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ER-Mitochondrial Calcium Flow Underlies Vulnerability of
Mechanosensory Hair Cells to Damage
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Mechanosensory hair cells are vulnerable to environmental insult, resulting in hearing and balance disorders. We demonstrate that
directional compartmental flow of intracellular Ca>* underlies death in zebrafish lateral line hair cells after exposure to aminoglycoside
antibiotics, a well characterized hair cell toxin. Ca>" is mobilized from the ER and transferred to mitochondria via IP, channels with little
cytoplasmic leakage. Pharmacological agents that shunt ER-derived Ca** directly to cytoplasm mitigate toxicity, indicating that high
cytoplasmic Ca*" levels alone are not cytotoxic. Inhibition of the mitochondrial transition pore sensitizes hair cells to the toxic effects of
aminoglycosides, contrasting with current models of excitotoxicity. Hair cells display efficient ER-mitochondrial Ca** flow, suggesting
that tight coupling of these organelles drives mitochondrial activity under physiological conditions at the cost of increased susceptibility

to toxins.
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Introduction

The ER and mitochondria are primary regulators of Ca>* ho-
meostasis within the cell (Pinton et al., 2008; Giorgi et al., 2009;
Murgia et al., 2009; Rizzuto et al., 2009; Grimm, 2012). Commu-
nication between ER and mitochondria is facilitated by microdo-
mains, where IP; receptors (IP;Rs) in the ER are juxtaposed to
mitochondrial voltage-dependent anion channels (Szabadkai et al.,
2006). These zones of close contact are termed mitochondrial-
associated membranes (MAMs) (Vance, 1990), and function as de
facto hotspots of Ca’" transfer (Rizzuto etal., 1998; Patergnanietal.,
2011; Bononi et al., 2012).

Transfer of Ca®" between ER and mitochondria is increas-
ingly recognized for its role in the regulation of multiple cellular
processes ranging from bioenergetics (Bravo et al., 2012) to cel-
lular dysfunction and death (Rizzuto et al., 2009; Giorgi et al.,
2012; Grimm, 2012). The difference between these cellular out-
comes is dependent in part on the amount of Ca”" transferred to
mitochondria. Modest increases in mitochondrial Ca** con-
centrations ([Ca®*];) stimulate the respiratory chain and
elevate transmembrane potential (A¢) across the mitochondrial
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inner membrane (McCormack et al., 1990). More substantial
[Ca®"],.; increases are cytotoxic, however, because they perma-
nently depolarize mitochondria through long-lasting opening of
the transition pore (mPTP; Nicholls, 2005, 2009; Giorgi et al.,
2012). Somewhat paradoxically, the potential for Ca>* overload
is limited through mPTP openings of shorter duration that serve
to gate Ay, a driving force behind mitochondrial Ca*" uptake
(Gunter and Pfeiffer, 1990; Stout et al., 1998; Kirichok et al., 2004;
Nicholls and Chalmers, 2004; Nguyen et al., 2009).

We used the zebrafish lateral line system to study Ca*" mobi-
lization and flow during hair cell death. Lateral line hair cells
share essential properties with inner ear hair cells, including sen-
sitivity to many ototoxins, drugs known to cause hearing loss by
killing inner ear hair cells of mammals including humans (Ton
and Parng, 2005; Ou et al., 2010; Esterberg et al., 2013a). Lateral
line hair cells are located on the body surface in clusters called
neuromasts, providing an opportunity to monitor directly [Ca**];
changes during ototoxin-induced cell death in vivo. We demon-
strated recently that disruption of [Ca®"]; homeostasis within
hair cells is a critical signal and a reliable predictor of hair cell
death in the intact zebrafish lateral line system after ototoxic
aminoglycoside antibiotic exposure (Esterberg et al., 2013b).
Here, we identify upstream disruption of ER—mitochondrial
Ca** regulation as a necessary and sufficient signal for hair cell
death due to aminoglycoside exposure.

Materials and Methods

Fish. Experiments were performed on zebrafish larvae to 5 d postfertil-
ization (dpf) in E3 embryo medium (14.97 mm NaCl, 500 um KCl, 42 um
Na,HPO,, 150 um KH,PO,, 1 mm CaCl, dehydrate, 1 mm MgSO,, 0.714
muM NaHCOj;, pH 7.2) at 28.5°C unless otherwise indicated. Larvae were
used before the stage where sex is determined in zebrafish. All experi-
ments were approved by the University of Washington Institution Ani-
mal Care and Use Committee.
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Transgenesis constructs. Tg[brn3c:mGFP] and
Tglmyo6b:cytoGCaMP3]™”® have been described
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previously (Xiao et al., 2005; Esterberg et al., =100 =100
2013b). We have shown previously that the £ 2
Tg[myo6b:cytoGCaMP3]™® line allows reli- § 75 s 75
able detection of changes in cytoGCaMP fluo- 2 ;o’
rescence in the presence of ionomycin and » 50 » 50
extracellular Ca* concentrations aslowas 70 @ 3
nM (Esterbergetal., 2013b). erGCaMP and mi- g 25 : 25
toGCaMP were generated through inframe fu- £ £
sion of GCaMP3.0 (Tian et al., 2009) with the 0 0
ER targeting sequence of rat CD38 (Lorenz et 0 2:5 5 7.5 10 0 2 4 6 8 10
al., 2006) or mitochondrial matrix targeting se- thaps (uM) adA (uM)
quence of human cytochrome C oxidase sub- G D
unit VIII (Rizzuto et al., 1989), respectively. RU360
Tg[myo6b:mitoGCaMP3] ™' was maintained =100 =100
as a transgenic line. mitoRGECO and cy- .E ..E +200uM neo
toRGECO constructs were generated with g 75 xesto g 75
RGECO (Zhao et al., 2011). D1ER was used as 2 2
described previously (Palmer et al., 2004). % 50 +200uMnneo - 50
Gateway (Invitrogen) cloning was used to gen- E E
erate constructs under control of the hair-cell- £ 25 = 25
specific myosin6b promoter (Obholzer et al., £ £
2008). Proper organellar localization was veri- 0 0
fied by colabeling with organelle-specific vital 0 0.5 1.0 1.5 20 1 10 100 1000 10000
dyes (Mito Tracker) and/or through morphol- xesto (M) Ru360 (nM)
ogy of labeled compartments. E -- CsA F

Tetramethylrhodamine ethyl ester labeling. — — +50uM neo
Zebrafish were incubated at 28.5°C in 1 nM te- 3 100 — - +100uM neo B 100 FCCP
tramethylrhodamine ethyl ester (TMRE; Invit- & H =
rogen) in E3 medium for 30 min before and g 75 g 75 +200uM neo
throughout imaging. 2 2

Photolysis of caged EGTA. mitoGCaMP em- o S0 o 50
bryos were injected at the 1-cell stage with ~1 g g
nl of 25 mm NP-EGTA and mounted and un- = 25 = 25
caged at 5 dpf with 1-2 ms pulses from a 405 z T
nm laser, as described previously (Esterberg et 00 100 200 300 400 00 1 1 10 100 1000
al., 2013b). Imaging after uncaging was per- CsA (nM) ) FCCP (nM)

formed at 2 s intervals.

Texas Red exclusion. Succinimidyl esters of
Texas Red (Life Technologies) were dissolved
in dimethyl formamide to 2 mg/ml, essentially
as described previously (Steyger et al., 2003). A
final concentration of 2 um (~0.1%) was used
in E3 imaging media under conditions de-
scribed in Imaging and analysis, below. Under
these conditions, we did not observe Texas Red
entry into hair cells, consistent with previous
reports (Steyger et al., 2003; Wang and Steyger,
2009; Alharazneh et al., 2011). We then subjected Tg[brn3c:mGFP],
Tg[myo6b:cytoGCaMP3], or Tg[myo6b:mitoGCaMP3 larvae to 50 um
neomycin under imaging conditions described in Imaging and analysis,
below.

