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Aminoglycosides (AGs) are commonly used antibiotics that cause
deafness through the irreversible loss of cochlear sensory hair cells
(HCs). How AGs enter the cochlea and then target HCs remains
unresolved. Here, we performed time-lapse multicellular imaging
of cochlea in live adult hearing mice via a chemo-mechanical coch-
leostomy. The in vivo tracking revealed that systemically adminis-
tered Texas Red-labeled gentamicin (GTTR) enters the cochlea via
the stria vascularis and then HCs selectively. GTTR uptake into HCs
was completely abolished in transmembrane channel-like protein
1 (TMC1) knockout mice, indicating mechanotransducer channel-
dependent AG uptake. Blockage of megalin, the candidate AG
transporter in the stria vascularis, by binding competitor cilastatin
prevented GTTR accumulation in HCs. Furthermore, cilastatin treat-
ment markedly reduced AG-induced HC degeneration and hearing
loss in vivo. Together, our in vivo real-time tracking of megalin-
dependent AG transport across the blood-labyrinth barrier identi-
fies new therapeutic targets for preventing AG-induced ototoxicity.

in vivo cochlear imaging | drug tracking | aminoglycoside | ototoxicity |
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Drug-induced ototoxicity is a major side effect of several
pharmacological treatments for life-threatening diseases
(1). Aminoglycosides (AGs) which are widely used antibiotics,
are one of the most common ototoxic drugs in clinical use (2).
To treat severe Gram-negative infections, sepsis and, tuberculo-
sis (3), over 10 million annual doses of AG are used in the
United States (4). In some developing countries, AGs are used
as a first line treatment owing to their broad-spectrum efficacy,
a low incidence of allergic reactions, and limited antibiotic
resistance (3, 4). Nevertheless, AGs can cause irreversible hear-
ing loss by inducing selective degeneration of cochlear sensory
hair cells (HCs) (5).

The cochlea is composed of three fluid-filled chambers, the
scala vestibuli (SV), the scala media (SM), and the scala tym-
pani (ST) (Fig. 14) (6). SM is comprised of a high K*/low Ca**
endolymph solution, while SV and ST are filled with a peri-
lymph solution having a similar ionic composition as extracellu-
lar fluid (7, 8). The unique endolymph ionic composition is
maintained by the stria vascularis, where the blood-labyrinth
barrier is presumably housed. Dense blood vessels and multiple
transporters in the cells of the stria vascularis selectively regu-
late ion transport to the endolymph (9, 10). HCs that are in the
organ of Corti (OoC) lie on the basilar membrane separating
the SM and ST. More specifically, HC stereocilia which include
mechanotransducer (MET) channels are exposed to the endo-
lymph in SM, while the cell body is exposed to the perilymph
(11-13).

Several possible mechanisms of AG transport into the
cochlea and HCs have been proposed. AG entry into endo-
lymph via the stria vascularis is reported based on localization
of gentamicin-conjugated Texas Red (GTTR) (14, 15) or AG
immunolabeling (16). Reissner’s and basilar membranes have
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also been considered as possible entry routes of AG into the
endolymph (17), but trafficking across the strial blood—endolymph
barrier predominates compared to the uptake from perilymph
(18). Despite the convergence of information supporting AG
transport across the stria vascularis into endolymph, the molecular
mechanism for transport remains unknown. In vitro assays using
neonatal cochlea tissue demonstrated that MET channels are the
main mediator of AG entry into HCs from the endolymph
(19-22). Whether this remains true in adult in vivo conditions
needs to be determined (21, 23). Modified AGs that show less
permeation through the MET are also less toxic in vivo (24).
Other routes like transient receptor potential (TRP) channels (25,
26), endocytosis (27), and purinergic receptors (28) may also con-
tribute to HC uptake. However, the state of these routes under
in vivo conditions and whether their participation occurs under
normal or pathophysiological states is unknown. Regardless, these
channels have a large pore, MET (1.3 nm) (20, 29), TRPAl
(~1.1-1.4 nm) (30), and TRPV1 (~1 nm) (31) in common, which
supports an argument for direct permeation of AG (0.8-0.9 nm)
(20, 32) into the cells. Possible therapeutic targets for preventing
AG ototoxicity also have been explored by blocking one of the
AG transport pathways or intracellular mechanisms (32, 33). For
example, MET channel blockers (34-36) as well as antioxidants
and anti-apoptotic agents were proposed with some limited effi-
cacy (37-39).

Significance

Ototoxicity is a major side effect of aminoglycoside (AG)
antibiotics; however, the mechanism by which this drug
enters the cochlea and target hair cells (HCs) is not fully
understood. Here, we developed an in vivo cochlear imaging
method that enables real-time tracking of ototoxic drug
transport into the cochlea in hearing adult mice. The time-
lapse monitoring of drugs identified megalin as the major
transporter of AG into the endolymph and the mechano-
transducer channels as the portal into the HCs. Blocking
megalin in vivo prevents AG-induced ototoxicity. Therefore,
this study identifies an AG uptake pathway into the cochlea
and provides a therapeutic target to eliminate drug-induced
hearing loss.
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Surgical approach for generating an IW for in vivo imaging of cochlear cells with preserved hearing function. (A) Illustrations of cochlea show

