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Abstract

GABAergic interneurons, including somatostatin (SST) and vasoactive intestinal peptide
(VIP) positive cells, play a crucial role in cortical circuit processing. Cre recombinase-
mediated manipulation of these interneurons is facilitated by commercially available
knock-in mouse strains such as Sst-IRES-Cre (Sst-Cre) and Vip-IRES-Cre (Vip-Cre).
However, these strains are troublesome for hearing research because they are only
available on the C57BL/6 genetic background, which suffer from early onset age-related
hearing loss (AHL) due to a mutation of the Cdh23 gene. To overcome this limitation,
we backcrossed Sst-Cre and Vip-Cre mice to CBA mice to create normal-hearing
offspring with the desired Cre transgenes. We confirmed that in these "CBA Cre" lines,
Cre drives appropriate expression of Cre-dependent genes, by crossing CBA Cre mice
to Ail4 reporter mice. To assess the hearing capabilities of the CBA Cre mice, we
measured auditory brainstem responses (ABRs) using clicks and tones. CBA Cre mice
showed significantly lower ABR thresholds compared to C57 control mice at 3, 6, 9, and
12 months. In conclusion, our study successfully generated Sst-Cre and Vip-Cre mouse
lines on the CBA background that will be valuable tools for investigating the roles of
SST and VIP positive interneurons without the confounding effects of age-related
hearing loss.
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1. Introduction

Cre-Lox recombination tools in mice have enabled cell-type specific
manipulations of neuronal activity (reviewed in Luo et al., 2018; Taniguchi et al., 2011;
Tsien et al., 1996; Zhang et al., 2011) which have provided important insights into circuit
mechanisms in the central auditory system (Bigelow et al., 2019; reviewed in
DiGuiseppi and Zuo, 2019; Olsen and Hasenstaub, 2022). These tools have
revolutionized our understanding of cortical inhibitory interneurons, including the
somatostatin (SST) and vasoactive intestinal peptide (VIP) positive cells, which play
crucial roles in cortical function (Bigelow et al., 2019; Natan et al., 2015; Pfeffer et al.,
2013; Phillips and Hasenstaub, 2016).

But there is an important limitation: in the majority of commercially available Cre
strains, the Cre gene is carried on a C57BL/6 background. C57 mice carry a mutated
copy of the Cdh23 gene (Noben-Trauth et al., 2003), which causes age-related hearing
loss (AHL; Ison and Allen, 2003; Li and Borg, 1991). This limits the usefulness of these
Cre-bearing mice for studies of the auditory system, especially since hearing loss due to
the Cdh23 mutation is already present by early adulthood and rapidly worsens over time
(Li and Borg, 1991; Willott, 1986). CBA/CaJ background mice do not carry the AHL
mutation and have better hearing than C57 mice (Henry and Chole, 1980;
Hequembourg and Liberman, 2001; Spongr et al., 1997). The AHL phenotype is
recessive, and first generation (F1) crosses of CBA and C57 have normal hearing
(Frisina et al., 2011). However, CBA and C57 mice have significant genetic and
behavioral differences (Lilue et al., 2018; Sultana et al., 2019), rendering F1 C57-CBA
crosses heterozygous in many key alleles. Thus, it is desirable to iteratively backcross
AHL-negative C57-CBA hybrids onto the CBA background across multiple generations
(>F4) to achieve genetic homogeneity suitable for the multi-generational breeding
schemes that are often necessary to leverage the power of Cre (Grove et al., 2016;
Markel et al., 1997).

Herein, we describe two Cre knock-in mouse strains which we backcrossed to
the CBA/CaJ background to generation F6: Sst™*1®4"/3 (“Sst-IRES-Cre”) and
Vip™icre)zhy 3 (“vip-IRES-Cre”). We confirmed normal hearing in these strains with
auditory brainstem response (ABR) measurements, and normal Sst-Cre and Vip-Cre
expression by further crossing these strains with Ail4 Cre-dependent reporter mice.
Finally, we made these strains publicly available by donating them to The Jackson
Laboratory (JAX).

2. Materials and Methods
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All procedures were approved by the Institutional Animal Care and Use
Committee at the University of California, San Francisco.