Drug treatment. Neomycin (Sigma-Aldrich) was used at the indi-
cated concentrations in embryo media. For all experiments, animals
were exposed to aminoglycoside for 30 min for survival analyses at
28.5°C or for the amount of time indicated during imaging (typically
60 min).

Optimal concentrations of intracellular Ca** inhibitors were determined
by the concentrations found to confer maximal protection in the presence
0f 200 um neomycin (Fig. 1) as follows: 1 um xestospongin C, 500 nm Ru360,
and 300 pm carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) (all from Tocris Biosciences).

The effects of increasing concentrations of intracellular Ca®* stimu-
lators on hair cell survival were first determined (Fig. 1). The maximal
concentrations that resulted in <10% hair cell death were then used in
the presence of the indicated concentrations of neomycinas follows: 1.25
uM thapsigargin, 4 uM adenophostin A, and 200 num cyclosporin A (CsA).
All agents except CsA were from Tocris Biosciences; CsA was obtained as

Figure 1. Optimal concentrations of agents used to manipulate ER-mitochondrial Ca* transfer and mPTP activation. 4, B,
Optimal concentration of thapsigargin (4) and adenophostin A (B) were determined by administration of either drug alone in the
presence of embryo medium (dashed line). (C, D) Optimal concentrations of xestospongin C (€) and Ru360 (D) were determined by
pretreatment followed by coexposure to embryo medium alone (dashed line) or embryo medium containing 200 um neomycin
(solid line). £, The optimal concentration of CsA was determined by administration of drug alone in the presence of embryo medium
(dashed line). F, The optimal concentration of FCCP was determined by pretreatment followed by coexposure to embryo medium
alone (dashed line) or embryo medium containing 200 m neomycin (solid line). Hair cell counts are of parvalbumin-positive hair
cells. Error bars indicate SD. n = 6 neuromasts from each of 5 treated animals.

Sandimmune (Novartis) from University of Washington Drug Services.
All agents except xestospongin C, Ru360, and adenophostin A were dis-
solved in DMSO. Xestospongin C, Ru360, and adenophostin A were
dissolved in water. When appropriate, vehicle alone was used as control,
which was typically 0.1% DMSO.

Hair cell counts. Animals were pretreated in Ca®* modulators for 60
min, followed by coadministration with the specified concentration of
neomycin for 30 min. They were then washed 3X in E3, allowed to
recover for 30 min, and then fixed in 4% PFA. Hair cells were labeled with
antiparvalbumin antisera (Steyger et al., 1997) and mean hair cell counts
across six neuromasts (104, M2, MI1, Ol, O,, and OC1; Raible and
Kruse, 2000) were calculated from at least five animals. Control E3 con-
tained 0.5% DMSO.

Imaging and analysis. Imaging and analysis were performed as de-
scribed previously (Esterberg et al., 2013b). Briefly, 5 dpf zebrafish were
immersed in E3 containing 0.2% MESAB (MS-222; ethyl-m-
aminobenzoate methanesulphonate) and stabilized using a slice anchor
harp (Harvard Instruments) so that neuromasts on immobilized animals
had free access to surrounding media. Imaging was performed under
ambient temperature, typically 24—25°C. Baseline fluorescence readings
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Figure 2.

Efficient Ca" uptake by mitochondria after efflux from ER. 4, Modulators of [Ca 2" 15 alter mitochondrial Ca* uptake. Maximal change in mitoGCaMP fluorescence after exposure

to modulators of [Ca?*1gs. B, €, Dual Ca** indicators used within the same cell indicate that ER transfer Ca®™ to mitochondria with little cytoplasmic spillover. Mean transformed (AF/F,)
mitoGCaMP/cytoRGECO fluorescence intensity values in anterior lateral line hair cells exposed to thapsigargin (B) or adenophostin A (€). Data were aligned to the onset of imaging. Comparison in
Aisaone-way ANOVA, Dunnett post test ***p << 0.0001. Error bars indicate SEM. n = 42 control, n = 32 +xestospongin C, n = 36 +Ru360, n = 32 +thapsigargin, and n = 43 +adenophostin
A. Error bars in B and Cindicate SEM. In B, n = 10 +thapsigargin; in ¢, n = 11 +adenophostin A cells from at least 5 animals.

were taken before aminoglycoside exposure in 30 s intervals for 2.5 min.
Aminoglycoside was added as a 4X concentrated stock to achieve the
final indicated concentration and fluorescence intensity readings were
acquired in 30 s intervals for 60 min. Images were taken using an inverted
Marianas spinning disk system (Intelligent Imaging Innovations)
equipped with an Evolve 10 MHz EMCCD camera (Photometrics) and a
Zeiss C-Apochromat 63 X/1.2 numerical aperture water objective. Cam-
era intensification was set to keep exposure times <50 ms for GCaMP,
250 ms for cytoRGECO, or 100 ms for mitoRGECO and TMRE while
keeping pixel intensity <25% of saturation. For image collection, camera
gain was set at 2 for higher resolution. For data collection, camera gain
was set at 3 to minimize photobleaching. Z-sections were taken at 2 um
intervals through the depth of the neuromast, typically 12 um. GCaMP
fluorescence was acquired with 488 nm laser and 535/30 emission filter.
RGECO, TMRE, and Texas Red fluorescence were acquired with a 561
nm laser and a 617/73 emission filter.

For analyses, maximum intensity projections were generated and
movies were auto-aligned in SlideBook software (Intelligent Imaging
Innovations) to account for XY drift, typically <50 pixels. ROIs outlining
the cell of interest were drawn by hand, enabling us to correct for indi-
vidual cell movement when necessary. Cells were categorized as living or
dying based on their clearance from the neuromast after 60 min of ami-
noglycoside exposure. Fluorescence intensities were calculated relative to
the mean baseline intensity of each individual hair cell before aminogly-
coside exposure. We observed a linear fit between maximal signal-to-
noise ratios and maximal changes in fluorescence (r = 0.726, data not
shown). For each treatment condition, at least three replications were
performed on different days and fluorescence intensities of no more than
three cells per neuromast and two neuromasts per animal were used in
analyses. Living and dying cells were chosen randomly for analysis at the end
of each time lapse. For imaging during Ca>* modulation, animals were
exposed to modulators 30 min before recording of baseline fluorescence and
coadministered with neomycin at the indicated concentrations.

Statistics. GraphPad Prism 5.0 Software was used for all statistical anal-
yses except cross-correlations. Analyses and post hoc tests are indicated in
figure legends. Cross-correlation analyses were performed in either R or
Microsoft Excel.

Results

Efficient uptake of Ca** drives mitochondrial activity within

lateral line hair cells

Mechanosensory hair cells are densely packed with mitochondria
to accommodate their high metabolic load. We investigated
whether hair cell mitochondrial activity is regulated by ER—
mitochondrial Ca®" exchange using transgenic zebrafish con-
taining mitochondrial matrix-targeted GCaMP3 under the

control of the hair-cell-specific myo6b promoter [ Tg(myo6b:mi-
toGCaMP3), which is hereafter referred to as mitoGCaMP]. Op-
timal concentrations of pharmacological agents known to
modulate ER Ca®" concentrations ([Ca®"]g) were first deter-
mined to be minimally toxic to hair cells over the course of im-
aging (Fig. 1) and were subsequently applied to mitoGCaMP
larvae to determine their effect on [Ca**],;, (Fig. 2). All agents
tested altered [Ca?"],,; in a manner consistent with ER—mito-
chondrial Ca** flow (Fig. 24). Inhibition of the ER SERCA pump
with thapsigargin (Marks, 1997) increased maximal mitoGCaMP
fluorescence ~50% (p < 0.001), whereas activation of IP;Rs with
adenophostin A (Mak et al., 2001) increased maximal mitoG-
CaMP fluorescence ~100% (p < 0.001). Conversely, inhibition
of IP; receptors with xestospongin C (Gafni et al., 1997) reduced
mitoGCaMP fluorescence ~30% (p < 0.001) and blocking the
mitochondrial uniporter with the inhibitor Ru360 (Matlib et al.,
1998; Zazueta et al., 1999) reduced mitoGCaMP fluorescence
~40% (p < 0.001).