three fluid-filled chambers (SV, SM, and ST), OoC, and stria vascularis. Eye ball indicates the direction of imaging path. The range of two z-scans are dem-
onstrated by green (z-scan1, stria vascularis region, 100 pm depth) and yellow (z-scan 2, OoC region, 60 pm depth) boxes. (B) lllustrations of cochlea
within a mouse are shown to provide orientation; Left, side view; Right, transverse view. In the transverse view, the mouse head was divided to display
pre- and post-surgical conditions. Post-surgery image shows the bulla opening with a preserved tympanic membrane and an IW (white circle). Schematics
of (C) the CMC for preventing intracochlear fluid leakage during IW formation and (D) the position of the IW. Note that the cochlear endosteum (dark
blue) remains intact after IW formation, thus avoiding intracochlear fluid leaking. Cochlear apex images (E) before and (F) after IW formation (red box
and black arrowhead) with a diameter of ~200-300 pm. Yellow circle indicates cochlea. The IW is near the 8-10 kHz region (43). (G) ABR thresholds were
obtained after each surgical step and over time after IW formation with CMC (n = 5). ANOVA shows that no statistically significant differences were seen
between comparisons (P > 0.05). (H) Representative two-photon in vivo image of the cochlear apex through the IW. AM1-43 dye (1 uL of 2.5 mM solution)
was injected through the round window after intracochlear pressure release (by formation of a SCC hole) to visualize cells in the OoC. Note that the

mouse lost its hearing after the dye injection.

Previous efforts to identify uptake pathways have primarily
relied on in vitro assays using the immature, neonatal cochlea
or fixed tissues from the mature cochlea, which have led to
some conflicting results (14, 16). To overcome these limitations,
we developed an in vivo multicellular cochlear imaging method
in live, hearing adult animals. In vivo imaging of the cochlea at
the cellular level is especially challenging (Fig. 1B) because: (i)
the deep location within the temporal bone makes access diffi-
cult, (ii) the fluid-filled bony structure prevents imaging cells,
and (iii) existing surgical approaches for in vivo studies cause
hearing loss. We have overcome these obstacles by creating an
imaging window (IW) on the otic capsule using a chemo-
mechanical cochleostomy (CMC) that prevented intracochlear
fluid leakage and hearing loss.

We used this surgical approach to track AG transport into
cochlea and HCs in adult hearing animals in vivo in real-time.
Systemically administered GTTR first appeared in the stria vas-
cularis and later HCs in the OoC. We revealed that the major
route of AG entry into HCs is via MET channels. We further
demonstrated that entry into the endolymph is regulated by the
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endocytic transporter, megalin. Cilastatin, which inhibits the
binding between megalin and AGs, significantly reduced HC
uptake of GTTR and reduced AG-induced HC degeneration
and hearing loss in vivo.

Results

An In Vivo Cochlear Imaging Method with a Preserved Hearing
Function. We present a surgical and imaging approach that allows
for intracochlear multicellular imaging from the functioning adult
mouse cochlea. Historically, in vivo approaches are technically
limited due to the anatomy and mechanosensitivity of the cochlea.
We have overcome these obstacles by creating an IW on the otic
capsule bone using a chemo-mechanical approach.

The bulla of an adult mouse was exposed and cochlear apex
was accessed while preserving the tympanic membrane and
other middle ear structures (SI Appendix, Fig. S1 A-F) (40, 41).
The otic capsule bone of the entire cochlear apex was exposed
after removing part of the bulla bone using a chemo-mechani-
cal approach involving the application of phosphoric acid gel
(PAG) (42) (SI Appendix, Fig. S1 G and H).
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The endosteum (the thin membrane below the otic capsule
bone, Fig. 1C) needs to be intact to prevent intracochlear fluid
leakage while creating an IW. To ensure an intact endosteum,
we reduced intracochlear pressure by creating a tiny hole on
the posterior semicircular canal (SCC) (SI Appendix, Fig. S2
A-C). The reduced pressure separates the endosteum from the
otic capsule bone, allowing us to avoid damaging the endos-
teum while creating an IW. This opening of the posterior SSC
did not cause any detectable threshold shifts of the auditory
brainstem responses (ABRSs) (SI Appendix, Fig. S2D).

After reducing the intracochlear pressure, we again used a
chemical (PAG) and mechanical (scraping) strategy to generate
an IW through the otic capsule bone (Fig. 1C). PAG treatment
was stopped when the surface of remaining bone was ~80 pm
away from endolymph as further reduction resulted in the
highly acidic PAG accessing the intracochlear fluids, inducing
ABR threshold shifts. An IW with a diameter of ~200-300 pm
(8-10 kHz region) (43) was created using a needle to slice
through the thinned bone and peeling the remaining bone from
the endosteum (Fig. 1 D-F). Note that a transparent IW similar
to that used for brain imaging (10-30 pm thickness of the skull)
(44) is not possible here, because the cochlear otic capsule
bone with the 10-30 pm thickness fractures, leading to internal
damage and ABR threshold shifts. Following IW formation,
the posterior SCC hole was closed. Using this stepwise surgical
approach resulted in no permanent ABR threshold shifts as
assessed after each step (Fig. 1G and SI Appendix, Fig. S3A4).
More specifically, IW formation by CMC in the absence of fluid
leakage from the cochlea induced a slight, transient threshold
shift (3 + 1 dB SPL) that was fully recovered within 2 h (Fig.
1G). Necessity of each surgical step was validated (SI Appendix,
Note S1 and Fig. S2 E-G).

In Vivo Multicellular Image of Cochlea with Cellular Resolution. We
used two-photon microscopy to ensure tissue penetration and
to limit phototoxicity. Because we are sterically limited in
accessing the IW without compromising the middle ear, we use
a long working distance (19 mm) dry objective. A diagram of
our two-photon system and the spatial/temporal resolutions
obtained with this objective are described in SI Appendix, Figs. S4
and S5, respectively. With this system and mouse positioning (S/
Appendix, Fig. S6), we resolved individual IHCs, OHCs, support-
ing cells (phalangeal, pillar, and border cells), and auditory nerve
fibers (Fig. 1H and Movies S1 and S2 and SI Appendix, Fig. S3B),
providing in vivo multicellular cochlear images with cellu-
lar resolution.

