRC segment (Figure 2-1c: right gray box at 6 — 8 s) would not differ with
respect to contrast, as seen with mean Al firing-rates in previous electrophysiological studies
(Lohse et al., 2020). To assess contrast invariance with our assay, we isolated % AF/F activity
during sustained DRC presentation within a 2 s epoch that sufficiently follows pure tone response
decay (6 — 8 s). Average cell % AF/F traces were calculated with an Fo at -1.2 — 0 s (as in Figure
2-1c¢) and comprise the 6 — 8 s epoch from both 2 s and 0.5 s pure tone onset conditions. Temporal
averages of responses during this sustained contrast epoch do not differ with respect to contrast
(Figure 2-11, boxplot, p = 0.66, permutation test; n = 125 cells, 7 mice). While this DRC segment
recapitulates contrast invariance, it does not clearly reveal the time course of response adaptation

to comparable levels after a change in contrast, as observed in previous electrophysiological
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studies (Lohse et al., 2020). To account for this, we performed additional experiments in which
we recorded % AF/F activity after a change in contrast from low to high and from high to low, as
done in previous studies (Cooke et al., 2018; Lohse et al., 2020) (Figure 2-1j; Fo calculated before
contrast change at 7— 10 s). The change from low to high contrast (at 10 s) results in initially larger
responses that fully adapt and return to low contrast response levels within 1.4 s (as seen with the
11.4 — 12 s temporal average in Figure 2-1k, boxplot; p = 0.11, permutation test; n = 270 cells, 5
mice). Consistent with Figure 2-1c (right gray box) and Figure 2-1i, mean responses during
sustained DRC segments remain invariant to contrast. Despite the longer adaptation time that is
likely due to the calcium imaging signal, our results are consistent with electrophysiology data
(Lohse et al., 2020). Thus, the second epoch of our 2PCI assay during sustained contrast DRCs
(Figure 2-1c: right gray box and Figure 2-1i) reproduces a second phenomenon of contrast
adaptation, cortical contrast invariance. Taken together, we established a 2PCI assay that measures
two phenomena of cortical contrast adaptation: contrast gain control and contrast invariance. We
will employ this assay to explore the neuromodulatory mechanisms of cortical adaptation to sound
level contrast.

Because neurons are most sensitive to changes in contrast within the frequency bandwidth
at which they are most responsive (Rabinowitz et al.,, 2012), we explored the frequency
dependence of contrast gain control with our 2PCI assay. For each recorded field of cells, a given
cell’s best frequency (BF), the frequency that elicited the maximum response across an average of
presented sound levels, is at some octave difference from the pure tone frequency used to assess
contrast gain control (Figure 2-2a, top, representative cell FRA in terms of cell BF octaves from
pure tone in assay). We asked whether contrast gain control depends upon the distance of the pure

tone frequency from cell BFs. We plotted contrast scaling factors with respect to whether the pure
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tone stimulus occurred within (n = 55 cells) or outside 1 octave (n = 55 cells) of cell BF (Figure
2-2a boxplot; 7 mice). Contrast scaling factors did not significantly differ between the two
conditions (Figure 2-2a, boxplot; p = 0.425, permutation test) and were significantly greater than
1 in both conditions (Figure 2-2a boxplot; within: p =2.90e-5; outside: 2.27e-4; Wilcoxon signed-
rank tests). This result suggests that sound level contrast scales L2/3 A1l principal cell responses

to pure tones regardless of the distance of the pure tone from the cell’s BF.
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Figure 2-2: Frequency dependence of 2PCI assay for contrast gain control in Al principal cells
(a) Top: Frequency response area (FRA) from a representative Al principal cell with frequency on x-axis
labeled with respect to octaves from cell best frequency (BF) at 18340 Hz. Color denotes mean peak % AF/F
pure tone response amplitude. (a) Bottom: Boxplot of contrast scaling factors from cells with BFs within (black)
or outside (gray) 1 octave of the pure tone used in the 2PCI assay. (b) Top: Representative low and high contrast
DRC stimuli with bandwidths of 5 — 25 kHz (left) S — 52 kHz (right). (b) Bottom: Boxplot of contrast scaling

factors from 5 — 25 kHz and 5 — 52 kHz DRC bandwidth conditions.
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To further examine the frequency dependence of our 2PCI contrast gain control assay, we
tested whether pure tone scaling by contrast depends upon the frequency bandwidth of the DRC
stimuli. To address this question, we performed the same assay as in Figure 2-1c, but we used a
narrower 5 — 25 kHz frequency bandwidth for both low- and high-contrast DRC (Figure 2-2b, top:
representative 0.5 s epochs of low and high contrast from each DRC bandwidth condition). We
found that the contrast scaling factors did not significantly differ between the two conditions
(Figure 2-2b boxplot; p = 0.50, permutation test; 5 — 25 kHz: n =152 cells, 8 mice; 5 — 52 kHz: n
=110 cells, 7 mice) and were significantly greater than 1 in both conditions (Figure 2-2b boxplot;
5—-25kHz: p=3.42e-15; 552 kHz: p =3.53e-8; Wilcoxon signed-rank tests). As we observe
comparable contrast gain control in both bandwidth conditions, we include data from both
conditions in subsequent analyses. This result supports that the scaling effect of contrast on L2/3
Al principal cell responses to pure tones is robust to a more than halving of the contrast DRC

bandwidth.

2.3.2 Contrast Gain Control in Primary Auditory Cortex Depends Upon Neuromodulatory

Zinc Signaling

Given the lack of knowledge on synaptic neuromodulatory mechanisms underlying
contrast gain control, we next investigated the involvement of synaptic zinc, a neuromodulator
capable of cell-specific scaling of sound evoked responses (Anderson et al., 2017). To determine
whether synaptic zinc contributes to contrast gain control, we measured contrast gain control as in
Figure 2-1d-e (Figure 2-3a-c; 9 mice). We assessed contrast gain control before (CTRL, Figure
2-3b left; lighter shade) and after injecting into ACtx (Anderson et al., 2017, 2015; Kumar et al.,
2019) a fast extracellular high-affinity zinc-specific chelator (Pan et al., 2011), ZX1 (100 uM,
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Figure 2-3b, right; darker shade), to inhibit endogenous extracellular zinc signaling (Anderson et
al., 2017, 2015; Kumar et al., 2019). The effect of contrast on pure tone responses observed in
CTRL (Figure 2-3b-c left; n = 171, p = 1.99¢-5, permutation test, regression slope 95% CI: 0.73
—0.81) is no longer evident after ZX1 treatment (Figure 2-3b-c right; n =174, p=0.52, permutation
test, lack of significance denoted by black/gray coloring of fitted regression line and 95%
confidence interval, slope 95% CI: 0.90 — 0.99). ZX1 did not, however, affect contrast invariance
(Figure 2-3a: right grey box, Figure 2-3d). Specifically, mean % AF/F activity during the sustained
contrast DRC segment (Figure 2-3a: right gray box at 6 — 8 s), remained invariant to contrast after
ZX1 injection (Figure 2-3d boxplot). As in Figure 2-11, mean % AF/F responses did not differ
between low and high contrast (p = 0.59, permutation test; n = 182 cells, 9 mice). To directly assess
the effect of ZX1 on contrast gain control, we plotted the contrast scaling factor from the same
cells before and after ZX1 injection (Figure 2-3e, n = 167 cells, 9 mice). We observed a significant
decrease in the contrast scaling factor following ZX1 injection (p = 9.99e-6, permutation test), and
the contrast scaling factor no longer significantly differed from 1 in the presence of ZX1 (p =0.21,
Wilcoxon signed-rank test). To control for a potential effect of the injection pipette and the
injection of a solution volume in cortex, we performed the same assay before and after injection
of the vehicle: 50 uM AlexaFluor 594 in ACSF. The contrast scaling factor was significantly
greater than 1 both before (p = 7.71e-9) and after vehicle injection (p = 1.62e-7, Wilcoxon signed-
rank tests) and did not significantly differ post-injection (Figure 2-3f; p = 0.73, permutation test;
n = 82 cells, 6 mice). Together, these results suggest that zinc signaling is necessary for cortical

contrast gain control, but not for contrast invariance.
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Figure 2-3: Contrast gain control in A1 depends upon cortical ZnT3-dependent synaptic zinc signaling

(a) Mean £+ SEM of % AF/F traces from Al principal cells after ZX1 treatment during low (blue) and high (red)
contrast stimuli with a 400 ms pure tone occurring at 2 s after the initiation of the DRC stimulus. Baseline, F0,
for % AF/F calculated prior to DRC onset at -1.2 — 0 s. Bottom: representative sound voltage signals. (b) Mean
+ SEM of % AF/F traces during the pure tone epoch before (CTRL; left) and after ZX1 treatment (right)
calculated with F0 at 1 —2 s. (¢) Scatterplots of each cell’s mean peak % AF/F pure tone response in low vs high
contrast before (CTRL; left) and after ZX1 treatment (right). In CTRL, significance (p = 1.99e-5, permutation
test) denoted by blue asterisk (*) and direction of contrast effect denoted by blue coloring of fitted regression
line and 95% confidence interval (slope 95% CI: 0.73 — 0.81). Black/gray coloring of ZX1 regression line and
95% confidence interval denote no significant effect of contrast (slope 95% CI: 0.90 — 0.99). (d) Boxplot of
temporal averages of % AF/F responses during the sustained contrast epoch at 6 — 8 s after ZX1 treatment for
low (blue) and high (red) contrast. (e-f) Contrast scaling factors before (CTRL; gray) and after (black) ZX1 (e)
or ACSF (f) treatment. (g) Histogram representing cell counts for bins of cell BF octave shifts after ZX1
treatment. (h) Mean = SEM of contrast scaling factors before (gray, CTRL) and after (black) ZX1 treatment
limited to responses from pure tones occurring within 0.25 octave of cell BF calculated from FRAs both before

and after ZX1 treatment. Asterisk (*) denotes p = 4.39e-2 via permutation test and cross (1) denotes p = 3.78e-
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7 via Wilcoxon signed-rank test. (i-j) Contrast scaling factors before (CTRL; gray) and after ZX1 (black)
treatment in ZnT3-KO (i) and ZnT3-WT (j) mice. Black asterisks (*) denote p <0.001 via permutation test and

cross (1) denotes p < 0.001 via Wilcoxon signed-rank test.

To test for potential ZX1 effects on cell FRA (Kumar et al., 2019) that could explain the
ZX1 effects on contrast gain control, we mapped cell FRAs both before and after ZX1 injection in
5 out of 9 mice. We first measured the effect of ZX1 on BF and found that it did not affect BF
across the cell population average (Figure 2-3g, t(110) =-0.9184, p = 3.60e-1, one sample t-test),
suggesting that ZX1 effects on contrast gain control are not due to ZX1 effects on cell FRA.
Because principal neuron pure tone responses in silence are scaled by synaptic zinc depending on
pure tone distance from cell BF (Kumar et al., 2019), we next limited our analysis to responses
from pure tones occurring within % octave of cell BF in both control and ZX1 conditions (Figure
2-3h; n =63 cells, 5 mice). We observed that the ZX1 effect on the contrast scaling factor persisted
(p =4.39e-2, permutation test) and was not different from that of the entire population average (in
Figure 2-3e). Together, these two analyses suggest that the contribution of endogenous zinc
signaling to contrast gain control is unlikely to be attributable to zinc effects on cell tuning.

The effect of endogenous zinc signaling may be attributable to synaptically released ZnT3-
dependent vesicular zinc (Anderson et al., 2017; Cole et al., 1999), tonic zinc (Anderson et al.,
2015; Perez-Rosello et al., 2015), or both (Krall et al., 2020). To ascertain the source of zinc
signaling, we assessed contrast gain control before and after intracortical ZX1 injection (as in
Figure 2-3e) in wild type mice (ZnT3-WT) and knock out (ZnT3-KO) mice that lacked ZnT3, and
thus synaptic zinc (Cole et al., 1999). We found that contrast gain control was eliminated in ZnT3
KO mice (Figure 2-3i; the contrast scaling factors do not significantly differ from 1; ZnT3-KO: p
=0.09; ZnT3-WT: p=0.69; Wilcoxon signed-rank tests), and furthermore, that ZX1 did not have

any effect on ZnT3-KO mice (p = 0.10, permutation test; n = 42 cells, 4 mice). This suggests the
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critical involvement of ZnT3-dependent zinc in contrast gain control and that ZX1 does not have
any non-ZnT3-dependent effects on contrast gain control. In littermate controls, ZnT3-WT mice,
ZX1 treatment caused a similar reduction in the contrast scaling factor (Figure 2-3j) as in Figure
2-3e (p=5.99e-5, permutation test; n =47 cells, 4 mice). Together, these results suggest that ZnT3-
dependent synaptic zinc is needed for contrast gain control in principal neurons of mouse L2/3

primary auditory cortex.

