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Outer Hair Cell Glutamate Signaling through Type II Spiral
Ganglion Afferents Activates Neurons in the Cochlear
Nucleus in Response to Nondamaging Sounds

Catherine J.C. Weisz,"*> Sean-Paul G. Williams,*> Chad S. Eckard,® Christopher B. Divito,® David W. Ferreira,’
Kristen N. Fantetti,"> Shenin A. Dettwyler,’ Hou-Ming Cai,'* Maria E. Rubio,"** ““Karl Kandler,"* and
Rebecca P. Seal'**
"Department of Otolaryngology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15260, *Section on Neuronal Circuitry,
National Institute for Deafness and other Communication Disorders, National Institutes of Health, Bethesda, MD 20892, and * Department of
Neurobiology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15260

Cochlear outer hair cells (OHCs) are known to uniquely participate in auditory processing through their electromotility, and like
inner hair cells, are also capable of releasing vesicular glutamate onto spiral ganglion (SG) neurons: in this case, onto the sparse
Type II SG neurons. However, unlike glutamate signaling at the inner hair cell-Type I SG neuron synapse, which is robust across a
wide spectrum of sound intensities, glutamate signaling at the OHC-Type II SG neuron synapse is weaker and has been hypothe-
sized to occur only at intense, possibly damaging sound levels. Here, we tested the ability of the OHC-Type II SG pathway to signal
to the brain in response to moderate, nondamaging sound (80 dB SPL) as well as to intense sound (115dB SPL). First, we deter-
mined the VGluTs associated with OHC signaling and then confirmed the loss of glutamatergic synaptic transmission from OHCs
to Type II SG neurons in KO mice using dendritic patch-clamp recordings. Next, we generated genetic mouse lines in which vesic-
ular glutamate release occurs selectively from OHCs, and then assessed c-Fos expression in the cochlear nucleus in response to
sound. From these analyses, we show, for the first time, that glutamatergic signaling at the OHC-Type II SG neuron synapse is ca-
pable of activating cochlear nucleus neurons, even at moderate sound levels.
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(s )

Evidence suggests that cochlear outer hair cells (OHCs) release glutamate onto Type II spiral ganglion neurons only when
exposed to loud sound, and that Type II neurons are activated by tissue damage. Knowing whether moderate level sound,
without tissue damage, activates this pathway has functional implications for this fundamental auditory pathway. We first
determined that OHCs rely largely on VGIuT3 for synaptic glutamate release. We then used a genetically modified mouse line
in which OHCs, but not inner hair cells, release vesicular glutamate to demonstrate that moderate sound exposure activates
cochlear nucleus neurons via the OHC-Type II spiral ganglion pathway. Together, these data indicate that glutamate signaling
at the OHC-Type II afferent synapse participates in auditory function at moderate sound levels. /

Introduction glutamate-mediated synaptic signaling that activates centrally
projecting Type I spiral ganglion neurons (SGNs) (Glowatzki

Cochlear inner hair cells (IHCs) are the principal auditory ons A )
receptors, transforming mechanical sound information into and Fuchs, 2002). Glutamate packaging into THC synaptic
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vesicles relies on VGIuT3, and mice lacking VGIuT3 are deaf
(Ruel et al., 2008; Seal et al., 2008; Kim et al., 2019). Outer hair
cells (OHCs) lower the sound detection threshold and sharpen
the basilar membrane tuning curve via their electromotility
(Brownell et al., 1985; Evans and Dallos, 1993). However,
OHC:s also release vesicular glutamate (Weisz et al., 2009) that
excites the less abundant Type II SGNs (5%-10% of SGNs)
(Spoendlin, 1967, 1969; Kiang et al.,, 1982; Dannhof and
Bruns, 1993; Hafidi, 1998), but the VGIuT mediating OHC
glutamate packaging is unclear (Seal et al., 2008).

IHC-Type I and OHC-Type II synapses exhibit distinct func-
tional properties. IHCs use fast, synchronous release of hundreds
to thousands of vesicles that are graded with sound intensity
(Glowatzki and Fuchs, 2002; Nouvian et al., 2006), whereas
OHCs contain orders of magnitude fewer vesicles (Dunn and
Morest, 1975; Liberman et al., 1990; Weisz et al., 2012) and ex-
hibit a much lower vesicle release probability (Weisz et al., 2012).
The anatomic arrangement of Type I- and Type II-SGN synaptic
contacts with hair cells also differs. Thick, myelinated Type I
SGNs innervate a single THC (Fekete et al., 1984; Ryugo et al.,
1991), whereas thin, unmyelinated Type II SGNs innervate up to
~30 OHCs (Perkins and Morest, 1975; Ginzberg and Morest,
1983, 1984; Berglund and Ryugo, 1987; Brown, 1987; Simmons
and Liberman, 1988a,b; Liberman et al, 1990; Echteler, 1992;
Koundakjian et al., 2007; Weisz et al., 2012). Computational mod-
eling suggests that integration of all OHC inputs, such as with
loud or broadband sound, is required for suprathreshold Type II
SGN activation (Weisz et al., 2014). In vivo recordings suggest that
Type II SGNs are insensitive to even high intensity sound
(Robertson, 1984; Brown, 1994; Robertson et al., 1999). More
recently, ATP released by damaged OHCs (Weisz et al., 2009;
Flores et al,, 2015; Liu et al., 2015) and perhaps supporting cells
(Muioz et al.,, 2001) was shown to activate Type II SGN. It was
subsequently postulated that Type II afferents mediate sound-
induced nociception. It nevertheless remains unknown whether a
lower-intensity natural stimulus, such as moderate sound, is suffi-
cient to activate the OHC-Type II afferent pathway.

In the cochlear nucleus (CN), Type I afferents project broadly
to both dorsal (DCN) and ventral cochlear nuclei (VCN). Type
II afferents branch in the VCN alongside Type I SGN from the
same cochlear region, but have a sparser projection, primarily to
the granule cell domain (GCD) (Brown, 1987; Brown et al., 1988;
Simmons and Liberman, 1988b; Brown and Ledwith, 1990;
Ryugo et al,, 1991; Morgan et al,, 1994; Berglund et al., 1996;
Hurd et al, 1999; Benson and Brown, 2004). The role of the
GCD is unclear, but it may respond to information concerning
head or pinna position, attention, sound localization, or sound
recognition (Shore et al., 2000; Rubio, 2018) via auditory and
nonauditory input (Itoh et al., 1987; Weinberg and Rustioni,
1987; Kevetter and Perachio, 1989; Pedemonte et al, 1990;
Klepper and Herbert, 1991; Young et al, 1995 Wright and
Ryugo, 1996; Davis and Young, 1997; Kanold and Young, 2001;
Zhan et al., 2006; Barker et al., 2012).