In Vivo Real-Time Monitoring of AG Uptake in Cochlea. To investi-
gate AG trafficking routes into the cochlea, we performed two-
photon in vivo cochlear imaging of GTTR (14) (SI Appendix,
Fig. S3C). GTTR (100 mg/kg) was intraperitoneally injected
(i.p.) into mice and in vivo images were acquired prior to and
every 30 min after injection for up to 3 h total. The ABR was
measured every hour. For in vivo imaging, we performed two
z-stack scans, one for the stria vascularis region (z-scan 1: green
box) and the other for the OoC (z-scan 2: yellow box), specifi-
cally the HC layer region (Fig. 14). Different laser powers were
used for each z-scan (15 mW for stria vascularis region and
40 mW for OoC region) because the intensity of GTTR fluores-
cence in the stria vascularis was much higher than that in HCs.
The location of the IW is the 8-10 kHz region (43) of the
cochlear apex (Fig. 1D), and the field of view (FOV) is shown
in SI Appendix, Fig. S6C. In vivo z-projected images revealed
the intensity of GTTR gradually increased over time in the stria
vascularis (SI Appendix, Fig. STA) and HC (SI Appendix, Fig.
S7B) regions. The GTTR signal in stria vascularis initially
appeared within 10 min after i.p. injection, indicating a rapid
uptake of GTTR. Similar to stria vascularis, HCs uptake
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GTTR, but the uptake began later and accumulated more
slowly than that in the stria vascularis. Even though our z-scan
included all cell types within along the basilar membrane, HCs
were the only cell type where we consistently detected
GTTR uptake.

For quantification of GTTR intensity in the time-series
images, a region of interest (ROI) which included either stria
vascularis or basilar membrane was selected in the box (yellow
box in SI Appendix, Fig. S8 A and F). We could not use the
intensity from each strial vessel or HC for the quantification
because the boundary was not clear at early time points. A
z-projected image, instead of a single scan, was used for the
quantification (SI Appendix, Fig. S8 A, B, F, and G). Each single
scan only resolves a part of the structures because the cochlea
does not lie flat in the imaging plane (SI Appendix, Fig. S8 C-E
and H-J).

Intensity increments over time are described in SI Appendix,
Fig. S7 C and D, showing gradual uptakes of AG from stria vas-
cularis and HCs over time. In experiments with the i.p. injec-
tion of GTTR, a large variability in signal intensity in HCs was
observed among individual animals. For example, two of five
mice did not show GTTR signal in HCs within 3 h after the i.p.
injection (mice 03 and 04 in SI Appendix, Fig. S7D). Further-
more, the time when the GTTR signal was initially detected
varied between the mice that did show uptake (mice 01, 02, and
05 in SI Appendix, Fig. STD).

To reduce the variability of uptake, we moved to intravenous
(i.v.) injection of GTTR (10 mg/kg), which also reflects clinical
use. A retro-orbital injection was adopted because it is easier
than a general tail vein injection and both routes of injection
were similarly effective (45). In contrast to i.p. injection, GTTR
intensity in stria vascularis rapidly appeared right after iv.
injection and decreased over time (Fig. 2 A-C and M, SI
Appendix, Fig. S94, and Movie S3). This likely reflects the drug
appearing as a bolus in the blood stream and slowly diluting
and clearing from the blood. HCs quickly uptake GTTR in 10
min after the injection, and the intensity progressively increased
over the ensuing 3 h (Fig. 2 D-F and N, SI Appendix, Fig. S9B,
and Movie S4), indicating a gradual uptake of AG by HCs.
ABR were measured pre- and post-surgery and while perform-
ing in vivo imaging (SI Appendix, Fig. S3C). A single i.v. injec-
tion of GTTR does not change hearing function (Fig. 20 and
SI Appendix, Fig. S104).

To confirm the uptake from HCs is specific to GTTR and
not because of Texas Red dye, we injected the same concentra-
tion of Texas Red only (10 mg/kg) (SI Appendix, Fig. S11). The
intensity of Texas Red rapidly appeared and then gradually
reduced in stria vascularis similar to the results from GTTR
injection (SI Appendix, Fig. S114). However, there was no
Texas Red signal in HCs (SI Appendix, Fig. S11 B and C). These
data indicate that GTTR uptake into HCs is driven by the AG
and not the dye. Note that the dye injection also did not change
hearing function (SI Appendix, Fig. S10B).

MET Channel as an Entry Site of AG into HCs. Previous electro-
physiological, molecular, and pharmacological measurements
support an entry of AG into HC via MET channels (19-21),
however, all data were acquired from the isolated neonatal tis-
sues. To test for MET channel specificity of uptake in vivo, in
adult animals, we used transmembrane channel-like protein 1
(TMC1) knockout (KO) mice which lacked MET channel func-
tion (21). In the mutant, a rapid increase followed by a gradual
decrement of GTTR signal was detected in stria vascularis, sim-
ilar to the wildtype cochlea (Fig. 2 G-I and SI Appendix, Fig.
S9C). However, the signal was entirely absent in HCs, indicat-
ing that functional MET channels are critical for AG uptake
into HCs (Fig. 2 J-L and SI Appendix, Fig. S9D). Note that
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Fig. 2. In vivo time-lapse images of GTTR in control and TMC1 KO cochleae. (A-F) Two-photon z-projected images in wildtype mice. Images show GTTR
uptake in stria vascularis of the cochlear apex (A) 10 min, (B) 90 min, and (C) 180 min after i.v. injection of GTTR. Images of OoC region show GTTR uptake
from OHGs, IHCs, and nerve fibers (D) 10 min, (E) 90 min, and (F) 180 min after the injection. While the intensity of GTTR is gradually decreased over time
in stria vascularis, it is increased in HCs. (G-L) Two-photon z-projected images in TMC1 KO mice. Images show GTTR uptake in stria vascularis (G) 10 min,
(H) 90 min, and (/) 180 min after i.v. injection of GTTR. Images of OoC region show no uptake of GTTR in HCs (J) 10 min, (K) 90 min, and (L) 180 min after
the injection. While a gradual decrement of GTTR signal is detected in the stria vascularis, there is no signal in the HCs. White arrow heads indicate the
location where HCs are supposed to be placed. (M) Quantification of GTTR intensity shows a gradual decrement of the intensity over time from stria vas-
cularis in both control and the mutant mice (n = 5 for each group). Changes of GTTR intensity over time fitted by exponential decay function were com-
pared with f-test; P < 0.001. (N) Quantification of GTTR intensity shows that mutant HCs do not uptake GTTR whereas wildtype cells do (n = 5 for each
group). P < 0.001, f-test. (O) ABR thresholds were obtained pre- and 150 min after GTTR injection in wildtype mice, and pre-injection in TMC1 KO (n =5
for each group). The threshold in the mutant was measured only one time (pre-surgery) because they had no detected responses. ***P < 0.001, ANOVA
and t test.

