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The spiral ganglion neurons (SGNs) are the primary afferent
neurons in the cochlea; damage to the SGNs leads to irrevers-
ible hearing impairment. Mouse models that allow selective
SGN degeneration while sparing other cell types in the cochlea
are lacking. Here, we investigated a genetic ablation method of
the SGN using a Cre-responsive adeno-associated virus (AAV)
vector expressing diphtheria toxin subunit-A (DTA). We mi-
croinjected AAV2-retro-FLEX-DTA-mCherry driven by the
EFla or hSYN promoter in neonatal parvalbumin-Cre (PV©™)
and wild-type strains via the posterior semicircular canal.
Apoptotic markers were observed in the degenerating SGNs
as early as 3 days. After 1 week, we assessed the SGN cell den-
sity, revealing an average degeneration of 60% for AAV-DTA
driven by the EFla promoter and 61% for that driven by the
hSYN promoter. By 1 month, injected ears demonstrated a
nearly complete loss of SGN, while hair cell morphology was
intact. The auditory brain stem response result showed signif-
icantly elevated threshold shifts at 1 month, while the distor-
tion-product otoacoustic emissions function remained intact.
Furthermore, we show that our method did not effectively
ablate SGN in adult PV mice. We generated a neonatal
mouse model with primary SGN degeneration in PV°™ mice,
mimicking auditory neuropathy phenotype using an AAV
Cre-dependent expression of DTA.

INTRODUCTION

Hearing loss is a public health issue, affecting 30 million people in the
United States." Current treatments for sensorineural hearing loss
(SNHL) are limited to hearing aids and cochlear implants, a neuro-
prosthesis that bypasses hair cells (HCs) to stimulate spiral ganglion
neurons (SGNs). These interventions, while effective, do not restore
natural hearing, spurring the need for further research and develop-
ment of novel therapeutics for HC and SGN regeneration and
protection.

SGNss are the primary afferent auditory neurons in the mammalian
inner ear that connect the mechanosensory HCs to the cochlear nu-
cleus to transmit acoustic signals. SGNs are bipolar neurons divided
grossly into two subtypes; type I neurons connect multiple neurites
to a single inner HC (IHC) and type II neurites connect to multiple
outer HCs (OHCs). The type I neurons that comprise 95% of the
SGN population can be further characterized as type Ia, Ib, and Ic

based on functionality during development. Type II neurons make
up about 5% of the neurons and are thought to play a significant
role in auditory processing.”’

Previously, it was believed that SGN loss occurred secondary to HC
damage; however, we now know that primary cochlear nerve synapt-
opathy and SGN loss can occur without HC damage due to multiple
causes, including noise, aging, and genetics.* ® This afferent nerve loss
can underlie auditory neuropathy (AN) which is characterized as hav-
ing absent auditory brain stem thresholds but normal cochlear micro-
phonics and otoacoustic emission. AN is seen in approximately 2%—
10% of hearing loss patients, and the degree of hearing loss ranges
from moderate to profound.” SGNs lack intrinsic regenerative capac-
ity; thus, auditory nerve injury or destruction result in permanent
SNHL. The damage or loss of SGNs hinders the effectiveness of the
cochlear implant, which depends on the health of the nerve.'’
Thus, there is a critical need to develop novel treatments for AN; how-
ever, animal models mimicking AN are lacking.

Multiple studies have sought to develop models of AN through
ototoxic drugs (e.g., ouabain, carboplatin, aminoglycosides, gluta-
mate-induced excitotoxicity) and surgical nerve amputation and
compression.ll’l/1 While these methods are effective, off-target side
effects of ototoxic drugs and surgical manipulation can lead to vari-
able results and, at times, may be lethal. Efforts have been made to
create a more reliable model through genetic conditional ablation.
Recent studies have attempted to create a transgenic mice line to
ablate SGNs, specifically crossing a Cre-inducible diphtheria toxin re-
ceptor (DTR) mouse line with a mouse line containing Cre recombi-
nase in SGN-specific promoter. For example, adult Bhlhb5 mice with
SGN-selective Cre expression crossed with the DTR mice induced
30%-40% SGN loss 7 days after DT injection without damaging the
HCs."” In another study, mice with Nefl gene Cre were bred with
DTR mice. Since Nefl gene encodes neurofilament light chain, which
is exclusively expressed in the cochlear SGNs, DT injection to these
mice at postnatal day 7 (P7) induced approximately 58% of selective
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SGN damage by 28 days.'® However, the ablation of SGN in the early
neonatal period (<P14) using DTR mice has not been reported.

Here, we characterized a neonatal mouse model of AN using a viral
mediated Cre-responsive flip-excision (FLEX) switch system to ex-
press DT subunit A (DTA), which is the cleaved DT toxin without
the cell entry ligand, DT subunit B. DTA inhibits protein synthesis
that leads to cellular apoptosis through its inactivation of the eukary-
otic elongation factor 2.'”'® Rodents do not express diphtheria recep-
tors; therefore, DTA induces apoptosis of the targeted cell without
affecting the neighboring cells.'"” The FLEX switch system utilizes
two-site-specific recombination, which leads to translocation and
inversion of the payload in the presence of Cre recombinase.”>!
We packaged this construct in an adeno-associated virus (AAV)-retro
serotype that has neuronal tropism in the cochlea without transfect-
ing the HCs. We delivered AAV-retro harboring FLEX-DTA-
mCherry driven by either the ubiquitous EFla promoter (AAV-
eFla-DTA) or the neuronal hSYN (AAV-hSYN-DTA) promoter
into the cochlea of P2 parvalbumin-Cre knockin mice (PVS™) in
which Cre recombinase is widely expressed in the parvalbumin-ex-

