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Moderate noise exposure may cause acute loss of cochlear synap-
ses without affecting the cochlear hair cells and hearing
threshold; thus, it remains “hidden” to standard clinical tests.
This cochlear synaptopathy is one of the main pathologies of
noise-induced hearing loss (NIHL). There is no effective treat-
ment for NIHL, mainly because of the lack of a proper drug-de-
livery technique. We hypothesized that local magnetic delivery of
gene therapy into the inner ear could be beneficial for NTHL. In
this study, we used superparamagnetic iron oxide nanoparticles
(SPIONSs) and a recombinant adeno-associated virus (AAV) vec-
tor (AAV2(quad Y-F)) to deliver brain-derived neurotrophic fac-
tor (BDNF) gene therapy into the rat inner ear via minimally
invasive magnetic targeting. We found that the magnetic target-
ing effectively accumulates and distributes the SPION-tagged
AAV2(quad Y-F)-BDNF vector into the inner ear. We also found
that AAV2(quad Y-F) efficiently transfects cochlear hair cells and
enhances BDNF gene expression. Enhanced BDNF gene expres-
sion substantially recovers noise-induced BDNF gene downregu-
lation, auditory brainstem response (ABR) wave I amplitude
reduction, and synapse loss. These results suggest that magnetic
targeting of AAV2(quad Y-F)-mediated BDNF gene therapy
could reverse cochlear synaptopathy after NIHL.

INTRODUCTION

Changes in the hearing threshold after noise-induced hearing loss
(NIHL) can be temporary or permanent. Permanent NIHL is caused
by irreparable damage to cochlear hair cells.' On the other hand,
although hair cell damage and threshold change recover rapidly in
temporary NIHL, studies have shown that moderate noise exposure
can destroy synapses and significantly attenuates auditory brainstem
response (ABR) wave I amplitude.” * Loss of synapses between inner
hair cells (IHCs) and spiral ganglion neurons (SGNs) is one of the
main pathologies of NIHL.” Clinically, hearing thresholds may
recover within days or weeks, and routine audiological examinations
may fail to detect this form of damage to cochlear synapses in hu-
mans. Thus, this form of hearing loss is known as hidden hearing
loss or cochlear synap’(opathy.6

Studies have suggested that neurotrophins can prevent the noise-
mediated degeneration of neuronal elements and thus can be used
to treat NTHL.” "' It has been shown that transplantation of neurotro-
phin-secreting olfactory stem cells into the cochlea and application of
brain-derived neurotrophic factor (BDNF) on the round window can
potentially reduce synaptopathy.'™"” Mesenchymal stem cell (MSC)-
mediated elevation of BDNF in the cochlea has been shown to protect
the cochlea against ototoxicity by improving SGN survival."> Adeno-
associated viruses (AAVs) are widely used to deliver gene therapy in
the inner ear. Recombinant AAV vectors are being developed to
improve the transduction efficiency of difterent therapeutic genes in
the inner ear.'”

One of the main challenges in treating inner-ear diseases is deter-
mining the best route of delivery. Conventional routes of administra-
tion, such as oral and parenteral routes, are often the first-line
approach for treating inner-ear diseases, but these approaches can
lead to subtherapeutic drug concentration in the inner ear because
of the blood-labyrinth barrier. 1> On the other hand, the main obstacle
in local drug delivery to the cochlea is its complex and fragile micro-
structures. In the intratympanic method, drug substances are injected
in the middle ear with the aim of passive diffusion through the round
window membrane (RWM) to the inner ear. With intracochlear
administration, drug substances are directly injected into the cochlea;
however, surgery often results in disruption of inner-ear homeostasis
leading to possible further physical damage resulting in hearing loss
and vertigo.H Magnetic targeting of gene therapy is a new and
evolving field. Magnetizable nanoparticles are used to deliver and
concentrate therapeutic substances in the region of disease safely
and easily.'” *' Very few studies have been done to explore magnetic
targeting as a local delivery approach to the inner ear.?>% Recently,
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Le etal."” successfully used magnetic targeting for systemic delivery of
MSCs and superparamagnetic iron oxide nanoparticles (SPIONs) to
the inner ear.

We hypothesized that local magnetic targeting is a safe and efficient
delivery technique for AAV-mediated BDNF gene therapy to treat
NIHL. In our study, we employ local magnetic delivery of the
AAV2(quad Y-F) vector into the inner ear to elevate BDNF levels.
SPIONs were attached to the virus to facilitate magnetic targeting
delivery into the inner ear of a NIHL rat model. Magnetic resonance
(MR) imaging (MRI) was used to confirm the distribution of the
SPION inside the cochlea. SPION delivery did not cause ototoxicity
to the inner ear. Magnetic targeting of AAV2(quad Y-F)-BDNF vec-
tors to the inner ear enhanced BDNF gene expression in the co-
chlea. That overexpression of the BDNF gene recovers synapses
and ABR wave I amplitude after NIHL. These data demonstrated
for the first time the ability to deliver gene therapy locally via a
minimally invasive, trackable, and effective magnetic targeting tech-
nique that can potentially improve hearing performance to treat
NIHL.

RESULTS

Efficacy of local magnetic targeting of SPION to inner ear
SPIONS consist of the ferric iron (Fe**) and ferrous iron (Fe**) core
and have a large magnetic moment, which leads to local magnetic
field inhomogeneity and a significant decrease in MRI signal inten-
sity. Hence, SPIONSs appear dark on T2-weighted images,17 allowing
their location to be visualized in vivo. SPIONSs (20 pL) were deposited
onto the RWM (left ear) of 6- to 8-week-old rats via a postauricular
surgical approach. The SPIONs were targeted inside the inner ear us-
ing an external magnet for 30 min, while the right ear is preserved as
control. Qur MRI results showed SPION localization in the cochlea,
vestibule, and semicircular canals of the ear where SPIONs were
magnetically targeted locally (Figure 1). Axial and coronal views of
the MRIs confirmed that SPION-associated signal loss (dark/black
signal) was observably higher in the cochlea of the SPION-treated
ear (left ear) compared to the control untreated ear (right ear) (white
T2 fluid signal) when using magnetic targeting (Figures 1ib, and 1id).
There was no apparent signal loss due to SPION contrast in the
treated left ear compared to the control right ear without magnetic
targeting (Figures 1i a, and 1i c). Sagittal view of the left ear provided
a direct comparison between magnetically targeted and untargeted
groups, showing a higher SPION contrast (darker signal) in the
magnetically targeted ear (Figures lie, and 1i f). A three-dimensional
MRI view of the inner ear showed a white fluid signal loss, indicative
of the presence of SPION contrast (black signal), in basal and mid-
turn of the cochlea, vestibule, and horizontal semicircular canal
(HSCC) of the magnetically targeted ear (Figures 1i g, and 1i h). Addi-
tionally, quantification of the MRI signal in various regions of interest
(ROIs; ROI 1: basal turn, ROI 2 and ROI 3: mid-turn, ROI 4 and ROI
5: apex) (Figure 1ii a) was performed by obtaining a relative signal in-
tensity ratio of the treated ear over the control ear for each region. A
mixed analysis of variance (ANOVA) was used to compare the
treated and control ears across ROIs and indicated a significant group
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by ROI interaction (F(2.43, 12.15) = 9.46, p = 0.002, Greenhouse-
Geisser corrected) suggesting that a change in relative signal ratio de-
pended on the cochlear region (Figure 1ii b). Significantly more
SPION contrast was delivered to the basal turn as compared to the
mid-turn and apex (p < 0.015) in the magnetic targeting group,
whereas there was no difference between the apex and mid-turn (p
> 0.32). No differences were found between cochlear regions in the
group without magnetic targeting (p > 0.18). Finally, the signal inten-
sity was higher in the group without magnetic targeting versus the
magnetic targeting group at the basal turn (p < 0.0008), and this dif-
ference was marginally significant at the mid-turn and apex (p <
0.06).

