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Viral-mediated gene augmentation, silencing, or editing offers tremendous promise for the
treatment of inherited and acquired deafness. Inner-ear gene therapies often require a
safe, clinically useable and effective route of administration to target both ears, while
avoiding damage to the delicate structures of the inner ear. Here, we examined the
possibility of using a cisterna magna injection as a new cochlear local route for initiating
binaural transduction by different serotypes of the adeno-associated virus (AAV2/8, AAV2/
9, AAV2/Anc80L65). The results were compared with those following canalostomy
injection, one of the existing standard inner ear local delivery routes. Our results
demonstrated that a single injection of AAVs enables high-efficiency binaural
transduction of almost all inner hair cells with a basal-apical pattern and of large
numbers of spiral ganglion neurons of the basal portion of the cochlea, without
affecting auditory function and cochlear structures. Taken together, these results reveal
the potential for using a cisterna magna injection as a local route for binaural gene therapy
applications, but extensive testing will be required before translation beyond mouse
models.

Keywords: cisterna magna injection, AAV, cochlea, binaural gene transduction, hearing

INTRODUCTION

Hearing loss is currently the most frequent human sensory deficit and will affect almost one billion
people worldwide in 2050 (World Health Organization, 2021). An underlying genetic cause is
estimated to be responsible for deafness in 50-60% of affected persons (Angeli et al., 2012). To date,
no curative treatment is available for sensorineural hearing loss. The only existing options are sound
amplification by hearing aids, and electrical stimulation of auditory nerves via cochlear implants.
However, the quality of the sound perceived via these two devices still cannot match that of the
normal ear (Kronenberger et al., 2014; Illg et al., 2017; Jiam et al., 2017).

During the past decade, promising results have been obtained in cochlear gene therapy of mouse
models of genetic deafness (Askew et al., 2015; Isgrig et al., 2017; Pan et al., 2017; Akil et al., 2019; Wu
et al., 2021). Recombinant adeno-associated virus (AAV) is the preferred viral vector for gene
therapy, due to its non-pathogenicity, low immunogenicity, and long-lasting expression in non-
dividing cells (Naso et al., 2017). A major challenge for the delivery of genetic therapeutic materials
into the cochlea comes from the inner ear’s anatomical isolation; it is a small, complex structure
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encased within the densest portion of the temporal bone (Salt and
Hirose, 2018). To date, several local routes have been tested to
introduce viral vectors into the cochlea (see for review: (Blanc
et al,, 2020)); one of them is by round-window injection (Chien
et al., 2015). After opening the middle ear compartment through
the round window membrane, the viral vectors are injected
directly in the cochlear perilymph. Recently, Yoshimura and
others (Yoshimura et al, 2018) proposed a combined
approach that enhances the efficacy of transduction and
reduces cochlear damage induced by the puncture of the
round window. Indeed, they made an “exit hole” in the
posterior semicircular canal (PSCC) before injecting the viral
vectors through the round window membrane. This method
showed a preferential perfusion flow pattern from the base to
the apex in scala tympani without impacting auditory thresholds.
Another route is injection into the posterior semicircular canal
(PSCC) of the vestibule (Kawamoto et al., 2001), or into the
utricle (Lee et al., 2020). These routes allow a high efficiency of
transduction of the cochlear and vestibular epithelium (Suzuki
et al,, 2017; Guo et al,, 2018; Tao et al., 2018). Instead of local
injections, AAV can also be injected intravenously and reach the
inner ear sensory cells efficiently. A recent study (Shibata et al,
2017) showed that intravenous injection of an AAV2/9 carrying
the enhanced green fluorescent protein (eGFP) reporter gene
resulted in binaural transduction of IHCs, SGNs and vestibular
hair cells. However, this systemic route of foreign gene
administration requires the intravenous injection of a larger
volume of the viral solution, thus increasing the potential of
systemic toxicity.

In all the local injections strategies, however, one unilateral
injection leads to viral gene transduction only in the injected
ear. In addition, opening of the bony labyrinth and the
perilymphatic space, and - for round window injection -
opening of the middle ear, is mandatory. Disturbance of
middle ear sound transduction (Zhu et al., 2016) and of the
ionic composition of the perilymph (Mynatt et al., 2006), as
well as excessive pressure induced by the injection (Yoshimura
et al., 2018) may occur. Taken together, the success of gene
therapy still needs a significant and lasting effort to develop
safe and clinically useable gene-delivery routes.

The cochlear aqueduct has recently been described as a natural
shunt of perilymph away from the cochlea, following
perilymphatic injections (Talaei et al, 2019). The cochlear
aqueduct is a natural opening in the bony labyrinth, and
allows communications between the cochlear perilymph and
the cerebrospinal fluid (CSF) (Schuknecht and Seifi, 1963; Salt
etal., 2003). It may serve as a pressure-release valve, draining any
excess perilymph into the cranial cavity. The Cisterna magna
(CM), or posterior cerebellomedullary cistern, collects the CSF
produced in the cerebral ventricles. It is located between the
cerebellum and the dorsal surface of the medulla oblongata, in
proximity to the opening of the cochlear aqueduct. The
membrane of the CM can be perforated for CSF collection
(Xavier et al., 2018; Manouchehrian et al., 2021). CM injection
is a validated technique for CSF-injection of gene transfer vectors
in mice (Liu and Duff, 2008; Xavier et al., 2018; Manouchehrian
et al., 2021).

Binaural AAV Transduction in Mice

In this study to explore the possibility of using CM injection as
anew cochlear local delivery route for binaural viral gene transfer,
we used AAV2/8, AAV2/9, and AAV2/Anc80L65-expressing
eGFP driven by a ubiquitous chicken B-actin (CBA) promoter.
Vectors were delivered into adult mice via the CM. The efficiency
and safety of AAV-mediated gene transfer were evaluated
functionally and morphologically, and compared with those
from PSCC canalostomy injection. Our results demonstrate for
the first time the successful use of CM injection as a novel delivery
route for binaural therapeutic gene transfer.

METHODS

Animals

Male C57BL/6] mice aged 1 month were purchased from Janvier
Laboratories (Le Genest Saint Isle) and housed in facilities
accredited by the French Ministry of Agriculture and Forestry
(C-34-172-36; December 19, 2014). Experiments were carried out
in accordance with French Ethical Committee stipulations
regarding the care and use of animals for experimental
procedures (agreements C75-05-18 and 01476.02, license #6711).

AAV Production

The AAV-CBA-eGFP construct has been described elsewhere
(d’Orange et al., 2018). Recombinant viral particles were
generated by transient co-transfection of HEK 293T cells with
a three-plasmid system (Berger et al., 2015) with either AAVS,
AAVY, or AAVAnc80L65 packaging plasmids. Briefly, 3 days
following transfection, viral particles were extracted from cell
supernatant and cell lysate, concentrated by PEG precipitation,
purified by ultracentrifugation on an jodixaniol step-gradient,
and desalted by tangential ultrafiltration. The resulting AAV
vector batches were stored at 4°C until further use. AAV
concentration was estimated by qPCR using a plasmid of
known concentration for the standard curve (Aurnhammer
et al.,, 2012), and is expressed as vector genome per ml (vg/ml).

Animal Surgery
Mice were anaesthetized with intra-peritoneal injection of
zolazepam (40 mg/kg) and xylazine (5 mg/kg). During surgery,
their body temperature was maintained at 37.5°C using a heated
blanket. After the injection, the animals were closely monitored
daily, and no neurological symptoms were observed in the
following days. All animals were operated by the same surgeon.
PSCC canalostomy injections were performed as previously
described (Guo et al,, 2018; Tao et al., 2018). After ensuring that
the animal exhibited no reflex to painful stimulation, a left post-
auricular incision was made under sterile conditions. Blunt
dissection of the sterno-cleido-mastoid muscle exposed the
posterior part of the temporal bone and made visible the
square angle formed by the lateral and the posterior
semicircular canals. Canalostomy of the posterior canal was
performed with a 26G bevelled needle and the tip of a
polyimitube (microlumen) was inserted toward the crus
commune. A small piece of muscle and tissue adhesive (3 M
Vetbond, St. Paul, MN) sealed the tube to the temporal bone,
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avoiding leakage. The polyimide tube was connected to a
polyethylene tube, and this to a 30G Hamilton syringe.
Injection of 1.5 pL of viral vector (0.5 uL/min) was driven by a
micro-pump (Harvard Apparatus), and left in place for 5 min.
After removing the tube, the canal was carefully closed by a plug
of muscle and tissue adhesive. The skin was closed by 4/0
resorbable sutures. Terramycine (0.04ml) and Carprofene
(0.2 mg/kg) were then administered. The total duration of the
procedure was about 20 min. The titer used for AAV2/8, AAV2/9,
and AAV2/Anc80L65 was 3.16 x 10'* vg/ml, 9.1 x 10"* vg/ml and
3.1 x 10" vg/ml, respectively. The chosen titers were based on our
pilot study to ensure high level of transduction without
compromising hearing functions.

