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Delivery of gene therapy through a cerebrospinal fluid
conduit to rescue hearing in adult mice
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Inner ear gene therapy has recently effectively restored hearing in neonatal mice, but it is complicated in adult-
hood by the structural inaccessibility of the cochlea, which is embedded within the temporal bone. Alternative
delivery routes may advance auditory research and also prove useful when translated to humans with progres-
sive genetic-mediated hearing loss. Cerebrospinal fluid flow via the glymphatic system is emerging as a new
approach for brain-wide drug delivery in rodents as well as humans. The cerebrospinal fluid and the fluid of
the inner ear are connected via a bony channel called the cochlear aqueduct, but previous studies have not
explored the possibility of delivering gene therapy via the cerebrospinal fluid to restore hearing in adult deaf
mice. Here, we showed that the cochlear aqueduct in mice exhibits lymphatic-like characteristics. In vivo time-
lapse magnetic resonance imaging, computed tomography, and optical fluorescence microscopy showed that
large-particle tracers injected into the cerebrospinal fluid reached the inner ear by dispersive transport via the
cochlear aqueduct in adult mice. A single intracisternal injection of adeno-associated virus carrying solute
carrier family 17, member 8 (Slc17A8), which encodes vesicular glutamate transporter-3 (VGLUT3), rescued
hearing in adult deaf Slc17A8−/− mice by restoring VGLUT3 protein expression in inner hair cells, with
minimal ectopic expression in the brain and none in the liver. Our findings demonstrate that cerebrospinal
fluid transport comprises an accessible route for gene delivery to the adult inner ear and may represent an im-
portant step toward using gene therapy to restore hearing in humans.
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INTRODUCTION
An estimated 2.45 billion individuals are predicted to have mild-to-
complete hearing impairment by 2050 (1). Current therapies, in-
cluding hearing aids and cochlear implants, remain insufficient in
restoring the full capacities of auditory function. Gene therapy ad-
ministered through intracochlear or intravestibular injections in the
early postnatal period has recently been shown to restore hearing in
mouse models of genetic deafness (2). However, successful gene
therapy beyond postnatal stages in the mouse has rarely been de-
scribed (2). In addition, procedures such as cochleostomy rely on
invasive surgeries that can cause damage to inner ear structures
(3, 4). Moreover, although the majority of deafness-associated
genes cause congenital deafness, a considerable proportion have
their onset in adulthood (5). To explore delivery of therapeutics
to the inner ears of adult animals with minimal damage to auditory
structures, we investigated direct injection into the cerebrospinal
fluid (CSF).

In the brain, CSF is transported along the perivascular spaces in
what has been dubbed the glymphatic system. Glymphatic fluid
transport plays an important homeostatic role because fluid efflux
clears metabolic waste products, such as amyloid-β, tau, and lactate
(6–8). CSF is continuous with the fluids that bathe the inner ear.
Like the brain, sensory hair cells of the inner ear are highly metabol-
ically active and are isolated from systemic circulation by a barrier
known as the blood-labyrinth barrier (9, 10). Also, similar to the
brain and the eye, the ear is largely devoid of lymphatic vessels
(11). Recently, an ocular glymphatic clearance system has been de-
scribed (12), raising the possibility that the ear, like other neural
tissues, may also export metabolic waste products by CSF transport.
From a therapeutic perspective, it is important to note that the
glymphatic fluid transport bypasses the blood-brain barrier (13,
14) and may bypass the blood-labyrinth barrier as well. Likewise,
adeno-associated viruses (AAVs) injected into the CSF can be dis-
tributed throughout the brain via the glymphatic system, and deliv-
ery of therapeutic AAVs to the human brain via the cisterna magna
is the standard protocol in several ongoing clinical trials (15, 16).
Here, we assessed the communication between CSF and inner

ear fluid and tested whether this connection can be used for drug
delivery. We found that CSF enters the murine inner ear within
minutes, and this CSF route can deliver AAV-based gene therapy
to restore auditory function in an adult mouse model of human
genetic deafness.
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RESULTS
CSF solutes enter the inner ear via the cochlear aqueduct
To evaluate whether the inner ear is accessible to CSF tracers in
wild-type adult mice, dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) of the tracer gadobutrol (0.6 kDa) was
used to visualize CSF transport. Time-lapse DCE-MRI demonstrat-
ed that gadobutrol injected into the cisterna magna reached the
cochlea through a channel linking the subarachnoid space and
cochlea, consistent with the anatomical localization of the cochlear
aqueduct (Fig. 1, A to D) (17). The gadobutrol signal reached half-
peak concentration first outside and then inside the cochlear aque-
duct and lastly in the cochlea consistently with the cochlear aque-
duct being the point of entry (P < 0.001) (Fig. 1, D to F; fig. S1; and
movie S1).

To define whether the internal auditory canal contributes to the
entry of CSF tracers into the cochlea, we next used contrast-en-
hanced computed tomography (CT) scans to obtain high spatial
resolution of transport of the small contrast agent iohexol (0.8
kDa). Continuous CT scanning revealed that after intracisternal in-
jection, the contrast agent first reached the initial segment of the
cochlear aqueduct followed by dispersion deeper into the aqueduct
and lastly the base and middle region of the scala tympani (Fig. 1, G
to I, and fig. S2). No notable increase in tracer concentration was
detectable in the scala vestibuli or in the internal auditory canal
during the 30 min of scanning (Fig. 1I and fig. S2). Thus, CT scan-
ning supported the idea that the cochlear aqueduct is themain point
of CSF tracer influx. To determine the accessibility of larger thera-
peutic agents, histological investigation was performed in animals