Magnetic targeting of SPIONs has no adverse effect on the
inner-ear hearing function

After confirming that magnetic targeting can be used to deliver
SPIONS to the inner ear, we assessed for adverse effects of this proced-
ure on the hearing thresholds of our animals. The results showed no
significant changes in ABR threshold at any of the frequencies exam-
ined (4 kHz, 8 kHz, 16 kHz, 24 kHz, and 32 kHz) in the treated ear at
2 weeks and 4 weeks after surgery/delivery (Figures 2ia, and 2ib). We
also did not find any significant changes in ABR threshold value be-
tween male and female rats in the control and SPOIN (with magnetic
targeting)-treated groups. However, we found that hearing thresholds
were lower (better hearing) in female rats at 8 kHz (at 4-week time
point) and 16 kHz and 32 kHz frequencies, mainly in control ears
(Figure S1i). Our result suggested that magnetic targeting of SPION
did not have any adverse effect on the normal hearing of male or fe-
male rats.

To further assess the effect of magnetic delivery of SPIONS to the in-
ner-ear microstructure, we examined the histology of the hair cells
and hair cell stereocilia bundles in both treated and control ears.
Anti-myosin VIla was used to label hair cells, and phalloidin conju-
gated to Alexa 488 was used to stain actin filament (Figure 2ii).
The results did not show any observable loss of outer hair cells
(OHCs), IHCs, and stereocilia bundles in any of the cochlear turns
(basal [>20 kHz], mid-turn [8—20 kHz], and apex [<8 kHz]; Fig-
ure S1ii) of control and SPION with magnetic targeting-treated rats
(Figure 2ii).

AAV2(quad Y-F) efficiently transduced cochlear hair cells

Initially, we tested the hair cell transduction efficiency of AAV2(quad
Y-F). Magnetic delivery of 6.06 x 10" genome-containing (GC)
particle of AAV2(quad Y-F)-BDNF-GFP-SPION was performed in
rats without noise exposure. SPIONs (20 pL) were tagged with
AAV2(quad Y-F) and were deposited onto the RWM (left ear) of
6- to 8-week-old rats via a postauricular surgical approach. The
SPIONs were then targeted inside the inner ear using an external
magnet near the contralateral ear for 30 min. The rats were sacrificed
after 4 weeks, and the cochleae were collected and immunostained for
GFP and hair cells (using anti-myosin VI) (Figures 3i—3iii). We
found that AAV2(quad Y-F) efficiently transduced both OHCs and
IHCs in all three turns of the cochlea (basal turn, mid-turn, and
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Figure 1. Better distribution of SPION in the inner ear after magnetic targeting

T2- weighted MRIs of rat ears using a 3D RARE sequence after postauricular administration of SPION (nanoparticle [NP)) (i, a-h). For the magnetic targeting group, SPION was
targeted inside the inner ear using an external magnet for 30 min. The ears were imaged after the incubation with a magnet was done. Left ear images of the SPION +
magnetic targeting group rats show loss of signal intensity due to SPION (the intensity of white fluid signal between the circles in each panel) in the cochlear tums and
semicircular canal than that of the right ears (i, b and d). Also, SPION with magnetic targeting left ears showed a better distribution of SPION in the inner ear (i, b, d, and f) than
that of the ears that are treated with SPION alone (without magnet) (i, &, ¢, and e). 3D images of T2-weighted MRI showed more signal loss due to SPION (white arrow) in the
cochlear tums and semicircular canal of the left ear than that of the right ears in SPION + magnetic targeting group rats (i, g and h); n = 4 per group. Five random regions of
interest (ROIs) were selected in the left ears of SPION with or without magnetic targeting group rats (i, a), ROl #1 basal turn, ROI #2 and #3 mid-turn, and ROI #4 and #5 apex.
The corresponding ROIs were chosen in the control ears. White bars represent the relative signal intensity of SPION alone-treated left ear over control ear (right ear), and black
bars represent the relative signal intensity of SPION with magnetic targeting-treated left ear over control ear (ji, b). Decreased signals were observed in ROIs of the SPION +
magnetic targeting group than that of the SPION-alone group (i, b). Better SPION distribution was found in basal turn (ROI #1), mid-turn (ROI #2 and #3), and apex (ROl #4
and #5) of SPION + magnetic targeting group. Bar diagrams indicate mean + SEM values of relative MRI signal intensity. *p < 0.05, **p < 0.01, ***p < 0.001; n = 4 per group.

apex) when magnetically targeted into the inner ear (Figures 3i, 3i a, 3i
d, and 3i g). In contrast, the AAV2(quad Y-F)-BDNF-GFP alone-
treated group showed weak GFP expression at the basal turn and
poor GFP expression at mid-turn and apex (Figures 3ii, 3ii a, 3ii d,
and 3ii g). We did not find any noticeable GFP staining in the un-
treated control ear (Figures 3iii, 3iii a, 3iii d, and 3iii g)

To confirm the efficiency of AAV2(quad Y-F)-BDNF-GFP-medi-
ated gene delivery in the inner ear, we analyzed the expression level
of GFP and BDNF mRNA in the cochlea after magnetic delivery.
Both sets of analysis found a main effect of group (for GFP,
F(2,15) = 25.5, p < 0.001; for BDNF, %*(2) = 6.50, p = 0.039).
Post hoc comparisons did not return any significant changes in
GFP and BDNF gene expression in the ears that were treated
with AAV2(quad Y-F)-BDNF-GFP without magnetic targeting
(Figure 3iv; p > 0.42). However, AAV2(quad Y-F)-BDNE-GFP-
SPION and magnetic targeting-treated ears showed an ~24-fold

increase in GFP gene expression and ~7-fold increase in BDNF
gene expression in comparison to control ears by 2 weeks of the
delivery (Figure 3iv; p < 0.02). We also checked the expression level
of SRY (sex determining region Y)-box transcription factor 2
(SOX2) mRNA as a marker of the cochlea-specific gene. We did
not find any changes in SOX2 expression in control and AAV2(-
quad Y-F)-BDNF-GFP-SPION and magnetic targeting-treated
ears (Figure 52).

Effect of the local magnetic delivery of BDNF gene therapy on
cochlear function

To assess the functional effects of the magnetic delivery of BDNF gene
therapy to the inner ear, the hearing was measured before and after
the gene delivery in a rat model of NTHL. ABR wave I was assessed
at threshold (reflecting the function of high spontaneous discharge
rate [SR] synapses) and above threshold (i.e., suprathreshold, reflect-
ing the function of low-SR synapses).
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Figure 2. Magnetic targeting of SPION does not have any adverse effect on hearing and hair cells in non-deafened ears

Representative traces of auditory brainstem response (ABR) in contral (right) ear (i, a) and SPION (NP) with magnetic targeting-treated (left) ear (i, b) before and after local
delivery of SPION, evoked by pure tones at 4 kHz, 8 kHz, 16 kHz, 24 kHz, and 32 kHz. There were no significant changes in ABR absolute threshold at any of the five
frequencies in the control ear or SPION with magnetic targeting-treated ear, after 2 weeks and 4 weeks of delivery. The black vertical bar (i, b) indicates the time of SPION
administration. Mean + SEM values of the ABR threshold are shown in the graphs for n = 12 animals (6 male and 6 female animals). (i) Representative immunostaining images
of cochlear hair cells (stained with anti-myosin Vlla, red stain) and hair cell stereocilia bundles (stained with Alexa Fluor 488 phalloidin, green stain) in the organ of Corti of
control (i, a-i) and SPION with magnetic targeting ears (i, j-r). There were no changes in cochlear hair cells and hair cell stereocilia bundles at any of the three turns of the
control and SPION with magnetic targeting-treated ears after 4 weeks of SPION administration. White arrows indicate OHCs and inner hair cells (IHCs). Immunofluorescence
(IF) images are representative images of n = 6 animals in each group. Photomicrographs were all taken in the same setting (20x optical zoom) and exposure time.