2.3.3 Zinc Signaling Does Not Have Any Contrast-dependent Effects on Either PV or SOM

Cells

Because zinc signaling affects the sound-evoked responses of PV and SOM interneurons
(Anderson et al., 2017), we next explored whether zinc signaling affects potential contrast
adaptations in these interneurons. To do so, we performed the same assay as in Figure 2-1c, but in
PV and SOM cells before and after injection of ZX1 into ACtx. To isolate GCaMP6f expression
to PV or SOM cells, we injected the ACtx of mice expressing Cre recombinase in PV or SOM
cells, PV- or SOM-Cre mice, with a Cre-dependent GCaMP6f AAV. We found that PV cell pure
tone responses are not scaled by contrast (Figure 2-4c, p = 0.96, permutation test; n = 36 cells, 7
mice). Thus, our results are consistent with previous findings (Cooke et al., 2020) suggesting that
PV cells do not contribute to contrast gain control of Al principal neurons. We did, however,
observe significantly greater PV activity during sustained high contrast DRCs (Figure 2-4a: right
grey box, Figure 2-4d boxplot, p = 2.56e-2, permutation test; n = 38 cells, 7 mice), which is
contrary to previous reports (Cooke et al., 2020) using electrophysiology (see Discussion).
Nonetheless, this result points towards a potential contribution of PV cells to contrast invariance
in A1 principal cells. Importantly, in the presence of ZX1, PV activity during sustained contrast
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DRCs remained significantly greater (Figure 2-4b: right grey box, Figure 2-4f boxplot; p = 2.10e-
2, permutation test; n = 35 cells, 7 mice) and the contrast gain control assay was unaffected (Figure
2-4e; p = 0.52, permutation test; n = 31 cells, 7 mice). In SOM cells, we did not observe any
significant contrast-dependent effect before or after ZX1 injection, suggesting that that the Al
SOM cell population does not contribute to contrast adaptation of L2/3 Al principal neurons
(Figure 2-4g-1; p > 0.05, permutation test; n = 22 cells, 7 mice). Together, these results suggest

that zinc signaling does not have any contrast-dependent effects in either PV or SOM cells.
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Figure 2-4: Zinc signaling does not have any contrast-dependent effects on either A1 PV or SOM cells
(a-b) Mean + SEM of % AF/F traces from PV cells before (a) and after ZX1 treatment (b) during low (blue)

and high (red) contrast stimuli with a 400 ms pure tone occurring at 2 s. Baseline, F0, for % AF/F calculated
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prior to DRC onset at -1.2 — 0 s. Bottom: representative sound voltage signals. (c,e) Top: Mean = SEM of %
AF/F traces from PV cells during the pure tone epoch before (¢, Top) and after (e, Top) ZX1 treatment
calculated with FO at 1 — 2 s. (c,e) Bottom: Scatterplot of each PV cell’s mean peak % AF/F pure tone response
in low vs high contrast before (c, Bottom) and after (e, Bottom) ZX1 treatment. (d,f) Boxplot of temporal
averages of % AF/F responses from PV cells during the sustained contrast epoch at 6 — 8 s before (d) and after
ZX1 treatment (f) for low (blue) and high (red) contrast. Asterisk (*) denotes p < 0.05 via permutation test. (g-
I) Same as (a-f) but recorded in SOM cells. Black/gray coloring of regression lines and 95% confidence intervals

denote no significant effect of contrast.

2.3.4 Zinc Signaling Suppresses Principal Neuron Responses Preceded by High, But Not

Low, Sound Level Contrast

As our results show that zinc signaling is needed for the scaling of pure tone responses by
sound level contrast, we further asked whether zinc contributes in a contrast-specific manner: is
the effect of zinc signaling limited to responses following low contrast, high contrast, or both? To
address this, we plotted average peak pure tone response amplitude across the principal cell
population following low and high contrast DRCs before and after ZX1 injection (Figure 2-5a-c;
9 mice). Using a two-way ANOVA we compared the effect of the contrast and ZX1 factors on
peak % AF/F responses. We observed significant main effects of both contrast (F(1,166) = 28.74,
p=2.73e-7) and ZX1 (F(1,166) =20.07, p = 1.39e-5) with a significant interaction effect between
the two (F(1,166) = 31.04, p = 1.00e-7). Bonferroni corrected post-hoc tests for multiple
comparisons reveal that peak response amplitudes are significantly greater in low than in high
contrast prior to (Figure 2-5a; p = 1.22e-14) but not after ZX1 injection (Figure 2-5a; p = 0.31).
Importantly, ZX1 increased peak response amplitudes in high contrast (Figure 2-5a; p=1.12e-11),

but left amplitudes unaffected in low contrast (Figure 2-5a; p = 0.58). Scatterplots of peak pure
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tone responses before vs. after ZX1 following low- (Figure 2-5b) or high (Figure 2-5¢) contrast
show that ZX1 did not affect peak responses in low contrast (Figure 2-5b; p = 0.29, n = 176,
permutation test; slope 95% CI: 0.89 - 1.02) but increased peak responses in high contrast (Figure
2-5¢; p=9.99¢-6, n = 171, permutation test; slope 95% CI: 1.09 — 1.25). To control for a potential
effect of the injection pipette and the injection of a solution volume in cortex, we performed the
same analysis before and after ACSF injection (Figure 2-5d; 6 mice). We solely observed a
significant main effect of contrast (F(1,81) = 32.47, p = 1.89¢-7) and no significant interaction
effect between contrast and ACSF injection. Scatterplots of peak pure tone responses before vs.
after ACSF injection following low- (Figure 2-5e; n = 95 cells) or high contrast (Figure 2-5f; n =
84 cells) showed that ACSF did not affect peak responses in either condition (p > 0.05, permutation
tests). Together, these results suggest that zinc signaling suppresses pure tone responses

specifically in high, but not low, contrast sound.
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Figure 2-5: Zinc signaling suppresses Al pure tone responses preceded by high- but not low sound level
contrast

(a) Mean = SEM of principal cell peak pure tone % AF/F responses preceded by 2 s of low (blue) and high (red)
sound level contrast before (light shade; CTRL) and after (dark shade) ZX1 treatment. (b-c) Scatterplot of
each cell’s mean peak % AF/F pure tone response before (CTRL, x-axis, light shade) vs after (y-axis, dark
shade) ZX1 treatment in low (b) and high (c) contrast. Black/gray coloring of regression line and 95%
confidence interval (on b) denote no significant effect of ZX1 treatment (slope 95% CI: 0.89 —1.02). Significant
ZX1 effect (p =1.12e-11, permutation test) in (c) denoted by dark red asterisk (*) and fitted regression line with
95% confidence interval (slope 95% CI: 1.09 — 1.25). (d-f) Same as (a-c), but with ACSF treatment instead of
7ZX1. Black/gray coloring of regression lines and 95% confidence intervals (on e-f) denote no significant effect
of ACSF treatment. Black asterisks (*) in (a,d) denote significant Bonferroni corrected post-hoc comparisons

(p < 0.001).
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2.4 Discussion

2.4.1 2-Photon Calcium Imaging Assay for Contrast Adaptation: Strengths and

Limitations

To accommodate a 2-photon calcium imaging (2PCI) preparation we measured pure tone
scaling by preceding contrast to assess contrast gain control. This approach is based upon an
experiment in a seminal study using electrophysiology in ferret Al reporting that responses to
fixed test sounds within neurons’ receptive fields are scaled by spectrotemporal contrast of a
preceding sound context (Rabinowitz et al., 2011). Similarly, a more recent study from the same
group revealed that, in single cells of mouse A1, excitatory post-synaptic potential evoked by
broadband noise decreases when preceded by high contrast sound (Cooke et al., 2020). A calcium
imaging approach allows for a large range of spatial scale thus enabling facile parcellation of
auditory fields by tonotopy and anatomy on the mesoscale for Al localization, as well as single
cell resolution with cell-type specificity, via viral and transgenic targeting. These advantages come
at the cost of temporal resolution. While the signal decay of the GCaMP6f calcium indicator (~1
s for one action potential) (Chen et al., 2013) may be resolved with spike deconvolution (Pachitariu
et al., 2017), our recordings are still limited by a 5 Hz imaging frame rate, due to X-Y
galvanometric laser scanning at 256 x 256 px. These constraints preclude the estimation of
temporal kernels and accurate contrast adaptation time constants. We observed an effect of contrast
on pure tone responses with a longer time scale than previously reported, >500 ms in Figure 2-1f
vs. 86 — 157 ms (Rabinowitz et al., 2011). This discrepancy may be attributable to calcium signal

decay from the DRC sound onset obscuring responses from earlier occurring pure tones.
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Millisecond temporal resolution, as afforded by electrophysiology, allows for the
simultaneous estimation of separable frequency and temporal kernels (Ahrens et al., 2008; Linden
et al.,, 2003), as well as spectrotemporal contrast kernels, to evaluate temporal and spectral
(frequency) regions within which a neuron is most sensitive to contrast changes (Rabinowitz et al.,
2012). Our frame acquisition interval (200 ms) exceeds the reported temporal bandwidths of Al
neurons (Linden et al., 2003; Lohse et al., 2020), and thus precludes temporal kernel estimation.
Assessing spectral contrast kernels with our 2PCI assay would require a sperate stimulus trial for
which contrast is low or high at individual frequency bins along the DRC bandwidth. For a given
experiment, this would require a prohibitive number of trial repetitions for a sufficient frequency
bin resolution. Thus, the analysis of frequency dependence in Figure 2-2 does not directly compare
to spectral contrast kernels (Rabinowitz et al., 2012). Cell spectral contrast kernels correlate with
cell frequency kernels; cells are most sensitive to changes in contrast, and thus show greater
contrast gain control, along the frequency region at which they are most responsive (Rabinowitz
et al., 2012). Here, because contrast extends across the full DRC bandwidth, we would expect to
capture comparable contrast gain control among cells with different FRAs. Given this, our finding
that contrast gain control is comparable between pure tone stimulus frequencies both near and
away cell BFs Figure 2-2a is consistent with previous studies (Rabinowitz et al., 2012). Our results
thus consider the frequency dependence between cell tuning and contrast effects on pure tone

responses rather than frequency regions of the contrast bandwidth.

2.4.2 Heterogeneity in Scaling: Inclusion Criteria, Recording Depth, and Contrast Tuning

Despite the population effect of increased pure tone responses following low contrast, our
results reveal heterogeneity in scaling: we observed cells that did not show contrast effects and
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others showed increased pure tone responses following high contrast (Figure 2-1e and Figure
2-3c). This may be attributable to several factors such as inclusion criteria (see Methods: 2PCI
processing and analysis), recording depth (Cooke et al., 2018), and potential tuning to contrast
(Barbour and Wang, 2003). Previous studies that measured contrast gain control with either multi-
unit (Cooke et al., 2020, 2018; Rabinowitz et al., 2011) or single-unit recordings (Lohse et al.,
2020; Rabinowitz et al., 2012) included units based upon reliable firing-rate responses to the DRC
stimuli (Rabinowitz et al., 2012). We include pure tone responses from single cells if they exhibit
significant responses to pure tones when preceded by contrast. The dependence of our criterion to
pure tone responses rather than strictly DRC responses could be excluding cells that exhibit
contrast gain control not measurable by our non-parametric 2PCI assay. Our 2 SD significance
criterion (see sections 2.5.8 and 2.5.10), for pure tone responses could also contribute to an under-
estimation of CGC. If gain reduces responses in high contrast below this threshold, the cell would
not be included in analyses and thus measured CGC would be artificially lower. An
underestimation of CGC could also result from saturation of the calcium imaging signal. Firing
rates during the pure tone response in low contrast may saturate the fluorescence signal such that
responses beyond the maximum fluorescence intensity of the imaging dynamic range within the
200 ms frame intervals would not be measurable. We would also expect a greater proportion of
cells to exhibit pure tone response scaling by contrast if we extended our imaging plane below
L2/3, due to both increases in tone evoked activity in layer 4 (Bowen et al., 2019) and increasing
strength of contrast gain control in deeper cortical layers (Cooke et al., 2018). Furthermore, if the
contrast tuning that is observed in marmoset ACtx (Barbour and Wang, 2003) extends to mouse
ACtx, variability could also be explained by tuning to spectral contrast level, albeit not

spectrotemporal. Additional experiments are needed to determine the presence of contrast tuning
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in mouse ACtx and whether variability is captured by differences in auditory subfield (Barbour

and Wang, 2003).

2.4.3 DRC Stimulus: Robustness and Comparison With Prior Studies

Contrast gain control in mouse ACtx is reliably elicited despite sound level and frequency
differences in contrast DRC stimuli. Prior studies observed contrast gain control using DRC
stimuli with average sound levels of 40 dB (Cooke et al., 2020; Lohse et al., 2020) and 80 dB
(Cooke et al., 2018), both with a doubling of sound level range at high contrast (low A dB: 20,
high A dB: 40). Our DRC stimuli are defined by a 55 dB mean, a tripling of sound level range
from 10 dB in low to 30 dB in high, and narrower bandwidths, 5 — 52 or 5-25 kHz compared to 1
— 64 kHz, with narrower frequency intervals, 1/8" and 1/12" octave respectively vs. 1/4™ octave.
Despite these differences, we observed significant response scaling by contrast (Figure 2-2b),

further confirming the robustness of cortical contrast gain control.