2.1 Animal Husbandry

We crossed female Sst-IRES-Cre (stock no. 013044) and Vip-IRES-Cre (stock
no. 010908) mice with CBA/CaJ (stock no. 000654) male mice, all purchased from JAX.
Subsequent generations were genotyped for AHL and Cre, and AHL-negative, Cre-
positive females were used to continue the backcrossing. In cases where such females
were not available, we instead crossed AHL-negative, Cre-positive males with CBA/CaJ
females. We continued backcrosses through generation F6, at which point we donated
young males from each strain to JAX for distribution to other investigators as Sst-IRES-
Cre (stock no. 037963) and Vip-IRES-Cre (stock no. 037964). We used generation F4
mice to verify normal hearing via ABR measures collected through 12 months of age
(described below). We used generation F5 mice to verify Cre expression patterns by
crossing male Ail4 mice (Cre-dependent tdTomato; JAX stock no. 007914) to female
CBA Cre-bearing mice, and to female C57 Sst-IRES-Cre and Vip-IRES-Cre mice.
Animals were socially housed in cages of 2-5 animals under a 12 h-12 h light-dark
cycle. Food and water were provided ad libitum.

2.2 Genotyping

Mice were genotyped by Transnetyx (Cordova, TN) for Cdh23 and Sst-Cre or
Vip-Cre. Primers for the Cdh23 AHL gene were as follows: forward:
TGCCCTACAGTACTAACATCTACGA, reverse: ACGCAGGACAGGCATTTGT, reporter
1: CTCTCCTCCGGTGAGC, reporter 2: CTCTCCTCCAGTGAGC. Primers for the Sst-
IRES-Cre transgene were as follows: forward: GTCAGGTACATGGATCCACTAGTTC,
reverse: GCCAGGAGTTAAGGAAGAGATATGG, reporter:
CTAGGACAACAATATTGCGGCCG. Primers for the Vip-IRES-Cre transgene were as
follows: forward: TCAGGTACATGGATCCACTAGTTCT, reverse:
GCACGCTCACCTCTGATTTCA, reporter: AGGCCTCTTCGCGGCCG.

2.3 Perfusion and tissue processing

Four CBA Sst-Cre:Ail4, five C57 Sst-Cre:Ail4, five CBA Vip-Cre:Ail4, and eight
C57 Vip-Cre:Ail4 mice were euthanized at p36-p41 with sodium pentobarbital (Fatal-
Plus, Vortech Pharmaceuticals) and perfused with ice cold, phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde (PFA) in PBS. Brains were fixed in 4% PFA
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overnight and changed to a 30% sucrose solution the following day. After at least one
day in sucrose solution, brains were frozen and cut into 50-um thick coronal slices on a
Microm HM 450 sliding microtome. Slices were mounted on slides using Vectashield
with DAPI mounting media and imaged using a Keyence BZ-X810 fluorescent
microscope. No immunostaining was performed; example images in Figure 1 reflect
unamplified tdTomato fluorescence.

2.4 Auditory brainstem response (ABR) measurements

ABR measures were collected at 3, 6, 9, and 12 months of age from eight CBA
Sst-Cre mice, nine CBA Vip-Cre mice, and ten C57BL/6J control mice (JAX stock no.
000664). Additional measurements were performed on C57BL/6J mice at 2 months old.
Mice were anesthetized with a combination of ketamine (90 mg/kg IP, Ketathesia,
HenrySchein) and xylazine (10 mg/kg IP, AnaSed, Akorn) and maintained with
supplemental doses of ketamine (25-50 mg/kg IP) as needed. Recordings were
conducted inside a sound-attenuation chamber lined with anechoic foam.

Stimuli included clicks (0.1 ms ungated square waves) and pure tone frequencies
of 4, 8, 16, 32, and 48 kHz (5 ms sine waves with 0.5-ms cosine® ramps) presented at
levels spanning 20—-90 dB SPL in 5-dB steps. Each click- and frequency-level
combination was repeated 500 times in pseudorandom order with a 30-ms inter-
stimulus interval. The stimuli were generated digitally with MATLAB at 192 kHz then
converted to analog with a Roland Quad-Capture sound card, amplified by a Tucker-
Davis Technologies (TDT) SA1 power amplifier, and delivered through a TDT MF1
speaker in the closed field configuration. Stimulus levels were calibrated with a Briel &
Kjeer model 2209 sound level meter and a model 4939 microphone.