ABR threshold shifts were calculated by subtracting the pre-noise
threshold value from the post-noise value. At first, we checked the ef-
fect of the 2-h exposure of an octave band of noise (8-16 kHz) at 110
decibel (dB) sound pressure level (SPL) on the ABR threshold shift in
6- to 8-week-old male and female rats. We found that 2-h exposure to
110 dB SPL noise caused a reversible ABR threshold change in both
male and female rats in all four experimental frequencies (4 kHz,
16 kHz, 24 kHz, and 32 kHz). The threshold shift caused by the noise
exposure was fully or partially recovered by 4 weeks of the noise expo-
sure in both male and female rats (Figure S3). Interestingly, we found
a trend of less noise-induced threshold shift in female rats than male
rats, but those changes were not statistically significant. As in our
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experimental setup, we did not find any significant different effects
of noise exposure on the ABR threshold shifts between male and fe-
male rats; we combined the male and female rats to analyze the effect
of magnetic targeting of AAV2(quad Y-F)-BDNEF-SPION on NIHL.
Our analysis showed that 2-h exposure to an octave band of noise
(8—16 kHz) at 110 dB SPL caused a moderately significant and
partially reversible change in the ABR threshold in 6- to 8-week-old
Long-Evans rats (for both sexes similarly) (Figures 4i—4iv). In the
control ear, at 48-h post-noise exposure, there was an ~20- to 25-
dB threshold shift in high frequency (16 kHz, 24 kHz, and 32 kHz)
and a relatively smaller threshold shift (~10—15 dB) in low frequency
(4 kHz). These threshold shifts returned toward the pre-noise value
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Figure 3. AAV2(quad Y-F) infects cochlear OHCs and IHCs with high efficiency

Representative confocal images of GFP and myosin VI staining in the apex (<8 kHz), mid-turn (8—20 kHz), and basal turn (>20 kHz) of control (iii), AAV2(quad Y-F)-GFP-BDNF
(virus alone) (ii), and AAV2(quad Y-F)-GFP-BDNF-SPION (virus-NP)-treated ears (i). AAV2(quad Y-F)-GFP-BDNF (virus) and AAV2(quad Y-F)-GFP-BDNF-SPION (virus-NP)
were administered in the left-ear round window niche following a retro-auricular approach at a dose of 6.06 x 10'°CG particles and were targeted to the inner ear using an
external magnetic field (for virus-NP group only). In the AAV2(quad Y-F)-GFP-BDNF-SPION group, the IHCs and OHCs were infected with high efficiency throughout the
entire cochlea (i, a, d, and g). GFP expression is shown in green (i, a, d, and g; ii, a, d, and g; andiiii, a, d, and g), and myosin VI (marker for hair cells) expression is shown in red
(i, b, e, and h; ii, b, e, and h; andiii, b, e, and h). Weak GFP staining was observed in the virus-alone group ears (i), and no noticeable GFP staining was observed in the right
(control) ears (iii). Rat cochleae were collected 4 weeks after AAV2(quad Y-F)-GFP-BDNF delivery and were processed for IF. IF data shown are representative of at least 6
independent experiments using different animals. Photomicrographs were taken at the same setting (20x zoom) and exposure time for all pictures. The expression level of
GFP and BDNF mRNA in rat cochlea (iv) was significantly enhanced in the AAV2(quad Y-F)-GFP-BDNF-SPION with magnetic targeting (virus-NP) ears than that of the control
(right) ears. AAV2(quad Y-F)-GFP-BDNF alone (virus alone) treatment did not show any significant changes in GFP or BDONF gene expression. Rat cochleae were collected
2 weeks after delivering AAV2(quad Y-F)-BDNF-GFP + SPION and were processed for RT-PCR. Bar diagrams indicate mean + SEM values of relative gene expression. *p <
0.05, *p < 0.01, **p < 0.001; n = 9 (control), 4 (AAV2(quad Y-F)-GFP-BDNF along), and 5 (AAV2(quad Y-F)-GFP-BDNF with magnetic targeting) animals.

by 4 weeks, partially for 4, 16, and 32 kHz, and complete recovery for  the group-by-time interaction depended on the frequencies tested.
24 kHz. There was no observed recovery of threshold shift at 2 weeks. ~ Post hoc comparisons revealed that the ears treated with AAV2(quad
Similar patterns were seen in the SPION alone with the magnetic tar-  Y-F)-BDNE-SPION with magnetic targeting had smaller threshold
geting group and the AAV2(quad Y-F)-BDNF-alone (without mag- shifts compared to the control SPION with magnet groups at 2 weeks
net) group. Interestingly, for the ears that were treated with AAV2(-  at 16, 24, and 32 kHz (p < 0.043). Thresholds were also lower for the
quad Y-F)-BDNEF-SPION with magnetic targeting, there was a rapid =~ AAV2(quad Y-F)-BDNEF-SPION without magnet group at 24 kHz
recovery of threshold shift for all examined frequencies toward the  and 2 weeks compared to the control group (p = 0.011). No other con-

pre-noise value by 2 weeks (Figures 4i—4iv). The recovery was com- trasts were statistically significant.
plete and comparable to the pre-noise hearing value by 4 weeks for 24
and 32 kHz (Figures 4iii and 4iv). For control ears, we found that 2-h exposure to 110 dB SPL resulted in

an ~15- to 20-dB shift in the distortion product (DP) otoacoustic
These observations were supported in multilevel modeling analyses, emission (OAE) threshold after 48 h in the high-frequency region
indicating a significant interaction of group and time point of testing  (Figures S4ii—S4iv). While in the low-frequency region, the shift
(F(9,307.25) = 5.55, p < 0.001). Note that a three-way interaction was was smaller, ~5—10 dB (Figure 54i). These shifts of DPOAE thresh-
not found with frequency, suggesting that there was no evidence that olds recovered by 2 weeks after noise exposure. Other experimental

Molecular Therapy Vol. 30 No 1 January 2022 5



Please cite this article in press as: Mukherjee et al., Local magnetic delivery of adeno-associated virus AAV2(quad Y-F)-mediated BDNF gene therapy re-
stores hearing after noise injury, Molecular Therapy (2021), https://doi.org/10.1016/.ymthe.2021.07.013

Molecular Therapy

Figure 4. Magnetic targeting of AAV2(quad Y-F)-
BDNF-SPION recovers the noise-induced ABR
threshold shift faster

Representative traces of ABR before and after the noise
exposure, evoked by pure tones at 4 kHz (i), 16 kHz (i), 24
kHz (jii), and 32 kHz (iv). A 2-h exposure to an octave band
(8—16 kHz) noise at 110 dB SPL produced an ~10-dB to
~25-dB shift of ABR threshold over the pre-noise threshold
48 h after the noise exposure. Threshold shifts were smaller
in low frequency (i) and relatively higher in high frequencies

48 hr

L

(i—iv). ABR threshold shifts recovered either partially or fully
to normal pre-exposure values by 4 weeks after the noise
exposure, in case of the control ears (green dotted line), and
SPION-treated ears (NP + magnet, red ling). ABR threshold
shifts in the AAV2(quad Y-F)-BDNF-SPION magnetically
targeted ears (virus-NP + magnet, green solid line) were
recovered almost fully to pre-ncise exposure value by
2 weeks after noise exposure (i—iv), whereas ABR threshold
shifts were only partially recovered by 2 weeks and fully
recovered by 4 weeks of noise exposure in AAV2(quad
Y-F)-BDNF alone-treated ears (virus alone, blue ling).
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groups followed a similar pattern without any significant differences.
We found a trend of elevation in threshold or incomplete recovery at
4 weeks in the 16- and 32-kHz regions in control, SPION alone with
magnetic targeting, and AAV2(quad Y-F)-BDNF-alone (without
magnet) groups. However, there was complete recovery at all fre-
quencies observed in the AAV2(quad Y-F)-BDNF-SPION with mag-
netic targeting group, although there were no statistically significant
differences (Figures S4i—S4iv; p > 0.18).