Cisterna magna injection was performed following the same
technique as for central nervous system delivery of gene transfer
vectors (Liu and Duff, 2008; Xavier et al., 2018; Manouchehrian
et al, 2021). Under an operating microscope, an incision was
made on the scalp. Median dissection of the muscles of the neck
exposed the atlanto-occipital membrane covering the Cisterna
Magna. Using a 30G Hamilton syringe, within 30s, 5 pL of viral
vector, or 5uL of physiological saline, was injected into the
Cisterna Magna of AAV-injected or saline-injected mice,
respectively. The syringe was left in place for 5 min, and then
removed. To avoid leakage, the atlanto-occipital membrane was
immediately covered by tissue adhesive. The skin was closed by 4/
0 resorbable sutures. Terramycine (0.04 ml) and Carprofene
(0.2 mg/kg) were then administered. The total duration of the
surgery was about 15 min. For each surgical approach (CM or
PSCC canalostomy), for each AAV-serotype and control-saline
injected group, three to five mice were used.

Functional Hearing Assessment

To assess the effect of AAV transduction on hearing function, we
recorded the auditory brainstem responses (ABRs) and
distortion-product otoacoustic emissions (DPOAEs) before,
and 2weeks after, AAV-injections through both CM and
PSCC routes. In addition, five animals of the PSCC group
were followed up to 3 months after injection, their hearing
function was evaluated once per month by ABR recording
(Supplementary Figure S1). All functional evaluations were
performed under anesthesia, in a Faraday-shielded, anechoic,
sound-proof cage. Body temperature was measured using a

thermistor rectal probe, and maintained at 37.5°C + 1 using a
heated blanket.

Auditory Brainstem Response

ABR recordings were conducted on anaesthetized mice, and
electrodes were placed subcutaneously on the vertex, beneath
the ear, and in the back. Tone bursts of 10 ms duration with a
1 ms rise-and-fall time were delivered at a rate of 3/s at 4, 8, 16,
and 32 kHz. Sound was delivered by a Tucker-Davis loudspeaker
in a calibrated closed-field condition. Amplification of cochlear
potentials (20,000) was achieved via a Grass P511 differential
amplifier, and averaged 1,000 times (Dell Dimensions). Level-
amplitude functions of the ABRs were obtained at each frequency
(4, 8, 16, and 32 kHz) by varying the level of the tone bursts from
0 to 80 dB sound pressure levels (SPL), in 5 dB incremental steps.

Binaural AAV Transduction in Mice

ABR threshold was defined as the lowest sound level at which a
reproducible waveform could be observed.

Distortion-Product Otoacoustic Emissions

DPOAEs were recorded in the external auditory canal using an
ER-10C S/N 2528 probe (Etymotic research Inc. Elk Grove
Village, IL, United States). The two primary tones of
frequency f1 and f2 were generated with a constant f2/f1 ratio
of 1.2, and the distortion product 2f1-f2 processed by a Cubdis
system HID 40133DP (Mimosa Acoustics Inc., Champaign, IL,
United States). The probe was self-calibrated for the two
stimulating tones before each recording. fl and f2 were
presented simultaneously, sweeping f2 from 20 to 2kHz in
quarter-octave steps. For each f2 frequency, the distortion
product 2f1-f2 and the neighbouring noise amplitude levels
were measured and expressed as a function of f2.

Immunochemistry

Following the last functional hearing assessments 2 weeks after
surgery, the mice were sacrificed and their cochleae quickly
removed and fixed for 45min in 4% paraformaldehyde.
Immunocytochemistry was performed in cochlear whole-
mount preparations. The samples were immunostained with
anti-Vglut3 (1/500, Synapic Systems, #135204, RRID: AB_
2619825) to label the inner hair cells, and neurofilament (NF
200, 1/500, Sigma Aldrich, AB_477257) to identify the spiral
ganglion neurones. Rhodamine-conjugated phalloidin (1:1,000,
Thermos Fisher, AB_2572408) was used to label actin. All
secondary antibodies were used at a dilution of 1:1,000. These
included donkey anti-mouse, anti-rabbit, and anti-guinea pig IgG
conjugated to Alexa 488, Alexa 568, or Alexa 664 (Molecular
Probes, RRID: AB_141607, RRID: AB_2535792, RRID: AB_
2735091). DNA was stained using Hoechst 33,342 (0.002% wt:
vol, Sigma). Fluorescent tags were visualized using a confocal
microscope (Zeiss 880 Airysc). Direct fluorescence was used to
asses for GFP expression, ie. we did not use any anti-GFP
antibodies in our experiments. For IHC cell quantification,
control ears were the right - uninjected - ears of the PSCC
canalostomy group. No eGFP fluorescence was observed in
these cochleae. Images were processed using Image] (Wayne
Rasband).

Statistics

Data are expressed as the mean + SEM. Significant differences
between groups were assessed with one-way ANOVA; once the
significance of the group differences (p < 0.05) was established,
Dunn’s tests were used for post-hoc comparisons between pairs of
groups. p values are indicated in the legends of each figure.

RESULTS

A Single CM Injection of Fast Green Led to
Green Coloration of Both Cochleae

To ensure the injected solution via the CM route could enter into
both left and right cochleae, we firstly compared the coloration of
both cochleae following a single CM injection of fast green dye
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FIGURE 1 | CM injection and cochlear targeting efficiencies. (A,B): Schematics of the surgical approaches for Cisterna Magna (CM) and posterior semicircular
canal (PSCC) canalostomy injection (A) and diffusion of viral vectors from the CM to the cochlea through the cochlear aqueduct (red arrows) and from the PSCC to the
cochlea (green arrows) (B). The grey and white colors in (A) indicate the endolymphatic and perilymphatic spaces in the inner ear, respectively. (C,D): Stereomicroscope
images of the dissected brain and cochleae following CM injection (C) and left PSCC injection (D) of green dye. Note the coloration of both cochleae and medulla
oblongata (MO in C) after CM injection. Note the coloration of the injected cochlea and the vestibule after PSCC injection. (E): Schematic representation of the AAV
(Continued)
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p < 0.0001, the highest concentration vs. the lowest concentration.

(5 uL of 5% fast green dye in 1X PBS, Figures 1A,B). Our results
showed a strong green coloration of the medulla oblongata and
the mid- and basal parts of both cochleae (Figure 1C), without
green staining of the extreme apical part of the cochleae or the
vestibules (Figure 1C). The baso-apical gradient of coloration
following CM injection confirmed that the diffusion of the dye in
the cochlea was mostly via the cochlear aqueduct (Figure 1B).
PSCC canalostomy injection (1.5 pL, Figures 1A,B) led to a green
coloration only of the cochlea and vestibule of the injected ear, but
not of the brain or the contralateral ear (Figure 1D). These results
clearly demonstrated the feasibility of two-ear incubation via a
single CM injection.