Fig. 1. Tracers in the cerebrospinal fluid readily enter the mouse cochlea via the cochlear aqueduct. (A) Diagram of the cisterna magna injection highlighting the
subarachnoid space communication with the inner ear in pink. (B) Experimental design for magnetic resonance imaging (MRI) and computed tomography (CT) imaging.
(C) Time maximum intensity projection of dynamic contrast-enhanced MRI after cisterna magna injection of gadobutrol (0.6 kDa, green) in the brain cisterns and the
cochlea (white arrow). (D) Time series of tracer entering the inner ear from the subarachnoid space through the cochlear aqueduct (pink arrow). (E) Diagram of the regions
of interest for MRI time-intensity analysis; the subarachnoid space (SAS), cochlear aqueduct, and cochlea. (F) Time-intensity curve of MRI signal (mean ± SEM) in the
cisternamagna, SAS, cochlear aqueduct, and the cochlea (n = 5 animals, 10 ears, age: 9 to 13 weeks). (G) Higher spatial resolution contrast-enhanced CT time series shows
tracer (iohexol, 0.8 kDa) entering the cochlear aqueduct (pink arrows) from the subarachnoid space (top left corner). (H) Diagram of the nine areas selected as regions of
interest to evaluate tracer signal in CT; cochlear aqueduct (CA, round), scala tympani (ST, triangles), and scala vestibuli (SV, squares) all color-coded as dark: base, lighter:
middle, lightest: apex. (I) Time-intensity curve of CT tracer signal shows statistically significant tracer in cochlear aqueduct and scala tympani, but not in scala vestibuli after
iohexol injection in cisterna magna (n = 5 animals, 10 ears, age 8 weeks). *P < 0.01, one-way ANOVA with Šidák’s post hoc analysis against 0. a.u., arbitrary units; SAS,
subarachnoid space.
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euthanized 1 and 24 hours after CSF delivery of amine-modified
polystyrene microspheres (0.2 and 1 μm in diameter). The 0.2-μm
microspheres were abundant in the cochlear aqueduct at both time
points, and microspheres of both sizes were detected in the scala
tympani after 24 hours (Fig. 2, A to D). After 24 hours, the micro-
spheres reached the apical part of scala tympani (fig. S3). Combined,
this analysis shows that the cochlear aqueduct directly links the base
of scala tympani to the CSF-filled subarachnoid space and that
solutes in the subarachnoid space can access the inner ear.

The cochlear aqueduct exhibits lymphatic-like
characteristics
Because tracers were demonstrated to enter the scala tympani, we
hypothesized that the cochlear aqueduct shares similarities to
Schlemm’s canal that drains aqueous humor from the anterior
chamber of the eye (18). The narrow bony cochlear canal had a di-
ameter of about 122 ± 15 μm (table S1) and exhibited an adjacent
thin dural layer covered by a very narrow Claudin 11–positive arach-
noid barrier cell layer (Fig. 3A) (19). In addition, the channel was
lined with a membrane that evaginates and extends down through-
out the full length of the aqueduct (422 ± 16 μm) covering the en-
trance of the cochlea (Fig. 3A and table S1). The membrane
terminated as a diaphragm-like structure that accumulated macro-
phage-like cells on its cerebral side (Fig. 3, A and B). The membrane

was positively stained for cellular retinoic acid binding protein 2
(CRABP2) and the lymphatic markers prospero homeobox
protein 1 (Prox1) and podoplanin, but not for the lymphangiogenic
vascular endothelial growth factor receptor 3 (VEGFR3) or lym-
phatic vessel endothelial hyaluronan receptor 1 (LYVE-1). This im-
munophenotypic profile suggests that the membrane is an
extension of the newly discovered meningeal layer called the subar-
achnoid lymphatic-like membrane (SLYM) (20, 21) into the cochle-
ar aqueduct (Fig. 2A and fig. S4, A and B). Prox1 is the master
regulator of lymphatic endothelial cell fate, and lymph vessels ex-
pressing Prox1 have been shown to contribute to drainage of mac-
romolecules from the CSF, whereas podoplanin is expressed on
lymphatic endothelia and on epithelia involved in fluid fluxes
such as mesothelia, ependyma, choroid plexuses, ciliary epithelia,
and glomerular epithelia of the kidney (18, 22, 23). Similarly, the
connective tissue and the osteocytes surrounding the endolymphat-
ic duct have previously been found to express podoplanin but not
VEGFR3 or LYVE-1 (23). Thus, the cochlear aqueduct shares sim-
ilarities to Schlemm’s canal in the eye regarding the Prox1-positive
and LYVE-1–negative expression pattern but differs in terms of the
absence of VEGFR3 and presence of podoplanin (18).
In addition to the lymphatic markers expressed in the mem-

brane, we also detected LYVE-1– and ionized calcium-binding
adaptor molecule 1 (Iba1) (24)–labeled macrophages associated

Fig. 2. Microspheres are detected in the cochlear aqueduct after injection into the mouse cisterna magna. (A) Diagram of the inner ear section plane depicted in
the immunofluorescent micrographs. (B) Representative images of the cochlea and the cochlear aqueduct acquired 1 hour after 0.2-μm-diameter microspheres were
injected in cisternamagna. (C) Representative images of the cochlea and the cochlear aqueduct acquired 24 hours after 1-μm-diameter microspheres were injected in the
cisterna magna. (D) Representative images of the cochlea and the cochlear aqueduct acquired 24 hours after 0.2-μm-diameter microspheres were injected in the cisterna
magna. Scale bars, 200 μm. [blue, 40 ,6-diamidino-2-phenylindole (DAPI).]

S C I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E

Mathiesen et al., Sci. Transl. Med. 15, eabq3916 (2023) 28 June 2023 3 of 13

D
ow

nloaded from
 https://w

w
w

.science.org at U
trecht U

niversity L
ibrary on July 04, 2023



with the membrane inside the cochlear aqueduct (Fig. 3B). Immu-
nostaining for Iba1 in inner ear sections obtained from mice inject-
ed intracisternally with microspheres showed that the microspheres
were partially phagocytosed by the macrophages, and the mem-
brane partially restricted the microspheres from entering the ear
(Fig. 3, C and D). These observations show that the cochlear aque-
duct contains a membrane with lymphatic-like characteristics
where phagocytic macrophages reside.

Aqp4-independent dispersive mechanisms drive CSF
transport into the inner ear
Because glymphatic fluid transport is facilitated by the water
channel aquaporin-4 (AQP4) (6), we next asked whether AQP4
plays a role in CSF influx to the inner ear. CSF influx in Aqp4−/−

mice and wild-type littermates was compared using DCE-MRI. Ga-
dobutrol influx to the inner ear in aqp4 gene–deficient mice did not

differ from that in wild-type animals, suggesting that the CSF flow
into cochlea is AQP4-independent (fig. S5, A and B). Immunolab-
eling supported these observations by showing that the cells lining
the cochlear aqueduct lacked AQP4 expression (Fig. 3A). To under-
stand the mechanisms driving CSF transport into the inner ear, we
derived a dispersion-based model for solute transport in the cochle-
ar aqueduct using Fick’s second law (seeMaterials andMethods and
fig. S5C). We optimized the model using the CT time-intensity
curves (Fig. 1E) and anatomical measurements to estimate effective
diffusion coefficients. These were similar to the theoretical diffusion
coefficient for the tracer (fig. S5, D and E), possibly because the lym-
phatic-like membraneminimized the contribution of advection and
dispersion. This suggests that the driving mechanism for CSF trans-
port to the ear is an AQP4-independent dispersive transport.