Physiological signals were recorded by positioning subdermal silver wire
electrodes at the right bulla, vertex (reference), and hindlimb (ground). Continuous
voltage traces from the electrodes were amplified by a Medusa preamp and streamed to
disk by a RZ2 acquisition system (TDT). The raw signal was bandpass filtered offline
(500-3,000 Hz) and averaged across the trials for each stimulus/attenuation pair to
obtain the ABR. Example stimuli and ABRs are shown in Figure 2A.

2.5 Data analysis

Similar to previous studies (e.g., Akil et al. 2016, Ingham et al. 2019), we
estimated ABR thresholds by visual inspection of ABR waveforms. Three expert
reviewers independently determined the minimum sound level (threshold) at which a
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recognizable ABR pattern was observed for each recording and stimulus. If no ABR was
apparent at any sound level (e.g., high frequency tones in aged C57 mice), threshold
was scored as the maximum possible level (90 dB) for purposes of statistical analysis.
Example rater responses are shown in Figure 2. Thresholds across raters were highly
correlated with each other as seen in Figure 2D (1v2 r = 0.94, 2v3r = 0.93, 3vl r = 0.58;
p < 0.0001 for all). We define ABR thresholds as the mean of the three rater values. All
threshold judgments were performed blind to animal strain and age.

2.6 Statistics

Statistical analyses were performed using MATLAB. Because ABR thresholds
are not normally distributed, they were first transformed using the Box-Cox procedure
(Box and Cox, 1964). We then used two-way ANOVA to compare thresholds from CBA
Sst-Cre and Vip-Cre mice at each age. Thresholds were not significantly different
between Sst-Cre and Vip-Cre lines at any age, so the strains were combined for
subsequent analyses. We used two-way ANOVA to compare the CBA Cre line
thresholds to the C57 thresholds at each age. To control false discovery rate, all p-
values were adjusted using the Benjamini-Hochberg procedure (Benjamini and
Hochberg, 1995). Following a significant result from the two-way ANOVA, Tukey-
Kramer post hoc tests were used to identify significant differences between groups.

3. Results
3.1 tdTomato expression is similar between CBA Cre:Ail4 and C57 Cre:Ail4 mice

We crossed CBA Sst-Cre and Vip-Cre mice with Ail4 reporter mice to test the
function of the Cre modifications in the backcrossed mice. As a comparison, we also
crossed C57 Sst-Cre and Vip-Cre mice with Ail4 reporter mice. Coronal sections from
CBA Sst-Cre:Ail4 and C57 Sst-Cre:Ail4 mice both show a high concentration of
tdTomato+ cells in the septal nucleus (SN), reticular nucleus (Thal), amygdala (Am),
inferior colliculus (IC), and cerebellum (Cb), and scattered cells in the cortex (Ctx)
(Figure 1 A-B) which parallels expression of Sst-Cre:Ail4 mice from the Allen Mouse
Brain Connectivity Atlas (Allen, 2004, a). The CBA Vip-Cre:Ail4 and C57 Vip-Cre:Ail4
slices both show a high concentration of tdTomato+ cells in the suprachiasmatic
nucleus (SCN) and inferior colliculus (IC), and scattered cells in the superficial cortex
(Ctx) (Figure 1 C-D) which parallels expression of Vip-Cre:Ail4 mice from the Allen
Mouse Brain Connectivity Atlas (Allen, 2004, b). Thus, the CBA Sst-Cre and Vip-Cre
mouse lines both drive Cre expression in expected brain regions.
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3.2 CBA Cre mice have normal hearing through 12 months of age

We recorded ABRs using clicks and tones spanning 4-48 kHz (Figure 2) inn =19
CBA Vip-Cre mice (6 female), n = 8 CBA Sst-Cre mice (2 female), and n = 10 C57 mice
(5 female), at 3, 6, 9, and 12 months (Figure 3). We suspected hearing thresholds
would be similar between CBA Vip-Cre and Sst-Cre mice. To test this, we performed
three-way ANOVA with threshold as the dependent variable, and Cre allele, age, and
stimulus type as independent variables. The main effect of strain was not significant
(F(1,369) = 1.84, FDR adjusted p = 0.26), as were interactions between strain and age
(F(3,369) = 0.58, FDR adjusted p = 0.75), and strain and stimulus (F(5,369) = 0.36,
FDR adjusted p = 0.88). Thus, CBA mice bearing these two Cre alleles had similar
hearing thresholds and were grouped together for subsequent analyses.