With the moderate and significant recoveries in ABR thresholds after
2 weeks of noise exposure and gene-therapy treatment, we proceeded
to examine the suprathreshold neural response at low and high fre-
quencies. ABR wave I amplitude and DP amplitude were calculated.
A multilevel model was used to evaluate how the wave I amplitude
changed as a function of the group, time point of testing, frequency,
and level, as well as their interactions. The highest significant interac-
tion terms indicated a marginally significant group by time by level
interaction (F(15,1537.76) = 1.548, p = 0.081) and a significant group
by frequency by level interaction (F(15,1537.76) = 2.66, p = 0.0005).
The four-way interaction was not significant, in sum, suggesting
that group differences as the ABR elicitor level increased depended
mostly on frequency.

Figure 5i shows that in control ears, at low frequency (4 kHz) where
changes in the ABR threshold were less, the ABR wave I amplitude did
not change significantly (Figure 5i; p > 0.16) with the exception of a
difference at 4 weeks post-noise exposure at 90 dB SPL (p = 0.002).
However, in the 16-, 24-, and 32-kHz regions where the ABR
threshold shifts were significantly higher (Figure 4), ABR wave I am-
plitudes of the control group were significantly attenuated (Figures
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p < 0.05, *p < 0.01, *™p < 0.001 (versus control); #p <
0.05, ##p < 0.01 (versus SPION + magnet); n = 5—12
animals.

post noise

5ii—>5iv). Wave I amplitudes at these high-frequency regions were
reduced by ~40%-50% after 48 h of noise exposure (mainly at supra-
threshold levels of 70—90 dB) and did not recover by 2 or 4 weeks
post-noise exposure. To analyze the control group further in terms
of gender differences, we checked if there is any difference in ABR
wave | amplitude reduction after noise exposure between male and fe-
male rats. We did not find any significant difference in ABR wave I
amplitude reduction after noise exposure between male and female
rats (Figure S5). However, we found a trend of lower ABR wave I
amplitude in female rats at 16 kHz (and 32 kHz frequency in pre-
noise condition), mainly at a higher noise level (Figure S5ii). But these
changes were not statistically significant. As in our experimental
setup, we did not find any significant different effects of noise expo-
sure on the ABR wave I amplitude between male and female rats; we
combined the male and female rat data to analyze the impact of mag-
netic targeting of AAV2(quad Y-F)-BDNF-SPION on noise-induced
ABR wave | amplitude reduction. In the AAV2(quad Y-F)-BDNF-
SPION with the magnetic targeting group, this attenuation of ABR
wave I amplitude was only temporary, at 48 h. The magnetically tar-
geted AAV2(quad Y-F)-BDNF-SPION group quickly recovered ABR
amplitude by ~80%-90% in the 16-kHz region, ~80% in the 24-kHz
region, and ~70%-80% in the 32-kHz region by 2 weeks of noise
exposure. Post hoc tests from the multilevel model support these ob-
servations, showing a reduced ABR wave I amplitude in the control
group compared to the AAV2(quad Y-F)-BDNEF-SPION with the
magnetic targeting group at 80 and 90 dB SPL from 2 to 4 weeks at
16 kHz and above (p < 0.019). Differences were also found at 70 dB
SPL at 16 and 32 kHz at both 2 and 4 weeks post-noise exposure
(p < 0.045) and for the 60-dB SPL condition (24 kHz at 2 weeks,
p = 0.033, and 32 kHz at 4 weeks, p = 0.040). This suggests that
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Figure 5. Wave | amplitudes at high frequencies were
permanently attenuated

Representative traces of ABR wave | amplitude evoked by
suprathreshold tones at 4 kHz (i), 16 kHz (ii), 24 kHz (i), and
32 kHz (iv) frequencies. 2 days following the noise expo-
sure, the suprathreshold amplitude of ABR wave | (red line),
which is related to the far-field response of the cochlear
nerve, was permanently reduced from their pre-exposure
values at 16 kHz, 24 kHz, and 32 kHz in control ears (red
line, black dotted line, and blue dotted ling). Magnetic tar-
geting of AAV2(guad Y-F)-BDNF-SPION (virus-NP + mag-
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net) in the inner ear significantly recovers ABR wave |
amplitude by 2 weeks of the noise exposure (blue solid line)
and maintains in the recovered stage even after 4 weeks of
the noise exposure (black solid line). Graphs represent
mean + SEM values of the threshold shift. *p < 0.05, **p <
0.01, **p < 0.001 (2 weeks post-noise control versus
2 weeks post-noise virus-NP + magnet); #p < 0.05, ##p <
0.01, ###p < 0.001 (4 weeks post-noise control versus
4 weeks post-noise virus-NP + magnet); n = 12 (control)
and 11 (AAV2(quad Y-F)-BDNF-SPION with magnetic tar-
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NP: SPION
Virus: AAV2(quad Y-F)-GFP-BDNF

recovery remains stable at 4 weeks post-noise exposure and gene ther-
apy treatment. We did not observe such recovery of wave [ amplitude
in the AAV2(quad Y-F)-BDNF-alone (without magnet) group after
finding a comparable three-way interaction among group, frequency,
and level comparing AAV2(quad Y-F)-BDNF groups with and
without magnetic targeting (F(15,965.55) = 2.587, p = 0.0008)
(Figure S6).

For changes in DPOAEs, multilevel modeling indicated a group by
frequency interaction (F(3,734.83) = 7.61, p & lt; 0.001). Post hoc
comparisons, however, indicated that the differences between groups
were mainly due to spurious variation in animals before AAV2(quad
Y-F)-BDNT with magnetic targeting was applied, with differences in
pre-and post-noise measurements at 16 and 24 kHz from 50 to 80 dB
(p & It; 0.04). No differences were found after AAV2(quad Y-F)-
BDNF with magnetic targeting (Figure S57), with the exception of a
minor difference at the 2-week measurement, evoked at 16 kHz at
60 dB (p = 0.43), which was not sustained at 4 weeks (p = 0.18).
These results suggested the loss of neuronal function due to noise
exposure recovered after magnetic targeting of BDNF gene therapy
in high-frequency regions without any widely significant changes
in OHCs.

Next, together with minimal changes in the DPOAE threshold pre-
viously reported and to confirm that noise exposure did not have a
significant effect on hair cells, we labeled hair cells with anti-myosin
VII A antibody. The results did not show notable changes in OHCs
and THCs morphology and count in any of the experimental groups
at any post-noise exposure time points. Figure S8 shows normal
arrays of OHCs and IHCs throughout the cochlea of naive control
(Figures S8a—S8c), control 58d—S8f), and

noise (Figures

50

60 70 8 90 geting) animals.