Fig. 3. The cochlear aqueduct is lined by a membrane with lymphatic-like characteristics. (A) Paraffin sections of the cochlear aqueduct (blue arrowheads) immu-
nostained with antibodies against cellular retinoic acid binding protein 2 (CRABP2), lymphatic markers prospero homeobox protein 1 (Prox1), claudin-11, lymphangio-
genic vascular endothelial growth factor receptor 3 (VEGFR3), aquaporin-4 (AQP4), podoplanin, lymphatic hyaluronan receptor (LYVE-1), and ionized calcium-binding
adaptor molecule 1 (Iba1). The scala tympani is positioned in the bottom part of the figure, and the subarachnoid space is at the top. Scale bars, 200 μm (top), 100 μm
(middle), and 50 μm (bottom). Age: 3 months. (B) High magnification of the LYVE-1– and Iba1-stained images in (A). Orange arrowheads: LYVE-1+ and Iba1+ macrophage.
(C) High magnification of the cochlear aqueduct of an animal euthanized 24 hours after injection of 0.2-μm microspheres shows that an Iba1-positive (magenta) mac-
rophage (orange arrowhead) in the cochlear aqueduct engulfed two microspheres (yellow arrowheads). Scale bar, 50 μm. (D) The microspheres costain with the mem-
brane-like structure (pink arrowheads) in the cochlear aqueduct in animals euthanized 24 hours after injection of 0.2-μmmicrospheres. The scala tympani is positioned to
the left. Scale bar, 50 μm.
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Viral vectors injected into the cisterna magna transduce
inner ear hair cells
We next sought to investigate whether the cochlear aqueduct CSF
route could be used as an alternate strategy for delivery of viral
vectors to the inner ear. It has previously been shown that the re-
porter virus AAV9-PHP.B-CMV-EGFP (here AAV-eGFP)
induced robust expression in hair cells when injected directly into
the ear (25). As a proof of concept, 4-week-old mice received a
single injection of AAV-eGFP into the cisterna magna, and the
inner ears were harvested 14 days later (Fig. 4A). The inner hair
cells were successfully transduced by the virus with a gradient of
enhanced green fluorescent protein (EGFP) expression more
robust in the base of the cochlea and decreasing toward the apex
in both number of EGFP-positive cells and fluorescence intensity
(Fig. 4, B and C). This distribution was consistent with the hypoth-
esis that the virus enters the inner ear through the cochlear aqueduct
(26, 27). To evaluate the efficacy of this method in comparison with
other types of systemic delivery, a subgroup of age-matched mice
received AAV-eGFP intravenously. The analysis showed that the
inner ears of these mice exhibited very sparse but evenly distributed
GFP expression compared with CSF delivery of the same construct
(Fig. 3B). In sum, CSF injection can be used as a route for delivery of
AAVs into the inner ear.

Cisterna magna delivery of AAV-Slc17a8 rescues hearing in
a mouse model of genetic deafness
After determining the CSF as a route to virally transfect inner hair
cells in the base and middle turns of the cochlea, we evaluated
whether AAV-mediated overexpression of solute carrier family 17
member 8 (Slc17a8), which encodes the vesicular glutamate trans-
porter-3 (VGLUT3) in inner hair cells, could rescue hearing in 2-
month-old adult Slc17a8−/− mice, a mouse model for deafness au-
tosomal dominant 25, an autosomal-dominant and progressive sen-
sorineural hearing loss (28, 29). VGLUT3 transports glutamate into
synaptic vesicles before it is released into the synaptic cleft and is
essential for neurotransmission of signal from the inner hair cells

(30). Therefore, Slc17a8−/− mice are deaf because of a vesicular
release defect of inner hair cells and thus are unable to activate
their spiral ganglion neuron afferents, which compose the auditory
nerve. The outer hair cell function in Slc17a8−/− mice is not affect-
ed (28).
Auditory brainstem response (ABR) and distortion product

otoacoustic emission (DPOAE) thresholds were measured in
wild-type and Slc17a8−/− mice 2 to 3 days before (baseline) and
again 2 weeks after intracisternal delivery of either vehicle [artificial
cerebrospinal fluid (aCSF)]–, EGFP-, or VGLUT3-expressing AAV
(here AAV-Slc17a8) (Fig. 5, A and B, and fig. S6A). MeanABR base-
line values for the wild-type mice ranged from 8- to 20-dB sound
pressure level (SPL) between 8 and 24 kHz, whereas at 32 and 40
kHz, the mean values were higher (between 38- and 74-dB SPL)
(Fig. 5B). In comparison, Slc17a8−/− mice exhibited mean elevated
baseline thresholds ranging from 74- to 95-dB SPL.
Two weeks after administration of AAV-Slc17a8 to Slc17a8−/−

mice, the mice displayed restored hearing thresholds at all frequen-
cies except 40 kHz. Averaged ABR wave forms also indicated
hearing rescue in the Slc17a8−/− mice after AAV delivery of
Slc17a8 (Fig. 4B). No changes in hearing thresholds were found
in wild-type animals injected with vehicle (aCSF) or a reporter
gene (AAV-eGFP) (Fig. 4B), confirming that the intracisternal in-
jections do not affect hearing negatively. In wild-type mice treated
with AAV-Slc17a8, thresholds were elevated at 32 and 40 kHz by 25
and 16 dB, respectively, relative to baseline. Lack of recovery at 40
kHz and the elevated thresholds at 32 and 40 kHz may be due to the
age-related hearing loss gene (Ahl gene) present in the background
C57BL/6J strain (31). As expected, the function of outer hair cells, as
measured by DPOAEs, was not affected by the aCSF or viral treat-
ment in either the wild-type or the Slc17a8−/− mice (fig. S6A).
Summary statistics from three-way analysis of variance (ANOVA)
are available in table S2.
For further verification of the hearing rescue, we investigated

whether VGLUT3 protein expression was restored in the hair
cells. Corroborating the GFP+ transduction pattern (fig. S5D), we

