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Cochlear ribbon synapse
maturation requires Nlgn1 and Nign3

Miguel A. Ramirez," Yuzuru Ninoyu,” Cayla Miller,® Leonardo R. Andrade,® Seby Edassery,’
Ewa Bomba-Warczak,' Briana Ortega,” Uri Manor,®> Mark A. Rutherford,” Rick A. Friedman,?

and Jeffrey N. Savas'->*

SUMMARY

Hearing depends on precise synaptic transmission between cochlear inner hair
cells and spiral ganglion neurons through afferent ribbon synapses.

Neuroligins (Nlgns) facilitate synapse maturation in the brain, but they have gone
unstudied in the cochlea. We report Nign3 and Nign1 knockout (KO) cochleae
have fewer ribbon synapses and have impaired hearing. NIign3 KO is more vulner-
able to noise trauma with limited activity at high frequencies one day after noise.
Furthermore, Nign3 KO cochleae have a 5-fold reduction in synapse number
compared to wild type after two weeks of recovery. Double KO cochlear pheno-
types are more prominent than the KOs, for example, 5-fold smaller synapses,
25% reduction in synapse density, and 30% less synaptic output. These observa-
tions indicate Nign3 and Nlgn1 are essential to cochlear ribbon synapse matura-
tion and function.

INTRODUCTION

Hearing requires high-fidelity cochlear ribbon synapses linking mechanosensitive inner hair cells (IHCs) and
spiral ganglion neuron (SGN) dendrites. The graded release of glutamate from synaptic vesicles near IHC
ribbons drives synaptic transmission primarily through AMPA receptors on SGN postsynaptic terminals.
Although significant progress has been made in elucidating the presynaptic release machinery and the
identity of the postsynaptic glutamate receptors, very little is known about the trans-synaptic organizing
proteins in the cochlea.

Synaptic cell adhesion proteins are critical organizers of pre- and postsynaptic proteomes. The best un-
derstood synaptic adhesion proteins are presynaptic neurexins (Nrxns) and their postsynaptic receptors
the neuroligins (Nlgns). These proteins play key roles in synapse formation, specification, maturation, and
function in the brain (Craig and Kang, 2007; Sudhof, 2008, 2017; Varoqueaux et al., 2006). Emerging ev-
idence shows that Nign1 and Nign3 play partially overlapping roles in the maturation of glutamatergic
synapses (Chanda et al., 2017; Shipman et al., 2011). We recently characterized the cochlear proteome
and identified Nlgn3 as a predominant synaptic adhesion protein localizing to the postsynaptic mem-
brane of ribbon synapses (Hickox et al., 2017). Moreover, Nrxn transcripts have been detected in tran-
scriptomic studies of purified hair cells (Cai et al., 2015; Scheffer et al., 2015). Independently, in a pio-
neering large-scale mouse GWAS study, a region on chromosome 3, where the Nignl gene resides,
was identified as a top candidate locus for reduced suprathreshold Wave | amplitude before and after
noise trauma (Boussaty et al., 2020).

Here we report that Nign3 gene expression is higher than NignT in the cochlea during postnatal matura-
tion. NIgn1 and NIgn3 primarily localize to common ribbon synapses. Nign1 and Nlgn3 single gene KOs
have fewer ribbon synapses and the remaining synapses have enlarged synaptic elements which are further
apart,indicative of impaired synaptic coupling. This phenotype is super-additive in mice lacking both Nign1
and NlIgn3, consistent with these proteins having partially redundant roles. In addition to Nign1and Nign3
KO mice having compromised cochlear function and trans-synaptic coordination based on auditory brain
stem responses (ABRs) and synapse anatomy, NIgn3 KOs and dKOs have impaired recovery after noise ex-
posures from which WT mice fully recover. These results provide a pioneering description of the essential
roles of Nlgn1 and Nlgn3 proteins in cochlear synapse structure and function.
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RESULTS

Genome-wide association study analysis of hybrid mouse diversity panel identifies a
significant SNP in the Nign1 loci

A functional screen aimed to identify genetic loci associated with deviations in suprathreshold Wave | in
hybrid mouse diversity panel (HMDP) strains were previously reported and identified a region on chromo-
some 3 as a locus of interest (Boussaty et al., 2020; Lusis et al., 2016). This experiment considered 102
different mouse strains and performed a total of 635 ABR recordings to elucidate changes in cochlear
output among the HMDP mice. A careful re-analysis of genome-wide association study (GWAS) results
for ABR Wave | amplitudes at four frequencies (8, 16, 24, 32 kHz) identified a small panel of notable loci.
There were no significant associations related to the changes in Wave | amplitude in response to eight
or 32 kHz tone burst stimulation. At 16 kHz there was a single expression quantitative trait locus containing
the RoboT gene as previously reported (Boussaty et al., 2020). At 24 kHz, we identified a single locus on
chromosome three was near the Nign1 gene (Figure STA). A higher resolution assessment of the significant
single-nucleotide polymorphism localized to the 25.5-26.0 Mb region of chromosome three which contains
the Nign1 gene (Figure S1B). Targeted examination of the 101.1-101.5 Mb region on chromosome 23 (i.e.
X), which contains the NIgn3 gene revealed only two loci, both of which failed to reach significance
(Figure S1C).

Neuroligins are primarily expressed by cochlear spiral ganglion neurons and not hair cells

We first determined which cells within the cochlea express neuroligins. Given that the IHC-SGN afferent
ribbon synapses are glutamatergic, we focused our investigation on Nlgn1 and Nign3, which both localize
to postsynaptic membranes of excitatory synapses (Budreck and Scheiffele, 2007; Scheiffele et al., 2000;
Song et al., 1999). To visualize the expression of Nign1 and Nign3 within the spiral ganglion and organ
of Corti we used multiplexed RNAScope in situ hybridization (ISH) in 12 um thick mid-modiolar radial sec-
tions at P60. We detected NignT and Nign3 expression predominantly in SGNs based on overlap with
Tubb1 (i.e. B-tub) but not MyosinVila (i.e. Myo7a), markers for SGNs and hair cells, respectively
(Figures 1A and 1B). Each SGN innervates a single IHC, therefore, determining the proportion of SGNs ex-
pressing either Nign1 and/or Nign3 will provide insight into the combination of neuroligins present at IHC
ribbon synapses (Meyer et al., 2009).

Having determined that SGNs express Nlgn1 and Nign3, we next sought to investigate the proportion of
SGNs which express either NIgn1 and/or Nign3. Within the mid-modiolar section all three regions of the
cochlea (i.e. apical (4-12 kHz), middle (12-32 kHz), and basal (32-64 kHz) can be visualized. Analysis of
the neuroligin expression revealed no obvious tonotopic gradient with 86 + 5.1% of cells expressing
Nign1 and 85 + 5.3% of cells expressing NlIgn3 throughout the turns of the cochlea (Figures S1D and
S1E). Moreover, 72 + 10.4% of all cells within the bundle were positive for both Nign1 and Nign3, suggest-
ing that Nign1 and Nign3 are expressed by many of the same neurons throughout the cochlea.

Nign1 and Nign3 localize to common and distinct ribbon synapses

To confirm Nign1 and NIgn3 proteins localize to ribbon synapses to a similar degree as expected based on
the RNAScope ISH data, we used immunofluorescence (IF) and confocal microscopy analysis of cochlear
explants. To ensure the specificity of the neuroligin antibodies we obtained Nign1 KO and Nign3 KO
mice (Varoqueaux et al., 2006), and performed Western blot (WB) and IF analysis of cochlear explants
(Figures 2A, 2D, and S2A). We visualized Nign1 puncta relative to ribbon synapses based on C-terminal
binding protein 2 (CtBP2) in IHCs juxtaposed to GIuA2 in SGNs in KO and WT mice (Figure 2B). Nlgn1
was present at about two-thirds of ribbon synapses (68 + 2.1%) (Figure 2C). Parallel IF analysis of Nign3
revealed that a slightly larger proportion of ribbon synapses contain Nign3 (77 + 2.6%) (Figures 2E and
2F). Additionally, we confirmed that NIgn2 was not present among the cochlear ribbon synapses and
that both Nlgn1 and NIgn3 were also present among outer hair cells in addition to the presence of Nrxns
among ribbon synapses (Figures S2B-S2D). To investigate whether neuroligins localize to cochlear ribbon
synapses in other species, we confirmed synaptic localization with additional IF experiments in rat and
marmoset cochlear whole mounts (Figures S2E and S2F).

