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Aminoglycosides (AGs) are broad-spectrum antibiotics that are associated with kidney damage, balance disorders, and
permanent hearing loss. This damage occurs primarily by killing of proximal tubule kidney cells and mechanosensory hair
cells, though the mechanisms underlying cell death are not clear. Imaging molecules of interest in living cells can elucidate
how molecules enter cells, traverse intracellular compartments, and interact with sites of activity. Here, we have imaged
fluorescently labeled AGs in live zebrafish mechanosensory hair cells. We determined that AGs enter hair cells via both
nonendocytic and endocytic pathways. Both routes deliver AGs from the extracellular space to lysosomes, and structural
differences between AGs alter the efficiency of this delivery. AGs with slower delivery to lysosomes were immediately toxic to
hair cells, and impeding lysosome delivery increased AG-induced death. Therefore, pro-death cascades induced at early time
points of AG exposure do not appear to derive from the lysosome. Our findings help clarify how AGs induce hair cell death
and reveal properties that predict toxicity. Establishing signatures for AG toxicity may enable more efficient evaluation of AG
treatment paradigms and structural modifications to reduce hair cell damage. Further, this work demonstrates how following
fluorescently labeled drugs at high resolution in living cells can reveal important details about how drugs of interest behave.

Introduction
Aminoglycosides (AGs) are broad-spectrum antibiotics that kill
aerobic Gram-negative bacteria and mycobacteria (e.g., Mycobac-
terium tuberculosis). AG treatments are known to damage both the
kidney and mechanosensory hair cells (HCs) of the inner ear, with
the latter resulting in hearing and balance disorders. Structural
modifications and improved treatment paradigms have reduced
the incidence of side effects, but kidney damage and inner ear
damage still occur, and AGs are contraindicated in a number of
scenarios where they would otherwise be useful. Nonetheless,
AGs remain a primary treatment in many life-threatening situ-
ations, including Pseudomonas infection, multi-drug-resistant
tuberculosis, neonatal sepsis, complicated urinary tract infections,
and endocarditis (1-3). While the incidence of kidney damage can
be reduced with modified dosing paradigms, inner ear damage
remains a common and permanent side effect of AG treatment.
Though it has been known for well over 50 years that AGs
cause hearing loss, the mechanisms that underlie AG-induced HC
toxicity are still debated. Previous studies implicate a number of
possibilities. In prokaryotes, antimicrobial activities of AGs have
been attributed to binding of the 30S ribosomal subunit (4-6). In
eukaryotic cells, AG toxicity may occur through interactions with
the related 12S mitochondrial ribosomal RNA subunit (7). This is a
parsimonious explanation for why mutations in mitochondrial ribo-
somal RNAs can severely sensitize patients to AG exposure. Other
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studies suggest that AG interactions with the plasma membrane —
specifically affecting metabolic regulation of phosphoinositides —
cause cell damage (8, 9). A wealth of reports indicate that AGs acti-
vate cell death cascades through diverse signaling pathways (10,
11), and both caspase-dependent (12, 13) and -independent (14)
routes are implicated. Our recent studies suggest that AG-induced
calcium flow between endoplasmic reticulum and mitochondria
results in reactive oxygen species and subsequent cell death (15,
16). The many reported activities of AGs make it challenging to
identify clear targets to block AG-induced HC death (17).

One fundamental property of cells that are vulnerable to
AG-induced damage is their tendency to take up and retain AGs.
While AGs are rapidly cleared from serum, both kidney proximal
tubule and inner ear HCs accrue AG antibiotics (17). It has been
proposed that the main entry of AGs into kidney cells is through
endocytosis (18, 19). However, enrichment of AGs in HCs requires
mechanotransduction (MET) (20). These studies suggest that AGs
may enter through several routes, each of which may have differ-
ent toxicity outcomes.

We examined intracellular trafficking of different AGs and
asked whether altering those pathways influences their relative
toxicity. We followed labeled AGs in live functioning HCs in the
zebrafish lateral line (LL) sensory system. LL sensory HCs of lar-
val zebrafish are convenient for these types of studies because
they reside externally on the head and body surface of larval
zebrafish (21). The LL informs nonmammalian aquatic verte-
brates about proximal movements in the water. These move-
ments are detected by superficial mechanosensory HC clusters
that are innervated by the distal ends of afferent fibers that proj-
ect to the hindbrain (22, 23). LL HCs are morphologically and
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structurally similar to HCs in the mammalian inner ear, and are
sensitive to drugs and small molecules known to cause hearing
loss in humans (e.g., the AGs, cisplatin, and copper) (24-28). Our
results demonstrate distinct pathways of AG uptake that appear
to confer different levels of toxicity, and further suggest that
altering AG trafficking can protect HCs from damage. Signatures
for less toxic AGs may also facilitate screening for new AGs that
are now being developed (29).

Results

Vetting tagged AGs. To follow entry and intracellular trajectories
of AGs, we made AGs that incorporated a fluorescent tag. The
use of fluorescent analogs of AGs is well established. Previous
studies using gentamicin tagged with the fluorescent moiety
Texas red (Gent-TR) revealed delivery routes taken by AGs to the
mouse inner ear. Gent-TR injected into mice recapitulates the
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Figure 1. Fluorescently labeled AGs are effective
proxies for unlabeled AGs. (A) Dose-response
functions for gentamicin and Gent-TR. Zebra-
fish 5 days after fertilization were treated for

30 minutes with indicated concentrations of
gentamicin or Gent-TR. Following a 1-hour recov-
ery, surviving HC nuclei were labeled with SYTOX
Green (ThermoFisher) and counted. Each graphed
symbol represents 5 fish, 5 neuromasts per fish.
Percentages indicate HCs that survived the treat-
ment relative to HCs present in untreated fish.
(B) Dose-response functions for neomycin and
Neo-TR. (As described for A.) (C) Dose-response
functions for Neo-BODIPY and Neo-TR. (As
described for A.) (D) Overlap of signals from AGs
with structurally distinct fluorescent tags. Image
of HCs pulse-labeled with a mix of 25 pM Neo-TR
and 25 uM Neo-BODIPY. (E) Labeled AGs do not
enter HCs that lack MET activity. Differential
interference contrast and fluorescent images of a
neuromast in a WT sibling (top) or a sputnik?¢%
(cdh23 loss-of-function mutant) zebrafish that
lacks MET (bottom). Scale bars: 5 um. Error bars
for all plots: +1SD.

localization of gentamicin labeled by immunohistochemistry,
and is toxic to HCs (30). Furthermore, unconjugated gentami-
cin competes with Gent-TR, supporting its use as a proxy for the
unlabeled form (31). Here we used Texas red labeling to follow
the behavior of AGs as they enter and distribute to intracellular
compartments in zebrafish LL HCs.