Fig. 4. Administration of adeno-associated virus into cerebrospinal fluid results in higher expression of GFP in mouse hair cells compared with intravenous
injection. (A) Representative micrographs illustrating transfected inner hair cells after injection of AAV-eGFP in the cisterna magna (10 μl, 4.7 × 1013 vg/ml) or intrave-
nously (100 μl, 4.7 × 1012 vg/ml; blue, DAPI; magenta, calbindin; green, EGFP). Scale bar, 5 μm. (B) Cisterna magna injections (n = 3 animals, 3 ears) yield a significantly
larger percentage of GFP-positive cells toward the basal and middle cochlear regions in comparison with intravenous injections (n = 4 animals, 4 ears), whereas the
percentage is similar in the apical portion. (C) More detailed quantification of GFP+ inner hair cells from cisterna magna–injected animals shown in (B) along the whole
tonotopic axis. ***P < 0.001 for two-way ANOVAwith Šidák’s multiple comparisons test. CM, cisterna magna; i.v., intravenous; GFP, green fluorescence protein. Bars: SEM.
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Fig. 5. CSF-delivered Slc17a8-expressing virus rescues hearing and the auditory afferent synapses in a mouse model of human deafness. (A) Averaged auditory
brainstem (ABR) response wave forms with SEM (shaded) for Slc17a8+/+ (black) and Slc17a8−/− (magenta) mice showing the evoked responses at 16 kHz with decreasing
stimulus intensity. (B) Auditory brainstem response thresholds of Slc17a8+/+ (black) and Slc17a8−/− (magenta) mice at baseline (open circles) and 2 weeks postinjection
(full circles) treated with 10 μl of either aCSF or AAV-Slc17a8 (rescue). Because injection of AAV-eGFP had no impact on hearing, aCSF and AAV-eGFP were merged and
served as negative controls: These were labeled aCSF for clarity. Likewise, Slc17a8+/+ and Slc17a8+/− mice displayed similar hearing thresholds at baseline: These were
merged and labeled +/+ or wild-type for clarity. Data are mean ± SEM, and individual responses are shown in the background; Slc17a8+/+ aCSF: n = 5 or 6 animals;
Slc17a8−/− aCSF: n = 4 animals; Slc17a8+/+ AAV-Slc17a8: n = 8 to 10 animals; Slc17a8−/− AAV-Slc17a8: n = 6 to 8. For summary statistics, see table S2. (C) Representative
micrographs of VGLUT3 protein expression in inner hair cells from Slc17a8+/+ and Slc17a8−/− mice treated with aCSF or AAV-Slc17a8 (rescued). (D) Representative mi-
crographs of inner hair cells from Slc17a8+/+ and Slc17a8−/−mice treated with aCSF or AAV-Slc17a8 (rescued) stained for CtBP2 (magenta), GluR2 (yellow), andMyosin VIIa
(blue). Rows of inner hair cells are marked. Scale bar, 5 μm. [Yellow arrow: connection between the synaptic ribbon (magenta) and the postsynaptic receptors (yellow).]
Graphs below show the quantification of presynaptic ribbons, postsynaptic GluR2, and paired synapses from Slc17a8+/+ (dark gray) and Slc17a8−/− (magenta) mice
treated with aCSF (light magenta) or rescued (magenta). Data are mean ± SEM, with individual values shown, age: 2 months; Slc17a8+/+ aCSF: n = 3 ears; Slc17a8−/−

aCSF: n = 3 ears; Slc17a8+/+ AAV-Slc17a8: n = 5 ears; Slc17a8−/− AAV-Slc17a8: n = 9 or 10 ears. Asterisks indicate significant differences; *P < 0.05; **P < 0.01; ***P < 0.0001;
three-way ANOVAwith Šidák’s post hoc analysis. (E) Diagram of the treatment and auditory brainstem response measurements. The left side of the mouse represents the
deaf mice, where no signal is transduced from the hair cells to the nerve. When VGLUT3 is expressed, the synaptic ribbons (magenta) are juxtaposed to the postsynaptic
receptors (yellow) [yellow arrow in (D)] enabling functional neurotransmission. The signal then travels through the central auditory pathway drawn in the mouse brain.
The auditory brainstem wave background colors correspond to their anatomical place of generation.
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found that VGLUT3 expression was reestablished in the inner hair
cells from Slc17a8−/− mice, with an increasing proportion of
VGLUT3+ inner hair cells toward the base (Fig. 5C and fig. S6B).
In 3 of 11 Slc17a8−/− mice with AAV-Slc17a8, expression of
VGLUT3 was found in 50% of outer hair cells from one region of
the middle turn. No expression was found in the stria vascularis or
in the spiral ganglion neurons. Overall, CSF delivery of AAV-
Slc17a8 resulted in restoration of sound-evoked responses in the
adult Slc17a8−/− mice, indicating restoration of glutamatergic neu-
rotransmission in the inner hair cells.
Despite hearing thresholds reaching normal values, the ampli-

tude of ABR wave 1 was restored to 62% of the wild-type mice
treated with AAV-Slc17a8 (fig. S6, C to E). Latencies of waves 1
and 3 were delayed by 0.2 ms (P = 0.002) and 0.38 ms (P =
0.0112), respectively, in rescued Slc17a8−/− mice compared with
Slc17a8+/+ mice, whereas wave 5 latency was fully recovered (fig.
S6E). These findings suggest that although hearing thresholds
were restored in Slc17a8−/− mice, some degree of neural asynchro-
ny, which affects latencies and amplitude, persisted 2 weeks after
CSF delivery of AAV-Slc17a8.
To determine the degree of synapse repair after gene therapy, we

quantified the number of paired synapses between the inner hair
cells and the afferent dendrites using high-resolution immunohis-
tochemical procedures with antibodies against presynaptic ribbons
called C-terminal binding protein 2 (CtBP2) and the postsynaptic
glutamate ionotropic receptor α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid type subunit 2 (GluR2) in the apical, middle,
and basal cochlear regions. Representative micrographs from the
cochlear middle region of the different groups are illustrated
(Fig. 5D). In aCSF-injected Slc17a8−/− mice, there was a lower
number of pre- and postsynaptic entities as well as their pairing
compared with wild-type mice. However, AAV-Slc17a8 injection
increased the number of CtBP2+ and GluR2+ synapses, in middle
and basal turns, with pairing of the synapses fully recovered in
the basal region in Slc17a8−/− mice (table S3 and Fig. 5E).