22,23
We demonstrate

pressing SGNs and HCs in neonates and adults.
apoptosis of the SGN as early as 3 days post-injection (dpi) followed
by robust SGN loss of up to 60%-61% in all turns by 7 dpi, regardless
of promoter types. Likewise, we observed a near-total SGN loss with
absent auditory brain stem response (ABR) thresholds after 28 dpi,
while HC morphology and distortion product otoacoustic emissions
(DPOAE) thresholds remained grossly intact. Furthermore, we
observed significant neuronal damage in the non-injected contralat-
eral ear SGNs and vestibular ganglion by 1 month. However, AAV-
DTA injection did not effectively lead to significant SGN ablation
in the adult PV", This model mimics a severe form of AN in humans

and allows us to reliably ablate SGNs in neonatal mice.

RESULTS

AAV-retro serotype transfects SGNs with high efficiency

We investigated the transduction profile of AAV2-retro serotype to
assess for neuronal tropism in the inner ear. AAV2-retro serotype
is a designer AAV variant shown to allow neuronal tropism and
efficient retrograde access to nerve fibers.”* AAV2-retro-cytomegalo-
virus (CMV)-GFP vector was injected into the cochlea via the poste-
rior semicircular canal (PSCC) in P2 mice. Imaging of the mid-mod-
iolar cross-section collected on 7 dpi demonstrates robust GFP
localization to the SGN cells in Rosenthal’s canal throughout the
cochlear duct (Figure 1A). GFP signals are appreciated along the
nerve fibers; however, the phalloidin-positive HCs were not trans-
duced (Figure 1A, inset). Minimal ectopic GFP distribution in the
lateral wall and stria vascularis was appreciated. These observations
indicate that the AAV2-retro serotype has high SGN tropism without
HC transduction in the neonatal cochlea.

AAV2-retro-FLEX-DTA-mCherry express DTA in PVE™* cells

We packaged the FLEX-DTA-mCherry construct with an AAV2-
retro (AAV-DTA) capsid (Figure 1B). The AAV contains open
reading frames flanked by oppositely positioned Cre recognition sites
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loxP and lox2272. In the presence of Cre recombinase, the FLEX-
DTA-mCherry construct activates the transgene by mediating the
inversion of the DT'A sequence from the anti-sense to the sense direc-
tion, activating the transgene. Successful transduction of AAV-DTA
thus allows for DTA expression in the presence of Cre recombinase.
Transduced cells without Cre recombinase express mCherry alone,
allowing Cre-dependent expression of DTA.”>*® We tested the
AAV-DTA in P1-P2 wild-type (WT) mice and PV°™ mice. Parvalbu-
min is an acidic and cystolic Ca** binding protein, a well-known
neuronal marker in the CNS, which is also expressed in the HCs
and SGNs in the cochlea.””***”*® Control WT and PV®™ mice
were injected with AAV-DTA via the PSCC at P2. As early as 3
dpi, we observed expression of mCherry protein in the SGNs in the
WT mice (Figure 1C, WT). However, mCherry expression was not
identified in PV" mice SGNs; instead, there were fewer and slightly
deformed SG cells (Figure 1C, PVE™). In summary, AAV-DTA allows
targeted expression of transgenes in a Cre-dependent manner in the
SGNs alone.

AAV-DTA induces apoptosis of SGN

We sought to investigate whether the AAV-DTA-induced SGN death
followed the process of apoptosis in the PV™ mice. We thus stained
cochlear mid-modiolar sections with apoptotic markers: cleaved
caspase-3 and cytochrome c. In WT injected at P2 and examined at
P9, cleaved caspase-3 and release of cytochrome ¢ were not observed.
Conversely, we observed increased activation of caspase-3 in the cyto-
plasm of SG cells at 3 and 7 dpi, suggestive of apoptosis of the SGNs (Fig-
ure 2A). Intracellular cytochrome c was uniformly expressed in the WT.
In 3-dpi mice, cytochrome c is released in the misshaped and shrunk
cytoplasm of SGN in PV" mice; the number of SGN cells is noticeably
less in 7 dpi mice (Figure 2B). Our findings are indicative that AAV-
DTA-induced SGN ablation follows a regulated apoptotic event.

AAV-DTA injection leads to rapid and significant SGN
degeneration

To validate the expression of Cre recombinase in the inner ear, we
crossed a PVE™ mouse strain with an Ai9 tdTomato Cre reporter
mouse strain to create heterozygous Td/PV®™. In the Td/PV®"™®
mouse ears, there was strong tdTomato expression localized to the
SGNs and HCs, consistent with previous literature.”’ In the control
section, we observed TUJ1" neuronal soma enclosed in tdTomato
signal with a 100% colocalization, confirming the presence of Cre re-
combinase in SGNs in Rosenthal’s canal throughout the apex, middle,
and basal turn of the cochlea (Figure 3A).