To validate the labeled AGs, we assessed their toxicity and
specificity. Supplemental Video 1 (supplemental material avail-
able online with this article; doi:10.1172/JCI85052DS1) shows
the very specific enrichment of Texas red-labeled neomycin
(Neo-TR) in functional LL HCs. To assess toxicity, we generated
dose-response functions for both labeled and unlabeled forms —
a standard approach in zebrafish HC studies (32). Dose-response
functions revealed that tagged AGs show a small decrease in tox-
icity but retain characteristics of their respective unlabeled com-
pounds. The toxicity of both neomycin and Neo-TR is rapid and
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extensive. Comparable short-term exposures to gentamicin and
Gent-TR damage a smaller fraction of the HCs, consistent with
previous work characterizing the different toxicity profiles of the
unlabeled forms of these AGs (ref. 33 and Figure 1, A and B). To
further address whether addition of Texas red affects the behav-
ior of conjugated AGs, we evaluated AGs tagged with another
fluorescent moiety, BODIPY, that is structurally unlike Texas
red. Conjugation with BODIPY does not alter dose-response
characteristics (Figure 1C), and AG-BODIPY conjugates com-
pletely colocalize with AG-Texas red conjugates in exposed HCs
(Figure 1D). Like unconjugated AGs, fluorescently tagged AGs
readily enter HCs, and their entry is abolished in HCs that lack
MET activity, such as the cadherin 23 (cdh23) mutant sputnik?s4
(Figure 1E and refs. 34, 35). This observation is consistent with
reports showing that MET activity is necessary for AG HC toxicity
(20, 36). Additionally, neither unconjugated Texas red nor uncon-
jugated BODIPY alone enters HCs (Supplemental Figure 1). Last-
ly, unlabeled AGs compete with labeled AGs in uptake assays
(Supplemental Figure 2). Taken together, these data indicate that
Texas red- and BODIPY-conjugated AGs are reasonable proxies
for unlabeled AGs, supporting their use as tools for studying the
behaviors of AGs within LL HCs.
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Figure 2. Fluorescent neomycin preferentially
enters and kills LL HCs. (A) A neuromast in a
sedated 5 days post fertilization (dpf) zebra-
fish imaged during chronic exposure to 50

uM Neo-TR. Neo-TR was added to the media
at time 0. Neo-TR first enters the kinocilia

and stereocilia (6 minutes) and subsequently
the HC body in both puncta (yellow arrows)
and diffuse pools (3 minutes 30 seconds).
Note that non-HCs in the fish do not take

up Neo-TR. HCs with high concentrations of
Neo-TR show blebbing at the apical region and
kinocilia (asterisks: 21 minutes 30 seconds; 28
minutes), and separation of the apical region
from the HC body (bracket: 21 minutes 30 sec-
onds). (See also Supplemental Video 3.) Scale
bar: 10 um. (B) Neo-TR time series in a brn3c-
GFP transgenic zebrafish, treated as in A. The
appearance of Neo-TR on the stereocilia (plus
symbol) and kinocilia (asterisk) occurs nearly
simultaneously and prior to detectable Neo-TR
throughout the HC body (yellow arrow). Scale
bar: 10 um. (See also Supplemental Video 3.)

Characterizing entry and intracellular distribution of AGs. To
visualize AG entry and distribution in LL HCs, we first moni-
tored HCs in 5 days post fertilization (dpf) zebrafish that were
chronically exposed to Neo-TR. Zebrafish were anesthetized
with tricaine, immobilized under mesh, and imaged on an
inverted microscope. During the course of iterative imaging,
50 uM Neo-TR was added to the media (Figure 2A and Supple-
mental Video 2). Within 5 minutes of exposure, Neo-TR appears
in the apical region of HCs, in both the kinocilia and the ste-
reocilia. The labeling of these 2 apical compartments occurs
simultaneously (Figure 2B and Supplemental Video 3). While
this rapid labeling may indicate AG interaction with the outer
leaflet of apical membranes, kinocilia labeling does not disap-
pear when Neo-TR is washed out, and labeling of the kinocilia
and stereocilia is orders of magnitude brighter than any other
cell labeling on the surface of the fish. Labeling of kinocilia also
requires active MET, suggesting that labeling is not simply a
“sticky” interaction. Stereocilia labeling is consistent with tran-
sit through MET channels reported to be in the stereocilia, but
why kinocilia labeling occurs is unclear at this time. Notably,
recent work shows that mutations in several kinocilia proteins
affect AG toxicity (37). Following appearance in the apical HC
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Figure 3. Small molecules and mutations protect HCs from AG exposure by affecting MET and AG loading. (A) Example images from a Z-series showing
technique to quantify AG loading. myo6-GFP zebrafish have labeled LL HCs (left panels). Otsu segmentation of the GFP signal generates an HC-specific
mask (right panels). This is used to quantify the Neo-TR signal in HCs (middle left panels). Scale bar: 5 um. (B) Diverse types of small molecules protect
HCs from AG exposure by inhibiting AG entry, as is seen in the sputnik¥?%* and mariner??® MET mutants. Neo-TR uptake is quantified as described in A.
Each graphed symbol represents 1 fish, 5 neuromasts per fish. (C) Example images from Neo-TR pulse-labeled HCs either untreated, treated with the MET
inhibitor amiloride, or treated with ractopamine. Scale bar: 5 um. (D) The MET inhibitor amiloride impedes HC entry of the MET activity indicator FM1-43 in
a dose-dependent manner. Zebrafish (5 dpf) were pretreated with amiloride at the indicated concentrations for 5 minutes, exposed to amiloride plus 500
nM FM1-43 for 5 minutes, washed 3 times, and imaged. FM1-43 fluorescence in neuromasts was quantified and expressed as signal relative to background
outside HCs. (E) The dose-dependent reduction of Neo-TR loading mimics the reduction in MET activity in D. (Quantified as in D, but with 50 nM Neo-TR

replacing FM1-43.) Error bars for all plots: +1SD.

region, Neo-TR enters the cell body, where it is present in diffuse
and punctate pools. Intensity in the puncta is strikingly higher
than in the diffuse pool, indicating that AGs are concentrated
in these structures. Signals in both the diffuse and punctate
pools steadily increase during chronic exposure. In the subset
of HCs that are killed by 50 uM Neo-TR, diffuse Neo-TR signal
abruptly rises just before HC death. We suggest that this abrupt
rise corresponds with the loss of membrane integrity that occurs
before death (15). All labeled AGs that we monitored show these
same properties — namely, the initial appearance at the apical
region, the movement into diffuse and punctate pools, and the
increased diffuse signal just before cell death.