Ca’** originating from the ER is thought to be first transferred
to cytoplasm, where it is then taken up by mitochondria (Paterg-
nani et al., 2011). To monitor Ca®" flow between cytoplasm and
mitochondria directly within the same hair cell, we generated
transgenic zebrafish containing a hair-cell-specific cytoplasmic
variant of the genetically encoded red Ca** indicator RGECO
[Tg(myo6b:RGECO); hereafter referred to as cytoRGECO] (Zhao
et al., 2011). Hair cells exposed to thapsigargin showed a slight
increase in fluorescence of the cytoplasmic Ca*™ indicator while
mitochondrial fluorescence rose ~20% above baseline levels
(Fig. 2B). Stimulation of IP; Rs with adenophostin A resulted in a
transient cytoplasmic Ca** spike corresponding with the onset
of increased mitochondrial Ca®" accumulation, followed by a
reduction in fluorescence (Fig. 2C). These results suggest that, in
hair cells, mitochondria efficiently buffer Ca** during release
from the ER.

Mitochondrial Ca®" uptake is tightly cross-regulated with Ags
under physiological conditions (Brookes et al., 2004). We mea-
sured Ay in lateral line hair cells using the potentiometric mito-
chondrial dye TMRE (Mitra and Lippincott-Schwartz, 2010;
Brand and Nicholls, 2011; Perry et al., 2011; Fig. 3). Application
of the protonophore uncoupler FCCP or the ATP synthase inhib-
itor oligomycin A induced corresponding dose-dependent de-
creases or increases, respectively, in TMRE fluorescence (Fig.
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== control

— 300pM FCCP |

Esterberg et al. @ ER—Mitochondrial Ca** Transfer during Hair Cell Death

B Cc

TMRE |

ImitoGCaMPl

== 300nM FCCP dekeke ekk

transient mPTP opening in alleviation of — oligomycin A § 2 qév 2

Ay (Ichas et al., 1997; Smaili and Russell, 150 — csa S ? 83

1999; Li et al,, 2004; Wang et al,, 2008; s E ° "5’

Korgeetal., 2011; Maetal., 2011; Wang et £1.00 g ° * % °

al., 2012). Modulation of TMRE fluores- é b ;1 3 ;1

cence with either FCCP or CsA altered mi- & 0.50 5 % 5 %

toGCaMP fluorescence in a manner = =

consistent with cross-regulation of + compound 8 s~

[Ca**],. and Ay (Fig. 3C; Gunter and 0'000 10 20 30 g0 N E 0 N

Pfeiffer, 1990; Stout et al., 1998; Kirichok o LTS & ST
) 3 > ; Time (min.) & * O &7 & R

et al., 2004; Nicholls and Chalmers, 2004; © o&Q@‘Q&“ © o

Nguyen et al., 2009). xé“)x't? o S

To determine whether ER—mitochon-
drial Ca”*exchange altered Ay in hair
cells, as would be predicted if [Ca**],;,
regulates mitochondrial respiration, we
measured TMRE fluorescence of all hair
cells within an entire neuromast after a 60
min agent incubation. TMRE fluores-
cence within hair cells exposed to xesto-
spongin C, Ru360, or adenophostin A alone was not significantly
different from controls (Fig. 4A). TMRE fluorescence was ele-
vated after prolonged exposure to CsA (p < 0.001). Coexposure
to both CsA and adenophostin A resulted in a synergistic effect on
TMRE fluorescence (p < 0.001).

We also measured changes mitochondrial Ca** uptake and
Aus after a brief increase in cytoplasmic Ca*". We used caged
EGTA preloaded with Ca** (caEGTA) to elevate [Ca*"] tran-
siently after exposure to near UV (405 nm) light (Ellis-Davies et
al., 1996). mitoGCaMP fluorescence was reliably elevated ~20%
within 30 s after 405 nm exposure (p < 0.001; Fig. 4B), but not
elevated in hair cells receiving caEGTA or 405 nm light alone. In
these same cells, TMRE fluorescence increased ~10% compared
with controls with UV and caEGTA exposure (Fig. 4C). TMRE
fluorescence then rapidly dropped below baseline (Fig. 4C), con-
sistent with the rapid mitochondrial depolarization observed in
other contexts after increased [Ca®"],; (Loew et al, 1994;
Hajndczky et al., 1995; Ichas et al., 1997; Duchen et al., 1998;
Csordas et al., 1999; Nguyen et al., 2009). Application of Ru360
abolished TMRE changes after Ca*>* uncaging (Fig. 4C), con-
firming that mitochondrial Ca** uptake was necessary for Ays
changes. Together, these data indicate that even transient in-
creases in mitochondrial Ca®" can alter mitochondrial activity
within hair cells.

Mitochondria accumulate Ca®" in dying hair cells after
aminoglycoside exposure

Mitochondrial toxicity is a common feature of cells exposed to
aminoglycosides in hair cells (Dehne et al., 2002; Owens et al.,
2007; Hobbie et al., 2008; Jensen-Smith et al., 2012) and in more
robust cell types (Kalghatgi et al., 2013). We investigated whether
mitochondrial Ca** stores are altered by exposure to this class of
ototoxins. We exposed zebrafish to 50 uM neomycin, a concen-
tration that reliably induces death in ~40% of hair cells within
each neuromast (Harris et al., 2003), allowing us to compare
mitoGCaMP signals over time in adjacent living and dying cells
in the same environment (Movie 1). Time-lapse images from a
representative neuromast are shown in Figure 5A and corre-
sponding fluorescence traces from individual living and dying

Figure3. Validation of pharmacological agents and conditions used to monitor mitochondrial Ca > uptake and Ajsin anterior
lateral line hair cells of intact zebrafish. A, Mean transformed (AF/F,) TMRE fluorescence intensity values in anterior lateral line hair
cells exposed to modulators of A«s. B, Maximal change in TMRE fluorescence after exposure to modulators of Ays. €, Maximal
changein mitoGCaMP fluorescence after exposure to modulators of As. One-way ANOVA, Dunnett post test ***p << 0.0001; *p <
0.05. Error barsindicate SEM. InAand B, n = 75 control, n = 29300 pm FCCP, n = 30300 nm FCCP, n = 38 oligomycin A, andn =
40 GsA. In G, n = 42 control, n = 34 CsA, and n = 57 FCCP. Data were taken from at least 5 animals and 3 experimental runs.

cells are shown in Figure 5B. Living and dying cells exhibited
distinctly different behaviors: mitoGCaMP fluorescence within
dying cells increased, plateaued, and then crashed as cells died
(Fig. 5A,B, cells 1, 3, 4, and 5), wherease no increases were ob-
served in living cells (Fig. 5A,B, cells 2 and 6). Differences in
maximal fluorescence changes between living and dying cells
were observed consistently between neuromasts in the same fish
and between fish; dying cells averaged 120% increase (p < 0.001)
and living cells showed no significant changes compared with
controls (Fig. 5C). No dose-dependent relationship was observed
between fluorescence intensity and neomycin concentration in
dying cells (r = 0.03, p = 0.20; Fig. 5C). Changes in mitoGCaMP
signal after aminoglycoside exposure was 100% predictive of hair
cell fate. Fluorescence of cpGFP, the fluorophore backbone of
GCaMP lacking Ca**-binding EF hand domains (Nakai et al.,
2001), or cpYFP, a pH-sensitive variant of cpGFP (Wang et al.,
2008; Schwarzlander et al., 2011), was not significantly different
from controls (Fig. 5C). These results suggest that mitoGCaMP
fluorescence is due to increased mitochondrial Ca** uptake in-
stead of other potential responses such as osmolarity or pH
changes independent of Ca®™.