Next, we determined whether NIgn1 and NIgn3 are present at common or distinct cochlear ribbon synap-

ses. We found that 40 + 6.7% of synapses contain both Nign1 and Nlgn3, 17 £ 9.5% were positive for only
Nign1, and 31 + 4.2% only for Nign3, while 11 + 8.1% had undetectable levels for both neuroligins
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Figure 1. Nign1 and Nign3 are predominantly expressed by spiral ganglion neurons

(A) Representative fluorescentimages from RNAScope in situ hybridization analysis from Organ of Corti sections. Top: Nign1(green); Bottom: Nign3(green),

expression was undetectable in cells positive for Myo7a (red) and Tubb3 (blue).

(B) Representative fluorescent images from RNAScope in situ hybridization analysis from 12 pm-thick sections of spiral ganglion in WT, Nign1 KO, or Nign3
KO cochlea. NignT (green) and Nign3 (red) expression was detectable in cells positive for Tubb3 (blue). Probe specificity was validated in KO tissues which

demonstrate little to no reactivity for Nign1 or Nign3 probes.
Scale bar = 10 um (A and B). Mice were aged P60-65 per genotype.

(Figures 2G and 2H). The presence of synapses that lack either NIgn1 or NIgn3 is of particular interest as this
potentially lends itself toward distinct roles for these proteins within the cochlea. Recently there has been
growing interest in the characterization of IHC-ANF synapse subtypes, which broadly are divided into three
categories (Liberman, 1982; Shrestha et al., 2018; Sun et al., 2018). The type la-lc SGNs are theorized to
have somewhat spatially segregated innervation patterns along the pillar to modiolar inner hair cell axis
that is closely linked to their activity patterns. Generally, the type Ib fibers innervate regions closer to
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Figure 2. Nign1 and Nign3 are present at cochlear ribbon synapses in a modiolar-pillar position dependent pattern

(A) Representative immunofluorescent images from Nign1 KO cochlear whole mounts demonstrating the absence of NIgn1 at ribbon synapse (CtBP2 = red,
GIuA2 = green).

(B) Representative images from apical (8-12 kHz), middle (12-20 kHz), and basal (20-28 kHz) regions of the cochlea immunostained with antibodies for Nign1
(blue) and IHC ribbon synapse markers CtBP2 (red) and GIuA2 (green).

(C) Quantification of (B) reveals that on average Nign1 is present at greater than 65% of all IHC ribbon synapses within the cochlea.

(D) Representative immunofluorescent images from NIgn3KO cochlear whole mounts demonstrating the absence of NIgn3 at ribbon synapse (CtBP2 = red,
GIuA2 = green).

(E) Representative images from apical (8-12 kHz), middle (12-20 kHz), and basal (20-28 kHz) regions of the cochlea immunostained with antibodies for NIgn3
(blue), CtBP2 (red), and GIuA2 (green).

(F) Quantification of (E) reveals that on average Nlgn3 is present at greater than 78% of inner hair cell ribbon synapses within the cochlea.

(G) Representative images of ribbon synapses immunostained with antibodies for NIgn1 (magenta), NIgn3 (blue), CtBP2 (red), and GluA2 (green); subpanels
one to four are enlargements of four individual synapses. Data from 16 to 20 kHz region of the cochlea.

(H) Quantification of (G) revealed that 40 & 6.7% of all ribbon synapses contain both Nign1 and 3, 17 &+ 9.5% were positive for only Nign1, 31 £+ 4.2% were
positive for only Nlgn3, and 11 + 8.1% of ribbon synapses had undetectable levels of either Nlgn1 or 3 (n = 1306 synapses).

(1) NIgn1 and NIgn3 positive synapse coordinates plotted according to the IHC pillar-to-modiolar axis from the 16-20 kHz region of the cochlea. Dotted lines
represent the basal pole and the line demarcating the pillar to modiolar boarder used for analysis.

(J) Quantification of (I) reveals that on the modiolar side a larger proportion of ribbon synapses contained exclusively Nign1 (42 + 5.4%) compared to
exclusively NIgn3 (29 + 4.8).

(K) Quantification of (I) revealed that on the pillar face the majority of synapses were populated with NIgn3 (NIgn1 exclusive: 18 + 5.4%, Nign3 exclusive:
49 + 1.3%, and NIgn1 and Nign3: 33 + 1.0%).

Data are represented as mean + SD. * = p value <0.05, ** = p value <0.01, *** = p value <0.001 by one-way ANOVA with Tukey post hoc correction for
pairwise comparison. Scale bar = 10 pm (A, B, D, and E), 2 pm (G). N = 5 mice per genotype aged P60-65.

the modiolar face of inner hair cells and are believed to have higher thresholds compared to the type la and
Ic fibers that localize to the pillar face (Furman et al., 2013; Liberman, 1982; Petitpre et al., 2018; Shrestha
et al., 2018). Thus, to investigate the possibility that NIgn1 and NIgn3 have distinct roles among the sub-
types of ribbon synapses, we quantified synapses containing either NIgn1 or Nlgn3 or both across the pillar
to modiolar axis of inner hair cell from the 16-20 kHz region of the cochlea (Figures 2| and S2G). A larger
proportion of NIgn1 exclusive synapses (43 + 5.4%) were present on the modiolar face compared to NIgn3
exclusive (29 + 4.8%) synapses (Figure 2J). Conversely, on the pillar face the opposite was found, most syn-
apses were populated with NIgn3 (NIgn1 exclusive: 18 + 0.51%, Nign3 exclusive: 49 + 1.3%, and Nign1
and Nlgn3: 33 £+ 1.0%) (Figure 2K). Consistent with our findings, two labs have independently published
databases that determined that Nign3is expressed to a similar degree among type la, Ib, and Ic, whereas
Nign1 was seen to be lowly expressed among type Ib SGNs (Petitpre et al., 2018; Shrestha et al., 2018).
Together demonstrates that in addition to potentially overlapping roles for Nlgn1 and Nign3 at the
same synapses, there exists a pool of synapses along the pillar-modiolar axis where Nign1 and Nign3
may play more distinct roles.

Ribbon synapses are significantly fewer and smaller in Nign1/3 double KO mice

To investigate if Nlgn1 or NIgn3 are required for ribbon synapse maintenance we performed IF analysis of
cochlear whole mounts from Nign1 KO, Nign3 KO, and Nlgn1/3 dKO mice (Figures 3A-3D). Across the
base, middle, and apical regions of the cochlea, loss of NIgn1 or NIgn3 resulted in about a 10% reduction
in synapse density (NIgn1KO: 92 + 2.4%, Nign3 KO: 93 + 3.8%). Markedly, the dKO mice had a more pro-
nounced 25% reduction in ribbon synapse density compared to WT (NIgn1/3dKO: 76 + 2.2%) (Figure 3E).
We then quantified the number of orphan ribbons (i.e. CtBP2 puncta without colocalized GIuA2 puncta) in
KO and dKO cochleae relative to WT controls. Notably, Nign1 KO mice had a significantly greater number
of orphan ribbons compared to WT or NIgn3 KO mice (Nign1KO: 1.4 + 0.61, Nlgn3KO: 0.31 £ 0.10, WT:
0.30 £ 0.20 orphans per inner hair cell) (Figure 3F). Strikingly, mice lacking both Nlgn1 and three had a dra-
matic increase in the number of orphan ribbons, (Nign1/3 dKO: 5.7 + 1.5 orphans per inner hair cell), sug-
gesting that NIgn1 has a more prominent role in physically linking pre- and postsynaptic elements in the
cochlea.