Quantifying AG loading. To quantify AG loading into HCs,
we exposed active unsedated zebrafish to a 5-minute pulse of 50
uM Neo-TR, washed out the zebrafish, and immediately imaged

neuromasts. These experiments were done in a zebrafish line
that expresses cytosolic GFP in HCs. We wrote a MATLAB script
to identify the GFP-positive HC volume using automated Otsu
thresholding on 16-bit image Z-stacks (38, 39). AG-Texas red
signal was then calculated within this HC volume (Figure 3A).
Data are shown as the average Neo-TR signal within the neu-
romast volume divided by the average non-neuromast Neo-TR
background signal. Consistent with the reported requirement for
MET activity for AG loading, mutants that lack MET activity (the
cadherin 23 mutant sputnik#?5** and the myosin VIIAa [myo7aal
mutant mariner???°; refs. 35, 40) show a striking reduction in
Neo-TR loading to near background levels (Figure 3B). In zebra-
fish treated with the known MET activity inhibitors amiloride
and benzamil (41), Neo-TR was reduced to levels comparable to
those in the MET activity mutants (Figure 3B).

jci.org  Volume127  Number2  February 2017
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Using this technique, it is straightforward to quantitatively
evaluate whether other compounds previously shown to protect
HCs from AG exposure affect AG loading. Many such com-
pounds have been identified in LL zebrafish screens (42-44).
Here we show results for benzamil, raloxifene, ractopamine,
and dynasore. All of these compounds reduce loading to lev-
els seen when MET activity is absent or blocked (Figure 3B).
Images comparing untreated, amiloride-treated, and ractopa-
mine-treated neuromasts are shown in Figure 3C. Compounds
that inhibit AG loading comprise a diverse set of functions;
here, compounds reported as sodium channel blockers (ami-
loride and benzamil), a selective estrogen receptor modula-
tor (raloxifene), an epinephrine mimetic (ractopamine), and a
dynamin inhibitor (dynasore) all strongly inhibit AG loading.
The loading of AGs into HCs is sensitive to a diverse array of
small molecules that do not share an obvious pharmacological
target. In our studies to date, protective compounds like ben-
zamil, raloxifene, ractopamine, and dynasore that inhibit AG
entry also inhibit FM1-43 uptake (data shown for amiloride in
Figure 3E and benzamil discussed below), consistent with MET
activity being critical for AG loading, as has been reported in
other systems (20).

To characterize the relationship between MET activity and
loading of AGs, we evaluated Neo-TR and FM1-43 loading in
zebrafish mutants treated with a range of amiloride concentra-
tions. FM1-43 entry through MET channels depends on the open
probability of the channels (45), and we were able to identify a
range of amiloride concentrations (0 to 1,000 uM) that demon-
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Figure 4. Fluorescent AGs label lysosomes. (A) Neo-TR-labeled puncta
in exposed HCs also label with lysosomal markers. 5 dpf zebrafish were
simultaneously exposed to 50 pM Neo-TR and LysoTracker Green before
washout and imaging. Most LysoTracker-positive puncta contain Neo-TR
(see yellow arrows as examples). Note that some immature HCs label
with LysoTracker but not appreciable Neo-TR (right cell). Scale bar: 5 um.
(B) Neo-TR puncta colocalize with a genetically encoded late endosome/
lysosome marker, GFP-Rab7. Transgenic zebrafish ubiquitously expressing
GFP-Rab7 were exposed to Neo-TR. Most Neo-TR-positive puncta also
have accumulations of GFP-Rab7 (see yellow arrows as examples). Scale
bar: 5 um. (C) Zoom of an intracellular region of an HC with GFP-Rab7/
Neo-TR double-labeled puncta. Scale bar: 3 um. (D) Neo-TR is present in
the lumen of lysosomes. In large lysosomes where the outer membrane
and lumen can be resolved, GFP-Rab7 marks membranes that surround
Neo-TR signal within the lumen. Scale bar: 2 um. (E) Quantification of
overlap of markers with Neo-TR signal in puncta. Neo-BODIPY and GFP-
Rab5 show results of markers where there is either near-complete or
near-absent overlap (error bars: + 1SD). Data taken from 10 neuromasts.
***¥P < 0.0001 based on Holm-Sidak multiple comparison analysis after
Kruskal-Wallis test. (See Figure 1and Supplemental Figure 3C for represen-
tative Neo-BODIPY and GFP-Rab5 images.)

strate dose-dependent effects of amiloride on FM1-43 entry
(Figure 3D). This same range of amiloride concentrations shows
a graded effect on Neo-TR entry into LL HCs (Figure 3E).
Characterizing puncta. Treatment with compounds at concen-
trations that appear to completely block AG entry prevents the
appearance of both the diffuse poolin the cytosol and the pool pres-
ent in puncta. However, when the rate of AG entry is delayed but
not blocked, these intracellular pools could play differential roles in
toxicity. To characterize these different intracellular AG pools, we
first sought to identify the Neo-TR puncta that appear shortly after
exposure. The reported binding of the 12S mitochondrial ribosomal
subunit (7) suggests that AGs might accrue in mitochondria. How-
ever, mitochondria labeled by either transgenic expression of mito-
chondrial-targeted GCaMP (15) or the vital dye MitoTracker Green
contained no detectable Neo-TR signal (Supplemental Figure 3A).
Previous studies using kidney cell culture lines indicate that AGs
can transit the secretory system and the Golgi (46, 47). However, in
LL HCs, we did not find any detectable Neo-TR signal in the Golgi
of LL HCs labeled by transgenic expression of mannosidase 2-GFP
(Supplemental Figure 3B). Additionally, we saw no effect on the
intracellular distributions of Neo-TR when the Golgi organelle was
disrupted by brefeldin A treatment (48). Based on reports of endo-
cytic uptake of AGs, we also evaluated Neo-TR localization in the
HCs of transgenic zebrafish expressing the early endosome mark-
er GFP-Rab5. Rab5 marks early stages of many endocytic routes,
most of which utilize clathrin. Detectable Neo-TR did not appear in
Rab5-positive endosomes (Supplemental Figure 3C). Notably, not
all early endocytic routes employ Rab5 (49), including routes that
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Figure 5. Labeled AGs transit from the diffuse intracellular pool into lysosomes. (A) Time-lapse imaging of Neo-TR in pulse-labeled HCs shows a
progressive accumulation of Neo-TR in puncta and loss of diffuse signal in the cytosol. Redistribution is apparent within 20 minutes of exposure. Scale
bar: 5 um. (See also Supplemental Video 4.) (B) Total intracellular Neo-TR fluorescence following pulse exposure does not decrease, indicating that loss of
Neo-TR signal from the cytosol is likely due to redistribution to lysosomes and not export from cells. NM, neuromast. (C) An example of image masks (in
blue) used to monitor the lysosomal and cytosolic fractions of Neo-TR. Image captured immediately after Neo-TR exposure. Scale bar: 5 um. (D) Neo-TR
added 30 minutes after Neo-BODIPY pulse exposure accumulates in the Neo-BODIPY-prelabeled structures. Image captured 10 minutes after Neo-TR
exposure. Scale bar: 5 um. (E) Quantification of loading into lysosomes following a Neo-TR pulse. After 30 minutes, intensity within the lysosomal mask is
approximately 5-fold higher than intensity in the cytosol. Each graphed symbol represents 1 fish, 3 neuromasts per fish. Error bars: +1SD. Flp, Fluorescence

in puncta; Fl, diffuse fluorescence.

