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Cortical Zinc Signaling Is Necessary for Changes in Mouse
Pupil Diameter That Are Evoked by Background Sounds
with Different Contrasts
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Luminance-independent changes in pupil diameter (PD) during wakefulness influence and are influenced by neuromodulatory, neu-
ronal, and behavioral responses. However, it is unclear whether changes in neuromodulatory activity in a specific brain area are
necessary for the associated changes in PD or whether some different mechanisms cause parallel fluctuations in both PD and neu-
romodulation. To answer this question, we simultaneously recorded PD and cortical neuronal activity in male and female mice.
Namely, we measured PD and neuronal activity during adaptation to sound contrast, which is a well-described adaptation conserved
in many species and brain areas. In the primary auditory cortex (A1), increases in the variability of sound level (contrast) induce a
decrease in the slope of the neuronal input–output relationship, neuronal gain, which depends on cortical neuromodulatory zinc
signaling. We found a previously unknown modulation of PD by changes in background sensory context: high stimulus contrast
sounds evoke larger increases in evoked PD compared with low-contrast sounds. To explore whether these changes in evoked PD
are controlled by cortical neuromodulatory zinc signaling, we imaged single-cell neural activity in A1, manipulated zinc signaling
in the cortex, and assessed PD in the same awake mouse. We found that cortical synaptic zinc signaling is necessary for increases in
PD during high-contrast background sounds compared with low-contrast sounds. This finding advances our knowledge about how
cortical neuromodulatory activity affects PD changes and thus advances our understanding of the brain states, circuits, and neuro-
modulatory mechanisms that can be inferred from pupil size fluctuations.
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Significance Statement

Changes in pupil diameter (PD) can track changes in alertness, attention, and mental effort. Our studies demonstrate that
sound contrast-dependent changes in evoked PD require cortical neuromodulatory zinc signaling. As such, our results
broaden our understanding of the relationship between neuromodulatory systems and changes in PD and offer a window
for looking into mechanisms associated with distinct waking brain states. Given the correlation of waking states with funda-
mental cognitive functions, such as perception and learning, our findings provide a deeper understanding of the neuromo-
dulatory mechanisms that transform changes in sensory input into altered cognition and behavior, which is a fundamental
question in modern neuroscience.

Introduction
Variations in luminance trigger fluctuations in pupil diameter
(PD) that, in turn, regulate the amount of light entering the
eyes. Although these variations are mainly mediated through
the pupillary light reflex (Larson and Behrends, 2015; Joshi and
Gold, 2020), this is not the only mechanism associated with
PD fluctuations. In consistent luminance, many studies have
shown that fluctuations in PD can track changes in alertness,
attention, and mental effort (Zekveld et al., 2011, 2014, 2018;
Reimer et al., 2014; Winn et al., 2015; van der Wel and van
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Steenbergen, 2018; Joshi and Gold, 2020; Saderi et al., 2021). It is
known that these PD fluctuations are heavily affected by locus
ceruleus (LC) activity (Joshi et al., 2016; Liu et al., 2017;
Privitera et al., 2020) and are highly correlated with changes in
cortical adrenergic and cholinergic activity (Reimer et al.,
2016). Thus, PD is often used as a measure of neuromodulation;
so, it is important to better understand the causality or direction-
ality of this correlation. PD additionally correlates with sponta-
neous single-neuron activity and membrane potential (Reimer
et al., 2014; McGinley et al., 2015a), sensory responses of cortical
sensory neurons (McGinley et al., 2015a; Lin et al., 2019;
Schwartz et al., 2019), and behavioral performance (McGinley
et al., 2015b; Saderi et al., 2021). Such physiological and neuro-
modulatory factors may contribute to—or be shaped by—tran-
sient (evoked) and/or baseline (spontaneous PD changes
independent of experimental assays) PD fluctuations. In this
context, neither the precise circuits and mechanisms nor the
directionality of the different processing stages and neuromodu-
latory effects that are involved in these PD fluctuations are clearly
understood (Joshi and Gold, 2020). Namely, are the fluctuations
in neuromodulatory activity in a particular cortical area neces-
sary for the observed fluctuations in PD? Or is it that some
different mechanisms cause parallel fluctuations in both PD
and neuromodulation and thus associations between PD and
neuromodulatory signaling are not dependent on each other?
Understanding these relationships between central neuromodu-
latory mechanisms and PD fluctuations will offer a window for
looking into mechanisms associated with distinct brain waking
states in mice, nonhuman primates, and humans. Given the cor-
relation of waking states with fundamental cognitive functions
(Joshi and Gold, 2020), such as perception and learning, a deeper
understanding of the neuromodulatory mechanisms that trans-
form changes in sensory input into altered cognition and beha-
vior is a key question in modern neuroscience.

To explore the links between neuromodulatory mechanisms,
cortical sensory adaptation, and PD fluctuation, we studied a
form of cortical sensory adaptation and its effect on PD.
Importantly, we evaluated the effects of blocking a cortical neu-
romodulatory mechanism, which disrupts this sensory adapta-
tion, on PD responses. Namely, we used adaptation to sound
contrast, termed contrast gain control (CGC), which is a well-
described sensory adaptation conserved in many species and
brain areas (Rabinowitz et al., 2011; Lohse et al., 2020).
Increases in the variability of sound level (contrast) induce a
decrease in the slope of the neural input–output relationship, a
gain reduction, to efficiently maintain stimulus discriminability
(Willmore et al., 2014; Angeloni et al., 2021). Here, we found
that high-contrast sounds evoke larger increases in PD compared
with low-contrast sounds. Moreover, we know that the adapta-
tion of A1 neurons to changes in sound contrast depends on cor-
tical neuromodulatory synaptic zinc signaling, which selectively
suppresses cortical neural responses to sound in high contrast
(Cody and Tzounopoulos, 2022). Synaptic zinc is a neuromodu-
lator that is coreleased with glutamate and GABA and modulates
NMDA, AMPA, and GABAA postsynaptic currents in an
activity-, cell-, and synapse-specific manner (Ruiz et al., 2004;
Paoletti et al., 2009; Vergnano et al., 2014; Anderson et al.,
2015; Kouvaros et al., 2020, 2023; Krall et al., 2020; Vogler
et al., 2020; Morabito et al., 2022; Bender et al., 2023). Through
these actions, synaptic zinc modulates cortical auditory, visual,
and somatosensory sensory processing in a stimulus- and
context-dependent manner (Brown and Dyck, 2002; Dyck
et al., 2003; Anderson et al., 2017; McAllister and Dyck, 2017;

Wu and Dyck, 2017; Kumar et al., 2019; Cody and
Tzounopoulos, 2022). Thus, we reasoned that by selectively tar-
geting cortical zinc signaling during sound contrast adaptation,
we will have a unique opportunity to interrogate how cortical
neuromodulatory mechanisms contribute to PD fluctuations
during sensory adaptation.