We next measured the extent of spatial overlap between CtBP2 and GIuA2 for each individual synapse
(hereafter referred to simply as “synapse volume”) across each genotype and found a significant ~50%
decrease in NiIgnT and NIgn3 KOs compared to WT. The absence of both neuroligins resulted in greater
than a 5-fold reduction in ribbon synapse volume (Figure 3G). To further investigate this finding, we then
asked if this reduction in volume was owing to smaller AMPARSs clusters or ribbons. Notably, we found
that the absence of NIgn1 and Nlgn3 resulted in enlarged GluA2 puncta volume (Figure S3A). We also
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Figure 3. Nign1 and three are required for cochlear ribbon synapse maturation

(A-D) Representative images from WT, Nign1 KO, Nign3 KO and Nign1/3 dKO cochlear wholemounts from P60-65 mice immunostained with the indicated
antibodies for ribbon synapses. Instances of orphan ribbons are marketed by arrows.

(E) Synaptic density was significantly reduced at all measured regions: 8 kHz: WT 15.5 4 0.28, Nign1 KO 14.4 + 0.72, NIign3 KO 15 + 0.22, Nign1/3 dKO
11.7 £ 0.45; 12 kHz: WT 16.2 £ 0.32, NIgn1KO 15.1 & 0.14, NIign3KO 14.6 + 0.33, Nign1/3dKO 11.4 £+ 1.0; 16 kHz: WT 17.0 + 0.49, Nign1KO 15.3 £ 0.37,
Nign3KO 15 £ 0.13, NIgn1/3dKO 13.3 + 0.93; 20 kHz: WT 17.3 + 0.19, Nign1 KO 16 £ 0.31, NIgn3KO 15.8 £ 0.17, Nign1/3dKO 13.5 + 0.79; 24 kHz: WT
16.6 + 0.26, Nign1KO 15.3 £+ 0.12, Nign3KO 15.8 + 0.32, Nign1/3dKO 11.6 £ 0.79; 28 kHz: WT 16.5 + 0.64, Nign1KO 15.1 £ 0.66, Nign3KO 15.3 £+ 0.5,
Nign1/3 dKO 12.4 + 0.98.

(F) The number of orphan ribbons per IHC was elevated in both NIgn1 KO and dKO mice compared to WT in the apical (WT: 0.23 + 0.04; Nign1KO: 1.2 +
0.61; NIgn1/3dKO: 4.9 + 0.85), middle (WT:0.41 £ 0.16; Nign1KO: 1.7 £ 0.69; Nign1/3dKO: 4.8 £ 2.0) and basal (WT:0.31 £ 0.09; Nign1KO: 1.5 + 0.54;
Nign1/3 dKO: 7.2 £ 1.6) regions of the cochlea. Box and whisker plot highlighting the 25th-75th quartile distribution middle line is the median of the
distribution.

(G) Single gene KO cochlea had significantly reduced afferent synapse volume, on average, compared to WT (Nign1KQ:0.21 + 0.05 um?, Nign3K0:0.19 +
0.04 um®, WT: 0.40 + 0.19 um?®). Analysis of the Nign1/3 dKO cochlea reveal an exacerbated phenotype (0.07 + 0.01 pm?).

(H) Schematic representation of how distances between pre- and postsynaptic elements were measured to identify nearest neighbors. Distances were
measured from the center of each CtBP2 punctum to its nearest neighboring GluA2 punctum to generate a list of nearest neighbors from CtBP2, and vice
versa. Lists were then compared to keep only the closest pairs common to both lists, thus eliminating mismatched lone puncta.

(1) The average distance between presynaptic CtBP2 and postsynaptic GIuA2 is enhanced in Nign1 KO cochlea (0.26 &+ 0.05 um) and NIgn3 KO cochlea
(0.26 £+ 0.06 um) compared to WT (0.18 + 0.02 pm) and Nign1/3 dKO (0.21 + 0.03 pm) cochlea.

Data are represented as mean + SD. * = p value <0.05, ** = p value <0.01, *** = p value <0.001 by one-way ANOVA with Tukey post hoc correction. Scale
bar = 10 um (A-D), N = 4 (A-E), 8 (F), 5 (G-I) P60-65 mice per genotype.

foundthat the ribbons were significantly larger among Nign1and Nign1/3dKQO inner hair cells (Figure S3B).
At odds with reduced synaptic volumes, it was curious that both pre- and postsynaptic elements are
enlarged across the single and double KOs. To address this disparity, we next determined whether the dis-
tance between paired CtBP2 and GIuA2 puncta was greater (Figure 3H). Indeed, the average distance be-
tween these pre and postsynaptic markers was significantly greater in Nign1, and Nign3 KO cochlea
compared to WT (Figure 3l). To further investigate how synaptic architecture may be altered in the absence
of both Nign1 and Nign3 we performed transmission electron microscopy. Indeed, the distance between
pre and post-synaptic membranes (i.e. synaptic cleft) of the cochlear ribbon synapses was enlarged in the
Nign1/3dKO synapses (18 + 8.8 nm) compared to WT synapses (12 £ 2.8 nm) (Figure S3C). Consistent with
previous findings showing that over-expression of a dominant negative form of Nign1 can drive the
misalignment of AMPAR nanoclusters and release sites in cultured neurons (Haas et al., 2018). We indepen-
dently confirmed that NIgn1 is required for proper alignment of cochlear pre- and postsynaptic elements in
Pax2-Cre; NIgn1™" (i.e. Nign1 cKO) (Figures S3E and S3F), suggesting that the reduced volumes recorded
in the single KOs are a result of an increase in the distance of the pre- and postsynaptic elements despite
the enlargement of AMPAR and ribbon puncta volumes.

To delineate whether reduced synaptic density resulted from impaired formation during the development
or maturation of ribbon synapses, we quantified Nign1, 2, and three gene expression and synapse density
at major milestones in cochlear maturation such as the onset of hearing at P12 (Takahashi et al., 2018).
Although previous research has detected neuroligin expression in the cochlea, little is known regarding
the patterns of expression throughout postnatal cochlear maturation (Petitpre et al., 2018; Shrestha
et al.,, 2018). Thus, we compared NignT, 2, three mRNA levels at P1 (postnatal day 1), P4, P12, and P30 (Fig-
ure S3G). NIgnT and Nign2 mRNA levels are highest at P1. In contrast, NIgn3 expression progressively
increased throughout maturation (Nign3: P1 = 0.43 £+ 0.05, P6 = 1.45 £+ 0.05, P12 = 2.27 + 0.04, P30 =
2.97 £ 0.06). To determine if synapse density is reduced before the onset of hearing (i.e. P12) we analyzed
cochlea from P12 and P30 in single and double KO compared to WT (Figure S3G). Synapse density at P12
was similar in Nign1and Nign3 KOs and dKOs compared to WT mice (Figure S3H). However, synaptic den-
sity was significantly reduced among neuroligin KOs and dKOs at P30 compared to WT mice (Nign1 KO:
15 £ 0.9, NIgn3KO: 14 £+ 1.2, NIgn1/3dKO: 13 £+ 0.46, WT 16 + 0.7 synapses per IHC). Together this sug-
gests that the reduction in synaptic density observed in the adult cochlea in neuroligin KOs is the result of
an impairment in the maturation of synapses after the onset of hearing rather than a failure in synapse for-
mation pre-hearing.

Absence of Nign1 or Nlgn3 impairs hearing

To assess the functional role of Nlgn1 or NIgn3 in hearing we performed auditory brainstem response (ABR)
hearing measurements (Figure 4A). ABR recordings are sound-evoked field potentials recorded from the
ascending auditory pathway in response to sound. Comparison of ABR thresholds (i.e. the minimum
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Figure 4. Nign1 and three are required for cochlear function

(A) Representative ABR waveforms at 8 kHz and 80 dB SPL by genotype. Wave-| amplitude was measured peak to trough;
latency was measured from sound onset to P1; duration was measured as time from P1 to N1.

(B) Quantification reveals ABR thresholds were largely unaffected in either Nign1 or Nign3 KOs compared to WT. Nign3
KOs had elevated threshold levels only at 28 kHz (WT: 25 + 6.0 dB SPL, Nign3KO: 33 + 6.6 dB SPL). Nign1/3 dKO mice
had significantly elevated thresholds at all tested frequencies.