utilize dynamin and routes that deliver substrates from the extra-
cellular environment to lysosomes (50, 51). Lastly, we evaluated
whether lysosomes are enriched in Neo-TR. In HCs of the neonatal
chick, accumulations of injected kanamycin were previously found
in lysosomes identified by acid phosphatase cytochemistry (52),
and dramatic increases in the density of lysosomes following gen-
tamicin exposure are seen in chick hair cells prior to hair cell death
(53, 54). We assessed whether Neo-TR was present in lysosomes
labeled with the vital dye LysoTracker Green. LysoTracker Green
consistently labeled puncta that also contained Neo-TR (Figure
4A). Since LysoTracker dyes also label other low-pH organelles like
synaptic vesicles (55), we further discriminated whether the puncta
were lysosomes by surveying the late endosome/lysosome mark-
er Rab7. Rab7 transiently binds to late endosomal and lysosomal
membranes (56, 57). In transgenic zebrafish that express GFP-
Rab7 under a ubiquitous promoter, GFP-Rab7 is expressed in all
cells (not just HCs), and a large fraction of the protein is cytosolic.
This accounts for the prominent diffuse background seen through-
out the neuromast. A majority of puncta enriched for GFP-Rab7

in HCs also contained Neo-TR following a pulse exposure (Figure
4B). An enlarged image of just the HC region is shown in Figure
4C. In large GFP-Rab7-labeled lysosomes, we could resolve Neo-
TR signal inside the lysosomal lumen, demarcated by GFP-Rab7
membrane labeling (Figure 4D). Colocalization of GFP-Rab7 with
Neo-TR puncta is apparent from the time we are first able to detect
puncta. The degree of overlap of LysoTracker Green and GFP-
Rab7, compared with the degree of overlap with Neo-BODIPY
(which we expect to overlap completely) and Rab5 (which does not
significantly overlap), is quantified in the graph in Figure 4E. Our
results demonstrate that a significant fraction of AGs are retained
in lysosomes. This is consistent with previous work in other model
systems (52, 58). Neo-TR puncta that do not show colocalization
with lysosomal markers are most likely endocytic carriers that are
not positive for Rab7 and do not have sufficiently low pH to retain
LysoTracker label. At this time, we have not been able to further
characterize these endocytic carriers. However, the early appear-
ance of all puncta is blocked when dynamin-dependent endocyto-
sis is inhibited (discussed below).

jci.org  Volume127  Number2  February 2017
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Figure 6. Inhibiting endocytosis
with Dynole prevents the rapid
delivery of Neo-TR to lysosomes
without affecting MET activity.
(A) HCs were exposed to Neo-TR

in either the absence (top panels)
or presence (bottom panels) of
the dynamin inhibitor Dynole 34-2
and imaged immediately after
exposure. Inhibition of dynamin
activity abolishes rapid appearance
of Neo-TR-labeled puncta. Scale
bar: 5 um. (B) HCs were exposed to
a pulse of FM1-43 as described in
Figure 3B. Treatment with Dynole
34-2 does not significantly inhibit
FM1-43 loading, either immedi-
ately or 15 minutes after Dynole
pulse exposure. This is in contrast
to amiloride treatment, which is
also reversible, unlike Dynole 34-2.
Each column: 3 fish, 5 neuromasts
per fish. (C) Images of HCs exposed

FM1-43

;i 50 Neo-TR to FM1-43 in either the absence
o or presence of Dynole 34-2. Like
s 40 - Neo-TR, the rapid appearance of
e FM1-43 puncta is abolished. Scale
i—l o = bar: 5 um. (D) Twenty-five micro-
@ 301 x o molar Dynole 34-2 is sufficient to
+ carrier g E 8 block the appearance of almost
::; 20 ]: % ; all puncta. Note that Dynole 34-2
c s 2 activity is not rapidly reversible; 15
Q % r:if minutes after Dynole 34-2 wash-
8 104 S o out, Neo-TR still does not appear
§ w in puncta following exposure (far
o right bar). Error bars: +1SD. Each
0- ) graphed symbol represents 3 fish,
S Y ,\f'|,(9 @ ® 5 neuromasts per fish.

+ Dynole

Characterizing delivery of AGs into lysosomes. Immediately after
pulse exposure and washout, all labeled AGs we evaluated show a
prominent diffuse pool present in the cytosol. This diffuse signal
decreases with time, and the loss of diffuse signal occurs concur-
rently with increased signal in lysosomes (Figure 5A; see also Sup-
plemental Video 4). We do not detect a net loss of signal from the
entire HC (Figure 5B); the drop in the diffuse signal appears to be
the result of delivery of Neo-TR to lysosomes rather than export of
Neo-TR from the cell. To quantify movement of Neo-TR from the
cytosol to lysosomes, we took advantage of 2 observations: (a) Neo-
BODIPY and Neo-TR label the same puncta (shown in Figure 1D),
indicating that these 2 visually separable compounds are trafficked
to the same structures; and (b) lysosomes previously labeled with
Neo-BODIPY also label with Neo-TR from a later pulse exposure,
indicating that the AGs are delivered to preexisting puncta (Figure
5D). To quantify rates of AG loading into lysosomes, we exposed
HCs to a low-concentration (20 uM) pulse of Neo-BODIPY for 5
minutes, and washed and transferred zebrafish to fresh medium
for an additional 30 minutes. This first Neo-BODIPY pulse marks
lysosomes with green signal. We then re-exposed these zebrafish
to a pulse of Neo-TR, and asked how quickly green lysosomes
acquire red Neo-TR from the second pulse (Figure 5C), using the
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green signal to make an image mask. We quantified the red signal
within the green lysosome mask (Figure 5C, top panel), and com-
pared this with the red signal outside the lysosome mask (Figure
5C, bottom panel). We used these values to determine the relative
amount of Neo-TR signal in the lysosomes: the mean Neo-TR sig-
nal present in the lysosomes divided by the mean Neo-TR signal
in HCs excluding the lysosome signal. This ratio steadily increases
with time following a pulse exposure to Neo-TR (Figure 5E), which
we can represent as a sloped line (dashed line, Figure 5E). We use
the slope of the line representing change from O to 30 minutes to
compare different treatment conditions and different AGs below.
Mechanisms of AG delivery into lysosomes. A number of intracel-
lular trafficking routes could deliver AGs to lysosomes. AGs could
be captured from the extracellular space by endocytic carriers that
fuse with lysosomes (18). Alternatively, AGs could be delivered
from the cytosol to the lysosome by autophagic processes (59). To
determine whether these general pathways are involved, we first
asked whether endocytosis regulates AG lysosomal delivery. We
monitored Neo-TR entry while inhibiting vesicle budding from
the plasma membrane. The conserved GTPase dynamin forms
a constrictive ring that releases vesicles from membranes, and is
utilized by many endocytic processes (60, 61). Its activity can be
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Figure 7. Endocytic inhibition delays lysosomal loading of 3 AGs. (A) Quantification of Neo-TR loading into lysosomes (method described in Figure 5C).
Intensity within lysosomes is initially approximately 2.5-fold higher in puncta compared with cytosol. This value increases to approximately 5-fold after 30
minutes. Error bars: +1SD. Each graphed symbol in A, B, D, and E represents 1 fish, 3 neuromasts per fish. (B) HCs treated with Dynole 34-2 show reduced

rates of Neo-TR delivery into lysosomes (compare with A). Error bars: +1SD. (C

) Images of HCs exposed to a 50-uM pulse of either Neo-TR or Gent-TR

(GTTR). Compared with Neo-TR, GTTR shows more signal in puncta, and less in the cytosol. Scale bar: 5 um. (D) Quantification of delivery of labeled neo-
mycin, gentamicin, and G418 to lysosomes immediately after pulse exposure and 30 minutes later. Error bars: + 1 SD. (E) HCs pretreated with Dynole 34-2
show delayed delivery of neomycin, gentamicin, and G418 to lysosomes relative to HCs not treated with Dynole. Error bars: + 1 SD. (F) Summary plot of
lysosomal loading rates for the 3 tested AGs, each with and without Dynole pretreatment. *‘Graphed values indicate the change in relative amount of signal
in lysosomes compared with the cytosol between 0 and 30 minutes (e.g., the slopes of purple dashed lines in A and B). Error bars: + 15D for 3 replicates.