Level (dB-SPL)

AAV2(quad Y-F)-BDNF-SPION with magnetic targeting groups
(Figures S8g—S8i) at 4 weeks after noise exposure. This normal
morphology of OHCs and IHCs confirmed the minimal changes
in the DPOAE threshold and amplitudes assessed previously. How-
ever, with the recovery of ABR threshold and amplitude after BDNF
treatment, we examined the effect of noise exposure on the synapses
between IHCs and SGNs. Synapses between IHCs and SGNs were
visualized by immunostaining presynaptic ribbon protein, the C-ter-
minal-binding protein 2 (CtBP2), and postsynaptic protein, gluta-
mate receptor subunit 2 (GluA2). Presynaptic ribbon protein and
postsynaptic protein pair (CtBP2/GluA2 pair) were counted in all
three regions (apex, <8 kHz; mid-turn, 8—20 kHz; and basal turn,
>20 kHz) of the cochlea. We found an average of ~10—13 CtBP2/
GluA2 pairs per IHC in the naive control group (Figure 6). Anti-
CtBP2 also stains THC nuclei, which showed an intact array of
IHCs throughout the cochlear turns after noise exposure in all of
the experimental groups (Figure 6). Although the IHCs were intact,
there was an observable degeneration of presynaptic ribbon protein
and postsynaptic protein counts after noise exposure in the control
group at 4 weeks (Figure 6ii). This degeneration was found mainly
in the high-frequency regions (basal and mid-turn, >8 kHz fre-
quency region) (Figures 6ii, 6ii e, and 6ii f), which were associated
with a previous threshold shift and permanent attenuation of ABR
wave I amplitude seen in the high-frequency regions (16—32 kHz)
(Figures 4 and 5). The results demonstrated ~60% reduction of pre-
synaptic ribbon protein/postsynaptic protein pair counts in the basal
turn region and ~65% reduction in the mid-turn region by 4 weeks
after noise exposure (Figure 6iii). In contrast, presynaptic/postsyn-
aptic pair counts in the low-frequency apex region appeared to be
less affected after noise exposure (Figure 6iii; ~25% reduction).
Similar effects were observed in the SPION-alone group (data not
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Figure 6. Despite threshold shift recovery and intact
hair cells, noise exposure induced loss of cochlear
synaptic terminals

Representative confocal z stack images of IHC synaptic
immunopuncta of naive control (i, a and b; i, a—c), noise
control (i, d—f), virus alone-treated (i, g—i) and virus-NP
with magnetic targeting-treated (i, j—I) rats. (i, a) Presyn-
aptic ribbon proteins were stained with anti-CtBP2 (red
channel); postsynaptic proteins were stained with GluA2
(green channel). (i, b) Magnified inset shows juxtaposition
in the x to y plane. (i) Immunostaining confocal images
(merge) show presynaptic and postsynaptic protein pairs
(CtBP2/GIuA2 pair) in the IHC area of untreated (naive)
control ears (i, a—c), noise control ears (i, d—f), AAV2(-
quad Y-F)-BDNF alone-treated ears (virus alone; ii, g—i),
and AAV2(quad Y-F)-BDNF-SPION with magnetic tar-
geting ears (virus-NP + magnet; ii, j—I). Anti-CtBP2 also
stains the nucleus of IHCs. Immunostaining for the noise-
exposed group ears (ji, d—I) was done 4 weeks after the
noise exposure. IF data shown are representative of at
least 4 independent experiments using different rats.
Photomicrographs were all taken in the same setting (60 x
zoom) and exposure time. The scattered plots (i) show
the average synapse counts (CtBP2/GIuA2 pair) per IHC
in the cochlea apex region, mid-turn, and basal turn. The
average number of synapses is reduced after noise
exposure in apex, basal turn, and mid-turmn. AAV2(quad
Y-F)-BDNF alone treatment did not have any effect on the
reduction of synapses number per hair cell (i, g—i, and iii).
Magnetic targeting of AAV2(quad Y-F)-BDNF-SPION re-
covers the loss of synapses throughout the cochlear turns
by 4 weeks post-noise exposure (i, j—I, and iii). Scatter-
plots indicate mean + SEM values of ribbon per IHC. **p <
0.01, ***p < 0.001; n = 4 animals (multiple sections were
counted from each cochlear turn) in each group.
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shown) and AAV2(quad Y-F)-BDNF-alone (without magnet) group
(Figures 6ii, 6ii g—6ii i). However, magnetically targeted AAV2(quad
Y-F)-BDNF-SPION showed complete recovery of presynaptic rib-
bons and postsynaptic proteins by 4 weeks after noise exposure (Fig-
ures 6ii, 6ii jJ—6ii I).

These observed differences were statistically confirmed using a Pois-
son regression model, finding a significant interaction term between
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Naive Control Virus  Virus-NP
control

AAV2(quad Y-F)-BDNF-only group at the

alone ma;ml base, mid-turn region, and apex (p < 0.05)
rroe. and was not different from the AAV2(quad
eposure Y-F)-BDNE-SPION with magnetic targeting

group at any location (p > 0.064). In contrast,

the AAV2(quad Y-F)-BDNF-SPION with mag-

netic targeting group had higher synaptic

counts than the virus-only and noise control
groups at the base and mid-turn region (p < 0.05) but not the apex
(p > 0.18). No other comparisons were significantly different.

BDNF is known to play a crucial role in the development and main-

10,12,13 -
To examine the

tenance of synaptic ribbons in the inner ear.
neuroprotective role of the BDNF gene over the entire time course
of gene therapy treatment, we quantified the expression level of

BDNF mRNA in the noise-exposed rat cochlea before and after local
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Figure 7. Local magnetic delivery of AAV-BDNF recovers the reduction in
BDNF mRNA level after noise injury

Relative gene expression of the BDNF gene inthe cochlea of control, AAV2(quad Y-F)-
BDNF alone (virus alone), and AAV2{quad Y-F)-BDNF-SPION with magnetic targeting
(virus-NP + magnet) treated animal before and after noise exposure. The expression
level of BDNF mRNA in rat cochlea was significantly reduced after 2-h exposure to an
octave band (8—16 kHz) noise at 110dB SPL. Gorrected post hoc results showed that
BDNF expression was reduced by more than 2.5-fold after noise exposure in naive
control (p = 0.052; p = 0.039 uncorrected). The AAV2(quad Y-F)-BDNF-alone group
did not show any significant recovery of the BDNF mRNA level. But magnetic targeting
of AAV2(quad Y-F)-BDNF-SPION not only recovers the BDNF mRNA level but sur-
passes the baseline level (naive control ear). Rat cochleae were collected 4 weeks after
delivering AAV2(quad Y-F)-BDNF + SPION and processed for RT-PCR. Bar diagrams
indicate mean + SEM values of relative gene expression. *p < 0.05, *p < 0.01, **p <
0.001; n = 8 (naive control group), & (noise control group), (AAV2(quad Y-F)-BDNF
alone group), and 5 (AAV2(guad Y-F)-BDNF with magnetic targeting) animals.

delivery of AAV2(quad Y-F)-BDNF (Figure 7). A one-way ANOVA
indicated that BDNF expression after noise exposure was ditterent be-
tween groups (F(3,18) = 5.90, p = 0.005). Corrected post hoc results
showed that BDNF expression was reduced by more than 2.5-fold af-
ter noise exposure in naive control (p = 0.052; p = 0.039 uncorrected).
AAV2(quad Y-F)-BDNF alone (without magnet) did not show any
recovery or improved expression of the BDNF mRNA level. However,
magnetic targeting of AAV2(quad Y-F)-BDNF-SPION not only
recovered the reduction in gene expression (BDNF expression larger
than the noise-exposed control, p = 0.005) but also descriptively sur-
passed the baseline value of the BDNF gene-expression level of naive
control rat by 2-fold (this effect was not statistically significant, p =
0.115; Figure 7). The BDNF gene expression appeared stable at
4 weeks post-treatment (Figure 7) and comparable to the initial level
post-transduction (Figure 3ii).

DISCUSSION

An efficient and effective drug-delivery technique to the cochlea is not
yet established and thus creates a major barrier toward the treatment

of inner-ear disorders. Systemic administration techniques are not
effective because of the blood-labyrinth barrier.