Minimal off-targeting and no inflammatory responses in
animals injected AAV-Slc17a8
Because cisterna magna delivery of AAV9-GFP in nonhuman pri-
mates shows expression in various regions of the brain and periph-
eral organs (32), we verified whether a similar pattern of VGLUT3
expression could be found throughout the bodies of the injected
mice. In the cortex, hippocampus (CA2) and cerebellum sparse
VGLUT3+ neurons were found in both the Slc17a8+/+ and
Slc17a8−/−mice injected with AAV-Slc17a8 (fig. S7, A to E). No ex-
pression of VGLUT3 in hippocampus CA3 neurons and no infected
astrocytes and microglia were found in any part of the brain (fig.
S8). As expected, no expression of VGLUT3 was observed in knock-
out or wild-type animals injected with aCSF, and no expression of
VGLUT3 was detected in the livers of mice (Slc17a8+/+ and
Slc17a8−/−) injected with AAV-Slc17a8 nor aCSF (figs. S7, A to E,
and S8).
We next verified whether there were any other side effects or be-

havioral impacts from off-target virus expression. Four weeks after
injection, no difference in weight gain was found between mice in-
jected intracisternally with AAV-Slc17a8 when compared with
aCSF controls (fig. S9A). Likewise, in an open-field test, the distance
traveled, velocity, and time in center versus periphery remained un-
affected (fig. S9, B to E). In the brain, the morphology of Iba1+

microglia was used as an indicator of cell activation (33). The cell
perimeter and area expressing Iba1 did not differ between the
animals injected with aCSF or AAV-Slc17a8 (fig. S10, A to D).
When neighboring transduced cells showed evidence of VGLUT3
expression, microglial cells still showed normal ramification (fig.
S10B). In mouse ears, we performed a screen of 92 mouse proteins,
including inflammatory markers, using proximity extension assay
(34–36) and found no changes in the normalized expression in
any of the detectable markers (table S4). Twelve of the immunolo-
gy-related proteins are shown in fig. S10E. Overall, these findings
suggest that cisterna magna–mediated AAV transduction of
sensory cells in the cochlea has minimal impact on brain and ear
inflammation or on cognitive function.

DISCUSSION
Although the auditory and vestibular organs are traditionally con-
sidered to be a part of the peripheral nervous system (37), the fluids
of the inner ear and brain are connected via the cochlear aqueduct.
We showed that solutes can be transported from the CSF-filled sub-
arachnoid space to the inner ear within minutes. Furthermore, we
showed that viral constructs injected into the cisterna magna could
successfully be delivered to the ear through the cochlear aqueduct
and can restore hearing in deaf adult mice. The transport is driven
by dispersion, in contrast to the advective AQP4-dependent glym-
phatic transport of the brain (6). In addition, a membrane that
stained positive for the lymphatic markers Prox1 and podoplanin,
but not for VEGFR3 or LYVE-1, was identified in the cochlear aq-
ueduct that appeared to partially restrict transport between the ear
and brain, as evidenced by phagocytosis of CSF-injected micro-
spheres by macrophages residing in the membrane. The phenotypic
characteristic of this membrane is identical to the meningeal mem-
brane, the SLYM, as recently described (21). Nevertheless, SLYM
did not prevent expression of either the reporter or VGLUT pro-
teins, which both were expressed by the inner hair cells after intra-
cisternal administration of AAVs. Also, microspheres ranging from
0.2 to 1 μmwere able to pass themembrane and were detected in the
scala tympani 24 hours after injection.
Although an emerging body of literature has reported successful

gene therapy after injection into the cochleas of postnatal mice, little
is known about whether gene therapy can be effective in adult mice.
Previous studies have shown that complete AAV-mediated rescue of
otoferlin (Otof )−/− mice can occur when injected locally through
the round window membrane at postnatal day 30 (38). These find-
ings, together with the current study, illustrate an expansion of the
therapeutic time window for patients with congenital or progressive
deafness for whom the onset of hearing loss would occur beyond the
prelingual stage, and the proposed route through the cochlear aque-
duct may prove beneficial to them. Because the murine cochlea is
considered mature at postnatal age day 18, our findings in young
adult mice suggest a promising therapeutic approach, because the
human inner ear is already mature at birth (2).
We note, however, that despite recovery of hearing thresholds

and the synaptic contacts being reestablished, the wave 1 amplitude
is nearly half of the wild-type animals. This is consistent with local
inner ear gene therapy for Otof−/− mice rescued with AAV-Otof
(38). Synapse counts or pairing has often been thought to correlate
with wave 1 amplitude; however, this is not systematically the case,
as we previously reported (39, 40). One possibility is that the
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restored protein expression of presynaptic CTBP2 and postsynaptic
GluR2may lead to a partially functional synapse, with still-distorted
ribbon morphology as seen in Slc17a8−/− mice treated with local
AAV-Slc17a8 (41), less sensitive to the frequency of the sound stim-
ulus. This synaptic asynchrony may then lead to the observed delays
in wave 1 and 3 latencies. It is also possible that because the auditory
cortex plasticity has remained naïve to sound exposure until treat-
ment has occurred, the top-down regulation would remain inappro-
priately orchestrated to provide accurate corticofugal regulation to
the ear.
The patency of the cochlear aqueduct varies between species, and

there are inconsistencies in the literature as to whether it declines
with age in humans (42, 43). Using indirect measures of intraco-
chlear pressure changes during postural changes, the aqueduct
was found to be functionally patent in 89% of young adults and
in 70% of older adults (44, 45). Several studies suggest that the co-
chlear aqueduct in humans can transfer intracranial pressure
changes and that increased intracranial pressure can be detected
by measuring the intratympanic pressure (46–48). The cochlear aq-
ueduct is about 138 ± 58 μm in humans (42), which is in the range of
what we found in mice (122 ± 5 μm; table S1). Thus, the human
cochlear aqueduct may stay patent throughout aging, and it might
be permissive to molecules of similar size as those tested here or up
to 1 μm in diameter.
Gene therapy in mice via intracochlear injections requires

surgery on both ears, which risks damaging sensitive structures of
the cochlea and ultimately altering hearing (3, 4). In this study, we
restored hearing bilaterally with a single injection into the cisterna
magna. Nonetheless, our approach raises concerns on whether the
injection of AAV into the CSF might affect essential structures in
the brain (15). CSF delivery of AAV9-GFP in nonhuman primates
shows expression in various regions of the brain and peripheral
organs (32); however, several ongoing clinical trials
(NCT03580083, NCT03566043, NCT04127578, NCT04408625,
NCT04411654, and NCT04713475) are using intracisternal delivery
of AAVs, and pioneering experiments in humans have been
achieved without complications (15, 49). Inflammatory responses
in the brain or ears remain a concern for the development of
future inner ear therapeutics, whether through direct inner ear in-
jections or cisterna magna injections, although our work found no
evidence in the latter case (17, 50). Emerging studies suggest that the
appropriate capsids and promoters may optimize the therapeutic
specificity while minimizing the risks and side effects of viral treat-
ment (2, 51). Thus, the successful delivery of viral gene therapy to
treat hearing loss in the adult cochlea via CSF has promising trans-
lational implications.
One limitation of our study is that hearing recovery was only as-