Differences between CBA Cre and C57 mice were first detectable at 3 months
and became progressively more severe with age. At 3 months, the interaction between
strain and stimulus was significant (F(5,132) = 3.07, FDR adjusted p < 0.05), consistent
with the elevated thresholds seen in C57 mice at 48 kHz (Figure 3A). However, the
main effect of strain was not significant (F(1,132) = 3.07, p = 0.4), as were post-hoc
tests for any individual stimulus (all p-values > 0.08), suggesting only mild AHL at high
frequencies in C57 mice of this age. At all other ages (6, 9, and 12 months), both the
main effect of strain and interactions between strain and stimulus were highly significant
(all FDR adjusted p-values < 0.001). Post-hoc tests indicated significant differences in
hearing thresholds between CBA Cre and C57 mice for 32 and 48 kHz tones at 6 and 9
months (all FDR adjusted p-values < 0.0001), and significant differences across all tone
frequencies and clicks by 12 months (all FDR adjusted p-values < 0.001). Together,
these outcomes confirmed the severe, progressive AHL phenotype was present in C57
mice but absent in the new CBA Cre strains through at least 1 year of age.

3.3 High frequency hearing thresholds in C57 mice are elevated even at 2 months old

Considering early signs of high frequency hearing loss were already evident in
C57 mice by 3 months old (Figure 3A), we wondered if such hearing deficits might be
detected at an even earlier age. Thus, we collected additional ABR measurements from
2-month-old C57 mice and compared them to the 3-month-old CBA Cre mice (Figure 4).
Two-way ANOVA revealed a non-significant effect of strain on thresholds (FDR
adjusted p = 0.83) but significant interactions between mouse strain and stimulus
(F(5,138) = 2.56, FDR adjusted p < 0.05) indicating a stimulus-dependent effect of
strain on hearing. Post-hoc tests revealed significant differences between the groups at
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48 kHz (FDR adjusted p < 0.05). Thus, high frequency hearing impairment can be
detected in C57 mice as young as 2 months old.

4. Discussion

Sst-Cre and Vip-Cre transgenic mouse lines on C57 backgrounds have provided
numerous insights into cortical microcircuit structure and function by enabling targeted
manipulation of VIP- and SST-positive interneurons. However, the Cdh23 mutation
carried by these strains confers an AHL phenotype extensively documented by previous
studies (Burghard et al., 2019; Frisina et al., 2011; Henry and Chole, 1980; Henry and
Lepkowski, 1978; Hequembourg and Liberman, 2001; Ison and Allen, 2003; Kane et al.,
2012; Li and Borg, 1991; Mikaelian et al., 1974; White et al., 2000; Willott, 1986). Our
findings confirm previous work suggesting AHL is first detectable at high frequencies by
2-3 months old, and progressively worsens with age such that thresholds are severely
elevated at high frequencies by 6 months old, and across all frequencies by 12 months
old. This early-onset, progressive AHL phenotype hinders the utility of C57-background
strains for studies of the auditory pathway and related structures, especially for studies
of aging-related changes in these structures.

To circumvent these limitations, we generated novel Sst-Cre and Vip-Cre lines
by backcrossing onto a CBA background that does not carry the Cdh23 mutation. We
verified the absence of AHL in the new strains by conducting longitudinal ABR
recordings through 12 months of age (Figures 3-4). We also histologically confirmed the
expected expression patterns of Cre-dependent genes via crosses with Ail4 reporter
mice (Figure 1). The new strains thus provide new tools for studying circuit mechanisms
of auditory processing and multisensory integration across the lifespan without potential
confounds due to progressive AHL. Similar approaches were used by Beebe et al.
(2020) and Lyngholm and Sakata (2019) to generate ChAT-Cre and Cre-dependent
channelrhodopsin2 strains without AHL.