(C-E) Growth response curves for 8, 16, and 24 kHz from 20 to 80 dB SPL show significant reduction in ABR responses
predominantly between NIgn3 KO and Nign1/3 dKOs compared to WT. Wave | amplitude at 8 kHz 80 dB SPL: WT 3.6 +
0.31pV, Nign1KO 2.9 £ 0.66 nV, Nign3KO 2.2 + 0.45 uV, Nign1/3dKO 2.71 + 0.73 uV. Wave | amplitude at 16 kHz 80 dB
SPL:WT 6.0 + 0.58 pV, Nign1KO 5.4 + 1.01 pV, Nign3KO 3.9 + 0.25nV, Nign1/3dKO 3.8 £+ 0.53 uV. Wave | amplitude at
24 kHz 80 dB SPL: WT 3.7 + 0.38 pV, Nign1 KO 3.5 + 0.55 pV, NIgn3 KO 2.1 + 0.33 pV, Nign1/3 dKO 2.6 + 0.43 pV.
(F-H) Wave-| latency was significantly increased in dKO mice compared to NlIgn1 KO, Nign3 KO, or WT mice (8 kHz:
Nign1/3dKO: 1.6 + 0.18 ms, WT: 1.3 & 0.04 ms, Nign1KO: 1.3 + 0.13ms, NIgn3KO: 1.3 £+ 0.13 ms; 16 kHz: NIgn1/3dKO:
1.5 + 0.15ms, WT: 1.2 £ 0.07 ms, NIgn1 KO: 1.2 + 0.03 ms, NIgn3 KO: 1.2 + 0.06 ms; 24 kHz: Nign1/3 dKO: 1.5 +
0.05ms, WT: 1.2 £ 0.10 ms, Nign1KO: 1.2 £ 0.05 ms, NIgn3KO: 1.2 + 0.03 ms). The duration of Wave | was significantly
increased in NIgn1/3 dKO mice compared to WT at higher intensities at 8 kHz: (40 dB: WT 0.4 £+ 0.03 ms, Nign1 KO
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Figure 4. Continued

0.43 £+ 0.07 ms, NIgn3KO 0.41 + 0.03 ms, Nign1/3dKO 0.50 + 0.14 ms; 80 dB: WT 0.37 £+ 0.01 ms, Nign1 KO 0.42 +
0.04 ms, Nign3KO 0.47 + 0.05ms, Nign1/3dKO 0.53 + 0.14 ms), 16 kHz: (40 dB: WT 0.44 + 0.02 ms, NIgn1KO 0.44 +
0.04 ms, Nign3KO 0.43 + 0.05 ms, Nign1/3dKO 0.54 + 0.04 ms; 80 dB: WT 0.45 + 0.02 ms, Nign1KO 0.49 + 0.04 ms,
NIgn3 KO 0.45 + 0.05 ms, Nign1/3 dKO 0.52 4+ 0.06 ms) and 24 kHz: (40 dB: WT 0.38 4+ 0.05 ms, Nign1 KO 0.44 +
0.02 ms, Nign3KO 0.42 + 0.04 ms, Nign1/3dKO 0.51 £ 0.11 ms; 80 dB: WT 0.41 £ 0.04 ms, Nign1KO 0.53 + 0.03 ms,
NIgn3 KO 0.53 + 0.06 ms, Nign1/3 dKO 0.56 + 0.03 ms).

Data are represented as mean & SD. * = p value <0.05, ** = p value <0.01, *** = p value <0.001 by one-way ANOVA with
Tukey post hoc correction. N = 8 mice for (A-C), five mice for (D-H) at P60-65 per genotype

auditory stimuli needed to evoke an ABR response above the noise floor of 0.18 pv) in WT littermates of
Nign1 and Nlign3 single KOs demonstrated no significant differences across the background strains
(Figures S4A and S4B). Distortion product otoacoustic emissions in Nign1 KOs, NIgn3 KOs, and Nign1/3
dKOs were similar to WT, suggesting that outer hair cell function is unaffected (Figure S4C). ABR responses
from NIgn3KOs displayed a significant elevation in threshold only at 28 kHz compared to WT (Figure 4B). In
contrast, Nign1/3 dKOs had robustly elevated threshold levels, which on average were 12 4 3.0 dB higher
than both WT and single KOs at all tested frequencies. Next, we assessed Wave | amplitude, which reflects
the number of activated SGNs at increasing levels of sound stimulation. Nign1 KO had significantly
reduced Wave | amplitude at 8 kHz with 80 dB of sound pressure level (dB SPL) stimuli compared to WT
(Figure 4C). NIgn3 KO and Nign1/3 dKOs Wave | amplitudes at 80 dB SPL were significantly reduced by
31 £ 12% and 32 + 14%, respectively across all frequencies compared to WT (Figures 4C-4E). Wave | am-
plitudes were significantly reduced at most tested intensities for Nign3, and Nign1/3 (d)KOs compare to
WT, suggesting a global decrease in neuronal activity. To follow-up on the cochlear phenotypes observed,
we next investigated response latencies. ABR analysis of the 8, 16, and 24 kHz revealed an increased dura-
tion and onset-latency of Wave | at both 60- and 80-dB SPL stimuli in dKOs compared to WT (Figures 4F-
4H). Given the absence of a robust reduction in Wave | amplitude phenotype among Nign1 KO mice, we
investigated the possibility of compensatory Nign3 gene expression. We found that Nign3 gene expres-
sion was, indeed, upregulated in NlIgn1 KO cochlea while Nign1 expression was comparable to WT in
Nign3 KO cochlea (Figure S4D). Utilizing IF, we independently confirmed compensatory Nign3 synaptic
expression at NIgn1 KO cochlea ribbon synapses (Figure S4E). Together suggests that the mild hearing
phenotype observed in NIgn1 KO mice may be mitigated in part by Nlgn3 compensation. Independent
investigation of ABR responses from Nign1 cKO revealed the presence of a latency effect, further support-
ing the possibility of potential compensation by Nlgn3 in Nign1 KO mice (Figure S4F).

Mice lacking Nign1 or Nlgn3 are highly sensitive to loud noise

Given that neuroligins function as trans-synaptic adhesion proteins, we hypothesized that Nign1 or Nign3
KO cochlea would be more sensitive to acoustic trauma compared to WT controls. Young adult mice were
exposed to band-pass filtered white noise (6-18 kHz) for 30 min at 94 dB SPL (Jongkamonwiwat et al., 2020).
ABRs were measured before and 1, 7, and 14 days after noise exposure (DAN). As expected, this noise insult
resulted in a significant threshold shift of ~20-30 dB at 16 and 24 kHz but only a 2 dB shift at 8 kHz one DAN in
WT mice. However, at 14 DAN ABR thresholds fully recovered to pre-noise exposure levels at 8, 16, and 24
kHz (Figure 5A). We found no significant differences between the background strains with respect to noise
sensitivity or recovery from noise two weeks following exposure (Figures S5A and S5B). Both single and dou-
ble KOs had significant threshold shifts 1DAN compared to WT at 8 kHz (Figures 5A-5D). Strikingly, Nign3
KOs failed to generate a Wave | response at 80 dB SPL above 24 kHz and on average exhibited a43 + 12dB
shift at 16 kHz (Figures 5C and S5C). At 14 DAN Nign1 KO thresholds fully recovered with a non-significant
6.7 + 5.1 dBresidual shift (Figure S5C). NIgn3KOs had only a very limited recovery at 24 kHz 14 DAN with an
average threshold shift of 29 + 17 dB Nign1/3 dKO had significantly elevated thresholds beginning one
DAN at 8, 16, and 24 kHz, and only demonstrated recovery at 8 kHz (Figures 5D and S5C).