sessed 2 weeks after treatment, whereas others have shown durable
AAV rescue of hearing in Slc17a8−/− mice up to a year after injec-
tion through the round window membrane (41). In addition, the
study is limited by translatability of the mouse model to humans.
To obtain further information on this matter, the use of nonhuman
primate models would be the logical next step. A recent study has
proven that AAVs injected cerebroventricularly in nonhuman pri-
mates result in expression of the hair cells in the ear, which supports
the translatability of the results reported here (52).
Multiple CSF routes may be used for gene therapy of the inner

ear. It has previously been validated that intrathecal injection dis-
tributed CSF tracers similarly to cisterna magna injection in rats,

albeit according to a slower time scale (53). Using intrathecal injec-
tion, the CSF compartment is even more accessible for multiple in-
jections (54), and the ability to repeat the injections multiple times
would open the possibility to (i) reinforce targeted expression in a
specific cell, (ii) target additional cells in the event of suboptimal
transfection efficacy, or (iii) target additional cell types in other co-
chlear regions in the context of polygenic hearing losses (55).
In conclusion, our study provides evidence for a previously un-

derappreciated route for gene therapy to treat hearing disorders in
adulthood. CSF delivery of gene therapeutics may facilitate the
treatment of genetically driven congenital and progressive
hearing loss.

MATERIALS AND METHODS
Study design
Our study aimed to demonstrate that a single injection of AAV-
Slc17a8 in the CSF could rescue hearing in both ears of
Slc17a8−/− mice and to characterize transport though the cochlear
aqueduct. We used Planning Research and Experimental Proce-
dures on Animals: Recommendations for Excellence (PREPARE)
and Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines for the present study (56, 57). The transport
characterization was performed by in vivo time-lapse imaging and
histological evaluation of C57BL/6 and Aqp4−/− mice injected with
tracers into the cisterna magna, and lymphatic marker expression
was evaluated in Prox1-EGFP+ mice. Rescue of hearing was evalu-
ated using ABR and DPOAEs of AAV-Slc17a8–injected versus
aCSF-injected Slc17a8−/−mice. Restoration of VGLUT3 expression
and synapses was evaluated by immunostaining of outer and inner
hair cells. Sample size and experimental duration were chosen
before experimental start on the basis of previous experiments in
the field. One animal was excluded in the microglial activation anal-
ysis because of insufficient staining; otherwise no data were exclud-
ed, and outliers were included in the analyses. Details on animal
assignment, randomization, and blinding in different experiments
are found in the corresponding sections describing each experiment
in Materials and Methods.

Animals
Wild-type, C57BL/6 mice (Janvier Labs) were 4 to 15 weeks old at
the time of the experiment. The Prox1-EGFP+ mice [Tg(Prox1-
EGFP)KY221Gsat/Mmcd] (58) were provided by K. Alitalo (Molec-
ular/Cancer Biology Laboratory Haartman Institute University of
Helsinki). The AQP4 knockout (Aqp4−/−) mice were generated as
described previously (59). VGLUT3 knockout mice (Slc17a8−/−)
(30) were provided by T. Pangrsic Vilfan (Department for Otolar-
yngology, University Medical Center Göttingen). Prox1-EGFP,
AQP4 knockout, and VGLUT3 knockout mice were backcrossed
for at least 10 generations with C57BL/6J mice. The genomic
status of animals in the knockout versus wild-type experiments
was identified with genotyping, and littermates were used as con-
trols to the VGLUT3 animals. Both males and females were used
unless otherwise stated. The mice were fed ad libitum and housed
in groups of two to five mice per cage with controlled temperature
and humidity on a 12-hour/12-hour light/dark cycle. All experi-
ments in Denmark were approved by the Animal Experiments
Council under the Danish Ministry of Environment and Food
(license numbers: 2015-15-0201-00535 and 2020-15-0201-00480).
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All procedures in Sweden followed the regulations of Karolinska In-
stitutet and were approved by the regional ethics committee of
Stockholm (Stockholm’s Norra Djurförsöksetiska Nämnd, 11778-
2019). The procedures were performed in accordance with the Eu-
ropean directive 2010/63/EU, with due care to minimize the
number of animals included in the study.

Cisterna magna cannulation
The protocol used in this study to inject tracers and AAVs into the
cisterna magna is an adaptation from the chronic cannula implan-
tation procedure previously described (60). Briefly, mice were anes-
thetized with a mixture of ketamine/xylazine (100 and 10 mg/kg,
respectively) or ketamine/dexmedetomidine (75 and 1 mg/kg, re-
spectively). After depth of anesthesia was confirmed by the cessa-
tion of reflexes, the incision area was properly shaved and
sterilized with the aid of 70% ethanol swabs (Vitrex Medical A/S),
followed by iodine solution (povidone iodine 7.5% Henry Schein).
Lidocaine (0.05 ml, 0.2 mg/ml) was applied in the incision site, and
buprenorphine (0.05 mg/kg) was injected subcutaneously for post-
surgical analgesia. A skin incision was made over the occipital crest,
and the neck muscles were separated to reveal the atlanto-occipital
membrane. A 30-G needle (SOPIRA Carpule 30G 0.3 mm by 12
mm, Kulzer) attached to a polyethylene 10 tube filled with aCSF
was inserted into the cisterna magna. For MRI, a 30-G copper
needle (0.32-mm outer diameter; Nippon Tokushukan Manufac-
turing) was used to reduce metal artifacts. Before needle insertion,
the tube was connected to a syringe (Hamilton syringe GASTIGHT,
1700 series, 1710TLL, 100-μl volume, PTFE Luer lock) placed in a
syringe pump (LEGATO 130 Syringe pump, KD Scientific).