In this study, we developed mouse models to test whether ex-
posure of mice to moderate, nondamaging (80 dB SPL) sound
can activate the OHC-Type II afferent-CN pathway. First, we
determined which VGIuT isoforms are expressed by OHCs. We
then generated mouse lines in which vesicular glutamate release
is isolated to either IHCs or OHCs to show that nondamaging
sound levels activate CN neurons via OHC-Type II SGN gluta-
mate signaling. Increasing the sound to a more intense level
(115dB SPL) activates additional large CN neurons, suggesting
that Type II neurons may potentially encode sound intensity.
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Table 1. Genetic mouse lines used in this study

Cre expression

Genotype Transgenic type [HC and/or OHC Mouse reference
Vglutlmﬁ(’e Knockin Neither Harris et al., 2014
Vglut2FESe Knockin Neither Vong et al., 2011
Vglut2™ BAC transgenic IHC and OHC Borgius et al., 2010
Vglut3 "RESCre Knockin IHC and OHC Cheng et al., 2017
Vglut3“® BAC transgenic OHC Grimes et al., 2011
Prestin“*"2 Tamoxifen-dependent ~ OHC Fang et al., 2012
Vglut3ﬂ/ g Conditional KO NA Divito et al., 2015;
Peirs et al., 2015
Vglut2™ Conditional KO NA Tong et al., 2007
Vglut3'/ ) Global KO NA Seal et al., 2008;
Ai14-tdTomato Rosa locus NA Madisen et al., 2012

Table 2. Crossed genetic mouse lines

Mouse cross Impact on cochlear hair cells

Vglut3Vglut3™"
Prestin““™ " glut3” Vglut2™"

No IHC glutamate release
No IHC or OHC glutamate release

Thus, this fundamental auditory pathway is able to participate in
central auditory processing under nonpathologic conditions.

Methods and Materials

Animals. Animal use protocols were reviewed and approved
by the University of Pittsburgh Institutional Animal Care and
Use Committee. Animals were housed in micro-isolator cages on
a standard 12 h sleep/wake cycle (7:00 A.M. lights on, 7:00 P.M.
lights off) with ad libitum access to food and water. All efforts
were made to minimize the number of animals used and to avoid
pain or discomfort. Mice are described in Tables 1 and 2.
Prestin® "2 velut3“, Velut3", Vglut3 ™', and Vglut2™"
mice were on a mixed FVB/N and C57Bl/6] background. Mice
used to examine tdTomato expression and for ISH were on
C57Bl/6] background. Mice of both sexes and ranging in age
from postnatal day 7 (P7) to 3 months were used.

Tamoxifen injections. Tamoxifen (Sigma Millipore, #T5648)
was dissolved in ethanol at a concentration of 5 or 20 mg/ml,
added to a ratio of 1:1 corn oil, and ethanol evaporated away
with a SpeedVac for 2-4 h at 37°C. Dissolved tamoxifen was
stored at 4°C in the dark for up to 5d. Pups were injected intra-
peritoneally with 40 mg/kg tamoxifen from P2 to P4 or 75 mg/kg
tamoxifen from P21 to P25.

In situ hybridization (ISH) of cochleae. Mice (P8.5) were
deeply anesthetized with isoflurane and decapitated after cervical
dislocation. Cochleae were quickly removed, immersed in 4% PFA
in 0.1 M PBS, pH. 7.4, and postfixed overnight at 4°C. Cochleae
were then decalcified using 10% EDTA in PBS, pH. 8.0, at room
temperature for 3 h. Tissue was cryo-protected in 30% sucrose,
embedded in OCT mounting medium, and cut with a cryostat
(Microm HM550) (20 pm thickness) directly onto SuperFrost Plus
slides (Fisherbrand; catalog #12-550-15). RNAscope Multiplex
Fluorescent Reagent Kit version 2 (catalog #323110) was used to
perform ISH with RNAscope probes according to the manufac-
turer’s protocols recommended for fixed frozen tissue. Vglut3
probe (Mm-Slc17a8, catalog #431261-C1) was visualized in Cy3,
and Vglutl (Mm-Sic17a7, catalog #416631-C3) and Vglut2 (Mm-
Slc17a6, catalog #319171-C2) probes were visualized in Cy5 (cata-
log #NEL744001KT-TSA Plus Cyanine 3 and NEL745001KT-TSA
Plus Cyanine 5, Akoya Biosciences). Positive and negative control
probes were tested on other sections simultaneously. Cells
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showing at least three puncta were considered positive. RNAscope
Multiplex Fluorescent version 2 assay was combined with immu-
nofluorescence according to the manufacturer’s protocols on fixed
tissues (Technical Note, 323100-TN, Advanced Cell Diagnostics)
using the following primary antibody: Myosin VIIa raised in rabbit
(1:500, Proteus Biosciences, catalog #25-6790) and incubated in
donkey anti-Rabbit AlexaFluor-488 (1:1000, Jackson Immuno-
Research Laboratories, 711-545-152). Samples were mounted with
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, catalog #P36931). Cochlea sections were imaged with a
confocal laser-scanning microscope (Nikon A1R), Nikon Eclipse
Ti2 microscope, and Nikon NIS-Elements software. Z-series were
scanned at 40x magnification and a z step of 2.0 pm.

Cochlear whole-mount immunofluorescence. Mice were anes-
thetized with isoflurane (100%, Butler Schein), decapitated, and
the cochlea isolated and perfused through the round window
with 1 ml of 4% PFA in PBS, postfixed for 2 h in 4% PFA on
ice, and rinsed by perfusing the round window with 1 ml PBS.
The organ of Corti was micro-dissected into individual turns as
a whole-mount preparation and stained as described previously
(Akil et al., 2006, 2012; Seal et al., 2008). Tissue was incubated
in blocking solution (5% donkey serum, 0.25% Triton X-100 in
PBS) for 1 h at room temperature. The following primary anti-
bodies were added to blocking solution and incubated overnight
at 4°C: rabbit anti-MyoVI (1:100, Proteus Biosciences, catalog
#25-6791) or guinea pig anti-VGIuT3 (1:2500, gift from Robert
Edwards, University of California at San Francisco). Following
PBS rinses, secondary antibodies conjugated to AlexaFluor dyes
(1:1000, Jackson ImmunoResearch Laboratories) were diluted in
blocking solution, and tissue was incubated for 2 h at room
temperature. In some experiments, AlexaFluor-555 or -647
Phalloidin stain (Thermo Fisher Scientific) was added to the sec-
ondary antibody incubation step. Following PBS rinses, explants
were mounted on glass slides in Fluoromount G (Southern
Biotechnology, #0100), coverslipped, and imaged with a confocal
microscope (Nikon Eclipse FN1 or Carl Zeiss LSM 780). Confocal
image stacks were captured with a 20x, 40%, or 63x objective,
collapsed into 2D maximum intensity projections, and analyzed
using National Institutes of Health Image]J software.

Noise exposure/acoustic startle response. Sound stimuli were
delivered using the Kinder Startle Monitor System SM100
(Kinder Scientific). Mice were placed into a darkened sound-
dampening chamber and remained within a restraining device
that prevents the animal from turning around during testing.
Calibration was performed using a sound level meter micro-
phone placed in the position of the animal. For noise exposure
experiments, mice were acclimatized to the chamber for 15 min
without noise stimulus and then exposed to a constant 80 or
115 dB broadband noise (3-30kHz) for 1 h. For acoustic startle
testing, mice were acclimatized to the chamber by presentation
of a constant 60 dB white noise for 5min and then randomly
exposed to 400 ms bursts of broadband noise (3-30 kHz) at pseu-
dorandomized intensity levels (60-120 dB SPL) with 15-25 s gaps
between bursts.