To determine if cochleae lacking Nign1 or Nlgn3 have hampered Wave | amplitudes 14 DAN relative to
before noise. Comparison of Wave | amplitudes (80 dB SPL stimuli) relative to before noise revealed a
gradual recovery of cochlear output in WT mice, which largely recovered to baseline levels 14 DAN at 8,
16, and 24 kHz (Figure 5E). For Nign1 KO, the only frequency range that failed to fully recover was 8 kHz
which on average had a 22 + 11% reduction in synaptic strength compared to before noise (Figure 5F).
Consistent with the dramatic threshold shifts observed in Nign3 KO and Nign1/3 dKO mice, Wave | ampli-
tudes failed to recover at 16 and 24 kHz even 14 DAN, while at 8 kHz amplitudes fully recovered for Nign3
KOs but not Nign1/3dKOs (Figures 5G and 5H). Next, we performed IF analysis across the 20-24 kHz region
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Figure 5. NIgn3 KOs have increased sensitivity to noise

(A) In WT mice ABR thresholds fully recovered to before noise (BN) threshold levels by 14 DAN at 8 kHz (BN = 30 + 5.8 dB
SPL, one DAN =33 + 9.5dB SPL, seven DAN =36 + 11 dB SPL, 14 DAN = 34 4+ 9.8 dB SPL), 16 kHz (BN = 24 + 5.3dB SPL,
one DAN =52 + 7.5dB SPL, seven DAN =34 + 7.9 dB SPL, 14 DAN =27 + 4.8 dB SPL), and 24 kHz (BN = 31 + 6.8 dB SPL,
one DAN =60 + 17.3 dB SPL, seven DAN =52 + 18.9 dB SPL, 14 DAN = 38 + 10.7 dB SPL) after 30 min exposure to
94 dB SPL.

(B) In NIgn1 KO mice ABR thresholds fully recovered to BN threshold levels by 14 DAN at 8 kHz (BN = 26 + 8.16 dB SPL,
one DAN =55 4+ 15.2dB SPL, seven DAN =43 + 10.3dB SPL, 14 DAN =32 + 15.0dB SPL), 16 kHz (BN =25 + 5.47 dB SPL,
one DAN =53 + 10.3dB SPL, seven DAN =47 + 10.3dB SPL, 14 DAN = 32 + 7.5dB SPL), and 24 kHz (BN = 25 + 5.47 dB
SPL, one DAN =50 + 15.5 dB SPL, seven DAN =42 + 14.7 dB SPL, 14 DAN = 31 + 7.5 dB SPL).

(C) In NIgn3 KO mice ABR thresholds fully recovered to BN threshold levels by 14 DAN at 8 kHz (BN =27 + 4.9 dB SPL, one
DAN =56 + 16 dB SPL, seven DAN =34 + 5.3dB SPL, 14 DAN =60 + 11 dB SPL) and 16 kHz (BN = 27 + 4.9 dB SPL, one
DAN =70 + 10.0 dB SPL, seven DAN = 66 + 14 dB SPL, 14 DAN = 35 + 5.3 dB SPL) but failed to recover to BN thresholds
at 24 kHz (BN = 31 + 6.9 dB SPL, one DAN = N/A, seven DAN =77 + 4.9 dB SPL, 14 DAN = 60 + 14 dB SPL).

(D) In NIgn1/3 dKO mice ABR thresholds fully recovered to BN threshold levels by 14 DAN at 8 kHz (BN = 35 + 5.7 dB SPL,
one DAN = 56 + 16 dB SPL, seven DAN = 34 + 5.3 dB SPL, 14 DAN = 60 + 11 dB SPL) but failed to recover to BN
thresholds at 16 kHz (BN = 32 + 5.1 dB SPL, one DAN = N/A, seven DAN = N/A, 14 DAN = 76.6 + 5.8 dB SPL) and
moreover failed to generate any ABR activity above 24 kHz following noise.

(E-H) Wave | amplitudes in response to 80 dB SPL stimulation fully recovered to BN amplitudes across WT mice 14 DAN
(8kHz =97 + 3.4%, 16 kHz = 94 + 8%, 24 kHz = 88 + 5.3%). Conversely, Nign1 KOs remained dramatically reduced and
never recovered to baseline levels 14 DAN at 8 kHz (77 + 11%) while Nign3 KOs failed to recover at 16 and 24 kHz
(16kHz =76 + 7.1, 24 kHz = 26 + 20%). Nign1/3 dKOs never recovered Wave | amplitudes at any frequency compared to
BN (8 kHz = 62 + 13, 16 kHz = 19 + 14, 24 kHz = N/A).

(I) Representative images from WT, Nign1 KO, Nign3 KO and NIgn1/3 dKO cochlear wholemounts from P40-65 mice 14
DAN, immunostained with antibodies for ribbon synapses. Scale bar = 10 pm

(J) Quantification of (1) revealed Nign3 KOs and Nign1/3 dKO had significantly disorganized pre- and postsynaptic
elements with considerable reductions in synapse density 14 DAN (NIgn3 KO = 4.23 + 14, Nign1/3dKO = 5.15 £ 1.1).
Synaptic density in WT and Nign1 KO cochlea had no significant difference 14 DAN.

Data are represented as mean + SD * = p value <0.05, ** = p value <0.01, *** = p value <0.001 by one-way ANOVA with
Tukey post hoc correction. N = 7 mice for (A-F), five mice for (G and H) at P60-65 per genotype.

14 DAN to determine if a reduction in synapse density underlies the weakening of Wave | response in Nign3
KO (Figure 5I). On average, WT IHC contained 15 + 0.84 ribbon synapses compared to 14 + 0.51 ribbon
synapses in Nign1 KOs. Synaptic density across this region of the cochlea was significantly reduced in
NIgn3 KOs and Nign1/3 dKOs, which on average IHCs contained only 4.2 + 1.4 and 5.2 + 1.1 ribbon syn-
apses, respectively (Figure 5J). Taken together, NIgn3 plays a far more critical role in maintaining cochlear
ribbon synapse structure and function following exposure to loud noise compared to Nign1.

DISCUSSION

The robust ABR phenotypes reported in the Nign3 KO and Nign1/3 dKO mice manifested in the absence of
a dramatic reduction of cochlear ribbon synapse density. This finding suggests that the integrity of the re-
maining synapses is compromised. A hypothesis supported by previous findings demonstrates that Nlgns
contribute to the proper alignment of the synaptic vesicle release machinery and glutamate receptors in
the CNS (Luo et al., 2021; Shipman et al., 2011). In support of this hypothesis, the distance between pre
and postsynaptic elements was increased in Nign1 and Nign3 KO cochlea. Furthermore, AMPAR clusters
were significantly enlarged in both the single and double KOs. Evidence for higher AMPAR diffusion in the
absence of Nlgn1 function has been previously reported (Jeong et al., 2019; Letellier et al., 2018; Mondin
et al.,, 2011). This displacement of AMPARs may reduce receptor density in the membrane and thus reduce
synaptic strength, which may explain the ABR phenotype in the single KOs in the absence of a dramatic
reduction in synapse number per IHC (Chanda et al., 2017; Luo et al., 2021; Shipman et al., 2011).

Reduced amplitude and increased latency and duration of Wave | in Nign1/3 dKO mice suggest a desynch-
ronization of SGN action potential generation, as seen in mice with deficient synaptic ribbons owing to the
disruption of Bassoon or Ribeye proteins (Buran et al., 2010). Reduction in the amplitude of the excitatory
postsynaptic current is expected to increase the jitter of first-spike latency in the auditory nerve (Rutherford
et al., 2012), which is expected to impair aspects of sound encoding that rely on spike timing and phase
locking, such as sound source localization in the horizontal plane (Rutherford et al., 2021). Reduced re-
sponses to high-intensity tones in Nign3 and NIgn1/3 dKO mice at baseline are expected to impair supra-
threshold hearing, such as cochlear synaptopathy. Moderate noise exposure in WT mice causes a reduction
in Wave | amplitude present only at higher levels of stimulation because low-threshold SGNs are largely
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unaffected (Kujawa and Liberman, 2009). In contrast, the Nign1/3 dKO phenotype included the reduction
of Wave | amplitudes at all sound levels, suggesting the dysfunction of synapses driving both hi- and low-
threshold SGNs. Additionally, Nign3 KO and Nign1/3 dKOs have increased sensitivity to noise exposures
causing temporary threshold shifts and synaptopathy in WT mice, suggesting that ribbon synapses lacking
NlIgn3 are vulnerable to prolonged, moderate noise trauma.