The promoter strength and type influence AAV-mediated gene trans-
fer transcription level and cell selectivity.’® We investigated how the
strong ubiquitous EFla promoter differs from the moderate and
neuron-specific hSYN promoter in transducing SGNs and promoting
cell death. Vectors were injected into neonatal Td/PV“™ or control Td
mice at P2; cochleae were harvested at 7 dpi. We then quantified the
SGN density in Td/PV" via cochlear cryosections. SGN densities of
control Td mice injected with AAV-EF1la-DTA were 3,448 + 725 neu-
rons/10° pm? (apex), 3,346 + 153 neurons/ 10° pm? (middle), and
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Figure 1. AAV2-retro-CMV-EGFP leads to robust SGN transduction without transducing HCs

(A) Representative low-magnification (10x) image of the cochlear mid-modiolar cross-section 7 dpi after AAV2-retro-CMV-EGFP injection. The insert demonstrates a
magnified view (63 x) of the organ of Corti in the dotted box. GFP is expressed in neurites but not in phalloidin-positive hair cells (HCs). GFP expression is observed in the stria
vascularis (white arrow) and in the lateral wall. Of note, cochleae were stained for phalloidin alone. (B) Schematic of FLEX-DTA-mCherry plasmid, which was cloned into
AAV2-retro capsid and driven under EF1a or hSYN promoter. (C) Images of representative cryosection of WT and pVere, demonstrating the Rosenthal’s canal of the basal
turn of cochlea on 3 dpi following injection of AAV-DTA. Cochleae were stained for TUJ1. White arrowheads point to colocalization of mCherry and TUJ1 in the SGN in WT

mice, which is not observed in PV mice.

3,720 + 302 neurons/10° pm? (base), respectively (Figure 3A). The
SGN densities of Td/PVC™ mice injected with AAV-EFla-DTA
were 1,676 + 225 neurons/10° pmz (apex), 1,467 + 191 neurons/10°
pm? (middle), and 1,383 + 343 neurons/10° um? (base), respectively
(Figure 3C). The SGN densities of Td/PV°" mice injected with AAV-
hSYN-DTA were 1,893 + 119 neurons/10° um2 (apex), 1,744 + 301
neurons/10° umz (middle), and 1,216 + 232 neurons/10° umz
(base) (Figure 3B). The SGN densities of Td/PV®™ mice injected
with AAV-EF1a-DTA were 1,676 + 225 neurons/10° umz (apex),
1,467 + 191 neurons/10° umz (middle), and 1,383 + 343 neurons/
10° um? (base), respectively (Figure 3C). Compared to the injected
control Td mice, AAV-EFla-DTA and AAV-hSYN-DTA injected
Td/PV™ neonates demonstrated an average SGN loss of 60% and
61%, respectively (Figure 3D). No statistically significant difference
was observed between Td/PV™ mice injected with AAV-EFla-
DTA or AAV-hSYN-DTA (Figures 3B-3D, p > 0.005) in all three
cochlear turns. These observations indicate that the efficiency of
AAV-DTA-induced SGN cell death is not promoter dependent,
and both strong ubiquitous EFla and moderate neuron-specific
hSYN promoters lead to rapid and significant SGN cell death.

Progressive SGN degeneration following AAV-DTA injection

We analyzed the AAV-hSYN-DTA-injected mice at 28 dpi from in-
jection. We used cochlear tissue from Td/PV™ mice to accurately
account for the neurons expressing Cre recombinase. In the devel-
oping mouse cochlear nerve, nerve refinement with nerve pruning
and retraction occurs during the first postnatal weeks before hear-
ing”' We therefore assessed age-matched control Td mice
28 days from injection. In the control Td mice, SGN densities at
P30 were 3,388 + 245 neurons/10° um2 (apex), 3,675 + 207 neu-
rons/10° pm? (middle), and 3,936 + 164 neurons/10° pm? (base).
We found that the cell density at P30 remained relatively similar
to P9, indicating that the age of the mice is not a contributing factor
to SGN loss.

At 28 dpi, we observed a near-complete loss of 95%-98% of the SGN
population in the injected left ear. In addition, the non-injected
contralateral right ear demonstrated a similar degeneration pattern
of 92%-94% of the SGN population, suggestive of viral spread during
injection. The morphology of the few surviving SGNs was smaller
and disfigured compared to the control. Hence, we demonstrate the
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time-dependent progressive degeneration pattern following AAV-
DTA injection (Figure 4A-4C).

Vestibular ganglion loss following AAV-DTA injection

We further analyzed the vestibular ganglion at 28 dpi in the left ear
after AAV-hSYN-DTA injection. In the control Td mice, vestibular
ganglion densities were 1,695 + 71 neurons/10® um?* (Figures S1A-
S1C). In the AAV-DTA injected Td/PV™ mice, there was a signifi-
cant loss of 85% of the vestibular ganglion neuron cells, 256 + 215
neurons/10° pm? (Figures S1B and S1C). Surprisingly, although
AAV-hSYN-DTA induced significant neuronal degeneration in the
vestibule, we did not observe head tilt or circling locomotion at 28 dpi.

AAV-DTA causes profound hearing loss, but HC function and
morphology remain intact

We measured the auditory function with tone-burst ABR in age-
matched uninjected WT control and AAV-DTA injected Td/PV"
mice 28 dpi. Td/PVS™ mice demonstrated a significantly elevated
threshold above 90 dB at 8, 16, 24, and 32 kHz. In contrast,
DPOAE amplitude at 16 kHz was not statistically different between
WT control and AAV-DTA-injected mice. Our findings indicate
that while AAV-DTA-injected mice have near-complete ablation of
SG cells, HC function in DPOAE amplitude is not impacted
(Figures 5A and 5B). Our results demonstrate elevated ABR thresh-
olds with an intact HC function, which is consistent with AN.

To investigate the potential off-target ototoxicity of AAV-DTA, we
examined the HC survival at P30 in Td/PV™ mice. The whole-
mount tissues were stained with HC-specific marker Myo7a. We
demonstrate the colocalization of Myo7a with tdTomato expression.
Both the IHC and OHC remained intact in all turns (Figure 6). We
concluded that the AAV-DTA had limited to no off-target toxicity
to the HC.