*P < 0.05 based on Mann-Whitney U test.

blocked by Dynoles (Tocris Biosciences), a group of bisindolylma-
leimides that specifically inhibit the GTPase activity of dynamin,
and thereby its fission activity (62).

We pretreated zebrafish with 25 uM Dynole 34-2 for 5 min-
utes, and then exposed them to 50 puM Neo-TR. In HCs imaged
immediately after Neo-TR exposure, Neo-TR was present in the
HCs, but puncta were almost completely absent (Figure 6A). The
level of diffuse signal present in the cytosol was comparable to that
seen in HCs not treated with Dynole. The specific loss of puncta
but not cytosolic signal suggests that AGs entering HCs traverse
atleast 2 routes —a dynamin-sensitive and a dynamin-insensitive
route. We further assessed the effect of Dynole 34-2 by evaluat-
ing loading of FM1-43, a readout for MET activity. As with Neo-
TR, Dynole 34-2 treatment blocks FM1-43 delivery to puncta,
but not entry into the diffuse pool (Figure 6, B and C). The effect
of Dynole treatment is strikingly different from the effect of the
MET inhibitor amiloride. Amiloride treatment severely inhibits
all FM1-43 loading. Furthermore, amiloride’s effects are revers-
ible, unlike those of Dynole. Dynole’s inhibition of puncta does

not appear to be due to effects via MET activity. This inhibition
is dose dependent over a range from 6 to 25 uM (Figure 6D). At
25 uM, almost no puncta can be seen, either when zebrafish are
exposed to a pulse of Neo-TR immediately following the Dynole
34-2 treatment, or 15 minutes after the treatment (indicating that
the effects of Dynole 34-2 are not readily reversible). We note that
a different dynamin inhibitor — dynasore — does act like a MET
inhibitor and blocks all FM1-43 and Neo-TR entry into HCs (see
Figure 3B and Supplemental Figure 4).

Using Dynole 34-2, we evaluated how endocytosis con-
tributes to the lysosomal delivery of AGs by comparing Neo-
TR delivery to lysosomes in untreated versus Dynole-treated
HCs. Because the effects of Dynole are irreversible over the
time scales needed for these experiments, we pretreated HCs
with Dynole and then transferred fish to media with Neo-TR
for pulse labeling. We then transferred pulse-labeled fish to
fresh medium, and evaluated lysosome delivery rates. Neo-TR
delivery into lysosomes is delayed when endocytosis is inhib-
ited by Dynole 34-2 treatment (compare Figure 7A and Figure
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7B). These results demonstrate that AG entry into lysosomes is
dependent on endocytosis, but over time AGs do accumulate in
lysosomes in an endocytosis-independent manner.

We next asked whether the lysosomal delivery rates of struc-
tural variants of AGs are distinct. Pulse exposures of Neo-TR
show a prominent diffuse signal in the cytoplasm (Figure 7C, top).
Gent-TR, in contrast, shows a prominent signal in lysosomes and
a less obvious diffuse pool (Figure 7C, bottom). To test whether
this distribution reflects more efficient delivery to lysosomes, we
quantified lysosomal delivery rates for both gentamicin and the
structurally closely related AG G418, and compared these with the
behavior of neomycin. Lysosomal delivery rates of both Gent-TR
and G418-TR are significantly higher than rates for Neo-TR (Fig-
ure 7D). For all of these AGs, Dynole 34-2 treatment reduces the
delivery rate to lysosomes over a 30-minute period (compare Fig-
ure 7D and Figure 7E; and see summary plot, Figure 7F). Different
AG structures show different relative rates of accrual in diffuse
and lysosomal compartments, and dependence on endocytic pro-
cesses for delivery to the lysosome.

While Dynole 34-2 treatment abolishes puncta that appear
rapidly after exposure to Neo-TR (within 5 minutes; Figure 6A),
puncta do appear in the cytosol at later times. They are easily
detected 20 minutes after the Neo-TR pulse in Dynole 34-2-treat-
ed HCs (Figure 8A, left panels). This is not due to reversibility of
the Dynole 34-2 treatment. Exogenous Neo-TR added 15 min-
utes after Dynole 34-2 treatment and washout still does not rap-
idly appear in puncta in HCs imaged immediately after the pulse
(Figure 6D). The later appearance of puncta indicates a lysosomal
delivery route that is independent of dynamin-mediated endo-
cytosis from the plasma membrane. This delivery also occurs in
the absence of any extracellular Neo-TR because it occurs after
washout of the Neo-TR pulse — likely indicating direct delivery
from the cytosolic pool to lysosomes. We evaluated whether this
delivery is via macroautophagy — the capture of components in
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Figure 8. An autophagic pathway delivers Neo-TR to lysosomes and is
independent of endocytosis. (A) HCs exposed to Dynole 34-2, washed out,
and then exposed to Neo-TR in the absence or presence of the macroauto-
phagy inhibitor 3-methyladenine (3-MA). In the absence of 3-MA, Neo-TR
accumulates in lysosomes less than 5 minutes after the Neo-TR pulse (left
panels). 3-MA abolishes the accumulation of Neo-TR in the lysosomes of
HCs pretreated with Dynole 34-2 (right panels). Scale bar: 5 um. (B) Treat-
ment with 3-MA does not affect loading of Neo-TR. The loss of labeling in
puncta is not due to an overall reduction in Neo-TR entry. Error bars: + 1SD.
Each graphed symbol represents 1 fish, 5 neuromasts per fish.