4 0f 10 | PNAS Kim and Ricci
https://doi.org/10.1073/pnas.2117946119 In vivo real-time imaging reveals megalin as the aminoglycoside gentamicin transporter
into cochlea whose inhibition is otoprotective



HC:s in the cochlear apex still remain at the age of TMC1 KO
mice that we used for in vivo imaging (~4 wk), despite a pro-
gressive HC loss with age in the mutant (21, 46). There was no
apoptotic signal in the mutant HCs, proven by TUNEL assay
(SI Appendix, Fig. S12). Other possible defects, either directly
due to additional TMC1 functions or downstream due to loss
of MET responses, cannot be ruled out as potentially contribut-
ing to changes in AG uptake. Quantification showed a gradual
decrement of GTTR intensity in stria vascularis over 3 h in
both control and the mutant mice (Fig. 2M). In contrast to
wildtype HCs, we did not detect any GTTR signals in HCs in
the mutant mice over the 3 h imaging period (Fig. 2N). As
expected, the mutant mice showed no ABR responses both
pre- and post-injections (Fig. 20). Together, these data provide
in vivo observations that MET channels are required for AG
uptake into cochlear HCs in adult mouse.

Megalin Is Required for AG Entry into Endolymph from Stria
Vascularis. MET channels reside on HC stereocilia which pro-
trude into the endolymphatic compartment (6). For MET chan-
nels to be accessible to AGs, the drugs must first cross the
blood-labyrinth barrier and enter the endolymph. We hypothe-
sized that megalin is required for AG entry into endolymph.
Megalin, which is an endocytic receptor and a member of the
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in stria vascularis

Stria vascularis

Hair cells

low-density lipoprotein-receptor family, binds tightly to AGs
and is found in both strial marginal cells and Reissner’s
membrane (47, 48). Furthermore, megalin is critical for AG
transport in the kidney (49). Inhibiting the megalin receptor is
nephroprotective (49). To inhibit the binding between megalin
and AGs, we used cilastatin as a competitive antagonist. Cilasta-
tin binds to megalin with a higher affinity than gentamicin, and it
also does not inhibit the antibacterial activity of AGs (49).
Cilastatin (30 mg/kg) was iv. injected immediately before
iv. injection of GTTR (10 mg/kg). In vivo time-lapse imaging
demonstrated that the initial uptake of GTTR with a cotreat-
ment of cilastatin in stria vascularis were very similar to the
control group (Fig. 3 A and G). However, the GTTR remained
in the stria vascularis for a longer time compared to GTTR
only group (Fig. 3 A-C and G and SI Appendix, Fig. S134).
Even though HCs showed a small amount of initial GTTR
uptake (Fig. 3D), there was no additional uptake over time
with cilastatin treatment (Fig. 3 D-F and H and SI Appendix,
Fig. S13B). These results suggest that cilastatin suppresses AG
transport into endolymph. Our in vivo observation provides
direct evidence that megalin is a major target site for AG entry
from stria vascularis to endolymph and then HCs. As before,
GTTR alone did not cause ABR threshold shifts and neither did
cotreatment with cilastatin (Fig. 31 and SI Appendix, Fig. S10C).
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Fig. 3.

In vivo time-lapse images of GTTR with co-administration of cilastatin. (A-F) Two-photon z-projected images show GTTR uptake in stria vascularis

of the cochlear apex (A) 10 min, (B) 90 min, and (C) 180 min after i.v. injections of cilastatin and GTTR. The OoC region show GTTR uptakes from OHCs
and IHCs (D) 10 min, (E) 90 min, and (F) 180 min after the injections. (G and H) Quantification of GTTR intensity shows less decrement of the GTTR signal
in stria vascularis and almost no change in HCs over time compared to the control group (n = 5 for each group). Changes of GTTR intensity over time fit-
ted by exponential decay function were compared with f-test; P < 0.001 in both plots. (/) ABR thresholds were obtained pre- and 150 min after cilastatin
and GTTR injections (n = 5), and they were not statistically significantly different. P > 0.05, t test.
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Fig. 4. Cilastatin protects against gentamicin-induced ototoxicity as measured from ABR thresholds and HC counts. (A) ABR thresholds were obtained
pre- (n = 13) and 29 d after the i.p. injections of either “saline + gentamicin + furosemide” (n = 8) or “cilastatin + gentamicin + furosemide” (n = 5).
(B-G) Representative confocal images of immuno-labeled whole mount cochleae, at 4, 16, and 32 kHz regions from the mice in A. Magenta arrow heads
indicate the OHC loss. (H) OHCs at 4, 16, and 32 kHz cochlear regions were counted for comparison between the saline and the cilastatin group. More
OHCs survived at 32 kHz in the cilastatin group than the saline group. *P < 0.05; **P < 0.01; ***P < 0.001, ANOVA and t test.