PV¢re7 days
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Figure 2. AAV-DTA-induced apoptosis of SGN cells
(A) The injected WT control (7 dpi) retains a healthy pop-
ulation of SGN in the Rosenthal’s canal (RC) with negli-
gible expression of cleaved caspase-3. Cleaved
caspase-3 expression (white arrowheads) is upregulated
in PV°™® mice both 3 and 7 days after AAV-DTA
injection. There is a noticeable degeneration of TUJ1*
SGN by 7 days from AAV-DTA injection. (B) AAV-DTA-
injected WT control mice uniformly express cytochrome
¢ in the cytoplasm of SGN 7 dpi. Inserts demonstrate
high magnification of cytochrome®™ SG cells; the
cytoplasm (yellow arrowheads) becomes disorganized in
PVC" mice 3 and 7 dpi.

AAV-DTA injection leads to afferent nerve
fiber degeneration

We next assessed the nerve fibers crossing the
osseous spiral lamina (OSL) and innervating
the HCs. Afferent fibers and efferent fibers
from the lateral olivocochlear complex (LOC)
form the inner spiral bundle (ISB) at the base
of the IHC. The efferent fibers from the LOC synapse to the afferent
fibers at the base of the IHC.”” Type II afferents form the outer spiral
bundle (OSB), and medial olivocochlear complex (MOC) efferent fi-
bers send radial fibers and form terminals at the base of the OHC.
We demonstrate in non-injected control Td/PV°™ mice that the tdTo-
mato expression is present in the HCs and afferent fibers (Figure 7A,
control). At 28 dpi of AAV-DTA, tdTomato" afferent fibers in both
the OSL and Rosenthal’s canal disappeared, while a thinner population
of TUJ1" nerve fibers still innervated the ISB, OSL and Rosenthal’s ca-
nal (Figure 7A, Td/PVS"). The MOC terminals connected to the
OHCs were present (Figure 7A, Td/PV°" insets). The substantial thin-
ning of afferent fibers forming the ISB and loss of OSB were observed in
the whole-mount surface preparation in the AAV-DTA injected PV<"
mice (Figure 7B, PV™). The number and size of the radial MOC ter-
minals in the AAV-DTA-injected mice were grossly comparable to the
WT mice; however, the reduction of fibers forming the ISB suggests
that the efferent fibers from the LOC were reduced (Figure 7B,
PV™). To determine the origin of the surviving radial fibers, a separate
cohort of mice was stained for the presence of choline acetyltransferase
(ChAT), which is immunopositive in efferent fibers. In AAV-DTA-in-
jected PV" mice, ChAT signaling colocalized with the surviving
TUJ1* radial fibers and ISB fibers (Figure 7C, PV<"). Thus, we
conclude that AAV-DTA selectively transfects and leads to neuronal
degeneration in the afferent fibers and reduction of LOC efferent fibers.

AAV-DTA injected in adult Td/PV°™ does not lead to significant
SGN damage

We administered AAV-hSYN-DTA in Td/PV“™ mice cochlea via the
PSCC in P30 adults to examine the efficacy of viral-induced neuronal
loss in the mature inner ear. The cochleae were harvested and cryo-
sectioned at 7 dpi. Contrary to the neonatal Td/PV" mice, we did
not observe significant SGN damage from AAV-DTA injection in
the adult mice (Figure S2).
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Figure 3. AAV-DTA leads to Cre-dependent SGN degeneration

After cross-breeding tdTomato/Ai9*+ with PVC™ strain, we were able to confirm the expression of Cre recombinase in the HCs and SGN. (A) Robust tdTomato expression is
observed in TUJ1* SGN cells in control Td mice at P9 (n = 3). (B and C) P2 Td/PV°™ mice were injected with either AAV-hSYN-DTA (n = 5) or AAV-EF1a-DTA (n = 5), both
demonstrating substantial loss of both TUJ1 and tdTomato signals consistent with SGN damage. At far right, higher magnification of the respective dashed boxes in the mid-
turn (A-C). (D) Quantification of SGN density showed a significant SGN degeneration of 60%-61% after 7 dpi in both AAV-hSYN-DTA- and AAV-EF1a-DTA-injected mice
compared to control. No significant difference was observed between the efficacy of AAV-EF1a-DTA and AAV-hSYN-DTA in selective SGN ablation. Student’s t test
confirmed that there was a statistically significant degeneration of SGN in the apex, mid-, and basal turn at 7 dpi (p < 0.05).

DISCUSSION profoundly deaf, while HC histology and otoacoustic emissions re-
In our study, we demonstrate that the SGN can be selectively ablated =~ mained intact. Our data indicate that AAV-DTA selectively damages
in neonatal PV“" mice, as evidenced by approximately 60% SGN loss  the SGN and causes minimal off-target damage to the HCs, consistent
within 7 days following AAV-DTA injection. At 28 dpi, the mice were ~ with AN phenotype.
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Cochleae were examined at 28 days after AAV-hSYN-DTA injections into P2 Td/PVC™ mice. (A) Age-matched control Td mice in apex, mid-, and basal turns. (B) AAV-hSYN-
DTA-injected Td/PVC™ mice demonstrated near-total loss of SGN cells in the injected left ear. We observed crossing fibers in the Rosenthal’s canal that likely represent
efferent fibers (white arrowheads). (C) Contralateral ear demonstrates significant SGN damage, with few surviving SGN. (D) Quantification of SGN density showed nearly
complete ablation of TUJ1 immunopositive SGN in all three turns of the injected left ear and less but significant degeneration in the contralateral right ear. In the contralateral
ear, quantification of SGN density showed 92% ablation in the apex and basal turn and 94% ablation in the mid-turn (n = 3) (o < 0.05).