The onset of dramatic [Ca®"],,;, changes within dying hair
cells and the timing of their ultimate clearance from the neuro-
mast are asynchronous with respect to the onset of aminoglyco-
side exposure. We found no evidence for relationships between
cell positions or initial baseline intensities and the onset or dura-
tion of these changes. In contrast, alignment of mitoGCaMP flu-
orescence signals within dying cells to their point of clearance
from the neuromast revealed a consistent pattern of behavior
(Fig. 5D). Fluorescence gradually increased beginning ~45 min
before cell clearance, with the half-maximal change in fluores-
cence occurring ~15 min before clearance (Fig. 5D). These re-
sults suggest that stereotypical mitochondrial Ca®* responses
may be central to hair cell death.

ER Ca** stores are disrupted after aminoglycoside exposure
in dying hair cells

Because ER-mitochondrial Ca** transfer is an initiator of cell
death in several in vitro systems, we measured ER Ca** changes
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Figure 4. Mitochondrial Ca 2+ uptake drives mitochondrial activity. A, TMRE fluorescence after 60 min exposure to modulators of [Ca 2*]ER or[Ca

27 .. B, Maximal change in mitoGCaMP

fluorescence after injection of caEGTA and exposure to 405 nm light. ¢, Mean transformed (AF/F,) TMRE fluorescence intensity values in anterior lateral line hair cells injected with caEGTA and
exposed to 405nm light. In A and B, comparisons are one-way ANOVAs, Dunnett post test ***p << 0.0001. Error bars indicate SEM. In A, n = 10 neuromasts of each group, all from at least 5 animals.
InB,n = 10405nm, n = 21 cakGTA, and n = 27 405nm + cakEGTA;in C,n = 51405 nm, n = 66 405nm + caEGTA, and n = 57 405nm + caEGTA + Ru360 cells from at least 5 animals. Error
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00:11:30

Movie1.  Dynamic changes in mitochondrial Ca 2™ after neomycin exposure. Heat-mapped
time-lapse movie of a Tg(myo6:mitoGCaMP3) anterior lateral line neuromast exposed to 50 wum
neomycin. Time of neomycin addition to embryo medium is indicated (h:min:sec).

using GCaMP3 targeted to the ER lumen of hair cells [ Tg(11yo6b:
erGCaMP3); hereafter referred to as erGCaMP]. A representative
time-lapse experiment is shown in Movie 2. Time-lapse images of
aneuromast exposed to 50 uM neomycin are shown in Figure 6A
and corresponding trace data are shown in Figure 6B. As with
mitoGCaMP, living and dying cells exhibited distinctly different
behaviors after neomycin exposure. erGCaMP fluorescence
within living cells remained largely stable (Fig. 6A, B, cells 1 and
5) and maximal fluorescence changes did not differ significantly
from controls or dying cells expressing ER-targeted cpGFP (Fig.
6C). Fluorescence of dying cells decreased ~30% (p < 0.001; Fig.
6C), indicating a reduction of [Ca®"]gg. Unlike mitoGCaMP,
however, we observed statistically significant differences in max-

imal fluorescence changes between cells exposed to 50 or 100 uMm
neomycin compared with those exposed to 200 or 400 uM neo-
mycin (p < 0.05; Fig. 6C). Moreover, our data indicate that a
maximal decrease in erGCAMP fluorescence is highly correlated
with exposure to increasing concentrations of neomycin (r =
0.92; p < 0.0001).

As with mitoGCaMP, a clear trend in erGCaMP behavior was
observed after alignment to cell clearance (Fig. 6D). Initial de-
crease in erGCaMP fluorescence first appeared to occur an aver-
age of 50 min before cell clearance, slightly before the onset of
observed mitoGCaMP fluorescence changes. Half-maximal flu-
orescence change occurred on average 22 min before clearance,
before that of mitoGCaMP (Fig. 6D). Similar behavior was ob-
served with the ER-targeted Ca** sensor DIER (Fig. 7), which
possesses a lower Ca"-binding affinity suitable for monitoring
Ca** under conditions of high [Ca*"] (Palmer et al., 2004).
Overall, the differences in timing of events suggest that ER Ca*"
mobilization occurs before mitochondrial accumulation.

Direct visualization of compartmental Ca** changes during
aminoglycoside-induced hair cell death

To monitor distinct compartmental Ca’* flow during
aminoglycoside-induced hair cell death directly, we used spec-
trally distinct combinations of RGECO and GCaMP targeted to
the ER, mitochondria, and cytoplasm. The behavior of either
mitoRGECO or cytoRGECO alone resembled that of their re-
spective GCaMP variants (Fig. 8). The combinatorial expression
of erGCaMP and mitoRGECO in the same hair cells enabled us to
track [Ca**]gr and [Ca®*],,;, simultaneously (Fig. 44—C, Movie
3). After 400 wM neomycin exposure, a concentration that kills all
mature hair cells within the neuromast (Santos et al., 2006), a
half-maximal change of erGCaMP fluorescence occurred ~30 s
before the half-maximal change of mitoRGECO. This relation-
ship is illustrated with data from a single cell (Fig. 94) and with
multiple cells aligned to cell clearance (Fig. 9B). In each sample,
the initial decrease in erGCaMP fluorescence occurred either in
the same 30 s imaging interval or slightly before increased mi-
toRGECO fluorescence. Cross-correlation analysis of paired data
supported the notion of a strong negative relationship between
erGCaMP fluorescence and mitoRGECO fluorescence, in which
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Figure5. Mitochondrial Ca* uptake during aminoglycoside-induced hair cell death. A, Heat-mapped time-lapse images of mitoGCaMP within an anterior lateral line neuromast exposed to 50

M neomycin. Two living and four dying cells are indicated with numbers. Cells 2 and 6 lived, whereas the remaining outlined cells die after neomycin exposure. Time indicates (min:sec) after
neomycin exposure. Ais taken from Movie 1. B, Transformed (AF/F,) fluorescence intensity data of individual mitoGCaMP cells in A. C, Maximal mitoGCaMP fluorescence change in surviving or dying
cells exposed to increasing concentrations of neomycin. Because camera gain settings for image presentation are different from the ones used for data collection, values from B are not included in
C. D, Mean transformed (AF/F,) mitoGCaMP intensity data in dying hair cells exposed to 50 M neomycin. Data for each cell is aligned to the time at which it was cleared from the neuromast.
One-way ANOVA, Dunnett post test ***p << 0.0001. Error bars indicate SEM. n = 15 cells from 3 neuromasts/animal and 5 animals. See also Movie 1.
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Movie2. Dynamic changesin ER Ca™ after neomycin exposure. Heat-mapped time-lapse
movie of a Tg(myo6:erG(aMP3) anterior lateral line neuromast exposed to 50 M neomycin.
Time of neomycin addition to embryo medium is indicated (h:min:sec). Dying cells are indicated
with arrows.

mitoRGECO fluorescence increased ~1-5 min after erGCaMP
decreased (maximal r was at —4 min, where r = —0.557; p =
0.0125; Fig. 9C).

We showed previously that, in dying cells, cytoGCaMP
showed a signal that reached a half-maximal change in fluores-
cence ~3 min before cell clearance (Esterberg et al., 2013b), sev-
eral minutes after the observed changes in ER and mitoGCaMP.
We evaluated directly the relationship between [Ca®*],;, and
cytoplasmic Ca®" concentrations ([Ca®"],) by expressing cy-
toRGECO in a mitoGCaMP background (Fig. 9D-F, Movie 4). In
hair cells exposed to 400 uM neomycin, half-maximal change in
mitoGCaMP fluorescence occurred well before that of cy-
toRGECO (Fig. 9D,E). Cross-correlation analysis again sup-
ported a strong relationship between the 2, where mitoGCaMP
increased ~2-8 min before increased cytoRGECO signals (max-
imal r was at 4.5 min, where r = 0.717; p = 0.0013; Fig. 9F).

Analysis of fluorescence changes between erGCaMP and cy-
toRGECO was also performed to evaluate the possibility of the
ER as a direct source of cytoplasmic Ca®" peaks in dying cells.
Increased cytoRGECO signals were not observed until well after
decreases in erGCaMP fluorescence, at ~6—12 min (data not
shown).