Auditory brainstem responses (ABRs). ABRs to click and pure
tones were measured before and 2 weeks after noise exposure
using a Tucker-Davis Technologies evoked potential workstation
(RZ6-A-P1) and a close-field speaker (MF1-M, Tucker-Davis
Technologies) following the protocol described by Clarkson et
al. (2016). Three subcutaneous needle electrodes were con-
nected to a 4-channel low-impedance headstage (RA4 LI,
Tucker-Davis Technologies). Sound stimuli signals were
generated and analyzed using BioSigRZ software (Tucker-
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Davis Technologies). Sound levels for clicks and pure tones
were calibrated using a one-quarter-inch microphone (model
PCB-378C01, PCB Piezotronics). The calibration micro-
phone was interfaced with a close-field speaker using a 2 cm
plastic tube, which was placed in a sealed (sound isolated) sy-
ringe tube (the coupler). Connections between the speaker,
tube, coupler, and microphone were tight-fitting to avoid
inaccurate calibration. Calibration was performed using the
Tucker-Davis Technologies program BioSigRZ. All calibra-
tion and ABRs were conducted in a sound-attenuating cubi-
cle (ENV-022SV; Med Associates). Mice were kept under
isoflurane anesthesia (3% in oxygen for induction, 1.5% for
maintenance, and at a constant body temperature at 37°C
maintained by a heating pad). For ABRs, click stimuli (0.1 ms
duration) and tone bursts (5ms duration with 2.5 ms linear
rise-fall time and 0 ms plateau) at 4, 16, 24, and 32 kHz were
delivered. Evoked potentials were averaged over 1024
sweeps, and waveforms were filtered using a bandpass filter
of 300-3000 Hz. ABR waveforms were recorded at decreasing
intervals of 5dB beginning with 90dB for clicks. Auditory
thresholds for click and pure tones were determined offline
by identifying the lowest intensity level at which clear repro-
ducible peak waveforms 1, 2, and 3 were visible in the aver-
aged traces. ABRs were performed and analyzed blinded to
the experimental condition.

Detection and quantification of c-Fos expression. Immediately
following acoustic simulation, mice were anesthetized with a le-
thal dose of ketamine/xylazine and transcardially perfused with
10 ml PBS followed by 30 ml 4% PFA/PBS. Brains were removed,
postfixed in 4% PFA/PBS overnight at 4°C, and incubated in
30% sucrose for 48-72 h at 4°C. CN-containing sections (30 pm
coronal) were cut with a cryostat (HM550). Entire CN was cut
and sections with clear GCD selected, four sections per animal.
Sections were incubated in blocking solution (5% normal donkey
serum, 2.5% Triton X-100 in PBS) for 1 h at room temperature
and then incubated with rabbit anti-c-Fos (Oncogene Research
Products, #PC38) at 1:20,000 dilution overnight at room temper-
ature. Following incubation with the primary antibody, sections
were washed 3 times with PBS and then incubated with donkey
anti-rabbit secondary antibody conjugated to Alexa-488 (Jackson
ImmunoResearch Laboratories, 1:1000) for 1 h at room tempera-
ture. Sections were washed 3 times with PBS, incubated with
NeuroTrace 530/613 Nissl stain (Thermo Fisher Scientific) for
5 min at room temperature, washed 3 times with PBS and cover-
slipped with Fluoromount G (Southern Biotechnology).

The number of c-Fos™ neurons per section was quantified
using Image] software (National Institutes of Health) with auto-
mated thresholding of the c-Fos signal and particle analysis.
Nucleus size was assessed by measuring the size of the c-Fos sig-
nal within nuclei. Again, using Image] software 1.53c (National
Institutes of Health; https://imagej.nih.gov/ij/index.html), the
outer boundaries of the c-Fos signal were manually traced with a
scale-calibrated image and then the area (um?) of the drawn ROI
calculated with the analyze/measure function. Similarly, to mea-
sure the somatic area of c-Fos™ neurons, the outer boundaries of
the Nissl signal were manually traced for c-Fos™ neurons that
could be clearly differentiated from neighboring neurons and the
area of the drawn ROI (um?) was calculated with the analyze/
measure function. The area of the CN regions was analyzed in
Image] using three sections each from 2 or 3 animals per geno-
type. Posteroventral CN (PVCN), DCN, DCN deep layers, and
GCD were included in the analyses. CN area and c-Fos analyses
were performed and analyzed blinded to genotype.
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Electrophysiological recordings from Type II afferents. Mice of
either sex aged P8 were anesthetized with isoflurane (100%,
Vedco). After ensuring deep anesthesia with a foot pinch, the
animal was decapitated, and cochlear turns were excised and
mounted for recordings. Using a Dodt contrast-equipped
Examiner Z1 microscope (Carl Zeiss) with a 20x, 1.0 NA water
immersion objective, 4-6 OHCs were aspirated to expose the
Type II dendrites for giga-ohm seal voltage-clamp recording.
Extracellular solution was perfused through the recording cham-
ber at a rate of 2-3 ml/min. The solution contained the following
(in mm): 5.8 potassium chloride, 150 sodium chloride, 1.3 cal-
cium chloride, 0.9 magnesium chloride, 0.7 sodium phosphate,
5.6 glucose, 10 HEPES, pH 7.4. Pipette solution contained the
following (in mm): 20 potassium chloride, 110 potassium metha-
nesulfonate, 0.1 calcium chloride, 5 magnesium chloride, 5
EGTA, 5 HEPES, 5 sodium-ATP, 0.3 sodium-GTP, and 5 so-
dium phospho-creatine, pH 7.2; 10 um AlexaFluor-488 or -594
hydrazide was included in the internal solution for imaging of
dendritic structure following the recording. Neurotransmitter
release from OHCs was stimulated by focal application of extrac-
ellular solution in which the potassium chloride concentration
was elevated from 5.8 to 40 mm, with a corresponding decrease
in the sodium chloride concentration. The high potassium solu-
tion was applied via a large-bore pipette positioned close to the
tissue. Recording electrodes were pulled from 1 mm borosilicate
glass (WPI) and fire-polished to resistances of 6-10 Mm().
Recordings were performed using a Multiclamp 700B amplifier,
pClamp version 10, and a Digidata 1440A (Molecular Devices).
Data were sampled at 50 kHz and low-pass filtered at 10 kHz.
Membrane holding potential is given without liquid junction
potential correction of —9mV. Following the recordings, the
AlexaFluor fill was imaged under 2-photon excitation (810 nm,
Intelligent Imaging Innovations: 3i). High-resolution Z stacks of
the tracer-filled dendrites were obtained using SlideBook 5.5-6.0
software (Intelligent Imaging Innovations: 3i) and converted to
maximum intensity projections. Recordings were performed
blinded to genotype.