2.4.4 PV Cells and A1 Sound Contrast Adaptation

Unique cell architecture and network dynamics (Litwin-Kumar et al., 2016; Sanzeni et al.,
2020) in cortex likely necessitate additional adaptations to enable mean firing-rate invariance to
contrast in principal cells (Lohse et al., 2020). Contrary to a recent study (Cooke et al., 2020), we
observe a significant increase in mean PV population activity during high contrast DRC. With
increasing contrast, elevated mean firing-rates in subcortical regions (Lohse et al., 2020) may
become balanced at the cortical level by elevated PV activity. Upon a change from low to high

contrast, initially elevated firing rates in ACtx become comparable to low contrast rates after a
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~200 ms adaptation time (Lohse et al., 2020) (similarly shown in Figure 2-1j, but on a longer time
scale). Cortical silencing leaves contrast gain control in IC and MGBv unaffected (Lohse et al.,
2020), suggesting that contrast invariance serves cortical network stability rather than subcortical
feedback. Without a cortical balancing mechanism, elevated firing rates in ACtx during high
contrast could become exacerbated with recurrent excitation (Aponte et al., 2021; Reinhold et al.,
2015), which is especially strong in superficial layers (Sadeh et al., 2017). Across sensory and
motor areas, the inhibitory microcircuit architecture of cortex enables an inhibition stabilized
network (ISN) regime (Kato et al., 2017; Litwin-Kumar et al., 2016; Sadeh et al., 2017; Sanzeni
et al., 2020; Wehr and Zador, 2003) that may stabilize otherwise elevated activity during high
contrast. The local inhibitory influence and peri-somatic principal cell innervation of PV cells
compared to the broad influence and dendrite principal cell innervation of SOM cells (Kato et al.,
2017) make PV cells well situated to modulate local excitation microcircuitry (Harris and
Shepherd, 2015; Hu et al., 2014; Kato et al., 2017; Sanzeni et al., 2020). In anesthetized mice,
Cooke et. al. 2020 (Cooke et al., 2020) did not observe a population effect of contrast on mean
putative PV firing rates; however, a third of recorded putative PV cells significantly increased
firing rates during high contrast (Cooke et al., 2020). The discrepancy between those results and
our observed population effect of contrast on PV cells may in part be explained by the suppressive
effects of anesthesia on spike thresholds and spontaneous activity (Constantinople and Bruno,
2011; Sanzeni et al., 2020). The persistence of cortical firing-rate invariance to contrast despite
anesthesia (Lohse et al., 2020) is consistent with ISN being robust to light anesthesia (Reinhold et
al., 2015). If, however, PV activity in auditory cortex similarly follows principal cell activity with

a threshold-linear function as has been shown in visual cortex (Atallah et al., 2012), lowered
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principal cell firing-rates owing to anesthesia may not evoke sufficient PV activity for the

population level effects of contrast.

2.4.5 Different Cellular and Neuromodulatory Mechanisms Underlie Cortical Contrast

Gain Control and Contrast Invariance

Our findings suggest that the two phenomena of contrast adaptation likely occur via
separate mechanisms. Synaptic zinc solely affected contrast gain control, while leaving contrast
invariance unaffected. Consistent with this and with recent findings negating inhibitory
interneuron involvement in contrast gain control (Cooke et al., 2020), we observed no effect of
contrast on pure tone responses from either PV or SOM interneurons. However, relating to contrast
invariance, we observe sustained elevated mean PV activity during high contrast that persists in
the absence of zinc signaling, which is necessary for cortical contrast gain control. Finally, in the
IC, contrast gain control is present without contrast invariance (Lohse et al., 2020). Taken together,
these points suggest that contrast gain control and contrast invariance are mediated by different
mechanisms. Importantly, our findings reveal a zinc-dependent neuromodulatory mechanism for
contrast gain control and point towards a PV-dependent and zinc-independent mechanism for

contrast invariance in principal cells.

2.4.6 Zinc Signaling and Cell STRFs

Although we addressed the spectral tuning effects of ZX1 (Figure 2-3g-h), we were unable
to estimate temporal kernels and thus complete spectrotemporal receptive fields (STRFs) due to

the temporal resolution constraints of our calcium imaging acquisition rate (5 Hz). This precluded
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an analysis of potential zinc effects on temporal tuning. Rabinowitz et. al. (2012) find that units
are most sensitive to contrast within 50 — 100 ms of recent stimulation. In that study, the linear
STRF, including the separable temporal kernel, is used for calculating the contrast kernel
parameters of the non-linear input-output model. Thus, a change in temporal tuning could be
pursuant to changes in temporal contrast tuning (Rabinowitz et al., 2012). However, given that the
2 second contrast context of our stimulus paradigm well exceeds both the temporal contrast kernel
window and temporal bandwidth of A1 neurons, we would consider temporal tuning effects to be
negligible using our 2PCI assay. Nonetheless, STRF estimations via cortical recordings with
millisecond temporal resolution would provide a clearer picture of zinc’s cell specific effects on

spectrotemporal tuning.

2.4.7 Stimulus- and Context-dependent Effects of Zinc Signaling in Cortical Sound

Processing

Our results support that synaptic zinc signaling is necessary for contrast gain control in A1.
The reported intracortical diffusion area of ZX1 is 2.1 £ 0.1 mm?, which was based on visualizing
the spread of the extracellular red fluorescent dye Alexa-594, co-infused with ZX1 (Anderson et
al., 2017). When this diffusion area is converted to radius (0.8 + 0.2 mm), it suggests the spread of
ZX1 is limited exclusively to cortex (Lein et al., 2007). The fact that this cortical zinc chelation
eliminates contrast gain control in Al supports that A1 sound contrast gain control is likely not
simply inherited from the thalamus, but - importantly - even if inherited, it depends on cortical
zinc for its implementation.

Zinc signaling decreases pure tone response amplitudes in principal cells specifically when
they are preceded by high contrast DRC stimuli (Figure 2-5a,c). However, zinc signaling has no
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effect on pure tones preceded by low contrast (Figure 2-5a,b). These results suggest a context-
dependent effect of zinc signaling on cortical sound processing, likely due to context (experience)-
dependent changes in synaptic zinc signaling. Sensory processing centers that express synaptic
zinc (ZnT3) exhibit experience-dependent changes in vesicular zinc labeling, suggesting that the
effects of synaptic zinc signaling can be activity-dependent (Brown and Dyck, 2005, 2002;
Nakashima and Dyck, 2009). Indeed, we previously showed that synaptic zinc levels in DCN are
decreased following exposure, and thus modulate glutamatergic neurotransmission in an
experience-dependent manner (Kalappa et al., 2015; Vogler et al., 2020). Moreover, we discovered
an mGluR-dependent mechanism underlying long-term synaptic zinc plasticity that is mediated by
activity-dependent changes in zinc release upon different synaptic stimuli (Vogler et al., 2020).
This synaptic zinc plasticity shapes long-term synaptic plasticity of glutamatergic
neurotransmission in an activity-dependent manner (Vogler et al., 2020). Finally, synaptic zinc is
a context-dependent modulator of short-term plasticity: at lower levels of activity, synaptic zinc
reduces EPSC responses, but at higher levels, it inhibits responses during the first few stimuli,
while enhancing responses during subsequent stimuli (Kalappa and Tzounopoulos, 2017).
Together, these studies and the results presented here highlight that the effects of synaptic zinc
signaling on neurotransmission and sound-evoked cortical responses are stimulus-, context- and
activity-dependent.

Within this context, the zinc signaling effects on pure tone response amplitude shown here
do not simply compare to our previous work (Anderson et al., 2017). For example, we previously
showed that zinc signaling increases the response amplitude to 12 kHz pure tones in principal cells
(Anderson et al., 2017), whereas here we show that zinc signaling decreases pure tone response

amplitudes in high contrast sound. Similarly, with regard to PV and SOM cells, we previously
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showed that zinc signaling decreases pure tone response amplitude (Anderson et al., 2017),
whereas here we show that zinc signaling does not affect pure tone response amplitude in either
PV or SOM cells (Figure 2-4c,e,h,k). The 12 kHz 0.5 s pure tones we used previously were
preceded by silence (Anderson et al., 2017), whereas the pure tones used here were preceded by
low or high contrast DRC stimuli lasting 0.5 — 2 s and consisting of a summation of 28 — 29 pure
tone frequencies at varying sound level intensities. It is likely that the preceding sound context of
low or high contrast DRC elicits activity-dependent changes in zinc signaling, including changes
in the main targets of zinc signaling, such glutamatergic and GABAergic neurotransmission
(Anderson et al., 2015; Kalappa et al., 2015; Kouvaros et al., 2020), or changes in zinc release
(Vogler et al., 2020). For example, pharmacological blockade of glutamate NMDA receptors
(NMDARs), changes the effect of zinc signaling on the amplitude of sound evoked responses in
cortical principal neurons from excitatory to inhibitory (Anderson et al., 2017). Thus, it is possible
that the inhibitory effect of zinc signaling on principal cell pure tone response amplitude in high
contrast is attributable to differential NMDAR engagement during high vs. low contrast DRC
stimuli. Thus, the ostensible incongruities of zinc signaling between this study and our previous
ones are likely foremost explained by activity-dependent changes in zinc signaling induced by
differences in the context within which the pure tone stimulus is delivered.

Regarding responses to the DRC sound onset, the lack of zinc effects on responses to the
DRC sound onset compared to previously published effects zinc effects on pure tone stimuli
(Anderson et al., 2017) may similarly be explained by stimulus-dependent changes in zinc
signaling. The DRC stimulus persists for much longer than the isolated 12 kHz pure tone stimulus
used in previous studies (Anderson et al., 2017) and includes multiple frequencies, and thus allows

for adaptation and recruitment of a broader population of neurons and neural response properties.
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Finally, the effect of zinc signaling on pure tone responses is sound level-dependent. In principal
neurons, responses to pure tones at dB’s below 70 are not affected by zinc signaling (Anderson et
al., 2017). Here, the sound level of the DRC stimulus varies around a 55 dB mean at 25 ms
intervals. Thus, the lack of a zinc signaling effect on responses to DRC sound onset is likely due
to stimulus- and context-dependent effects of zinc signaling.

In our previous studies (Kumar et al., 2019), we found that the effect of zinc signaling on
pure tone responses in principal cells depends upon the octave distance between the pure tone
stimulus and the cell’s best frequency (BF). Namely, zinc signaling increases pure tone response
amplitude when tone frequencies are near cell BF, but decreases pure tone response amplitude
when tone frequencies are away from cell BF. The low and high contrast DRC stimuli that
preceded our pure tone stimuli consisted of a summation of 28 — 29 pure tone frequencies, both
near to and away from cell BFs. Thus, one explanation for the observed inhibitory effect of zinc
signaling in pure tone response amplitude in high contrast is that the effects of frequencies in the
DRC that are away from cell BF may continue through to the pure tone onset and thus may
influence cell responses to the pure tone stimulus. The high contrast dependence of this effect
could be explained by the greater sound level deviations between frequencies in high contrast
compared to low contrast (Figure 2-1b). Together, stimulus differences of context, frequency, level
and duration preclude a 1:1 comparison with our prior studies, but highlight the stimulus and
context dependent effects of zinc signaling in cortical sound processing. Given the importance of
zinc signaling in cortical sound processing (Krall et al., 2021; McAllister and Dyck, 2017b) there
is a need for further investigation on the various roles and mechanisms of stimulus-dependent zinc
signaling on cortical processing, especially with the use of mouse lines that enable conditional

knockout of synaptic zinc signaling in specific cortical cell types.
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In summary, our results reveal that cortical synaptic zinc signaling is necessary for cortical
sound contrast gain control, for specifically suppressing responses preceded by high contrast
sound, while leaving responses preceded by low contrast sound unaffected. This study highlights
the dynamic capacity for synaptic zinc to modulate cortical sound processing in a context-
dependent manner. Cortical gain modulation serves various ends, including sensory adaptation
(Rabinowitz et al., 2011), attention (Reynolds and Heeger, 2009), and compensation for hearing
loss (Chambers et al., 2016). How synaptic zinc signaling contributes to each of these ends both

in isolation and in combination significantly compels future studies.

2.5 Materials and Methods

2.5.1 Animals

Mice were handled, anesthetized, and sacrificed according to methods approved by the
University of Pittsburgh Institutional Animal Care and Use Committees (IACUC). The approved
TACUC protocol numbers that were employed for this study were: 17071036 and 17127808. We
used 37 male and female mice for the experiments presented in the main figures and an additional
5 male and female mice for the experiment in Figure 2-1j. The genetic background of all mice was
ICR/HalJ (Jackson Laboratory) for non-transgenic strains and C57BL/6J for all transgenic strains.
Homozygous mice expressing Cre recombinase in parvalbumin (PV) or somatostatin (SOM)
expressing cells (PV-Cre and SOM-Cre mice; Jackson Laboratory) were used for PV and SOM
cell experiments (respectively). For Figure 2-3i-j, homozygous mice lacking the vesicular zinc

transporter (ZnT3 (Cole et al., 1999); Jackson Laboratory), ZnT3-KO mice, were used along with
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homozygous littermate controls, ZnT3-WT. Experiments using these mice were done blind to KO
or WT designation. ZnT3-KO/WT mice were backcrossed with C57BL6/J mice at least 5 times
from the founder line (Jackson Laboratory strain #005064) and thus considered congenic with
C57BL6/] mice. Mice were injected between postnatal day (P) 24 and P30 for viral transduction
of the GCaMP6f calcium indicator employed for in vivo non-anesthetized imaging experiments

done at P38 — P49.

2.5.2 Stereotaxic AAV Injections

At P24 — P30 mice were induced to anesthesia with 3% isoflurane in oxygen, fastened on
a stereotaxic frame (Kopf, Tujunga, CA), and maintained at 1.5% isoflurane for intracortical virus
injections. A 30-gauge needle was used to bore a ~0.4 mm diameter craniotomy ~4 mm lateral to
lambda above the right auditory cortex (ACtx). A pulled glass micropipette (1.2 mm OD, World
Precision Instruments) was lowered 100 pum below pia surface into cortex using a
micromanipulator (Kopf) to deliver 600 nL of a GCaMP6f virus diluted in phosphate buffered
saline (PBS). Putative principal cells expressing calcium/calmodulin-dependent protein kinase 2
(CaMKII) were targeted with AAV9.CaMKII.GCaMP6f.WPRE.SV40 (addgene 100834; 2-2.5 X
10"* GC/mL; diluted at 1:6 in PBS). Cre recombinase expressing cells in PV-Cre or SOM-Cre
mice were targeted with AAV9.CAG.FLEX.GCaMP6f.WPRE.SV40 (addgene 100835; 2-2.5 X
10'* GC/mL; diluted 1:1 in PBS). The viral solution was delivered via tubing from a 5 pL glass
syringe (Hamilton, Reno, NV) backfilled with mineral oil and injected at a rate of 200 nL/min
using a motorized syringe pump (World Precision Instruments, Sarasota, FL). The pipette was left
in place for 1 min following injection. After retracting the pipette, the scalp surgical area was
closed using cyanoacrylate adhesive and treated with triple antibiotic ointment. For analgesia, mice
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were injected with 5 mg/kg carprofen intramuscularly following virus injection and 2 consecutive

days post-surgery interperitoneally.