On the other hand, local delivery techniques are challenging because
of the complexity of the inner ear. In the intratympanic administra-
tion approach, drugs are deposited in the round window niche and
allowed to diffuse into the inner ear through the RWM. This
approach requires the ability of the drug to diffuse through the
RWM to scala tympani based on size, polarity, and duration of con-
tact with RWM."*'® Hence, the majority of the drug gets lost by clear-
ance through the eustachian tube.?® Additionally, this approach does
not guarantee the effective distribution of the drug along the cochlea
due to the low flow rate of perilymph within the cochlea.” To over-
come this nonuniformity of drug distribution along the cochlea,
different intracochlear administration techniques have been pro-
posed, including direct round window injection, cochleostomy, and
canalostomy. These intracochlear techniques are invasive with the
risk of further hearing and balance loss and infection.'” To address
this problem, it is necessary to develop a minimally invasive approach
to delivering drugs while achieving a high concentration of drug
delivery and better distribution within the cochlea. Drug-loaded
nanoparticles take advantage of magnetic targeting delivery to the
inner ear.”’

SPIONS are the ideal candidate for delivering drug substances because
of their excellent biocompatibility and superparamagnetism. Para-
magnetic properties of SPIONs enable their use as MR contrast
agents, and they can also be targeted to specific organs, for cancer
treatment, and for imaging.”™*' In our study, we used SPIONs as a
vehicle to carry AAV to the inner ear. The effective and efficient de-
livery was captured as a decreased signal on MRI (Figure 1). The dis-
tribution of SPIONs via magnetic targeting was recorded throughout
the cochlea at different turns as well as the vestibule and semicircular
canal (Figure 1). More importantly, we did not observe any significant
loss of hearing and hair cells in a non-deafened ear following the mag-
netic delivery of SPIONs (Figure 2). SPIONS are generally very safe
in vivo and can be cleared by uptake into phagocytic cells and the
reticuloendothelial system, where they degrade within 4-6 weeks
and are recycled in the normal iron pool.”'}l’ﬁ The minimally inva-
sive nature of local magnetic targeting can potentially be applied in a
clinical setting. After an intratympanic injection, instead of relying on
passive diffusion of the drug through the RWM, SPIONs carrying
drugs can be delivered actively and directly through the RWM via
an external magnetic force. Improved delivery and distribution of
drugs into the cochlea, and potentially vestibular system, are particu-
larly useful for the implementation of treatment or prevention of
different inner-ear conditions, including NIHL, tinnitus, and Me-
niere’s disease.

AAV is an ideal gene-delivery vector because of its low immunoge-
nicity and persistent gene expression in non-dividing cells. As the co-
chlea is isolated from surrounding tissues, it is an ideal organ for local
viral gene therapy without potential systemic effects. Studies have also
shown that different AAV serotypes can mediate gene expression and
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allow recovery of auditory function partially in mouse models of he-
reditary hearing loss and NIHL.”* One potential drawback with AAV-
mediated gene therapy was that conventional AAVs infect inner-ear
hair cells and neurons with low eﬂiciency.35 To overcome this prob-
lem, several modifications have been made to create recombinant
AAVs. Anc80L65, AAV2.7mS8, AAV-ie, and AAV9-PHP.B have
been shown to infect cochlear IHCs and OHCs with high efficiency
and drive the expression of desired genes in the inner ear.” 0%
Phosphorylation of tyrosine residue in the AAV capsid serves as a
signal for AAV vector ubiquitination and degradation.” Hence, the
substitution of tyrosine residue with phenylalanine residue reduces
virus degradation and enhances gene expression.“w *“ Tn our study,
recombinant AAV2 with quad mutations of Y-F (Y730F, Y500F,
Y444F, and Y272F) was used for the first time to facilitate gene ther-
apy in the rat inner ear. Our results showed successful and highly
efficient transfection of cochlear IHCs and OHCs (Figure 3i) and
overexpression of GFP and BDNF mRNA following magnetic target-
ing of AAV2(quad Y-F)-GFP-BDNEF-SPION treatment (Figures 3iv
and 7). Cochleae of the rats that were treated with AAV2(quad
Y-F)-GFP-BDNF alone (without magnet) did not show any signifi-
cant overexpression of GFP and BDNF mRNAs. Presumably, there
was not enough AAV2(quad Y-F) passive diffusion across the
RWM to significantly enhance gene expression. These results demon-
strate the critical utility of magnetic targeting in the delivery of viral
gene therapy to improve local delivery into the inner ear.

Proper hearing relies on the synaptic transmission at the ribbon
synapse between cochlear THCs and peripheral nerve fibers of
SGNs. Synaptic ribbons are the structural hallmark of IHC afferent
synapse and are involved in holding synaptic vesicles to the active
zone.**** Ribbon-less synapses result in smaller wave I peak ampli-
tudes without any difference in DPOAE threshold in the knockout
(KO) mouse." In this study, we found long-term or permanent loss
of the ABR wave I amplitudes (~50%) and presynaptic ribbon pro-
tein/postsynaptic proteins pairs (~60%—-65%) (Figures 5 and 6) in
the control ear, despite the recovery of hearing thresholds (Figures
4 and S3 and S4). Previous studies have also shown that sound-
evoked neural potential thresholds are insensitive to diffuse
neuronal loss if the OHCs function normally.”’"“’ Loss of synapses
is reflected in the suprathreshold ABR wave I amplitude because
ABR amplitude depends on the sound-evoked discharge probability
of each responding fiber and the number of the neuronal fibers that
are responding synchronously.l"i7 Thus, a loss of ~60%-65% of the
synapses in the basal turn and mid-turn (Figure 6) of control ears
resulted in ~50% loss of the suprathreshold ABR wave I amplitude
at 16 kHz, 24 kHz, and 32 kHz (Figure 5) without significant change
in ABR threshold of the control group. Treatment using magnetic
targeting of AAV2(quad Y-F)-BDNEF-SPION prevented this loss of
synapses and allowed recovery of suprathreshold ABR wave I ampli-
tude in these anatomical regions. DPOAE and ABR thresholds are
sensitive to hair cell damage but insensitive to neuronal damage
while hair cells are intact. Hence, dependency on ABR and DPOAE
threshold to screen for NIHL in the clinical setting might not be an
appropriate approach.
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Synaptic connections between SGNs and hair cells are vulnerable to
damage from noise exposure.” Recent studies have shown that noise
exposure can damage SGN peripheral fibers and the synapse rapidly
due to the release of glutamate from the presynaptic ribbons.***’
BDNF is known to be critical for establishing synapses during devel-

7~1* Studies have shown that over-

opment and maintaining hearing.
expression of BDNF can preserve SGN in deaf ears.” 02 Additionally,
BDNEF has been shown to enhance the formation of new presynaptic
and postsynaptic ribbons in rat cochlea explants, prevention of reduc-
tion of SGN fiber, and synaptic ribbons in an ex vivo noise-damage
model.”” Another study has shown that BDNF is crucial for the main-
tenance of ribbon numbers in high-frequency cochlear turns in
mice.”* BDNF can also prevent ABR threshold shift changes caused
by ototoxicity.” In this study, stable overexpression of BDNF was
achieved with magnetic delivery of AAV2(quad Y-F)-BDNF-SPION
in the inner ear (Figures 3 and 7). We also found that noise injury
significantly reduced the mRNA level of the BDNF gene below the
baseline level (Figure 7). Local magnetic delivery of AAV2(quad
Y-F)-BDNE-SPION not only recovered this reduction of BDNF
mRNA level but also surpassed the native level by 2-fold (Figure 7).
The stable overexpression of BDNF influenced the faster recovery
of ABR threshold reduction by 2 weeks, complete recovery of supra-
threshold ABR wave I amplitude, and synaptic ribbon count by
4 weeks. The normal development and maintenance of SGN are regu-
lated by neurotrophic factors produced by hair cells and supporting
cells of the organ of Corti. In this study, we did not examine the viral
transduction, transgene expression, morphology, and number of
SGNs with respect to viral gene therapy and noise exposure. However,
with the recovery of ABR wave I amplitude and synaptic count, an
assumption has been made that SGNs are likely not affected in this
experimental paradigm. Future research on the long-term mainte-
nance of SGNs and auditory nerve fibers (weeks to months post-treat-
ment) should be considered.