Elevated [Ca’"],,; precedes membrane permeabilization
during aminoglycoside-induced hair cell death

Hair cells undergo phospholipid reorganization of the plasma
membrane in response to aminoglycosides, even at sublethal ex-
posures (Goodyear et al., 2008). We sought to determine whether
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Figure 6. (Ca’" efflux from the ER during aminoglycoside-induced hair cell death. A, Heat-mapped time-lapse images of erGCaMP within an anterior lateral line neuromast exposed to 50
neomycin. Two living and four dying cells are indicated with numbers. Cells 1 and 5 lived, whereas the remaining outlined cells died after neomycin exposure. Time indicates (min:sec) after neomycin
exposure. Panel in A is taken from Movie 2. B, Transformed (AF/F,) fluorescence intensity data of individual erGCaMP cells in A. €, Maximal erGCaMP fluorescence change in surviving or dying cells
exposed to increasing concentrations of neomycin. Note the differences in maximal erGCaMP fluorescence between the 50 and 100 v neomycin exposure groups compared with the 200 and 400
JuM neomycin exposure groups. Because camera gain settings forimage presentation are different from the ones used for data collection, values from B are not included in €. D, Mean transformed
(AF/F,) erGCaMP intensity data in dying hair cells exposed 50 pum neomycin. One-way ANOVA, Dunnett post test ***p << 0.0001, *p << 0.05. Error bars indicate SEM. n = 15 cells from 3

neuromasts/animal and 5 animals. See also Movie 2.
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Figure7. (a’" efflux from the ER during aminoglycoside-induced hair cell death monitored with D1ER. 4, Transformed (AF/F,) fluorescence intensity data of individual D1ER cells exposed to
50 pmneomycin. Blue-shaded traces are of cells that live after neomycin exposure. B, Mean D1ER intensity data of dying hair cells exposed to 50 um neomycin. €, Maximal D1ER fluorescence change
in surviving or dying cells exposed to increasing concentrations of neomycin. €, Kruskal-Wallis test *p << 0.05. Error bars indicate SEM. n = 5 control, n = 20 50 um neomycin—living, n = 1150
M neomycin—dying, n = 5100 um neomycin, and n = 15400 wum neomycin cells from at least 5 animals. In €, error bars indicate SEM and n = 11 cells from at least 5 animals.

extracellular Ca** contributes to compartmental Ca*" increases
in dying cells as they lose membrane integrity. In lieu of the fact
that normally “cell-impermeant” dyes, including those belonging
to the cyanine family of nucleic acid stains (SYTOX, TO-PRO,
TOTO, etc.), robustly label intact hair cells (data not shown; also
see Chiu et al., 2008), we used Texas Red in our media to evaluate
cellular permeability. Texas Red is not normally taken up by
viable hair cells (Steyger et al., 2003; Wang and Steyger, 2009;

Alharazneh et al., 2011). Consistent these studies, we found
that Texas Red was excluded from intact lateral line hair cells
(data not shown). After exposure to 50 uM neomycin, Texas
Red entered the cytoplasm of 100% of dying hair cells before
the point of clearance from the neuromast (for an example, see
Fig. 10A) and Texas Red signal was excluded from all surviving
cells throughout the entirety of imaging (n > 400 cells from
>20 neuromasts).
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Validation of mitoRGECO and cytoRGECO constructs. A-C, Validation of mitoRGECO within lateral line hair cells. A, Raw fluorescence intensity data of individual mitoRGECO hair cells

exposed to 50 um neomycin. Intensities from living and dying cells were taken from hair cells located within the same neuromast. B, Mean intensity data of dying mitoRGECO hair cells exposed to
50 M neomycin aligned to the time at which each hair cell was cleared from the neuromast. €, Maximal mitoRGECO fluorescence changes compared between living and dying cells exposed to 50
and 400 m neomycin. One-way ANOVA, Dunnett post test ***p << 0.0001. D—F, Validation of cytoRGECO within lateral line hair cells. D, Raw fluorescence intensity data of individual cytoRGECO
hair cells administered 50 wm neomycin. Intensities from living and dying cells were taken from hair cells located within the same neuromast. £, Mean intensity data of dying cytoRGECO hair cells
exposed to 50 um neomycin aligned to the time at which each hair cell was cleared from the neuromast. F, Maximal cytoRGECO fluorescence changes compared between living and dying cells
exposed to 50 and 400 v neomycin. One-way ANOVA, Dunnett post test ***p << 0.0001. Error bars indicate SEM and n = 5 from at least three experimental runs.

11
Neo Add

y

&,

Movie 3. Dynamic changes in ER Ca’" relative to mitochondrial Ca>* during
aminoglycoside-induced hair cell death. Time-lapse movie of a single Tg(myo6:erGCaMP3);
myo6:mitoRGECO) anterior lateral line hair cell exposed to 400 wm neomycin. Left, Pseudocol-
ored erGCaMP in green and mitoRGECO in red. Middle, Heat-mapped erGCaMP. Right, Heat-
mapped mitoRGECO. Time of neomycin addition to embryo medium is indicated (min:sec).

We next analyzed mitoGCaMP and cytoGCaMP behavior in
the presence of Texas Red to monitor their behavior relative to
dye entry in dying cells. After exposure to 50 uM neomycin, in-
creases in mitoGCaMP fluorescence occurred well before Texas
Red entry. On average, half-maximal fluorescence of mitoG-
CaMP was reached 11 min before that of Texas Red (14.5 == 2 min
before clearance for mitoGCaMP vs 3.5 = 0.4 min for Texas Red,
n = 25 cells from 8 larvae, mean = SEM). Representative behav-
ior of mitoGCaMP relative to Texas Red exclusion can be seen in
Figure 10B.

Changes in cytoGCaMP fluorescence occurred near the onset
of Texas Red entry into dying hair cells, consistent with the tem-
poral separation we observed between [Ca®*], ., and [Ca”]cyt
increases. Half-maximal fluorescence of cytoGCaMP was
reached 1 min before that of Texas Red (5.7 = 0.6 min before
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Dual labeling of hair cell compartments confirms organellar Ca 2" flow during aminoglycoside-induced hair cell death. 4, D, Intensity data of a single anterior lateral line hair cell

expressing erGCaMP/mitoRGECO (4) or mitoGCaMP/cytoRGECO (D) exposed to 400 wum neomycin. B, E, Mean intensity of erGCaMP/mitoRGECO (B) or mitoGCaMP/cytoRGECO (E) within dying hair
cells exposed to 400 M neomycin aligned to the time at which they are cleared from the neuromast. €, F, Mean cross-correlation values of mitoRGECO (€) or cytoRGECO (F) offset relative to eraCaMP
(€) or mitoGCaMP (F) as GCaMP and RGECO events occur within the same cell. In ¢, maximal rwas at 1.5 min, wherer = —0.557; p = 0.0125.In E, maximal rwas at 4.5 min, wherer = 0.717;p =
0.0013. In all grouped data, error bars indicate SEM and n = 15 from at least 5 animals and 3 experimental runs. See also Movies 3 and 4.
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Movie 4. Dynamic changes in mitochondrial Ca** relative to cytoplasmic Ca®* during
aminoglycoside-induced hair cell death. Time-lapse movie of a single Tg(myo6:mitoRGECO) hair
cell within a Tg(myo6:mitoGCaMP3) anterior lateral line neuromast exposed to 400 M neomy-
cin. Left, Pseudocolored mitoGCaMP in green and cytoRGECO in red. Middle, Heat-mapped
mitoGCaMP. Right, Heat-mapped cytoRGECO. Time of neomycin addition to embryo medium is
indicated (min:sec).

clearance for cytoGCaMP vs 4.5 = 0.6 min for Texas Red, n = 39
cells from 12 larvae, mean * SEM). Representative behavior of
cytoGCaMP relative to Texas Red exclusion can be seen in Figure
10C. Together, these data suggest that the initial disruption of
intracellular Ca** homeostasis occurs before a loss of membrane
integrity in dying cells.