To address the potential hierarchy (directionality) of the asso-
ciations between PD and cortical neuromodulation, we simulta-
neously recorded PD and cortical neural activity during sensory
adaptation. We first assessed PD fluctuations before (baseline)
and then during low and high-contrast sound stimuli (evoked).
We found that high-contrast sounds evoke larger increases in
PD compared with low-contrast sounds. To explore whether
changes in PD are controlled by cortical neuromodulatory zinc
signaling during this adaptation, we imaged single-cell neural
activity in the primary auditory cortex (A1), manipulated cortical
synaptic zinc signaling, and assessed PD in the same awake
mouse. We discovered a previously unknown cortical
neuromodulatory mechanism that is necessary for sound
contrast-dependent changes in PD. Our results advance how
activity in different neuromodulatory systems affects changes
in PD and how brain state, as evidenced by transient PD changes,
is conveyed via cortical zinc signaling.

Materials and Methods
Animals. We used four female (F) and four male (M) C57BL6/J mice

(The Jackson Laboratory strain #000664) for the experiments presented
in Figures 1, 2a–c, and 3. For Figure 2a–e, we used six F and eight M
C57BL6/J mice. For Figures 4, b and d, and 6d, we used three F and three
M mice with homozygous lack of the vesicular zinc transporter [ZnT3
(Cole et al., 1999)], ZnT3-KO mice. For Figure 5, we used one F and
two M C57BL6/J mice. For Figure 4, a and c, we used six F and four
M homozygous littermate controls, ZnT3-WT mice. ZnT3-KO and
ZnT3-WT mice were considered congenic with C57BL6/J mice as they
were backcrossed with C57BL6/J mice from the founder line (The
Jackson Laboratory strain #005064). Experiments using ZnT3-WT/KO
mice were done blind to KO or WT designation. We used an additional
three M and one F C57BL6/J mice for ACSF control experiments in
Figure 6. Mice were handled, anesthetized, and killed according to meth-
ods 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.

Stereotaxic adeno-associated virus injection. At P24–P30, mice were
injected with an adeno-associated virus (AAV), AAV9.CaMKII.
GCaMP6f.WPRE.SV40 (Addgene 100834; 2–2.5 × 1013GC/ml; diluted
at 1:6 in phosphate-buffered saline), into the right auditory cortex
(ACtx) to express GCaMP6f in putative principal cells expressing the
calcium-/calmodulin-dependent protein kinase 2 (CaMKII) as described
previously (Cody and Tzounopoulos, 2022) in preparation for in vivo
calcium imaging.

Acute surgery preparation for in vivo imaging. At P38–P49, mice
underwent craniotomy surgery over the right ACtx and were secured
to the microscope apparatus for imaging experiments as described pre-
viously (Cody and Tzounopoulos, 2022). Due to the surgical preparation
for imaging the right ACtx, the right ear was mostly occluded. Mice were
situated on the microscope stage such that the right pupil was visible to a
pupillometry camera, and the left pupil was in view of a UV LED light for
maintaining constant pupil size (see “Pupillometry: acquisition” in
Materials and Methods).

Sound stimulus delivery. Sound stimuli were delivered from a free-fi
eld speaker (ES1, Tucker-Davis Technologies) situated 10 cm from the
animal's left ear, as described previously (Cody and Tzounopoulos,
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2022). Output voltage for the frequencies comprising the dynamic ran-
dom chord (DRC) and pure-tone stimuli (see “DRC sound stimuli”
and “CGC assay” in Materials and Methods) was scaled according to
speaker calibration data to account for a nonlinear speaker frequency
response. The speaker was calibrated using microphones with attached
preamps (1/8 in. 4138-A-015 and 1/4 in. 4954-B, Brüel & Kjær) that
were calibrated to a 1 kHz pure tone at 94 dB SPL from a reference sound
calibrator (Type 4231, Brüel & Kjær). 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
Technologies).

Widefield epifluorescence imaging and analysis for A1 localization.
Widefield (WF) epifluorescence imaging of GCaMP6f fluorescence
responses was used to localize A1 for two-photon calcium imaging
(2PCI) as described previously (Cody and Tzounopoulos, 2022).
Briefly, we presented 5–6 kHz and 12 kHz pure-tone stimuli at 60 dB
SPL to map tonotopic gradients (Linden et al., 2003; Anderson et al.,
2017). We imaged GCaMP6f fluorescence under a 4× objective
(Olympus) through a GFP filter (BrightLine GFP-A-Basic, Semrock)
using a cooled CCD camera (Retiga 2000R, Q-Imaging) at a 20 Hz frame
rate with a 200 × 150 pixel resolution and 8× spatial binning.
Fluorescence responses were calculated as normalized change from the
prestimulus baseline (F0) at each pixel (ΔF/F= (F− F0)/F0). The presti-
mulus baseline was calculated from a 1 s average of fluorescence intensity
prior to pure-tone onset (at 2–3 s during imaging). Responses to the 5–
6 kHz pure tones reveal two salient low-frequency regions of ACtx. In
combination with responses to the 12 kHz pure tone, which are evident
between the two low-frequency regions, the tonotopic axis of primary
auditory cortex (A1) and anterior auditory field can be anatomically
identified based upon their mediolateral and dorsoventral positioning
(Linden et al., 2003; Anderson et al., 2017).

DRC sound stimuli. Low and high sound level contrast DRC stimuli
were generated with the same mean sound level. DRCs consisted of 28
pure-tone frequencies between 5 and 51.874 kHz at one-eighth octave
intervals. For each 25 ms DRC, sound levels for low-contrast DRC
were sampled from a narrow uniform distribution between 50 and
60 dB SPL (±5 dB; σL≍ 2.9 dB SPL), while sound levels for high-contrast
DRC were sampled from a wider distribution between 40 and 70 dB SPL
(±15 dB; σL≍ 8.7 dB SPL). Both distributions had the same 55 dB SPL
mean. Overall stimulus intensity was 84.4 ± 0.6 dB SPL for low contrast
and 87.8 ± 1.5 dB SPL for high contrast. The average intensity difference
between stimuli (3.4 dB SPL) is comparable to previous studies
(Rabinowitz et al., 2011; Lohse et al., 2020). For CGC analyses, DRC sti-
muli included a 70 dB pure tone at 2 s. In this case, the 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.