Blockage of Megalin by Cilastatin Prevents AG-Induced Ototoxicity.
To evaluate whether cilastatin reduces AG-induced ototoxicity,
we generated a multidose AG model using gentamicin and
furosemide (50) (SI Appendix, Fig. S3D). Multiple i.p. injec-
tions are done within a day and continued for 10 d total. First,
saline or cilastatin (360 mg/kg) was administrated to mice in
each group. Thirty minutes later, we redosed with saline or cil-
astatin (180 mg/kg) followed by gentamicin (180 mg/kg). Last,
furosemide (100 mg/kg) was applied 30 min after the gentami-
cin injection. Additionally, mice received saline or cilastatin
(540 mg/kg) a day before starting the 10 d of injections.

ABRs were measured pre- and 29 d after the injection (Fig. 44).
The saline group (saline + gentamicin + furosemide) showed 9
to 30 dB ABR threshold elevations at 16, 22.6, and 32 kHz
regions compared to pre-injection condition. However, the cilas-
tatin group (cilastatin + gentamicin + furosemide) showed no
significant change across frequencies in ABR thresholds. Consis-
tent with the ABR result, immunolabeling showed that OHC
survival rate in cochlear base in the saline group is significantly
worse than that in the cilastatin group (Fig. 4 B-G). At 32 kHz
region, while 96 + 3% of OHC are survived in cilastatin group,
only 76.5 + 4.2% remains in saline group (P < 0.01, Fig. 4H).
There was no IHC loss in either group. These results indicate
that cilastatin-mediated inhibition of the megalin receptor greatly
reduced AG-induced ototoxicity.

Discussion

As many as 20% of patients suffer from an irreversible hearing
deficit as a side effect of AG treatment (51, 52). To find a thera-
peutic target to eliminate the ototoxic side effect, we need a
clear understanding of how AGs enter the cochlea and how
they target HCs. Here, we present an in vivo method to directly
monitor AG uptake into the cochlea and HCs in real-time. The
CMC surgical approach coupled with two-photon time-lapse
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imaging of GTTR reveals that AGs enter into endolymph via
megalin receptors and into HCs via MET channels (Fig. 5).
AG transport into endolymph is suppressed by the megalin
antagonist, cilastatin (Fig. 3). Suppression of AG entry into
endolymph by cilastatin protects against HC loss and auditory
dysfunction (Fig. 4). These data provide important insight into
AG-induced ototoxicity using in vivo real-time observation of
ototoxic drug transport into the cochlea, identifying a role for
megalin in transport, and demonstrating otoprotection by pre-
venting AG transport into endolymph.

In vivo functional investigations of the cochlea remain chal-
lenging, owing to its deep location, mechanosensitivity and the
fluid-filled, bone-encased nature of its structure. Previous in vivo
cochlear studies such as laser Doppler velocimetry (53, 54),
scanning laser interferometry (55, 56), or dual sensor (57)
experiments provide the mechanical and/or electrical responses
of a part of the organ of Corti to sound stimulation but lack cel-
lular resolution. Other studies such as direct HC recordings
(58, 59) or single unit recordings (60) provide individual cell
functional responses, but no population information. These
approaches are physically invasive and can impair cochlear
function. Optical coherence tomography noninvasively probes
cochlear motion with subnanoscale resolution but is still limited
spatially (theoretically ~10 pm) and does not provide a cellular
functional readout (40, 61, 62).

Our surgical approach overcomes these hurdles and allows
us to resolve cochlear cells through an IW while preserving
hearing function. A key aspect of the CMC method is maintain-
ing an intact endosteum to avoid intracochlear fluid leakage.
Since the endosteum is a thin membrane close to the bony otic
capsule, it is inevitably damaged during most other cochleos-
tomy procedures. Damage to the endosteum leads to the loss
of intra cochlear fluid and pressure, resulting in immediate
hearing loss. The CMC approach maintained the endosteum,
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Fig. 5. AG entry route into cochlea and HCs. (A) Flowchart reveals AG transport into the cochlea via megalin and HCs via MET channels. (B) lllustration
demonstrates distribution of megalin receptor (black dotted line) in the cochlea and AGs uptake route into cochlea and HCs. (C) Zoomed-in image of pur-
ple box in A provides the pathway of AGs into endolymph via megalin. (D) Zoomed-in images of green and orange boxes in B and D provide the pathway

of AGs into HCs via MET channels.

while short-term intracochlear pressure release helped to sepa-
rate the endosteum from the bone during the critical step of
IW formation. Resealing the SCC hole allowed for pressure
restoration and maintenance of hearing sensitivity. Importantly,
this technique likely preserved MET channel and the electro-
chemical composition of the endolymph, both of which govern
AG entry into HCs. Our innovative in vivo method established
what we believe may be new avenues for investigation of physi-
ological and pathophysiological questions regarding cochlear
function. It also has potential translational implications as it
may provide a new tool for drug delivery or diagnostic testing.
While prior studies have implicated MET channels as neces-
sary for AG entry into HCs, whether this occurs in vivo and
how AGs first enter the cochlea was unclear. Our data provide
conclusive evidence that megalin is a critical component of AG
transport into endolymph and AGs are targeted to HCs
through MET channel entry. We and others have shown that
AG ototoxicity can be effectively reduced by preventing AG
uptake into the HCs (34-36, 63). Multiple sites of action of
AGs can be targets for ototoxicity, and many of them overlap
with antimicrobial targeting, making it difficult to eliminate
ototoxicity without altering antimicrobial activity (17). Further-
more, AGs are not metabolized within HCs and potential ther-
apies might need to be long term in order to prevent a slow
deterioration (64). There is, however, a growing consensus that
the main entry sites into HCs are the MET channels (19, 20).
Here, we directly monitor uptake of AGs into HCs via MET
channels in adult mice in real-time in vivo. The lack of signal in
the TMC1 KO mouse shows specificity to the MET channel.
Additionally, the 3 h time course of imaging should provide
ample time for other transport mechanisms to be revealed. At
first take, it is surprising that there is no change in ABR
response during the uptake of GTTR when the GTTR would
be predicted to block the MET channel. However, the hair bun-
dle membrane potential is quite negative due to the endoco-
chlear potential, endolymph has a very low Ca®* concentration,
and the amount of GTTR entering the endolymph is quite low;
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each of these factors likely leads to an alleviation of the channel
block and promotion of permeation through the MET channel
(29, 65, 66). Thus, if the channel is not blocked, ABRs will be
unaffected.