Data analyses and figure preparation. EPSCs were analyzed
with MiniAnalysis software (Synaptosoft) or Clampfit 10
(Molecular Devices) blinded to genotype. Postsynaptic cur-
rent (PSC) detection threshold was set at 2x the root mean
square of the baseline noise. The rate of PSCs in baseline
conditions was determined from the first minute of record-
ing, at a holding potential of —90 mV. The rate of PSCs in
high potassium solution was determined from the first PSC
following 40 mm KCI solution application, through the sub-
sequent 30 s. Individual PSC traces were low-pass filtered at
2kHz for presentation in Figure 2. The 2-photon images of
filled neuronal dendrites were contrast enhanced and traced
in Photoshop CS2 (Adobe). Figures were prepared in
GraphPad Prism 7 (GraphPad), Origin version 2020 (Origin
Laboratories), and Adobe Illustrator (Adobe).

Statistical analyses. Analyses were performed using Origin
version 2019 or version 2020 (Origin Laboratories) or GraphPad
Prism 7 (GraphPad). In Type II SG afferent patch-clamp experi-
ments, the PSC rates were non-normally distributed as deter-
mined by a Shapiro-Wilk test, so differences between genotypes
were tested using a nonparametric Kruskal-Wallis ANOV A with
post hoc Mann-Whitney U test and Bonferroni correction for
multiple comparisons. Differences in PSC kinetics between geno-
types were tested by ANOVA with post hoc Tukey’s test. The dif-
ference in acoustic startle response amplitudes by genotype were
assessed by Student’s t test at each intensity with Welch’s
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correction for unequal variances. ABR values were compared
between groups using repeated-measures two-way ANOVA,
with Bonferroni correction for multiple comparisons. The differ-
ences in c-Fos™ neuron counts by genotype were assessed using
a one-way ANOVA with post hoc Tukey’s test. The differences in
c-Fos" nuclear size distributions by genotype were assessed by a
pairwise Kolmogorov-Smirnov test with Bonferroni correction.
The differences in CN region areas were assessed by Kruskal-
Wallis ANOVA with post hoc Dunn’s test. All data are shown as
the mean * SEM (see Figs. 2-4, 7) unless otherwise stated.

Results

To generate mice that release vesicular glutamate from OHCs,
but not THCs, we first identified the vesicular glutamate trans-
porters expressed by OHCs. Cochlear IHCs show robust immu-
noreactivity for VGIuT3 from embryonic day 18 (E18) through
adulthood (Seal et al., 2008). In contrast, OHCs show very weak
immunoreactivity for VGIuT3 and only at E18, the earliest age
examined (Seal et al., 2008). Immunoreactivities to VGIuT1 and
VGIuT2 were not detected in IHCs or OHCs at any age (Seal et
al., 2008). The difficulty of detecting VGIuT(s) in postnatal
OHCs by immunolabeling may be because of the relatively
low number of synaptic vesicles (Weisz et al., 2012), and
hence low numbers of glutamate transporters in these cells.
To circumvent these detection issues, we used a genetic label-
ing approach to identify the transporter isoform(s) expressed by
OHCs. We crossed VGIuT"™ mice (Vglut1™*", Vglut2"*, and
Vglut3IRESC”) to the floxed tdTomato reporter mouse (Ail4)
(Fig. 1) and then examined expression of the fluorescent red re-
porter at prehearing (P8) and adult (P35) ages. Expression of
tdTomato fluorescence was clearly detected in OHCs of
Vglut3™F5™ mice at both ages, but it was not detected in hair
cells of Vglut1™F“ mice at either age (Fig. 1A). With respect
to VGIuT2, surprisingly some OHCs were tomato ™ in the bac-
terial artificial chromosome (BAC) transgenic V; Tut2°" mouse,
but none was observed in the knockin Vglut2™5>“ mouse line
(Fig. 1A; Table 1).

As a second approach, we used RNAscope ISH to detect
mRNA for the three VGIuT isoforms in the cochleae at P8.
Bright puncta were clearly observed in OHCs for Vglut3, but not
for Vglutl or Vglut2. As expected, puncta for Vglutl and Vglut2
were clearly present in SG cell bodies (Fig. 1B).

To further resolve whether Vglut2 functions in OHCs, we
performed whole-cell tight-seal recordings from the dendrites of
Type II SG neurons using patch-clamp electrophysiology (Weisz
et al, 2009) in P8 mice that lack only VGIuT3 or both VGluT2
and VGIuT3 in OHCs. Global VGIuT3 KO (Vglut37/7) mice are
deaf (Seal et al., 2008; Kim et al., 2019) but survive to adulthood.
Global VGIuT2 KOs, however, are embryonic lethal. Thus, we
crossed the OHC-specific Cre line (Prestin®™F®T?) o the condi-
tional VGIuT2 KO (Vglut2™) to selectively delete this isoform
from OHCs. The expected expression of Cre recombinase in
OHCs of the Prestin®** " mouse line was confirmed by cross-
ing the line to the tdTomato reporter (P8) (Fig. 1C). We then
performed whole-cell tight-seal recordings from Type II SG
afferent dendrites in acute cochlea preparations from P8 mice
with normal OHC glutamate release (control Vglut3™'*), mice
with a global KO of VGIuT3 (Vglut3_/_), or mice lacking both
VGIuT2 and VGT3 in OHCs (Prestin“™ 2% vglut3~'~;
Vglut2"™, or Prestin“ ™% Vglut3"; vglut2™', the latter mice
lack VGIuT2 and VGIuT3 only in the OHCs) (Fig. 2). Consistent
with previous work in rats, recordings from Type II SG afferent
dendrites in WT mice showed occasional spontaneous,
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monophasic PSCs in normal (5.8 mm
KCl) extracellular solution (0.14 = 0.08
PSC/s, n=6 cells; Fig. 2A,E). Depo-
larization of OHCs by application of high
potassium (40 mm) extracellular solution
significantly increased the rate of PSCs
(3.46 = 2.49/s, n =6 neurons; Fig. 2A,D).
In recordings from VGIuT3 KO mice,
PSCs were not observed in 8 of 12 Type II
SG afferent dendrites. There was a signifi-
cant decrease in the rate of PSCs in Type
IT SGN dendrites in VGIuT3 KO com-
pared with WT animals in both normal
(5.8 mm) and elevated (40 mm) potassium
solutions (control Vglut3™* vs Vglut3™'
~: 58 mm K solution: Mann-Whitney
Utest: U= 62, Z=3.03, p=0.0025; 40 mm
K" solution Mann-Whitney U test:
U=64, Z=2.75, p=0.0059). For the four
Type II SGN dendrites that showed PSCs,
the size and kinetics were similar to PSCs
observed in WT mice (PSC amplitude:
WT 20.4 = 4.6pA, VGIuT3 KO 19.8 =
55pA, p= 0.85 10-90 rise time: WT
0.96 = 0.30 ms, VGIuT3 KO 1.04 = 0.34
ms, p=0.71; decay time constant
320*142ms, VGIuT3 KO 269 =
1.25ms, p=0.57, wt 862 PSCs in 6 cells,
VGIuT3 KO 38 PSCs in 4 cells; Fig. 2B,D,
E). The absence of PSCs in most, but not
all, Type II SG afferents of VGluT3 KO
mice indicates that VGIuT2 may be pres-
ent in at least some OHCs at this age.