Our findings on the role of Nlgns in the cochlea are consistent with abundant evidence from the CNS
showing that their contributions are more closely involved with the maturation rather than the development
of synapses (Chanda et al., 2017; Chih et al., 2005; Jiang et al., 2017; Varoqueaux et al., 2006; Zhang et al.,
2015). In the cochlea only Nign3 expression consistently increased following the onset of hearing, suggest-
ing a prominent role in the maturation of ribbon synapses (Michanski et al., 2019). In further support of
Nlgn3 being a critical regulator of ribbon synapse maturation, cochlea synapse density failed to increase
from P12 to P30 in Nign3 KO but not Nign1 KO mice. The exacerbated Nign1/3 dKO phenotype compared
to the single KOs, in particular Nign1 KO, is consistent with previous studies (Chanda et al., 2017; Shipman
et al.,, 2011; Zhang et al., 2017). The dramatic double KO phenotype may be owing to Nign1 and Nign3
forming heterodimers, which may modulate the affinity for binding NRXNs and function once on the sur-
face (De Jaco et al., 2010; Poulopoulos et al., 2012; Shipman and Nicoll, 2012; Sudhof, 2008). It is important
to note that ribbon synapse density in double KO at P12 was similar to WT, suggesting that other synaptic
adhesion molecules (SAM) are involved and sufficient before maturation. Consistently a panel of postsyn-
aptic SAMs including LRRTM1, LRRTM3, FIrt3, and SALM2 all of which contribute to AMPAR function in the
CNS are also expressed by SGNs (de Wit et al., 2009; Nam et al., 2011; O'Sullivan et al., 2012; Shrestha et al.,
2018; Soler-Llavina et al., 2011).

Mutations to Nign1 and NIgn3 have been previously linked to autism spectrum disorder (ASD) (Guang
et al.,, 2018; Nguyen et al., 2020; Taylor et al., 2020; Uzunova et al., 2014; Zhang et al., 2017). Given our
new understanding of the role in NIgn3 and Nign1 in hair cell ribbon synapse function, it is possible that
altered noise sensitivity in ASD could be related to abnormalities in cochlear function or central auditory
processing (Leekam et al., 2007; Miron et al., 2021). However, as Nlgn1 and NIgn3 may function in synapses
of the ascending auditory pathway, future experiments with conditional KO mice are needed to determine
if these effects emanate directly from CNS deficiencies or indirectly from reduced cochlear output or both.
These findings reveal novel roles for Nlgn1 and Nlgn3 in cochlear ribbon synapse structure and function,
lack of which results in hearing impairment and increased vulnerability to noise trauma.

Limitations of study

Itisimportantto point out that our study almost exclusively relied on the use of Nign1 and Nign3germline gene
knockout mice. In one way, this strategy was beneficial as it allowed us to study the role of neuroligins
throughout cochlear development and maturation. However, it is worth pointing out that with this strategy
we are unable to delineate the impact of efferent inputs on HC-SGN communication. Notably, conditional
KO of Nign1recapitulated many of the phenotypes observed in the NignT germline KO. Additionally, our func-
tional measures of hearing relied solely on ABRs. Although convenient, this type of field recording is unable to
delineate the consequence owing to the selective expression of neuroligins in individual SGNs. The use of sin-
gle unit recordings would provide a more rigorous characterization of the contributions that individual neuro-
ligins impose on cochlear ribbon synapse activity. Finally, our EM analysis lacked a large cohort of biological
replicates and the spatial resolution needed to obtain a 3-dimensional ultrastructure model.
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Software and algorithms

RStudio
Graphpad

PicoLog system

CRAN R Project
Graphpad
PCP Piezotronic

Version 1.3.959
Version 8.4.3, RRID: SCR_002798

Picoscope 2000 series

BioSigRP Tucker Davis Technologies Version 4.4, RRID: SCR_006495,
Matlab MathWorks R2019b, RRID: SCR_001622
Other

Mm-NIgn1-02-C2
Mm-NIgn3-01-C1
Tubb3-C3

Myo7a-C3

Speaker compression driver

DPOAE Speakers
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ACD
ACD
ACD
ACD
JBL

Etymotic

Cat# 894021-C2
Cat# 513541
Cat# 423391-C3
Cat# 462771-C3
Cat# 2446H/J
Cat# ER10B*

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Soundproof chamber EcKel Audiometric N/A

Genuine grass platinum subdermal needle electrode Natus Neurology Cati# F-E2-24

ABR and DPOAE system Tucker-Davis Technologies RRID: SCR_006495, RZ6 Multi I/O Processor

Precellys 24 Bertin Technology N/A

ACD HybEZTM Il Hybridization System (110v) ACD Cat# 321710

NanoPhotometer® spectrophotometer IMPLEN N/A

StepOnePlus Real-ime PCR System ThermoFisher Cati# 4376600

MATLAB CODE Zenodo Zenodo: 510823728, https://zenodo.org/badge/
latestdoi/510823728

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jeffrey N. Savas (jeffrey.savas@northwestern.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Microscope data reported in this paper will be shared by the lead contact upon request.
® Matlab code is available from: Zenodo: 510823728, https://zenodo.org/badge/latestdoi/510823728

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments

All animal experiments were conducted according to Northwestern University Institutional Animal Care
and Use Committee (IACUC), Northwestern University IACUC (approved protocol numbers 1S00001182).
For euthanasia, pups were immediately decapitated, and adult animals were euthanized by isoflurane over-
dose and decapitation. In all studies, mice of both sexes were used in similar number, however our study
was not sufficiently powered in order to determine sex specific effect. The Institutional Care and Use Com-
mittee (IACUC) at University of California San Diego (IACUC 17178) and University of Southern California
(IACUC 12033) endorsed the animal protocol for the Hybrid Mouse Diversity Panel (HMDP) inbred strains.
Strains and genotypes are accessible from the Jackson Laboratories (www.jax.org). Dr. John Reynolds (Salk
Institute) generously donated marmoset tissues. All results required to corroborate the conclusions pre-
sented here are provided entirely within this article.

METHOD DETAILS

GWAS analysis

GWAS for ABR Wave | amplitude in the HMDP (Bennett et al., 2010), were performed, as described previ-
ously (Boussaty et al., 2020). Briefly, five-week-old female mice (n = 635) from 102 HMDP strains (n = 6-7
strains/strain) underwent ABR analysis, and peak to peak (P1-N1) values for Wave | amplitudes with
80 dB SPL stimuli at 8, 16, 24 and 32 kHz were measured and utilized for the GWAS study. The phenotypes
in the HMDP strains were managed using genotypes of 500,000 single nucleotide polymorphisms (SNPs)
obtained from the Mouse Diversity Array (minor allele frequencies >5%; missing genotype frequencies
<10%) (van Nas et al., 2010). FaST-LMM (factored spectrally transformed linear mixed model) was utilized
to analyze the GWAS, and 100 different sets of permutation tests and parametric bootstrapping of size
1000 was performed. The genome-wide significance threshold at a family-wise error rate (FWER) of 0.05
corresponded to p = 4.1 x 10 was observed, similar to that used in previous studies with the HMDP (Ben-
nett et al., 2010). For prioritizing candidate genes, EMMA (Efficient Mixed-Model Association) was utilized
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for performing an association between all SNPs and array probes mapping within each region (Kang et al.,
2008). Additional analyses were performed using Locus zoom for displaying the linkage disequilibrium (LD).
RefSeq genes were downloaded from the UCSC genome browser (https://genome.ucsc.edu/cgi-bin/
hgTracks?db=mm10) using the GRCmM38/mm10 genome assembly to characterize the genes located within
each association.