Recent data also suggest that AGs enter other cells (14, 16).
Under pseudo in vivo conditions (i.e., tissue is fixed and proc-
essed post-injection), AGs are detected in non-HCs where it is
argued that, in living cells, the GTTR signal is masked in all but
HCs, fixation unmasks the signal in other cell types. Neither
present data nor previous data directly address the possibility
of masking or the alternative hypothesis that GTTR diffuses
across cells in fixed tissue. However, our data demonstrate that
HC accumulation of AGs is required for toxicity, uptake via
MET channels is the major entry pathway, and megalin recep-
tors are the major transport mechanism into endolymph. HCs,
not supporting cells, are the site of action for AGs. Blockage of
entry via either of these two pathways reduces ototoxicity.
Thus, the significance of other potential pathways into HCs or
the ability of AGs to enter other cell types is greatly reduced
because there is no evidence of functional relevance for these
alternatives. Potentially, influx is reduced in cells without per-
meable ion channels and possibly efflux is enhanced so that
AGs are not toxic in supporting cells.

Recent data also suggest that alternative means of HC entry
exist under conditions that mimic sepsis (67), so future work is
needed to provide measurements of uptake under these condi-
tions. Whether MET channels are the only means of HC entry
is less relevant than the data demonstrating that reducing entry
into HCs by blocking passage through MET channels is otopro-
tective. Our technology allows this important question to be
directly addressed.

Because MET channels are only located on HC stereocilia
which project into the endolymph compartment, the question
becomes, how do AGs enter the endolymph space in the first
place? Megalin receptors are prime candidates because they
regulate AG uptake in kidney and are found in strial marginal
cells, as well as dark cells of the vestibular system and in the

PNAS | 70f10
https://doi.org/10.1073/pnas.2117946119

MEDICAL SCIENCES



cells comprising Reissner’s membrane (47-49). Our data dem-
onstrate a critical role for these transporters by blocking activity
using cilastatin. The reduced clearance from the strial vascula-
ture supports the conclusion that cilastatin blocks megalin
receptors in the kidney, thus prolonging AG presence in the
blood stream.

Cilastatin prevented the accumulation of AGs in HCs by
blocking AG transport into endolymph. The initial HC labeling
may represent a competition for binding to the megalin recep-
tor (49). We assume that the initial high concentration of AG
induced by i.v. bolus injection outcompetes cilastatin. However,
later with AG dilution in the blood stream, cilastatin outcom-
petes the AG to prevent further accumulation. This idea is sup-
ported by previous work where binding was assayed using a
quartz crystal microbalance analysis and initially AGs outcom-
peted megalin (49). Future work could lower the rate of iv.
delivery to prevent the initial accumulation of AGs. Hereto,
sepsis conditions have suggested that alternative transport
mechanisms arise across the strial tissue, and our technology
will allow for direct analysis of this possibility. That megalin
both prevents GTTR entry into HCs (Fig. 3) and is otoprotec-
tive (Fig. 4) supports the conclusion that drug modification
(addition of Texas Red) does not alter the entry pathway.
Although alternative mechanisms may be relevant, that megalin
block is otoprotective is an exciting finding that provides a new
target for further drug development.

Another important finding of our work is that the mode of
delivery of the AGs greatly influences the pharmacokinetics of
the drug. Intraperitoneal delivery slows transport to the vascu-
lature and then uptake into HCs, however the accumulation
within the vasculature is quite slow and variable (S Appendix,
Fig. S7C). In contrast, i.v. delivery provides a consistent and
rapid accumulation in the strial vasculature which peaks prior
to our initial imaging period (~10 min post-injection) and then
decreases during the subsequent 3 h recording period (Fig. 2M).
The differential uptake in the cochlea after i.p. and i.v. injections
(SI Appendix, Fig. S7 C, Right Panel) may have important implica-
tions on existing AG ototoxicity models as many use i.p. injec-
tions, whereas AGs are administered iv. in patient care. Thus,
our data may guide future studies that model human AG
ototoxicity.