Ablation technique using DT is a powerful tool to examine the bio-
logical effects and function of cell-type-specific degeneration. Tar-
geted neuronal ablation can be achieved with transgenic expression
of DTR when injecting DT or by expressing DTA in cell subpopu-
lations. Previously, groups have attempted to ablate SGN popula-
tions by generating a transgenic DTR mouse, expressing DTR in
either Bhlhb5 or Nefl genes that are SGN specific in the cochlea.
In adult Bhlhb5-DTR mice, SGN loss was approximately 30%-
40% at 14 dpi, which was the endpoint of the study."” In the
Nefl-DTR mice, the SGN loss was 58% by 28 dpi when DT was
administered at P7.'° In our study, we achieved 60%-61% SGN
ablation by 7 dpi in neonatal mice and nearly complete loss by 28
dpi of AAV-DTA into the inner ear. This discrepancy may be ex-
plained by several factors, including the age of the mouse (neonatal
vs. adult), degree of Cre recombinase expression, rapid onset of
DTA expression, or insufficient dosing of DT in DTR mice. Regard-
less, one limitation of the DTR approach is its narrow pharmacolog-
ical window and potential lethal side effects, including renal and
lung failure, precluding examination of DT dose-dependent

3

studies.” Indeed, a previous report has shown that systematic
administration of DT during the neonatal and juvenile periods in
both WT C57/Bl6 and CBA mice can be ototoxic, resulting in
elevated threshold shifts and significant HC and SGN damage
with a single peritoneal injection of 50 pg/kg DT.”* Therefore, selec-
tive SGN ablation in early neonatal mice using the inducible DTR

model may be technically challenging.

AAV serotypes and promoters play an important role in gene delivery
by inducing cell-type-specific transfection and controlling the degree
of transcriptional activity. AAV2-retro is an engineered AAV variant
designed to enhance neuronal tropism and retrograde tracing in the
brain circuit. The specific protein insertion and point mutations
(insert LADQDYTKTA + V7081 + N382D) in the WT AAV2 capsid
are thought to promote the binding efficacy of viral capsids to existing
receptors in the AAV pathway to increase the retrograde transport of
the reporter transgene along the neurons.”*”” To our knowledge, we
are the first to demonstrate the transduction profile of AAV2-retro in
the inner ear. With a CMV promoter, the AAV2-retro transfects most
afferent neurons without transfecting the HCs in neonatal mice (Fig-
ure 1A). The AAV2-retro demonstrates highly specific SGN affinity
with minimal ectopic expression compared to other serotypes

described in the literature.* ™’

Previous reports have shown that hSYN and EFla promoters are spe-
cific to the SGN, with little to no transfection of the HCs.***! In our
study, we compared the efficacy of two promoters that have selective
SGN tropism and little to no transduction of the HCs with varying
strengths—hSYN is neuron specific and has a moderate expression
level and the EFla promoter is an ubiquitous promoter that has the
strongest expression level comparable to CAG.*'"** We anticipated
that the stronger EFla promoter would lead to greater SGN destruc-
tion when compared to hSYN and potential HC damage. As early as 3
dpi, we observed the activation of caspase-3 followed by the release of
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Figure 5. AAV-DTA injected mice are profoundly deaf, with elevated ABR but normal DPOAE amplitude

Functional hearing tests are performed on >P30 uninjected control mice and AAV-DTA 28 dpi mice (n = 3). (A) ABR showed profound hearing loss, above the 90-dB
threshold, in the injected mice. (B) DPOAE showed the mean amplitude vs. level function at 16 kHz in the injected mice is comparable to controls. Our results demon-
strate elevated ABR thresholds with an intact function of outer HCs (OHCs), which is consistent with auditory neuropathy.

cytochrome ¢ in PVS™ mice but not in WT mice following the injec-
tion of AAV-EFla- DTA, indicating that DTA induced programmed
apoptotic cell death in only targeted Cre" neurons (Figures 2A and
2B). However, in our results we did not observe a significant differ-
ence in the two promoters at 1 week (EFla 60% vs. hSYN 61%) (Fig-
ure 3). As the toxicity of DTA is potent, a single molecule of DTA is
enough to kill a cell.*° We speculate that because both promoters on
an AAV2-retro vector transfect most afferent neurons without trans-
ducing the HCs, the expression level sufficient to promote SGN death
can be achieved by moderate expression levels of the promoters. We
conclude that the strength and cell specificity of the promoter do not
impact the efficiency of ablation with DTA in our study. Furthermore,
along with AAV-retro, we demonstrate that both hSYN and EF1la are
promising candidates for optimizing gene delivery to SGNs.

FLEX is a genetic tool that allows spatiotemporal and conditional
control, ultimately allowing the manipulation of specific transgenes
under site-specific Cre-on or Cre-off pattern.””*”** Coupling this
tool with an AAV targeting a subpopulation cell type of interest in
a Cre-expressing mouse line offers tighter control of transgene
expression.””*>*° The limitations of this approach are potential off-
target effects in Cre-independent cells, “leaky expression,” and vari-
able levels of Cre expression in target cells.”>* In our model, trans-
gene expression of AAV-DTA followed a Cre-on pattern, in which
the coding sequence of DTA is irreversibly reversed and expressed
in only parvalbumin-expressing Cre" cells but not in Cre™ cells. Like-
wise, the high efficiency of the AAV2-retro serotype and neuron-spe-
cific promoters to transduce SGN cells and not HCs decreases un-
wanted off-target effects. We anticipated that our approach would
lead to minimal off-target or leaky expression of DTA in the inner
ear. Furthermore, DTA released from a dying cell is unable to enter
the neighboring cell cytoplasm due to the lack of DT fragment B
that modulates endocytosis, thus restricting the spread of DTA."”