2.5.3 Acute Surgery Preparation For In Vivo Imaging

At P38 — P49 mice were induced to anesthesia with 3% isoflurane in oxygen then
transferred to the imaging apparatus in a sound and light attenuating chamber and fitted into a head
cone delivering 1.5% isoflurane in oxygen throughout surgical preparation. Body temperature was
maintained at ~37°C via a heat pad with rectal thermistor. Ophthalmic ointment was applied to
protect the eyes throughout anesthesia and 1% lidocaine was injected intramuscularly to numb the
surgical site. The skull above the right temporal cortex was exposed with a ~1.5 cm incision in the
scalp surrounding the right ear. The exposed skull was affixed to a custom imaging mount using
cyanoacrylate adhesive and dental acrylic (Lang, Wheeling, IL) with the head at a 45° angle to the
sagittal plane such that the pial surface of the right temporal cortex was perpendicular/transverse
to the upright imaging optics. To minimize movement disturbance during imaging, the animal was
positioned into a bottomless 50 mL tube (27 mm diameter). Dental acrylic around the affixed skull
was formed into a reservoir centered around the imaging area to hold warmed artificial
cerebrospinal fluid (ACSF). Contaminating zinc was removed during ACSF preparation by
incubating with Chelex 100 resin (Biorad, Hercules, CA) for 1 hour. Chelex was removed by
vacuum filtration and finally high purity calcium and magnesium salts were added (99.995%
purity; Sigma-Aldrich, St. Louis, MO). The ACSF solution at pH 7.25 — 7.35 with an osmolarity
of ~300 mOsm contained the following ingredients in millimolar concentration: 130 NaCl, 3 KClI,

2.4 CaClz, 1.3 MgClz, 20 NaHCO3, 3 HEPES, 10 D-glucose.
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2.5.4 Sound Stimulus Delivery

Sound was delivered from a calibrated free-field speaker (ES1, Tucker Davis) situated 10
cm from the animal’s left ear. Speaker calibration was performed to create a flat speaker response
across all frequencies comprising the dynamic random chord stimuli (see DRC stimuli). For
calibration, microphones with attached pre-amps (1/8 in. 4138-A-015 and 1/4 in. 4954-B, Briiel
and Kjar) were calibrated to a 1 kHz pure tone at 94 dB SPL from a reference sound calibrator
(Type 4231, Briiel and Kjar) and positioned in the same location as the animal’s left ear. Sound
stimuli were generated and output voltage was scaled according to calibration data using custom
MATLAB (MathWorks, Natick, MA) scripts employing the signalObject library for compatibility
with the Ephus software (Suter et al., 2010) that was used for sound delivery and synchronized
epifluorescence imaging. Digital sound signals were converted to analog output at 250 kHz (USB-

6229, National Instruments) and sent to the ES1 speaker via an ED1 speaker driver (Tucker Davis).

2.5.5 Widefield Epifluorescence Imaging and Analysis for A1 Localization

After surgical preparation, transcranial sound evoked epifluorescence responses were
recorded a minimum of 10 minutes following cessation of isoflurane delivery to localize ACtx and
tentatively identify subfields by tonotopic gradients (Anderson et al., 2017; Linden et al., 2003)
for mapping a craniotomy for 2-photon imaging. Mice were then re-anesthetized with isoflurane
and a ~2 mm? craniotomy was made surrounding Al by scoring the skull with an 18 G syringe
needle. Again, at least 10 minutes following isoflurane cessation and with the skull above the 2-
photon imaging area removed, A1l was more precisely localized using the same approach. For

mapping tonotopic gradients we presented 5 — 6 kHz pure tones at 60 dB SPL while illuminating
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the imaging area with a blue LED (nominal wavelength, 470 nm; M470L3, Thorlabs). We imaged
GCaMPo6f emission under a 4X objective (Olympus, Center Valley, PA) through a GFP filter
(BrightLine GFP-A-Basic, Semrock) using a cooled CCD camera (Retiga 2000R, Q-imaging,
Surrey, BC, Canada). Images were acquired with a 20 Hz frame rate at a resolution of 200 x 150
pixels using 8X spatial binning. Each pixel covered an area of 171.1 mm?.

For evaluating tone evoked epifluorescence responses, we calculated normalized
fluorescence change from pre-stimulus baseline (Fo) at each pixel (AF/F = (F-Fo)/Fo). Pre-stimulus
baseline was calculated from a one second average of fluorescence intensity prior to pure tone
onset (at 2-3 seconds during imaging). To assess sound responsive regions, we applied a two-
dimensional 5 Hz low-pass 4" order Butterworth filter to 10 consecutive frames of % AF/F values
following pure tone onset, then averaged frames across time. This post-stimulus (5 — 6 kHz pure
tone) temporal average reveals two salient sound responsive regions corresponding to the low
frequency tonotopic areas of Al and the anterior auditory field (AAF) as well as smaller less

responsive secondary areas ventral to A1 and AAF (Anderson et al., 2017; Linden et al., 2003).

2.5.6 DRC Stimuli

Dynamic random chord (DRC) stimuli were generated to have high or low spectrotemporal
sound level contrast with the same mean sound level. DRCs consisted of 28 pure tone frequencies
between 5 — 51.874 kHz at 1/8™ octave intervals (all Figures) or 29 pure tone frequencies between
5 —25 kHz at 1/12™ octave intervals (Figure 2-2 onwards; see Results). For a single chord lasting
25 ms, sound levels for each frequency were sampled from a uniform distribution. Sound levels
for low contrast DRC were sampled from a narrow uniform distribution between 50 to 60 dB SPL
(= 5 dB; oL~ 2.9 dB SPL), while sound levels for high contrast DRC were sampled from a wider
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distribution between 40 to 70 dB SPL (+ 15 dB; oL = 8.7 dB SPL). Both distributions had the same
55 dB SPL mean (Figure 2-1). Pure tones were scaled to output voltage with respect to sampled
intensity via speaker response calibration data, then summed across frequency to result in a
‘chord’. Chord amplitude was enveloped with 1/4™ sin? and cos? ramps lasting 5 ms for onset and
offset respectively. Chords were then concatenated across time to generate DRC sound stimuli
lasting 8 s. At 0.5 s or 2 s chord amplitude was set to 0 V for 400 ms and instead a 70 dB SPL pure
tone lasting 400 ms was inserted within this gap (Figure 2-1c: bottom). Four stimuli were
generated for each pure tone frequency (5 — 51.874 kHz at 1/8™ octave intervals), contrast (low,

high) and onset (0.5, 2 s) combination.

2.5.7 2-photon Calcium Imaging (2PCI)

We imaged sound evoked responses from single cells with 2PCI before (control; CTRL)
and after injecting ZX1 (Pan et al., 2011) (a fast extracellular high-affinity zinc-specific chelator)
solution or ACSF solution. Prior to imaging we inserted a pulled glass micropipette just below the
pial surface at the edge of the craniotomy within ACtx. The pipette contained 100 uM ZX1 and
50 uM AlexaFluor 594 in ACSF (herein referred to as ‘ZX1 solution’) or just 50 uM AlexaFluor
594 in ACSF (herein referred to as ‘ACSF solution’) and was backfilled with mineral oil and
connected to a 5 puL glass syringe mounted in a motorized syringe pump (World Precision
Instruments). After a minimum of 20 minutes following cessation of isoflurane, we imaged
neurons in L2/3 of Al at a depth of 180 — 250 um. We delivered mode-locked 940 nm infrared
laser light (MaiTai HP, Newport) at 100 — 200 mW intensity through a 40X 0.8 NA objective
(Olympus) using X-Y galvanometric scanning with a motorized moveable objective microscope
(Sutter MOM, Novato, CA) focused on the craniotomy of the animal on a fixed stage. Green
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fluorescence signal from GCaMP6f emission was amplified using a photomultiplier tube (PMT;
Hamamatsu H10770PA-40) behind a green emission filter (FF03-525/50, Semrock) and dichroic
splitter (Di02-R561, Semrock). PMT, galvanometric scanning, and shutter signals passed through
a BNC-2090A breakout (National Instruments) to a PCI-6110 data acquisition card (DAQ;
National Instruments) that was controlled with Scanlmage 5.3 (Vidrio Technologies) software and
synchronized via hard wire to the stimulus delivery DAQ using the NI-DAQmx driver with a
MATLAB API. We collected 145 X 145 um images at 256 X 256 pixel resolution at an effective

frame rate of 5 Hz.

2.5.8 FRA Mapping

For each experiment we first mapped frequency response areas (FRAs) of the neurons in
the imaging field. We presented pure tones (linearly ramped at 10 ms) comprising the dynamic
random chord stimulus (5 — 51.874 kHz; see DRC Stimuli) lasting 400 ms at intensities of 30, 50,
and 70 dB SPL, occurring at 0.6 s or 1 s within a 3 s inter-stimulus-interval window. We presented
a minimum of 4 repetitions of each frequency/intensity combination across several 3 min imaging
intervals separated by laser off periods lasting a minimum of 30 s. We then performed an ad hoc
analysis to quickly determine a pure tone frequency that elicits the maximum AF/F response across
an average of all cell FRAs collapsed across stimulus intensity. Using custom scripts written in
MATLAB, ellipses were drawn around all non-overlapping cells in plane having a visible
‘doughnut’ shaped fluorescence signal. Normalized fluorescence change from pre-stimulus
baseline (AF/F = (F-Fo)/Fo) was calculated for each cell from mean fluorescence intensity signal
within the ellipse bounds (F). Pre-stimulus baseline (Fo) was calculated as the average cell
fluorescence signal (F) across a 600 ms baseline prior to pure tone onset. Significant peak AF/F
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responses were calculated as maximum AF/F values within an 800 ms window following pure tone
onset that are greater than or equal to 2 standard deviations above Fo. Significant peak AF/F
responses for each cell were averaged across stimulus intensity then averaged across cells to
determine the pure tone frequency eliciting the maximum response across cells. For the contrast
adaptation assay, this pure tone frequency was then presented following 0.5 or 2 s of contrast DRC
sound (see next section). For determining best frequency (BF) and final cell FRA, FRA mapping
data were re-analyzed post hoc with non-rigid motion- and neuropil- correction (as were contrast
assay data) as described in 2-photon calcium imaging: processing and analysis. BF for a given
cell was determined as the frequency eliciting the largest amplitude significant peak AF/F response

averaged across the stimulus intensities.

2.5.9 Contrast Adaptation Assay

For each experiment, a given pure tone frequency (as determined during ad hoc FRA
mapping; see previous section) was presented in each contrast (low, high) and onset (0.5 s, 2 s)
combination in a pseudorandom fashion. For each imaging trace, the DRC sound stimulus was
both preceded and followed by 4 s of silence. Traces were interleaved by laser off periods of
pseudorandom duration lasting 25 — 35 seconds. A minimum of 8 repetitions of each parameter
combination was presented both before and after intracortical injection of ZXI1- or ACSF-
solutions into ACtx. Solutions were infused at 30 nL/min to 600 nL for 20 minutes during which
the microscope objective was periodically adjusted to maintain cell position. Post-injection
recordings followed once solutions diffused within A1 and the syringe pump was adjusted to 9
nL/min. Following 2PCI, solution diffusion (containing AlexaFluor 594) was confirmed with 4X
widefield epifluorescence imaging of the craniotomy using a green LED (nominal wavelength,
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530 nm; M530L3, Thorlabs) and Texas Red filter (BrightLine TxRed-A-Basic, Semrock). Mice

were then sacrificed and tails from transgenic mice were saved for genotype confirmation.