CM Delivery of AAV Allowed Similar Binaural
Titer-Dependent IHC Transduction

To assess the cochlear cell-targeting properties, and to define the
most efficient viral titer for cochlear gene transfer via CM
injection, we injected the AAV2/Anc80L65-CBA-eGFP at three
different titers: 3.1 x 10"’ vg/ml, 1.1 x 10" vg/ml, and 3.1 x
10" vg/ml (respectively 1.6 x 10'", 5.5 x 10'%, and 1.6 x 10"°
genome copies) (Figures 1E-G). We found a viral
titer-dependent THC transduction. The percentage of eGFP-
positive THCs was notably lower with the titer of 1.1 x 10"
vg/ml (cochlear base: 24.7 + 12.9%, middle: 5.7 + 3.7%, apex: 0.0 =
0.0%) and was null for the lower titer (3.1 x 10'*vg/ml). By
contrast, in the basal cochlear region, almost all IHCs were eGFP
positive with the higher titer of 3.1 x 10" vg/ml (87.4 + 3.6%,
Figure 1G). Therefore, we chose this concentration for the
remaining experiments. The efficiency of the IHC transduction
displayed a base-to-apex gradient (3.1 x 10" vg/ml: base: 87.4 +
3.6, middle: 51.2 + 15.7%, apex: 0.0 + 0.0%, Figures 1F,G). More
importantly, one CM injection led to a similar transduction of
IHCs in both cochleae: 49.0% + 6.5 and 42.8% + 9.0 of eGFP
positive IHCs along the entire length of the cochlea for the right
and left cochleae, respectively (Figures 1F,H).

In addition to IHC transduction, CM injection of AAV2/
Anc80L65-CBA-eGFP also efficiently transduced spiral ganglion
neurones (SGNs), some auditory nerve-fibre terminals, and
fibrocytes in the spiral limbus (Figure 1F).

Vector- and Route-Dependent Inner
Hair-Cell Transduction

Determining the cochlear cell targeted by different AAV
serotypes can identify therapeutically relevant AAV capsids for
gene delivery to treat hearing disorders via CM injection. Here,

FIGURE 1 | recombinant genome for AAV2/8, AAV2/9, and AAV2/Anc80L65-CBA-eGFP. CBA: chicken B-actin promoter; eGFP: enhanced Green Fluorescent Protein;
BGH-pA: Bovine growth hormone polyadenylation signal. ITR: Inverted terminal repeat. (F): Representative confocal images showing eGFP positive cells in flat-mounted
preparations of the apical portion of the left and right cochleae 15 days after CM injection with AAV2/Anc80L65. eGFP positive cells are in green, NF200 immunolabelled
auditory nerve fibres (nf, top and bottom images) and spiral ganglion neurons (SG, top and bottom images), Vglut three labelled inner hair cells (bottom image) and
Phalloidin-labelled inner and outer hair cells (IHCs and OHCs respectively, top image) are in red. DAPI-labelled nuclei are in blue. Fy: fibrocytes. Scale bar: 50 um. (G):
Transduction efficiency (€GFP positive IHCs) as a function of concentration, at the apical, mid-, and basal regions of the cochlea, 2 weeks after CM injection with AAV2/
Anc80L65 (n = 3 animals, six cochleae, for each concentration). (H): Average eGFP positive IHCs along the length of the cochlea from the left and right ears following a
single CM injection with AAV2/Anc80L65 (n = 3 cochleae in each group). Data are expressed as mean + SEM. One-way ANOVA test was followed by Dunn’s test:

we assessed the distribution of AAV vector-mediated eGFP
expression throughout the cochlea following CM (Figures
2A,C,E) or PSCC injection (Figures 2B,D,F) of three AAV
serotypes (AAV2/8, AAV2/9, and AAV2/Anc80L65), all driven
by the ubiquitous CBA promoter. We found that the IHCs
showed clear evidence of eGFP expression from all of the
AAV serotypes, and via both routes of injection (Figures
2A-F). We did not find evidence of transduction of the outer
hair cells (OHCs) for any serotype or either delivery route
(Figures 2A-F).

Quantitative analysis of IHC transduction revealed that the
more efficient serotypes following CM injection (Figure 2G)
were the AAV2/Anc80L65 (cochlear base: 87.4 + 3.6%,
middle: 51.2 + 15.7%, apex: 0.0 + 0.0%) and AAV2/8 (base:
78.5 +4.7%, middle: 18.2 + 18.2%, apex: 16.0 + 2.0%). AAV2/9
was less efficient (base 41.0 + 13.6%, middle 15.8 + 15.8%,
apex 4.0 = 3.1%). This result clearly demonstrated that when
injected into the CM, all three AAVs efficiently transduced
cochlear IHCs with a baso-apical gradient in vivo in adult
mice. In the case of the PSCC canalostomy injection, a
significantly higher level of the transduction of the IHCs
was obtained using AAV2/8 (base: 80.4 + 7.1%, middle:
73.3 + 3.2%, apex 81.0 + 4.1%, p < 0.05, AAV2/8 vs. using
AAV2/Anc80L65 or vs. AAV2/9), and there was no baso-
apical gradient for any of the three AAV vectors (Figure 2H).
The eGFP expression was only observed in the injected ears
but not the uninjected contralateral ears in PSCC injection
group. These results are consistent with previous reports
(Kawamoto et al., 2001; Tao et al., 2018).

Altogether, these results indicate that one single CM injection
of AAV leads to binaural IHC transduction, while one
canalostomy injection results in single-ear IHC transduction.

CM Delivery of AAV Allowed the
Transduction of the Binaural
Spiral-Ganglion Neurones and of the Nerve

Fibre Terminals

In the cochlea, each THC is contacted by multiple type-1 SGN
axons, each of which follows a radial trajectory terminating at the
IHCs and can be specifically labelled by anti-NF200 antibody.
OHC:s are innervated by type-2 SGNs, whose axons pass the IHC
row and take a spiral trajectory, contacting multiple OHCs in the
same row. Interestingly, following CM injection, some type-1 and
type-2 auditory nerve fibers in the apical and basal cochlear
regions were transduced by AAV2/Anc80L65 (Figures
3A-D,G,H). CM delivery of AAV2/Anc80L65 also transduced
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FIGURE 2 | Effects of AAV serotypes on cochlear IHC transduction efficiencies. (A-F): Representative confocal images showing eGFP-positive IHCs in flat-
mounted preparations of the organ of Corti of the apical (A,B), middle (C, D) and basal (E,F) regions of the cochleae 15 days after CM (A,C,E) or canalostomy (B,D,F)
injection with AAV2/8, AAV2/9, or AAV2/Anc80L65. eGFP positive cells are in green, NF200 immunolabelled auditory nerve fibers (nf), Phalloidin-labelled IHCs and OHCs
and Vglut3 immunolabelled IHCs are in red. Scale bar: 15 um. (G,H): Transduction efficiency (eGFP positive IHCs) of the AAV2/8, AAV2/9, and AAV2/Anc80L65 at

the apical, mid-, and basal regions of the cochlea, 2 weeks after CM (G) or canalostomy (H) injection (n = 3 to six cochleae for each group). Data are expressed as mean +
SEM. One-way ANOVA test was followed by Dunn’s test: *p < 0.05, AAV2/8 vs. AAV2/9 or AAV2/Anc80L65.
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FIGURE 3 | Effects of CM injection of AAV on cochlear neural structure transduction efficiencies. (A): schematization of the CM injection technique. (B,K):
Representative mosaic confocal images showing eGFP-positive cochlear structures in whole-mount preparations of cochleae 15 days after CM injection with AAV2/
Anc80L65 (B) and AAV2/8 (K). Scale bar: 400 um. (C,D,G,H,L,N): Representative magnification of organs of Corti from the apical (C,D,L) and basal regions (G,H,N)
and the spiral ganglions from the apical (E,F,M) and basal regions (l,J,0) of the cochleae 15 days after CM injection of AAV2/Anc80L65 (C-J) and AAV2/8 (L-0O).
(C,E,G,l): eGFP (green)-positive auditory-nerve fibre terminals (nf, C,G), inner hair cells (IHCs, G), and spiral ganglion neurons (SGNs, E, I). (D,F,H,J, L-0): Merged
images. NF200 immunolabelled auditory-nerve fibers and somata of the SGNs are in red. Vglut3 immunolabelled IHCs are in blue. Fy: fibrocytes. Scale bars: 20 um.

the SGNs in the apical and basal regions but more importantly in
the basal region (Figures 3E,F,I-]J). CM injection of AAV2/8
transduced the auditory nerve fibre terminals with less efficiency
(Figures 3K-L,N). By contrast, a large number of the SGNs were
efficiently transduced with AAV2/8 through CM injection in the
apical and basal regions (Figures 3M,0). However, no obvious
transduction of the SGNs was observed with AAV2/9 (Data not
shown).