A minor caveat regarding the use of CBA mice for hearing studies is that males
may develop mild adult onset diabetes-obesity syndrome, which has been associated
with elevated thresholds in several previous studies (Fujita et al., 2015; Hwang et al.,
2013; Lee et al., 2008; Palbrink et al., 2020). These influences tend to be modest,
especially in comparison to AHL caused by Cdh23 mutation in C57 mice. Nevertheless,
researchers specifically focusing on sex differences in aged CBA mice may wish to
account for potential influences of metabolic status on hearing.

In summary, we produced new Sst-Cre and Vip-Cre mouse strains on CBA
backgrounds, then confirmed experimentally they lack AHL and feature the expected
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Cre expression patterns. These mice are now publicly available from JAX as Sst-IRES-
Cre (stock no. 037963) and Vip-IRES-Cre (stock no. 037964).
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Figure 1

Histological comparison of Cre-driven expression patterns in commercially
available and backcrossed Sst-Cre and Vip-Cre mice. A) Example CBA Sst-Cre : Ail4
mouse. i) Low magnification image of coronal brain slices (50 um thickness) spaced 600
pm apart, in order from rostral to caudal from left to right, top to bottom. ii) Higher
magnification image of cortical slice with expanded images of cortex and thalamus
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showing expression. ii) Higher magnification image showing inferior colliculus
expression. B) (i-iii) Example C57 Sst-Cre : Ail4 mouse showing similar expression
patterns to A (i-iif). C) Example CBA Vip-Cre : Ail4 mouse. i) Low magnification image
of coronal brain slices. ii) Higher magnification image of cortical slice with expanded
images of cortex and suprachiasmatic nucleus showing expression. ii) Higher
magnification image showing inferior colliculus expression. D) (i-iii) Example C57 Vip-
Cre : Ail4 mouse showing similar expression patterns to C (i-iii).

Figure 2

Auditory brain response (ABR) stimuli and analyses. A) Responses to click and
pure tone stimuli are averaged to obtain ABR. B) Hearing thresholds are defined as the
mean of blinded raters’ assessed thresholds. C) Assessed thresholds for all recordings
showed consistency between raters.

Figure 3

ABR thresholds over time. (A-D) Hearing thresholds for CBA Sst-Cre (red) and
CBA Vip-Cre (blue) show consistency over 3, 6, 9, and 12 months while thresholds for
C57BL/6J (gray) control mice show elevation over time. Error bars represent one
standard deviation.

Figure 4

As early as P60, C57-Cre mice show significant hearing deficits compared to
older CBAs. A) Representative ABR from a 2 month old C57 mouse shows minimal 48
kHz responses. B) Hearing thresholds for CBA Sst-Cre (light red) and Vip-Cre (light
blue) mice at 3 months, and C57BL/6J control mice at 2 months (purple) and 3 months
(light gray). Thresholds are elevated for high frequencies in C57 mice at 2 and 3
months. Error bars represent one standard deviation.


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.15.603003; this version posted July 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Allen Institute for Brain Science (2004). Allen Mouse Brain Connectivity Atlas.
a) https://connectivity.brain-map.org/transgenic/experiment/159123971
b) https://connectivity.brain-map.org/transgenic/experiment/180308453

Beebe, N.L., Sowick, C.S., Kristaponyte, I., Galazyuk, A.V., Vetter, D.E., Cox, B.C., Schofield,
B.R., 2020. Generation of a ChAT mouse line without the early onset hearing loss typical
of the C57BL/6J strain. Hear. Res. 388, 107896.
https://doi.org/10.1016/j.heares.2020.107896

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289-300.
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

Bigelow, J., Morrill, R.J., Dekloe, J., Hasenstaub, A.R., 2019. Movement and VIP Interneuron
Activation Differentially Modulate Encoding in Mouse Auditory Cortex. eNeuro 6,
ENEURO.0164-19.2019. https://doi.org/10.1523/ENEURO.0164-19.2019

Box, G.E.P., Cox, D.R., 1964. An Analysis of Transformations. J. R. Stat. Soc. Ser. B Methodol.
26, 211-252. https://doi.org/10.1111/j.2517-6161.1964.tb00553.x