2.5.10 2-Photon Calcium Imaging (2PCI): Processing and Analysis

For a given experiment, 2PCI frames were concatenated for all traces across time and
aligned using non-rigid motion correction via the NoRMCorre MATLAB toolbox (Pnevmatikakis
and Giovannucci, 2017). Ellipses were manually drawn around cells (as described in FRA
mapping) and contamination from surrounding neuropil (in the form of time varying fluorescence
intensity) obtained using the FISSA Python toolbox (Keemink et al., 2018) was scaled by 0.8
(Chen et al., 2020; Kerlin et al., 2010) and removed to obtain motion- and neuropil- corrected
average fluorescence intensity across time for each cell. Solely non-overlapping cells deemed tone
responsive were included for further analysis. We used a tone sensitivity index, d-prime (d’), to
identify tone responsive cells (d’ > 0) as described in Romero et al 2020 (Romero et al., 2019).
Briefly, for a given cell FRA, we calculated average response amplitude from responses at and
immediately adjacent to the frequency/level combination eliciting the maximum response (average
of 5 values if maximum response at dB < 70, 4 values if not). We then averaged the same number
of values selected at random frequency/level locations of the FRA. We took the difference of these
averages and iterated this process 1000 times. The tone sensitivity index, d-prime (d’), was
calculated as the average of the iterated differences. Normalized baseline subtracted fluorescence
traces (AF/F = (F-Fo)/Fo) were calculated for each stimulus parameter combination for each
stimulus epoch (DRC onset, pure tone onset, DRC offset) using a corresponding fluorescence
baseline (Fo) as discussed later in the corresponding Results section. Solely significant peak AF/F
pure tone responses, as calculated in FRA mapping, were included in pure tone response analyses.
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2.5.11 Statistical Analysis

All statistical analyses were performed in MATLAB. Contrast scaling factors and % AF/F
data are presented as mean + SEM, except where a boxplot is noted. For a given analysis, an
Anderson-Darling test was first performed to determine whether data arose from a normal
distribution. Data that failed to reject the null hypothesis were considered normally distributed. In
this case, one sample t-tests were used to determine significance in single samples. For two sample
comparisons, paired and unpaired t-tests were used for within- or between- subject data
respectively. All t-tests were two-tailed. For comparison between multiple groups having within-
subject factors (Figure 2-5a,d), a repeated-measures two-way analysis of variance (ANOVA) test
was used. Bonferroni corrections were used in the case of multiple two-sample post hoc
comparisons among a group of samples; the significance level (o = 0.05) of the test was corrected
via scaling by the reciprocal of the number of comparisons. Non-parametric comparisons were
used on data for which the Anderson-Darling null hypothesis was rejected. The Wilcoxon signed-
rank test was used for one-sample comparisons. A permutation test (Wasserman, 2004) was used
for two sample comparisons. Samples for which fewer than 5,000 out of 100,000 random
permutations of the data resulted in mean differences greater than the observed difference in

sample means were considered significant (p < 0.05).
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3.0 Chapter 2: Pupil-indexed State Effects on Cortical Adaptation to Sound Contrast and

Cortical Neuromodulatory Effects on Sound Contrast-dependent Changes in Pupil Size

3.1 Overview

In consistent lighting, changes in pupil size can reveal inner states such as emotion and
cognitive effort. Such states comprise a complex interaction of internally generated and externally
driven factors that both influence and are shaped by sensory processing. Pupil size fluctuations in
the absence of sensory stimuli (stimulus-independent), such as with wakefulness, are associated
with spontaneous changes in internal brain state. Cortical states at intermediate pupil sizes are
optimal for sensory encoding (McGinley et al., 2015a, 2015b). Within this range, sound response
gain and cell excitability are maximal in auditory cortex. It is unknown how such changes to
sensory processing at these pupil-indexed internal states interact with sensory adaptation to sound
contexts. Here we show that the strength of adaptation to increased sound level variance across
time and frequency, sound level contrast, is similarly maximal at intermediate pupil sizes. This
adaptation to contrast involves a well described decrease in neural response gain termed contrast
gain control. Although present subcortically, auditory cortex is necessary for contrast gain control
dependent behavior. Further, our recent work shows that synaptic zinc neuromodulatory signaling
is necessary for cortical contrast gain control. Here, we show that increased sound contrast evokes
larger pupil responses and that this difference in stimulus-dependent pupil responses, like contrast
gain control, relies upon cortical zinc signaling. Together, these results suggest that pupillometry
can be used to predict internal brain states that are optimal for sensory adaptation, and importantly,

may serve as a non-invasive clinical marker for disrupted zinc dependent sensory processing.
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3.2 Introduction

Large dilations and constrictions of the pupil act as an aperture in adjusting to light
intensity. In consistent lighting, however, pupil size still fluctuates in smaller degrees and can
reveal changes in emotion, task engagement and cognitive effort (Joshi and Gold, 2020; Kuchinsky
etal., 2016; Saderi etal., 2021; van der Wel and van Steenbergen, 2018; Winn et al., 2015; Zekveld
et al., 2011). These states reflect a complex intersection of internally generated and externally
driven factors that both influence and are shaped by sensory processing. Spontaneous changes in
internal brain state, such as with wakefulness, may be indexed by stimulus- and task- independent
changes to baseline pupil diameter (PD) when measured in consistent lighting. Within the
intermediate baseline pupil size range, cortical membrane potential and spontaneous activity are
most permissive to sensory encoding. For example, in the auditory cortex (ACtx), at this range,
sound response gain and cell excitability are maximal (McGinley et al., 2015a, 2015b; Saderi et
al., 2021). However, it is unknown how pupil-indexed changes in brain state and concomitant
changes to sensory encoding interact with sound contexts and neural adaptation to those contexts.

Pupil size increases in response to external sound stimuli. Stimulus changes such as an
increase in sound loudness, complexity, or salience, and resultant changes in sensory processing,
yield evoked pupil responses (Liao et al., 2016; Montes-Lourido et al., 2021; Warda and Pandey,
2020; Zekveld et al., 2018). However, it is unclear which stages of the ascending auditory pathway
contribute to these evoked pupil response differences. If instead sound stimuli are kept consistent,
but neural physiology and sensory processing is altered, such as with schizophrenia and dementia,
sound evoked pupil responses are also altered (Zekveld et al., 2018). This serves as further
evidence of sensory processing driven changes to pupil size, and importantly highlights pupil as a

marker for disrupted sensory processing (Montes-Lourido et al., 2021).
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The auditory sensory system adapts to sound contexts efficiently by adjusting neural
response properties to the probability of sound levels in the context, the sound level statistics.
Adaptation to increasing variance of sound levels across frequency and time (contrast) is achieved
by a decrease in the slope (gain) of the sensory input to neural output relationship (King and
Walker, 2020; Rabinowitz et al., 2011). The change in gain maintains dynamic range across a
broader range of sound levels at the cost of sensitivity to sound level differences (Angeloni et al.,
2021; Lohse et al., 2020). This sensory adaptation, termed contrast gain control (CGC), is evident
in the ascending auditory pathway from IC, to thalamus, and into ACtx (Lohse et al., 2020). ACtx
is required for behavior that relies upon CGC (Angeloni et al., 2021). Additionally, our group
recently found that CGC in ACtx depends upon cortical synaptic zinc neuromodulation using a
combined pharmacological and transgenic approach to inhibit zinc signaling (Chapter 1, section
2.0). Given this understanding of the cortical sensory processing involved in a specific form of
sensory adaptation, we are better able to study how such processing relates to changes in pupil
size.

To study the contribution of stimulus-independent changes in pupil-indexed brain state to
sensory adaptation we paired pupillometry with a 2-photon imaging assay of CGC in ACtx. We
then used the same preparation but disrupted cortical CGC by manipulating synaptic zinc to
explore cortical sensory processing driven changes to sound stimulus-dependent pupil responses.
Our results support that adaptation to sound contrast is strongest at an intermediate pupil range
where sound responses are maximal. Importantly, our data suggest that cortical neural adaptations
and cortical synaptic zinc signaling influence changes in PD in response to changing sound

contrast.
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3.3 Results

3.3.1 Contrast Gain Control is Greatest at Intermediate Pupil Diameter

Because cortical gain is associated with pupil diameter (PD) (McGinley et al., 2015a;
Schwartz et al., 2019), we investigated whether contrast gain control (CGC) (Angeloni et al., 2021;
Lohse et al., 2020; Rabinowitz et al., 2011), similarly varies in strength with PD. To address this,
we recorded PD during a 2-photon calcium imaging (2PCI) assay for CGC. Specifically, we asked
if PD prior to sound onset (Figure 3-1a-c, gray box) is associated with CGC magnitude (Figure
3-1b; representative animal). Briefly, we presented low (£ 5 dB; blue) and high (+ 15 dB; red)
contrast sound with a 70 dB pure tone occurring at 2s (Figure 3-1a) while recording single cell
fluorescence responses with 2PCI (Figure 3-1b) and PD (Figure 3-1c). Previous studies show that
pure tone responses depend on PD (Lin et al., 2019; McGinley et al., 2015a). Our stimuli differ, in
that pure tones are instead preceded by 2 s of DRC sound. Thus, we first plotted peak pure tone
response amplitude regardless of contrast (Figure 3-1d) to determine whether pupil-indexed state
effects are similar despite the added 2 s of DRC sound. Comparable with previous studies (Lin et
al., 2019; McGinley et al., 2015a), responses are largest at pre-stimulus PDs within the
intermediate range of an animal’s PD (relative to maximum animal PD; p = 2.30e-11, Kruskal-
Wallace one-way ANOVA, 344 cells from 10 animals). In further agreement with prior studies,
increased trial-to-trial consistency in cell temporal response profiles, reliability, coincides with
increased response amplitudes at intermediate PD (Figure 3-1e; reliability calculated as average
zero lag trial-to-trial cross correlation between all pairs of pure tone response AF/F traces at 2 —
3.2 s; p = 4.95¢-13, Kruskal-Wallace one-way ANOVA). Thus, despite 2 s of DRC sound
preceding the pure tone (Figure 3-1a), our assay replicates previously observed the effects of pre-
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stimulus PD on cell pure tone response amplitude and reliability (Lin et al., 2019; McGinley et al.,
2015a).

We next probed pre-stimulus PD effects on CGC magnitude. We assessed CGC as
described in Chapter 1, Section 2.3.1 and shown in Figure 2-1d: the contrast scaling factor is
defined as the population mean of individual cell average peak responses in low- divided by
average peak responses in high contrast. Plotting contrast scaling factors across the same pupil
measure reveals that the magnitude of CGC is similarly largest at intermediate pre-stimulus PD
(Figure 3-1f; p = 5.94e-4, Kruskal-Wallace one-way ANOVA). That CGC magnitude changes
with pre-stimulus PD (Figure 3-1f) suggests that the pre-stimulus effects of PD on pure tone
response amplitude (seen in Figure 3-1d) differ between low and high contrast. To explore such
contrast-dependent effects of PD, we plotted peak pure tone AF/F responses with regard to contrast
across pre-stimulus PD (Figure 3-1g) and performed a 2-way ANOVA. We again observed a
significant effect of pre-stimulus PD on response amplitude (Figure 3-1g; F(6,1815) =22.80, p =
4.76e-26). Consistent with CGC we observed a significant effect of contrast (F(2,1815) =8.18, p
= 4.3e-3) on pure tone response amplitude. Notably, we found a significant interaction between
contrast and pre-stimulus PD range (F(6,1815) = 3.41, p = 2.4e-3). Consistent with Figure 3-1f,
the effect of pre-stimulus PD on pure tone response amplitude depends on sound contrast. Thus,
contrast-dependent effects of pre-stimulus PD on pure tone response amplitude may in part explain

the change in CGC magnitude with pre-stimulus PD (Figure 3-1f).
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Figure 3-1: Contrast dependent pupil-indexed cortical state effects on Al principal cell response properties

(a) Representative sound voltage signals of low (blue) and high (red) contrast DRC stimuli with a 400 ms pure
tone occurring at 2 s. Gray box denotes pre-stimulus epoch. (b-c) Representative 2PCI and pupil traces from
the same animal and stimuli. Thick lines are the mean of the thin line traces. (b) Pure tone % AF/F responses
from a representative cell calculated with Fo at 1 — 2 s. (¢) Sound evoked pupil responses as percentage of
average pupil diameter (PD) during pre-stimulus epoch (gray). (d-i) Al principal cell response properties
binned by the pre-stimulus PD at which responses occurred. Pre-stimulus PD is calculated by animal as mean
pre-stimulus PD percentage of max animal PD across entire experiemnt. (d) Mean + SEM of peak pure tone %
AF/F responses from combined contrast conditions. (¢) Mean + SEM of cell reliability (trial-to-trial cross
correlation of pure-tone % AF/F response). (f) Mean = SEM of contrast scaling factors. (g-h) same as (d-e), but
with regard to contrast condition. (i) Mean £ SEM of standard deviation of cell peak % AF/F pure tone

responses with regard to contrast.
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However, at the pre-stimulus PD range at which CGC is maximal (Figure 3-1f, at pre-
stimulus PD of 32 — 43%, 3" data point from the left), pure tone response amplitudes do not
significantly differ between low and high contrast (Figure 3-1g, at pre-stimulus PD of 32 — 43%,
3t data points from the left), as would have been expected. The contrast scaling factor measure of
CGC (Figure 3-1f) is calculated from each cell’s average peak response in low contrast divided by
its peak response in high contrast, whereas responses in Figure 3-1g are not paired ratios by cell.
The discrepancy between Figure 3-1f and g may thus be partly attributable to response variability
between cells. We further explored cell response variability between contrast conditions in terms
of reliability (Figure 3-1h): trial-to-trial consistency in temporal response profiles; and in terms of
peak response variation: standard deviation (SD) cell peak AF/F response between trials (Figure
3-1i).

Pure tone response reliability does not differ between contrast within the PD range at which
CGC is maximal (Figure 3-1f and h). Both contrast conditions have comparably consistent
temporal response profiles between trials (reliability). However, we did observe overall significant
effects of both PD and contrast (F(6,1181) = 13.97, p = 2.12e-15; F(1,1181) = 68.46, p = 3.45¢-
16) on response reliability (Figure 3-1h) and a significant interaction between the two factors
(F(6,1181)=10.35, p=3.36e-11). Thus, although pre-stimulus PD has contrast-dependent effects
on reliability overall, these effects are not associated with increased CGC magnitude.

The pre-stimulus PD range at which CGC is maximal (Figure 3-1f) coincides with the
largest difference in pure tone response amplitude variability (peak response SD) between low and
high contrast (Figure 3-11) (p = 8.86e-17, Bonferroni corrected post-hoc pairwise test; PD effect:
F(6,1815) = 4.02, p = 5.19¢-4; contrast: F(1,1815) = 9.65, p = 1.9¢-3; interaction: F(6,1815) =

17.92, p = 2.76e-20). Taken together, these results suggest that contrast-dependent effects of pre-
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stimulus PD on pure tone response variability contribute to the maximal CGC observed at an

intermediate PD range.