CM Injection did not Affect Hearing or
Cochlear Cell Survival

To investigate the potential impact on hearing function of AAV
delivery via CM injection, we recorded the auditory brainstem
responses (ABR), which reflect the synchronous activation of
auditory neurones from the cochlea up to the colliculi in response
to sound before and 2 weeks after injection. In addition, the
distortion-product otoacoustic emissions (DPOAE), reflecting
the function of OHCs, were measured at the same times. Our
results showed that AAV or control saline injection via CM did
not affect ABR thresholds or DPOAE amplitude (Figures 3A,B).
Similar results were obtained with canalostomy injection
(Figures 3C,D). In addition, we did not find any ABR
threshold degradation 2 and 3 months after canalostomy

injection (Supplementary Figure S1A), which argues in favor
of the absence of long-term adverse effects following viral
transduction.

Consistent with these functional results, surface
preparations of uninjected and injected cochleae revealed
that losses of OHCs were rarely observed in any conditions.
A very slight increase of IHC loss was observed in all injected
cochleae. Counting of THC loss was performed on surface
preparations of the organ of Corti (Figure 4E) in which the
IHCs were immuno-labelled with anti-Vglut3, and the OHC
and THC from the apical, mid and basal regions were stained
with rhodamine-phalloidin conjugate (Supplementary Figure
S1B). Our results revealed a negligible and non-significant
increase in IHC loss both in CM injected (Basal: 1.4 + 0.3 THC
loss/400 pm) and in PSCC canalostomy injected (Basal: 0.9 +
0.3 THC loss/400 pm) cochleae compared with control, non-
injected cochleae (Basal: 0.4 + 0.7, Figure 4F).

CM Injection did not Alter Neurological or
Vestibular Functions

To avoid the most common reported complication of CM
injection in mice (Liu and Duff, 2008), caused by direct
damage to the medulla oblongata, we inserted only 1.5 mm of

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 783504


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Blanc et al.

Binaural AAV Transduction in Mice

CM injection
A 80 J
-o- Before injection
o 2w after AAV
& ] 2w after saline
& 60
m
K=
e
© 404
e
1]
o
=
o 201
m
<
0.
4 8 16 32
Frequency (kHz)
(o3 50 PSCC canalostomy injection
-0- Before injection
-0 2w after AAV
- Contralateral non injected ears
o 601
7}
m
s
e
2 401
<
(%]
Q
s
o 20
m
<
0.
4 8 16 32
Frequency (kHz)
E

N

o

o
|

IHC loss/400 ym T

FIGURE 4 | CM and PSCC injection did not alter hearing or cochlear cell morphology. (A-D): Auditory brainstem response (ABR) (A,C) and distortion-product
otoacoustic emission (DPOAE) amplitudes (B,D) recorded before (blue plots) and 2 weeks after AAV injection (red plots), or saline injection (grey plot) via Cisterna Magna
(CM, A,B) or PSCC canalostomy (C,D) routes. In the PSCC group, contralateral non-injected ears served as the control (n = 5-9 cochleae per group). (E): Representative
image showing a whole-mount cochlea 15 days after PSCC injection of AAV2/8. The white lines indicate the apical, mid-, and basal regions in which the counting of

the IHC losses were performed. (F): The number of missing cells in the apical, mid-, and basal regions of the cochleae 15 days after CM or PSCC injections or the
contralateral non-injected cochleae. Data are expressed as mean + SEM. One-way ANOVA test.
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the tip of the needle into the CM. The injected mice were carefully
monitored for 2 weeks following surgery. Consistent with a
previous report of the central nervous system (Xavier et al,
2018), our results showed that CM injection did not cause any
neurological disorders (e.g., disturbance of consciousness,
inability to walk, weight loss, wound infection ... ) during the
2-week post-operative period.

In addition, we did not observe any specific signs of alterations
in vestibular function, such as circling behavior, head tilting, or
side-preferences for all injected mice in both CM and PSCC
canalostomy groups. In addition, the general behavior of the
animals such as their walking and body height was not affected by
the surgery, except moderate pain for 2 days. Altogether, both the
CM and canalostomy routes seem to be well tolerated by animals.
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This observation was important in our mind for the future users
of CM route for delivering drugs or genes into the inner ear.

DISCUSSION

CM Injection and Cochlear Targeting
Efficiencies

Due to the anatomical location of the delicate sensory cells
surrounded by the dense bony labyrinth, cochlear gene
transfer is technically challenging. Intra-cochlear or intra-
vestibular injections have been demonstrated as efficient
methods of cochlear gene delivery (Askew et al, 2015; Tao
et al, 2018). However, there are several shortcomings,
including disturbance of the middle ear (Zhu et al, 2016), of
cochlear function (Chien et al.,, 2015; Zhu et al,, 2016), and
excessive pressure (Salt and DeMott, 1998; Yoshimura et al,
2018), or lack of specificity of the targeted cells (Lee et al., 2020;
Wu et al.,, 2021). In this study, we investigated the diffusion of the
three most efficient and commonly used AAV vectors for
cochlear gene transfer (AAV2/8, AAV2/9, and AAV2/
Anc80L65) following CM or PSCC delivery. The CSF in the
CM communicates with the perilymph of the inner ear via the
cochlear aqueduct in mammals (Salt and Hirose, 2018).
Physiologically, a small volume of CSF (30 nL/min) enters the
basal portion of the cochlea in guinea pigs (Salt et al., 2015). A
recent study of dye tracking following round-window membrane
injection and PSCC canalostomy injection in mice showed that
the cochlear aqueduct dictates dye diffusion in the inner ear, by
ensuring a pressure shunt to the cranial cavity (Talaei et al., 2019).
In our study, we demonstrated the proof of concept that this
shunt can be used in reverse (i.e. from the cranial cavity to the
cochlea) to transduce the cochlear sensory IHC and SGN.
Consistent with previous studies (Kawamoto et al, 2001;
Suzuki et al., 2017; Guo et al, 2018; Tao et al., 2018), we
showed that PSCC canalostomy injection resulted in efficient
transduction of IHCs without a baso-apical gradient, and to a
lesser extent, of some SGNs in the injected ear. Interestingly, a
single CM injection of all three AAVs resulted in a bilateral
transduction of IHCs, with a base-to-apex gradient. This gradient
of transduction is consistent with a diffusion of viral vectors from
the cochlear aqueduct to the apex via the scala tympani. The baso-
apical gradient was also found by Chien et al. (2015) after round-
window membrane injection of AAV2/8, and probably resulted
from the direction of the injection of AAV into the base of the
cochlea. In our study, CM injection led to a significant gradient of
transduction from basal to apical IHC. This pattern could be
highly relevant for treating high-frequency hearing disorders
involving dysfunction of basal hair cells, such as DFNA2
(Kharkovets et al., 2006; Carignano et al., 2019), DFNA3
(Smith and Ranum, 1993), DFNA5 (Laer et al., 1998), DFNA9
(Robertson et al., 1998), and DFNA17 (Lalwani et al., 2000).
In addition to IHC transduction, CM injection targeted a large
number of spiral ganglion neurons and auditory nerve fibers
along the cochlea, with both AAV2/Anc80L65 and AAV2/8. The
efficient transduction of SGN by CM injection could, in part, be
driven by diffusion along the cochlear nerve in the modiolus,

Binaural AAV Transduction in Mice

independent of diffusion along the scala tympani. Anatomically,
from its emergence from the brainstem to the most distal part of
the modiolus, the cochlear nerve is surrounded by CSF (Salt and
Hirose, 2018), and is thus in direct contact with viral vectors
injected into the CM. Future dye-tracking studies would be
interesting, to investigate how, and in which proportion, the
modiolus facilitates the passage of viral vectors to the SGN in CM
injection.

Consistent with other studies (Shu et al., 2016; Landegger et al.,
2017; Tao et al., 2018), we did not observe transduction of OHC
in adult mice with the three AAV capsids that we tested, via either
CM and PSCC canalostomy injection. Suzuki et al. (Suzuki et al.,
2017) showed that AAV2/Anc80L65 induced a strong
transduction of OHC in adult cochleae after PSCC
canalostomy injection, whereas we did not find transduction
of OHCs with this serotype. One of the explanations of this
contradicting finding could be the different promotors used in
their study and ours. Although both vectors were derived from
the AAV2 genome and contain a Woodchuck Hepatitis Virus
Regulatory Element (WPRE) to boost transgene expression,
Suzuki et al. (Suzuki et al., 2017) used a CMV promoter,
whereas our construct contained a CBA promoter.