The data we report, showing the effectiveness and efficiency of the
local magnetic targeting delivery of gene therapy to the inner ear, sup-
port other recent advances in restoring structure and function in the
NIHL model. The findings provide milestones in progress toward a
local drug-delivery technique that is minimally invasive, safe, and
repeatable to treat NIHL or other inner-ear diseases. In addition, we
provide a proof of principle that NIHL is amenable to treatment and
prevention aimed at enhancing synaptic survival, thereby providing
an avenue for recombinant gene therapy. The improvement of long-
term neurotrophic support in the inner ear will augment the outcome
of future regenerative therapies to treat inner-ear diseases.

Although this study has several strengths, it has some limitations. The
main caveat for interpreting our study is that we combined the six
male and six female animals in our analysis in order to increase sta-
tistical power, but there are too few independent observations in each
sex to properly power a separate comparison of male and female rats
on the effect of noise exposure and the role of the magnetic delivery of
AAV2(quad Y-F)-BDNE-SPION in the prevention of NIHL. Male
and female rat comparison results (Figures S1, S3, and S5) should
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Table 1. Animal groups and experimental schedule for our study of SPION-mediated local magnetic delivery of BDNF gene therapy into the inner ear to

prevent NIHL

Group A no noise exposure

Group B noise exposure

Treated ear (left ear)

Treated ear (left ear)

(1) SPION (3) AAV2(quad  (4) AAV2(quad (2) AAV2(quad  (3) AAV2(quad
naive control without (2) SPION Y-F) without Y-F)-SPION noise control (1) SPION with  Y-F) without Y-F)-SPION
Day  (right ear) magnet with magnet magnet with magnet (right ear) magnet magnet with magnet
< Pre-treatment hearing test >
local delivery local delivery
local delivery  of SPIO.N, local delivery of AAV2(quad noise exposure 110 dB for 2 h
0 of SPION magnetic of AAV2 Y-F)-SPION
and MRI targeting, (quad Y-F) and magnetic
and MRI targeting
2 4— 48 h post-noise hearing test ——
local delivery
local deli
u(]fC:PI Ce);;’ ear:: d local delivery of AAV2(quad
2 St of AAV2(quad  Y-F)-SPION
magnetic 3
N Y-F) and magnetic
targeting .
targeting
14 4—— 2-week post-treatment/surgery hearing test and sample collection ———p
28 4— 4-week post-treatment/surgery hearing test and sample collection ———

be interpreted cautiously due to the small sample size. It is important
to evaluate effects separately for each sex because the difference in
estrous cycle hormonal profile in male and female rats can generate
different response levels to noise trauma. Also, the treatments for
NIHL may appear effective for a mix of sexes but may not be effective
for each sex separately.‘r‘f’ We encourage adequate sample sizes in
future studies to examine the effect of noise exposure and BDNF
gene therapy in different biological sexes.

MATERIALS AND METHODS

Animal

All animal care and handling were approved by the Canadian Coun-
cil on Animal Care and the Sunnybrook Animal Care Committee
Regulations and were performed using accepted veterinary stan-
dards. Wild-type Long-Evans rats were obtained from Charles River
Laboratories (Canada). Equal numbers of male and female rats were
used, and the rats were 6—8 weeks old at the onset of the experi-
ments. All rats were housed under standard conditions: 12:12
light/dark cycle and controlled room temperature (22°C % 1°C)
and were fed regular rat chow ad libitum with free access to water
throughout the experimental procedure. After brief acclimatization
to our vivarium, the cochlear function was tested by measurement
of ABRs and DPOAEs. Animals were then randomly assigned to
one of the two main groups: no noise exposure group (group A)
and noise exposure group (group B). Group A animals were
randomly divided into 4 groups: (1) SPION alone without magnet
group, (2) SPION with magnet group, (3) AAV2(quad Y-F)-alone
group (without magnet), and (4) AAV2(quad Y-F)-SPION with
magnetic targeting groups. Right ears were used as naive control
group ears. Group B animals were randomly divided into 3 groups:
(1) SPION alone with magnet group, (2) AAV2(quad Y-F)-alone
group (without magnet), and (3) AAV2(quad Y-F)-SPION with

magnetic targeting groups. The right ears of group B animals
were used as noise control ears. The overall animal grouping and
study design are shown in Table 1.

Acoustic overexposures

NIHL in rats was achieved following the protocol explained by Ku-
jawa and Liberman." Briefly, the rats were anesthetized by intraperi-
toneal (i.p.) injection of ketamine (100 mg/kg) and xylazine (20 mg/
kg) and placed in a small cage. The cage, with 1—2 rats, was placed
directly below the horn of the sound-delivery loudspeaker in a small
reverberant chamber. The acoustic overexposure stimulus was an
octave band of noise (8-16 kHz) at 110 dB SPL, for 2 h. The noise level
was calibrated to ensure 110 dB SPL delivery immediately for each
exposure session.

Cochlear function testing

ABRs and DPOAEs were recorded using the Tucker-Davis Technol-
ogies (TDT) system 3 RZ6 in a closed field with individual ears tested
separately as described by Kujawa and Liberman." The animals were
anesthetized with an i.p. injection of ketamine (100 mg/kg) and xyla-
zine (20 mg/kg). Acoustic stimuli were delivered through the TDT
acoustic system speakers connected to the ear canal.

ABR stimuli—5 ms, single-channel, cosine-squared, gated tones—
were delivered 21 times/s at frequencies of 4 kHz, 8 kHz,16 kHz,
24 kHz, and 32 kHz. The sound level was incremented in 10 dB
steps ranging from 10 dB to 100 dB. ABR threshold was defined
as the lowest sound level at which a reproducible waveform was
identified following a visual inspection. To calculate wave I ampli-
tude, the averaged ABR waveforms were imported into MATLAB
(R2018a; MathWorks, Natick, MA, USA). With the use of
custom-processing scripts, wave I amplitude was defined as the
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difference between the positive and negative deflections of wave I
(P1 and N1, respectively). DPOAEs were recorded using two simul-
taneous continuous pure tones (frequencies 1 and 2 [fl and f2]),
differing by 20%. Sound levels were swept in 10 dB steps from 20
to 80 dB. The DP 2f1—f2 was measured in response to fl and f2.
DPOAEs were measured at the center frequencies (fcs) from 4
kHz to 32 kHz. DPOAE amplitude (decibel SPL) was calculated
to measure the changes in the DPOAE amplitude. DPOAE
threshold was determined visually as the lowest noise level to
observe a DP over background noise.

Nanoparticle and AAV vector

A recombinant AAV2 vector was obtained from Ocular Gene Ther-
apy Core at the University of Florida. This recombinant vector
includes an AAV2 vector with four surface-exposed capsid tyrosine
residue replaced by phenylalanine (Y730F, Y500F, Y444F, and
Y272F), expressing a green fluorescent protein reporter gene under
the control of a chicken B actin (CBA) promoter. The vector was
packaged with a rat BDNF transgene coding sequence with an inter-
nal ribosome entry site (IRES).