IP,Rs mediate ER-mitochondrial Ca>" transfer during
aminoglycoside-induced hair cell death

We next investigated whether disrupting normal regulation of
Ca’* exchange between ER and mitochondria alters
aminoglycoside-induced hair cell death. Treatment with thapsi-
gargin increased hair cell death by ~30% across multiple concen-
trations of neomycin (p < 0.0001; Fig. 11A), indicating that
potentiating [Ca*™ |z release sensitizes hair cells to aminoglyco-
side toxicity. Pharmacological manipulation of IP;Rs dramati-

cally altered neomycin toxicity. Adenophostin A increased hair
cell death, whereas xestospongin C protected hair cells across
multiple neomycin concentrations (p < 0.0001; Fig. 11A). Sim-
ilar protection was observed after blocking mitochondrial Ca**
entry with Ru360 (p < 0.0001; Fig. 11A).

Concurrent exposure of Ru360 and neomycin in hair cells
expressing targeted GCaMP allowed us to determine whether
uncoupling ER-mitochondrial Ca** transfer altered Ca®" local-
ization as a basis for survival within living cells. As expected,
increased mitoGCaMP fluorescence was not observed in living
cells cotreated with both neomycin and Ru360 (data not shown).
Conversely, fluorescence of cytoGCaMP increased and peaked
several times in living cells after neomycin and Ru360 cotreat-
ment, consistent with the notion that Ru360 shunts the flow of
Ca** leaving the ER into cytoplasm (Fig. 11B). Maximal fluores-
cence changes of living cells cotreated with Ru360 and 50 um
neomycin were ~150% higher than in living cells exposed to
neomycin alone (p < 0.0001; Fig. 11C). Cumulative cytoGCaMP
fluorescence increased ~60-fold compared with living cells (p <
0.0001; Fig. 11D). Fluorescence of cytoGCaMP in living cells co-
treated with Ru360 and neomycin was not significantly different
from that seen in dying cells exposed to neomycin alone (Fig.
11C,D). These data suggest that elevated [CaH]Cyl alone is not a
major contributing factor to aminoglycoside-induced hair cell
death. Rather, the efficient transfer of Ca*>* from ER to mito-
chondria is likely the defining event.

Despite the ability to alter Ca*>* dynamics within cells, ryan-
odine receptor (RyRs) modulators had no effect on hair cell tox-
icity either alone or when administered in combination with
neomycin (Fig. 12). The contrasting behavior of ER-based Ca*"
release channels in these two scenarios further implicates IP; recep-
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tors in ER—mitochondrial Ca** transfer
during aminoglycoside-induced hair cell
death.

ER-mitochondrial Ca** flow drives
mitochondrial activity during
aminoglycoside-induced hair cell death
Because our observations suggest that mi-

tochondrial activity within hair cells is S
driven by Ca** uptake, we sought to eval- ®
uate the timing of Ays changes relative to a
ER-mitochondrial Ca®" transfer after >
aminoglycoside exposure. We have re- .
ported previously that TMRE fluores-

cence increases and plateaus after

aminoglycoside exposure in dying hair o
cells and that, shortly thereafter, signal is o
redistributed to the cytoplasm of cells (Es- GE,

terberg et al., 2013b), consistent with cat-
astrophic mPTP activation (Mitra and
Lippincott-Schwartz, 2010; Brand and
Nicholls, 2011; Perry et al., 2011). Timing B 40
of TMRE redistribution overlaps with the
sharp rise in cytoGCaMP fluorescence ob-
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served before cell clearance (Esterberg et 3.0
al., 2013b). We now compare TMRE sig- W
nals with ER and mitochondria Ca** sig- oo
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(Fig. 13A for erGCaMP/TMRE; Fig. 13D

and Movie 5 for mitoGCaMP/TMRE). To 1.0
correlate Ca?" changes to mitochondrial 0.8
events, we aligned grouped GCaMP data 0.0
to the cytoplasmic redistribution of 0
TMRE (Fig. 13B,E). erGCaMP fluores-

cence decreased before the onset of C 40

increased mitochondrial TMRE fluores-
cence (Fig. 13B), whereas mitoGCaMP
fluorescence increase coincided with the 3.0
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onset of increased mitochondrial TMRE w°
fluorescence (Fig. 13E). Cross-correlation 5 2.0
of paired data from individual cells re-

vealed strong relationships between erG-

CaMP or mitoGCaMP and TMRE. 1.0
erGCaMP was offset ~10-15 min before 0.8
TMRE (maximal r for erGCaMP was at 12 0.0
min, where r = —0.708; p = 0.011) and 0

mitoGCaMP was offset ~1.5-0 min be-
fore TMRE (maximal r was at 1 min,
where r = 0.616; p = 0.0072; Fig. 13C,F).
Paired D1ER/TMRE dynamics revealed a
behavior similar to that of erGCaMP/
TMRE (Fig. 14). The timing of these behaviors
is consistent with ER-mitochondrial Ca**
transfer driving increased mitochondrial hy-
perpolarization during aminoglycoside-induced hair cell death. Fur-
ther, they suggest that they are at least in part responsible for the
catastrophic mitochondrial depolarization that occurs downstream of
these events.

Modulation of mitochondrial polarization alters
aminoglycoside toxicity

Given the relationship between mitochondrial Ca*" overload
and catastrophic mPTP activation (Nicholls, 2005, 2009; Giorgi
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Time (min.)

Figure 10.  Timing of mitochondrial and cytoplasmic Ca®™ changes relative to Texas Red exclusion in hair cells exposed to
neomycin. A, Time-lapse images of Texas Red entry in hair cells exposed to 50 um neomycin of 5 dpf Tg(brn3¢:mGFP) larvae.
Min:sec after neomycin exposure are indicated. Note the rapid intracellular accumulation of Texas Red within the dying hair cell
denoted with the arrow and exclusion from within adjacent hair cells. B, ¢, Transformed (AF/F,) fluorescence intensity data of
Texas Red relative to individual dying mitoGCaMP (B) or cytoGCaMP (C) cells after exposure to 50 v neomycin.

etal., 2012), we next sought to determine the effects of CsA treat-
ment on aminoglycoside exposure (Fig. 15). Surprisingly, we ob-
served that treatment with CsA sensitized hair cells to the toxic
effects of aminoglycosides. Pretreatment with CsA before neo-
mycin exposure increased hair cell death by ~30% across multi-
ple neomycin concentrations (p < 0.0001; Fig. 15A). We
monitored [Ca*"],;, and Ay in dying hair cells cotreated with
CsA and 50 wM neomycin to confirm that CsA was effective at
inhibiting mPTP. mitoGCaMP fluorescence was increased in
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Figure 11.  Pharmacological manipulation of IP,-based ER-mitochondrial Ca* transfer alters aminoglycoside toxicity. A, Pharmacological disruption of ER-based SERCA pumps or MAM
channels alters the response of lateral line hair cells to neomycin. Inhibition of ER-based SERCA pumps with thapsigargin or stimulation of ER Ca* efflux at IP,Rs with adenophostin A sensitizes hair
cells to the toxic effects of neomycin. Inhibition of IP;Rs with xestospongin C or of mitochondrial uniporter channels with Ru360, which lie in apposition to each other at MAM junctions, protects hair
cells against the toxic effects of neomycin. B—D, Inhibition of mitochondrial Ca2* uptake with Ru360 shunts ER-derived Ca** into the cytoplasm of rescued cells. B, Mean transformed (AF/F,)
fluorescence intensity values of cytoGCaMP anterior lateral line hair cells exposed first to Ru360 and then to 50 wm neomycin. €, D, Maximal (€) or cumulative (D) cytoGCaMP fluorescence in living
and dying cells exposed to 50 rum neomycin alone or first exposed to Ru360 and then 50 wum neomycin. In A, hair cell counts are of parvalbumin-positive hair cells and error bars indicate SD; n = 6
neuromasts from each of 5 treated animals. Two-way ANOVA, Tukey post test ***p << 0.0001; **p << 0.01. In BD, error bars indicate SEM and n = 12 50 pm neo—living, n = 2150 umneo— dying,