To test whether VGIuT?2 generates the
remaining PSCs in VGIuT3 KO mice, we
measured potassium-evoked glutamate
currents in Type II afferents of mice lack-
ing both VGIuT2 and VGIuT3 in OHCs.
In two mouse lines in which both
VGIuT2 and VGIuT3 were knocked out
from OHCs, no PSCs were detected in
Type II afferents under both baseline and
elevated potassium conditions (n =5 neu-
rons; Fig. 2C,D). To confirm that the ab-
sence of PSCs in VGIuT KO animals was
because of loss of glutamate release from
OHCs and not because of an absence of
postsynaptic receptors in Type II SGN,
kainate (100 um) was focally applied dur-
ing recordings from Type II SGN den-
drites in Prestin "2 vglut3"", Valut2""
mice. In some recordings, cyclothiazide
(100 um) was added to the extracellular
solution to prevent receptor desensitiza-
tion. Kainate evoked inward currents in 5
of 5 Type I SGN dendrites. The response
to kainate was blocked by NBQX (10 um)
(Fig. 2F), confirming that the kainate
response was mediated by AMPARs. This
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Figure 1.  Analysis of Vglut expression in OHCs. A, The Cre-dependent tdTomato (red) fluorescent reporter mouse (Ai14)
crossed to Vglut 757, Vglut2™, Vglut2™7, or Vglut3™ mice indicates expression of VGIUT3 in OHCs of the cochlea at
P8 and P35, and VGIuT2 expression in occasional OHCs in the Vglut27, but not the Vglut2?®*“ mouse lines. Hair cells are la-
beled with myosin VI (green). Scale bar, 20 pum. B, ISH for Vgluts1-3 in OHC, IHC, and SGN in sections of P8.5 mice. Hair cells
are labeled with myosin VI (green). Scale bar, 20 um. €, Cochlea of P8 Prestin“®*tdTomato mouse injected with tamoxifen

shows expression of the fluorescent reporter in OHCs of the cochlear apex, mid-turn, and base. Scale bar, 200 pm.

were then imaged using 2-photon microscopy. Qualitatively, no

result confirms that the loss of PSCs in Type IT SGN recordings ~ morphologic differences were noted for the Type II dendritic
from VGIuT KO animals was because of a loss of glutamate release  structures between the three genotypes (Fig. 2G). Together, our
and not to a deficit in postsynaptic AMPAR function. During the ~ results indicate that VGIuT3 is the predominant isoform used by
recordings, a fluorescent neuronal tracer was included in the pip- ~ OHCs, with a minor contribution by VGIuT2, at least at early
ette solution to label the recorded Type I SG dendrites, which ~ postnatal ages.
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Figure 2.  VGIuT2 and VGIuT3 mediate glutamate release from cochlear OHCs. A, Voltage-clamp recording from a control
(Vglut3™" Type Il SG afferent dendrite. Top, Application of extracellular solution with elevated 40 mm potassium generates a
sustained inward current, and PSCs in the Type Il afferent. Bottom, Magnification of selected PSCs. B, Voltage-clamp recording
from a Type Il SG afferent dendrite of a Vglut}’/ ~ mouse. Top, Application of 40 mm potassium solution generates an inward
current and PSCs in the Type 11 SG afferent. Bottom, Magpnification of selected PSCs. C, Voltage-clamp recording from a Type I
$G afferent dendrite from a Prestin " Vglut3~'~Vglut2"”" mouse. Top, Application of 40 m potassium solution generates
an inward current in the dendrites but does not generate PSCs in the Type Il SG afferent. Bottom, Magnification of trace. D,
Scatter plot of PSC rate in normal (5.8 mm) and elevated (40 mm) potassium solution. Each dot represents one cell. Box repre-
sents median and quartiles. #p < 0.05. E, Example traces of PSCs recorded from a Vglut3+/ * WT (top) and Vglut3” ~ mouse
Bottom, Ten traces overlaid (gray). Black represents average of 10 traces. F, Voltage-clamp trace from a Type Il SG dendrite
from a PrestinCreERT2;Vglut3/;Vglut2fl/fl mouse. Focal application of 100 xM kainate evokes an inward current (black), which
is blocked by 10 M NBQX (gray). G, Morphology of example Type Il SG neuron dendrites from which recordings were per-
formed. Dendrites were filled with AlexaFluor-488 or -594 hydrazide via the recording pipette (visible, “electrode”) and imaged
with 2-photon excitation. Traced neurons are shown for better visibility. Insets, Maximum intensity projections of each neuron
(left, middle, right). Right inset, two dendrites are visible from separate recordings. Scale bars, 100 m.
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Glutamate release by OHCs induces
activity in CN neurons

Tracing studies of the central terminals
of Type II SGNss suggest that these fibers
innervate neurons within the GCD of
the CN (Brown et al., 1988; Berglund et
al., 1996; Benson and Brown, 2004).
However, it is not known whether
OHC-mediated glutamate signaling
through the Type II SGN induced by
moderate or even intense sound leads to
the activation of any of the cells in the
CN or specifically to activation of cells
within the GCD.

To investigate sound-evoked activa-
tion of CN neurons via the OHC-Type
II SG pathway, we created a mouse
line that lacks VGIuT3 in IHCs, but
still expresses VGIuT3 and potentially
VGIuT2 in OHC:s. In this line, OHCs, but
not IHCs, are able to release vesicular glu-
tamate. To generate the line, we used
Velut3“ BAC transgenic mice that show
an unexpectedly restricted expression pat-
tern for the Cre recombinase (Grimes et
al,, 2011). In Vglut3“™ BAC mice crossed
to the tdTomato reporter line, in contrast
to the knockin line (Vglut3™™) in
which Cre is expressed in IHCs and
OHCs (Fig. 1), the tdTomato reporter in
the Vglut3“™ BAC is robustly expressed
only by IHCs, and not OHCs (Fig. 3A).
The under-representation of the true
expression pattern of the target gene
is not unusual for BAC transgenic
mouse lines (Schmidt et al., 2013).
We crossed the Vglut3“™ BAC trans-
genic mice to the conditional VGIuT3
KO (Vglut3ﬂ/ﬂ) line to produce
Vglut3“* Vglut3™"  mice, which lack
VGIuT3 in IHCs but not OHCs. It
should be noted that insertion of the Cre
gene at the translational start site for
Vglut3 in the BAC transgene disrupts
production of functional VGIuT3 protein
from the transgene (Grimes et al., 2011;
Peirs et al., 2015). Deletion of VGIuT3 in
IHCs was confirmed by a lack of immu-
noreactivity to the transporter as well as
the absence of an acoustic startle response
(Fig. 3B,C) as previously reported for
global VGIuT3 KO mice (Seal et al,
2008). Additionally, successful Cre-de-
pendent loss of VGIuT3 function in other
cell types using the Vglut3"" line has pre-
viously been reported (Divito et al., 2015;
Peirs et al., 2015).