At 28 dpi, when our mice are profoundly deaf, we demonstrate the
nearly complete loss of afferent neurons but preservation of HCs in
all turns along with normal function represented in intact DPOAE
(Figures 5 and 6). Furthermore, we observed crossing fibers without
a cell body in the Rosenthal’s canal area, which are consistent with
efferent fibers stemming from the olivocochlear system (Figure 7A,
Td/PVE™). We show that surviving radial fibers in the organ of Corti
are ChAT", representing the MOC efferent fibers (Figure 7C, PVC).
While the MOC terminals were maintained, we observed a reduction
in size and ChAT expression of the ISB in the AAV-DTA-injected
mice (Figures 7B and 7C, PV"). We speculate that the efferent fibers
from the LOC, which partially constitute the ISB by connecting to the
afferent fibers at the base of the IHC are diminished secondarily due
to the loss of their synaptic target to the afferent fibers. Regardless, the
histological evidence of the survival of both Cre” HCs and partial
Cre™ efferent fibers suggests that off-target damage to adjacent tissue
in the cochlea with our approach is minimal. We conclude that our
AAV-DTA approach provides selective SGN degeneration in the
neonatal PV mouse.

We demonstrate significant neuronal damage in the non-injected
contralateral right ear and vestibular ganglion neurons following
the injection of 1 nL AAV-DTA into the left ear via the PSCC
approach. These results indicate the diffusion of AAV-DTA to the
contralateral ear and vestibule. The extent of neuronal degeneration
at 28 dpi in the contralateral ear is comparable to the left ear and
85% in the vestibule, demonstrating the potency of AAV-DTA to
degenerate auditory and vestibular neurons in the inner ear. In our
study, we did not assess the retrograde effects of our approach as
PV is expressed widely throughout the brain and in other tis-
sues, 272853
changes or side effects in our mice following AAV-DTA injection.
Further research is necessary to assess the systemic effects of

However, we did not appreciate any unusual behavioral
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IHC

10-20 %

10um

Distance from apical tip
40-50 %

60-70 %

Figure 6. The morphology of the HCs remains intact
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AAV-DTA

tdTomato,

10um

(A) We demonstrate representative whole-mount tissue at 10%—20%, 40%-50%, and 60%-70% distance from the apical tip at P30 control mice. (B) Representative whole-
mount tissue at 10%-20%, 40%-50%, and 60%-70% distance from the apical tip 28 days after AAV-DTA injection in Td/PVC™ mice. HCs were preserved in all turns.
Colocalization of tdTomato and myo7A confirmed the expression of Cre recombinase in HCs.

AAV-DTA injected into the cochlea on the brain and other organs.
While the PSCC injection approach has been reported to successfully
transduce both cochlear and vestibular cells, the diffusion of viral vec-
tors to the contralateral ear after PSCC injection has been reported
previously.” " One obvious pathway of AAV spread to the contra-
lateral ear is the circulation through the cochlear aqueduct, which oc-
curs more commonly in round window membrane injection and less
commonly with PSCC injection due to the proximity of the basal turn
of the cochlea to the cochlear aqueduct.’’ To prevent the diffusion of
the vector to the contralateral ear, reducing the viral injection volume
has been found to be effective in adult mice.®> In future studies, we
will seek to adjust the injection volume to prevent leakage to the
contralateral ear in neonatal mice.

Our results demonstrate that the AAV-DTA injection did not lead to
significant SGN degeneration in mature PV<™ mice (>P30) in this
study. The tdTomato in the Td/PVC™ demonstrates that the Cre
recombinase is present and stable past P30 (Figure S2). Thus, we attri-
bute the mild degeneration pattern to the inability to effectively trans-
duce the SGN and deliver the transgene in adult cochlea with AAV2-
retro. The rate of SGN transduction is significantly lower in the adult
cochlea compared to the neonatal cochlea across species. or
instance, AAV2/Anc80L65-CMV transduces less than 10% of the
SGN population in 7-week-old mice but transduces 76% of the
SGN population in neonatal mice.*>®” While neuron-specific pro-
moters such as hSYN may improve selective targeting of SGN, this

36,63-65 F

has not been shown to improve the overall SGN transduction in adult
cochlea.®® Further modifications in AAV design, new promoters, and
inner ear injection methods may contribute to the improvement in
adult SGN transduction with AAV vectors.

Several important limitations remain in our study. First, because
FLEX-DTA-mCherry plasmid depends on Cre-recombinase to
mediate recombination and express DTA toxin in a specific cellular
population, our animal model is limited to a neuronal Cre-driven
strain. The development of a model that is not limited to a certain
strain or Cre dependent will have greater utility and allow a broader
range of genetic and molecular studies. Second, conducting a dose-
dependence study by adjusting viral titers may lead to mild to mod-
erate SGN degeneration, which may better represent the broader
spectrum of the AN phenotype. Future studies are needed to address
these questions.

In conclusion, the AAV-DTA viral vector successfully mediates SGN
degeneration in neonatal mice, thus mimicking a severe form of AN.
The rapid and specific degeneration of SGNs can accelerate future
studies investigating the mechanism of SGN death and potential oto-
protective strategies to attenuate neuronal loss. In addition, we
achieve near-complete SGN loss, which can serve as a powerful plat-
form to evaluate the effectiveness of regenerative approaches such as
epigenetic in situ reprogramming and stem cell transplantation in re-
generating or restoring the peripheral auditory nerve.**’
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MATERIALS AND METHODS

Ethics approval

The experimental procedures on animals were approved by the Uni-
versity of Southern California Institutional Animal Care and Use
Committee (protocol no. 21248) and the Institutional Biosafety Com-
mittee (protocol no. BUA-20-00050) and were performed in accor-
dance with the NIH Guidelines for the Care and Use of Laboratory
Animals.