Live imaging
Magnetic resonance imaging
Immediately after the cisterna magna cannulation, 11 C57BL/6J and
6 AQP4-knockout animals (age, 10 to 15 weeks; weight, 24 to 32 g)
were moved to an MRI scanner for DCE imaging in a prone posi-
tion. Head movement during scanning was minimized by restrain-
ing the animals on an MR-compatible stereotactic holder with ear
bars. Body temperature was maintained at 37° ± 0.5°C with a ther-
mostatically controlled waterbed and continuously monitored,
along with the respiratory rate measured by an MR-compatible
remote monitoring system (SA Instruments). All mice underwent
a 9.4 T preclinical scanner (BioSpec 94/30 USR, Paravision 6.0.1
software, Bruker BioSpin) equipped with a 1H cryogenically
cooled quadrature-resonator Tx/Rx coil (CryoProbe, Bruker) and
240mT/m gradient coil (BGA-12S, Bruker). Themodified scanning
procedure was performed as previously described (61). T2-weighted
structural imaging was acquired using three-dimensional construc-
tive interference steady state (3D-CISS). Every 3D-CISS image was
calculated as a maximum intensity projection from four realigned
3D-TrueFISP volumes with four orthogonal phase-encoding direc-
tions [repetition time/echo time (TR/TE) 3.9/1.95 ms, Nex 2, flip
angle (FA) 50°, field of view (FOV) 19.2 mm × 12.8 mm × 12.8
mm, matrix 192 × 128 × 128]. For dynamic contrast enhancement
MRI (DCE-MRI), pre- and postcontrast T1-weighted imaging was
collected with a 3D fast imaging with steady-state precession (3D-
FISP) sequence (TR/TE 4/2 ms, FA 15°, FOV 19.2 mm × 12.8 mm ×
12.8 mm, matrix 192 × 128 × 128). As T1-enhancing contrast agent
gadobutrol (20 mM; Gadovist, Bayer Pharma AG) was injected into
the cisterna magna (1 μl/min for 10 min), a DCE-MRI of the entire

mouse brain was performed every 0.5 to 1min at an isotropic spatial
resolution of 100 μm. The time series DCE scanning protocol com-
prised three baseline scans (3 min) followed by intracisternal infu-
sion. Scans continued over 60 or 90 measurements (60 to 90 min).
Images were processed as described below. The animals were not
randomized into groups, and the researcher was not blinded
during the analysis.

Computed tomography
Immediately after the cisterna magna cannulation procedure, five
male mice (age, 8 weeks; weight, 24 to 26 g) were moved to the
CT scanner. A custom-made head bar was mounted during the cis-
terna magna cannulation. The head bar was designed to minimize
undesired movements during the image acquisition (62). Body tem-
perature was maintained at 37° ± 0.5°C with a thermostatically con-
trolled heating pad, and the respiratory rate was observed by a
respiration monitoring system (BioVet, m2m Imaging Corp). All
CT scans were performed using a Vector4uCT system (MILabs)
with isometric resolution of 20 μm (50 kV, 0.18 mAs, 0.25° rota-
tion/scan, 0.0 pitch, Al500 filter, FOV 54 mm × 54 mm × 140
mm, matrix 2700 × 2700 × 7000). Each single scan of the caudal
portion of the mouse head took 4.56 min. The time series CT scan-
ning protocol comprised one baseline scan (4.5 min) followed by an
intracisternal infusion of iohexol (Omnipaque 350 mg I/ml, 1 μl/
min, 10 μl, GE Healthcare). After the tracer injection, six continu-
ous scans were acquired over 30 min. Acquired images were pro-
cessed as described below.

Image processing
DCE-MRI and CT time series data were motion-corrected using
Advanced Normalization Tools (ver. 2.1.0) (63, 64). Signal intensi-
ties of time series in MRI images were measured. Anatomical
images (3D-CISS and 3D-time-of-flight MR angiography) and
DCE-MRI were coregistered to the respective individual baseline
of DCE-MRI using two rigid registration processes in ITK-SNAP
(ver. 3.8.0, www.itksnap.org) (65). A voxel-based time maximum
intensity projection map was calculated from baseline-subtracted
DCE-MRI. After the processing, the MRI data were normalized to
maximal cisterna magna intensity. For segmentation, the hyperin-
tensity of 3D-CISS represented the CSF space and fluid inside the
cochlea; therefore, the cochlea and cisterna magna regions of inter-
est were semi-automatically segmented using thresholding based on
the signal intensity of 3D-CISS using ITK-SNAP. The region of in-
terest outside the cochlear aqueduct and the cochlear aqueduct was
segmented manually using the time maximum intensity projection
of DCE-MRI images. Time maximum intensity projection 3D
volume and time series multiplanar reconstruction images were
generated using Amira version 6.2 (Thermo Fisher Scientific) to vi-
sualize the CSF and intracochlear signal changes. In addition, time
to half-peak was calculated as the time it took for the tracer in a
compartment to reach half of the maximum concentration in the
compartment. In the 17 animals imaged with MRI, one ear was ex-
cluded because of insufficient tracer signal.
After motion correction of the CT time-intensity data was ex-

tracted using ITK-SNAP with the regions of interest described in
fig. S11 and table S5, the data were then background-subtracted
and normalized to maximal cochlear aqueduct intensity. In the
five animals imaged with CT, no ears were excluded. Dimensions
of the cochlear aqueduct were manually measured using the
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annotation mode feature in ITK-SNAP for five animals. Distances
between the regions of interest were calculated using their spatial
coordinates. The researcher performing this analysis was not
blinded during analysis.

Injection of fluorescent microspheres into the
cisterna magna
Shortly before the injection of microspheres, mice had a cannula
inserted into the cisterna magna as described above. Before the in-
jection, 0.2- to 1-μm amine-modified polysterene microspheres
(Thermo Fisher Scientific) were diluted in aCSF in a 1:3 ratio and
submitted to ultrasonic vibration for 5 min in a sonicator bath
(Bransonic) to avoid their aggregation. Immediately thereafter, 10
μl of the solution were aspirated with the aid of the syringe pump
and then injected with an infusion rate of 1 μl/min for 10 min. After
this period, the microspheres were allowed to circulate for 1 or 24
hours before the animals were perfused, and the tissue was pro-
cessed as described below. In total, four animals aged 4 to 5
months in the 1-hour survival group (mean weight = 29 ± 1.5 g)
and four animals aged 4 to 5 months in the 24-hour survival
group were injected (mean weight 32 ± 0.26 g). The researcher per-
forming this analysis was not blinded during analysis, and the
animals were not randomized in this experiment.

AAV vector production
See Supplementary Materials and Methods.