We measured the induction of c-Fos
in the CN in response to one hour
of moderate intensity, nondamaging
(80dB SPL) or intense (115dB SPL)
constant broadband noise (3-30kHz).
To first assess whether exposure to these
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stimuli affected hearing thresholds (signifying A

damage), we measured ABR to broadband click VQIUt3cre tdTomato

and individual frequencies (4-32kHz) in Vglut3™" tdTomato MyOSiﬂV]
littermate controls before and 2 weeks after sound
exposure (Fig. 4). In the case of 80dB SPL, no
changes were observed in the ABR thresholds to
clicks or pure tones (Fgg4) = 0.2361; p = 0.963; Fig.
4A,B), suggesting that this exposure does not cause
cochlear damage. In contrast, but as expected,
115dB SPL exposure resulted in elevated ABR Mid-Turn
thresholds to the click stimuli (17 = 3dB SPL)
and to the pure tones that varied depending on
test frequency (4-32 kHz) (Fz) = 21.23;
p<<0.001; Fig. 4C,D). Examining the cochlea of
mice exposed to 115dB SPL by staining with
Alexa647-conjugated phalloidin showed that IHCs
and OHCs were not lost, and stereocilia were

Merge

Apex -

A a2 X LAY

Base

v

grossly normal (Fig. 4E). B
To analyze c-Fos in the CN, mice were killed Vg/ut3C' g Vgl ut3m
immediately after the 80 and 115dB SPL sound VGLUT3 Mvyosin VI Merge

exposures and CN sections stained with an

anti-c-Fos antibody. At both sound intensities,

mice with intact glutamate release from OHCs, Apex
but absent glutamate release from IHCs

(Vglut3“*Vglut3™"), showed c-Fos induction

primarily within the GCD. In particular, c-Fos™

nuclei were found in the region between the Mid-Turn
PVCN and DCN (subpeduncular corner), and

within the fusiform and deep layers of the DCN

(Figs. 5A, 6A). Few c-Fos™ cells were detected out-

side these granule cell-containing regions. This is in Base
contrast to the littermate controls with intact gluta-

mate release from both IHCs and OHCs (VglutSﬂ/ﬂ),

which showed c-Fos ™ neurons in the deep layers of C
the DCN and GCD and some c-Fos" cells in the

VCN as previously shown in rats (Yang et al., 2005)

(Figs. 5B, 6B). Importantly, while the number of c-

Fos ™ neurons in the CN of Vglut3“*Vglut3™" mice

was significantly less than in the CN of Vglut3"™

positive control mice, it was significantly greater

than in the CN of negative control mice which lack

glutamate release from both ITHCs and OHCs
(PrestinC'EERTZ"Vglut.THVglutZﬂ/ T mice) (Fig. 7A) as

well as in the CN of Vglut3“*Vglut3"" mice not

exposed to sound (115 dB SPL stimulation: Vglut3"":

743 £ 162, n=20 sections from 5 mice,
Velut3“Vglut3™: 23.6 + 8.5, n =28 sections from

7 mice, Prestin“ ™ Vglut3 ™' Vglut2"": 4.8 +

1.9, n =24 sections from 6 mice, one-way ANOVA: T
p=27E-8 80dB SPL stimulation: Vglut3"": 65 85 105
44.8 + 1.3, n=12 sections from 3 mice, Vglut3“"® Intensity (dB SPL)
Vglut3ﬂ/ﬂ: 20.3 £5.7, n=16 sections from 4 mice,

Prestin ™2 Valut3 ™ S Vglut2": 52+ 39, n=12 Figure 3.  Characterization of Vglut3“ mouse line. A, Vglut3““tdTomato mouse cochlea shows that IHCs, but
sections from 3 mice, Vglut3cm" Vglut3ﬂ/ﬂ 0dB SPL not OHCs, exhibit tdTomato fluorescence (red) in apex, mid-turn, and base of the cochlea of P35 mice. Hair cells
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stimulation: 1.2 * 1.1, n =12 sections from 3 mice; are immunostained for myosin VI (green). Scale bar, 20 um. B, No VGIuT3 immunoreactivity is observed in the
one-way ANOVA: p=64E-6). Although the size of ~ IHCs of Vglut3“Vglut3"™ mice. Hair cells were also immunostained for myosin VI (green). Scale bar, 20 um. €,
the CN is smaller in VglutSc”"Vglut M mice com- Acoustic startle response is absent in the Vglut3““Vglut3"" mice (n=6), but not control (Vglut3"™ littermates

pared with control Vglut3ﬂ/ﬂ (control Vglut?rﬂ/ﬂ: (n=4). AU, Arbitrary units. Data are mean %= SEM. scxp << 0.01. s::p << 0.0007.

458,230.0 = 58,691.0 umz, n=7 sections from 3

mice, Vglut3“®Vglut3"": 441,692.9 + 53,963.6 um?, + 16,6357 pum?, Vglut3“*Vglut3"": 66,910.9 * 18,714.6 pum? me-
n==8 sections from 3 mice, median = MAD, Kruskal-Wallis  dian = MAD, Kruskal-Wallis ANOVA with post hoc Dunn’s test
ANOVA with post hoc Dunn’s test p = 0.00879), the size of the GCD ~ p=0.34). In some sections, Nucleus Y, which receives synaptic input
was not different between genotypes (control Vglut3ﬂ/ﬂ: 64,5774  from the vestibular sacculus (Frederickson and Trune, 1986), was
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Figure 4. Hearing function after noise exposure. ABR thresholds measured before and 2 weeks after exposure to (4,B) 80dB SPL or (C,D) 115dB SPL for 1 h in Vglut3ﬂ/ﬁ mice. B, D,

Representative traces. Numbers above traces indicate ABR wave number. Data are mean == SEM; n =6 mice. E, Phalloidin staining of cochlea of Vglu

exposure. Scale bar, 10 pm. #:xp << 0.01. *:p < 0.001.

visible. c-Fos™ nuclei were rarely observed in Nucleus Y in mice of
any genotype exposed to either 80 or 115dB SPL sound (Vglut3"":
n=4 sections, Vglut3“*Vglut3"™". n=11 sections, Prestin™**%
Vglut3 ™' ~3Vglut2™: n=11 sections, Kruskal-Wallis ANOVA
p=1) (Fig. 6D-Diii), which suggests that this sound expo-
sure is not activating vestibular afferent neurons from the
sacculus. Together, these data show, for the first time, that
acoustic information is transmitted to the brain via OHC
glutamate release onto Type II SG afferents at moderate,
nondamaging (80 dB SPL) as well as intense (115dB SPL)
levels of sound.