Effects of AAV Serotypes on Cochlear

Cell-Transduction Efficiencies

In this study, to probe the possibility of using CM injection as a
new cochlear local route for binaural transduction we tested
AAV2/8, AAV2/9, and AAV2/Anc80L65. The transduction
profile of the first two is already well defined in the cochlea
(Isgrig et al., 2017; Landegger et al., 2017; Tao et al., 2018). The
last one, a synthetic serotype (Zinn et al., 2015), displays better
transduction properties in several neuro-sensory tissues and the
central nervous system than any previously identified AAV
(Wang et al.,, 2017; Carvalho et al.,, 2018; Hudry et al., 2018).
In line with these previous studies, our results attest that AAV2/
Anc80L65 is the most efficient vector for IHC transduction via
CM injection. In addition, among the three tested capsids,
Anc80L65 induced strong transduction in the SGNs and the
nerve fibre terminals following CM injection.

Binaural Cochlear Gene Delivery Without
Imperilling Hearing, Vestibular, or

Neurological Functions
Distanced gene delivery into the cochlea through the utricle or
PSCC canalostomy injection (Kawamoto et al., 2001; Lee et al,,
2020) seems to be a promising option for cochlear gene transfer to
avoid injection-related trauma by removing the injection site
from the cochlea. In addition, these more distant delivery routes
may still drive a high-efficiency transduction of the cochlear and
vestibular sensory hair cells (Suzuki et al., 2017; Gyorgy et al.,
2019), their supporting cells (Wang et al., 2014; Isgrig et al., 2019),
and SGN (Suzuki et al., 2017).

Here, following CM and PSCC injection, we did not observe
any neurological disorders (e.g., disturbance of consciousness,
inability to walk, weight loss, wound infection ... ) or vestibular
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disorders (circling behavior, head tilting, or side-preferences). In
addition, the hearing function assessments showed that AAV
injection via both routes did not affected ABR thresholds or
DPOAE amplitudes. These functional results were then
confirmed by hair-cell counts. Our results reveal the potential
for using CM injection as a safe local route for binaural AAV-
mediated gene therapy applications in mice. Compared with all
existing local routes, the advantages of the CM injection route are:
1) no opening of inner-ear liquid compartments is needed, thus
preventing inner-ear anatomical and functional disorders; 2) it
results in binaural gene transduction with a single injection. Our
results demonstrated that AAV vectors injected into the CSF
cross the cochlear aqueduct to reach the cochleae of both ears.
This delivery route may also be of interest for delivering other
therapeutic materials such as non-viral particles, drugs, and/or
ototoxic molecules into the two ears.

Potential Future Human Application and
Challenges

In humans, the CM is an established route used for CSF collection
and drug injection into the central nervous system (CNS) (Avyer,
1920; Lutters and Koehler, 2020). Recently, it has been proposed
as an efficient route for CNS gene therapy in non-human
primates (Hinderer et al,, 2014). More importantly, a recent
pioneering study in two Tay-Sachs patients showed the safety
and feasibility of AAV9 gene transfer to the CNS through CM
infusion (Taghian et al., 2020). In this study, the AAV vector was
successfully delivered to the CM through adaptation of an
intravascular microcatheter without any complications.

For translational cochlear gene transfer following viral vector
infusion into the CM, the issue of opening of the cochlear
aqueduct must be raised. The role of the cochlear aqueduct is
unclear, but it may serve as a pressure regulator of the inner ear
(Carlborg et al., 1982). Indeed, while the cochlear aqueduct is
constantly open in small mammals (e.g., guinea pig (Salt et al,
2012) and mouse (Talaei et al., 2019)), it seems only to be open in
34% of patients. Instead, it is partially filled with connective tissue
in 59%, and totally obstructed in 7%, as attested by a post-mortem
study of 101 temporal bones (Gopen et al., 1997). High-resolution
Magnetic Resonance Imaging (MRI) is a precise tool to explore
diffusion of Gadolinium in the inner ear fluid compartments.
Nakashima et al. (Nakashima et al., 2012) showed that
Gadolinium injected into the inner ear moves into the CSF via
the internal auditory meatus. However, pathological situations
inform us of the possibility of passage for viral and bacterial
pathogens, and even erythrocytes, between the inner ear and CSF
(Holden and Schuknecht, 1968; Marsot-Dupuch et al., 2001).
Such passage is much more common in infants, possibly because
of the shorter length of the cochlear aqueduct (Palva, 1970). More
precise data based on MR, taking into account the size of AAV
particles, could be relevant in the future. Moreover, strategies to
improve viral passage through a cochlear aqueduct filled with
connective tissue, such as by transiently loosening the
extracellular matrix (Dalkara et al,, 2009), could be explored,
with careful monitoring of potential neurotoxicity.

Binaural AAV Transduction in Mice

Local injections, and much more distant-site injections,
expose patients to the risk of off-target side effects.
Communications between the cochlear perilymph and the
systemic circulation include: the cochlear aqueduct, the
cochlear vascularization, the bone marrow surrounding the
bony labyrinth, the round and oval windows, and the modiolus
(for review see Salt and Hirose (Salt and Hirose, 2018)). Since
we chose to focus on inner-ear genetic transduction, we did not
look for eGFP expression in the brain. However, a similar
study using CM injection of AAV9 described strong
transduction of meninges, cerebellum, cerebral cortex, and
medulla oblongata in non-human primates (Hinderer et al,,
2014). Infusion into the CSF conventionally led to
transduction in the brain in mice and rats (Chatterjee et al,,
2021; DeRosa et al., 2021; Francis et al., 2021). To transfer
these surgical approaches of the inner ear into clinical practice,
progress will have to be made to set up molecular strategies to
avoid off-target side effects. Ubiquitous promoters, such as
CBA, PGK, or CMV open the risk of the unwanted
transduction of structures surrounding the cochlea, in
particular those in the central nervous system. Defining a
cochlear-specific AAV serotype or promoter could limit the
effect of a transgene specifically to the targeted cochlear cells.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the French
Ethical Committee stipulations regarding the care and use of
animals for experimental procedures (agreements C75-05-18 and
01476.02, license #6711).

AUTHOR CONTRIBUTIONS

JW and FB designed the experiments. FB performed all AAV
injections in mice as well as vestibular, neurological, and hearing
function monitoring. CA and FB realised morphological
assessments. A-PB and CJ produced all AAV vectors. JW, FB,
and A-PB wrote the manuscript. JW, FB, J-LP, MM, and CA
reviewed the manuscript. All authors read and approved the final
manuscript.

FUNDING

This work was supported by the French ministry of Health, the
Labex EpiGenMed, an « Investissements d’avenir » program
(ANR-10-LABX-12-01), the Fondation de I'Avenir (Et2-675)
and the Fondation Gueules Cassées (77-2017).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 783504


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Blanc et al.

ACKNOWLEDGMENTS

Confocal microscope acquisitions were performed at the
Montpellier RIO Imaging-INM core facility. English-language
services were provided by stels-ol. de.