and n = 13 50 um neo + Ru360—living cells from at least 5 animals. One-way ANOVA, Dunnett post test ***p < 0.0001.
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Figure 12.  Modulation of RyRs does not alter aminoglycoside toxicity. 4, B, Determination of optimal concentrations of
ryanodyne (4) and dantrolene (B) after pretreatment and coexposure in embryo medium alone (solid line) or containing
200 pm neomycin (dashed line). €, Ryanodine modulation elicits an intracellular Ca®* response under physiological
conditions. Mean transformed (AF/F,) mitoGCaMP/cytoRGECO fluorescence intensity values of anterior lateral line hair
cells exposed to 50 nm Ryanodyne. D, Pharmacological modulation of ER-based RyRs either with the RyR antagonist
dantrolene or multiple concentrations of ryanodyne has no effect on neomycin toxicity. Micromolar levels of ryanodyne
(500 M) were used to inhibit RyRs and nanomolar levels of ryanodyne (50 nm) were used to stimulate RyR activity. Hair cell
counts are of parvalbumin-positive hair cells. In A, B, and D, error bars indicate SD and n = 6 neuromasts from each of 5
treated animals. In C, error bars indicate SEM and n = 19 cells from at least 5 animals. In D, two-way ANOVA, Tukey post
test ***p < 0.0001; **p < 0.01.

these cells compared with neomycin alone
(Fig. 15B) and cumulative fluorescence
was ~100% higher than in dying cells ex-
posed to neomycin alone (p < 0.0001;
Fig. 15C). Maximal TMRE fluorescence
was also increased, reaching levels ~100%
greater than cells exposed to neomycin
alone (p < 0.0001; Fig. 15D).

In contrast to the results using CsA,
levels of FCCP capable of partial mito-
chondrial depolarization (Fig. 3; Ber-
nardi, 1992; Petronilli et al., 1993) protect
hair cells across multiple neomycin con-
centrations (p < 0.0001; Fig. 15A) and
prevent mitochondrial Ca®" uptake and
hyperpolarization after neomycin expo-
sure (data not shown). Together, these re-
sults suggest that transient mitochondrial
depolarization adjusts levels of [Ca*™"],.;,
and Aiand that this regulation is essential
to hair cell survival after aminoglycoside
exposure.

Discussion

The tight regulation of Ca*" maintained
within subcellular compartments is a key
determinant of cell function and survival.
This is particularly true in the ER, where
[Ca®*] is at its highest and depletion in-
duces susceptibility to apoptogens
(Chami et al., 2008; Giorgi et al., 2010).
Such observations appear to translate to
hair cells. Mutations in genes involved in
regulation of [Ca®" ] have been impli-
cated in several types of heritable hearing
loss (Osman et al., 2003; Takei et al., 2006;
Wortmann et al., 2012; Wiley et al., 2013).
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Figure13.  Timing of organellar Ca* mobilization relative to mitochondrial hyperpolarization. 4, D, Individual intensities of erGCaMP (4) or mitoGCaMP (D) in dying anterior lateral line hair cells
colabeled with TMRE and exposed to 400 um neomycin. B, E, Mean intensity of erGCaMP (B) or mitoGCaMP (E) in dying anterior lateral line hair cells colabeled with TMRE and exposed to 400 jum
neomycin. Data were aligned to TMRE, ,;¢_ i, COrresponding to TMRE redistribution from mitochondria into cytoplasm. €, F, Mean cross-correlation values of TMRE offset relative to erGCaMP (C) or
mitoGCaMP (F) as TMRE and Ca>* sensor dynamics occur within the same cell. In €, maximal r for erGCaMP was at 12 min, where r = —0.708 and p = 0.011. In F, maximal r was at 1 min, where
r=10.616and p = 0.0072. Error bars indicate SEM and n = 10 ercCaMP/TMRE and n = 15 mitoGCaMP/TMRE from at least 5 animals and 3 experimental runs. See also Movie 5.
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Movie 5. Changes in mitochondrial Ca®" relative to membrane potential during
aminoglycoside-induced hair cell death. Time-lapse movie of a Tg(myo6:mitoG(aMP3) anterior
lateral line neuromast colabeled with TMRE and exposed to 50 M neomycin. Left, Pseudocol-
ored mitoGCaMP in green and TMRE in red. Middle, Heat-mapped mitoGCaMP. Right, Heat-
mapped TMRE.

The dynamics of multiple subcellular events presented here sup-
port a model in which changes in [Ca*"],;, and [Ca“]Cyt after
aminoglycoside exposure originate with the disruption of Ca*"
homeostasis within the ER (Fig. 16). Although the exact mecha-
nisms of this disruption is unclear, aminoglycoside antibiotics
have been shown to interact with calreticulin, the predominant
Ca’*-binding protein of the ER, at its Ca’*-binding domain
(Karasawa et al., 2011). It is plausible to hypothesize that this
interaction impedes Ca** binding and initiates Ca*" efflux from
the ER.

In cultured cells, MAMs appear to be inefficient at transfer-
ring Ca?" between ER and mitochondria (Hajnoczky et al., 1995;
Csordas et al., 1999; Szalai et al., 1999; Hajnéczky et al., 2000;
Pacher et al., 2000; Csordas et al., 2002) and it has remained an
ongoing question as to how much Ca>" exiting the ER first tran-
sits the cytoplasm before mitochondrial uptake occurs (Giorgi et

al., 2009; Rizzuto et al., 2009). Here, we report that, in hair cells,
in vivo aminoglycoside-initiated flow involves little or no detect-
able release into cytoplasm before a large increase in the mito-
chondria. One counter argument is that the sensitivities of our
cytoplasmic indicators are insufficient to detect short-lived
changes in [Ca”]Cyt localized at microdomains. However, we
have shown previously that our cytoplasmic GCaMP3 construct
undergoes detectable fluorescence increases in the presence of
just 70 nm extracellular Ca®" and ionomycin, yet we observe little
fluctuation in signal until shortly before cell clearance (Esterberg
etal., 2013b). Furthermore, we are capable of detecting synchro-
nous increases in cytoRGECO and mitoGCaMP when IP3Rs are
stimulated with AdA, yet detect much smaller cytoRGECO in-
creases around the time of mitoGCaMP increases after neomycin
exposure. We believe that these observations, coupled with the
data presented here, suggest that the aminoglycoside-induced
change in efficiency at which Ca*™ is transferred between ER and
mitochondria underlies the sensitivity of hair cells to ototoxic
therapeutics; after mobilization of Ca** from the ER during
aminoglycoside-induced hair cell death, there appears to be facil-
itation of the path for Ca®" to enter mitochondria.

The strength of association between ER and mitochondria,
and thus the efficiency of Ca** transfer through MAMs, is regu-
lated in part by bioenergetic status within the cell (Cardenas et al.,
2010; Bravo et al., 2011; Gomes et al., 2011). ER stress caused by
Ca’™" efflux both strengthens existing MAM connections and
forms nascent ones (Chami et al., 2008), promoting additional
Ca’** transfer from the ER. One possible reason for such efficient
transfer in hair cells is the high metabolic load under which they
operate. Metabolic compromise underlies a significant portion of
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Figure 14.

Timing of D1ER fluorescence changes relative to mitochondrial hyperpolarization. A, Individual intensity of D1ER in dying anterior lateral line hair cells colabeled with TMRE and

exposed to 400 wm neomycin. B, Mean D1ER intensity in dying anterior lateral line hair cells colabeled with TMRE and exposed to 400 m neomycin. Data were aligned to TMRE, , ¢_ins COrresponding
to TMRE redistribution from mitochondria into cytoplasm. €, Mean cross-correlation values of TMRE offset relative to DTER as TMRE and Ca ™ sensor dynamics occur within the same cell. Maximal
rfor DTER was at 9 min, where r = —0.85 and p = 0.002. Error bars indicate SEM and n = 12 from at least 5 animals and 3 experimental runs.
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Figure 15.