2PCI. Sound-evoked responses from putative principal cells express-
ing CaMKII in the right ACtx were imaged with 2PCI as described pre-
viously (Cody and Tzounopoulos, 2022). We collected 145 × 145 µm
images at 256 × 256 pixel resolution at an effective frame rate of 5 Hz.
For analyses of cell calcium responses, we used customMATLAB scripts
to draw ellipses around all nonoverlapping cells in the plane having a vis-
ible “doughnut”-shaped fluorescence signal. Raw fluorescence intensity
for each cell across time was calculated from the mean fluorescence
intensity signal within ellipse bounds at each image frame.

Pupillometry: acquisition. Video of the animal's right 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)
directed into the animal's left eye maintained both animal's pupils at
the midsize range in the dark recording chamber to optimize dynamic
range for baseline PD and sound-evoked PD changes (see
“Pupillometry: analysis” in Materials and Methods). UV intensity was
set with an LEDD1B driver (Thorlabs) via a voltage divider circuit

(470 Ω rated at 25 W, Mouser Electronics) and was kept at constant
luminance throughout the experiment. UV light was shielded from the
2PCI objective to avoid interference with the 2P photomultiplier tubes.
Light 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
(DCC1545M; Thorlabs) behind a 1× telecentric lens and 380 nm cut-on
UV filter (Edmund Optics). Frames were captured at 10 Hz, synchro-
nized with 2P frame acquisition using an NI-DAQ board counter output
channel, and time-stamped using a custom-written MATLAB function
for ScanImage with a .NET camera API library (Thorlabs).

ZX1 infusion. Sound-evoked pupil responses were recorded before
(control: CTRL) and after injecting 100 µM ZX1 (a fast extracellular high-
affinity zinc-specific chelator; Pan et al., 2011) solution ipsilateral to imag-
ing in right ACtx (Figs. 2, 4). To control for the solution volume and pres-
ence of the injection pipette, responses were also recorded before and after
injecting ACSF (Fig. 6b). 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 µM ZX1 and 50 µM Alexa
Fluor 594 in ACSF (herein referred to as “ZX1 solution”) or just 50 µM
Alexa Fluor 594 in ACSF (herein referred to as “ACSF solution”) and
was backfilled with mineral oil and connected to a 5 µl glass syringe
mounted in a motorized syringe pump (World Precision Instruments).
After a minimum of 20 min following cessation of isoflurane, we recorded
the baseline PD and sound-evoked PD. To infuse ZX1 contralateral to the
imaging of the right ACtx, we implanted chronic cannulas in the left ACtx
in mice as described previously (Kumar et al., 2019) and illustrated in
Figure 5a. Twelve to 16 d after surgery, we imaged sound-evoked
responses of right (ipsilateral) A1 principal neurons (PNs) in awake mice.

Frequency response area mapping. At the beginning of each 2PCI
experiment, we mapped frequency response areas (FRAs) of the neurons
in the imaging field as described previously (Cody and Tzounopoulos,
2022) to determine the pure-tone frequency to be used in the CGC assay
(see “CGC assay” in Materials and Methods). Briefly, we presented pure
tones (linearly ramped at 10 ms) comprising the DRC stimulus (5–
51.874 kHz; see “DRC sound stimuli” in Materials and Methods) lasting
400 ms at intensities of 30, 50, and 70 dB SPL, occurring at 0.6 s or 1 s
within a 3 s interstimulus-interval window. Fluorescence responses to
sound stimuli were calculated as normalized fluorescence change from
the prestimulus baseline (ΔF/F = (F− F0)/F0). For FRA mapping, presti-
mulus baseline (F0) was calculated as the average cell fluorescence signal
(F) across a 600 ms baseline prior to pure-tone onset. Solely cells with
significant pure-tone responses were included in analyses, that is, cells
where the trace average of the maximum ΔF/F value within an 800 ms
window following pure-tone onset is ≥2 standard deviations above the
trace average of F0. During each experiment, we performed an ad hoc
analysis to quickly determine the pure-tone frequency that elicits the
maximum ΔF/F response across an average of all cell FRAs collapsed
across stimulus intensity. This pure-tone frequency was then used for
the CGC assay.

CGC assay. For each experiment, a given pure-tone frequency (as
determined during ad hoc FRA mapping; see previous section) was pre-
sented in each contrast (low, high) combination in a pseudorandom
fashion. For each imaging trace, the DRC sound stimulus was both pre-
ceded and followed by 4 s of silence. Traces were interleaved by laser and
sound-off periods of pseudorandom duration lasting 25–35 s. A mini-
mum of eight repetitions of each contrast was presented.

2PCI processing and analysis. For each experiment, nonrigid motion
correction of the 2PCI frames was performed using the NoRMCorre
MATLAB toolbox (Pnevmatikakis and Giovannucci, 2017). Neuropil
contamination was assessed using the FISSA Python toolbox (Keemink
et al., 2018), scaled by 0.8 (Kerlin et al., 2010; Chen et al., 2020), and
removed to obtain motion- and neuropil-corrected average fluorescence
intensity across time for each cell. Normalized baseline subtracted
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fluorescence traces (F(t) =ΔF/F) were first calculated as (F− F0_DRC)/
F0_DRC, where F0_DRC is the average cell fluorescence intensity before
DRC sound onset across −1.2 to 0 s. To quantify responses to pure tones
that were preceded by 2 s of contrast DRC, we calculated F(t)-F0_PT,
where F0_PT is the average of F(t) across 1–2 s for a 2 s DRC duration.
Inclusion criteria: solely nonoverlapping cells deemed tone responsive
were included. For CGC analyses, solely cells that were significantly
responsive to pure tones in both low and high contrast were included.
We used a tone sensitivity index, d-prime (d′), to identify tone-responsive
cells (d′ ≥ 0) as described previously (Romero et al., 2019). Cells were
deemed significantly responsive to pure tones if the average tracemaximum
% ΔF/F value within an 800 ms window following pure-tone onset was ≥2
standard deviations (2 SD) above the trace average baseline % ΔF/F. The
baseline % ΔF/F is the average of % ΔF/F across 1–2 s.

Cells were grouped by animal in baseline PD bins to maintain pairing
by contrast condition. To quantify CGC, we calculated the contrast scal-
ing 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 zero lag cross-
correlation of peak pure-tone response traces (at 2–3.2 s) for all
responses for a given cell and is presented as a population average.