REFERENCES

Akil, O., Dyka, F., Calvet, C., Emptoz, A., Lahlou, G., Nouaille, S., et al. (2019). Dual
AAV-Mediated Gene Therapy Restores Hearing in a DFNB9 Mouse Model.
Proc. Natl. Acad. Sci. USA 116, 4496-4501. doi:10.1073/pnas.1817537116

Angeli, S., Lin, X, and Liu, X. Z. (2012). Genetics of Hearing and Deafness. Anat.
Rec. 295, 1812-1829. doi:10.1002/ar.22579

Askew, C., Rochat, C., Pan, B., Asai, Y., Ahmed, H., Child, E,, et al. (2015). Tmc
Gene Therapy Restores Auditory Function in Deaf Mice. Sci. Transl. Med. 7,
295ral08. doi:10.1126/scitranslmed.aab1996

Aurnhammer, C., Haase, M., Muether, N., Hausl, M., Rauschhuber, C., Huber, I,
et al. (2012). Universal Real-Time PCR for the Detection and Quantification of
Adeno-Associated Virus Serotype 2-Derived Inverted Terminal Repeat
Sequences. Hum. Gene Ther. Methods 23, 18-28. doi:10.1089/hgtb.2011.034

Ayer, J. B. (1920). Puncture of the Cisterna magna. Arch. Neurpsych 4, 529-541.
doi:10.1001/archneurpsyc.1920.02180230052005

Berger, A., Lorain, S., Joséphine, C., Desrosiers, M., Peccate, C., Voit, T., et al.
(2015). Repair of Rhodopsin mRNA by Spliceosome-Mediated RNA Trans
-Splicing: A New Approach for Autosomal Dominant Retinitis Pigmentosa.
Mol. Ther. 23, 918-930. doi:10.1038/mt.2015.11

Blang, F., Mondain, M., Bemelmans, A.-P., Affortit, C., Puel, J.-L., and Wang, J.
(2020). rAAV-Mediated Cochlear Gene Therapy: Prospects and Challenges for
Clinical Application. Jem 9, 589. doi:10.3390/jcm9020589

Carignano, C., Barila, E. P, Rias, E. L, Dionisio, L., Aztiria, E., and Spitzmaul, G.
(2019). Inner Hair Cell and Neuron Degeneration Contribute to Hearing Loss
in a DFNA2-like Mouse Model. Neuroscience 410, 202-216. doi:10.1016/
j.neuroscience.2019.05.012

Carlborg, B., Densert, B., and Densert, O. (1982). Functional Patency of the
Cochlear Aqueduct. Ann. Otol. Rhinol. Laryngol. 91, 209-215. doi:10.1177/
000348948209100219

Carvalho, L. S., Xiao, R., Wassmer, S. J., Langsdorf, A., Zinn, E., Pacouret, S., et al.
(2018). Synthetic Adeno-Associated Viral Vector Efficiently Targets Mouse and
Nonhuman Primate Retina In Vivo. Hum. Gene Ther. 29, 771-784. d0i:10.1089/
hum.2017.154

Chatterjee, D., Marmion, D. J., McBride, J. L., Manfredsson, F. P., Butler, D.,
Messer, A., et al. (2021). Enhanced CNS Transduction from AAV.PHP.eB
Infusion into the Cisterna magna of Older Adult Rats Compared to AAV9.
Gene Ther.. doi:10.1038/s41434-021-00244-y

Chien, W. W., McDougald, D. S., Roy, S., Fitzgerald, T. S., and Cunningham, L. L.
(2015). Cochlear Gene Transfer Mediated by Adeno-Associated Virus:
Comparison of Two Surgical Approaches. The Laryngoscope 125,
2557-2564. doi:10.1002/lary.25317

Dalkara, D., Kolstad, K. D., Caporale, N., Visel, M., Klimczak, R. R., Schaffer, D. V.,
et al. (2009). Inner Limiting Membrane Barriers to AAV-Mediated Retinal
Transduction from the Vitreous. Mol Ther. 17, 2096-2102. doi:10.1038/
mt.2009.181

DeRosa, S., Salani, M., Smith, S., Sangster, M., Miller-Browne, V., Wassmer, S.,
et al. (2021). MCOLNI Gene Therapy Corrects Neurologic Dysfunction in the
Mouse Model of Mucolipidosis IV. Hum. Mol. Genet. 30, 908-922. doi:10.1093/
hmg/ddab093

d’Orange, M., Aurégan, G., Cheramy, D. Gaudin-Guérif, M., Lieger, S,
Guillermier, M., et al. (2018). Potentiating Tangle Formation Reduces Acute
Toxicity of Soluble Tau Species in the Rat. Brain 141, 535-549. doi:10.1093/
brain/awx342

Francis, J. S., Markov, V., Wojtas, L. D., Gray, S., McCown, T., Samulski, R. J., et al.
(2021). Preclinical Biodistribution, Tropism, and Efficacy of Oligotropic AAV/
Olig001 in a Mouse Model of Congenital white Matter Disease. Mol. Ther. -
Methods Clin. Dev. 20, 520-534. doi:10.1016/j.0mtm.2021.01.009

Binaural AAV Transduction in Mice

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.783504/
full#supplementary-material

Gopen, Q., Rosowski, J. J., and Merchant, S. N. (1997). Anatomy of the normal
Human Cochlear Aqueduct with Functional Implications. Hearing Res. 107,
9-22. doi:10.1016/s0378-5955(97)00017-8

Guo, J.-Y.,, He, L, Qu, T.-F,, Liu, Y.-Y,, Liu, K, Wang, G.-P., et al. (2018).
Canalostomy as a Surgical Approach to Local Drug Delivery into the Inner
Ears of Adult and Neonatal Mice. JoVE e57351. doi:10.3791/57351

Gyorgy, B., Meijer, E. J., Ivanchenko, M. V., Tenneson, K., Emond, F., Hanlon, K.
S., et al. (2019). Gene Transfer with AAV9-PHP.B Rescues Hearing in a Mouse
Model of Usher Syndrome 3A and Transduces Hair Cells in a Non-human
Primate. Mol. Ther. - Methods Clin. Dev. 13, 1-13. doi:10.1016/
j.omtm.2018.11.003

Hinderer, C., Bell, P., Vite, C. H., Louboutin, J.-P., Grant, R., Bote, E., et al. (2014).
Widespread Gene Transfer in the central Nervous System of Cynomolgus
Macaques Following Delivery of AAV9 into the Cisterna magna. Mol. Ther. -
Methods Clin. Dev. 1, 14051. doi:10.1038/mtm.2014.51

Holden, H. B., and Schuknecht, H. F. (1968). Distribution Pattern of Blood in the
Inner Ear Following Spontaneous Subarachnoid Haemorrhage. J. Laryngol.
Otol. 82, 321-329. do0i:10.1017/s0022215100068833

Hudry, E., Andres-Mateos, E., Lerner, E. P, Volak, A., Cohen, O., Hyman, B. T,,
et al. (2018). Efficient Gene Transfer to the Central Nervous System by Single-
Stranded Anc80L65. Mol. Ther. - Methods Clin. Dev. 10, 197-209. doi:10.1016/
j-omtm.2018.07.006

Illg, A., Haack, M., Lesinski-Schiedat, A., Biichner, A., and Lenarz, T. (2017). Long-
Term Outcomes, Education, and Occupational Level in Cochlear Implant
Recipients Who Were Implanted in Childhood. Ear Hear 38, 577-587.
doi:10.1097/AUD.0000000000000423

Isgrig, K., McDougald, D. S., Zhu, J., Wang, H. J., Bennett, J., and Chien, W. W.
(2019). AAV2.7m8 Is a Powerful Viral Vector for Inner Ear Gene Therapy. Nat.
Commun. 10, 427. doi:10.1038/s41467-018-08243-1

Isgrig, K., Shteamer, ]. W., Belyantseva, I. A., Drummond, M. C,, Fitzgerald, T. S.,
Vijayakumar, S., et al. (2017). Gene Therapy Restores Balance and Auditory
Functions in a Mouse Model of Usher Syndrome. Mol. Ther. 25, 780-791.
doi:10.1016/j.ymthe.2017.01.007

Jiam, N. T., Caldwell, M. T., and Limb, C.J. (2017). What Does Music Sound like
for a Cochlear Implant User? Otol. Neurotol. 38, e240-e247. doi:10.1097/
MAO.0000000000001448

Kawamoto, K., Oh, S.-H., Kanzaki, S., Brown, N., and Raphael, Y. (2001). The
Functional and Structural Outcome of Inner Ear Gene Transfer via the
Vestibular and Cochlear Fluids in Mice. Mol. Ther. 4, 575-585. doi:10.1006/
mthe.2001.0490

Kharkovets, T., Dedek, K., Maier, H., Schweizer, M., Khimich, D., Nouvian, R., et al.
(2006). Mice with Altered KCNQ4 K+ Channels Implicate Sensory Outer Hair
Cells in Human Progressive Deafness. EMBO J. 25, 642-652. doi:10.1038/
sj.emboj.7600951