Burghard, A.L., Morel, N.P., Oliver, D.L., 2019. Mice heterozygous for the Cdh23/Ahl1 mutation
show age-related deficits in auditory temporal processing. Neurobiol. Aging 81, 47-57.
https://doi.org/10.1016/j.neurobiolaging.2019.02.029

DiGuiseppi, J., Zuo, J., 2019. The awesome power of optogenetics in hearing research.
Neurosci. Lett. 701, 175-179. https://doi.org/10.1016/j.neulet.2019.02.037

Frisina, R.D., Singh, A., Bak, M., Bozorg, S., Seth, R., Zhu, X., 2011. F1 (CBAXC57) mice show
superior hearing in old age relative to their parental strains: Hybrid vigor or a new animal
model for “Golden Ears™? Neurobiol. Aging 32, 1716-1724.
https://doi.org/10.1016/j.neurobiolaging.2009.09.009

Fujita, T., Yamashita, D., Uehara, N., Inokuchi, G., Hasegawa, S., Otsuki, N., Nibu, K., 2015. A
High-Fat Diet Delays Age-Related Hearing Loss Progression in C57BL/6J Mice. PLOS
ONE 10, e0117547. https://doi.org/10.1371/journal.pone.0117547

Grove, E., Eckardt, S., McLaughlin, K.J., 2016. High-Speed Mouse Backcrossing Through the
Female Germ Line. PLOS ONE 11, e0166822.
https://doi.org/10.1371/journal.pone.0166822

Henry, K.R., Chole, R.A., 1980a. Genotypic Differences in Behavioral, Physiological and
Anatomical Expressions of Age-Related Hearing Loss in the Laboratory Mouse: Original
Papers Travaux originaux. Int. J. Audiol. 19, 369-383.
https://doi.org/10.3109/00206098009070071

Henry, K.R., Chole, R.A., 1980b. Genotypic Differences in Behavioral, Physiological and
Anatomical Expressions of Age-Related Hearing Loss in the Laboratory Mouse: Original
Papers Travaux originaux. Int. J. Audiol. 19, 369-383.
https://doi.org/10.3109/00206098009070071

Henry, K.R., Lepkowski, C.M., 1978. Evoked Potential Correlates of Genetic Progressive
Hearing Loss: Age-related Changes from the Ear to the Inferior Colliculus of C57BL/6
and CBA/J Mice. Acta Otolaryngol. (Stockh.) 86, 366—374.
https://doi.org/10.3109/00016487809107515

Hequembourg, S., Liberman, M.C., 2001. Spiral Ligament Pathology: A Major Aspect of Age-
Related Cochlear Degeneration in C57BL/6 Mice. J. Assoc. Res. Otolaryngol. 2, 118—
129. https://doi.org/10.1007/s101620010075

Hwang, J.-H., Hsu, C.-J., Yu, W.-H., Liu, T.-C., Yang, W.-S., 2013. Diet-Induced Obesity
Exacerbates Auditory Degeneration via Hypoxia, Inflammation, and Apoptosis Signaling
Pathways in CD/1 Mice. PLoS ONE 8, e60730.
https://doi.org/10.1371/journal.pone.0060730


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.15.603003; this version posted July 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ison, J.R., Allen, P.D., 2003. Low-Frequency Tone Pips Elicit Exaggerated Startle Reflexes in
C57BL/6J Mice with Hearing Loss. JARO - J. Assoc. Res. Otolaryngol. 4, 495-504.
https://doi.org/10.1007/s10162-002-3046-2

Kane, K.L., Longo-Guess, C.M., Gagnon, L.H., Ding, D., Salvi, R.J., Johnson, K.R., 2012.
Genetic background effects on age-related hearing loss associated with Cdh23 variants
in mice. Hear. Res. 283, 80—-88. https://doi.org/10.1016/j.heares.2011.11.007

Lee, H.-S., Kim, K.R., Chung, W.-H., Cho, Y.-S., Hong, S.H., 2008. Early Sensorineural Hearing
Loss in Ob/Ob Mouse, an Animal Model of Type 2 Diabetes. Clin. Exp. Otorhinolaryngol.
1, 211. https://doi.org/10.3342/ce0.2008.1.4.211