Animals
Pvalb-IRES-Cre or PV-Cre"’* (stock no. 008069), Ai9-tdTomato
(stock no. 007909), and C57BL/6] (stock no. 000664) were obtained

Td/PVecre

Figure 7. Afferent nerve fiber degeneration after
AAV-DTA injection

(A) Representative low magnification (20x) of the mid-
modiolar cochlear section of age-matched Td/PVC™
control and 28 dpi Td/PVC™® mice. tdTomato is
expressed in the afferent fibers crossing the OSL and
RC. The inserts demonstrate the magnified view of
tdTomato* HCs in the organ of Corti. The MOC terminal
at the OHCs (yellow arrows) and ISBs (violet circle) are
immunopositive for TUJ1 in the dashed box. In the
AAV-DTA-injected  Td/PVC™®  mice, the tdTomato™
afferent fibers are not visible while TUJ1 expression in
the MOC terminal is present. (B) In adult WT whole-
mount tissue, we observed the TUJ1" ISB and the thin
spiral fibers of type Il SGN (white arrowheads) of the
OSB. In the AAV-DTA-injected PV®™® mice, we
observed significant thinning of the ISB and neurites in
the osseous spiral lamina (OSL) and near-total loss of
the OSB, while the MOC terminals appear intact, but
the ISB is reduced in size. (C) The efferent fibers for the
olivocochlear system are immunopositive for ChAT and
TUJ1 in the organ of Corti (WT). The AAV-DTA-injected
PVC™® mice maintain a comparable number of ChAT
and TUJ1* radial efferent fibers forming the MOC
terminals, but the ChAT signal in the ISB is reduced
compared to the WT.

from The Jackson Laboratory (JAX). pyCret/+
was bred with C57 to produce PV~ and
with Ai9-tdTomato to produce tdTomato" ~/
PV~ (Td/PV™). Mouse genotypes from
tail biopsies were determined using real-time
PCR with specific probes associated with corre-
sponding JAX ID (Transnetyx).

Viral vector
AAV2-retro-EF1a-FLEX-DTA-mCherry (AAV-
EF1a-DTA) and AAV2-retro-hSYN-FLEX-
DTA-mCherry (AAV-hSYN-DTA) were pro-
duced by the Canadian Neurophotonics
Platform Viral Vector Core , located at the
CERVO Brain Research Center (RRID:
SCR_016477). The viral titer was 1.2 x 10
GC/mL. AAV-EF1a-DTA or AAV-hSYN-DTA were stored at
—80°C and thawed on ice before use.

PSCC injection

Cochlear injection was performed on P1-P2 and adult mice. Before
the procedure, mice were given preemptive analgesia with buprenor-
phine XR (3.25 mg/kg). Mice were anesthetized by inducing hypo-
thermia. The surgery was performed on the left ear under a Leica
M60 microscope. A suspension of 1,000 nL AAV-DTA was mixed
with 2.5% fast green dye (Sigma-Aldrich) at a 10:1 ratio. The suspen-
sion of viral vector was loaded into a borosilicate glass capillary
(World Precision Instruments) and affixed to an automated injection
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system, Nanoliter 2020 injector (World Precision Instruments). A
post-auricular incision exposed the sternocleidomastoid muscle.
The division of the sternocleidomastoid muscle leads to the exposure
of the temporal bone, facial nerve, and membranous cochlear bulla;
smaller bleeding vessels are cauterized for hemostasis. Tracing the
facial nerve toward the bulla would lead to identifying the lateral
semicircular canal, the structure superior to the cochlear bulla. The
PSCC can be subsequently identified as perpendicular to the LSCC
posteriorly. The micropipette is advanced until it penetrates the
PSCC, creating a canalostomy, which allows access to the perilym-
phatic space. Due to the relatively little ossification of PSCC at this
age, PSCC can be easily pierced by the glass micropipette. In the adult
mouse, the surrounding of the micropipette is sealed with Histoacryl
Topical Skin Adhesive (TissueSeal, TS1050071-FP). A total volume of
1,000 nL was injected at a rate of 10 nL/s into the perilymphatic space
via the PSCC canalostomy of the left ear of each mouse. The small
caliber of the glass micropipette creates a small canalostomy that re-
leases upon pipette removal; no tissue is required to seal the canalos-
tomy to avoid leakage. Mice were closely monitored daily for at least
3 days postoperatively.