Finally, we developed a multidose ototoxicity assay using
gentamicin and furosemide that demonstrated cilastatin treat-
ment was otoprotective. The model generated a moderate
amount of HC loss and ABR threshold shifts that were both
significantly reduced by cilastatin. It is well known that an
induction of hearing loss in vivo with AGs in adult mice is
remarkably difficult, unlike other larger mammals such as
guinea pigs. Here, we induced hearing loss with coinjections of
furosemide and gentamicin for 10 d. Cilastatin or saline was
also treated to elucidate the role of megalin in AG trafficking
to cochlea. Our ABR and immunolabeling results showed that
cilastatin partially prevents HC and hearing loss (Fig. 4 A and
H). We cannot rule out that furosemide triggers another mech-
anism of AG uptake from the cochlea and HCs. Additional
uptake routes which furosemide might trigger is a
blood-labyrinth barrier change in stria vascularis. Transient
ischemia induced by furosemide temporarily disrupts the bar-
rier, allowing the entry of toxic chemicals (50). A second possi-
ble route is via TRPV4 channels in stria vascularis and HCs.
Osmotic swelling induced by inhibition of Na-K-2Cl cotrans-
porter from furosemide application activates TRPV4 channels
located in the stria vascularis, permitting AG entry through the
channel (32). Furthermore, the low Ca®* condition in endo-
lymph may accelerate AG entry through the furosemide-
activated TRPV4 channels in HCs and marginal cells in the
stria vascularis (32). While this study did not investigate the
mechanisms triggered by furosemide in depth, how furosemide
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and other mechanisms such as sepsis regulate the
blood-labyrinth barrier are important directions to further
characterize. It is also likely that dose and delivery timing of cil-
astatin could be modified as a means of enhancing otoprotec-
tion. We believe that our in vivo method can provide a better
understanding of AG-induced ototoxicity. Regardless of the
potential additional effects that might be induced by furose-
mide, cilastatin provided protection from AG toxicity and thus
identifies megalin as a promising new target site.

In conclusion, we present an imaging method to investigate
in vivo cochlear physiology and pathology in real-time. With
this method, we provide in vivo confirmation that MET chan-
nels are the site of HC entry for AGs. We further dissected the
AG entry pathway at the stria vascularis and identified megalin
as a required transporter. Finally, in an AG-ototoxicity model,
we have shown that blocking megalin transport greatly reduces
AG-induced ototoxicity, opening a new therapeutic strategy to
prevent hearing loss.

Materials and Methods

Animals. All studies were carried out according to the protocols approved by
the Institutional Animal Care and Use Committee at Stanford University
(APLAC-14345). We used C57BL/6 (Charles River: 026) and TMC1 KO (JAX:
019146) mice. Note that hybrid mice of C57BL/6 and FVB (Charles River: 027)
were used for ABR measurements in S/ Appendix, Fig. S2 E-G. Mice of either
sex, between 4 and 8 wk of age were used. Mice were anesthetized using
ketamine (100 mg/kg) and xylazine (10 mg/kg). After 1 h, supplemental anes-
thetic (25% of initial dose) was injected every 30 min. Anesthesia level was
assessed by signs of movement or withdrawal reflex before the application of
supplemental anesthetic.

Mouse Surgery. The surgical procedure was performed under a stereo micro-
scope (5261, Olympus) with 20x eyepiece (WHSZ20X, Olympus). Under anes-
thesia, the mouse skull was exposed and attached to a custom-made head
holder with dental glue (Teets Denture Material, Cooralite Dental Mfg. Co.)
(S/ Appendix, Fig. S1A). The mouse was flipped so the lower jaw faced upward
to allow accessing of the cochlea from below while preserving the tympanic
membrane and other middle ear structures. We surgically removed the skin
and opened the bulla in the left ear after treatment with applied PAG (1 min,
Etching gel, Young) to soften the bone and to access the apical cochlea turn
without disturbing the tympanic membrane (S/ Appendix, Fig. S1 B-G). Part of
bulla bone (violet in S/ Appendix, Fig. S1G) was softened with PAG application
and removed with a needle (30Gx1/2, BD) to expose the otic capsule bone
with the underlying stria vascularis (S Appendix, Fig. S1H). PAG application
helped to avoid mechanical stress on the bulla that can induce hearing loss
through middle ear misalignment. The posterior and lateral SCCs were
exposed next and opened to release intracochlear pressure (S Appendix,
Fig. S2A). PAG was applied for 1 min to the posterior SCC followed by making
the hole with a needle (S/ Appendix, Fig. S2 B and C). After the hole formation,
we returned to the cochlear region. For IW formation, we applied PAG to the
otic capsule bone for 10 to 20 s, followed by scraping it with a needle. The
CMC was repeated one or two times depending on the thickness of the
cochlear otic capsule bone. Before IW formation, the cochlear bone was
cleaned with 1x phosphate-buffered saline (PBS). The IW was formed without
disturbing the cochlear endosteum on the boundary of the stria vascularis
(Fig. 1 D—F). The IW location was near the ~8-10 kHz region (43) and its diame-
ter is ~200-300 pm. The key to a successful surgery is maintenance of the end-
osteum, which can be easily ripped when only using a mechanical approach,
leading a large leak of intracochlear fluid (S/ Appendlix, Fig. S2G). After IW for-
mation, we closed the hole in the SCC using a muscle plug and cyanoacrylate
glue (Instant adhesive 101, Permabond). This surgery took ~1 h.

Drug Administration. GTTR was generated and purified, as previously
described (14). Gentamicin (LE1046, Accel Pharmtech) was mixed with Texas
Red succinimidyl esters (T20175, Invitrogen). The conjugate was separated
from unconjugated gentamicin and unreacted Texas Red by C-18 column
based reversed-phase chromatography. Soluble Texas Red was used as a con-
trol (57635, Sigma-Aldrich). To block megalin receptors, cilastatin (C5743,
Sigma-Aldrich) was applied. 1x PBS was used for the vehicle.

For in vivo imaging, GTTR or Texas Red was i.p. (100 mg/kg) or i.v. (10 mg/kg)
injected into mice. Intravenous injection of 30 mg/kg cilastatin was followed by
asingle injection of GTTR (i.v. 10 mg/kg).
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For investigations of otoprotection from cilastatin, either saline or cilasta-
tin (360 mg/kg) was systematically administrated with i.p. injection. After 30
min, either saline or cilastatin (180 mg/kg) i.p. injection was followed by gen-
tamicin i.p. injection (180 mg/kg). After another 30 min, both groups received
a furosemide i.p. injection (100 mg/kg). These injections were repeated daily
for 10 d. Note that either cilastatin (540 mg/kg) or saline i.p. injection was pre-
ceded 1 d before starting the injections as a pretreatment.