Pupillometry: analysis. 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 eight dots around the pupil perimeter (Mathis et al.,
2018). For each frame from model analyzed videos, a minimum of three
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 deriv-
ative, next linearly interpolating missing time points with the previous
two and following two adjacent time points, and finally filtering the trace
with a third order 3 Hz low-pass Butterworth filter (Mridha et al., 2021).

Evoked pupil responses are presented as percent baseline PD: for each
PD trace, PD was divided by average PD prior to sound onset (baseline
PD; −4 to 0 s) and then multiplied by 100. For responses binned by per-
cent baseline PD, PD traces for each animal were first calculated as a per-
centage of the animal's maximum PD during the experiment. These
traces were then averaged across the baseline epoch (−4 to 0 s) and
then grouped in seven bins. The last bin (>76%) was wider to accommo-
date fewer samples in that PD range. 2PCI data in each of these bins cor-
respond to an average of cell average traces occurring at a given pupil bin.

We limited sound-evoked pupil response analyses to responses with a
baseline PD at <50% of animal max PD (50th percentile) for several
reasons. First, at relatively dilated states, the pupil tends to constrict
(de Gee et al., 2014; Mridha et al., 2021), and evoked pupil responses
are significantly negatively correlated with baseline PD (data not shown;
r(624) =−0.35, p= 1.20 × 10−19). At PDs <50% of maximum animal PD,
this correlation becomes much smaller and is no longer significant
(Fig. 6b; r(382) =−0.055, p= 0.285). Additionally, because we are inter-
ested in the contribution of cortical CGC to pupil responses, we focused
on the 50th percentile where CGC is strongest (Fig. 1h).

We used a linear mixed-effects (LME) model to analyze whether
baseline and/or evoked PD is predictive of cell peak pure-tone responses
(Fig. 3). We assessed fixed effects of contrast and random-intercept
effects of subject, baseline PD, and evoked PD using a coefficient test
(Fig. 3a). The model in Wilkinson notation (Wilkinson and Rogers,
1973; Pinheiro and Bates, 2000) is as follows: peakPureToneResponse
∼ baseline_PD+ contrast × pupil_at_1–2 s + (1 | subject) + (1 |
baseline_PD) + (1 | pupil_at_1–2 s). We used a likelihood ratio test
between the full model and a null model to determine whether the full
model improves pure-tone response prediction over the null model,
which solely includes baseline PD as a predictor. The null model in
Wilkinson notation is as follows: peakPureToneResponse ∼
baseline_PD+ (1 | subject) + (1 | baseline_PD).

We used growth curve analysis (GCA; Mirman, 2016; Montes-
Lourido et al., 2021) to quantitatively compare evoked PD between con-
trast and drug treatment conditions. For this analysis, we fit orthogonal
first- and second-order time polynomials to pupil responses (from sound
onset to 2 s post onset) and separately assessed their interaction with
fixed effects of contrast and drug treatment using an LME model. We
included random subject-level intercept effects to account for variability
between mice. GCA precludes bias associated with choosing analysis
windows and captures PD evolution over time (slope) via the fitted
first-order polynomial (Montes-Lourido et al., 2021). The LME model
in Wilkinson notation (Wilkinson and Rogers, 1973; Pinheiro and
Bates, 2000) is as follows: pupil ∼ (tPoly1 + tPoly2) × contrast +
(tPoly1 + tPoly2) × treatment + (1 | subject). For comparing control
high-contrast responses between ZnT3-WT and ZnT3-KO genotypes,
we used a simpler LME model: pupil ∼ (tPoly1 + tPoly2) × genotype +
(1 | subject). tPoly2 and tPoly2 are the first- and second-order orthogonal
time polynomials; their coefficients correspond to slope and acceleration
GCA weight/coefficient 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.

Statistics. For grouped single-factor data that reject the Anderson–
Darling null hypothesis test for normality, we used a one-way
Kruskal–Wallis test (Fig. 1f–h). We analyzed grouped two-factor cell
response data with a two-way ANOVA (Fig. 1i). We used a coefficient
test and likelihood ratio test on LME models to assess whether baseline
and/or evoked PD is predictive of cell peak pure-tone responses (Fig. 3).
GCA was used to compare the initial rising phase (0–2 s) of evoked pupil
responses between conditions (Figs. 4, 6; as described in “Pupillometry:
analysis” in Materials and Methods). Linear regression and Pearson’s
correlation coefficient were used to assess the relationship between base-
line PD and experiment duration (Fig. 6a) and between magnitude
evoked pupil response and baseline PD (Fig. 6c).

Results
CGC is more robust at intermediate baseline PD
Because the cortical gain is associated with PD (McGinley et al.,
2015a; Schwartz et al., 2019), we first investigated whether CGC
(Rabinowitz et al., 2011; Lohse et al., 2020; Angeloni et al., 2021)
similarly varies in strength with baseline PD. To address this, we
performed a 2PCI assay of sound CGC in ACtx (Cody and
Tzounopoulos, 2022) and simultaneous pupillometry to measure
PD (Fig. 1a). This experimental setup allowed us to interrogate
whether PD prior to sound onset (baseline PD; Fig. 1c,e, gray
box) is associated with CGC magnitude (Fig. 1d, representative
cell from animal in b,e). Briefly, we presented a pure tone at
70 dB SPL following 2 s of DRCs having either low or high spec-
trotemporal sound level contrast (Fig. 1c). Sound level varied
across both frequency and time at ±5 dB (σ≍ 2.9 dB) for low-
contrast DRCs and ±15 dB (σ≍ 8.7 dB) for high-contrast
DRCs, but both DRC stimuli had the same mean sound level
of 55 dB. Simultaneously, we recorded both single-cell calcium
responses using 2PCI (Fig. 1b, bottom panel, Fig. 1d) and PD
using pupillometry (Fig. 1b, top panel, Fig. 1e).

Because pure-tone response amplitude is associated with PD
(McGinley et al., 2015a; Lin et al., 2019), we first assessed poten-
tial associations between baseline PD and peak pure-tone
response amplitude regardless of contrast. For each recorded
field of cells, we chose the pure-tone frequency that elicited the
largest response across an average of cell FRAs. In agreement
with previous studies (McGinley et al., 2015a; Lin et al., 2019),
we also observed an inverse U relationship, where pure-tone
response amplitudes are largest at baseline PDs that are within
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the intermediate range of an animal's PD [Fig. 1f, relative to max-
imum animal PD; p= 5.91 × 10−7, one-way Kruskal–Wallis test,
295 tone-responsive cells (see “2PCI processing and analysis”
in Materials and Methods) from eight animals]. In further agree-
ment with prior studies, increased trial-to-trial consistency in the
timing of pure-tone responses, termed reliability, coincides with
increased pure-tone response amplitudes at intermediate base-
line PD (Fig. 1g; reliability calculated as average zero lag
trial-to-trial cross-correlation between all pairs of pure-tone
response ΔF/F traces at 2–3.2 s; p= 3.25 × 10−8, one-way
Kruskal–Wallis test). Thus, despite 2 s of DRC sound preceding
the pure tone (Fig. 1c), our results are consistent with previously
observed associations between baseline PD and cell pure-tone
response amplitude and reliability, where intermediate baseline
PD is associated with increased pure-tone amplitude and
increased response reliability (McGinley et al., 2015a; Lin et al.,
2019).