Li, H.-S., Borg, E., 1991. Age-related Loss of Auditory Sensitivity in Two Mouse Genotypes.
Acta Otolaryngol. (Stockh.) 111, 827—-834. https://doi.org/10.3109/00016489109138418

Lilue, J., Doran, A.G., Fiddes, I.T., Abrudan, M., Armstrong, J., Bennett, R., Chow, W., Collins,
J., Collins, S., Czechanski, A., Danecek, P., Diekhans, M., Dolle, D.-D., Dunn, M.,
Durbin, R., Earl, D., Ferguson-Smith, A., Flicek, P., Flint, J., Frankish, A., Fu, B.,
Gerstein, M., Gilbert, J., Goodstadt, L., Harrow, J., Howe, K., Ibarra-Soria, X.,
Kolmogorov, M., Lelliott, C.J., Logan, D.W., Loveland, J., Mathews, C.E., Mott, R., Muir,
P., Nachtweide, S., Navarro, F.C.P., Odom, D.T., Park, N., Pelan, S., Pham, S.K., Qualil,
M., Reinholdt, L., Romoth, L., Shirley, L., Sisu, C., Sjoberg-Herrera, M., Stanke, M.,
Steward, C., Thomas, M., Threadgold, G., Thybert, D., Torrance, J., Wong, K., Wood, J.,
Yalcin, B., Yang, F., Adams, D.J., Paten, B., Keane, T.M., 2018. Sixteen diverse
laboratory mouse reference genomes define strain-specific haplotypes and novel
functional loci. Nat. Genet. 50, 1574-1583. https://doi.org/10.1038/s41588-018-0223-8

Luo, L., Callaway, E.M., Svoboda, K., 2018. Genetic Dissection of Neural Circuits: A Decade of
Progress. Neuron 98, 256-281. https://doi.org/10.1016/j.neuron.2018.03.040

Lyngholm, D., Sakata, S., 2019. Cre-Dependent Optogenetic Transgenic Mice Without Early
Age-Related Hearing Loss. Front. Aging Neurosci. 11, 29.
https://doi.org/10.3389/fnagi.2019.00029

Markel, P., Shu, P., Ebeling, C., Carlson, G.A., Nagle, D.L., Smutko, J.S., Moore, K.J., 1997.
Theoretical and empirical issues for marker-assisted breeding of congenic mouse
strains. Nat. Genet. 17, 280-284. https://doi.org/10.1038/ng1197-280

Mikaelian, D.O., Warfield, D., Norris, O., 1974. Genetic Progressive Hearing Loss in the C57/M6
Mouse: Relation of Behavioral Responses to Cochlear Anatomy. Acta Otolaryngol.
(Stockh.) 77, 327-334. https://doi.org/10.3109/00016487409124632

Natan, R.G., Briguglio, J.J., Mwilambwe-Tshilobo, L., Jones, S.1., Aizenberg, M., Goldberg,
E.M., Geffen, M.N., 2015. Complementary control of sensory adaptation by two types of
cortical interneurons. eLife 4, e09868. https://doi.org/10.7554/eLife.09868

Noben-Trauth, K., Zheng, Q.Y., Johnson, K.R., 2003. Association of cadherin 23 with polygenic
inheritance and genetic modification of sensorineural hearing loss. Nat. Genet. 35, 21—
23. https://doi.org/10.1038/ng1226

Olsen, T., Hasenstaub, A.R., 2022. Offset Responses in the Auditory Cortex Show Unique
History Dependence. J. Neurosci. 42, 7370—7385.
https://doi.org/10.1523/JINEUROSCI.0494-22.2022

Palbrink, A.-K., Kopietz, F., Morén, B., In 't Zandt, R., Kalinec, F., Stenkula, K., Géransson, O.,
Holm, C., Magnusson, M., Degerman, E., 2020. Inner ear is a target for insulin signaling
and insulin resistance: evidence from mice and auditory HEI-OC1 cells. BMJ Open
Diabetes Res. Care 8, e000820. https://doi.org/10.1136/bmjdrc-2019-000820

Pfeffer, C.K., Xue, M., He, M., Huang, Z.J., Scanziani, M., 2013. Inhibition of inhibition in visual
cortex: the logic of connections between molecularly distinct interneurons. Nat. Neurosci.
16, 1068-1076. https://doi.org/10.1038/nn.3446