the cytosol into autophagic vesicles that then fuse with lysosomes.
3-Methyladenine (3-MA), a PI3K inhibitor, is routinely used to
inhibit macroautophagy (63) and has been used previously in live
zebrafish (64). We found that 3-MA treatment dramatically blocks
the slower delivery of AGs into lysosomes following a Neo-TR
pulse exposure when dynamin activity is inhibited (Figure 8A,
right panels). 3-MA treatment does not block rapid puncta forma-
tion if dynamin is not inhibited (not shown), nor does it affect the
total amount of AGs loaded into HCs (Figure 8B). Based on these
findings, it appears that autophagosomes capture AGs directly
from the cytosol and fuse with lysosomes, and that this route is
separate from the dynamin-dependent endocytic route.
Evaluating how lysosomal delivery of AGs affects HC toxicity.
We next asked whether lysosomal delivery alters the toxicity of
different AGs. Lysosomes can release pro-death signals (65, 66),
or alternatively they can sequester molecules away from toxic tar-
gets. Previous work has shown that over short time frames (30-60
minutes), neomycin is more toxic to HCs than gentamicin (28). As
shown above, Gent-TR is more efficiently delivered to lysosomes
than Neo-TR (Figure 7F), suggesting that lysosomal capture is at
least initially cytoprotective. To test this idea, we treated zebra-
fish with Dynole 34-2 to delay lysosomal delivery of neomycin or
gentamicin, and evaluated how this affected the toxicity of these
2 AGs. Dose-response functions for zebrafish pretreated with
Dynole revealed that delaying lysosomal delivery has little effect
on the toxicity of neomycin (Figure 9A), but significantly increases
the toxicity of gentamicin, most notably at higher concentrations
(Figure 9B). We also compared the amount of labeled AG in the
cytosol with and without Dynole 34-2 treatment. Dynole 34-2
treatment increases the amount of Gent-TR present in the cyto-
solic fraction 15 minutes after a pulse exposure by 16.1% (Supple-
mental Figure 5). We do not detect an increase in the cytosolic
fraction for Neo-TR, where the larger cytosolic pool may make
the additional signal difficult to measure. These observations may
explain why inhibiting endocytosis is more effective at altering the
HC toxicity profile of gentamicin compared with neomycin.
Evaluating relationships between MET activity, HC loading rates,
lysosomal delivery rates, and AG toxicity. Drugs that block FM1-43
loading, a proxy for MET activity, prevent entry of Neo-TR (Figure
3C). Atlower concentrations, many of these drugs have intermedi-
ate effects. We next evaluated the effects of 1 drug — benzamil —a
close structural relative of the epithelial sodium channel blocker
amiloride that also inhibits MET (67, 68). Previous work shows
that a 50-uM pretreatment and coexposure to benzamil protects
HCs from both neomycin and gentamicin (44). We evaluated Neo-
TR loading in HCs exposed to a range of benzamil concentrations
that show partial to nearly complete block of Neo-TR loading — O
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Figure 9. Inhibition of endocytosis differ-
entially affects AG-induced HC death. (A)
Dose-response functions for 1 hour neomy-
cin exposure with and without Dynole 34-2
pretreatment. Inhibiting endocytosis before
exposure to neomycin does not significantly
affect HC survival in exposed zebrafish.

(B) Dose-response functions for 1 hour gen-
tamicin exposure with and without Dynole
34-2 pretreatment. In contrast to neomycin,
gentamicin toxicity is affected. At higher
concentrations of gentamicin, inhibiting
endocytosis increases HC death. Error bars: +
1SD. Each graphed symbol represent 5 fish, 5
neuromasts per fish. ANOVA P < 0.01 for sig-
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to 200 uM. In HCs pretreated for 5 minutes with 200 uM benzamil
and then cotreated with Neo-TR and benzamil, almost no Neo-TR
is detectable (Figure 10A). At 25 uM benzamil, the average total
amount of loaded Neo-TR was reduced by roughly half in com-
parison with untreated HCs. To test how this range of benzamil
concentrations also affects MET activity, we looked at this same
dose-response function for FM1-43 uptake. Data for FM1-43 are
more variable, but show a response similar to the Neo-TR uptake
response (Figure 10B). We next looked at a narrower range of ben-
zamil concentrations (0-50 uM), and evaluated how incomplete
reductions in Neo-TR loading affect the delivery of Neo-TR to
lysosomes. Exposure to benzamil at concentrations that reduce
but do not block either MET activity or Neo-TR loading appears
to alter how Neo-TR transits different intracellular pathways. As
the total amount of Neo-TR loading is reduced by benzamil, the
relative amount of Neo-TR in lysosomes increases (Figure 10C).
Fifty-micromolar benzamil treatment results in a roughly 2-fold
increase in the relative fraction in lysosomes compared with
untreated cells. Lastly, we evaluated how this same concentration
range of benzamil affects HC survival. There is a clear inverse rela-
tionship between the effects of benzamil on Neo-TR loading and
on HC survival. These data suggest that reducing AG entry results
in synergistic protective effects. Both overall amounts of AGs in
HCs are lowered, and larger fractions of cytosolic AGs are seques-
tered in lysosomes. Both of these activities restrict AG access to
cytotoxic targets.

Discussion

Understanding AG toxicity has proven challenging. AGs can
interact with many cellular components (e.g., phospholipids in
the plasma membrane, mitochondrial components, proteins in
ER membranes, etc.) (8, 7, 69). It is clear, however, that cellular
entry is a key component of toxicity. AGs do not accumulate in
most cell types, though inner ear HCs and kidney cells are excep-
tions (30, 70). Understanding AG entry and accumulation in HC
compartments may therefore shed light on the cellular events
underlying AG toxicity.

By imaging superficial HCs in living intact fish, we were able
to monitor AG loading when the extracellular environment regu-
lating ion flow was unperturbed, MET channels were functioning,
and junctions with surrounding cells were intact. In these function-

Gentamicin

nificance of Dynole treatment to protection
from gentamicin.

200 300 400
concentration (uM)

ing HCs, AGs preferentially enter mechanosensory hair cells of the
lateral line (LL) system compared with other tissues. AGs enter api-
cally through several processes that are all gated by MET. An endo-
cytic route requires dynamin activity and rapidly delivers AGs to
lysosomes. A route independent of dynamin-mediated endocytic
events delivers AGs directly to the cytosol, presumably through the
MET channel. A fraction of this cytosolic pool is also delivered to
lysosomes through a PI3K-dependent, macroautophagic process.
These data are summarized in the schematic in Figure 11.

Endocytosis and AG toxicity. In HCs, the role of endocytosis in
AG entry is unclear. In the kidney (thought to lack the mechano-
sensitive channel present in HCs), the involvement of endocytic
processes is well established. AGs in proximal tubule cells bind to
megalin, a multiligand endocytic receptor (19). When exposed to
gentamicin, the kidneys of megalin-deficient mice show severely
reduced gentamicin levels. Megalin-deficient mice also exhibit
hearing loss, but this has been attributed to effects on margin-
al cells of the stria vascularis; megalin expression is not seen in
cochlear HCs (71). Previous studies have evaluated whether inhib-
iting endocytosis protects HCs, with the hypothesis that blocking
this entry path will block overall AG entry and protect HCs (52).
This prediction is consistent with work in the kidney, where AG
endocytosis underlies AG toxicity (19). However, we show that
in zebrafish LL HCs, endocytic processes rapidly sequester AGs
into lysosomes. The fact that there is no change in overall load-
ing when endocytosis is inhibited suggests that endocytic and
nonendocytic routes compete. Consistent with this, the relative
cytosolic fraction increases when HCs are exposed to higher AG
concentrations. It appears therefore that the endocytic route can
be overwhelmed. Our work suggests that endocytosis and lyso-
somal delivery sequester AGs away from cytotoxic targets. In this
scenario, inhibiting endocytosis should increase AG toxicity, and
we see this for gentamicin at short treatment times and high con-
centrations. Consistent with lysosomal delivery routes sequester-
ing AGs from toxic targets, promoting lysosomal delivery through
autophagy of AGs is cytoprotective in the kidney (72).