We next probed whether baseline PD is associated with CGC
magnitude. We assessed CGC using a contrast scaling factor,
defined as the population mean of individual cell average peak
pure-tone responses in low contrast divided by average peak
responses in high contrast (Cody and Tzounopoulos, 2022).
We deemed CGC evident when contrast scaling factors were
significantly >1. Contrast scaling factors plotted across baseline
PD reveal that CGC is evident throughout the baseline PD range,
but the magnitude of CGC is, like pure-tone response amplitudes
(Fig. 1f), largest at intermediate baseline PDs (Fig. 1h; p=3.03 ×
10−5, one-wayKruskal–Wallis test). This finding suggests that base-
line PD is linked to pure-tone responses that are preceded by low
contrast differently from pure-tone responses that are preceded
by high contrast. To further explore this contrast-dependent asso-
ciation between baseline PD and pure-tone responses, we plotted
peak pure-tone ΔF/F responses across baseline PD for high and
low contrast (Fig. 1i). Consistent with Figure 1f, we observed a

significant association between baseline PD and response ampli-
tude (Fig. 1i; F(6,1871) = 10.74, p=9.04× 10

−12, two-way ANOVA).
Notably, we found a significant interaction between contrast and
baseline PD (Fig. 1i; F(6,1871) = 6.01, p=3.10× 10

−6). Thus, consis-
tent with changing CGC magnitude along baseline PD (Fig. 1h),
the relationship of pure-tone response amplitude to contrast is
baseline PD-dependent.

Sound-evoked PD responses are contrast-dependent but do
not predict CGC magnitude
Having explored the relationship between baseline PD and CGC
magnitude (Fig. 1), we next explored if evoked PD responses are
contrast-dependent. Because low- and high-contrast DRC sti-
muli have the same average sound level, we would expect evoked
PD to be comparable between contrast (Liao et al., 2016; Zekveld
et al., 2018). However, sound sequences of random brief (50 ms)
tone frequencies elicit larger evoked PD responses compared
with sound sequences with a consistent tone frequency (Zhao
et al., 2019). Thus, an alternative hypothesis is that frequency
changes at sound levels farther from the mean during the high-
contrast background sound would elicit larger evoked PD
responses than the low-contrast DRC sound. We found that
evoked PD responses to high-contrast sound are significantly
larger than those in low contrast across a temporal average of
the DRC stimulus (Fig, 2a; 0–8 s; Wilcoxon rank sum test, p=
0.0066). To exclude any potential effect of the pure-tone stimu-
lus, which occurs at 2 s, on evoked PD, we analyzed responses
at 1–2 s and again observed significantly larger evoked PD during
high contrast (Fig. 2c; 1–2 s; Wilcoxon rank sum test, p= 0.043).
To address the potential contribution of these neural responses in
high- versus low-contrast DRCs to the observed difference in PD
responses, we analyzed these neuronal responses before (CTRL,
Fig. 2d,e top) and after ZX1 (ZX1; Fig. 2d,e, bottom; 520
tone-responsive cells from 14 mice). To quantify these neural
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responses, we averaged cell response magnitude across 0–2 s
(Fig. 2e). We did not observe any significant difference in
response magnitude in either control or ZX1 (Wilcoxon rank
sum test for control: z= 0.0073, p= 0.9942; after ZX1, z=
−1.2425, p= 0.2141). These results suggest that the neural
response magnitude to high- or low-contrast DRCs is unlikely
to explain the differential evoked PDs in high versus low contrast
(Fig. 2a–c).

Given this contrast dependence in the evoked PD responses,
we asked whether evoked PD responses to contrast DRC predict
pure-tone response amplitude and thus CGC. To evaluate this,
we used a LME approach to model cell pure-tone responses as
a function of baseline PD, evoked PD (average PD at 1–2 s during
the DRC sound stimulus; pupil_at_1–2 s), and evoked PD inter-
action with sound contrast (Fig. 3; see “Pupillometry: analysis” in
Materials and Methods for a description of the full model). We
analyzed the contribution of these input factors using a coeffi-
cient test to determine whether they significantly contribute to
predicting neuronal pure-tone responses (Fig. 3b). Consistent
with the observed association between baseline PD and pure-tone
responses (Fig. 1f), we found that the baseline PDmodel coefficient
significantly differed from zero and thus significantly contributed
to neuronal responses (F(1,165.06) = 8.70; p=3.64× 10

−3). Neither
sound-evoked PD responses (F(1,167.17) = 2.61; p=0.108) nor their
interaction with contrast (F(1,169.59) = 0.0971; p=0.756) contributed
to predicting neuronal pure-tone responses. To further validate
this, we used a likelihood ratio test to compare the full LME model
with a null model that solely includes baseline PD as a predictor
(Fig. 3c; see “Pupillometry: analysis” in Materials and Methods
for a description of the null model). The full model including

sound-evoked PD responses and their interaction with contrast
did not significantly improve neuronal pure-tone response predic-
tion when compared with the null model (p=0.330). Thus,
although evoked PD responses are contrast-dependent, these
results are consistent with the notion that evoked PD does not con-
tribute to adaptation to sound contrast in A1 (CGC).