Mag4C-Ad SPIONs (OZ Biosciences, San Diego, CA, USA) were used
to capture AAV2(quad Y-F) through electrostatic and hydrophobic
interaction as per the manufacturer’s protocol. In brief, 6 pL of
AAV2(quad Y-F) was mixed with 20 pL of SPIONs and was incu-
bated at room temperature for 30 min before round window admin-
istration and magnetic targeting delivery.

Round window administration of BDNF and magnetic targeting
delivery

3 days after the noise exposure, animals underwent general anesthesia
using 2%-3% isoflurane for the surgical intervention. Round window
administration was done via a postauricular approach under sterile
conditions and using a surgical microscope. A 10-mm postauricular
skin incision was made, and subcutaneous tissues and superficial fas-
cia of the neck were bluntly dissected. After exposing the otic bulla,
tympanotomy was performed using a 1-mm diamond burr until
the RWM was visible. 26 pL solution of SPIONs alone, AAV2(quad
Y-F)-BDNE-GFP alone (6 pL virus + 20 pL saline), or AAV2(quad
Y-F)-BDNF-GFP-SPION (6 pL virus + 20 pL SPION) was deposited
onto the RWM using a Hamilton syringe. The tympanotomy hole was
sealed with muscle and fascia, and the surgical wound was closed with
4-0 Vicryl sutures (Ethicon) and Vetbond (3M). The right ears were
untreated and used as same-animal controls. A 1.0-Tesla magnet (5 x
5 x 5 cm; K&J Magnetics, Pipersville, PA, USA) was placed on the
contralateral ear, near the right eye, for 30 min after surgery, for
groups A2, A4, Bl, and B3.

MRI

The rats’ ears were scanned immediately following the treatment us-
ing a 7T Horizontal Bore Advance BioSpec 70/30 scanner (Bruker
BioSpin, Ettlingen, Germany) with an 8-cm inner-diameter volume
transmit coil and a 20-mm loop receiver coil placed immediately
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over the ears of the animal. Animals were maintained under anes-
thesia using 1.5%-2% isoflurane.

Imaging was performed using a 3D Rapid Imaging with Refocused
Echo (RARE) sequence, with repetition time (TR) 1,800 ms, echo
train of 40, and spacing of 7.2 ms for an effective echo time of
100.8 ms, 32 x 32 x 6.4 mm" field of view, with an isotropic resolu-
tion of 0.1 mm" and total imaging time of 1 h and 7 min.

This sequence was specially optimized to visualize the fluid-filled
structures of the inner ear bilaterally, whereas the 3D isotropic reso-
lution allowed image reconstruction in all 3 planes in addition to 3D
rendering of the inner ear. The presence of SPIONs causes a signal
loss (black signal) in these images. The degree of signal loss was quan-
tified in MATLAB (MathWorks, Natick, MA, USA) by normalization
using the signal intensity from the corresponding region of the
contralateral ear for a set of 5 ROIs from the apex, mid-turn, basal
turn, and utricle. 3D renderings were done using the Image] 3D
Viewer plug—in.5 =

RNA isolation and RT-PCR

At the end of the experimental period, rats were sacrificed via cervical
dislocation. Cochleae were collected and stored in liquid nitrogen. For
RNA isolation, cochlea were crushed and homogenized in 1 mL
TRIzol reagent (Invitrogen) using a QIAGEN hand-healed probe.
Total RNA was isolated according to the manufacturer’s instructions
and was dissolved in diethylpyrocarbonate-treated water. Total RNA
concentration and integrity were determined with a microgel bio-
analyzer (Agilent Bioanalyzer 2100; Agilent, Mississauga, ON,
Canada). RNA (1 ng) was treated with DNase and reverse transcribed
using qScript cDNA SuperMix (Quanta Bioscience, Gaithersburg,
MD, USA). The cDNA was amplified by quantitative real-time PCR
using the TagMan method with the ABI Prism 7500 PCR system
(Applied Biosystems, Foster City, CA, USA) according to the manu-
facturer’s protocol. RT-PCR probe and primer sets for BDNF, GFP,
SOX2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
in gene-expression assays were purchased from Applied Biosystems.
Results were normalized to the expression of GAPDH. Relative gene
expression was calculated using the comparative threshold (CT)
method (Applied Biosystems).

Cochlear processing and immunohistochemistry

At the end of the experimental time point, rats were sacrificed and
perfused, and cochleae were collected and fixed with 4% paraformal-
dehyde for 2 h at room temperature. Cochleae were then decalcified
with Osteosoft (MilliporeSigma, Canada) solution at room tempera-
ture for 48 h and then micro-dissected into 3 pieces (basal turn, mid-
turn, and apex) for whole-mount processing. After blocking the
nonspecific sites with donkey serum albumin (5%, overnight [O/
NI), cochlear pieces were incubated with primary antibody (1)
CtBP2 (mouse anti-CtBP2 from BD Biosciences used, at 1:200), (2)
anti-GluA2 antibody (mouse anti-GluA2 from Millipore, used at
1:500), (3) anti-myosin VII A (Proteus Bioscience, USA; used at
1:1,000), (4) anti-myosin VI (Santa Cruz Biotechnology, USA; used
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at 1:1,000), and (5) GFP polyclonal Alexa Fluor 488 antibody
(Thermo Fisher Scientific, Canada; used at 1:500) diluted in 1%
donkey serum albumin overnight in a humidified chamber at 4°C.
Appropriate secondary antibodies coupled to Alexa Fluor in the red
channel and green channel were used at a dilution of 1:2,000. Alexa
Fluor 488 phalloidin was obtained from Thermo Fisher Scientific
(Canada) and was used at 1:500 dilution. Slides were mounted in
ProLong Gold with 4’,6-diamidino-2-phenylindole (DAPI) (ProLong
Gold Antifade Reagent with DAPI; Life Technologies). Pictures were
taken with a Nikon confocal microscope. Oil-immersion objective of
60x digital zoom and 20x digital zoom were used. Images were
captured with the same setting and exposure time for all pictures.
Images were ported to image-processing software (Adobe Photoshop,
Image]), where OHCs, IHCs, and synapses were manually counted
and divided by the total number of THC nuclei in the microscopic field
(60—100 pM) and rounded to the nearest value to estimate synaptic
count per IHC.

Statistical analysis

Statistics were calculated in R (R Core Team, 2019) using the afex and
Ime4 packages. All post hoc tests were conducted using the emmeans
package and corrected for a false discovery rate using the Benjamini
and Hochberg procedure.SB For multilevel models (e.g., Imer), the
maximum random effects structures that allowed for model conver-
gence (and avoidance of singular fits) were included. Note that
whereas this may keep type I error rates down,”’ maximization of
the random effects structure can reduce statistical power.”” Analysis
of fixed effects in multilevel models was assessed using ANOVA,
with degrees of freedom adjusted using Satterthwaite’s method.
Multilevel models were used to analyze ABR and DPOAE threshold
shifts and ABR amplitude growth functions.

Synaptic count data were analyzed using a Poisson regression
with predictors of group and cochlear location. The significance
of the interaction term was calculated by comparing the Poisson
model to a separate model where the interaction term was
excluded and comparing the two models using a likelihood ratio
test. Follow-up comparisons were computed in the emmeans
package in R.

SPION MRI contrasts in Figure 1 were assessed using a 2 x 5 mixed
effects ANOV A, and sphericity corrections were applied to degrees of
freedom using the Greenhouse-Geisser method. In Figure 3, GFP
expression was analyzed using a one-way ANOVA. For BDNF
expression, Levene’s test indicated a difference in variance between
groups, and thus a Kruskal-Wallis test was conducted. Post hoc com-
parisons were computed using Wilcoxon rank sum tests and adjusted
for false discovery rate. For Figure 7, BDNF expression was analyzed
using a one-way ANOVA.
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