ABR Measurement. Under anesthesia, ABR potentials were recorded with a
TDT system (System 3 RZ6, Tucker-Davis Technologies) using 3 stainless steel
electrodes positioned in the vertex of the skull (+), the ventral surface of the
tympanic bulla (-), and the hind leg (ground) (S/ Appendix, Fig. S6A). The
stimulus had a 5 ms duration and 0.2 ms gate time. The frequency range was 4
to 46.1 kHz, and the intensity range was from 10 to 80 dB SPL (10 dB SPL
steps). A total of 512 responses were sampled and averaged at each sound
level. The major peaks in ABR waveforms were tracked as a function of the
intensity, and the lowest intensity level at which peaks were clear was deter-
mined to be the threshold. For the purpose of averaging, we set the threshold
to 80 dB SPL when ABR peaks were not detected at or below 80 dB SPL.

Two-Photon In Vivo Imaging and Quantification. The mouse was placed on an
XY translation stage (MDrive 17 Plus, Motion Solutions) using a custom-made
head holder (S/ Appendix, Fig. S6B). In vivo imaging was performed using a
modified commercial two-photon microscope (Ultima, Bruker) with a long
working distance objective (TU Plan ELWD 20x, NA 0.4, WD 19 mm, Nikon
Instruments Inc.) and a variable-wavelength Ti:sapphire laser with wavelength
920 nm and power 15/40 mW (Chameleon, Coherent Inc.). To observe the cells
in the OoC (Fig. 1H and S/ Appendix, Fig. S3C), 2.5 mM AM1-43 dye (Biotium)
was injected through the round window using a glass pipette. To observe AGs
uptake in cochlea, GTTR was systematically injected (i.p. or i.v.). Note that only
a part of the HCs in IW area was resolved with GTTR applications (yellow box
in SI Appendix, Fig. S8F) while the dye injection covered all HCs in the area
(Fig. 1H). The dye injection image allowed for the mouse’s head position to be
adjusted optimizing the orientation for visualizing the HCs. However, we
could not optimize this orientation with GTTR because at the onset of the
recording there were no visible HCs.

Z-stack imaging scan with a 2 pm interval was done in Bruker software,
Prairie View (Bruker) (Fig. 1A and S/ Appendix, Fig. S8 B and G). The ranges of
z-stack are fully covered not only stria vascularis but also OoC, specifically HC
layers. Different laser powers were used (15 mW for stria vascularis and 40
mW for HCs) because the intensity of GTTR fluorescence in stria vascularis and
in HGs is quite different. Z-projected image from 50 slices (100 pm depth of
stria vascularis region, green box in Fig. 1A and S/ Appendix, Fig. S8B) or 30 sli-
ces (60 um depth of OoC, yellow box in Fig. 1A and S/ Appendix, Fig. S8G) was
used for the quantification of fluorescent intensity. The ROl includes either a
stria vascularis or HCs region was selected to be as inclusive as possible was
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designated in the box (yellow box in S/ Appendix, Fig. S8 A and F) (ImageJ Fiji)
(68). The averaged GTTR intensity in the ROl in the z-projected image was
plotted after subtracting back ground intensity. For averaging purposes, we
set the fluorescent intensity to zero when GTTR signals were not detected in
HCs. All graphs were made using Origin software (OriginLab).

Immunohistochemistry and Quantification. Cochlea was fixed with 4% PFA/
PBS (15710, EMS), and decalcified with 0.5M EDTA (E177, VWR). Whole-mount
OoC were dissected and the tectorial membrane was removed. The tissue was
permeabilized for 0.5 h in 0.5% Triton X-100/PBS (BP151, Fisher Scientific), and
blocked for 2 h in 5% BSA/PBS (BP1600, Fisher Scientific) at room temperature
(RT). Staining with primary antibodies was performed overnight at 4°C and
2 h at 37°C in the same blocking buffer. After washing with the blocking
buffer three times, the tissue was incubated with secondary antibodies and
phalloidin diluted in the blocking buffer for 1 h at RT. After washing five times
in 1x PBS, the tissue was mounted on slide glass using ProLong Diamond Anti-
fade Mountant with DAPI (P36962, Invitrogen) and saved in the dark at 4°C.
TUNEL assay was performed as recommended in ApopTag plus fluorescein in
situ apoptosis detection kit (57111, EMD Millipore).

For staining HCs, we used primary antibodies against MyosinVlla (HC
marker; 1:500; MYO7A 138-1, DSHB). The secondary antibodies were conju-
gated with Alexa Fluor 546 (1:500; A10036, Life Technologies). Alexa Fluor 647
conjugated phalloidin staining (F-actin; 1:200; A22287; Invitrogen) was per-
formed with secondary antibody treatment. Z-stack images of the immuno-
stained cochlear tissues were collected by a confocal microscope (LSM700,
Zeiss). The number of HCs was counted using ImageJ software.

Statistical Analysis. Statistical analyses were performed using Excel (Micro-
soft) and Origin (OriginLab). P values <0.05 from two-tailed Student's t test or
ANOVA were considered statistically significant. Change of GTTR intensity
over time was fitted by exponential decay function. To compare the fitted
data sets, we performed f-test. Error bars represent the standard error of
the mean. All statistical tests are listed in S/ Appendix, Table S1 (*P < 0.05;
**P < 0.01; ***P < 0.001; no mark, not significant [P > 0.05]).

Data Availability. All study data are included in the article and/or supporting
information.
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