Role of MET in AG entry. A number of studies suggest that AG
entry into inner ear hair cells occurs directly through the MET
channel (36, 73). Delivery through the MET channel should not
require endocytic machinery, and could account for the diffuse
pool of cytosolic AGs we see in exposed HCs. Movement of AGs
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Figure 10. Inhibiting MET activity decreases the rate of

AG loading into HCs, increases the relative amount of

AGs delivered to lysosomes, and protects HCs from AG
exposure. (A) Benzamil, an inhibitor of MET, impedes entry
of Neo-TR into HCs in a dose-dependent manner. Zebrafish
were pre-exposed for 5 minutes to indicated concentrations
of benzamil, and then cotreated with 50 uM Neo-TR for 5
minutes, washed, and imaged. Neo-TR signal was quanti-
fied as described in Figure 3A. (B) Treatment with benzamil
also impedes FM1-43 entry into HCs in a dose-dependent
manner, similarly to its analog amiloride, shown in Figure
3B, and consistent with its activity as a MET inhibitor.

(C) The relative amount of Neo-TR loaded into lysosomes
increases with increasing benzamil concentrations. Loading
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y of Neo-TR into lysosomes was assayed as described in
Figure 5C. (D) This same range of benzamil concentrations
shows an increasing degree of HC protection from a 1-hour,
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directly through the MET channel readily explains why loss of
functional MET activity protects HCs from AG exposure (20).
However, it is not clear why loss of MET activity should prevent
dynamin-dependent endocytic uptake of AGs, which we see as
loss of punctate accumulations immediately after pulse exposure.
Alterations in local calcium in the stereocilia could alter calci-
um-dependent endocytic processes. Alternatively there may be a
direct movement of AGs from within the channel into membranes
that are then endocytosed. Notably, though, AGs are present in
the lumen of lysosomes and do not appear to be enriched on lyso-
somal membranes (where they would be predicted to arrive if they
moved to the lysosome through membrane fusion events), and the
charge of AGs does not favor this scenario. It is also possible that
there are a class of apical endosomes that rapidly acquire AGs after
passage through the channel that could be sensitive to Dynole 34-2
treatment. However, the effect of Dynole 34-2 treatment is nearly
instantaneous, so presumably these endosomes would have to be
very dynamic to be sensitive at that time scale.

Many studies report that AGs themselves physically block the
channel and impede MET activity — inhibiting electrophysiologi-
cal responses of stimulated HCs (36, 73, 74). When we expose LL
HCs to AG concentrations that do not cause obvious HC damage,
we do not observe inhibition of further AG loading. In fact, at non-
cytotoxic concentrations, AGs in LL HCs appear to promote their
own entry. Exposed HCs show increased loading rates both as
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exposure time increases, and as concentration increases; that is,
first derivatives of loading curves have positive slopes.

A number of alternative entry mechanisms have been pro-
posed in addition to the MET channel or through endocytosis. It
has been suggested that AGs enter through other channels includ-
ing transient receptor potential channels (75-77). The sodium glu-
cose transporter SLC5A2 may also play a role in AG transport in
the kidney (78). Whatever additional mechanisms of uptake are
active, our data suggest that these mechanisms are universally
under control of MET activity in hair cells.

Mechanism of protection of small-molecule protectants. Having
characterized the routes of AG entry, we asked how protective
molecules alter these processes. A suite of unrelated compounds
block both MET activity and AG entry. These molecules span
structures that do not share known targets or obvious chemical
characteristics. Channels passing AGs are broadly permissive to
disparate kinds of molecules that impede normal flux (79); these
molecules may compete with AGs for channel access. Another
possibility is that the molecules perturb lipid tension in the apical
region. The architecture of stereocilia may maximize conversion
of mechanical movement into membrane deformation. Altering
lipid tension where channels reside could regulate their activity, as
has been reported for other channel proteins (80). AG entry could
then be especially sensitive to molecules that interact with the api-
cal lipid bilayer, not necessarily just the channel itself (81). At this



The Journal of Clinical Investigation

RESEARCH ARTICLE

Perturbances Compounds Figure 11. Schematic summarizing entry
| , with and distribution of AGs in live LL HCs, and
Pre-AG exposure 0" after 30after similar the effects of compounds that alter these
washout washout phenotypes processes. AGs initially appear in the apical
region, first labeling stereocilia, and kinocilia.
Neo TR They next appear in both diffuse and punc-
—_— _— tate intracellular pools. Different AGs exhibit
— different delivery rates to these different
pools. When MET activity is blocked (e.g., by
pretreatment and cotreatment with amiloride),
all AGs fail to enter HCs. When dynamin-depen-
dent endocytosis is inhibited (e.g., by Dynole
Gent-TR G418-TR 34-2 pretreatment), rapid delivery of AGs to the
- - _ cytosol still occurs, but AG-labeled puncta are
initially absent. Puncta do appear later. These
late-forming puncta do not appear when both
dynamin-dependent endocytosis and macro-
. autophagy are inhibited (by pretreatment with
. Neo-TR N R 2:?:;";'r|nine Dynole 34-2 and pre- and cotreatment with the
Armiloride Amiloride MeChaif;itil;:zz?dlon Raloxi?ene macroautophagy inhibitor 3-MA).
Dynasore
eo TR > Endocytosis Dynole 2-24
Dynole 34- 2 inhibition
Neo-TR
Dynole 34-2 3-MA Endocytosis
3 MA and autophagy
inhibition

time, the mechanism is unclear, but MET activity is certainly per-
turbed by many compounds, and when it is blocked, LL HCs are
protected from AG exposure. AGs then do not enter HCs, through
either endocytic or nonendocytic routes.

When AG loading is reduced but not blocked, how protection
occurs is more complicated. We previously identified both drug
treatments and genetic mutations that impede AG entry (42, 82,
83). Here we show that reducing the total amount of AGs entering
the cell also results in a larger relative fraction of AGs being deliv-
ered to the lysosomal compartment. Furthermore, this lysosomal
delivery appears to be cytoprotective, at least in short-term exper-
iments. Using approaches described here, we could potentially
quantify lysosomal delivery rates for many different AGs. These
assays may help classify which AGs are less damaging to HCs.

In further studies, it would be interesting to assess the long-term
consequences of AG sequestration in lysosomes. LL HCs that are
exposed to a nontoxic pulse of Neo-TR still have signal in lysosomes
7 days after washout (Supplemental Figure 6). This is consistent
with our quantitative studies and others showing that labeled AGs
are not readily exported from HCs (84). HCs exposed continuously
for 7 days to nontoxic neomycin levels (20 pM) look morphological-
ly normal (Supplemental Figure 6) and have active MET based on
their uptake of FM1-43. However, effects of chronic lysosome accu-
mulation will need to be further evaluated over longer time courses
in systems that do not replace HCs.