3.3.2 Contrast Gain Control Does Not Depend on Stimulus-dependent Pupil Responses to

Contrast Sound

Having explored stimulus-independent (pre-stimulus) PD effects on CGC magnitude
(Figure 3-1), we next explored whether stimulus-dependent changes in PD affect CGC magnitude.
The contrast DRC sound stimulus results in an increase in PD upon stimulus onset at 0 s (Figure
3-2a). PD responses to high contrast sound are significantly larger than those in low contrast across
a temporal average of the DRC stimulus (0 — 8 s; Wilcoxon rank sum test, p = 0.0086) (Figure
3-2b). Thus, we asked if PD responses to contrast DRC significantly affect pure tone response
amplitude. To evaluate this we used a linear mixed-effects approach to model cell pure tone
responses as a function of pre-stimulus pupil diameter (pre-stimulus PD), sound evoked pupil
responses (average PD at 1 — 2 s during the DRC sound stimulus; pupil at 1-2s), and their
interaction with sound contrast (Figure 3-3). We fit a linear mixed-effects model to peak pure tone
responses with a fixed effect of contrast and random-intercept effects of subject, pre-stimulus PD,
and average PD at 1 — 2 s during the DRC sound stimulus (Figure 3-3a). The model in Wilkinson
notation is as follows: peakPureToneResponse ~ pre-stimulus PD + contrast * pupil at 1-2s + (
1 | subject )+ (1| pre-stimulus PD )+ (1 |pupil at 1-2s). We analyzed the contribution of these
input factors using a coefficient test to test whether they significantly contribute to predicting cell
pure tone responses (Figure 3-3b). Pre-stimulus pupil size was the only model coefficient that
significantly differed from zero and thus pre-stimulus pupil size contributed to cell responses
(F(1,213.44)=10.132; p=0.00168). Neither sound evoked pupil responses (F(1,379.68) = 0.672;
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p = 0.413), nor their interaction with contrast (F(1,282.32) = 0.0769; p = 0.781) contributed to
predicting cell pure tone responses. To further validate this, using a likelihood ratio test, we
compared the full aforementioned model with a null model that solely includes pre-stimulus PD
as a predictor (Figure 3-3c). The null model in Wilkinson notation is as follows:
peakPureToneResponse ~ pre-stimulus PD + ( 1 | subject ) + ( 1 | pre-stimulus_PD ). The fuller
model including sound evoked pupil responses and their interaction with contrast did not
significantly improve cell pure tone response prediction (p = 0.333). Thus, although PD responses

to DRC sound are contrast-dependent, these data suggest CGC is not linked to stimulus-dependent

changes in PD.
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Figure 3-2: High sound contrast evokes larger pupil responses that return to baseline after sound offset
(a) Mean + SEM of contrast DRC sound evoked pupil traces as percentage of average pupil diameter (PD)
during pre-stimulus epoch. Pure tone (400 ms) onset denoted by dotted green line. (b) Mean + SEM of
average PD across duration of DRC stimulus (0 — 8 s) in each contrast condition. Asterisk (*) denotes p <

0.05.
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Figure 3-3: Contrast-dependent changes in PD do not contribute to contrast gain control

(a) Depiction of full linear mixed-effects model input factors (left) for assessing contribution to prediction of
cell peak pure tone response output (right). (b) Coefficient weights of full model factors depicted in (a). (c)
Depiction of null linear mixed-effects model consisting solely of pre-stimulus pupil size factor for comparison

to full model via likelihood ratio test.
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3.3.3 Synaptic Zinc Signaling Contributes to Increased Pupil Responses in High Contrast

Sound

We observed larger evoked pupil responses to high contrast DRC stimuli beginning at 1 s
and continuing throughout the DRC stimulus (Figure 3-2, also Figure 3-1c) that returned to low
contrast pupil levels upon stimulus cessation (Figure 3-2). Recent work shows that cortex is
necessary for sound detection in low and high contrast backgrounds (Angeloni et al., 2021). We
thus, asked whether cortical CGC contributes to contrast-dependent changes in PD. While Figure
3-1 shows that CGC depends upon pre-stimulus pupil-indexed state, we are now exploring the
reverse direction, whether contrast-dependent changes in sound evoked pupil responses are
associated with A1 CGC. Previously, we reported that Al principal cell response adaptation to
high contrast sound depends upon synaptic zinc. We thus tested if synaptic zinc dependent CGC
in A1 contributes to sound contrast effects on PD.

To assess the contribution of cortical zinc signaling to contrast effects on evoked pupil
responses, we recorded evoked pupil responses to low and high contrast DRC stimuli before
(Figure 3-3a, control) and after intracortical injection of ZX1, an extracellular high affinity zinc-
specific chelator, into AC (Figure 3-3a, ZX1). To control for the gap in the DRC stimulus
containing the pure tone (Figure 3-2a, bottom), we recorded PD using DRC stimuli without a pure
tone (Figure 3a, bottom). To quantify the effect of contrast and ZX1 on PD, we fit a linear mixed-
effects model using growth curve analysis (GCA; Figure 3-3b) (Mirman, 2016; Montes-Lourido
etal., 2021). We assessed separate fixed interaction effects of contrast and ZX1 on first and second
order orthogonal time polynomials fitted to pupil responses as fixed effects and included random
subject-level intercept effects. We observed significant effects of both contrast and ZX1 treatment

on intercept (contrast: F(1,8003.6) = 65.66, p = 6.14e-16; ZX1: F(1,8011.3) =10.38, p=1.28e-
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3) and on the slope coefficient of the first order (linear) time polynomial (Figure 3-3c; contrast:
F(1,8002) = 60.95, p = 6.60e-15; ZX1: F(1,8002) = 30.07, p = 4.29¢-8). Thus, contrast and ZX1
significantly affect both evoked PD across the entire temporal response average (intercept) and PD
rate of change (first order time polynomial, slope). Importantly, there was a significant interaction
between contrast and ZX1 treatment (F(1,8002.9) = 16.68, p = 4.48e-5). A pairwise post-hoc
Tukey test revealed that pupil responses to high contrast significantly decreased after ZX1
treatment (p < 0.0001), while low contrast responses did not. This high contrast specific effect of
ZX1 on evoked pupil responses mirrors the high contrast specific effect of ZX1 on Al principal
neurons responses suggesting a link between A1 CGC and contrast-dependent effects on PD. Thus,
context-dependent cortical zincergic signaling contributes to contrast-dependent changes in sound
evoked pupil responses. This is an important finding suggesting that sound evoked pupil responses

depend upon zincergic signaling in ACtx.
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Figure 3-4: Cortical zinc signaling contributes to an increase in pupil response magnitude to high contrast
sound
(a) Mean + SEM of sound evoked pupil responses to low (blue) and high (red) contrast DRC stimuli without a
pure tone at 2 s. Responses shown before (left, CTRL), and after injection of ZX1 (right, ZX1) into auditory
cortex. (b) Same responses in (a) limited to 0 — 2 s into DRC onset with fitted polynomials from growth curve
analysis (GCA). (¢) GCA model weight estimates for contrast and ZX1 model factors (linear mixed-effects

model intercept and 1% order orthogonal polynomial coefficient).
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We observed a significant increase in pre-stimulus PD across recording duration of ZX1
treatment experiments (Figure 3-4a; slope 95% CI = [0.0798,0.183], p = 1.26e-6). However, as
aforementioned, we limited our pupil response analyses to the 50 percentile of pre-stimulus PD
at which there was no significant correlation between pre-stimulus PD and sound evoked pupil
response. Nonetheless, as a control for the effect of recording duration coincident with ZX1
treatment, we performed the same experiment instead with a vehicle injection of ACSF. Pre-
stimulus PD similarly increased across recording duration during ACSF experiments (Figure 3-4a;
slope 95% CI =[0.0159,0.279], p = 0.0282). Furthermore, unlike after ZX1 treatment, there was
a significant effect of contrast on the intercept and fitted slope coefficient of the first order time
polynomial following ACSF injection (Figure 3-4b; intercept: F(1,2558.3) =46.22,p=1.31e-11;
slope: F(1,2558) =15.076, p = 1.10e-4). This, in combination with the contrast specific effects of
ZX1 (Figure 3-3), suggest that ZX1 effects on evoked pupil responses are not attributable to non-

specific effects of ZX1 on pre-stimulus PD.
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Figure 3-5: Pre-stimulus pupil diameter increases throughout experiment duration, but contrast effect on
pupil responses persists upon ACSF control injection

(a) Open circles: mean pre-stimulus pupil diameter (PD) plotted against experiment recording duration
during ACSF (black) and ZX1 (red) experiments. Black and red lines with shading: fitted ACSF and ZX1
(respectively) regression lines and 95% confidence intervals. Slope 95% CI ACSF: [0.0159,0.279], p = 0.0282
ZX1: [0.0798,0.183], p = 1.26e-6. (b) Top: mean + SEM of sound evoked pupil responses to low (blue) and
high (red) contrast DRC stimuli after ACSF injection with fitted GCA polynomials. Bottom: GCA model

weight estimates.
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The zincergic signaling contributing to larger pupil responses in high contrast sound may
arise from synaptically released ZnT3-dependent vesicular zinc (Anderson et al., 2017; Cole et al.,
1999), tonic ZnT3-independent zinc (Anderson et al., 2015; Perez-Rosello et al., 2015), or both
(Krall et al., 2020). To isolate the source of zinc involved we recorded pupil responses to contrast
sound before and after ZX1 (as in Figure 3-3a-b) in wild-type mice (ZnT3-WT; Figure 3-5a) and
knock-out mice (ZnT3-KO; Figure 3-5b) that lack ZnT3 and thus synaptic zinc (Cole et al., 1999).
In ZnT3-WT mice we observed the same results as in Figure 3-3b: a significant effect of both
contrast and ZX1 on both intercept and the first order polynomial coefficient (slope), with a
significant interaction between contrast and ZX1 treatment (contrast intercept and slope:
F(1,7921.6) = 19.48, p = 1.03e-5; F(1,7918.8) = 26.54, p = 2.64e-7; ZX1 intercept and slope:
F(1,7926.3) = 4.47, p = 0.0344; F(1,7918.8) = 40.45, p = 2.13e-10; contrast and ZX1 interaction:
F(1,7921.6) = 24.2, p = 8.85¢e-7). Pairwise post-hoc Tukey tests revealed a significant effect of
contrast before (p <0.0001), but not after ZX1 treatment, and solely a significant effect of ZX1 on
high contrast responses (p < 0.0001). In ZnT3-KO mice (Figure 3-5b), we did not observe a
significant effect of either contrast or ZX1 treatment on pupil responses (contrast: F(1,4500.8) =
1.30, p = 0.255; ZX1: F(1,4502.5) = 2.10, p = 0.147), nor a significant interaction between the
two (F(1,4500.2) = 0.292, p = 0.589). The lack of an effect of ZX1 in ZnT3-KO mice suggests that
the effect of ZX1 in Figure 3a-b and in Figure 3-5a (ZnT3-WT) is largely attributable to ZnT3
dependent vesicular zinc signaling and not tonic zinc. As an additional control for effects of
recording duration, we used a linear mixed-effects GCA model to compare high contrast pupil
responses between genotype (ZnT3-WT vs ZnT3-KO) prior to ZX1 injection (Figure 3-5¢). We
observed a significant effect of genotype on the slope coefficient of the first order (linear) time

polynomial (F(1,3869) = 22.37, p = 2.33e-6). Thus, the effect of contrast on pupil responses in
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ZnT3-WT mice is absent in ZnT3-KO mice across the same recording duration (prior to ZX1
treatment). Taken together these results reveal that cortical synaptic zinc signaling is necessary for

increases in PD associated with adaptation to high contrast sound.
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Figure 3-6: Synaptic zinc signaling enables larger pupil responses to high contrast sound

(a-b) Top: mean + SEM of sound evoked pupil responses to low (blue) and high (red) contrast DRC stimuli
with fitted GCA polynomials before and after ZX1 injection into auditory cortex recorded from ZnT3-WT (a)
and ZnT3-KO (b) mice. Bottom: GCA model weight estimates. (c) Left: pupil responses to high contrast
sound before ZX1 injection (CTRL) from ZnT3-WT (gray) and ZnT3-KO (black) mice with fitted GCA

polynomials (light red shaded responses in (a) and (b)). Right: GCA model weight estimates.
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3.4 Discussion

3.4.1 Exploring the Contrast-dependent Effects of Pupil-indexed Cortical State on Al

Principal Neuron Response Properties

In this study we reveal that stimulus-independent internal brain state, as indexed by pupil
size, affects adaptation sound CGC in Al. Specifically, pre-stimulus PD has a significant effect on
CGC magnitude (Figure 3-1f). This is likely attributable to a contrast-dependent effect of pre-
stimulus PD on a combination of A1 principal neuron response properties (Figure 3-1g-i). While
we did not measure movement (as could be done with a piezoelectric sensor (Montes-Lourido et
al., 2021)), the PD effects we observe are unlikely due to locomotion effects on cortical activity
(Vinck et al., 2015), as the change in CGC strength is in a PD range well below PDs associated
with locomotion (McGinley et al., 2015a). Momentary fluctuations in membrane potential
associated with micro-dilations are also likely excluded as a factor owing to the 4 s duration over
which pre-stimulus PD is averaged and the 2 s of DRC contrast sound that precedes the CGC
measurement (Reimer et al., 2014). Although sound contrast itself has been shown to have no
effect on peak excitatory post synaptic potential variability (Cooke et al., 2020), we observe
contrast-dependent effects of pre-stimulus PD on pure tone response amplitude variability (Figure
3-11). Thus, the cortical activity tracked by pre-stimulus PD is sensitive to sound contrast changes
and this impacts CGC. Because CGC is evident along the auditory pathway from IC, to thalamus
(ventral medial geniculate), and into ACtx (Lohse et al., 2020), and neural activity in these areas
is tracked by pupil size (McGinley et al., 2015a; Schwartz et al., 2019), future studies are needed

to address which regions are susceptible to sensory adaptation effects of pupil-indexed brain state.
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3.4.2 Exploring the Pupil-indexed Cortical State Factors That Impact Contrast Gain