Kronenberger, W. G., Beer, J., Castellanos, L, Pisoni, D. B., and Miyamoto, R. T.
(2014). Neurocognitive Risk in Children with Cochlear Implants. JAMA
Otolaryngol. Head Neck Surg. 140, 608. doi:10.1001/jamaoto.2014.757

Laer, L. V., Huizing, E. H., Verstreken, M., Zuijlen, D. v., Wauters, J. G., Bossuyt, P.
J., et al. (1998). Nonsyndromic Hearing Impairment Is Associated with a
Mutation in DFNAS5. Nat. Genet. 20, 194-197. doi:10.1038/2503

Lalwani, A. K., Goldstein, J. A., Kelley, M. ., Luxford, W., Castelein, C. M., and
Mhatre, A. N. (2000). Human Nonsyndromic Hereditary Deafness DENA17 Is
Due to a Mutation in Nonmuscle Myosin MYH9. Am. J. Hum. Genet. 67,
1121-1128. doi:10.1016/S0002-9297(07)62942-5

Landegger, L. D., Pan, B., Askew, C., Wassmer, S. J., Gluck, S. D., Galvin, A,, et al.
(2017). A Synthetic AAV Vector Enables Safe and Efficient Gene Transfer to the
Mammalian Inner Ear. Nat. Biotechnol. 35, 280-284. doi:10.1038/nbt.3781

Lee, J., Nist-Lund, C., Solanes, P., Goldberg, H., Wu, J., Pan, B., et al. (2020).
Efficient Viral Transduction in Mouse Inner Ear Hair Cells with Utricle

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 783504


https://www.frontiersin.org/articles/10.3389/fcell.2021.783504/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.783504/full#supplementary-material
https://doi.org/10.1073/pnas.1817537116
https://doi.org/10.1002/ar.22579
https://doi.org/10.1126/scitranslmed.aab1996
https://doi.org/10.1089/hgtb.2011.034
https://doi.org/10.1001/archneurpsyc.1920.02180230052005
https://doi.org/10.1038/mt.2015.11
https://doi.org/10.3390/jcm9020589
https://doi.org/10.1016/j.neuroscience.2019.05.012
https://doi.org/10.1016/j.neuroscience.2019.05.012
https://doi.org/10.1177/000348948209100219
https://doi.org/10.1177/000348948209100219
https://doi.org/10.1089/hum.2017.154
https://doi.org/10.1089/hum.2017.154
https://doi.org/10.1038/s41434-021-00244-y
https://doi.org/10.1002/lary.25317
https://doi.org/10.1038/mt.2009.181
https://doi.org/10.1038/mt.2009.181
https://doi.org/10.1093/hmg/ddab093
https://doi.org/10.1093/hmg/ddab093
https://doi.org/10.1093/brain/awx342
https://doi.org/10.1093/brain/awx342
https://doi.org/10.1016/j.omtm.2021.01.009
https://doi.org/10.1016/s0378-5955(97)00017-8
https://doi.org/10.3791/57351
https://doi.org/10.1016/j.omtm.2018.11.003
https://doi.org/10.1016/j.omtm.2018.11.003
https://doi.org/10.1038/mtm.2014.51
https://doi.org/10.1017/s0022215100068833
https://doi.org/10.1016/j.omtm.2018.07.006
https://doi.org/10.1016/j.omtm.2018.07.006
https://doi.org/10.1097/AUD.0000000000000423
https://doi.org/10.1038/s41467-018-08243-1
https://doi.org/10.1016/j.ymthe.2017.01.007
https://doi.org/10.1097/MAO.0000000000001448
https://doi.org/10.1097/MAO.0000000000001448
https://doi.org/10.1006/mthe.2001.0490
https://doi.org/10.1006/mthe.2001.0490
https://doi.org/10.1038/sj.emboj.7600951
https://doi.org/10.1038/sj.emboj.7600951
https://doi.org/10.1001/jamaoto.2014.757
https://doi.org/10.1038/2503
https://doi.org/10.1016/S0002-9297(07)62942-5
https://doi.org/10.1038/nbt.3781
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Blanc et al.

Injection and AAV9-PHP.B. Hearing Res. 394, 107882. doi:10.1016/
j-heares.2020.107882

Liu, L., and Duff, K. (2008). A Technique for Serial Collection of
Cerebrospinal Fluid from the Cisterna Magna in Mouse. JoVE, 960.
doi:10.3791/960

Lutters, B., and Koehler, P. J. (2020). A Road Less Travelled: the Centenary of
Cisterna magna Puncture. Brain 143, 2858-2862. doi:10.1093/brain/awaa254

Manouchehrian, O., Ramos, M., Bachiller, S., Lundgaard, I, and Deierborg, T.
(2021). Acute Systemic LPS-Exposure Impairs Perivascular CSF Distribution in
Mice. J. Neuroinflammation 18, 34. doi:10.1186/s12974-021-02082-6

Marsot-Dupuch, K., Djouhri, H., Meyer, B., Pharaboz, C., and Tran Ba Huy, P.
(2001). Inner Ear and Subarachnoid Spaces: Relations and Diseases. Ann.
Otolaryngol. Chir Cervicofac 118, 171-180.

Mynatt, R, Hale, S. A., Gill, R. M., Plontke, S. K., and Salt, A. N. (2006).
Demonstration of a Longitudinal Concentration Gradient along Scala
Tympani by Sequential Sampling of Perilymph from the Cochlear apex.
Jaro 7, 182-193. doi:10.1007/s10162-006-0034-y

Nakashima, T., Sone, M., Teranishi, M., Yoshida, T., Terasaki, H., Kondo, M., et al.
(2012). A Perspective from Magnetic Resonance Imaging Findings of the Inner
Ear: Relationships Among Cerebrospinal, Ocular and Inner Ear Fluids. Auris.
Nasus. Larynx 39, 345-355. doi:10.1016/j.anl.2011.05.005

Naso, M. F., Tomkowicz, B., Perry, W. L., and Strohl, W. R. (2017). Adeno-
Associated Virus (AAV) as a Vector for Gene Therapy. BioDrugs 31, 317-334.
doi:10.1007/s40259-017-0234-5

Palva, T. (1970). Cochlear Aqueduct in Infants. Acta Oto-Laryngologica 70, 83-94.
doi:10.3109/00016487009181863

Pan, B., Askew, C., Galvin, A., Heman-Ackah, S., Asai, Y., Indzhykulian, A. A., et al.
(2017). Gene Therapy Restores Auditory and Vestibular Function in a Mouse
Model of Usher Syndrome Type lc. Nat. Biotechnol. 35, 264-272. d0i:10.1038/
nbt.3801

Robertson, N. G., Lu, L., Heller, S., Merchant, S. N., Eavey, R. D., McKenna, M.,
et al. (1998). Mutations in a Novel Cochlear Gene Cause DFNA9, a Human
Nonsyndromic Deafness with Vestibular Dysfunction. Nat. Genet. 20, 299-303.
doi:10.1038/3118

Salt, A. N, and DeMott, J. E. (1998). Longitudinal Endolymph Movements Induced
by Perilymphatic Injections. Hearing Res. 123, 137-147. doi:10.1016/s0378-
5955(98)00106-3

Salt, A. N, Gill, R. M., and Hartsock, J. J. (2015). Perilymph Kinetics of FITC-
Dextran Reveals Homeostasis Dominated by the Cochlear Aqueduct and
Cerebrospinal Fluid. Jaro 16, 357-371. doi:10.1007/s10162-015-0512-1

Salt, A. N., Hartsock, J. J., Gill, R. M., Piu, F., and Plontke, S. K. (2012). Perilymph
Pharmacokinetics of Markers and Dexamethasone Applied and Sampled at the
Lateral Semi-circular Canal. Jaro 13, 771-783. doi:10.1007/s10162-012-0347-y

Salt, A. N, and Hirose, K. (2018). Communication Pathways to and from the Inner
Ear and Their Contributions to Drug Delivery. Hearing Res. 362, 25-37.
doi:10.1016/j.heares.2017.12.010

Salt, A. N, Kellner, C., and Hale, S. (2003). Contamination of Perilymph Sampled
from the Basal Cochlear Turn with Cerebrospinal Fluid. Hearing Res. 182,
24-33. doi:10.1016/s0378-5955(03)00137-0