AAV injections into cisterna magna and intravenous
injection
AAVs were injected in the cisterna magna as described above at a
rate of 1 μl/min for 10 min, yielding a total injected volume of 10
μl. The needlewas removed 30min after the end of injection tomin-
imize leakage, and the skin was sutured with a 6-0 absorbable suture
line (Vicryl, Ethicon). Upon awakening, carprofen (5 mg/kg, subcu-
taneous) was administered. The mice received injections of carpro-
fen for 3 days postsurgery. The reporter virus, ssAAV-PHP.B/2-
hCMV-chI-EGFP-WPRE-SV40p(A) (4.7 × 1013 vg/ml) (Viral
Vector Facility VVF, Institute of Pharmacology), was injected into
cisterna magnae of three 4-week-old (weight, 19.7 ± 0.75 g) C57BL/
6J animals. To compare the AAV infection pattern with cisterna
magna delivery, four 4-week-old (weight 16.8 ± 0.50 g) C57BL/6J
mice were injected intravenously (tail vein) with 100 μl of 1/10
diluted ssAAV-PHP.B/2-hCMV-chI-EGFP-WPRE-SV40p(A) in
saline. The eGFP-expressing virus–injected mice were euthanized
2 weeks after injection and transcardially perfused as described
below. For the hearing rescue experiments, 10 μl of the therapeutic
virus, AAV2/AAV9-PHP.B-CBA-VGLUT3-WPRE (AAV-Slc17a8)
(2.27 × 1013 gc/ml) (Viral Core at Boston Children’s Hospital) or
aCSF (control) or ssAAV-PHP.B/2-hCMV-chI-EGFP-WPRE-
SV40p(A) (4.7 × 1013 vg/ml) (control) were injected into 6- to 12-
week-old VGLUT3 knockout mice and wild-type littermates or
wild-type animals. Both the therapeutic virus and control-injected
mice had the ABR measured 2 weeks after injection. For accessing
whether the virus results in any inflammation of the ears or behav-
ioral alterations, 12 4-week-old wild-typemicewere injected with 10
μl of AAV9-PHP.B-CBA-VGLUT3-WPRE or aCSF in cisterna
magna. Forty nonrandomized animals were injected in the rescue
experiment, and two animals died: One was likely due to anesthetic
overdosing, and the second died after surgery. No complications

were observed in the surviving animals. The researcher performing
this analysis was not blinded during analysis, and the animals were
not randomized in this experiment.

Proximity extension assay
See Supplementary Materials and Methods.

Histology and immunohistochemistry
See Supplementary Materials and Methods.

Open field test
See Supplementary Materials and Methods.

ABR and DPOAEs
The primary outcome for the rescue experiments was the ABRs.
Signal generation and acquisition were done using Tucker-Davis
Technologies System III hardware and software. Stimuli were gen-
erated using BioSigRZ software running on a PC connected to a
signal processor (RZ6). For DPOAEs, sound from two indepen-
dently driven MF1 speakers was merged into a custom acoustic
coupler for closed field stimulation. For ABR, the stimulus output
was through an open field speaker (MF1). A Brüel and Kjær ¼-inch
microphone and a conditioning pre-amplifier (4939 A 011 and 2690
A 0S1) were used to calibrate the stimulus. Speakers were calibrated
one at a time using a frequency sweep (4 to 32 kHz). The output was
corrected to produce a flat spectrum at 90-dB SPL (open field
speaker, ABR) and 80-dB SPL (closed field speakers, DPOAEs).
Mice were anesthetized with a mixture of ketamine [ketaminol
(50 mg/ml), Intervet, 511485] and xylazine [rompun (20 mg/ml),
Bayer, KP0A43D] (100 and 10 mg/kg body weight, respectively)
and placed in a custom-made acoustic enclosure with sound-ab-
sorbing material on the walls and ceiling. Body temperature was
maintained at 36.5°C using a heating pad (HomeothermicMonitor-
ing System 55-7020, Harvard Apparatus). We first recorded
DPOAEs. In short, the acoustic coupler was inserted into the ear
canal. A microphone (EK 23103, Knowles) was inserted into the
acoustic coupler and connected to a pre-amplifier (ER-10B+, Ety-
motic Research) and a processor (200-kHz sample rate) to measure
sound intensity in the ear canal. Each speaker played one of two
primary tones (f1 and f2) and swept in 5-dB steps from 80- to 10-
dB SPL (for f2). The 2f1 − f2 distortion product was measured with
f2 = 8, 12, 16, 24, and 32 kHz, f2/f1 = 1.25, and stimulus intensity L1
= L2 + 10-dB SPL. We then measured ABRs. Stainless-steel subder-
mal needle electrodes were placed at the head vertex (positive),
under the right ear pinna (negative) and above the right leg
(ground). ABRs were evoked by tone bursts (0.5 ms rise per fall
time, 5-ms duration) of 8, 12, 16, 24, and 32 kHz presented 21
times per second. Signals were collected via a low-impedance
head stage (RA4LI) connected to a pre-amplifier (RA4PA) and dig-
itally sampled (200-kHz sample rate). Responses to 200 to 3000
bursts were bandpass-filtered at 0.3 to 3 kHz using BioSigRZ and
averaged at each intensity. For each frequency, sound intensity de-
creased from 90-dB SPL in 5-dB steps. DPOAEs and ABR were re-
corded 2 to 3 days before the cisterna magna viral injections
(baseline) and 14 days after the viral injections (2w), at which
time point animals were euthanized for cochlear histology. The re-
searcher was blinded to the experimental group at time of measur-
ing. One Slc17a8+/+ and one Slc17a8−/− mouse died at the end of
the baseline ABRs because of anesthetic overdose after the bolus
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injection. The researcher performing this analysis was not blinded
during analysis, and the animals were not randomized in this
experiment.

Dispersion model
See Supplementary Materials and Methods.

Statistical analysis
The Python (ver. 3.8.5, Python.org) library SciPy (66) and Graph-
Pad Prism (ver. 8.3) were used for statistical testing, and all data are
plotted as mean ± SEM unless otherwise stated (code is available via
the DOI provided in the data and materials availability section). All
hypothesis testing was via two-tailed ANOVA, and significance was
determined at an α = 0.05 post hoc Šidák analysis where multiple
tests were performed unless otherwise stated. Times to half peak
of mean MRI intensities were compared with the nonparametric
Mann-WhitneyU test. The number of animals in each group is pre-
sented in figure legends. No a priori exclusion criteria or statistical
power calculations were used. For statistical testing, the experimen-
tal unit was each ear unless otherwise stated.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S11
Tables S1 to S7

Other Supplementary Material for this
manuscript includes the following:
Movie S1
Data files S1 to S6
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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