Control

A prevailing theory is that fluctuations in pupil size during quiet wakefulness are
attributable to activity in the locus coeruleus (LC) with which they covary on both short (< 1s) and
long timescales (>10 s) (Joshi and Gold, 2020; McGinley et al., 2015b). This theory is supported
by equivalence of LC mediated norepinephrine (NE) effects and pupil effects on cortical sensory
coding (McGinley et al., 2015; Sara, 2009). Partly due to this equivalence and LC inhibition of
sleep promoting nuclei and direct excitatory effects on cortex (Saper et al., 2001), pupil
fluctuations during quiet wakefulness are considered an index of arousal. However, the exact direct
pathway between PD and LC has yet to be established and is further complicated by the
interconnectedness and extensive innervation of the multiple nuclei that directly affect PD (Joshi
and Gold, 2020). Nonetheless, within this framework and our observation of pre-stimulus PD
effects on CGC, it is thus surprising that previous studies find CGC is not affected by ketamine
anesthesia (Lohse et al., 2020; Rabinowitz et al., 2011). Although ketamine is foremost recognized
as an NMDA antagonist, ketamine’s effects on LC-NE are considered to mediate its desired
analgesic effects during anesthesia (Gitlin et al., 2020). Further, ketamine directly affects NE
neurotransmission via noncompetitive inhibition of the NE transporter (Hara et al., 1998), and has
broad effects on LC activity (Liebe et al., 2018). Can insight into the factor that modulates CGC
and varies with PD be drawn from the resilience of CGC to ketamine anesthesia? If CGC variation
with PD is modulated by LC-NE, then it does not act in IC, as CGC strength in IC is equivalent
between awake and anesthetized states (Lohse et al., 2020). Additionally, the measurement of CGC
in ACtx of an awake versus ketamine anesthetized ferret would have been at PD states with

comparable CGC strength (Rabinowitz et al., 2011).
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3.4.3 Neural Activity Indexed by Pre-stimulus Pupil Size Versus That Associated With

Sound Evoked Pupil Responses

Is the internal cortical state during sound evoked increases in pupil size the same as the
pre-stimulus pupil-indexed cortical state at a similar absolute pupil size? In other words, does
sound contrast change the internal cortical states that are measured by pre-stimulus PD, or are
sound evoked pupil responses associated with separate neural activity? Several lines of evidence
suggest pre-stimulus PD indexes different neural activity than that associated with sensory evoked
pupil responses (aside from ambient light levels/in consistent lighting). First, pupil-indexed
cortical states are considered to be reflective of fluctuations in cortical membrane potential
variability and spontaneous activity that impact responsiveness to sensory stimuli (McGinley et
al., 2015b, 2015a). Sound contrast itself, however, does not affect cortical membrane potential
variability (Cooke et al., 2020). Second, we did not observe an effect of evoked pupil responses
on CGC (as described with Figure 3-2), whereas pre-stimulus PD does affect CGC (Figure 3-1f).
Finally, optogenetic activation of serotonergic neurons in the dorsal raphe nucleus causes pupil
dilation, but the change in pupil size does not depend on baseline pupil size (Cazettes et al., 2020).
Together, these findings suggest that stimulus evoked pupil responses track different neural

activity than that associated with pre-stimulus pupil-indexed cortical state.

3.4.4 The Role of Neuromodulatory Zinc Signaling in Contrast Adaptation

In the opposite direction of pre-stimulus pupil state effects on adaptation to contrast, we

find that increased sound contrast evokes larger pupil responses and that pupil sensitivity to this

78



contrast difference relies upon synaptic zinc signaling in ACtx. Our previous work shows that
cortical CGC also relies upon synaptic zinc signaling. Furthermore, the high contrast state specific
effects of zinc on evoked pupil responses mirror the high contrast specific effects on Al principal
neuron responses, suggesting a mechanistic link between CGC and evoked pupil responses.
However, as PD has been shown to track neuromodulatory activity (Cazettes et al., 2020),
including in cortex (Reimer et al., 2016), the zinc signaling effect on pupil responses (Figure 3-3
and Figure 3-5) could be interpreted instead as pupil tracking cortical neuromodulatory zincergic
activity. The zinc effect on pupil responses is nonetheless significant as it corroborates a contrast
specific contribution of synaptic zinc signaling to cortical activity; another example of context
specific zincergic activity (Kalappa and Tzounopoulos, 2017; Nakashima and Dyck, 2010). Taken
together, we reveal a neuromodulatory mechanism of sensory processing in primary auditory
cortex that enables sound stimulus-dependent changes in PD.

What do the effects of zinc signaling on sound contrast evoked pupil responses suggest for
zinc’s role in cortical CGC? Why does zinc contribute to cortical CGC if CGC is already present
in the midbrain (Lohse et al., 2020) where zincergic innervation is nominal compared to ACtx
(McAllister and Dyck, 2017a)? While the pathway from ACtx to nuclei controlling PD is
unknown, it is likely to span several synapses. That zinc signaling in ACtx influences sound
evoked pupil responses suggests a role of zinc signaling in long-range coordination of neural
activity for specific sensory contexts. Regardless of its purpose, its importance to contrast-
dependent effects on pupil responses suggests that pupillometry may serve as a clinical marker for
disorders involving potentially disrupted cortical zinc signaling and sensory adaptation to sound

level variability (contrast) (Montes-Lourido et al., 2021).
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3.5 Materials and Methods

3.5.1 Animals

We used 24 male and female mice for the experiments presented in the main figures and
an additional 4 mice for the experiments in supplemental figures. The genetic background of all
mice was C57BL/6J. For Figure 3-5 homozygous mice lacking the vesicular zinc transporter
(ZnT3 (Cole et al.,, 1999); Jackson Laboratory), ZnT3-KO mice, were used along with
homozygous littermate controls, ZnT3-WT. Experiments using these mice were done blind to KO
or WT designation. Mice were handled, anesthetized, and sacrificed according to methods
approved by the University of Pittsburgh Institutional Animal Care and Use Committees (IACUC).
The approved IACUC protocol numbers that were employed for this study were: 17071036 and

17127808.

3.5.2 Stereotaxic AAV Injection

At P24 - P30 mice were injected with an  AAV  virus
(AAV9.CaMKIL.GCaMP6f WPRE.SV40 (addgene 100834; 2-2.5 X 10'* GC/mL; diluted at 1:6 in
PBS) into right auditory cortex (ACtx) to drive GCaMP6f expression in putative principal cells
expressing calcium/calmodulin-dependent protein kinase 2 (CaMKII) as described previously

(Chapter 1, section 2.5.2) in preparation for calcium imaging.
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3.5.3 Acute Surgery Preparation For In Vivo Imaging

At P38 — P49 mice underwent craniotomy surgery and were secured to the microscope
apparatus for imaging experiments as described previously (Chapter 1, section 2.5.3). Mice were
situated on the microscope stage such that the right pupil was visible to the pupillometry camera
(see Chapter 2, section 3.5.8), and the left pupil was in view of the UV LED light for maintaining

constant pupil size.

3.5.4 Sound Stimulus Delivery

Sound stimuli were delivered from a calibrated free-field speaker as described in Chapter

1, section 2.5.4.

3.5.5 Widefield Epifluorescence Imaging and Analysis for A1 Localization

Widefield epifluorescence imaging was used to localize Al for 2PCI as described in

Chapter 1, section 2.5.5.

3.5.6 DRC Stimuli

Low and high sound level contrast dynamic random chord (DRC) stimuli were generated
with the same mean sound level. DRCs consisted of 28 pure tone frequencies between 5 — 51.874
kHz at 1/8" octave intervals. Sound levels for low contrast DRC were sampled from a narrow

uniform distribution between 50 to 60 dB SPL (+ 5 dB; oL = 2.9 dB SPL), while sound levels for
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high contrast DRC were sampled from a wider distribution between 40 to 70 dB SPL (+ 15 dB;
oL = 8.7 dB SPL). Both distributions had the same 55 dB SPL mean. For contrast gain control
analyses DRC stimuli included a 70 dB pure tone at 2 s. In this case DRC amplitude was set to 0
V for 400 ms and a 70 dB SPL pure tone lasting 400 ms was inserted within this gap. For sound

evoked pupil response analyses, DRC stimuli did not include a pure tone.

3.5.7 2-Photon Calcium Imaging (2PCI)

Sound evoked responses from putative principal cells expressing CaMKII in ACtx were
imaged with 2-photon calcium imaging (2PCI) as described in Chapter I, section 2.5.10. We

collected 145 X 145 um images at 256 X 256 pixel resolution at an effective frame rate of 5 Hz.

3.5.8 Pupillometry: Acquisition

Video of animal’s pupil was recorded 4 s prior to sound onset and continued for the
duration of each 2PCI imaging trace. A UV LED (375 nm, 2.5 mW, ThorLabs) maintained the
animal’s pupil at mid-size range in the dark recording chamber to optimize dynamic range for
stimulus independent state and auditory stimulus dependent changes. After this UV intensity was
set with an LEDD1B driver (ThorLabs) via a voltage divider circuit (470 Ohm rated at 25 W,
Mouser) it was kept at constant luminance throughout the duration of the experiment. UV light
was shielded from the 2PCI objective to avoid interference with the 2P PMTs. Spillover from the
2P laser through the animal’s brain and into the pupil provided sufficient illumination for pupil
imaging. Video frames were captured with a monochrome CMOS USB camera (ThorLabs) behind

a 1X telecentric lens and 380 nm cut-on UV filter (Edmund Optics). Frames were captured at 10
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Hz, synchronized with 2P frame acquisition using an NI-DAQ board counter output channel, and
time stamped using a custom written MATLAB function for Scanlmage with a .NET camera API
library (ThorLabs).

Sound evoked pupil responses were recorded before (control: CTRL) and after injecting
ZX1 (Pan et al., 2011) (a fast extracellular high-affinity zinc-specific chelator) solution or ACSF
solution. Prior to imaging we inserted a pulled glass micropipette just below the pial surface at the
edge of the craniotomy within ACtx. The pipette contained 100 pM ZX1 and 50 uM AlexaFluor
594 in ACSF (herein referred to as ‘ZX1 solution’) or just 50 uM AlexaFluor 594 in ACSF (herein
referred to as ‘ACSF solution’) and was backfilled with mineral oil and connected to a 5 pL glass
syringe mounted in a motorized syringe pump (World Precision Instruments). After a minimum of

20 minutes following cessation of isoflurane, we recorded sound evoked pupil responses.

3.5.9 FRA Mapping

For each 2PCI experiment we mapped frequency response areas (FRAs) of the neurons in
the imaging field as described in Chapter 1, section 2.5.8 to determine the pure tone frequency to

be used in the contrast gain control assay.

3.5.10 Contrast Gain Control Assay

For each experiment, a given pure tone frequency (as determined during ad hoc FRA
mapping; see previous section) was presented in each contrast (low, high) combination in a

pseudorandom fashion. For each imaging trace, the DRC sound stimulus was both preceded and
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followed by 4 s of silence. Traces were interleaved by laser off periods of pseudorandom duration

lasting 25 — 35 seconds. A minimum of 8 repetitions of each contrast was presented.

3.5.11 2PCI Processing and Analysis

For a given experiment, 2PCI frames were concatenated for all traces across time and
aligned using non-rigid motion correction via the NoRMCorre MATLAB toolbox (Pnevmatikakis
and Giovannucci, 2017). Ellipses were manually drawn around cells (as described in FRA
mapping) and contamination from surrounding neuropil (in the form of time varying fluorescence
intensity) obtained using the FISSA Python toolbox (Keemink et al., 2018) was scaled by 0.8
(Chen et al., 2020; Kerlin et al., 2010) and removed to obtain motion- and neuropil- corrected
average fluorescence intensity across time for each cell. Solely non-overlapping cells deemed tone
responsive were included for further analysis. To assess peak fluorescence responses to the pure
tone, we calculated baseline subtracted fluorescence traces (AF/F = (F-Fo)/Fo) normalized to a
baseline 1 s prior to pure tone onset (Fo is mean fluorescence intensity at 1 —2 s). Solely significant
peak AF/F pure tone responses, as calculated in FRA mapping, were included in pure tone response
analyses. Cells were grouped by animal in pre-stimulus pupil diameter bins to maintain pairing by
contrast condition. To quantify contrast gain control, we calculated the contrast scaling factor,
defined as the population mean of individual cell average peak responses in low- divided by
average peak responses in high contrast. Reliability was calculated as the average trial-to-trial 0
lag cross-correlation of peak pure tone response traces (at 2 — 3.2 s) for all responses for a given

cell and was presented as a population average.
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3.5.12 Pupillometry: Analysis

Pupil diameter (PD) was obtained from pupil videos using a least squares circle fit to dots
fitted to pupil perimeter using a DeepLabCut convolutional neural network model (Mathis et al.,
2018; Nath et al., 2019) along with custom written MATLAB and Python scripts. Pupil videos
with dropped frames were realigned to frame time stamps. Using DeepLabCut, we trained a 101-
layer Resnet model with default augmentation on 11 videos from different experiments that were
labeled with 8 dots around the pupil perimeter (Mathis et al., 2018). For each frame from model
analyzed videos, a minimum of 3 dots at >0.9 likelihood were needed to fit a circle via least squares
else the frame was discarded. Pupil (circle) diameter traces were processed sequentially by first
removing >6 SD outlier frames from the first derivative, next linearly interpolating missing time
points with the previous 2 and following 2 adjacent time points, and finally filtering the trace with
a 3" order 3 Hz low-pass Butterworth filter (Mridha et al., 2021).