Cortical synaptic zinc signaling is necessary for the increased
evoked PD in high- versus low-contrast sound
As our results suggest that sound contrast-dependent evoked PD
responses do not contribute to neuronal adaptation to contrast in
A1 (CGC; Fig. 3), we next assessed whether CGC in A1 or more
specifically, its associated cortical neuromodulatory signaling
contributes to contrast-dependent evoked PD responses. We
recently established that either genetic or chemical disruption
of cortical zinc signaling eliminated A1 sound CGC in mice
(Cody and Tzounopoulos, 2022). Therefore, we probed whether
cortical synaptic zinc signaling is needed for the contrast depen-
dence of evoked PD responses. Namely, we injected ZX1, an
extracellular high-affinity zinc-specific chelator (Pan et al.,
2011; Anderson et al., 2015), into the ACtx of WT mice
(ZnT3-WT; Fig. 4a) and knock-out mice (ZnT3-KO; Fig. 4b)
that lack ZnT3 and thus synaptic zinc (Cole et al., 1999). We ana-
lyzed neuronal responses before (CTRL) and after ZX1 (ZX1). To
quantify the effect of contrast and ZX1 on evoked PD, we fit a
LME model using GCA (Fig. 4c,d; Mirman, 2016; Montes-
Lourido et al., 2021). In ZnT3-WT mice, we observed a signifi-
cant effect of both contrast and ZX1 on the intercept, which rep-
resents the entire temporal response average, and on the
first-order (linear) time polynomial coefficient (slope), which
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represents the PD rate of change (Fig. 4c; contrast intercept,
F(1,7921.6) = 19.48, p= 1.03 × 10−5; contrast slope, F(1,7918.8) =
26.54, p= 2.64 × 10−7; ZX1 intercept, F(1,7926.3) = 4.47, p=
0.0344; ZX1 slope, F(1,7918.8) = 40.45, p= 2.13 × 10

−10). We also
observed a significant interaction between contrast and ZX1
treatment (Fig. 4c, F(1,7921.6) = 24.2, p= 8.85 × 10−7). Pairwise
post hoc Tukey tests revealed a significant effect of contrast
before, but not after ZX1 treatment, and solely a significant
effect of ZX1 on high-contrast–evoked PD (p < 0.0001 for both
comparisons). Notably, the high-contrast–specific effect of ZX1
on evoked PD mirrors the high-contrast–specific effect of ZX1
on A1 PN responses (Cody and Tzounopoulos, 2022). This sim-
ilarity is consistent with a link between A1 CGC and
contrast-dependent effects on evoked PD responses; however,
our results do not prove this relationship directly (see
Discussion). Nonetheless, these results support that cortical
zinc signaling is necessary for contrast-dependent increases in
evoked PD during high- versus low-contrast sound.

In ZnT3-KO mice (Fig. 4b), we did not observe a significant
effect of either contrast or ZX1 on evoked PD intercept
(Fig. 4d,f; contrast, F(1,4500.8) =−1.14, p= 0.255; ZX1, F(1,4502.4) =
1.45, p= 0.147), nor a significant interaction between the two
(F(1,4500.2) =−0.540, p= 0.589). Thus, the effect of contrast on
pupil responses is ZnT3-dependent. In ZnT3-KO mice, we did
not observe a significant effect of contrast on the evoked PD slope
(Fig. 4f; F(1,4500.0) = 1.31, p= 0.190); however, we observed a
significant effect of ZX1 (F(1,4500.0) =−2.49, p= 0.0129). The
lack of an interaction between contrast and ZX1 suggests a

ZnT3-independent but zinc-dependent effect on slope.
However, this ZnT3-independent effect is small, as the GCA
slope coefficient (weight) for ZX1 in the ZnT3-KO mice
(−0.64, Fig. 4f) was less than half that of ZnT3-WT (−1.41,
Fig. 4e). Taken together, these results reveal that cortical synaptic
zinc signaling is necessary for increases in evoked PD during
high- versus low-contrast sound.

To better understand how a unilateral ACtx manipulation
(ZX1 infusion) can affect evoked PD responses, which presum-
ably reflect more general processes and brain areas related to
arousal, we explored the contra- and ipsilateral effects of unilat-
eral ZX1 injection in ACtx. Namely, we tested the effect of con-
tralateral ZX1 infusion on responses to sound in ACtx ipsilateral
to imaging (Fig. 5). Our previous studies have shown that chela-
tion of ipsilateral ACtx zinc with ZX1 infusion reduced
sound-evoked responses of principal L2/3 ACtx neurons imaged
in the ipsilateral A1 (Kumar et al., 2019). Here, to test whether
ZX1 infusion affects the sound-evoked responses of contralateral
A1 and whether ZX1 travels to other hemisphere, we performed
in vivo WF imaging of right (ipsilateral) A1 PNs expressing
GCaMP6f, before and after infusion of ZX1 +Alexa Fluor 594
(red dye) to contralateral (left) ACtx (Fig. 5a,b). To infuse ZX1
into contralateral ACtx, we implanted chronic cannulas to the
left ACtx, as described previously (Kumar et al., 2019) and illus-
trated in Figure 5a. We found that the infusion of ZX1 +Alexa
Fluor 594 to the left (contralateral) ACtx does not show the pres-
ence of Alexa Fluor 594 in the ipsilateral ACtx under the red
channel (Fig. 5c), suggesting that ZX1 does not travel to the other
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cortical hemisphere (see Discussion). Importantly, we found that
infusion of ZX1 to the contralateral ACtx increased the
sound-evoked responses of ipsilateral A1 PNs (Fig. 5c–e; three
mice, one-way repeated measure ANOVA, F= 33.44, p= 4.1 ×
10−5; control vs ZX1 in contralateral ACtx, p= 0.016,
Bonferroni's multiple-comparisons test), suggesting that ZX1
affects the sound-evoked responses of A1 neurons that are
located contralaterally to the ZX1 injection. Furthermore, consis-
tent with previous results (Anderson et al., 2017), subsequent
infusion of ZX1 to ipsilateral ACtx reduced the sound-evoked
responses of A1 PNs (Fig. 5d–f; ZX1 in contralateral vs ipsilateral
ACtx, p= 3.2 × 10−5, Bonferroni's multiple-comparisons test).
Overall, these results show that a unilateral ACtx ZX1 injection
can still impact contralateral ACtx, despite ZX1 diffusion being
limited to the injected hemisphere. Thus, such contralateral
effects may not be excluded as a potential contribution to
observed ZX1 effects on evoked PD responses (see Discussion).