Cochlear functional assays

Auditory brainstem responses (ABRs) and distortion product otoacoustic emission (DPOAE) were recorded
in young adult mice (P60-65). ABR and DPOAE recordings were obtained by Tucker Davis Technologies
(TDT) System Ill workstation running BioSigRP in a soundproof chamber (EcKel audiometric room, Cam-
bridge, MA). ABR stimuli were pre-amplified with a 4-channel MEDUSA pre-amp and analyzed by a real-
time processor in TDT system3. Prior to electrode placement, animals were anesthetized by intraperitoneal
injection of Ketamine and Xylazine cocktails given at a dose of 100 mg/kg and 3 mg/kg body weight,
respectively. The top-up injections (quarter of the original dose) were administered as needed. Animal
body temperature was maintained at 37-38 °C by electric heating pad (Homeothermic blanket system, Har-
vard Apparatus). Subcutaneous platinum needle electrodes were placed at the vertex (recording) and ipsi-
lateral mastoid (reference), with the ground electrode placed on the lower back. ABRs were measured in
response to 20-millisecond tone pips, ranging from 8-28 kHz in 4 kHz increments and from 10 to 80 dB
SPL in 5 dB steps from 10 to 40 dB and 10 dB steps from 40 to 80 dB SPL. The average response to 500
tone pips was displayed on a PC monitor during the experiments using operating software (BioSigRP,
TDT). ABR thresholds were defined as the lowest stimulus level (dB SPL) for which a recognizable ABR
wave | was measured with an amplitude 0.18 pVs above the noise floor. The amplitude of ABR Wave-|
was estimated by measuring the voltage difference between the Wave-| peak (P1) and the trough between
Wave-| and wave-Il (N1). Similarly, the duration of wave-l was measured as the time between P1 and N1.
DPOAE recording was verified by using Etymotic low noise microphone system ER-10B+. The stimulus con-
sists of two primary pure-tone frequencies (f; and f,) differing by a factor of 1.2. The L; and L, values were
varied from 15 to 75 dB SPL (Ly > L,, 5 dB) in 5 dB step across the frequency from 8-32 kHz. The spectral
magnitude of the two primaries, 2f; — f, distortion product, and the noise floor will be determined from
an averaging of 500 stimuli.

Noise exposures were delivered to unanesthetized animals held within small wire cages in a custom-built
sound-proof chamber designed by Charles Liberman (Mass. Eye and Ear). The box is constructed of 3/4”
plywood sheets. The basic principle is that no two sides are parallel. The front and back panel are the same,
except that the back is truncated at a height of 42" (rather than 48”) and has no door. This makes the top
slanted with respect to the floor. The side panels are then cut to fit. The top panel has a rectangular hole cut
in it to which an exponential horn and the acoustic driver are mounted.

Waveforms used for acoustic overexposure were designed using a waveform generator (Tucker-Davis
Technologies, Alachua, FL) within the frequency range of 8-16 kHz for 30 min. Noise level intensity was
delivered through an exponential horn extending from compression driver (JBL, 2446H/J, Northridge,
CA). Mice were exposed to 94 dB SPL (1.00 Pa SIL) Noise generation stability was monitor by PicoLog sys-
tem (Picoscope 2000 series) and calibrating microphone (PCP Piezotronics, NY).

Immunofluorescence (IF)

Mice were sacrificed and temporal bones were isolated in less than ten minutes after euthanasia. Samples
were then rinsed in ice-cold PBS amended with Halt protease inhibitor cocktail until buffer remained clear
of blood following vortexing. Oval and round windows were punctured, and a small hole was created near
the apex of the cochlea to gently perfuse the scalae with PKS solution (4% paraformaldehyde, 126 mM
NaCl, 2.5 mM KClI, 25 mM NaHCO3, 1.2 mM NaH,POy, 1.2 mM MgCly, 2.5 mM CaCl,, 11 mM sucrose), fol-
lowed by bath fixation in PKS for 1 hour at 4 °C. Cochleae were decalcified in Immunocal (Decal Chemical
Corporation, Congers, NY) for two hours at 4 °C or until cochleae became translucent. The decalcified
bone, lateral wall, Reissner's membrane, and tectorial membranes were dissected away from the organ
of Corti. For whole mount preparation, cochleae were then divided into 4 pieces and cryoprotected in
30% sucrose for 30 minutes prior to freezing on dry ice. The frozen pieces were then thawed and rinsed
three times in PBS for 10 minutes at room temperature with agitation. Cochlear pieces were then blocked
overnight in 20% normal horse serum with 1% Triton-X blocking buffer at 4 °C. Primary antibodies were
diluted in blocking buffer as follows: Recombinant Neurofilament H (1:1000), CtBP2 (1:200), GIluA2
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(1:100), NIgn1 (1:100), NIgn2 (1:100), NIgn3 (1:100), Syt1 (1:300), and Pan-NRXN (1:100) prior to being incu-
bated at 37 °C overnight. Following primary antibody incubation pieces were rinsed three times with PBS
for 15 minutes at room temperature. Pieces were then incubated in secondary antibody: Goat Anti-Mouse
19G2a (1:500, Alexa Fluor 488, Abcam, A21131), Goat Anti-Mouse IgG1 (1:500, Alexa Fluor 568, Abcam,
A21124), Goat Anti-Rabbit H&L (1:250, Alexa Fluor 647, Abcam, A27040), Donkey Anti-Sheep H&L
(1:250, Alexa Fluor 647, Abcam, ab150179), Donkey Anti-Sheep H&L (1:250, Alexa Fluor 405, Abcam,
ab175676) for three hours at room temperature. Samples were then rinsed three times in PBS for 15 minutes
and stained with DAPI Staining Solution (Abcam, ab228549) for 5 minutes prior to mounting in ProLong
Gold Antifade Mountant (Thermo Scientific, cat. P10144). Images were captured with confocal laser scan-
ning microscopy (Leica DMI4000) with identical settings.

Marmoset monkey (61 months old) was euthanized due to an emergency health condition with a lethal dose
of Euthasol (200 mg/kg IP). Temporal bones were harvested and stored in 4% paraformaldehyde until his-
tological analysis. The temporal bone and cochlea were skeletonized by using an electrical drill (4300;
DREMELL, lllinois U.S.), then membranous labyrinth was carefully taken out by 3 pieces: apical, middle
and basal turn. Each cochlear turn was divided into 4 to 5 pieces. Cochlear samples were permeabilized
in PBS with 0.3% triton X (TX) and blocked with 5% normal goat serum (NGS) for 30 min at room temper-
ature. Samples were incubated with primary antibodies, CtBP2 (1:200) and NIgn1(1:100), in PBS and
0.03% TX with 3% NGS at 37 °C overnight, followed by secondary antibodies for 30 min at room temper-
ature. Images were taken with a confocal laser scanning microscope (LSM880; Carl Zeiss, Jena, Germany)
with Airyscan processing.

Quantification of synapse density, volume, and diversity

Synaptic coordinates and volumes were obtained from confocal stacks after deconvolution with the AMIRA
FEl software suite and processing in MATLAB. Images were imported into AMIRA and islands larger than 5
pixels were removed prior to analysis. Synaptic volumes were acquired by measuring the intersection of
CtBP2 and GIuA2 puncta in 3-demenstional space. 3D image analysis recorded coordinates of ribbon
puncta (anti-CtBP2) overlaid onto either anti-Nlgn1 or anti-NIgn3 puncta which were then rotated using
matrix transformation and centered onto the zero coordinate to orient all data points onto the same plane,
only data for paired structures is presented. To obtain positional information for paired ribbon synapses,
we adapted methods previously described (Gilels et al., 2013; Yin et al., 2014). In brief, to analyze the dis-
tribution of synapses along the pillar-modiolar axis, rotated datasets were oriented into a cross-sectional
quadrant plane representing the pillar-modiolar axis (x-axis) and basal-apical axis (z-axis) in MATLAB (N =5
mice, 75 IHCs, 1306 synapses). The midpoints of both axes for each tissue sample were aligned to normalize
these positions with the other data stacks of the same genotype before analysis. The population clusters
were chosen using the implemented Bayesian information criterion and were constrained to the 90% quan-
tile with two possible population clusters for each dataset. Synapses containing only Nign1, only Nign3, or
both neuroligins were then segregated and plotted for visual comparison of spatial distributions along the
pillar to modiolar face of the IHC. Synapses were then divided into pillar and modiolar groups based on
their distance from the center point of the Z axis for comparison of spatial distributions of Nign1 and
Nlgn3. Percentages were taken as the proportion of synapses for each group (i.e. Nign1 only) on either
the pillar or modiolar face over the total measured synapses for that group.