Evoked pupil responses are presented as percent pre-stimulus baseline: for each PD trace,
PD was divided by average PD prior to sound onset (-4 — 0 s) then multiplied by 100. For responses
binned by percent pre-stimulus PD, PD traces for each animal were first calculated as a percentage
of the animal’s maximum PD during the experiment. These traces were then averaged across the
pre-stimulus epoch (-4 — 0 s), then grouped in 7 bins. The last bin (>76%) was wider to
accommodate fewer samples in that pupil range. 2PCI data in each of these bins correspond to an
average of cell average traces occurring at a given pupil bin.

We limited sound evoked pupil response analyses in Figure 3-3 - Figure 3-5 to responses
with a pre-stimulus PD at less than 50 % of animal max PD (50" percentile) for several reasons.
First, at relatively dilated states, the pupil tends to constrict (Gee et al., 2014; Mridha et al., 2021),

and evoked pupil responses are significantly negatively correlated with pre-stimulus PD (Figure
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3-6; 1(624) =-0.35, p = 1.20e-19). At PDs less than 50 % of maximum animal PD, this correlation
becomes much smaller and is no longer significant (r(382) = -0.055, p = 0.285). Additionally,
because we are interested in the contribution of cortical CGC to pupil responses, we focused on

the 50™ percentile where CGC is strongest (Figure 3-1f).
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Figure 3-7: Sound contrast evoked pupil response magnitude correlates with pre-stimulus pupil diameter
Open circles: mean of evoked pupil responses 1 — 2 s into DRC stimulus across both contrast conditions
plotted against the pre-stimulus pupil diameter that preceded them. Pearson’s correlation coefficient: r(624)
=-0.35, p = 1.20e-19). Black line: fitted regression line with gray 95% confidence interval (slope 95% CI = [-

0.297, -0.194]).

We used growth curve analysis (GCA) (Mirman, 2016; Montes-Lourido et al., 2021) to
quantitatively compare pupil responses between contrast and drug treatment conditions. This
analysis precludes bias associated with choosing analysis windows and captures pupil evolution
over time (slope) (Montes-Lourido et al., 2021). For this analysis we fit a linear mixed-effects
(LME) model with separate fixed interaction effects of contrast and ZX1 treatment on first and
second order orthogonal time polynomials fitted to pupil responses (sound onset to 2 s post onset)
as fixed effects and included random subject-level intercept effects. This is the model in Wilkinson
notation (Pinheiro and Bates, 2000; Wilkinson and Rogers, 1973): pupil ~ ( tPolyl + tPoly2 ) *

contrast + ( tPolyl + tPoly2 ) * treatment + ( 1 | subject ). For comparing control high contrast
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responses between ZnT3-WT and ZnT3-KO genotypes we used a simpler LME model: pupil ~
(tPolyl + tPoly2) * genotype + ( 1 | subject ). tPoly2 and tPoly2 are the of the first and second
order orthogonal time polynomials; their coefficients correspond to slope and acceleration GCA
weight estimates. The MATLAB ‘fitlme’ function was used to calculate coefficients and standard
errors. These were confirmed with the ‘lmer’ function in R. Tukey adjusted pairwise comparisons
were done using the ‘emmeans’ function in R with a Satterthwaite correction for large degrees of

freedom.

3.5.13 Statistics

For grouped single factor data that rejects the Anderson-Darling null hypothesis test for
normality we used a Kruskal-Wallace one-way ANOVA. We analyzed grouped two-factor cell
response data with two-way ANOVAs. A linear mixed-effects model was used to analyze evoked
pupil response effects on cell responses (as described in section 3.3.2). GCA was used to compare
the initial rising phase (0 — 2 s) of evoked pupil responses between conditions (as described in
Pupil analyses). Linear regression and the Pearson correlation coefficient were used to assess both
the relationship between magnitude evoked pupil response and pre-stimulus pupil diameter as well

as pre-stimulus pupil diameter across experiment duration.
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4.0 Conclusion

4.1 Summary of Results

This work reveals that sensory adaptation to increased sound level variability, contrast,
depends upon synaptic zinc neuromodulatory signaling in auditory cortex. Chapter 1 shows that
zinc signaling is recruited in high sound contrast contexts to yield dampened sound responses that
are reflective of contrast gain control (Rabinowitz et al., 2011). This finding is supported by recent
studies showing zinc’s dynamic and context-dependent synaptic actions (Kalappa and
Tzounopoulos, 2017; Vogler et al., 2020) as well as studies of zinc’s influence on cortical sensory
processing relating to gain modulation (Anderson et al., 2017) and frequency discrimination
(Kumar et al., 2019). This contrast dependent involvement of synaptic zinc is specific to principal
neurons, consistent with the exclusion of parvalbumin expressing inhibitory neurons and shunting
inhibition from contrast gain control mechanisms (Cooke et al., 2020). Angeloni et al 2021 find
that inactivating auditory cortex with receptor agonist muscimol impedes contrast gain control
dependent behavioral performance, but has comparable effects in both low and high sound contrast
(Angeloni et al., 2021). This both highlights the contrast specific effects of synaptic zinc, and
suggests cortex is necessary for behaviors relying upon contrast adaptation. However, contrast
gain control is already implemented subcortically (Lohse et al., 2020) in areas with little to no
zincergic innervation (McAllister and Dyck, 2017a). Why then would cortex involve different
mechanisms? This is partly addressed by differences in contrast adaptation times and response
properties as well as cellular architecture from midbrain nuclei to cortex (Lohse et al., 2020) that

suggest additional mechanisms develop along the auditory pathway. This question is addressed
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further in Chapter 2 using a combination of pharmacologic and transgenic zinc perturbations with
pupillometry during a 2PCI assay for contrast gain control.

Chapter 2 presents two main findings regarding pupil size and sensory adaptation. First, it
shows that the strength of contrast gain control changes with pre-stimulus pupil-indexed brain
state. Second, it reveals that pupil responses to high contrast sound are larger than responses to
low contrast sound. Importantly, this effect of contrast on pupil responses relies upon zincergic
neuromodulation in auditory cortex. This result has two key implications. First, zinc signaling may
serve as an indicator of sound context state to coordinate intracortical activity for more demanding
high contrast sensory contexts. The combination of long range communication between cortical
areas and hemispheres afforded by cortex (Harris and Shepherd, 2015) with zinc’s ability to
modulate multiple post-synaptic receptors (Anderson et al., 2015; Kalappa et al., 2015; Kouvaros
et al., 2020; Krall et al., 2020; Paoletti et al., 2009; Vergnano et al., 2014; Wang et al., 2001),
motivates a zinc dependent cortical mechanism of contrast adaptation. Furthermore, auditory
processing demand and complexity are associated with larger pupil responses (Zekveld et al.,
2018). The second key implication is that pupillometry may be used as a relatively simple
(compared to EEG) non-invasive clinical marker for disrupted sensory processing in auditory
cortex (Montes-Lourido et al., 2021). Changes in sound evoked pupil responses have been
associated with schizophrenia, dementia, and hearing loss (Zekveld et al., 2018). While the
mirroring of high contrast effects of zinc between pupil and cell responses suggests that cortical
contrast gain control is linked to the contrast effect on pupil, future work is needed to address
whether the zinc signaling that is required of contrast gain control is that which enables contrast

dependent changes to pupil responses.
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4.2 Future Directions

Without zinc signaling, cortical cell responses to sound do not adapt to an increase in
contrast: responses in high contrast are not scaled down as would be the case of contrast gain
control (CGC). This suggests that synaptic zinc signaling is required for cortical CGC, but it does
not address whether zinc signaling is sufficient to generate this change in response properties. As
broached in Chapter I, section 2.4.7, zincergic neurons could be selectively engaged upon
increased sound contrast, and/or AMPA, NMDA, or GABA receptor sensitivity to synaptic zinc
may be selectively modulated by an increase in sound contrast. If zincergic engagement differs
between contrast states, selective activation of zincergic neurons to mimic contrast stimuli would
address whether synaptic zinc signaling is both necessary and sufficient for cortical contrast gain
control in ACtx. Awake in vivo voltage clamp recordings to measure both excitatory and inhibitory
post-synaptic potential (EPSC and IPSC) during contrast stimuli in combination with
pharmacologic and zinc imaging approaches (Vogler et al., 2020) would enable further
mechanistic definition and assessment of AMPA, NMDA, or GABA receptor sensitivity to
synaptic zinc. Addressing these two possibilities, zincergic engagement and receptor sensitivity,
would be the first step towards a deeper mechanistic understanding of zinc’s role in CGC.

Novel transgenic mice expressing recombinases in ZnT3 expressing cells would enable
both selective recording and activation of specifically zincergic cells. Recording ZnT3 expressing
cells would address whether zincergic cells are uniquely activated with respect to sound contrast.
If they are, this contrast specific activity could be artificially driven optogenetically, without
contrast stimuli, and paired with electrophysiological recordings of A1. This would reveal whether
selective zincergic activity is sufficient to decrease A1 principal neuron gain and thus drive cortical

CGC. Pairing these same zincergic recording/activation approaches with pupillometry would
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address whether increased pupil responses to high contrast, as described in Chapter 2, section
3.3.3, are attributable to the same zincergic activity contributing to CGC.

A behavioral paradigm, in which task performance depends upon the strength of CGC
(Angeloni et al., 2021), would serve to further validate our results and address additional
mechanistic questions. First, behavior combined with pharmacological and transgenic zinc
signaling perturbations would address whether cortical CGC dependence on synaptic zinc is
behaviorally relevant. Second, if combined with pupillometry and 2-photon calcium imaging
(2PCI), a behavioral assay would address whether task performance is similarly maximal at pupil-
indexed states with maximal CGC strength (described in Chapter 2, section 3.3.1). The findings
discussed in Chapter 1, sections 2.3.3 and 2.4.4 suggest that parvalbumin expressing inhibitory
interneurons (PV-cells) may be involved in the cortical contrast invariance phenomenon (discussed
in Chapter 1, sections 2.4.4 and 2.4.5) of contrast adaptation. In agreement with this, Cooke et. al,
2020 observe contrast specific effects of PV inactivation on cortical multiunit activity (Cooke et
al., 2020). Assaying task performance effects of selective optogenetic activation or inactivation of
PV-cells would probe PV-cell contribution to contrast invariance if task performance depends
upon contrast invariance.

Chapter 2, section 3.3.1 reveals that there is an optimal pupil-indexed cortical state range
for CGC. In both the midbrain and cortex, CGC is, however, not impacted by ketamine anesthesia
(Lohse et al., 2020; Rabinowitz et al., 2011), which disrupts locus coeruleus norepinephrine (NE)
signaling (see Chapter 2, section 3.4) (Gitlin et al., 2020; Hara et al., 1998; Liebe et al., 2018).
Additionally, CGC is measured 2 s after pre-stimulus pupil indexed cortical state. While both NE
and acetylcholine (ACh) activity precede pupil dilations, NE activity exhibits shorter decay time

than ACh, and ACh is more coherent with pupil than NE at slow frequencies ( <0.03 Hz) (Reimer
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et al., 2016). Together, this points to ACh rather than NE mediated pupil-indexed cortical state
effects on CGC. A combined 2PCI and viral approach for recording layer 1 ACh activity in
auditory cortex with electrophysiology to record CGC in principal neurons of deeper layers would
address this possibility.

Current behavioral assays of CGC solely reveal a performance cost and no benefit (as
introduced in section 1.3). Increased contrast results in a decrease in the sensitivity to sound level
differences (Angeloni et al., 2021; Lohse et al., 2020). With decreased gain, a shallower slope of
the input-output function, and thus expanded dynamic range in high contrast, neural firing-rate
output would continue to increase at larger sound levels rather than saturating, had gain not
adapted. Thus, in a task that relies on the discrimination of high sound levels, one would expect
improved performance in high contrast sound when CGC has decreased neural input-output gain.
Additional behavioral paradigms, that incorporate such a feature, are needed to uncover the low-
level behavioral benefits of contrast gain control.

The prevalent approach for electrophysiological assessment of CGC involves a change in
contrast across the full stimulus frequency bandwidth (Angeloni et al., 2021; Cooke et al., 2020,
2018; Lohse et al., 2020; Rabinowitz et al., 2011). Thus, this method does not consider a neuron’s
sensitivity to contrast change in particular frequency bands and how this sensitivity relates to a
neuron’s frequency receptive field. This concept was broached in Rabinowitz, et. al., 2011 and
more thoroughly explored in Rabinowitz, et. al., 2012 by estimating spectral contrast kernels that
reveal frequency sensitivity to contrast change closely compares to a neuron’s frequency
selectivity (Rabinowitz et al., 2012, 2011). However, the Rabinowitz, et. al., 2012 study was
limited to A1, while CGC has been described in IC and thalamus (Lohse et al., 2020). An earlier

study that introduced IC adaptation to sound level variance considered solely temporal variance
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and did not employ a model with a linear STRF passed through a sigmoid nonlinearity (Dean et
al., 2005). Nonetheless, the functional consequence of the adaptation closely compares to CGC.
This raises the question of whether the spectral contrast kernel may instead be the defining feature
of CGC, and whether this feature arises in IC or is limited to cortex. This motivates both further
electrophysiological study of subcortical spectral contrast kernels, and the influence of zinc on

cortical spectral contrast kernels.
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