We observed a significant time-dependent increase in baseline
PD across the recording duration of ZX1 experiments [Fig. 6a;
slope 95% CI = (0.0798, 0.183), p= 1.26 × 10−6]. Given that the
pupil tends to constrict at relatively dilated states (de Gee et al.,
2014; Mridha et al., 2021), this could pose a problem in the inter-
pretation of our results. To control for this, we used ACSF as a
control and found a similar time-dependent increase in baseline
PD [Fig. 6a; slope 95% CI = (0.0159, 0.279), p= 0.0282]. Thus, in
both ZX1 and ACSF, we observed a nonspecific, time-dependent

increase in PD. However, the 95% CIs for the two conditions
overlap, suggesting that this effect is not different between ZX1
and ACSF. Importantly, following ACSF injection, unlike follow-
ing ZX1 injection (Fig. 4a,c,e), we observed a significant effect of
contrast on both the intercept and fitted slope coefficient of
the first-order time polynomial (Fig. 6b; intercept, F(1,2558.3) =
46.22, p=1.31× 10−11; slope, F(1,2558) = 15.076, p=1.10× 10−4),
which means that the difference in PD in high versus low contrast
is still evident after the ACSF treatment, which is matched in time
and mode of application with the ZX1 treatment. This result fur-
ther supports that the effects of ZX1 on evoked PD are not due
to the time-dependent increase in baseline PD. Moreover, we lim-
ited our pupil response analyses to the 50th percentile of baseline
PD (see “Pupillometry: analysis” in Materials and Methods) at
which there was no significant correlation between baseline PD
and evoked PD (Fig. 6c; Pearson's correlation coefficient, r(238) =
−0.0928, p=0.1537). Together, these results suggest that the
effect of ZX1 on eliminating contrast-dependent increases in
evoked PD during high- versus low-contrast sound is not due to
either the injection of a solution volume into ACtx or to potential
non–zinc-specific effects of ZX1 on baseline PD throughout the
experiment; the effect of ZX1 are specific to zinc chelation.

As an additional control for potential effects of the recording
duration or potential ZX1 confounds, we used a LME GCA
model to compare PD responses in high contrast between
ZnT3-WT and ZnT3-KO mice prior to ZX1 injection. We
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observed a significant effect of genotype on the slope coefficient
of the first-order time polynomial (Fig. 6d; F(1,3869) = 22.37, p=
2.33 × 10−6). Namely, ZnT3-KO mice have reduced PD
responses in high contrast, consistent with the high-contrast–
dependent effect of synaptic zinc signaling on evoked PD.
Taken together, these results demonstrate that cortical synaptic
zinc signaling is necessary for increases in evoked PD in high-
versus low-contrast sound.

Discussion
To study the contribution of baseline PD to sensory processing
and adaptation, we paired pupillometry with a two-photon imag-
ing assay of sound CGC in ACtx. Our results support that CGC is
strongest at an intermediate baseline PD range where sound
responses are maximal. We then disrupted cortical synaptic
zinc signaling, which is necessary for CGC, and used the same
preparation to explore the relationship between neuromodula-
tion in the sensory cortex and evoked PD changes (Cody and
Tzounopoulos, 2022). Our data suggest that cortical neuromodu-
latory synaptic zinc signaling is necessary for increases in PD in
response to high-contrast sound compared with low-contrast
sound.

PD changes have been linked to neuromodulatory systems in
previous studies (Joshi and Gold, 2020; Joshi, 2021). Recordings
of acetylcholine (ACh) and norepinephrine (NE) projections in
layer 1 of the 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 increases 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). Finally, a serotonin-dependent link between PD and
task-related uncertainty has been recently discovered, whereby
the level of the effect of serotonergic neuronal activation on PD
depends on task-related uncertainty (Cazettes et al., 2020). By
revealing that contrast-dependent changes in evoked PD require
cortical neuromodulatory zinc signaling, our results broaden our
understanding of the relationship between neuromodulatory sys-
tems and changes in PD. Because we demonstrated this depen-
dence without the use of any artificial stimulation of zincergic
signaling, we propose that contrast-dependent changes in PD pro-
vide a physiological readout of zincergic neuromodulatory synap-
tic zinc activity in the sensory cortex.

Our observed baseline PD effects on CGC are consistent with
a baseline PD-indexed cortical state that interacts with sound
contrast and persists for at least 2 s. This interaction cannot easily
be explained by momentary fluctuations in membrane potential
during brief (∼1–2 s) baseline pupil dilations (Reimer et al., 2014;
McGinley et al., 2015a) because baseline PD is measured across a
4 s average and CGC is measured 2 s after that. Animal move-
ment effects (Vinck et al., 2015) are also an unlikely factor to
explain this interaction, because the PD range at which we
observe increasing CGC (Fig. 1h; ∼20–50% animal PD max) is
well below the PD range associated with locomotion (>70% ani-
mal PD max; McGinley et al., 2015a,b). In agreement with an
interaction between sound contrast and baseline PD, solely at
the intermediate baseline PD range where CGC is maximal, we
observed a significant effect of contrast on pure-tone responses
between low and high contrast (p= 3.65 × 10−5, Bonferroni’s cor-
rected post hoc test): compare Figure 1h at baseline PD of 43–
54%, fourth data point from the left, with the same baseline point
at PD range in Figure 1i. However, because the contrast scaling

factor is above 1 at each baseline PD range (Fig. 1h), the high-
contrast responses in Figure 1i would be expected to be lower
than the low-contrast responses at all baseline PD ranges in
Figure 1i. The contrast scaling factor measure of CGC (Fig. 1h)
is calculated from each cell's average peak response in low con-
trast divided by its peak response in high contrast, whereas
responses in Figure 1i are not paired ratios by cell. The discre-
pancy between Figure 1h and 1i may thus be explained by
response variability among cells. Taken together, at intermediate
baseline PD, contrast effects are evident across average cell pop-
ulation responses, rather than being limited to effects relative to
each cell.

Do contrast-dependent changes in evoked PD relate to base-
line PD-indexed cortical state? Cortical membrane potential var-
iability strongly correlates with baseline PD (Reimer et al., 2014;
McGinley et al., 2015a); however, changes in sound contrast
alone do not affect cortical membrane potential variability
(Cooke et al., 2020). Moreover, cortical CGCmagnitude depends
on baseline PD (Fig. 1h), but contrast-evoked PD does not pre-
dict CGC (Fig. 3). Together, these findings suggest that
contrast-dependent changes in evoked PD are reflective of corti-
cal activity that is different from the activity that is indexed by
baseline PD. Furthermore, increases in evoked PD are associated
with increased neural gain (firing-rate scaling; Schwartz et al.,
2019). Our results suggest that PD has an opposite relationship
with gain that is modeled by a change in the slope of the sigmoi-
dal neural response function that reflects CGC. Gain is decreased
during high- versus low-contrast sound (Rabinowitz et al., 2011;
Lohse et al., 2020; Cody and Tzounopoulos, 2022), yet we
observed increased evoked PD during high versus low contrast.
Thus, our results suggest a previously unknown relationship
between cortical state and evoked PD changes. Indeed, our stud-
ies reveal a hierarchical scheme whereby cortical synaptic zinc
signals a cortical state that is, in turn, necessary for increased
evoked PD.