Mitochondrial hyperpolarization increases mitochondrial Ca* accumulation and its related effects and sensitizes hair cells to the toxic effects of aminoglycosides. A, Pharmacological

modulation of the mPTP alters the response of lateral line hair cells to neomycin. Treatment with CsA sensitizes hair cells to the toxic effects of neomycin. Partial depolarization with sublethal
concentrations of FCCP (300 pu) protects hair cells against the toxic effects of neomycin. B, Mean transformed (AF/F,)) mitoGCaMP fluorescence intensity values in dying anterior lateral line hair cells
exposed to either CsA and 50 m neomycin or 50 um neomycin alone. €, Cumulative mitoGCaMP fluorescence in dying cells exposed to 50 um neomycin alone or first exposed to CsA and then 50 um
neomycin. D, Maximal change in TMRE fluorescence in dying cells exposed to 50 pum neomycin alone or first exposed to CsA and then 50 wm neomycin. In 4, error bars indicate SD and n = 6
neuromasts from each of 5 treated animals. Two-way ANOVA, Tukey post test ***p < 0.0001. In B-D, error bars indicate SEM and n = 12 cells each. Cells are from at least 3 animals and 3

experimental runs. One-way ANOVA, Dunnett post test ***p << 0.0001.
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Figure 16.  Timing of subcellular events monitored here during aminoglycoside-induced
hair cell death. Box-and-whisker plot of the time at which half-maximal change in fluorescence
of each indicator is reached relative to TMRE, ..., Corresponding to TMRE redistribution from
mitochondria into cytoplasm. Error bars indicate minimal and maximal values. Middle bar indi-
cates the mean.

nonsyndromic hearing loss (Fischel-Ghodsian, 1999; Shadel,
2004; Bindu and Reddy, 2008) and aminoglycoside susceptibility
(Hobbie et al., 2008). Therefore, the fine tuning of Ca?" transfer
between ER and mitochondria effectively balances life or death
responses and appears to be a tipping point during
aminoglycoside-induced hair cell death.

Although low levels of mitochondrial Ca®" uptake feeds en-
ergetically active cells through ATP production, prolonged up-
take can be toxic as it overloads mitochondria, in part through
catastrophic activation of the mPTP. This event permanently dis-
rupts the electron transport chain and initiates proteolytic events
related to increased ROS production and cytochrome c release
(Nicholls, 2005; Giorgi et al., 2008; Giorgi et al., 2012). It is there-
fore no surprise that many studies focus on this event as a strategy
to prevent cell death. Indeed, inhibition of mPTP activation de-
lays mitochondrial overload and increases survival in models of
excitotoxicity and stroke (Crompton et al., 1988; Schinder et al.,
1996; Stout et al., 1998; Matsumoto et al., 1999; Vergun et al.,
1999; Brustovetsky and Dubinsky, 2000; Baines et al., 2005; Na-
kagawa et al., 2005; Schinzel et al., 2005; Bambrick et al., 2006;
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Piot et al., 2008; Li et al., 2009). Our results indicate that this
strategy may not be effective to stave hearing loss resulting from
ototoxicity because they implicate transient mPTP activation in
the gating of excess [Ca**],,.;, and Ayr. More globally, disruption
of tight regulation of ER—mitochondrial Ca** flow and its down-
stream mitochondrial effects may present a common mechanism
underlying cytotoxicity of aminoglycoside antibiotics; aminogly-
coside sensitive renal tubule cells are also sensitive to CsA alone
(Busauschina et al., 2004; Chapman and Nankivell, 2006) and a
synergistic increase in toxicity is revealed when CsA and amino-
glycosides are administered in concert (Lane et al., 1977; Oliveira
et al., 2009).

CsA is a general inhibitor of cyclophilins, of which cyclophilin
D is the only family member that acts as an important but dis-
pensable regulator of the mPTP. Inhibition is variable (Hansson
et al., 2003; Kobayashi et al., 2003), raising the possibility that
modulation of other mPTP components produce a fundamen-
tally different mitochondrial response when exposed to amino-
glycosides. We found that CsA does not protect against
catastrophic mitochondrial depolarization. This may be because
the doses of CsA that we used were sufficient to block transient
opening of the mPTP but insufficient to prevent the final cata-
strophic mPTP opening, resulting in mitochondrial collapse. It
should be noted, however, that we do not know definitively
whether the final collapse in potential is the direct result of such a
catastrophic mPTP opening event. Despite this caveat, sustained
elevation of TMRE and mitoGCaMP fluorescence during
aminoglycoside-induced hair cell death is evidence of mitochon-
drial inability to relieve itself of elevated [Ca**],;, and Ay and
suggests that mitochondrial function is impaired well before col-
lapse of mitochondrial potential. Our findings seem to align with
those of several groups that have used CsA to study transient
mPTP activation (Ichas et al., 1997; Smaili and Russell, 1999;
Wang et al., 2008; Korge et al., 2011; Ma et al., 2011; Wang et al.,
2012).

Our results join a small but growing body of literature (Stout
etal., 1998; Maragos et al., 2003; Mattiasson et al., 2003; Jin et al.,
2004; Brennan et al., 2006a; Brennan et al., 2006b; Pandya et al.,
2007) suggesting that the best way to prevent mitochondrial
overload is to prevent excessive Ca®" uptake altogether through
partial depolarization. Several interrelated mechanisms are likely
responsible for the protective effects observed here during ami-
noglycoside exposure, originating with the cross-regulation of
Aty and mitochondrial Ca®" uptake. Ays is the driving force be-
hind mitochondrial uniporter activity and therefore Ca®" uptake
(Gunter and Pfeiffer, 1990; Gunter et al., 1994; White and Reyn-
olds, 1997; Stout et al., 1998), which can in turn drive an increase
in A{sif not properly regulated by transient opening of the mPTP
(Brookes et al., 2004; Nicholls, 2005).

Although the data presented here are consistent with a disrup-
tion of ER- mitochondria Ca** flow, they do not exclude the
possibility that Ca®" from other sources contribute to the behav-
iors we have observed. Because aminoglycosides induce mem-
brane reorganization even at sublethal exposures (Goodyear et
al., 2008), perhaps the most likely alternative source of Ca*"
originates from outside of the cell. Because we observed increases
in mitoGCaMP fluorescence before Texas Red entry into dying
hair cells, we believe that it is reasonable to conclude that extra-
cellular Ca** plays little role in the mitochondrial dynamics ob-
served in dying hair cells. It is, however, more difficult to pinpoint
the contribution of extracellular Ca** to the increase in
[Ca? +]Cyt. Although we have demonstrated that the rise in
[Ca®"],,, overlaps with catastrophic loss of mitochondrial po-
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tential and posited mitochondria as the primary source of this
cytosolic increase (Esterberg et al., 2013b), it seems likely that
extracellular Ca** contributes at least in part to the elevation in
[Ca®"],,, that occurs just before cell clearance.

The inability of mitochondria to gate excess [Ca?*], effec-
tively may be due to the sheer volume of Ca*" transferred from
the ER as a result of the tight linkage between ER and mitochon-
drial Ca**channels. It stands to reason, then, that less efficient
transfer between ER and mitochondria offer a cytoprotective
benefit after aminoglycoside exposure. Indeed, Ru360 protects
hair cells against the toxic effects of aminoglycosides and shunts
ER-derived Ca”" into cytoplasm (Fig. 11). We cannot rule out
the possibility that transient increases in cytoplasmic Ca*" that
we observed affected the cell in some way, because other pro-
cesses are encoded in the dynamic behavior of cytoplasmic Ca*"
(Carafoli et al., 2001; Clapham, 2007). Nonetheless, our results
indicate that high levels of cytoplasmic Ca*™ are better tolerated
than previously thought, drawing into focus the delicate balance
of Ca®" flow between ER and mitochondria.
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