Implications for other studies. In the mammalian inner ear,
punctate accumulations of AGs have been observed in many stud-
ies, although they have not been extensively characterized. In mice
exposed to systemic Gent-TR, fluorescent AGs appear to transit
vestibular vasculature to first reach dark and transitional cells,
where they appear as very bright puncta (defined in this study as
6*-pixel structures that exceed the 99% quantile of fluorescence
intensity). Puncta are evident within 30 minutes of systemic expo-
sure (85). In sensory hair cells, fluorescent signal is predominantly
diffuse, but localized accumulations are present. Notably, after
exposure, fluorescent Gent-TR can persist in transitional cells for
more than 28 days — likely trapped in lysosomes (86). The details
of how AGs reach sensory cells and the kinetics of their entry into
those cells are complicated in the mammalian ear. Here we show
that zebrafish studies can identify likely intracellular trafficking
routes transited in sensory hair cells.

This work also demonstrates more broadly how labeling a
compound of interest and following its behavior at high resolu-
tion in live differentiated tissues can potentially inform us about
how the compound behaves in a specific physiological context.
Such studies can identify cellular processes in specific cell types
that may provide tractable targets for combinatorial drug ther-
apies. High-resolution studies can reveal processes that can
be targeted in order to either enhance or restrict cell entry and
metabolic processing (here, the separable dynamin-depen-
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dent endocytic, nonendocytic, and autophagic routes). The
activity of labeled compounds needs to be validated if they
are being used as proxies for unlabeled compounds. However,
labeling frequently does not disrupt activity of the target mol-
ecule, and many compounds of interest are fluorescent them-
selves. Advances in both labeling technologies and live-imaging
modalities will continue to improve our ability to evaluate how
cells respond to bioactive compounds.

Methods
Fish. Adult Danio rerio (zebrafish) were maintained in the Universi-
ty of Washington zebrafish facility. Experiments were carried out on
zebrafish 5 days post fertilization (dpf). Zebrafish were maintained in
E3 embryo media (14.97 mM NaCl, 500 uM KCl, 42 uM Na,HPO,, 150
uM KH, PO, 1mM CaCl, dihydrate, 1 mM MgSO,, 0.714 mM NaHCO,,
pH 7.2) unless otherwise noted. The following genetic lines were used:
brn3c-GFP [Tg(poudf3:GAP-GFP)?7*™] (87); sputnik’?5* (also known as
cdh2372%%) (35); and mpo6-GFP (myo6b:eGFP*'*). GFP-Rab7 fish were
provided by the L. Ramakrishnan laboratory (Cambridge University,
Cambridge, United Kingdom). They express the EGFP-Rab7 ORF
from the Brian Link laboratory (Medical College of Wisconsin, Mil-
waukee, Wisconsin, USA). sputnik’?5* fish were provided by T. Nicol-
son (Oregon Health and Science University, Portland, Oregon, USA).

Transgenesis constructs. Standard Gateway (Invitrogen) cloning
techniques were used to generate transgenesis constructs under the
control of either the HC-specific myosin 6b promoter (88) or the
B-actin (acth2) promoter (38).

Vital dye staining. Live swimming zebrafish were incubated in the
indicated vital dyes, washed 3 times in embryo media, and immobi-
lized for imaging as described below. MitoTracker Green FM (Life
Technologies) was used at 100 nM for 3 minutes. LysoTracker Green
DND-26 (Life Technologies) was used at 50 nM for 3 minutes. FM1-43
was used at 500 nM for 5 minutes.

Imaging. 5 dpf zebrafish were placed on their side in chambered
coverglass wells containing E3 media with 0.2% MESAB (tricaine;
MS-222; ethyl-m-aminobenzoate methanesulfonate). Fine nylon
mesh and a brain slice anchor harp (Harvard Instruments) were
placed over sedated zebrafish for stability during imaging. Imaged
neuromasts on immobilized zebrafish had free access to surrounding
media. Image stacks were captured at 16-bit depth with a Marian-
as spinning disk system (Intelligent Imaging Innovations) equipped
with an Evolve 10-MHz EMCCD camera (Photometrics), Zeiss
C-Apochromat x63/1.2NA Water Objective, and a piezoelectric
motorized stage (ASI). Camera intensifications were set to achieve
exposure times less than 50 ms and maximum pixel intensities less
than 75% of saturation, and were held constant across any experi-
ments that were directly compared. Tests were run to confirm lin-
ear sensitivity of the camera over detected intensity ranges. Image
volumes were acquired at 0.8-um intervals over 25 pm along the 2
axis (greater than the depth of the neuromast). GFP, green dyes, and
FM1-43 fluorescence were acquired using 490 nm excitation and
535/30 emission. Texas red fluorescence was acquired using 561 nm
excitation and 617/73 emission.

AG pulse exposure. Live swimming zebrafish were transferred to
wells containing indicated concentrations of labeled AGs. After the
incubation period, zebrafish were pipette-transferred to 3 sequential
wells containing E3 media for 30 seconds in each, and finally transferred
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to an imaging chamber containing E3/0.2% MESAB. Neuromasts were
immediately located by eye with transmitted differential interference
contrast (DIC), and fluorescent images were then captured.

Quantification of AG uptake. To quantify total AG loading into
HCs, we wrote a MATLAB script that opens 3D 2-channel 16-bit image
stacks, identifies the HC volume (by identifying green signal in myo6-
GFP-expressing fish), extracts the red (AG-Texas red) signal in this
HC volume, and finally compares the mean AG-Texas red signal with
the mean background signal (extracted from the region without myo6-
GFP signal). The script uses Otsu analysis to automatically determine
athresholding value that identifies HCs, and then uses this to generate
a binary mask. Analyzed image stacks each contain 1 neuromast. At
least 5 neuromasts were analyzed from at least 5 fish. Data are shown
as average signal/background with standard deviations. Analyses
were run in MATLAB version R2014b.

Quantification of lysosomal delivery. To quantify the rate of AG
delivery to lysosomes, 5-day-old zebrafish were exposed to a pulse of
20 uM Neo-BODIPY for 3 minutes and washed 3 times in E3 media.
Zebrafish were maintained in E3 for 30 minutes, exposed to 25 uM
Neo-TR for 5 minutes, and then washed 3 times in E3. Image stacks
were taken (as described for AG loading) at the indicated times fol-
lowing the Neo-TR pulse exposure. Neo-BODIPY-labeled lysosomes
were identified by Otsu thresholding of the green channel; this signal
was used to define an image mask. Red signal from Neo-TR was then
quantified in this region, as well as in the image outside of this region
but diffusely in the HCs.

Figure preparation. Figures were prepared using Adobe Photoshop,
Mllustrator CS6, and GraphPad Prism 7.

Statistics. Statistical analyses were done using GraphPad Prism
7.0. Specific analyses are indicated in the figure legends. Kruskal-Wal-
lis analysis followed by Holm-Sidak multiple comparison tests was
used to compare indicated sets. ANOVA was used to evaluate dose
responses. P values less than 0.05 were considered significant.

Study approval. Experiments were approved by the University of
Washington Institution Animal Care and Use Commiittee.
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