Numerous sound stimulus factors influence evoked PD, such
as loudness, deviance from regularity, complexity, and signal-
to-noise to name a few (Wang et al., 2014; Liao et al., 2016;
Zekveld et al., 2018; Zhao et al., 2019; Montes-Lourido et al.,
2021). Yet, it is unclear which stages of the ascending auditory
pathway contribute to these differences in evoked PD or to
changes in cognitive states that in turn affect PD. Inversely,
when sound-evoked PD responses are compared with healthy
human subjects, differences in evoked PD are indicative of
altered neurophysiology and sensory processing associated with
hearing loss, dementia, and schizophrenia (Zekveld et al.,
2018). Because our results support that increases in evoked PD
in high- versus low-contrast sound is a marker for intact cortical
zinc signaling, and, likely for intact CGC (see the last paragraph
in Discussion), we propose that PDmay thus serve as a basis for a
pupillometry marker of impaired cortical neuromodulation.

Our pharmacological perturbation of zinc signaling (via ZX1)
is limited to the sensory cortex. This is consistent with the
reported intracortical diffusion area of ZX1, 2.1 ± 0.1 mm2, based
on the spread of ZX1 coinfused with Alexa Fluor 594 (Anderson
et al., 2017). As noted in Cody and Tzounopoulos (2022), if con-
verted to the radius (0.8 ± 0.2 mm), this suggests that the spread
of ZX1 is limited exclusively to the cortex (Lein et al., 2007).
Thus, we propose that sound contrast-dependent effects on
evoked PD responses are ACtx-dependent. We delivered sound
stimuli to the left ear, injected ZX1 unilaterally into the right
ACtx, and recorded ipsilateral (right) pupil and ACtx responses.
Pupil responses to sound stimuli persisted with both
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pharmacological and transgenic blockade of zinc signaling, but,
upon blockade, responses to both low and high contrast resem-
bled low-contrast responses, which were of comparable magni-
tude in ZnT3-WT and ZnT3-KO mice (Fig. 4).

Although ZX1 diffusion was likely limited to the injected hemi-
sphere (Fig. 5c), we observed ZX1-dependent effects on neural
responses to sound stimuli in ACtx contralateral to injection
(Fig. 5c–e). Thus, despite the unilateral ZX1 infusion and diffusion,
the observed effects of zinc signaling on sound-evoked PD
responses (Fig. 4) may arise from ZX1-dependent effects on the
sound-evoked responses of A1 neurons that are located contralat-
erally to the ZX1 injection. Consistent with a bilateral ZX1 effect,
the magnitude of PD responses to high-contrast sound after ZX1
infusion in ZnT3-WT mice (Fig. 4c; peak at ∼110% PD) is not
different from the magnitude of high-contrast PD responses in
ZnT3-KO mice (Fig. 4d; peak at ∼110% PD), which lack ZnT3
bilaterally. The effect of ZX1 injection contralaterally to the imaged
cortical hemisphere may involve a circuit effect mediated by L2/3
corticocallosal (IT) neurons, which are zincergic and project to
the contralateral hemisphere (Kouvaros et al., 2023). The effect of
zinc signaling in PD is unlikely to be mediated by either somatos-
tatin- (SOM) or parvalbumin-expressing (PV) neurons, as zinc sig-
naling does not have any sound contrast-dependent effects on
either PV or SOM neurons (Cody and Tzounopoulos, 2022).
However, an indirect network effect including both interneurons
and IT neurons cannot be excluded. Nonetheless, responses to
sound in the hemisphere contralateral to ZX1 infusion, regardless
of how affected they are by the physical occlusion via the acute sur-
gical preparation (see “Acute surgery preparation for in vivo imag-
ing” in Materials and Methods), could still be impacted by
ipsilateral ZX1 infusion and thereby influence sound-evoked PD
responses.

Although we have not addressed this question in this manu-
script, a pathway from ACtx to pupil could occur via ascending
projections to the prefrontal cortex (PFC; Romanski et al.,
1999) and/or descending projections to the superior colliculus
(SC; Zingg et al., 2017). The PFC connections would then reach
the pupil via the LC, which projects to the Edinger–Westphal
nucleus (EWN), which in turn innervates neurons controlling
the muscles of the pupil (Joshi and Gold, 2020). As pupil dilation
mediated by the LC is lateralized (Liu et al., 2017), a systematic
laterality in the difference between low- and high-contrast–
evoked PD would support that the effect of contrast on the pupil
is mediated by LC. ACtx connections to the pupil via SC would
occur via a direct path from the SC to EWN (Joshi and Gold,
2020). Further studies are needed to address the underlying cir-
cuitry. Nonetheless, the influence of cortical zinc signaling on
contrast-dependent–evoked PD responses suggests a role of
zinc signaling in the long-range coordination of neural activity
for multisensory processing.

Although we did not address whether it is the computation of
cortical CGC that triggers contrast-dependent changes in evoked
PD, it is an attractive hypothesis. Cortical zinc signaling is neces-
sary for both CGC and contrast-dependent increases in evoked
PD (Cody and Tzounopoulos, 2022). In both cases, cortical
zinc signaling decreases the amplitude of both neuronal and
PD responses specifically in high contrast, while leaving these
parameters unaffected in low contrast. CGC is achieved via a
canonical neural computation, normalization (Carandini and
Heeger, 2012), which is conserved among species (Rabinowitz
et al., 2011; Cooke et al., 2018; Lohse et al., 2020) and sensory
domains (Schwartz and Simoncelli, 2001; Olsen et al., 2010;
Carandini and Heeger, 2012; Wilson et al., 2012; Lohse et al.,

2020). Moreover, CGC accounts for changes in perceptual judg-
ments in humans and mice (Lohse et al., 2020; Angeloni et al.,
2021) and thus contributes to a conserved universal perceptual
phenomenon that does not require any training. Although not
tested in this manuscript, one tempting hypothesis is that evoked
PD changes between low and high sound contrast are reflective of
sensory processing changes that might be the result of a universal
and evolutionarily conserved “internalization” of ethologically
relevant changes in natural sound statistics into cortical circuits.
In this context, we propose that our results may provide a cortical
neuromodulatorymechanism that conveys a specific pupil-indexed
change in sensory processing state from low- to high-contrast
sound contexts. In this way, ethologically relevant changes in sti-
mulus statistics likely initiate changes in pupil-indexed arousal
and multisensory processing that are evident in other organisms
via changes in PD. As such, these studies hold the potential to add
fundamental insight into how the brain can efficiently handle the
universals of the external world delivered via sensory inputs.
Together, these studies may provide a new physiological struc-
ture in the internal functional brain space that transforms sen-
sory input into motor output.
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