Synapse distance quantification

For each image of synapse markers CtBP2 and GluA2, the two channels were separated and segmented
individually using Ilastik pixel classification (Berg et al., 2019), yielding a three-dimensional segmentation
of each. Within each channel, the intensity-weighted centroids of each segmented object were first found,
and then the centroid-to-centroid distances between all possible CtBP2 and GluA2 pairs were calculated.
For each CtBP2 punctum, the nearest GIuA2 punctum was identified. The opposite was also done, gener-
ating a list the nearest CtBP2 punctum to each GIuA2 punctum. Only puncta paired as nearest neighbors on
both lists were classified as paired synapses. Pairs existing on only one list were discarded as mismatched
lone puncta (Figure 3H).

Transmission electron microscopy

Following sedation animals were perfused via peristaltic pump at a rate of 0.72 mL/min of fixation solution
(2.5% glutaraldehyde, 4% paraformaldehyde, 0.1 M sodium cacodylate, 5 mM CaCl2, and 2 mM MgCl2) for
10 mins through the heart. Inner ears were then harvested from the brain cavity, both oval and round
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windows were perforated in addition to a small incision near the apex of the cochlea prior to overnight in-
cubation in a new bath of fixative at 4°C. Next, samples were washed in PBS (3 x 15 min), the cochleae fine
dissected and transferred to glass vials for post-fixation with 1% osmium tetroxide and 1.2% potassium
ferricyanide in 0.1 M sodium cacodylate buffer (reduced osmium) for 40 min RT, washed 3 times in buffer,
stained with 1% uranyl acetate for 1 h, dehydrated in graded acetone dilutions till absolute, embedded with
Epon resin and polymerized for 2 days at 60 °C. Sections of 70-nm thickness were cut (Leica UC7 ultrami-
crotome) and transferred to silicon chips (University Wafer Inc.). Cells were then imaged using a Zeiss Sigma
VP operated at 3kV, collecting back-scattered electrons images with 2nm-pixel size of resolution. All chem-
ical reagents were bought from Electron Microscopy Sciences (EMS).

Quantification of EM images

We defined two parameters to quantify: the distance between the inner hair cell membrane and the
neuronal membrane (synaptic cleft), and the angle of the rod of the ribbon synapse with respect to the
IHC membrane. ImageJ Fiji (NIH) was used to quantitate the images acquired via EM, a total of 2 animals
per group, 6 cells per condition and at least 25 synapses in total were quantified. After calibration of the
pixel size within the software, orthogonal lines were traced in different regions (2-5) along the length of
the membrane closest to the cochlear ribbon. The average of these measurements was then taken as
the distance between the pre and postsynaptic membranes of the cochlear ribbon synapse cleft.

qPCR

RNA was isolated from dissected cochleae of postnatal day 1 (P1), P6, P12, P30 and P40 mice using TRIzol
and RNeasy Kit (Qiagen). RNA was reverse transcribed using iScript cDNA Synthesis kit (Bio-Rad). Real-time
PCR was performed with StepOnePlus Real-Time PCR system (Applied Biosystems) using Power SYBR
Green Master Mix (Applied Biosystems). A total of 50 ng of cDNA was used for each reaction. Cycling pa-
rameters were as follows: 95 °C for 10 min; 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. A minimum of five
biological replicates were used for each target. Primers were sourced from Qiagen (QuanTitect primer as-
says) and were reconstituted to 10uM concentrations. All datasets were normalized to individual NeuN CT
values to measure differences in neuronal RNA prior to comparison to WT gene expression levels.

RNAScope and CellProfiler analysis

Mouse cochleae were harvested and dissected as described above. Cochlea were fixed for 1 hour then de-
calcified with Immunocal O/N prior to cryoprotection O/N in 30% sucrose buffer. Once saturated, cochlea
were mounted in OCT and frozen O/N at —80 °C. Cochlea were then sectioned in 12 um slices and mounted
onto frosted glass slides and stored at —80 °C. Slides were washed 3 times in PBS at room temperature then
sequentially dehydrated with 30%, 50%, 70%, and 100% EtOH at room temperature. Slides were then incu-
bated in 3% hydrogen peroxide at room temperature for 10 min. Then treated with RNAscope Protease |lI
for 15 min at 40 °C prior to rinsing three times in DEPC treated water. RNAScope probes were prewarmed
at 40°C in the water bath for 10 min to dissolve precipitation. Afterwards the probes were cool down to
room temperature prior to mixing the target probes of C1, C2, and C3 in a 1.5 mL tube in a 50:1:1 ratio
with a final volume of 50 uL per sample. Slides were then incubated with probe mix solution at 40°C for
2 hours in the HybEZ Oven. Each channel was then amplified and hybridized to a fluorophore per manufac-
turer’s instructions prior to staining with DAPI. Images were captured with confocal laser scanning micro-
scopy (Leica DMI4000) with identical settings.

The maximum-intensity projection from each image stack was then filtered to remove any nuclei smaller
than 7 um in diameter or had a width that was less than a third of its length to remove supporting cells within
the spiral ganglion from analysis. Resulting images were then imported into CellProfiler for further process-
ing. Important steps in our pipeline identified the outlines of each nucleus and expanded this area 10 pixels
in each direction to represent the area of the cell body. Nign1 and Nign3were then independently overlaid
onto the cell mask regions to determine cells which express either Nign1 or Nign3. Sequential masks were
then created to determine which cells express both neuroligins and which cells express only Nign1 or
Nign3.

Western Blot analysis

Brains were rinsed in PBS prior to homogenization in Syn-PER buffer (Thermo Scientific, cat. 87793)
amended with 1% Triton-X (Sigma-Aldrich, cat. T8787) and 0.5% SDS by Percellys 24 (Bertin, cat.
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P000669-PR240-A) with three 30 second pulses at 6800 rpm at room temperature. Lysates were then incu-
bated on ice for 10 minutes prior to needle sonication, QSonica Q700 Sonicator (M2 Scientifics, cat Q700),
with amplitude set to 20 for 30 seconds. Lysates were then incubated on ice for 30 minutes, followed by
centrifugation for 5 minutes at 10,000 X G at 4 °C. Supernatants were collected, and protein concentrations
were measured with Pierce BCA protein assay (Thermo Scientific, cat. 23225). Twenty-five micrograms of
cochlear lysates were then amended with 6X Loading Buffer and boiled at 100 °C for 5 minutes and imme-
diately run on 10% Tris gel (Bio-Rad) and transferred to nitrocellulose membrane using Bio-Rad Trans-Blot
Turbo transfer system (1.3A —25V-10 minute). Membranes were blocked with 1X Odyssey blocking solution
(LI-COR, 927-70001) for one hour at room temperature and incubated with primary antibody (1:1000) over-
nightat4 °C. Membranes were washed three times with TBST and incubated with secondary antibodies for
two hours at room temperature. Blots were then images on the Odyssey DLx Imager.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Excel (Microsoft, Seattle, WA) and MATLAB. All values in figures
with error bars are presented as mean + SD. Tests with multiple measures for each stimuli intensity or fre-
quency across all four genotypes (i.e. ABR thresholds, DPOAE thresholds, and wave | amplitude), were
compared by one-way ANOVA, comparative p-values between genotypes were adjusted to correct for
multiple comparisons using Tukey’s method. An adjusted p-value of <0.05 was set as the threshold for sta-
tistical significance. Measured synapse volumes were normalized to the median value recorded in each
respective image dataset and tested for the probability of Gaussian or log normal distributions. Outliers
were then identified utilizing the ROUT method in Prism based on linear regression with a false discovery
rate (FDR) of 1% in each respective dataset prior to analysis by one-way ANOVA with Benjamini-Hochberg
correction of 0.01. Synaptic distances were quantified via Welch's t-test and an adjusted p-value of <0.05
was set as the threshold for statistical significance.
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