Schuknecht, H. F., and Seifi, A. E. (1963). LII Experimental Observations on the
Fluid Physiology of the Inner Ear. Ann. Otol. Rhinol. Laryngol. 72, 687-712.
doi:10.1177/000348946307200308

Shibata, S. B., Yoshimura, H., Ranum, P. T., Goodwin, A. T., and Smith, R. J. H.
(2017). Intravenous rAAV2/9 Injection for Murine Cochlear Gene Delivery. Sci.
Rep. 7, 9609. doi:10.1038/s41598-017-09805-x

Shu, Y., Tao, Y., Wang, Z,, Tang, Y., Li, H,, Dai, P., et al. (2016). Identification of
Adeno-Associated Viral Vectors that Target Neonatal and Adult Mammalian
Inner Ear Cell Subtypes. Hum. Gene Ther. 27, 687-699. do0i:10.1089/
hum.2016.053

Smith, R. ], and Ranum, P. T. (1993). “Nonsyndromic Hearing Loss and Deafness,
DFNA3,” in GeneReviews®. M. P. Adam, H. H. Ardinger, R. A. Pagon,
S. E. Wallace, L. J. Bean, G. Mirzaa, et al. (Seattle: University of Washington).

Binaural AAV Transduction in Mice

Suzuki, J., Hashimoto, K., Xiao, R., Vandenberghe, L. H., and Liberman, M. C.
(2017). Cochlear Gene Therapy with Ancestral AAV in Adult Mice: Complete
Transduction of Inner Hair Cells without Cochlear Dysfunction. Sci. Rep. 7,
45524. doi:10.1038/srep45524

Taghian, T., Marosfoi, M. G., Puri, A. S, Cataltepe, O. L, King, R. M,, Diffie, E. B.,
et al. (2020). A Safe and Reliable Technique for CNS Delivery of AAV Vectors
in the Cisterna Magna. Mol. Ther. 28, 411-421. doi:10.1016/
j.ymthe.2019.11.012

Talaei, S., Schnee, M. E., Aaron, K. A, and Ricci, A. J. (2019). Dye Tracking
Following Posterior Semicircular Canal or Round Window Membrane
Injections Suggests a Role for the Cochlea Aqueduct in Modulating
Distribution. Front. Cell. Neurosci. 13, 471. doi:10.3389/fncel.2019.00471

Tao, Y., Huang, M., Shu, Y., Ruprecht, A., Wang, H., Tang, Y., et al. (2018).
Delivery of Adeno-Associated Virus Vectors in Adult Mammalian Inner-Ear
Cell Subtypes without Auditory Dysfunction. Hum. Gene Ther. 29, 492-506.
doi:10.1089/hum.2017.120

Wang, G.-P., Guo, J.-Y., Peng, Z,, Liu, Y.-Y,, Xie, J., and Gong, S.-S. (2014). Adeno-
associated Virus-Mediated Gene Transfer Targeting normal and Traumatized
Mouse Utricle. Gene Ther. 21, 958-966. doi:10.1038/gt.2014.73

Wang, L., Xiao, R., Andres-Mateos, E., and Vandenberghe, L. H. (2017). Single
Stranded Adeno-Associated Virus Achieves Efficient Gene Transfer to Anterior
Segment in the Mouse Eye. PLOS ONE 12, e0182473. doi:10.1371/
journal.pone.0182473

World Health Organization (2021). Deafness and Hearing Loss. Available at:
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
(Accessed September 5, 2019).

Wu, J., Solanes, P., Nist-Lund, C., Spataro, S., Shubina-Oleinik, O., Marcovich, I,
etal. (2021). Single and Dual Vector Gene Therapy with AAV9-PHP.B Rescues
Hearing in Tmcl Mutant Mice. Mol. Ther. 29, 973-988. do0i:10.1016/
j.ymthe.2020.11.016

Xavier, A. L. R, Hauglund, N. L., von Holstein-Rathlou, S., Li, Q., Sanggaard, S.,
Lou, N,, et al. (2018). Cannula Implantation into the Cisterna Magna of
Rodents. JoVE, 57378. doi:10.3791/57378

Yoshimura, H., Shibata, S. B., Ranum, P. T., and Smith, R. J. H. (2018). Enhanced
Viral-Mediated Cochlear Gene Delivery in Adult Mice by Combining Canal
Fenestration with Round Window Membrane Inoculation. Sci. Rep. 8, 2980.
doi:10.1038/541598-018-21233-2

Zhu, B. Z., Saleh, J., Isgrig, K. T., Cunningham, L. L., and Chien, W. W. (2016).
Hearing Loss after Round Window Surgery in Mice Is Due to Middle Ear
Effusion. Audiol. Neurotol 21, 356-364. doi:10.1159/000449239

Zinn, E., Pacouret, S., Khaychuk, V., Turunen, H. T., Carvalho, L. S., Andres-
Mateos, E., et al. (2015). In Silico Reconstruction of the Viral Evolutionary
Lineage Yields a Potent Gene Therapy Vector. Cell Rep. 12, 1056-1068.
doi:10.1016/j.celrep.2015.07.019

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Blanc, Bemelmans, Affortit, Joséphine, Puel, Mondain and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 783504


https://doi.org/10.1016/j.heares.2020.107882
https://doi.org/10.1016/j.heares.2020.107882
https://doi.org/10.3791/960
https://doi.org/10.1093/brain/awaa254
https://doi.org/10.1186/s12974-021-02082-6
https://doi.org/10.1007/s10162-006-0034-y
https://doi.org/10.1016/j.anl.2011.05.005
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.3109/00016487009181863
https://doi.org/10.1038/nbt.3801
https://doi.org/10.1038/nbt.3801
https://doi.org/10.1038/3118
https://doi.org/10.1016/s0378-5955(98)00106-3
https://doi.org/10.1016/s0378-5955(98)00106-3
https://doi.org/10.1007/s10162-015-0512-1
https://doi.org/10.1007/s10162-012-0347-y
https://doi.org/10.1016/j.heares.2017.12.010
https://doi.org/10.1016/s0378-5955(03)00137-0
https://doi.org/10.1177/000348946307200308
https://doi.org/10.1038/s41598-017-09805-x
https://doi.org/10.1089/hum.2016.053
https://doi.org/10.1089/hum.2016.053
https://doi.org/10.1038/srep45524
https://doi.org/10.1016/j.ymthe.2019.11.012
https://doi.org/10.1016/j.ymthe.2019.11.012
https://doi.org/10.3389/fncel.2019.00471
https://doi.org/10.1089/hum.2017.120
https://doi.org/10.1038/gt.2014.73
https://doi.org/10.1371/journal.pone.0182473
https://doi.org/10.1371/journal.pone.0182473
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://doi.org/10.1016/j.ymthe.2020.11.016
https://doi.org/10.1016/j.ymthe.2020.11.016
https://doi.org/10.3791/57378
https://doi.org/10.1038/s41598-018-21233-z
https://doi.org/10.1159/000449239
https://doi.org/10.1016/j.celrep.2015.07.019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	A Single Cisterna Magna Injection of AAV Leads to Binaural Transduction in Mice
	Introduction
	Methods
	Animals
	AAV Production
	Animal Surgery
	Functional Hearing Assessment
	Auditory Brainstem Response
	Distortion-Product Otoacoustic Emissions

	Immunochemistry
	Statistics

	Results
	A Single CM Injection of Fast Green Led to Green Coloration of Both Cochleae
	CM Delivery of AAV Allowed Similar Binaural Titer-Dependent IHC Transduction
	Vector- and Route-Dependent Inner Hair-Cell Transduction
	CM Delivery of AAV Allowed the Transduction of the Binaural Spiral-Ganglion Neurones and of the Nerve Fibre Terminals
	CM Injection did not Affect Hearing or Cochlear Cell Survival
	CM Injection did not Alter Neurological or Vestibular Functions

	Discussion
	CM Injection and Cochlear Targeting Efficiencies
	Effects of AAV Serotypes on Cochlear Cell-Transduction Efficiencies
	Binaural Cochlear Gene Delivery Without Imperilling Hearing, Vestibular, or Neurological Functions
	Potential Future Human Application and Challenges

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