Phillips, E.A., Hasenstaub, A.R., 2016. Asymmetric effects of activating and inactivating cortical
interneurons. eLife 5, e18383. https://doi.org/10.7554/eLife.18383


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.15.603003; this version posted July 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Spongr, V.P., Flood, D.G., Frisina, R.D., Salvi, R.J., 1997. Quantitative measures of hair cell
loss in CBA and C57BL/6 mice throughout their life spans. J. Acoust. Soc. Am. 101,
3546-3553. https://doi.org/10.1121/1.418315

Sultana, R., Ogundele, O.M., Lee, C.C., 2019. Contrasting characteristic behaviours among
common laboratory mouse strains. R. Soc. Open Sci. 6, 190574.
https://doi.org/10.1098/rs0s.190574

Taniguchi, H., He, M., Wu, P., Kim, S., Paik, R., Sugino, K., Kvitsani, D., Fu, Y., Lu, J., Lin, Y.,
Miyoshi, G., Shima, Y., Fishell, G., Nelson, S.B., Huang, Z.J., 2011. A Resource of Cre
Driver Lines for Genetic Targeting of GABAergic Neurons in Cerebral Cortex. Neuron
71, 995-1013. https://doi.org/10.1016/j.neuron.2011.07.026

Tsien, J.Z., Huerta, P.T., Tonegawa, S., 1996. The Essential Role of Hippocampal CA1 NMDA
Receptor-Dependent Synaptic Plasticity in Spatial Memory. Cell 87, 1327-1338.
https://doi.org/10.1016/S0092-8674(00)81827-9

White, J.A., Burgess, B.J., Hall, R.D., Nadol, J.B., 2000. Pattern of degeneration of the spiral
ganglion cell and its processes in the C57BL/6J mouse. Hear. Res. 141, 12-18.
https://doi.org/10.1016/S0378-5955(99)00204-X

Willott, J.F., 1986. Effects of aging, hearing loss, and anatomical location on thresholds of
inferior colliculus neurons in C57BL/6 and CBA mice. J. Neurophysiol. 56, 391-408.
https://doi.org/10.1152/jn.1986.56.2.391

Zhang, F., Vierock, J., Yizhar, O., Fenno, L.E., Tsunoda, S., Kianianmomeni, A., Prigge, M.,
Berndt, A., Cushman, J., Polle, J., Magnuson, J., Hegemann, P., Deisseroth, K., 2011.

The Microbial Opsin Family of Optogenetic Tools. Cell 147, 1446-1457.
https://doi.org/10.1016/j.cell.2011.12.004


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

s
ot
109 um
b
—Thal
A Db
100
Y 500 100 m
Ll
- 100 ym
SoN
/
1 mm 100y
100 ym
1 mm 100y

500 m



https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

A ABRs B
Click 4k 8k 16k 32k 48k

ggjﬁwjgw%%

S et A —are

80 = et e e
=

e e R
70 ol e DI
e e A e

Threshold calculation

Rater 1
Rater 2

Mean of 3 Raters

20 .~
Click 4 8 16 32 48
Frequency (kHz)

(o]

Rater B (dB SPL)

Inter-Rater Threshold Similarity

Rater 1v2
Rater 2v3

20 30 40 50 60 70 80 90
Rater A (dB SPL)


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

A amonth B emonth  C  omonth D 12montn

299 ce7

& 804 CBASstCre

& CBA Vip Cre

Q

T 60

2

S

£ 40 n=g n=10

o # n=7 |y * n=8

Ex n=9 n=9 n=9
Click 4 8 16 32 48 Click 4 8 16 3248 Click 4 8 16 32 48 Click 4 8 16 32 48

Frequency (kHz) Frequency (kHz) Frequency (kHz) Frequency (kHz)


https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

C57 ABR (P60) B Mean ABR Thresholds
Click 4k . 8k 16k 32k 48k 200 C57 2 month
C57 3 month

dB SPL
dB SPL
g

#
20
Click 4 8 16 32 48
Frequency (kHz)



https://doi.org/10.1101/2024.07.15.603003
http://creativecommons.org/licenses/by-nc-nd/4.0/