Cochlear tissue preparation

AAV-EFla-DTA and AAV-hSYN-DTA were incubated for 7 or 28
dpi following neonatal injection. Bilateral ears were harvested after
animals were euthanized by CO, inhalation. Temporal bones were
fixed with 4% paraformaldehyde at room temperature for 2 h. The co-
chlea was extracted under the Leica S9i light microscope. Cochlear
tissue was rinsed with 1x PBS and stored in a 4°C refrigerator.
Whole-mount microdissection was performed under the light micro-
scope. Dissected tissue was incubated with EDTA, pH 8.0, for 10 min
to soften the OSL, rinsed with 1x PBS, and then infiltrated with 0.3%
Triton X-100 for 10 min. Cochlear tissue was blocked with 5% normal
goat serum (NGS) for 1 h. Primary antibody was diluted 1:100-500 in
1x PBS and incubated overnight in a 4°C refrigerator. Secondary
antibody was diluted 1:500 in PBS and incubated for 30 min at
room temperature. Rinsing with 1x PBS was performed in between
stainings. For cryosection, cochlea was incubated with EDTA, pH
8.0, overnight. The cochlea could be incubated with a fresh 5 mL
EDTA, pH 8.0, overnight, if necessary. Softened cochlea was rinsed
with 1 x PBS and then incubated with 30% sucrose solution overnight.
Cochlea were then mounted in 5 x 5 X 5 cm cryomold with freezing
tissue medium. Cryosection was performed with the Leica 800 Cryo-
stat machine. The embedded tissue was sectioned parallel to the mod-
iolus at 14 um thickness per section. Tissue was blocked with 5% NGS
for 2 h at room temperature. Both primary and secondary antibody
were diluted in 5% NGS buffer. Primary staining was incubated over-
night in a 4°C refrigerator, and secondary staining was incubated for
2 h at room temperature. Phalloidin 555 (A34055, Thermo Fisher Sci-
entific) was added to secondary antibodies solution to stain for fila-
mentous actin. Rinsing with 1x PBS was performed in between stain-
ings. The slides were mounted with Fluoroshield mounting media.

The primary antibodies used in this study were mouse monoclonal
immunoglobulin G2a (IgG2a) anti-tubulin B3 antibody (TUBB3 or
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TUJ1) (catalog no. 801212, BioLegend, 1:500); rabbit polyclonal
IgG anti-cleaved caspase-3 (D175) antibody (catalog no. 9661, Cell
Signaling Technology, 1:400); rabbit polyclonal IgG anti-cytochrome
¢ antibody (catalog no. 10993-1-AP, Proteintech, 1:100); rabbit poly-
clonal IgG anti-myosin 7A antibody (catalog no. PA1-963, Thermo
Fisher Scientific and #25-6790, Proteus Biosciences, 1:500); goat
polyclonal IgG anti-chAT antibody (catalog no. AB144P, Chemicon,
1:100).

Secondary antibodies were diluted at 1:500 and they were goat anti-
mouse 1gG2a 488 (catalog no. A21131, Thermo Fisher Scientific),
goat anti-rabbit IgG 647 (catalog no. A32733, Thermo Fisher Scienti-
fic), goat anti-rabbit IgG 555 (catalog no. A32732, Thermo Fisher Sci-
entific), donkey anti-goat IgG 647 (catalog no. A32849, Thermo
Fisher Scientific), and donkey anti-rabbit IgG 488 (catalog no.
A32790, Thermo Fisher Scientific).

Cell counting and statistical analysis

Three distinct non-sequential images in the mid-modiolar region of
14-um-thick sections were used to increase the reliability of cell den-
sity calculation at all three cochlear turns. Images of cryosection were
acquired using the Leica 800 confocal microscope. Three-dimen-
sional image areas were acquired and flattened along the z axis to
obtain orthogonal views. A 20x scaled image of each turn with
orthogonal view was opened with Fiji ImageJ analysis software.”’
To measure the area, Rosenthal’s canal was manually selected with
the “Polyclonal Selection” tool and the cross-sectional area was
measured with the “Measure” option in the “Analyze” section in Im-
age]. Cell counting was performed manually with the Cell Counter
plugin for each fluorescent channel. Only cells exhibiting positive
TUJ1 and tdTomato signals were included in SGN density calcula-
tions per 10° um?®. The raw number of the cell counting was then
used in the following formula to calculate the final SGN density:
Raw number of cells/(Area/Conversion factor of 10° pm?).

Statistical analyses of cell counting and functional hearing test were
performed in Microsoft Excel. A Student t test with two tails was
used to compare independent samples with equal variance. A Welch’s
t test with two tails was used to compare independent samples with
unequal variance. Statistical significance is achieved when p < 0.05.

Functional hearing tests

Cochlear functional hearing was analyzed on injected mice 28 dpi and
around P30-40 control mice as previously described.”””* The ABR
test was recorded with the Eaton-Peabody Laboratories Cochlear
Function Test Suite. Animals were anesthetized as described and
laid on their side on a flat platform in the soundproof chamber. For
ABR, three stainless-steel electrodes were placed subcutaneously un-
der the vertex, the mastoid of the measured ear, and the thoracic re-
gion of the spine. The microphone was loosely secured in the pinna.
Auditory signals were presented as tone pips with a rise and fall time
of 0.5 ms and a total duration of 5 ms at frequencies 8, 16, 24, and 32
kHz. Tone pips were delivered from 10 to 90 dB, with an increase of 5
dB. Signals were presented at a rate of 30/s. Responses were filtered
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with a 0.3- to 3-kHz pass-band (10,000 ). For each stimulus inten-
sity, signals were averaged over 300 repetitions. The ABR threshold
was defined as the lowest sound level at which a reproducible wave-
form could be observed.

DPOAE protocol was followed as previously described.”” DPOAE
was measured by delivering two pure tones, f1 and f2, via a micro-
phone placing securely in the ear canal. DPOAE was measured at
2f1-f2 with the primary frequency, f1, which was 10 dB lower than
the secondary frequency, f2. The f2 frequency was set at 5.6, 8.0,
11.3, 16, 22.6, and 32 kHz, f2/f1 = 1.2. A stimulus level mode of
L1 = L2 + 10 dB was used, and stimulus levels were swept in 5-dB
steps from 10 to 70 dB (for f2). The amplitude of DPOAE at 2f1-f2
was extracted from the text files and graphed in Excel.
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