The GCD is composed of at least three small cell types
(<10pm soma diameter), granule cells, unipolar brush
cells, and chestnut cells, as well as at least one larger cell
type, the Golgi cells (Mugnaini et al., 1980a,b; Weedman et

3" mice 2 weeks after 115 dB SPL noise

al., 1996). To provide insight into which of these types of
neurons are activated by Type II SG neurons, we measured
the nucleus sizes of c-Fos® neurons in the GCD of
Vglut3<"*Vglut3"" mice and the Prestin®“*® "% vglut3~/
“Vglut2"™ negative control mice. Though differing in their
distribution, the nuclei sizes in both genotypes ranged from
~5 to 90 um?* (Fig. 7B,C), suggesting sound-driven c-Fos
expression in cell types of different sizes. In a subset of cells
in which the soma could be clearly distinguished from sur-
rounding cells, both the nuclear size and soma size were
measured. Cells with small nuclei (up to ~30 pum?) had
small, similarly sized somata, indicative of granule, chest-
nut, and unipolar brush cells, which have very small so-
matic cytoplasms (Mugnaini et al., 1980a; Floris et al., 1994;
Weedman et al., 1996). The remaining larger cells showed
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Figure 5.

Sound-induced expression of c-Fos in the CN in response to a moderate nondamaging, 80dB SPL, level of sound, or to no sound stimulus. A, Representative images from

Valut3“Vglut3™™ mouse following sound exposure show c-Fos immunoreactivity (cyan) restricted to the GCD. Aj, Niss| staining (magenta). Aii, Merge of cyan and magenta channels. CB,
Cerebellum. Aiii, Mask of c-Fos signal from A. Aii-Dii, Region enclosed by white dashed line indicates GCD. Region enclosed by black dashed line indicates regions of the DCN that also contain
granule cells. B, Representative image of the CN of Vglut3ﬂ/ f (positive control) mouse subjected to 80 dB SPL sound exposure shows c-Fos immunoreactivity (cyan) throughout DCN and GCD.
Bi, Nissl staining of cell somata (magenta). Bii, Merge of cyan and magenta channels. Biii, Mask of c-Fos signal from B. €, Representative image from Prestin™">Vglut3~'~Vglut2"" negative
control mouse following sound exposure indicates background levels of c-Fos immunoreactivity (cyan). Gi, Niss| staining (magenta). Gii, Merge of cyan and magenta channels. Giii, Mask of c-
Fos signal from C. D, Representative image from Vglut3(“*;Vqut3ﬂ/ﬂ mouse that was not exposed to sound indicates background levels of c-Fos immunoreactivity (cyan). Di, Nissl staining (ma-
genta). Dii, Merge of cyan and magenta channels. Diii, Mask of ¢-Fos signal from D. Scale bars, 100 pum.

somatic areas that reached up to 140 pm?®, although these
larger cells show a weak relationship between nuclear and
soma size. The nuclear size distributions of the cells expressin

c-Fos in negative control Prestin“ "% Vglut3~'~Vglut2"

mice exposed to either 80 or 115dB SPL sound were toward
the smaller end of the distribution observed in Vglut3“™
Vglut3™" mice (Fig. 7B,C). Exposure to 115dB SPL white
noise significantly shifted the distribution of c-Fos™ nucleus
measurements to larger sizes (pairwise Kolmogorov—

Smirnov with Bonferroni correction, comparison considered
significant if p <0.0083; Fig. 7B,C). Activity in larger neu-
rons suggests activation of additional CN circuitry by intense
levels of sound, potentially including Golgi cells, which have
a slightly larger nucleus and larger soma diameter (>15 um)
(Mugnaini et al., 1980a). These results indicate that, at both
moderate and intense sound levels, glutamate release from
OHCs can lead to the activation of a diverse group of cell
types in the CN GCD.
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Figure 6.  Sound-induced expression of c-Fos in the CN in response to an intense, 115dB SPL, sound level. A, Representative image from Vglut3('E;Vqu1‘3ﬂ/ﬂ mouse after sound exposure
shows ¢-Fos immunoreactivity (cyan) restricted to the GCD. A, Nissl staining (magenta). Aii, Merge of cyan and magenta channels. (B, Cerebellum. Aiii, Mask of c-Fos signal from A. Aii-Cii,

line indicates GCD. Region enclosed by black dashed line indicates regions of the DCN that also contain granule cells. B, Representative image of CN from Vglut3ﬂ/fl (positive control) after sound

exposure shows ¢-Fos immunoreactivity (cyan) throughout DCN and GCD. Bi, Nissl staining of cell somata (magenta). Bii, Merge of cyan and magenta channels. Biii, Mask of c-Fos signal from
B. C, Representative image from Prestin™2glut3 '~ Vglut2"™ negative control mouse indicates background levels of c-Fos immunoreactivity (cyan). i, Niss| staining (magenta). Gii, Merge
of cyan and magenta channels. Giii, Mask of ¢-Fos signal from C. D, Representative image from Vglut3c'e"Vglut3ﬂ/fl after sound exposure shows a lack of ¢-Fos immunoreactivity (cyan) in
Nucleus Y (Y). Di, Nissl staining (magenta). Y, Nucleus Y. Dii, Merge of cyan and magenta channels. Region enclosed by black dashed line indicates regions of the DCN. Region enclosed by gray
dashed line indicates Nucleus Y. Diii, Mask of c-Fos signal from D. Region enclosed by black dashed line indicates regions of the DCN. Region enclosed by gray dashed line indicates Nucleus Y.
Scale bar, 100 pum.

Discussion Simmons and Liberman, 1988b; Brown, 1994; Weisz et al.,
2009; Liu et al., 2015).

Compared with IHCs, OHCs show a low probability of vesicle
release at least in vitro (Weisz et al., 2012); thus, the presence of

In this study, we demonstrate that glutamate release by OHCs is
predominantly mediated by VGIuT3 at P8. We generated novel
mouse models to then show that a fundamental yet understudied :
glutamatergic pathway of the auditory system (OHC-Type II two VGluTs to support sparse vesicular release was unexp.ecte'd.
SGN pathway) activates CN neurons in response to moderate Nevertheless, VGIuT3 KO mice showed a marked reduction in
levels of sound. This result is contrary to earlier predictions  the frequency of PSCs in Type II SG afferents, suggesting a pre-
based on the anatomic and physiological properties of OHC- ~ dominant role for this isoform in OHC glutamate release.

Type II SGN signaling, which suggested that activation of Measurements of the ABR thresholds of Vglut3™/" mice sub-
central neurons would require loud sound (Robertson, 1984;  jected to 80 dB SPL white noise were unchanged, indicating that
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Figure 7. Analysis of c-Fos™ neurons in the CN in response to sound. A, Quantification of
the number of ¢-Fos™ neurons in CN of Vglutjﬂ/ﬁ (positive control), Vglut3c'e"Vglut3ﬂ/ﬂ, and
Prestin“ % Yglut3 '~ Vglut2™ (negative control) mice following 80, 115, or 0.dB SPL
sound. p < 0.05. B, Cell nudlei sizes of c-Fos™ neurons from Vglut3“Vglut3™™ (blue) and
Prestin™® ™ glut3~'~Vglut2" (green) mice exposed to 80dB SPL sound, and from
Valut3“Vglut3™ (black) and Prestin™E 2 Vglut3 '~ Vglut2™ (red) mice exposed to
115 dB SPL sound. =p < 0.05. €, Frequency histogram of c-Fos™ cell nuclei sizes shown in
B. n = 5-7 mice per genotype.
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cochlear function remains normal after this moderate sound
level exposure. In contrast, the thresholds measured following
115dB SPL exposure were significantly increased but with no
obvious loss of hair cells or stereocilia. The lack of damage in our
experiment could be because of differences in noise exposure pa-
rameters or in genetic background (Yoshida et al, 2000;
Liberman and Kujawa, 2017). Nevertheless, here we show that c-
Fos induction in the CN following this intense stimulus was
dependent on OHC glutamate signaling, suggesting that syn-
aptic vesicle release by OHCs was also still intact. These data
differ from a related study by Flores et al. (2015), in which c-
Fos induction was measured in the CN of global VGIuT3 KO
mice. In that study, in contrast to the current study, OHCs
were completely lost with the loud sound induction para-
digm (Flores et al., 2015). In light of this, the Flores et al.
(2015) study more likely examines the activation of Type II
SG afferents by nonregulated glutamate release, ATP, UTP,
or other signaling molecules released from damaged cochlear
cells (Gale et al., 2004; Liu et al., 2015).

Interestingly, ATP is also released into the endolym-
phatic compartment and cochlear partition in response to
lower sound pressure levels (Muifioz et al., 2001; Housley et
al., 2013). However, if purinergic signaling served as the
main contributor to c-Fos induction in the CN after moder-
ate sound exposure, it would have been expected to occur in
all genotypes equally. Rather, the mouse lines we developed
for this study have allowed us to precisely control glutamate
release from IHCs and OHCs, and thus to attribute the
resulting changes in CN c-Fos to sound-evoked release of
vesicular glutamate by OHCs onto Type I SGNs. We tested
only broadband sound stimuli. Given the convergent ana-
tomic arrangement of OHCs onto the Type II SG afferents,
it would be interesting to test whether pure tones delivered
at 80dB SPL are capable of evoking sufficient OHC gluta-
mate- mediated input to activate the Type II SGN and, sub-
sequently, neurons in the GCD of the CN.

The CN neurons that upregulated c-Fos in our study are
likely to be monosynaptically connected to Type II SGN, but
potentially also could be polysynaptically connected. In either
case, the findings reported here are consistent with anatomic
work suggesting that cells of the GCD constitute the majority of
the targets of Type II SG afferents in the CN (Berglund et al,,
1996; Benson and Brown, 2004). Cells in the GCD that expressed
c-Fos in response to sound-induced activation of the OHC-Type
IT pathway varied in size, with a majority having nuclear areas of
<30 pm?. It is likely that many of these cells are granule cells,
which are the most abundant cell type in this domain. Granule
cells are excitatory neurons that form parallel fibers that synapse
onto fusiform, stellate, and cartwheel cells in the superficial
layers of the DCN (Manis and Molitor, 1996; Rubio and
Wenthold, 1997), and are thought to modulate sensitivity to au-
ditory and nonauditory input (Oertel and Young, 2004). Other
proposed targets that showed c-Fos expression included granule
cells that reside in the DCN fusiform and deep layers, (Ryugo et
al.,, 2003). It is possible that some of the c-Fos™ cells in the GCD
of both the Vglut3“;Vglut3™" and the negative control:
Prestin®"; Vglut3~'~; Vglut2”™ mice may have been induced by
the activation of additional pathways that feed into the GCD,
such as the medial olivo-CN, cuneo-CN, spinal trigeminal nu-
cleus, VCN, lateral reticular nucleus, periaqueductal gray, pon-
tine nucleus, raphe nuclei, vestibular nucleus, vestibular and C2
DRG afferents, and Roller’s nucleus (Kromer and Moore, 1980;
Itoh et al., 1987; Burian and Gstoettner, 1988; Pedemonte et al.,
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1990; Ryan et al., 1990; Klepper and Herbert, 1991; Wright and
Ryugo, 1996; Ohlrogge et al.,, 2001; Benson and Brown, 2004;
Haenggeli et al., 2005; Zhan et al., 2006; Zhan and Ryugo, 2007).
Vestibular afferent neurons originating in the saccule are sound-
responsive (McCue and Guinan, 1994; Curthoys, 2017) and may
also project to the CN GCD (Burian and Gstoettner, 1988;
Kevetter and Perachio, 1989). We cannot rule out entirely that
saccular afferents fﬁenera‘ce the c-Fos® signal in the GCD of
Vglut3“"; Vglut3"™ mice, but we think that this is highly unlikely
because saccular afferents respond to lower sound frequencies
(0.1Hz to 3kHz, with best activation ~0.1-0.8 Hz) than what
was used for sound exposure in this work (McCue and Guinan,
1994; Curthoys, 2017); and Nucleus Y, a target of saccular affer-
ents (Frederickson and Trune, 1986), exhibited very few c-Fos™
nuclei in the sections in which it was visible, and this did not dif-
fer between genotypes.

Last, the distribution of c-Fos " neurons observed in the GCD
of the negative control (Prestin*** "2 Vglut3~'~;Vglut2"") mice
exposed to sound were similar to Vglut3“"; Vglut3"" mice not
exposed to sound. This finding argues against c-Fos induction by
sound-related processes in the negative control mice. It should
be noted that c-Fos labeling was rarely detected in magnocellular
regions of the DCN or VCN, the main targets of Type I SGN.
However, c-Fos induction in neurons in the VCN was detected
in only limited regions in WT mice, and not in central regions
known to be densely innervated by Type I SGN, suggesting that
an alternative method is necessary to assess Type I SGN activity.
Nevertheless, the paucity of c-Fos staining does not rule out the
potential for Type II SGNs to project to these regions.
Interestingly, there was no increase in the number of c-Fos™
neurons in the GCD of Vglut3“";Vglut3™" mice at 115dB SPL
compared with 80 dB SPL consistent with the idea that c-Fos
induction within neurons in the GCD is saturated within this dB
range (Yang et al, 2005). Thus, type II SGNs are maximally acti-
vated at 80 dB SPL, or, more likely, it reflects the fact that c-Fos
expression is simply a binary indicator of OHC-Type II SGN
pathway activity, not an indicator of the degree of activation by
sound of different intensities.

With this work, we have developed mouse lines that allow
precise isolation of glutamate release to cochlear IHCs or OHCs.
Using the new mouse lines, we have demonstrated pathway-
specific activation of CN neurons in response to moderate
sound and, thus, that vesicular glutamate signaling by OHCs
to Type II SGN may participate in acoustic perception at
nontraumatic levels of sound. While this work does not elu-
cidate a precise role of Type II SG neurons in hearing, it is
consistent with convergence of the OHC-Type II pathway
with both medial olivocochlear axon collaterals and multi-
sensory descending projections in the GCD. The broad range
of CN cell sizes activated by the OHC-Type II SGN pathway
in this study also suggests diverse influences on CN
computations.
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